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研究成果報告書刊行にあたって

早いものでこの私立大学戦略的研究基盤形成支援事業が採択されて 年間が経過しまし

た。本事業は、タンパク質分解系に軸足を置いた先進的研究を行っている、学内の５つの研

究グループが集結し、立案したものです。事業採択にともない「分子標的探索センター」を

新設し、ハイスループット・アフィニテイー精製技術と質量分析を併用することで、細胞内

のタンパク質分解系に関わる機能性タンパク質や標的分子の同定を効率的かつ迅速に行い、

難治性疾患の病態解明や、これら疾患に対する新規治療法の開発に挑戦してまいりました。

プロジェクトを統括する立場として特に配慮したのは、優れた研究成果を生み出すこと

は勿論のこと、①個別研究に終始するのではなく、班員間の協力体制のもとで事業全体が有

機的に連携していること、②大学教育機関として次世代の人材育成に貢献すること、そして

③全学的な研究活動の活性化に寄与することの 点でした。これらを遂行するために、班員

の意思統一と情報交換のための進捗報告会を頻回に開催し、年２回開催される学内の医学

会総会への各班からの発表を励行してまいりました。また、大学院生はもとより若手医師や

医学科学生達の研究活動への参加を可能にするために、「開かれた研究室運営」をお願いし

てきました。今回この研究成果報告書の刊行にあたり過去５年間を振り返りますと、個々の

研究成果は極めて独創的かつ挑戦的で、安易に時流に流された研究テーマ設定は何一つな

いことに改めて気づかされます。班員の先生方の高い見識と、本事業に対する深い理解と協

力により、真のリサーチマインドを大切に育んでいく学内風土の醸成に、本事業が大きく寄

与できたのではないかと考えております。

「優れた基礎研究は必ず応用展開に結び付く」、これは私が敬愛する師の言葉ですが、優

れた研究シーズの創出と実臨床応用に向けての研究拠点として、今後も分子標的探索セン

ターが有効に機能し、発展していくことを心より願っております。ご支援ご協力を賜りまし

た文部科学省、学校法人東京医科大学、共同研究者の皆様に心より厚く御礼申し上げます。

東京医科大学 生化学分野

主任教授 宮澤 啓介
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平成 26 年度～平成 30 年度「私立大学戦略的研究基盤形成支援事業」 

研究成果報告書概要 
 

１ 学校法人名   東京医科大学      ２ 大学名      東京医科大学          

 

３ 研究組織名          分子標的探索センター           

 

４ プロジェクト所在地  東京都新宿区新宿 6-1-1，東京医科大学 第一校舎内 分子標的探索センター       

 

５ 研究プロジェクト名 機能性磁性ナノビーズ技術を基盤とする難治性疾患におけるタンパク質

分解機構の解明と新規治療法の開発          

 

６ 研究観点    研究拠点を形成する研究           

７ 研究代表者 
研究代表者名 所属部局名 職名 

宮澤 啓介 医学部医学科・生化学分野 主任教授 

 

８ プロジェクト参加研究者数  48 名 

 

９ 該当審査区分    理工・情報     生物・医歯     人文・社会  

 

１０ 研究プロジェクトに参加する主な研究者 
研究者名 所属・職名 プロジェクトでの研究課題 プロジェクトでの役割 

宮澤 啓介 
生化学分野・

主任教授 
オートファジーの制御 プロジェクト統括 

半田 宏 
ナノ粒子先端医

学応用講座・特

任教授 

セレブロン(CBRN)ユビキチンリガーゼ

の基質・制御機構の解明 
FG ビーズを用いたアフィニテイー

精製 

中島 利博 
医学総合研究

所・教授 

ユビキチン E3 リガーゼ・シノビオリンの

機能解析と創薬 
トランスジェニックマウスの作成

および病態解析 

林 由起子 
病態生理学分

野・主任教授 

筋変性疾患のタンパク質処理機構の

観点からの病態解明 
ゼブラフィッシュによるタンパク質

の機能解析 

平本 正樹 
生化学分野・

准教授 
オートファジーの制御 質量分析 

善本 隆之 
医学総合研究

所・教授 

サイトカインシグナル伝達に関わる ER

シャペロンタンパク質の機能 
タンパク質発現調節機構の解析

（共同研究機関等） 

 
   

 

＜研究者の変更状況（研究代表者を含む）＞ 

旧 

ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

    

（変更の時期：平成  年  月  日） 
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変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

    

 

１１ 研究の概要（※ 項目全体を１０枚以内で作成） 

（１）研究プロジェクトの目的・意義及び計画の概要 

生命現象は合成と分解との動的平衡により維持され、そのバランス制御の破綻は様々な病態を

引き起こす。本プロジェクトは研究代表者・宮澤を中心に参集された本学の班員らにより、「が

ん」、「筋ジストロフィー」、「リウマチ」などの異なる領域の先駆的な研究を統合し、「タ

ンパク質分解系の異常」という共通基盤を有する難治性疾患について、分子病態の解明と創薬・

新規治療法の開発とを行うことを目的としている。 

 

班員の半田らが開発した機能性磁性ナノビーズ(FGビーズ)を用いたワンステップ・アフィニテ

イー精製をコア技術として導入し、マススペクトル分析装置を含むプロテオーム解析機器を集

約した「分子標的探索センター」を開設した。これにより、個々の研究を横断的かつ集約的に

行うことで、飛躍的な推進が期待できる。各疾患における病態基盤分子の共通性と特異性とが

明らかになることは、病態解明および創薬開発の視点から大きな意義を有する。 

 

班員らは学術論文だけでなく、既に多くの知的財産の確保、創薬開発・産学連携の実績もある

ことより、本学臨床教室ならびに学外との技術協力により、橋渡し研究を推進し、早期に実用

化する。これらの先端研究、知財化、創薬開発、実用化の経験・フローは、本学大学院教育の

プログラムとしても次世代へと継承する。 

 

（２）研究組織 

研究代表者の宮澤がアフィニテイー精製技術を集約させた「分子標的探索センター」を設置。

このセンターを中核としてタンパク質分解機構の観点から病態解明、新規治療法の開発を研究

目標とする本学の研究能力の高い 5つのグループを参集させ、各グループが「得意」とする研

究技術・手法の技術協力ならびに情報共有化により、極めて質の高い研究を効率的に遂行でき

る研究組織を構築した。研究代表者宮澤は班員間の連携・情報共有化を図り、かつ、新規導入

研究機器に関する説明会、技術指導会の開催とともに、毎年一回「中間報告会」「進捗状況報

告会」を主催し、各研究プロジェクトの進捗状況・研究成果を班員間ならびに学内外の研究者・

学生に公表している。また、平成 30 年度・最終年度の報告会は「分解系から疾患をみる」との

タイトルでシンポジウム形式の大学院特別講義を行った。また，これらの内容は全て分子標的

探索センターホームページで公開している。（http://www.tokyo-med.ac.jp/target/） 

 

（３）研究施設・設備等 

【研究施設】 平成 26 年度より「分子標的探索センター」を東京医科大学・新宿キャンパス・

第一校舎一階に開設（施設面積 171ｍ２）（http://www.tokyo-med.ac.jp/target/）。FGビー

ズとマススペクトル解析装置の併用による標的分子の同定の迅速化を実現し、さらに標的分子

の機能解析・パスウエイ解析に必要とされる研究機器を同センター内に設置し、作業の効率化

と集約化を図った。 

【研究機器】主な研究機器の導入時期・使用状況は以下の通りである。 

○共焦点レーザースキャン顕微鏡（ZEISS  LSM710システム）（平成 26 年導入）：タイムラプ

ス撮影を含め、予約制によりほぼ連日、各班員の研究スタッフ 10名程度が使用。 
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○マススペクトル解析装置（AB SCIEX TripleTOF4600 LC/MS/MS システム）（平成 27 年導入）：

専属の研究補助員 1 名を採用し、各班員からの要請に週 3-4 回の頻度で対応している。 

○生細胞イメージングシステム（Essen BioScience IncuCyte ZOOM）（平成 28 年度導入）：導

入後、ほぼ連日フル稼働の状態で、10 名の研究員が使用。 

○網羅的遺伝子発現解析装置（Affimetrix Gene Atlas）（平成 28 年度導入）： 2 名の研究員

が各班員の要請に対応。現在，週１回程度の使用頻度。 

【本プロジェクトの人員構成】 

6 名の班員(宮澤，半田，中島，林，善本，平本)ならびに各班員が主宰する研究室員 21 名、本

事業で採用された PD 1 名、研究補助員 6 名、および、大学院生 4 名、臨床研究医 4 名、医学

部医学科学生 6 名の計 48 名。 

 

（４）研究成果の概要 ※下記、１３及び１４に対応する成果には下線及び＊を付すこと。 
 

本事業採択により、機能性磁性ナノビーズを用いたハイスループット・アフィニテイー精製技

術をコア技術に据えた「東京医科大学・分子標的探索センター」を新設し学内研究拠点とした。

細胞内タンパク質の「分解系」に軸足をおいた先進的研究を行っている学内の５つの研究室が

有機的に連携することで、難治性疾患の分子病態の解明を行い、併せてこれら疾患の新規治療

を目的として、新規薬剤および既存薬剤の drug-repositioning の観点から標的分子の同定とパ

スウエイ解析を推進することでイノベーションの創生を目指した。本事業では単に班員の個別

研究に終始することなく、情報交換・技術連携が確実に実施された。これにより多くの上質な

研究シーズが誕生し、かつ、その一部は実用化に至った。これと並行して、本事業は学内研究

活動の活性化と若手研究者の育成に貢献できたと考える。 

 
宮澤・平本班(研究課題：オートファジーの制御)： 

当班員らはオートファジーの人為的制御法(manipulation)の確立という大きな目標を掲げ、そ

の制御に係る新規分子標的の同定に取り組んだ。特にオートファジー阻害剤としてマクロライ

ド抗生剤を、また、オートファジー誘導剤としてチロシンキナーゼ阻害剤(TKI)である EGFR-TKI

の gefitinib に着目し、実臨床応用のための proof of concept (POC)確立に向けて、各薬剤の

標的分子の同定と薬理効果の検証を行った。その結果、①肺がん細胞株で gefitinib の標的分

子であるEGFRをノックアウトしてもgefitinib処理によるオートファジーが誘導されることを

明らかにした。これより本来の標的分子である EGFR 阻害とは独立した系でオートファジーが誘

導されることを報告した(*57)。また、②TKI とオートファジー阻害能を有する薬剤とを併用す

ることで TKI の殺細胞効果が増強することから、TKI により誘導されるオートファジーは「細

胞保護的」に機能していることを明らかにした（＊6,34）。加えて③オートファジーの定量的

モニタリング法を確立し、種々の TKI の中で sorafenib, dasatinib, gefitinib が特に強いオ

ートファジー誘導能を有することを明らかにした（未発表・投稿準備中）。さらに、④オート

ファジー誘導活性に係る標的分子の同定に成功した（*発表 2018 年・投稿準備中）。興味深い

ことに同分子はがん細胞の上皮間葉転換 (EMT)に深く関与していることも明らかとなった。（未

発表・投稿準備中） 

一方、オートファジー阻害法については、アジスロマイシン(AZM)やクロリスロマイシン(CAM)

等のマクロライド抗生剤がオートファジー阻害活性を有することを発見した(*30,58)。「オー

トファジー阻害剤」としての AZM, CAM の re-positioning を目的として、オートファジー阻害

活性における標的分子の同定にナノビーズ・テクノロジーを用いることで成功した。（*発表

2018 年・投稿準備中）また、これらマクロライド抗生剤は単剤では抗がん作用を発現しないが、

①各種 TKI との併用により TKI の効果を増強するアジュバント作用(*34,57)、②プロテアソー

ム阻害剤との併用による小胞体(ER)ストレス負荷を介した殺細胞効果の増強(58)、③アミノ酸

枯渇状況下で殺細胞効果を発揮すること(*30)を明らかにした。これにより、がん治療における

オートファジー阻害剤としてのマクロライド抗生剤の位置づけを明確にした。 
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当班は、細胞内のタンパク質分解処理に係るプロテアソーム、オートファジー、アグリソーム

の３者間のネットワークにも着目し、これらが相互に不良タンパク質(unfolded protein)処理

を補完することで ER ストレス緩和に寄与しているとの独自の仮説を立てた。この仮説のもとに

これら三者を包括的に阻害することで多発性骨髄腫、転移性乳癌を含めた難治性腫瘍疾患にお

いて ER ストレス負荷を介した強力な細胞死誘導によるがん治療応用への可能性を示した。さら

に、ER ストレスの定量的ライブモニタリング法を確立し、in vitro の細胞系でプロテアソーム

阻害剤、オートファジー阻害活性を有するマクロライド抗生剤、アグリソーム形成阻害能を有

する HDAC 阻害剤の 3 者を併用することで ER ストレス負荷が一気に高まり、これと連動して強

力な殺細胞効果が得られること明らかにした(*5,31,58)。さらに班員の林・川原との共同研究

によりゼブラフィシュへのがん細胞のxenograftにより in vivoでのがん細胞のERストレス負

荷が経時的にモニタリング可能な系を確立し、臨床応用を踏まえた「ER ストレス誘導療法」と

して薬剤コンビネーションの検討が進行中である。 

 
半田班 (研究課題：セレブロン(CBRN)ユビキチンリガーゼの基質・制御機構の解明) ： 

当班員は過去にサリドマイドの催奇性のターゲットとしてセレブロン(CBRN)を同定した。本プ

ロジェクトではこの成果を踏まえて CBRN E3 ユビキチンリガーゼ複合体の機能解析を進めた。

セレブロンは DDB1、Cul4、Roc1 と共に E3 ユビキチンリガーゼ複合体を形成し、その基質受容

体として働くことと、サリドマイドとその誘導体（免疫調節薬 IMiDs と総称）による多発性骨

髄腫への抗がん作用である主作用のターゲットであることを明らかにした。本成果としては、

まず IMiDs とセレブロン複合体の構造を X 線結晶構造解析すると共に、単一効果しか発揮しな

い従来の抗がん剤と比べて、IMiDs は T 細胞を活性化する免疫調節作用とがん細胞の増殖阻害

作用という多面的治療効果を発揮する優れた抗がん剤であることを明らかにした (*62,81)。さ

らに、サリドマイド誘導体の一つ CC-885 が急性骨髄性白血病（AML）の治療薬として有効であ

ることを示した。CC-885 がセレブロンと結合すると、翻訳終結制御因子 GSPT1 が新規基質とし

て CRBN E3 ユビキチン複合体と結合し、Ub 化･分解される。この GSPT1 の分解が CC-885 の AML

への抗がん効果に必須であることを証明した（*36）。また、セレブロン、CC-885、GSPT1 から

成る複合体の構造解析を電子顕微鏡や X 線結晶構造解析により解明し、GSPT1 が CC-885 結合型

セレブロンと結合する際に、分子糊としての役割を果たすことを明らかにした（*62）。サリド

マイドとそれ以降に開発されたサリドマイド類似体は、セレブロンと選択的に結合し、固有の

新規基質をリクルートして、その Ub 化･分解を引き起こすことで治療効果を発揮するため、最

近、これらを総称して「CRBN modulators(セレブロンモジュレーター)」と呼ぶことになった(*6，

学会，講演会発表)。さらに、サリドマイドは二種類の光学異性体(S 体、R 体)を有し、どちら

が主作用や副作用を有するのかについては長年の難題であったが我々により主作用も副作用も

両方ともＳ体がほとんど担うことが明らかとなった（*11）。 

また、近年、CRBN 研究に基づき、CRBN 依存的に目的のタンパク質(protein of interest:POI)

を分解できる薬剤 proteolysis-targeting chimeras(PROTACs)が開発された。これはサリドマ

イドやその誘導体と POI 結合化合物とを連結し、サリドマイドを介して CRBN 近傍にリクルート

される POI を Ub 化･分解することにより、治療効果を発揮すると云うものである。これにより、

今まで undruggable な転写制御因子などでも標的とできるので、これまでにないタイプの新規

薬剤開発が期待されている。 

また、サリドマイド催奇性に関して、妊婦が服用する時期により、発症する組織が異なり、多

様な表現型があることから、催奇性に関わる基質は一つではないことが予想されてきた。近年、

サリドマイド結合型 CRBN と選択的に結合し、Ub 化･分解されることにより催奇性が発症する新

規基質が同定されつつある。我々も独自に研究を進めてきており、上肢や耳の発達に関わる因

子を見出し、その因子とサリドマイドの相互作用を生化学的解析やモデル実験動物を用いて解
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析し、現在、論文投稿中である(*1)。 

従って、サリドマイドによる抗がん作用および催奇性発症作用のいずれに関しても、サリドマ

イドが CRBN と特異的に結合し、固有の基質を CRBN 上にリクルートし、その基質を Ub 化･分解

することにより、主作用や副作用が発現されることを明らかにすることができ、我々の研究が、

生命科学という基礎研究においても、医療技術や創薬という応用面においても、貢献できたこ

とを報告する。 

 

中島班（研究課題：ユビキチンＥ３リガーゼ・シノビオリンの機構解析と創薬開発）： 

当班員は、ロコモティブ症候群の代表的疾患である関節リウマチ（以下、リウマチ）の滑膜細

胞の過増殖の分子メカニズムを明らかにする過程で、シノビオリン遺伝子を同定した（Genes 

Dev 2003）。本研究では同遺伝子がリウマチなどの炎症性疾患のみならず、肥満・脂肪肝、糖

尿病などのエネルギー代謝・メタボリック症候群の病態にも深く関与することを世界に先駆け

て発見した（*4,64,86）。さらに、その際の分子標的が、過去に班員らがその概念の提唱と実

証の先導的役割（Nature 1995, Cell 1996 & 1997, Nat Genet 1998 & 2000 など）を果たして

きた転写統合装置複合体であることを明らかにした（*64）。すでに、世界初となるユビキチン

阻害剤の同定（Int. J. Mol. Biol. 2011）に成功していたが、植物（クルミ）成分の中に同様

の活性を見出いし、健康食品としての実用化に成功した（*12）。また、膵ラ氏島等特異的シノ

ビオリンノックアウトマウスを用いた研究により、全世界で推定患者数 3 万人、30 歳前後でほ

とんどの方が亡くなるＩ型糖尿病と視神経萎縮による視力障害・失明を二大症候とする

Wolfram 症候群の糖尿病に関する病態メカニズムを平本班との協力のもとで明らかにし、その

革新的治療法の可能性を提示した（*学会発表 2018 年度、論文作成中）。 

 

  

林班（研究課題：筋変性疾患のタンパク質処理機構の観点からの病態解明）： 

小胞体におけるタンパク質品質管理に重要な役割を果たしている SIL1 の機能をノックダウン

したゼブラフィッシュモデルを作製し、ヒトマリネスコ-シェーグレン症候群(MSS)患者で認め

られる骨格筋の変性、小眼球、小脳プルキンエ細胞の減少といった MSS の臨床症状と ER ストレ

ス、アポトーシス、オートファジーの亢進といった病態を小型魚類で再現することに成功した

（*,17）。さらに CRISPR/Cas9 システムを用いてノックアウトフィッシュの作製に成功した（特

許出願予定）ことから、今後、治療薬スクリーニングを開始する予定である。②筋特異的ユビ

キチンリガーゼである MuRF 遺伝子のゼブラフィッシュにおけるプロモーター領域を新たに同

定し、murf遺伝子発現をGFPの発現として可視化できるゼブラフィッシュモデルを作製した（＊

学会発表）。このモデルフィッシュの稚魚を用いて低分子化合物のスクリーニングを実施し、

MuRF の発現を変化させうる低分子化合物を複数同定した（特許出願）。また，③常染色体優性

遺伝形式をとるミオパチー２家系において、遺伝性末梢神経障害の原因遺伝子として知られる

HSPB8 に２つの新規変異を同定した。患者骨格筋の病理変化からタンパク質品質管理の障害が

示唆された。そこで、今回同定したヒト変異 HSPB8 を発現する細胞ならびにゼブラフィッシュ

モデルを作製し、凝集体形成を再現し、病態解明を進めている(＊学会発表 2018 年度、論文作

成中）。 

 

善本班（研究課題：サイトカインシグナル伝達に関わる ER シャペロンタンパク質の機能）： 

当班員はサイトカインサブユニット EBI3 の新規発現調節機構を発見した。新しく生合成された

細胞外分泌蛋白質や膜蛋白質は、小胞体でカルネキシンなどの分子シャペロンに結合し、蛋白

質の正しい高次構造形成が誘導されると、ゴルジ体を通って細胞膜に運ばれる。これまでは、

この蛋白質の高次構造形成は、定常状態および炎症誘導時という状況を区別して議論されるこ
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とがなかったが、善本らは、IL-6/IL-12 ファミリーに属するヘテロダイマーサイトカイン IL-27

や IL-35 の共通サブユニット Epstein-Barr virus induced gene 3 (EBI3)が、炎症誘導時に、

樹状細胞のみならず T 細胞でも発現が増強することを見出し、さらにこれに「標的分子」とカ

ルネキシンが結合することでカルネキシンの分子シャペロン活性を介し蛋白質レベルでの安定

化を促し、発現増強につながることを発見した。これは炎症誘導時の新しい蛋白質発現増強機

構と考えられる (Mizoguchi et al. J Clin Invest. in revision, *発表 2018 年度)。その「標

的分子」として、T 細胞では炎症性疾患や自己免疫性疾患発症に重要な IL-23 のレセプターの

サブユニットの 1 つ IL-23R（＊学会発表 2018 年度）や、樹状細胞では MHC クラス I（未発表）

などを見出した。元々、この EBI3 は活性化した樹状細胞から産生されるサイトカイン IL-27

のサブユニットの 1 つとして報告されたが、本来の役割は小胞体で合成されたばかりの蛋白質

にカルネキシンと共に結合し、正しい高次構造形成を促進することであり、そこへ、蛋白質合

成されたばかりの p28 やｐ35 がリクルートされて EBI3 と分子結合し、そのまま、ゴルジ体を

抜けて細胞外へ放出され、ヘテロダイマーサイトカイン IL-27 や IL-35 として機能するように

なったと考えられる。 

  

  

＜優れた成果が上がった点＞ 
 いずれの班員らの研究成果も独創性があり，かつ，新たな学術領域へと展開する可能性のあ

る優れた研究成果である。既に論文発表により評価が確立している成果から順を追って列記す

る。 

１．X 線結晶構造解析によるセレブロンと IMiDs 複合体の構造(Nat. Struct. Mol. Bio., 2014)，

２．IMiDs による多発性骨髄腫の多面的治療効果機構の解明（Br. J. Haematol., 2014）， 

３．急性骨髄性白血病の新規治療薬としてサリドマイド誘導体 CC-885 を共同開発し、その作用

機構を解明した（Nature, 2016）， 

４．グルタミンによるグルタミン合成酵素発現量のセレブロン依存的制御を解明した。（Mol. 

Cell, 2016）。 

５．シノビオリン阻害剤を開発し，肥満・脂肪肝などメタボリック症候群にも有効であること

を動物実験で実証した（EMBO J., 2015）。 

６．マリネスコ-シェーグレン症候群(MSS)の疾患モデルをゼブラフィッシュで作成することに

成功した。 (PLoS One, 2016)。 

７．マクロライド抗生剤のオートファジー阻害活性にかかわる標的分子の同定に成功した。 

これによりマクロライドの「オートファジー阻害剤」としての実臨床応用への可能性が高まっ

た。（manuscript in preparation） 

８．Wolfram 症候群における糖尿病発症の分子病態を解明した。（manuscript in preparation）

９．IL-27、IL-35 のサイトカインサブユニット EBI3 のカルネキシンとの会合を介した安定化

が、炎症時のサイトカイン発現増強につながる新規調節機構を発見した。（manuscript 

submitted） 

   

＜課題となった点＞ 
研究プロジェクト自体は順調に進行し，優れた研究実績を上げるとともに多くの上質な研究 

シーズも誕生した。加えて本学の全学的な研究活動の活性化、若手研究者の育成にも十分に 

貢献できたと考える。 

ただし，マススペクトル解析装置の導入が本事業採択 2 年後の平成 27 年度末であったため、「分

子標的探索センター」の機能が十分に発揮されるまでに若干の時間的遅れを生じた。このため

に論文発表までに時間を要し、現時点で未だ進行中のプロジェクトも多く認める。 
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＜自己評価の実施結果と対応状況＞ 
 事業採択に伴い「分子標的探索センター」を新設し、年度毎の研究業績を HP で公開するとと

もに、平成 26 年 10 月「第 1 回キックオフシンポジウム」、平成 27 年度「第 1 回進捗報告会」、

平成 28 年度「中間報告会」、平成 29 年度「第 3回進捗報告会」、平成 30 年度「最終報告会」

の計 5 回の公開報告会を実施し、「自己点検」としてきた。併せて東京医科大学医学会総会（6

月、11 月の年 2回開催される学内医学総会）への各班員からの研究成果の発表を促し、班員間

での情報共有と相互の進捗状況の把握に努めた。班員達からのポスター発表のいずれかが、ほ

ぼ毎回医学会奨励賞（ポスター発表 50-60 演題中のベスト３）に選出され受賞する快挙を遂げ、

本事業の研究内容が高く評価されてきたともいえる。5 年間での計 102 編の原著論文と、現在、

論文化を進めている優れた研究内容を総合すれば、本事業は当初の目的を十分に果たすことが

できたと言えよう。 

今後も「分子標的探索センター」の有効利用を図り、研究拠点としての役割を果たしていきた

い。 

  

＜外部（第三者）評価の実施結果と対応状況＞ 

中間報告会を平成 29（2017）年 1月 30 日、教育研究棟（自主自学館）3 階大会議室に於いて、

外部評価委員として河野隆志氏（国立がん研究センター研究所 ゲノム生物学研究分野・分野長）

と相澤信氏（日本大学 医学部 機能形態学系生体構造医学分野・教授）を招聘して公開開催し、

学内外から多くの参加者があった。外部評価委員からは、新研究技法を核に「タンパク質分解

系」を研究テーマとする多分野の研究者が結集したユニークな事業であること、また、極めて

質の高い研究成果が得られていることが高く評価された。今後も班員間の連携を高め、臨床系

分野を含めた共同研究の輪を広げていくことで本事業の役割が果たせる、とのコメントであっ

た。  

最終報告会は、平成 31 年（2019）年 3 月 22 日、教育研究棟（自主自学館）3 階 A・B 会議室に

於いて外部評価委員として中間報告会と同様に河野隆志氏と相澤信氏の両名を招聘して行われ

た。プロジェクトリーダー宮澤による事業概要と成果の概略の説明に続き、若手ならびに主要

メンバー達による研究成果の報告が行われた。また、この最終報告会は「分解系から疾患をみ

る」とのタイトルで大学院特別講義も兼ねて公開開催された。外部評価委員からは、前回の中

間報告会からの 2 年間で研究の進展が大いに認められたことと共に、本事業は若手研究者の育

成にも貢献し、今後のさらなる発展も期待されるとの高い評価が得られた。 

  

＜研究期間終了後の展望＞ 

１．半田班らが開発した機能性磁性（FG）ビーズは薬剤ターゲットの探索だけでなく、患者血

清中のエクソソームの定量測定を可能にした。また、蛍光磁性（FF）ビーズは、迅速･高感度診

断を可能にした。このように開発したビーズは、薬剤開発だけでなく、新たな診断薬や診断装

置の開発にも多大な貢献をしている。従って、ビーズ開発から始まった独自の技術は、生命科

学の基礎研究は言うに及ばず、新たな薬剤や診断技術の開発に発展し、さらなる貢献が期待さ

れている。 

 

２．宮澤班は、従来の 14 員環マクロライド抗生剤（CAM）や 15 員環マクロライド（AZM）に加

えて、北里生命科学研究所の砂塚敏明教授らが合成した 12 員環マクロライド化合物もオートフ

ァジー阻害効果を有することを発見し、抗菌活性を伴わない新規オートファジー阻害剤として

の実用化を目指す。 

また、チロシンキナーゼ阻害剤の分子標的の一つが、がん細胞の上皮間葉転換（EMT）に深く関

与していることを発見した（＊発表 2018 年度）。さらなる解析を進め、「がん転移予防薬」



-10-

（様式 2） 

 

法人番号 131054 

プロジェクト番号 Ｓ1411011 

 

の開発を進める。 

 

3. 中島班は脂肪、肝臓、膵β細胞特異的シノビオリン・ノックアウトに加え、現在、解析中の

筋特異的ノックアウトマウスの表現型について可及的速やかに論文化を目指していく。エネル

ギー代謝に関わる分子・細胞・臓器レベルでの知見を集約することにより個体レベルでの新た

なエネルギー調節機構を明らかにした。 

 

＜研究成果の副次的効果＞ 

半田班はサリドマイド催奇性のターゲットとして発見した CRBN が、脳神経幹細胞の分化･増殖

に関わることを見出し、現在、ケミカルを用いて、神経幹細胞の増殖や分化を制御する技術の

開発に取り組んでおり、全く新たな生命科学研究に挑戦している(*2)。 

 

宮澤班はマイトファージー(mitophagy)の解析段階で、核内 BRCA1 蛋白質の新規分解機構を偶然

に発見した。ミトコンドリア障害が核内タンパク質分解促進につながる新機軸の分子メカニズ

ムとして現在論文化を進めている。（未発表） 

 

中島班はシノビオリン抑制活性を有したサプリメントの実用化を果たしたが、さらに、Wolfram

症候群に関しては、新規シノビオリンの下流シグナルを明らかとした。その制御に関しては、

すでに臨床上、汎用されている薬物が存在することを突き止め、Drug-repositioning の一環と

して若年性稀少性致死性疾患である同症候群の治療法を早期に提供する予定である。さらに、

これらを通じ国民の健康に寄与したい。 

 

 

１２ キーワード（当該研究内容をよく表していると思われるものを８項目以内で記載してくださ

い。） 

（１）  ユビキチン       （２）    オートファジー     （３）  小胞体ストレス           

（４）  がん           （５）    関節リウマチ      （６）  筋変性疾患            

（７）  多発性骨髄腫     （８）    セレブロン       

 

１３ 研究発表の状況（研究論文等公表状況。印刷中も含む。） 

上記、１１(４)に記載した研究成果に対応するものには＊を付すこと。 
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会 2018 年 11 月 17 日（東京） 

 

日野浩嗣、國場寛子、風間宏美、森谷昇太、高野直治、平本正樹、宮澤啓介 CDK4/6 阻害薬アベマシクリブはリソ

ソーム機能阻害に起因する空胞形成を伴った細胞死を誘導する 第 182 回 東京医科大学医学会総会 2018 年 11

月 17 日（東京） 

 

*平本正樹、日野浩嗣、徳久真弓、風間宏美、高野直治、宮澤啓介 チロシンキナーゼ阻害薬の分子標的によるオー

トファジー調節作用 第 182 回 東京医科大学医学会総会 2018 年 11 月 17 日（東京） 

 

*半田 宏「アフィニティ磁性ビーズの開発から創薬および診断技術への展開」 近畿大学分子工学研究所セミナー

近畿大学福岡キャンパス 2018.12.22 （福岡） 

 

*《特別講演》伊藤拓水、半田 宏「Cereblon Modulators の最新 Topics」第 1回 静岡東部 IMiDs 研究会 プラザ

ヴェルデ沼津  2018.11.30  （静岡） 

 

*《ワークショップ》伊藤拓水、半田 宏「新規セレブロンモジュレーターの分子機構の解析」第 41 回日本分子生物

学会年会『ユビキチン研究の新潮流：ユビキチンコードを識る・操る』 パシフィコ横浜 2018.11.30(11.28-11.30) 

（神奈川） 

 

*《key note》Hiroshi Handa「Development of functionalized magnetic nanobeads for their application to drug 

discovery and medical diagnosis」Joint Japan-Spain Symposium on Madical Research Ministry of Science, 

Innovation and Universities、2018.11.7(11.7-11.8) Madrid (Spain) 

 



-22-

（様式 2） 

 

法人番号 131054 

プロジェクト番号 Ｓ1411011 

 

*《特別講演》伊藤拓水、半田 宏「Cereblon Modulators の最新 Topics」Cel Med  WEB 講演会 SUVT スタジオ

2018.11.26 （東京） 

 

伊藤拓水、半田 宏「Cereblon Modulators の最新 Topics」Fukuoka IMiDs Seminar ホテルオークラ福岡 2018.11.21 

（福岡） 

  

*《key note》Hiroshi Handa「Development of functionalized magnetic nanobeads for their application to drug 

discovery and medical diagnosis」Joint Japan-Spain Symposium on Madical Research Ministry of Science, 

Innovation and Universities、2018.11.7(11.7-11.8)  Madrid （Spain） 

 

*《特別講演》半田 宏「サリドマイド催奇性のターゲットの発見から創薬への展開」創薬薬理フォーラム第 26回シ

ンポジウム日本薬学会 長井記念館 2018.10.12(10.11-10.12）（東京） 

 

田村秀人、石橋真理子、山本淳一、伊藤拓水、半田 宏、高橋秀実、猪口孝一「免疫調節薬による骨髄腫細胞上の

PD-L1 発現の増強とその機序」第 80回日本血液学会学術集会 大阪国際会議場 2018.10.12-10.14（大阪） 

 

*佐藤智美、梶原健、半田 宏、永島雅文「ゼブラフィッシュ脳の発生過程における抗うつ剤 SSRI の作用機構」合同

年会 2018 第 40 回日本生物学的精神医学会 第 61回日本神経化学会大会（ポスター発表）神戸国際会議場

2018.9.6-9.8 （神戸） 

 

*《特別講演》伊藤拓水、半田 宏「Cereblon Modulators の最新 Topics」Kanto IMiDs Forum 2018 ～ＩＭiDs のさ

らなる可能性～ ベルサール神田 2018.6.23（東京） 

 

《パネルディスカッション》パネリスト：内藤幹彦、冨成祐介、半田 宏、大和隆志、モデレーター：久保田文「※

低分子薬の新たなモダリティ低分子薬の新たなモダリティ：標的蛋白質分解誘導薬の最前線」日経 BP 社本館

2018.5.29 （東京） 

 

*半田 宏「半田ビーズによるサリドマイドターゲットの発見から創薬への展開」低分子薬の新たなモダリティ低分

子薬の新たなモダリティ：標的蛋白質分解誘導薬の最前線 日経 BP 社本館 2018.5.29 （東京） 

 

*《基調講演》半田 宏「サリドマイド催奇性のターゲットの発見から新規抗がん剤開発へ」第 22 回 日本がん分子

標的治療学会学術集会 日本都市センターホテル 2018.5.16(5.16-5.18)  （東京） 

 

*《招請講演》半田 宏「セレブロンの発見とセレブロンモジュレーターによる治療応用」第 43回日本骨髄腫学会学

術集会 東京ベイ幕張ホール 2018.5.12(5.12-5.13)  （千葉） 

 

*《特別講演》半田 宏「半田ビーズを用いたサリドマイドターゲットの同定から Cereblon Modulators への展開」

関東・東北骨髄腫カンファレンス in 東京 ベルサール八重洲 2018.4.21 （東京） 

 

*《特別講演》半田 宏「半田ビーズを用いた薬剤ターゲットの同定から創薬への応用」第 16 回東海リンパ腫フォー

ラム学術講演会 キャッスルプラザホテル名古屋 2018.4.7 （愛知） 

 

武井寛幸(日医大)、中村清吾、日下部守昭、関野正樹、中川貴之、半田 宏、坂本聡、北川雄光、松田祐子、栗田智
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子、垂野香苗「乳腺外科領域における医工連携 －磁気ナノ粒子を用いたセンチネルリンパ節の同定と新たな免疫

染色法－」第 118 回日本外科学会 定期学術集会 第 93回卒後教育セミナー 東京国際フォーラム 2018.4.7  

(4.5-4.7) （東京） 

 

*伊藤拓水、半田 宏「セレブロンモジュレーターによるユビキチンリガーゼ制御工学」日本薬学会第 138 年会 シ

ンポジウム『化学修飾の制御と創薬』 2018.3.28 (3.25-3.28) （金沢） 

 

*半田 宏「半田ビーズの開発から医療バイオへの応用」第51 回神戸ラボ全体研究会議 神戸ポートアイ神戸大 BT

センター 2018.3.23 （神戸） 

 

*Satoshi Sakamoto, Sachiko Matsuda, Moriaki Kusakabe, Masaki Sekino, Yuko Kitagawa,  Hiroshi Handa「Development of 

a rapid disease diagnosis system utilizing antibodycoated fluorescence magnetic beads.（ 機能化された分散性微粒子を

利用する生体分子測定技術の開発）」日本化学会第 98 春季年会（ポスター発表）日本大学理工学部 船橋キャンパ

ス 2018.3.20(3.20-3.23)  （千葉） 

 

*半田 宏「機能性磁性ビーズの開発とその医療バイオ応用」富士フィルム R&D 主催ゼミ 富士フィルム先進研究所

2018.3.13 （神奈川） 

 

*安藤秀樹、半田 宏「サリドマイドターゲットであるセレブロンの最近の話題（2.セレブロンの神経幹細胞増殖へ

の役割の解析）」私立大学戦略的研究基盤形成事業『機能性磁性ナノビーズ技術を基盤とする難治性疾患における

タンパク質分解機構の解明と新規治療法の開発』進捗状況報告会 東京医科大学 第一看護棟 2018.2.28 （東京）

 

*伊藤拓水、半田 宏「サリドマイドターゲットであるセレブロンの最近の話題（1.サリドマイド光学異性体のセレ

ブロン結合における構造基盤）」私立大学戦略的研究基盤形成事業『機能性磁性ナノビーズ技術を基盤とする難治

性疾患におけるタンパク質分解機構の解明と新規治療法の開発』進捗状況報告会 東京医科大学 第一看護棟

2018.2.28 （東京） 

 

*《受賞講演》半田 宏「新しいナノ磁性ビーズによる創薬標的の単離・同定・計測技術の開発」平成 29年度島津賞

贈呈式 京都ホテルオークラ 2018.2.20 （京都） 

 

*川幡由希香、川原玄理、井上道雄、西野一三、林由起子 「ゼブラフィッシュモデルを用いた HSPB8 ミオパチーに

おける凝集体タンパク質の解析」 第 95回日本生理学会 2018 年 3 月 30 日（高松） 

 

林由起子、山下香、華藤恵美、和田英治「エメリン欠損マウスと抗老化」第 95回日本生理学会 2018 年 3月 29 日

（高松） 

 

川原玄理、中屋敷真未、前田秀将、花尻（木倉）瑠理、吉田謙一、林由起子「麻薬成分 25D-NBOMe 投与による横紋

筋融解症ゼブラフィッシュモデル」 第 95 回日本生理学会 2018 年 3月 29 日（高松） 

 

華藤恵美、山下香、小島瑞代、和田英治、林由起子「核膜病関連心筋症におけるインターロイキン６の役割」第 95

回日本生理学会 2018 年 3月 28 日（高松） 

 

和田英治、濵野高行、辻田誠、林由起子．「末期腎不全における骨格筋病態と腎移植前後の筋機能評価」第 95 回日
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本生理学会 2018 年 3月 29 日（高松） 

 

和田英治、林由起子「Pathomechanisms of muscle degeneration in nuclear envelopathy」第 59 回日本神経学会総会 2018

年 5月 24 日（札幌） 

 

*川幡由希香，川原玄理，林由起子 「Analysis of aggregated proteins in HSPB8 myopathy using zebrafish models」第

181 回東京医科大学医学会総会，2018 年 6 月 2日 東京医科大学病院 （東京） 

川原玄理、中屋敷真未、前田秀将、吉田謙一、林由起子「麻薬成分 25D-NBOMe を用いた横紋筋融解症ゼブラフィッ

シュモデル」第 181 回 東京医科大学医学会総会 2018 年 6月（東京）  

 

川原玄理、中屋敷真未、前田秀将、花尻（木倉）瑠理、吉田謙一、林由起子「麻薬成分 25D-NBOMe を用いた横紋筋

融解症ゼブラフィッシュモデルの解析」 第 4回 日本筋学会 2018 年 8 月 10 日（岡山） 

 

*川幡由希香、川原玄理、井上道雄、西野一三、林由起子「ゼブラフィッシュモデルを用いた HSPB8 ミオパチーにお

ける凝集体タンパク質の解析」第 4 回 日本筋学会 2018 年 8月 10 日（岡山） 

 

川原玄理、中屋敷真未、前田秀将、花尻（木倉）瑠理、吉田謙一、林由起子「麻薬成分 25D-NBOMe による横紋筋融

解症モデルフィッシュの解析」 第 7回医薬工３大学包括連携推進シンポジウム 2018 年 10 月（東京） 

 

林由起子、和田英治「核膜病における筋障害メカニズムの解析. Pathomechanisms of muscle degeneratin in nuclear 

envelopathy」 日本人類遺伝学会第 63 回大会 2018 年 10 月 13 日 パシフィコ横浜（神奈川） 

 

*川幡由希香，川原玄理，林由起子「Analysis of aggregated proteins in HSPB8 myopathy using zebrafish models」

第 181 回東京医科大学医学会総会 ，2018 年 11 月 17 日 東京医科大学病院 （東京） 

 

華藤恵美、山下香、小島瑞代、和田英治、林由起子「核膜病関連心筋症におけるインターロイキン６の役割」筋生

理の集い 2018 年 12 月 8日 東京慈恵会医科大学（東京） 

 

*Nakajima T  What Rheumatoid synovial cells tell us: apoptosis.  APLAR’S EXTENSIVE COURSE ON 

RHEUMATOLOGY 2018.6.28-29 （Tajikistan） 

 

須藤カツ子、大久保ゆかり、持田澄子、天野栄子、荻野令子、林由紀子、小田切優子、中島利博、荒谷聡子、西洋

孝、長井美穂、矢野由希子,、真村瑞子、原由紀子、河井健太郎：大学院生における研究環境の現状。第 181 回東

京医科大学医学会総会 2018.6.2 （東京） 

 

*藤田英俊：慢性炎症疾患を司るシノビオリンの分子・細胞内小器官・臓器・個体レベルでのエネルギー調節機構。

第 19 回運動器科学研究会 2018.9.7-8 （岐阜） 

 

*藤田英俊、石田裕介、荒谷聡子、横田真穂、内野博之、中島利博：脳内炎症に関わるキヌレニンの代謝機構の解明。

日本線維筋痛症学会第 10 回学術集会 2018.9.29-30（東京） 

 

大久保ゆかり、林由起子、須藤カツ子、天野栄子、荻野令子、花田尊子、原由紀子、矢野 由希子、長井美穂、中

島利博、荒谷聡子、真村瑞子、柏木保代、上野里絵、西洋孝、宮澤 啓介、持田澄子：女性研究者研究活動支援事
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業の取組とその後の成果。第 7 回医薬工 3 大学包括連携推進シンポジウム 2018.10.6（東京） 

 

*横田真穂、藤田英俊、荒谷聡子、中島利博：増殖を指標としたリウマチ滑膜細胞の遺伝子発現解析。第 7 回医薬

工 3 大学包括連携推進シンポジウム 2018.10.6（東京） 

 

*藤田英俊、荒谷聡子、横田真穂、中島利博：リウマチ滑膜細胞の増殖機構の解明。第 7 回医薬工 3 大学包括連携

推進シンポジウム 2018.10.6（東京） 

 

*横田真穂、藤田英俊、荒谷聡子、中島利博：リウマチ滑膜細胞における過増殖メカニズムの解明。第 182 回東京

医科大学医学会総会 2018.11.17（東京） 

 

*藤田英俊、荒谷聡子、横田真穂、中島利博：リウマチ滑膜細胞における遺伝子発現ネットワークの解明。第 182 回

東京医科大学医学会総会 2018.11.17（東京） 

 

*中島利博：タンパク質分解系を基軸とした多臓器間エネルギー調節ネットワークの解析。Annual Meeting 2018 医

学総合研究所研究発表会 2018.11.17（東京） 

 

*Orii N, Hasegawa H, Xu M, Mizoguchi I, Yoshida H, Yoshimoto T.「Antitumor effects of IL-27 against a mouse chronic 

myeloid leukemia model」第 47 回日本免疫学会総会・学術集会 2018.12.10-12. （福岡） 

Koda Y, Nakamoto N, Chu P, Yoshimoto T, Kanai T.「Plasmacytoid dendritic cells suppress acute non-viral hepatitis via 

induction of interleukin-35 producing regulatory T cells」第 47 回日本免疫学会総会・学術集会 2018.12.10-12. （福岡）

*Mizoguchi I, Ohashi M, Hasegawa H, Chiba Y, Orii N, Kan S, Xu M, Ochiai N, Owaki T, Yoshimoto T.「A novel role for 

EBI3 to augment IL-23Rα protein expression through a lectin chaperone calnexin」東京薬科大学生命科学部 設立 25

周年記念シンポジウム 2018.10.20. （東京） 

Yoshimoto T, Hasegawa H, Naoko O, Xu M, Mizoguchi I.「Prediction of chemical respiratory sensitizers by OX40L expression 

in dendritic cells using a new 3D co-culture system」The 4th International Conference on Toxicity Testing Alternatives & 

Translational Toxicology and the 2nd Asian Congress on Alternatives. 2018.10.9-12. Guangzhou, Guangdong, China 

折井直子、長谷川英哲、溝口 出、仲 一仁、善本隆之「慢性骨髄性白血病(CML)マウスモデルを用いた CML 発症

における IL-27 の抗腫瘍効果」第 77 回日本癌学会学術総会 2018.9.27-29. （大阪） 

善本隆之「サイトカインによる再生・がん・免疫の制御」静岡大学・大学院総合科学技術研究科・特別講演 2018.9.26. 

（静岡） 

溝口 出、折井直子、長谷川英哲、善本隆之「化学物質の呼吸器感作性 in vitro 評価法の開発」第 6 期 LRI 研究報告

会 2018.8.31. （東京） 

大脇敏之、溝口 出、杉山大介、善本隆之「ヒト臍帯血由来間葉系幹細胞による免疫調節と IL-27 の関与」第 83 回

日本インターフェロン・サイトカイン学会学術集会 2018.7.26-27. （東京） 

善本隆之、大橋美緒、長谷川英哲、折井直子、徐明利、大脇敏之、溝口 出「新しい 3 次元共培養系を用いた呼吸
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器感作性代替法の開発」第 45 回日本毒性学会学術年会 2018.7.18-20. （大阪） 

Orii N, Mizoguchi I, Chiba Y, Hasegawa H, Xu M, Ochiai N, Mochizuki Y, Owaki T, Yoshimoto T.「Protective role for IL-27 

in the development of mouse chronic myeloid leukemia model」The 45th NATITO CONFERENCE ON Immunological and 

Molecular Bases for Cancer Immunotherapy 2018.6.26-29. （Sapporo） 

大脇敏之、菅原京加、落合 央、溝口 出、千葉佑規乃、長谷川英哲、折井直子、宮本泰則、弓場俊輔、善本隆之「ヒ

ト間葉系幹細胞による免疫調節と IL-27 の関係性」第 16 回日本再生医療学会総会 2018.3.7-9. （仙台） 

*Mizoguchi I, Ohashi M, Hasegawa H, Chiba Y, Orii N, Kan S, Xu M, Ochiai N, Owaki T, Yoshimoto T.「A novel role for 

EBI3 to augment IL-23Rα protein expression through a lectin chaperone calnexin」東京医科大学記念館ポスター発表

懇談会 2018.2.2. （東京） 

*善本隆之「炎症時の新しい蛋白質発現の増強機構」平成 26 年度選定戦略的研究基盤形成支援事業「機能性磁性ナ

ノビーズ技術を基盤とする難治性疾患におけるタンパク質分解機構の解明と新規治療法の開発」進捗状況報告会 

2018.2.28. （東京） 

【2017】 

阿部晃久，森谷昇太，平本正樹，風間宏美，山田博之 ハルミンはヒトメラノーマ細胞 G361 において抗アポトーシ

スタンパク質であるサバイビンと Mcl-1 のユビキチン-プロテアソーム系による分解を促進しアポトーシスを誘導

する 第 90回日本生化学会大会・2017 年 12 月 6日・（神戸） 

 

*森谷昇太，風間宏美， 平本正樹， 宮澤啓介 Macrolides overcome cell adhesion-mediated bortezomib 

resistance and enhance the cytotoxic effect in myeloma cells. 第 76 回日本癌学会学術集会・2017 年 9月

28 日・（横浜） 

 

*齋藤雄，平澤一浩， 塚原清彰， 森谷昇太， 風間宏美， 日野浩嗣， 高野直治， 平本正樹， 宮澤啓介，

宮原か奈， 國場寛子 Amino AcidStarving Culture Condition Enhances GefitinibInduced Cytotoxicity via 

Necroptosislike Cell Death in EGFRExpressing Cancer Cells 第 179 回 東京医科大学医学会総会 2017.6.3（東京）

阿部晃久，森谷昇太，平本正樹，風間宏美，宮澤啓介 ハルミンはヒトメラノーマ細胞 G361 において抗アポトー

シスタンパク質であるサバイビンと Mcl-1 のユビキチン-プロテアソーム系による分解を促進しアポトーシスを誘導

する 第 180 回東京医科大学医学会総会 2017.11.4（東京） 

*風間宏美，平本正樹， 宮原か奈，高野直治，宮澤啓介 MB231-ERAI-venus システムを用いた難治性乳癌に対す

る「ER ストレス負荷療法」の確立 第 180 回東京医科大学医学会総会 2017.11.4（東京） 

日野浩嗣，國場寛子，風間宏美，森谷昇太，高野直治，平本正樹，宮澤啓介 CDK4/6 阻害薬アベマシクリブによる

非アポトーシス/非ネクロプトーシス細胞死を介した抗腫瘍効果 第 180 回東京医科大学医学会総会 2017.11.4（東

京） 

太田行紀，大熊尭， Alberto L.， 平本正樹， 日野浩嗣， 風間宏美， 森谷昇太， 高野直治， 宮澤啓介

多発性硬化症治療薬 FTY720 の抗腫瘍効果の検討 第 180 回東京医科大学医学会総会 2017.11.4（東京） 

 

*宮原か奈，風間宏美， 宮澤啓介， 石川孝 乳癌細胞株におけるアグリソーム形成を標的としたボルテゾミブと
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ビノレルビンの併用療法の有効性 第 25 回日本乳癌学会学術総会 2017.7.13（福岡） 

 

宮原か奈，風間宏美， 石川孝， 宮澤啓介 転移性乳癌に対するアグリソームを標的とする新規治療薬の可能性

第 26 回日本癌病態治療研究会 2017.6.1（横浜） 

 

*半田宏「ケミカルバイオロジーから病態解明・医療開発へ－「サイエンスは個性とプライド」」第 52回日本ステ

ロイドホルモン学会学術集会 一橋大学（東京）2017.11.18 

 

*Hiroshi Handa「Development of functionalized magnetic beads used for medical applications 」NALS(Nanomaterials 

Applied to Life Sciences) 2017 Palacio de Congresos Gijon 2017.12.14(12.13-12.15）（Spain） 

 

山本淳一、Fajar Muhamad、瑞慶覧安里、舘野俊平、半田宏、山口雄輝「NELF を中心としたポリ(A)付加部位の選択

機構の解析」ConBio2017(生命科学系学会合同年次大会) （ポスター発表）神戸ポートアイランド 2017.12.7 

(12.6-12.9) （兵庫） 

 

*半田 宏「Cereblon modulators」Cancer Stem Cell Symposium ホテル日航福岡 2017.11.11 (11.10-11.11) （福

岡） 

 

*半田 宏「CRBN Modulators」Multiple Myeloma Expert Seminar in Tokyo ベルサール八重洲 2017.10.24（東

京） 

 

*《特別教育講演》半田 宏「IMiDs とセレブロンをめぐる最近の話題」第 79回日本血液学会学術集会 東京国際フ

ォーラム 2017.10.22(10.20-10.22) （東京） 

 

*半田 宏「Cereblon Modulators 」CHIBA-IBARAKI Hematology joint seminar 成田東部ホテルエアポート 2017.10.7

（千葉） 

 

*半田 宏「Cereblon Modulators」第7回長崎 IMiDs研究会 ザ･ホテル長崎BWプレミアコレクション2017.10.6 （長

崎） 

 

*伊藤拓水、朝妻知子、山本淳一、半田 宏「リガンド依存的ユビキチンリガーゼ CRBN の構造基盤」日本ケミカルバ

イオロジー学会第 12 回年会（ポスター発表）北海道大学 2017.6.8 (6.7-6.9)  （札幌） 

 

*半田 宏「Cereblon Modulators」第 3回筑後多発性骨髄腫セミナー マリターレ創世久留米 2017.5.26（福岡） 

 

*Hiroshi Handa「Development of an affinity magnetic nanobead technology for the identification of drug targets」

Intermag 2017 CCD(The Convention Centre Dublin) 2017.4.26(4.22-4.29) （Ireland） 

 

*半田 宏「セレブロンの役割と免疫調節薬(IMiDs)の分子機構」第 54回日本臨床分子医学会学術集会（ランチョン

セミナー２） 東京国際フォーラム 2017.4.15 (4.14-4.15) （東京） 

 

*佐藤智美、梶原健、永島雅文、半田 宏「発生過程のゼブラフィッシュ視蓋におけるセロトニントランスポーター

の機能解析」第 122 回日本解剖学会 長崎大学 2017.3.28 (3.28-3.30) （長崎） 
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*半田 宏「Cereblon Modulators」Kyushu Hematology Forum 2017.2.18. グランドハイアット福岡 2017.2.18（福

岡） 

*半田 宏、種市大喜、山本淳一、朝妻知子、佐藤智美、安藤秀樹、伊藤拓水「アフィニティ磁性ビーズによる標的

因子の同定から創薬まで」私立大学戦略的研究基盤形成事業「機能性磁性ナノビーズ技術を基盤とする難治性疾患

におけるタンパク質分解機構の解明と新規治療法の開発」中間報告 東京医科大学 2017.1.30（東京） 

*伊藤拓水、佐藤智美、安藤秀樹、朝妻知子、山本淳一、種市大喜、半田 宏「CRBN の生物学的意義の解析」私立

大学戦略的研究基盤形成事業「機能性磁性ナノビーズ技術を基盤とする難治性疾患におけるタンパク質分解機構の

解明と新規治療法の開発」中間報告 東京医科大学 2017.1.30（東京） 

*半田 宏「アフィニティ磁性ビーズの開発から創薬への展開 -サリドマイド催奇性のタ－ゲット同定から抗がん剤

開発-」先進バイオフォーラム 2017 大阪府立大学 2017.1.28（大阪）  

半田 宏「アフィニティ磁性ビーズの開発から創薬への展開 -サリドマイド催奇性のタ－ゲット同定から抗がん剤

開発-」群馬大学大学院理工学府ナノメディシン関連技術講演 群馬大学 2017.1.19（群馬） 

千葉祐規乃、溝口 出、長谷川英哲、大橋美緒、善本隆之 「IL-27 を用いたがん治療を目指した新しい DC ワクチ

ン療法への応用」 第 16 回日本再生医療学会総会  2017.3.7-9 （仙台） 

*Nakajima T: Synoviolin as a novel factor for Rhematoid Arthritis, chronic inflammation and metabolic disorders. 

18th Myanmar Internal Medicine Conference 2017(in conjunction with 4th AFIM congress and 4th ACP Southeast Asian 

Chapter Meeting) 2017.10.1  （Yangon） 

 

*Fujita H, Aratani S, Yokota M and Nakajima T: Development of novel regulatory methods of mitochondrial functions. 

The 16th International Symposium on Advanced Technology (ISAT-16) 2017.11.1-2 （東京） 

 

小松梨恵、遊道和雄、仁木久照、西岡久寿樹、中島利博、藤井亮爾：SPACI1/SAAL1 が制御する CKD6 発現量の減

少は RA 滑膜細胞の増殖を制御する。第 61 回日本リウマチ学会 総会・学術集会 2017.4.20-22（福岡） 

 

*中島利博：ユビキチン化酵素シノビオリンの発見から臨床応用。第 13 回日本臨床プロテオーム研究会 2017.5.13

（東京） 

 

*荒谷聡子、藤田英俊、中島利博：リウマチ滑膜細胞のタンパク質の転写後修飾による二元的制御機構の解析。第 6 

回医薬工 3 大学包括連携推進シンポジウム 2017.6.17（東京） 

 

*藤田英俊 、荒谷聡子、横田真穂 、中島利博：関節リウマチにおけるタンパク質分解ネットワークの解明。第 6 回

医薬工 3 大学包括連携推進シンポジウム 2017.6.17（東京） 

 

藤田英俊：シノビオリンノックアウトマウスにおけるメタボローム解析。第 18 回 運動器科学研究会 2017.9.1-2

（広島） 

 

*藤田英俊、荒谷聡子、横田真穂、中島利博：関節リウマチにおけるタンパク質分解ネットワークの解明。第 180 回



-29-

（様式 2） 

 

法人番号 131054 

プロジェクト番号 Ｓ1411011 

 

東京医科大学医学会総会 2017.11.4（東京） 

 

*横田真穂、藤田英俊、荒谷聡子、中島利博：リウマチ滑膜細胞の増殖機構の解明。第 180 回東京医科大学医学会

総会 2017.11.4（東京） 

 

*Mizoguchi I, Ohashi M, Hasegawa H, Chiba Y, Xu M, Yoshimoto T.「A novel role for Epstein-Barr virus-induced 

gene 3 to augment IL-23 receptor α protein expression through a lectin chaperone calnexin」第 46回日

本免疫学会総会・学術集会 2017.12.12-14 （仙台） 

 

Ohashi M, Mizoguchi I, Chiba Y, Hasegawa H, Xu M, Yoshimoto T.「Prediction of chemical respiratory and contact sensitizers 

by OX40L expression in dendritic cells using a novel 3D co-culture system」第 46 回日本免疫学会総会・学術集会 

2017.12.12-14 （仙台） 

Yoshimoto,T.「Advances in cancer immunotherapy」Institute of Medical University 1st International Symposium on Roles of 

Aging and Cancer 2017.8. 28. （Tokyo） 

*溝口 出、千葉祐規乃、長谷川英哲、大橋美緒、中村涼乃、折井直子、干 詩宇、徐 明利、大脇敏之、善本隆之

「IL-27/IL-35 共通サブユニット EBI3 による IL-23R の新しい蛋白質発現安定化機構」第 6 回医薬工 3 大学包括連

携推進シンポジウム 2017.6.17 （東京） 

Chiba Y, Ohashi M, Hasegawa H, Xu, M, Owaki T, Mizoguchi I, Yoshimoto T.「A novel antitumor activity of IL-27 by 

promoting the differentiation of HSCs to antitumorigenic M1-like macrophages in tumor-bearing mice」The 2nd International 

Conference on Cytokine Signaling in Cancer. Heraklion Crete 2017.5.30-6.4.（Greece） 

千葉祐規乃、溝口 出、長谷川英哲、大橋美緒、善本隆之「IL-27 を用いたがん治療を目指した新しい DC ワクチン

療法への応用」第 16 回日本再生医療学会総会 2017.3.7-9 （仙台） 

*善本隆之「炎症性腸疾患発症に関与する IL-23R 蛋白質の新しい発現安定化機構」平成 26 年度選定戦略的研究基盤

形成支援事業「機能性磁性ナノビーズ技術を基盤とする難治性疾患におけるタンパク質分解機構の解明と新規治療

法の開発」中間報告会 2017.1.30 （東京） 

【2016】 

*宮原か奈 、 森谷昇太、平澤一浩、平本 正樹、小松誠一郎、石川 孝、宮澤啓介 「Targeting bortezomib-induced 

aggresome formation using vinorelbine enhances the cytotoxic effect along with ER-stress loading in breast cancer cell 

lines」  第 177 回 東京医科大学医学会総会東京医科大学病院 2016.6.4  (東京) 

*平澤一浩 、 塚原清彰、森谷昇太、平本正樹、風間宏美、由田淳、阿部晃久、宮澤啓介、宮原か奈、稲津正人 

「Macrolides enhance bortezomib-induced cytotoxicity and overcome stromal cell-mediated drug resistance in 

myeloma cells. 」 第 177 回 東京医科大学医学会総会、 2016 年 6 月 4 日、東京医科大学病院、(東京) 

宮澤啓介（教育講演）「*マクロライドとオートファジー」 第 23 回マクロライド新作用研究会. 2016.7.30. (東京)

*平本正樹 、 森谷昇太、武村淳、風間宏美、日野浩嗣、高野直治、阿部晃久、宮澤啓介 「光反応性クロスリンカ

ーと磁性ナノビーズを用いた分子標的探索の試み」 第 89 回 日本生化学会大会 2016 年 9 月（仙台） 



-30-

（様式 2） 

 

法人番号 131054 

プロジェクト番号 Ｓ1411011 

 

*平澤一浩 、 塚原清彰、森谷昇太、平本正樹、宮澤啓介、宮原か奈 「アミノ酸飢餓状態下で、マクロライド系抗

菌薬はオートファジー阻害により頭頸部癌細胞株の細胞死を誘導する」 第 75 回日本癌学会学術集会 2016 年 10 月

（横浜） 

*宮原か奈 、 森谷昇太、平澤一浩、平本正樹、小松誠一郎、石川 孝、阿部晃久、宮澤啓介  「ビノレルビンは

乳癌細胞株に於いてアグリソーム形成を阻害することによりボルテゾミブ誘導性の細胞毒性を増強する」  第 75

回日本癌学会学術集会 2016 年 10 月（横浜） 

*森谷昇太 、 風間宏美、 平本正樹、 相澤信、砂塚敏明、半田 宏、宮澤啓介 「Macrolides enhance 

bortezomib-induced cytotoxicity in myeloma cells co-cultured with stroma layer.」 第 78 回 日本血液学会 2016 年

10 月（横浜） 

*森谷昇太 、 風間宏美、 平本正樹、 相澤信、砂塚敏明、半田 宏、宮澤啓介 「Macrolides enhance 

bortezomib-induced cytotoxicity and overcome stromal cell-mediated drug resistance in myeloma cells」  第 178 回 東

京医科大学医学会総会 2016 年 11 月 5 日 東京医科大学病院 （東京） 

*平澤一浩 、 塚原清彰、森谷昇太、平本正樹、風間宏美、由田 淳、阿部晃久、宮澤啓介、宮原か奈、稲津正人 

「Macrolide antibiotics exhibit cytotoxic effect under amino acid-depleted culture condition via blocking autophagy 

flux in head and neck squamous cell carcinoma cell lines」 第 178回 東京医科大学医学会総会  2016年 11月 5日 東

京医科大学病院 （東京） 

*伊藤拓水、半田 宏「急性骨髄性白血病に効果を示す新規のセレブロンモジュレーター」第 39 回日本分子生物学

会年会 パシフィコ横浜 2016.12.1(11.30-12.2) （横浜）  

佐藤智美、梶原健、永島雅文、半田 宏「発生過程の視蓋におけるセロトニン輸送体の機能解析」 第 39 回日本分

子生物学会年会（ポスター発表）パシフィコ横浜 2016.12.1(11.30-12.2) （横浜） 

*Handa H.「Identification of a target of thalidomide using our affinity nanobead technology and development of novel 

drugs based on the target」Japan-Spain Joint Workshop on Nanomedicine Research 2016.12.1(12.1-12.2) Institute of 

Health Carlos III (ISCIII), Madrid (Spain) 

*半田 宏「Cereblon Modulators」ImiDs Forum 2016 がん研究会有明 2016.11.7（東京）   

半田 宏、川野雅章「蚕高発現系により医工連携研究 ウイルス外郭タンパク質から成るウイルス様粒子（VLP)の

工学的技術開発とワクチン製剤としての医療応用」第 89 回日本生化学会大会 バイオインダストリーセミナー 仙

台国際センター 2016.9.25.(9.25～9.27) （仙台）  

*伊藤拓水、半田 宏「急性骨髄性白血病に有効な新規セレブロンモジュレーターの開発」 第 89 回日本生化学会

大会 東北大学 2016.9.25(9.25～9.27) （仙台） 

伊藤拓水、半田 宏「急性骨髄性白血病に有効な新規セレブロンモジュレーターの開発」 第 89 回日本生化学会大

会（ポスター発表） 仙台国際センター 2016.9.25.(9.25～9.27) （仙台） 

*半田 宏「セレブロンモジュレーター」Kyoto IMiDs Forum 京都大学 2016.9.24 （京都） 

半田 宏「医工連携-セレブロン、免疫調節役の標的-」TeFFA 国際産学連携ワークショップ 2016 -産学連携と医工
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連携- 東京工業大学 2016.9.6 （東京） 

半田 宏「IMiDs 最前線」第 4 回熊本 IMiDs 研究会 ANA クラウンプラザホテル 熊本ニュースカイ 2016.8.5 （熊

本） 

*Handa H.「Cereblon; a direct target of immunomodulatory agents」2016 the Japanese Society of Medical Oncology 

Annual Meeting (第 14 回日本臨床腫瘍学会学術集会)  Kobe International Exhibition Hall  2016.7.30.(7.28-7.30) （神

戸）  

半田 宏「磁気ビーズ研究開発の歴史と現状」第 1 回ライフサイエンス分野における時期ビーズ応用技術構築に関

する懇談会 2016.7.19 バイオフロンティアパートナーズ 

半田 宏「ケミカルターゲットの同定から生体制御機構の理解と創薬への応用」新学術領域研究「天然物ケミカル

バイオロジー ～分子標的と活性制御～」研究成果報告シンポジウム 慶應義塾大学 2016.7.1 （東京） 

*Handa H.「Cereblon (CRBN), the common target of multiple pharmacological actions of thalidomide and its 

derivatives」UCLA CTSI Seminar Series UCLA David Geffen School of Medicine  2016.3.23（L.A）   

半田 宏「セレブロン ～IMiDs のターゲット～」第 10 回臨床骨髄腫研究会 メルキュールホテル札幌 2016.2.4（札

幌）   

*半田 宏「サリドマイド標的因子セレブロン同定から新たな多発性骨髄腫治療薬の開発」文部科学省私立大学戦略

的研究基盤形成支援事業第一回進捗状況報告会 東京医科大学 2016.1.27（東京） 

坂本聡、半田 宏「抗体標識蛍光磁気ビーズによる転移がん迅速診断システムの構築」 AMED キックオフミーテ

ィング 東京大学 2016.1.7 （東京） 

*Nakajima T.「Synoviolin, as a new stellar factor for understanding chronic inflammation.」 MOSCOW 

INTERNATIONAL FORUM OF BONES AND JOINTS DISORDERS/THE INTERNATIONAL SCHOOL CONFERENCE 

(ISC) 2016.4.18-21（Moscow） 

Nazgul Omurzakova, Nakajima T 「Study on Clinical-Functional Peculiarities Assessment of Rheumatic Fheumatic Fever in 

the Kyrgyz Republic.」 The World Congress of Cardiology and Cardiovascular Health (WCC 2016) 2016.6.4-7 （Mexico City）

*Aratani S, Nakajima T 「 Synoviolin, as a novel factor for understanding obesity and metabolic disorders based on 

chronic inflammation.」 International Conference on Obesity and Chronic Diseases (ICOCD-2016) 2016.7.25-27 （ Las 

Vegas） 

*Aratani S, Fujita H, Yagishita N, Yokota M, Nishioka K, Nakajima T 「E3 Ubiquitin ligase synoviolin inhibitors has effects 

on obesity. 」 International Conference on Obesity and Chronic Diseases (ICOCD-2016) 2016.7.25-27 （Las Vegas） 

黒岩義之，平井利明，中村郁朗，中島利博，横田俊平，内山眞幸、林毅、西岡久寿樹 「HPV ワクチン接種後神経

内分泌障害を呈した 104 例：新規症候群のベッドサイド三段階診断群の三段階診断」 第 57 回日本神経学会総会

2016.5.18-21（神戸） 

平井利明，黒岩義之，内山眞幸、林毅、横田俊平，中村郁朗，中島利博，西岡久寿樹、井口保之 「子宮頚癌ワクチ

ン接種後の中枢神経障害：脳血流検査，脳波，内分泌検査異常について」 第 57 回日本神経学会総会 2016.5.18-21
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（神戸） 

*荒谷聡子、藤田英俊、西岡久寿樹、中島利博 「E3 ユビキチン化酵素シノビリオン阻害剤の臨床応用への可能性」

第 177  回東京医科大学医学会総会 2016.6.4（東京） 

石田祐介、千々岩みゆき、内野博之、荒谷聡子、藤田英俊、中島利博 「肺血症性脳症に対するシノビオリンとの

関連」 第 177 回東京医科大学医学会総会 2016.6.4（東京） 

*荒谷聡子、藤田英俊、八木下尚子、中島若巳、西岡久寿樹、中島利博 「シノビオリン阻害剤の実用化に向けて」

第 5 回医薬工 3 大学包括連携推進シンポジウム 2016.6.18（東京） 

*藤田英俊、荒谷聡子、須藤カツ子、稲津正人、原直美、内野博之、西岡久寿樹、中島利博 「Synoviolin is a key regulator 

in chronic inflammation.」 第 5 回医薬工 3 大学包括連携推進シンポジウム 2016.6.18 （東京） 

*中島利博 「新規自己炎症症候群モデルマウスの樹立とシノビオリン阻害剤の効果」 第 17 回 運動器科学研究

会 2016.9.2-3（大阪） 

*藤田英俊 「リウマチ発症因子シノビオリンによるエネルギー代謝調節の解明」 第 17 回 運動器科学研究会 

2016.9.2-3 （大阪） 

*荒谷聡子 「シノビオリン阻害剤の実用化に向けて」 第 17 回 運動器科学研究会 2016.9.2-3 （大阪） 

河野麻衣、薦田昭宏、橋本聡子、中谷 孝、中島利博 「社会復帰に向け生活リズムの獲得に着目した一症例」日本

線維筋痛症学会第 8 回学術集会 2016.9.17-18（東京） 

多尾聡美、姫田 敬、薦田昭宏、中谷 孝、中島 利博 「線維筋痛症患者における当院での作業療法の取り組み」 日

本線維筋痛症学会 第 8 回学術集会 2016.9.17-18 （東京） 

手島議起、渡邉彩花、薦田昭宏、橋本聡子、黒田祐子、中谷 孝、中島利博 「線維筋痛症患者に対するスーパーラ

イザー照射後の即時効果について」 日本線維筋痛症学会 第 8 回学術集会 2016.9.17-18 （東京） 

薦田昭宏、橋本聡子、窪内郁恵、黒田祐子、渡邉彩花、手島議起、中島若巳、中谷 孝、中島利博 「線維筋痛症に

対する運動学習における運動イメージの活用」 日本線維筋痛症学会 第 8 回学術集会 2016.9.17-18 （東京）

黒田祐子、渡邉彩花、薦田昭宏、橋本聡子、手島議起、中谷 孝、中島利博 「生理的コスト指数と主観的運動強

度の関係性」 日本線維筋痛症学会 第 8 回学術集会 2016.9.17-18 （東京） 

斎藤麻衣、矢野由紀、薦田昭宏、中谷 孝、中島利博 「線維筋痛症にともなうドライマウスに対するアプローチ」

日本線維筋痛症学会第 8 回学術集会 2016.9.17-18 （東京） 

山口結花、藤島みどり、梅原由加里、永森ひさみ、長野愛子、中平律子、北川中行、中谷 孝、中島利博 「線維筋

痛症・難病センターにおける外来患者の症例報告」 日本線維筋痛症学会 第 8 回学術集会 2016.9.17-18 （東

京） 

梅原由加里、山口結花、長野愛子、永森ひさみ、北川中行、中谷 孝、中島利博 「入院中 FM 患者の日常生活指

導」 日本線維筋痛症学会 第 8 回学術集会 2016.9.17-18 （東京） 



-33-

（様式 2） 

 

法人番号 131054 

プロジェクト番号 Ｓ1411011 

 

西森美佐子、山口結花、梅原由加里、澁谷美雪、荒谷聡子、中島若巳、北川中行、中谷 孝、中島利博 「線維筋通

症における当院の関節超音波検査の取り組みと役割」日本線維筋痛症学会 第 8 回学術集会 2016.9.17-18 （東

京） 

荒谷聡子、藤田英俊、黒岩義之、臼井千恵、西岡久寿樹、中島利博 「ヒトパピローマウイルスワクチン関連神経

免疫異常症候群モデルマウスの解析」 日本線維筋痛症学会 第 8 回学術集会 2016.9.17-18 （東京） 

*藤田英俊、荒谷聡子、西岡久寿樹、中島利博 「シノビオリン阻害剤の探索」 日本線維筋痛症学会 第 8 回学

術集会 2016.9.17-18 （東京） 

*藤田英俊、荒谷聡子、西岡久寿樹、中島利博 「マウスモデルを用いたシノビオリン阻害活性を有する天然物の効

果の検証」日本線維筋痛症学会 第 8 回学術集会 2016.9.17-18 （東京） 

*藤田英俊、荒谷聡子、西岡久寿樹、中島利博 「ヒトにおけるシノビオリン阻害剤の効果の検証」 日本線維筋痛

症学会 第 8 回学術集会 2016.9.17-18 （東京） 

黒岩義之、横田俊平、中島利博、平井利明、大西孝宏、中村郁朗、西岡久寿樹 「HPV ワクチン接種後に起こる神

経内分泌攪乱の発症様式：HANS 137 例にみられた 112 症例の解析から」 日本線維筋痛症学会 第 8 回学術集

会 2016.9.17-18 （東京） 

大西孝宏、黒岩義之、横田俊平、中島利博、西岡久寿樹 「HANS 諸症状の時系列的な病態解析について」 日本

線維筋痛症学会 第 8 回学術集会 2016.9.17-18 （東京） 

西森美佐子、山口結花、梅原由加里、中平律子、荒谷聡子、中島若巳、北川中行、中谷 孝、中島利博 「線維筋痛

症における超音波検査の役割」 日本線維筋痛症学会 第 8 回学術集会 2016.9.17-18 （東京） 

窪内郁恵、薦田昭宏、橋本聡子、渡邉彩花、島津 央、川口 佑、杉田裕介、菅原貴和、渡邊真也、中谷 孝、中島利

博 「線維筋痛症例に対する反復性経頭蓋磁気刺激療法と理学療法の関連性について」 日本線維筋痛症学会 第 8 

回学術集会 2016.9.17-18 （東京） 

*中島利博 「シノビオリンが拓く慢性炎症・関節リウマチの病態メカニズムと新規治療法の開発」 第 31 回日本

整形外科学会 基礎学術集会 2016.10.13-14 （福岡） 

荒谷聡子、藤田英俊、八木下尚子、山野嘉久、西岡久寿樹、中島利博 「関節リウマチにおける転写後修飾による

多重化シグナル調節機構の解析」 第 3 回 JCR  ベーシックリサーチカンファレンス 2016.10.14-15 （東京） 

藤田英俊、荒谷聡子、八木下尚子、山野嘉久、須藤カツ子、内野博之、西岡久寿樹、中島利博 「リウマチ発症因

子シノビオリンによる新規エネルギー代謝機構の解明」 第 3 回 JCR ベーシックリサーチカンファレンス 

2016.10.14-15 （東京） 

中島利博 「臨床医のリサーチマインドを育成・持続させる大学取り組みさせる大学取り組み」 第 178 回東京医

科大学 医学会総会 100 周年記念特別 シンポジウム 2016.11.5 （東京） 

*林由起子 「核膜病モデルマウスの筋病態解析」 第 89 回日本薬理学会年会 シンポジウム 23 骨格筋研究の新

展開：疾患治療・創薬に向けて パシフィコ横浜 2016.3.9-11 （横浜）   

*Hayashi HY, Wada E, Kawahara G 「A new mouse model for myopathy associated with nuclear envelopathy.」 第 93
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回日本生理学会大会 札幌コンベンションホール 2016.3.22-24 （札幌）  

*Kawahara G, Hayashi HY 「Novel zebrafish models of neuromuscular diseases.」 第 93 回日本生理学会大会 札幌コ

ンベンションホール 2016.3.22-24 （札幌） 

Wada E, Hamano T, Matsui I, Yoshida M, Hayashi YK, Matsuda R 「Renal involvement in the pathogenesis of mineral and 

bone disorder in dystrophin-deficient mdx mice.」 第 93 回日本生理学会大会 札幌コンベンションホール 

2016.3.22-24 （札幌） 

*Kawahara G, Hayashi YK「Novel zebrafish models of neuromuscular diseases.」 13th International Congress of Human 

Genetics 2016.4.3-7 （Kyoto）  

Hayashi YK, Nishino I 「Characterization of Japanese patients with FHL1 myopathy.」 13th International Congress of Human 

Genetics 2016.4.3-7 （Kyoto）  

林由起子、西野一三 「FHL1 ミオパチーの臨床病理学的解析」 第 113 回日本内科学会年次総会・講演会 東京国

際フォーラム 2016.4.15-17 （東京）   

林由起子、西野一三  「Clinical and pathological characterization of patients with FHL1 myopathy.」 第 57 回日本神経

学会総会 2016.5.18-5.21  （神戸） 

Wada E, Hayashi YK, Matsuda R「Anti-IL-6 receptor antibody attenuates muscular dystrophy via promoting skeletal muscle 

regeneration but not cardiovascular muscles in dystrophin/utrophin double-knockout mice. 」 2016 New Directions in 

Biology and Disease of Skeletal Muscle Conference 2016.6.29-7.2  （Orlando FL USA） 

Wada E 「Preventing dystrophic phenotypes of mdx mice by sevelamer, a phosphate binding drug.」 2016 New Directions in 

Biology and Disease of Skeletal Muscle Conference 2016.6.29-7.2  （Orlando FL USA）  

和田英治、谷端淳、岩村憲、武田伸一、林由起子、松田良一 「Anti-IL-6R antibody attenuates muscular dystrophy via 

promoting skeletal muscle regeneration in dKO mice.」 第 2 回日本筋学会学術集会 2016.8.5-6. NCNP （東京） 

*川原玄理、林由起子 「マリネスコ-シェーグレン症候群のゼブラフィッシュモデルの解析」第 2 回日本筋学会学

術集会 2016.8.5-6. NCNP （東京） 

*Kawahara G, Hayashi YK「A zebrafish model of Marinesco-Sjogren syndrome.」 ASHG 2016 Annual Meeting 

2016.10.18-22 （Vancouver Canada） 

宇都宮志保，川原玄理，林由起子 「ゼブラフィッシュモデルを用いたデュシェンヌ型筋ジストロフィーの新規治

療薬候補の探索」 第 178 回東京医科大学医学会総会 東京医科大学 2016.11.5（東京） 

*川原玄理、林由起子 「ゼブラフィッシュを用いた神経筋疾患研究」 筋生理の集い 2016.12.17. 慈恵医大 東京

善本隆之、古澤純一、千葉祐規乃、大橋美緒、長谷川英哲、徐明利、中江進、小林富美恵、吉田裕樹、溝口出 「IL-27

による造血幹細胞の分化増殖の誘導と感染防御における役割」 第 81 回日本インターフェロン・サイトカイン学会

学術集会 2016.5.13（長崎） 

Yoshimoto T, Ohashi M, Hasegawa H, Chiba Y, Xu M, Mizoguchi  「Establishment of a novel in vitro evaluation system for 
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the prediction of respiratory sensitizing potential of chemicals.」 ICCA-LRI and NIHS Workshop 2016.1.15-16 （Awaji 

Island） 

Yoshimoto T, Furusawa J, Chiba Y, Xu M, HasegawaH, Nakae S, Kobayashi F, Yoshida H, Mizoguchi I, Ohashi M, Hasegawa 

H  「Promotion of expansion and differentiation of hematopoietic stem cells by IL-27 into myeloid progenitors to control 

infection in emergency myelopoiesis.」 Symposium, 16th International Congress of Immunology, 2016.8.21-26 （Melbourne, 

Australia） 

Chiba Y, Mizoguchi I, Hasegawa H, Yoshimoto T. 「Antitumor effects of IL-27 by promoting differentiation and expansion of 

hematopoietic stem cells to M1 macrophage.」 第 75 回日本癌学会学術総会 2016.10.6-8（横浜） 

Ohashi M, Mizoguchi I, Hasegawa H, Chiba C, Xu M, Yoshimoto T「Development of a novel 3D co-culture system for 

evaluation of respiratory sensitizing potential.」 第 45 回日本免疫学会総会・学術集会 2016.12.5-7 （沖縄） 

Hasegawa H, Mizoguchi I, Chiba Ohashi M, C, Xu M, Yoshimoto T「A pivotal role for IL-23p19 produced by activated CD4+ 

T cells in development of EAE.」 第 45 回日本免疫学会総会・学術集会 2016.12.5-7 （沖縄） 

Chiba Y, Mizoguchi I, Hasegawa H, Ohashi M, C, Xu M, Yoshimoto T 「IL-27 induces antitumor activity by promoting 

differentiation of HSCs to M1-like antitumorigenic macrophages and their mobiliziation into tumor.」 第 45 回日本免疫学会

総会・学術集会 2016.12.5-7 （沖縄） 

Nagai T, Yoshimoto T. 「Differences between immature and mature dendritic cells derived from human monocytes.」 第 45

回日本免疫学会総会・学術集会 2016.12.5-7 （沖縄） 

【2015】 

Nakaoku T, Tsuta K, Ichikawa H, Shiraishi K, Sakamoto H, Enari M, Furuta K, Shimada Y, Ogiwara H, Watanabe SI, 

Nokihara H, Yasuda K, Hiramoto M, Nammo T, Kim YH, Mishima M, Yokota J, Yoshida T, Kohno T 「Druggable oncogene 

fusions in invasive mucinous lung adenocarcinoma.」 AACR Annual Meeting 2015. April 2015 （Philadelphia PA） 

宇田川陽秀 、 舟橋伸昭、 平本正樹、 川口美穂、 西村渉、 南茂隆生、 安田和基 「脂肪細胞培養上清によるグ

ルココルチコイド受容体を介した膵 β 細胞機能変化」第 58 回日本糖尿病学会年次学術集会 2015 年 5 月 （下関）

南茂 隆生 、 宇田川陽秀、 川口美穂、 舟橋伸昭、 上番増 喬、 平本正樹、 西村渉、 安田和基 「膵島のゲノ

ム網羅的解析による膵島代償機序/糖尿病発症機序関連因子の同定」 第 58 回日本糖尿病学会年次学術集会 2015 年

5 月 （下関） 

安田 和基 、 南茂 隆生、 平本正樹、 西村渉、 宇田川陽秀、 上番増喬、 舟橋伸昭、 金井弥栄、 松本健治、 斎

藤嘉朗、 関  洋介、 笠間和典 「高度肥満患者由来の脂肪組織の多層的オミックス解析」 第 58 回日本糖尿病

学会年次学術集会 2015 年 5 月 （下関） 

安田和基 、 南茂隆生、 平本正樹、 西村 渉、 宇田川陽秀、 上番増喬、 舟橋伸昭、 金井弥栄、 松本健治、 斎

藤嘉朗、 関 洋介、 笠間和典 「日本人肥満者由来 NASH 肝の多層的オミックス解析パネルの構築」 第 58 回日

本糖尿病学会年次学術集会 (肝臓と糖尿病・代謝研究会) 2015 年 5 月 （下関） 

*森谷昇太 、小松誠一郎、山﨑佳穗、河合優佑、國場寛子、車暁芳、稲津正人、後藤明彦、平本正樹、半田 宏、宮
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澤啓介 「Targeting the integrated networks of aggresome formation, proteasome,  and autophagy potentiates ER 

stress mediated cell death in multiple myeloma cells.」 医学会奨励賞 第 175 回 東京医科大学医学会総会、2015.6.6

東京医科大学病院 （東京）  

*伊藤謙太郎、杉田翔平、山城優太朗、森谷昇太、車暁芳、平本正樹、横山智央、宮澤啓介 「EGFR-independent 

autophagy induction with gefitinib and enhancement of its cytotoxic effect by targeting autophagy with clarithromycin 

in non-small cell lung cancer cells.」 第 175 回 東京医科大学医学会総会、2015.6.6  東京医科大学病院 （東京）

平本正樹 、 宮澤啓介 「KCNQ1 遺伝子イントロンの 2 型糖尿病感受性 SNP 領域におけるアリル特異的 DNA 結合

因子の解析」 第 175 回 東京医科大学医学会総会、2015.6.6  東京医科大学病院 （東京） 

宮澤啓介（特別講演） 「ビタミン K2 の抗腫瘍効果とその臨床応用への可能性」 第 25 回日本産婦人科学会・新

生児血液学会学術集会サテライトシンポジウム 2015.6.5 （東京） 

宇田川陽秀 、 舟橋伸昭、 平本正樹、 川口美穂、 西村渉、 南茂隆生、 安田和基「脂肪細胞培養上清による膵 β

細胞機能変化」 第 36 回日本肥満学会 2015 年 10 月 （名古屋） 

*Moriya S, Che XF, Yokoyama T, Hiramoto M, Miyazawa K 「Targeting autophagy with clarithromycin enhances 

gefitinib-induced cell death in non-small cell lung cancer cells.」 第 74 回日本癌学会学術集会 2015 年 10 月 （名古

屋） 

*森谷昇太、 車暁芳、横山 智央、平本正樹、宮澤啓介  「クラリスロマイシン併用によるゲフィチニブ誘導性オ

ートファジーを標的とした肺癌細胞株の殺細胞効果の増強」  第 74 回 日本癌学会学術総会 名古屋国際会議場

2015.10.8-10 （名古屋） 

*向井俊太郎、 森谷昇太、平本正樹、風間宏美、國場寛子、横山智央、半田 宏、糸井隆夫、宮澤啓介  「Macrolides 

sensitize EGFR-TKI-induced non-apoptotic cell death via blocking autophagy flux in pancreatic cancer cell lines.」 第

176 回 東京医科大学医学会総会  東京医科大学病院 2015.11.7（東京） 

*伊藤謙太郎、 杉田翔平、山城優太朗、森谷昇太、車暁芳、平本正樹、横山智央、宮澤啓介 「EGFR-independent 

autophagy induction with gefitinib and enhancement of its cytotoxic effect by targeting autophagy with clarithromycin 

in non-small cell lung cancer cells.」 医学会奨励賞 第 176 回 東京医科大学医学会総会  東京医科大学病院 

2015.11.7（東京） 

平本正樹 、 宇田川陽秀、 高橋枝里、 加納圭子、 鏑木 康志、 宮澤啓介、 石橋奈緒子、 舟橋伸昭、 南茂隆生、 

安田和基 「KCNQ1 遺伝子イントロンにおける 2 型糖尿病感受性 SNP rs163184 領域のアリル間比較解析」 第 38 回

日本分子生物学会年会 第 88 回日本生化学会大会 合同大会 2015 年 12 月 （神戸） 

阿部晃久 、 平本正樹、 山田博之 「ハルミンはオートファジーを介して抗アポトーシスタンパク質の発現を抑制

しアポトーシスを誘導する」 第 38回日本分子生物学会年会 第 88回日本生化学会大会 合同大会 2015年 12月 （神

戸） 

阿部晃久 、 平本正樹、 山田博之 「A549 細胞におけるパルミトイルセラミド蓄積誘導とネクローシス」 第 38 回

日本分子生物学会年会 第 88 回日本生化学会大会 合同大会 2015 年 12 月 （神戸） 

*Handa H 「Cereblon (CRBN), the common target of multiple pharmacological actions of thalidomide and its 
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derivatives」New developments of zebrafish research 2015.11.24  

半田 宏「セレブロン ～IMiDs のターゲット～」第 6 回 Bay area hematology congress ヨコハマグランドインターコ

ンチネンタルホテル 2015.11.16 （横浜） 

半田 宏「セレブロン ～IMiDs のターゲット～」Okayama IMiDs Conference ホテルグランヴィア岡山 2015.11.6 

（岡山）  

半田 宏「Discovery of a target of immunomodulatory drugs (IMiDs)〈免疫調節薬（IMiDs)のターゲットの発見）」第 77

回日本血液学会学術集会 シンポジウム 6「多発性骨髄腫の新規治療薬の感受性あるいは耐性を決定する機序、因子」

石川県立音楽堂 2015.10.17(10.16‐10.18) （石川） 

半田 宏「サリドマイド催奇性のターゲットから創薬へ」CSJ 化学フェスタ タワーホール船堀 2015.10.15 （東

京） 

上田 実、細矢孝充、上杉志成、新家一男、山本昇、半田 宏 パネルディスカッション「ケミカルバイオロジーと

はどのような化学なのか－化学としての新しさ、社会との関わり」CSJ 化学フェスタ タワーホール船堀 

2015.10.15 （東京）   

半田 宏「セレブロン ～IMiDs のターゲット～」香川血液疾患フォーラム ロイヤルパークホテル高松 2015.9.4 

（高松） 

半田 宏「IMiDs の多彩な薬理作用 ～標的分子探索研究の進歩～」Fukuoka IMiDs Forum  ヒルトン福岡シ―ホーク

2015.8.18（福岡）  

半田 宏「IMiDs の多彩な薬理作用 ～標的分子探索研究の進歩～」Tokyo 3M Forum 2015 東京ドームホテル 2015.7.8

（東京） 

Handa H「Basic aspects concerning the mechanisms of actions of immunomodulatory drugs (IMiDs) in multiple myeloma」The 

20th Congress of EHA-JSH Joint Symposium (Multiple Myeloma) 2015.6.12(6.11-6.14) Messezentrum Vienna(Wien) 

半田 宏、坂本聡「分子標的探索と生物学的評価」新学術領域研究「天然物ケミカルバイオロジー～分子標的と活性

制御～」第 8 回公開シンポジウム(ポスター) 東北大学 2015.6.8 (6.8-6.9) （仙台） 

半田 宏「IMiDs の多彩な薬理作用～標的分子探索研究の進歩～」最新医学セミナー 宮崎大学医学部 2015.4.28

（宮崎）   

半田 宏「サイエンスと知財」第 1 回知的財産プロデューサー等連絡会議 講演会 共同通信会館 2015.4.7 （東

京）  

半田 宏「アフィニティビーズを利用した生物活性物質標的タンパク質の単離・同定・評価」日本薬学会第 135 年

会 神戸学院大学 2015.3.26(3.25-3.28) （神戸）  

半田 宏「セレブロン －IMiDs 標的分子研究の最前線－」Myeloma Forum in Yokohama ヨコハマグランドインタ

ーコンチネンタルホテル 2015.2.28 （横浜） 

半田 宏「ケミカルで知り、ケミカルで動かす －サリドマイド催奇性のターゲットの発見から創薬への展開－」サ
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ントリー生命科学財団 セミナー サントリー生命科学財団 2015.2.4 （京都）  

半田 宏「サリドマイド催奇性のターゲットの発見から創薬への展開 －ケミカルで知り、ケミカルで動かす-」埼

玉医科大学 講演会 埼玉医科大学 ゲノム医学研究センター 2015.1.23  （埼玉） 

小松梨恵、佐藤知雄、山野嘉久、遊道和雄、別府諸兄、西岡久寿樹、中島利博、藤井亮爾 「コラーゲン誘導関節

炎における CDK6  阻害剤の効果」 第 59 回日本リウマチ学会総会・学術集会 2015 年 4 月 23 日 （愛知） 

*藤田英俊、荒谷聡子、中島利博、須藤カツ子、中島若巳、稲津正人、西岡久寿樹、原直美、内野博之 「慢性炎症

と肥満とをつなぐシノビリオンにおるエネルギー代謝調節機構」 第 175 回東京医科大学医学会総会 2015.6.6 

（東京） 

Omurzakov N、三浦 直樹、川原 幸一、西 順一郎、八木下 尚子、 荒谷聡子、中島利博 「キルギス共和国におけ

る溶連菌感染症ならびにその合併症であるリウマチ性心疾患/リウマチ熱の現状―9 年間のフィールド調査について

―Study of Rheumatic Fever /Rheumatic Heart Diseases in Kyrgyz Republic」 海外学術調査フェスタ 2015.6.27 （東

京） 

*荒谷聡子、藤田英俊、八木下尚子、中島若巳、西岡久寿樹、中島利博 「私たちが開発した世界初の E3 ユビキチ

ン化酵素シノビオリン阻害剤の可能性」 第 5 回 医薬工 3 大学包括連携推進シンポジウム 2015.6.20 （東京）

*藤田英俊、荒谷聡子、八木下尚子、須藤カツ子 、内野博之、稲津正人、臼井正彦、西岡久寿樹、中島利博 「リ

ウマチ発症因子シノビオリンによるエネルギー代謝調節機構」 第 5 回 医薬工 3 大学包括連携推進シンポジウム

2015.6.20 （東京） 

Nakajima T 「Synoviolin and metabolic disorder」 Shanghai-Tokyo Workshop on Rheumatology 2015 2015.7.31 （上

海） 

*荒谷聡子 「私達が開発した世界初の E3 ユビキチン化酵素シノビオリン阻害剤 LS シリーズの可能性について」

第 16 回 運動器科学研究会 2015.9.12 （鹿児島） 

藤田英俊 「慢性炎症に機能するシノビオリンの新しい生体機能」 第 16 回 運動器科学研究会 2015.9.12 （鹿

児島） 

黒岩義之、横田俊平、中村郁朗、中島利博、平井利明 、西岡久寿樹 「Anatomical diagnosis からみた HANS 発症の

メカニズム」 日本線維筋痛症学会第 7 回学術集会 2015.10.3（東京） 

横田俊平、黒岩義之、中島利博、西岡久寿樹 「身体多機能障害疾患としての HANS の症候と一元的病巣の推察」

日本線維筋痛症学会第 7 回学術集会 2015.10.3（東京） 

平井利明、横田俊平、中村郁朗、黒岩義之、中島利博、西岡久寿樹「HANS の治療について」 日本線維筋痛症学

会第 7 回学術集会 2015.10.3（東京） 

藤田英俊、荒谷聡子、八木下尚子、西岡久寿樹、中島利博 「慢性炎症に関わるシノビオリンの新しい生体機能」

日本線維筋痛症学会第 7 回学術集会 2015.10.3（東京） 

中村郁朗、横田俊平、黒岩義之、中島利博、西岡久寿樹 「HPV ワクチン副反応の国際的共通性」 日本線維筋痛
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症学会第 7 回学術集会 2015.10.3（東京） 

薦田昭宏、窪内郁恵、橋本聡子、黒田祐子、中島若巳、澁谷美雪、中谷孝、中島利博 「線維筋痛症の認知的側面

に対するリハビリテーション」日本線維筋痛症学会第 7 回学術集会 2015.10.3（東京） 

窪内郁恵、薦田昭宏、橋本聡子、渡邉彩花、島津央、河口佑、青山勝、渡邊真也、中谷孝、中島利博 「線維筋痛

症例に対する反復性経頭蓋磁気刺激法の効果と関連因子」 日本線維筋痛症学会第 7 回学術集会 2015.10.3（東京）

臼井千恵、西岡健弥、荒谷聡子、藤田英俊、山野嘉久、中島利博、西岡久寿樹 「線維筋痛症の心的外傷性ストレ

スに対する脆弱性: 東日本大震災後 19 ヵ月間の追跡研究」 日本線維筋痛症学会第 7 回学術集会 2015.10.3（東

京） 

中島若巳、荒谷聡子、藤田 英俊、中谷孝、中島利博 「大腿骨頸部骨折が発症の引き金となった背部痛・咽喉頭部

異常感に仙骨硬膜外ブロックが有効であった線維筋痛症の 1 症例」 日本線維筋痛症学会第 7 回学術集会 

2015.10.3（東京） 

西森美佐子、尾崎鈴子、藤島みどり、山口結花、梅原由加里、荒谷聡子、中島若巳、中谷孝、中島利博 「線維筋

痛症における超音波検査の有用性の検討」 日本線維筋痛症学会第 7 回学術集会 2015.10.3（東京） 

山口結花、藤島みどり、梅原由加里、長野愛子、永森ひさみ、北川中行、中谷孝、中島利博 「線維筋痛症・難病

センター外来看護師としての取り組み」 日本線維筋痛症学会第 7 回学術集会 2015.10.3（東京） 

Nakajima T 「Decade of Kyrgyz - Japanese cooperation: the mission against the chronic rheumatic heart diseases - past, 

present and future.」 KYRGYZ NATIONAL CONGRESS OF RESPIRATORY AND ALLERGIC 

DISEASES/EURO-ASIAN INTERNATIONAL PRIMARY CARE RESPIRATORY GROUP (IPCRG) SYMPOSIUM/ III 

KOGRESS OF KYRGYZ THORACIC SOCIETY 2015.10.9 （キルギス） 

Nakajima T 「About prospects and future plans of the Kyrgyz - Japan cooperation in rheumatic feve.」  OPENING 

CEREMONY OF KYRGYZ - JAPAN RESEARCH CENTER 2015.10.9 （キルギス） 

黒岩義之、横田俊平、中村郁朗、中島利博、西岡久寿樹、平井利明 「ヒト・パピローマウィルス・ワクチン接種

後の多彩な神経症候に関する病態考察」 第 68 回日本自律神経学会総会 2015.10.30 （愛知） 

平井利明、井口保之，横田俊平、中村郁朗、中島利博、西岡久寿樹、黒岩義之 「ヒト・パピローマウィルス・ワ

クチン接種後の情動・自律神経障害：症候学的ならびに脳血流画像所見」 第 68 回日本自律神経学会総会 

2015.10.30 （愛知） 

*荒谷聡子、藤田英俊、西岡久寿樹、中島利博 「E3ユビキチン化酵素シノビリオン阻害剤の臨床応用への可能性」

第 176 回東京医科大学医学会総会 2015.11.7 （東京） 

黒岩義之、横田俊平、中村郁朗、中島利博、平井利明 、西岡久寿樹 「HPV ワクチン副反応発症の病因・病態」

第 30 回日本臨床リウマチ学会 2015.11.22 （兵庫） 

藤田英俊、荒谷聡子、八木下尚子、須藤カツ子、中島若巳、内野博之、西岡久寿樹、中島利博 「慢性炎症に関わ

るシノビオリンの新規エネルギー代謝調節機構」 第 38 回日本分子生物学会 2015.12.4 （兵庫） 

Hayashi YK  「Myopathy with prominent contractures.」 14th Asian and Oceanian Myology Center Annual Scientific 
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Meeting, March 1-4, 2015 Shangri-La Hotel, Bangkok, （Thailand）  

Hayashi YK, Suzuki S, Kawahara G, Inoue H. 「Characterization of model mice for nuclear envelopathies」第 120 回解剖学

会総会全国学術集会・第 92 回日本生理学会大会 神戸国際会議場・展示場 2015.3.21-23 （神戸）   

Hayashi YK, Suzuki S, Kawahara G, Noguchi S, Nishino I. 「Different muscle involvement in mouse models of nuclear 

envelopathy」 第 56 回日本神経学会総会 朱鷺メッセ 2015.5.20-23 （新潟） 

林由起子、鈴木茂文、和田英治、川原玄理 「核膜病モデルマウスの解析」 第 1 回日本筋学会学術集会 2015.8.8

（東京） 

川原玄理、林由起子.「筋疾患ゼブラフィッシュモデルの新規開発」 第 1 回日本筋学会学術集会、2015.8.8 （東京）

和田英治、濱野高行、松井功、吉田瑞子、林由起子、松田良一 「腎機能低下が mdx マウスの骨ミネラル代謝異常

を惹起する」 第 1 回日本筋学会学術集会 2015.8.8 （東京） 

和田英治、濱野 高行、林由起子、松田 良一 「腎機能の低下が mdx マウスの骨ミネラル代謝異常を惹起する」 

第 246 回生理学東京談話会 2015.9.26 （東京） 

林由起子、西野一三 「FHL1 ミオパチーの臨床病理学的解析」日本人類遺伝学会第 60 回大会 2015.10.14-17 （東

京） 

Miki K, Nagaoka K, Bohnenkamp H., Yoshimoto T, Kamigaki, T, Maekawa R. 「Induction of antigen specific T cell 

responses using PepTivator® OVA-loaded DCs in mouse model.」 第 12 回日本免疫治療学研究会 2015.2.28 （東京）

大屋敷一馬、溝口 出、善本隆之、田内哲三、岡部聖一、片桐誠一朗、梅津知宏、大屋敷純子「Stop-imatinib CML

患者末梢血単核球における免疫関連 miRNA の意義」第 7 回血液疾患免疫療法研究会 2015.9.26 （東京） 

片桐誠一朗、田内哲三、梅津知宏、田所健一、溝口出、善本隆之、大屋敷純子、大屋敷一馬「慢性骨髄性白血病患

者における治療中止を成功させるための予測因子」第 77 回日本血液学会学術集会 2015.10.16/18 （金沢） 

溝口 出、千葉佑規乃、角田廉、徐明利、善本隆之 「化学物質の呼吸器感作性 in vitro 評価法の開発」 第 3 期 LRI

研究報告会 2015.8.28 （東京） 

*Mizoguchi I, Chiba Y, Xu M,  Yoshimoto T. 「Binding of Epstein-Barr virus-induced gene 3 to calnexin enhances its 

chaperone activity and augments interleukin-23 receptor expression, leading to development of colitis」 第 44 回日本免

疫学会総会・学術集会 2015.11.18-20 （札幌） 

善本隆之、千葉佑規乃、角田廉、徐明利、溝口 出 「化学物質の呼吸器感作性 in vitro 評価法の開発」LRI シンポ

ジウム 第 28 回日本動物実験代替法学会 2015.12.10-12 （横浜） 

【2014】 

西村渉 、川口美穂 、宇田川陽秀 、衛藤弘城 、舟橋伸昭、南茂隆生 、平本正樹 、安田和基 「細胞系譜追跡実

験による膵 β 細胞障害の時間経過の解析」 第 51 回日本臨床分子医学会学術集会  2014.4.11  

宇田川陽秀 、平本正樹 、舟橋伸昭 、川口美穂 、西村渉 、南茂隆生 、安田和基「東京脂肪細胞由来液性因子に
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よる新規インスリン分泌調節因子の発現誘導と膵 β細胞機能変化」第 57回日本糖尿病学会年次学術集会  2014.5.23

（大阪）  

南茂 隆生 、宇田川陽秀 、川口美穂 、舟橋伸昭 、上番増喬 、平本正樹 、西村 渉 、安田和基「膵島のゲノム

網羅的解析による糖尿病発症機序の考察」 第 57 回日本糖尿病学会年次学術集会 2014.5.23 （大阪）  

西村 渉 、 川口美穂 、 宇田川陽秀 、 衛藤弘城 、 舟橋伸昭 、 南茂隆生 、平本正樹 、  安田和基 「転写因

子 MafA による膵 β 細胞の分化可塑性制御」 第 57 回日本糖尿病学会年次学術集会  2014.5.23 （大阪）  

*森谷昇太 、 車 暁芳 、 平本正樹 、 宮澤啓介 、 小松誠一郎 、 山﨑佳穗 、 河合優佑 、 國場寛子 、 稲津

正人 、 後藤明彦 、 半田 宏 「Targetng aggresome formation under simultaneous inhibition of proteasome and 

autophagy potentiates ER-stress mediated cell death in myeloma cells」 第 173 回東京医科大学医学会総会 2014.6.7 

（東京）  

*森谷昇太 、 小松誠一郎 、 車 暁芳 、 後藤明彦 、 宮澤啓介 「Simultaneous targeting aggresome, proteasome, 

and autophagy potentiates ER-s tress mediated cell death in myeloma cells.」  第 73 回日本癌学会 2014.9.25. （横

浜） 

宇田川陽秀 、 平本正樹 、  舟橋伸昭 、  川口美穂 、  西村 渉 、 南茂隆生 、 安田和基 「前駆・成熟脂肪

細胞由来液性因子による膵 β 細胞機能変化」 第 35 回日本肥満学会  2014.10.25 （宮崎） 

*森谷昇太 、 小松誠一郎 、 山﨑佳穗 、 國場寛子 、 廣田綾子 、 車 暁芳 、 稲津正人 、 後藤明彦 、 平本

正樹 、 宮澤啓介 「Targeting aggresome formation enhances ER-stress mediated cell death in myeloma cells. 」 第

76 回日本血液学会学術集会 2014.10.30 （大阪）  

*宮澤啓介（特別講演）「造血器腫瘍における細胞内タンパク質分解ネットワークを標的とする新規治療法」老年者

造血器疾患研究会. 2014.11.20  （東京） 

Hirayama A 、 Sugawara S 、  Abe H 、  Maekawa K 、  Nammo T 、  Hiramoto M 、  Tomita M 、  Seki Y 、  

Kasama K 、  Saito Y 、  Yasuda K 、  Soga T 「A metabolomic study of obesity using capillary electrophoresis-mass 

spectrometry.」 第 37 回日本分子生物学会年会  2014.11.25 （横浜）  

Handa H, Kawano M「Medical application of functionalized SV40 virus-like particles」ICSS MEETING 2014.12.9. Eaton 

Hotel  Kowloon、（Hong Kon) 

*Ito T, Ando H, Yamaguchi Y, Handa H「Cereblon is a substrate receptor of the Cul4 ubiquitin ligase whose substrate 

recognition is modulated by IMiDs」第 37 回日本分子生物学会年回 パシフィコ横浜 2014.11.26 （横浜）   

*片山美樹、伊藤拓水、安藤秀樹、山口雄輝、半田 宏「E3 ユビキチンリガーゼの基質認識レセプターCRBN とポ

マリドマイド依存的な基質 Aiolos の生化学的解析」第 37 回日本分子生物学会年回 パシフィコ横浜 2014.11.25 

（横浜） 

*半田 宏「IMiDs の多彩な薬理作用 ～標的分子探索研究の進歩～」第 76 回日本血液学会学術集会 大阪国際会議

場 2014.11.1 （大阪）  

Sakamoto S、Handa H「Screening and Evaluation of Natural Product Targets」The 3rd International Symposium on Chemical 
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Biology of Natural Products:Target ID and Regulation of Bioactivity(poster)  千里ライフサイエンスセンター 

2014.10.28 （大阪）   

*半田 宏「機能性ナノビーズの医学・医療への応用」文部科学省 私立大学戦略的研究基盤形成支援事業 「機能性

磁性ナノビーズ技術を基盤とする難治性疾患のタンパク質分解制御機構の解明と新規治療法の開発」キックオフシ

ンポジウム 東京医科大学 2014.10.8 （東京）   

半田 宏「ケミカルで生命の謎を知る！」第 48 回医科学フォーラム 東京医科大学 2014.9.24（東京） 

半田 宏「セレブロン～サリドマイド催奇性から創薬への展開～」F-CHOP 2014 京都国際ホテル 2014.9.13 （京都）

半田 宏「大学のシーズ研究から実用化に向けて －大学における基礎研究の重要性－」メディカル・ヘルスイノベ

ーション講座 第 8 回定例講演会 信州大学医学部 2014.9.9 （長野）   

*半田 宏「IMiDs のセレブロンを介した多様な薬理作用」Sinnjuku Myeloma Conference 国際医療研究センター

2014.7.24 （東京）  

*Ito T, Ando H, Yamaguchi Y, Handa H「Cereblon is a substrate receptor of the CUL4-DDB1 ubiquitin ligase whose 

activity is directly controlled by thalidomide and its analogs」Protein Modification & Homeostasis  Suzhou Duxhu Lake 

Conference Center  2014.6.16-20 （China） 

*Handa H「Idenification of a primary target of thalidomide teratogenecity: towards the debelopment of new drugs」RNA 

Biology  McGovern Institute,MIT Bldg. 2014.6.14 （Boston） 

坂本 聡、Vipul Gupta、劉 舒捷、安藤秀樹、舘野峻平、金子裕生 湯上真人、石井亮平、濡木 理、山口雄輝、半田

宏「抗炎症薬サリチル酸の生体内作用機構の解明」第 9 回日本ケミカルバイオロジー学会 大阪大学会館 

2014.6.11-13 （大阪）   

半田 宏、坂本聡「分子標的探索と生物学的評価」(ポスター) 新学術領域研究「天然物ケミカルバイオロジー～分

子標的と活性制御～」第 6 回公開シンポジウム 名古屋大学 2014.5.29 （名古屋）   

半田 宏「IMiDs の作用機序 －近年の報告から－」Therapeutic strategies for Multiple Myeloma 2014 ホテル日航福岡

2014.4.12 （福岡） 

八木下尚子、荒谷聡子、藤田英俊、山野嘉久、西岡久寿樹、中島利博 「滑膜細胞調節因子シノビオリンによる関

節リウマチ骨軟骨破壊機構の解明」 第 58 回日本リウマチ学会 2014.4.25 （東京） 

*藤田英俊、荒谷聡子、八木下尚子、西岡久寿樹、中島利博「E3 ユビキチンリガーセであるシノビオリンによる体

重制御機構」 第 58 回日本リウマチ学会 2014.4.25 （東京） 

*荒谷聡子、山野嘉久、藤田英俊、八木下尚子、伊藤健司、長田賢一、中村郁朗、西岡久寿樹、中島利博「小胞体ス

トレスと線維筋痛症における抗疼痛薬による肥満の関与について 」第 58 回日本リウマチ学会 2014.4.25 （東京）

Omurzakova N, Jumagulova A, NAKAJIMA T.  Study about prevalence of group A streptococcus and clinical-functional 

assessment of rheumatic fever in Kyrgyz Republic. World Congress of Cardiology WCC-2014  2014.5.4-7（Melbourne） 

Omurzakova N, , NAKAJIMA T. 「Prevalence of Group A b-hemolytic Streptococcus and Clinical-Functional Peculiarities 
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Assessment of Rheumatic Fever in the Kyrgyz Republic.」  The 11-th International Congress of Rheumatology Global 

Arthritis Research Network -2014 (BRIC -GARN meeting - 2014) in Moscow (Russia) at the International University Forum. 

2014.6.5-7（Russia） 

*荒谷聡子、藤田英俊、西岡久寿樹、中島利博 「肥満に対する創薬開発を目指した E3 ユビキチン化酵素シノビオ

リンの解析」 第 173 回東京医科大学医学会総会  2014.6.7 （東京） 

*藤田英俊「リウマチ発症因子シノビオリンによる新規エネルギー代謝調節機構」 第 15 回運動器科学研究会 

2014.9.4-5 （東京） 

荒谷聡子:「GABA 構造類似薬の副作用による肥満と小胞体ストレスの関与について」 日本線維筋痛症学会 第 6

回学術集会  2014.913-14 （長野） 

藤田英俊、荒谷聡子、中島利博、河西智子、平津恵美、中村香織、佐藤永一、西岡久寿樹 「ゲノム編集技術を用

いた基盤的技術の開発」 第 174 回東京医科大学医学会総会  2014.11.1 （東京） 

平津恵美、河西智子、中村香織、佐藤永一、西岡久寿樹、藤田英俊、荒谷聡子、中島利博「関節リウマチ患者由来

滑膜細胞のプライマリーカルチャー手法の確立」 第 174 回東京医科大学医学会総会  2014.11.1 （東京） 

河西智子、平津恵美、中村香織、佐藤永一、西岡久寿樹、藤田英俊、荒谷聡子、中島利博 「 In-Fusion クローニン

グ法を用いた遺伝子クローニング手法の確立」 第 174 回東京医科大学医学会総会  2014.11.1 （東京） 

中村香織、平津恵美、河西智子、佐藤永一、西岡久寿樹、藤田英俊、荒谷聡子、中島利博「フローサイトメトリー

を用いた細胞の分画」 第 174 回東京医科大学医学会総会  2014.11.1 （東京） 

藤田英俊、荒谷聡子、中島利博、中島若巳、西岡久寿樹、諸田沙織、内野博之、須藤カツ子:「*リウマチ発症因子

シノビオリンによるエネルギー代謝調節機構」 第 174 回東京医科大学医学会総会  2014.11.1 （東京） 

Hayashi HK 「Immunohistochemistry for muscle diseases.」 13th Asian and Oceaninan Muscular Center Annual Scientific 

Meeting (AOMC) 2014.4.14-17 （Philippine） 

Hayashi HK 「Facioscapulohumeral muscular dystrophy.」 13th Asian and Oceaninan Muscular Center Annual Scientific 

Meeting (AOMC) 2014.4.14-17  （Philippine） 

林由起子，後藤加奈子，宮武聡子，輿水江里子，松本直通，埜中征哉，西野一三 「ネマリンミオパチーの臨床遺

伝学的多様性」 第 55 回日本神経学会学術大会 2014.5.21-24 （福岡） 

林由起子，埜中征哉，宮武聡子，輿水絵里子，松本直通，西野一三．「次世代シークエンサーを活用したネマリン

ミオパチーの遺伝子変異解析．」 第 56 回日本小児神経学会学術集会 2014.5.29-31 （浜松） 

Miki K, Nagaoka K, Bohnenkamp H, Yoshimoto T, Kamigaki T Maekawa R 「Induction of both OVA specific CD4+ and 

CD8+ T cells by using PepTivator® OVA-pulsed DCs in mouse model.」  American Association for Cancer Research 105th 

Annual Meeting 2014. 2014.4.5-9 （San Diego） 

Takahara M, Goto S, Miki K, Saiwaki S, Nagaoka K, Matsushita H, Kondo T Bohnenkamp H, Yoshimoto T, Maekawa R, 

Kamigaki T 「Induction of antigen specific T cells using PepTivator®-pulsed DCs.」 International Society For Cellular 
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Therapy 20th Annual Meeting 2014. 2014.4.23-26（Paris） 

Aoyama K, Yoshimoto T. 「In vivo and in vitro models for prediction of respiratory sensitizers.」 ILSI-HESI Workshop on the 

Assessment of Respiratory Sensitization.  2014.5.28-29（Alexandria, VA, USA） 

Terayama H, Naito M, Yoshimoto T, Hirai S, Qu N, Kuramasu M, Hatayama N, Kanazawa T, Suyama K, Sakabe K, Itoh M. 

「Contribution of IL-35 to maintaining the testicular immune privilege」 第 33 回日本アンドロロジー学会学術大会 

2014.6.12-13 （軽井沢） 

Miki K, Nagaoka K, Yoshimoto T, Kamigaki T Maekawa R 「PepTivator® OVA-pulsed DCs can induce both OVA specific 

CD8+ and CD4+ T cells in mouse model. 」第 73 回日本癌学会学術総会 2014.9.25-27 （横浜） 

Chiba Y, Mizoguchi I, Hisada M, Tsuchida A, Mizuguchi J, Yoshimoto T. 「Regulation of antitumor immune responses 

through differentiation and mobilization of hematopoietic stem cells by IL-27」 第 73 回日本癌学会学術総会 2014.9.25-27

（横浜） 

Furusawa J, Chiba Y, Mitobe K, Mizoguchi I, Mizuguchi J, Yoshimoto T. 「IL-27 promotes the differentiation of 

hematopoietic stem cells into DC progenitor cells. 」13th International Symposium on Dendritic Cells, DC2014.  

2014.9.14-18（ France） 

Chiba Y, Furusawa J, Mizoguchi I, Xu M, Mizuguchi J, Yoshimoto T. 「IL-27 exerts potent antitumor activity by promoting 

the differentiation of hematopoietic stem cells to M1-like antitumor macrophages and their mobilization.」第 43 回日本免疫学

会総会・学術集会 2014.12.10-12 （京都） 

Furusawa J， Chiba Y， Mizoguchi I， Xu M， Mizuguchi J， Yoshimoto T. 「IL-27 promotes the differentiation of 
hematopoietic stem cells into multipotent myeloid progenitor cells.」 第 43 回日本免疫学会総会・学術集会 2014.12.10-12 
（京都） 

 

 

＜研究成果の公開状況＞（上記以外） 

シンポジウム・学会等の実施状況、インターネットでの公開状況等 

＜既に実施しているもの＞ 

 

本事業に関する研究成果ならびに活動報告、技術講習会等は逐次「東京医科大学・分

子標的探索センター」HP（http://www.tokyo-med.ac.jp/target/）で公開している。 

 

＜これから実施する予定のもの＞ 

 

特記事項なし 
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１４ その他の研究成果等 

 

特許申請 4 件 

 

 



-46-

（様式 2） 

 

法人番号 131054 

プロジェクト番号 Ｓ1411011 

 

 

１５ 「選定時」及び「中間評価時」に付された留意事項及び対応 

＜「選定時」に付された留意事項＞ 

 

特記事項なし 

 

＜「選定時」に付された留意事項への対応＞ 

 

特記事項なし 

 

＜「中間評価時」に付された留意事項＞ 

 

特記事項なし 

 

＜「中間評価時」に付された留意事項への対応＞ 

 

特記事項なし 
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１７
（千円）

　

※　私学助成による補助事業として行った新増築により、整備前と比較して増加した面積
㎡

（千円）

ｈ
ｈ
ｈ
ｈ
ｈ

ｈ
ｈ
ｈ
ｈ
ｈ

ｈ
ｈ
ｈ
ｈ

ｈ

１８ 研究費の支出状況 （千円）
  平成 年度

ポスト・ドクター

計 0 0

ア　　　ル　　　バ　　　イ　　　ト　　　関　　　係　　　支　　　出

計 9,132 9,132
遠心濃縮機システムほか図　　　　書

計 18,874 18,874
（修理費）

通信運搬費

年　　　度

印刷製本費
旅費交通費

26

（研究設備）

整備年度

（情報処理関係設備）

教育研究用機器備品

（雑務費・雑費）

（兼務職員）

小  科  目

消　耗　品　費 13,057

光　熱　水　費

金　　額

13,057

研究支援推進経費

英文論文投稿料

主　な　使　途

印刷費543

人件費支出

報酬・委託料

事業経費施　設　の　名　称

事業経費 補助金額

研究室等数 使用者数

稼働時間数装置・設備の名称 台　　数型　　番

《装置・設備》　（私学助成を受けていないものは、主なもののみを記載してください。）

研究施設面積

0

76 ㎡

（研究装置）

《施　　設》  （私学助成を受けていないものも含め、使用している施設をすべて記載してください。）

補助金額整備年度

マススペクトル解析装置

生細胞イメージングシステム H28 HD/2CLR 1式
6,570

TP14266 1式 100/月

00-0394 1式 30/月網羅的遺伝子発現解析装置 H28 4,380
500/月 17,610 11,740

36,900 24,600
共焦点レーザースキャン顕微鏡 H26 LSM700　2Ch　UGB 1式 300/月 28,560 17,621

H27

支　出　額
積　　算　　内　　訳

旅費
2,797

543
122

検査料、ソフト代
機器修理

122
委託料

2,312
2,797

43
雑務費・雑費 2,312
修理費 43

0

9,132 超低温フリーザー、小型デジタル超音波ホモジナイザー

研　　　究　　　ス　　　タ　　　ッ　　　フ　　　関　　　係　　　支　　　出

教育研究経費支出

9,132

計 0

設 備 関 係 支 出（１個又は１組の価格が５００万円未満のもの）

リサーチ・アシスタント

私学助成
私学助成
私学助成

補助主体

0
0

私学助成

主　　な　　内　　容

教　　　　育　　　　研　　　　究　　　　経　　　　費　　　　支　　　　出

試薬、実験器具

補助主体

0

学会旅費
実験補助業務委託

865
0
0

6
1

分子標的探索センター

1

28
9
10

ナノ粒子先端医学応用講座

医学総合研究所

H27 171 ㎡
49 ㎡
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  平成 年度

  平成 年度

計 10,166 10,166

学内2人
研究支援推進経費

ポスト・ドクター 10,166 研究補助 10,166

研　　　究　　　ス　　　タ　　　ッ　　　フ　　　関　　　係　　　支　　　出

リサーチ・アシスタント

Nano drop ONE C（ｷｭﾍﾞｯﾄﾀｲﾌﾟ）

計 3,640 3,640
図　　　　書

設 備 関 係 支 出（１個又は１組の価格が５００万円未満のもの）

教育研究用機器備品 3,640 機器備品 3,640 メディカルフリーザー、NanoDrop OneC超微量分光光度計、

計 1,930 1,930

実人数　1人
教育研究経費支出

（兼務職員）

ア　　　ル　　　バ　　　イ　　　ト　　　関　　　係　　　支　　　出

人件費支出 1,930 研究補助 1,930 時給　1,300円，年間時間数　1197時間

計 19,339 19,339

機器修理費

（雑務費・雑費） 1,680 雑務費、雑費 1,680 解析代
（　修理費　） 1,917 修理費 1,917

実験補助業務委託、外国送金手数料

（　保守料　） 2,385 保守料 2,385 機器保守料
報酬・委託料 4,406 委託料 4,406
旅費交通費 770 旅費 770 学会旅費、打ち合わせ旅費
印刷製本費 0 0
通信運搬費 2 運搬費 2 宅急便代

光　熱　水　費 0 0

教　　　　育　　　　研　　　　究　　　　経　　　　費　　　　支　　　　出

消　耗　品　費 8,179 実験材料 8,179 試薬、実験器具

年　　　度 28

小  科  目 支　出　額
積　　算　　内　　訳

主　な　使　途 金　　額 主　　な　　内　　容

計 0 0
研究支援推進経費

ポスト・ドクター

研　　　究　　　ス　　　タ　　　ッ　　　フ　　　関　　　係　　　支　　　出

リサーチ・アシスタント

対物ﾚﾝｽﾞ ﾌﾟﾗﾝｱﾎﾟｸﾛﾏｰﾄ63×1.4 Oil Dicほか

計 4,632 4,632
図　　　　書

設 備 関 係 支 出（１個又は１組の価格が５００万円未満のもの）

教育研究用機器備品 4,632 機器備品 4,632 小型魚類飼育システム、ＰｒｏｔｅｉｎＰｉｌｏｔ解析用ＰＣ、

計 2,835 2,835

実人数　1人
教育研究経費支出

（兼務職員）

ア　　　ル　　　バ　　　イ　　　ト　　　関　　　係　　　支　　　出

人件費支出 2,835 研究補助 2,835 時給　1,300円，年間時間数　1758時間

解析代、ソフト代

計 15,536 15,536
（雑務費・雑費） 814 雑務費、雑費 814

実験補助業務委託、外国送金手数料

（　保守料　） 68 保守料 68 機器保守料
報酬・委託料 4,464 委託料 4,464

論文投稿料、ポスター印刷代

旅費交通費 680 旅費 680 学会旅費、打ち合わせ旅費
印刷製本費 240 印刷費 240
通信運搬費 1 運搬費 1 宅急便代

光　熱　水　費 0 0

教　　　　育　　　　研　　　　究　　　　経　　　　費　　　　支　　　　出

消　耗　品　費 9,269 実験材料 9,269 試薬、実験器具

年　　　度 27

小  科  目 支　出　額
積　　算　　内　　訳

主　な　使　途 金　　額 主　　な　　内　　容
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（様式2）

法人番号 131054

  平成 年度

  平成 年度

学会参加費

（　修理費　） 2,771 修理費 2,771 機器修理費、建物構築物修繕費

（　諸会費　） 33 諸会費 33
解析代、ソフト代

（雑務費・雑費） 6,532 雑務費、雑費 6,532 解析代、ソフト代

（雑務費・雑費） 2,314 雑務費、雑費 2,314

機器保守料

（　保守料　） 5,326 保守料 5,326 機器保守料
機器修理費

計 6,878 6,878

（　保守料　） 7,252 保守料 7,252

学内２人

研究支援推進経費

ポスト・ドクター 6,878 研究補助 6,878

研　　　究　　　ス　　　タ　　　ッ　　　フ　　　関　　　係　　　支　　　出

リサーチ・アシスタント

計 5,378 5,378
図　　　　書

設 備 関 係 支 出（１個又は１組の価格が５００万円未満のもの）

教育研究用機器備品 5,378 機器備品 5,378 CO2インキュベーター、小型恒温振とう培養器　バイオシェーカーほか

計 5,412 5,412

実人数　２人
教育研究経費支出

（兼務職員）

ア　　　ル　　　バ　　　イ　　　ト　　　関　　　係　　　支　　　出

人件費支出 5,412 研究補助 5,412 時給　1,300円，年間時間数　3342時間

計 43,213 43,213

実験補助業務委託、外国送金手数料

印刷製本費 9 印刷代 9 ポスター印刷

報酬・委託料 7,589 委託料 7,589
学会旅費、打ち合わせ旅費

光　熱　水　費 0 0

旅費交通費 749 旅費 749

郵便代

教　　　　育　　　　研　　　　究　　　　経　　　　費　　　　支　　　　出

消　耗　品　費 22,495 実験材料 22,495

通信運搬費 1 郵便料 1

年　　　度 30

試薬、実験器具

小  科  目 支　出　額
積　　算　　内　　訳

主　な　使　途 金　　額 主　　な　　内　　容

計 9,390 9,390

学内３人

研究支援推進経費

ポスト・ドクター 9,390 研究補助 9,390

研　　　究　　　ス　　　タ　　　ッ　　　フ　　　関　　　係　　　支　　　出

リサーチ・アシスタント

計 8,014 8,014
図　　　　書

設 備 関 係 支 出（１個又は１組の価格が５００万円未満のもの）

教育研究用機器備品 8,014 機器備品 8,014 微量高速冷却遠心機、IMARIS Z840 64GB Win7x64ほか

計 5,382 5,382

実人数　2人
教育研究経費支出

（兼務職員）

ア　　　ル　　　バ　　　イ　　　ト　　　関　　　係　　　支　　　出

人件費支出 5,382 研究補助 5,382 時給　1,300円，年間時間数　3403時間

計 40,613 40,613

実験補助業務委託、開発試験委託、外国送金手数料

（　諸会費　） 200 諸会費 200 学会参加費

（　修理費　） 11 修理費 11

報酬・委託料 7,675 委託料 7,675

ポスター印刷

旅費交通費 1,168 旅費 1,168 学会旅費、打ち合わせ旅費
印刷製本費 5 印刷代 5
通信運搬費 5 郵便料、運搬費 5 郵便代、宅急便代

光　熱　水　費 0 0

教　　　　育　　　　研　　　　究　　　　経　　　　費　　　　支　　　　出

消　耗　品　費 19,691 実験材料 19,691 試薬、実験器具

年　　　度 29

小  科  目 支　出　額
積　　算　　内　　訳

主　な　使　途 金　　額 主　　な　　内　　容
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a b s t r a c t

Excess stress caused by accumulation of misfolded proteins inside the endoplasmic reticulum (ER) lumen
can cause cells to undergo apoptosis. Misfolded proteins exported from ER to cytoplasm are ubiquiti-
nated and mostly degraded by the proteasome, but can also be destroyed by autophagy mediated by the
docking proteins p62 and NBR1. When misfolded proteins accumulate beyond the capacity of these
clearance systems, they are transported to the microtubule organization center to form aggresomes,
which are also degraded by autophagy. Together, these phenomena suggest the existence of a coordi-
nated intracellular network for coping with the accumulation of misfolded proteins. Thus, rational in-
hibition of this network system might enhance killing of cancer cells subjected to pronounced ER stress
loading. Based on this rationale, we sought to establish a quantitative assay for monitoring ER stress
loading. MDA-MB231 cells stably transfected with the ERAI-Venus vector exhibited a strong XBP1
splicing signal in response to ER stress. Using the IncuCyte cell imaging system, we monitored the
fluorescence intensity of XBP1-Venus, normalized against cell density, as an ER stress indicator. This
parameter correlated closely with other reporters of unfolded protein responses. Assessment of the
XBP1-Venus signal during exposure to various drug combinations revealed that simultaneous inhibition
of the proteasome, autophagy, and aggresome formation led to more effective ER stress loading and
higher cytotoxicity than inhibition of only two components. Our data suggest that this monitoring
system is a useful tool for designing effective drug combinations for ER stress loading in cancer therapy.
© 2018 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

ER stress is caused by the accumulation of misfolded proteins
inside the ER lumen. To cope with this stress, cells have evolved a
series of cellular responses designated the unfolded protein re-
sponses (UPRs): i) restraint of translation, to suppress synthesis and
accumulation of newmisfolded proteins; ii) induction of chaperone
proteins, to promote proper refolding; and iii) export of misfolded
proteins out of the ER lumen, followed by their polyubiquitination
and proteasome-mediated degradation (ER-associated degrada-
tion, ERAD) [1,2]. However, when the stress of protein misfolding
exceeds the capacities of these pathways, the cell undergoes
apoptosis via induction of the proapoptotic transcription factor

CHOP/GADD153, activation of caspase-12, and other mechanisms
[3,4]. In multiple myeloma characterized by accelerating M-protein
production and secretion, the potent therapeutic effect of protea-
some inhibitors such as bortezomib (BZ) is attributed to ER
stressemediated induction of apoptosis [5,6]. We and others have
reported that macrolide antibiotics such as clarithromycin (CAM)
and azithromycin (AZM) block autophagic flux [7e9]. We also have
reported that combined treatmentwith BZ plus either CAMor AZM,
simultaneously inhibiting two major intracellular degradation
mechanism, enhances induction of apoptosis by ER stress loading
via up-regulation of CHOP in both myeloma cell lines and breast
cancer cell lines [8,9]. Under these conditions, aggresomes con-
sisting of protein aggregates and vimentin are also induced [10,11].

Ubiquitinated misfolded proteins are selectively degraded,
mainly by the proteasome. However, under conditions of protea-
some inhibition or accumulation of misfolded proteins beyond the
capacity of proteasomal degradation, they can also be degraded by

* Corresponding author. Department of Biochemistry, Tokyo Medical University,
6-1-1 Shinjuku, Shinjuku-ku, Tokyo 160-8402, Japan.
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the autophagyelysosome pathway. This process is mediated by two
docking proteins, p62/SQSTM-1 and NBR1, which contain an
ubiquitin (Ub)-associated domain and the LC3 (Atg8)-interacting
region in their C-termini. LC3-II (the lipidated form of LC3-I) lo-
calizes on the inner and outer membranes of the autophagosome.
Thus, after binding to p62, Ub-proteins are engulfed into the
autophagosome via the p62eLC3-II interaction [12]. When Ub-
proteins accumulate beyond the capacity of this system, they are
transported along microtubule tracks by the HDAC6-dynein motor
complex to the MTOC, where they form a perinuclear inclusion
body called the aggresome [13e15]. The aggresome is partially
disassembled and processed for degradation by the
autophagyelysosome system in cooperation with HDAC6 and the
proteasomal deubiquitinating enzyme Poh1 [16]. Thus, a coordi-
nated network encompassing the proteasome, autophagy, and
aggresome formation enables the cell to cope with and survive ER
stress loading. This is supported by our finding that simultaneous
inhibition of the proteasome and autophagy, as well as targeting
aggresome formation by HDAC6 inhibition, results in the efficient
killing of breast cancer cells, probably via ER stress [10]. More
generally, these findings suggest that ER stress loading therapy, in
which this network is rationally blocked, represents a promising
new approach for cancer therapy [11].

To identify effective drug combinations for cancer therapy, a
precise quantitative mirroring system for ER stress loading is
necessary. In this study, we established a real-time ER stress assay
system combining a breast cancer cell line stably expressing the ER
stresseactivated indicator (ERAI) and the IncuCyte™ live cell im-
aging system. Using this system, we further assessed ER stress
loading under simultaneous inhibition of autophagy, the Ub-
proteasome pathway, and aggresome formation.

2. Material and methods

2.1. Reagents

Tunicamycin (TN), paclitaxel (PTX), and vinorelbine ditartrate
(VNR) were purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan); thapsigargin (TPG) from Nacalai Tesque (Kyoto,
Japan); AZM and CAM from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan); BZ from Selleck Chemicals (Houston, TX, USA); and
suberoylanilide hydroxamic acid (SAHA, vorinostat) from Cayman
Chemical Company (Ann Arbor, MI, USA). AZM, CAM, and PTX were
dissolved in 95% ethanol at a concentration of 5mM as stock so-
lutions. BZ and SAHAwere dissolved in dimethyl sulfoxide (DMSO)
to make stock solutions at concentrations of 1mM and 10mM,
respectively. VNR was dissolved in ultra-pure water to prepare
1mM stock solutions.

2.2. Cell line and culture conditions

The breast cancer cell line MDA-MB-231 was obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA), and
cultured in Dulbecco's Modified Eagle's Medium-high glucose
(DMEM) (Sigma-Aldrich, Merck, St. Louis, MO, USA) supplemented
with 10% fetal bovine serum (FBS) (lot number FB-1061/500; Bio-
sera, Kansas City, MO) and penicillinestreptomycin solution (1/
100) (Wako Pure Chemical Industries, Ltd., Osaka, Japan) in a hu-
midified incubator containing 5% CO2, at 37 �C.

2.3. Establishment of the MDA-MB-231-F-XBP1-Venus cell line

Plasmid pCAX-F-XBP1-Venus was a kind gift from Professor
Masayuki Miura (Department of Genetics, Graduate School of
Pharmaceutical Sciences, The University of Tokyo) [17]. The F-

XBP1-Venus fusion gene was subcloned into the pEZ (OriGene
Technologies Inc., Rockville, MD) vector for puromycin selection.
MDA-MB-231 cells were transfected with pEZ-F-XBP1-Venus using
Lipofectamine® 3000 (Invitrogen, Thermo Fisher Scientific, Van
Allen Way Carlsbad, CA, USA), and further cultured in the presence
of puromycin (Wako) at 2 mg/ml to isolate stable transfectants. Of 14
clones that expressed XBP1-Venus fusion protein in response to
300 nM TPG, clone #5 exhibited the strongest fluorescence signal,
and was used for the following experiments. The established cell
line was used for experiments within ten passages after thawing.

2.4. Real-time monitoring of spliced XBP1-Venus signal using
IncuCyte

The fluorescence intensities derived from spliced XBP1-Venus in
MDA-MB-231-F-XBP1-Venus cells were monitored using an Incu-
Cyte™ ZOOM cell imaging system (Essen BioScience, Ann Arbor,
MI) over 48-h exposure to various reagents. At the same time,
phase-contrast imaging for confluence, which calculates the den-
sity of cells in each imaging field, was carried out using IncuCyte. A
10�objective lens was used in all experiments. All experiments
were performed in quadruplicate using 96-well flat bottom plates
at an initial cell density of 1� 104 cells/well. Data are expressed as
means± SD.

2.5. Counting viable and dead cells

The relative viable cell number was assessed using the CellTiter-
Blue Cell Viability Assay® kit (Promega, Madison, WI, USA).
Assessment of dead cells was performed by staining with IncuCyte
Cytotox Red Reagent® (Essen BioScience), a sensitive cyanine
nucleic acid dye that yields a >100-fold increase in fluorescence
upon binding to DNA once cells lose plasma membrane integrity,
allowing entry of the dye. Red fluorescence intensity was moni-
tored using IncuCyte during exposure to various reagents.

2.6. Immunoblotting

Cells were lysed in RIPA buffer (Nacalai Tesque) supplemented
with protease and phosphatase inhibitor cocktails (Nacalai Tesque).
Cellular proteins were separated by SDS-PAGE and transferred onto
Immobilon-P transfer membranes (Millipore, Merck, Bedford, MA,
USA). The membranes were probed with the following primary
antibodies (Abs): anti-GRP78 Ab (dilution: 1/500 dilution), anti-
phospho-PKR-like endoplasmic reticulum kinase (PERK) (Thr981)
Ab (1/500), anti-eIF2a (FL-315) Ab (1/500), anti-ATF-6a (F7)
monoclonal (m) Ab (1/1000), and anti-b-actin (C4) mAb (1/1000)
from Santa Cruz Biotechnology (Dallas, TX, USA); anti- IRE1a
(Ser724) Ab (1/1000) from Novus Biologicals (Littleton, CO, USA);
anti-IRE1a (14C10) mAb (1/1000), anti-PERK (C33E10) mAb (1/
1000), anti-phospho-eIF2a (Ser51) Ab (1/1000), and anti-CHOP
(L63F7) mAb (1/1000) from Cell Signaling Technologies (Danvers,
MA, USA); anti-FLAG (M2) mAb (1/1000) from Sigma-Aldrich; anti-
XBP-1s (143F) mAb (1/250) from BioLegend (San Diego, CA, USA);
and anti-ATF-4 Ab (1/500) from Abcam (Cambridge, UK). After in-
cubation with the appropriate secondary Ab [e.g., peroxidase-
conjugated AffiniPure goat anti-mouse IgG (H þ L) (1/2500) or
peroxidase-conjugated AffiniPure donkey anti-rabbit IgG (H þ L)
(1/2500); Jackson ImmunoResearch Labs, West Grove, PA, USA] for
1e2 h, immunoreactive proteins were detected with Immobilon
Western Chemiluminescent HRP Substrate (Millipore/Merck,
WBKLS0500). Densitometry was performed using a WSE-6300H/C
Luminograph III (ATTO, Tokyo, Japan).
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2.7. Statistics

Statistical analysis was performed using the two-tailed non-
paired Student's t-test. The criterion for statistical significance was
p< 0.05.

3. Results and discussion

3.1. Establishment of a real-time assay system for ER stress loading
in a cancer cell line

ERAI is an ER stress activated indicator based on the splicing of
XBP1 mRNA by IRE1 [17]. IRE1, an ER transmembrane kinase that
serves as a stress sensor, oligomerizes in response to ER stress
loading [18], leading to activation of an RNase domain located on
the cytosolic side of the membrane. The activated RNase induces
the non-conventional splicing of the mRNA encoding the tran-
scription factor XBP1; the spliced mRNA produces XBP1-s, the
active form of the protein, which contains the bZIP domain [18].
XBP1 activates transcription of genes encoding ER chaperones, as
well as proteins involved in ERAD and lipid synthesis; together, the
targets of XBP1 alleviate ER stress [1,2]. In MDA-MB231 cells stably
expressing ERAI (MDA-MB231-XBP1-Venus cells) the IRE1-
mediated removal of 26 nucleotides under ER stress eliminates a
stop codon, resulting in production of the XBP1-Venus fusion
protein (Fig. 1A) [17]. Establishment of the MDA-MB231-XBP1-

Venus cell line was confirmed by monitoring nuclear fluorescence
after treatment with the ER stressor thapsigargin (TPG).

To evaluate the real-time ER stress monitoring system, we used
IncuCyte to monitor the fluorescence intensities derived from
spliced XBP1-Venus during a 48 h-exposure to another ER stressor,
tunicamycin (TN). At the same time, phase contrast imaging of cell
confluence, reflected by the density of viable cells on the flat bot-
tom of the culture dish, was carried out in each imaging field, also
using IncuCyte. Fluorescence intensities were divided by cell
confluence, indicated as “XBP1-Venus/C-C”. Cell confluence was
well correlated with the viable cell number, as assessed by
CellTiter-Blue cell viability assay after a 48-h exposure to TN
(Supplementary Fig. S1). During the 48-h exposure to TN at
0.1e5 mM, XBP1-Venus/C-C increased in a time- and a dose-
dependent manner, and became saturated at TN concentrations
above 5 mM (Fig. 1B and C). Simultaneously, dead cell counts were
monitored using Cytox Red staining (Fig. 1D). The fluorescence in-
tensity of Cytox Red was inversely correlated with viable cell
number as assessed by CellTiter-Blue cell viability assay, and was
also correlated with XBP1-Venus/C-C ratios (Fig.1E, Supplementary
Fig. S1).

Next we compared the fluorescence intensity of XBP1-Venus
with other UPR indicators (Fig. 2). After treatment with TPG
(300 nM) or TN (10 mM) for 24 or 48 h, cells were lysed, and proteins
were separated by SDS-PAGE. Immunoblotting was performedwith
antibodies specific for related proteins. GRP78 (BiP), a HSP70

Fig. 1. ERAI-Venus system for the detection of the spliced XBP1-Venus signal after treatment with TN. (A) Structure of pEZ-F-XBP1-Venus, generated as ERAI constructs: Coding
regions of basic and leucine zipper domains are indicated as yellow and orange boxes, respectively. Transcripts from ERAI constructs are not spliced under normal conditions. The
unspliced mRNA is translated into a truncated XBP-1 with a FLAG tag at its N terminus. Under ER stress, the transcripts are spliced, leading to a frame shift. The spliced mRNA is
translated into an XBP-1-Venus fusion protein with a FLAG tag at its N terminus. Thus, after treatment with TPG (300 nM) for 24 h, nuclear fluorescence is detectable in MDA-
MB231-XBP1-Venus cells stably transfected with pEZF-XBP1-Venus. “Normal condition” indicates cells cultured in DMEM þ10% FBS, whereas “ER stress condition” indicates cells
cultured in DMEM þ10% FBS in the presence of TPG (300 nM). Scale bar, 10 mm (B) MDA-MB231-XBP1-Venus cells were treated with TN (0.1e10 mM) in a 96-well flat bottom culture
plate. The fluorescence intensities derived from spliced XBP1-Venus were monitored using IncuCyte during a 48-h exposure to TN. For normalization, the detected fluorescence
intensities of Venus were divided by cell confluency, and are indicated as “XBP1-Venus/C-C”. (C) Detection of dead cells using IncuCyte CytoTox Red Reagent. Scale bars, 50 mm.

Fig. 2. Comparison of ER stress signals detected by the ERAI-Venus system and immunoblotting with specific antibodies for UPR-related proteins. (A) MDA-MB231-XBP1-Venus
cells were cultured with TPG (300 nM) or TN (10 mM). XBP1-Venus/C-C was monitored during a 48-h exposure to these reagents. (B) MDA-MB231-XBP1-Venus cells were
treated with TPG (300 nM) or TN (10 mM) for 24 or 48 h. Immunoblotting using the indicated antibodies was performed to detect UPR signals. Immunoblotting with anti-b-actin
mAb was used as an internal control. Results show one of three independent experiments. (C) Protein expression levels in (B) were measured by densitometry and normalized
against the corresponding levels of b-actin.
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molecular chaperone located in the ER lumen, is rapidly upregu-
lated upon ER stress [1,19]. Immunoblotting with anti-GRP78 Ab
revealed prominent upregulation of this protein in response to
TPG- and TN-treatment, with an expression pattern similar to that
of XBP1-Venus/C-C. In terms of XBP1-Venus/C-C, 300 nM TPG was
superior to 10 mMTN during a 48 h-exposure. However, immuno-
blotting revealed a reduction in the level of GRP78 at 48 h relative
to 24 h, especially in cells exposed to TN. GRP78 is short-lived and
metabolized through N-terminal arginylation, which acts as an N-
degron [20]. Although ER-resident proteins are generally consid-
ered to be metabolically stable, the difference in the profiles of
XBP1-Venus/C-C and GRP78 appears to be due to differences in
protein turnover.

Immunoblotting revealed that the expression levels of IRE1a
and XBP-1s, as well as the phosphorylation state of IRE1a,
responded more strongly to TPG than TN. Moreover, the profiles of
these proteins were also consistent with XBP1-Venus/C-C signals.
PERK is another ER transmembrane kinase that oligomerizes and
auto-phosphorylates upon ER stress [21]. The activated PERK olig-
omer phosphorylates eIF2a, leading to suppression of translation
and thereby blocking further accumulation of misfolded proteins
inside the ER lumen [1,21]. As shown in Fig. 2B, the mobility shift of
PERK to a higher molecular weight, a reflection of phosphorylation
state, was detected after exposure to both TPG and TN, and was
associated with phosphorylation of eIF2a (p-eIF2a). The ER
stresserelated proapoptotic transcription factor CHOP, which acts
downstream of the p-eIF2aeATF4 axis, was also more strongly
induced by TPG than by TN after a 48-h treatment. Together, these

data reveal that TPG had a stronger effect than TN on ER stress
loading, as determined by XBP1-Venus/C-C, which was consistent
with other UPR signals detected by immunoblotting.

There appeared to be some time lag among the UPRs during the
48 h-exposure to TPG and TN. Additionally, it would not be sur-
prising if there were some difference in the expression profile be-
tween the artificial fusion protein XBP1-Venus and endogenous ER-
resident proteins. In immunoblotting, however, XBP1-Venus/C-C
exhibited a good correlationwith the IRE1aeXBP-1s axis, especially
after the 48 h-exposure to TPG and TN, indicating that our moni-
toring system could be used to quantitatively assess ER stress
loading.

3.2. Targeting the network comprising the proteasome, autophagy,
and aggresomes enhances ER stress loading and causes pronounced
cytotoxicity in MDA-MB231-XBP1-Venus cells

Many lines of evidence suggest that coordination of the network
consisting of the proteasome, the autophagy pathway, and aggre-
some formation allows cancer cells to cope with and survive ER
stress [11,12,15]. Because cells undergo apoptosis under excessive
ER stress loading, we next attempted to assess XBP1-Venus/C-C
after strategically blocking this network. In addition, we compared
the cytotoxicity under each condition (Supplementary Fig. S2).

We first attempted to simultaneously inhibit the
Ubeproteasome system and autophagyelysosome system using
the proteasome inhibitor BZ in conjunction with CAM or AZM; the
latter compounds are macrolide antibiotics that inhibit autophagic

Fig. 3. ER stress loading and cytotoxic effect of inhibition of the proteasome and autophagy, or the proteasome and aggresome formation. (A, B, and C) MDA-MB231-XBP1-Venus
cells were treated with BZ (15 nM) with or without either CAM (50 mM) or AZM (50 mM) for 1e48 h (D, E and F) MDA-MB231-XBP1-Venus cells were treated with BZ (15 nM) with or
without either VNR (50 nM) or PTX (50 nM) for 1e48 h (A and D) The fluorescence intensities derived from spliced XBP1-Venus were monitored as described in Fig. 1. (B and E)
Assessment of dead cell number was performed by staining with Cytotox-Red reagent, and red fluorescence intensity was monitored using IncuCyte. (C and F) Assessment of viable
cell number was performed using the CellTiter-Blue cell viability assay.*p < 0.001.
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flux [6,7]. As shown in Fig. 3A, treatment of MDA-MB231-XBP1-
Venus cells with BZ alone caused an increase in XBP1-Venus/C-C
along with a cytotoxic effect, whereas AZM and CAM alone caused
almost no stress loading or cytotoxicity (Fig. 3B and C). Intriguingly,
the combination of BZ plus macrolides resulted in a prominent
increase in XBP1-Venus/C-C, especially in cells treated with
BZ þ CAM. Stress loading by BZ þ CAM was stronger than that
induced by BZ þ AZM, and was well correlated with cytotoxicity, as
assessed by Cytox-Red staining and the CellTiter Blue assay (Fig. 3B
and C).

When misfolded proteins accumulate beyond the cells' clear-
ance capacity, their aggregates are retrogradely transported along
microtubules by the dynein/HDAC6 complex to the MTOC, where
they form aggresomes [14,15]. Under proteasome inhibition, we
compared the effect of VNR and PTX: VNR, a vinca alkaloid, inhibits
microtubule polymerization, whereas PTX, a taxane, inhibits
depolymerization of tubulin, leading to microtubule stabilization.
Therefore, both drugs appear to block the dynamic remodeling of
microtubules by disrupting the scaffold for aggregate transport
toward MTOC. We previously reported that the combination of
BZ þ VNR is superior to BZ þ PTX in terms of the killing effect
against breast cancer cell lines in vitro [22]. In the MDA-MB231-
XBP1-Venus system, stress loading differed between VNR and
PTX (Fig. 3D and E). In the presence of BZ, VNR exerted more ER
stress loading than PTX at the same concentration, consistent with
the cytotoxic effects described in our previous study (Fig. 3F) [22].

For concomitant inhibition of all misfolded protein processing,
we attempted to simultaneously inhibit the Ubeproteasome

pathway with BZ, the autophagyelysosome system with CAM,
and aggresome formation with VNR (Fig. S2). This drug combina-
tion caused more intensive ER stress loading than any combination
of two out of the three drugs, and also exerted the strongest
cytotoxic effect (Fig. 4A and B). Because the deacetylase HDAC6
regulates aggresome formation, we used SAHA (vorinostat), an
inhibitor of HDAC6, instead of VNR to inhibit aggresome formation
(Fig. 4C and D) [10,11]. The combination of BZ þ SAHA caused more
efficient ER stress loading and cytotoxicity than BZ þ VNR (max.
XBP1-Venus/C-C: 121.3 at 26 h in BZ þ SAHA vs. 56.8 at 29 h in
BZ þ VNR) (Fig. 4A, C). However, addition of CAM (to block auto-
phagy) to BZ þ SAHA resulted in further enhancement of stress
loading, as well as a more pronounced cytotoxic effect (max. XBP1-
Venus/C-C: 132.3 at 19 h) (Fig. 4C and D). Moreover, peak stress
occurred sooner than in BZ þ SAHA (19 h vs. 26 h). Notably, CAM
treatment alone exerted almost no cytotoxicity or stress loading
(Fig. 3). The pronounced killing effect by the combination of these
drugs was reproduced in other breast cancer cell lines (MDA-
MB468, BT474), as well as in myeloma cell lines (RPMI-8226, IM-9,
KMS-12-PE) as previously reported (data not shown) [9,10].
Together, these data suggest that simultaneously targeting the
entire network responsible for misfolded protein processing can
exert an intense cytotoxic effect on cancer cells.

There are many obstacles to putting in vitro data into practice for
cancer therapy, especially in terms of pharmacokinetics and drug
delivery. For clinical application, enhancement of adverse effects by
drug combination must also be considered. A recent report showed
that zebrafish implanted with primary tumor cells from a cancer

Fig. 4. Simultaneous inhibition of proteasome, autophagy, and aggresome results in pronounced ER stress loading and enhances the cytotoxic effect. MDA-MB231-XBP1-Venus cells
were treated with BZ (10 nM) þ/� CAM (50 mM) þ/� VNR (50 mM) (A and B), and with BZ (10 nM) þ/� CAM (50 mM) þ/� SAHA (1.5 mM) (C and D) for 1e48 h (A and C) Fluorescence
intensities derived from spliced XBP1-Venus were monitored using IncuCyte. (B and D) Assessment of dead cell number was performed by staining with Cytotox-Red Reagent, and
red fluorescence intensity was monitored using IncuCyte.
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patient behaved the same as implanted rodents with the tumor
cells, but much more rapidly, allowing tumors to grow 4 days [23].
The use of such models could guide the development of effective
cancer treatments. Because MDA-MB231-XBP1-Venus cells can be
transplanted into zebrafish, it would be intriguing to directly
monitor ER stress in vivo in the implanted cells during tumor
progression and drug response. Our assay system represents a
useful tool for designing effective drug combinations for ER stress
loading in vivo, as well as in vitro.
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Abstract. The maintenance of the intracellular level of amino 
acids is crucial for cellular homeostasis. This is carried out 
via the regulation of both the influx from the extracellular 
environment and the recycling of intracellular resources. Since 
epidermal growth factor receptor (EGFR)-tyrosine kinase 
inhibitors, including gefitinib (GEF) have been reported to 
induce the apoptosis of several cancer cell lines, in the present 
study, we examined whether the cytotoxic effects of GEF are 
further enhanced under amino acid starvation (AAS) culture 
conditions. Under AAS culture conditions, the cell killing 
effect of GEF was synergistically pronounced in the EGFR-
expressing cell lines, namely, CAL 27, Detroit 562, A549 and 
PANC-1 cells compared with those treated with either GEF 
or AAS alone. The addition of essential amino acids, but not 
non-essential amino acids to the cell culture medium resulted 
in the cancellation of this pronounced cytotoxicity. The 
knockdown of L-type amino acid transporter 1 (LAT-1) by 
siRNA also enhanced GEF-induced cytotoxicity. Therefore, 
the shortage of the intracellular amino acid pool appears to 
determine the sensitivity to GEF. Notably, this enhanced cyto-
toxicity is not mediated by the induction of apoptosis, but is 
accompanied by the pronounced induction of autophagy. The 
presence of necrostatin-1, an inhibitor of receptor-interacting 
serine/threonine-protein kinase 1 (RIPK-1), but not that of 
Z-VAD-fmk, attenuated the cytotoxic effects of GEF under 
AAS culture conditions. Electron microscopy demonstrated 

that the CAL 27 cells treated with GEF under AAS culture 
conditions exhibited swelling of the cytosol and organelles 
with an increased number of autophagosomes and autoly-
sosomes, but without chromatin condensation and nuclear 
fragmentation. Autophagic cell death was excluded as the 
inhibition of autophagy did not attenuate the cytotoxicity. 
These results strongly suggest the induction of necroptosis in 
response to GEF under AAS culture conditions. However, we 
could not detect any phosphorylation of RIPK-1 and mixed 
lineage kinase domain like pseudokinase (MLKL), as well as 
any necrosome formation. Therefore, the enhanced cytotoxic 
effect of GEF under AAS culture conditions is thought to be 
mediated by atypical necroptosis.

Introduction

Amino acids are essential for cellular homeostasis, growth 
and proliferation via their contribution to a diverse range of 
cellular processes. Cells use a number of mechanisms to sense 
and maintain their homeostatic levels. Intracellular levels of 
amino acids are maintained by the balance between their 
influx, utilization and recycling (1). The transport of serum 
amino acids into cells is an active process that is facilitated 
by plasma membrane-localized amino acid transporters. The 
members of the L-type amino acid transporter (LAT) family 
are Na+-independent transporters that deliver neutral amino 
acids into cells (2). Although the LAT family plays important 
roles in the development and function of normal tissues, they 
are frequently increased in cancer cells (3). LAT-1 is most 
commonly upregulated in multiple types of cancer and has 
also been used as a biomarker for malignant cancer (4,5). 
In contrast to the influx of amino acids, the degradation of 
proteins is also the important intracellular mechanism for 
releasing free amino acids both under steady-state conditions 
and during cellular stresses. Macroautophagy (thereafter 
designated as autophagy) is a self-digestive system conserved 
in all eukaryotic cells. Cellular proteins and organelles are 
engulfed into a double-membrane vesicle to form an autopha-
gosome. The cargos are transported to the lysosome and are 
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degraded by lysosomal hydrolytic enzymes via membrane 
fusion between the autophagosome and the lysosome, which 
is designated as the autolysosome (6). As the recycling of 
amino acids by this self-digestive mechanism is essential 
for supplying the intracellular amino acid pool for cellular 
metabolism, autophagy is markedly upregulated when the cells 
are exposed to a nutrient-starving condition (7). On the other 
hand, angiogenesis is indispensable for supporting progressive 
tumor cell growth. Due to the insufficient vascularization, 
autophagy is believed to be accelerated as a form of adaptation 
of tumor cells particularly in the central region of the tumor 
mass in a hyponutrient and hypoxic microenvironment (6,8).

Autophagy can be potentiated by treatment with chemical 
inducers or chemotherapeutic agents, as well as in response 
to amino acid deprivation. We and others have reported that 
epidermal growth factor receptor (EGFR)-tyrosine kinase 
inhibitors (TKIs), such as gefitinib (GEF) and erlotinib 
potently induce autophagy in several cancer cell lines, as well 
as in murine embryonic fibroblasts (MEFs) (9-13). EGFR 
is overexpressed or activated in its tyrosine kinase activity 
by somatic mutation in a broad range of human cancers, 
including non-small cell lung cancer (NSCLC) (14,15). It has 
been reported that inactivated endosomal, but not cell surface 
EGFR interacts with lysosomal-associated transmembrane 
protein B4 (LAPTM-4B), resulting in a complex formation for 
recruiting Rubicon from Beclin-1 (Atg6) (16). Since Rubicon 
is a potent inhibitory protein for autophagy via the molecular 
interaction with Beclin-1, the dissociation of Rubicon from 
Beclin-1 results in the initiation of autophagy. Thus, the 
survival of cancer cells with a higher EGFR expression can 
be supported by the efficient induction of autophagy under 
various metabolic stresses (16).

We have also reported that macrolide antibiotics, such 
as azithromycin (AZM) and clarithromycin (CAM) exert an 
inhibitory effect on autophagy flux in myeloma and squamous 
cell carcinoma cell lines (17,18). Of note, AZM and CAM 
exert cytotoxic effects under amino acid-depleted culture 
conditions in these cell lines along with the upregulation of the 
pro-apoptotic transcription factor, CHOP/GADD153, although 
they exhibit no cytotoxicity in complete culture medium (18). 
Mammalian target of rapamycin (mTOR), is a master regu-
lator that combines amino acid availability to cell growth and 
autophagy (19-21). Therefore, the shortage of the intracellular 
amino acid pool appears to determine the sensitivity to various 
cellular stresses. In this context, it is important to examine 
whether the effect of GEF is further enhanced when cancer 
cells are exposed to an amino acid starvation (AAS) culture 
condition.

Historically, three types of cell death have been identi-
fied on the basis of morphological criteria, which include 
type I (apoptosis), type II (autophagic cell death) and type III 
(necrosis) (22). Although physiological levels of autophagy 
are essential for the maintenance of cellular homeostasis 
during various stress conditions, excessive or uncontrolled 
levels of autophagy can induce autophagic cell death (22,23). 
Autophagic cell death was originally defined as a type of 
cell death accompanied by the large-scale autophagic vacu-
olization of the cytoplasm and was described during animal 
development, under tissue homeostasis and in diseased tissues, 
as well as in cultured cells treated with chemotherapeutic 

agents or other toxic compounds (22). On the other hand, 
necrosis has been stereotypically considered as an accidental 
and passive cell death, as opposed to apoptosis. Necroptosis, 
in which necrosis is regulated, was originally described in a 
FADD-deficient variant of human Jurkat T cells treated with 
TNF-α, which is characterized as receptor-interacting serine/
threonine-protein kinase (RIPK)1-dependent in association 
with the morphological features of cell swelling and plasma 
membrane integrity, but without chromatin condensation and 
nuclear fragmentation (24,25). Thereafter, non-apoptotic cell 
death with morphologically necrotic features associated with 
the cell death inhibition induced by necrostatin 1 (NEC-1), a 
specific inhibitor of RIPK1, has been ‘passively’ described as 
necroptosis.

In this study, we found that the cell killing effect of GEF 
was apparently pronounced along with the upregulation of 
autophagy when the cells were cultured under AAS culture 
conditions plus GEF. Of note, this pronounced effect was not 
mediated either by the induction of apoptosis or autophagic 
cell death, but apparently by an atypical type of cell death. The 
molecular mechanisms and phenotype regarding this atypical 
cell death are precisely discussed.

Materials and methods

Reagents. GEF, which was purchased from Cayman Chemical 
Co. (Ann Arbor, MI, USA), was dissolved in dimethyl sulfoxide 
(DMSO) to yield 10 mM stock solutions. Z-VAD-fmk, which is 
a pan-caspase inhibitor, was purchased from Peptide Institute 
(Osaka, Japan) and 3-methyladenine (3-MA), SP600125, doxy-
cycline hyclate (DOX) and puromycin dihydrochloride were 
obtained from Sigma-Aldrich (St. Louis, MO, USA). NEC-1, 
a specific inhibitor of RIPK1, was purchased from Enzo 
Life Sciences (Farmingdale, NY, USA). Cycloheximide was 
obtained from Calbiochem (La Jolla, CA, USA). Recombinant 
human TNF-α, staurosporine, amino acid-free Dulbecco's 
modified Eagle's medium (DMEM) (048-33575), MEM 
essential amino acids solution (X100; 132-15641) and MEM 
non-essential amino acids solution (X50; 139-15651) were 
obtained from Wako Pure Chemical Industries (Osaka, Japan).

Cell lines and culture conditions. The human oral squamous 
cell carcinoma cell line, CAL 27, the human pharyngeal 
carcinoma cell line, Detroit 562, the human NSCLC cell line, 
A549, the human pancreatic cancer cell line, PANC-1, the 
human colorectal adenocarcinoma cell line, HT-29 and the 
breast cancer cell line, MDA-MB-231 were obtained from 
the American Type Culture Collection (ATCC, Manassas, 
VA, USA). The human NSCLC cell line, PC-9, which carries 
delE746-A750 in exon 19 of the EGFR gene and exhibits 
exquisite sensitivity to EGFR TKIs (26), was obtained from 
the RIKEN BioResource Center (Tsukuba, Japan). The murine 
embryonic fibroblast (MEF) cell line (DR-wild-type) estab-
lished by SV-40 immortalization was also obtained from the 
ATCC. All cell lines were cultured in DMEM plus 10% fetal 
bovine serum (FBS; Biosera, Ringmer, UK) and 1% penicillin/
streptomycin solution (Wako Pure Chemical Industries). The 
‘AAS’ culture conditions described in this study indicate 
amino acid-free DMEM (048-33575; Wako Pure Chemical 
Industries) plus 10% FBS and 1% penicillin/streptomycin.
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The m5-7 cell line, an Atg5 tet-off MEF system, was a kind 
gift from Professor Noboru Mizushima (University of Tokyo, 
Tokyo, Japan). The m5-7 cells were maintained in DMEM 
containing 10% FBS. For the knockdown of the Atg5 gene for 
the full inhibition of autophagy, the cells were further cultured 
in the presence of 10 ng/ml DOX for 4 days (27). All cell lines 
were cultured in a humidified incubator containing 5% CO2 
and 95% air at 37˚C. All cell lines were used for the experi-
ments within 10 passages after thawing.

For the typical induction of necroptosis, the HT-29 cells 
were pre-treated with Z-VAD-fmk (20 µM) for 30 min 
followed by an additional treatment with cycloheximide (CHX, 
10 mg/ml ) and human TNF-α (20 ng/ml) for 8 h as previously 
described in the literature (28).

Assessment of cell growth inhibition. Cell growth inhibi-
tion was measured by the CellTiter-Blue cell viability assay 
(Promega, Madison, WI, USA). The cells were treated with or 
without GEF (5 to 50 µM) for 24 and 48 h in 96-well plates 
(Thermo Fisher Scientific, San Jose, CA, USA) in pentaplicate. 
During the last 4 h, CellTiter-Blue reagent was added to each 
well, and fluorescence was measured at 560 nm excitation and 
590 nm emission. The percentage of the mean fluorescence 
measured to that in untreated cells and was expressed as % 
cell growth inhibition.

Morphological assessment. The cells were spread on 
glass slides using a Cytospin 4 Centrifuge (Thermo Fisher 
Scientific) to make glass slide preparations, then stained with 
May-Grünwald-Giemsa, and examined under a digital micro-
scope (BZ-8000; Keyence Co., Osaka, Japan).

Flow cytometry. For the assessment of apoptosis, the cells 
were stained with Annexin V and propidium iodide (PI) using 
the Annexin V-FITC Apoptosis Detection kit (Nacalai Tesque, 
Kyoto, Japan) according to the manufacturer's instructions 
and subjected to flow cytometry using the Attune® Acoustic 
Focusing Cytometer (Life Technologies, Carlsbad, CA, USA).

Immunoblotting. Immunoblotting was performed as previ-
ously described (29). Briefly, the cells were lysed with RIPA 
lysis buffer (Nacalai Tesque) supplemented with a protease 
and phosphatase inhibitor cocktail (Nacalai Tesque). Cellular 
proteins were quantified by Bradford assay (Thermo Fisher 
Scientific). Equal amounts of proteins were loaded onto the 
gels, separated by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred onto an 
Immobilon-P membrane (Millipore, Bedford, MA, USA). 
The membranes were probed with primary antibodies (Abs), 
such as anti-microtubule-associated protein 1 light chain 3 
(LC3) B antibody (Ab) (NB600-1384; Novus Biologicals, 
Inc., Littleton, CO, USA, at 1/4,000 dilution), anti-ATG5 Ab 
(#12994S, at 1/1,000 dilution), anti-caspase-3 Ab, (#9662S, 
1/1,000), anti-poly(ADP-ribose) polymerase (PARP) Ab 
(#9542S, 1/1,000), anti-LAT1 (#9166S, 1/1,000), anti-RIPK1 
(#4926S, 1/1,000), anti-phospho-RIPK1 (Ser166) (#65746S, 
1/1,000), anti-RIPK3 Abs (#13526S, 1/1,000) (Cell Signaling 
Technology, Danvers, MA, USA), anti-mixed lineage kinase 
domain like pseudokinase (MLKL), anti-phospho-MLKL 
(Ser358) (ab184718, 1/1,000) Abs (Abcam, Cambridge, MA, 

USA) and anti-EGFR Ab (sc-03, 1/1,000), anti-phospho-EGFR 
(Tyr1173) Ab (sc-101668, 1/1,000), anti-p62 (sequestosome-1) 
mAb (sc-28359, 1/1,000), anti-GAPDH mAb (sc-32233, 
1/1,000) and anti-β-actin mAb (sc-47778, 1/1,000) (Santa 
Cruz Biotechnology, Santa Cruz, CA, USA). Immunoreactive 
proteins were detected with horseradish peroxidase-conjugated 
secondary Abs (anti mouse Ab: 115-035-003, at 1/5,000 dilu-
tion, anti rabbit Ab: 711-035-152, at 1:5,000 dilution; Jackson 
ImmunoResearch, West Grove, PA, USA) and an enhanced 
chemiluminescence reagent (ECL) (Millipore). Densitometry 
was performed using a Molecular Imager, ChemiDoc XRS 
system (Bio-Rad Laboratories, Richmond, CA, USA).

Immunoprecipitation. The harvested cells were washed with 
physiological-buffered saline (PBS) and lysed with lysis 
buffer (10 mM Tris-HCl, 150 mM NaCl, 1% NP-40, pH 8.0) 
supplemented with a protease and phosphatase inhibitor 
cocktail (Nacalai Tesque). The cell lysates were spun down 
at 16,000 x g for 15 min. The soluble fraction was collected, 
and the protein concentration was determined by Bradford 
assay. Subsequently, 800 µg of the extracted protein solution 
in lysis buffer were immunoprecipitated overnight with either 
anti-RIPK1 Ab or anti-RIPK3 Ab at 4˚C. Antibodies were 
collected with Protein A SureBeads (Bio-Rad Laboratories) 
for 1-h rotation at 4˚C, then washed 3 times with the lysis 
buffer. The binding proteins on the beads were eluted with 2X 
SDS loading buffer by 5-min boiling in a heat block.

Electron microscopy. Following treatment with/without GEF 
(25 µM) under either complete culture condition or AAS 
culture condition for 24 h, CAL 27 cells were fixed with 2.5% 
glutaraldehyde in 0.1 M phosphate buffer (pH 7.3) for 1 h. The 
samples were further fixed in 1% osmium tetroxide for 1 h, 
dehydrated in graded ethanol (30-100%), and embedded in 
Quetol 812 Epoxy Resin (Nisshin EM Co., Ltd., Tokyo, Japan). 
Ultrathin sections were cut using an Ultracut J microtome 
(Reichert Jung, Vienna, Austria). These sections were stained 
with lead nitrate and uranium acetate (Merck, Darmstadt, 
FRG) and subjected to electron microscopic analysis using a 
scanning electron microscope (JEM-1200EX II; JEOL Ltd., 
Tokyo, Japan).

RNA interference. For the gene silencing of LAT1 and RIPK1 
in the CAL 27 cells, the LAT1 siRNA and control siRNA 
sequences are described as follows: LAT1 sense, GGAAC 
AUUGUGCUGGCAUUdTdT and antisense, AAUGCCAGCA 
CAAUGUUCCdTdT; control sense, GUUAAAGGUUUGAC 
UCGCGdTdT and antisense, CGCGAGUCAAACCUUUAA 
CdTdT. RIPK1 siRNA (HSS112847) and control siRNA 
(12935-300) were purchased from Life Technologies (Grand 
Island, NY, USA). siRNAs were diluted to a final concentra-
tion of 10 nM in Opti-MEM I (Life Technologies). Transfection 
was performed with the cells at 40% confluency using 
Lipofectamine RNAiMAX transfection reagent (Life 
Technologies) according to the manufacturer's instructions. 
The knockdown efficiency was assessed by immunoblotting.

Stable transfection of mCherry-EGFP-LC3B plasmid into 
A549 and CAL 27 cells. In the present study, a pBABE-
puro-mCherry-EGFP-LC3B plasmid vector (no. 22418) was 
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purchased from Addgene (Cambridge, MA, USA). The A549 
and CAL 27 cells were transfected with this plasmid DNA 
using Lipofectamine 2000 (Life Technologies) according to 
the manufacturer's instructions and as previously described 
(30). Briefly, 4 µg of pBABE-puro-mCherry-EGFP-LC3B 
plasmid solution and 10 µl of Lipofectamine 2000 were incu-
bated in 500 µl of serum-free Opti-MEM (Life Technologies) 
for 20 min and mixed into 2x106 cells cultured in 1.5 ml of 
antibiotic-free DMEM with 10% FBS in a 60-mm dish. At 
48 h after transfection, the cells were seeded into a 150-mm 
dish with puromycin dihydrochloride (at 2 µg/ml for A549 
cells and at 0.5 µg/ml for CAL 27 cells). The individual 
puromycin-resistant clones were isolated using a cloning ring. 
After cloning, A549/pBABE-puro-mCherry-EGFP-LC3B and 
CAL27/pBABE-puro-mCherry-EGFP-LC3B were used for 
the following experiments.

Time-lapse imaging. On the first day, the A549/pBABE-
puro-mCherry-EGFP-LC3B cells (clone #3) and CAL 27/
pBABE-puro-mCherry-EGFP-LC3B cells (clone #7) were 
seeded into the CELLview™ Cell Culture dish, 35 mm glass 
bottom (627860; Greiner Bio-One, Frickenhausen, Germany), 
and cultured for 24 h to make them adhere to the glass bottom. 
On the second day, the cells were washed twice with PBS and 
incubated in either the AAS culture medium containing 10% 
FBS or the complete culture medium containing 10% FBS 
with/without GEF (25 µM). Thereafter, observation began at 
5-min intervals using a confocal laser scanning microscope 
(LSM 700; Carl Zeiss, Oberkochen, Germany) for the detec-
tion of EGFP at 488 nm laser wavelength and mCherry at 
555 nm laser wavelength. In this time-series scanning, a 63X 
oil immersion lens was used, and bright field images were 
obtained simultaneously. ZEN 2012 Black Edition software 
(Carl Zeiss) was used for the analysis.

Statistical analysis. All quantitative data are expressed as 
the means ± standard deviation (SD). Statistical analysis was 
performed using a two-tailed non-paired Student's t-test. To 
assess the synergism of the combined GEF and AAS treat-
ment, multivariate linear regression analysis using both GEF 
and AAS as independent variables was first performed to 
determine whether an additive effect was observed between 
GEF and AAS. Subsequently, interaction terms were added in 
the model to clarify the existence of a synergistic effect, as 
previously described (31). The criterion for statistical signifi-
cance was taken as P<0.05.

Results

Amino acid starvation enhances GEF-induced cytotoxicity 
in EGFR-expressing cell lines. It is now well known that the 
depletion of amino acids in the cell culture medium promotes 
the induction of autophagy for the adaptation to the shortage 
of the intracellular amino acid pool (18-21). It has also been 
reported that EGFR-TKIs, such as GEF induce cytoprotec-
tive autophagy in various EGFR-expressing cell lines (9-13). 
Therefore, in this study, we first examined whether the cyto-
toxicity of GEF is pronounced under AAS culture conditions 
using the head and neck cancer cell lines, CAL 27 and Detroit 
562, the NSCLC cell lines, A549 and PC-9, and the pancreatic 

cancer cell line, PANC-1, all of which express EGFR at a higher 
level, as well as immortalized MEFs (Fig. 1A). All the cell 
lines were cultured in the presence of GEF at various concen-
trations in either amino acid-depleted DMEM containing 10% 
FBS or complete culture medium for up to 48 h (Fig. 1B). 
Normal DMEM contains a sufficient amount of 20 amino acids 
including 75 mg/l L-glutamic acid and 30 mg/l L-methionine, 
whereas AAS (amino acid-free DMEM plus 10% FBS) only 
contains amino acids less than 1/10 of the normal DMEM 
with 10% FBS. Although AAS itself exerted some cell growth 
inhibitory effects, the apparent enhanced cytotoxic effect of 
GEF was observed even after 24 h of exposure in the CAL 27, 
A549 and PANC-1 cells compared to treatment with either 
AAS or GEF alone. After 48 h of exposure to GEF under 
AAS culture conditions, the effect became more apparent in 
all cell lines except for the PC-9 cells. As previously reported, 
the PC-9 cells have EGFR mutation with a higher sensitivity 
to GEF, resulting in a sufficiently strong cell killing effect by 
GEF alone, which may produce no further enhancement even 
by combining GEF and AAS (26,32). The PANC-1 cells were 
resistant to GEF, but exhibited a significant cytotoxicity under 
AAS culture conditions. After 48 h of treatment, multivariate 
linear regression analysis revealed that these pronounced 
effects were synergistic in the CAL 27, Detroit 562, A549 and 
PANC-1 cells.

The supplementation of essential amino acids, but not 
non-essential amino acids, into the AAS culture medium 
almost cancelled the pronounced cytotoxicity in CAL 27 cells 
(Fig. 2A). This strongly suggests that the enhanced cytotox-
icity by the combined treatment with GEF plus AAS is due to 
the shortage of the intracellular amino acid pool. To confirm 
this hypothesis, we subsequently knock down LAT-1 in the 
CAL 27 cells. It has been reported that among the amino 
acid transporters, LAT-1 is specifically expressed at a higher 
level in cancer cells, by which the essential amino acids are 
imported into cancer cells for supporting cellular metabolism 
(3,33). As shown in Fig. 2B, the high LAT-1 expression was 
considerably suppressed by transfection with LAT-1 siRNA in 
the CAL 27 cells. LAT-1 knockdown resulted in a significant 
decrease in the viable cell number in the presence of GEF 
compared with the cells transfected with control siRNA and 
treated with GEF. Notably, LAT-1 knockdown itself exerted 
no effect in the absence of GEF, suggesting some metabolic 
compensation or adaptation for cell survival when the cells 
were cultured in the complete culture medium.

Sensitization of GEF under AAS conditions is not mediated by 
the induction of apoptosis. We subsequently examined whether 
apoptosis is involved in the enhanced GEF-induced cell death 
under AAS conditions. First, immunoblotting was performed 
to confirm the cleavage of caspase-3 and PARP as indica-
tors of apoptosis. As shown in Fig. 3A, GEF treatment under 
complete culture conditions led to some cleavage of caspase-3 
and PARP. However, GEF treatment under AAS culture condi-
tions did not lead to any apparent increase in the cleavage of 
caspase-3 as compared with GEF treatment in complete culture 
medium, although the cytotoxic effect was pronounced. As 
shown by flow cytometry, GEF treatment under AAS culture 
conditions increased the number of Annexin V+/PI+ double-
stained cells compared with either GEF treatment under 
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Figure 1. Cell growth inhibition following treatment with gefitinib (GEF) under amino acid starvation (AAS) culture conditions in EGFR-expressing cancer cell 
lines. (A) Cellular proteins in the CAL 27, Detroit 562, A549, PC-9, PANC-1 and MEF cells in the exponential growth phase in the complete culture condition 
containing 10% FBS were lysed as described in Materials and methods. The cellular proteins extracted from the 1x105 cells were loaded on each lane and sepa-
rated by 11.25% SDS-PAGE and immunoblotted with anti-EGFR antibody (Ab) and anti-phospho-EGFR (Tyr1173) Ab. Immunoblotting with anti-GAPHD mAb 
was performed as an internal control. The cell lysate of HL-60 leukemia cells was used as a negative control, as previously described (11). Numbers indicate the 
ratios of EGFR to GAPDH and the ratios of the phospho-EGFR to EGFR in each lane. N.D., not detectable. (B) Cells were cultured under the complete culture 
condition and AAS culture condition in the presence of GEF (0-25 µM) for 24 and 48 h. Viable cell number was assessed by CellTiter-Blue cell viability assay as 
described in Materials and methods (*P<0.05 and **P<0.01, complete culture condition vs. AAS by a two-tailed non-paired Student's t-test). By multivariate linear 
regression analysis using both GEF and AAS as independent variables, the synergistic effect was observed in the 24-h treatment of CAL-27 cells (P<0.001) 
and PANC-1 cells (P=0.008), as well as in the 48-h treatment of CAL-27 cells (P<0.001), Detroit 562 cells (P=0.023), A549 cells (P<0.001) and PANC-1 cells 
(P<0.001). In the PC-9 cells, the additive cytotoxic effect was observed in the 48-h exposure (P<0.001), but not in the 24-h exposure (P=0.335).
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complete culture medium conditions or culture of the cells in 
AAS medium without GEF. Unlike staurosporine treatment 
for the typical induction of apoptosis, the number of Annexin 
V+/PI- cells indicating the cells undergoing an early phase of 
apoptosis was not increased (Fig. 3B). It was recently reported 
that phosphatidylserine labeled with Annexin V is exposed to 
the cell surface prior to loss of cell integrity during necroptosis 
induction (34). Therefore, Annexin V positive staining does 
not necessarily indicate cells undergoing apoptosis. As regards 
the morphological findings, we could not observe any chro-
matin condensation and nuclear fragmentation under AAS 
culture conditions plus GEF treatment, whereas cells treated 

with staurosporine exhibited the typical apoptotic karyor-
rhexis and blebbing of the plasma membrane. However, we 
observed the translucent cytoplasm and rupture of the plasma 
membrane of CAL 27 cells (Fig. 3C). These results indicate 
that non-apoptotic cell death appeared to be involved in the 
pronounced cytotoxicity induced by AAS culture conditions 
and GEF treatment.

Induction of autophagy in response to GEF and AAS condi-
tions. We then examined whether autophagy is induced in 
response to GEF under either complete culture conditions or 
AAS culture conditions by immunoblotting with anti-LC3B 
Ab and anti-p62 Ab. As shown in Fig. 4A, the expression 
of p62, a substrate of autophagy, was decreased in response 
to 24 h of treatment with GEF in complete culture medium 
compared with that in the cells cultured without GEF in 
complete culture medium as a control (lane 1 vs. 2). p62 
expression (lane 3) decreased in response to AAS without 
GEF and further decreased in response to 24 h of exposure to 
GEF plus AAS (lane 4). These results indicate that autophagy 
was accelerated by GEF under AAS culture conditions 
(Fig. 4A). In the CAL 27 cells, the expression ratio of LC3B-II 
to β-actin, a hallmark of autophagosome formation (35), was 
increased even under the complete culture condition (lane 1). 
This suggests the upregulation of autophagy under the normal 
culture condition in this cell line, which was consistent with 
the electron microscopic findings with an increased number 
of autophagosomes even in the control culture condition (data 
not shown). This was possibly due to the fact that the CAL 27 
cells expressed a higher level of EGFR (Fig. 1A), implying 
a sufficient number of endosomal EGFR for autophagy 
induction (16). However, as regards the expression ratio of 
LC3B-II to β-actin, the CAL 27 cells under AAS culture 
conditions exhibited a decrease in this ratio compared with the 
control cells (lane 1 vs. 3). In addition, both the LC3B-I and 
LC3B-II bands became faint under AAS culture conditions, 
although AAS should induce more autophagy. We previously 
observed the same phenomenon when the cells had markedly 
upregulated autophagy along with leading LC3B-II degrada-
tion (18). As the expression level of LC3B-II is determined 
by the balance of synthesis and breakdown, the degradation 
of LC3B-II appeared to occur more rapidly than the induc-
tion of LC3B-II under AAS culture conditions. To confirm 
the accelerated induction of autophagy under AAS culture 
conditions plus GEF treatment, we carefully monitored 
autophagosome formation during a shorter exposure to GEF 
in either complete culture condition or AAS culture conditions 
using the A549 and CAL 27 cells, which stably express the 
tandem fluorescent-tagged LC3B (mCherry-EGFP-LC3B) by 
confocal microscopic time-lapse imaging (30). The number of 
fluorescent puncta indicating autophagosomes increased when 
the cells were cultured in the AAS medium in the absence of 
GEF. Both cell lines treated with GEF in the complete culture 
medium exhibited a greater number of mCherry-EGFP-puncta 
than the cells cultured in the AAS medium (Fig. 4B). The turn-
over of puncta appeared to be rapid, and most dots disappeared 
within 20 min after formation (data not shown). When the cells 
began to be cultured in the presence of GEF under AAS culture 
conditions, we observed a marked enhancement of autophago-
some formation even within 30 min (Fig. 4B). Therefore, the 

Figure 2. Shortage of intracellular amino acid pool is involved in the pro-
nounced cytotoxicity of gefitinib (GEF) under amino acid starvation (AAS) 
culture conditions in CAL 27 cells. (A) CAL 27 cells were cultured under 
AAS conditions supplemented with/without essential and non-essential 
amino acids in the presence of GEF (0-20 µM) for 48 h. Viable cell number 
was assessed by CellTiter-Blue cell viability assay (*P<0.05, vs. AAS). EAA, 
essential amino acids; NEAA, non-essential amino acids. (B) Following pre-
treatment with LAT-1 siRNA or control siRNA for 24 h, the CAL 27 cells 
were further cultured with/without GEF (25 µM) for 48 h in DMEM con-
taining 10% FBS, and viable cell numbers were assessed. Immunoblotting 
with anti-LAT-1 anibody (Ab) was performed after 24 h of treatment with 
siRNAs. Immunoblotting with anti-GAPDH monoclonal antibody (mAb) 
was performed as an internal loading control; *P<0.05, vs. control siRNA.
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induction of autophagy is accelerated in response to GEF plus 
AAS.

Induction of atypical necroptosis after treatment with GEF 
under AAS culture conditions. To examine whether the 
enhanced cytotoxicity is due to induction of ‘autophagic cell 
death’ (22,23), we used the Atg5 tet-off MEF cell line, named 
m5-7 (27). This cell line can be conditionally transformed into 
knockout the Atg5 gene, as a useful system for investigating 
the effects of autophagy in our study. Additionally, as MEF 
cells express EGFR, we intended to investigate whether our 
findings in cancer cell lines can be extended to immortalized 
fibroblasts.

Pre-treatment of the m5-7 cells with Dox, which leads to 
Atg5 knockout, results in the inhibition of autophagy (27). As 
shown in Fig. 5, the pronounced cytotoxicity by GEF (50 µM) 
plus AAS was observed regardless of the deletion of the 
autophagic process in the m5-7 cells.

To investigate the molecular mechanisms responsible for 
this pronounced cell killing effect, we further examined the 
type of cell death involved in the GEF plus AAS treatment 
using CAL 27 cells. The cells were cultured with GEF either 
in the control medium or the AAS culture medium in the 
presence or absence of various inhibitors: 3-Methyl adenine 
(3-MA) for blocking autophagosome formation, SP600125 for 
blocking autophagic cell death (36), Z-VAD-fmk for inhibiting 
pan-caspases for blocking apoptosis, and NEC-1, a RIPK-1 
inhibitor for blocking necroptosis (24). As shown in Fig. 6, 
treatment with 3-MA and SP600125 enhanced the cytotoxic 
effects of GEF and AAS possibly due to the cytotoxicity of the 
inhibitors. Taking the results of these inhibitors and m5-7 cells 
shown in Fig. 5 together, autophagic cell death appeared to be 
excluded. Z-VAD-fmk attenuated the GEF-induced cytotoxic 
effect, but did not exert any effects on the pronounced cytotox-
icity of treatment with GEF plus AAS. Notably, in the presence 
of NEC-1, the pronounced cytotoxicity was almost completely 

Figure 3. Non-apoptotic cell death induction following treatment with gefitinib (GEF) under amino acid starvation (AAS) conditions in CAL 27 cells. 
(A) Immunoblotting with caspase-3 antibody (Ab) and PARP Ab from the cell lysates of CAL 27 cells cultured under the complete culture condition or AAS 
with/without GEF (25 µM) for 24 h. Immunoblotting with anti-β-actin mAb was used as an internal control. Numbers indicate the ratios of the cleaved PARP to 
β-actin and the cleaved caspase-3 to β-actin in each lane. N.D., not detectable. (B) Flow cytometry with Annexin V/PI double staining after 24 h of treatment of 
CAL 27 cells with GEF (25 µM) under the complete culture condition or AAS containing 10% FBS. The vertical axis indicates the log fluorescence intensity of 
propidium iodide (PI) and the horizontal axis indicates the log fluorescence intensity of Annexin V. The numbers indicate the percentage of cells in each area. 
(C) May-Grünwald-Giemsa staining was performed following treatment with/without GEF (25 µM) under the complete culture condition or AAS for 24 h. As 
a positive control for apoptosis induction, CAL 27 cells were treated with staurosporine at 1 µM for 4 h. Scale bar, 10 µm.
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cancelled. This cytotoxicity cancellation was also observed 
in the A549 cells treated with GEF and AAS. Therefore, the 
induction of necroptosis in response to culture under AAS 
conditions plus GEF treatment was strongly suggested.

The CAL 27 cells adhere to the culture flask bottom in 
the normal culture condition, and they become non-adherent 
while undergoing cell death. As regards electron microscopy, 
the non-adherent CAL 27 cells treated with GEF plus AAS 
exhibited a translucent cytoplasm, cytoplasmic vacuoles, 
mitochondrial swelling, and plasma membrane rupture with 
an increased number of autophagosomes (Fig. 7). As simi-
larly shown in Fig. 3C, no nuclear fragmentation, chromatin 
condensation, or apoptotic bodies were observed. Therefore, 
all these morphological findings also support the induction of 
necroptosis.

It is now well known that necroptosis is a RIPK-1/3-
dependent form of cell death (38-40). In TNF-α-induced 
necroptosis, RIPK-1 is activated in response to TNF-α 
stimuli and forms a cytosolic complex, known as the necro-
some, which is formed by RIPK-1 in complex with RIPK3 
and MLKL (39,40). MLKL is recruited to the necrosome 
and phosphorylated by RIPK3. This allows MLKL to form 
the MLKL oligomer for insertion into the plasma membrane 
to induce necroptosis (41,42). Therefore, in this study, we 
knocked down RIPK-1 in CAL 27 cells using siRNA. The 
knockdown of RIPK-1 led to a significant attenuation of 
GEF plus AAS-induced cytotoxicity compared with the cells 
transfected with control siRNA (Fig. 8A). No differences 
were observed between the control siRNA- and RIPK-1 
siRNA-treated cells under the GEF-containing culture condi-
tions and AAS conditions. However, we could not detect the 

Figure 5. Effects of autophagy inhibition on gefitinib (GEF)-induced cyto-
toxicity using the Atg5 tet-off MEF cell line (m5-7). Following pre-treatment 
with/without doxycycline (Dox, 10 ng/ml) for 4 days, the m5-7 cells were 
seeded in a 96-well culture plate in pentaplicate for 24 h and washed twice 
with PBS. The cell culture medium was replaced with complete culture 
medium or amino acid starvation (AAS) culture medium in the presence 
or absence of GEF (50 µM, at approximately IC50) for 24 h. Assessment of 
the viable cell number and immunoblotting with anti-Atg5 antibody were 
performed as described above. Immunoblotting with GAPDH monoclonal 
antibody was used as an internal control. Significance is indicated as follows: 
a vs. a’ shows no statistical significance, and b vs. b’ also shows no statistical 
significance.

Figure 4. Induction of autophagy following treatment with gefitinib (GEF) 
under amino acid starvation (AAS) conditions or complete culture condi-
tion. (A) CAL 27 cells were treated with GEF at 25 µM for 24 h. Cellular 
proteins were separated by 15% SDS-PAGE, and immunoblotting was per-
formed using anti-LC3B antibody (Ab) and anti-p62 monoclonal antibody 
(mAb). Immunoblotting with anti-β-actin mAb was performed as an internal 
control. As a positive control for p62 and LC3B immunoblotting, the cell 
lysate derived from MDA-MB-231 cells treated with AZM (50 µM) was 
usedas described in our literature (29). Numbers indicate the ratios of the 
p62 to β-actin and the LCB-II to β-actin in each lane. (B) Assessment of the 
induction of autophagy in A549/pBABE-puro-mCherry-EGFP-LC3B stable 
transfectants. Following 24 h of culture under the complete culture condi-
tion to make the cells adherent, the cells were washed twice with PBS and 
incubated in either the AAS culture medium containing 10% FBS or control 
complete DMEM with/without GEF (25 µM) for time-lapse imaging at 5-min 
interval by confocal laser scanning microscopy. Images were merged with 
EGFP, mCherry and phase contrast. Scale bar, 10 µm. The image on the left 
bottom panel is an enlarged image of the cells treated with AAS plus GEF at 
the 1-h time-point. N, nucleus. The numbers of intracellular autophagosome 
were assessed by counting the fluorescent puncta (EGFP and/or mCherry 
alone) in 20 cells in each culture condition, and plotted at the indicated time-
point. Data are representative of three independent experiments and values 
are expressed as the means ± SEM (*P<0.05, AAS plus GEF vs. GEF or 
AAS alone). CAL 27/pBABE-puro-mCherry-EGFP-LC3B stable transfec-
tants behaved similarly to A549 transfectants in autophagosome formation. 
However, the precise assessment of autophagosome number was difficult on 
live imaging as the autophagosomes grow in a lump without forming a fine 
single cell layer (data not shown).
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phosphorylation of RIPK-1 and MLKL by immunoblotting 
using specific Abs, which are known to be involved in the 
signaling pathways of TNFα-induced necroptosis (40,41) 
(Fig. 8B). In the immunoprecipitation assay using anti-RIPK-3 
Ab, HT-29 cells pre-treated with Z-VAD-fmk followed by an 
additional treatment with cycloheximide and human TNF-α 
for the induction of necroptosis showed the co-precipitated 
phosphorylated (p)-MLKL, as well as p-RIPK-1; however, we 
could not detect the co-precipitated p-MLKL and p-RIPK-1 in 
the CAL 27 cells treated with GEF plus AAS (Fig. 8C). This 
suggested that culture under AAS conditions plus GEF treat-
ment did not induce necrosome formation in the CAL 27 cells.

Taking all the data together, although the morphological 
findings and the effect of NEC-1 fit well with the induction 
of necroptosis, it would be more appropriate to describe the 
phenomenon as follows: The enhanced killing effect by the 
combined treatment with GEF plus AAS is mediated by 

‘atypical necroptosis’ or alternatively, ‘necroptosis-like cell 
death’ in the CAL 27 cells.

Discussion

To the best of our knowledge, this is the first report showing 
that AAS sensitizes the killing effect of GEF in EGFR-
expressing cancer cell lines (Fig. 1B). As a solid tumor appears 
to proliferate by adapting to nutrient insufficiency along 
with angiogenesis and autophagy, this has important clinical 
implications, such as the application of combination therapy 
of EGFR-TKI and LAT-1 inhibitors or anti-angiogenesis 
therapy for cancer patients. Indeed, it was previously reported 
that the phase II clinical trial of the anti-vascular endothelial 
growth factor monoclonal antibody bevacizumab in combi-
nation with erlotinib for advanced EGFR mutation-positive 
NSCLC resulted in an encouraging antitumor activity, and 

Figure 6. Effects of various inhibitors on the enhanced cytotoxicity by combining gefitinib (GEF) and amino acid starvation (AAS) in CAL 27 and A549 cells. 
The CAL 27 and A549 cells were treated with 3-MA, SP600125, Z-VAD-fmk and necrostatin-1 (NEC-1) at the indicated concentrations in the presence or 
absence of GEF (25 µM) under the complete culture condition or AAS for 24 h (*P<0.05 and **P<0.01, vs. AAS without NEC-1).
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this could be a new first-line regimen for EGFR mutation-
positive NSCLC (43,44). In addition, we previously reported 
that macrolide antibiotics, which have an inhibitory effect on 
autophagy, exerted a CHOP/GADD153-mediated cell killing 
effect under amino acid starvation conditions in head and neck 
squamous cell carcinoma cell lines (18). As shown in Fig. 2A, 
the addition of amino acids to the culture medium resulted in 
the almost complete cancellation of cytotoxicity, implying that 
the cell killing effect appeared to be mediated by the shortage 
of intracellular amino acids owing to the blockage of their 
recycling process. Therefore, ‘tumor-starving therapy’ may be 
a novel concept for cancer therapy.

However, as shown in Fig. 1B, the response to AAS culture 
in terms of cell growth inhibition differed significantly in each 
cell line (e.g., the pancreatic cancer cell line, PANC-1, exhib-
ited potent cytotoxicity in response to 48 h of AAS culture 
compared with other cancer cell lines). In addition, there was 
the significant difference in cell death under AAS conditions 
in the MEF cell line used in Fig. 1B and in m5-7, an Atg5 
tet-off MEF cell line used in Fig. 5. The m5-7 cell line was 
generated by Hosokawa et al (27), and has been cloned for 

the complete inhibition of the autophagy machinery. During 
this cloning process, the m5-7 cell line appeared to have 
acquired a different phenotype including its response to AAS 
treatment compared with those in the immortalized MEF cell 
line. Therefore, the demand for intercellular amino acid pool 
appears to be varied among the cell lines, which is possibly 
due to the difference of cellular metabolism.

We deduced that the enhanced cell killing effect by 
GEF plus AAS was mediated by the induction of apoptosis. 
However, we could not detect any signs of enhanced apop-
tosis in the CAL 27 cells during the pronounced cytotoxicity 
(Figs. 3 and 7). Treatment with GEF alone induced caspase-3 
and PARP cleavage to a certain extent, but much less than 
that induced by staurosporine (Fig. 3A). As the CAL 27 cells 
treated with staurosporine exhibited typical apoptotic features, 
such as PARP/caspase-3 cleavage, an increased number of the 
Annexin+/PI- cell population as shown by flow cytometry, and 
morphological changes showing nuclear fragmentation and 
chromatin condensation (Fig. 3), the canonical machinery for 
apoptosis execution should be conserved in this cell line. The 
question that remains to be answered is which type of cell 
death phenotype was observed in this study and what cellular 
signals determine this phenotype.

According to the results shown in Figs. 3 and 6, autophagic 
cell death can be excluded in this case. The enhanced cyto-
toxicity shown in this study fits well with the necroptosis 
definition, that is, the morphological features of cell swelling 
and plasma membrane integrity, without chromatin conden-
sation and nuclear fragmentation, and cell death inhibition 
by NEC-1 (Figs. 3, 6 and 7). The knockdown of RIPK-1 by 
siRNA, which significantly attenuated the enhanced cyto-
toxicity, also supports the induction of necroptosis (Fig. 8A). 
However, recent reports have revealed the molecular mecha-
nism of necroptosis (40,41) as follows: Various stresses that 
induce necroptosis appear to be mediated by the interaction of 
activated RIPK3 and MLKL. MLKL is a substrate for RIPK3 
kinase activity, and MLKL phosphorylation at Thr357 and 
Ser358 by RIPK3 results in tetramer formation via the four-
helical bundle domain (4HBD) in the N-terminal region. This 
oligomerization subsequently leads to MLKL migration to the 
plasma membrane to bind phosphatidyl inositol lipids (42). 
MLKL tetramer accumulation in the membrane site finally 
forms an octamer and acts as the cation channel for ion influx, 
which increases the intracellular osmotic pressure leading to 
cellular destruction (45). As shown in Fig. 4B, autophagy was 
considerably upregulated in response to GEF and AAS. It has 
recently been reported that, in association with the autophagic 
machinery for TRAIL-induced necroptosis, p62/SQSTM1 
recruits RIPK1 and mediates the formation of a multimolec-
ular complex designated as necrosome consisting of RIPK1, 
RIPK3  and MLKL for the upregulation of RIPK3 kinase 
activity (46). Therefore, the rapid upregulation of autophago-
somes in response to GEF plus AAS appears to function as a 
scaffold of necrosome formation, switching toward necroptosis 
rather than the induction of apoptosis. However, there were no 
signs of the phosphorylation of RIPK1 and MLKL, or necro-
some formation (Fig. 8B and C). Although other unclarified 
machineries for necroptosis may still exist, these data indicate 
a non-standard execution of necroptosis. As the enhanced 
cytotoxicity by GEF plus AAS was significantly attenuated in 

Figure 7. Electron microscopy of CAL 27 cells following treatment with gefi-
tinib (GEF) under amino acid starvation (AAS) conditions. The CAL 27 cells 
were treated with GEF (25 µM) under AAS culture conditions for 24 h, and 
electron microscopy was performed in adherent and non-adherent CAL 27 
cells. Scale bar represents the length indicated at each magnification. The 
white square box area in the upper panels was enlarged in the lower panels. 
N, nucleus; mt, mitochondria; arrowhead, autophagosome/autolysosome; 
open (white) arrow, swollen mitochondria; closed (black) arrow, membrane 
rupture.
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the presence of NEC-1, as well as the knockdown of RIPK1, 
this cell death phenotype appears to be dependent on RIPK1, 
at least in part (Figs. 6 and 8A). The RIPK3 expression level 
was much lower in the CAL 27 cells than in the HT-29 cells 
(Fig. 8B). Thus, the lower RIPK3 expression level in CAL 27 
cells may affect the execution of necroptosis in our case.

In contrast to necroptosis acceleration, autophagy has been 
reported to rather suppress necroptosis in RCC4 cells, a human 
renal cell carcinoma cell line (47). The inhibition of mTOR 
with CCL-779, a specific mTOR inhibitor, has been shown 
to stimulate autophagy and lead to the elimination of RIPKs 
via autophagy-mediated degradation (47). The simultaneous 
inhibition of mTOR with CCL-779 and autophagy with chloro-
quine resulted in necroptosis induction. Autophagy promotes 
the apoptosis induced by Fas ligand/CD95 due to its ability 
to degrade Fap-1, a negative regulator of CD95 signaling (48). 
On the other hand, autophagy protects the apoptosis induced 
by TNF-α by controlling the levels of PUMA, a pro-apoptotic 
BCL-2 family protein (49). As shown in Fig. 8B, RIPK1 expres-
sion was downregulated during the 24-h exposure to AAS plus 
GEF in the CAL 27 cells. Therefore, during the upregulated 
autophagic degradation, the delicate balance of the molecular 
components for cell death execution may also determine the 
cell fate and cell death phenotype.

It has recently been reported that when the MLKL activa-
tion is limited or reversed, the ESCRT-III machinery controls 
the duration of plasma membrane integrity, which may 
exert an efficient in vivo immune response (34). In contrast 

to apoptosis, necrosis and necroptosis induce a series of 
immunological responses resulting in inflammation in vivo. 
Therefore, a more fine-tuned system consisting of many regu-
latory molecules might exist. Modulation of the necroptotic 
process by degradation of regulators and effectors may have 
some unknown biological roles including tumor immunity. 
Although the precise molecular mechanism for executing 
the pronounced cell killing effect in our case remains to be 
clarified, the varying amounts of degradation of molecular 
components for cell death execution might interfere with the 
cell death phonotype, but ‘not in a stereotypical manner’.
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Figure 8. Assessment of the induction of necroptosis in CAL 27 cells following treatment with gefitinib (GEF) under amino acid starvation (AAS) condi-
tions. (A) Following pre-treatment with RIPK1 siRNA or control siRNA for 48 h, the CAL 27 cells were further cultured with/without GEF (25 µM) under 
either AAS conditions with 10% FBS or DMEM containing 10% FBS, and viable cell number was assessed. Immunoblotting with anti-RIPK1 antibody 
was performed after 24 h of treatment with siRNAs. Immunoblotting with anti-GAPDH monoclonal antibody was performed as an internal loading control 
(*P<0.05, control siRNA vs. RIPK1 siRNA). (B) Following treatment of the CAL 27 cells with GEF (25 µM) under AAS culture conditions for the indicated 
time periods, the cells were lysed and the cellular proteins were separated by SDS-PAGE, and then immunoblotted with anti-RIPK1 antibody (Ab), anti-RIPK3 
Ab, anti-MLKL Ab, and phosphor (p)-specific Abs for RIPK1 MLKL Abs. As for the positive control for the typical necroptosis induction, HT-29 cells were 
pre-treated with Z-VAD-fmk (20 µM) for 30 min followed by an additional treatment with cycloheximide (CHX, 10 µg/ml ) and human TNF-α (20 ng/ml) 
for 8 h as previously reported (28). This treatment is indicated as ZCT. (C) The CAL 27 cells treated with GEF (25 µM) under AAS conditions for 24 h were 
used for co-immunoprecipitation assay. The CAL 27 cells treated under the complete culture condition without GEF were used as control. Cell lysates were 
immunoprecipitated with anti-RIPK3 Ab or the isotype matched IgG. Immunoprecipitates were separated by SDS-PAGE and immunoblotted with either 
anti-p-MLKL, anti-MLKL, anti-p-RIPK1, anti-RIPK1, anti-RIPK3, or anti-p62 Ab. HT-29 cells treated with ZCT as described above were used as positive 
control for necrosome formation.
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Structural basis of thalidomide 
enantiomer binding to cereblon
Tomoyuki Mori  1, Takumi Ito2,3, Shujie Liu4, Hideki Ando2, Satoshi Sakamoto4, Yuki 
Yamaguchi4, Etsuko Tokunaga5, Norio Shibata  5, Hiroshi Handa2 & Toshio Hakoshima1

Thalidomide possesses two optical isomers which have been reported to exhibit different 
pharmacological and toxicological activities. However, the precise mechanism by which the two 
isomers exert their different activities remains poorly understood. Here, we present structural and 
biochemical studies of (S)- and (R)-enantiomers bound to the primary target of thalidomide, cereblon 
(CRBN). Our biochemical studies employed deuterium-substituted thalidomides to suppress optical 
isomer conversion, and established that the (S)-enantiomer exhibited ~10-fold stronger binding to 
CRBN and inhibition of self-ubiquitylation compared to the (R)-enantiomer. The crystal structures of 
the thalidomide-binding domain of CRBN bound to each enantiomer show that both enantiomers bind 
the tri-Trp pocket, although the bound form of the (S)-enantiomer exhibited a more relaxed glutarimide 
ring conformation. The (S)-enantiomer induced greater teratogenic effects on fins of zebrafish 
compared to the (R)-enantiomer. This study has established a mechanism by which thalidomide exerts 
its effects in a stereospecific manner at the atomic level.

More than 50 years have passed since thalidomide was first prescribed as a sedative and antiemetic to provide 
effective relief from morning sickness during early pregnancy. The teratogenic effects associated with its use were 
soon discovered along with severe birth defects such as phocomelia and amelia1–3. Pharmacological studies aimed 
at delineating the cause of thalidomide-induced teratogenicity led to the discovery of a number of unexpected 
pharmacological activities including anti-inflammatory, inhibition of tumor necrosis factor (TNF)-α production 
and anti-angiogenic effects4–6. Other studies demonstrated thalidomide-induced oxidative stress, which results 
in DNA damage or perturbation of the signaling pathways involving NF-κB or Bmp/Dkk1/Wnt7–10. Thalidomide 
and its derivatives are now widely used as potent immunomodulatory drugs (IMiDs) in the treatment of several 
diseases including multiple myeloma (MM) and leprosy (Hansen’s disease)11–14. Furthermore, thalidomide has 
recently been investigated in the treatment of vascular diseases15,16.

Thalidomide is the small synthetic compound α-phthalimido-glutarimide (IUPAC systematic name, 3-(RS)-
2-(2,6-dioxo-3-piperidyl)isoindole-1,3-dione), which possesses one chiral centre (the C3-carbon atom of the 
glutarimide ring), and comprises a racemic mixture of two optical isomers, (R)- (also (+)-) and (S)- (also (−)-) 
enantiomers, currently in clinical use. The (R)- and (S)-enantiomers were once thought to be responsible for the 
sedative and teratogenic effects, respectively. This idea was challenged by the findings that the (R)-enantiomer 
is also teratogenic in a rabbit model11,12 and that interconversion of the enantiomers could occur under physio-
logical conditions17–19. However, a number of reports, including some describing the use of configuration-stable 
thalidomide analogues, have shown that the (S)-enantiomer is more teratogenic and effective at inhibiting TNF-α 
production and angiogenesis compared to the (R)-enantiomer20–24.

Thalidomide directly binds cereblon (CRBN), which was originally reported as a cerebral protein associated with 
mild mental retardation25,26. CRBN is a highly conserved protein that forms a CRL4-type E3 ubiquitin ligase complex, 
CRL4CRBN, with Cul4A and damaged DNA binding protein 1 (DDB1), and plays a key role in limb outgrowth and 
expression of fibroblast growth factor Fgf8 in zebrafish and chicks25. Thalidomide is suggested to initiate its teratogenic 
effects by binding to CRBN and modulating the associated ubiquitin ligase activity25. Moreover, a human MM cell line 
with deletion of the CRBN gene was shown to be resistant to thalidomide derivatives, indicating that CRBN is involved 
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in both the teratogenic and beneficial effects of thalidomide27. Recent crystallographic studies of human, mouse and 
chick CRBN have succeeded in elucidating the manner by which thalidomide and its derivatives bind the tri-Trp pocket 
formed by three conserved surface tryptophan residues in the thalidomide-binding domain (TBD) of CRBN28,29. In 
these studies, however, all experiments were performed using racemic compounds, hence enantiomer-specific dif-
ferences in CRBN binding were not addressed. The precise manner by which these enantiomers exert their different 
pharmacological and toxicological effects remained unanswered. Here, we report on a series of crystallographic and 
biochemical studies investigating the interaction between each thalidomide enantiomer and CRBN, and provide a 
structural basis for the differences in CRBN binding and stereospecific effects of thalidomide on teratogenicity.

Results
Differences in CRBN binding affinity between (S)- and (R)- thalidomides assayed using deuteri-
um-substituted enantiomers. Since interconversion of thalidomide enantiomers could occur under physio-
logical conditions, special precautions are required to delineate any enantiomer-specific differences in the biological 
activity of thalidomide. To this end, we synthesized each thalidomide enantiomer with deuterium substitution of the 
hydrogen atom bonded to the chiral carbon atom (C3, Fig. 1a), hereafter deuterated (S)- and (R)-thalidomides are 
referred to as (S)-D-Thal and (R)-D-Thal in Figs 1 and 2. Deuterated thalidomides have been found to be at least five 
times more stable than thalidomide with respect to racemization30. We initially compared the CRBN-binding affinity 
of the enantiomers in a competitive binding assay with each deuterated thalidomide enantiomer chemically coupled 
to ferrite beads (Fig. 1b). CRBN bound to the beads was eluted by the addition of deuterated (S)- or (R)- thalidomide 
in a concentration-dependent manner. We found that the binding affinity of CRBN to the (S)-enantiomer was ~10-
fold stronger than that to the (R)-enantiomer. This is consistent with a previous demonstration that non-deuterated 
(S)-thalidomide binds CRBN more tightly than the (R)-enantiomer by competition for thalidomide-immobilized 
beads28. The aforementioned conclusion is further supported by results of a cell-based assay, in which deuterated 
(S)-thalidomide inhibited the auto-ubiquitylation activity of the CRBN-containing ubiquitin ligase complex more 
strongly than deuterated (R)-thalidomide (Fig. 1c), and is consistent with previous results utilizing non-deuter-
ated thalidomide28. Considering their half-lives of racemization, which occurs in a matter of hours with non-deu-
terated thalidomide under physiological conditions11,12,18,19,21,24,25, only a very small fraction of each enantiomer is 
thought to be racemized during the assay. To confirm this hypothesis, we analyzed the enantiomeric purities of all 
the thalidomides used before and after the experiments. The purities were monitored by HPLC (DAICEL Chiralpak 
IA, 4.6 × 250 mm, MeOH = 100%, flow rate 1.0 ml/min, λ = 254 nm). (Supplementary Table 1 and Supplementary 
Fig. 1). No significant racemization was detected for the non-deuterated thalidomides and no racemization was 
detected for the deuterated thalidomides. These results are consistent with a previous report indicating that the race-
mization of thalidomide is slow under lower or neutral pH conditions, while the racemization is accelerated under 
higher pH values30. The half-life of racemization of (S)-thalidomide was 31.8 h at 6.18 pH and 29.9 h at pH 7.78 (at 

Figure 1. Binding assays of deuterium-substituted (S)- and (R)-thalidomides with human CRBN TBD. (a) 
Chemical structures of deuterated (S)- and (R)-thalidomides, (S)-D-Thal and (R)-D-Thal, respectively. Atom 
numbering is shown in the (S)-D-Thal chemical structure. The hydrogen atom at the chiral centre C3 atom of 
the glutarimide moiety is substituted with a deuterium atom. (b) Competitive elution assay using thalidomide-
immobilized beads coupled with racemic thalidomide. Beads were mixed with extracts from 293 T cells 
expressing FLAG-HA-CRBN and washed three times with 0.5% NP-40 lysis buffer and bound proteins were 
eluted with wash buffer containing 1 mM deuterated (S)- or (R)-thalidomide ((S)-D-Thal or (R)-D-Thal), (S)- 
or (R)-thalidomide ((S)-Thal or (R)-Thal) or DMSO for the indicated time. The eluate was then analyzed by 
SDS-PAGE and immunoblotting (IB). (c) Inhibitory effects of thalidomide enantiomers on auto-ubiquitylation 
of FH-CRBN were detected in the presence of MG132. Cells were treated with DMSO or the indicated 
concentrations of (S)-D-Thal or (S)-D-Thal for 4 hours prior to harvesting. Full-length blots in (b) and (c) are 
presented in Supplementary Fig. 8.
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37 °C), while that of deuterated (S)-thalidomide was 156.3 h at pH 6.18 and 59.5 h at pH 7.7830. The pH values of 
the medium solutions used in the current experiments were 5.76 for the Zebrafish E3 medium (5 mM NaCl, 0.17, 
mM KCl, 0.33 mM MgSO4, and 0.33 mM CaCl2), 6.54 for the DMEM (Nacalai) Auto-Ub medium and 7.05 for the 
RPMI1640 MM1S medium, suggesting that both thalidomide and deuterated thalidomide are rather stable toward 
racemization in each medium used in our assays.

We also determined the dissociation constants KD for the binding of non-deuterated (S)- and 
(R)-thalidomide to human and mouse CRBN TBDs by isothermal titration calorimetry (ITC). The results 
show that (S)-thalidomide binds TBD 6- or 9-fold more tightly than (R)-thalidomide in terms of the KD values 
(Supplementary Fig. 2). These results collectively suggest that differences in the pharmacological activity of the 
enantiomers are determined, at least in part, by their differential binding affinity to CRBN.

Deuterated (S)- and (R)- thalidomides showed differences in IKZF degradation. Recent studies have 
shown that lenalidomide and pomalidomide directly bind CRBN and promote the recruitment of pseudo-substrates 
Ikaros (IKZF1) and Aiolos (IKZF3) to the E3 complex containing CRBN, thus leading to ubiquitylation and deg-
radation31,32. We set out to determine whether enantiomers exert differential effects on the down-stream substrate 
IKZF1/3. We examined IKZF3 degradation in MM1S cells with deuterated (S)- and (R)-thalidomides (Fig. 2a). The 
breakdown of IKZF3 was observed in the presence of deuterated (S)-thalidomide ((S)-D-Thal in Fig. 2a). However, 
no discernible breakdown of IKZF3 was observed with deuterated (R)-thalidomide. Furthermore, we performed a 
co-immunoprecipitation assay for CRBN binding to IKZF3 in the presence of deuterated (S)- or (R)-thalidomide 
(Fig. 2b). We observed strong CRBN binding to IKZF3 in the presence of deuterated (S)-thalidomide. On the other 
hand, the effect by deuterated (R)-thalidomide on the binding was very weak. These results support the notion that 
the binding affinity of CRBN to the (S)-enantiomer was stronger than that to the (R)-enantiomer and, that the dif-
ference in binding affinity affects degradation of the down-stream substrates.

Common binding model of (S)- and (R)-thalidomides to the tri-Trp pocket. In an effort to clarify 
the differences in CRBN binding at the structural level, we determined the structure of mouse CRBN TBD bound 
to (S)- or (R)-thalidomide and refined the structures at 1.8 Å and 2.0 Å resolution, respectively (Tables 1 and 2). 
Both structures gave clear electron densities for the bound thalidomide molecules (Fig. 3a). CRBN TBD consists 
of eight β-strands (β1-β8) with a single zinc ion, which is coordinated by four conserved cysteine residues from 
two CXXC motifs located in the β1-β2 and β5-β6 loops (Fig. 3b and Supplementary Fig. 3). The central β-sheet 
(β4-β5-β6-β7-β3) contains the tri-Trp pocket formed by Trp383 (β4-β5 loop), Trp389 (β5-strand) and Trp403 
(β6-strand). (S)-thalidomide binds this pocket so that the glutarimide ring is docked into the tri-Trp pocket, and 
the phthalimido group is located outside of the pocket (Fig. 3b). Inside the pocket, the glutarimide ring, which is 
sandwiched between Trp383 and Trp389, makes nonpolar contacts with Trp403 forming the floor of the pocket 
and forms two hydrogen bonds with the protein: the glutarimide 6-carbonyl group forms a hydrogen bond to the 
main-chain amide of Trp383 and the glutarimide 1-imino group (NH) forms a hydrogen bond to the main-chain 
carbonyl group of His381 (Fig. 3c). These characteristics of the binding mode are identical to those observed for 
(R)-thalidomide (Fig. 3d) and do not differ from those detailed in previous reports28,29. No significant structural 
differences were found between the overall structures of TBDs bound to (S)- and (R)-thalidomide, as reflected in 
the extremely small root-mean-square (rms) deviation (0.13 Å) (Fig. 4a). Additionally, these structures are similar 
to the free forms28 (0.45–0.46 Å) and other reported structures28,29 (Fig. 4b,c), although the β2-β3 loop displays 
conformational flexibility with relatively high temperature factors, as observed in the free forms28 (Fig. 4d). In 
addition to the similarity in the overall structures, the thalidomide-binding sites also exhibit high similarity with-
out any significant structural deviation between the (S)- and (R)-thalidomide-bound forms (Fig. 4e).

The observed high similarity in the structures of the thalidomide-binding sites, the binding modes, and overall 
TBD structures of our complexes imply that other factors are responsible for the differences in the binding affinity 
of (S)- and (R)-thalidomides.

Figure 2. Effects of deuterium-substituted (S)- and (R)-thalidomides on IKZF3 degradation and CRBN-
IKZF3 binding. (a) Effects of deuterated (S)- and (R)-thalidomide enantiomers, (S)-D-Thal and (R)-D-Thal, 
on IKZF3 protein levels in MM1S cells after 12-h treatment. IB, immunoblotting. (b) Co-immunoprecipitation 
of FLAG-HA-CRBN in the presence of each deuterated thalidomide enantiomer, (S)-D-Thal or (S)-D-Thal. IP, 
immunoprecipitation. Full-length blots in (a) and (b) are presented in Supplementary Fig. 9.
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Conformational differences between bound (S)- and (R)-thalidomides. The electron density maps 
of our complex structures are sufficiently clear to define the conformation of the bound thalidomide molecules 
(Fig. 3a). We then examined the thalidomide conformation in the CRBN-bound state. Our crystals contain 16 crys-
tallographically independent CRBN TBD-thalidomide complexes in the asymmetric unit (see the Experimental 
section). We found that the 16 (S)-thalidomide molecules bound to CRBN TBD display essentially the same confor-
mation with a small averaged rms deviation of 0.056 Å (Supplementary Fig. 4a). Similarly, the 16 (R)-thalidomide 
molecules display essentially the same conformation, which is distinct from that of (S)-thalidomide as described 
below, and exhibit a small averaged rms deviation of 0.074 Å (Supplementary Fig. 4b). These results suggest that 
(S)- and (R)-thalidomide molecules bound to CRBN have a defined conformation but no variable conformations.

(S)-thalidomide (R)-thalidomide (RS)-thalidomide (racemic)

Space group R3 (H) R3 (H) R3 (H)

Unit cell a = b = (Å) 201.90 202.24 201.38

   c = (Å) 123.61 123.82 123.36

   γ = (°) 120 120 120

Wavelength (Å) 1.28268 0.9000 1.0000

Resolution rangea (Å) 50–1.8 50–2.0 50–2.0

  (Outer shell) (1.86–1.8) (2.05–2.0) (2.07–2.0)

Completeness (%) 100 (100) 99.9 (99.9) 100 (100)

Reflectionsb

Oscillation range (°) 180 180 180

Measured 974,617 752,877 723,800

Unique 173,436 130,317 125,695

Multiplicity 5.6 5.8 5.8

Mosaicity (°) 0.38 0.41 0.33

I/σ(I) 17.8 (3.1) 20.6 (3.9) 20.6 (4.6)

Rmerge(%) 8.1 (50.0) 7.8 (49.3) 7.8 (41.0)

Table 1. Crystallographic statistics of the CRBN TBD bound to thalidomides. aValues in parentheses are for the 
highest-resolution shell. bData were collected at SPring-8 beamline BL44XU with a MX225HE detector (each 1° 
oscillation with 1 s exposure time for the (S)-thalidomide-bound form, 0.5° oscillation with 1.2 s exposure time 
for the (R)-thalidomide-bound form and each 1° oscillation with 1 s exposure time for the (RS)-thalidomide-
bound form) at 100 K.

(S)-thalidomide (R)-thalidomide (RS)-thalidomide (racemic)

Rwork/Rfree
a (%) 18.8/21.6 18.7/21.1 18.9/21.0

Number of atoms 13,621 13,077 13,548

  CRBN molecules 16 16 16

     residues 1,505 1,500 1,505

  Thalidomide 16 16 16

  Zinc ions 16 16 16

  Sulphate ions 30 30 30

  Water molecules 1,313 809 1,240

Averaged B-factors (Å2)

CRBN molecules 27.8 32.4 27.6

  Thalidomide 26.9 37.3 28.1

  Zinc ions 27.8 27.7 24.8

  Sulphate ions 43.9 46.6 42.8

  Water molecules 40.9 42.2 40.9 

R.m.s.d. from ideal values

    bonds (Å) 0.005 0.005 0.005

    angles (°) 1.011 1.029 1.066

Ramachandran plots (%)

    Favored 98.8 98.8 98.7

    Allowed 1.2 1.2 1.3

   Outliers 0 0 0

Table 2. Structural refinement statistics of the CRBN TBD bound to thalidomides. aRfree was calculate on a 
random 5% reflections of the data.
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In both enantiomeric structures, the phthalimide ring is tilted against the glutarimide ring by 75° so that two 
protruding carbonyl groups of the phthalimide ring are docked into grooves at the pocket entrance: the phthal-
imido 1-carbonyl group into the groove between Trp383 and Trp403, and the 3-carbonyl group into the groove 

Figure 3. (S)- and (R)-thalidomides bound to CRBN TBD. (a) Stereo views of (S)-thalidomide (yellow) 
and (R)-thalidomide (green) molecules bound to mouse CRBN TBD in the crystal with composite omit 
maps (2mFo-DFc) shown in 1σ contour (blue). (b) Stereo view of mouse CRBN TBD (cyan) bound to (S)-
thalidomide (yellow). Side chains of residues at the tri-Trp pocket are shown as stick models. (c) Close-up view 
of a (S)-thalidomide molecule (yellow) bound to the tri-Trp pocket (cyan). Residues forming the tri-Trp pocket 
are shown as stick models (cyan for C, blue for N, and red for O). The (S)-thalidomide molecule is shown as a 
stick model (yellow for C, blue for N, and red for O). Two hydrogen bonds formed between the protein and the 
glutarimide moiety of thalidomide are represented as red dotted lines. (d) As in c but for (R)-thalidomide (green 
for C, blue for N, and red for O) bound to the tri-Trp pocket (magenta).
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between Trp389 and His381 (Fig. 5a,b). Thus, the phthalimide ring is locked at the pocket entrance and the 
rotational conformation of the phthalimide ring around the C-N bond between the phthalimide and glutarimide 
rings is the same in both enantiomers. Overlay of the bound (S)- and (R)-thalidomide molecules shows good 
overlap of the molecules with a relatively small shift in orientation of the phthalimide ring (Fig. 5c). This shift 
is caused by the different nature of the glutarimide ring conformation. The glutarimide ring of (S)-thalidomide 
displays a C4-endo puckered conformation, a relaxed and stable five-membered ring conformation, in which 
the C4-carbon atom is displaced from the plane formed by the rest of the ring atoms. This puckered form closely 
resembles that observed in the isolated free form of thalidomide33,34 (Fig. 5d). Compared to the free form, the 
CRBN-bound form has a small shift (0.5 Å) of the phthalimide ring toward the endo direction (middle in Fig. 5d) 
so as to fit the grooves of the entrance of the tri-Trp pocket (Fig. 5a).

Figure 4. Overall structural comparison of CRBN TBDs in the free and thalidomide-bound forms. (a) 
Comparison of the (S)- (cyan) and (R)- (magenta) thalidomide-bound forms of CRBN TBD structures. The 
structural overlay shows no significant structural differences with a small root-mean-square (rms) deviation 
(0.13 Å). (b) Comparison of the (S)-thalidomide-bound (cyan) form with the free form28 (grey, PDB code 
3WX2) of CRBN TBD structures. The rms deviation is 0.45 Å for Cα carbon atoms except for the mobile 
β2-β3 loop (residues 344–359). (c) Comparison of the (R)-thalidomide-bound (magenta) and free (grey) 
forms of CRBN TBD structures. The structural overlay shows a large structural deviation in the mobile β2-β3 
loop (residues 344–359), although the remainder of the domain cores are similar with a relatively small rms 
deviation (0.46 Å). (d) Two crystallographically independent molecules A (grey) and B (green) of CRBN TBD 
in the free form28 superimposed on each other. Nine residues (351–359) of the flexible β2-β3 loop of molecule 
B were invisible in the current map. The rms deviation is 1.82 Å for all Cα carbon atoms and 0.34 Å for the core 
domain without the mobile β2-β3 loop (residues 341–361). (e) Structural comparison of the tri-Trp pockets 
accommodating (S)-thalidomide (yellow) and (R)-thalidomide (green). Middle, superposition of (S)- and (R)-
thalidomide-bound tri-Trp pockets. Left, A close-up view of the tri-Trp pocket of mouse CRBN TBD (cyan) 
bound to (S)-thalidomide (yellow). Right, a close-up view of the tri-Trp pocket of mouse CRBN TBD (magenta) 
bound to (R)-thalidomide (green). Side chains of key residues forming the tri-Trp pocket are shown as stick 
models.
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Figure 5. Comparison of the bound thalidomide conformations. (a) Phthalimido carbonyl groups of (S)-
thalidomide docked into grooves formed at the entrance of the tri-Trp pocket. (S)-thalidomide (yellow stick 
model) bound to the Tri-Trp hole of CRBN TBD. The phthalimido 1-carbonyl group (labelled with red 1) is 
docked into the groove formed by the side chains of Trp383 and Trp403. The phthalimido 3-carbonyl group 
(labelled with red 3) is docked into the groove formed by Trp389 and His381 side chains. The van der Waals 
surfaces of the two carbonyl groups are shown with dots and labelled with red atom numbers. The grooves 
for docking with the phthalimido carbonyl groups are indicated with orange arrows. (b) As in a, but for (R)-
thalidomide (green stick model) bound to the tri-Trp pocket of the CRBN TBD. (c) Comparison of CRBN-
bound thalidomide conformations. (S)-thalidomide superimposed onto (R)-thalidomide with overlapping 
imide groups, which are linked to CRBN by direct hydrogen bonds and polar interactions. The puckered C4 
atoms are separated from each other by 1.0 Å and the puckered C3 atoms by 0.5 Å. The phthalimido groups 
are shifted from each other by a maximum of 1.0 Å. (d) Comparison of the glutarimide ring conformations of 
thalidomide molecules in the CRBN-bound and free states in crystals. CRBN-bound (S)-thalidomide (yellow) 
is superimposed onto the free form (grey) of (S)-thalidomide in the racemic thalidomide crystal (34) with 
imide groups overlapped. The glutarimide ring of CRBN-bound (S)-thalidomide displays the typical C4-endo 
puckered conformation. This conformation is similar to the glutarimide ring of free (S)-thalidomide, which 
displays a slightly twisted C4-endo puckered conformation. The phthalimido group of the CRBN-bound form 
exhibits a displacement (0.5 Å for the carbonyl groups) from that of the free form with overall rms deviation of 
the phthalimido groups of 0.9 Å. (e) As in (d) but showing (R)-thalidomides. The glutarimide ring of CRBN-
bound (R)-thalidomide (green) displays a twisted (C3-endo-C4-exo-C5-endo) conformation. This highly 
twisted conformation is in sharp contrast with free (R)-thalidomide (grey) in the racemic thalidomide crystal 
(34). In contrast to (S)-thalidomide, the phthalimido group of CRBN-bound (R)-thalidomide exhibits marked 
displacement (1.7 Å for the 1-carbonyl group) relative to the free form with large overall rms deviation (1.4 Å) of 
the phthalimido groups.
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In sharp contrast to the relaxed form of the bound (S)-thalidomide, CRBN-bound (R)-thalidomide has the 
glutarimide ring in a twisted conformation, which is distinct from the stereochemically relaxed C4-exo puckered 
conformation of (R)-thalidomide (Fig. 5e), suggesting that bound (R)-thalidomide is structurally constrained 
in a metastable conformational state. The twisted conformation is forced primarily by the contacts between the 
phthalimide ring and the entrance of the tri-Trp pocket and accompanies a large displacement (1.7 Å) of the 
phthalimide ring toward the endo direction (middle in Fig. 5e). This displacement needs to avoid steric clash of 
the phthalimido-1-carbonyl group against the groove formed by Trp403 and Trp383, and enables the protruding 
carbonyl groups to dock into the grooves (Fig. 5b). To visualize the steric hindrance, we superimposed the free 
form of (R)-thalidomide onto the CRBN-bound form of (R)-thalidomide found in the crystal (Fig. 6). We found 
that the C4-exo conformation of the free form causes serious steric clash (2.6 Å) of the phthalimido-1-carbonyl 
group against the ring carbon atom of Trp383 (indicated by a dotted line in Fig. 6). The twisted conformation 
of the bound (R)-thalidomide avoids this clash by shifting the phthalimide ring toward the endo direction 
(1.7 Å, green arrow). Moreover, close inspection of the glutarimide ring puckering by modelling revealed that 
(R)-thalidomide in the C4-exo puckered glutarimide ring conformation causes steric clash of the C4-carbon 
atom against Trp383. To avoid this clash, the glutarimide ring is also forced to adopt a twisted conformation. 
All of these relatively small but significant differences in the binding mode between (S)- and (R)-thalidomide 
molecules suggest that the (S)-thalidomide bound state of the thalidomide-CRBN complex is more stable than 
the (R)-thalidomide bound state. As with the previous structures28,29, our structure of thalidomide-bound CRBN 
TBD prepared with racemic thalidomide revealed that the bound thalidomide molecules are all (S)-enantiomers 
(Supplementary Fig. 5). This is also consistent with the notion that CRBN preferentially binds the (S)-enantiomer.

Dependence of thalidomide-induced teratogenicity on chirality. In an effort to examine the effects 
of thalidomide enantiomers on zebrafish development, we transferred dechorionated embryos to media contain-
ing different concentrations of thalidomide at 2 hours post fertilization (hpf) and allowed them to develop for 3 
days. It was apparent that with thalidomide-treated embryos, the development of pectoral fins and otic vesicles 
was disturbed (Fig. 7a). Treatment with 200 μM (S)-thalidomide induced severe defects on fins, whereas treat-
ment with 200 μM (R)-thalidomide resulted in no discernible severe defects (Fig. 7b). At higher concentrations 
(400 μM) of drug, (S)-thalidomide induced defects in more than 80% of fish with a higher population of defective 
embryos, whereas (R)-thalidomide induced defects in only 50% of fish with a lower population of defects. Thus, 
(S)-thalidomide exerts greater teratogenic effects on fin development of zebrafish, which is consistent with the 
results of our binding and ubiquitylation-inhibition assays using deuterium-substituted thalidomide enantiomers 
(Fig. 1), and also the results of the complex structures between TBD and each thalidomide enantiomer.

Discussion
Based on our complex structures, we are now able to assess the CRBN-binding affinity of thalidomide derivatives. 
The glutarimide ring in a relaxed six-membered ring conformation is important for CRBN binding with the 
imide group, serving as both a hydrogen donor and acceptor. Based on the chemical nature of the glutarimide 
ring, five carbon atoms (C1-3, C5 and C6) of the ring favor an in-plane arrangement because of the sp2 config-
uration of two carbonyl carbon atoms (C2 and C6) with the amido (CONHCO) π electron resonance. Thus, 

Figure 6. Comparison of (R)-thalidomides in the free form and in the CRBN-bound form found in the 
complex crystal. Superposition of the free form of (R)-thalidomide (grey) on the CRBN-bound form of 
(R)-thalidomide (green) found in the crystal. The free form of (R)-thalidomide has its glutarimide ring in 
a C4-exo conformation, while (R)-thalidomide (green) bound to the tri-Trp pocket of CRBN displays a 
twisted conformation (see text). The C4-exo conformation of the free form causes serious steric clash between 
the phthalimido-1-carbonyl group and the ring carbon atom of Trp383 (2.6 Å indicated by a dotted line). 
Additionally, short contacts (~3.6 Å) were found between the C4-carbon atom of the glutarimide moiety and 
ring carbons of Trp383. The twisted conformation of the bound (R)-thalidomide avoids this clash by shifting the 
phthalimide ring toward the endo direction so that the clashes are relaxed (4.0 Å and 3.8 Å, respectively) in the 
twisted form.
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ring puckering usually occurs at the C4 carbon atom. In the isolated state, the C4-endo conformation of the 
(S)-thalidomide glutarimide ring minimizes the conformational energy by allowing the N-C bond at the chiral C3 
atom to be oriented in a stable equatorial conformation, whereas (R)-thalidomide favors the C4-exo conformer 
of the glutarimide ring, allowing the N-C bond to adopt an equatorial conformation. In the C4-endo conformer 
of the (S)-thalidomide glutarimide ring, the chiral centre tilts the phthalimido group slightly toward the endo 
direction (bottom in Fig. 5d), which is suitable for binding to the tri-Trp pocket of CRBN TBD. Therefore, small 
adjustment of the orientation of the phthalimido group is sufficient for CRBN binding (middle in Fig. 5d). In the 
C4-exo conformer of the (R)-thalidomide glutarimide ring, however, the chiral centre tilts the phthalimido group 
slightly toward the exo direction (bottom in Fig. 5e), which is in the opposite direction required for binding to the 
tri-Trp pocket. In this case, small adjustment of the orientation of the phthalimido group is insufficient for CRBN 
binding, and therefore the glutarimide ring pucker of (R)-thalidomide needs to be changed to the twist conforma-
tion, C4-exo-C5-endo, to shift the phthalimido group up toward the endo direction (middle in Fig. 5e) for CRBN 
binding with loss of conformational energy. It should be noted that this enantiomer-specific discrimination by 
the tri-Trp pocket is mediated by hydrogen bonding interactions between the amide group of the glutarimide ring 
and the inside of the pocket, in addition to contacts between carbonyl groups of the phthalimido group and the 
entrance of the pocket.

Lenalidomide and pomalidomide have attracted much attention from pharmaceutical scientists and physi-
cians as hopeful IMiDs in the treatment of multiple myeloma and other cancers11,14. The homeobox transcription 
factor MEIS2, has been implicated in various aspects of human development, has been suggested to be an endog-
enous substrate of CRL4CRBN, and IMiDs block MEIS2 from binding to CRL4CRBN 28. Contrary to this inhibition of 
substrate binding, these drugs directly bind CRBN and promote CRL4CRBN binding to IKZF1 and IKZF3, leading 
to ubiquitylation and degradation31,32. Furthermore, in the treatment of myelodysplastic syndrome (MDS) with 
deletion of chromosome 5q (del(5q)), lenalidomide induces ubiquitylation of casein kinase 1A1 (CK1α) and its 
degradation35. One attractive hypothesis concerning IMiDs drawn from these IMiD-dependent degradations 
is that IMiDs act as modulators of CRL4CRBN substrate recognition by playing a role as a molecular glue36 or 
an interfacial drug37 that specifically links CRBN and substrate proteins through direct interactions with both 
proteins. The binding mode of IMiDs to CRBN suggests that the phthalimido group should make contact with 
the substrate proteins. Since the orientation of the phthalimido group of CRBN-bound IMiDs differs somewhat 
between (S) and (R)-enantiomers, we speculate that CRBN bound to the (S) and (R) enantiomers may exhibit 
different binding affinity to the substrates. The recent structure of the complex between lenalidomide-bound 
CRBN and CK1α has shown that CK1α binding repositions the phthalimido ring of lenalidomide 2.5 Å toward 
CRBN residue Glu37738. Interestingly, this shift accompanies a movement of the phthalimido group toward the 
endo direction as seen in (S)-thalidomide (Fig. 5d), suggesting that the (S)-enantiomer is favored for CK1α bind-
ing. However, details of the differences between (S)- and (R)-enantiomers in CK1α binding should be clarified 
by further studies.

As with previously reported structures28,29, binding to CRBN is primarily mediated by the glutarimide 
ring. Correspondingly, glutarimide alone is able to bind CRBN and inhibit ubiquitylation to a similar extent as 
(R)-thalidomide (Fig. 8a,b and Supplementary Fig. 6), whereas phthalimide and glutaric anhydride, which lack 
the ring amide of glutarimide, exhibit no binding (Fig. 8c,d). Both carbonyl groups of glutarimide are important, 
and the absence of one carbonyl group results in loss of binding (δ-valerolactam in Fig. 8d). Bulky modification 
of the glutarimide C4-carbon atom also results in loss of CRBN binding due to steric clashes (cycloheximide 
in Fig. 8d). Upon ingestion, thalidomide undergoes enzymatic and nonenzymatic modification and break-
down, yielding a number of metabolites with a peak plasma concentration at 3–6 h2,39,40. The primary metabolic 

Figure 7. (S)-thalidomide treatment causes more sever developmental defects in zebrafish than (R)-
thalidomide. (a) Dorsal views of pectoral fins of 72-hpf embryos. Fins are indicated by arrowheads. The 
teratogenic effects resulting from treatment with thalidomide are classified into three categories. Fins that 
stretched out from the body wall and were more than 85% in length compared to control fins were defined 
as “no effect.” Fins that stretched out but were shortened to 60–85% of control length were defined as “mild” 
phenotypes. Fins that showed disc-like morphology and were shortened to less than 60% of control length were 
defined as “severe” phenotypes. (b) Incidence of pectoral fin malformations. Treatments with 200 μM or 400 μM 
(S)-thalidomide (S200 and S400, respectively) induce more severe effects than treatments with 200 μM or 400 
μM (R)-thalidomide (R200 and R400, respectively) in 72-hpf embryos.
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derivatives generated by cytochrome P450 isozymes are derived from 4- or 5-hydroxylation of the phthalimido 
moiety or 5-hydroxylation of the glutarimide moiety, which subsequently undergo spontaneous hydrolysis12,41 
(Supplementary Fig. 7). Based on our structural data, metabolites with phthalimido modifications may still bind 
CRBN, whereas 4- or 5-hydroxylation of the glutarimide moiety is likely to result in loss of binding due to steric 
clashes. Hydrolysis yields three primary products (I-III in Supplementary Fig. 7) by ring opening followed by 
further degradation into eight minor products42–47. We suggest classifying the hydrolysis processes into three 
pathways A, B and C. Compounds in pathway A retain the intact glutarimide ring and likely still bind CRBN, 
while compounds in pathways B and C with opened glutarimide rings do not bind CRBN.

In conclusion, our study provides a structural framework for further investigations on the mechanisms of the 
pharmaceutical and teratogenic actions of this drug and for the development of more effective IMiDs.

Methods
Protein expression and purification. Mouse CRBN TBD (residues 322–430) was cloned into pGEX6P-3 
(GE Healthcare) and transformed into Escherichia coli strain BL21(DE3) Star (Invitrogen). The E. coli cells were 
cultured at 25 °C in TB-5052 medium48 containing 50 μM zinc acetate. The supernatant of the cell lysate was applied 
to a Glutathione Sepharose 4B resin (GE Healthcare) and resin-bound GST-fusion protein was cleaved from the 
resin using 4 units/ml HRV3C protease (Merck). Eluted protein fractions were further purified by cation exchange 
(HiTrap SP HP, GE Healthcare) and gel-filtration (Superdex 75 pg, GE Healthcare) chromatography. Purified CRBN 
protein sample was dialyzed against a buffer solution containing 0.1 mM thalidomide (SIGMA), 5 mM sodium ace-
tate (pH 6.0) and 10 mM 2-mercaptoethanol (changed three times). Tris-(2-carboxyethyl)-phosphine (TCEP) was 
added to the protein sample solution up to 10 mM. Purified proteins were analyzed by sodium dodecyl sulphate-po-
lyacrylamide gel electrophoresis (SDS-PAGE) and matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (MALDI-TOF MS; Bruker Daltonics). MALDI-TOF MS of mouse and human TBD domains gave 
peaks at 12321.2 Da (calculated 12321.1 Da) and 12,456.4 Da (12,477.1 Da), respectively.

Crystallization. Crystallization conditions were searched for using the sitting-drop vapour diffusion method 
and Hydra II-Plus-One crystallization robot (Matrix Technology) with a commercial crystallization solution kit. 

Figure 8. CRBN binding and E3 inhibition by thalidomide derivatives. (a) Competitive elution assay with 
racemic thalidomide-immobilized beads. Glutarimide binds FLAG-CRBN with an affinity similar to that of 
(R)-thalidomide, but weaker than that of (S)-thalidomide. Phthalimide exhibits no binding. FLAG-CRBN was 
processed as in Fig. 1b. (b) Effect of glutarimide binding on CRBN auto-ubiquitylation by CRBN-containing 
E3 ubiquitin ligase CRL4. The method used was that described in Fig. 1c. (c) Competition binding assay using 
thalidomide-immobilized beads. The eluate with 1 mM thalidomide and glutarimide yielded bands, but not with 
other compounds. The intact glutarimide ring in a relaxed six-membered ring conformation is important for 
CRBN binding with the imide group serving as both a hydrogen donor and acceptor. Correspondingly, glutarimide 
still binds CRBN, although phthalimide and glutaric anhydride, which lack the ring amide of glutarimide, 
exhibited no binding. Both carbonyl groups of glutarimide are important, and the absence of one carbonyl group 
results in loss of binding (δ-valerolactam). Bulky modification of the glutarimide C4-carbon atom also results in 
loss of CRBN binding due to steric clash (cycloheximide). (d) Chemical structures of compounds utilized in the 
binding assay. Full-length blots in (a), (b) and (c) are presented in Supplementary Fig. 10.
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The best crystals of the (S)-, (R)-, and racemic thalidomide-bound form of mouse TBD were obtained from a 
1:1 mixture solution comprising 30 mg/ml of the protein solution (in 5 mM sodium acetate (pH 6.0), 10 mM 
2-mercaptoethanol, 10 mM TCEP and 0.1 mM thalidomide) and reservoir solution (100 mM sodium acetate (pH 
5.0) and 400–600 mM ammonium sulphate). Crystals appeared within 10 days at 4 °C. The 50–100 μm chunky 
crystals were transferred into reservoir solution containing 30% glycerol and then flash-cooled in liquid nitrogen.

Data collection. Diffraction tests of the crystals were performed using a Rigaku R-AXIS VII detec-
tor equipped with a Rigaku FR-E X-ray generator. For structure determination, diffraction data of native and 
SeMet-labelled crystals were collected at 100 K with the MX225HE detector on BL41XU and BL44XU beamlines 
at the SPring-8 synchrotron facility (Table 1). Diffraction data were processed using the HKL2000 program49. 
Crystals of the three thalidomide-bound forms belong to space group R3(H), with VM values in the range 2.54–
266 Å3/Da, suggesting a solvent content of 51–53% assuming 16 proteins in the asymmetric unit.

Structure determination and refinement. The crystal structures of the thalidomide-bound forms were 
determined by molecular replacement using the model structure of mouse CRBN TBD (PDB code: 3WX2)28 as 
a search model. The built model was refined through alternating cycles using the Coot50 and CNS programs51 or 
REFMAC52. For model building and refinements, composite omit maps were calculated with CNS programs51 and 
ligand parameters were generated using PRODRG253. The secondary structures of models were calculated using 
DSSP54. The refinement statistics are summarized in Table 2. These crystals contain 16 molecules in the asym-
metric unit. Of these, 15 molecules form 5 trimers similar to those of the free form but with non-crystallographic 
three-fold axes, while one molecule forms a trimer with symmetry-related molecules related by a crystallographic 
three-fold axis. No significant structural deviations were found among these molecules with small averaged rms 
deviations (0.38–0.40 Å). No outliers were flagged in the Ramachandran plots using MolProbity55.

Structural comparison. Proteins and ligands were superposed using the program LSQKAB56. Coordinate 
files of the free form of mouse CRBN TBD28 (PDB code: 3WX2) and the free form of thalidomide33 (CCDC 
identifier: 1270378) were obtained from the Protein Data Bank (PDB) and the Cambridge Structural Database 
(CSD), respectively.

Antibodies. Anti-mouse monoclonal CRBN antibody was generated in house (epitope 1–18). Aside from 
this, primary antibodies against FLAG (M2. Sigma), HA (3F10, Roche), IKZF3 (ab139408, Abcam), and GAPDH 
(3H12, MBL) were used.

Thalidomide and related compounds. Racemic thalidomide was purchased from Tocris Biosciences. 
(S)- and (R)-thalidomides and their deuterated (D-thalidomide) enantiomers were synthesized as previ-
ously described30,57. Enantiomeric purities were monitored by HPLC (DAICEL Chiralpak IA, 4.6 × 250 mm, 
MeOH = 100%, flow rate 1.0 ml/min, λ = 254 nm) and are summarized in Supplementary Table 1. Thalidomide 
and D-thalidomide enantiomers were dissolved in dimethylsulphoxide (DMSO) at room temperature to generate 
a 100 mM stock solution. Similarly, glutarimide, phthalimide, glutaric anhydride, δ-valerolactam and cyclohex-
imide (Sigma Aldrich) were each dissolved in DMSO.

In vivo binding assay using thalidomide-immobilized beads. Binding assays were performed 
essentially as previously described25. Human CRBN proteins were overexpressed in 293 T cells by transfecting 
FLAG and haemagglutinin (HA) epitope–tagged (FH)- human CRBN constructs using Lipofectamine 2000 
(Invitrogen). 293 T cells were maintained in DMEM (Nacalai Tesque) supplemented with 10% FBS. Cell extracts 
were incubated with thalidomide-immobilized beads, and bound material was eluted with buffer containing 
thalidomide, thalidomide-related compounds, or SDS. Lysates (input) and bead-affinity-purified (AP) materials 
were immunoblotted (IB). Recombinant FLAG-CRBN proteins were expressed in Sf9 cells using the Bac-to-Bac 
system (Invitrogen) and immunopurified using anti-FLAG antibody. Subsequent binding assays were performed 
as described above.

In vitro ubiquitylation assay. Auto-ubiquitylation of FH-CRBN was detected in the presence of the pro-
tease inhibitor MG132 as previously described25. Cells stably expressing FH-CRBN were treated for 3 hours prior 
to harvesting with the proteasome inhibitor MG132 (10 μM) or left untreated. Lysates were incubated with M2 
anti-FLAG agarose beads. FH-CRBN was eluted with SDS and then subjected to SDS-PAGE and immunoblotting 
using anti-HA antibody (3F10, Roche). When indicated, (S)- or (R)-thalidomide was added to cells 1 hour prior 
to MG132 addition.

Thalidomide treatment of zebrafish. Fish were kept at 28.5 °C on a 14-h light/10-h dark cycle, and 
embryos were obtained by natural matings of adult fish as previously described25. Zebrafish embryos were decho-
rionated prior to thalidomide treatment as follows: At 2 hpf, embryos were incubated in E3 medium containing 
2 mg/ml Protease type XIV (Sigma) for 3 min at room temperature and then washed five times with E3 medium. 
Following dechorionation, embryos were immediately transferred to E3 medium containing thalidomide and 
further incubated for 24 to 73 h at 28.5 °C. The E3 medium was replaced with medium containing freshly pre-
pared thalidomide every 12 h. Zebrafish (Danio rerio) were maintained in accordance with the Animal Research 
Guidelines at Tokyo Institute of Technology and Tokyo Medical University. The experimental protocol was 
reviewed and approved by the Animal Research Committee and the method was carried out in accordance with 
the committee’s approved guidelines.
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IKZF3 degradation assay. MM1S cells were treated with DMSO or deuterated-thalidomide enantiomers 
for 12 h.

Whole-cell extracts were prepared using RIPA buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.5% DOC, 
0.1% SDS and 1% NP-40) and subjected to immunoblot analysis. MM1S cells were maintained in RPMI1640 
(Invitrogen) supplemented with 10% FBS.

Co-immunoprecipitation assay. 293 T cells stably expressing FLAG-HA-CRBN were transfected with 
HA-Aiolos expression vectors. After 48 hours, cells were collected and lysed using 0.5% NP-40 lysis buffer con-
taining 50 mM Tris-HCl (pH 7.4), 150 mM NaCl and 0.5% NP-40. Extracts were incubated with M2 FLAG 
magnetic beads (Sigma) in the presence of (S)-D-thalidomide or (R)-D-thalidomide and incubated for 2 h. 
Following extensive washing three times with 0.5% NP-40 lysis buffer, bound proteins were eluted with free 
3x FLAG-peptides (Sigma) and then subjected to immunoblot analysis.

Binding assay using calorimetry. Binding studies utilizing isothermal titration calorimetry (ITC) were 
conducted using a calorimeter (MicroCal iTC200, GE Healthcare) at 20 °C. Purified proteins were dialyzed over-
night in buffer containing 10 mM sodium phosphate (pH 6.8), 150 mM NaCl and 0.5 mM tris(2-carboxyethyl)
phosphine (TCEP). Given the poor solubility of the drugs, reverse titration was employed whereby CRBN TBD 
solution (1.2 mM) was injected (1.5 μl each, 5 min pause) into each drug solution (150 μM). Details of each titra-
tion are given in the figure legends of Supplementary Figs 2 and 5. Data fitting was performed using ORIGINTM 
software supplied with the instrument.

Accession code. Protein Data Bank: The atomic coordinates and structure factors for the reported crystal 
structures are deposited under accession codes 5YJ0 (the (S)-thalidomide-bound form of CRBN TBD), 5YJ1 (the 
(R)-thalidomide-bound form) and 5YIZ (the (S)-thalidomide-bound form prepared with racemic thalidomide).
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Abstract. Sepsis-associated encephalopathy (SAE) is a 
systemic inflammatory response syndrome of which the precise 
associated mechanisms remain unclear. Synoviolin (Syvn1) is 
an E3 ubiquitin ligase involved in conditions associated with 
chronic inflammation, including rheumatoid arthritis, obesity, 
fibrosis and liver cirrhosis. However, the role of Syvn1 in acute 
inflammation is not clear. The aim of the present study was to 
investigate the role of Syvn1 in a septic mouse model induced 
by cecal ligation/perforation (CLP). Metabolome analysis 
revealed that kynurenine (KYN), a key factor for the develop-
ment of neuroinflammation, was increased in CLP‑induced 
septic mice. Notably, KYN was not detected in CLP‑induced 

septic Syvn1‑deficient mice. KYN is converted to kynurenic 
acid (KYNA) by kynurenine aminotransferases (KATs), 
which has a neuroprotective effect. The expression of KAT4 
was significantly increased in Syvn1‑deficient mice compared 
to that in wild‑type mice. Promoter analysis demonstrated 
that Syvn1 knockdown induced the KAT4 promoter activity, 
as assessed by luciferase reporter activity, whereas Syvn1 
overexpression repressed this activity in a dose‑dependent 
manner. Furthermore, the KAT4 promoter was significantly 
activated by the transcriptional factors, NF‑E2‑related factor 2 
and peroxisome proliferator‑activated receptor coactivator 1β, 
which are targets of Syvn1‑induced degradation. In conclusion, 
the results of the current study demonstrates that the repres-
sion of Syvn1 expression induces the conversion of neurotoxic 
KYN to neuroprotective KYNA in a CLP‑induced mouse 
model of sepsis, and that Syvn1 is a potential novel target for 
the treatment of SAE.

Introduction

Sepsis is a form of systemic inflammation caused by an 
infection, and multiple organ failure is known to occur when 
this condition intensifies. Clinical studies demonstrated that 
the central nervous system might be one of the first organs 
affected by sepsis. Sepsis‑associated encephalopathy (SAE), 
characterized by diffuse cerebral dysfunction, is secondary to 
sepsis and is related to increased morbidity and mortality (1,2). 
Clinical symptoms of SAE are delirium, fluctuating changes 
in mental status, lack of attention, and disorganized thinking. 
Encephalopathy of variable severity occurs in 9‑71% of septic 
patients, and those with central nervous disorders have the 
worst prognosis in terms of cognitive and motor function. 
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In addition, it has been reported that the mortality rate of 
septic patients with SAE is approximately twice that of septic 
patients without SAE; moreover, the mortality rate increases 
to 63% when patients with SAE present with a Glasgow Coma 
Scale (GCS) value of 3‑8 (1,2). Although several mechanisms 
including inflammation or the disturbance of neurotransmis-
sion disturbance, have been proposed, the precise mechanisms 
responsible for sepsis‑induced cognitive impairment have not 
been fully elucidated.

The kynurenine (KYN) pathway is well known to be a 
major mechanism of tryptophan catabolism, and it is activated 
during neuroinflammation during several neurodegenerative 
diseases (3,4) such as SAE (5). Tryptophan is converted 
to KYN, and KYN is converted into three intermediates, 
quinolinic acid (QA), 3‑hydroxykynurenine (3‑HAA), and 
kynurenic acid (KYNA) via two different pathways (Fig. 1). 
3‑HAA and QA are neurotoxic, whereas KYNA is neuro-
protective. The relative balance between the two branches 
of this pathway might play an important role in the devel-
opment of neuroinflammation. The conversion to KYNA is 
catalyzed by kynurenine aminotransferases (KATs), which 
have been detected in the brain and peripheral tissues such 
as the skeletal muscle (6,7). Recent studies showed that the 
peroxisome proliferator‑activated receptor (PPAR)‑PPAR 
coactivator‑1 (PGC‑1) pathway induces skeletal muscle 
KAT expression during exercise (7,8). The analysis of 
PGC-1α1 skeletal muscle‑specific transgenic mice showed 
that increased expression of skeletal muscle KATs induced 
KYN metabolism. Synthesis of KYNA was enhanced and 
the accumulation of KYN was reduced, thereby protecting 
against stress‑induced depression (7).

Among several hundreds of E3 ubiquitin ligases, synovi-
olin (Syvn1), identified from the cDNA of rheumatoid synovial 
cells, is the only known regulator of PGC‑1β ubiquitina-
tion (9). We recently demonstrated that Syvn1 interacts with 
PGC-1β and induces its degradation (9). Global elimination 
of Syvn1 in post‑neonatal mice is associated with weight loss 
and reduced white adipose tissue through enhanced energy 
expenditure, which is mediated by the function of PGC‑1β (9). 
PGC-1β and PGC-1α share extensive sequence identity to 
each other (10,11), and the primary structure of PGC‑1β has 
several unique features of primary structure such as LXXLL 
in its middle portion and the absence of a proline‑rich region 
at the C‑terminus. Knockout studies have also suggested 
functional differences between PGC‑1α and PGC-1β, such 
as lethality (12). We previously demonstrated that Syvn1 is 
involved in the development of rheumatoid arthritis, fibrosis, 
limb girdle muscular dystrophy, and liver cirrhosis (13-17). 
We also described another unique function of Syvn1; specifi-
cally, Syvn1 entraps and degrades tumor suppressor p53 and 
NRF2 (17,18). Nrf2 is a transcriptional factor that activates 
antioxidant and cytoprotective genes that share a common 
a cis‑acting enhancer sequence, termed the antioxidant 
response element (ARE), under conditions of oxidative stress. 
Several studies indicate that Nrf2 is neuroprotective against 
neurotoxicity (19-21). These results suggest that loss of Syvn1 
expression might have neuroprotective effects.

In the present study, we therefore investigated whether 
Syvn1‑deficient mice were resistant to cecal ligation/perfora-
tion (CLP) treatment, which is a mouse model of sepsis, and 

revealed that Syvn1 ablation mediates the activation of trypto-
phan metabolism via KAT4 gene expression.

Materials and methods

Mice. All procedures involving animals were performed 
in accordance with institutional and national guidelines 
for animal experimentation, and were approved by the 
Institutional Animal Care and Use Committee of Tokyo 
Medical University (#S‑24021). Mice were kept in specific 
pathogen free (SPF) under standard conditions (20‑26˚C 
temperature; 40‑65% humidity) with a 12‑h light/12‑h dark 
cycle. F‑1 Foods (5.1% fat, 21.3% protein) were purchased 
from Funabashi farm (Chiba, Japan). All mice used in the 
study were of the C57BL/6J background. Heterozygous Syvn1 
mice and tamoxifen (Tam)‑inducible Syvn1 knockout mice 
were previously described (9,13).

Sepsis model. Male C57/BL6 mice at 7‑9 weeks of age were 
anesthetized with 4‑5% sevoflurane and a middle abdominal 
incision was made along the ventral surface of the abdomen 
to expose the cecum. Before perforation, feces were gently 
relocated towards the distal cecum. The cecum was ligated 
at 5 mm from the distal end and then punctured once with a 
21‑gauge needle, allowing the exposure of feces (cecal ligation 
and puncture; CLP). A small droplet of feces was then gently 
squeezed through both sides of the puncture. The cecum was 
returned to the peritoneal cavity with careful attention to ensure 
that feces did not contaminate the margins of the abdominal 
and skin wound. The muscle and skin incision were closed 
with 3‑0 black silk. This model represents a high‑grade sepsis 
with 100% mortality in 72 h (22). Mice received a subcuta-
neous injection of pre‑warmed saline solution (37˚C; 5 ml per 
100 g body weight). Mice receiving sham surgery underwent 
the same procedure except that the cecum was neither ligated 
nor punctured (sham group; S). At each experimental time 
point after performing the procedure, mice were euthanized 
by cervical dislocation, and brain and skeletal muscle tissue 
samples were obtained.

Measurement of metabolites. Brain tissues were obtained 
at 18 h after the CLP procedure (n=2 for each group). 
Approximately 20 mg of frozen brain tissues were immersed 
into 1,500 µl of 50% acetonitrile/Milli‑Q water containing 
internal standards (H3304‑1002; Human Metabolome 
Technologies, Inc., Tsuruoka, Japan) at 0˚C in order to inac-
tivate enzymes. The tissue was homogenized three times at 
1,500 rpm for 120s using a tissue homogenizer (BMS‑M10N21; 
BMS Co., Ltd., Tokyo, Japan) and then the homogenate was 
centrifuged at 2,300 x g and 4˚C for 5 min. Subsequently, 
800 µl of the upper aqueous layer was centrifugally filtered 
through a Millipore 5‑kDa cut‑off filter at 9,100 x g and 4˚C 
for 120 min to remove proteins. The filtrate was centrifugally 
concentrated and resuspended in 50 µl of Milli‑Q water for 
CE‑MS analysis. Metabolome measurements were performed 
by a facility service at Human Metabolome Technology Inc., 
Tsuruoka, Japan.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA from the skeletal muscle and brain 
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of the mice was purified by using ISOGEN (Nippon Gene, 
Tokyo, Japan) according to the manufacturer's instructions 
and reverse transcribed by using ReverTra Ace with random 
primers (Toyobo, Osaka, Japan). qPCR was performed by 
using LightCycler 480 Probes Master (Roche Diagnostics, 
Mannheim, Germany) and the Step One Plus Detection System 
(Applied Biosystems, Life Technologies, Tokyo, Japan). The 
Relative standard curve method (23) was used in this study and 
expression levels were determined relative to that of 18s rRNA. 
Primers and probes used in this study are shown in Table I.

Plasmids, siRNA and antibodies. PGV-B2 (PicaGene Basic 
vector 2; Toyo Ink, Tokyo, Japan) vector and pcDNA3 
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) vector were purchased. pcDNA3 hemagglutinin 
antigen (HA) was constructed by inserting the HA sequence 
into pcDNA3 (Invitrogen; Thermo Fisher Scientific, Inc.). 
The coding sequence of human full‑length NRF2 was 
PCR‑amplified (primers, 5'‑CAG TGT GCT GGA ATT ATG 
ATG GAC TTG GAG CTG CC‑3' and 5'‑GAT ATC TGC AGA 
ATT GTT TTT CTT AAC ATC TGG CTT  CTT AC‑3') from HeLa 
cDNA and full‑length NRF2 was inserted into the pcDNA3 
HA plasmid (Invitrogen; Thermo Fisher Scientific, Inc.) for 
transient transfection assays. The promoter of the KAT4 gene 
was PCR‑amplified (primers, 5'‑AAA GCT AGC AAG CTT CAT 
ACT GTA AGC‑3' and 5'‑AAA CTC GAG AGA GCC GAG ATC 
TGG GGA AG‑3') from the genome of C57BL/6J mice and the 
fragment (‑2553 to +30) was subcloned into PGV‑B2 (PicaGene 
Basic vector 2; Toyo Ink). Plasmid sequences were confirmed 
by sequencing. SYVN1 plasmids and siRNA against Syvn1 
were previously described (9,13). The following antibodies were 
used: Anti‑tubulin (Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany), and anti‑HA (3F10; Roche Diagnostics, Indianapolis, 
IN, USA), anti‑KAT1 and KAT4 (Abcam, Cambridge, UK), 
anti‑KAT2 and KAT3 (Santa Cruz Biotechnology, Inc., Dallas, 
Texas, USA). The anti‑Syvn1 rabbit polyclonal antibody that 
was used was previously reported (18).

Cell culture and transient transfection. A total of 293 cells 
and C2C12 cells were cultured in Dulbecco's modified 

Eagle's medium as previously described (9). Transient trans-
fection was performed with Lipofectamine 2000 according 
to the manufacturer's protocol (Invitrogen; Thermo Fisher 
Scientific, Inc.). Cells were lysed with cell lysis buffer 
(Promega Corporation, Madison, WI, USA) 24 h after 
transfection, and luciferase activity was measured. To ensure 
equal amounts of DNA, empty plasmids were added to each 
transfection.

Luciferase assay. The assay was performed as previ-
ously described (24-26). Briefly, 293 cells were transiently 
transfected with 50 ng KAT4‑luc reporter plasmid, 0.1 ng 
pRL‑CMV, and 10, 50, 100 ng pcDNA3 HA‑NRF2. For 
Syvn1 knockdown, 50 ng KAT4‑luc reporter plasmid, 0.1 ng 
pRL‑CMV, and 10, 20 nM Syvn1 siRNA were transfected. 
For SYVN1 overexpression, 50 ng KAT4‑luc reporter plasmid, 
0.1 ng pRL‑CMV, and 10, 50, or 100 ng SYVN1 expression 
vector were transfected. 293 cells were transiently transfected 
with 50 ng KAT4‑luc reporter plasmid, 0.1 ng pRL‑CMV, and 
50 ng pcDNA3 HA‑NRF2 and/or 25 ng pcDNA3 HA PGC‑1β. 
293 cells were transiently transfected with 50 ng KAT4‑luc 
reporter plasmid, 0.1 ng pRL‑CMV, and 50 ng pcDNA3 
HA‑NRF2 and/or 25 ng pcDNA3 HA PGC‑1α. After 24 h, 
cells were lysed with cell lysis buffer, which was followed 
by measurement of luciferase activity. Each experiment was 
performed at least three times.

RNA interference assay. siRNAs for Syvn1 were previ-
ously described (9). Transfection with siRNAs (20 µM) was 
performed by using Lipofectamine 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's 
protocol. Total RNA from C2C12 cells was purified 3 d after 
transfection using ISOGEN (Nippon Gene) according to the 
manufacturer's instructions, and reverse transcribed using 
ReverTra Ace with random primers (Toyobo).

Statistical analysis. All data are expressed as the 
means ± standard deviation. Differences between two groups 
were examined by using the Student's t‑test and P<0.05 was 
considered to indicate a statistically significant difference. 
One‑way analysis of variance with Tukey‑Kramer post 
hoc analysis was used to determine correlations in datasets 
containing multiple groups in luciferase assays. All results 
were derived from at least three independent experiments.

Results

Metabolome analysis of Syvn1‑deficient septic mice. To 
investigate the role of Syvn1 in sepsis, we performed the 
metabolome analysis using brain tissue of WT and heterozygous 
Syvn1‑deficient mice because the homozygous mice die in utero. 
We first examined the expression of Syvn1 in the brain. Western 
blotting showed that the expression of Syvn1 was decreased in 
the heterozygous mice (Fig. 2). As shown in Table II, KYN was 
not detected in sham mice [WT (sham) and heterozygous Syvn1 
mice (sham)] and was increased in CLP‑induced septic mice at 
18 h [WT (CLP)]. Interestingly, the quantity of KYN decreased 
in CLP‑induced septic Syvn1‑deficient mice [heterozygous 
Syvn1 mice (CLP)]. This result suggests that decreased expres-
sion of Syvn1 might induce KYN metabolism.

Figure 1. A schematic diagram of the kynurenine pathway. 
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Expression of KAT genes in Syvn1‑KO mice. The conversion 
of KYN to KYNA is catalyzed by KATs, which have been 
detected in the brain and skeletal muscle. Therefore, we exam-
ined the expression level of the KAT1‑4 genes in the brain and 
the skeletal muscle tissue of tamoxifen (Tam)‑inducible Syvn1 
knockout (KO) mice (the post‑neonatal knockout mice) (9). 
Real‑time PCR assay showed that the expression of Syvn1 was 
very low in the brain tissue of KO mice and that the expression 
of KAT3 was significantly increased in KO mice (Fig. 3A). 
To examine the protein level, we performed western blotting 
using brain extracts from KO mice and WT mice. As shown 
in Fig. 3B, the expression of Syvn1 was very low. However, the 
expression level of KAT1‑4 was similar between WT mice and 
KO mice. We next investigated the mRNA levels by real‑time 
PCR assay. As shown in Fig. 3C, the expression of Syvn1 
was very low in the skeletal muscle tissue of KO mice. The 
expression of KAT4 was significantly increased in KO mice 
compared to that in WT mice (P<0.05), and the expression of 

KAT1 and KAT3 was similar between WT mice and KO mice. 
KAT2 was not detected in the skeletal muscle tissue. Western 
blotting using the skeletal muscle extracts revealed that the 
expression of Syvn1 was very low and that the expression of 
KAT4 was clearly increased in the skeletal muscle tissue of 
KO mice (Fig. 3D). These results suggest that KAT4 could be 
an important gene and Syvn1 might regulate the expression 
of KAT4.

Syvn1 represses KAT4 expression. To examine the role of 
Syvn1 in KAT4 expression, we performed luciferase assay 
using the KAT4 promoter (‑2553/+30) reporter constructs. 
We used 293 cells, which have high transfection efficiency, 
because we have used 293 cells as model cells for a long time 
to analyze transcriptional regulation (9,25,27). As shown in 
Fig. 4A, treatment with a siRNA against Syvn1 (siSyvn1) 
induced the luciferase reporter activity, 1.2‑fold (10 µM) and 
1.4‑fold (20 µM), compared to that with control siRNA (siCon-
trol). Overexpression of Syvn1 repressed the reporter activity 
in a dose‑dependent manner (Fig. 4B). To further examine 
whether Syvn1 regulates the KAT4 expression, we performed 
knock‑down assays in C2C12 cells. C2C12 cells were treated 
with control siRNA (siControl) or siRNA for Syvn1 (siSyvn1) 
for 3 d and total RNA was purified. Then, we performed 
RT‑PCR and real‑time PCR assays to measure the expression 
of KAT1‑4. With siSyvn1 treatment, the expression of Syvn1 
decreased to 40% that of control levels. The expression of 
KAT4 was significantly increased in cells treated with siSyvn1 
compared to that in cells treated with control siRNA (siCon-
trol). In addition, the expression of KAT3 and KAT4 was not 
different between siSyvn1 and siControl conditions (Fig. 4C).

NRF2 and PGC‑1β activate the KAT4 promoter. We previ-
ously demonstrated that Syvn1 regulates the transcriptional 
factor, NRF2, and the transcriptional coactivator, PGC‑1β, 
which activates NRF2‑ and PPAR‑mediated transcription (12). 
Therefore, we analyzed the transcriptional factor binding 
sites of the above factors in the KAT4 promoter (‑2553/+30) 
using TF BIND (http://tfbind.hgc.jp/). As shown in Fig. 5A, 
one PPAR responsive element (PRE) and 17 NRF2 binding 

Table I. Primer sequences and length of specific polymerase chain reaction products.

Gene Directiona Primer sequence Probeb

Syvn1 F 5'‑CTGGGTATCCTGGACTTCCTC‑3' 89
 R 5'‑AAGCACCATGGTCATCAGAA‑3' 
KAT1 F 5'‑CAGAGCAGCGCTATTGTTTG‑3' 81
 R 5'‑GCAGACAGTCTAGGCCAGAAA‑3' 
KAT3 F 5'‑TTACACGTGTGCGACTCCTT‑3' 27
 R 5'‑GCTTGATATCGATCCAAAACG‑3' 
KAT4 F 5'‑ATGGCTGCTGCCTTTCAC‑3' 17
 R 5'‑GATCTGGAGGTCCCATTTCA‑3' 
18sRNA F 5'‑GCAATTATTCCCCATGAACG‑3' 48
 R 5'‑GGGACTTAATCAACGCAAGC‑3' 

aDirection of primer sequences; bprobe number of Universal ProbeLibrary probes (Roche). F, forward; R, reverse; Syvn1, synoviolin; KAT, 
kynurenine aminotransferase.

Figure 2. Measurement of kynurenine in Syvn1‑deficient mice. Western blot 
analysis of brain tissue of WT and heterozygous Syvn1‑deficient mice using 
an anti‑Syvn1 and anti‑tubulin antibodies. Syvn1, synoviolin; WT, wild‑type.
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sites were detected in the KAT4 promoter. To examine the role 
of NRF2 and PGC‑1β, we performed luciferase assays using 
the KAT4 promoter (‑2553/+30). NRF2 significantly activated 
the luciferase reporter activity in a dose‑dependent manner 
(Fig. 5B), whereas PPAR‑α did not induce the reporter activity 
(data not shown). As shown in Fig. 5C, NRF2 and PGC‑1β 
synergistically activated the reporter activity. PGC‑1α also 
induced reporter activity, and NRF2 and PGC‑1α additively 
activated the reporter activity (Fig. 5D). In addition, NRF2 
rescued the repressive effect induced by overexpression of 
Syvn1 in a dose‑dependent manner (Fig. 5E). These results 

suggest that the NRF2‑PGC‑1β pathway induces the expres-
sion of KAT4.

Discussion

In the present study, we investigated the role of Syvn1 in a 
mouse model of sepsis. We showed that the level of KYN was 
elevated in the brain tissue of septic WT mice. However, KYN 
was not detected in septic Syvn1‑deficient mice. In addition, 
expression of KAT4, which encodes one of the enzymes that 
converts KYN into KYNA, was elevated in the skeletal muscle 

Figure 3. Expression of KAT genes in Syvn1‑knockout (KO) mice. mRNA and protein expression of KATs in (A and B) brain and (C and D) skeletal muscle 
extracts. Total RNA from (A) brain and (C) skeletal muscle was isolated from Syvn1 WT (n=8) and Syvn1‑KO mice (n=6) and subjected to qPCR. Individual 
measurements were standardized using 18S RNA, and then the average for Syvn1 WT mice was set to 100. Data were analyzed by performing a Student's t‑test 
and expressed as mean ± SD. The experiment was performed in triplicate. (B) Brain extracts and (D) skeletal muscle extracts were prepared from WT mice 
and Syvn1‑KO mice. Tissue extracts were separated by SDS‑PAGE, and processed for western blotting with anti‑KAT1, 2, 3, 4, Syvn1 and tubulin antibodies. 
KAT, kynurenine aminotransferase; Syvn1, synoviolin; WT, wild‑type.

Table II. Metabolome analysis.

 Case
 ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Heterozygous  Heterozygous
 WT (sham) Syvn1 (sham) WT (CLP) Syvn1 (CLP)
 --------------------------------- --------------------------------- ------------------------------------------------ --------------------------------
Treatment 1 2 1 2 1 2 1 2

Kynurenine (nmol/g) ND ND ND ND 1.1x10-04 3.1x10-04 ND ND

ND, not detected; WT, wild‑type; CLP, cecal ligation/perforation.
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tissue of Syvn1‑KO mice. Moreover, Syvn1 knockdown 
induced KAT4 promoter‑driven reporter activity, whereas 
overexpression of Syvn1 repressed this effect. The KAT4 
promoter was also activated by the NRF2‑PGC‑1β pathway. 
NRF2 and PGC‑1β are target proteins of Syvn1‑induced 
degradation (9,17). Taken together, these results suggest that 
Syvn1 deficiency might induce KYN metabolism via the 
NRF2‑PGC‑1β‑KAT4 pathway.

KATs are critical enzymes that catalyze the conver-
sion of KYN to KYNA. Recent studies indicates that 
exercise induces the expression of KATs expression in the 
skeletal muscle (7,8,28). Analysis of skeletal muscle‑specific 
PGC-1α‑transgenic mice revealed that an increased expres-
sion of KATs in skeletal muscle shifts the KYN metabolism 
towards enhanced synthesis of KYNA, resulting in a decrease 
in KYN levels, and thereby protecting the tissue from 
stress‑induced damage. This novel function of PGC‑1α in the 
regulation of the KYN metabolism suggests communication 
between the skeletal muscle and brain. In the present study, 

we showed that KAT4 expression was significantly increased 
in the skeletal muscle tissue of Syvn1‑deficient mice and that 
the NRF2‑PGC‑1β pathway activates the KAT4 promoter. 
We previously demonstrated that Syvn1 interacts with NRF2 
and PGC-1β, and induces the degradation of these factors 
through ubiquitination. Therefore, in Syvn1‑deficient mice, 
accumulated NRF2 and PGC‑1β could activate KAT4 expres-
sion in the skeletal muscle to enhance the synthesis of KYNA, 
resulting in decreased KYN in the brain tissue.

Syvn1 is involved in both acute and chronic inflamma-
tion. We previously demonstrated that Syvn1 overexpression 
in transgenic mice led to advanced arthropathy through the 
suppression of apoptosis in synoviocytes and that heterozygous 
Syvn1‑mice were resistant to arthritis and fibrosis (13,15). In 
addition, we recently showed that Syvn1 is involved in the 
development of obesity, limb girdle muscular dystrophy, and 
liver cirrhosis. These studies indicate that Syvn1 is a key factor 
for diseases associated with chronic inflammation. In the 
present study, we examined the role of Syvn1 in a CLP‑induced 

Figure 4. Syvn1 represses KAT4 expression based on KAT4 promoter‑driven luciferase reporter assays. (A) Effect of Syvn1 knockdown by siRNA. 293 cells 
were transiently transfected with a reporter plasmid containing the KAT4 promoter, pRL‑CMV, control siRNA (siControl) or siRNA for Syvn1 (siSyvn1). Data 
were analyzed by a Student's t‑test and expressed as mean ± SD. Western blotting was performed with anti‑Syvn1 and anti‑tubulin antibodies. (B) Effect of 
Syvn1 overexpression. 293 cells were transiently transfected with a reporter plasmid containing the KAT4 promoter, pRL‑CMV, and the HA‑tagged Syvn1 
(Syvn1‑HA)‑expression vector (10, 50, and 100 ng). Analysis of variance with Tukey‑Kramer post hoc analysis and expressed as mean ± SD. Western blotting 
was performed with anti‑Syvn1 and anti‑tubulin antibodies. (C) Effect of Syvn1 on KAT4 expression. C2C12 cells were transiently transfected with siControl 
or siSyvn1. After 3 days, total RNA were purified and qPCR was performed. Individual measurements were standardized using 18S RNA, and the average for 
siControl was set to 100. Data were analyzed by performing a Student's t‑test and expressed as mean ± SD. The experiment was performed three times. KAT, 
kynurenine aminotransferase; Syvn1, synoviolin; HA, hemagglutinin antigen.



-92-

MOLECULAR MEDICINE REPORTS  18:  2467-2475,  2018 2473

Figure 5. The NRF2/PGC‑1β pathway activates the KAT4 promoter. (A) Schematic representation of the KAT4 promoter (‑2553/+30). PRE: PPAR responsive 
element, black box: NRF2 binding site (‑2123/‑2114, ‑2029/‑2020, ‑1981/‑1972, ‑1957/‑1948, ‑1742/‑1733, ‑1732/‑1723, ‑1459/‑1450, ‑1386/‑1377, ‑1378/‑1369, 
‑1308/‑1299, ‑1106/‑1097, ‑759/‑750, ‑359/‑350, ‑250/‑241, ‑105/‑96, ‑46/‑37, and +2/+11). (B) Effect of NRF2 overexpression on KAT4 promoter‑driven lucif-
erase reporter activity. 293 cells were transiently transfected with a reporter plasmid containing the KAT4 promoter, pRL‑CMV, and the HA‑NRF2‑expression 
vector (10, 50, and 100 ng). Western blotting was performed with an anti‑HA and anti‑tubulin antibodies. (C) Effect of NRF2 and PGC‑1β overexpression 
on the KAT4 promoter‑driven luciferase reporter activity. 293 cells were transiently transfected with a reporter plasmid containing the KAT4 promoter, 
pRL‑CMV, 50 ng of the HA‑NRF2‑expression vector, and 25 ng of the HA‑PGC‑1β‑expression vector. Western blotting was performed with an anti‑HA 
and anti‑tubulin antibodies. (D) Effect of NRF2 and PGC‑1α overexpression on KAT4 promoter‑driven luciferase reporter activity. A total of 293 cells 
were transiently transfected with a reporter plasmid containing the KAT4 promoter, pRL‑CMV, 50 ng of the HA‑NRF2‑expression vector, and 25 ng of the 
HA‑PGC‑1α‑expression vector. Western blotting was performed with an anti‑HA and anti‑tubulin antibodies. (E) NRF2 overexpression abrogates the effect of 
Syvn1 overexpression on KAT4 promoter‑driven luciferase reporter activity. 293 cells were transiently transfected with a reporter plasmid containing the KAT4 
promoter, pRL‑CMV, 100 ng of the Syvn1‑HA‑expression vector, and the HA‑NRF2‑expression vector (10, 50, and 100 ng). Western blotting was performed 
with an anti‑HA and anti‑tubulin antibodies. (B‑D) Data were analyzed by performing a Tukey‑Kramer post hoc analysis and expressed as mean ± SD 
(*P<0.05, **P<0.01). The experiment was performed three times. KAT, kynurenine aminotransferase; Syvn1, synoviolin; HA, hemagglutinin antigen; PGC, 
proliferator‑activated receptor (PPAR)‑PPAR coactivator.
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septic mouse model, which is an example of acute inflamma-
tion. Proinflammatory cytokines such as tumor necrosis factor 
(TNF)‑α and interleukin (IL)‑1β are induced in the mouse 
sepsis model and septic patients (5,29,30). Previous studies 
demonstrated that Syvn1 is a key target for inflammatory cyto-
kines such as TNF‑α, IL-1, and IL-17 (5,31,32), and that the 
expression of Syvn1 is transcriptionally regulated by Ets tran-
scription factors, GABPα, GABPβ, and ILF‑3 (33,34), which 
are the downstream of inflammatory cytokines signaling. 
These results prompted us to speculate that Syvn1 expression 
might be induced by inflammatory cytokines during sepsis 
and induce the degradation of NRF2 and PGC‑1β in the skel-
etal muscle tissue. Further studies are warranted to unveil the 
detailed role of Syvn1 in sepsis.

KYN is a key immune mediator. During inflammation, 
increases in cytokines such as interferon (IFN)‑γ, TNF‑α, 
and IL-1β activate indoleamine 2,3‑dioxygenase (IDO), and 
tryptophan is metabolized into the toxic metabolite KYN via 
IDO. Several studies indicate that the development of mood 
symptoms with inflammation is associated with reduced 
circulating tryptophan levels and concomitant increases in 
serum levels of KYN (35,36). In addition, recent studies show 
that KYN and proinflammatory cytokines such as TNF‑α and 
IL-1β are induced in mouse sepsis models and human septic 
patients (5,29,30). Therefore, the KYN pathway is one of targets 
for the treatment of SAE. The IDO inhibitor, 1‑methyl‑D, was 
shown to attenuate neuroinflammation through the repression 
of proinflammatory cytokines and KYN, and protect against 
sepsis‑induced cognitive impairment in a mouse model (5). 
In the present study, we showed that the induction of KYN 
by CLP is not observed in Syvn1‑deficient mice. We previ-
ously developed a Syvn1 inhibitor, LS‑102, and demonstrated 
that the Syvn1 inhibitor attenuated arthritis, fibrosis, obesity, 
limb girdle muscular dystrophy, and liver cirrhosis (13-17). 
Although further studies are needed to investigate the effect 
of this Syvn1 inhibitor on SAE, Syvn1 might represent a novel 
target for the treatment of SAE.

Taken together, in the present study, we provide evidence 
that Syvn1 regulates the NRF2‑PGC‑1β‑KAT4 pathway in 
a mouse model of sepsis. Further analysis of Syvn1 will be 
helpful to understand its physiological and clinical signifi-
cance.
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Abstract. Synoviolin (Syvn1), an E3 ubiquitin ligase in endo‑
plasmic reticulum‑associated protein degradation, is involved 
in rheumatoid arthritis, fibrosis, liver cirrhosis and obesity. 
We previously demonstrated that Syvn1 negatively regulates 
the function of peroxisome proliferator‑activated receptor 
gamma coactivator‑1β (PGC‑1β). In addition, treatment with 
a Syvn1 inhibitor suppressed weight gain in a mouse model 
of obesity by activating PGC‑1β via Syvn1 inhibition. It has 
been suggested that the Syvn1 inhibitors may have therapeutic 
benefits in obese patients. The present study tested the inhibi‑
tory activity of walnut extract, a natural product, on Syvn1 
activity. Walnut extract inhibited the effect of Syvn1 on the 
cell proliferation of rheumatoid synovial cells and repressed 
the interaction between PGC‑1β and Syvn1 in an in vitro 
binding assay. Polyubiquitination of PGC‑1β by Syvn1 was 
suppressed by walnut extract in a concentration‑dependent 
manner, but walnut extract did not have an inhibitory effect on 
the autoubiquitination of Syvn1. Treatment with walnut extract 
in mouse embryonic fibroblasts increased the number of mito‑
chondria, suggesting that exposure to the extract recovered 
PGC‑1β function. These results demonstrated that constituents 
of walnut extract may serve as lead compounds in drug devel‑
opment efforts aiming to produce drugs to treat patients with 
obesity and obesity‑associated metabolic diseases.

Introduction

Obesity is a global health problem associated with various 
metabolic disorders, including diabetes, hypertension, cardio‑
vascular disease, and depression (1). There are two major types 
of medication used to treat obese patients (2). Some anti‑obesity 
drugs, such as appetite suppressants, reduce food intake by 
regulating the function of the central nervous system, whereas 
other drugs block absorption of lipids from food in the intes‑
tine. In addition, some candidate anti‑obesity drugs directly 
modulate energy metabolism without affecting the central 
nervous system, such as peroxisome proliferator‑activated 
receptor (PPAR) agonists. However, the undesirable side 
effects of currently available agonists significantly limit their 
use.

Natural products have been used for millennia to treat 
diseases and mitigate the adverse effects of toxic substances (3). 
Recently, berberine and curcumin, which have antioxidant 
and anti‑inflammatory properties, have been reported to have 
anti‑obesity effects (4‑6). Berberine and curcumin ameliorate 
obesity by increasing energy expenditure. Berberine activates 
AMP‑activated protein kinase (AMPK) (4), a key energy 
sensor that leads to reduced energy storage and increased 
energy production. In addition, berberine regulates expression 
of uncoupling protein 1 (UCP1), which is found in the mito‑
chondria and generates heat in brown adipose tissue (BAT) 
and white adipose tissue (WAT) in an AMPK‑ and PPAR 
gamma coactivator‑1 alpha (PGC‑1α)‑dependent manner (6). 
These studies suggest that therapeutic chemicals are involved 
in natural products with antioxidant and anti‑inflammatory 
properties.

Synoviolin (Syvn1), a mammalian homolog of 
Hrd1p/Der3p, is involved in the development of obesity, rheu‑
matoid arthritis, fibrosis, limb girdle muscular dystrophy, and 
liver cirrhosis (7‑11). Syvn1 was identified in rheumatoid syno‑
vial cells (RSCs) as an endoplasmic reticulum (ER)‑resident 
E3 ubiquitin ligase (7) that plays an important role in RSC 
proliferation (12). LS‑102, a Syvn1 inhibitor, repressed prolif‑
eration of RSCs in a Syvn1‑dependent manner (13). We recently 
demonstrated that global elimination of Syvn1 in post‑neonatal 
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mice was associated with weight loss and reduced white 
adipose tissue (14). Adipose tissue from Syvn1 knockout mice 
showed significant up‑regulation of PGC‑1β‑target genes, as 
well as a significant increase in the number of mitochondria, 
mitochondrial respiration, and basal energy expenditure. 
Syvn1 interacts with PGC‑1β and negatively regulates its 
function. Therefore, we propose that knockout or inhibition 
of Syvn1 leads to stabilization of PGC‑1β, enhancing energy 
expenditure. These results suggest that Syvn1 is a therapeutic 
target for anti‑obesity drugs. However, natural products that 
inhibit Syvn1 activity have not been found.

To identify Syvn1 inhibitors with antioxidant and 
anti‑inflammatory properties in this study, we performed a 
screening of natural products based on their inhibitory effects 
on RSC proliferation. We found that walnut extract inhibited 
Syvn1 activity, indicating that walnut extract could be used to 
treat patients with obesity.

Materials and methods

Ethical considerations. All human experimental protocols in 
the present study (no. 2728, 2729, 3758, 3759) were approved 
by the Ethics Review Committee of Tokyo Medical University 
(Tokyo, Japan). RA patients received stable doses of metho‑
trexate (6‑10 mg/week) before joint replacement surgery. 
Written informed consent was obtained from all patients 
prior to the collection of joint tissue samples. All procedures 
involving animals were performed in accordance with insti‑
tutional and national guidelines for animal experimentation, 
and were approved by the Institutional Animal Care and 
Use Committee of Tokyo Medical University (no. S‑28038, 
S‑28040).

Mice. Mice were kept in SPF under conditions (20‑26˚C 
temperature; 40‑65% humidity) on a 12 h light/12 h dark cycle. 
F‑1 Foods (5.1% fat, 21.3% protein) were purchased from 
Funabashi farm (Chiba, Japan). Mice had free access to water 
bottles. Tamoxifen (Tam)‑inducible Syvn1 knockout mice 
(CAG‑Cre‑ER; Syvn1flox/flox) was generated previously (14). To 
isolate MEFs, embryos were isolated at E13.5, and the head and 
internal (including reproductive) organs were removed. The 
remaining tissue was physically dissociated and incubated in 
trypsin at 37˚C for 15 min. Cells were resuspended in DMEM 
and plate the cells in 10 cm tissue culture dishes. On the next 
day, medium was changed and cells were expanded for two 
passages before freezing.

Plasmids, antibodies, and walnut extract. The Syvn1 
(NM_032431) and PGC‑1β (NM_133249) plasmids are 
described in the literature (7,14,15). The following antibodies 
were used: Anti‑HA (3F10) (Roche Molecular Biochemicals, 
Indianapolis, IN, USA). Polyclonal antiserum against GST 
was generated by immunizing rats with purified GST. 
Anti‑PGC‑1β antibody has been described previously (14). 
Walnut extracts were prepared from the branches of walnut 
trees by the standard ethanol extraction method (16). Briefly, 
the air‑dried walnut branches were milled into fine powder in 
the blender and the fibrous powder of walnut branches was 
extracted twice, on each occasion with 60% ethyl alcohol at 
room temperature for 24 h. The combined ethanol extract was 

filtered, and the filtrate was concentrated to dryness under 
reduced pressure in a rotary evaporator. The ethanol extract 
was freeze‑dried. Without any further purification, the plant 
crude ethanol extract was used in our study. Aliquot portions 
of the ethanol extract was dissolved in DMSO for use of our 
experiments.

Cell culture and assessment of cell proliferation. Rheumatoid 
synovial cells were obtained by standard methods (17). 
Briefly, the tissue was minced into small pieces and digested 
with collagenase (Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany). The single‑cell suspension was incubated over‑
night, and then floating cells were removed, and adherent cells 
were cultured in dishes. RSCs and MEFs, which were derived 
from Tam‑inducible Syvn1 knockout mice (CAG‑Cre‑ER; 
Syvn1flox/flox), were cultured in Dulbecco's modified Eagle's 
medium (DMEM) as previously described (14). RSC prolifera‑
tion was measured with DMSO or walnut extract treatment (1, 
3.3, 10, 33.3 µg/ml) for 3 days using the Cell Counting Kit‑8 
(Dojindo, Tokyo, Japan). MEFs were treated with DMSO or 
Tamoxifen (2.5 µM) for 2 days, and were then treated with 
DMSO or walnut extract (50 µg/ml) for 3 days. Electron 
microscopic analysis was then performed.

GST pull‑down assay. The GST pull‑down assay was performed 
as previously described (14,18). Briefly, GST‑Syvn1ΔTM and 
MBP‑PGC‑1β (1‑367) were expressed and purified using 
glutathione sepharose beads and amylose beads, respec‑
tively (GE Healthcare Life Sciences, Little Chalfont, UK). 
GST‑Syvn1ΔTM was incubated with MBP‑PGC‑1β bound to 
resin in 1 ml buffer A (20 mM Tris‑HCl, pH 8.0; 100 mM 
NaCl; 1 mM ethylenediaminetetraacetic acid (EDTA); 
1 mM dithiothreitol (DTT); 0.1% Nonidet P‑40 (NP‑40); 5% 
glycerol; 1 mM Na3VO4; 5 mM NaF; 1 µg/ml aprotinin; and 
1 µg/ml leupeptin) for 4 h at 4˚C. After washing the beads with 
buffer A, bound proteins were fractionated by sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis (SDS‑PAGE) 
followed by western blotting.

In vitro ubiquitination assay. In vitro ubiquitination assays 
were performed as previously described (14). Brief ly, 
GST‑PGC‑1β (1‑367) was incubated with 0.75 µg HA‑Ub, 
125 ng E1 (Biomol International, Plymouth Meeting, PA, 
USA), 150 ng UbcH5c, and 150 ng MBP‑Syvn1ΔTM in reac‑
tion buffer (50 mM Tris‑HCl, pH 7.5; 5 mM MgCl2; 0.6 mM 
DTT; and 2 mM ATP) at 37˚C for 2 h. Glutathione sepharose 
was added to the solution, after which the mixture was washed 
with GST wash buffer (50 mM Tris‑HCl, pH 7.5; 0.5 M NaCl; 
1% Triton X‑100; 1 mM EDTA; 1 mM DTT; and protease 
inhibitors). Ubiquitinated PGC‑1β was analyzed by western 
blotting using anti‑PGC‑1β antibodies.

Ubiquitination assay. In vivo ubiquitination assays were 
performed as previously described (14). Briefly, 293T cells were 
transfected with HA‑PGC‑1β, FLAG Ub, or Syvn1 expression 
plasmids. Cells were treated with DMSO or walnut extract 
(50 µg/ml) for 3 days. Cells were lysed in lysis buffer (50 mM 
HEPES, pH 7.9; 150 mM KCl; 1 mM phenylmethanesulfonyl 
fluoride, 1% Triton X‑100; 10% glycerol; and protease inhibitors). 
Lysates were mixed with 1 µg anti‑HA antibody conjugated to 
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protein G‑sepharose beads. After a 4‑h incubation at 4˚C, beads 
were washed three times with lysis buffer. Bound proteins were 
fractionated by SDS‑PAGE and analyzed by immunoblotting.

MitoTracker staining. For analysis of mitochondria using 
MitoTracker Red (Molecular Probes, Eugene, OR, USA), MEFs 
were treated with DMSO or walnut extract (50 µg/ml) for 3 days. 

Table I. Primers and probes for reverse transcription‑quantitative polymerase chain reaction.

Gene Type Primer (5'‑3') Probe no.

SYVN1 Forward ccagtacctcaccgtgctg 16
 Reverse tctgagctagggatgctggt 
18sRNA Forward gcaattattccccatgaacg 48
 Reverse gggacttaatcaacgcaagc 
MCAD Forward tcttgctggaaatgatcaaca 88
 Reverse gggctctgtcacacagtaagc 
Atp5b Forward tgagagaggtcctatcaaaacca 15
 Reverse cctttatcccagtcaccagaa 
ACTB Forward ctaaggccaaccgtgaaaag 64
 Reverse accagaggcatacagggaca 

SYVN1, synoviolin; MCAD, medium chain acyl‑coenzyme A dehydrogenase; Atp5b, mitochondrial ATP synthase β subunit; ACTB, β‑actin.

Figure 1. Effect of walnut extract on RSC growth. (A) Effect of Syvn1 knockdown by siRNA. RSCs derived from two patients with RA were transiently 
transfected with control siRNA (siControl) or siRNA for Syvn1 (siSyvn1). Following 2 days, total RNA were purified and reverse transcription‑quantitative 
polymerase chain reaction was performed. Individual measurements were standardized using 18S RNA, and the average for siControl was set to 100. (B) RSCs 
were transiently transfected with siControl or siSyvn1. Following 2 days, RSCs were treated with walnut extract (1, 3.3, and 10 µg/ml) for 3 days. Data are 
presented as the mean ± standard deviation (n=3). *P<0.05 and **P<0.01, as indicated. n.s., not significant; DMSO, dimethyl sulfoxide; RSC, rheumatoid 
synovial cell; RA, rheumatoid arthritis; si‑/siRNA, small interfering RNA; Syvn1, Synoviolin.
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Mitochondria were stained with the MitoTracker Red probe for 
30 min at 37˚C according to the manufacturer's protocol. Nuclei 
were stained with 4',6‑diamidino‑2‑phenylindole (DAPI). The 
intensity of staining by mitotracker was measured (n=8).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Tam‑inducible Syvn1 knockout MEFs were 
treated with DMSO (WT MEFs) or Tam (Syvn1 knockout 
MEFs) for 2 days, and then WT MEFs and Syvn1 knockout 
MEFs were treated with DMSO or walnut extract (50 µg/ml) 
for 3 days. Total RNA from MEFs treated with DMSO or 
walnut extract was purified by using ISOGEN (Nippon Gene, 
Tokyo, Japan) according to the manufacturer's instructions 
and reverse transcribed by using ReverTra Ace with random 

primers (Toyobo, Osaka, Japan). RT‑qPCR was performed 
by using LightCycler 480 Probes Master (Roche Diagnostics, 
Mannheim, Germany) and the Step One Plus Detection System 
(Applied Biosystems; Life Technologies Japan, Tokyo, Japan). 
The thermocycling conditions were as follows: Initial denatur‑
ation at 95˚C for 10 min, followed by 45 cycles of denaturation 
at 95˚C for 10 sec, annealing at 60˚C for 20 sec and extension 
at 72˚C for 1 sec. Expression levels were determined relative to 
that of 18sRNA (RSCs) or ACTB (MEFs). Primers and probes 
used in the present study are shown in Table I. Relative expres‑
sion was determined using the 2‑∆∆Cq method (19).

RNA interference assay. siRNAs for Syvn1 were previously 
described (14). Transfection with siRNAs (20 µM) was 
performed by using Lipofectamine 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) according to the 
manufacturer's protocol. Total RNA from RSCs was purified 
2 days after transfection using ISOGEN (Nippon Gene, Tokyo, 
Japan) according to the manufacturer's instructions, and 
reverse transcribed using ReverTra Ace with random primers 
(Toyobo).

Statistical analysis. All data are expressed as the 
mean ± standard deviation and were analyzed using Excel 
Statistics 2012 version 1.00 (Social Survey Research 
Information Co., Ltd., Tokyo, Japan). Differences between two 
groups were examined by Student's t‑test. One‑way analysis 
of variance with Tukey‑Kramer post hoc analysis was used to 
determine correlations in datasets containing multiple groups. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Screening of natural products for Syvn1 inhibitors. Syvn1 is a 
crucial factor involved in RSC proliferation (7,13,20). To iden‑
tify Syvn1 inhibitors in natural products, we tested the effects 
of natural products on RSC proliferation with or without 
Syvn1. At first, we performed knockdown experiments with 
control siRNA (siControl) or siRNA for Syvn1 (siSyvn1). 
RT‑qPCR showed that siSyvn1 induced 60% repression of 
Syvn1 expression (Fig. 1A). Walnut extract inhibited prolifera‑
tion in a concentration‑dependent manner in two RSC lines 
treated with siControl (Fig. 1B). Whereas, the inhibitory effect 
was attenuated in siSyvn1‑treated cells (Fig. 1B). In the case 
of patient 1, walnut extract did not significantly have any effect 
(n.s.). In the case of patient 2, walnut extract had still inhibited 
cell growth, however, the strength of the effect was reduced as 
compared to control siRNA‑treated cells.

Regulation of Syvn1‑PGC‑1β interaction by walnut extract. 
Syvn1 negatively regulates PGC‑1β activity via direct inter‑
action with PGC‑1β in vitro and in vivo (14). To determine 
whether walnut extract inhibits the interaction of Syvn1 
with PGC‑1β, we performed in vitro binding assays using 
glutathione S‑transferase‑tagged Syvn1 lacking the trans‑
membrane domain (GST‑Syvn1ΔTM) and maltose binding 
protein‑tagged PGC‑1β (amino acids 1‑367) (MBP‑PGC‑1β 
(1‑367) ). As previously reported (14), MBP‑PGC‑1β (1‑367) 
directly bound to GST‑Syvn1ΔTM (Fig. 2A). MBP‑PGC‑1β 

Figure 2. Effect of walnut extract on the interactions between SYVN1 
and PGC‑1β. (A) An in vitro binding assay was performed with GST or 
GST‑SYVN1ΔTM and MBP or MBP‑PGC1β (amino acids 1‑367). (B) An 
in vitro binding assay was performed using MBP‑PGC‑1β (amino acids 
1‑367) and GST‑SYVN1ΔTM in the presence of DMSO or walnut extract (0.5 
or 5 µg/ml). WB was performed using anti‑GST antibodies or anti‑PGC1β 
antibodies. Syvn1, Synoviolin; PGC‑1β, PGC‑1β, peroxisome prolifer‑
ator‑activated receptor coactivator 1β; GST, glutathione S‑transferase; TM, 
transmembrane domain; MBP, maltose binding protein; DMSO, dimethyl 
sulfoxide; WB, western blotting.
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(1‑367) did not bind to GST, and GST‑Syvn1ΔTM did not bind 
to MBP (Fig. 2A). Walnut extract inhibited the interaction 
of Syvn1 and PGC‑1β in a concentration‑dependent manner 
(Fig. 2B).

Inhibition of PGC‑1β ubiquitination by walnut extract. 
Syvn1 ubiquitinates PGC‑1β in vitro and in vivo, negatively 

regulating PGC‑1β abundance (14). To investigate ubiquitina‑
tion of PGC‑1β by Syvn1 in the presence of walnut extract, 
we performed an in vitro assay of ubiquitination with 
MBP‑Syvn1ΔTM and GST‑PGC‑1β (1‑367) in the presence 
of ATP, hemagglutinin‑tagged ubiquitin (HA‑Ub), E1, and E2 
(UbcH5c) (14). As previously reported (14), Syvn1 induced 
polyubiquitination of PGC‑1β in vitro, and polyubiquitination 

Figure 3. Effect of walnut extract on the polyubiquitination of PGC‑1β. (A) In vitro ubiquitination assays were performed with MBP‑SYVN1ΔTM, GST‑PGC‑1β 
(1‑367), E1 and E2 enzymes, and HA‑Ub in the presence of DMSO or walnut extract (0.5, 5 or 50 µg/ml). WB was performed using anti‑PGC‑1β antibodies and 
anti‑SYVN1 antibodies. (B) In vivo ubiquitination assays were performed. 293T cells were transfected with HA PGC‑1β, FLAG Ub and/or SYVN1 expression 
plasmids and cells were treated with DMSO and walnut extract (50 µg/ml) for 3 days. Whole cell extracts were immunoprecipitated with anti‑HA antibody. 
WB was performed using anti‑FLAG and anti‑HA antibodies. Quantification of the data is presented. *P<0.05, as indicated. (C) Effect of walnut extract on 
SYVN1 autoubiquitination. In vitro ubiquitination assays were performed with GST‑SYVN1ΔTM, E1 and E2 enzymes, and HA‑Ub in the presence of DMSO 
or walnut extract (0.5, 5 or 50 µg/ml). WB was performed using anti‑SYVN1 antibodies. Quantification of the data is presented. (D) In vivo ubiquitination 
assays were performed. 293T cells were transfected with FLAG Ub, and SYVN1/HA expression plasmids and cells were treated with DMSO and walnut 
extract (50 µg/ml) for 3 days. Whole cell extracts were immunoprecipitated with anti‑HA antibody. WB was performed using anti‑FLAG and anti‑HA anti‑
bodies. Quantification of the data is presented. The positions of molecular weight standards (in kDa) are indicated to the left of each image. Data are expressed 
as the mean ± standard deviation (n=3). HA, hemagglutinin; Ub, ubiquitin; DMSO, dimethyl sulfoxide; WB, western blotting; Syvn1, Synoviolin; PGC‑1β, 
PGC‑1β, peroxisome proliferator‑activated receptor coactivator 1β; ATP, mitochondrial adenosine triphosphate synthase; GST, glutathione S‑transferase; TM, 
transmembrane domain; MBP, maltose binding protein; n.s., not significant.
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of PGC‑1β was not observed in the absence of ATP or 
Syvn1. Walnut extract inhibited PGC‑1β polyubiquitination 
(Fig. 3A). To examine the effect of walnut extract in vivo, we 
performed in vivo ubiquitination assay. FLAG‑tagged Ub and 
HA‑PGC‑1β were coexpressed with Syvn1 in HEK 293T cells 
and cells were treated with DMSO or walnut extract (50 µg/ml) 
for 3 days. The ubiquitination of PGC‑1β was observed in 
Syvn1‑expressing cells (DMSO‑treated cells). The treatment 
with walnut extract decreased the ubiquitination of PGC‑1β in 
Syvn1‑expressing cells (Fig. 3B). Walnut extract did not inhibit 
autoubiquitination of Syvn1 (Fig. 3C). The effect of walnut 
extract was also examined in vivo. FLAG‑tagged Ub (FLAG 

Ub) and Syvn1/HA were coexpressed in HEK 293T cells and 
cells were treated with DMSO or walnut extract (50 µg/ml) 
for 3 days. Autoubiquitination of Syvn1 was not inhibited in 
walnut extract‑treated cells (Fig. 3D).

Effects of walnut extract on PGC‑1β function. PGC‑1β is a 
coactivator of several transcription factors, including PPARα, 
and is implicated in various biological processes, including 
mitochondrial biogenesis (21,22). LS‑102 exposure increases 
the number of mitochondria in cultured cells (14). To investi‑
gate the effect of walnut extract on regulation of mitochondria 
by PGC‑1β, we performed mitochondrial staining using 

Figure 4. Effect of walnut extract on the number of mitochondria. (A) MEFs were treated with DMSO or walnut extract (50 µg/ml) for 3 days. Cells were 
immunostained with MitoTracker Red (red), and DAPI (nuclei, blue); scale bars, 20 µm. The intensity of staining was measured by MitoTracker. Data were 
expressed as the mean ± standard deviation (n=8). (B) Representative electron micrographs of walnut extract‑treated cells (50 µg/m) are presented. Increased 
mitochondrial volume can be observed in the large cytoplasmic areas in MEFs (mitochondria are indicated by red asterisks). Magnification, x10,000. (C) The 
number of mitochondria in the area (1,000x1,000 pixels) was measured. Data were expressed as the mean ± standard deviation (n=13). (D) Total RNA was 
isolated from wild‑type MEFs and Syvn1 knockout MEFs treated with DMSO or walnut extract, and reverse transcription‑quantitative polymerase chain 
reaction was performed. Individual measurements were standardized using β‑actin, and then the average DMSO value was set to 1. Data were expressed as 
the mean ± standard deviation (n=6). **P<0.01, as indicated. MEFs, mouse embryonic fibroblasts; DMSO, dimethyl sulfoxide; Syvn1, Synoviolin; KO, Syvn1 
knockout mice; MCAD, medium chain acyl‑coenzyme A dehydrogenase; ATP5b, mitochondrial adenosine triphosphate synthase β subunit.
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MitoTracker with mouse embryonic fibroblasts (MEFs) (14). 
MitoTracker staining showed increased mitochondria in MEFs 
treated with walnut extract compared with MEFs treated with 
DMSO (Fig. 4A). We used electron microscopy and counted 
mitochondria. The cells treated with walnut extract had signif‑
icantly more mitochondria than the cells treated with dimethyl 
sulfoxide (DMSO) did (Fig. 4B and C). In addition, the number 
of mitochondria in Syvn1 knockout MEFs treated with DMSO 
(KO+DMSO) increased compared to that in wildtype MEFs 
treated with DMSO. However, walnut extract produced no 
additional effect on the number of mitochondria in the Syvn1 
KO MEFs (KO+Walnut extract). Furthermore, the expres‑
sion of PGC‑1β target genes, medium chain acyl‑coenzyme 
A dehydrogenase (MCAD) and mitochondrial ATP synthase 
β subunit (ATP5b), was also induced in MEFs treated with 
walnut extract and in Syvn1 KO MEFs treated with DMSO 
(Fig. 4D). However, walnut extract produced no additional 
effect on the induction of MCAD and ATP5b in the Syvn1 KO 
MEFs (Fig. 4D).

Discussion

The development of Syvn1 inhibitors is an active field of study 
because they have the potential to treat patients with several 
diseases, including rheumatoid arthritis, fibrosis, liver cirrhosis, 
and obesity (7‑10,13). In a previous study, we demonstrated that 
the Syvn1 inhibitor, LS102, suppressed weight gain in a mouse 
model of obesity via inhibition of PGC‑1β polyubiquitination 
by Syvn1 (14). In this study, we showed that walnut extract, a 
natural product, inhibits Syvn1 activity. Walnut extract inhib‑
ited the interaction between Syvn1 and PGC‑1β and repressed 
polyubiquitination of PGC‑1β by Syvn1. Taken together, these 
results suggest that walnut extract has anti‑obesity activity.

Selectivity and specificity are important characteristics for 
targeted drugs. We identified LS‑102 as an inhibitor of autou‑
biquitination of Syvn1 via a high‑throughput screening (13) and 
demonstrated its inhibitory effect on the E3 ligase activity of 
Syvn1. LS‑102 suppressed polyubiquitination of target proteins 
of Syvn1, including nuclear factor erythroid 2‑related factor 2 
(NRF2), V247M α‑sarcoglycan mutant, and PGC‑1β (10,11,13). 
Interestingly, Syvn1 interacts with NRF2 and V247M 
α‑sarcoglycan mutant through proline‑rich domains at the 
C‑terminus, whereas Syvn1 binds to PGC‑1β via the Syvn1 
unique (SyU) domain (10,11,13,14). Walnut extract did not have 
an inhibitory effect on autoubiquitination of Syvn1. However, 
walnut extract decreased polyubiquitination of PGC‑1β by 
inhibiting the interaction of Syvn1 and PGC‑1β. Therefore, 
walnut extract may specifically target the SyU domain of 
Syvn1. These results indicate that walnut extract might 
improve obesity by selectively inhibiting the interaction of 
Syvn1 and PGC‑1β.

The mitochondrion is an important organelle involved in 
cellular energy control that has been reported to be involved 
in the process of obesity and chronic inflammation (23,24). 
PGC‑1β plays an important role in mitochondrial biogen‑
esis and energy metabolism, including β‑oxidation of fatty 
acids (25). Overexpression of PGC‑1β results in increased 
numbers of mitochondria and increased mitochondrial respira‑
tory function (26). PGC‑1β transgenic mice show high energy 
expenditure and resistance to obesity (27). In addition, PGC‑1β 

attenuated inflammation. PGC‑1β diminishes the increase 
in proinflammatory mediators, such as interleukin‑6 (IL‑6) 
and macrophage inflammatory protein 1‑alpha (MIP1α), by 
repressing the activity of nuclear factor‑κB (NF‑κB) (28). These 
studies indicate that PGC‑1β has anti‑obesity and anti‑inflam‑
matory properties. In this study, we found that walnut extract 
inhibited the negative regulation of PGC‑1β activity by Syvn1, 
suggesting that walnut extract activates PGC‑1β. Our results 
suggest that walnut extract may attenuate not only obesity, but 
also diseases involving chronic inflammation. Further analysis 
with disease state model will be need to determine whether 
walnut extract will be helpful in several disease with chronic 
inflammation. Future studies will be aimed at identifying the 
bioactive constituents in walnut extract that are responsible for 
its inhibitory effect on Syvn1.
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1Department of Genome Medicine Development, Medical Genome Center, National Center of Neurology and Psychiatry (NCNP), Tokyo, Japan.
2Department of Neuromuscular Research, National Institute of Neuroscience, NCNP, Tokyo, Japan.
3Department of Pathophysiology, Tokyo Medical University, Tokyo, Japan.
4Department of Neurology, National Center Hospital, NCNP, Tokyo, Japan.

CLINICAL HISTORY

A 31-year-old man, with no family history of neuromuscular
diseases, received muscle biopsy for slowly progressive muscle
weakness. The first symptom he had was difficulty dorsiflexing
his feet at age 20 years, which was followed by gradual devel-
opment of gait disturbance. At age 27 years, he started using a
handrail to climb up stairs. At age 28 years, he developed dys-
phagia for liquid, in addition to difficulty raising arms, which
led him to have aspiration pneumonia later in the same year. At
age approximately 30 years, he developed dyspnea on exertion.
Arterial blood gas analysis revealed hypoxemia (65 mmHg, at
room air) and hypercapnia (82 mmHg), with a vital capacity
decreased to 780 mL, leading to the diagnosis of chronic type 2
respiratory failure, and non-invasive ventilation was started. At
age 31 years, he was unable to walk without aid and required a
wheelchair for long distances. Physical examination revealed
moderate muscle weakness and atrophy in an asymmetric limb-
girdle distribution, together with marked muscle atrophy in the

tibialis anterior muscles and weakness in ankle dorsiflexion
with Medical Research Council grade 1. Mild neck muscle
weakness was also noted. Serum creatine kinase level was 375
IU/L (normal: <287 IU/L). Electromyography showed myo-
pathic changes. Skeletal muscle CT demonstrated remarkable
fat tissue replacement in the semitendinosus muscles (Figure
1A, arrows) at the thigh level.

PATHOLOGY

Skeletal muscle pathology from the biceps brachii demon-
strated myopathic changes with moderate fiber size variation,
mildly disorganized myofibrillar networks, some fibers with
cytoplasmic bodies, which were often located in line in subsar-
colemmal region of a muscle fiber (Figure 1B, modified
Gomori trichrome stain), and a few fibers with rimmed
vacuoles. What is your diagnosis? What is the next test to
confirm it?

Figure 1.
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DIAGNOSIS

Hereditary myopathy with early respiratory failure (HMERF).
The diagnosis was confirmed by gene analysis showing a hetero-

zygous titin gene (TTN) mutation g.284701T>C (p.Cys31712Arg)
in the FN3 119 domain in the A-band region (ENST00000589042).

DISCUSSION

HMERF is a hereditary myopathy caused by mutations in the A-
band region of TTN (1, 2). Since the causative gene was reported
in 2012, an increasing number of patients with HMERF have been
identified worldwide (5).

HMERF is clinically characterized by adult-onset muscle weak-
ness with respiratory insufficiency from an early, typically ambu-
lant stage of the disease. A common initial symptom is gait
disturbance because of distal (especially the anterior compartment)
and/or proximal lower limb muscle weakness. Weakness of ankle
dorsiflexion is prominent, leading to easy tripping and foot drop.
There is no or minimal, if any, weakness in the upper limbs at dis-
ease onset. Respiratory insufficiency subsequently appears after a
median of six years post-onset (range: 02 16 years) (5), although
respiratory symptoms can be the initial manifestation in 24%236%
of patients (1, 5). Most patients are ambulant when they need noc-
turnal ventilation (1). To date, clinically evident primary cardiomy-
opathy has not been reported in patients with HMERF, although
right heart failure secondary to severe respiratory failure is occa-
sionally observed. Nevertheless, a recent study found cardiac con-
duction abnormalities in 32% (7/22) of patients with the
p.Cys31712Arg mutation of TTN and imaging evidence of other-
wise unexplained asymptomatic cardiomyopathy in 18% (4/22) (3).
The autosomal dominant trait is common, although a few homozy-
gous patients with severe symptoms have been reported. Some
patients have no apparent positive family history (5).

Skeletal muscle imaging demonstrates that the semitendinosus
muscles and the anterior compartment of the lower legs (preferen-
tially, the peroneus longus muscles) are selectively involved in the
early stage (1, 2, 5). Indeed, the selective involvement of the sem-
itendinosus muscles is often observed (93%2100%) (2, 5). The
pattern is a radiological clue for diagnosis of HMERF, although it
can be observed in other muscle diseases, including desminopathy,
aB-crystallinopathy, and anoctaminopathy (4).

The pathological hallmark of HMERF is necklace cytoplasmic
bodies; at cross section, a number of cytoplasmic bodies are often
circumferentially aligned in the subsarcolemmal region in muscle
fibers, mimicking a necklace (5). The finding of necklace cytoplas-
mic bodies is highly specific for HMERF (sensitivity: 82%, speci-
ficity: 99%) (5). Rimmed vacuoles are also sometimes observed
but less specific.

Since TTN encodes the largest known protein consisting of
35,991 amino-acid polypeptides in 363 exons among those recog-
nized so far, sequence analysis of all the exons requires consider-
able labor. Even if next generation sequencing is available for the
genetic analysis, it would still be difficult to determine which vari-
ant is truly pathogenic because TTN is a highly polymorphic gene.
Despite this, all HMERF patients reported so far carry a mutation
in exon 343 encoding the FN3 119 domain in the A-band region
(ENST00000589042). Therefore, exon 343 should be considered
as the primary target for genetic diagnosis of HMERF.

When a patient shows the pathological finding of necklace cyto-
plasmic bodies, sequencing of exon 343 of TTN should be consid-
ered for definite diagnosis of HMERF, even though the patient
does not exhibit respiratory problems at that time. If the patient has
a mutation in exon 343 of TTN, the patient will eventually develop
a severe respiratory insufficiency. Early diagnosis of the disease
would enable earlier recognition of asymptomatic respiratory insuf-
ficiency and appropriate intervention without delay (eg, nocturnal
ventilation).
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A B S T R A C T

Background and objective: Marinesco-Sjögren syndrome (MSS) is an autosomal recessive infantile-onset disorder
characterized by cataracts, cerebellar ataxia, and progressive myopathy caused by mutation of SIL1. In mice, a
defect in SIL1 causes endoplasmic reticulum (ER) chaperone dysfunction, leading to unfolded protein accu-
mulation and increased ER stress. However, ER stress and the unfolded protein response (UPR) have not been
investigated in MSS patient-derived cells.
Methods: Lymphoblastoid cell lines (LCLs) were established from four MSS patients. Spontaneous and tunica-
mycin-induced ER stress and the UPR were investigated in MSS-LCLs. Expression of UPR markers was analyzed
by western blotting. ER stress-induced apoptosis was analyzed by flow cytometry. The cytoprotective effects of
ER stress modulators were also examined.
Results: MSS-LCLs exhibited increased spontaneous ER stress and were highly susceptible to ER stress-induced
apoptosis. The inositol-requiring protein 1α (IRE1α)-X-box-binding protein 1 (XBP1) pathway was mainly up-
regulated in MSS-LCLs. Tauroursodeoxycholic acid (TUDCA) attenuated ER stress-induced apoptosis.
Conclusion: MSS patient-derived cells exhibit increased ER stress, an activated UPR, and susceptibility to ER
stress-induced death. TUDCA reduces ER stress-induced death of MSS patient-derived cells. The potential of
TUDCA as a therapeutic agent for MSS could be explored further in preclinical studies.

1. Introduction

Marinesco-Sjögren syndrome (MSS; OMIM 248800) is a rare auto-
somal recessive infantile-onset multisystem disorder characterized by
bilateral cataracts, cerebellar ataxia, intellectual disability, and pro-
gressive muscle weakness due to myopathy [1]. Intellectual disability is
highly variable in MSS, and there are also few patients with normal
cognition. Other clinical features include short stature, hypergonado-
tropic hypogonadism [2], and strabismus [3]. Homozygous or com-
pound heterozygous mutations of the SIL1 gene on chromosome 5q31
are reported to cause MSS [1].

SIL1 is a co-chaperone of the HSP70 molecular chaperone BIP (also
referred to as GRP78 or HSPA5) [4]. BIP is located in the lumen of the

endoplasmic reticulum (ER) and binds to newly synthesized proteins to
maintain proper protein folding and translocation in the ER. ADP-
bound BIP binds tightly to its substrates, whereas ATP induces a con-
formational change that opens the substrate-binding pocket. SIL1
modulates BIP activation via nucleotide exchange during the ATP/ADP
cycle of BIP. SIL1 protein releases ADP from BIP so that it can bind to
ATP and re-start the protein-folding process [5,6]. Therefore, SIL1 de-
ficiency causes BIP dysfunction, leading to accumulation of misfolded
proteins in the ER and increased ER stress. The unfolded protein re-
sponse (UPR) is a cellular adaptive response to ER stress and restores
protein-folding homeostasis.

In this study, we aimed to evaluate ER stress and the UPR at the
cellular level in MSS using patient-derived lymphoblastoid cell lines
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(LCLs) and to explore a therapeutic approach. MSS patient-derived cells
exhibited spontaneous ER stress and an activated UPR and were highly
susceptible to ER stress-induced apoptosis. Tauroursodeoxycholic acid
(TUDCA) alleviated excessive ER stress-induced apoptosis in these cells.
The potential use of TUDCA as a therapeutic agent for MSS should be
investigated further.

2. Materials and methods

2.1. Patient samples

All patients included in this study were clinically and genetically
diagnosed with MSS. Blood samples and medical reports were obtained
with written informed consent of the patients or their legal guardians.
Research protocols were approved by the ethical committee of Tokyo
Medical and Dental University (approval nos. 103 and 196).

Four Japanese patients were enrolled in this study. These patients
carried the homozygous c.936dupG (p.Leu313fs) mutation in exon 9 of
the SIL1 gene, which is highly common in Japanese MSS patients [7].
Their ages at the time point for cell line establishment ranged from
14 months to 49 years (mean = 16.8 ± 18.9 years). All patients had a
low average IQ or moderate intellectual disability and severe muscle
weakness. The patients' phenotypes are described in Table 1.

2.2. Cell lines and cell culture

Epstein-Barr virus (EBV)-immortalized lymphoblastoid cell lines
(EBV-LCLs) from control subjects (control LCLs) and patients with MSS
(MSS-LCLs) were established according to standard protocols. LCLs
were maintained in RPMI 1640 supplemented with 15% fetal bovine
serum and 1% penicillin/streptomycin.

2.3. Western blotting

Cells were lysed in ice-cold RIPA buffer containing 50 mM Tris-HCl
(pH 8.0), 150 mM NaCl, 1.0% NP-40, 0.5% DOC, 0.1% SDS, 50 mM
NaF, 25 mM β-glycerophosphate, 1 mM PMSF, and a protease inhibitor
cocktail (Roche, Basel, Switzerland). Lysates were resolved on SDS-
polyacrylamide gels. The gels were transferred to nitrocellulose

membranes (EMD Millipore, Billerica, MA, USA) and blocked with 5%
non-fat milk prepared in TBST. The membranes were incubated with
the following primary antibodies: anti-SIL1 (OriGene Technologies,
Rockville, MD, USA); anti-spliced X-box-binding protein 1 (XBP1s),
anti-BIP, anti-caspase-3 (CASP3), anti-PARP, anti-phospho-ASK1
(Thr645), anti-ASK1, anti-phospho-JNK (Thr183/Tyr185) (G9), and
anti-JNK (Cell Signaling Technology, Danvers, MA, USA); and anti-β-
actin (Sigma-Aldrich, St. Louis, MO, USA). Primary antibodies were
detected by binding of a horseradish peroxidase-conjugated anti-rabbit
or anti-mouse secondary antibody with an ECL kit (GE Healthcare,
Little Chalfont, UK).

2.4. Apoptosis assay, cell survival assay, and measurement of mitochondrial
membrane potential

LCLs were plated at a density of 1 × 106 cells/mL and treated with
2–20 μg/mL tunicamycin (Sigma-Aldrich) for 24 h. LCLs (2.5 × 105

cells) were washed with PBS and resuspended in 100 μL of annexin

Table 1
Clinical features of patients.

Patient 1 Patient 2 Patient 3 Patient 4

Sex M F F M
Present age 10 y 52 y 24 y 9 y
Age at cell line

establishment
7 y5 m 49 y 21 y 1 y2 m

Ocular involvements
Cataract + + + +

Cerebellar signs
Cerebellar atrophy + + + +
Nystagmus + + + +
Dysarthria 5y N/A 2y 3y
Ataxia 23 m 5 y 1 y 3 y

Psychomotor delay and
Muscle symptom

Intellectual disability
(intelligence
quotient)

+ (35–50) − (81) + (40) − (85)

Head control 6 m 6 m 8 m 2y6 m
Standing 3 y 5 y − 4 y
Walk − − − −
Activity daily living Wheel chair Wheel chair Wheel chair Wheel chair
Serum CK (IU/L) 276 27 N/A 261
Myopathy + + + +

Other
Hypogonadism N/A + + N/A

M: male, F: female, y: year, m: month, N/A: not applicable, CK: creatin kinase.

SIL1

β-actin

Pt 1.  Pt 2.    Pt 3.      Pt 4.Cont 1.  Cont 2.

Fig. 1. Expression of SIL1 is defective in MSS-LCLs.
Western blot analysis of SIL1 expression. β-actin was used as a loading control. Cont: An
EBV-transformed LCL derived from a healthy volunteer. Pt: An EBV-transformed LCL
derived from a patient with MSS.
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binding buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, and
2.5 mM CaCl2). Annexin V-FITC (MBL, Nagoya, Japan) and 5 μg/mL 7-
aminoactinomycin D (Sigma-Aldrich) were added. The tubes were in-
cubated at room temperature in the dark for 15 min. Cells were diluted
with 400 μL of annexin binding buffer, and flow cytometric analysis
was performed using LSR Fortessa (Becton Dickinson, Franklin Lakes,
NJ, USA). Annexin V-positive and 7-aminoactinomycin D-negative cells
were defined as apoptotic.

Cell survival was assessed using a Cell Counting Kit (Dojindo,
Kumamoto, Japan). Cells were cultured in 96-well plates. After in-
cubation with tunicamycin, 10 μL of WST-8 reagent was added to
100 μL of medium, and samples were incubated for 4 h. Absorbance at
450 nm was measured with a microplate reader (Model 680, Bio-Rad
Laboratories, Hercules, CA, USA).

JC-1 staining was performed to measure changes in the mitochon-
drial membrane potential. When the mitochondrial membrane potential
is maintained, JC-1 enters mitochondria and forms complexes known as
J-aggregates, which emit red fluorescence. However, when the mi-
tochondrial membrane potential decreases, JC-1 is monomeric and
emits green fluorescence, while red fluorescence decreases. Changes in
the fluorescence of JC-1 were monitored by flow cytometry. Cells were
treated with 4 μg/mL JC-1 for 15–30 min at 37 °C in 5% CO2, har-
vested, washed with PBS, and analyzed by flow cytometry.

2.5. Apoptosis assay of cells treated with various drugs prior to tunicamycin

LCLs were pretreated with 1 mM sodium valproate (VPA; Wako,
Osaka, Japan) for 24 h, 10 μM dexamethasone (DEXA; Sigma-Aldrich)
for 4 h, 500 μM sodium phenylbutyrate (4-PBA; Sigma-Aldrich) for 4 h,
or 500 μM TUDCA (Tokyo Chemical Industry, Tokyo, Japan) for 4 h,
and then 2 μg/mL tunicamycin was added for 24 h. The percentage of

apoptotic cells was determined by flow cytometry using annexin V
staining.

2.6. Statistical analysis

Data were analyzed by nonparametric methods. All statistical ana-
lyses were performed using the Mann-Whitney U test. P values < 0.05
were considered statistically significant.

3. Results

3.1. MSS-derived cells exhibit increased spontaneous ER stress

Western blot analysis demonstrated loss of SIL1 expression in the
four LCLs (Fig. 1). SIL1 functions in combination with BIP to ensure
proper protein folding in the ER; therefore, a defect in SIL1 leads to
accumulation of misfolded proteins and activates the UPR. BIP is an ER
stress marker and is induced when unfolded proteins accumulate. To
determine whether the UPR was continually upregulated in non-
stressed culture conditions, BIP expression was examined by western
blotting. As expected, baseline BIP expression in non-stressed culture
conditions was increased in all four MSS-LCLs. However, the expression
level of BIP varied between the cells (Fig. 2A). The patient 2-derived
LCL showed striking upregulation of BIP compared with the control.
The patient 4-derived LCL showed the lowest upregulation of BIP. ER
stress leads to cellular dysfunction and cell death. Therefore, the dead
cell fraction in non-stressed culture conditions was investigated. The
percentage of dead cells was significantly increased in all MSS-LCLs
(Fig. 2B). The patient 2-derived LCL, in which BIP expression was high,
exhibited a high level of spontaneous cell death. By contrast, the patient
4-derived LCL, in which BIP expression was lower, exhibited the least
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cell death. These differences in cell responses to ER stress were not
associated with the clinical aspects of the patients (Table 1).

3.2. MSS-LCLs are highly susceptible to ER stress-induced apoptosis

Tunicamycin inhibits N-linked glycosylation, which induces mis-
folded protein accumulation in the ER [8]. Treatment with tunicamycin
eventually reduced the survival of SH-SY5Y neuroblastoma-derived
cells (Fig. 3A). To further elucidate the UPR in MSS, we evaluated ER
stress-mediated apoptosis in the patient 3-derived LCL, in which the

level of spontaneous apoptosis was elevated, and the patient 4-derived
LCL, in which the level of spontaneous apoptosis was lowest. After
treatment with tunicamycin (2 μg/mL) for 24 h, the dead cell fraction
was significantly increased in both control LCLs and MSS-LCLs. Even
the patient 4-derived LCL, in which BIP expression was lowest, was
more susceptible to ER stress-induced cell death (Fig. 3B). Tunicamycin
induced apoptosis in a dose-dependent manner (Fig. 3C). Although the
expression level of BIP differed between the MSS-LCLs in non-stressed
conditions, ER stress-induced apoptosis was obvious in all these cell
lines. These results indicate that MSS-LCLs are susceptible to ER stress-
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induced apoptosis.

3.3. ER stress activates the inositol-requiring protein 1α (IRE1α)-X-box-
binding protein 1 (XBP1) pathway in MSS-LCLs

Upon ER stress, cells activate the UPR to maintain homeostasis,
which degrades misfolded proteins, reduces protein translation, and
accelerates production of molecular chaperones involved in protein
folding. The UPR was investigated after tunicamycin treatment in SH-
SY5Y cells, control LCLs, and MSS-LCLs. Tunicamycin treatment in-
duced BIP and XBP1s expression in SH-SY5Y cells (Fig. 4A). BIP ex-
pression was increased in the patient 3-derived LCL before tunicamycin
treatment. By contrast, expression of XBP1s was similar in control LCLs
and MSS-LCLs before tunicamycin treatment. However, BIP and XBP1s
expression was strikingly higher in MSS-LCLs than in control LCLs after
tunicamycin treatment (Fig. 4B, C). The kinetics of BIP and XBP1s ex-
pression after tunicamycin treatment were investigated. Expression of
BIP and XBP1s gradually increased from 3 h after tunicamycin treat-
ment and this was maintained for 24 h in both control LCLs and MSS-
LCLs (Fig. 4D). Although expression of BIP and XBP1s was much higher
in MSS-LCLs than in control LCLs, the kinetics did not differ between
these two cell types. In terms of other UPR-related molecules, phos-
phorylation of eukaryotic translation initiation factor 2α (eIF2α) and

expression of activating transcription factor 6α (ATF6α) varied be-
tween LCLs (Supplemental data 1). These data suggest that the IRE1α-
XBP1 pathway is predominantly upregulated in MSS-LCLs.

Protein disulphide isomerase (PDI) is a disulphide bond-modulating
ER chaperone that can also facilitate ER-associated degradation of
misfolded proteins [9]. Mitochondrion-associated PDI can induce
apoptosis via permeabilization of the outer mitochondrial membrane
when it accumulates at high levels in response to the presence of mis-
folded proteins [10]. PDI expression was upregulated in control LCLs
and MSS-LCLs following tunicamycin treatment. Although PDI expres-
sion was higher in the latter cells than in the former cells, this difference
was not significant (Fig. 4E).

3.4. TUDCA can protect MSS-LCLs from ER stress-induced apoptosis

Targeting ER stress and the UPR is a candidate therapeutic approach
for MSS. The effects of VPA [11,12], DEXA [13], 4-PBA [14], and
TUDCA [15–17], which interfere with ER stress and the UPR, on the
UPR and cell death were investigated. Although VPA, DEXA, and 4-PBA
had minimal effects for exacerbated cell death after tunicamycin
treatment, TUDCA reduced cell death (Fig. 5A). ER stress-induced
apoptosis following tunicamycin treatment was also investigated in
MSS-LCLs derived from patients 3 and 4. TUDCA also significantly re-
duced ER stress-induced apoptosis in these cells (Fig. 5B). To elucidate
the cellular mechanism that underlies the inhibition of apoptosis, ex-
pression of UPR-related molecules and apoptosis markers was in-
vestigated by western blotting. Unexpectedly, the expression levels of
BIP and XBP1s did not differ (Fig. 6A). IRE1α can also interact with
TRAF2 to recruit and activate ASK1 and JNK [18,19]. The ASK1-JNK
pathway triggers apoptosis. Therefore, activation of the IRE1α-TRAF2-
ASK1-JNK pathway was also investigated. As expected, ASK1 was ac-
tivated in control LCLs and MSS-LCLs following tunicamycin treatment;
however, JNK was not obviously activated. Activation of ASK1 was
lower in MSS-LCLs than in control LCLs. TUDCA treatment did not
downregulate the IRE1α-TRAF2-ASK1-JNK pathway (Fig. 6B).

Next, the downstream apoptosis pathway was investigated.
Mitochondrial integrity was assessed by flow cytometry using JC-1
staining. After tunicamycin treatment, mitochondria were depolarized
in control LCLs and MSS-LCLs, and this was attenuated by TUDCA
treatment. During apoptosis, caspases are activated after mitochondrial
depolarization. Caspase cleavage was investigated following tunica-
mycin treatment with or without TUDCA (Fig. 7A). CASP3 and PARP
cleavage was significantly reduced after TUDCA treatment (Fig. 7B, C).
These data suggest that TUDCA can protect MSS-LCLs from ER stress-
induced apoptosis by inhibiting caspase activation to halt the apoptotic
pathway.

4. Discussion

We demonstrated that LCLs derived from MSS patients exhibit
spontaneous ER stress and are highly susceptible to ER stress-induced
apoptosis. However, a previous study reported that expression of
HYOU1 (also known as GRP150 and GRP170), BIP, and calreticulin
(CALR) is not altered in MSS-LCLs. In the current study, the expression
level of BIP differed between the MSS-LCLs, and the patient 4-derived
LCL exhibited minimal upregulation of BIP. The UPR and cell death
varied between the patients even though they all carried the same SIL1
mutation. One potential explanation may be that the expression or
function of molecules associated with ER stress, including HYOU1,
differed between the patients due to gene polymorphisms or epigenetic
modifications. This is a limitation of experiments using cell lines de-
rived from genetically heterogeneous patients. Although SIL1 was not
expressed in any of the cell lines used in the current or previous study,
the mutation patterns differed between the two studies. This could also
explain the contradictory findings. Alternatively, differences in cell
passage may be responsible. Replicative senescence increases BIP
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Fig. 5. TUDCA protects MSS-LCLs from ER stress-induced apoptosis.
(A) Percentage of dead cells in the patient 4-derived LCL. Cells were pretreated with
DMSO, VPA (1 mM, 24 h), DEXA (10 μM, 4 h), 4-PBA (500 μM, 4 h), and TUDCA
(500 μM, 4 h), and then DMSO or 2 μg/mL tunicamycin was added to pretreated cells.
The percentage of dead cells was determined at 24 h after tunicamycin treatment (n = 4).
(B) The percentage of apoptotic cells in control 1-, control 2-, patient 3-, and patient 4-
derived LCLs. Cells were pretreated with or without TUDCA and then stimulated with
tunicamycin. The assay conditions were the same as in (A). The apoptotic rate was cal-
culated by dividing the percentage of apoptotic cells in the tunicamycin-treated group by
that in the non-treated group (n = 4). Data are presented as mean ± SD from multiple
independent experiments. *p < 0.05, **p < 0.005, and ***p < 0.005. NT: no treat-
ment, TM: tunicamycin.
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expression [20]. All the cell lines used in the current study were be-
tween passage #10 and #20. However, the passage frequency differs
according to how cell lines are established and maintained. The level of
senescence may have been higher in some of our cell lines than in those
used in the previous study.

Until now, the etiology of MSS has been mainly investigated by
patient-based pathological analysis. Skeletal muscle biopsies from in-
dividuals with MSS exhibit various stages of nuclear degeneration,
scattered apoptotic cells [21], and autophagic vacuoles, indicating a
chronic myopathic process [22]. In brain autopsies, severe loss of
Purkinje cells in the cerebellum, mild loss of granule cells, and dis-
organization of the cytoarchitecture in the cerebral cortex are observed
[23,24]. Sil1-deficient woozy mutant mice exhibit a similar patholo-
gical phenotype as humans, as well as activation of the UPR in the
sarcoplasmic reticulum of skeletal muscle [25]. The present study links
the previously observed pathological phenotype and cellular biology.

SIL1 is expressed in various organs of mammals; however, the
symptoms of MSS are limited to specific organs, mainly neuromuscular
organs. HYOU1, a nucleotide-exchange factor, has functional re-
dundancy with SIL1 [26,27]. HYOU1 may compensate for the altered
function of SIL1 in non-affected organs in MSS. Another hypothesis is
that the level of cell turnover determines which organs are affected.
Terminally differentiated organs such as neurons and muscles are
mainly affected in MSS. MSS patients do not exhibit symptoms in the
hematologic system, digestive system, or skin, in which cell turnover is
rapid. Supply of cells in these organs is dependent on stem cell pro-
liferation, and cells have a relatively short lifespan. Because damaged
cells are rapidly removed, only a low level of ER stress may arise in
these tissues.

In MSS-LCLs, increased ER stress appeared to activate the UPR
predominantly via the IRE1α-XBP1 pathway and induced apoptosis.
The UPR signaling pathway comprises three branches: PRKR-like ER
kinase (PERK)–eIF2α, IRE1α–XBP1, and ATF6α [28]. IRE1α is a
transmembrane protein in the ER. Upon ER stress, IRE1α oligomerizes
and displays unconventional RNA splicing activity, removing an intron
from the XBP1 mRNA, which is translated into the functional tran-
scription factor XBP1s [28][29]. The IRE1α-XBP1 pathway enhances
protein folding/degradation to alleviate ER stress and maintain cell
survival. Under chronic ER stress, hyperactivated IRE1α promotes the
mitochondrial apoptotic pathway via a process called regulated IRE1-
dependent decay (RIDD) [30]. This process induces selective micro-
RNA decay, which results in caspase activation [31]. Therefore, in-
creased IRE1α-XBP1 signaling in MSS patient-derived cells may play an
important role in ER stress-induced degeneration of tissues. The BIP
level was obviously increased in unstressed non-treated MSS-derived
cells, whereas activation of the IRE1/XBP1 pathway was not detected.
This led us to hypothesize that ER stress can be better detected by
immunoblotting of BIP than of XBP1 or that the increase in the BIP level
is not sufficient to activate the IRE1/XBP1 pathway.

The roles of ATF6 and eIF2α were obscure in the present study. Lee
et al. reported that EBV LMP1 (an integral membrane protein) activates
the PERK, IRE1, and ATF6 pathways [32]. Garrido et al. revealed that
EBNA3C (an EBV-encoded nuclear protein) activates phosphorylation
of eIF2α at serine 51 by an interaction with Gadd34 [33]. The present
study analyzed EBV-transformed LCLs. Therefore, the EBV-derived
protein LMP1 or EBNA3C may interfere with evaluation of the UPR.
Hayashi et al. analyzed expression of the ER stress-related genes XBP1,
GRP78 (HSPA5), GRP94 (HSP90B1), CHOP (DDIT3), and CALR using
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EBV-transformed lymphoblastoid cells derived from patients with bi-
polar disorder. They reported that induction of XBP1s as well as total
XBP1 by thapsigargin is significantly attenuated in these patients. In-
duction of GRP94 by thapsigargin is also decreased. However, levels of
other molecules, including CHOP, are not altered [34]. This explains
why activation of the UPR was only demonstrated by upregulation of
BIP and XBP1 in the current study.

In our evaluation, TUDCA is a good candidate to modulate ER stress
in MSS. TUDCA significantly reduced ER stress-induced apoptosis in
MSS-LCLs. TUDCA is an endogenous hydrophobic bile acid used to treat
biliary cirrhosis [35]. TUDCA reduces ER stress by inhibiting activation
of the ER stress-associated proteins BIP, PERK, XBP1, and eIF2α
[16,36,37]. In addition, TUDCA exerts anti-apoptotic effects by in-
hibiting BAX translocation, release of cytochrome c, and caspase acti-
vation [38,39]. TUDCA principally acts by inhibiting activation of the
ER stress-associated proteins GRP78, PERK, eIF2α, ATF4, IRE1α, JNK,
p38, and CHOP. In particular, TUDCA inhibits the dissociation of
GRP78 and PERK, thereby reducing ER stress-mediated cell death [37].
However, we did not observe changes in the level of BIP or XBP1 or the
activation of ASK1 upon TUDCA treatment. Differences in the cell type
used, the duration of tunicamycin treatment, or the concentration of
tunicamycin may explain the discrepancies between our findings and
those of previous studies. In the current study, TUDCA ameliorated
mitochondrial damage and inhibited caspase activation and subsequent

apoptosis induction. TUDCA promotes phosphorylation of pro-apop-
totic BAD and its translocation from mitochondria to the cytosol,
thereby inhibiting apoptosis [40]. We speculate that this explains why
TUDCA treatment did not alter the level of BIP or XBP1s in the current
study. ER stress is involved in degenerative and inflammatory processes
in various neuronal and skeletal muscle diseases [41,42]. TUDCA has a
neuroprotective effect in some neurodegenerative diseases, such as
Huntington's disease [43], Alzheimer's disease [44], and Parkinson's
disease [45]. However, there is no report regarding a treatment strategy
for MSS or prevention of its progression. Considering safety and drug
bioavailability, TUDCA might be a promising drug to treat the myo-
pathy and neurological symptoms of MSS. One obvious limitation of our
data is that it was obtained in LCLs, which are not affected clinically in
MSS patients and woozy mice and also have been demonstrated to show
normal antibody responses [46] Additional work is needed to confirm a
potential use of TUDCA in cell populations affected by the disease and
in appropriate animal models.

5. Conclusion

MSS patient-derived cells display spontaneous ER stress and are
susceptible to ER stress-induced death. TUDCA treatment reduces ER
stress-induced apoptosis in MSS-LCLs. The potential of TUDCA as a
therapeutic agent for MSS could be explored further in preclinical
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Fig. 7. TUDCA inhibits caspase activation.
(A) Western blot analysis of BIP and XBP1s expression in
control 1- and patient 4-derived LCLs of the various
treatment groups. The assay conditions were the same as
in Fig. 5A. β-actin was used as a loading control. (control
n = 6, patient n = 4) (B) Cells with a depolarized mi-
tochondrial membrane potential were analyzed by flow
cytometry. The assay conditions were the same as in
Fig. 5A. (C) Representative western blot images of PARP
and cleaved PARP. (D) CASP3 and cleaved CASP3 in
control 1- and patient 4-derived LCLs. β-actin was used as
a loading control. The lower graphs indicate the ratio of
quantitative cleaved protein expression. The rate was cal-
culated by dividing the protein expression level by that in
tunicamycin-treated control LCLs (n = 3). Data are pre-
sented as mean ± SD from multiple independent experi-
ments. *p < 0.05.
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studies.
Supplementary data to this article can be found online at https://

doi.org/10.1016/j.jns.2017.12.010.
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Background and purpose: Mutations in the small heat-shock protein 22 gene

(HSPB8) have been associated with Charcot-Marie-Tooth disease type 2L, dis-

tal hereditary motor neuropathy (dHMN) type IIa and, more recently, distal

myopathy/myofibrillar myopathy (MFM) with protein aggregates and TDP-43

inclusions. The aim was to report a novel family with HSPB8K141E-related

dHMN/MFM and to investigate, in a patient muscle biopsy, whether the pres-

ence of protein aggregates was paralleled by altered TDP-43 function.

Methods: We reviewed clinical and genetic data. We assessed TDP-43 expres-

sion by qPCR and alternative splicing of four previously validated direct

TDP-43 target exons in four genes by reverse transcriptase–polymerase chain

reaction.

Results: The triplets and their mother presented in the second to third dec-

ade of life with progressive weakness affecting distal and proximal lower limb

and truncal muscles. Nerve conduction study showed a motor axonal neu-

ropathy. The clinical features, moderately raised creatin kinase levels, selec-

tive pattern of muscle involvement on magnetic resonance imaging and

pathological changes on muscle biopsy, including the presence of protein

aggregates, supported the diagnosis of a contemporary primary muscle

involvement. In affected muscle tissue we observed a consistent alteration of

TDP-43-dependent splicing in three out of four TDP-43-target transcripts

(POLDIP3, FNIP1 and BRD8), as well as a significant decrease of TDP-43

mRNA levels.

Conclusions: Our study confirmed the role of mutated HSPB8 as a cause of a

combined neuromuscular disorder encompassing dHMN and MFM with pro-

tein aggregates. We identified impaired RNA metabolism, secondary to TDP-

43 loss of function, as a possible pathological mechanism of HSPB8K141E toxi-

city, leading to muscle and nerve degeneration.

Introduction

Mutations in the small heat-shock protein 22 gene

(HSPB8) are associated with Charcot-Marie-Tooth

disease type 2L and distal hereditary motor neuropa-

thy (dHMN) type IIa [1,2].
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More recently, heterozygous HSPB8 mutations

(p.K141E and p.P173SfsX43) have been reported in

two unrelated families with distal myopathy and

motor neuropathy [3]. In these cases, muscle biopsy

showed changes consistent with myofibrillar myopathy

(MFM) along with protein aggregates and transactive

response DNA binding protein 43 (TDP-43) inclu-

sions. More recently, a p.Gln170GlyfsX45 mutation

causing HSPB8 haploinsufficiency was identified in

five cases from three unrelated families with dominant

adult-onset axial and distal myopathy, but no evi-

dence of neuropathy [4].

Here, we report a third family with autosomal dom-

inant dHMN and MFM/protein aggregate myopathy.

Using muscle biopsy tissue from a patient carrying

the K141E mutation in HSPB8 we have also investi-

gated whether the presence of protein aggregates was

paralleled by altered TDP-43 function, a finding of

possible pathogenic relevance to myofiber and nerve

degeneration.

Methods

Patients

Patients were assessed at the inherited neuropathy

clinic of the IRCCS Foundation (‘C. Besta’ Neurolog-

ical Institute, Milan, Italy) (patients I-1, II-1 and II-3)

and the National Hospital for Neurology and Neuro-

surgery (London, UK) (patient II-2). Detailed history,

clinical examination, neurophysiology and magnetic

resonance imaging of lower limb muscles were per-

formed. When available, muscle biopsy was reviewed.

Muscle strength was scored using the Medical

Research Council (MRC) grading scale.

Standard protocol approvals, registrations and patient

consents

Institutional review boards approved the study and all

examined family members gave written informed

consent.

Muscle pathology

Patient II-1 underwent quadriceps femoris muscle

biopsy. A muscle biopsy from quadriceps femoris

from a healthy subject was used as a control. Tissue

specimens were frozen in isopentane-cooled liquid

nitrogen and processed according to standard tech-

niques, as previously described [5]. For histology,

transverse sections (8 lm) were stained with Gomori

trichrome, hematoxylin and eosin, and Nicotinamide

adenine dinucleotide (NADH) tetrazolium reductase.

Immunofluorescence was performed with routine

protocols using the following antibodies: mouse anti-

myotilin (Novocastra, Leica Biosystems, Wetzlar,

Germania), rabbit anti-Alpha-B-crystallin (Millipore,

Billerica, MA, USA), rabbit anti-desmin and mouse

anti-myosin (Abcam, Cambridge, MA, USA).

Genetic analysis

Genomic DNA was extracted from peripheral lym-

phocytes using standard techniques. All exons and

their franking intronic regions of HSPB8, BAG3,

DES, CRYAB, MYOT, ZASP, FLNC, VCP,

DNAJB6 and FHL1 were sequenced directly using an

ABI PRISM 3130 automated sequencer (PE Applied

Biosystems, Foster City, CA, USA). Primer sequences

are available on request.

Sequence variants were assessed by using publically

available databases including the 1000 Genomes Pro-

ject database (http://www.1000genomes.org/), NHLBI

Exome Sequencing Project 5400 database (http://evs.

gs.washington.edu/EVS/), dbSNP135 (http://www.ncb

i.nlm.nih.gov/SNP/) and Human Gene Mutation

Database (http://www.hgmd.cf.ac.uk/).

RNA purification and reverse transcriptase–

polymerase chain reaction analysis and quantitative

real-time polymerase chain reaction analysis

Tissue (1 µg) from muscle biopsy of patient II-1 and

three normal controls (two males and one female, aged

55, 58 and 57 years, respectively) was homogenized in

1 mL of Trizol at 4°C. RNA was isolated using an

RNeasy mini kit (Qiagen, Hilden, Germany). Total

RNA from sample II-1 was purified using Trizol

reagent (Invitrogen, Carlsbad, CA, USA) according to

the manufacturer’s instructions. The complementary

DNA synthesis was performed using 1 lg of each RNA

sample, Moloney murine leukemia virus reverse tran-

scriptase (Invitrogen) and random hexameric primers.

Polymerase chain reaction (PCR) analysis was per-

formed using the following primers: DNA polymerase

delta-interacting protein 3 (POLDIP3) (NM_

001278657) (Fw: 50-GCTTAATGCCAGACCGGGAG

TTG-30; Rev: 50-TCATCTTCATCCAGGTCATATAAA

TT-30); microtubule-associated protein (MAP) kinase-acti-

vating death domain (NM_130470) (Fw: 50-GACCTGA

ATTGGGTGGCGAGTTCCCT-30; Rev: 50-CATTGGT

GTCTTGTACTTGTGGCTC-30); folliculin-interacting

protein 1 (FNIP1) (NM_001008738) (Fw: 50-GCTACA

AGATAGTCTTGAATTCATC-30; Rev: 50-CAGAC

CGTGCTATGCCACTGTCTCT-30); bromodomain-
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containing protein 8 (BRD8) (NM_139199) (Fw:

50CAATTCTTGGCCACGCAGTTGATTA-30; Rev: 50-

CTCAGAGAGAAAGTGGAGGAGGTTC-30) and

TRAF2 and NCK-interacting kinase (TNIK)

(NM_015028) (Fw: 50-CAAAGGCGAGAGAAGGAG

CTG-30; Rev: 50-CTGATGCTGAAGGGAAACTAA

G-30).

In all experiments, exon inclusion/exclusion was

quantified using Image J according to the methodol-

ogy described previously [6].

The quantification of transactive response (TAR)

DNA-binding protein (TARDBP) and HSPB8 gene

expression levels was performed by real-time PCR

using SYBR green technology. Specific primers for

TARDBP and HSPB8 genes were designed using Bea-

con designer software (Bio-Rad, Hemel Hempstead,

UK) and are as follows: TDP-43 (Fw: 50-ATC

TGGTGTATGTTGTCAACTATCC-30; Rev: 50-GAA

CTTCTCCAAAGGTACTAAAATACTC-30) and

HSPB8 (Fw: 50-GCACAGCTTCAAGCCAGAG-30;

Rev: 50-CAAATGTTGAGTAAGGAGGGACC-30).

The housekeeping genes GAPDH and RPL13a

were used to normalize the results of TDP-43 and

HSPB8, respectively. All amplifications were per-

formed on a CFX96 real-time PCR detection system

(Bio-Rad).The detailed qPCR conditions comprised

95°C for 3 min, followed by 45 cycles of 95°C for

15 s and 60°C for 30 s. The relative expression levels

were calculated according to the 2DCt method, by

using the equation DCt = Ct(target) � Ct(housekeeping)

for Ct normalization. The box plots of the real-time

PCR were created by using the DCt (TDP-43–

RPL13a or HSPB8–glyceraldehyde-3-phosphate dehy-

drogenase) values of the patient and controls (n = 3).

The results represent the average and SD of

two independent experiments, with two technical

replicates.

SH-SY5Y cell line small interfering RNA

Human neuroblastoma SH-SY5Y cells were cultured

in Dulbecco’s Modified Eagle Medium (DMEM)–Glu-

tamax-I (Gibco-BRL, Life Technologies Inc., Freder-

ick, MD, USA) supplemented with 10% fetal bovine

serum (Gibco-BRL, Life Technologies Inc.) and

antibiotic–antimycotic-stabilized suspension (Sigma-

Aldrich, St Louis, MO, USA) at 37°C in an incubator

with a humidified atmosphere of 5% CO2. The small

interfering RNA (siRNA) sense sequences used for

silencing the different target proteins were as follows:

luciferase (control) (50-UAAGGCUAUGAAGAGA

UAC-30) and TDP-43 (50-AAGCAAAGCCAAGAU

GAGCCU-30). The siRNA-mediated TDP-43 silencing

in these cells was described in detail previously [7].

Case report

Family pedigree

The pedigree was consistent with an autosomal domi-

nant neuromuscular disorder, with trizygotic triplets

and their mother affected (Fig. 1a).

Case 1 (II-1)

The index case, a 31-year-old female, reported normal

birth and developmental milestones. She underwent

surgery for pes planus at the age of 6 years. At the

age of 20 years, she started complaining of calf muscle

cramps and progressive walking difficulties. She

reported repeated ankle sprains and frequent falls in

her late 20s, causing repeat fractures of fibular and

peroneal bones. She was referred to our service at the

age of 31 years.

Neurological examination showed waddling and

high-stepping gait. She was unable to stand from

kneeling or sitting and she needed help to sit from the

lying position. She had proximal and distal atrophy in

the lower limbs (Fig. 1b). Strength was reduced in

proximal muscle groups (hip flexion 4 bilaterally, knee

extension 3 on the right and 2 on the left) and distal

muscles (foot dorsiflexion 4 bilaterally, foot plantar

flexion 4 on the right and normal on the left, toe

extension 3 on the right and 2 on the left). Neck flex-

ors were also weak to grade 3, but neck extensors

were normal. Deep tendon reflexes (DTRs) were pre-

sent in the upper limbs and absent in the lower limbs.

Examination of cranial nerves and upper limbs was

normal. Sensation was normal throughout.

Creatin kinase (CK) was slightly raised (274 IU/L;

normal value = 24–150 IU/L). Nerve conduction stud-

ies (NCSs) showed markedly reduced compound

motor action potential amplitudes in the lower limbs

(peroneal nerve, 0.2 mV; tibial nerve, 2 mV) and bor-

derline values in the upper limbs (ulnar nerve, 6 mV;

median nerve, 7 mV). Motor and sensory conduction

velocities and sensory action potentials were normal.

Electromyography (EMG) showed mixed myopathic

and neurogenic changes in proximal and distal muscle

groups.

Muscle magnetic resonance imaging showed a selec-

tive pattern of muscle fatty degeneration with promi-

nent involvement of quadriceps, adductor magnus,

medial gastrocnemius and peroneus muscle groups

(Fig. 2).

A quadriceps muscle biopsy showed the presence of

marked fiber size variability, split fibers, internal

nuclei and grouping of hypotrophic fibers belonging

to both fiber types, suggesting a primary myopathy.

© 2017 EAN
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Rimmed vacuoles, subsarcolemmal masses and core-

like structures on oxidative stains were also observed.

On immunofluorescence analysis, several fibers

contained protein aggregates that were positive for

Alpha-B-crystallin and myotilin (Fig. 3a–f). As a con-

trol, core-like structures and myotilin-positive aggre-

gates were absent from healthy control muscle biopsy

(Fig. 3g and h). Stains for desmin and myosin had

normal distribution. On electron microscopy, Z-line

streaming was observed in rare sarcomeres (data not

shown).

Case 2 (II-2)

This patient had a normal birth and developmental

milestones. Onset of symptoms occurred during ado-

lescence, when he noticed that he could not sprint

during basketball matches. In his 20s, he noticed that

he could not stand from squatting and had difficulty

in jumping and climbing stairs. He stopped running at

24 years of age. Since then, he has experienced pro-

gressive difficulty in standing up and frequent falls.

He denied symptoms in the upper limbs.

Examination at the age of 31 years showed diffi-

culty in standing from the chair. He walked with a

waddling gait. He could stand on his toes but had dif-

ficulty in standing on his heels. Cranial nerves were

normal. Tone and strength were normal in the upper

limbs. There was no scapular winging. In the lower

limbs, he had severe proximal and distal wasting that

was more pronounced proximally. He had proximal

weakness with hip flexion grade 4 on the right and 2

on the left, knee flexion grade 4 bilaterally, and knee

extension grade 4 on the right and 2 on the left. He

had very mild distal weakness with ankle dorsiflexion

grade 4+ on the right but normal on the left and toe

extension grade 4 bilaterally. Ankle plantar flexion

was preserved. He had truncal weakness. Reflexes

Figure 1 (a) Pedigree and allelic state for c.421A>G, p.K141E in HSPB8 and c.743A>G, p.H248R in BAG3 in patients I-1, II-1,II-2

and II-3. (b) Proximal and distal lower limb atrophy with relatively preserved muscle bulk at upper limbs. (c) Electropherograms

showing the c.421A>G change (red highlighted) of HSPB8 gene in affected family members. [Colour figure can be viewed at wileyonli-

nelibrary.com].
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were brisk in upper limbs and normal in lower limbs.

Sensory examination was normal.

The CK level was elevated at 656 IU/L (n.v. = 38–

204 IU/L). NCSs showed absent tibial compound

motor action potential bilaterally and reduced per-

oneal compound motor action potential amplitude

with normal conduction velocities. Sensory responses

were normal. EMG showed myopathic changes in

proximal lower limb muscles and bilateral medial gas-

trocnemius in a patchy distribution. Chronic neuro-

genic changes with large motor units were recorded

bilaterally at tibialis anterior muscles.

Muscle magnetic resonance imaging showed a selec-

tive pattern of fatty degeneration with the adductor

magnus and adductor longus muscles being severely

degenerated and the quadriceps femoris showing vari-

able involvement. Adductor brevis, sartorius, gracilis

and hamstring muscles were less involved. In the calves,

tibialis posterior, both heads of gastrocnemius and per-

oneus longus muscles showed marked fatty degenera-

tion and volume loss with sparing of other muscles.

Case 3 (II-3)

Onset of symptoms, encompassing difficulties with ris-

ing from a sitting position and impossibility of run-

ning, occurred in her late 20s. At the age of 31 years,

neurological examination showed pes cavus with ham-

mertoes and moderate wasting of the thighs, but only

minimal atrophy of the legs. There was mild weak-

ness, grade 4, of neck flexion, hip flexion and abduc-

tion, knee extension and flexion, foot dorsiflexion and

toe extension. DTRs were normal throughout, except

for ankle DTRs, which were brisk. She had a steppage

gait but walking was only slightly affected. She was

able to rise on her toes but could not walk on her

heels. She needed to push herself with her arms in

order to get up from a chair and also found it difficult

to sit from the lying position. The remainder of the

examination was unremarkable. CK was raised. EMG

and NCSs were only performed at the age of 15 years

and were reportedly normal.

Case 4 (I-1)

The mother of the triplets reported difficulties with

climbing stairs since the age of 30 years. Thereafter,

walking progressively worsened and she needed a stick

by the age of 52 years and two crutches 3 years later.

By the age of 55 years she needed a wheelchair for

longer distances.

Neurological examination at the age of 58 years

showed diffuse atrophy of lower limbs, hyperextended

knees, pes cavus and hammertoes. Independent

(a) (b)

(c) (d)

Figure 2 Magnetic resonance axial T1-weighted (a and c) and T2-STIR (b and d) sequences at the level of the thigh (a and b) and calf

(c and d) in case II-1. In the thigh (a and b), a nearly complete fatty substitution of the quadriceps muscle is evident as hyperintensity

bilaterally (a, arrows); the adductor magnus is also involved, although to a lesser extent (a, *). No edema-like alterations are docu-

mented in the T2-STIR sequences (b). In the calf (c and d), there is selective fatty substitution at the level of the peroneal (c, *) and

both gemini muscles, predominantly the medial ones (c, arrows). A slight hyperintensity is also evident in the T2-STIR sequence (d) at

the level of the right soleus (arrow).
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walking was not possible. There was reduced power

of truncal, upper and lower limb muscles (neck flex-

ion, abductor pollicis brevis, first dorsal interosseous

and extensor digitorum, all grade 4, hip flexion 4 on

the right, hip extension 2 bilaterally, knee extension 4

on the right and 3 on the left, and knee flexion 2

bilaterally). No active movements of feet and toes

were possible. DTRs were present in upper limbs and

absent in lower limbs. There was no sensory loss. CK

was moderately increased. NCSs were in keeping with

an axonal motor neuropathy with mixed neurogenic/

myopathic changes on EMG.

Genetic analysis

A heterozygous c.421A>G (p.Lys141Glu) change in

exon 2 of HSPB8 was identified in all four affected

family members (Fig. 1a and c). The unaffected father

was not available for testing. This is the same change

as previously reported in dHMN2A/Charcot-Marie-

Tooth disease type 2L and distal myopathy and motor

neuropathy [3,8]. In addition, in cases I-1 and II-2 we

found a heterozygous c.743A>G (p.His248Arg)

change (rs369947845) in exon 3 of BAG3 (Fig. 1a),

which is also present, although rare, in public control

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3 Muscle pathology. (a)

Gomori’s trichrome 1009. Marked fiber

size variability including small groups of

hypotrophic fibers, several splittings and

internal nuclei, and a few fibers with

rimmed vacuoles. (b) ATPase pH 4.3

1009. Grouping of hypotrophic fibers

belonging to both fiber types. (c)

Gomori’s trichrome 4009 [detail of (a)].

Some fibers with hyperchromic cytoplas-

mic areas. (d) NADH 4009. A few

fibers with irregular distribution of enzy-

matic activity, including core-like

aspects. (e) Anti-myotilin 4009.

Positivity in a few cytoplasmic areas. (f)

Anti-Alpha-B-crystallin 4009. Cytoplas-

mic positivity in several fibers. (g)

NADH 2009. Normal staining. (h)

Anti-myotilin 4009. Normal pattern. a–f

are from patient II-1. g and h are from

a normal control and are shown for

comparison. [Colour figure can be

viewed at wileyonlinelibrary.com].
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databases (0.000028% of healthy controls in gnomAD

browser). No mutation was found in DES, CRYAB,

MYOT, ZASP, FLNC, VCP, DNAJB6 or FHL1.

Altered TDP-43-dependent splicing in HSPB8K141E

muscle tissue

The TDP-43-positive aggregates were reported to be

present in numerous fibers from patients with HSPB8-

related dHMN/MFM and are also a common finding

in other protein aggregate myopathy [3,9,10]. There-

fore, we investigated, in the muscle biopsy of the

HSPB8K141E case (II-1), whether the presence of pro-

tein aggregates was paralleled by changes of TDP-43

expression. As shown in Fig. 4, TDP-43 mRNA was

significantly lower in the HSPB8K141E muscle biopsy

than in muscle from normal controls (Fig. 4a). Con-

versely, no changes of expression of HSPB1 were

detected by qPCR (Fig. 4b).

It was then of interest to determine whether this

apparent loss of TDP-43 expression was also accom-

panied by a loss of function of TDP-43 splicing regu-

lation. The ability of TDP-43 to regulate RNA

splicing is particularly important in neurodegenerative

diseases as a large proportion of genes affected by its

aggregation have been shown to be important for neu-

ronal survival [11–13]. This was evaluated by assess-

ment of alternative exon splicing of four validated

Figure 4 TDP-43 molecular signature in HSPB8K141E-affected muscle tissue. Box plots of TAR DNA-binding protein (TARDBP) (a) and

HSPB8 (b) mRNA levels measured using qPCR of the controls and the HSPB8 proband as DCt values. The box whisker plots visualize

the minimum (end of the bottom whisker), first quartile (bottom border of the box), median (line through the box), third quartile (top bor-

der of the box) and maximum (end of the top whisker) of the distribution. The RPL13a housekeeping gene was used for normalization of

TDP-43 expression for the upper graph and glyceraldehyde-3-phosphate dehydrogenase for the lower graph. (c) Alternative splicing of

selected genes in controls versus the HSPB8 patient. For each gene, as comparison with a TDP-43 loss-of-function situation, we used SH-

SY5Y cell lines treated with either control small interfering RNA (siRNA) (lane �) or TDP-43 siRNA (lane +). Standard reverse tran-

scriptase–polymerase chain reaction amplifications were then performed for the POLDIP3, BRD8, FNIP1,MADD/IG20 and TNIK tran-

scripts. The labeling on the right shows the affected exons in each case. Band image quantification was performed using the ImageJ

program. BRD8, bromodomain-containing protein 8; FNIP1, folliculin-interacting protein 1; HSPB8, small heat-shock protein 22; NS,

not significant; TNIK, TRAF2 and NCK-interacting kinase. [Colour figure can be viewed at wileyonlinelibrary.com].
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TDP-43-dependent target genes, as described in previ-

ous works by some of us [7]. The genes examined

were as follows: POLDIP3 (NM_001278657), BRD8

(NM_139199), FNIP1 (NM_001008738), microtubule-

associated protein (MAP) kinase-activating death

domain (NM_130470) and TNIK (NM_015028).

For all of these genes, we evaluated the ratio of

exon skipping:inclusion or the appearance of pseu-

doexon activation in the case of TNIK. As an addi-

tional control, we included in this analysis a neuronal

control cell line (SH-SY5Y) where endogenous TDP-

43 has been silenced using siRNA. In this way, we

were also able to compare the muscle splicing profiles

with neuronal cell line splicing profiles.

As shown in Fig. 4c, this analysis showed that,

when we compared a representative normal muscle

splicing profile with HSPB8K141E muscle tissue (lanes

3 and 4), there was a decrease of exon 3 inclusion in

the POLDIP3 gene, an increase in exon 20 inclusion

in the BRD8 gene and an increase in exon 7 skipping

for the FNIP1 gene (red highlighted). Importantly,

these three results were consistent with the observed

splicing changes detected in the control SH-SY5Y cell

lines both before and after siRNA silencing on TDP-

43, thus confirming a change in splicing profile consis-

tent with a loss of TDP-43 function.

However, differently from cell line results, no changes

were noted in the splicing profile of microtubule-asso-

ciated protein (MAP) kinase-activating death domain

exon 31 splicing in HSPB8K141E muscle compared with

control muscle. In particular, in the HSPB8K141E mus-

cle sample there was no appearance of the pseudoexon

inclusion band that is visible in SH-SY5Y cells silenced

for TDP-43. Finally, no difference could be observed in

the case of the TNIK gene. However, differently from

the neuronal cell line, where depletion of TDP-43 leads

to an increased inclusion of exon 16, in muscle cell this

exon is 100% included and therefore any loss of func-

tion of TDP-43 could not have made any detectable

change for this particular gene.

In conclusion, in HSPB8K141E muscle tissue the

splicing of three out of four assessed transcripts (POL-

DIP3, BRD8 and FNIP1) showed changes of exon

alternative splicing consistent with TDP-43 loss of

function.

Discussion

HSPB8 is a member of a family of 10 small heat-

shock proteins (HSPs) that are molecularly defined by

the presence of a highly conserved Alpha-B-crystallin

domain and are functionally involved in chaperone-

mediated autophagy [14]. Mutations of the 141 lysine

residue in the Alpha-B-crystallin domain of HSPB8

have been reported in multiple families with autoso-

mal dominant dHMN and Charcot-Marie-Tooth dis-

ease type 2 [1,2] and, more recently, in a few families

with MFM. The exact pathogenesis is still unclear

and different mechanisms have been hypothesized,

including reduced chaperoning function and impaired

protein turnover, disruption of cytoskeleton integrity

and altered interaction with the survival motor neuron

complex.

The HSPB8-related neuropathy typically has an

onset in the second to third decade of slowly progressive

distal atrophy and weakness, with no or mild sensory

involvement. Our cases, as well as those reported by

Ghaoui et al. [3] carrying the same K141E mutation in

HSPB8, had proximal as well as distal weakness of the

lower limb muscles. Moreover, our patients consistently

showed neck flexor and truncal muscle involvement

with early difficulties in sitting from the lying position,

which is extremely unusual in conditions affecting

peripheral nerves and prompted us to suspect a concur-

rent muscle involvement. None of them showed camp-

tocormia. Reassuringly, respiratory and cardiac muscle

do not seem to be affected in HSPB8-related dHMN/

MFM, as opposed to other causes of MFM.

Additionally, two of the cases that we are reporting

also carried a rare His248Arg variant in BAG3. Due

Table 1 Genes and conditions associated with contemporary or

alternative muscle and nerve involvement

Genes and conditions responsible for contemporary nerve and

muscle involvement

HSPB8 [1–4]

BAG3 [15]

GBE1 [22] (adult polyglucosan body disease)

Mitochondrial disorders [23]

HSPB1 [8,24,25]

Genes and conditions associated with myopathy. Possible

neurogenic changes on EDx study

MYOT [26]

ZASP [27]

CRYAB (HSPB5) [28]

PABPN1 [29]

sIBM [30]

Genes associated with neuropathy/neuronopathy. Possible muscle

involvement or significantly raised CK

MATR3 [31], AR (Kennedy’s disease) [32], XK (McLeod

syndrome) [33]

Other causes of alternative muscle or nerve involvement (variable

expressivity depending on different mutations)

LMNA [34–36], DNM2 [37,38], VCP [17–19], HNRNPA1 [39]

AR, androgen receptor; BAG3, BCL2-associated athanogene 3; CK,

creatin kinase; CRYAB, Alpha-B-crystallin; DNM2, dynamin 2;

EDx, electrodiagnostic; HNRNPA1, heterogeneous nuclear ribonu-

cleoprotein A1; HSPB1, small heat-shock protein 27; HSPB8, small

heat-shock protein 22; LMNA, lamin A/C; MYOT, myotilin;

PABPN1, poly(A) binding protein nuclear 1; sIBM, sporadic inclu-

sion body myositis; VCP, valosin-containing protein; XK, X-linked

Kx blood group; ZASP, ZO-2-associated speckle protein.
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to lack of segregation, this latter variant is unlikely to

be the primary cause of the neuromuscular condition

of the patients, who all show an almost identical clini-

cal phenotype. However, a role of the BAG3 as a

modifier cannot be ruled out.

The list of genes and conditions responsible for

combined muscle and nerve involvement is expanding

(Table 1). Mutations in genes encoding other heat-

shock proteins, including HSPB1 and HSPB5/

CRYAB, as well as in genes involved in protein

degradation and chaperone-assisted selective autop-

hagy (e.g. VCP, MATR3, BAG3) all show heteroge-

neous clinical expressivity ranging from myopathic to

neuropathic, neuronopathic and mixed phenotypes

[15–19]. It is of interest that TDP-43-positive protein

aggregates on muscle biopsy are a common pathologi-

cal finding of many of these conditions.

TDP-43 is an RNA-binding protein involved in dif-

ferent stages of RNA processing, including splicing

regulation, and it constitutes the major component of

pathological inclusions present in the brain of patients

affected by amyotrophic lateral sclerosis and fron-

totemporal lobar degeneration [20]. Numerous studies

have demonstrated that changing the expression level

of TDP-43 is sufficient to alter the expression and

splicing of hundreds RNAs in vitro [11,12]. Moreover,

changes of RNA processing have been identified in

induced pluripotent stem cells cell lines derived from

patients with amyotrophic lateral sclerosis carrying

TARDBP mutations and muscle fibers from patients

with sporadic inclusion body myositis [9,21].

Here we show a consistent alteration of TDP-43-

dependent splicing in three out of four previously vali-

dated direct TDP-43 target transcripts. This finding

points to a loss of function of TDP-43 in HSPB8-

related dHMN/MFM and suggests that impaired

RNA metabolism could contribute to HSPB8 pathol-

ogy. Therefore, other transcripts relevant to nerve and

muscle survival may be abnormally spliced as a result

of TDP-43 loss of function.

Unfortunately, due to unavailability of muscle tis-

sue, we were unable to confirm the presence of TDP-

43 aggregates in the patient muscle biopsy. However,

TDP-43 inclusions were present in the myofibers of

previously reported patients with HSPB8-related

dHMN/MFM and have been consistently identified in

numerous myopathies with protein aggregates, as pre-

viously discussed.

In conclusion, our study confirms the role of mutated

HSPB8 as a cause of a combined neuromuscular disor-

der encompassing dHMN and MFM/protein aggregate

myopathy. It will be important for clinicians to con-

sider the possibility of both neuropathy and myopathy

being present in any patient with a HSPB8 mutation, as

well as in other conditions traditionally considered to

affect only either nerve or muscle, in order to better

counsel patients. This also has clear implications for

clinical scientists interpreting data from whole exome

sequencing studies, warranting careful consideration of

all variants in genes associated with neuromuscular

conditions and in terms of tissue distribution of future

treatments for these conditions. Finally, we identified

an altered splicing of several TDP-43 target genes in

muscle tissue from a patient carrying the HSPB8K141E

mutation, suggesting that TDP-43 loss of function and

impaired RNA metabolism could play a role in muscle

and nerve degeneration in HSPB8-related disease.
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Abstract

Autophagy, a self-digestive system for cytoplasmic components, is required to maintain the

amino acid pool for cellular homeostasis. We previously reported that the macrolide antibiot-

ics azithromycin (AZM) and clarithromycin (CAM) have an inhibitory effect on autophagy

flux, and they potently enhance the cytocidal effect of various anticancer reagents in vitro.

This suggests that macrolide antibiotics can be used as an adjuvant for cancer chemother-

apy. Since cancer cells require a larger metabolic demand than normal cells because of

their exuberant growth, upregulated autophagy in tumor cells has now become the target for

cancer therapy. In the present study, we examined whether macrolides exhibit cytotoxic

effect under an amino acid-starving condition in head and neck squamous cancer cell lines

such as CAL 27 and Detroit 562 as models of solid tumors with an upregulated autophagy in

the central region owing to hypovascularity. AZM and CAM induced cell death under the

amino acid-depleted (AAD) culture condition in these cell lines along with CHOP upregula-

tion, although they showed no cytotoxicity under the complete culture medium. CHOP

knockdown by siRNA in the CAL 27 cells significantly suppressed macrolide-induced cell

death under the AAD culture condition. CHOP-/- murine embryonic fibroblast (MEF) cell

lines also attenuated AZM-induced cell death compared with CHOP+/+ MEF cell lines. Using

a tet-off atg5MEF cell line, knockout of atg5, an essential gene for autophagy, also induced

cell death and CHOP in the AAD culture medium but not in the complete culture medium.

This suggest that macrolide-induced cell death via CHOP induction is dependent on autop-

hagy inhibition. The cytotoxicity of macrolide with CHOP induction was completely cancelled

by the addition of amino acids in the culture medium, indicating that the cytotoxicity is due to

the insufficient amino acid pool. These data suggest the possibility of using macrolides for

“tumor-starving therapy”.
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Introduction

Head and neck squamous cell carcinomas (HNSCCs) occur frequently with more than

500,000 new cases diagnosed worldwide each year [1]. Recurrent and/or metastatic HNSCC

patients receive platinum-based chemotherapy as a first-line treatment [2]. As 80%-100% of

HNSCCs have an increased expression level of epidermal growth factor receptor (EGFR),

cetuximab, a humanized IgG monoclonal antibody against EGFR, has become increasingly

used in combination therapy [3]. However, only few patients show long-term responses, indi-

cating that more effective therapeutic strategies are required for improved therapeutic out-

come [4].

Cancer cells grow faster than normal cells in vivo, and they are believed to exhibit a higher

metabolic demand [5]. In particular, HNSCC cells with increased activation of EGFR-related

signals require a larger metabolic demand. To meet the amino acid demand, cancer cells

increase the expression level of amino acid transporters such as LAT1, as well as the activation

of autophagy for degradation of their cytoplasmic proteins and organelles to recycle the intra-

cellular amino acids [6, 7]. Autophagy is a self-eating process wherein cells capsulate their own

cytoplasmic proteins and organelles in double-membrane vesicles to form autophagosomes.

They are transported to the lysosome following membrane fusion to each other (autolyso-

somes). The contents of autolysosomes are finally degraded by lysosomal hydrolases [8]. The

resulting breakdown products are used as a source of energy and new protein synthesis [9].

Autophagy is indispensable for cell survival and is enhanced under a nutrient-starved condi-

tion, particularly in solid tumors because of their excessive metabolic requirements and hypo-

vascular condition [10, 11].

We previously reported that clinically well-used macrolide antibiotics, such as azithromycin

(AZM) and clarithromycin (CAM), block autophagy flux [12, 13]. In multiple myeloma and

breast cancer cells, we found that apoptosis induction was enhanced by the proteasome

inhibitor bortezomib and AZM or CAM combination treatment together with endoplasmic

reticulum (ER)-stress loading [12, 14]. In terms of drug-repositioning, AZM and CAM are

considered strong candidates as clinical autophagy inhibitors. There is, however, still a need to

further clarify the specific molecular mechanism responsible for macrolide-induced autophagy

inhibition [15].

In the current study, we first show that AZM and CAM exert a potent cytotoxic effect on

HNSCC cell lines only under amino acid-depleted (AAD) culture conditions. We further

discuss the possibility of “tumor-starving therapy” using macrolide antibiotics in HNSCC

patients.

Materials and Methods

Reagents

AZM was purchased from Tokyo Chemical Industry (Tokyo, Japan), and was dissolved in

dimethyl sulfoxide (DMSO) to prepare 50 mM stock solutions. CAM was purchased from

Wako Pure Chemical Industries (Osaka, Japan) and was dissolved in ethanol to prepare 5 mM

stock solutions. E-64d and pepstatin A, which are inhibitors of lysosomal proteases, and

Z-VAD-fmk, which is a pan-caspase inhibitor, were all purchased from Peptide Institute

(Osaka, Japan). Necrostatin-1, a specific inhibitor of RIPK1, was purchased from Enzo Life

Sciences (Farmingdale, NY, USA). Thapsigargin was purchased from Nacalai Tesque (Kyoto,

Japan). Doxycycline hydrochloride, Chloroquine diphosphate, DL-α-Tocopherol and Astax-
anthin were from Sigma-Aldrich (St. Louis, MO, USA). Amino acid-free Dulbecco’s Modified

Eagle’s Medium (DMEM) (048–33575), MEM Essential Amino Acids Solution (100x) (132–

Tumor-Starving Therapy Using Macrolide Antibiotics in HNSCC
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15641) and MEMNon-essential Amino Acids Solution (50x) (139–15651) were purchased

fromWako Pure Chemical Industries.

Cell lines and culture conditions

The human oral squamous cell carcinoma cell line CAL 27 and the human pharyngeal carci-

noma cell line Detroit 562 obtained from the American Type Culture Collection (ATCC,

Manassas, VA, USA) were cultured in DMEM plus 10% fetal bovine serum (FBS) (Biowest,

Nuaillé, France), and 1% penicillin/streptomycin solution (Wako Pure Chemical Industries).

A CHOP-/- murine embryonic fibroblast (MEF) cell line (CHOP-KO-DR) established from a

13.5-day-old CHOP-/- mouse embryo by SV-40 immortalization and a CHOP+/+ MEF cell line

(DR-wild-type) established by SV-40 immortalization as a control cell line for CHOP-KO-DR

were also obtained from the ATCC, and were cultured in DMEM plus 10% FBS and 1% peni-

cillin and streptomycin. The “AAD culture medium” described in this manuscript indicates

amino acid-free DMEM plus 10% FBS and 1% penicillin and streptomycin. Normal DMEM

contains a sufficient amount of 20 amino acids including 75 mg/L L-glutamic acid and 30 mg/

L L-methionine, whereas amino acid-free DMEM contains no amino acids; AAD culture

medium (amino acid-free DMEM plus 10% FBS) only contains amino acids less than 1/10 of

complete DMEM with 10% FBS. The m5-7 cell line, an atg5 tet-off MEF system, was a kind

gift from Dr. Noboru Mizushima (The University of Tokyo, Tokyo, Japan). Details of the cul-

ture conditions for passage and the condition for knock-out of the atg5 gene for complete

autophagy inhibition were previously described [16]. All cell lines were cultured in a humidi-

fied incubator containing 5% CO2 and 95% air at 37˚C. All cell lines were used for the experi-

ments within 5 passages after thawing.

Assessment of cell growth inhibition and apoptosis induction

Cell growth inhibition was measured by the Cell Titer-Blue cell viability assay (Promega,

Madison, WI, USA). Cells were treated with or without drugs for 24, 48, and 72 hrs in 96-well

plates. In the last 4 hrs, the Cell Titer-Blue reagent was added to each well, and fluorescence

was measured at 560 nm excitation and 590 nm emission. The percentage of the mean fluores-

cence measured to that in untreated cells was expressed as % cell growth inhibition.

For assessment of apoptosis, cells were stained with Annexin V and propidium iodide (PI)

using APOPCYTOTM Annexin V-Azami-Green Apoptosis Detection kit (MBL, code 4690,

Nagoya, Japan) according to the manufacturer’s instructions and subjected to flow cytometry

using Attune1 Acoustic Focusing Cytometer (Life Technologies, CA, USA).

Immunoblotting

Immunoblotting was performed as previously described in detail [17]. Briefly, cells were lysed

with RIPA lysis buffer (Nacalai Tesque) containing 1 mM PMSF, 0.15 U/ml aprotinin, 10 mM

EDTA, 10 ng/ml sodium fluoride and 2 mM sodium orthovanadate. Cellular proteins were

quantified using a DC Protein Assay (Bio-Rad, Richmond, CA). Equal amounts of proteins

were loaded onto the gels, separated by SDS-PAGE and transferred to an Immobilon-P mem-

brane (Millipore, Bedford, MA, USA). The membranes were probed with primary antibodies

(Abs) such as anti-microtubule- associated protein 1 light chain 3 (LC3) B antibody (Ab)

(NB600-1384; Novus Biologicals, Inc., Littleton, CO), and anti-phosoho-eIF2α (Ser51) Ab

(#9721S), anti-CHOP (GADD153) monoclonal (m) Ab (#2895S), anti-p70S6K Ab (#9202S),

anti-phospho-p70S6K (Thr389) Ab (#9205S), anti-PARP Ab (#9542) (Cell Signaling Technol-

ogy, Danvers, MA, USA), and anti-p62 (sequestosome-1) mAb (sc-28359), anti-GAPDHmAb

(sc-32233), and anti-β-actin mAb (sc-47778) (Santa Cruz Biotechnology, Santa Cruz, CA,

Tumor-Starving Therapy Using Macrolide Antibiotics in HNSCC
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USA) and anti-XBP-1s Ab (S647501) (BioLegend, San Diego, CA). Immunoreactive proteins

were detected with horseradish peroxidase-conjugated second Abs (Jackson, West Grove, PA)

and an enhanced chemiluminescence reagent (ECL) (Millipore). Densitometry was performed

using a Molecular Imager, ChemiDoc XRS system (Bio-Rad).

Detection of intracellular reactive oxygen species

Reactive oxygen species (ROS) was quantified using ROS-Glo™H2O2 Assay (Promega) accord-

ing to the manufacture’s instruction. Cells were treated on a white 96-well plate with the

medium plus the test compound (total: 80 μL). To each well, 20 μL of H2O2 substrate solution

was added, and cells were incubated at 37˚C/5% CO2 for 6 hrs. After incubation, 100 μL of the

detection solution was added. After 20 min incubation at room temperature, the relative lumi-

nescence was measured.

Transfection of CHOP siRNAs

For the gene silence of CHOP in CAL 27 cells, CHOP siRNA (VHS40605) and a control

siRNA (12935–300), whose sequences are described below, were purchased from Thermo

Fisher Scientific., and diluted to a final concentration of 33 nM in Opti-MEM I (Thermo

Fisher Scientific). Transfection was performed with the cells at 50% confluency using Lipofec-

tamine RNAi MAX transfection reagent (Thermo Fisher Scientific) according to the manufac-

turer’s instruction.

CHOP sense: UUUCCUGCUUGAGCCGUUCAUUCUC, CHOP antisense: GAGAAUGAACGGCU
CAAGCAGGAAA, Control sense and antisense: not shown

Assessment of morphology in cultured cells

Cells were spread on slide glasses using Cytospin 4 Centrifuge (Thermo Fisher Scientific, Inc.,

Rockford, IL, USA) to make slide glass preparations. Preparations were then stained with

May-Grünwald-Giemsa, and examined using a degital microscope BZ-8000 (Keyence Co.,

Osaka, Japan).

Statistical analysis

All quantitative data were expressed as mean ± standard deviation (SD). Statistical analysis was

performed using two-tailed nonpaired Student’s t-test. The criterion for statistical significance

was taken as p< 0.05.

Results

AZM and CAM block autophagy flux and induce cell death under the
amino acid-depleted culture condition

We initially confirmed that AZM and CAM inhibit autophagy in HNSCC cell lines as previ-

ously described in myeloma and breast cancer cell lines by flux analysis [12, 14, 18]. The

conversion from the soluble cytosolic LC3B-I with a molecular weight of 16 kDa to the mem-

brane-bound LC3B-II with a molecular weight of 18 kDa via the conjugation of phosphatidyl

ethanolamine represents the formation of autophagosomes. Therefore, LC3B-II expression is a

good marker for autophagosomes [18]. We cultured CAL 27 cells with macrolides in the pres-

ence or absence of lysosomal inhibitors (E-64d and pepstatin A) for 24 hrs in the complete cul-

ture medium, and performed immunoblotting with anti-LC3B Ab. As shown in Fig 1A, AZM

or CAM treatment upregulated the LC3B-II expression. However, in the presence of the lyso-

somal inhibitors, the LC3B-II expression did not further increase compared with CAL 27 cells
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treated with macrolide or lysosomal inhibitors alone. This indicates that both AZM and CAM

block autophagy flux in CAL 27 cells. Thereafter, we examined autophagy induction under the

AAD culture condition in the presence or absence of macrolides by tracing LC3B-II expression

(Fig 1B). CAL 27 cells were washed twice with PBS and cultured in AAD Dulbecco’s Modified

Eagle’s Medium (DMEM) containing 10% FBS. After amino acid depletion, the expression

ratios of LC3B-II to GAPDH augmented within 15 min and further increased at 30 min, but

attenuated at 45 min. In the presence of AZM or CAM, the ratios of LC3B-II/GAPDH further

increased at 15 min compared with the CAL 27 cells cultured in the AAD culture medium.

This appears to be due to the accumulation of autophagosomes by autophagy induction in

response to amino acid starvation as well as the inhibition of autophagosome degradation by

macrolides simultaneously in the autophagy flux. Worth noting was that the LC3B-II upregu-

lation by CAM was transient, whereas the LC3B-II upregulation by AZM persisted and further

increased during 60 min exposure. This may be because AZM is more potent than CAM in

blocking autophagy flux as we previously described in pancreatic cell lines; however, other

molecular mechanisms may be involved [13].

We next examined the cell growth inhibition of CAL 27 and Detroit 562 cells under the

AAD culture condition. The AAD culture medium showed some cell growth inhibition com-

pared with the complete culture medium (Fig 1C). Although the addition of AZM and CAM

Fig 1. Macrolides induce cell death in amino acid-depleted culture by blocking autophagy flux. (A) Immunoblotting with LC3B and p62 Abs from
the cell lysates of CAL 27 cells cultured in the complete culture medium with/without AZM, CAM (50 μM) in the presence or absence of lysosomal inhibitors
(LIs) E-64d (10 μg/mL) and pepstatin A (10 μg/mL) for 24 hrs. Immunoblotting with anti-GAPDHmAb was used as an internal control. Cell lysate derived
from PANC-1 cells treated with AZM for 24 hrs was used as a positive control [13]. (B) (upper panel) Immunoblotting of LC3 from the cell lysates of CAL 27
cells cultured in the complete culture medium or AAD culture medium containing 10% FBS with or without AZM (50 μM) and CAM (50 μM) for up to 60 min.
Immunoblotting with anti-GAPDHmAb was used as an internal control. Cell lysate derived from PANC-1 cells treated with AZM (50 μM) for 24 hrs was
used as a positive control [13]. (lower panel) The ratios of LC3B-II/GAPDH were plotted. (C) Cell growth inhibition of CAL 27, Detroit 562, and MEF cells
treated with AZM (50 μM) and CAM (50 μM) in the complete culture medium (upper panel) and AAD culture medium (lower panel) for 24, 48, and 72 hrs.
Viable cell numbers are expressed as percentage to viable cells cultured in the complete culture medium at each indicated culture period. Data are
presented as means ± SEM. *p < 0.05. (D) CAL 27, Detroit 562, and MEF cells were cultured under the AAD culture condition in the presence of AZM or
CAM at various concentrations for 48 hrs. Data are presented as means ± SEM. *p < 0.05; AZM vs CAM. (E) Effects of supplementation of amino acids to
the AAD culture medium on CAL 27 cells under the AAD culture condition with or without macrolides. ‘Amino acids’ indicate 1%MEM non-essential amino
acids plus 2%MEM essential amino acids at the final concentration (Wako). The numbers of viable cells were determined and the results were expressed
as the percentage against the numbers of viable cells cultured under the AAD culture condition without macrolides at various time points, namely, 24-hr,
48-hr, and 72-hr cultures. *p < 0.05 (vs without macrolides). ‘n.s.’ indicates ‘not significant’.

doi:10.1371/journal.pone.0164529.g001

Tumor-Starving Therapy Using Macrolide Antibiotics in HNSCC

PLOSONE | DOI:10.1371/journal.pone.0164529 December 15, 2016 5 / 16



-134-

at 50 showed no cytotoxicity in the complete culture medium, these macrolide antibiotics

induced marked reduction in the viable cell number in the AAD culture medium in both cell

lines as well as in MEF cells in a time- and dose-dependent manner (Fig 1C and 1D). In addi-

tion, treatment of CAL 27 cells with chloroquine, a well-known autophagy inhibitor [18],

markedly decreased the viable cell number in the AAD culture medium (S1 Fig). The cytotox-

icity of AZM was more potent than that of CAM in HNSCC cell lines, and there appeared to

be a good correlation with the efficacy for blocking autophagy shown in Fig 1B. Therefore,

blocking the efficiency of autophagy appeared to be involved in the mechanism of cytotoxicity

under the AAD culture condition. Notably, the addition of amino acids in the AADmedium

completely cancelled the cytotoxic effect of macrolides in CAL 27 cells (Fig 1E). When we

added the essential and non-essential amino acids respectively in the AADmedium, supple-

mentation of the essential amino acids has more efficiently but not completely cancelled the

AZM-induced cell death than supplementation of the non-essential amino acids (S2 Fig). This

indicates that the cytotoxic effect of macrolides can be induced only under the shortage of

intracellular amino acids.

To examine whether apoptosis is involved in the cytotoxicity of macrolides, CAL 27 cells

were treated with AZM/CAM in the AAD culture medium in the presence or absence of a

pan-caspase inhibitor, Z-VAD-fmk, or an RIP1 kinase inhibitor, necrostatin-1 [13]. As shown

in Fig 2A, Z-VAD-fmk, but not necrostatin-1, attenuated the macrolide-induced cytotoxicity

in a dose-dependent manner. In addition, immunoblotting with anti-PARP Ab showed the

cleavage of PARP in AZM/CAM-treated CAL 27 cells under the AAD culture condition (Fig

2B). Furthermore, flow cytometry showed an increase in the number of Annexin V/PI-positive

cells (Fig 2C). All these data indicate apoptosis induction in response to AZM/CAM treatment

under the AAD culture condition.

We next confirmed the dependency on autophagy inhibition for macrolide-induced cell

death under the AAD culture condition using the m5-7 cell line, which is the atg5 tet-off MEF

system [16]. Pretreatment of m5-7 cells with doxycycline (Dox) for knockout of the atg5 gene
resulted in complete autophagy inhibition as exhibited by the absence of LC3B-II induction in

any of the conditions tested (Fig 3A). Under the AAD culture condition, Dox-pretreated m5-7

Fig 2. Apoptosis induction after treatment with macrolides under AAD culture condition. (A) CAL 27 cells in the AAD culture medium containing
10% FBS with or without macrolides were treated with various concentrations of either Z-VAD-fmk (upper panel) or necrostatin-1 (lower panel). Data are
presented as means ± SEM. *p < 0.05 (vs without Z-VAD-fmk/necrostatin-1). (B) Immunoblotting with PARP Ab from the cell lysates of CAL 27 cells
cultured in the complete culture medium or AAD culture medium with or without macrolides for 12 hrs. Immunoblotting with anti-GAPDHmAb was used as
an internal control. Cell lysate derived from HL-60 cells treated with vitamin K2 for 48 hrs was used as a positive control for apoptosis induction [17]. (C)
Flow cytometry with annexin V/PI double staining after 24-hr treatment of CAL 27 cells with AZM/CAM (50 μM) in the complete culture medium or AAD
culture medium containing 10% FBS. Numbers indicate the percentage of the cells in each area.

doi:10.1371/journal.pone.0164529.g002
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cells apparently showed a more reduced cell viability than Dox-untreated control cells (Fig

3B). Under complete autophagy inhibition in Dox (+) m5-7 cells, AZM treatment did not

induce further enhancement of cell growth inhibition (Fig 3C). This indicates that the cytotox-

icity of macrolides is directly linked with autophagy inhibition.

Involvement of CHOP induction for macrolide-induced cell death under
AAD culture condition

It was reported that eIF2α is phosphorylated via GCN2 activation in response to nutrient dep-

rivation, following the induction of a pro-apoptotic transcriptional factor CHOP/GADD153

[19, 20]. Therefore, we speculated that CHOP might be involved in our system. As shown in

Fig 4A-1, CHOP was induced in a time-dependent manner under the AAD culture condition,

and its expression became more pronounced in the presence of AZM/CAM (Fig 4A-1). Along

with CHOP induction, eIF2α was phosphorylated to some extent, but attenuated at more than

8 hrs longer exposure to AZM under the AAD culture condition. In contrast to the AAD cul-

ture condition, we observed no CHOP induction by AZM/CAM in the cells cultured in the

complete culture medium (Fig 4A-2).

Although the treatment of CAL 27 cells with thapsigargin, a typical ER-stress inducer via

disturbance of the calcium homeostasis, resulted in the induction of XBP-1, macrolide treat-

ment exhibited no XBP-1s induction under the AAD culture condition (Fig 4A-3). Thus,

CHOP induction appears to be independent from the canonical UPR pathways [21]. Further-

more, in atg5 tet-off m5-7 cells, knockout of the atg5 gene resulted in pronounced CHOP

induction under the AAD culture condition (Fig 4B). This indicates that autophagy inhibition

enhances CHOP induction under the AAD culture condition.

To investigate whether CHOP is involved in cell death induction, we used a CHOP knock-

out MEF cell line. Under the AAD culture condition, CHOP -/- MEF cells maintained their

considerably higher viability than wild-type MEF cells in the presence of AZM/CAM in the

AAD culture medium (Fig 4C). Furthermore, we introduced CHOP siRNA into the CAL 27

cells. Knockdown of CHOP significantly attenuated the cytotoxic effects of AZM and CAM

(Fig 4D). Therefore, macrolide-induced CHOP appears to be involved in cell death induction.

To examine whether the insufficiency of the amino acid pool is directly linked to the CHOP

induction in our system, we focused on p70S6K, which is a substrate of mammalian target of

Fig 3. Effects of autophagy inhibition onmacrolide-induced cytotoxicity in tet-off atg5MEF cell line. (A) m5-7 cells were pre-treated with/without
doxycycline (Dox, 10 ng/mL) for 7 days for complete autophagy inhibition. Subsequently, the cells were further treated with/without macrolides for 24 hrs
under the complete culture or AAD culture conditions. The cellular proteins were separated by 15% SDS-PAGE, and immunoblotted with LC3B Ab.
Immunoblotting with anti-GAPDHmAb was used as an internal control. The positive control was the cell lysate derived from PANC-1 cells treated with
AZM (50 μM) for 24 hrs and used in a previous report [13]. (B) After Dox treatment, m5-7 cells were cultured in the complete culture medium or AAD
culture medium containing 10% FBS for 24 hrs. Viable cell numbers were assessed and expressed as percentage to the viable cells cultured in the
complete culture medium at each indicated culture period. Data are presented as means ± SEM. *p < 0.05 (Dox (-) vs Dox (+)). (C) Cell growth inhibition of
m5-7 cells cultured under the AAD culture condition with or without macrolides for 24 hrs. Data are presented as means ± SEM. *p < 0.05 (vs control).
‘n.s.’ indicates ‘not significant’.

doi:10.1371/journal.pone.0164529.g003
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Fig 4. Macrolides induce cell death of CAL 27 cells under AAD culture condition via CHOP induction. (A) (1) CAL 27 cells were cultured in the AAD
culture medium containing 10% FBS with/without macrolides for various time lengths. Cellular proteins were separated by 11.25%SDS-PAGE and
immunoblotted with CHOP and phospho-eIF2α Abs. The positive control was the CAL 27 cell lysates cultured in the complete culture medium with
thapsigargin (300 nM) for 6 hrs. Immunoblotting with anti-β-actin Ab was used as an internal control. (2) Immunoblotting was performed with CHOPmAb
from the cell lysates of CAL 27 cells cultured in the complete culture medium with macrolides for the indicated time periods. The same cell lysate of CAL 27
cells cultured in the AAD culture medium with AZM (50 μM) for 10 hrs was also loaded on the gel. Immunoblotting with anti-GAPDHmAb was used as an
internal control. (3) Immunoblotting was performed with XBP-1s Ab from the cell lysates of CAL 27 cells cultured in the AAD culture medium containing
10% FBS with macrolides for 8 hrs. The positive control was the CAL 27 cell lysates cultured in the complete culture medium with thapsigargin (300 nM)
for 6 hrs. Immunoblotting with anti-β-actin mAb was used as an internal control. (B) m5-7 cells with/without pre-treatment with Dox were further cultured
with macrolides in the AAD culture medium containing 10% FBS for 24 hrs. Immunoblotting was performed using anti-CHOPmAb. The positive control
was the CAL 27 cell lysates cultured in the complete culture medium with thapsigargin (300 nM) for 6 hrs. Immunoblotting with anti-GAPDHmAb was used
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rapamycin (mTOR). mTOR senses and responds to amino acid availability to modulate protein

synthesis via the phosphorylation of threonine 389 in p70S6K [22]. To evaluate intracellular

amino acid sufficiency, we assessed the phosphorylation of p70S6K using the specific phospho-

p70S6K (Thr389) Ab, as previously reported [23] (Fig 5A). Under the AAD culture condition,

phosphorylation of p70S6K was attenuated. When AZM or CAMwas added in the AAD cul-

ture medium, the suppression of the p70S6K phosphorylation was further pronounced. These

results suggest that the amino acid pool was satisfied by autophagy in the absence of macrolides,

whereas the amino acid pool became exhausted in the presence of macrolides. Furthermore, the

addition of amino acids in the AAD culture medium completely abolished CHOP induction

(Fig 5B). As thapsigargin treatment induced CHOP regardless of the addition of amino acids

(Fig 5C), the inhibition of CHOP induction shown in Fig 5B is not due to the direct transcrip-

tional effect of amino acids, but is a result of insufficiency of the amino acid pool.

Discussion

In the present study, we showed that AZM and CAM blocked autophagy flux and induced cell

death in HNSCC cells via CHOP induction when the cells were cultured in the AAD culture

as an internal control. (C) Wild-type MEF cells and CHOP -/- MEF cells were cultured in the AAD culture medium containing 10% FBS with/without
macrolides. Data are presented as means ± SEM. *p < 0.05. (D) Effects of CHOP knockdown by siRNA on CAL 27 cells: (upper panel) The expression
levels of CHOPwere analyzed by immunoblotting using lysates of CAL 27 cells to which either control siRNA or CHOP siRNA was introduced and cultured
under the AAD culture condition with or without macrolides for 8 hrs. The positive control was the CAL 27 cell lysates cultured in the complete culture
medium with thapsigargin (300 nM) for 6 hrs. After 8 hrs of treatment with control siRNA and CHOP siRNA, the CAL 27 cells were further cultured under
the AAD culture condition in the presence/absence of macrolides for 48 hrs, and viable cell numbers were assessed. Data are presented as
means ± SEM. *p < 0.05.

doi:10.1371/journal.pone.0164529.g004

Fig 5. CHOP induction bymacrolides under AAD culture condition in accordance with intracellular amino acid starvation in CAL 27 cells. (A)
After treatment of CAL 27 cells with/without macrolides in the AAD culture medium containing 10% FBS for various lengths of time, the cells were lysed
and cellular proteins were separated by 11.25%SDS-PAGE and immunoblotting with anti-phosphor-p70S6K (Thr389) and anti-p70S6K Abs. The positive
control was the cell lysate derived from Detroit 562 cells having constitutively activated PI3Kmutation. Immunoblotting with anti-GAPDHmAb was used as
an internal control. (B) Addition of amino acids into the culture medium canceled CHOP induction: After 4 hrs of depletion of amino acids in the culture
medium in the presence of AZM/CAM (50 μM), amino acids were added at final concentrations of 1%MEM non-essential amino acids and 2%MEM
essential amino acids, and subsequently cultured for the indicated time periods. Thereafter, cellular proteins were separated by 11.25% SDS-PAGE and
immunoblotting with anti-CHOPmAb. The positive control was the CAL 27 cell lysates cultured in the complete culture medium with thapsigargin (300 nM)
for 6 hrs. Immunoblotting with anti-GAPDHmAb was used as an internal control. (C) CAL 27 cells were cultured with thapsigargin (300 nM) for 6 hrs with/
without the addition of amino acids into the cell culture medium as described above, and immunoblotted with anti-CHOPmAb. Immunoblotting with β-actin
mAb was used as an internal control.

doi:10.1371/journal.pone.0164529.g005
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medium. Thus, we have drawn up a scheme of our observations as shown in Fig 6. In the com-

plete culture medium, AZM and CAM showed no cytotoxicity in HNSCC cells because the

amino acid pool was sufficient and CHOP was not upregulated (Figs 1C and 4A-2). Under the

AAD culture condition, autophagy was induced to compensate the amino acid pool by recy-

cling through a self-digestive mechanism. In this case, a pro-apoptotic transcription factor

CHOP is induced at a lower level, which resulted in some reduction of the viable cell number

(Figs 1C and 4A-1). However, in the presence of macrolide antibiotics under the AAD culture

condition, the shortage of the amino acid pool cannot be augmented by autophagy because of

the blocking effect on autophagy by the macrolides. This results in pronounced CHOP induc-

tion leading to enhanced cell death (Figs 1C and 4A-1).

CHOP is a well-known pro-apoptotic transcription factor induced in response to ER stress

and amino acid deprivation [24, 25]. Under the AAD culture condition, the addition of AZM

and CAM prevented the phosphorylation of threonine 389 in p70S6K (Fig 5A), which indi-

cates the failure of amino acid supply by blocking autophagy. The addition of amino acids in

the AAD culture medium completely abolished CHOP induction (Fig 5B). Therefore, CHOP

was induced as a result of amino acid pool insufficiency. Since CHOP-/- MEF attenuated the

cytocidal effects of macrolides under the AAD culture condition compared with wild-type

MEF, the transcriptional activation of CHOP is at least partly involved in the macrolide-

induced cell death (Fig 4C). However, since CHOP-/- MEF still exhibited some cytocidal effects

in response to macrolides (Fig 4C), other mechanisms may be involved in the cytocidal effect

Fig 6. Proposed scheme for cell death induction bymacrolide antibiotics under amino acid-depleted culture condition.Under the amino acid-
depleted culture condition, autophagy is induced as an adaptive response. AZM/CAM block autophagy flux leading to the shortage of the intracellular
amino acid pool and failure of cellular amino acid homeostasis. This results in the induction of an ER-stress-related pro-apoptotic transcription factor,
CHOP.

doi:10.1371/journal.pone.0164529.g006
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of AZM/CAM under the AAD culture condition. It has been reported that nutrient starvation

stimulates ROS production including H2O2 [26], and that the ROS accumulation induces

autophagy [27]. It has also been reported that autophagy is induced to reduce oxidative stress

via the clearance of damaged mitochondria (designated as ‘mitophagy’) and oxidized proteins

[28, 29]. Therefore, we speculated that ROS might be accumulated via autophagy inhibition by

AZM/CAM under the AAD culture condition, which may directly induce cell death. However,

the addition of antioxidant reagents such as α-tocopherol and astaxanthin in the AAD culture

medium did not prevent the cytotoxic effect of AZM/CAM on CAL 27 cells (S3A Fig). Fur-

thermore, assessment of oxidative stress by ROS-Glo™H2O2 assay revealed a higher oxidative

stress loading in the cells cultured in the AAD culture condition regardless of the presence or

absence of macrolides (S3B Fig). Thus, ROS accumulation does not appear to explain the

enhanced cell death by macrolides.

In our system, CHOP induction appears to be due to the failure of amino acid homeostasis,

as previously reported [23]. However, other mechanisms for CHOP induction have been

reported such as UPR and ROS accumulation [21, 30]. If the AZM/CAM treatment induced

accumulation of unfolded proteins by blocking the autophagy flux, these proteins should have

induced more CHOP under the complete culture condition because of the larger source for de
novo protein synthesis (i.e., amino acids) under the complete culture condition (Fig 4A-2).

Furthermore, the spliced form of XBP1, which is known to be effectively induced by UPR [31],

was not induced by macrolides under the AAD culture condition (Fig 4A-3). Additionally, as

described above, although the AAD cell culture condition induced ROS production, macro-

lides did not further enhance ROS accumulation (S3B Fig). Thus, amino acid insufficiency

appears to be the main axis for CHOP induction in our system.

We previously reported that AZM was more effective than CAM for blocking autophagy

flux at the same concentration in the pancreatic cancer cell line PANC-1 [13]. In the CAL 27

and Detroit 562 cells, AZM exhibited a stronger cytotoxicity under the AAD culture condition

than CAM (Fig 1B), which might be correlated with their blocking efficiency of autophagy.

However, unlike AZM, CAM reduced the viable cell number in atg5 knocked-out m5-7 cells

which have no ability for autophagosome formation (Fig 3C). Thus, other molecular mecha-

nisms might underlie the cytotoxic effect of CAM. In previous in vivo studies, CAM was

reported to inhibit angiogenesis and TGF-iogenesisc e [32, 33]. To the best of our knowledge,

there appears to be no report regarding the cytotoxic effect of CAM alone on cultured cells.

Our present results indicate that the cytotoxic effect of macrolides under the amino acid-

starving condition appears to be due to at least partially apoptosis induction: cleavage of PARP

and increased number of annexin V-positive cells. However, in microscopy, we could not

observe the apparent apoptotic features in the CAL 27 cells treated with AZM under the AAD

culture condition, such as formation of apoptotic bodies, chromatin condensation, and

nuclear fragmentation, although the cells showed many intercellular vacuoles (S4 Fig). This

might be the typical features of type II programmed cell death called ‘autophagic cell death’

[34]. However, in tet-off-atg5 m5-7 cells, blocking autophagy did not rescue the macrolide-

induced cell death (S5 Fig). This indicates that autophagic cell death is not involved in our sys-

tem. Recently, other types of cell death with vacuolization called paraptosis [35, 36], oncosis

[37], and methuosis [38] have been reported, although these types of cell death should show a

slight response or no response to caspase inhibitors, unlike our result shown in Fig 2A [38].

These lines of evidence suggest that the CHOP axis in response to amino acid deprivation

plays an important role for the macrolide-induced cytotoxic effect, although there might be

more than one molecular mechanism as well as type of cell death.

AZM and CAM block autophagy flux as shown in Fig 1A. In the clinical setting, it has been

reported that the long-term use of AZM in patients with cystic fibrosis increased nontuberculous
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mycobacteria infection owing to autophagy inhibition by AZM [39]. However, the molecular

mechanism of blocking autophagy flux by AZM and CAM is not well understood. It is reported

that macrolide antibiotics interact with valosin-containing proteins (VCPs) without mediating

their anti-inflammatory activities [40], and that VCPs are essential for the maturation of autop-

hagosomes [41, 42]. However, transfection of various VCP variants including the AAA-ATPase-

deficient form into HEK293T cells did not show any effect on AZM-induced autophagy (data

not shown). Therefore, VCPs do not appear to be involved in the macrolide-induced autophagy

inhibition. The selective inhibition of a proton-pumping V-ATPase by bafilomycin A1 (BAF), a

macrolide and a well-known in vitro autophagy inhibitor, was previously initially evaluated [43].

BAF induces vesicular proton gradient disruption and pH increase in acidic vesicles (e.g., lyso-

somes). The vesicular acidification disruption by BAF possibly prevents the fusion of autophago-

somes with lysosomes, causing autophagy inhibition. The reported increase in macrophage

lysosomal pH by AZMmay result in inhibition of lysosomal hydrolases with an optimal low pH

for their enzymatic activities [39]. According to these reports, AZM and CAM possibly disrupt

vesicular acidification and inhibit the fusion of autophagosomes with lysosomes, resulting in the

blockage of autophagy flux similarly to BAF. We are currently investigating the molecular target

(s) of AZM/CAM for blocking autophagy.

To date, several drugs targeting tumor angiogenesis, such as the VEGF inhibitor bevacizu-

mab, have been used in the clinical setting [44]. These drugs are believed to starve tumor cells

by ischemia via the induction of hypovascularization, leading to the upregulation of autophagy

in the central region of solid tumors [45, 46]. Thus, blocking autophagy with macrolides may

effectively enhance the cytotoxic effect of VEGF inhibitors. In fact, it has been reported that

blocking autophagy with chloroquine enhanced the cytotoxicity of bevacizumab in hepatocar-

cinoma, although the report suggested that the synergistic anticancer effect was due to ROS

generation [47]. Recently, amino acid transporters have been extensively investigated in cancer

cells. It has been reported that cancer cells highly express an L-type amino acid transporter 1

(LAT1), whereas normal cells highly express LAT2 [48, 49]. At present, an LAT1-specific

inhibitor is undergoing phase I clinical trial. Therefore, macrolides could be potentially used

by the combination of these drugs in cancer patients.

Conclusions

We demonstrated that AZM and CAM block autophagy flux and cause cell death under the

AAD culture condition via CHOP induction owing to the failure of internal amino acid

homeostasis. This study indicates the possibility of using macrolides as a novel ‘tumor-starving

therapy’ in cancer treatment.

Supporting Information

S1 Fig. Cell growth inhibition of CAL 27 cells under normal or AAD culture condition in

the presence/absence of chloroquine. CAL 27 cells were cultured with/without 50 μM chloro-

quine either in the complete culture medium or AAD culture medium for the indicated period

of time. Then, viable cell number was assessed and expressed as percentage to the viable cells

cultured in the complete culture medium at each indicated culture period. Data are presented

as means ± SEM. �p< 0.05.

(TIF)

S2 Fig. Effects of supplementation of essential and non-essential amino acids in AZM-

induced cytotoxicity under the AAD culture condition on CAL 27 cells. CAL 27 cells were

cultured in the AAD culture medium supplemented with essential and non-essential amino
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acids with/without AZM (50 μM). ‘Essential’ and ‘non-essential’ indicate 2%MEM essential

amino acids and 1%MEM non-essential amino acids at the final concentration (Wako),

respectively. The number of viable cells was determined and compared with that of viable cells

cultured under the AAD culture condition without AZM. �p< 0.05. ‘n.s.’ indicates ‘not signifi-

cant’.

(TIF)

S3 Fig. Effects of ROS in macrolide-induced cytotoxicity on CAL 27 cells. (A) CAL 27 cells

were cultured with macrolides under the AAD culture condition with 10% FBS with/without

the two types of ROS scavengers, namely, α-tocopherol (50 μM) and astaxanthin acid (25 μM)

for 48 hrs. (B) CAL 27 cells were cultured with macrolides under the complete or AAD culture

condition for 6 hrs. ROS production was assessed using ROS-Glo™H2O2 Assay (Promega) as

described in Materials and Methods. ‘n.s.’ indicates ‘not significant’.

(TIF)

S4 Fig. Morphological changes after macrolide treatment in CAL 27 cells.May-Grünwald-

Giemsa staining was performed after treatment with or without macrolides under the normal

or AAD culture condition for 24 hrs.

(TIF)

S5 Fig. Effects of autophagy inhibition on macrolide-induced cytotoxicity under AAD cul-

ture condition.m5-7 cells with/without pretreatment with Dox (10 ng/mL) were cultured

under the normal culture or AAD culture condition with AZM/CAM (50 μM) for 24 hrs. Via-

ble cell number is expressed as the percentage of viable m5-7 cells with/without Dox under the

normal culture condition. Data are presented as means ± SEM. ‘n.s.’ indicates ‘not significant’.

(TIF)
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Abstract. The ubiquitin-proteasome and autophagy-lysosome 
pathways are two major self-digestive systems for cellular 
proteins. Ubiquitinated misfolded proteins are degraded 
mostly by proteasome. However, when ubiquitinated proteins 
accumulate beyond the capacity of proteasome clearance, they 
are transported to the microtubule-organizing center (MTOC) 
along the microtubules to form aggresomes, and subsequently 
some of them are degraded by the autophagy-lysosome 
system. We previously reported that macrolide antibiotics 
such as azithromycin and clarithromycin block autophagy 
flux, and that concomitant treatment with the proteasome 
inhibitor bortezomib (BZ) and macrolide enhances endo-
plasmic reticulum (ER) stress-mediated apoptosis in breast 
cancer cells. As ubiquitinated proteins are concentrated at 
the aggresome upon proteasome failure, we focused on the 
microtubule as the scaffold of this transport pathway for 
aggresome formation. Treatment of metastatic breast cancer 
cell lines (e.g., MDA-MB-231 cells) with BZ resulted in induc-
tion of aggresomes, which immunocytochemistry detected 
as a distinctive eyeball-shaped vimentin-positive inclusion 
body that formed in a perinuclear lesion, and that electron 
microscopy detected as a sphere of fibrous structure with some 
dense amorphous deposit. Vinorelbine (VNR), which inhibits 
microtubule polymerization, more effectively suppressed 
BZ-induced aggresome formation than paclitaxel (PTX), 
which stabilizes microtubules. Combined treatment using BZ 
and VNR, but not PTX, enhanced the cytotoxic effect and 
apoptosis induction along with pronounced ER stress loading 

such as upregulation of GRP78 and CHOP/GADD153. The 
addition of azithromycin to block autophagy flux in the BZ 
plus VNR-containing cell culture further enhanced the cyto-
toxicity. These data suggest that suppression of BZ-induced 
aggresome formation using an inhibitory drug such as VNR 
for microtubule polymerization is a novel strategy for meta-
static breast cancer therapy.

Introduction

Breast cancer is the most common cancer, accounting for 25% 
of all cancer cases in females worldwide (1). Development 
of novel drugs, including molecular targeting for breast 
cancer, has improved some therapeutic outcomes. However, 
recurrence or metastasis of breast cancer continues to occur, 
resulting in 521,900 deaths annually worldwide (1). Therefore, 
a novel therapeutic approach to recurrent/metastatic breast 
cancer is an important issue. Chemotherapeutic, hormone, 
and molecular targeting drugs are currently used for meta-
static breast cancer therapy. Anthracyclines and taxanes are 
considered the key chemotherapeutic drugs (2). Several recent 
studies focused on autophagy and paclitaxel (PTX), a well-
used taxane for metastatic breast cancer therapy (3-5). Some 
reports indicate that PTX inhibits autophagy in breast cancer 
cell lines (3), whereas others indicate that autophagy promotes 
PTX resistance in breast cancer (4,5).

The autophagy-lysosome system and the ubiquitin-protea-
some system (UPS) are two major self-digestive mechanisms 
for cellular proteins. UPS is the selective degradation pathway 
for most cytoplasmic proteins, especially misfolded and short-
lived proteins (6). In this process, misfolded proteins tagged 
with ubiquitin are selectively degraded by the 26S proteasome. 
In contrast, macroautophagy (hereafter, autophagy) is a highly 
conserved self-digestive system in eukaryotic cells for degra-
dation of long-lived proteins, as well as clearance of damaged 
or old organelles, including endoplasmic reticulum (ER) (7). 
These cellular proteins and organelles are engulfed in the 
double-membrane vesicle known as the autophagosome and 
are delivered to the lysosome for degradation (7,8). In contrast 
with the UPS, autophagy is a bulk non-selective degradation 
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system. However, recent reports found crosstalk between UPS 
and autophagy via docking proteins such as p62/SQSTM-1, or 
NBR1 (neighbor of BRCA1 gene product), in which they have 
both the ubiquitin-associated domain and the LC3 (Atg8)-
interacting lesion in their C-terminus. LC3-II (lipidated form 
of LC3-I) studs the inner and outer autophagosome membrane. 
Thus, after binding to p62, ubiquitinated proteins are engulfed 
into autophagosome through the p62-LC3-II interaction (9,10). 
The original function of autophagy is cellular quality control 
of cytoplasmic components and protection from nutrient star-
vation by amino acid recycling. However, it is now believed 
that cancer cells apply this system to escape from various 
stresses under the hypovascular condition (11-14).

We previously reported that combined treatment using the 
proteasome inhibitor bortezomib (BZ) and macrolide anti-
biotics, which block autophagy flux, resulted in pronounced 
apoptosis induction, along with ER stress loading in breast 
cancer and multiple myeloma cells (15-17). ER stress is caused 
by the accumulation of misfolded or unfolded proteins inside 
the ER lumen. A series of cellular responses is evoked as 
unfolded protein responses (UPRs) such as: i) attenuation of 
the translation for repression of unfolded protein accumula-
tion, ii) induction of chaperon proteins for proper refolding, 
and iii) exporting of unfolded proteins to outside the ER 
lumen, following their polyubiquitination and degradation 
by proteasome [ER-associated degradation (ERAD)] (18-21). 
However, when the stress exceeds this adaptive capacity, the 
cell undergoes apoptosis via induction of the proapoptotic 
transcription factor CHOP/GADD153 and other mechanisms 
(19,22-25). ER stress itself also induces autophagy directly 
through upregulation of GRP78, which appears to compensate 
ERAD-mediated degradation (26).

In addition to these cellular digestive systems, the cyto-
plasmic misfolded proteins aggregate and are transported 
to the microtubule-organizing center (MTOC) along the 
microtubules by the retrograde microtubule motor dynein and 
HDAC6 complex to form aggresomes (27-30). An aggresome 
is a cytoplasmic inclusion body containing misfolded and ubiq-
uitinated protein aggregates originally described by Johnston 
and colleagues in 1998 (27). Aggresome formation is a protec-
tive response of a cell, which involves sequestering toxic 
protein species beyond the capacity of UPS clearance (28-33). 
Some parts of the aggresome are degraded by autophagy in an 
HDAC6-dependent manner (30,32). Therefore, there appears 
to be an integrated intracellular network for misfolded protein 
clearance among UPS, autophagy-lysosome system, and 
aggresome formation. Indeed, our previous reports confirmed 
that simultaneous inhibition of proteasome by BZ, autophagy 
flux by macrolide antibiotics, and aggresome formation using 
suberoylanilide hydroxamic acid (SAHA), which has the effect 
of HDAC6 inhibition, potently induce apoptosis accompanied 
with ER stress loading in breast cancer and multiple myeloma 
cells (34,35).

In this study, we focused on the microtubule that func-
tions as the scaffold of the intracellular trafficking pathway 
for protein aggregate transport to MTOC to form aggresomes. 
Taxanes including PTX and docetaxel, and vinca alkaloids 
such as vinorelbine (VNR) are widely used in metastatic 
breast cancer therapy (2). Taxanes have the effect of microtu-
bule stabilization, whereas VNR has the inhibitory effect of 

microtubule polymerization. Therefore, we hypothesized that 
these treatments might have the inhibitory effect of aggresome 
formation along with ER stress loading upon proteasome inhi-
bition. Here, we demonstrate that combined treatment using 
BZ and VNR, but not PTX, pronounces apoptosis induction 
in metastatic breast cancer cell lines, along with ER stress 
loading and inhibition of BZ-induced aggresome formation.

Materials and methods

Reagents. BZ was purchased from Selleck Chemicals 
(Houston, TX, USA). Azithromycin dihydrate (AZM) was 
purchased from Tokyo Chemical Industry (Tokyo, Japan). 
PTX, VNR, and colchicine were obtained from Wako Pure 
Chemical Industries (Osaka, Japan). BZ was dissolved in 
dimethyl sulfoxide (DMSO) to make stock solution at a 
concentration of 1 mM. AZM and PTX were dissolved in 95% 
ethanol at a concentration of 5 mM as stock solutions. VNR 
was dissolved in distilled water to prepare a stock solution of 
1 mM. Colchicine was dissolved in 95% ethanol at a concen-
tration of 10 mM as stock solution.

Cell lines and culture conditions. MDA-MB-231 cells were 
a kind gift from Dr Keiichi Iwaya (Department of Basic 
Pathology, National Defense Medical College, Saitama, 
Japan), and MDA-MB-468 cells were obtained from the 
American Type Culture Collection (ATCC) (Manassas, VA, 
USA). A CHOP-/- MEF cell line (CHOP-KO-DR) established 
from a 13.5-day-old CHOP-/- mouse embryo by SV-40 
immortalization and a CHOP+/+ MEF cell line (DR-wild-type) 
established by SV-40 immortalization as a control cell line for 
CHOP-KO-DR were obtained from ATCC. MDA-MB-231, 
MDA-MB-468, CHOP-KO-DR, and DR-wild-type cells 
were cultured in Dulbecco's modified Eagle's medium 
(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 
10% fetal bovine serum (FBS; Biowest, Kiltimagh, Ireland), 
penicillin (100 U/ml), and streptomycin (100 µg/ml). All cell 
lines were cultured in a humidified incubator containing 
5% CO2 and 95% air at 37˚C.

Assessment of the viable number of cells. The number of 
viable cells was assessed using CellTiter-Blue®, a cell viability 
assay kit (Promega Co., Madison, WI, USA), with fluo rescence 
measurements at 560 nm for excitation and 590 nm for emis-
sion.

Flow cytometry. For assessment of apoptosis, cells were 
stained with Annexin V and propidium iodide (PI) using 
APOPCYTOTM Annexin V-Azami-Green Apoptosis Detection 
kit (MBL, code 4690, Nagoya, Japan) according to the manu-
facturer's instructions and subjected to flow cytometry using 
Attune® Acoustic Focusing Cytometer (Life Technologies, 
CA, USA).

Immunoblotting. Immunoblotting was performed as previ-
ously described (15). Cells were lysed with RIPA lysis buffer 
(Nacalai Tesque, Kyoto, Japan) supplemented with a protease 
and phosphatase inhibitor cocktail (Nacalai Tesque). Cellular 
proteins were quantified using a DC Protein assay kit of 
Bio-Rad (Richmond, CA, USA). Equal amounts of proteins 
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were loaded onto the gels, separated by SDS-PAGE, and 
transferred onto Immobilon-P membranes (Millipore Corp., 
Bedford, MA, USA). These membranes were probed with 
first antibodies (Abs) such as anti-ubiquitin (P4D1) mAb 
and anti-GAPDH (6C5) mAb purchased from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA, USA). Immunoreactive 
proteins were detected using horseradish peroxidase-
conjugated second Abs and an enhanced chemiluminescence 
reagent (ECL) (Millipore). Densitometry was performed using 
a Molecular Imager ChemiDoc XRS System (Bio-Rad).

Gene expression analysis. Real-time polymerase chain reac-
tion (PCR) for expression analysis of ER stress-related genes 
was performed as previously described in detail (15).

Electron microscopy. Cells were fixed with 2.5% glutaralde-
hyde in 0.1 M phosphate buffer (pH 7.3) for 1 h. The samples 
were further fixed in 1% osmium tetroxide for 1 h, dehydrated 
in graded ethanol (30-100%), and embedded in Quetol 812 
epoxy resin (Nisshin EM Co., Ltd., Tokyo, Japan). Ultrathin 
sections were cut using an Ultracut J microtome (Reichert 
Jung, Vienna, Austria). These sections were stained with 
lead nitrate and uranium acetate and subjected to electron 
microscopic analysis using a scanning electron microscope 
JEM-1200EX II (Jeol, Tokyo, Japan).

Immunofluorescence staining and confocal microscopy. 
MDA-MB-231 cells were seeded on 13-mm glass coverslips 
in a 24-well culture plate in the presence or absence of BZ, 
PTX, and VNR and cultured for 24 h. Coverslips were washed 
twice with PBS and fixed for 15 min on ice in methanol. 
After washing twice with PBS, cells were permeabilized with 
0.1% Triton X-100 in TBST for 5 min at room temperature. The 
coverslips were then washed with TBST and further incubated 
with TBST containing 10% normal goat serum (NGS; Thermo 
Fisher Scientific, Waltham, MA, USA) for 30 min at room 
temperature for blocking nonspecific binding. Cells were incu-
bated with a primary antibody such as mouse anti-vimentin 
(V9) mAb, mouse anti-ubiquitin (P4D1) mAb, and anti-p62/
SQSTM1 (D-3) mAb (all from Santa Cruz), and diluted in 
TBST, 1.5% NGS, 0.1% bovine serum albumin (BSA) at 4˚C 
overnight. The coverslips were washed three times for 5 min 
with TBST at room temperature and subsequently incubated 
with Alexa Fluor® 488 conjugate-goat anti-mouse IgG (H+L) 
secondary antibody (Thermo Fisher Scientific), diluted in 
TBST containing 1.5% NGS and 0.1% BSA, for 45 min at 
37˚C. The coverslips were washed with TBST and mounted 
in ProLong® Diamond Antifade Montant (Thermo Fisher 
Scientific). Nuclei were stained with DAPI (Sigma-Aldrich, 
D-9542), and the cells were imaged using a confocal laser 
scanning fluorescence microscope, LSM 700 (Carl Zeiss, 
Germany).

Assessment of aggresome by fractioning of detergent-soluble 
and -insoluble proteins, followed by immunoblotting with 
anti-ubiquitin mAb. Cells were lysed with Triton X-100 lysis 
buffer (10 mM Tris-HCl, 150 mM NaCl, 2% Triton X-100, 
pH 7.8) supplemented with a protease inhibitor cocktail 
(Nacalai Tesqucollectede). The lysates were centrifuged at 
12,000 g for 30 min at 4˚C. The supernatant was then collected 

as a detergent-soluble fraction. The pellets (which contain 
insoluble proteins) were then resuspended in sodium dodecyl 
sulfate (SDS) lysis buffer (10 mM Tris-HCl, 150 mM NaCl, 
2% SDS, pH 7.8) and sonicated for 30 sec using a tip sonicator 
VP-5S (Taitec, Saitama, Japan) to prepare a detergent-insoluble 
fraction. All resuspended pellets and supernatants were boiled 
for 5 min in the presence of an equal volume of SDS-PAGE 
sample buffer (125 mM Tris-HCl, 4% SDS, 20% glycerol, 
0.002% BPB, pH 6.8), and the containing proteins were 
separated by 11.25% SDS-PAGE and immunoblotted with 
anti-ubiquitin mAb.

Morphology assessment. After trypsinization, cell suspensions 
were sedimented and fixed on the slide glass using a Cytospin 4 
(Thermo). Preparations were stained with May-Grünwald-
Giemsa and examined using a digital microscope BZ-8100 
(Keyence Co., Osaka, Japan).

Statistical analysis. All the quantitative data were expressed 
as mean ± standard deviation (SD). Statistical analysis was 
performed with two-tailed nonpaired Student's t-test. The 
criterion for statistical significance was taken as p<0.05.

Results

Combined treatment using BZ plus VNR, but not PTX 
enhances apoptosis induction in breast cancer cell lines. 
It was reported that PTX inhibited autophagy flux in breast 
cancer cell lines (3). We previously reported that simulta-
neous treatment with the proteasome inhibitor BZ and AZM, 
which has an inhibitory effect on autophagy flux, resulted 
in enhanced cytotoxicity along with ER stress loading in 
multiple myeloma cells (17). Therefore, we hypothesized that 
combined treatment using BZ and PTX instead of AZM might 
also enhance the cytotoxic effect in metastatic breast cancer 
cell lines. MDA-MB-231 and MDA-MB-468 cells were first 
treated with BZ alone at various concentrations for 24-72 h. 
Both cell lines exhibited cell growth inhibition in a dose- and 
time-dependent manner. Fifty percent cell growth inhibitory 
concentrations (IC50s) at 48-h exposure to BZ were 36.3 nM 
in MDA-MB-231 cells and 10.8 nM in MDA-MB-468 cells 
(Fig. 1A). The cells were then treated with PTX as well as VNR 
in the presence or absence of 25 nM BZ in MDA-MB-231 cells 
and 7.5 nM in MDA-MB-468 cells. As illustrated in Fig. 1B, 
assessment of viable cells indicated significant enhancement 
of cell growth inhibition by combining 10 nM PTX and 25 nM 
BZ. Unexpectedly, pronounced cytotoxicity did not increase 
further and reached a plateau at higher concentrations of 
PTX up to 100 nM. In contrast with the PTX combination, 
VNR plus BZ resulted in more prominent enhancement of 
cell growth inhibition in the dose-dependent manner of VNR. 
This phenomenon was more pronounced with the addition of 
AZM in the cell culture medium. When the cells were treated 
with BZ and AZM in the presence of PTX or VNR, only the 
VNR combination exhibited considerable enhancement of 
cell growth inhibition in both cell lines (Fig. 1C). Flow cyto-
metric analysis with Annexin V/PI double staining indicated 
a significant increase of Annexin V-positive/PI-negative cells 
(cells undergoing early-stage apoptosis) and Annexin V/PI 
double-positive cells (undergoing late-stage apoptosis) only 
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Figure 1. Cell growth inhibition and apoptosis induction of MDA-MB-231 and MDA-MB-468 cells after combined treatment using PTX or VNR and BZ in 
the presence or absence of AZM. (A) MDA-MB-231 and MDA-MB-468 cells were treated with BZ at various concentrations for 24, 48 and 72 h. The viable 
cell number was assessed using CellTiter Blue assay as described in Materials and methods. (B) MDA-MB-231 and MDA-MB-468 cells were treated with 
PTX or VNR at various concentrations with/without BZ (25 nM for MDA-MB-231 cells and 7.5 nM for MDA-MB-468 cells) for 48 and 72 h. *P<0.05; PTX 
vs. PTX+BZ, VNR vs. VNR+BZ.  (C) MDA-MB-231 and MDA-MB-468 cells were treated with PTX or VNR in the presence of BZ (25 and 5 nM) and AZM 
(50 µM) for 48 and 72 h. *P<0.05; PTX vs. PTX+BZ+AZM, VNR vs. VNR+BZ+AZM.
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after combined treatment using BZ plus VNR, but not using 
BZ plus PTX (Fig. 1D). These data indicate that VNR is supe-
rior to PTX in combination with BZ for apoptosis induction in 
breast cancer cell lines.

Inhibition of BZ-induced aggresome formation using VNR 
and PTX in MDA-MB-231 cells. Aggresome formation occurs 
when production of aggregation-prone misfolded protein 
exceeds the capacity of proteasome digestion. In aggresomes, 
protein aggregates are actively degraded by the autophagy-
lysosome pathway (29,31,35). Hence, we next examined whether 
aggresome is induced in MDA-MB-231 cells in response to 
proteasome inhibition by BZ. Immunocytochemistry using 
anti-vimentin mAb exhibited a single eyeball-shaped dense 
body in the perinuclear lesion after 24-h treatment with BZ 
(Fig. 2A), which appears to indicate the marker of aggresome 
formation at MTOC, as previously reported (27,32). Although 
the intracellular structure of vimentin filaments changed greatly 
after exposure to BZ compared with untreated cells, we could 
detect only 20% of the spherical body-positive MDA-MB-231 
cells during 24-h exposure to BZ. Extended BZ exposure time 
or increased BZ concentration resulted in increasing dead cells 
and losing optimal conditions for detecting a single spherical 
aggresome. Immunoblottings with anti-ubiquitin and anti-p62 
mAbs exhibited the assembly of ubiquitinated proteins as well 
as p62 in the perinuclear lesion in response to BZ, but they 
were not as dense as the vimentin profile (Fig. 2A). Electron 
microscopy indicated that, in agreement with the spherical 
body stained with anti-vimentin Ab, a different density 
area was observed in the perinuclear lesion surrounded by 
mitochondria (Fig. 2B). At higher magnification, substantial 
condensation of fibrous structure with some dense amorphous 

deposits became evident in the spherical body area. These data 
indicate aggresome formation in response to BZ treatment in 
MDA-MB-231 cells.

PTX inhibits microtubule depolymerization, whereas VNR 
inhibits microtubule polymerization (2,3). As shown in Fig. 3, 
morphologic features at metaphase were different after PTX- 
and VNR-treatment. Since protein aggregates are transported 
along the microtubules to MTOC for aggresome formation, 
we next assessed the inhibitory effect of PTX and VNR on 
the blocking efficacy of aggresome formation. As indicated 
in Fig. 4, both PTX and VNR inhibited aggresome formation, 
along with the scattering of ubiquitinated protein and p62 in 
the cytoplasm. Although the fibrous structure appeared to 
be somewhat different between PTX and VNR treatments, 
quantitative assessment of the efficacy of aggresome inhibi-
tion was difficult using immunocytochemistry. Therefore, we 
performed immunoblotting using anti-ubiquitin (P4D1) mAb 
to detect the polyubiquitinated proteins in detergent-soluble 
and detergent-insoluble fractions (Fig. 5). After treatment of 
MDA-MB-231 cells with BZ, polyubiquitinated proteins in 
the detergent-insoluble fraction, which indicate aggresome, 
increased (lane 12) with some increase in the detergent-soluble 
fraction, compared with untreated control cells. Treatment of 
the cells using BZ plus AZM further enhanced aggresome in 
the detergent-insoluble fraction (lane 16), as well as the deter-
gent-soluble ubiquitinated-proteins (lane 6). This condition 
appears to indicate overflowing of the ubiquitinated proteins 
by simultaneous inhibition of two major protein degradation 
systems. It is noteworthy that ubiquitinated proteins in the 
soluble fraction increased more with BZ plus VNR treatment 
than with BZ plus PTX (lanes 7 vs. 8). The fact that treat-
ment with VNR alone did not increase ubiquitinated proteins 

Figure 1. Continued. (D) MDA-MB-231 cells were treated with BZ (25 nM), PTX (50 nM), or VNR (50 nM) alone or a combination of BZ and PTX, or BZ 
and VNR for 24 h. Flow cytometric analysis with Annexin V/PI double staining was performed. Numbers indicate the percentage of the cells in each area to 
the cells in whole gating.
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Figure 2. Aggresome formation after treatment using BZ in MDA-MB-231 cells. (A) After 24-h treatment using BZ at 25 nM, immunocytochemistry was 
performed using anti-vimentin mAb, anti-ubiquitin mAb, and anti-p62 mAb. DAPI staining indicates the position of the nucleus (blue). Dotted white line 
represents cell outline. Scale bar 10 µm. (B) Electron microscopy: MDA-MB-231 cells were treated with BZ (25 nM) for 24 h.
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in the soluble fraction (lane 5) confirms that VNR inhibits 
BZ-induced aggresome formation more efficiently than PTX. 
This phenomenon becomes more apparent in the presence of 
AZM for blocking autophagy flux (lanes 9 vs. 10).

Enhancement of ER stress loading after combined treat-
ment using BZ and VNR. Our previous report indicated that 
blocking BZ-induced aggresome by HDAC6 inhibition using 
SAHA resulted in ER stress loading, which led to CHOP-

Figure 3. Comparison of morphological changes in MDA-MB-231 cells with PTX and VNR treatment. MDA-MB-231 cells were stained with May-Grünwald-
Giemsa. Cells were cultured with PTX (50 nM) or VNR (50 nM) for 48 h. Scale bar 20 µm.

Figure 4. Inhibitory effect of VNR and PTX on BZ-induced aggresome formation in MDA-MB-231 cells. MDA-MB-231 cells were treated with BZ (25 nM) 
with/without either PTX (50 nM) or VNR (50 nM) for 24 h. Immunocytochemistry was performed using anti-vimentin mAb, and anti-Ub mAb. DAPI staining 
indicates the position of the nucleus (blue). Scale bar, 10 µm.
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mediated apoptosis induction in myeloma and breast cancer 
cells (34,35). Therefore, we assessed ER stress-related gene 
expression after combined treatment using BZ and PTX or 
VNR in MDA-MB-231 cells. During 48-h exposure to these 

reagents, real-time PCR exhibited pronounced expression of 
GRP78 and CHOP with combined treatment using BZ plus 
VNR, but not using BZ plus PTX, compared with those treated 
using each reagent alone (Fig. 6). Thus, the gene expression 

Figure 5. Assessment of aggresome inhibition by immunoblotting using anti-ubiquitin mAb. (A) MDA-MB-231 cells were treated with BZ (25 nM), AZM 
(50 µM), PTX (50 nM), or VNR (50 nM) alone or two or three combinations as indicated for 48 h. The method of preparing samples of cellular proteins for 
soluble and insoluble fractions is described in detail in Materials and methods. Each fractionated protein was loaded and separated by 11.25% SDS-PAGE, and 
immunoblotted with anti-ubiquitin-mAb. In detergent-soluble fractions, immunoblotting with anti-GAPDH mAb was performed as an internal control. (B) After 
immunoblotting, the transferred membrane was re-stained with Coomassie Brilliant Blue R-250 for the assessment of protein loading. (C) Densitometry of the 
polyubiquitinated proteins in the detergent-soluble and detergent-insoluble fractions: densitometry of the square areas denoted by the dotted line in the upper 
panel was performed, and the density ratios to the controls (lanes 1 and 11) were plotted. In the soluble fractions, each lane density was standardized by the 
density ratios to GAPDH as an internal control.
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profiles fit well with the result of the cell growth inhibition 
presented in Fig. 1B.

Since the proapoptotic transcription factor CHOP plays a 
central role in ER stress-related apoptosis induction (23,25), 
we next examined whether CHOP is involved in pronounced 
cytotoxicity by combined treatment with VNR and BZ+AZM 
using immortalized MEF cells derived from CHOP knockout 
mouse. VNR enhanced BZ+AZM-induced cytotoxicity in 
immortalized wild-type MEF in a dose-dependent manner, 
whereas CHOP-/- MEF exhibited less sensitivity to BZ+AZM 
treatment and attenuated enhanced cytotoxicity by VNR 
(Fig. 7). Notably, as well as breast cancer cell lines, PTX exhib-
ited no enhanced cytotoxicity in the presence of BZ+AZM 
in MEF cell line (Figs. 1C and 7). These data suggest that 
pronounced apoptosis induction by BZ and VNR is at least 
partially mediated through CHOP induction.

Discussion

Herein, we demonstrated that VNR, which has inhibitory 
effect on microtubule polymerization, blocked BZ-induced 
aggresome formation (Fig. 5), and concomitant treatment 
of VNR and BZ with/without AZM markedly enhanced 
the cytotoxic effect and apoptosis induction, along with 

pronounced ER stress loading, in metastatic breast cancer cell 
lines (Figs. 1 and 6). Since PTX inhibits autophagy in breast 
cancer cells (3), we initially expected that simultaneous inhi-
bition of the two major digestive systems, proteasome by BZ 
and autophagy by PTX, would enhance ER stress-mediated 
apoptosis induction, as was the case with BZ plus AZM in our 
previous report on myeloma cells (34). However, contrary to 
our initial expectation, no prominent pronounced cytotoxicity 
was observed with the BZ and PTX combination (Fig. 1). For 
now, we cannot clearly explain the difference in the effects 
of the drugs regarding the cytotoxicity of BZ. It may be due 
to the pharmacological difference in disrupting microtubules 
(i.e., inhibition of microtubule polymerization by VNR versus 
microtubule stabilization by PTX) (Fig. 3). Indeed, colchicine, 
which has an inhibitory effect on microtubule polymerization, 
also exhibited enhanced cytotoxicity of BZ in MDA-MB-231 
cells, like VNR (data not shown). In addition, VNR appears 
to be more effective for suppressing BZ-induced aggresome 
formation than PTX. This results in an increase of cytosolic 
detergent-soluble ubiquitinated proteins (Fig. 5) and enhances 

Figure 6. ER stress loading after combined treatment using BZ and PTX 
or VNR in MDA-MB-231 cells. MDA-MB-231 cells were treated with BZ 
(25 nM), PTX (50 nM), or VNR (50 nM) alone or a combination of BZ and 
PTX, or BZ and VNR for 24 h and 48 h. Gene expression of CHOP and 
GRP78, which are related to ER stress loading, were assessed using real-time 
PCR. Figure 7. Involvement of CHOP in enhanced cytotoxicity with a combination 

of BZ and VNR+AZM. Cell growth inhibition of wild-type MEF cell line 
and CHOP-/- cell line after treatment using VNR or PTX with/without BZ 
(25 nM) + AZM (50 µM) for 24 h. The viable cell number was assessed using 
CellTiter Blue assay as described in Materials and methods. *P<0.05; PTX vs. 
PTX+BZ+AZM, VNR vs. VNR+BZ+AZM.
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ER stress loading (Fig. 6), following ER stress-mediated apop-
tosis via CHOP activation (Figs. 1D and 7).

In addition to aggresome inhibition, recent studies 
indicated that subcellular lysosomal positioning was also 
affected by microtubule formation. Depolymerization of 
the microtubules by nocodazole resulted in the scattering of 
lysosomes and reduced the nutrient-dependent activation of 
mTORC1 (36). Proteasome failure promoted the positioning 
of lysosomes around the aggresome via local blocking of the 
microtubule-dependent transport (37). Microtubules support 
the assembly of pre-autophagosomal structures and mediate 
trafficking of autophagosomes toward lysosomes (38). Thus, 
perturbation of microtubules directly affects the encounter 
between autophagosome and lysosome to form autolysosome, 
leading to suppression of protein degradation by the autophagy-
lysosome system. Microtubules also regulate mTORC1 and 
class III PI3K complexes, two major complexes involved in 
the initiation of autophagic response (39). All this evidence 
suggests that disrupting microtubules interrupts the diges-
tive function of autophagy as well as aggresome formation. 
However, treatment using VNR or PTX alone did not increase 
polyubiquitinated protein in the detergent-soluble fraction, 
whereas AZM induced some detergent-insoluble aggresome, 
but far less than BZ. Thus, proteasome plays a critical role in 
ubiquitinated protein clearance.

Since intracellular unfolded protein aggregates are cyto-
toxic, aggresome is assumed to play a role in protecting cells by 
encapsulating these protein aggregates by vimentin filaments 
when unfolded proteins accumulate beyond the capacity of 
UPS (31,32). After 24-h exposure to BZ for proteasome inhibi-
tion, MDA-MB-231 cells exhibited an eyeball-shaped vimentin 
positive-inclusion body in the perinuclear lesion (Fig. 2A). This 
morphological feature seems to fit with the original description 
regarding the aggresome by Johnson et al (27): a pericentriolar 
membrane-free, cytoplasmic inclusion containing misfolded, 
ubiquitinated protein ensheathed in a cage of vimentin, a type 
III intermediate filament protein. However, analysis using 
electron microscopy indicated that this spherical body was 
composed mostly of fibrous structure, and electron-dense 
deposits in perinuclear lesions were much smaller than the 
typical aggresomes observed in various neurodegenerative 
disorders such as Parkinson's disease, Alzheimer's disease, 
and Huntington's disease (27,32,39) (Fig. 2B). This may be 
due to the rapid turnover of tumor cells and their upregulated 
metabolic state. It was reported that BZ induced aggresome 
formation in pancreatic cancer cells but not in immortalized 
normal human pancreatic epithelial cells (40), also suggesting a 
higher level of protein synthesis and dependency on the protea-
some degradation system for survival in cancer cells than in 
normal cells. In our system, MDA-MB-231 cells might undergo 
apoptosis in response to BZ before presenting the characteristic 
features of aggresome. However, upon proteasome inhibition by 
BZ, how dynamic remodeling of vimentin filaments occurs to 
form a perinuclear sphere body, even with insufficient amounts 
of protein aggregate deposits, remains unclear. Other than 
cellular protein accumulation followed by transport along the 
microtubules toward the centriole, some molecular switch may 
occur to initiate the aggresome formation. Vimentin filaments 
interact with signaling proteins such as phospholipase A2, 
14-3-3 proteins, and bind to phosphorylated ERK and RhoK 

(41,42). A recent report indicated that vimentin C328 is essen-
tial for the binding site with zinc to lead to optimal vimentin 
performance in network expansion, aggresome formation, and 
lysosomal distribution (43). This may indicate the existence of 
signal recognition site(s) of vimentin to initiate conformational 
changes. Thus, clarification of crosstalk between proteasome 
and vimentin is an attractive challenge. More precise time 
course study is required.

In this study, we intentionally used clinically available 
drugs. VNR and PTX are key drugs for metastatic breast 
cancer therapy, whereas BZ is widely used to treat multiple 
myeloma. Their safety has been established, and information 
regarding pharmacokinetics and adverse effects has been 
accumulated. Thus, inhibition of BZ-induced aggresome 
formation using VNR could be a potent practicable combina-
tion, based on a novel concept for metastatic breast cancer 
patients. Furthermore, MDA-MB-231 and MDA-MB-468 
cell lines used in this study have the characteristics of triple-
negative breast cancer (TNBC), a subtype of tumor estrogen 
receptor (ER)-negative, progesterone receptor (PgR)-negative, 
and human epidermal receptor 2 (HER2)-negative, BZ plus 
VNR might be effective combination for TNBC therapy. Our 
data also suggest that targeting the intracellular proteostatic 
regulatory network among proteasome, autophagy-lysosome, 
and aggresome has potential for cancer therapy.
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Abstract. Pancreatic cancer is one of the most difficult 
types of cancer to treat because of its high mortality rate 
due to chemotherapy resistance. We previously reported that 
combined treatment with gefitinib (GEF) and clarithromycin 
(CAM) results in enhanced cytotoxicity of GEF along with 
endoplasmic reticulum (ER) stress loading in non-small cell 
lung cancer cell lines. An epidermal growth factor receptor 
tyrosine kinase inhibitor (EGFR-TKI) such as GEF induces 
autophagy in a pro-survival role, whereas CAM inhibits 
autophagy flux in various cell lines. Pronounced GEF-induced 
cytotoxicity therefore appears to depend on the efficacy of 
autophagy inhibition. In the present study, we compared 
the effect on autophagy inhibition among such macro-
lides as CAM, azithromycin (AZM), and EM900, a novel 
12-membered non-antibiotic macrolide. We then assessed the 
enhanced GEF-induced cytotoxic effect on pancreatic cancer 
cell lines BxPC-3 and PANC-1. Autophagy flux analysis indi-
cated that AZM is the most effective autophagy inhibitor of 
the three macrolides. CAM exhibits an inhibitory effect but 
less than AZM and EM900.  Notably, the enhancing effect 
of GEF-induced cytotoxicity by combining macrolides corre-
lated well with their efficient autophagy inhibition. However, 
this pronounced cytotoxicity was not due to upregulation 
of apoptosis induction, but was at least partially mediated 
through necroptosis. Our data suggest the possibility of using 
macrolides as ‘chemosensitizers’ for EGFR-TKI therapy in 

pancreatic cancer patients to enhance non-apoptotic tumor 
cell death induction.

Introduction

Pancreatic cancer is one of the most difficult types of cancer and 
is a major cause of cancer-related deaths worldwide, because 
only 20% of patients have resectable-stage cancer at the time 
of diagnosis. In addition, pancreatic cancer is largely resistant 
to systemic chemotherapy (1,2). In patients with metastatic 
pancreatic cancer, the 5-year survival rate is only 2%.  Recently, 
novel molecular agents targeting specific biologic pathways 
that are activated and involved in the pathogenesis of cancer 
have been developed to treat various types of cancer. Since 
the epidermal growth factor receptor (EGFR) is overexpressed 
in many pancreatic cancers, EGFR-targeting therapy appears 
promising (3). In a recent randomized phase III clinical trial, 
erlotinib, an EGFR tyrosine kinase inhibitor (EGFR-TKI) in 
combination with gemcitabine demonstrated improvement 
in survival compared to gemcitabine monotherapy (median 
overall survival, 6.24 vs. 5.91 months; P=0.038) (4). Therefore, 
erlotinib in combination with gemcitabine has been approved 
as a major chemotherapy drug for advanced pancreatic cancer, 
based on high-level evidence (5,6). However, the median 
overall survival rate for these patients indicates extremely poor 
prognosis compared to that of other types of cancers. Thus, 
more effective therapeutic strategies are required to improve 
therapeutic outcome.

Macroautophagy (hereafter, autophagy) is evolutionally 
well-conserved in eukaryotes as the major degradation mecha-
nism whereby cellular proteins and organelle are sequestered 
into a double-membrane vesicle (autophagosome) and are 
delivered to lysosomes. They are then membrane-fused (autol-
ysosome) and cargos are degraded for metabolic recycling 
by lysosomal hydrolytic enzymes, including protease (7,8). It 
has become apparent that many aggressive cancer cells have 
upregulated autophagy and are dependent on autophagy for 
survival (9). EGFR tyrosine kinase (EGFR-TK) is overex-
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pressed or somatic mutationally activated in a broad range 
of human cancers, including NSCLC and pancreatic cancers 
(10). Activated EGFR suppresses autophagy via activation 
of mammalian targets of rapamycin (mToRs), as well as 
tyrosine phosphorylation of Beclin-1 (11-13). In response to 
ligand binding, EGFR becomes a dimer and is activated via 
tyrosine phosphorylation. Phosphorylated EGFR subsequently 
activates intracellular pro-survival and anti-apoptotic signals. 
One of the downstream activated EGFR signals involves the 
PI3K/AKT/mToR pathway, made up of well-established nega-
tive regulators for autophagy (14). In response to nutrient and 
growth factor availability, mTOR promotes cell growth while 
suppressing autophagy. In addition, the activated EGFR binds 
the autophagy initiating protein Beclin-1, leading to multisite 
tyrosine phosphorylation and enhanced binding to autophagy 
inhibitors, including Rubicon (15). Thus, exposure to EGFR-
TKIs such as gefitinib (GEF) and erlotinib (ERL) induces 
autophagy via cancellation of the PI3K/AKT/mToR pathway, 
as well as blocking phosphorylation of Beclin-1, which 
subsequently leads to dissociation of Rubicon from Beclin-1 
to initiating autophagy (13,15). A recent report confirmed that 
inactivated endosomal, but not cell surface EGFR interacts with 
LAPTM4B, resulting in a complex formation for recruiting 
Rubicon from Beclin-1 (16). As described above, dissociation 
of Rubicon from Beclin-1 is essential for autophagy initia-
tion. Cancer cells with higher EGFR expression could thus 
be supported and survive by efficient autophagy induction 
under various metabolic stresses, such as low nutrient and 
hypoxic conditions due to insufficient vascularization (15,16).  
Therefore, if autophagy induction in response to EGFR-TKI 
promotes tumor cell survival, combined treatment with an 
autophagy inhibitor may promote tumor cell death.

We and others have reported that macrolide antibiotics 
such as clarithromycin (CAM) and azithromycin (AZM) 
inhibit autophagy flux (17-19). we also reported that combined 
treatment with the proteasome inhibitor bortezomib and CAM 
for simultaneous blocking of the ubiquitin-proteasome system 
and the autophagy-lysosome system resulted in pronounced 
apoptosis induction of myeloma cells along with accumula-
tion of intracellular ubiquitinated proteins and aggresome, 
which results in pronounced endoplasmic reticulum (ER) 
stress loading (20). under accumulation of unfolded proteins 
inside the ER lumen, a series of adaptive responses occur: i) 
attenuation of translation for repression of unfolded protein 
accumulation; ii) induction of chaperon proteins for proper 
refolding; and iii) exporting of unfolded proteins to outside 
ER, following their polyubiquitination and degradation by 
proteasome [ER-associated degradation (ERAd)]. However, 
when ER stress loading exceeds these adaptive capacities, 
apoptosis is induced via transcriptional activation of a pro-
apoptotic transcription factor such as C/EBP homologous 
protein (CHoP)/GAdd153 and the other mechanisms (21,22). 
Many lines of evidence now confirm that apoptosis induction 
via ER stress loading in cancer cells is a novel potential thera-
peutic strategy (23).

We recently reported that combined treatment using 
GEF and CAM resulted in pronounced cytotoxicity as well 
as ER stress loading in NSCLC (24). we also reported that 
macrolide antibiotics, including CAM and AZM, enhanced 
bortezomib-induced cytotoxicity in multiple myeloma 

cells (19). As EGFR-TKI induced cytoprotective autophagy 
in NSCLC, we hypothesized that the efficiency of macrolides 
in blocking autophagy might directly affect the enhanced 
cytotoxicity in refractory pancreatic cancer cells. In the 
present study, we used a novel 12-membered EM900, which 
shows anti-inflammatory and/or immunomodulatory effects, 
without possessing antibacterial activity (25), as well as 
CAM and AZM to compare their effects of: i) enhancing 
GEF-induced cytotoxicity; ii) blocking autophagy flux; and 
iii) ER stress loading in pancreatic cancer cell lines. our data 
clearly exhibited a positive correlation between blocking 
efficiency in autophagy inhibition and pronounced EGFR-
TKI-induced cytotoxicity.  This result suggests the possibility 
of using a macrolide in combination with EGFR-TKI therapy 
for pancreatic cancer.

Materials and methods

Reagents. GEF and erlotinib hydrochloride (ERL) were 
purchased from Biomolecules (Hamburg, Germany), and 
gemcitabine hydrochloride was purchased from Tokyo 
Chemical Industry Co., Ltd. (Tokyo, Japan). They were dissolved 
in dimethyl sulfoxide (dMSo) at a concentration of 10 mM as 
a stock solution. CAM and AZM were purchased from Tokyo 
Chemical Industry. Non-antibiotic macrolide EM900 [(8R,9S)-
8,9- dihydro-6,9- epoxy-8,9- anhydropseudo- erythromycin 
A] was synthesized as previously reported (25). CAM, AZM 
and EM900 were dissolved in ethanol to prepare stock solu-
tions of 5 mM. E-64d and pepstatin A, which are inhibitors of 
lysosomal proteases, and pan-caspase inhibitor Z-VAd-FMK 
were all purchased from Peptide Institute (osaka, Japan). 
Necrostatin-1, a specific inhibitor of RIPK1, was purchased 
from Enzo Life Sciences (Farmingdale, Ny, uSA).

Cell lines and culture conditions. For the present study, 
leukemia cell line K562 and pancreatic cancer cell lines BxPC-3, 
Capan-1 and PANC-1 were obtained from the American Type 
Culture Collection (ATCC; Manassas, VA, uSA). BxPC-3 
cells and K562 cells were maintained in RPMI-1640 medium 
(Sigma-Aldrich, St. Louis, Mo, uSA) supplemented with 10% 
fetal bovine serum (FBS; Biowest, Kiltimagh, Ireland), 2 mM 
L-glutamine, penicillin (100 u/ml), and streptomycin (100 µg/
ml) (wako Pure Chemicals Industries, osaka, Japan). PANC-1 
cells were maintained in dulbecco's modified Eagle's medium 
(Sigma) supplemented with 10% FBS, penicillin (100 u/ml) 
and streptomycin (100 µg/ml). Capan-1 cells were maintained 
in Iscove's modified dulbecco's medium (Life Technologies, 
Carlsbad, CA, uSA) supplemented with 20% FBS, penicillin 
(100 u/ml) and streptomycin (100 µg/ml). All cell lines were 
cultured in a humidified incubator containing 5% Co2 and 
95% air at 37˚C.

Assessment of the viable number of cells. The number of viable 
cells was assessed using CellTiter Blue, a cell viability assay 
kit (Promega, Madison, wI, uSA), with fluorescence measure-
ments at 570 nm for excitation and 590 nm for fluorescence 
emission.

Immunoblotting. Immunoblotting was performed as previ-
ously described (19). Cells were lysed with RIPA lysis 
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buffer (Nacalai Tesque, Kyoto, Japan) supplemented with 
a protease and phosphatase inhibitor cocktail (Nacalai 
Tesque). Cellular proteins were quantified using a dC 
protein assay kit of Bio-Rad Laboratories (Richmond, CA, 
uSA). Equal amounts of proteins were loaded onto the gels, 
separated by SdS-PAGE, and transferred onto Immobilon-P 
membranes (Millipore Corp., Bedford, MA, uSA). These 
membranes were probed with first antibodies (Abs) such as 
anti-LC3B antibody (Ab) (Novus Biologicals LLC, Littleton, 
Co, uSA), anti-p62 (d-3) monoclonal (m) Ab (sequest-
some-1), anti-β actin (C4) mAb, anti-GAPdH (6C5) mAb 
(Santa Cruz Biotechnology, Santa Cruz, CA, uSA), anti-
cleaved-caspase-3 Ab, and anti-PARP Ab (Cell Signaling 
Technology, danvers, MA, uSA). Immunoreactive proteins 
were detected using horseradish peroxidase-conjugated 
second Abs and an enhanced chemiluminescence reagent 
(ECL) (Millipore). densitometry was performed using 
a Molecular Imager Chemidoc XRS System (Bio-Rad 
Laboratories).

Gene expression analysis. Real-time polymerase chain reac-
tion (PCR) for gene expression analysis was performed as 
previously described in detail (19).

Electron microscopy. Cells were fixed with 2.5% glutaralde-
hyde in 0.1 M phosphate buffer (pH 7.3) for 1 h. The samples 
were further fixed in 1% osmium tetroxide for 1 h, dehydrated 
in graded ethanol (30-100%), and embedded in Quetol 812 
epoxy resin (Nisshin EM Co., Ltd., Tokyo, Japan). ultrathin 
sections were cut using an ultracut J microtome (Reichert 
Jung, Vienna, Austria). The sections were stained with 
lead nitrate and uranium acetate, and subjected to electron 
microscopic analysis using a scanning electron microscope 
JEM-1200EX II (JEoL, Tokyo, Japan).

Stable transfection of GFP-LC3 plasmid in K562 cells. For 
the present study, a pEGFP-LC3 plasmid vector (no. 2490) 
was purchased from Addgene (Cambridge, MA, uSA). K562 
cells were transfected with plasmid dNA using Lipofectamine 
2000 (Life Technologies) according to the manufacturer's 
instructions. Briefly, 4 µg of pEGFP-LC3 plasmids solution 
and 10 µl of Lipofectamine 2000 were incubated in 500 µl of 
serum-free opti-MEM (Life Technologies) for 20 min and 
mixed into 2x106 cells cultured in 1.5 ml of antibiotic-free 
RPMI-1640 with 10% FBS in a 60-mm dish. Forty-eight 
hours after transfection, the cells were seeded into a 96-well 
plate and selected for limited dilution cloning in the pres-
ence of 1 µg/ml of G418 for 1 month. K562/GFP-LC3 clone 
#2 was used for the following experiments.

After treatment with macrolide, K562/GFP-LC3 cells 
were spread and fixed on slide glasses using a Cytospin 4 
Centrifuge (Thermo Fisher Scientific, Inc., Rockford, IL, 
uSA) to make slide glass preparations. Analysis by confocal 
microscopy for the assessment of autophagosomes was 
performed using a confocal laser scanning fluorescence 
microscope LSM 700 (Carl Zeiss, Jena, Germany).

Statistical analysis. The data are expressed as mean ± Sd. 
Statistical analysis was performed using the Mann-whitney 
u test (two-tailed).

Results

Cell growth inhibition in pancreatic cancer cell lines after 
treatment with EGFR-TKI. Pancreatic cancer cell lines 
PANC-1 and Capan-1, both of which have activating EGFR 
mutations, and BxPC-3 expressing wild-type EGFR, were 
cultured in the presence of the EGFR-TKIs GEF and erlo-
tinib hydrochloride (ERL) at various concentrations (Fig. 1). 
Although both GEF and ERL inhibited cell growth in these 
cell lines in a dose-dependent manner, GEF was more effec-
tive than erlotinib in the cytotoxic effect in our culture system.  
Therefore, the following in vitro experiments were performed 
using mainly GEF. A concentration of 50% cell growth inhibi-
tion (IC50) after 48-h treatment with GEF was 20.4 µM for 
PANC-1, 39.5 µM for Capan-1 and 19.5 µM for BxPC-3.

Autophagy induction in response to GEF in pancreatic cancer 
cell lines. Conversion from the soluble cytosolic LC3B-I to the 
membrane-bound LC3B-II via conjugation of phosphatidyl 
ethanolamine represents the formation of autophagosomes. 
Therefore, increased expression of LC3B-II is a good marker 
for autophagosome evaluation (27). Treatment with GEF 
induced the increased expression of LC3B-II in a dose- and 
a time-dependent manner in PANC-1 cells and BxPC-3 cells 
(Fig. 2A). Not shown is that ERL-treatment also increased the 
expression of LC3B-II as well as GEF. In addition, combined 
treatment with GEF and lysosomal inhibitors such as E-64d 
and pepstatin A, which are used for blocking autophagy flux, 
further enhanced LC3B-II expression compared to treatment 
with GEF alone or with only lysosomal inhibitors (Fig. 2B).  
Furthermore, electron microscopy indicated a marked increase 
of autophagosomes and autolysosomes in PANC-1 cells after 
treatment with GEF (Fig. 2C). These data indicate that GEF 
induces autophagy in pancreatic cell lines as well as other 
cancer cell lines, including NSCLC cells previously reported 
by us and others (25,26).

Enhanced cytotoxicity of EGFR-TKI by combined treatment 
with macrolides in pancreatic cancer cell lines. Using NSCLC 

Figure 1. Cell growth inhibition after treatment with GEF and ERL in pancre-
atic cancer cell lines. BxPC-3, Capan-1 and PANC-1 cells were treated with 
GEF and ERL at various concentrations for 48 h. The number of viable cells 
was assessed using CellTiter Blue as described in Materials and methods.
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cell lines, we have reported that GEF-induced autophagy 
functions as cytoprotective, and simultaneous treatment with 
GEF and CAM results in enhanced cytotoxicity (25). In the 
present study, we selected three macrolides (CAM, AZM 
and EM900) and examined their efficacy for GEF-induced 
cytotoxicity as well as blocking autophagy flux in pancreatic 
cancer cell lines. First, treatment with up to 50 µM CAM, 
AZM or EM900 resulted in little cytotoxicity in BxPC-3 cells. 
More than 75 µM EM900 exhibited some cytotoxic effect 
(Fig. 3A). Next, BxPC-3 and PANC-1 cells were treated with 
GEF at various concentrations in the presence of 50 µM CAM, 
AZM or EM900. Significant enhancement of GEF-induced 
cytotoxicity was observed (Fig. 3B). during 48-h exposure, 
AZM was more potent than CAM or EM900 for enhancing 
GEF-induced cytotoxicity. At 25 and 50 µM GEF, EM900 was 
superior to CAM. The concentration of GEF was therefore 
fixed at 25 µM, and PANC-1 cells were treated with macro-
lides at various concentrations. It was noteworthy that all three 

macrolides at >5 µM resulted in enhanced reduction of the 
viable cell number as comparing with treating the cells with 
GEF alone (Fig. 3C). Additionally, AZM was superior to CAM 
and EM900 in enhancing the killing effect of 25 µM GEF.

Comparing the blocking effect of autophagy flux among 
CAM, AZM and EM900 in PANC-1 cells. Based on the above 
data, we further assessed the blocking effect of macrolides on 
autophagy flux in pancreatic cancer cell lines. After treatment 
with 50 µM macrolides for 24 and 48 h, PANC-1 cells exhibited 
increased expression of LC3B-II (Fig. 4A). However, unlike 
GEF treatment (Fig. 2B), combined treatment with lysosomal 
inhibitors and a macrolide did not increase LC3B-II expression 
further, compared with treatment with either a macrolide alone 
or only lysosome inhibitors. These results indicate that all 
tested macrolides effectively block autophagy flux (Fig. 4B).  
For comparison of efficiency on blocking autophagy, PANC-1 
cells were treated with a macrolide at various concentrations 

Figure 2. Autophagy induction after treatment with GEF. (A) PANC-1 cells and BxPC-3 cells were treated with GEF (10 and 25 µM) for 16 and 24 h. 
Cellular proteins were separated by 15% SdS-PAGE and immunoblotted with anti-LC3B Ab. Immunoblotting with anti-GAPdH mAb was performed as an 
internal control. Numbers indicating the expression ratios of LC3B-II/GAPdH were determined using densitometry. (B) PANC-1 cells and BxPC-3 cells were 
cultured with or without GEF (25 µM) in the presence or absence of lysosomal inhibitors (LI), E-64d (10 µg/ml), and pepstatin A (10 µg/ml) for 16 and 24 h. 
Immunoblottings were performed as (A). Numbers indicate the expression ratios of LC3B-II/GAPdH. (C) PANC-1 cells were treated with GEF (25 µM) for 
48 h, and electron microscopy was performed. Scale bars, 2 µm. N, nucleus; mit, mitochondria; AP, autophagosome; AL, autolysosome.
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for 24 h. Immunoblotting with anti-LC3B Ab clearly indi-
cated accumulation of autophagosome in a dose-dependent 
manner for all three macrolides (Fig. 5A). P62, a substrate of 
autophagy (28), also accumulated after macrolide treatment 
in a dose-dependent manner. To standardize for comparison 
among the three macrolides, the expression ratios of LC3B-II 
to GAPdH were divided by that of untreated controls and 
plotted (Fig. 5B). AZM is the most potent in blocking effi-
ciency in autophagy; EM900 is the second most potent and 
superior to CAM. It was noteworthy that the inhibitory 
efficacy of autophagy in macrolides correlated well with 
their enhancing effect for GEF-induced cytotoxicity (Fig. 3B 
and C). To confirm their blocking efficiency, K562 cells with 
a stably transfected GFP-LC3 gene (K562/GFP-LC3) were 
cultured in the presence of these macrolides at 50 µM for 
24 h. As indicated in Fig. 5C and d, the number of puncta 
of GFP-LC3 pre-cell, which indicates autophagosome accu-
mulation in response to the macrolide, was consistent with 
the result presented in Fig. 5A and B. Increase in the number 
of GFP-LC3 puncta was in the order of AZM, EM900 and 
CAM. These data together strongly suggested that enhanced 
GEF-induced cytotoxicity by combining macrolides is due to 
their effect in blocking autophagy flux.

Non-apoptotic cell death induction after treatment with GEF 
with/without macrolides. we next assessed ER stress loading 
after treatment with GEF and macrolides, because apoptosis is 
induced when ER stress is overloaded beyond cellular adaptive 
capacity (21,22). Real-time PCR indicated that GEF treatment 
upregulated ER stress-related genes such as GRP78 and 

Figure 3. Enhancement of cell growth inhibition after combined treatment 
with GEF and macrolides in PANC-1 and BxPC-3 cells. (A) BxPC-3 cells 
were treated with CAM, AZM and EM900 at various concentrations for 24 
and 48 h. The number of viable cells was then assessed using CellTiter Blue.
(B) BxPC-3 and PANC-1 cells were treated with GEF at various concen-
trations in the presence or absence of macrolides (50 µM) for 24 and 48 h. 
*P<0.05 control vs. macrolide. (C) PANC-1 cells were treated with macro-
lides at various concentrations in the presence or absence of GEF (25 µM) 
for 24 and 48 h. The number of viable cells was assessed using CellTiter Blue. 
*P<0.05; CAM vs. AZM/EM900.

Figure 4. Flux analysis of autophagosome formation in macrolides. 
(A) PANC-1 cells were treated with CAM, AZM and EM900 at 50 µM for 
24 and 48 h. Cellular proteins were separated by 15% SdS-PAGE and immu-
noblotted with anti-LC3B Ab. Immunoblotting with anti-GAPdH mAb was 
performed as an internal control for protein loading. Numbers indicate the 
expression ratios of LC3B-II/GAPdH. (B) PANC-1 cells were treated with 
AZM and EM900 at 50 µM in the presence or absence of lysosomal inhibi-
tors (LIs) for 16 h, as depicted in Fig. 2B. Immunoblotting was performed as 
in (A). Numbers indicate the expression ratios of LC3B-II/GAPdH. 
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CHoP, whereas, treatment with macrolides had little effect 
(Fig. 6). Combined treatment with GEF plus CAM resulted 
in pronounced expressions of GRP78 and CHoP, which is 
a pro-apoptotic transcription factor that upregulates various 
pro-apoptotic genes such as Bax and Bim (21). unexpectedly, 
concomitant AZM or EM900 plus GEF did not significantly 
enhance ER stress loading compared with treatment of the 
cells with GEF alone. A discrepancy between the efficiency of 
autophagy inhibition and ER stress loading led us to examine 
whether the enhanced cytotoxicity is completely mediated 
though apoptosis.

As indicated in Fig. 7A, treating PANC-1 cells with GEF 
in the presence or absence of EM900 produced no apoptotic 
features but did produce necrosis. However, cells treated with 
gemcitabine (gem), which is the most widely used medicine for 
treating patients with metastatic pancreatic cancer, produced 
nuclear chromatin condensation in some cells (arrows). 

Figure 5. Comparison of macrolides in the efficiency of blocking autophagy flux. (A) PANC-1 cells were treated with AZM, EM900 and CAM at various 
concentrations for 24 h. Cellular proteins were separated by 15% SdS-PAGE for LC3B and 11.25% for p62 and immunoblotted with anti-LC3B and anti-p62 
mAbs. Immunoblotting with anti-GAPdH mAb was performed as an internal control. Numbers indicate the ratios of LC3B-II/GAPdH and p62/GAPdH as 
determined using densitometry. (B) Expression ratios of LC3B-II/GAPdH presented above were plotted. (C) Confocal microscopy: K562-GFP-LC3 cells 
were treated with 50 µM AZM, EM900 and CAM for 24 h. upper panels, puncta of green fluorescence indicates accumulating autophagosome. Lower panels, 
differential interference contrast microscopy. Scale bars, 10 µm. (d) Numbers of puncta of GFP-LC3 per cell in Fig. 5C. CAM vs. AZM, P<0.001; AZM vs. 
EM900, P=0.02; EM900 vs. CAM, P=0.03.

Figure 6. Induction of GRP78 and CHoP in PANC-1 cells after treatment 
with GEF and macrolides. PANC-1 cells were treated with/without GEF in 
the presence or absence of the three macrolides for 24 and 48 h. Expressions 
of ER stress-related genes GRP78 and CHoP were assessed using real-time 
PCR.
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Figure 7. Morphological changes in PANC-1 cells after treatment with GEF and macrolides. (A) May-Giemsa staining: May-Giemsa staining was performed 
after treatment with either GEF (25 µM) or gemcitabine (100 µM) in the presence or absence of EM900 (50 µM) for 48 h. Scale bars, 10 µm. Arrows indicate 
nuclear chromatin condensations. (B) Electron microscopy: PANC-1 cells were processed for electron microscopy after treatment with GEF (25 µM), AZM 
(50 µM), GEF+AZM, and gemcitabine (100 µM) for 48 h. Lower panels are at higher magnifications of the squared areas in each upper panel. Scale bars, 2 µm. 
(C) PANC-1 cells were treated with GEF (25 µM), AZM (50 µM), EM900 (50 µM), GEF+AZM, and gemcitabine (10 and 100 µM) for 48 h. Cellular proteins 
were separated by 15% SdS-PAGE for caspase-3 and 7.5% for PARP and immunoblotted with either anti-cleaved caspase-3 Ab or anti-PARP Ab. Cell lysate 
derived from HL-60 cells treated with vitamin K2 was used as a positive control for apoptosis induction (42). (d) PANC-1 cells were treated with various 
concentrations of either necrostatin-1 or Z-VAd-FMK in the presence or absence of GEF (50 µM), GEF (50 µM) plus EM900 (50 µM), or gem (300 µM) for 
48 h. The number of viable cells was assessed using CellTiter Blue.
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Electron microscopy also indicated that, although gem-treated 
PANC-1 cells exhibited a sharp nuclear notch as well as nuclear 
heterochromatin formation GEF treatment with/without AZM 
did not produce prominent nuclear change, but did produce 
accumulation of a large number of autophagosomes and autoly-
sosomes, and increased swollen mitochondria with destruction 
of cristae structure inside them (Fig. 7B). Furthermore, immu-
noblotting with anti-cleaved capase-3 Ab and anti-PARP Ab 
indicated no cleavage of caspase-3 and PARP after treatment 
with GEF plus AZM or EM900 (Fig. 7C). All these data 
suggest that enhanced cytotoxicity by combining GEF plus 
macrolide as well as GEF-induced cytotoxicity itself does not 
involve apoptosis in pancreatic cancer cell lines. This result 
was also supported by the data presented in Fig. 7d; in the 
presence of necrostatin-1, a potent and selective inhibitor of 
necroptosis via blocking RIP-1 kinase (29), GEF- and GEF plus 
EM900-induced cell death was significantly attenuated, while 
Z-VAd-FMK, a pan-caspase inhibitor for apoptosis inhibition, 
had little effect. In contrast, gemcitabine-induced cytotoxicity 
was significantly suppressed in the presence of Z-VAd-FMK, 
but not in the presence of necrostatin-1. Thus, a combination 
of GEF plus macrolide induces mainly non-apoptosis cell 
death such as necroptosis, whereas GEM induces apoptosis, 
in PANC-1 cells.

Discussion

In the present study, we demonstrated that macrolides such as 
AZM, CAM and EM900 enhance GEF-induced cytotoxicity 
in pancreatic cancer cell lines. In addition, the efficiency of 
macrolides in blocking autophagy flux correlated well with 
their enhancement of GEF-induced cytotoxicity (Figs. 3 
and 4). Among the three macrolides, AZM was the most 
potent for enhancing the GEF cytotoxicity as well as for inhib-
iting autophagy. Many previous reports suggest that autophagy 
induction by GEF is a metabolic stress response and functions 
as cytoprotective, which might be crucial in resistance to 
EGFR-TKIs (11-13). Therefore, it is reasonable that blocking 
efficiency directly influences the cytotoxic effect of GEF.  
However, the precise mechanism for blocking autophagy by 
macrolides must still be clarified.

Based on the chemical structure of macrolides, a 
common target appears to be involved in the process of 
autophagy. Autophagy inhibition by AZM was originally 
reported by Renna et al in 2011 (18). Long-term oral admin-
istration of AZM against chronic sinopulmonary infection 
in adult patients with cystic fibrosis is associated with the 
development of infection with non-tuberculous mycobac-
teria. They found that, in primary human macrophages, 
AZM concentrations achieved during therapeutic dosing 
blocked autophagosome clearance by preventing lysosomal 
acidification, thereby impairing autophagic and phagosomal 
degradation. As a consequence, AZM treatment inhibited 
intracellular killing of mycobacteria within macrophages, 
which resulted in chronic non-tuberculous mycobacteria 
infection (18). Electron microscopy indicated accumulation 
of a large number of autophagosomes and autolysosomes in 
PANC-1 cells after treatment with AZM (Fig. 7B). This result 
indicated that the membrane fusion between autophagosome 
and lysosome (autolysosome formation) is not impaired. 

Lysosomes generate and maintain their pH gradients by 
vacuolar (V)-type ATPase activity for pumping protons into 
the lysosome lumen (31). Therefore, preventing lysosomal 
acidification by AZM as indicated by a previous report 
suggests that V-type ATPase is a candidate target molecule 
for AZM. Indeed, bafilomycin A1 and concanamycin A are 
macrolide compounds that have a selective inhibitory effect 
on V-type ATPase, and they are frequently used in experi-
ments in vitro for blocking autophagy (32). However, both 
macrolides have reportedly prevented maturation of autoph-
agic vacuoles by inhibiting fusion between autophagosomes 
and lysosomes (32). Valosin-containing protein (VCP)/p97 
appears to be another potential target (33). A recent report 
demonstrated that AZM and CAM interact with VCP, based 
on AZM- and CAM-immobilized affinity chromatog-
raphy (33). Pathophysiologically, germline mutations in VCP 
genes account for a spectrum of pathological phenotypes 
that include inclusion body myopathy with Paget's disease 
of the bone and frontotemporal dementia, hereditary spastic 
paraplegia (IBMPFd), and 1-2% of familial amyotrophic 
lateral sclerosis (34,35). In addition, VCP/p97 plays a critical 
role in a broad range of cellular activities, including ERAd, 
the ubiquitin-proteasome system, prevention of polyglu-
tamine aggregation and autophagosome maturation in 
autophagy (35,36). VCP mutation (p.Glu185Lys) segregating 
in the autosomal dominant Charcot-Marie-Tooth disease 
type 2 family was also identified (37). Notably, functional 
studies confirmed that the Glu185Lys variant impaired 
autophagic function, leading to accumulation of immature 
autophagosomes (37). Identification of the target molecule(s) 
of macrolide for autophagy inhibition as well as assessment 
of the affinity to the macrolides used in this study helps to 
clarify the phenomena analyzed in this study.

despite the positive relationship between blocking 
efficiency and enhancement of the cytotoxicity of GEF, discrep-
ancies in ER stress loading were observed (Fig. 5 vs. 6). CAM 
and GEF was the most potent combination for upregulation of 
pro-apoptotic transcription factor CHoP, whereas concomi-
tant AZM or EM900 plus GEF did not significantly enhance 
ER stress loading, compared with GEF alone (Fig. 6). other 
than ER stress-mediated apoptosis, alternative pathway(s) such 
as non-apoptotic cell death might contribute to the pronounced 
cytotoxic effect. we previously reported that a murine embry-
onic fibroblast (MEF) cell line derived from CHoP knockout 
mice still exhibited enhanced cytotoxicity with combined 
treatment of GEF and CAM, although they were much less 
sensitive to GEF plus CAM than the CHoP+/+ MEF cell 
line (24). The same phenomenon was observed in PC-9 cell 
knocked down CHoP by siRNA versus control PC-9 cells (24).  
Although cytotoxicity was enhanced, a series of experiments 
performed for assessing apoptosis did not yield any apparent 
features of apoptosis (Fig. 7A-C). However, in the presence of 
necrostatin-1, a specific inhibitor for necroptosis via blocking 
RIP1 kinase (29), GEF- and GEF plus macrolide-induced cell 
death was partially but significantly suppressed (Fig. 7d). This 
result suggests that necroptosis might contribute to enhanced 
cytotoxicity. unlike NSCLC cell lines, PANC-1 and BxPC-3 
cells did not exhibit prominent apoptotic features even after 
treatment with GEF alone (24). In addition, treatment with 
gemcitabine resulted in only slight apoptotic change, such as 
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weak cleavages of caspase-3 and PARP, as well as partial chro-
matin condensation without nuclear fragmentation (Fig. 7A-C). 
Also, their features were much weaker than those in other cell 
lines (e.g., NSCLC, breast cancer and leukemia cell lines) (data 
not shown). Therefore, pancreatic cancer cell lines used in the 
present study may be rather resistant to apoptosis induction. 
This result might represent the difficult clinical features of 
pancreatic cancer patients with chemoresistance.

It is necessary to determine the most effective way to 
interconnect autophagy inhibition and non-apoptotic cell 
death. Currently, no study has demonstrated necroptosis 
induction by EGFR-TKIs. However, it has been confirmed that 
non-apoptotic cell death, including necroptosis, alternatively 
becomes prominent when cells are resistant to apoptosis 
induction (38-40). In PANC-1 cells, a higher concentration 
of gemcitabine (100 µM) was required for apoptosis induc-
tion, indicating difficulty in inducing apoptosis in them, 
unlike other cancer cell lines (Fig. 7d). It was reported that 
autophagy suppresses RIP kinase-dependent necrosis (necrop-
tosis) in RCC4 cells, a human renal cell carcinoma cell line 
(41). Inhibition of mToR with the specific mToR inhibitor 
CCL-779 stimulated autophagy, leading to elimination of RIP 
kinases via autophagy-mediated degradation. However, with 
the simultaneous inhibition of autophagy using chloroquine 
and mToR with CCL-779, necroptosis was induced (41). 
This result is somewhat similar to our observation, since 
EGFR-TKI inhibits the axis of the PI3K/AKT/mToR pathway. 
In their system, autophagy of mitochondria (mitophagy) is 
required for cell survival, since mTOR inhibition turns off 
the Nrf2 antioxidant defense (41). Thus, simultaneous mToR 
and autophagy inhibition leads to an imbalance between ROS 
production by mitochondria and the defense by Nrf2, which 
causes necroptosis.  Pancreatic cell lines appear to have higher 
basal autophagy with increased mitochondria than other 
cancer cell lines (Figs. 2A and 7B). For clinical use of a macro-
lide as a potent ‘sensitizer’ in EGFR-TKI therapy, it will also 
be important to establish the underlying molecular mechanism 
of enhanced non-apoptotic cell death, as well as to identify the 
target(s) of macrolides.
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A novel cereblon modulator recruits 
GSPT1 to the CRL4CRBN ubiquitin ligase
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The immunomodulatory drugs lenalidomide and pomalidomide 
promote recruitment and ubiquitination of substrate proteins to the 
CRL4CRBN (CUL4–DDB1–RBX1–CRBN) E3 ubiquitin ligase, lead-
ing to their subsequent degradation by the 26S proteasome1,15,16. The 
therapeutic benefits of immunomodulatory drug treatment in multiple 
myeloma and 5q-deletion-associated myelodysplastic syndrome are 
driven by a combination of both anti-proliferative cellular and immu-
nomodulatory effects2–5. The CRL4CRBN E3 ubiquitin ligase complex 
consists of a core scaffolding component CUL4, which binds to the 
RBX1 subunit, the docking site for E2 recruitment, and DDB1, an adap-
tor protein. DDB1 provides a binding site for CRL4 substrate receptor 
proteins such as cereblon, termed DCAFs (DDB1 and CUL4 associated 
factors), which recruit substrates to the ubiquitin ligase complex and 
determine substrate specificity6–9.

Structural studies have shown that immunomodulatory drugs 
bind in a shallow hydrophobic pocket on the surface of cereblon10,11. 
Cereblon binding is mediated by a glutarimide ring, a feature common 
to the clinical molecules thalidomide, lenalidomide, pomalidomide, 
and CC-122. These compounds feature additional chemical groups that 
are not contained by the cereblon binding pocket, and have been pos-
tulated to interact with cognate substrates resulting in ‘neomorphic’ E3 
ligase activity. Several proteins have been reported to be ubiquitinated 
by the CRL4CRBN E3 ligase upon treatment with immunomodulatory 
drugs. Ikaros and Aiolos are zinc finger transcription factors important 
in haematological differentiation12,13, which are degraded by addition 
of several immunomodulatory drugs5,14–16. Recently, lenalidomide, 
but not pomalidomide or CC-122, was demonstrated to induce the 
degradation of the protein kinase casein kinase 1α (CK1α), thereby 
exploiting CK1α haploinsufficiency associated with 5q-deletion- 
associated myelodysplastic syndrome5. Importantly, these cereblon sub-
strates share no obvious sequence or structural homology to explain 
their susceptibility to immunomodulatory drugs.

We investigated whether cereblon could be repurposed to induce 
the degradation of previously unidentified targets resulting in anti- 
tumour activity. We identified CC-885 as a potent anti-cancer agent 
eliciting broad spectrum growth inhibition against cancer cell lines and 
patient-derived acute myeloid leukaemia (AML) cells, indicating the 
clinical potential for this mechanism. We identified GSPT1 (eRF3a) as 
a novel CC-885-dependent cereblon substrate mediating the anti-pro-
liferative effects of CC-885. GSPT1 is a translation termination factor 
that binds eRF1 to mediate stop codon recognition and nascent protein 
release from the ribosome17–19. GSPT1 is not targeted for degradation 
by any of the current generation of clinically approved immunomod-
ulatory drugs, and possesses no obvious homology to Ikaros, Aiolos or 
CK1α. To investigate the structural determinants for substrate recruit-
ment, we solved the structure of cereblon in complex with DDB1, 
CC-885, and GSPT1. We found that the main contacts to cereblon–
CC-885 by GSPT1 are mediated by the peptide backbone of a surface 
turn. Degrons, molecular motifs that direct E3 ligase interactions, 
have been defined for other ligases20–22, and include examples where 
recognition is dependent upon small molecules binding to the ligase 
complex23,24. Mutational evidence indicates that Ikaros is recruited via 
a motif similar to that of GSPT1, demonstrating that there is a common 
structural degron for ligand-directed recruitment to the CRL4CRBN  
E3 ligase.

CC-885 is a cereblon-dependent anti-tumour agent
On the basis of the hypothesis that additional proteins are vulnerable to 
cereblon-mediated degradation, we sought to identify cereblon ligands 
with unique activities from a library of analogues. CC-885 was identi-
fied as a compound exhibiting a strong anti-proliferative phenotype in 
tumour cell lines (Extended Data Fig. 1a). The broad activity profile of 
CC-885 is highly differentiated from that of thalidomide, lenalidomide 
and pomalidomide (Extended Data Fig. 1a, d). To assess the potential 

Immunomodulatory drugs bind to cereblon (CRBN) to confer differentiated substrate specificity on the CRL4CRBN E3 
ubiquitin ligase. Here we report the identification of a new cereblon modulator, CC-885, with potent anti-tumour activity. 
The anti-tumour activity of CC-885 is mediated through the cereblon-dependent ubiquitination and degradation of the 
translation termination factor GSPT1. Patient-derived acute myeloid leukaemia tumour cells exhibit high sensitivity 
to CC-885, indicating the clinical potential of this mechanism. Crystallographic studies of the CRBN–DDB1–CC-885–
GSPT1 complex reveal that GSPT1 binds to cereblon through a surface turn containing a glycine residue at a key position, 
interacting with both CC-885 and a ‘hotspot’ on the cereblon surface. Although GSPT1 possesses no obvious structural, 
sequence or functional homology to previously known cereblon substrates, mutational analysis and modelling indicate 
that the cereblon substrate Ikaros uses a similar structural feature to bind cereblon, suggesting a common motif for 
substrate recruitment. These findings define a structural degron underlying cereblon ‘neosubstrate’ selectivity, and 
identify an anti-tumour target rendered druggable by cereblon modulation.
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clinical utility of CC-885, the molecule was tested in an ex vivo set-
ting to evaluate potency against patient-derived AML tumour cells. 
CC-885 exhibited sub-nanomolar potency against 4 out of 5 patient 
samples (Extended Data Fig. 1b), with reduced activity against the  
normal lymphoid cells obtained from the same donors.

We next established the cellular target of CC-885. Like lenalidomide 
and its analogues, CC-885 contains a glutarimide ring that can directly 
interact with cereblon (Fig. 1a). The anti-proliferative effects of CC-885 
are cereblon-dependent, as ablation of cereblon gene expression using 
clustered regularly interspaced short palindromic repeats (CRISPR) 
conferred resistance to CC-885 in 293FT human embryonic kidney 
cells, as well as in the AML cell lines NB-4, MOLM-13 and OCI-AML2 
(Fig. 1 b, Extended Data Fig. 1c). To identify potential substrates of 
CRL4CRBN regulated by CC-885, we generated 293T HEK cells stably 
expressing Flag- and haemagglutinin (HA)-double-tagged cereblon 
(FH–CRBN). Using large-scale anti-Flag affinity purification followed 
by mass spectrometry analysis, GSPT1 (eRF3a) was identified as a 
protein that associated with FH–CRBN specifically in the presence of 
CC-885 (Fig. 1c, Supplementary Information Table 1). The presence 
of GSPT1 in the anti-Flag immunoprecipitates of FH–CRBN complex 
bound to CC-885 was confirmed by immunoblot analysis (Fig. 1c,  
bottom). Reciprocal binding assays performed with HA-tagged GSPT1 
immobilized on anti-HA resin further supported that CC-885 could 
enhance the binding affinity of endogenous cereblon for GSPT1 
(Extended data Fig. 2). Lenalidomide did not promote the interactions 
between cereblon and GSPT1. Conversely, CC-885 enhanced the bind-
ing of Ikaros (IKZF1) to cereblon. Consistent with the binding data, 
CC-885, but not lenalidomide or pomalidomide, triggered the deple-
tion of GSPT1, whereas all three agents decreased the level of Ikaros in 
NB-4 leukaemia cells (Fig. 1d).

CC-885 promotes cereblon-dependent GSPT1 destruction
We next determined whether the changes in GSPT1 protein levels 
upon CC-885 treatment resulted from CRL4CRBN-dependent ubiquit-
ination and degradation. In 293FT HEK cells, the CC-885-induced 
reduction of GSPT1 protein levels can be prevented by depletion of 
cereblon via CRISPR or by co-treatment with either a neddylation 
inhibitor (MLN4924) or a proteasome inhibitor (MG132) (Extended 
Data Fig. 3, and data not shown). The mRNA level of GSPT1 was 
not decreased but rather increased in 293FT HEK cells treated with 
CC-885, consistent with a non-transcriptional mechanism (Extended 
Data Fig. 3). Together, these results indicate that CC-885 treatment 
causes cereblon-dependent ubiquitination and subsequent proteosomal 
degradation of GSPT1.

CC-885 promoted both the in vivo and in vitro ubiquitination of 
GSPT1 by cereblon (Fig. 1 e, f and Extended Data Fig. 4) and decreased 
the protein half-life of GSPT1 in 293FT HEK parental but not in 
CRBN−/− cells (Extended Data Fig. 4). Reintroduction of wild-type 
cereblon via lentiviral infection in 293FT CRBN−/− cells restored the 
CC-885-dependent degradation of GSPT1, whereas CRBN(W386A) 
and CRBN(E377V) mutants displayed diminished activity, with E377V 
exhibiting a stronger effect consistent with the critical role of E377 
in anchoring CC-885 in the cereblon–GSPT1 complex (Extended  
Data Fig. 4).

GSPT1 depletion drives CC-885 effects
To address whether the cereblon-dependent degradation of GSPT1 
was responsible for the cytotoxic effects of CC-885, a GSPT1 mutant 
that retains its normal function, but loses CC-885-dependent cereblon 
binding, was used to distinguish the role of GSPT1 from that of other  
substrates. The yeast homologue, SUP35, shares a high degree of 

Figure 1 | GSPT1 is a substrate of the cereblon E3 ligase complex bound 
with CC-885. a, Structures of lenalidomide, pomalidomide and CC-
885 with the glutarimide ring shown in red, isoindolinone in blue, the 
methylene urea in green. b, The effect of CC-885 on cell proliferation in 
parental and CRBN−/− AML cell lines as indicated. Result is representative 
of three biological replicates. Data are shown as mean ± s.d., n = 3 
technical replicates. c, Silver stained gel of the immunoprecipitation 
of Flag-tagged cereblon to identify GSPT1 binding in the presence of 
CC-885. d, Immunoblot analysis of whole-cell extracts of NB-4 cells 
incubated with DMSO, or with lenalidomide, pomalidomide or CC-885 
at the concentrations indicated for 4 h. e, The in vivo ubiquitination of 
GSPT1 is cereblon dependent. 293FT CRBN−/− cells were transfected with 

plasmids expressing 8× His–Ub. After 48 h, cells were treated with CC-885 
and MG-132 as indicated for 8 h. Whole–cell extract and ubiquitinated 
protein products enriched with nickel sepharose were subjected to 
immunoblot analysis. The anti-His ubiquitin immunoblot showing equal 
enrichment of ubiquitinated proteins is shown in Extended Data Fig. 3a. 
Arrowhead indicates nonspecific band. f, In vitro ubiquitination of GSPT1 
by the CUL4A–RBX1–DDB1–cereblon complex. Recombinant protein 
products as indicated were incubated with or without ATP (10 mM) and 
CC-885 (100 μM) in the ubiquitination assay buffer at 30 °C for 2 h, and 
then analysed by immunoblotting. Results in d–f are representative of 
three independent experiments. For gel source data, see Supplementary 
Information Fig. 1.
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sequence homology with human GSPT1, but did not show any changes 
in protein level in response to CC-885 when stably expressed in 293T 
HEK cells (Extended Data Fig. 5). Through a series of domain-swap 
experiments, we identified that conversion of GSPT1 glycine 575 into 
the corresponding asparagine of SUP35 prevented both the CC-885-
induced degradation of GSPT1 and the in vitro binding to cereblon  
(Fig. 2a, Extended Data Fig. 5). We then tested CC-885 in 293T HEK 
cells stably expressing the CC-885-sensitive or -resistant GSPT1 
variants. Overexpression of a resistant variant GSPT1Δ(1–138)/
(G575N) completely abrogated the CC-885-induced anti-proliferation  
(Fig. 2b, c), whereas overexpression of a CC-885-sensitive vari-
ant GSPT1Δ(1–138) only conferred partial protection. Similar 
results were obtained in AML cell lines OCI-AML2 and MOLM-13 
(Extended Data Fig. 6a, b). To determine whether GSPT1 deple-
tion is sufficient to block cell proliferation, we used lentiviral 
short hairpin RNA (shRNA) vectors to silence the expression of 
endogenous GSPT1 in 293T HEK, OCI-AML2, and MOLM-13 
cells and found a marked reduction of GPST1 protein level corre-
lated with decreased cell fitness as compared to parental cells or 
cells expressing a control shRNA (Fig. 2d, e and Extended Data  
Fig. 6c–e). Together, these experiments indicate that CC-885 cytotox-
icity largely, if not completely, depends upon loss of GSPT1. This is 
consistent with a previously published report showing that mutation  
of SUP35 prevented the G1 to S phase transition during cell cycle  
progression in Saccharomyces cerevisiae25. Similarly, depletion of 
GSPT1 led to cell cycle arrest at G1 in the human colorectal cancer cell 
line HCT116 (ref. 26).

Structure of cereblon with DDB1, CC-885 and GSPT1
To explore the molecular requirements for ligand-directed substrate 
recruitment to cereblon, we determined the crystal structure of full-
length human DDB1 bound to human cereblon (amino acids 40–442), 
CC-885, and domains 2 and 3 of human GSPT1 (amino acids 437–633) 
to 3.6 Å resolution (Fig. 3a, full data collection and refinement statistics  
given in Extended Data Table 1). In the crystal structure, GSPT1 
domain 3 docks against cereblon at the site of CC-885 binding with 

direct interactions with both CC-885 and the proximal cereblon surface 
(Fig. 3a). GSPT1 domain 2 does not directly contact either CC-885 
or cereblon. Cereblon is bound to DDB1 in a manner consistent with 
the previously determined structures of cereblon–DDB1 (refs 10, 11). 
CC-885 is bound in the tri-Trp pocket of cereblon, where the glutar-
imide ring makes 3 hydrogen bonds with cereblon, two to the back-
bone of residues W380 and H378, and one to the side chain of H378  
(Fig. 3b). The isoindolinone ring of CC-885 (Fig. 1a) is presented on the 
surface of cereblon in a manner similar to lenalidomide, and interacts 
with both cereblon and GSPT1, including a hydrogen bond from the 
isoindolinone carbonyl oxygen to the side chain of N351 of cereblon. 
The chemical structure of CC-885 is extended compared to lenalido-
mide or pomalidomide (Fig. 1a), allowing further interactions with 
both cereblon and GSPT1. The urea moiety of CC-885 is positioned 
between cereblon residues E377 and H353, with hydrogen bonds to 
both side chains. The terminal methyl-chloro-phenyl ring is positioned 
proximal to the β-sheet core of GSPT1 domain 3.

CC-885 is critical for the formation of the complex as demonstrated 
by surface plasmon resonance experiments showing that GSPT1 binds 
to cereblon-DDB1 with a dissociation constant (KD) of ~350 nM in 
the presence of CC-885 (Extended Data Fig. 7). No significant inter-
action was observed in the absence of CC-885. Similarly, negative stain 
electron microscopy confirmed that CC-885 was critical for cereblon–
GSPT1 complex formation, as no cereblon–GSPT1 particles were 
observed in the absence of CC-885 (Extended Data Fig. 8).

GSPT1 binds a ‘hotspot’ on the cereblon–CC-885 surface
It was previously hypothesized that immunomodulatory drug binding 
forms an interaction hotspot on the cereblon surface by placement of 
a planar hydrophobic group (the ligand phthalimide or isoindolinone 
ring, Fig. 1a) amongst unsatisfied hydrogen bonds from both ligand 
and the protein surface10. In this way, ligands with low molecular 
weight would be able to achieve marked alterations in binding potency 
by promoting contributions towards substrate binding from the  
cereblon surface. The structure of cereblon–DDB1–CC-885–GSPT1 
confirms that GSPT1 interacts directly with CC-885 and also forms 

Figure 2 | GSPT1 degradation is necessary and sufficient for the CC-
885-associated cytotoxicity. a, Schematic of the human GSPT1 and 
Saccharomyces cerevisiae SUP35 chimaeras. The CC-885-dependent 
degradation motif of human GSPT1, as well as the corresponding region 
present in SUP35, are highlighted. Change of protein stability of the 
GSPT1–SUP35 fusion proteins in response to CC-885 treatment is shown 
in Extended Data Fig. 5d. b, Immunoblot analysis of 293T HEK cells 
stably producing HA-tagged GSPT1 wild-type and variants. Dotted line 
marks where irrelevant lanes were removed. Detailed domain mapping 
experiments are shown in Extended Data Fig. 5. c, Effect of CC-885 on 
proliferation of 293T parental cells or stably expressing GSPT1 variants. 

Result is representative of three biological replicates. Data are presented 
as mean ± s.d., n = 3 technical replicates. d, e, Cell growth curve of OCI-
AML2 parental cells or cells transduced with lentiviral vectors expressing 
a control shRNA (shCNTL) or GSPT1 specific shRNA (shGSPT1-1 to 4). 
Immunoblot analysis of whole-cell extracts (d) was carried out at day 4 
after transduction with lentiviral vectors. Cell growth (e) was quantified 
with CellTiter-Glo (CTG) at day 4, 6, and 8 after transduction. Results are 
representative of three biological replicates. Data are mean ± s.d. n = 3 
technical replicates. For gel source data, see Supplementary Information 
Fig. 1.
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direct protein–protein interactions, with cereblon residues N351, H357, 
and W400 all contributing direct hydrogen bonds to GSPT1. Further 
van der Waals interactions are provided from the side chains of cere-
blon residues Y355, H397, and V388.

Co-immunoprecipitation of GSPT1 with cereblon surface mutants 
reveals that residues including N351, H357, E377, V388 and H397 are 
critical to recruiting GSPT1 to cereblon in a manner dependent upon 
CC-885 (Fig. 3c, Extended Data Fig. 9). Each of the three side chains 
that hydrogen bond to GSPT1 (N351, H357 and W400) is shown to be 
critical for GSPT1 recruitment. When mutation sensitivity is mapped 
onto the surface of cereblon by colour, a patch of sensitivity is revealed 
that corresponds to the interaction site visible in the crystal structure 
(Fig. 3c, e).

To evaluate whether this patch of the cereblon surface is similarly 
purposed for the recruitment of other substrates, the same panel of 
cereblon mutants was tested against Ikaros (Fig. 3d, Extended Data 
Fig. 9). As shown in Fig. 3c, d, the critical interaction site is similar  
between GSPT1 and Ikaros. Interestingly, all three residues that  
contribute hydrogen bonds to GSPT1 are also required for Ikaros 
recruitment, suggesting a common mechanism of substrate recruit-
ment. Residues E377 and F150, however, are uniquely required for 
GSPT1 recruitment. F150 is proximal to CC-885 and contacts domain 
3 of GSPT1 in a manner that is dependent on the GSPT1 tertiary struc-
ture; it is therefore probably different from other substrates that do not 
share a common fold. E377 makes direct interactions with CC-885, 
and mutation may therefore affect ligand binding and conformation. 
An E377V polymorphism is found in mouse and rats and underlies 
resistance to CC-885 treatment in rodents (Extended Data Fig. 9 e and 
Supplementary Discussion). A further difference in cereblon–substrate 
interactions is observed at V388: GSPT1 binding is lost in the V388A 
mutant, but some binding is retained in the V388I mutant, which is also 
a rodent polymorphism. In contrast, Ikaros binding is abolished by the 
V388I mutation, consistent with previous work5; however, the V388A 
mutation has no significant effect on Ikaros binding. These differences 

may be due to subtle differences in residue side chain bulk or substrate 
conformation at the interaction site. Lenalidomide and pomalidomide 
do not cause GSPT1 binding and degradation (Fig. 1b and Extended 
Data Fig. 2). These molecules lack the urea and chloro-methyl-phenyl 
moieties of CC-885 (Fig. 1a) that probably contribute to the affinity of 
the complex through interactions with domain 3 of GSPT1.

GSPT1 features required for recruitment to cereblon
The GSPT1 motif that mediates interactions with cereblon–CC-885 
is a solvent-exposed region composed of residues 569–578, including 
a small anti-parallel β-sheet forming a β-hairpin with an α-turn from 
residues 571–575 (Fig. 4a). Despite the degree of solvent exposure, the 
turn is well-ordered in both the previous GSPT1 crystal structure17 and 
in the complex with cereblon. The conformational stability of the turn 
is probably due to intramolecular bonding, with an ASX-motif and an 
ST-turn mediated by D571 and S574, respectively. These intramolecular 
motifs might be expected to rigidify and stabilize the conformation of 
the turn before cereblon binding (Fig. 4a). The key hydrogen bonds 
formed with cereblon are all mediated by backbone carbonyl oxygen 
atoms, which are displayed in an array at the end of the turn. Carbonyl 
oxygen atoms from GSPT1 K572, K573, and S574 accept hydrogen 
bonds from cereblon residues N351, H357, and W400, respectively  
(Fig. 4a). The GSPT1 turn lies on top of the isoindolinone ring of CC-885 
making hydrophobic and van der Waals interactions. A further key 
interaction occurs between G575 and the isoindolinone moiety. G575 
is of particular importance in determining substrate recruitment, as it 
not only contributes to binding interactions, but also the close sterics  
at this position indicate that no other residue would be tolerated at this 
position. Therefore, the degron is not the linear peptide sequence, but 
rather the geometric arrangement of three backbone hydrogen bond 
acceptors at the apex of a turn (positions i, i+1, and i+2), with a glycine 
residue at a key position (i+3).

The structural interpretation is supported by site-directed mutagen-
esis of the GSPT1 turn, which indicates that G575A loses CC-885-
dependent cereblon binding (Fig. 4c). It should be noted that the 
backbone torsion angles of G575 occupy a part of the Ramachandran 
plot only accessible to glycine residues and mutagenesis may alter both 
side chain decoration and backbone position. V570 exhibits van der 
Waals interactions with the methylene–urea linker, and accordingly, the 
V570A mutant displays reduced cereblon binding (Fig. 4a, c). Consistent 
with their expected role in stabilizing the turn conformation, both 
D571A and S574A mutants lose cereblon binding (Fig. 4c). However, 
the side chains of residues K572, K573 and E576 do not affect GSPT1 
binding to cereblon, consistent with the crystal structure that indicates 
these residues have minimal side chain interactions with cereblon. The 
fact that key bonds are formed from the peptide backbone of GSPT1, 
rather than from side chain residues, presents the intriguing possi-
bility that there may be considerable sequence tolerance in substrate  
recruitment, as long as the backbone remains in the appropriate 
conformation.

Ikaros binds via a similar structural motif
GSPT1 contains no obvious structural or sequence homology to the 
previously identified cereblon substrates such as the protein kinase 
CK1α or the zinc finger transcription factor Ikaros. However, the 
similar pattern of sensitivity to mutations on the surface of cereblon 
(Fig. 3c, d) suggests that a similar anchoring motif may be present in 
Ikaros. On the basis of the observation that the GSPT1 interactions 
with cereblon were mediated by the protein backbone, we constructed 
a homology model of Ikaros and examined this for a similar sur-
face turn. The homology model of Ikaros indicated that a zinc finger 
domain is indeed capable of presenting a turn that can make the three 
key hydrogen bonds with a glycine residue at the critical position 
on the solvent-accessible surface of the domain (Fig. 4b). Consistent 
with this prediction, a minimal domain of Ikaros containing only 
this single predicted zinc finger domain (amino acids 140–168),  
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is sufficient to pull down cereblon–DDB1 in the presence of poma-
lidomide (Fig. 4d).

Crucially, there is no sequence homology between Ikaros and GSPT1 
in the anchoring motif regions as modelled, except for the glycine  
residue at position i+3 (Fig. 4e). The implications of this model were 
tested by co-immunoprecipitation of cereblon with mutations targeting 
each residue of the putative Ikaros anchoring motif. Mutation of the 
key glycine residue (G151) to alanine disrupts cereblon interactions  
(Fig. 4d). It was previously demonstrated that the Q146H mutation 
causes a reduction of cereblon binding15,16. The putative anchoring 
motif modelled in Ikaros positions the critical residue, Q146, in a 
position oriented towards both bound ligand and the cereblon sur-
face. Mutation of the putative anchoring motif in Ikaros confirms that 
Q146H causes a reduction in cereblon binding (Fig. 4d, Extended Data 
Fig. 2a). In contrast, the Q146A mutation is similar to wild type, sug-
gesting that steric or electronic hindrance of a histidine residue at this 
position, rather than loss of key interactions from the glutamine, is 
responsible for the loss of cereblon binding in the Q146H mutants. 
N148A and Q149A mutations in the proposed anchoring motif of 
Ikaros do not affect cereblon binding, in a manner analogous to the 
equivalent positions K572 and K573 in GSPT1 (Fig. 4 c, d). C147 and 
C150 are responsible for coordination of a structural zinc ion, and were 
therefore not examined by mutagenesis out of concern for disruption 
of the zinc finger domain structure. Structural studies on Ikaros family 
members in complex with cereblon will be necessary to identify the full 
atomic details of the interactions.

Discussion
In this work, we have extended the clinical scope of cereblon- 
modulating activities with the identification of a novel ligand, CC-885, 
which is potently anti-proliferative in cancer cell lines. CC-885 directs 
cereblon to target GSPT1, a substrate that is unrelated in fold and 
function to previously described substrates. Targeting of GSPT1  

provides expanded clinical potential for cereblon modulators, with 
potent effects seen in both AML cell lines and in patient-derived 
tumour cells. Furthermore, by targeting what may have been considered  
an otherwise undruggable protein, the utility of directing cereblon 
for targeting diverse protein substrates posits a wide range of new 
therapeutic opportunities.

In contrast to linker-based approaches exploiting cereblon27–29, 
CC-885 creates an interaction hotspot on the cereblon surface for 
direct protein–protein interactions with the substrate, underlying the 
gain-of-function ‘chemo-neomorphic’ activity. Although this may con-
strain the potential substrate range, the contribution from the cereblon 
surface supports the function of small drug-like molecules without the 
pharmacokinetic challenges that may accompany ligase modulators 
incorporating large flexible linkers.

Our structural work shows that cereblon recruits GSPT1 through 
the CC-885-induced recognition of a surface turn. A key to the steric 
compatibility is the presence of a glycine at the precise position within 
the turn. Significantly, except the glycine residue, the interactions are 
composed of hydrogen bonds from the backbone of GSPT1, indicating  
that the degron in this instance will not be revealed by primary 
sequence, but instead by the geometry and sterics. Our mutational and 
modelling work on Ikaros raises the intriguing possibility of a com-
mon structural degron occurring amongst diverse substrate proteins. 
Furthermore, after submission of this manuscript, a crystal structure of 
cereblon in complex with lenalidomide and CK1α was published that 
exhibits a binding mode consistent with our degron30. It may therefore 
be possible to rationally identify candidate neosubstrates by searching 
for the cereblon response element across the proteome. Such candidate 
substrates may then form targets for exploitation by the next generation 
of cereblon modulators.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.

Figure 4 | Substrate proteins bind cereblon via a surface turn. a, The 
anchoring motif of GSPT1 (blue) bound to cereblon (green) and CC-885 
(yellow). b, A model of Ikaros (magenta) superimposed onto the backbone 
of GSPT1 (blue). c, Coomassie-stained gels of cereblon–DDB1 pull-down 
by GST–GSPT1 (amino acids 526–633), with alanine mutations of the 
GSPT1 anchoring motif. d, Cereblon–DDB1pull-down with MBP–Ikaros 
(amino acids 140–168) with alanine mutations of the proposed Ikaros 

anchoring motif. This experiment is representative of three independent 
replicates (c, d). e, Sequence alignment of the GSPT1-anchoring motif 
with the putative region from Ikaros, with residues shown to be critical 
for binding in red, and those where an alanine mutation was tolerated in 
green. The critical glycine residue is shown in bold. Ikaros C147 and C150 
were not mutated as they coordinate a structural zinc ion (not shown). For 
gel source data, see Supplementary Information Fig. 1.
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Data reporting. No statistical methods were used to predetermine sample size. 
The experiments were not randomized and the investigators were not blinded to 
allocation during experiments and outcome assessment.
Protein expression and purification. ZZ-domain-6×His-thrombin-tagged 
human cereblon (amino acids 40–442) and full-length human DDB1 were co- 
expressed in SF9 insect cells in ESF921 medium (Expression Systems), in the presence  
of 50 μM zinc acetate. Cells were resuspended in buffer containing 50 mM  
Tris-HCl (pH 7.5), 500 mM NaCl, 10 mM imidazole, 10% glycerol, 2 mM TCEP, 
1× Protease Inhibitor Cocktail (San Diego Bioscience), and 40,000 U Benzonase 
(Novagen), and sonicated for 30 s. Lysate was clarified by high speed spin at 
108,800g for 30 min, and clarified lysate was incubated with Ni-NTA affinity resin 
(Qiagen) for 1 h. Complex was eluted with buffer containing 500 mM imidazole, 
and the ZZ-domain-6×His tag removed by thrombin cleavage (Enzyme Research) 
overnight, combined with dialysis in 10 mM imidazole buffer. Cleaved eluate was 
incubated with Ni-NTA affinity resin (Qiagen), and the flow-through diluted to  
200 mM NaCl for further purification over an ANX HiTrap ion exchange  
column (GE Healthcare). The ANX column was washed with ten column  
volumes of 50 mM Tris-HCl (pH 7.5), 200 mM NaCl, 3 mM TCEP, followed by ten 
column volumes of 50 mM Bis-Tris (pH 6.0), 200 mM NaCl, 3 mM TCEP, and the 
cereblon–DDB1 peak eluted at 210 mM NaCl. This peak was collected and further 
purified by size-exclusion chromatography using a Sephacryl S-400 16/60 column 
(GE Healthcare) in buffer containing 10 mM HEPES (pH 7.0), 240 mM NaCl, and 
3 mM TCEP. The cereblon–DDB1 complex was concentrated to 30 mg ml−1 for 
crystallization trials.

GSPT1 domains 2 and 3 (amino acids 437–633) were expressed as an MBP-
fusion in Escherichia coli BL21 (DE3) Star cells (Life Technologies) using 2XYT 
media (Teknova). Cells were induced at optical density OD600 0.6 for 18 h at 16 °C. 
Cells were pelleted, resuspended in buffer containing 200 mM NaCl, 50 mM Tris 
(pH 7.5), 1 mM TCEP, 10% glycerol, 0.01 mg ml−1 lysozyme (Sigma), 10,000 U 
benzonase (Novagen), and 1× protease inhibitor cocktail (San Diego Bioscience). 
Resuspended cells were frozen, thawed for purification, and sonicated for 30 s 
before high speed spin at 108,800g for 30 min. Clarified lysate was incubated with 
amylose resin (NEB) at 4 °C for 1 h before beads were washed with 500 ml wash 
buffer containing 200 mM NaCl, 50 mM Tris (pH 7.5), 1 mM TCEP, 10% glycerol.  
Protein was eluted with buffer containing 10 mM maltose, and the MBP tag was 
removed by overnight cleavage with thrombin (Enzyme Research). Cleaved GSPT1 
was diluted into buffer containing 90 mM NaCl and further separated over a 
Heparin HiTrap column (GE healthcare). The GSPT1 peak eluting at 100 mM  
NaCl was collected, concentrated, and further separated by size exclusion chroma-
tography using a Superdex 75 16/600 column (GE Healthcare) in buffer contain-
ing 10 mM HEPES pH 7, 240 mM NaCl, and 3 mM TECP. The peak containing 
GSPT1 domains 2 and 3 eluted at 75 ml and was concentrated to 16 mg ml−1 for 
crystallization trials.

MBP–Ikaros 140–168 and mutants were expressed in E.coli BL21 (DE3) Star 
cells (Life Technologies) using 2XYT media (Teknova). Cells were induced at 
OD600 0.6 for 18 h at 16 °C. Cells were pelleted, resuspended in buffer containing 
200 mM NaCl, 50 mM Tris (pH 7.5), 3 mM TCEP, 10% glycerol, 150 μM zinc 
acetate, 0.01 mg ml−1 lysozyme (Sigma), 40,000 U benzonase (Novagen), and  
1× protease inhibitor cocktail (San Diego Bioscience). Resuspended cells were 
frozen, thawed for purification, and sonicated for 30 s before high-speed spin at 
108,800g for 30 min. Clarified lysate was incubated with amylose resin (NEB) at 
4 °C for 1 h before beads were washed. Protein was eluted with buffer containing 
200 mM NaCl, 50 mM Tris (pH 7.5), 3 mM TCEP, 10% glycerol, 150 μM zinc 
acetate, and 10 mM maltose. Eluate was concentrated and further purified by size 
exclusion chromatography over a Superdex 200 16/600 column (GE Healthcare) in 
buffer containing 200 mM NaCl, 50 mM Tris (pH 7.5), 3 mM TCEP, 10% glycerol, 
and 150 μM zinc acetate.

GST–GSPT1 domain 3 (amino acids 526–633) and mutants were expressed 
in E.coli BL21 (DE3) Star cells (Life Technologies) using 2XYT media 
(Teknova). Cells were induced at OD600 0.6 for 18 h at 16 °C. Cells were  
pelleted, resuspended in buffer containing 200 mM NaCl, 50 mM Tris (pH 7.5), 
3 mM TCEP, 10% glycerol, 0.01 mg ml−1 lysozyme (Sigma), 20,000 U benzonase  
(Novagen), and 1× protease inhibitor cocktail (San Diego Bioscience). 
Resuspended cells were frozen, thawed for purification, and sonicated for 30 s 
before high-speed spin at 108,800g for 30 min. Clarified lysate was incubated  
with Glutathione Sepharose 4 Fast Flow (GE Healthcare) at 4 °C for 2 h 
before beads were washed. Protein was eluted with buffer containing 200 mM 
NaCl, 50 mM Tris (pH 7.5), 3 mM TCEP, 10% glycerol, and 20 mM reduced  
glutathione. Eluate was concentrated and further purified by size-exclusion 
chromatography over a Superdex 200 16/600 column (GE Healthcare) in 
buffer containing 200 mM NaCl, 50 mM Tris (pH 7.5), 3 mM TCEP, and 10%  
glycerol.

6×His–eRF1 (human, full length) was expressed in E. coli BL21 (DE3) Star cells 
(Life Technologies) using 2XYT media (Teknova). Cells were induced at OD600 0.6 
for 18 h at 16 °C. Cells were pelleted, resuspended in buffer containing 150 mM 
NaCl, 50 mM Tris (pH 7.5), 3 mM TCEP, 10% glycerol, 0.01 mg ml−1 lysozyme 
(Sigma), 20,000 U benzonase (Novagen), and 1× protease inhibitor cocktail  
(San Diego Bioscience). Resuspended cells were frozen, thawed for purification, 
and sonicated for 30 s before high speed spin at 108,800g for 30 min. Clarified lysate 
was incubated with Ni-NTA affinity resin (Qiagen) at 4 °C for 1 h before beads 
were washed. Protein was eluted with buffer containing 150 mM NaCl, 50 mM 
Tris (pH 7.5), 3 mM TCEP, 10% glycerol, and 500 mM imidazole. Eluate was  
concentrated and further purified by size-exclusion chromatography over a 
Superdex 200 16/600 column (GE Healthcare) in buffer containing 150 mM NaCl, 
50 mM Tris (pH 7.5), 3 mM TCEP, and 10% glycerol.

6×His–DDB1 (human, full length) was expressed in SF9 insect cells in ESF921 
medium (Expression Systems). Cells were resuspended in buffer containing 50 mM 
Tris-HCl (pH 7.5), 500 mM NaCl, 10 mM imidazole, 10% glycerol, 2 mM TCEP, 
1× Protease Inhibitor Cocktail (San Diego Bioscience), and 40,000 U Benzonase 
(Novagen), and sonicated for 30 s. Lysate was clarified by high-speed spin at 
108,800g for 30 min, and clarified lysate was incubated with Ni-NTA affinity resin 
(Qiagen) for 1 h. Complex was eluted with buffer containing 500 mM imidazole. 
Eluate was collected and further purified by size-exclusion chromatography over a 
Superdex 200 16/600 column (GE Healthcare) in buffer containing 150 mM NaCl, 
50 mM Tris (pH 7.5), 3 mM TCEP, and 10% glycerol.

The V protein of simian virus 5 (SV5-V) (full length) was expressed in E. coli 
BL21 (DE3) Star cells (Life Technologies) using 2XYT media (Teknova) as a GST-
fusion protein. Cells were induced at OD600 0.6 for 18 h at 16 °C. Cells were pelleted, 
resuspended in buffer containing 150 mM NaCl, 50 mM Tris (pH 7.5), 3 mM TCEP, 
10% glycerol, 0.01 mg ml−1 lysozyme (Sigma), 20,000 U benzonase (Novagen), and 
1× protease inhibitor cocktail (San Diego Bioscience). Resuspended cells were 
frozen, thawed for purification, and sonicated for 30 s before high speed spin at 
108,800g for 30 min. Clarified lysate was incubated with Glutathione Sepharose 
4 Fast Flow (GE Healthcare) at 4 °C for 2 h before beads were washed and protein 
eluted with buffer containing 150 mM NaCl, 50 mM Tris (pH 7.5), 3 mM TCEP, 
10% glycerol, and 20 mM reduced glutathione. One half of the eluate was incubated 
with thrombin to remove the GST tag, while the other half retained the tag. Tagged 
and un-tagged proteins were further purified by size-exclusion chromatography 
over a Superdex 200 16/600 column (GE Healthcare) in buffer containing 150 mM 
NaCl, 50 mM Tris (pH 7.5), 3 mM TCEP, and 10% glycerol.

SV5-V–DDB1 complex for the in vitro ubiquitination assay was generated by 
incubating stoichiometric amounts of purified, un-tagged SV5-V and purified 
6×His–DDB1 overnight at 4 °C before purification of the complex by separation 
over a Superdex 200 16/600 column (GE Healthcare) in buffer containing 150 mM 
NaCl, 50 mM Tris (pH 7.5), 3 mM TCEP, and 10% glycerol.
Negative stain electron microscopy analysis of GSPT1 binding to cereblon–
DDB1–CC-885. To prepare grids for negative stain analysis of isolated cereblon–
DDB1 or cereblon–DDB1 bound to CC-885 and GST–GSPT1 domains 2 and 
3 (amino acids 437–633), pre-incubated protein complex samples were rapidly 
diluted from 30 μM to 0.3 μM in a buffer containing 50 mM Tris (pH 7.5), 150 mM 
NaCl, and 1 mM TCEP. A 4 μl aliquot was applied to freshly plasma-cleaned 400 
mesh Cu-Rh maxtaform grids (Electron Microscopy Sciences) that had been coated 
with a thin layer of carbon. After incubating for 1 min, excess protein was wicked 
off with Whatman filter paper and the grid was immediately inverted and placed 
on a 50 μl droplet of 2% (w/v) uranyl formate solution. After 30 s, excess stain was 
wicked off from the grid by touching the edge with filter paper. This staining step 
was repeated three times for thorough embedding of the sample, and the grids were 
air dried on the edge of a fume hood for constant air flow after the last blotting step. 
Samples were imaged on a Tecnai Spirit operating at 120 keV. Data were collected 
using the Leginon automated image acquisition software (PMID 15890530), and 
analysed using the Appion processing package (PMID 9263523).
Crystallization and structure determination. Crystallization of the complex 
was achieved by sitting-drop vapour diffusion. Cereblon–DDB1 and GSPT1 were 
mixed together to equimolar stoichiometry at a final concentration of 150 μM. 
The solution of cereblon–DDB1–GSPT1 in the presence of 500 μM CC-885 was 
mixed 1:1 with, and subsequently equilibrated against, a mother liquor solution 
of 200 mM sodium citrate, Tris (pH 8.4–8.6), 17–20% PEG 3350 and incubated 
at 9 °C. Crystals were cryoprotected in the reservoir solution supplemented with 
20% ethylene glycol and cooled under liquid nitrogen. Data was collected from 
a single crystal at the Advanced Light Source, beamline 5.0.2. The structure of 
human cereblon–DDB1–GSPT1–CC-885 was solved by molecular replacement 
using Phaser31, with human cereblon–DDB1 (PDB code 4TZ4) and GSPT1 (PDB 
code 3E1Y) as search models. Subsequent manual model building using Coot and 
refinement were performed using Refmac5 with non-crystallographic symmetry 
and external structure restraints32,33. Crystallographic statistics are summarized 
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in Extended Data Table 1, sample electron density is shown in Extended Data  
Fig. 7d. Ikaros was modelled on the basis of sequence homology to coordinates 
with the Protein Data Bank accession number 2I13.
Surface plasmon resonance binding assay. Binding kinetics were measured using 
a Biacore T200. Using the GST-capture kit (GE Healthcare, BR-1002-23), ~2000 
relative units (RU) of anti-GST antibody was immobilized on a CM5 chip (GE 
Healthcare). GST–GSPT1 domains 2 and 3 (0.07 μg ml−1) or GST (0.15 μg ml−1, 
reference channel) was then flowed over the chip at 10 μl min−1 for 2 min, resulting 
in a capture level of approximately 10 RU. A threefold dilution series of cereblon–
DDB1 (3 μM to 3 nM) was then flowed over both channels at a rate of 30 μl min−1 
for 300 s contact time, followed by 900 s dissociation time. After each cycle of 
binding and dissociation, the surface was regenerated with 10 mM glycine (pH 2.1) 
for 120 s at 30 μl min−1, followed by 3 M MgCl2 for 60 s at 30 μl min−1. All reagents 
(GST, GST–GSPT1 domain 2 and 3, cereblon–DDB1, and running buffer) were in 
10 mM HEPES (pH 7.4), 150 mM NaCl, 0.05% v/v Surfactant P20 containing 0.02% 
DMSO and saturating levels of the relevant compound, glutarimide or CC-885 
(CC-885 at 10 μM, glutarimide at 100 μM). The apparent on- and off-rate constants 
were globally fit with a 1:1 kinetic binding model to the sensograms (black lines) 
using the Bioacore T200 kinetic analysis software package.
Pull-down binding assays of cereblon and substrates using purified recombi-
nant components. Pull-down of cereblon–DDB1 with either GSPT1 or Ikaros was 
performed using the same protocol. Tagged substrate, either GST–GSPT1–domain 
3 (amino acids 526–633) or MBP–Ikaros (amino acids 140–168), was expressed in 
bacteria and purified using affinity and size-exclusion chromatography. Substrate 
was then bound to magnetic glutathione (Pierce) or amylose (NEB) beads for 1 h. 
Beads were washed three times in pull-down buffer (50 mM Tris pH 7.5, 150 mM 
NaCl, 10% glycerol, 0.01% NP-40, and 1 mM TCEP, with the addition 150 μM zinc 
acetate for Ikaros) to remove excess unbound substrate, before the addition of 
DMSO or 100 μM compound and 50 μM cereblon–DDB1, purified from insect cells 
using affinity, ion exchange, and size-exclusion chromatography. After 1 h incuba-
tion with occasional gentle mixing at room temperature, unbound cereblon–DDB1 
was removed and beads were washed three times in pull-down buffer, for a total of 
30 s. Substrate and bound cereblon–DDB1 was eluted using either 20 mM reduced 
glutathione or 10 mM maltose, separated by SDS–PAGE, and Coomassie stained.

Tagged GST–GSPT1 domains 2 and 3 (amino acids 437–633) was expressed in 
bacteria and purified using affinity and size-exclusion chromatography. GST or 
GST–GSPT1 domains 2 and 3 was then bound to magnetic glutathione (Pierce) 
beads for 1 h. Beads were washed 3 times in pull-down buffer (50 mM Tris pH 7.5, 
150 mM NaCl, 10% glycerol, 0.01% NP-40, and 1 mM TCEP) to remove excess 
unbound substrate, before the addition of DMSO or 100 μM compound and 
50 μM cereblon–DDB1, purified from insect cells using affinity, ion exchange, 
and size-exclusion chromatography. After 1 h incubation with occasional gentle 
mixing at room temperature, unbound cereblon–DDB1 was removed and beads 
were washed three times in pull-down buffer, for a total of 30 s. Substrate and 
bound cereblon–DDB1 was eluted using either 20 mM reduced glutathione, sep-
arated by SDS–PAGE, and Coomassie stained.
Pull-down of eRF1 or cereblon–DDB1 with GSPT1 domains 2 and 3 and 
CC-885. Tagged GST–GSPT1 domains 2 and 3 (amino acids 437–633) was 
expressed in bacteria and purified using affinity and size exclusion chromatogra-
phy. GST or GST–GSPT1 domains 2 and 3 was then bound to magnetic glutathione 
(Pierce) beads for 1 h. Beads were washed three times in pull-down buffer (50 mM 
Tris (pH 7.5), 150 mM NaCl, 10% glycerol, 0.01% NP-40, and 1 mM TCEP) to 
remove excess unbound substrate, before the addition of DMSO or 100 μM com-
pound and 50 μM purified cereblon–DDB1 or 30 μM purified eRF1, ±CC-885. 
After 1 h incubation with occasional gentle mixing at room temperature, unbound 
cereblon–DDB1 or eRF1 was removed and beads were washed three times in pull-
down buffer, for a total of 30 s. Substrate and bound cereblon–DDB1 or eRF1 
was eluted using either 20 mM reduced glutathione, separated by SDS–PAGE, and 
Coomassie stained.
Pull-down binding assays of SV5-V, DDB1, and CUL4–RBX1. To confirm 
that purified SV5-V binds to purified DDB1, and that this complex then binds 
to CUL4–RBX1, we performed two consecutive GST pull-down assays. GST–
SV5-5 or GST alone was purified from bacteria using affinity and size exclusion 
chromatography. Purified GST–SV5-V or GST was then bound to magnetic 
glutathione beads (Pierce) for 1 h. Beads were washed three times in pull-down 
buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 10% glycerol, 0.01% NP-40, and 1 mM 
TCEP) to remove excess GST–protein, before the addition of purified DDB1. After 
1 h of incubation with occasional mixing at room temperature, unbound DDB1  
was removed and beads were washed 3 times in pull-down buffer. Substrate and 
bound DDB1 were then eluted using either 20 mM reduced glutathione, separated 
by SDS–PAGE, and Coomassie stained. For subsequent binding of CUL4–RBX1, 
the same pull-down described above was used to generate GST–SV5-V–DDB1 on 
beads. However, after the beads were washed to remove excess DDB1, CUL4–RBX1 

was added and incubated for 1 h at room temperature before beads were washed 
three times in pull-down buffer and bound protein eluted with 20 mM reduced 
glutathione, separated by SDS–PAGE, and Coomassie stained.
In vivo degradation of cereblon substrates. 293FT (Invitrogen) CRBN−/− cells 
transiently transfected with plasmids expressing V5-tagged IKZF1, Flag-tagged 
Ikaros (IKZF3), Myc-tagged GSPT1, GFP and human or mouse cereblon variants. 
36 h after transfection, cells were treated with DMSO, 10 μM lenalidomide, or 1 μM 
CC-885 for an additional 12 h. Cells were then washed with ice-cold 1× PBS twice, 
lysed in buffer A (50 mM Tris-HCl, 150 mM NaCl, 1% Triton-X 100, complete 
protease inhibitor tablet (Roche), phosphatase inhibitor tablet (Roche)). Whole-cell 
extracts were collected and subjected to immunoblot analysis.
Mammalian lysate co-immunoprecipitation. 293FT (Invitrogen) CRBN−/− 
cells were transiently transfected with plasmids expressing Flag-tagged cereblon 
variants and HA-tagged GSPT1(or HA-tagged IKZF1). After 2 days, cells were 
lysed in Buffer B (50 mM Tris (pH 7.4), 150 mM NaCl, 0.5% NP-40, 10% glycerol, 
1× Complete Ultra protease inhibitor (Roche), and 1× PhosphoSTOP (Roche)). 
Whole-cell extracts were collected after centrifugation at 16,000g for 10 min. 
Whole-cell extracts containing cereblon and GSPT1 (or IKZF1) were then incu-
bated with anti-HA affinity resin (Roche) in the presence of DMSO or 10 μM 
CC-885 (or 10 μM lenalidomide). For testing the interaction between cereblon 
variants and DDB1, whole-cell extracts expressing Flag–CRBN were incubated 
with anti-Flag affinity resin (Sigma) . After overnight incubation at 4 °C, anti-Flag 
and anti-HA resins were washed with Buffer B six times. Anti-Flag and anti-HA 
immunoprecipitates were then subjected to immunoblot analysis.
Cell culture and materials. Human embryonic kidney cell lines 293FT 
(Invitrogen), 293T (ATCC) and Lenti-X 293 (Clontech) were maintained in 
Dulbecco’s Modified Eagle’s medium (DMEM; Invitrogen) supplemented with 
10% fetal bovine serum (FBS; Invitrogen), 1× sodium pyruvate (Invitrogen),  
1× non-essential amino acids (Invitrogen), 100 U ml−1 penicillin (Invitrogen), and 
100 μg ml−1 streptomycin (Invitrogen). Acute myeloid leukaemia cell lines KG-1, 
Kasumi-1, U937, MOLM-13, HL-60, and MV-4-11 were purchased from American 
Tissue Culture Collection (ATCC). NB-4, HNT-34, OCI-AML2, and OCI-AML3 
cell lines were purchased from Deutsche Sammlung von Mikroorganismen und 
Zellkulturen GmbH. KG-1, Kasumi-1, U937, MOLM-13, NB-4, and HNT-34 cell 
lines were maintained in Roswell Park Memorial Institute (RPMI) 1640 tissue  
culture medium (Invitrogen) supplemented with 10% FBS, 1× sodium pyruvate, 
1× non-essential amino acids, 100 U ml−1 penicillin, and 100 μg ml−1 streptomy-
cin. HL-60 and MV-4-11 cell lines were maintained in Iscove’s Modified Dulbecco’s 
medium (IMDM; (Invitrogen) supplemented with 10% FBS, 1× sodium pyruvate, 
1× non-essential amino acids, 100 U ml−1 penicillin, and 100 μg ml−1 streptomy-
cin. OCI-AML2 and OCI-AML3 cell lines were maintained in minimal essential 
medium (MEM; Invitrogen) supplemented with 10% FBS, 1× sodium pyruvate, 
1× non-essential amino acid, 100 U ml−1 penicillin, and 100 μg ml−1 streptomy-
cin. All cell lines were cultured at 37 °C with 5% CO2 in the relevant media men-
tioned above. All cell lines were confirmed to be mycoplasma-negative using the 
MycoAlert Mycoplasma Detection Kit (Lonza).
Cell proliferation assay. Human cancer cell lines cultured in the growth medium 
recommended by the vendor were seeded into black 384-well plates containing 
DMSO or test compounds. The seeding density for each cell line was optimized 
to allow the cell growth in the linear range during a 3-day culture period. To 
test the compound effect on cell proliferation in AML cell lines, 5,000 to 10,000 
cells per well in 200 μl complete culture media were seeded into black 96-well 
plates containing DMSO or test compounds. After 48 or 72 h, cell proliferation 
was assessed using the CellTiter-Glo (CTG) Luminescent Cell Viability Assay 
(Promega) according to manufacturer’s instructions. To test the effect of GSPT1 
depletion on cell proliferation in AML cell lines, cells were infected with lentiviral 
shRNA vectors for 4 days, and cell proliferation was quantified using CTG every 
other day thereafter. Relative cell proliferation was normalized against day 4 cell 
growth values. To determine the effect of GSPT1 depletion on cell proliferation 
in 293T HEK cells, cells were infected with lentiviral shRNA vectors for 7 days, 
and then imaged using the EVOS FL Cell Imaging System (Thermo Fisher). The 
effect of CC-885 on AML patient-derived cells was performed by automated flow 
cytometry according to the methods described in ref. 34. Briefly, patient-derived 
bone marrow samples from adult patients over 18 years of age who were diagnosed 
with AML, were obtained from Hospital La Fe, Hospital General Universitario 
Gregorio Marañon and Hospital Lucus Augusti hospitals, all in Spain, following 
IRB approved protocols and signed informed consent. Bone marrow samples were 
extracted under sterile conditions and were received in the laboratory within 24 h 
of extraction where they were immediately processed. A small portion of the sam-
ple was separated for validation and selection of the monoclonal antibodies (mAb) 
to optimize the identification of leukaemic cells. The majority of the sample was 
diluted with culture media and plated into 96-well plates previously prepared with 
the test compounds. These plates were incubated for 24, 48 and 96 h and then 
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processed via the ExviTech platform. For this purpose, red cells were lysed and 
leukocytes were stained using the mAb previously selected and with Anexin-V to 
exclude apoptotic cells.
Antibodies. Rabbit anti-human CRBN65 mAb (Celgene, San Diego, CA)3, rabbit 
anti-DYKDDDDK (Flag) (9A3) mAb (#8146, Cell Signaling), mouse anti-Myc-Tag  
(9B11) mAb (#2276, Cell Signaling), mouse anti-GFP (B-2) mAb (#sc-9996, Santa 
Cruz), rabbit anti-human GSPT1 polyclonal antibody (pAb) (ab49878, Abcam), 
rabbit anti-human GSPT1 pAb (ab126090, Abcam), rabbit anti-GSPT1 pAb 
(10763-1-AP, Proteintech), rabbit anti-Ikaros (D10E5) mAb (#9034, Cell signa-
ling), mouse anti-HA.11 (16B12) mAb (#901501, Biolegend), rabbit anti-DDB1 
pAb (#5428, Cell Signaling), mouse anti-ubiquitin P4D1 mAb (#SC-8017, Santa 
Cru), mouse anti-SV5-V (Santa Cruz, sc-58052), mouse anti-HIS mAb antibody 
(34660, Qiagen), mouse anti- actin mAb (#A5316, Sigma) and mouse anti-tubulin 
mAb (#T5201, Sigma) were used as primary antibodies. Goat anti-mouse 800 
antibody (#926-32210, LICOR Biosciences), goat anti-rabbit 680 antibody (#926-
68071, LI-COR Biosciences), goat anti-mouse 680 antibody (#926-68070, LI-COR 
Biosciences) and goat anti-rabbit 800 antibody (#926-32211, LI-COR Biosciences) 
were used as secondary antibodies.
Cellular immunoprecipitation. Cells were lysed in Buffer B (50 mM Tris (pH 7.4),  
150 mM NaCl, 0.5% NP-40, one tablet of Complete ULTRA protease inhibitor 
cocktail (Roche), and one tablet of PhosSTOP phosphatase inhibitor cocktail 
(Roche)). Whole-cell lysates were clarified by centrifugation at top speed for 
10 min. To identify cereblon-associated proteins, CC-885 (2 μM) or DMSO were 
added into whole cell extracts of 293T HEK cells stably expressing Flag–HA–CRBN 
for 2 h. FH–CRBN complexes were then captured with anti-Flag beads (Sigma), 
eluted by Flag peptide, and separated on SDS–PAGE gel, followed by mass spec-
trometry or immunoblot analysis. To test the binding of cereblon to its substrates, 
293FT HEK cells stably expressing HA-tagged GSPT1, IKZF1, IKZF1(Q146H) 
were lysed in Buffer B. HA-tagged recombinant proteins were then immuno-
precipitated with anti-HA beads (Roche). After three washes with Buffer B, the 
anti-HA beads were mixed with cell lysates of 293FT HEK cells stably expressing 
shGSPT1-1 in the presence of DMSO, 10 μM lenalidomide or 10 μM CC-885 for 
12 h. To test the binding of HA-tagged GSPT1 variants with cereblon and eRF1, 
whole-cell lysates of 293T HEK cells stably expressing GSPT1 variants were treated 
with DMSO or 20 μM CC-885 for 2 h, followed by anti-HA immunoprecipitation 
for an additional 4 h. Beads were then washed with Buffer B six times, and bound 
proteins were eluted by boiling in LDS loading buffer and detected by immunoblot 
analysis.
Plasmids. Plasmids pDONR221 and pDONR223-IKZF3 were purchased from 
Invitrogen and assembled to generate pDONR223. Coding sequences of IKZF1, 
SUP35, GSPT1, cereblon and Flag–HA–cereblon were in vitro synthesized by 
Invitrogen and then cloned into pDONR223. Open reading frames encoding 
IKZF1(Q146H) and chimaeric fusion proteins of SUP35 and GSPT1 were gen-
erated via overlapping PCR, and then cloned into pDONR223. GSPT1 mutations 
and truncation deletions were introduced into pDONR223-GSPT1 via overlapping 
PCR. Cereblon mutants E377V and W386A in pDORN223 were generated via 
overlapping PCR.

DNA fragments of gateway-3×HA–mPGK (mouse phosphoglycerate kinase 
promoter)-GFP-P2A-Pur-WPRE, 3×HA-gateway-mPGK-Pur-WPRE and gate-
way-3×HA-mPGK- Pur-WPRE were in vitro synthesized by Invitrogen, and 
assembled into plenti6.2/v5-DEST (Invitrogen) to generate plenti-CMV-gate-
way-3×HA-mPGK-GFP-P2A-Pur, plenti-CMV-3xHA-gateway-mPGK-Pur and 
plenti-CMV-gateway-3×HA-mPGK-Pur, respectively. The Ubc promoter from 
plenti-6/Ubc/V5-DEST (Invitrogen) was used to replace the CMV promoter 
in plenti-CMV-gateway-3×HA-mPGK-GFP-P2A-Pur, plenti-CMV-3×HA-
gateway-mPGK-Pur and plenti-CMV-gateway-3×HA-mPGK-Pur to generate 
plenti-Ubc-gateway-3×HA-mPGK-GFP-P2A-Pur, plenti-Ubc-3×HA-gateway-
3×HA-mPGK-Pur, and plenti-Ubc-gateway-3×HA-mPGK-Pur. The EF1α 
promoter from pEF-DEST51 (Invitrogen) was cloned into plenti-CMV-gate-
way-3×HA-mPGK-GFP-P2A-Pur, plenti-CMV-3×HA-gateway-mPGK-Pur 
and plenti-CMV-gateway-3×HA-mPGK-Pur to generate plenti-EF1α-gateway-
3×HA-mPGK-GFP-P2A-Pur, plenti-EF1α-3×HA-gateway-3×HA-mPGK-Pur, 
and plenti-EF1α-gateway-3×HA-mPGK-Pur.

Next, pDONR233-GSPT1 was shuttled into plenti-CMV-gateway-3×HA-
mPGK-GFP-P2A-Pur and plenti-EF1α-gateway-3×HA-mPGK-GFP-P2A-Pur 
via gateway LR (att L and att R) recombination. Similarly, pDONR223-GSPT1 
wild-type and variants, pDONR223-SUP35, as well as pDONR223-GSPT1/SUP35 
chimaeric fusion variants were shuttled into plenti-EF1α-3×-HA-mPGK-Pur. 
pDONR223-Flag–HA–CRBN and pDONR223-CRBN wild-type and mutants were 
cloned into plenti-CMV-gateway-3×HA-mPGK-GFP-P2A-Pur and plenti-EF1α-
gateway-3×HA-mPGK-P2A-Pur. pDONR223-IKZF1, pDONR223-IKZF1-Q146H 
and pDONR223-GSPT1 was cloned into plenti-Ubc-gateway-3×HA-mPGK-
Pur or plenti-Ubc-3×HA-gateway-mPGK-Pur. A stuffer sequence was synthe-

sized in vitro by Invitrogen, and cloned into Mission TRC2 pLKO.5-pur empty  
vector control plasmid (Sigma) to generate pLKO.5pur-Stuffer. Coding sequence 
of 8×His–Ub was in vitro synthesized by Invitrogen and cloned into pcDNA3 to 
generated pcDNA3-8×His–Ub.
In-gel digestion and sample preparation for LC-MS/MS Analysis. Gel bands 
were excised and de-stained. Proteins were reduced and alkylated by addition of 
50 mM DTT and 50 mM iodoacetamide before digestion by Trypsin at a final con-
centration of 25 ng μl−1 in 50 mM ammonium bicarbonate for 1 h on ice and addi-
tionally 16 h more at 37 °C using a shaking incubator to assure complete digestion. 
Digested tryptic peptides were extracted from gels by addition of 200 μl of water 
and sonication for 10 min, washed in 5% formic acid in water and extracted in 50% 
acetonitrile in 5% formic acid in water, once in 70% acetonitrile and last in 100% 
acetonitrile. All extracted peptides were pooled together and were vacuum-dried 
and re-dissolved in 20 μl of 0.1% TFA. Tryptic peptides were then concentrated 
and desalted using a Millipore C18 Zip Tip (Millipore). The eluted peptides 
were then vacuum-dried and re-dissolved in 100 μl of LC-MS/MS loading buffer  
(2% acetonitrile in 0.1% formic acid in water).
One-dimensional LC-MS/MS analysis. Tryptic digested samples were subjected 
to an on-line analysis of peptides by high-resolution, high-accuracy LC-MS/MS,  
consisting of a Bruker-Michrom paradigm HPLC, a Zorbax C18 peptide trap column  
(Agilent technologies), a 15-cm Michrom Magic C18 column, a low-flow 
ADVANCED Michrom MS source, and a LTQ-Orbitrap XL (Thermo Fisher 
Scientific). The LC-MS/MS raw data were submitted to Sorcerer Enterprise 
v.3.5 release (Sage-N Research Inc.) with the SEQUEST algorithm to search the  
target-decoy ipi.Human.v3.73 database. The search results were viewed, sorted, 
filtered, and statically analysed by using comprehensive proteomics data analysis  
software, Peptide/Protein prophet v.4.02 (ISB). The differential spectral count 
analysis was done by QTools (Sanford Burnham).
Lentiviral shRNA. Pairs of synthetic complementary oligonucleotides  
targeting GSPT1 or a non-mammalian control (shCNTL) were annealed and 
cloned into pLKO.5pur-Stuffer. Targeting sequences are listed below: shCNTL, 
5′-CAACAAGATGAAGAGCACCAA-3′; shGSPT1-1, 5′-GATTACCGTTTATT 
CCATA-3′; shGSPT1-2, 5′-CCGATGATGTAGAGACTGATA-3′; shGSPT1-3,  
5′-CCTGCACAATACTGTGAGGAA-3′; shGSPT1-4, 5′-GCCGAACTTCAATA 
GATCAGT-3′.
Protein half-life analysis. 293FT HEK parental and CRBN−/− cells were pretreated 
with DMSO or CC-885 (10 μM) for 30 min, followed by the addition of 100 μg ml−1 
cycloheximide (EMD) into the culture medium. At various time points, cells were 
collected and subjected to immunoblot analysis.
In vivo ubiqutination assay. The ubiquitination assays were carried out as 
described previously34. Briefly, 293FT HEK parental or CRBN−/− cells cultured 
in 10-cm plates were transfected with 12 μg of pcDNA3-8×His-Ub. After 48 h, 
cells were treated with 10 μM CC-885 and 10 μM MG132. Eight hours later, cells 
were washed twice with ice cold PBS and resuspended in 1 ml PBS. 20 μl of the cell 
suspension was boiled in LDS loading buffer (Thermo Fisher), and the remaining 
cells were collected via centrifugation and lysed in Buffer C (6 M guanidine–HCl, 
0.1 M Na2HPO4/NaH2PO4, 20 mM imidazole (pH 8.0)). Next, whole-cell extracts 
were sonicated for 12 pulses, and mixed with 30 μl of Ni-NTA agarose beads at 
room temperature for 4 h. Ni-NTA beads were then washed twice with Buffer C, 
twice with Buffer D (1 volume of Buffer C to 3 volumes of Buffer E), and twice with 
Buffer E (25 mM Tris HCl, 20 mM imidazole (pH 6.8)). Bound proteins were eluted 
by boiling in 2× LDS loading buffer and subjected to immunoblot analysis with 
two mouse anti-GSPT1 monoclonal antibodies 17G9 and 8A2 generated in house 
(Celgene), a mouse anti-His tag monoclonal antibody (Qiagen #34660, Qiagen) 
and a rabbit anti-human CRBN monoclonal antibody (CRBN65, Celgene). To  
detect the ubiqitination of GSPT1, boiled eluates were further diluted with  
20 volumes of Buffer B (50 mM Tris (pH 7.4), 150 mM NaCl, 0.5% NP-40, one tablet  
of Complete ULTRA protease inhibitor cocktail (Roche)), followed by immunopre-
cipitation with a mouse anti-GSPT1 monoclonal antibody (17G9) immobilized on 
protein G beads. Beads were washed with Buffer B six times, and bound proteins 
were eluted by boiling in 1× SDS loading buffer and subjected to immunoblot 
analysis for GSPT1 with a rabbit anti-GSPT1 antibody (Abcam # 49878) and two 
rabbit anti-ubiquitin antibodies (Cell Signaling #3933 and Bethyl #A300-317A).
In vitro ubiquitination assays. Purified E1, E2, ubiquitin, CUL4A–RBX1,  
cereblon–DDB1, and GSPT1 proteins were used to reconstitute the ubiquitination 
of GSPT1 in vitro. Human GSPT1 domains 2 and 3 (amino acids 437–633) was 
expressed in BL21 star DE3 E. coli and purified by maltose affinity resin (NEB), 
heparin HiTrap column affinity (GE Healthcare), and Superdex 75 16/60 size- 
exclusion chromatography (GE Healthcare), as described above. Human cereblon–
DDB1 (cereblon amino acids 40–442 and full-length DDB1) and 6×his–DDB1 
alone were co-expressed in SF9 insect cells in the presence of 50 μM zinc acetate, 
and purified by nickel affinity resin (Qiagen), HiTrap ANX column ion exchange 
(GE Healthcare), and Sephacryl 400 16/60 size-exclusion chromatography  
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(GE healthcare), as described above. SV5-V and DDB1 were purified separately, 
incubated to form a complex, and the complex purified with size-exclusion chro-
matography as described above. Human full-length CUL4A and RBX1 were 
co-expressed in SF9 insect cells and purified by nickel affinity resin and Superdex 
200 16/60 size-exclusion chromatography. Purified recombinant human Ube1 
E1 (E-305), UbcH5a E2 (E2-616), and ubiquitin (U-100H) were purchased 
from R&D systems. Components were mixed to final concentrations of 1 μM 
Ube1, 25 μM UbcH5a, 200 μM Ub, 1 μM CUL4–RBX1, 25 μM GSPT1, and 1 μM  
cereblon–DDB1, 6×His–DDB1, or SV5-V–DDB1,with or without 100 μM CC-885 
in ubiquitination assay buffer (20 mM HEPES (pH 7.5), 150 mM NaCl, 10 mM 
MgCl2). After preincubation for 10 min at room temperature, ubiquitination  
reactions were started by addition of ATP to a final concentration of 10 mM. 
Reactions were incubated at 30 °C for 2 h before separation by SDS–PAGE followed 
by coomassie staining or immunoblot analysis for GSPT1, ubiquitin, cereblon  
or SV5-V.
qRT–PCR Analysis. Following incubation with test compounds, cells were  
collected via centrifugation at 872g for 2 min. Cell pellets were then washed once 
in ice-cold PBS and snap-frozen in liquid nitrogen. Total RNA was extracted 
using RNeasy Mini Kit (Qiagen) according to manufacturer’s instruction,  
and reverse-transcribed into first-strand cDNA using AffinityScript QPCR 
cDNA Synthesis Kit (Agilent) with random primer. Real-time PCR was per-
formed in triplicate using ViiA 7 Real-Time PCR System with TaqMan Gene 
Expression Assay probes (Invitrogen) for GSPT1 (# 4331182) and GAPDH 
(#4326317E).
Lentiviral production and infection. Lentiviral plasmid was cotransfected 
with the 2nd Generation packaging system (ABM) into Lenti-X 293 cells using 
Lipofectamine 2000 (Thermo Fisher). After 12 h of incubation, media was changed 

to fresh DMEM media supplemented with 20% FBS. At 36 h after transfection, 
viral supernatant was collected and fresh media was replenished. At 56 h, viral 
supernatant was collected again, combined with the first viral supernatant, cleared 
via centrifugation at 872g for 5 min, and then filtered through a 0.45 micron 
cellulose acetate or nylon filter unit. All lentiviral supernatants, except those of  
lentiviral shRNA vectors, were concentrated using a Lenti-X concentrator according  
to the manufacturer’s instructions. AML cell lines were spin-inoculated with  
lentivirus at 872g for 90 min. After 12 h, viral supernatant was removed and com-
plete culture media was added to the cells. 48 h later, cells were incubated with 
1–2 μg ml−1 puromycin or 10–20 μg ml−1 blasticidin for an additional 3 days to 
select cells stably integrated with lentiviral vectors.
Data analysis. All cell proliferation assays were independently performed three 
times with three technical replicates for each sample. All qRT–PCR assays were 
carried out two times with three technical replicates for each sample. When  
possible, results were confirmed in multiple cell lines. For quantification of cell 
proliferation and qRT–PCR, data were analysed using GraphPad Prism and Excel, 
respectively. P < 0.05, unpaired two-sided t-test, is considered as significant.
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Extended Data Figure 1 | See next page for caption.
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Extended Data Figure 1 | The anti-tumour effects of CC-885 are CRBN 
dependent. a, The growth inhibitory IC50 value of CC-885 in human 
cancer cell lines. The cell proliferation of 132 human cancer cell lines 
treated with varying concentrations of CC-885 for 3 days was assessed by 
Cell Titre Glo assay. Cancer types as indicated at the bottom are labelled 
with different colours. The IC50 value of growth inhibition was determined 
using ActivityBase (IDBS). Data are the mean of two or more biological 
replicates. The n number for each cell line is shown on the right of the 
panel. b, The effect of CC-885 on AML samples taken from patients. The 
top panel shows the effects on leukaemic cells; the bottom panel shows 
the effects on normal lymphoid cells. The sample from patient B did not 

contain sufficient normal lymphoid cells for analysis. c, The effect of 
CC-885 on cell proliferation in parental and CRBN−/− 293FT HEK cells. 
Result is representative of three biological replicates. Data are shown 
as mean ± s.d., n = 3 technical replicates. d, The effect of lenalidomide, 
pomalidomide and CC-885 on cell proliferation in AML cell lines, THLE-2 
and human PBMC. Cells were treated with varying concentrations of 
lenalidomide, pomalidomide or CC-885. At day 3, cell proliferation was 
assessed using CTG assay. Numbers shown are the growth inhibitory 
IC50 values of lenalidomide, pomalidomide and CC-885, from biological 
replicates with n = 5, 3, and 20, respectively.
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Extended Data Figure 2 | CC-885, but not lenalidomide, promotes 
the interaction between GSPT1 and CRBN in vitro. a, b, Immunoblot 
analysis of anti-HA immunoprecipitates (a) and whole-cell lysates (WCL) 
(b). HA-tagged GSPT1 or IKZF1 produced in 293FT CRBN−/− HEK cells 
were used to capture CRBN from 293FT HEK cells expressing GSPT1-
specific shRNA, shGPST1-1. DMSO, 10 μM lenalidomide or 10 μM 
CC-885 were included in the binding assay. The IKZF1 Q146H mutation 
results in a reduction of cereblon binding mediated by either lenalidomide 
or CC-885. Some residual binding is observed with CC-885, consistent 
with Fig. 1d, which shows that CC-885 is more potent than lenalidomide 

against IKZF1. c, Coomassie stain of CRBN–DDB1 pull-down with 
GSPT1 using purified components. Purified GST or GST–GSPT1 
domains 2 and 3 (amino acids 437–633) bound to magnetic glutathione 
beads was incubated with purified CRBN–DDB1 in the presences of 
CC-885, lenalidomide (len), pomolidamide (pom), or DMSO (vehicle) 
for 1 h at room temperature before three rapid washes. CC-885, but not 
lenalidomide, pomalidomide or DMSO, mediated the binding of GST–
GSPT1 to CRBN–DDB1. This experiment was performed three times. For 
gel source data, see Supplementary Information Fig. 1.
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Extended Data Figure 3 | Transcriptional and post-transcriptional 
regulation of GSPT1 by CC-885. a, Ubiquitinated protein products, 
as shown in Fig. 1e, were blotted for GSPT1 with mouse anti-GSPT1 
monoclonal antibody 8A2, CRBN, and His-tagged Ubiquitin. Arrowheads 
mark nonspecific bands. b, 293FT parental and CRBN−/− cells transiently 
expressing His-tagged ubiquitin was treated with CC-885 and MG132 
as indicated for 8 h. Ubiquitinated protein products were pulled 
down with Ni-NTA agarose under denaturing conditions, followed 
by elution via boiling in SDS loading buffer. Eluates were diluted with 
immunoprecipiation buffer and GSPT1 was immunoprecipitated with 

a mouse anti-GSPT1 monoclonal antibody 17G9. Immunoprecipitates 
were then subjected to immunoblot analysis for GSPT1 and ubiquitin 
with two different rabbit anti-ubiquitin antibodies. c, Immunoblot 
analysis of 293FT parental and CRBN−/− cells treated with CC-885 for 
4 h. Cells were pretreated with DMSO, CC-885, MLN4924 or MG132 as 
indicated. d, 293FT parental or CRBN−/− cells treated with DMSO or 
CC-885 for 24 h were subjected to real-time qPCR (top) and immunoblot 
analysis (bottom). Result is representative of two biological replicates. 
Data are mean ± s.d., n = 3 technical replicates. For gel source data, see 
Supplementary Information Fig. 1.
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Extended Data Figure 4 | See next page for caption.
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Extended Data Figure 4 | The CC-885 induced GSPT1 ubiquitination 
and degradation relies on CRBN. a, Controls for the in vitro 
ubiquitination assay shown in Fig. 1f. Recombinant protein products 
as indicated were incubated with or without ATP (10 mM) and CC-885 
(100 μM) in the ubiquitination assay buffer at 30 °C for 2 h, and then 
separated by SDS–PAGE followed by Coomassie staining or immunoblot 
analysis with anti-GSPT1, anti-cereblon, and anti-ubiquitin antibodies. 
The anti-GSPT1 blot shown is the same one shown in Fig. 1f. The 
additional blots and Coomassie staining analysis was performed on 
samples from the same in vitro ubiquitination reactions. Anti-GSPT1 
blotting and Coomassie staining was performed three times, anti-cereblon 
and anti-ubiquitin blotting was performed twice. b–d, To demonstrate  
the CRBN-dependence of GSPT1 ubiquitination by CC-885-CRL4,  
we reconstituted DDB1 with an alternative DCAF, SV5-V, and showed  
that SV5-V is not capable of recruiting GSPT1 for polyubiquitination. 
b, DDB1 binds to GST–SV5-V, but not GST alone. Coomassie stain with 
lanes 1, 2, and 3 showing individual proteins, and lanes 4 and 5 showing 
pull-down of DDB1 incubated with GST or GST–SV5-V bound to 
glutathione magnetic beads and washed three times. This experiment  
was performed twice. c, GST–SV5-V–DDB1 protein complex generated  
by pull-down in b was used to show binding of CUL4–RBX1 to the  
GST–SV5-V–DDB1 protein complex but not GST alone. Coomassie  
stain with lanes 1, 2, and 3 showing individual proteins or protein 
complexes used in the pull-down, and lanes 4 and 5 showing pull-down 
of CUL4–RBX1 incubated with GST or GST–SV5-V–DDB1 bound to 
glutathione magnetic beads and washed three times. This experiment was 
performed once. d, In vitro ubiquitination of GSPT1 by CRBN–DDB1  
but not SV5-V–DDB1. SV5-V–DDB1 complex was formed by incubation 

of individually purified proteins and purification over size-exclusion 
chromatography. Recombinant protein products as indicated were 
incubated with either CRBN–DDB1, SV5-V–DDB1, DDB1 alone, or  
the absence of any DDB1 complex, with and without ATP (10 mM) or  
CC-885 (100 μM) in ubiquitination assay buffer at 30 °C for 2 h, and  
then separated by SDS–PAGE followed by immunoblot analysis with  
anti-GSPT1 and anti-SV5-V antibodies. Asterisk indicates background 
bands present from the SV5-V protein purification. The anti-SV5-V 
western blot indicates that SV5-V is auto-ubiquitinated, as expected for 
a functional DCAF that is bound to the DDB1–CUL4–RBX1 complex. 
e, Immunoblot analysis of 293FT parental and CRBN−/− cells treated 
with 100 μg ml−1 cyclohexamide (CHX) for the indicated periods. Where 
indicated, cells were pretreated with DMSO or 10 μM CC-885 for 30 min. 
This experiment was performed once. f, Immunoblot analysis of 293FT 
parental cells, CRBN−/− cells, and CRBN−/− cells stably expressing CRBN 
wild-type or variants as indicated. CRBNiso2 (CRBN isoform 2) showed 
similar E3 ligase activity towards GSPT1 as compared to CRBN isoform 1  
(data not shown). CRBN isoform 2 lacks an alanine residue at position 
23 of CRBN isoform 1, and as such the numbering is shifted compared 
to isoform 1. Note that the CRBN(W385A) mutant showed diminished 
activity in cells treated with 0.1 μM CC-885, and similar activity in cells 
treated with 1 μM CC-885, compared to wild-type CRBN. CRBN(E376V) 
mutant had no activity at both concentrations. Immunoblot analysis 
of 293FT parental and CRBN−/− cells treated with 100 μg ml−1 
cyclohexamide for the indicated periods. Where indicated, cells were 
pretreated with DMSO or 10 μM CC-885 for 30 min. For gel source data, 
see Supplementary Information Fig. 1.
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Extended Data Figure 5 | Identification of the region of GSPT1 
indispensable for CC-885-dependent destruction. a, Schematic of 
human GSPT1 and Saccharomyces cerevisiae SUP35 chimaeras. Truncation 
analysis of GSPT1 revealed that domains 2 and 3 of GSPT1 contain the 
CC-885-dependent CRBN-binding motif (data not shown). In this region, 
GSPT1 and SUP35 share 53% sequence identity. Chimaeric fusion sites 
were selected from several stretches of identical regions to ensure proper 
folding of the resultant fusion product. Changes in protein level of these 
fusion proteins in 293T HEK cells in response to CC-885 treatment,  
as shown in b–d, is summarized on the right. +, protein degraded; −, no 
change of protein level. b–d, Immunoblot analysis of 293T HEK parental 

cells or cells stably expressing HA-tagged GSPT1, SUP35 or GSPT1–
SUP35 chimaeric proteins. Note that SUP35 expression level is relatively 
low compared to GSPT1, possibly owing to its intrinsic instability when 
expressed in human cell lines. e, Immunoblot analysis of 293T HEK 
cells stably producing HA-tagged GSPT1 wild-type and variants. Non-
conserved amino acids in GSPT1 as shown in Fig. 2a were replaced with 
corresponding residues in SUP35. f, g, Immunoblot analysis of anti-HA 
immunoprecipitates (f) and whole-cell extracts (g) of 293T HEK cells 
expressing GSPT1 wild-type and mutants. DMSO or CC-885 was added 
into the whole-cell extract after lysis for 6 h. For gel source data, see 
Supplementary Information Fig. 1.
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Extended Data Figure 6 | Loss of GSPT1 is the cause of growth 
inhibition induced by CC-885. a, Immunoblot analysis of MOLM-
13 and OCI-AML2 parental cells or cells stably expressing HA-tagged 
GSPT1(G575N). Cells were treated with CC-885. b, Cells shown in a 
were incubated with CC-885 at the indicated concentration for 3 days. 
Cell proliferation was determined by CellTiter-Glo (CTG). Result 
is representative of three biological replicates. Data are presented as 
mean ± s.d., n = 3 technical replicates. c, 293T HEK cells were infected 
with an increased amount of empty lentiviral vector (EV) or vectors 
expressing control shRNA or any of the four GSPT1-specific shRNAs. 
Seven days after infection, cells were imaged using phase-contrast 

microscope (bottom) and collected for immunoblot analysis (top). Scale 
bars measure 0.5 mm. Images shown are representative of three captured 
images. d, e, Cell growth curve of MOLM-13 parental cells or cells 
transduced with lentiviral vectors expressing a control shRNA (shCNTL) 
or GSPT1 specific shRNA (shGSPT1-1 to 4). Immunoblot analyses of 
whole-cell extracts (d) were carried out at day 4 after transduction with 
lentiviral vectors. Cell growth (e) was quantified with CTG at day 4, 6, and 
8 after transduction. Result is representative of three biological replicates. 
Data are mean ± s.d., n = 3 technical replicates. For gel source data, see 
Supplementary Information Fig. 1.
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Extended Data Figure 7 | See next page for caption.
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Extended Data Figure 7 | Kinetic parameters for cereblon–DDB1–CC-885  
binding to GSPT1, and sample electron density from the crystal 
structure of the complex. a, Reference-corrected surface plasmon 
resonance binding curves for various concentrations of cereblon–DDB1 
(threefold dilutions from 1 μM, coloured traces) flowed over a surface 
of covalently immobilized anti-GST antibody bound to GST–GSPT1 
domains 2 and 3 at 10 °C in the presence of saturating levels of CC-885 
or control compound glutarimide. Kinetic parameters shown were 
determined by fitting with a 1:1 kinetic binding model (black lines) using 
the Bioacore T200 kinetic analysis software package. Binding in the 
presence of gluatrimide could not be quantified. We show a representative 
set of curves from three independent experiments. For a 1:1 binding 
model where A + B ⇆ AB, the net rate of complex formation is given 
by the equation d[AB]/dt = ka[A][B] – kd[AB] and the rate of complex 
disassociation is given by kd[AB], where ka is the association rate constant 
(M−1s−1) and kd is the dissociation rate constant (s−1). KD, the equilibrium 
dissociation constant, is defined by KD = kd/ka. Rmax is a measurement of 
the analyte binding capacity, or maximum response. b, Analysis of the 
steady-state response versus the concentration of analyte in the presence 

of CC-885, and the determined affinity constant. c, GST–GSPT1 interacts 
with endogenous binding partner eRF1. We show that the purified 
GST–GSPT1 domains 2 and 3 (amino acids 437–633) protein used in this 
SPR binding assay and the electron miscroscopy experiments (Extended 
Data Fig. 8) is competent to bind purified eRF1 as reported in ref. 17. 
Coomassie stain, with lanes 1, 2 and 3 showing individual proteins. Lanes 
4 and 5 show pull-down of GST; lanes 6 and 7 show pull-down of  
GST–GSPT1 domains 2 and 3, all were bound to magnetic glutathione 
beads incubated with eRF1 ± CC-885 for 1 h and washed three times. 
Lanes 8 and 9 show pull-down of GST-GSPT1 bound to magnetic 
glutathione beads incubated with CRBN–DDB1 ± CC-885 for 1 h and 
washed three times. This experiment was performed twice. For gel 
source data, see Supplementary Information Fig. 1. d, Sample electron 
density from the cereblon–DDB1–CC-885–GSPT1 crystal structure 
with cereblon residues shown in purple, GSPT1 residues shown in grey, 
and CC-885 shown in green. Refined 2Fo − Fc density is shown as a blue 
mesh contoured at 1.4σ. Fo − Fc difference density, shown as a green mesh 
contoured at 4σ, was generated by a single round of Refmac5 refinement 
calculated in the absence of GSPT1 residues 570–577.
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Extended Data Figure 8 | See next page for caption.
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Extended Data Figure 8 | Imaging of GSPT1 binding to cereblon–
DDB1–CC-885 by negative stain electron microscopy. a, Negative stain 
class averages of N-terminal-tagged GST–GSPT1 domain 2 and 3 (amino 
acids 437–633) bound to purified cereblon–DDB1 in the presence of  
CC-885. As the GST-tag was fused to the N terminus of domain 2 of GSPT1,  
domain 3 can be identified as mediating the interaction with cereblon. 
Whereas the GST tag appears flexible in position, the two domains of 
GSPT1 are consistent in their orientation with the cereblon–DDB1 
complex. GST-dimerization mediates the binding of a second substrate 
in the majority of the classes. Each class average is composed of between 
40 and 70 individual particles. This experiment was performed three 
times. b, Negative stain class averages of cereblon–DDB1 and GST–GSPT1 
domains 2 and 3 (amino acids 437–633) in the presence of DMSO instead 

of CC-885. No classes containing bound substrate were observed in the 
absence of CC-885. Each class average is composed of between 40 and 70 
individual particles. This experiment was performed once. c, A negative 
stain class average of GST–GSPT1 domains 2 and 3 bound to cereblon–
DDB1–CC-885, with DDB1 shaded purple, cereblon shaded green,  
GSPT1 domains 2 and 3 shaded blue, and the second dimerized GST 
tag and second GSPT1 left uncoloured. d, For comparison, the crystal 
structure of GSPT1 domains 2 and 3 bound to cereblon–DDB1–CC-885 
with DDB1 in purple, cereblon in green, and GSPT1 in blue. The electron 
micrographs revealed a consistent configuration of GSPT1 with cereblon 
in all complex class averages and confirmed that domain 3 mediates 
cereblon interactions on the basis of the orientation of the GST-tag.
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Extended Data Figure 9 | Effects of cereblon surface mutations on 
substrate binding. Cereblon and substrate proteins were co-expressed  
in 293FT CRBN−/− cells, co-immunoprecipitated in the presence or 
absence of CC-885 and lenalidomide, and analysed by western blot.  
a, Co-immunoprecipitation of GSPT1 with wild-type and mutant cereblon. 
veh, vehicle, DMSO; 885, 10 μM CC-885. b, Co-immunoprecipitation  
of Ikaros with wild-type and mutant cereblon. veh, vehicle, DMSO;  
LEN, 10 μM lenalidomide. c, Co-immunoprecipitation of DDB1 with  

wild-type and mutant cereblon. Results are representative of three 
biological replicates. d, e, Western blots showing the effect of lenalidomide 
or CC-885 on Ikaros and GSPT1 degradation; d, effect with human 
cereblon, e, effect with mouse cereblon. For convenience, the human 
amino acid numbering is used to discuss the corresponding residues in 
mouse. GFP and actin are shown as transfection and loading controls, 
respectively. This is a representative experiment of three biological 
replicates. For gel source data, see Supplementary Information Fig. 1.
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extended data table 1 | data collection and refinement statistics from the cereblon–ddB1–CC-885–GSPt1 crystal structure

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



-190-

Glutamine triggers acetylation-dependent degradation of 
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SUMMARY
Cereblon (CRBN), a substrate receptor for the cullin–RING ubiquitin ligase 4 (CRL4) complex, is 
a direct protein target for thalidomide teratogenicity and antitumor activity of immunomodulatory 
drugs (IMiDs). Here we report that glutamine synthetase (GS) is an endogenous substrate of 
CRL4CRBN. Upon exposing cells to high glutamine concentration, GS is acetylated at lysines 11 
and 14, yielding a degron that is necessary and sufficient for binding and ubiquitylation by 
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CRL4CRBN and degradation by the proteasome. Binding of acetylated degron peptides to CRBN 
depends on an intact thalidomide-binding pocket but is not competitive with IMiDs. These 
findings reveal a feedback loop involving CRL4CRBN that adjusts GS protein levels in response to 
glutamine and uncover a new function for lysine acetylation.

Graphical abstract

Introduction
Cereblon (CRBN) is a putative substrate receptor for a cullin–RING ubiquitin ligase 4 
(CRL4) complex (Angers et al., 2006). Human CRBN was discovered as a gene that when 
mutated results in mild mental retardation (Higgins et al., 2004). Subsequent analysis of 
Crbn−/− knockout mice revealed that they are less prone to developing insulin resistance, 
fatty liver and visceral fat accumulation when fed a high-fat diet (Lee et al., 2013). To date, 
only four putative targets of CRBN have been identified: large conductance Ca2+-activated 
K+ channels (Jo et al., 2005), voltage-gated chloride channel (Hohberger and Enz, 2009), the 
developmental regulator MEIS2 (Fischer et al., 2014), and adenosine monophosphate-
activated protein kinase (AMPK) (Lee et al., 2011b; Lee et al., 2014; Lee et al., 2013).
AMPK activity is elevated in Crbn−/− mice, which could contribute to the resistance of these 
animals to developing metabolic syndrome on a high-fat diet. However, the mechanism by 
which CRBN recognizes AMPK or its other natural substrates remains unknown.

CRBN has achieved notoriety as the target that accounts for the teratogenic effects of 
thalidomide (Ito et al., 2010), which caused over 10,000 birth defects in humans before it 
was withdrawn from the market in 1962 (Lenz et al., 1962; Mcbride, 1961). Subsequently, 
CRBN was implicated as the target that accounts for the therapeutic activity of thalidomide 
and the related ‘immunomodulatory’ (IMiD) compounds lenalidomide and pomalidomide in 
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multiple myeloma (Lopez-Girona et al., 2012; Zhu et al., 2011). CRBN must be present for 
myeloma cells to respond to IMiDs, suggesting that formation of an IMiD–CRBN complex 
underlies the therapeutic response. Recent studies have revealed that binding of IMiDs to 
CRBN promotes recruitment of neosubstrates, including Ikaros (IKZF1), Aiolos (IKZF3) 
(Kronke et al., 2014; Lu et al., 2014) and casein kinase 1A1 (CK1α) (Kronke et al., 2015) to 
CRL4CRBN, leading to their increased ubiquitylation and proteasome-dependent 
degradation. In contrast, IMiDs block endogenous CRBN substrate MEIS2 from binding to 
CRL4CRBN, resulting in inhibition of its ubiquitylation and degradation (Fischer et al., 
2014). Because of the paucity of known CRL4CRBN ubiquitylation substrates, it remains 
unclear whether the therapeutic action of IMiDs might be modulated by general stabilization 
of CRBN’s natural substrates.

Glutamine synthetase (GS) plays a central role in metabolism, as glutamine is the key 
metabolite connecting carbon and nitrogen metabolism through the citric acid cycle. GS has 
different functions in different tissues. For example in liver it detoxifies ammonia, in brain it 
protects neurons against excitotoxicity by converting glutamate into glutamine, and in 
kidney it contributes to pH regulation (Taylor and Curthoys, 2004). Moreover, glutamine has 
a critical role in regulating mTOR signaling, translation, and autophagy to coordinate cell 
growth and proliferation (Nicklin et al., 2009). Mutations and deregulation of GS have been 
linked to human diseases, including congenital glutamine deficiency, Alzheimer’s disease, 
and cancers (Bott et al., 2015; Christa et al., 1994; Gunnersen and Haley, 1992; Haberle et 
al., 2005; Kung et al., 2011; Tardito et al., 2015). In keeping with its central role in carbon 
and nitrogen metabolism, prokaryotic GS is allosterically regulated by multiple end products 
of glutamine metabolism working in concert with cycles of reversible adenylylation/
deadenylylation (Krajewski et al., 2008; Stadtman, 2001). Eukaryotic GS, by contrast, is not 
adenylylated and its regulation is poorly understood. It has been shown that GS is subject to 
feedback control by glutamine, which promotes its post-translational modification and 
degradation (Arad et al., 1976; Crook and Tomkins, 1978). However, the molecular basis for 
this regulation remains elusive.

Results
GS is an endogenous substrate of CRL4CRBN

To search for candidate CRBN substrates, including those that might be modulated by 
IMiDs, we used stable isotope labeling of amino acids in cell culture (SILAC)-based 
quantitative mass spectrometry (Lee et al., 2011a) (Figure S1A). Comparison of heavy:light 
ratios of peptides indicated that CRBN, subunits of CRL4 (CUL4, DDB1, RBX1), and 
subunits of the CRL regulator CSN were recovered in equal amounts from DMSO or 
thalidomide-treated 293T cells stably expressing CRBN tagged with a Flag epitope at its N-
terminus (FlagCRBN; all tagged proteins are indicated by a superscripted tag either before or 
after the name to indicate tagging at the N- or C-terminus) (Figure 1A). A number of 
putative substrates behaved like MEIS2 (Fischer et al., 2014) in that they were recovered in 
lesser amounts from cells treated with thalidomide (Table S1). Notably, glutamine 
synthetase (GS) behaved like Ikaros, Aiolos, and CK1α in that it was recovered in greater 
amounts (Figure 1A). Essentially identical results were obtained in a label-swap experiment 
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(data not shown). To validate the mass spectrometry data, we immunoprecipitated FlagCRBN
and immunoblotted for CRL4CRBN subunits and GS. Recovery of GS but not CRL subunits 
was stimulated by thalidomide (Figure S1B) and its analog lenalidomide (Len)(Figure 1B). 
A similar result was obtained when we evaluated the interaction of endogenous GS with 
endogenous CRBN (Figure 1C). An important distinction between GS and CRBN’s 
neosubstrates including IKZF1, IKZF3 and CK1α (Kronke et al., 2015; Kronke et al., 2014;
Lu et al., 2014), is that we observed significant GS association with CRBN in the absence of 
IMiDs (Figures 1B, 1C, and S1B). Thus, we did not pursue further the relationship between 
GS and IMiDs.

The apparent constitutive association of GS with CRBN suggested that GS might be a 
natural substrate for CRL4CRBN, albeit one that behaves markedly differently from MEIS2. 
To pursue this further, we sought to test whether ubiquitylation of GS was dependent on 
CRL4CRBN. In co-transfection assays, we observed incorporation of HAubiquitin into FlagGS
(Figure 1D). Significantly, ubiquitin-modified FlagGS accumulated in cells in which the 
proteasome was inhibited with MG132, but was almost entirely absent upon depletion of 
endogenous CRBN (depletion was confirmed by immunoblot; Figure S1D). In 
addition, FlagCRBN promoted the in vitro ubiquitylation of co-precipitated endogenous GS 
when supplemented with E1, E2, ubiquitin, and ATP (Figure 1E, lane 6). GS 
polyubiquitylation was markedly enhanced by the addition of recombinant CUL4A-RBX1 
purified from insect cells (Figure 1E, lane 3), whereas it was inhibited by addition of 
methylated ubiquitin. Collectively, these results argue that GS is an endogenous 
ubiquitylation substrate of CRL4CRBN.

CRL4CRBN directly controls the glutamine-induced degradation of GS
Glutamine regulates GS by altering the rate of degradation of the enzyme (Arad et al., 1976;
Crook and Tomkins, 1978). Consistent with these reports, we observed that glutamine 
downregulated GS protein levels upon addition to glutamine-starved Hep3B cells (Figure 
2A) as well as to multiple lung, breast, and glioblastoma cancer cell lines (Figure S1E). This 
effect was intermediate at the normal serum glutamine concentration (0.5 mM) and was 
saturated at 2 mM glutamine (Figure S1F), as reported previously (Crook and Tomkins, 
1978). The glutamine-induced downregulation of GS in Hep3B cells was blocked by the 
addition of the proteasome inhibitor bortezomib or the NEDD8-activating enzyme inhibitor 
MLN4924 (Figure 2B), which inactivates Cullin-RING E3 ubiquitin ligase activity (Soucy et 
al., 2009). MLN4924 also inhibited glutamine-induced GS degradation in myeloma, breast, 
and lung cancer cell lines (Figure S2A–C). Most importantly, the glutamine-induced 
downregulation of GS in Hep3B cells was blunted upon disruption of CRBN loci by 
CRISPR/Cas9 (Figure 2C) or depletion of CRBN by shRNA knockdown (Figure S2D). 
Similar results were observed upon shRNA knockdown of CRBN in myeloma and lung 
cancer cells (Figure S2E & F). Consistent with a role for CRBN in GS degradation, the 
steady-state level of GS was elevated in CRBN-depleted cells (Figure S2G). For the Hep3B, 
myeloma, and lung cancer cell lines we confirmed that CRBN-dependent effects on GS 
downregulation were not due to changes in its mRNA level (Figure S2I–K). Two general 
trends in the data from different cell types are worth noting. First, glutamine does not induce 
complete degradation of GS; depending upon the cell line, the reduction ranged from 50–
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80%. Second, there remains a modest glutamine-stimulated loss of GS in cell lines depleted 
of CRBN by either shRNA or CRISPR/Cas9. It remains unclear if this is due to residual 
CRBN or the operation of an unknown secondary pathway. Nevertheless, it is clear that 
CRBN promotes rapid, glutamine-dependent downregulation of GS by a post-transcriptional 
mechanism that requires Nedd8 conjugation and proteasome activity.

We next sought additional evidence for a physiological role of CRBN in regulating the 
abundance of GS in vivo. In mice, GS is highly expressed in the brain, liver, kidney and 
skeletal muscle (BioGPS.org; table S2). We therefore used immunoblotting to examine GS 
abundance in brain, liver, kidney, skeletal muscle and lung tissues of wild-type and 
Crbn−/−mice that were starved for 24 hours and re-fed for 4 hours to mimic glutamine 
starvation/re-feeding in cultured cells. As shown in Figures 2D–F, GS was elevated in the 
kidney, skeletal muscle and lung of Crbn−/− mice, but not in the brain and liver (data not 
shown). Skeletal muscle and lung GS plays a significant role in regulating the concentration 
of plasma glutamine (Hensley et al., 2013). Consistent with the accumulation of GS in these 
tissues, Crbn−/− mice exhibited an increased glutamine to glutamate ratio in serum (Figure 
2G and table S3). Taken together, our data suggest that endogenous GS protein levels are 
negatively regulated by glutamine through a feedback loop involving CRL4CRBN.

The N-terminal extension of GS is required for its CRBN-dependent ubiquitylation
To identify the sequence in GS recognized by CRBN, we generated a series of deletion 
mutants and found that the N-terminal 24–amino acids were required for its constitutive 
interaction with CRBN (Figures 3A and 3B) and degradation (Figure 3C) in glutamine-
supplemented medium. Intriguingly, this N-terminal segment is absent from bacterial GS 
enzymes but is conserved in GS throughout the chordate lineage (Figure S3). By analogy to 
other CRL enzyme–substrate interactions, we speculated that GS degradation might be 
controlled by a glutamine-dependent post-translational modification of its N-terminal 
segment. To test this idea, we mutated all Ser, Thr, and Tyr residues in the N-terminal 24 
amino acids of GS to Ala, either individually or in combination. Notably, all mutants 
retained some binding to CRBN (Figure S4A), suggesting that phosphorylation does not 
play a major role. We next investigated whether a KxxK motif (lysines 11 and 14) that is 
highly conserved in chordates (Figure S3) was required for GS binding to CRBN. We 
analyzed double arginine substitutions (RR; keeps the positive charges) and double alanine 
substitutions (AA; neutralizes the positive charges) at K11 and K14 and found that the 
binding to CRBN, ubiquitylation, and degradation of GS were enhanced by the AA 
mutations but diminished or unaffected by the RR mutations (Figures 3D–F). To further 
investigate the N-terminal degron, we generated chimeric fusion proteins consisting of GS 
amino acids 1–25 fused to Myc-tagged GFP (Figure 4A). The N-terminal region of GS was 
sufficient to confer binding to and ubiquitylation by CRBN, as well as degradation (Figures 
4B–D). However, all of these activities of the N-terminal degron were blocked by the RR 
substitutions. Together, these findings suggest that modification of lysine(s) in the N-
terminal extension of GS was critical for its binding to and ubiquitylation by CRBN.
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Glutamine-dependent acetylation of lysines 11 and 14 by CBP/p300 regulates GS 
degradation

Lysine residues can be targeted by multiple modifications, such as ubiquitylation, 
SUMOylation, methylation, and acetylation. Our observation that K->R substitutions at K11 
and K14 in GS disrupted its binding to CRBN, ubiquitylation and degradation, whereas 
neutralizing K->A substitutions had the opposite effect, implicated a potential role for 
acetylation in neutralizing positive charges that impede interaction with CRBN. Acetylation 
was of particular interest, because proteomic studies uncovered modification of K14 on 
human, mouse and rat GS (Chen et al., 2012; Lundby et al., 2012; Svinkina et al., 2015;
Weinert et al., 2013), and more generally revealed that reversible lysine acetylation plays an 
important role in regulating metabolic enzymes (Wang et al., 2010; Zhao et al., 2010).
Moreover, a KxxK motif is known to be a potential target of the closely-related 
acetyltransferases CBP and p300 (Thompson et al., 2001). Consistent with GS being a 
potential CBP/p300 substrate, GSMyc co-immunoprecipitated with both p300HA and CBPHA

(Figure S4C). Moreover, recombinant p300-HAT domain acetylated recombinant GS6xHis in
vitro (Figure S4D). Furthermore, in 293FT CRBN knockout cells (CRBN-KO 293FT) (Lu et 
al., 2014), GSFlag acetylation was significantly enhanced upon coexpression with p300HA or 
treatment with histone deacetylase inhibitors (HDACi) (Figure 5A). To map the acetylation 
sites of GS, which has 19 lysines, GSFlag was immuno-purified from CRBN-KO 293FT cells 
and analyzed by mass spectrometry analysis. Two lysine residues, K11 and K14, were found 
to be independently acetylated based on the conclusive mass spectra (Figure S5A and S5B, 
and Table S4). However, we were unable to detect a tryptic peptide in which both residues 
were acetylated (see legend of Figure S5 for a detailed discussion). We also obtained strong 
evidence for acetylation of K25, K189 and K291, and modest evidence for K241 and K268 
(Table S4). Given that our mutagenesis studies pointed to a critical role for lysine 11 and/or 
lysine 14 in mediating GS ubiquitylation and degradation via CRL4CRBN, we evaluated 
point mutants to determine whether these residues contributed to the signal observed in an 
anti-acetyllysine immunoblot of immunoprecipitated GS. Wild-type GSMyc, but not the 
corresponding AA or RR mutants, yielded a robust signal (Figure 5B and Figure S4E). We 
conclude that GS can be acetylated on K11 and K14 in cells.

Covalent modifications that target CRL substrates for ubiquitylation are often tightly 
regulated. We therefore sought to address if K11 and/or K14 were acetylated in a glutamine 
and 300/CBP-dependent manner. To address these questions, CRBN-KO 293FT cells 
expressing wild type or RR-GSFlag and starved for glutamine were re-fed or mock treated, 
lysates of these cells were immunoprecipitated with anti-Flag, and the precipitates were 
blotted with acetyllysine antibody. Aetylation of GSFlag was markedly stimulated by 
glutamine but this effect was largely blocked by the RR mutations and the CBP/p300 
inhibitor C646 (Bowers et al., 2010) (Figure 5C). A similar result was obtained for 
endogenous GS (Figure S4F), but the stimulatory effect of glutamine was less prominent.

If glutamine-stimulated acetylation of K11 and K14 on GS triggers its ubiquitylation and 
degradation, we reasoned that histone deacetylase inhibitors (HDACi) might enhance 
glutamine-induced downregulation of endogenous GS. Indeed, this was observed to be the 
case (Figure 5D; mRNA analysis in Figure S6A). The destabilizing effect of glutamine and 
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HDACi was blunted by simultaneous treatment with C646 or a distinct p300/CBP inhibitor, 
garcinol (Figures 5E and S6B). HDACi-induced degradation of endogenous GS was 
mediated by CRBN because it was significantly attenuated by genetic (Figure 5F) or 
chemical (Figure S6C & D) reduction of CRL4CRBN activity.

The hypothesis that emerged from these studies is that high glutamine triggers acetylation of 
GS lysines 11 and/or 14, which then mediates binding to CRBN. To test this, we took 
advantage of our observation that acetylation at K11 and/or K14 made a dominant 
contribution to binding of the anti-acetyllysine antibody to GS. Lysates of 293T cells that 
stably expressed FlagCRBN were immunoprecipitated with anti-Flag and anti-GS, and the 
amount of each immunoprecipitate analyzed by blotting was adjusted such that the amount 
of GS was similar. As shown in Figure 5G, the GS bound to CRBN was enriched for 
acetylation compared to the unbound GS. We conclude that CRBN exhibits a strong 
preference for binding acetylated GS.

The N-terminal extension of GS comprises an acetyllysine degron that binds the C-
terminal domain of CRBN

We next mapped the GS-binding region on CRBN by deletion analysis and found that the 
carboxy-terminal domain (CTD) was necessary and sufficient for binding endogenous GS 
(Figures 6A and B). The CTD harbors the IMiD binding pocket formed by Trp380, Trp386 
and Trp400, with a phenylalanine residue at the base (Phe402) (Chamberlain et al., 2014;
Fischer et al., 2014). These residues form a small hydrophobic pocket (tri-Trp pocket), 
which shows 100% conservation in CRBN orthologs across animal and plant kingdoms 
(Chamberlain et al., 2014; Fischer et al., 2014) (Figure S7A). We therefore speculated that 
the tri-Trp pocket might be important for GS binding. FlagCRBN-W386E and FlagCRBN-
W400E, and the double point mutant FlagCRBN-Y384A/W386A (FlagCRBN-YW/AA,
which is defective in IMiD binding (Ito et al., 2010; Lopez-Girona et al., 2012)) failed to 
bind endogenous GS (Figure 6C).

To define in greater detail the molecular basis for GS–CRBN interaction, we generated 
biotinylated synthetic peptides (amino acids 5–22 of GS) that were unmodified, mono-
acetylated on either K11 or K14, or di-acetylated (Figure 6D). The peptide acetylated at both 
K11 and K14, but not non-acetylated or mono-acetylated peptides, efficiently pulled-down 
recombinant FlagCRBN (Figure 6E). We further examined the effects of each acetylation site 
mutation of GSMyc on CRBN binding and ubiquitylation in vivo. Consistent with the peptide 
binding analysis, single substitutions at either K11 or K14 with alanine (A) resulted in 
significantly less binding and ubiquitylation, compared with double AA mutations at both 
K11 and K14 (Figure S6E, F). These results indicate that acetylation of GS on both lysine 
residues 11 and 14 contributes to CRBN binding, ubiquitylation and degradation.

To gain further insight into the mechanism by which CRBN binds the di-acetylated degron 
of GS, we made asparagine 351 to arginine (N351R) and histidine 357 to tyrosine (H357Y) 
(Figure S7A) point mutants based on examination of the crystal structure. We reasoned that 
the substitution of N351R might block degron binding by occluding the IMiD pocket 
whereas H357Y might enhance degron binding by decreasing the cationic charge 
surrounding the IMiD pocket. Remarkably, production and testing of the 
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indicated FlagCRBN mutants confirmed these predictions (Figures 6F – G), suggesting that 
the GS-peptide binding site overlaps or is adjacent to the IMiD pocket. Enhanced binding of 
the H357Y mutant to the mono-acetylated K11 peptide but not the mono-acetylated K14 
peptide (Figure S6G) further implicates electrostatics as contributing to recognition of the 
acetylated GS peptides.

Recent studies have reported that IMiD binding to CRBN promotes recruitment of 
neosubstrates (Kronke et al., 2014; Lu et al., 2014)(Kronke et al., 2015), whereas IMiDs 
block endogenous CRBN substrate MEIS2 from binding to CRL4CRBN (Fischer et al., 
2014). We therefore examined whether IMiD binding to CRBN influences the interaction 
between the acetyl-degron and CRBN in vitro. Consistent with our initial findings in 293T 
and MM.1S cells (Figures 1B, 1C, and S1B), pomalidomide did not block FlagCRBN
binding to di-acetylated peptide, but promoted the interaction between FlagCRBN and 
peptide mono-acetylated at K11 or K14 (Figure 6H).

Discussion
Almost sixty years ago, it was reported that mammalian GS is inactivated by extracellular 
glutamine (Demars, 1958; Paul and Fottrell, 1963). Subsequent work done prior to the 
discovery of the ubiquitin system suggested that glutamine stimulates the modification and 
degradation of GS enzyme through an unknown mechanism (Arad et al., 1976; Crook and 
Tomkins, 1978). Based on the findings reported here, we propose a model for regulation of 
glutamine-induced degradation of GS by CRL4CRBN (Figure 7). After exposure of cells to 
high glutamine, p300/CPB proteins acetylate GS at lysines 11 and 14 to create a degron that 
binds CRBN. Acetylated GS bound to CRBN is ubiquitylated and subsequently is degraded 
by the proteasome. Although we provide strong evidence to support these conclusions, we 
note that it has been difficult to identify by mass spectrometry acetylation of lysines 11 and 
14 on GS bound to CRBN. This is probably due to low sequence coverage obtained for 
endogenous GS bound to CRBN. However, we have used antibodies against acetyl-lysine to 
show that CRBN enriches for acetylated forms of GS.

In mammals, GS is a homodecamer composed of two pentameric rings (Krajewski et al., 
2008). The pentamer interface contains a network of electrostatic interactions involving both 
K11 and K14. In particular the ε-amino group of Lysine 11 is normally engaged in a salt 
bridge with aspartate 174 in the neighboring subunit (Figure S7B, C). We propose that high 
glutamine concentrations cause a conformational change in GS that disrupts this ionic 
interface and exposes the N-terminal extension such that lysines 11 and 14 can be bound by 
p300/CBP and acetylated. We currently do not understand how cells sense extracellular 
glutamine levels to induce K11 and K14 acetylation. Glutamine could potentially be sensed 
by mTOR (Nicklin et al., 2009) or perhaps directly by GS. Another question of interest is 
whether high glutamine results in processive or distributive acetylation of subunits in the 
decamer. Presumably, acetylation of a single subunit would suffice to target the decamer to 
CRBN. We do not know if all subunits are ubiquitinated and degraded in concert or the 
decamer is disassembled to enable degradation of only acetylated subunits. We note that a 
prior study reported that GS degradation in Schwann cells is mediated by ubiquitin ligase 
ZNRF1 (Saitoh and Araki, 2010), but regulation by glutamine levels was not investigated. 
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ZNFR1 is expressed primarily in the nervous system (Araki et al., 2001), suggesting that it is 
unlikely to play a ‘pan-organismal’ role. ZNFR1 may contribute to residual GS degradation 
that we observed in CRBN-depleted cells.

Reversible lysine acetylation influences diverse biological processes. Recent proteomic 
analyses suggest that it regulates many metabolic enzymes (Choudhary et al., 2009; Wang et 
al., 2010; Zhao et al., 2010). It has been thought that lysine acetylation controls protein–
protein interactions that regulate protein activity via acetyl-lysine-binding domains 
(Choudhary et al., 2014; Mujtaba et al., 2007). In some cases, lysine acetylation has been 
shown to compete with other post-translational modifications (e.g. ubiquitylation or 
SUMOylation), thereby controlling protein stability or transcriptional activity (Gronroos et 
al., 2002; Ito et al., 2002; Van Nguyen et al., 2012). Recent studies suggest that lysine 
acetylation can regulate the steady-state levels of metabolic enzymes by promoting their 
degradation through the ubiquitin-proteasome system or chaperone-mediated autophagy 
(Jiang et al., 2011; Lv et al., 2011). Collectively, these prior findings together with those 
reported here may have important implications for interpreting the clinical action of 
deacetylase inhibitors that alter the acetylome, since they may activate degradation of 
multiple proteins via CRBN or other pathways.

CRBN and its ‘tri-Trp’ pocket are evolutionarily conserved in plants and animals. This 
aromatic pocket binds thalidomide, lenalidomide, and pomalidomide, and is reminiscent of 
pockets found in proteins containing bromodomains (Dhalluin et al., 1999), plant 
homeodomain (PHD) fingers (Wysocka et al., 2006), chromodomains, Tudor domains, and 
malignant brain tumor (MBT) repeats, all of which have been implicated in binding to 
acetylated or methylated lysine (Taverna et al., 2007). Consistent with an important role for 
the tri-Trp pocket in recognition of natural substrates, mutations of residues that form the 
pocket eliminated binding of GS and its acetylated degron peptide, and also disrupt binding 
of the endogenous substrate MEIS2 (Fischer et al., 2014). However, IMiDs did not compete 
out binding of the acetylated GS degron peptide to CRBN. In fact, IMiDs actually enhanced 
binding of monoacetylated GS peptides. Moreover, mutation of the critical lysines 11 and 14 
of GS to alanine enhanced binding and ubiquitylation of GS by CRBN. Together, these 
results suggest that acetylation neutralizes the positive charges on K11 and K14, which 
otherwise interfere with binding to CRBN. Our data suggest that the acetylated peptide 
binds adjacent to the IMiD pocket by a novel mechanism, the description of which awaits a 
crystal structure of the GS degron peptide bound to CRBN.

A role for CRBN in regulation of AMPK and fat accumulation has been demonstrated in a 
Crbn−/− mouse model (Lee et al., 2013). Our work establishes an unexpected molecular link 
between CRBN, acetylation, and metabolic control. We suggest that acetylation-dependent 
ubiquitylation by CRL4CRBN may be a general feature of metabolic regulation.

Experimental Procedures
In vitro ubiquitylation assay

The assays were performed as described (Duan et al., 2012; Kleiger et al., 2009). Briefly, 
293T cells stably expressing FlagCRBN or empty vector were treated with Bortezomib (1 
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µM) for 6 h. Then, the cells were harvested and lysed in IP buffer and immunoprecipitated 
with Flag M2 agarose beads for 2–4 h at 4°C. After washing five times with IP lysis buffer 
and two times with ubiquitylation buffer (50 mM Tris-HCl [pH 8.0], 10 mM MgCl2, 0.2 mM 
CaCl2, 1 mM DTT, and 100 nM MG132), the beads were incubated at 300C for 1 h in 30 µl 
of ubiquitylation buffer containing E1 (0.5 µM), UbcH5a (0.5 µM), UbcH3 (1.67 µM), 
recombinant RBX1-CUL4A (250 nM), ubiquitin (60 µM), and ATP (4 mM). Where 
indicated, methylated ubiquitin (Me-Ub) was also added. Reactions were stopped by adding 
SDS sample buffer, separated by SDS-PAGE, transferred to a PVDF membrane, and 
subjected to immunoblot analysis.

Peptide pull-down assay
The assay was performed as described (Wysocka et al., 2005). FlagCRBN protein was 
immunoprecipitated from 293T cells stably expressing FlagCRBN using Flag antibody-
conjugated agarose beads, and then eluted with Flag peptides. Biotinylated GS peptides were 
synthesized (Biomatik) and 5 µg was incubated with 20 µl of Dynabeads M-280 streptavidin 
(Life Technologies) in PBS for 1–2 h at room temperature. After washing three times with 
PBS-T (PBS containing 0.1% Tween-20), the beads were mixed with purified FlagCRBN in 
binding buffer (10 mM Tris [pH 7.6], 150 mM NaCl, 0.5% NP-40) containing a protease 
inhibitor cocktail, 1 mM DTT and 0.1% BSA for 2–4 h at 4°C. After binding, the beads 
were washed extensively in binding buffer containing 300 mM NaCl (stringent washing). 
The bound proteins were eluted in 2x SDS loading buffer, and analyzed by immunoblot.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

➢ GS is an endogenous substrate of CRL4CRBN.

➢ CRL4CRBN directly mediates the glutamine-induced degradation 
of GS.

➢ Glutamine-stimulated acetylation of lysines 11 and 14 regulates 
GS degradation.

➢ The thalidomide-binding domain of CRBN binds to an 
acetyllysine degron of GS.
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Figure 1. GS is an endogenous substrate of CRL4CRBN

(A) Identification of GS as a CRBN-interacting protein. 293T cells stably 
expressing FlagCRBN and grown in either ‘heavy’ or ‘light’ SILAC medium were treated 
with DMSO (light) or 50 µM thalidomide (heavy) for 4 h prior to lysis and 
immunoprecipitation (IP) with anti-Flag followed by mass spectrometry. The heavy:light 
ratios for GS and subunits of CRL4 and CSN are shown. The asterisk indicates a ratio that 
differs significantly from 1 (p-value 1×10−19). The data are an average of two experiments. 
Error bars indicate ± SD.
(B) GS binds CRBN. 293T cells stably expressing empty vector or wild-type FlagCRBN
were treated with or without lenalidomide (10 µM) for 3 h. Protein extracts were 
immunoprecipitated with Flag antibody followed by Western blot analysis with the indicated 
antibodies. The ratio of GS bound to CRBN normalized to input GS is shown.
(C) Endogenous CRBN and GS interact. MM.1S cells were supplemented with DMSO or 
1 µM lenalidomide 2 h prior to lysis and IP with mouse IgG control or CRBN antibodies. IP 
and input samples were fractionated by SDS-PAGE and immunoblotted with the indicated 
antibodies. Quantification was as described in (B).
(D–E) CRBN promotes GS ubiquitylation in cells (D) and in vitro (E). (D) 293T cells 
were transiently transfected with plasmids expressing GSFlag and HAubiquitin (HAUb). After 
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30h, cells were treated with 10 µM MG132 for 4 h, followed by cell lysis and Flag IP under 
denaturing conditions. The input and bound fractions were evaluated by immunoblotting 
with HA and Flag antibodies. Ubiquitin conjugates in the input are shown in Figure S1C. (E) 
293T cells stably expressing FlagCRBN were treated with proteasome inhibitor (1 µM 
bortezomib) for 6 h. After IP with Flag antibody, in vitro ubiquitylation of endogenous, co-
precipitated GS was carried out for 1 h at 30°C in the presence or absence of E1+E2 
and HAUb. Where indicated, methylated ubiquitin (Me-Ub) or recombinant (r) CUL4A-
RBX1 was added. Reactions were analyzed by SDS-PAGE and immunoblotting with GS 
antibody. (Ub)n indicates polyubiquitylation. S.E., L.E.: short and long exposures.
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Figure 2. CRBN is required for glutamine-induced degradation of GS
(A) Glutamine regulates GS protein abundance. Hep3B cells were maintained in DMEM 
10% FCS without glutamine for 48 h. The cells were then treated with glutamine (4 mM) for 
the indicated times. Equal amounts of protein extracts were analyzed by SDS-PAGE and 
immunoblotting with the indicated antibodies. GAPDH served as a loading control.
(B) Glutamine-induced GS degradation is blocked by the proteasome inhibitor 
bortezomib or the Nedd8-activating enzyme inhibitor MLN4924. Hep3B cells were 
starved of glutamine for 36 h, and then pretreated with or without bortezomib (200 nM) or 
MLN4924 (2 µM) for 30 min, followed by 4 mM glutamine treatment for 7 h. Cell lysates 
were analyzed by SDS-PAGE and immunoblotting with antibodies against GS, CRBN, and 
GAPDH. The relative ratio of GS:GAPDH, normalized to lane 1, is shown.
(C) Glutamine-induced GS degradation is promoted by CRBN. Wild-type (WT) and 
CRISPR/Cas9-derived CRBN-knockout (KO) Hep3B cells were starved of glutamine for 36 
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h, followed by addition of 4 mM glutamine for 0, 12 and 16 h. The relative ratio of 
GS:GAPDH protein level, normalized to that at 0-time, is shown. Note that this experiment 
was done with a pool of KO cells (i.e. non-clonal) and there appears to be a small amount of 
residual CRBN in the population.
(D–F) GS protein levels are elevated in the kidneys, skeletal muscles and lungs of 
Crbn−/− mice. Left panels: Tissue extracts prepared from total kidneys and skeletal muscles 
of wild-type (WT) and Crbn−/− (KO) mice were analyzed by SDS-PAGE and Western 
blotting, using GS, CRBN and GAPDH antibodies. n = 3–4 mice per group. Right panels: 
densitometric quantification of relative band intensities. Error bars represent the SEM.
(G) Crbn−/− mice exhibit an increased glutamine/glutamate ratio in serum. Glutamine 
and glutamate levels in serum of wild-type (WT) and homozygous mutant Crbn−/− mice 
(KO) were quantified by mass spectrometry. Glutamine/glutamate ratio was calculated and 
represented as mean ± SD; n = 6 mice per group (P = 0.02615 by t-test).
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Figure 3. The N-terminal extension of GS and its KxxK motif promote binding to CRBN, 
ubiquitylation, and degradation
(A–B) The N-terminal extension of GS is required to bind CRBN. (A) Schematic 
diagram of full-length (FL) human GS protein structure and deletion constructs used in (B). 
The GS degron (amino acids 1–24) recognized by CRBN is highlighted. (B) 293T cells 
stably expressing FlagCRBN were transfected with the indicated plasmids. After 36 h, cells 
were treated with 10 µM MG132 for 4 h. Cellular extracts were immunoprecipitated with 
Flag antibody, fractionated by SDS-PAGE and immunoblotted with Myc and Flag 
antibodies. *, indicates a non-specific band. A band ∼25 kDa represents IgG light chains 
(IgG-LC).
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(C) The N-terminal extension of GS is required for degradation. 293T cells stably 
expressing Flag-HA-tagged GS (FHGS) or GS with deletion of the N-terminal 24 amino 
acids (d1FHGS) were cultured in complete DMEM with 2 mM glutamine, and treated with 
cycloheximide (CHX; 100 µg/ml) for 0, 2, 4, and 6 h. Cell lysates were analyzed by SDS-
PAGE and immunoblotting with Flag and GAPDH antibodies. The relative ratio of 
GS:GAPDH, normalized to that of zero-time, is shown.
(D) The N-terminal KxxK motif modulates binding of GS to CRBN. 293T cells stably 
expressing FlagCRBN were transfected with empty vector (EV) or plasmids encoding the 
indicated GS mutants. After 36 h, cells were treated with 10 µM MG132 for 4 h. Cell 
extracts were immunoprecipitated with Flag antibody and the precipitated and input 
fractions were analyzed by SDS-PAGE and immunoblotting with DDB1, Myc, and Flag 
antibodies. WT: wild type. RR: K11R, K14R. AA: K11A, K14A.
(E) The N-terminal KxxK motif modulates ubiquitylation of GS. 293T cells were 
transfected with plasmids encoding HAUb and the indicated Myc-tagged GS mutants. After 
24 h, the cells were treated with 10 µM MG132 for 4 h, followed by cell lysis, denaturation 
of the lysate proteins, and IP with anti-Myc. The input lysates and bound fractions were 
evaluated by SDS-PAGE and immunoblotting with HA and Myc antibodies.
(F) The N-terminal KxxK motif modulates degradation of GS. 293T cells were 
transfected with plasmids encoding wild type GSMyc or the RR and AA mutants. After 24–
30 h, the cells growing in medium containing 2 mM glutamine were treated with 100 µg/ml 
cycloheximide (CHX). At the indicated times following addition of CHX, cells were 
harvested, and their content of GS and GAPDH was evaluated by immunoblotting. GSRR:
K11R, K14R GS. GSAA: K11A, K14A GS.
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Figure 4. The N-terminal extension of GS comprises a sufficient, KxxK-dependent ubiquitylation 
and degradation signal
(A) Schematic of GS Degron-GFP fusion proteins. Wild type (GS-NWT) or mutant (GS-
NRR) versions of the N-terminal extension (amino acids 1–25) of GS were fused to Myc-
tagged GFP. RR refers to the double mutant in which K11 and K14 were changed to R.
(B) The N-terminal extension of GS is sufficient to bind CRBN in a manner that 
depends on an intact KxxK motif. CRBN-KO 293FT cells stably expressing MycGFP, GS-
NWT_MycGFP, or GS-NRR_MycGFP fusion proteins were transfected with empty plasmid 
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(lanes 1–3) or plasmid expressing FlagCRBN (lanes 4–6). After 36 h, cell extracts were 
immunoprecipitated with Flag antibody, fractionated by SDS-PAGE and immunoblotted 
with the indicated antibodies.
(C) The N-terminal extension of GS is sufficient to confer CRBN- and KxxK-dependent 
ubiquitylation. CRBN-KO 293FT cells stably expressing MycGFP, GS-NWT_MycGFP, and 
GS-NRR_MycGFP fusion proteins were transfected with plasmid expressing HAUb (lanes 1–
6) and empty plasmid (lanes 1–3) or plasmid expressing FlagCRBN (lanes 4–6). After 48 h, 
cells were treated with bortezomib (1 µM) for 4 h prior to lysis and IP with HA antibody. 
Immunoprecipitates and input samples were fractionated by SDS-PAGE and immunoblotted 
with the indicated antibodies. The anti-HA blots are in Figure S4B.
(D) The N-terminal region of wild type GS is sufficient to confer degradation. 293T 
cells, stably expressing MycGFP, GS-NWT_MycGFP, and GS-NRR_MycGFP fusion proteins, 
grown in 2 mM glutamine were treated with 100 µg/ml cycloheximide (CHX) for the 
indicated times. Extracts were evaluated by SDS-PAGE and immunoblotting with Myc and 
GAPDH antibodies. The relative ratio of test protein:GAPDH, normalized to that of 0-time, 
is shown.
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Figure 5. p300-mediated acetylation promotes the degradation of GS
(A) p300 promotes GS acetylation in cells. CRBN-KO 293FT cells were transfected with 
GSFlag and HA-tagged p300 (p300HA) plasmids. After 36 h, the cells were treated with or 
without HDAC inhibitors (1 µM TSA and 10 mM NAM) for 12 h. Cell lysates were 
immunoprecipitated with anti-Flag and precipitated and input fractions were analyzed by 
SDS-PAGE and immunoblotting with the indicated antibodies. Ac-Lys refers to antibody 
that recognizes acetylated lysine.
(B) Lysines 11 and/or 14 are acetylation sites. Lysates from CRBN-KO 293FT cells 
transfected with plasmids expressing Myc-tagged wild type or RR (K11R/K14R) mutant GS 
were immunoprecipitated with anti-Myc, eluted with Myc peptide, and then analyzed by 
SDS-PAGE and immunoblotting with the indicated antibodies. S.E., L.E.: short and long 
exposures.
(C) Glutamine induces p300-mediated acetylation of GS. CRBN-KO 293FT cells were 
transiently transfected with plasmids expressing wild type or RR mutant GSFlag. After 24 h, 
cells were starved of glutamine for 24 h, then pre-treated with or without 10 µM p300/CBP 
inhibitor C646 in fetal bovine serum-free DMEM medium for 2 h, followed by treatment 
with 4 mM glutamine for 2 h. The cell lysates were immunoprecipitated with anti-Flag, and 
then analyzed by SDS-PAGE and immunoblotting (IB) with the indicated antibodies. The 
relative ratio of acetylated GSFlag to total GSFlag protein (Ac-Lys/Flag ratio), normalized to 
that of untreated cells, is shown.
(D) HDAC inhibitors enhance glutamine-induced GS degradation. Hep3B cells were 
starved of glutamine for 24 h, and then supplemented (or not) with 4 mM glutamine for 12 h 
in the presence or absence of HDAC inhibitors SAHA (1 µM) and NAM (10 mM). Equal 
amounts of cell extracts were analyzed by SDS-PAGE and immunoblotting with antibodies 
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against GS, CRBN, and GAPDH. The relative ratio of GS:GAPDH, normalized to that of 
untreated cells, is shown. S.E., L.E.: short and long exposures.
(E) Inhibition of the acetyltransferases p300 and CBP by C646 counteracts HDAC 
inhibitor-induced GS degradation. 293T cells were starved of glutamine for 24 h and then 
pretreated (or not) with 10 µM C646 in fetal bovine serum-free medium for 1 h. Afterwards, 
cells were treated with 4 mM glutamine in the presence or absence of HDAC inhibitors (1 
µM TSA and 10 mM NAM) for 4 h. Equal amounts of cell extracts were analyzed by SDS-
PAGE and immunoblotting with the indicated antibodies. The relative ratio of GS:GAPDH, 
normalized to that of untreated cells, is shown.
(F) HDAC inhibitor-induced GS degradation requires CRBN. Hep3B cells stably 
expressing control shRNA or different CRBN shRNAs were starved of glutamine for 48 h. 
Starved cells were mock-treated or supplemented with 4 mM glutamine and 1 µM TSA plus 
10 mM NAM, as indicated, for 7 h. Cell lysates were analyzed by SDS-PAGE and 
immunoblotting with the indicated antibodies. The relative ratio of GS:GAPDH, normalized 
to that of untreated cells, is shown. S.E., L.E.: short and long exposures.
(G) CRBN interacts with acetylated endogenous GS. Cell extracts were prepared from 
293T cells stably expressing FlagCRBN or empty vector. Immunoprecipitation (1st IP) was 
performed with anti-Flag antibody. One twenty-fifth of the unbound fractions was 
precipitated with anti-GS antibody (2nd IP; it was previously determined that using 25-fold 
less material in the 2nd IP would yield an equivalent amount of GS as the 1st IP). The 
precipitated fractions from 1st IP and 2nd IP were analyzed by SDS-PAGE and 
immunoblotting (IB) with indicated antibodies.
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Figure 6. The N-terminal extension of GS comprises an acetylation-dependent degron for 
CRL4CRBN

(A–B) GS binds the C-terminal domain of CRBN. (A) Schematic diagram of the structure 
of full-length (FL) human CRBN and the deletion constructs used in panel B. CRBN 
consists of the amino-terminal domain (NTD), the helical bundle domain (HBD) involved in 
DDB1 binding and the carboxy-terminal domain (CTD). (B) Cell extracts from CRBN-KO 
293FT cells stably expressing full length FlagCRBN or deletion mutants were 
immunoprecipitated with Flag antibody and analyzed by SDS-PAGE and immunoblotting 
with GS and Flag antibodies. *, indicates uncleaved FlagCRBN-T2A–GFP forms, which 
were visible for all constructs on the uncropped film.
(C) Integrity of the ‘tri-Trp’ cavity in the CTD of CRBN is required for binding GS.
Cellular extracts prepared from CRBN-KO 293FT cells stably expressing wild type 
(WT) FlagCRBN or the indicated mutants were subjected to IP with Flag antibody followed 
by SDS-PAGE and immunoblotting the precipitated and input fractions with the indicated 
antibodies. YW/AA corresponds to Y384A/W386A mutant. S.E., L.E.: short and long 
exposures.
(D) Design of GS N-terminal peptides. Where indicated, the K11 and K14 residues are 
acetylated.
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(E) CRBN binds specifically to a GS N-terminal peptide acetylated on K11 and K14.
Pull-down assays were performed using purified recombinant human FlagCRBN and 
immobilized non-acetylated or acetylated K11, K14, or K11K14 GS peptides (panel D) as 
indicated, and analyzed by SDS-PAGE and immunoblotting with anti-Flag.
(F–G) CRBN-N351R mutant does not bind to endogenous GS and thalidomide. (F) 
Cellular extracts prepared from CRBN-KO 293FT cells stably expressing wild type 
(WT) FlagCRBN or the indicated mutants were subjected to IP with Flag antibody followed 
by SDS-PAGE and immunoblotting the bound and input fractions with the indicated 
antibodies. (G) Thalidomide (Thal)-binding CRBN proteins were purified from CRBN-KO 
293FT cells stably expressing empty vector or FlagCRBN (wild type or mutant) by using 
thalidomide-immobilized (+) or control (–) beads, and analyzed by SDS-PAGE and 
immunoblotting with Flag antibody. S.E., L.E.: short and long exposures.
(H) IMiDs do not compete out binding of GS to CRBN. Pull-down assays were 
performed in the presence or absence of pomalidomide (pom) as indicated, using FlagCRBN
purified from CRBN-KO 293FT cells stably expressing FlagCRBN, and non-acetylated or 
acetylated biotin-GS peptides immobilized on streptavidin resin. The input and bound 
fractions were analyzed by immunoblotting with Flag and DDB1 antibodies. S.E., L.E.: 
short and long exposures.
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Figure 7. Proposed model for regulation of glutamine-induced degradation of GS by CRL4CRBN

After exposure of cells to high glutamine, the N-terminal peptide of GS becomes exposed 
and p300/CPB acetylates it at lysines 11 and 14 to create a degron that binds CRBN, 
resulting in ubiquitylation and degradation of GS. For the sake of simplicity, other amino 
acids in the N-terminal extension of GS are omitted.
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Progesterone-receptor membrane component 1 (PGRMC1/Sigma-2 receptor) is a

haem-containing protein that interacts with epidermal growth factor receptor (EGFR) and

cytochromes P450 to regulate cancer proliferation and chemoresistance; its structural basis

remains unknown. Here crystallographic analyses of the PGRMC1 cytosolic domain at 1.95Å

resolution reveal that it forms a stable dimer through stacking interactions of two

protruding haem molecules. The haem iron is five-coordinated by Tyr113, and the open

surface of the haem mediates dimerization. Carbon monoxide (CO) interferes with PGRMC1

dimerization by binding to the sixth coordination site of the haem. Haem-mediated PGRMC1

dimerization is required for interactions with EGFR and cytochromes P450, cancer

proliferation and chemoresistance against anti-cancer drugs; these events are attenuated by

either CO or haem deprivation in cancer cells. This study demonstrates protein dimerization

via haem–haem stacking, which has not been seen in eukaryotes, and provides insights into

its functional significance in cancer.
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M
uch attention has been paid to the roles of haem-iron in
cancer development. Increased dietary intake of haem is
a risk factor for several types of cancer1–3. Previous

studies showed that deprivation of iron or haem suppresses
tumourigenesis4,5. On the other hand, carbon monoxide (CO),
the gaseous mediator generated by oxidative degradation of haem
via haem oxygenase (HO), inhibits tumour growth6. Thus, a
tenuous balance between free haem and CO plays key roles in
cancer development and chemoresistance7, although the
underlying mechanisms are not fully understood.
To gain insight into the underlying mechanisms, we took

chemical biological approaches using affinity nanobeads8

carrying haem and identified progesterone-receptor membrane
component 1 (PGRMC1) as a haem-binding protein from mouse
liver extracts (Supplementary Fig. 1). PGRMC1 is a member of
the membrane-associated progesterone receptor (MAPR) family9

with a cytochrome b5-like haem-binding region, and is known to
be highly expressed in various types of cancers10–17. PGRMC1 is
anchored to the cell membrane through the N-terminal
transmembrane helix and interacts with epidermal growth
factor receptor (EGFR)18 and cytochromes P450 (ref 19). While
PGRMC1 is implicated in cell proliferation and cholesterol
biosynthesis20,21, the structural basis on which PGRMC1 exerts
its function remains largely unknown.
Here we show that PGRMC1 exhibits a unique haem-

dependent dimerization. The dimer binds to EGFR and
cytochromes P450 to enhance tumour cell proliferation and
chemoresistance. The dimer is dissociated to monomers by
physiological levels of CO, suggesting that PGRMC1 serves as a
CO-sensitive molecular switch regulating cancer cell proliferation.

Results
X-ray crystal structure of PGRMC1. We solved the crystal
structure of the haem-bound PGRMC1 cytosolic domain
(a.a.72–195) at 1.95Å resolution (Supplementary Fig. 2).
In the presence of haem, PGRMC1 forms a dimeric structure
largely through hydrophobic interactions between the haem
moieties of two monomers (Fig. 1a, Table 1 and Supplementary
Fig. 3; a stereo-structural image is shown in Supplementary
Fig 4). While the overall fold of PGRMC1 is similar to that of
canonical cytochrome b5, their haem irons are coordinated
differently. In cytochrome b5, the haem iron is six-coordinated
by two axial histidine residues. These histidines are missing
in PGRMC1, and the haem iron is five-coordinated by
Tyr113 (Y113) alone (Fig. 1b and Supplementary Fig. 3).
A homologous helix that holds haem in cytochrome b5 is longer,
shifts away from haem, and does not form a coordinate bond in
PGRMC1 (Fig. 1c). Consequently, the five-coordinated haem of
PGRMC1 has an open surface that allows its dimerization
through hydrophobic haem–haem stacking. Contrary to our
finding, Kaluka et al.22 recently reported that Tyr164 of
PGRMC1 is the axial ligand of haem because mutation of this
residue impairs haem binding. Our structural data revealed
that Tyr164 and a few other residues such as Tyr107 and Lys163
are in fact hydrogen-bonded to haem propionates. This is
consistent with observations by Min et al.23 that Tyr 107 and
Tyr113 of PGRMC1 are involved in binding with haem.
These amino acid residues are conserved among MAPR
family members (Supplementary Fig. 5a), suggesting that these
proteins share the ability to exhibit haem-dependent
dimerization.
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Figure 1 | X-ray crystal structure of PGRMC1. (a) Structure of the PGRMC1 dimer formed through stacked haems. Two PGRMC1 subunits (blue and

green ribbons) dimerize via stacking of the haem molecules. (b) Haem coordination of PGRMC1 with Tyr113. Comparison of PGRMC1 (blue) and

cytochrome b5 (yellow, ID: 3NER). (c) PGRMC1 has a longer helix (a.a.147–163), which is shifted away from the haem (arrow).
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PGRMC1 exhibits haem-dependent dimerization in solution.
In the PGRMC1 crystal, two different types of crystal contacts
(chain A–A00 and A–B) were observed in addition to the haem-
mediated dimer (chain A–A0) (Supplementary Figs 3 and 6a). To
confirm that haem-assisted dimerization of PGRMC1 occurs in
solution, we analysed the structure of apo- and haem-bound
PGMRC1 by two-dimensional nuclear magnetic resonance
(NMR) using heteronuclear single-quantum coherence and
transverse relaxation-optimized spectroscopy (Supplementary
Figs 6b and 7). NMR signals from some amino acid residues of
PGRMC1 disappeared due to the paramagnetic relaxation effect
of haem (Supplementary Figs 6b); these residues were located in
the haem-binding region. When chemical shifts of
apo- and haem-bound forms of PGMRC1 were compared, some
amino acid residues close to those which disappeared because of
the paramagnetic relaxation effect of haem exhibit notable
chemical shifts (Supplementary Fig. 6a,b; dark yellow).
However, at the interfaces of the other possible dimeric structures
(Supplementary Fig. 6a, chain A–A00; cyan and chain A–B; violet),
no significant difference was observed. Furthermore, free energy
of dissociation predicted by PISA24 suggested that the haem-
mediated dimer is stable in solution while the other potential
interactions are not. We also attempted to predict
the secondary structure of PGRMC1 through NMR data by
calculating with TALOSþ program25 (Supplementary Fig. 8); the
prediction suggested that the overall secondary structure is
comparable between apo- and haem-bound forms of PGRMC1 in
solution.
We analysed the haem-dependent dimerization of the

PGRMC1 cytosolic domain (a.a.44–195) in solution (Fig. 2 and
Table 2). Mass spectrometry (MS) analyses under non-denaturing
condition demonstrated that the apo-monomer PGRMC1

resulted in dimerization by binding with haem (Fig. 2a).
It should be noted that a disulfide bond between two Cys129
residues is observed in the crystal of PGRMC1 (Fig. 1a), while
Cys129 is not conserved among the MAPR family proteins
(Supplementary Fig. 5a). This observation led us to examine
whether or not the disulfide bond contributes to PGRMC1
dimerization. MS analyses under non-denaturing conditions
clearly showed that the Cys129Ser (C129S) mutant is dimerized
in the presence of haem, indicating that the haem-mediated
dimerization of PGRMC1 occurs independently of the
disulfide bond formation via Cys129 (Fig. 2a). Supporting this,
MS analyses under denaturing conditions showed that
haem-mediated PGRMC1 dimer is completely dissociated into
monomer, indicating that dimerization of this kind is not
mediated by any covalent bond such as disulfide bond
(Supplementary Fig. 9).
We also analysed the haem-dependent dimerization of

PGRMC1 by diffusion-ordered NMR spectroscopy (DOSY)
analyses (Table 2, Supplementary Fig. 10). The results suggested
that the hydrodynamic radius of haem-bound PGRMC1 is larger
than that of apo-PGRMC1. To further evaluate changes in
molecular weights in dimerization of PGRMC1, sedimentation
velocity analytical ultracentrifugation (SV-AUC) analysis was
carried out. Whereas the wild-type (wt) apo-PGRMC1 appeared
at a 1.9 S peak as monomer, the haem-binding PGRMC1 was
converted into dimer at a 3.1 S peak (Fig. 2b). Similarly, the
C129S mutant of PGRMC1 converted from monomer to dimer
by binding to haem (Fig. 2b). SV-AUC analyses also allowed us to
examine the stability of haem/PGRMC1 dimer. To this end, we
used different concentrations (3.5–147mmol l� 1) of haem-bound
PGRMC1 protein (a.a. 72–195), which were identical to that used
in the crystallographic analysis. The sedimentation coefficients
calculated on the basis of the crystal structure were 1.71 S for
monomer and 2.56 S for dimer (Supplementary Fig. 11, upper
panel). The results showed that the PGRMC1 dimer is not
dissociated into monomer at all concentrations examined
(Supplementary Fig. 11, lower panel), suggesting that the Kd

value of haem-mediated dimer of PGRMC1 is under
3.5 mmol l� 1. A value of this kind implies that the PGRMC1
dimer is more stable than other dimers of extracellular domain of
membrane proteins such as Toll like receptor 9 (dimerization
Kd of 20 mmol l� 1) (ref. 26) and plexin A2 receptor (dimerization
Kd higher than 300 mmol l� 1) (ref. 27). The current analytical
data confirmed that apo-PGRMC1 monomer converts into dimer
by binding to haem in solution (Table 2).
We also showed by haem titration experiments that haem

binding to PGRMC1 was of low affinity with a Kd value of
50 nmol l� 1; this is comparable with that of iron regulatory
protein 2, which is known to be regulated by intracellular levels of
haem28 (Fig. 2c and Supplementary Table 1). These results raised
the possibility that the function of PGRMC1 is regulated by
intracellular haem concentrations.

CO inhibits haem-dependent dimerization of PGRMC1.
Crystallographic analyses revealed that Tyr113 of PGRMC1 is an
axial ligand for haem and contributes to haem-dependent
dimerization (Fig. 1a). Analysis of UV-visible spectra revealed
that the heme of PGRMC1 is reducible from ferric to ferrous
state, thus allowing CO binding (Fig. 3a). Furthermore, the UV-
visible spectrum of the wild type PGRMC1 was the
same as that of the C129S mutant of PGRMC1, and the R/Z ratio
determined by the intensities between the Soret band (394 nm)
peak and the 274-nm peak showed that these proteins were fully
loaded with haem (Supplementary Fig. 12). Analysis of the ferric
form of PGRMC1 using resonance Raman spectroscopy

Table 1 | Data collection and refinement statistics.

Native Phasing

Data collection
Space group I4122 I4122
Cell dimensions
a, b, c (Å) 167.23, 167.23, 63.46 168.11, 168.11, 63.65
a, b, g (�) 90, 90, 90 90, 90, 90

Wavelength (Å) 1.000 1.738
Resolution (Å) 20.0–1.95

(2.00–1.95)
20.0–2.50
(2.56–2.50)

Rmeas 0.067 (1.168) 0.010 (0.850)
I/sI 22.83 (2.39) 22.43 (4.54)
Completeness (%) 97.8 (99.0) 99.1 (97.6)
Multiplicity 11.2 (13.8) 14.9 (15.2)
CC1/2 100 (81.8) 99.9 (93.5)

Refinement
Resolution (Å) 19.72–1.95
Number of reflections 32,298 (2,384)
Rwork/Rfree 0.1834/0.2123
Number of atoms
Protein 1,776
Ligand/ion 86
Water 109

B-factors
Protein 54.6
Ligand/ion 42.9
Water 46.6

R.M.S deviations
Bond lengths (Å) 0.008
Bond angles (�) 1.164

*Highest resolution shell is shown in parenthesis.
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(Supplementary Fig. 13) showed that the relative intensity of
oxidation and spin state marker bands (n4 and n3) is close to 1.0,
which is consistent with it being a haem protein with a
proximal Tyr coordination29. A specific Raman shift peaking at
vFe–CO¼ 500 cm� 1 demonstrated that the CO-bound haem of
PGRMC1 is six-coordinated (Supplementary Fig. 13).
Since PGRMC1 dimerization involves the open surface of

haem on the opposite side of the axial Tyr113, no space for CO
binding is available in the dimeric structure (Fig. 3b). This
prompted us to ask if CO binding to haem causes dissociation of
the PGRMC1 dimer. Analysis by gel filtration chromatography
revealed that the relative molecular sizes of the wild-type and the
C129S mutant of PGRMC1 are increased by adding haem to apo-
PGRMC1 regardless of the oxidation state of the iron (Fig. 3c),
which is in agreement with the results in Table 1. CO application

to ferrous PGRMC1 abolished the haem-dependent increase in its
molecular size. Under this reducing condition in the presence
of dithionite, analyses of UV-visible spectra indicated that
CO-binding with haem-PGRMC1 is stable, showing only 20%
reduction of the absorbance at 412 nm within 2 h (Supplementary
Fig. 14). Furthermore, the Tyr113Phe (Y113F) mutant of
PGRMC1 was not responsive to haem. These results suggest that
CO favours the six-coordinate form of haem and interferes
with the haem-mediated dimerization of PGRMC1. To examine
the inhibitory effects of CO on haem-mediated PGRMC1
dimerization, SV-AUC analysis was carried out. The peak
corresponding to the haem/PGRMC1 dimer was detected under
reducing conditions in the presence of dithionite (Supplementary
Fig. 15, middle panel). Under these circumstances, CO applica-
tion induced dissociation of the haem-mediated dimers of
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PGRMC1 to generate a peak of monomers (Supplementary
Fig. 15, lower panel). These observations raised the transition
model for structural regulation of PGRMC1 in response to haem
(Fig. 3d). As mentioned above, apo-PGRMC1 exists as monomer.
By binding with haem (binding Kd¼ 50 nmol l� 1), PGRMC1
forms a stable dimer (dimerization Kdoo3.5 mmol l� 1) through
stacking of the two open surfaces of the five-coordinated haem
molecules in each monomer. CO induces the dissociation of the
haem-mediated dimer of PGRMC1 by interfering with the
haem-stacking interface via formation of the six-coordinated
CO-haem-PGRMC1 complex. Such a dynamic structural
regulation led us to further examine the regulation of PGRMC1
functions in cancer cells.

PGRMC1 dimerization is required for binding to EGFR.
Because PGRMC1 is known to interact with EGFR and to
accelerate tumour progression18, we examined the effect of haem-
dependent dimerization of PGRMC1 on its interaction with
EGFR by using purified proteins. As shown in Fig. 4a, the
cytosolic domain of wild-type PGRMC1, but not the Y113F
mutant, interacted with purified EGFR in a haem-dependent
manner. This interaction was disrupted by the ruthenium-based
CO-releasing molecule, CORM3, but not by RuCl3 as a control
reagent (Fig. 4b). We further analysed the intracellular interaction
between PGRMC1 and EGFR. FLAG-tagged PGRMC1
ectopically expressed in human colon cancer HCT116 cells was
immunoprecipitated with anti-FLAG antibody, and co-
immunoprecipitated EGFR and endogenous PGRMC1 binding
to FLAG-PGRMC1 were detected by Western blotting (Fig. 4c).
The C129S mutant of PGRMC1 also interacted with endogenous
PGRMC1 and EGFR (Supplementary Fig. 16). Whereas FLAG-
tagged wild-type PGRMC1 interacted with endogenous PGRMC1
and EGFR, the Y113F mutant did not. We also examined the
effect of succinylacetone (SA), an inhibitor of haem biosynthesis
(Fig. 4d). As expected, SA significantly reduced PGRMC1
dimerization and its interaction with EGFR (Fig. 4e), indicating
that haem-mediated dimerization of PGMRC1 is critical for its
binding to EGFR.

PGRMC1 dimer facilitates EGFR-mediated cancer growth.
Next, we investigated the functional significance of PGRMC1
dimerization in EGFR signaling. EGF-induced phosphorylations
of EGFR and its downstream targets AKT and ERK were

decreased by PGRMC1 knockdown (PGRMC1-KD) (Fig. 4f).
Similarly, EGFR signaling was suppressed by treatment of
HCT116 cells with SA (Fig. 4g) or CORM3 (Fig. 4h). These
results suggested that haem-mediated dimerization of PGRMC1
is critical for EGFR signaling.
To further investigate the role of the dimerized form of

PGRMC1 in cancer proliferation, we performed PGRMC1
knockdown-rescue experiments using FLAG-tagged wild-type
and Y113F PGRMC1 expression vectors, in which silent
mutations were introduced into the nucleotide sequence targeted
by shRNA (Fig. 5a). While proliferation of HCT116 cells was not
affected by knocking down PGRMC1, PGRMC1-KD cells were
more sensitive to the EGFR inhibitor erlotinib than control
HCT116 cells, and the knockdown effect was reversed by
co-expression of shRNA-resistant wild-type PGRMC1 but not
of the Y113F mutant (Fig. 5b). Chemosensitivity enhancement by
two different shRNAs to PGRMC1 was seen also in HCT116 cells
and human hepatoma HuH7 cells (Supplementary Fig. 17).
Furthermore, PGRMC1-KD inhibited spheroid formation of
HCT116 cells in culture, and this inhibition was reversed by
co-expression of wild-type PGRMC1 but not of the Y113F
mutant (Fig. 5c and Supplementary Fig. 18). Thus, PGRMC1
dimerization is important for cancer cell proliferation and
chemoresistance.
We examined the role of PGRMC1 in metastatic progression

by xenograft transplantation assays using super-immunodeficient
NOD/scid/gnull (NOG) mice7,30,31. Ten days after intra-splenic
implantation of HCT116 cells that were genetically tagged with a
fluorescent protein Venus, the group implanted with PGRMC1-
KD cells showed a significant decrease of liver metastasis in
comparison with the control group (Fig. 5d).

Interaction of PGRMC1 dimer with cytochromes P450. Since
PGRMC1 has been shown to interact with cytochromes P450
(ref 19), we investigated whether the haem-mediated
dimerization of PGRMC1 is necessary for their interactions.
Recombinant CYP1A2 and CYP3A4 including a microsomal
formulation containing cytochrome b5 and cytochrome P450
reductase, drug-metabolizing cytochromes P450, interacted with
wild-type PGRMC1, but not with the Y113F mutant, in a haem-
dependent manner (Fig. 6a,b). Moreover, the interaction of
PGRMC1 with CYP1A2 was blocked by CORM3 under reducing
conditions (Fig. 6c), indicating that PGRMC1 dimerization is

Table 2 | PGRMC1 proteins exhibit haem-dependent dimerization in solution.

Apo form Haem-bound form

Mass (Da) Mass (Da)

a PGRMC1 wt (a.a.44–195)
ESI-MS — 17,844.14 — 36,920.19
Theoretical 17,843.65 36,918.06

Hydrodynamic radius 10�9 (m) MW (kDa) Hydrodynamic radius 10� 9 (m) MW (kDa)
DOSY 2.04–2.15 20 2.94–3.02 42

S20,w (S) MW (kDa) S20,w (S) MW (kDa)
SV-AUC 1.9 17.6 3.1 35.5

b PGRMC1 C129S (a.a.44–195)
ESI-MS — 17,827.91 — 36,887.07
Theoretical 17,827.59 36,885.6

S20,w (S) MW (kDa) S20,w (S) MW (kDa)
SV-AUC 2.0 18.1 3.1 35.8

Differences in molecular weights of the wild-type (wt; a) and the C129S mutant (b) PGRMC1 proteins in the absence (apo form) or the presence of haem (haem-bound form). The protein sizes of the wt
and C129S PGRMC1 cytosolic domains (a.a.44–195) in the presence or absence of haem were estimated by ESI-MS, DOSY and SV-AUC.
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necessary for its interaction with cytochromes P450. Doxorubicin
is an anti-cancer reagent that is metabolized into inactive dox-
orubicinol by CYP2D6 and CYP3A4 (Fig. 6d)32,33. PGRMC1-KD
significantly suppressed the conversion of doxorubicin to
doxorubicinol (Fig. 6d) and increased sensitivity to doxorubicin
(Fig. 6e). Enhanced doxorubicin sensitivity was modestly but
significantly induced by PGRMC1-KD. This effect was reversed
by co-expression of the wild-type PGRMC1 but not of the Y113F
mutant, suggesting that PGRMC1 enhances doxorubicin
resistance of cancer cells by facilitating its degradation via
cytochromes P450. To gain further insight into the interaction
between PGRMC1 and cytochromes P450, surface plasmon
resonance analyses were conducted using recombinant CYP51
and PGRMC1. This was based on a previous study showing that
PGRMC1 binds to CYP51 and enhances cholesterol biosynthesis
by CYP51 (refs 19,34). CYP51 interacted with PGRMC1 in a
concentration-dependent manner in the presence of haem, but

not in its absence (Supplementary Fig. 19), suggesting the
requirement for the haem-dependent dimerization of PGRMC1.
The Kd value of PGRMC1 binding to CYP51 was in a micromolar
range and comparable with those of other haem proteins, such as
cytochrome P450 reductase35 and neuroglobin/Gai1 (ref. 36),
suggesting that haem-dependent PGRMC1 interaction with
CYP51 is biologically relevant.

Discussion
In this study, we showed that PGRMC1 dimerizes by stacking
interactions of haem molecules from each monomer. Recently,
Lucas et al.37 reported that translationally-controlled tumour
protein was dimerized by binding with haem, but its structural
basis remains unclear. This is the report showing crystallographic
evidence that indicates roles of the direct haem–haem stacking in
haem-mediated dimerization in eukaryotes, although a few
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examples are known in bacteria38. Sequence alignments show that
haem-binding residues (Tyr113, Tyr107, Lys163 and Tyr164) in
PGRMC1 are conserved among MAPR proteins (Supplementary
Fig. 5). In the current study, the Y113 residue plays a crucial role
for the haem-dependent dimerization of PGRMC1 and resultant

regulation of cancer proliferation and chemoresistance (Figs 5c
and 6e). Since the Y113 residue is involved in the putative
consensus motif of phosphorylation by tyrosine kinases
such as Abl and Lck39, we investigated whether phosphorylated
Y113 is present in HCT116 cells by ESI-MS analysis. It was,
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however, undetectable under current experimental conditions
(Supplementary Fig. 20). Recently, Peluso et al.40 reported that
PGRMC1 binds to PGRMC2, suggesting that MAPR family
members may also undergo haem-mediated heterodimerization.
We showed that the haem-mediated dimer of PGRMC1

enables interaction with different subclasses of cytochromes
P450 (CYP) (Fig. 6). While the effects of PGRMC1 on cholesterol
synthesis mediated by CYP51 have been well documented in
yeast19,41 and human cells34, it has not been clear whether
drug-metabolizing CYP activities are regulated by PGRMC1.
Szczesna-Skorupa and Kemper34 reported that PGRMC1
exhibited an inhibitory effect on CYP3A4 drug metabolizing

activity by competitively binding with cytochrome P450 reductase
(CPR) in HEK293 or HepG2 cells. On the other hand,
Oda et al.42 reported that PGRMC1 had no effect to CYP2E1
and CYP3A4 activities in HepG2 cell. Several other groups
showed that PGRMC1 enhanced chemoresistance in several
cancer cells such as uterine sarcoma43, breast cancer17,
endometrial tumour13 and ovarian cancer44,45; however, no
evidence of PGRMC1-dependent regulation of CYP activity
was provided. Our results showed that PGRMC1 contributes
to enhancement of the doxorubicin metabolism, which is
mediated by CYP2D6 or CYP3A4 in human colon cancer
HCT116 cells (Fig. 6d). While the effects of structural diversity of
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were transiently transfected with the shRNA-resistant expression vector of wild-type PGRMC1 (wt) or the Y113F mutant (Y113F). (b) Erlotinib was added to

HCT116 (control) cells, PGRMC1-KD cells or PGRMC1-KD cells expressing shRNA-resistant PGRMC1 wt or Y113F, and cell viability was examined by MTT

assay. The data represent mean±s.d. of four separate experiments. *Po0.01 using ANOVA with Fischer’s LSD test. (c) Spheroid formation in control and
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(d) Tumour-bearing livers of NOG mice at 10 days after intrasplenic injection of HCT116 (control) or PGRMC1-KD cells. Percentages of cross-sectional

areas showing metastatic tumours were calculated. Data represent mean±s.d. of 10 separate experiments. *Po0.05 using unpaired Student’s t-test.

Scale bar: 5mm.
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CYP family proteins and interactions with different xenobiotic
substrates should further be examined, the current results suggest
that the interaction of drug-metabolizing CYPs with the
haem-mediated dimer of PGRMC1 plays a crucial role in
regulating their activities.
We showed that haem-mediated dimerization of PGRMC1

enhances proliferation and chemoresistance of cancer cells
through binding to and regulating EGFR and cytochromes
P450 (illustrated in Fig. 7). Since the haem-binding affinity of
PGRMC1 is lower than those of constitutive haem-binding
proteins such as myoglobin, PGMRC1 is probably interconverted
between apo-monomer and haem-bound dimer forms in

response to changes in the intracellular haem concentration.
Considering microenvironments in and around malignant
tumours, the haem concentration in cancer cells is likely to be
elevated through multiple mechanisms, such as (i) an increased
intake of haem, (ii) mutation of enzymes in TCA cycle (for
example, fumarate hydratase) that increases the level of succinyl
CoA, a substrate for haem biosynthesis and (iii) metastasis to
haem-rich organs such as liver, brain and bone marrow46–48.
Moreover, exposure of cancer cells to stimuli such as hypoxia,
radiation and chemotherapy causes cell damages and leads to
protein degradation, resulting in increased levels of TCA cycle
intermediates and in an enhanced haem biosynthesis49,50. On the
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other hand, excessive haem induces HO-1, the enzyme that
oxidatively degrades haem and generates CO. Thus, HO-1
induction in cancer cells may inhibit the haem-mediated
dimerization of PGRMC1 through the production of CO and
thereby suppress tumour progression. This idea is consistent with
the observation that HO-1 induction or CO inhibits tumour
growth6,51.

Besides the regulatory roles of PGRMC1/Sigma-2 receptor in
proliferation and chemoresistance in cancer cells (ref. 52), recent
reports show that PGRMC1 is able to bind to amyloid beta
oligomer53 to enhance its neurotoxicity53,54. Furthermore, Sigma-
2 ligand-binding is decreased in transgenic amyloid beta
deposition model APP/PS1 female mice55. These results suggest
a possible involvement of PGRMC1 in Alzheimer’s disease. The
roles of haem-dependent dimerization of PGRMC1 in the
functional regulation of its target proteins deserve further
studies to find evidence that therapeutic interventions to
interfere with the function of the dimer may control varied
disease conditions.

Methods
Materials. Recombinant EGF, CYP1A2 and CYP3A4 proteins were purchased
from Sigma. Erlotinib was purchased from Cayman. Doxorubicin was purchased
from Wako. Anti-FLAG (M2) antibody, FLAG peptide and anti-FLAG antibody-
conjugated agarose were purchased from Sigma. Haemin and protoporphyrin-IX
(PP-IX) were purchased from Porphyrin Science.

Plasmid constructions. Human PGRMC1 cDNA was cloned from the cDNA
library of HuH7 cells. The PGMRC1 (a.a.44–195 for in vitro studies and a.a.72–195
for crystallographic analyses and SV-AUC) cDNA fragment was amplified
with PCR, digested with Bam HI and Sal I and then ligated into pGEX6P-1
(GE Healthcare). For NMR analysis, the PGRMC1 (a.a.44–195) cDNA fragment

was amplified with PCR (with primers containing the factor Xa site) and ligated
into the Bam HI and Sal I sites of pGEX6P-1. The full-length PGRMC1 cDNA
fragment containing resistant sequences for shRNA was generated by using the
primers (Supplementary Methods), and ligated into the Eco RI and Bam HI sites
of the C-terminus of the 3xFLAG-tagged expression vector p3xFLAG CMV14
(Sigma).

Preparations of recombinant proteins. pGEX-PGRMC1 wt, Y113F or C129S
mutant expression vectors were transformed into BL21 (DE3), and the bacteria
were incubated in LB with ampicillin at 37 �C until OD600 reached at 0.8. Protein
expression was induced by 1mmol l� 1 isopropyl-b-thiogalactopyranoside for 4 h
at 37 �C. Cell pellets were resuspended in the buffer containing 20mmol l� 1

Tris-HCl (pH 7.5), 100mmol l� 1 NaCl and 0.1% Tween 20, sonicated twice for
5min at 4 �C and centrifuged at 20,000� g for 30min. The supernatant was
incubated with glutathione Sepharose 4B (GE Healthcare) for 1 h at 4 �C. The resin
was then washed five times with the same buffer, and the GST tag was cleared by
addition of Precision Protease (GE Healthcare) and further incubation for 16 h at
4 �C. The apo-PGRMC1 was prepared by eliminating the bacterial holo-PGRMC1
with size-exclusion chromatography (Superdex 200; GE Healthcare). Haem-bound
PGRMC1 were prepared by treatment with 100mmol l� 1 haemin and purified by
size-exclusion chromatography. The PGRMC1 protein treated with Precision
Protease to cleave the GST-tag contained additional amino acid residues
(GPLGSEF) derived from the restriction site and the protease site for Precision
Protease at the N-terminal region of PGRMC1.

Isotope-labelled PGRMC1 proteins for NMR analyses were prepared by
growing cells (BL21 (DE3)) in minimal M9 media in H2O or 99.9% 2H2O,
including ampicillin, metals, vitamins, 15N-ammonium chloride and 13C or 12C
glucose as sources of nitrogen and carbon, respectively. These procedures were
followed by addition of 1mmol l� 1 isopropyl-b-thiogalactopyranoside for 40 h at
20 �C. Protein purification was performed as mentioned above. The GST tag was
cleaved with Factor Xa (GE Healthcare). The proteins were treated with Factor
Xa to cleave the GST tag at the direct site of N-terminal region of PGRCM1
(a.a.44–195).

X-ray crystallography. PGRMC1 (a.a.72–195) crystals were grown at 20 �C using
hanging-drop vapour diffusion by mixing equal volumes of protein solution
and reservoir solution containing 100mmol l� 1 sodium cacodylate (pH 6.5)
and 1.26–1.45mol l� 1 ammonium sulphate. Brown crystals reached maximum
size in three weeks. The crystals were soaked in reservoir solution containing 30%
trehalose and then flash-frozen in liquid nitrogen. The X-ray diffraction data for
PGRMC1 crystals were collected at SPring-8 BL41XU and processed with XDS56.
The initial phase was obtained by single-wavelength anomalous dispersion, using a
dataset collected at 1.73 Å with PHENIX AutoSol57. Manual modeling and
refinement were performed with COOT58 and phenix.refine59. The deposited
model was refined to a resolution of 1.95Å. In this model, 95.4% of the residues
were in favoured regions of Ramachandran plot, and all the others were in allowed
regions. Data collection and refinement statistics are shown in Table 1. Molecular
figures were created by PyMOL (Schrodinger, LLC. The PyMOL Molecular
Graphics System, Version 1.5.0.3).

Mass spectrometry analyses. The purified PGRMC1 (a.a.44–195) proteins, the
wild-type (apo and haem) and the C129S mutant (apo and haem), which included
additional amino acid residues (GPLGSEF), were buffer-exchanged into
100mmol l� 1 ammonium acetate, pH 7.5, by passing the proteins through a
Bio-Spin 6 column (Bio-Rad). The buffer-exchanged PGRMC1 wild-type (apo and
haem) and PGMRC1 C129S mutants were immediately analysed by nanoflow
electrospray ionization MS using gold-coated glass capillaries made in house. In the
case of ESI-MS analyses under denaturing conditions, buffer-exchanged proteins
were denatured before ESI-MS analyses by adding aliquots of formic acid at final
concentration of 30%). Spectra were recorded on a SYNAPT G2 HDMS mass
spectrometer (Waters, Manchester, UK) in positive ionization mode at 1.20 kV
with a 120V sampling cone voltage. The spectra were calibrated using 1mgml� 1

caesium iodide and analysed with Mass Lynx software (Waters).

SV-AUC analyses. SV-AUC experiments were performed in a ProteomeLab XL-I
analytical ultracentrifuge (Beckman Coulter) equipped with 4-hole An60Ti rotors
at 20 �C using Beckman Coulter 12-mm double-sector aluminium centerpieces and
sapphire windows. Recombinant PGRMC1 proteins were diluted with the buffer
(20mmol l� 1 Tris-HCl (pH 7.5) and 100mmol l� 1 NaCl) at the indicated
concentration. Scanning was performed as quickly as possible at 262,080 g at 6.5 cm
(60,000 rpm), between 6.0 and 7.2 cm from the axis of rotation with a radial
increment of 30mm using an absorbance optical system. The sedimentation
coefficient distributions were obtained using the c(s) method of SEDFIT60. The
partial specific volume, buffer density and viscosity were calculated using the
program SEDNTERP 1.09 and were 0.7216 cm3 g� 1, 1.00293 gml� 1, and 1.017 cP,
respectively. The sedimentation coefficient of PGRMC1 (a.a.72–195) was calculated
with the UltraScan Solution Modeler (US-SOMO) suite61 using the crystal
structure determined in this study. To analyse the effect of CO, protein samples
were prepared in a deaerated solution and treated with dithionite at 5mmol l� 1

and/or CO gas.
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DOSY analysis. Diffusion-ordered 2D NMR spectroscopy (DOSY) was used to
investigate the oligomerization state of PGRMC1 (a.a.44–195) induced by haem
binding. Apo- or haem-bound PGRMC1 and reference proteins (including hen
egg lysozyme, ovalbumin and bovine serum albumin (BSA)) dissolved in
50mmol l� 1 phosphate buffer (pH 7.0) containing 5% D2O were measured at
25 �C. The protein concentrations were 0.15–0.2mmol l� 1. DOSY spectra were
measured using the stimulated echo sequence with a longitudinal-eddy-current
delay62,63, and diffusion coefficients were calculated from signals in the aliphatic
regions using the software TOPSPIN (Bruker). The signal intensities fit the
Stejskal-Tanner equation:

I=I 0ð Þ ¼ e� g2g2d2 D� d
3ð ÞD

where I represents the signal intensity when gradient pulses of length d are
applied at strength g, varying from 2 to 95% of the full gradient strength
(55G cm� 1). The diffusion coefficient D25 is estimated by curve fitting with the
term I(0), which corresponds to the signal intensity at a gradient strength of 0. The
term g represents the gyromagnetic ratio, and D represents the delay between two
sets of gradients responsible for the stimulated echo. In this study, d was set to 8 or
10ms, and D was set to 40ms. The hydrodynamic radii of the proteins were
estimated on the basis of the Stokes–Einstein equation as follows:

D ¼ kBT
6pZr

where T is the absolute temperature, r is the hydrodynamic radius of the spherical
molecule, Z is the viscosity of the solvent, and kB is the Boltzmann constant. The
molecular weights (MWs) of apo- and haem-bound PGRMC1 proteins were
estimated from a relationship between r and MWs. MWs of apo and haem-bound
PGRMC1 proteins were obtained from the linear-fitting of measured r values for
the reference proteins with known MWs according to the following equation:
MW¼ 1.2864 (r3)þ 8.0411.

UV-visible absorption spectrometry and haem titration analysis. UV-visible
absorption spectra of the protein were recorded with a V-660 (Jasco) spectro-
photometer at room temperature. Haem binding was tracked by difference
spectroscopy in the Soret region of the UV-visible spectrum. Successive aliquots
of 0.5mmol l� 1 haemin in N,N-dimethylformamide were added to both the
sample cuvette, which contained 10 mmol l� 1 apo-PGRMC1 (a.a.44–195), and the
reference cuvette. Spectra were recorded 3min after the addition of each haem
aliquot. The absorbance difference at 400 nm was plotted as a function of haem
concentration, and the dissociation constant (Kd) was calculated using a quadratic
binding equation.

Gel filtration chromatography. Recombinant PGRMC1 (a.a.44–195) (10 mg) wt,
Y113F or C129S mutant, treated with 5mmol l� 1 sodium dithionite and/or CO gas
or left untreated, was separated on a Superdex 200 column equilibrated in buffer
containing 20mmol l� 1 Tris-HCl (pH 7.5) and 100mmol l� 1 NaCl using a
SMART system (GE Healthcare). To prepare the reducing conditions for ferrous
haem proteins, the running buffer was deaerated by boiling and saturating it
with argon gas according to modified versions of previously reported methods64,65.
Namely, immediately after adding dithionite to give a final concentration of
5mmol l� 1, the buffer was equilibrated into the column. The SMART system was
sealed with gas-tight taping to maintain anaerobic conditions. Separations of
proteins were completed within 1 h. Protein samples were also prepared in the
deaerated solution and treated with dithionite at 5mmol l� 1 and/or CO gas, right
before being injected into the column. Fractions were then subjected to SDS-PAGE
under ambient conditions and visualized by silver staining. The size of proteins was
estimated using molecular mass markers (thyroglobin, 669 kDa; catalase, 232 kDa;
aldolase, 150 kDa; bovine albumin, 66 kDa and b-amylase, 20 kDa). Results
showing that the molecular size of PGRMC1 became smaller in CO-treated
conditions (Fig. 3) were collected B60min after the start of experiments. The
stability of CO-binding to PGRMC1 was examined with UV-visible absorption
spectra to chase temporal alterations for 2 h, as shown in Supplementary Fig. 14.

In vitro binding assays. For in vitro binding assays, EGFR protein was obtained
from ENZO (BML-SE116) as full length protein isolated from human A431 cells.
Human CYP1A2, CYP3A4 proteins purified as a microsomal formulation
containing cytochrome b5 and cytochrome P450 reductase were obtained from
Sigma (C1561 and C4982, respectively). Proteins for human CYP1A2, CYP3A4 or
EGFR (1 mg) were incubated with 10mg of FLAG-PGRMC1 (a.a.44–195) treated
with or without 50 mmol l� 1 haemin in 500 ml of binding buffer containing
20mmol l� 1 HEPES-NaOH (pH 7.9), 100mmol l� 1 NaCl, 0.2mmol l� 1 EDTA,
10% glycerol and 0.1% NP40 for 60min at room temperature. 5mmol l� 1 sodium
dithionite was added to produce the reducing conditions specified in the
aforementioned methods, and the effects of CORM3 or RuCl3 at 10mmol l� 1 were
examined. Then, 10 ml of equilibrated anti-FLAG (M2) agarose was added to the
mixture, which was then incubated for 60min at room temperature. Bound
proteins were washed three times with 200 ml of binding buffer and eluted with
10ml of 2 mgml� 1 FLAG peptide. The eluates were subjected to SDS-PAGE
and visualized by Western blotting using antibodies against CYP1A2, CYP3A4

(Santa Cruz: sc-30085 and sc-53850, respectively), FLAG and EGFR (Cell signaling:
#2232S).

Cell culture analyses. The human colon cancer cell line HCT116 and human
hepatoma cell line HuH7 were maintained in DMEM medium containing 10%
FCS. To generate a stable PGRMC1 knockdown cell line, lentivirus vectors
encoding a control or PGRMC1 targeting shRNA sequence were transfected into
293FT cells. The lentivirus was prepared according to the manufacturer’s
instructions (Invitrogen). HCT116 and HuH7 cells were infected with the
lentivirus, and a stable cell line was selected by maintaining the cells in medium
containing 10 mgml� 1 blasticidin (Invitrogen) for 1 week.

For co-immunoprecipitation assay, the expression vector of FLAG-PGRMC1 or
an empty vector into HCT116 by using a transfection reagent Lipofectamine 2000
(Invitrogen). Cells were incubated with or without 250m mol l� 1 succinylacetone
(SA) for 48 h, and the cells were then lysed with NP40 lysis buffer (20mmol l� 1

Tris-HCl (pH 7.5), 150mmol l� 1 NaCl, 1% NP40). The lysates were incubated
with 10ml of equilibrated anti-FLAG (M2) agarose for 60min at room temperature.
Bound proteins were washed three times, and were subjected to SDS-PAGE and
visualized by Western blotting using antibodies against PGRMC1 (NOVUS:
NBP1–83220) and EGFR.

For analysis of EGFR signaling, cells were incubated overnight with serum-
deprived medium, and then 100 ngml� 1 EGF was added for 5min. Cells were
lysed with RIPA buffer, and the lysates were subjected to SDS-PAGE and visualized
by Western blotting using antibodies against PGRMC1, EGFR, phospho-Y1068
EGFR (Cell signaling: #2234S), AKT (Cell signaling: #9272S), phospho-S473AKT
(Cell signaling: #4060S), ERK (Cell signaling: #4695S) and phospho-T185 Y187
ERK (Invitrogen: 44680G).

To analyse proliferation of HCT116 cells, Lipofectamine 2000 (Invitrogen) was
used to transfect the shRNA-resistant expression vector of FLAG-PGRMC1 or an
empty vector into HCT116 control or PGRMC1-knockdown cells. After 24 h, the
cells were seeded and incubated for 12 h on a 96-well plate, after which erlotinib or
doxorubicin was added for 24 h. Cell viability was determined by using an MTT
assay kit (Millipore) according to the manufacturer’s instructions.

For analysis of spheroid formation of HCT116 cells, the shRNA-resistant
expression vector of FLAG-PGRMC1 or an empty vector was transfected as
described above. After 24 h, cells were seeded at 1� 104 cells per well onto a
96-well spheroid culture plate (NanoCulture plate with a microsquare pattern,
SCIVAX Corp.) and incubated for three days. The size of individual spheroid was
determined by measuring their optical areas using Image-J and by calculating the
apparent radius (r) to estimate their apparent volume (v) according to the
following formula: v¼ 4/3�pr3.

Measurements of intracellular haem concentrations. To measure protohaem
(haem b) concentrations, LC-UV and LC-MS analyses were performed for
quantification and molecular identification, respectively. Briefly, HCT116 cells
(1� 107 cells) were treated with vehicle or 250 mmol l� 1 SA for 48 h. After
centrifugation, haem b was extracted from cell pellets twice by adding acetone
containing 30% formate, followed by a 5min sonication and centrifugation. The
supernatant was collected, and the solvent was evaporated. The dried residues were
re-dissolved in acetonitrile containing 0.2% formate and subjected to a LCMS-8030
system equipped with photodiode array (PDA) detector (SPD-20A) (Shimadzu
Corporation, Kyoto, Japan). Haem b was detected by monitoring the absorption at
400 nm. Its identity was confirmed by simultaneous mass spectrometric analysis
at m/z 616.

Analyses of doxorubicin metabolism. HCT116 cells (5� 106 cells/10 cm dish)
were cultured for 2 days, after which the cells were cultured in the presence of
0.3 mmol l� 1 doxorubicin overnight. The cells were lysed with methanol containing
internal standard compounds, and then water-soluble fraction was separated by
liquid-liquid extraction (chloroform: methanol: water¼ 1: 2: 1). The amounts
of doxorubicin and its metabolites were quantified using LC-MS/MS. Briefly,
a triple-quadrupole mass spectrometer equipped with an electrospray ionization
(ESI) ion source (LCMS-8030; Shimadzu Corporation) was used in the positive-ESI
and multiple reaction monitoring modes. The samples were resolved on an
ACQUITY UPLC BEH C18 column (100� 2.1mm i.d., 1.7 mm particle) using
water and acetonitrile as mobile phases A and B, respectively, at a flow rate of
0.15mlmin� 1 and a column temperature of 40 �C. Ion transitions from m/z 544 to
m/z 130 and from m/z 546 to m/z 399 for doxorubicin and doxorubicinol,
respectively, were monitored for their quantification.

Xenograft implantation of HCT116 cells. All the protocols for animal
experiments in this study were approved by the Experimental Animal Committee
of Keio University School of Medicine (the approved number; 08037-(7)). A model
of liver metastases of human colon cancer was prepared according to our previous
methods with minor modifications7,30. Briefly, HCT116 cells transfected with the
cDNA of Venus (1� 106 cells/mice), a highly sensitive fluorescent protein on tissue
slice sections,66 were transplanted into the spleens of 10-week-old male NOG mice.
Ten days after transplantation, the animals were anesthetized with sevoflurane
(Maruishi Pharmaceutical), and their livers were removed, embedded in super-
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cryoembedding medium and frozen quickly in liquid nitrogen. The frozen tissues
were sliced with a cryostat (Leica CM1900) at a thickness of 5 mm, and
haematoxylin-eosin staining was performed. Fluorescent microscopy (Keyence:
BIOREVO, BZ-9000) was used to observe Venus fluorescence. Percentages of
cross-sectional areas showing metastatic tumours were calculated by Image-J
as previously described7.
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Abstract. The nuclear factor-κB (NF-κB) transcription factor 
family members control various biological processes, such as 
apoptosis and proliferation. The endoplasmic reticulum (ER) 
has emerged as a major site of cellular homeostasis regulation. 
The accumulation of misfolded protein in the ER causes stress 
and ER stress-induced NF-κB activation to protect cells from 
apoptosis. In this study, we found a putative ER stress-response 
element (ERSE) on the promoter of mitochondrial ubiquitin 
ligase activator of NF-κB (MULAN), and that MULAN 
expression was upregulated by ER stress. MULAN specifically 
activated NF-κB dependent gene expression in an E3 ligase 
activity-dependent manner. The ectopic expression of MULAN 
induced the nuclear translocation of endogenous p65 and the 
degradation of IκB. Binding assay revealed that MULAN 
was associated with transforming growth factor β-activated 
kinase (TAK1). The knockdown of MULAN using siRNA 
inhibited the activation of NF-κB in the cells subjected to ER 
stress. The findings of our study indicate that MULAN is an 
E3 ligase that regulates NF-κB activation to protect cells from 
ER stress-induced apoptosis.

Introduction

Nuclear factor-κB (NF-κB) is a dimeric transcription factor 
that controls the expression of genes involved in multiple 
processes, including immunity, inflammation, apoptosis and 
cell cycle progression (1). Briefly, in resting cells, NF-κB is kept 
inactive in the cytoplasm by its association with the inhibitor 
of κBα (IκBα). Stimulating cells with an agonist, such as tumor 
necrosis factor α (TNFα) or interleukin (IL)-1β) activates the 
IκB kinase (IKK) complex, which is composed of two catalytic 
subunits, IKKα and IKKβ, and a regulatory subunit, NEMO. This 
signal-induced phosphorylation targets IκBα for Lys48-linked 
polyubiquitination and subsequent degradation by the ubiquitin-
proteasome system (2,3). In this way, NF-κB is released from 
IκBα, and translocates into the nucleus to trigger the expression 
of its target genes. Recent studies have revealed several enzymes 
involved in the ubiquitination and deubiquitination of signaling 
proteins that mediate IKK activation through a degradation-
independent mechanism (4). TNFR-associated factor (TRAF) 
proteins, ubiquitin E3 ligases (5) have a pivotal role in signaling 
pathways that are involved in the activation of NF-κB by many 
cell-surface receptors, including the TNFR superfamily, the IL-1 
receptor (IL-1R) and Toll-like receptors (TLRs) (6). Following 
ligand binding to IL-1R or TLRs, TRAF6 is recruited to the 
receptor complexes and forms oligomers. TRAF6 oligomeriza-
tion activates its ligase activity, leading to the Lys63-linked 
polyubiquitination of target proteins, including TRAF6 and 
NEMO. It is also known that receptor-interacting protein (RIP) 
is ubiquitinated by TRAF2 through the Lys63 linkage imme-
diately following TNFα stimulation (7). Both the Lys63-linked 
polyubiquitylation of TRAF6 and RIP recruits transforming 
growth factor β (TGFβ)-activated kinase (TAK1) and two 
adaptor proteins, TAK1-binding protein (TAB)1 and TAB2. 
TAB2 contains a highly conserved novel zinc-finger domain 
that binds preferentially to polyubiquitin chains that are linked 
by Lys63 (8). TAB2-associated TAK1 phosphorylates IKKβ at 
two serine residues in the activation loop, thereby activating the 
IKK complex (9,10).
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Ubiquitination has been shown to play important roles in 
the regulation of NF-κB signaling pathways, as well as in endo-
plasmic reticulum (ER) stress. There are two branches of ER 
quality control that address the situation. One is the unfolded 
protein response (UPR) pathway (11). The activation of UPR 
results in attenuation of protein synthesis, and upregulation of 
genes encoding chaperones that facilitate the protein folding 
process in the ER. Thus, UPR reduces the accumulation and 
aggregation of malfolded proteins, giving the cell the possi-
bility of correcting the environment inside the ER (11,12). A 
second major response is known as the ER-associated degrada-
tion (ERAD) pathway to reduce the misfolded proteins in the 
ER, which involves retro-translocation, polyubiquitination and 
degradation in the cytosol through the 26S proteasome (13,14). 
Synoviolin, a representative ERAD-associated E3 ubiquitin 
ligase, is regulated by ER stress through the ER stress-response 
element (ERSE) which is a regulatory element located in many 
of these ER stress-response genes (15). Synoviolin, a mamma-
lian homolog of Hrd1p/Der3p, was identified from the cDNA 
of rheumatoid synovial cells and is involved in the development 
of obesity, rheumatoid arthritis, fibrosis, limb girdle muscular 
dystrophy and liver cirrhosis (16-20).

In the present study, we searched for E3 ligases which are 
associated with ER stress and regulate NF-κB signaling. We 
identified an E3 ligase, mitochondrial ubiquitin ligase activator of 
NF-κB (MULAN). Previous studies have reported that MULAN 
is one of the NF-κB-activating genes by large scale screening (21), 
and regulates mitochondrial trafficking and morphology (22). In 
addition, mitochondrial hyperfusion promotes NF-κB activation 
in a TAK1- and IKK-dependent manner via MULAN (23). In 
this study, we found that the expression of MULAN is upregu-
lated by ER stress. MULAN associates with TAK1 and activates 
NF-κB signaling in an E3 ligase activity-dependent manner. The 
knockdown of MULAN by siRNA resulted in the downregu-
lation of NF-κB signaling in cells subjected to ER stress. Our 
results suggest that MULAN is an E3 ligase which regulates 
NF-κB signaling under conditions of ER stress.

Materials and methods

Plasmids. The coding sequences for full-length MULAN 
genes were PCR-amplified (primers, 5'-acagaattcATGGAGA 
GCGGAGGGC-3' and 5'-tgtgtcgacGCTGTTGTACAGGGGT 
ATCA-3') from reversed-transcribed HeLa cell RNA. PCR 
products were digested with EcoRI and SalI, and ligated into 
pGEX-5X-1 (Amersham Pharmacia Biotechnology, Piscataway, 
NJ, USA) for in vitro ubiquitin (Ub) assays. For expression in 
mammalian cells, the fragments of MULAN and mutants 
were inserted into pcDNA3 hemagglutinin antigen (HA) or 
pcDNA3 FLAG, which were constructed by inserting the 
HA sequence or FLAG sequence into pcDNA3 (Invitrogen, 
Carlsbad, CA, USA), respectively. Fragments of deletion mutants, 
termed MULAN-A, MULAN-B, MULAN-N and MULAN-C 
were obtained by PCR amplification. Fragments of additional 
deletion mutants, termed MULAN delta transmembrane (dTM) 
and MULAN 3C were generated by PCR-based methods. The 
sequences of all plasmids generated by PCR were confirmed by 
sequence analysis. The IKKβ, IKKβ K44A, TRAF6, TRAF6 
dominant negative (DN; delta RING), TRAF2, TRAF2 DN 
(delta RING) and RIP1 plasmids used in this study were obtained 

by a PCR-based method. The ERSE-Luc reporter plasmid was 
also obtained by a PCR-based method and possesses 4 copies 
of synoviolin ERSE. The TAK1, TAK1 K63W and TAB1 
plasmids were a kindly gif from Dr Kunihiro Matsumoto. The 
pcDNA3 HA-Ub expression plasmid, NF-κB-Luc reporter 
plasmids, Som-Luc and CMV-β-gal plasmid have been 
described in previous studies (16,24-26).

Cell culture and antibodies. HeLa cells and 293 cells [provided 
by RIKEN BRC through the National Bio-Resource Project 
of MEXT (Ibaraki, Japan)] were maintained in Dulbecco's 
modified Eagle's medium supplemented with 10% fetal bovine 
serum plus penicillin and streptomycin at 37˚C in 5% CO2. 
The following antibodies were used: anti-FLAG (M2; F3165) 
and anti-β-actin (A5441) from Sigma Chemical Co. (St. Louis, 
MO, USA), anti-HA [12CA5 (1583816) and 3F10 (1867423); 
Boehringer Mannheim GmbH, Mannheim, Germany], anti-IκB 
(sc-203) and anti-p65 (sc-372) were purchased from Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA, USA.

Induction of ER stress. To induce ER stress, the cells were 
stimulated with tunicamycin at concentrations of 2 µg/ml for 
0, 3, 6 and 9 h and total RNA was collected following stimula-
tion. ER stress was also induced by thapsigargin in luciferase 
assay (Fig. 5). The cells were stimulated with thapsigargin at 
concentrations of 2 µM for 4 h.

TNFα and IL-1β treatment. TNFα is known to activate NF-κB 
signaling by promoting the degradation of IκBα and the nuclear 
translocation of p65. We treated the cells with TNFα at 10 nM 
for 4 h as a positive control (Fig. 4) and an inducer of NF-κB 
signaling (Fig. 5). IL-1β was also used at 10 ng/ml for 4 h.

Transfection and immunofluorescence. For immunofluores-
cence experiments, trypsinized cells were seeded on a cover 
glass and incubated for 24 h prior to transfection. Transfection 
was performed using Lipofectamine 2000 (Invitrogen) with 
0.5 µg of MULAN expression plasmid, according to the manu-
facturer's instructions. The cells were incubated for a further 
12 h after transfection, washed 3 times with phosphate-buffered 
saline (PBS), and fixed with 3.7% formaldehyde in PBS for 
30 min, followed by permeabilization with 0.1% Triton X-100 
for 30 min. The cells then were incubated with the primary 
antibody followed by staining with Alexa Fluor 488 anti-
mouse second antibody or Alexa Fluor 594 anti-rabbit second 
antibody (Molecular Probes, Eugene, OR, USA). Samples were 
scanned with a Zeiss LSM 510 confocal laser scanning micros-
copy  (Carl Zeiss Microscopy, Jena, Germany). Co-localization 
scatter diagrams were generated using LSM 510 software (27).

Transient transfection assay. Transient transfection assays were 
performed using the 293 cells, as previously described (24). 
The cells were lysed with cell lysis buffer (Toyo Ink, Tokyo, 
Japan) 24 h following transfection and luciferase activities were 
measured. The recorded activity was normalized to the β-gal 
activity from CMV-β-gal. All experiments were performed 
in triplicate. The 293 cells were transfected with 100 ng of 
NF-κB-Luc, 50 ng of CMV-β-gal control plasmid, and 0, 
50 and 100 ng of MULAN or mutants, and/or DN-mutants 
plasmid, or truncated forms of MULAN expression vector. To 
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ensure an equal amount of DNA, empty plasmids were added 
in each transfection.

Immunoprecipitation assay. The HeLa cells were transfected 
with HA TAK1, HA TAB1, HA RIP1, HA IKKβ, and/or 
MULAN/FLAG expression vector. After 12 h of transfection, the 
cells were lysed in 1 ml of lysis buffer (20 mM HEPES, pH 7.5, 
100 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.1% NP-40, 5% glyc-
erol and protease inhibitors). The lysates were mixed with 1 µg 
of anti-FLAG antibody (M2) conjugated to protein G-sepharose 
beads (GE Healthcare Bio-Sciences, Uppsala, Sweden). Following 
4 h of incubation at 4˚C, the beads were washed 3 times with lysis 
buffer. Bound proteins were fractionated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
examined by western blot analysis.

Western blot analysis. The protein extracts were resolved by 
10% SDS-PAGE, transferred onto a PVDF membrane, and 
incubated with primary antibodies [anti-FLAG M2 (F3165), 
anti-β-actin (A5441), anti-HA 3F10 (1867423), anti-IκB 
(sc-203) and anti-p65 (sc-372)] followed by horseradish perox-
idase-conjugated secondary antibodies. The antigen-antibody 
complexes were visualized using an ECL detection system 
(Promega, Madison, WI, USA).

RNA interference assay, RT-PCR and real-time PCR. siRNAs 
(Stealth RNAi) for MULAN and GFP were purchased from 
Invitrogen. The sequence of the MULAN siRNA-1 was 
5'-UUUCCACAAACUGGCUGUUAAGCGU-3', and that of 
control siRNAwas 5'-AAGAAGUCGUGCUGCUUCAU 
GUGGU-3'. Transfection with siRNAs was carried out using 
Lipofectamine 2000 (Invitrogen) according to the manu-
facturer's instructions. Isogen was used for total RNA isolation 

and RT-PCR was performed with ReverTra Ace (Toyobo, 
Tokyo, Japan) according to the manufacturer's instructions. 
Total RNA (1 µg) was used for cDNA preparation. Real-time 
PCR was carried out using the Universal ProbeLibrary system 
(Roche Diagnostic, Mannheim, Germany). Signals from each 
sample were normalized to values obtained for the human 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene, 
which was assayed simultaneously with the experimental 
samples. Analyses were performed with a sequence detector 
(model 7500; Applied Biosystems, Foster City, CA, USA).

Statistical analysis. The non-paired Student's t-test was used 
to analyze mean differences. A P-value <0.05 was considered 
to indicate a statistically significant difference.

Results

MULAN is regulated by ER stress. Recent studies have revealed 
that ER stress induces the activation of NF-κB (36,37). It is 
well known that ubiquitination is critical in both the response 
to ER stress and NF-κB activation. Therefore, we wished to 
determine whether E3 ligases, which are related to ER stress, 
regulate NF-κB signaling. We found the putative ERSE located 
at positions -118 to -100 on the promoter region of MULAN, 
which is one of the NF-κB-activating genes (Fig. 1A). First, we 
analyzed the mRNA expression of MULAN in cells subjected 
to ER stress by real-time PCR. MULAN mRNA expression 
was increased by the induction of ER stress by stimulation with 
tunicamycin (Fig. 1B). These results suggest that the expression 
of MULAN is regulated by ER stress.

MULAN activates NF-κB gene expression in an E3 ligase 
activity-dependent manner. To determine whether MULAN 

Figure 1. Induction of mitochondrial ubiquitin ligase activator of nuclear factor-κB (MULAN) expression by endoplasmic reticulum (ER) stress. (A) Nucleotide 
sequence of the 5'-region of the MULAN gene. The numbers on the right indicate the nucleotide position with respect to the transcription start site (+1). Putative 
ER stress-response elements (ERSEs) are boxed. (B) HeLa cells were treated with 2 µg/ml tunicamycin for the indicated periods of time. Following stimulation, 
total RNA was collected, and RT-PCR and real-time PCR were performed. The signals were calculated by normalization to human GAPDH. Data were analyzed 
using the Student's t-test and represent the means ± SD (n=3 experiments). *P<0.05.
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specifically activates NF-κB-Luc, the luciferase reporter 
plasmids were co-transfected with MULAN/HA-expressing 
plasmid into the 293 cells. Twenty-four hours after transfection, 
the luciferase activities were measured. MULAN enhanced the 
reporter activity of NF-κB-Luc, but not that of Som-Luc and 
ERSE-Luc (Fig. 2A). To further examine the mechanism of 
induction of NF-κB-dependent gene expression by MULAN, 
we utilized several mutants of MULAN and performed reporter 
assays. MULAN increased NF-κB-dependent gene expression 
by 21.9-fold in a dose-dependent manner (Fig. 2B). By contrast, 
dTM, which lacks the second transmembrane domain, and 
MULAN 3C, which includes a cysteine to serine substitu-
tion in the RING finger domain and lacks E3 ubiquitin ligase 
activity, did not stimulate the reporter activity. To determine 
which domains contributes to the activation of NF-κB-Luc, 
several truncations of MULAN were expressed as HA fusion 
proteins (Fig. 2C) and examined by reporter assay. MULAN 
induced the reporter activity 16.4-fold. Among these 4 mutants, 
only MULAN-C markedly activated transcription 33.4-
fold, whereas MULAN-A, MULAN-B and MULAN-N did 
not (Fig. 2D). These results suggest that both the transmem-
brane domain (TM) and RING finger domain are important for 
the MULAN-dependent activation of NF-κB.

The mechanism of MULAN-dependent NF-κB activation. To 
further investigate the target of MULAN, we utilized dominant 
negative (DN) mutants of major factors in NF-κB signals, such as 
IKKβ, TAK1, TRAF6 and TRAF2. First, we examined the inhib-
itory effects of these DN mutants in TNFα-treated cells, and we 

found that they suppressed the reporter activity of NF-κB-Luc in 
a dose-dependent manner. As shown in Fig. 3A, the introduction 
of DN-IKKβ plasmids markedly inhibited the MULAN-induced 
activation of NF-κB in a dose-dependent manner. In addition, 
transfection with DN-TAK1 also yielded the same result (Fig. 3B). 
Conversely, DN-TRAF2 and DN-TRAF6 failed to suppress the 
MULAN-dependent activation of NF-κB (Fig. 3C and D). These 
results suggest that MULAN plays a role in NF-κB activation 
upstream of TAK1 and downstream of TRAF2 and TRAF6. 
These results prompted us to search the interactants of MULAN. 
To determine whether MULAN interacts with TAK1 TAB1, 
RIP1 and IKKβ, we transiently transfected HeLa cells with 
HA TAK1, HA TAB1, HA RIP1, HA IKKβ expression plasmids 
and/or MULAN/FLAG expression plasmids. We performed an 
immunoprecipitation assay following western blot analysis. As 
shown in Fig. 3E (upper panel), HA TAK1 was detected in the 
immunoprecipitate with anti-FLAG antibody, but HA TAB1, 
HA RIP1 and HA IKKβ were not. These results suggest that 
TAK1 may be one of the targets of MULAN through which it 
induces the activation of NF-κB.

MULAN activates endogenous NF-κB signals. It is well known 
that the NF-κB signaling pathway can be activated through 
various processes; however, the release of cytoplasmic NF-κB 
proteins from IκB proteins and nuclear translocation are pivotal 
for signal transduction (28). To determine whether MULAN 
induces endogenous NF-κB activation, we observed the translo-
cation of endogenous p65 into the nucleus. MULAN/FLAG or 
MULAN 3C/FLAG were transiently transfected into the HeLa 

Figure 2. Mitochondrial ubiquitin ligase activator of nuclear factor-κB (MULAN) activates nuclear factor-κB (NF-κB)-dependent transcription via E3 ligase 
activity and the transmembrane domain (TM). (A) Reporter assays of 293 cells using NF-κB-Luc (left panel), Som-Luc (middle panel), ER stress-response 
element (ERSE)-Luc (right panel). The luciferase activity of cells transfected with pcDNA3 HA vector alone was designated 1. Data were analyzed with the 
Student's t-test and represent the mean ± SD (n=3). *P<0.05. (B and D) HEK-293 cells were transfected with NF-κB-Luc reporter, and expression vectors of wild-
type MULAN or MULAN mutants. The luciferase activity of cells transfected with pcDNA3 HA vector alone was designated as 1. Data were analyzed using the 
Student's t-test and represent the means ± SD (n=3 experiments). *P<0.05. (C) Schematic representation of deletion mutants of MULAN. RING, RING finger domain.
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cells. The nuclear localization of endogenous p65 was only 
observed in the cells that expressed MULAN/FLAG (Fig. 4A). 
To further confirm the nuclear localization of p65, we used 
nuclear extraction and western blot analysis with anti-p65 

specific antibody. In the cells transfected with the pcDNA3 HA 
vector or MULAN 3C/HA expression vector, a small amount 
of p65 was found in the nuclear extracts. On the other hand, 
stimulation with TNFα and the expression of MULAN led 

Figure 3. Mitochondrial ubiquitin ligase activator of nuclear factor-κB (MULAN) associates with TGFβ-activated kinase (TAK1). (A-D) 293 cells were trans-
fected with (A) NF-κB-Luc reporter, MULAN expression plasmids and/or IκB kinase (IKK) K44A expression plasmids, (B) TAK1 K63W expression plasmids, 
(C) TNFR-associated factor 6 (TRAF6) DN expression plasmids, or (D) TRAF2 DN expression plasmids. The luciferase activity of cells transfected with empty 
vector alone was designated as 1. Data were analyzed using the Student's t-test and represent the means ± SD (n=3 experiments). *P<0.05. (E) Interaction of 
MULAN with TAK1 in vivo. HeLa cells were transfected with HA TAK1, HA TAK1-binding proteins 1 (TAB1), HA RIP1, HA IKKβ, and/or MULAN/FLAG 
expression plasmids. After 12 h, the cells were harvested and lysates were immunoprecipitated with anti-FLAG antibody and then immunoblotted with anti-HA 
antibody. The asterisks indicates the immunoprecipitated IgG heavy chain.
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Figure 4. Mitochondrial ubiquitin ligase activator of nuclear factor-κB (MULAN) induces endogenous nuclear factor-κB (NF-κB) activation. (A) Intracellular 
localization of MULAN and endogenous p65. HeLa cells transfected with the plasmids of MULAN/FLAG or MULAN 3C/FLAG, which includes a cysteine to 
serine substitution in the RING finger domain, were fixed at 12 h post-transfection and stained with antibody specific to p65. Bar, 20 µm. (B and C) HeLa cells 
were transfected with MULAN/HA or MULAN 3C/HA. After 12 h of transfection, the cells were harvested. (B) Nuclear extracts were immunoblotted with 
anti-p65 antibody. (C) Whole cell lysates were immunoblotted with anti-IκB, anti-β-actin and anti-HA antibody.

Figure 5. Downregulation of mitochondrial ubiquitin ligase activator of nuclear factor-κB (MULAN) leads to the reduced induction of NF-κB activation in 
endoplasmic reticulum (ER) stress-stimulated cells. (A) HeLa cells were transiently transfected with MULAN siRNA or control siRNA. Real-time PCR assays 
were performed. The expression of GAPDH was used as an internal control. (B) HeLa cells were transiently transfected with MULAN siRNA or control 
siRNA. After 72 h, NF-κB-Luc reporter plasmids were transfected, and cells were further incubated 24 h. The cells were then stimulated with tumor necrosis 
factor α (TNFα) (10 nM), or thapsigargin (2 µM) for 4 h. The luciferase activity of the cells transfected with empty vector alone was designated as 1. Data were 
analyzed using the Student's t-test and represent the means ± SD (n=3 experiments). *P<0.05.
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to an increase in p65 levels in the nucleus (Fig. 4B). We then 
examined the degradation of endogenous IκBα. We transfected 
MULAN/HA or MULAN 3C/HA into the HeLa cells, and 
cell lysates were prepared 12 h following transfection. In 
the cells transfected with pcDNA3 HA vector or MULAN 
3C/HA, hardly any IκBα degradation was observed, whereas 
noticeable degradation was detected in the cells expressing 
wild-type MULAN (Fig. 4C). These results indicate that 
MULAN activates NF-κB-dependent gene expression in an 
enzymatic activity-dependent manner.

Knockdown of MULAN induces a decrease in ER 
stress-dependent NF-κB activity. To examine the upper signal 
of MULAN-dependent NF-κB activation, we performed 
reporter assay with siRNA against MULAN. To confirm 
the effects of siRNAs, MULAN siRNA and control siRNA 
were transiently transfected into the HeLa cells. After 48 h, 
total RNA was isolated and the mRNA levels were measured 
by real-time PCR. MULAN siRNA induced the downregula-
tion of MULAN (Fig. 5A). We then performed a reporter 
assay with NF-κB-Luc. The cells stimulated with TNFα and 
transfected with control siRNA exhibited an enhanced reporter 
activity by 7.3-fold and the MULAN siRNA-transfected cells 
exhibited a low reporter activity (Fig. 5B). We also observed 
no difference in reporter activity when the cells were stimu-
lated with IL-1β (data not shown). When the cells were treated 
with thapsigargin, a decrease in reporter activity of approxi-
mately 50% was observed in the MULAN siRNA-transfected 
cells compared with the cells transfected with control siRNA. 
These results indicate that the activation of NF-κB by MULAN 
plays an important in cells subjected to ER stress. 

Discussion

MULAN is regulated by ER stress. We found putative ERSE on 
the promoter region of MULAN gene (Fig. 1). ERSE is found 
in many of these ER stress-response genes and is regulated by 
the ER responsive transcriptional factors, activating transcrip-
tion factor 6 (ATF6) and X-box binding protein 1 (XBP1). 
ERSE, with a consensus sequence of CCAAT-N9-CCACG, is a 
cis-acting element that is necessary and sufficient for transcrip-
tional induction of ER chaperone genes (29-31). The putative 
ERSE of MULAN, CCAAT-N9-ACACC, differs slighlty from 
the consensus sequence of ERSE. Many ER stress-responsive 
genes also have a different ERSE from a consensus sequence; 
for example, Bip/Grp78, CCAAT-N9-CCAAC and PDI, 
CCAGT-N9-ACAGC. In addition, the expression of MULAN 
was induced by ER stress (Fig. 1). However, we cannot not 
rule out possibility of the contribution of other elements on 
the MULAN promoter. These results suggest that the putative 
ERSE of MULAN may function as an ERSE and it is certain 
that MULAN plays a role in the response to ER stress.

The mechanism of MULAN-induced NF-κB activation. 
Ubiquitination is important in NF-κB activation. It has been 
demonstrated that TRAF2, which is recruited to the TNFR 
complex, ubiquitinates RIP, and polyubiquitinated RIP associates 
with TNFR as well as with TAB2 (8,32,33). These studies suggest 
that the polyubiquitination of RIP recruits the TAK1-TAB2 
complex, which subsequently activates the IKK complex. It has 

been shown that TRAF6 recruited to the receptor complexes 
polyubiquitinates these complexes, and polyubiquitinated 
TRAF6 associates with the TAB2/TAB1/TAK1 complex (8). In 
this study, we revealed that MULAN activated NF-κB dependent 
transcription via E3 ubiquitin ligase activity. The activation of 
NF-κB via MULAN was inhibited by IKK DN and TAK1 DN, 
but not by TRAF2 and TRAF6. In addition, our binding assay 
revealed that MULAN associated with TAK1. TAK1 has been 
reported to be induced by polyubiquitination. TAK1 has Lys63-
linked ubiquitination sites and the polyubiquitination of TAK1 
induces IK-dependent NF-κB activation (34,35). Therefore, it 
is possible that MULAN may induce the polyubiqutination of 
TAK1 to activate NF-κB signaling.

MULAN-induced NF-κB activation in cells subjected to ER 
stress. The ER stress-induced activation of NF-κB has been 
demonstrated to be involved in both the protection of cells from 
ER stress-induced apoptosis (36) and in the induction of apop-
tosis (37). TRAF2 mediates the activation of both the c-Jun 
N-terminal kinase (JNK)/stress-activated protein kinase (SAPK) 
and the NF-κB pathways following ER stress (38,39). Therefore, 
TRAF2 simultaneously mediates the activation of the NF-κB 
survival pathway and the pro-apoptotic JNK pathway, and the 
fate of the cell would be determined by the interplay between 
these opposing signals. TAK1 also activates both the NF-κB 
survival pathway and the pro-apoptotic JNK pathway. The acti-
vation of TAK1 is induced by K63-linked polyubiquitination 
reactions by TRAF2 or TRAF6 at the K158, K34 and K209 
residues (35). Recently, Lys562 of TAK1 was identified as a 
novel Lys63-linked ubiquitination site. The accumulation of 
polyubiquitination at Lys562 induces IKK-dependent NF-κB 
activation, but not JNK/p38 pathway activation (34). In this 
study, MULAN activated NF-κB dependent gene expression, 
and the expression of MULAN was regulated by ER stress. 
In addition, the MULAN-dependent NF-κB activation was 
TAK1-dependent and MULAN interacted with TAK1. We 
thus hypothesized that MULAN may induce NF-κB activation 
via TAK1 for cell survival following ER stress; MULAN may 
activate NF-κB-dependent gene expression by the induction of 
de novo MULAN by ER stress.

In conclusion, in the present study we provide evidence that 
MULAN is an E3 ligase that mediates NF-κB-dependent gene 
expression in cells subjected to ER stress. Further analysis of 
MULAN will be helpful in order to broaden our understanding 
of the physiological significance of MULAN and of the mecha-
nisms of NF-κB activation by MULAN.
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a b s t r a c t

Homocysteine-induced endoplasmic reticulum (ER) protein (Herp) is an ER stress-inducible key regu-
latory component of ER-associated degradation (ERAD) that has been implicated in insulin hyperse-
cretion in diabetic mouse models. Herp expression is tightly regulated. Additionally, Herp is a highly
labile protein and interacts with various proteins, which are characteristic features of ubiquitinated
protein. Previously, we reported that ubiquitination is not required for Herp degradation. In addition, we
found that the lysine residues of Herp (which are ubiquitinated by E3 ubiquitin ligase) are not sufficient
for regulation of Herp degradation. In this study, we found that NAD(P)H quinone oxidoreductase 1
(NQO1)-mediated targeting of Herp to the proteasome was involved in Herp degradation. In addition, we
found that Herp protein levels were markedly elevated in synoviolin-null cells. The E3 ubiquitin ligase
synoviolin is a central component of ERAD and is involved in the degradation of nuclear factor E2-related
factor-2 (Nrf2), which regulates cellular reactive oxygen species. Additionally, NQO1 is a target of Nrf2.
Thus, our findings indicated that NQO1 could stabilize Herp protein expression via indirect regulation of
synoviolin.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Homocysteine-induced endoplasmic reticulum (ER) protein
(Herp) is strongly upregulated by the unfolded protein response
(UPR). Herp has been shown to be involved in the ER-associated
degradation (ERAD) of nonglycosylated Bip substrates [1e4] and
N-glycan-independent substrates [5] and to exhibit anti-apoptotic
effects in response to ER stress [3].

Herp is a short-lived protein with a half-life of approximately
2 h. The half-life of Herp is regulated by the ubiquitin proteasome

pathway via major E3 proteins, such as gp78 [6] or RNF5 [7]. On
the other hand, we have previously demonstrated that the
ubiquitin-like domain (ULD) of Herp plays a role in the regulation
of intracellular Herp levels during ER stress [8], suggesting the
presence of ubiquitin-independent proteasome degradation
systems. Proteasome-mediated degradation occurs via two
mechanisms. In the conventional ubiquitin-dependent mecha-
nism, polyubiquitinated proteins are targeted to the 26 S pro-
teasome for degradation. Alternatively, a few proteins can be
degraded by the 20 S proteasome in a ubiquitin-independent
pathway [9,10]. The ubiquitination-independent 20 S protea-
some pathway is associated with NAD(P)H quinone oxidoreduc-
tase 1 (NQO1), which is known to bind to and stabilize proteins
such as p53 in order to prevent 20 S proteasomal degradation
[11e14]. NQO1 is thought to interact with the 20 S proteasome
and may consequently block access of target proteins to the
degradation core.

Therefore, in this study, we sought to determinewhether NQO1-
mediated ubiquitin-independent proteasomal degradation was
involved in Herp degradation. Our data demonstrated that NQO1
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was involved in mediating the stability of Herp, providing impor-
tant insights into the regulation of this essential protein.

2. Materials and methods

2.1. Antibodies, reagents, and cell lines

Affinity-purified rabbit anti-Herp antibodies were prepared as
previously described [1]. Mouse anti-b-actin, anti-FLAG, and anti-
NQO1 antibodies were purchased from Sigma (St. Louis, MO,
USA). Anti-a-tubulin antibodies were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). Additional commercial
reagents used in this study are as follows: cycloheximide (Wako
Pure Chemical Industries Ltd., Osaka, Japan), MG132, and dicou-
marol (Sigma). HEK293 cells, synoviolin-null cells, and wild-type
(wt) cells [15] were cultured in Dulbecco's modified Eagle's me-
dium (DMEM; Wako) containing 10% fetal calf serum (Thermo
Scientific Molecular Biology, Rockford, IL, USA).

2.2. Plasmids and retroviral-mediated infection

pMX-Herp, pMX-DUb-Herp, pcDNA3.1-Herp-F (C-terminally
FLAG-tagged Herp), and pcDNA3.1-DUb-Herp-F (C-terminally
FLAG-tagged DUb-Herp) constructs were generated as previously
described [8]. pMX-Herp9KR was constructed by two-step poly-
merase chain reaction (PCR) mutagenesis through mutation of all
nine lysine residues to arginine; these constructs were generated
by TaKaRa Bio Inc (Shiga, Japan; Fig. 1). The mouse sequence
encoding NQO1 was excised from the mouse NQO1 pCMV-SPORT6
vector (Thermo Scientific Molecular Biology) by double digestion
with EcoRI and XhoI and inserted into the pMX vector. Retroviral-
mediated infection was carried out according to published
methods [16].

2.3. Cycloheximide treatments

Cycloheximide-chase experiments were performed as previ-
ously described [8]. Cells were plated on 60 mm tissue culture
dishes (5 � 105 cells/dish) and cultured for 24 h. After 24 h,
cycloheximide (20 mg/mL) was added to the cultured cells. At
various time points (0, 2, 3, 4, and 6 h) after cycloheximide

treatment, cells were harvested and lysed in radio-immune pre-
cipitation assay (RIPA) buffer (150 mM NaCl, 10 mM TriseHCl [pH
7.5], 1% Nonidet P-40, 0.1% sodium dodecyl sulfate [SDS], and 0.2%
sodium deoxycholate) containing a complete protease-inhibitor
mixture (Roche Applied Science).

2.4. Treatment of cells with dicoumarol

Cells were seeded in 60 mm tissue culture dishes (5 � 105 cells/
dish), incubated overnight at 37 �C, treated with 200 or 400 mg/mL
dicoumarol at 37 �C for 4 h, and then harvested.

2.5. RNA interference

Synoviolin wt cells overexpressing Herp were seeded in 24-well
plates at a density of 6 � 104 cells per well and transfected with
NQO1 siRNA or negative control RNA using HiPerfect Transfection
Reagent (Qiagen Inc., Valencia, CA, USA) and DMEM. The target
sequence used in this study was 50-AAGATTCGTTGTCTATAATTA-30

(Qiagen). All Stars Negative Control siRNA Alexa Fluor 488 Labeled
(RNAi Human/Mouse Starter Kit; Qiagen) was used as a negative
control. After 3 days of incubation, cells were collected, and Herp
levels were measured by western blotting.

2.6. Immunoprecipitation and immunoblotting

To detect the interaction between Herp and NQO1, HEK293 cells
transfectedwith pcDNA3.1 (mock), pcDNA3.1-Herp-F, or pcDNA3.1-
DUb-Herp-F were collected and solubilized on ice in RIPA buffer
containing a protease-inhibitor mixture. Lysates were immuno-
precipitated overnight with primary antibodies or normal IgG
(Santa Cruz Biotechnology, Inc.). Antibody-bound complexes were
isolated by incubation with protein G-Sepharose beads for 4 h and
then washed in RIPA buffer. The protein complexes were eluted in
2 � SDS sample buffer and analyzed by western blotting [17].

2.7. Densitometric analysis and statistical analysis

Band intensities from western blots were densitometrically
quantified using a luminescent image analyzer LAS-3000 (Fuji
Photo Film Co. Ltd.). Statistical analysis was performed with
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Fig. 1. Effects of lysine residues on Herp degradation. Herp and Herp9KR were transduced and expressed in synoviolin wt cells, together with green fluorescent protein (GFP).
Cells were treated with 20 mg/mL cycloheximide and then harvested at the indicated times. Herp and Herp9KR were detected in RIPA-solubilized lysates (20 mg) by immunoblotting
using an anti-Herp antibody. The GFP in the lysates was used as an internal loading control. Herp levels were quantified from three independent experiments, as shown in the left
panel (right graph). The intensity of bands corresponding to Herp in panels B was densitometrically quantified using a luminescent image analyzer (LAS-3000). The Herp levels at
each time point were calculated as a percentage of the intensity at time 0.
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Student's t-tests.

3. Results

3.1. Effect of lysine residues on Herp degradation

To determine whether Herp degradation proceeded through the
ubiquitin-independent proteasomal pathway, we investigated the
stability of Herp and Herp9KR, in which all nine lysine residues
were mutated to arginine (Fig. 1A) to prevent ubiquitination by E3
ubiquitin ligase. We then used immunoblotting to compare the
intracellular degradation of Herp and Herp9KR following cyclo-
heximide treatment (Fig. 1B). Our results indicated that Herp and
Herp9KR were degraded in up to 2 h (Fig. 1B). These results sug-
gested the existence of another degradation pathway in addition to
the lysine-mediated ubiquitination-proteasome degradation
pathway.

3.2. Herp interacted with NQO1

Proteasome-mediated ubiquitin-independent degradation is
modulated via the 20 S proteasome pathway [18]. Therefore, we
investigated whether the ubiquitin-independent proteasome
pathway may regulate Herp degradation via stabilization by NQO1,
which has been shown to protect several proteins, including p53,
p73 [18], elF4GI [13], and c-Fos [12], from degradation by the pro-
teasome. In the molecular mechanism responsible for stabilization
by NQO1, NQO1 and the protected protein have been shown to exist
within the same complex. Therefore, we hypothesized that a Herp-
NQO1 complexwould be present if Herpwas protected by NQO1. To
test this, we attempted to immunoprecipitate this putative com-
plex from HEK293 cells overexpressing Herp-FLAG, DUb-Herp-
FLAG, or vector only together with NQO1 using anti-FLAG anti-
bodies, followed by detection of NQO1 levels by western blotting.
NQO1 was co-immunoprecipitated with Herp and DUb-Herp
(Fig. 2), indicating that Herp and DUb-Herp could interact with
NQO1. This result also indicated that the Herp ULD did not contain
an NQO1-binding site.

3.3. Effects of NQO1 on the stability of Herp

Recent studies have shown that the transcription factor nuclear
factor E2-related factor-2 (Nrf2) can be degraded by synoviolin, a
ubiquitin E3 ligase. Nrf2 regulates cellular reactive oxygen species

(ROS) levels, and NQO1 and glutamate-cysteine ligase modifier
subunit (GCLM) are target genes of Nrf2 [19]. In fact, the absence in
synoviolin in synoviolin-null cells induces the expression of Nrf2
and NQO1. Therefore, we investigated the expression level of Herp
in synoviolin-null cells. As a result, endogenous Herp levels were
higher in synoviolin-null cells than in wt cells (Fig. 3A). Next, we
investigated the effects of NQO1 overexpression and NQO siRNA on
Herp degradation. The level of endogenous Herp was higher in cells
overexpressing NQO1 than in control cells (Fig. 3B). In addition,
Herp levels were decreased by NQO1 siRNA in comparison with
that in the control (Fig. 3C). Downregulation of NQO1 was
confirmed by western blotting (Fig. 3C). These results were
consistent with the results of NQO1 overexpression. Taken
together, these data indicated that the NQO1-mediated proteasome
pathway regulated Herp degradation.

3.4. Effects of dicoumarol on Herp degradation

NQO1-dependent protection from proteasomal degradation can
be relieved by pharmacological inhibition of the enzyme. Upon
treatment of cells with dicoumarol, the proteins p53 and elF4GI are
targeted for destruction by the proteasome [18,13]. However, the
molecular mechanisms underlying the effects of dicoumarol on
targeting proteins for degradation are not completely understood.
Following treatment with dicoumarol, we observed induction of
Herp degradation, whereasMG132, a proteasome inhibitor, blocked
Herp degradation (Fig. 4A). As a control, dicoumarol induced p53
degradation (Fig. S1). These results suggested that the ubiquitin-
independent degradation of Herp was regulated by the protea-
some pathway. In addition, to further investigate the effects of
dicoumarol on Herp degradation, we next analyzed the degrada-
tion of Herp over time after treatment with dicoumarol. Our data
demonstrated that Herp expressionwas reduced at 4 and 24 h after
treatment to 44.9% ± 4.2% (n¼ 6, p < 0.001) and 35.1% ± 3.0% (n¼ 6,
p < 0.001), respectively, but was enhanced at 8 and 12 h after
dicoumarol treatment to 116.8% ± 8.8% (n ¼ 6, p ¼ 0.11),
101.3% ± 9.7% (n ¼ 6, p ¼ 0.91), respectively, compared with that at
0 h (Fig. 4B). In addition, the cell numbers after treatment with
dicoumarol for 4, 8, 12, and 24 h decreased to 89.7% ± 4.2% (n ¼ 3,
p ¼ 0.07), 95.4% ± 4.9% (n ¼ 3, p ¼ 0.40), 92.1% ± 5.9% (n ¼ 3,
p ¼ 0.25), and 76.0% ± 2.0% (n ¼ 3, p < 0.001), respectively,
compared with that at 0 h.

Next, we examined the role of the Herp ULD in the ubiquitin-
independent proteasome pathway. The expression levels of Herp
were reduced by treatment with dicoumarol, while DUb-Herp was
resistant to dicoumarol-induced degradation (Fig. 4C), suggesting
that the ULD made Herp susceptible to degradation by the
proteasome.

4. Discussion

This study showed that the stability of Herp was regulated by
NQO1, which interacted with Herp and partly inhibited its degra-
dation via the ubiquitin-independent proteasome. In addition,
synoviolin is involved in Nrf2 degradation, which regulates cellular
ROS, NQO1, and GCLM [19]. Therefore, the absence of synoviolin in
synoviolin-null cells induced the expression of NQO1 and pro-
moted the stability of Herp.

The ubiquitin-independent proteasomal degradation pathway
could be involved in Herp degradation because deletion of the Herp
ULD fromHerp was found to enhance Herp stability, although it did
not affect the polyubiquitination level of Herp [8]. Our results
suggested that Herp could be degraded by the proteasome through
an NQO1-dependent pathway. Furthermore, our immunoprecipi-
tation results suggested that NQO1 interacted with Herp and DUb-

Fig. 2. Herp interacted with NQO1. HEK293 cells overexpressing Herp-FLAG, DUb-
Herp-FLAG, or pcDNA3 (mock) together with NQO1 were immunoprecipitated using
an anti-FLAG antibody (FL) or normal mouse IgG (IgG), followed by western blot
analysis of the immunoprecipitated (IP) fraction using anti-Herp or anti-NQO1
antibodies.
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Fig. 3. Effects of NQO1 on Herp stability. (A) Western blot analysis of lysates prepared fromwt and synoviolin-null cells with the indicated antibodies. Protein (20 mg) was loaded
in each lane, and a-tubulin was used as an internal control (left panel). wt, wt cells; �/�, synoviolin-null cells. Quantification of Herp levels from three independent experiments is
shown in the left panel (right graph). Values are expressed as the mean ± SEs. *, P < 0.01 (two-tailed Student's t-test). (B) Cell lysates (20 mg) from synoviolin-null cells over-
expressing pMX (�) or pMX-NQO1 (NQO1) were detected through immunoblotting using anti-Herp and anti-NQO1 antibodies. b-Actin in the lysates was used as an internal loading
control. Herp levels were quantified from three independent experiments, as shown in the left panel (right graph). Values are expressed as means ± SEs. *, P < 0.01 (two-tailed
Student's t-test). (C) Synoviolin wt cells were transfected with control siRNA (siCTRL) or NQO1 siRNA (siNQO1), as indicated. After 72 h, cell extracts were resolved by SDS-PAGE, and
proteins were detected by western blotting with the indicated antibodies. Herp levels were quantified from four independent experiments, as shown in the left panel (right graph).
Values are expressed as means ± SEs. *, P < 0.01 (two-tailed Student's t-test).

Fig. 4. Effects of dicoumarol on Herp stability. (A) Synoviolin-null cells were incubated for 4 h without (�) or with 200 or 400 mM dicoumarol (Dic) and without (�) or with (þ)
10 mM MG132. Herp levels were quantified from four independent experiments, as shown in the left panel (right graph). (B) Synoviolin-null cells were treated with 200 mM
dicoumarol and harvested at the indicated times. Synoviolin-null cells (20 mg) were detected by immunoblotting with an anti-Herp antibody. b-Actin in the lysate was also detected
as an internal control. Herp levels were quantified from three independent experiments, as shown in the left panel (right graph). Values are expressed as means ± SEs. *, P < 0.01
(two-tailed Student's t-test). (C) Synoviolin-null cells overexpressing Herp or DUb-Herp, were incubated for 4 h without (�) or with 200 or 400 mM dicoumarol (Dic) and without
(�) or with (þ) 10 mM MG132.
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Herp. However, the degradation of the ULD-deletion mutant DUb-
Herp was not promoted by dicoumarol, a pharmacological inhibitor
of NQO1. This result suggested that the Herp ULDmay function as a
proteasome-interacting domain, as has been demonstrated for
Parkin [20], through two possible mechanisms. First, NQO1 may
compete with the 20 S proteasome for C/EBPa binding, which leads
to its stabilization [21]; deletion of the Herp ULD could result in
increased NQO1 binding or decreased 20 S proteasome binding.
Therefore, NQO1 could have bound tightly to DUb-Herp and pre-
vented its degradation by the 20 S proteasome. The other possi-
bility is that the human p53 mutants R175H, R248H, and R273H are
resistant to dicoumarol-induced degradation [22]; therefore, argi-
nine residues in the Herp ULD could be involved in dicoumarol-
induced degradation.

p53, a tumor suppressor involved in cell growth and function, is
maintained at low levels through degradation mediated by multi-
ple E3 ligases, including synoviolin or RNF5, and by a ubiquitin-
independent pathway including NQO1-mediated proteasomal
degradation. In this regard, the regulation of Herp degradation
appeared to be similar to that of p53. Since Herp is involved in
several important functions, such as ERAD and Ca2þ homeostasis,
Herp levels may be strictly regulated by degradation through
multiple pathways in response to various physiological conditions.
On the other hand, in this study, the expression level of Herp was
transiently decreased by treatment with dicoumarol and recovered
from this decrease (Fig. 4B), suggesting the presence of opposing
pathways. In fact, Herp-deficient mice have been reported to
exhibit impaired glucose homeostasis, and Herp modulates insulin
secretion in pancreatic beta cells [23,24]. In addition, NQO1-
knockout mice have been reported to show decreased glucose
and fatty acid metabolism [25]. Therefore, NQO-1-mediated pro-
tection of Herp may provide a good molecular explanation for the
decrease in glucose metabolism.

In conclusion, the proteasomal degradation of Herp was regu-
lated through both ubiquitin-dependent and -independent degra-
dation pathways, which were indirectly regulated by synoviolin.
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Abstract

SIL1 is a nucleotide exchange factor for the endoplasmic reticulum chaperone, BiP. Muta-

tions in the SIL1 gene cause Marinesco-Sjögren syndrome (MSS), an autosomal recessive

disease characterized by cerebellar ataxia, mental retardation, congenital cataracts, and

myopathy. To create novel zebrafish models of MSS for therapeutic drug screening, we

analyzed phenotypes in sil1 knock down fish by two different antisense oligo morpholinos.

Both sil1morphants had abnormal formation of muscle fibers and irregularity of the myo-

septa. Moreover, they showed smaller-sized eyes and loss of purkinje cells in cerebellar

area compared to controls. Immunoblotting analysis revealed increased protein amounts of

BiP, lipidated LC3, and caspase 3. These data supported that the sil1morphants can repre-

sent mimicking phenotypes of human MSS. The sil1 morphants phenocopy the human

MSS disease pathology and are a good animal model for therapeutic studies.

Introduction

Marinesco-Sjögren syndrome (MSS; OMIM 248800) is an autosomal recessive disorder clini-
cally characterized by cerebellar ataxia, mental retardation, congenital cataracts, and progres-
sive muscle weakness [1–4]. Mutations in SIL1 (Gene ID: 64374) were reported to be causative
for MSS [5, 6]. SIL1 is also known as binding immunoglobulin protein (BiP)-associated protein
(BAP) [7]. BiP plays a key role in protein quality control as a heat shock protein (HSP) 70
chaperone family member located in the endoplasmic reticulum (ER). SIL1 regulates the
ATPase cycle of BiP as an adenine nucleotide exchange factor [7, 8]. SIL1-nullwoozymutant
mice exhibit progressive ataxia caused by loss of Purkinje cells via ER stress, together with
myopathy [9–12]. These reports suggest that SIL1 plays essential roles in ER function in multi-
ple tissues.

Zebrafish is a usefulmodel to elucidate the pathomechanisms of a lot of human diseases
including muscular dystrophies [13–15]. The analyses of zebrafish models for human muscle
disorders have been facilitated because of rapid development and easy-to-identifymuscle
structural abnormalities using birefringence assay [16]. They are easily analyzed by the use of
morpholinos during early development. Zebrafishmodels of muscle disease have also been
used to rapid therapeutic drug screening for small molecules [17].
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To generate a model fish of MSS for studies on the functions of zebrafish sil1 and for thera-
peutic drug screenings,morpholino antisense oligos that targeted zebrafish sil1mRNA were
designed and injected into zebrafish eggs. Our data indicates the reduction of sil1 expression
causes the abnormal formation of muscles, small sized eyes and reduction of purkinje cells
associated with increasedmarker proteins for ER-stress, autophagy, and apoptosis.

Materials and Methods

Fish and fish culture

Zebrafish (the AB line) were cultured at 28.5°C according to standard procedures [18] and
standard criteria [19]. Fertilized eggs were collected and used for injection. For anesthesia,
euthanasia we used tricaine solution. Our IACUC, Tokyo Medical University animal facility,
indicates that they approved this research (the approval number:S28029).

Morpholino oligonucleotide injections

Two different anti-sense morpholino oligo-nucleotides (MO) targeted to disrupt splicing of
sil1mRNA were designed by Gene Tools LLC. The morpholino sequences were sil1MO1: 5’-
CAGCATGGGAATAAACTCACCTGGT -3’ and sil1MO2: 5’- GGTGACTGTGTAAACAGAACA
AATC-3’. Morpholinos (3 and 6 ng) were injected into the yolk of one- to two-cell stage
embryos. For the injection control, we also used a control morpholino (CMO; standard control
oligo, Gene Tools): 5’-CCTCTTACCTCAGTTACAATTTAT-3’.

To confirmwith the effect of morpholino injections, zebrafish total RNA was extracted from
4 days post fertilization (dpf) embryos using RNeasy micro kit (Qiagen) and was converted to
cDNA (Superscript III, Life science). To detectmisspliced products, PCR was performedwith
ExTaq DNA Polymerase (Takara Bio) at 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s for 35
cycles) with the following primer sets: sil1 for exon 2 and 3, forward 5’-GGCAAACAAGTGGAG
AGTCAG-3’, reverse 5’- ATGGCTGTCCATGTTCATCA-3’ and beta-actin, forward:5’-
ATCAGCATGGCTTCTGCTCT-3’, reverse:5’-CACCCTGGCTTACATTTTCAA-3’.

Detection of muscle phenotype of sil1morphants by birefringence

Birefringence assay was performed to detect abnormal skeletal muscle structure by placing
anesthesized fish on a polarizing filter and subsequently covering them with a second polariz-
ing filter [17]. The filters were placed on an underlit dissection scope and the top-polarizing fil-
ter twisted until only the light refracting through the striated muscle was visible. Since the
degree of birefringence is affected by the horizontal orientation of the fish, the fish were oscil-
lated back and forth to account for differences in positioning.

Measurement of size of eyes

The diameter of the eye of 4 dpf embryos was measured under a dissection scope (Olympus,
SZX10) with DP controller (Olympus) software and ImageJ (http://imagej.en.softonic.com/).

Zebrafish SIL1 antibody

A rabbit polyclonal antibody against zebrafish sil1 was produced by synthesized peptides
(C+EDLEVFRPTDKWQTLRPGQ; 63–81) as an antigen (Sigma Aldrich). The synthesized
peptides were also used to absorb the antibodies to confirm the specificity of this antibody.
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Immunohistochemistry

Whole fish embryos were fixed in 4% paraformaldehyde overnight at 4°C and stored in 100%
methanol at -20°C. After rehydration with a 50%methanol in PBS and blocking with 2% casein
in PBS containing 0.05% Tween 20 (PBS-T) to reduce non-specific binding, embryos were
incubated separately with either anti-beta dystroglycan (1:100, Novocastra), anti-parvalbumin
(1:1000, Chemicon), or anti-myosin heavy chain (F59, 1:25, Santa Cruz Biotechnology) anti-
bodies at 4°C overnight. After washing several times, the samples were incubated with second-
ary antibodies (1:500, anti-mouse AlexaFluor 488, 1:500, anti-rabbit AlexaFluor 568,
Invitrogen) and DAPI (DAKO) solution for 30 min. The stained embryos were observedunder
confocal microscopies (Leica LCM710).

Western blotting analysis

Proteins were extracted from 20 embryos of 4 dpf in RIPA buffer (Sigma) containing protease
inhibitors and phosphatase inhibitors (Roche). A total of 30 micrograms of proteins were sepa-
rated by electrophoresis on 5–20% gradient Tris—glycine gels (Wako Chemicals) and trans-
ferred onto a PVDFmembrane (Bio-Rad). After blocking the membrane in PBS-T containing
2% casein, blotted proteins were incubated with each primary antibody of anti-zebrafish sil1
(1:200), anti-tubulin (1:500, Cell Signaling Bio), anti-BiP (1:250, abcam), anti-LC3 (1:250, Cell
Signaling Bio), anti-activated caspase 3 (1:250, abcam), and anti-beta actin (1:500, Sigma) at
4°C overnight. After washing, the membranes were incubated with horseradish peroxidase
(HRP) secondary antibody (anti-rabbit or mouse IgG, 1:15,000, abcam). Proteins were detected
using a western blotting detection kit (Bio-Rad). Relative band intensities were quantified by
densitometry using ImageJ, and fold differences determined between each proteins/beta-actin
ratio.

Cloning of zebrafish sil1 cDNA and in vitro transcription of RNAs

Primers used to amplify the full-length zebrafish sil1 cDNA coding sequence (XM009291221)
were forward;5’-TCTTTTTGCAGGATCATGTTGACAAGTCGTGTAATG-3’, reverse; 5’-
CGAATCGATGGGATCTTACACCTGTCGCATTTTTAC-3’. PCR was performedwith Prime
STAR HS DNA Polymerase (Takara) at 98°C for 15 s, 55°C for 15 s, 72°C for 1 min for 35
cycles according to the manufacturer’s protocol. The PCR product of the zebrafish sil1 cDNA
was cloned into pCS2+ vector using In-Fusion1 HDCloning Kit (Takara). All PCR products
and cloned fragments were sequenced by using sequencing primers: pCS2+ forward primer:
5’-CGGAGCAAGCTTGATTTAG-3’, pCS2+ reverse primer:5’-CCCCCTGAACCTGAAACAT
AA-3’, zebrafish sil1 forward primer2: 5’-CTCTGGACATGCTTGTGGAA-3’ and zebrafish
sil1 forward primer3: 5’-GCAGGTGGGACTGGACATTA-3’. Sequencing results were analyzed
using NCBI database and program on BLAST. Zebrafish sil1mRNA was synthesized from
Asp718-digested pCS2+ plasmids using the sp6 mMessage mMachine kit (Ambion) and 50 pg
of mRNA was co-injected into 1-cell-stage embryos with zebrafish sil1MO1 and 2. Following
injection, embryos were cultured in aquatic system at 28.5°C.

Results

Zebrafish sil1morphant morphology

Two different anti-sense morpholino oligonucleotides (MO) 1 and 2 were designed to disrupt
splicing pattern of sil1mRNA during development (Fig 1A). The injected embryos were exam-
ined at 4 dpf. RT-PCR and sequence analysis confirmed that the MO1 and MO2 injection
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Fig 1. RT-PCR and protein expression of sil1 morpholino-injected embryos. A: Morpholino oligo-nucleotides
target for zebrafish sil1. Two different anti-sense morpholino oligo-nucleotides targeted to disrupt splicing of sil1
mRNA are designed by Gene Tools LLC. B: A single RT-PCR product of 355 bp is seen in 4 dpf embryos injected 3
ng of control morpholino (CMO), whereas 4 dpf embryos injected 3 ng of sil1 morpholino 1 (MO1) had two different
sized products of 355 and 446 bp. Two RT-PCR products of 355 bp and 407 bp were detected in 4 dpf embryos
injected morphant 2 (MO2). C: Western blotting analysis shows reduced amounts of sil1 protein extracted from 20
each of MO1- or MO2-injected morphants compared to 4 dpf wild-type embryos (WT) and CMO. D: Injections of
MO1 or MO2 are effective to reduce the expression of sil1 protein to 66.5% (MO1, light gray) and 46.9% (MO2,
gray) compared to CMO-injected fish (black), respectively.

doi:10.1371/journal.pone.0165563.g001
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Fig 2. Altered skeletal muscle in sil1-morpholino injected fish. A: Left panels are pictures under bright
field, and left panels are birefringence assay (BR). Abnormal structure of muscle is obvious in sil1 morpholino
injected fish (MO1 and MO2) compared to control (CMO) under birefringence assay. B: Histogram of the
percentage of normal, affected, and dead fish by morpholino-injection. Injection of 3 ng of MO1 or MO2
resulted in approximately 39.0% and 21.8% of injected embryos exhibiting reduced birefringence,
respectively. C: Restoration of sil1 morphant with co-injection of fish sil1 mRNA (50 pg). Histogram of the
percentage of dead, affected fish of morphants and recovered fish. Co-injection of zebrafish sil1mRNAwith
each MO (3 ng) rescued the phenotypes. White bar shows normal %, gray shows affected % and black
shows dead fish %. Non: non injected fish, MO1: MO1 injected fish, MO2: MO2 injected fish.

doi:10.1371/journal.pone.0165563.g002
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resulted in an in-frame insertion of a whole intron 2 (91 bps) and insertion of partial intron 2
(52 bps), respectively (Fig 1B).

To confirm the knock down effect to the expression of fish sil1 by morpholino injections,
endogenous zebrafish sil1 protein was analyzed with antibody against zebrafish sil1. In wild
type and CMO injected fish, the sil1 antibody recognized a 52 kDa protein on western blots, a
consistent size predicted by the fish sil1 sequence (Fig 1C). The expression of sil1 protein of
MO1 or MO2 injected fishes was reduced to 66.5% and 46.9%, respectively compared to the
wild type (Fig 1D). This result indicated that injections of MO1 or MO2 were effective to
decrease the expression of sil1 protein.

Birefringence assay

Following injection of the two different morpholinos, some embryos showed abnormal shape
visible upon light microscopy (Fig 2A). To better visualize the structure and organization of
muscle fibers of the morphants, MO1, MO2 or CMO injected embryos and wild type embryos
were analyzed by birefringence assays at 4 dpf (Fig 2A). The sil1morphant embryos were
found to have markedly reduced normal patterns of birefringence compared to wild type and
control morphants (Fig 2A). Injection of 3 ng of MO1 or MO2 resulted in approximately
39.0±1.8% and 21.8±3.1% of injected embryos exhibiting reduced birefringence, 36.5±4.7%
and 64.5±1.6%were normal looking, and 24.5±4.7% and 13.7±1.6% of dead, respectively (Fig
2B). These percentages are an average of the results from three different experiments. The

Fig 3. Immunohistochemistry of skeletal muscle tissue of morpholino-injected fish. Immunostaining
of CMO injected fish (A, B) and sil1 morphant (MO2) injected fish (C, D) with antibodies against beta-
dystroglycan (beta-DG) (A, C) and myosin heavy chain (MHC) (B, D). Beta-dystroglycan expression at the
myosepta of MO2 injected 4 dpf embryos is misshapen and has a less clear v-shaped structure. Staining
with anti-MHC indicated that formation of myofibers is disturbed in MO2. Arrowheads indicate the
disturbance of myosepta in MO2-injected fish. Bar: 100 μm. Arrows indicate the abnormal structure of
myofibers.

doi:10.1371/journal.pone.0165563.g003

Zebrafish Models of Marinesco-Sjögren Syndrome
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effects of morpholinos were dose-dependent and the ratio of abnormal embryos were increased
when 6 ng of morpholinos were injected (S1 Fig). Importantly, co-injection of zebrafish sil1
mRNA with eachMOs rescued the phenotypes (Fig 2C).

Immunohistochemistry of sil1morphants with muscle structure’s
components

To examine the expression of muscle proteins, antibodies against beta-dystroglycan, laminin
(data not shown), and myosin heavy chain (MHC, slow fibers) were used for

Fig 4. Smaller sized eyes in sil1-morpholino injected fish (4 dpf). The diameter of eyes in MO1 or MO2 injected 4 dpf
embryos are smaller than those of CMO injected embryos. Co-injection of zebrafish sil1mRNAwith each MOs rescues the
eye size. Eye size is measured under a dissection scope with DP controller software and ImageJ. (A) wild type, (B) CMO
injected fish, and (C) MO2 injected fish, showing white lines. Measurement of the diameter of eyes (D: MO1, E: MO2). (F):
Restoration of eye diameter of sil1 morphant with co-injection of fish sil1 mRNA. Single asterisk indicates Student’s t-test
p = 1.25E-07 (MO1; n = 19, CMO; n = 14), double asterisks indicate p = 7.36E-08 (MO2; n = 16, CMO; n = 28) and triple
asterisks indicate p = 0.00441 (MO2; n = 19, MO2+sil1 mRNA 50 pg; n = 14, CMO; n = 14).

doi:10.1371/journal.pone.0165563.g004
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immunohistochemistry. Beta-dystroglycan expression at the myosepta of MO1 or MO2
injected 4 dpf embryos was misshapen and had a less clear v-shaped structure as observed in
wild type and CMO injected embryos (Fig 3A and 3C). Staining with anti-MHC indicated that
formation of myofibers was disturbed in MO1 and 2 (in Fig 3B and 3D). This result is consis-
tent with that observedby birefringence assay. Co-injectionof zebrafish sil1mRNA with each
MO reduced the number of fishes showing marked myofibril disruptions by anti-MHC stain.

Fig 5. Staining of purkinje cells with anti-purvalbumin in cerebellar area. The number of purkinje cells
detected with anti-parvalbumin shows reduced number of positive cells in MO1 or MO2 injected embryos. (A,
B and C): CMO injected fish, (D, E and F): MO1 injected fish, (G, H and I): MO2 injected fish. (A, D and G:
Staining Purkinje cell. (B, E and H): DAPI, nuclei. (C, F and I): Merged images. (J): Increased number of
Purkinje cells in sil1 morphants with co-injection of fish sil1 mRNA (50 pg) from 23.1% (MO2, n = 13) to
64.3% (MO2+sil1 mRNA, n = 14).

doi:10.1371/journal.pone.0165563.g005
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Abnormal size of eyes and reduction of purkinje cells in cerebellar area
of sil1morphants

To examine influence of sil1 morpholinos to neural tissues, the size of eyes and number of pur-
kinje cells in cerebellar area were analyzed. The diameter of eyes in MO1 or MO2 injected 4

Fig 6. Protein expression analysis of sil1-morpholino injected fish.Western blot analysis of control
morpholino (CMO) and sil1-morpholino2 injected fish (MO). The protein amounts of BiP, lipidated form of LC3
(LC3-II), and activated caspase 3 are significantly increased in sil1morphant embryos compared to those of CMO-
injected embryos. A: Immunoblot with anti-BiP, LC3-II, activated-Caspase 3, and beta-actin. B: Relative
expression level is analyzed via immunoblot (*p = 0.0226, ** p = 0.000102 and *** p = 0.000705, versus CMO,
Student’s t-test, n = 3).

doi:10.1371/journal.pone.0165563.g006
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dpf embryos was smaller than those of CMO injected embryos (Fig 4C, 4D and 4E). Co-injec-
tion of zebrafish sil1mRNA with eachMOs rescued the eye size (Fig 4F).

The number of purkinje cells detectedwith anti-parvalbumin, a purkinje cell marker [20],
showed reduced number of positive cells in MO1 or MO2 injected embryos compared to those
of controls (Fig 5D and 5G). Co-injectionof zebrafish sil1mRNA with eachMO increased the
number of positive cells in MO1 or MO2 injected embryos (MO2: 76.9%, n = 13, MO2+sil1
mRNA: 35.7%, n = 14) (Fig 5J).

Increased expression of marker proteins of ER-stress, autophagy, and
apoptosis

To examine expression levels of marker proteins of ER-stress, autophagy and apoptosis, west-
ern blotting was performed. The protein amounts of BiP, lipidated form of LC3 (LC3-II), and
activated caspase 3 were significantly increased in sil1morphant embryos compared to those of
CMO-injected embryos (Fig 6A and 6B).

Discussion

Here, we showed a zebrafish is a goodmodel of MSS, an autosomal recessive multisystem dis-
order characterized by cerebellar ataxia, mental retardation, cataract, and myopathy [1–6]. The
sil1 morphants showed altered skeletal muscle structures, judged by unshapen myosepta and
disturbedmuscle fibers. In addition, the sil1 morphants have smaller sized eyes and loss of pur-
kinje cells.

OurMSS zebrafish models display an increase in the levels of markers associated with ER
stress, autophagy and apoptosis, which are similar to those observed in humans and a mouse
model of MSS [9–11]. SIL1-deficiency is expected to reduce BiP activity, an ER chaperone pro-
tein, which leads to accumulation of abnormal proteins and subsequent ER stress, increased
autophagy and apoptosis. In the reduced expression of sil1, morphants might have clear phe-
notypes in muscle, abnormal eye size and loss of purkinje cells via activated unfolded protein
response, ER stress, autophagy and apoptosis. Interestingly, sil1morphants showed smaller-
sized eyes instead of cataracts, which suggests that sil1 may have important roles in develop-
ment of eyes in zebrafish. Recently SIL1 was reported to play a role in regulation of motor neu-
ron subtype-selectiveER stress in amyotrophic lateral sclerosis (ALS) [21]. Further analysis of
the MSS model fish might reveal molecular crosstalk of ER stress, autophagy, and apoptosis in
variable tissues and cells.

Further analysis of sil1 function in zebrafish should be undertakenCRISPR-Cas9 system for
analysis of sil1 functions and therapeutic intervention studies for MSS.

Supporting Information

S1 Fig. Histogram of the percentage of dead, affected fish of MO1 (A), MO2 (B) or control
MO injected fish (3 ng and 6 ng).White bar shows normal %, gray shows affected% and
black shows dead fish %. The effects of morpholinos are dose-dependent and the ratio of
abnormal embryos are increasedwhen 6 ng of morpholinos were injected.
(TIF)
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Sjögren syndrome links endoplasmic reticulum chaperone dysfunction to nuclear envelope pathology.
Acta Neuropathol. 2014; 127(5):761–777. doi: 10.1007/s00401-013-1224-4 PMID: 24362440

13. Bassett DI, Currie PD.The zebrafish as a model for muscular dystrophy and congenital myopathy.
HumMol Genet. 2003; 12(2):265–270.

14. Guyon JR, Goswami J, Jun SJ, Thorne M, Howell M, Pusack T,et al. Genetic isolation and characteri-
zation of a splicing mutant of zebrafish dystrophin, HumMol Genet 2009; 18(1):202–211. doi: 10.
1093/hmg/ddn337 PMID: 18957474

15. Kawahara G, Guyon JR, Nakamura Y, Kunkel LM. Zebrafish models for human FKRPmuscular dys-
trophies. HumMol Genet. 2010; 19(4):623–633. doi: 10.1093/hmg/ddp528 PMID: 19955119

16. Granato M, van Eeden FJ, Schach U, Trowe T, Brand M, et al. Genes controlling and mediating loco-
motion behavior of the zebrafish embryo and larva. Development. 1996; 123:399–413. PMID:
9007258

17. Kawahara G, Karpf JA, Myers JA, Alexander MS, Guyon JR, Kunkel LM. Drug screening in a zebrafish
model of Duchenne muscular dystrophy. Proc Natl Acad Sci USA. 2011; 108(13):5331–5336. doi: 10.
1073/pnas.1102116108 PMID: 21402949

18. Nusslein-Volhard C. and Dahm R. Zebrafish: A Practical Approach. Oxford University press. 2002.

19. Kimmel CB, BallardWW, Kimmel SR, Ullmann B Schilling TF. Stages of embryonic development of
the zebrafish. Dev Dyn. 1995; 203(3):253–310. doi: 10.1002/aja.1002030302 PMID: 8589427

20. Kaslin J, Kroehne V, Benato F, Argenton F, Brand M. Development and specification of cerebellar
stem and progenitor cells in zebrafish: from embryo to adult. Neural Dev. 2013; 8:9. doi: 10.1186/
1749-8104-8-9 PMID: 23641971
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a b s t r a c t

Gefitinib (GEF), an inhibitor for EGFR tyrosine kinase, potently induces autophagy in non-small cell lung
cancer (NSCLC) cell lines such as PC-9 cells expressing constitutively activated EGFR kinase by EGFR gene
mutation as well as A549 and H226 cells with wild-type EGFR. Unexpectedly, GEF-induced autophagy
was also observed in non-NSCLC cells such as murine embryonic fibroblasts (MEF) and leukemia cell
lines K562 and HL-60 without EGFR expression. Knockout of EGFR gene in A549 cells by CRISPR/Cas9
system still exhibited autophagy induction after treatment with GEF, indicating that the autophagy in-
duction by GEF is not mediated through inhibiting EGFR kinase activity. Combined treatment with GEF
and clarithromycin (CAM), a macrolide antibiotic having the effect of inhibiting autophagy flux, enhances
the cytotoxic effect in NSCLC cell lines, although treatment with CAM alone exhibits no cytotoxicity. GEF
treatment induced up-regulation of endoplasmic reticulum (ER)-stress related genes such as CHOP/
GADD153 and GRP78. Knockdown of CHOP in PC-9 cells and Chop-knockout MEF both exhibited less
sensitivity to GEF than controls. Addition of CAM in culture medium resulted in further pronounced GEF-
induced ER stress loading, while CAM alone exhibited no effect. These data suggest that GEF-induced
autophagy functions as cytoprotective and indicates the potential therapeutic possibility of using CAM
for GEF therapy. Furthermore, it is suggested that the intracellular signaling for autophagy initiation in
response to GEF can be completely dissociated from EGFR, but unknown target molecule(s) of GEF for
autophagy induction might exist.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Lung cancer has become the most common cause of death from
cancer, accounting for approximately 23% of all cancer-related
deaths in the world. In particular, non-small cell lung cancer
(NSCLC) accounts for about nine out of ten cases of all lung cancers
[1]. Small molecules for tyrosine kinase inhibitor (TKI) of epidermal
growth factor receptor (EGFR) such as gefitinib (GEF) and erlotinib
have become an effective therapy of choice for NSCLC patients
having EGFR-mutation [2,3]. Despite the initial response to EGFR-

TKIs, most patients develop resistance, often due to the emer-
gence of a secondary mutation such as T790M, and eventually
relapse. The median survival of relapsed patients is reported to be
five to eight months at present [4]. Thus, a novel therapeutic
strategy for both aiming the cure at initial treatment, when the
NSCLC still has sensitivity to TKIs, and overcoming the resistance to
a secondary mutation appears to be urgent for improving thera-
peutic outcomes of NSCLC.

Autophagy, a highly conserved and regulated cellular process
employed by living cells to degrade proteins and organelles, has
been reported to be induced after treatment with EGFR-TKIs in
NSCLC and breast cancer cell lines [5,6]. Recent papers have sug-
gested that the induction of autophagy is indispensable for the
cytotoxic effect of EGFR-TKI in primary and resistant cells with
mutant EGFR-in NSCLC cells [7,8], while others have reported that
autophagy functions as cytoprotective as a response to metabolic
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stress [5,6,9e11]. Thus, it remains controversial whether autophagy
is associated with sensitivity or resistance to EGFR-TKIs. The most
recent report demonstrated that the accumulating inactivated
EGFR at endosome is critical for autophagy initiation via formation
of a complex with the autophagy inhibitor Rubicon in tumor cells
[12]. Association of inactivated EGFR with Rubicon in turn disas-
sociates Beclin 1 from Rubicon for autophagy initiation, which is
suggested to control tumor cell metabolism and promote tumor cell
survival [12].

We and others have reported that macrolide antibiotics
including clarithromycin (CAM) and azithromycin, both of which
are clinically well used antibiotics, have the effect of blocking
autophagy flux [13e15]. We have also reported that bortezomib, a
proteasome inhibitor used for the treatment of patients with
multiplemyeloma, induces autophagy inmyeloma cell lines in vitro
[16]. Simultaneous inhibition of intracellular proteolytic processes
such as an ubiquitin-proteasome system with bortezomib and an
autophagy-lysosome systemwith CAM resulted in enhancement of
the apoptosis induction in myeloma cells along with accumulation
of intracellular polyubiquitinated proteins and aggresome forma-
tion [15,17]. Under the concomitant inhibition of two major intra-
cellular protein degradation systems, ER-tress loading was
pronounced, probably as a result of suppression of ERAD (ER
associated degradation) of ubiquitinated unfolded proteins. This
leads to ER-stress mediated apoptosis induction in myeloma and
breast cancer cells via up-regulation of CHOP (GADD153), a pro-
apoptotic-transcription factor [16e20]. In this context, ER-stress
loading appears to play a considerable role in apoptosis induction
in some cancer cells [21e23].

It is of interest that TKIs for BCR-ABL including imatinib and
dasatinib have been reported to induce autophagy in chronic
myeloid leukemia (CML) cells along with ER-stress [24,25]. CAM-
enhanced dasatinib-induced cell death in CML cells in vitro by
inhibiting late stage autophagy has also been reported [26]. In
several patients with resistant CML, oral administration of CAM
(500 mg, b.i.d.) was suggested to potentiate TKI-treatment,
although the molecular mechanism remains to be clarified [27].

Based on these lines of evidence, we hypothesized that CAM
could enhance the cytotoxic effect of GEF along with ER-stress
loading in NSCLC. In the present study, we examined the com-
bined effect of GEF plus CAM as well as the biological roles of GEF-
induced autophagy in NSCLC cells by using CAM as an autophagy
inhibitor.

2. Material and methods

2.1. Reagents

Gefitinib (GEF) purchased from Cayman Chemical (Ann Arbor,
MI) was dissolved in dimethyl sulfoxide to make stock solutions at
concentrations of 10 mM. Clarithromycin (CAM) purchased from
Tokyo Chemical Industry (Tokyo, Japan) was dissolved in ethanol to
prepare stock solutions of 5 mg/ml. Lysosomal inhibitors E-64d and
pepstatin A were obtained from Peptide Institute (Osaka, Japan).
Doxycycline hydrochloride was purchased from Wako Pure
Chemicals Industries (Tokyo).

2.2. Cell lines and culture conditions

For this study, NSCLC cell lines such as PC-9 were obtained from
the RIKEN Bio Resource Center (Tsukuba, Japan), and A549 and
H226 were from the American Type Culture Collection (ATCC)
(Manassas, VA). Leukemia cell lines HL-60 and K562, along with a
Chop�/� murine embryonic fibroblast (MEF) cell line (CHOP-KO-
DR) established from a 13.5-day-old Chop�/� mouse embryo by SV-

40 immortalization and a Chopþ/þ MEF cell line (DR-wild-type)
established by SV-40 immortalization as a control cell line for
CHOP-KO-DR, were also obtained from the ATCC. These authorized
cell lines were expanded and frozen in aliquots within one month
after they were obtained from the cell banks. Each aliquot was
thawed and the cells were used for the experiments within two
months after thawing. The NSCLC and leukemia cell lines were
cultured in RPMI-1640 medium (Sigma) supplemented with 10%
fetal bovine serum (FBS) (Biowest, Nuaille, France), 2 mM L-gluta-
mine, penicillin (100 U/ml), and streptomycin (100 mg/ml) (Wako).
CHOP-KO-DR and DR-wild-type cells were maintained in Dulbec-
co's modified Eagle's medium (Sigma) supplemented with 10% FBS,
2 mM L-glutamine, penicillin (100 U/ml), and streptomycin (100 mg/
ml). The m5-7 cell line, an Atg5 Tet-off MEF system, was a kind gift
from Dr. Noboru Mizushima (Tokyo University, Graduate School
and Faculty of Medicine, Tokyo, Japan). The culture conditions for
knockout of the Atg5 gene for inhibiting autophagy were previously
described in detail [28]. All cell lines were cultured in a humidified
incubator containing 5% CO2 and 95% air at 37 �C.

2.3. Assessment of viable number of cells

The number of viable cells was assessed using CellTiter Blue, a
cell viability assay kit (Promega, Madison, WI), according to the
manufacturer's instructions as previously described in detail [15].

2.4. Immunoblotting

Immunoblotting was performed as previously described [15]. In
brief, cells were lysed with RIPA lysis buffer (Nacalai Tesque, Kyoto,
Japan) supplemented with a protease and phosphatase inhibitor
cocktail (Nacalai Tesque). Cellular proteins were separated by SDS-
PAGE and transferred onto Immobilon-P membrane (Millipore,
Billerica, MA). The membranes were probed with primary anti-
bodies (Abs): anti-LC3B Ab (Novus Biologicals, Littleton, CO), anti-
p62 (D-3) monoclonal (m) Ab, anti-GAPDH (6C5) mAb, anti-EGFR
(1005) Ab (Santa Cruz Biotechnology, Santa Cruz, CA), and anti-
cleaved caspase-3 Ab, anti-PARP Ab (Cell Signaling Technologies,
Danvers, MA). Specific Abs against tyrosine phosphorylated pro-
teins, such as anti-phosphotyrosine (4G10) mAb, were purchased
fromMillipore, and anti-phospho-EGFR (Tyr1173) Ab was obtained
from Santa Cruz Biotechnology. Immunoreactive proteins were
detected with horseradish peroxidase-conjugated secondary Abs
(Cell Signaling Technologies) and an enhanced chemiluminescence
reagent (Millipore). Densitometry was performed using a Molecu-
lar Imager, ChemiDoc XRS System (Bio-Rad).

2.5. Gene expression analysis

A real-time polymerase chain reaction (PCR) for gene expression
analysis was performed as we previously described in detail [15].

2.6. Knockout of ERGR gene by CRISPR/Cas9 emediated genome
editing and gene silence of CHOP by siRNA

Target sequences for CRISPR interference [29] were designed at
CRISPR direct (http://crispr.dbcls.jp/), provided by the Database
Center for Life Science (Chiba, Japan). The target sequences for
human EGFR are GGAGCAGCGATGCGACCCTC (Exon 1) or
TGCAAATAAAACCGGACTGA (Exon 3). Two complementary oligo-
nucleotides with BpiI restriction sites for guide RNAs (gRNAs) were
synthesized at Eurofins Genomics (Tokyo, Japan), and cloned into
pX459 CRISPR/Cas9-Puro vector (Addgene, Cambridge, MA)
deposited by the Feng Zhang Lab.
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Fig. 1. Cell-growth inhibition and changes of intracellular protein tyrosine phosphorylation pattern after treatment with GEF. (A) All cell lines were treated with GEF at various
concentrations for 48 h. The viable cell number was assessed by CellTiter Blue as described in Materials and methods. (B) Cells were treated with/without 5 mM of GEF for 12 h. Cells
were lysed, and cellular proteins were separated by 7.5% SDS-PAGE and immunoblotted with anti-phosphotyrosine mAb, anti-EGFR Ab, and anti-phospho-EGFR (Tyr1173) Ab.
Immunoblotting with anti-GAPDH mAb was performed as an internal control.

Fig. 2. Autophagy induction after treatment with GEF. (A) Cells were treated with GEF at 5 and 25 mM for 24 he72 h. Cellular proteins were separated by 15% SDS-PAGE for LC3B and
11.25% SDS-PAGE for p62. Immunoblottings were performed using anti-LC3B Ab and anti-p62 mAb. Immunoblottings with anti-GAPDH mAb were performed as an internal control.
Because of the high cytotoxicity of GEF in some cell lines, it was difficult to load the same amount of protein after 72 h exposure to GEF. Anti-p62 (D-3) mAb used in these ex-
periments reacts with human p62 but not with murine origin. (B) A549 cells were cultured with/without GEF (25 mM) in the presence or absence of lysosomal inhibitors (LIs), E-64d
(10 mg/ml) and pepstatin A (10 mg/ml) for 24 h. Cellular proteins were separated by 15% SDS-PAGE and immunoblotted with anti-LC3B Ab. (C) Two clones of A549 with EGFR gene
knocked out by the CRISPR/Cas9 method were treated with GEF at 5 and 25 mM for 72 h. Immunoblottings were performed using anti-EGFR Ab and LC3B Ab.
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A549 cells were transfected with pX459-gRNA using Lipofect-
amine 2000 (Life Technologies, Carlsbad, CA) according to the
manufacturer's instructions. Beginning the day after transfection,
these cells were treated with 2 mg/ml of puromycin for two days.
Surviving cells were reseeded at 0.5 cells per well of a 96-well plate.
Expressions of EGFR in the expanded colonies were detected by
immunoblotting using anti-EGFR (1005) Ab to select the EGFR-
depleted colonies. The genome sequences of the edited locus in
selected colonies were confirmed by sequence analyses performed
at Eurofins Genomics.

Gene silence of CHOP in PC-9 cells by siRNA was performed as
previously described in detail [20].

2.7. Statistical analysis

All data are expressed as mean ± SD. The statistical analysis was
performed using ManneWhitney's U test (two-tailed).

3. Results and discussion

3.1. Cell growth inhibition in NSCLC and other cell lines after
treatment with GEF

As seen in Fig. 1A, GEF inhibited cell growth in NSCLC cell lines
tested in a dose-dependent manner: PC-9 cells with EGFRmutation
exhibited themost potent cell-growth inhibition in response to GEF
as compared with A549 and H226 cells, which are the cell lines
expressed with wild-type EGFR [30]. IC50 (50% inhibitory concen-
tration) after 48 h-exposure to GEF was 10.4 mM in PC-9 but was

33.4 mM in A459 and 26.0 mM inH226 cells. This was well correlated
with the clinical response, demonstrating that sensitizing EGFR
mutations are the most predictive factor for clinical benefit with
EGFR TKIs [2,3]. The higher sensitivity of PC-9 cells to GEF can be
explained by the fact that they at least in part depend on the cell
growth and/or survival signals produced by ligand-independent
activation of mutant EGFR kinase. This is supported by our data
in Fig. 1B showing that, in contrast to A549 and H226 cells,
constitutive activated EGFR was observed in PC-9 cells, and that the
tyrosine phosphorylation of EGFR disappeared in response to GEF.

However, GEF exhibits considerable cell-growth inhibition in
MEF and non-EGFR expressing cell lines such as K562 (a CML cell
line with activated BCR-ABL kinase) and HL-60 cells (an AML cell
line) (Fig. 1A). (IC50s for these cell lines were 13.1 mM in MEF,
16.4 mM in K562, and 16.2 mM in HL-60.)

3.2. GEF induces autophagy in an EGFR-independent manner

Treating the cells with GEF resulted in an increased expression
ratio of LC3B-II to LC3B-I, which is a hallmark of autophagosome
formation by the conversion of cytosolic LC3B-I into lipidated LC3B-
II associated with autophagosome membrane in NSCLC cell lines
(Fig. 2A) [31]. P62, a substrate of autophagy, decreased in response
to GEF treatment. In addition, in the presence of lysosomal in-
hibitors (LIs) for blocking autophagy flux, accumulation of GEF-
induced LC3B-II isoform was further enhanced as compared to
treatment with either GEF or LIs (Fig. 2A, B). All of these data
indicate that GEF induces autophagy in NSCLC cell lines as previ-
ously reported by others [5,8,9]. Strikingly, autophagy induction in

Fig. 3. CAM enhances the cytotoxic effect of GEF. (A) Autophagy flux analysis in A549 cells: Cells were treated with CAM at 50 mg/ml in the presence or absence of LIs for 48 h as
described in Fig. 2B. Cellular proteins were separated by 15% SDS-PAGE and immunoblotted with anti-LC3B Ab. Immunoblotting with anti-GAPDH mAb was performed as an
internal control for protein loading. (B) Cells were cultured with GEF at various concentrations for 48 h in the presence or absence of CAM (50 mg/ml). The viable cell number was
assessed as described in Materials and methods. (*p < 0.05：CAM (�) vs. CAM (þ)) (C) For complete inhibition of GEF-induced autophagy, a Atg5 Tet-off MEF cell line, m5-7, was
used [28]. After pre-treatment with/without doxycycline (Dox: 10 ng/ml) for 4 days, m5-7 cells were further cultured in the presence or absence of GEF (25 mM) for 48 h. Assessment
of the viable cell number and immunoblotting with anti-LC3B Ab were performed as described above. (*p < 0.05： Dox (�) vs. Dox (þ)).
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response to GEF was still observed in non-lung cancer cell lines
such as MEF, K562, and HL-60 cells. Since K562 and HL-60 are
leukemia cell lines derived from a mesoderm, they do not express
EGFR (Fig. 1B). Therefore, autophagy initiation by GEF appeared not
to be mediated through the inhibition of EGFR kinase activity. To
confirm this, we knocked out EGFR with a CRISPR/Cas9 system in
A549 cells and examined whether autophagy still could be induced
by GEF treatment. As seen in Fig. 2C, A549-EGFR-KO clones (#1 and
#2) exhibited autophagy induction in response to GEF as well as
parental and control clones. Thus, the underlying molecular
mechanism for autophagy initiation is dissociated from EGFR ki-
nase inactivation and even from EGFR expression.

3.3. CAM enhances GEF-induced cytotoxicity in NSCLC

In contrast to GEF treatment, autophagy flux analysis revealed
that CAM treatment did not increase the LC3B-II isoform any
further as compared to either treatment with LIs or CAM plus LIs in
A549 cells (Fig. 3A), indicating that CAM inhibits autophagy flux in
A549 cells as previously reported in myeloma and breast cancer
cells [15,20]. Next, we added CAM into the culture medium for
blocking GEF-induced autophagy. As seen in Fig. 3B, combined
treatment with GEF and CAM at 50 mg/ml efficiently created pro-
nounced cytotoxicity in NSCLC cell lines, whereas treatment with
CAM alone yielded no cytotoxicity. Notably, CAM also enhanced the
cytotoxic effect of GEF in K562, HL-60, and MEF cells. To further
confirm that the enhanced cytotoxicity is due to blocking of auto-
phagy, we used a Atg5 Tet-off MEF cell line m5-7 [28]. Pre-
treatment with doxycycline (Dox) resulted in complete inhibition

of GEF-induced autophagy by knockout of the Atg5 gene, which is
essential for autophagy induction. Under this condition, GEF-
induced cytotoxicity was significantly pronounced as compared
with that in Atg5þ/þ MEF cells (Fig. 3C).

3.4. ER-stress loading in NSCLC after combined treatment with GEF
and CAM

We next examined whether ER-stress loading is involved in the
enhanced cytotoxicity. Expression of ER-stress related genes such
as CHOP and GRP78was up-regulated in response to GEF treatment
within 24 h. Combined treatment with GEF and CAM resulted in
pronounced gene expression, whereas treatment with CAM alone
produced almost no effect as comparedwith untreated control cells
(Fig. 4A). CHOP is an ER-stress related transcription factor that up-
regulates pro-apoptotic molecules such as Bim and Bax [15,21,22],
so we compared the cytotoxicity between Chop�/�MEF and Chopþ/

þMEF cell lines. Chop�/�MEF cells were less sensitive to GEF than
the Chopþ/þ MEF cell line (Fig. 4B). In addition, knockdown of CHOP
in PC-9 cells by siRNA (PC-9 CHOP-KD cells) resulted in attenuation
of GEF-induced cytotoxicity (Fig. 4C), indicating that ER-stress-
mediated CHOP induction is involved in the cytotoxic effect of
GEF. However, enhanced cytotoxicity by combining CAM plus GEF
was still detectable in both the Chop�/� MEF cell line and in PC-9
CHOP-KD cells (Fig. 4B, C). These data suggest that GEF plus CAM
did increase ER-stress loading including CHOP, but other mole-
cule(s) appeared to be involved in the pronounced cytotoxicity by
GEF plus CAM.

Fig. 4. ER-stress loading after treatment with GEF and/or CAM in NSCLC cell lines. (A) Kinetics of CHOP and GRP78 expressions assessed by quantitative real-time PCR during 24 h
and 48 h of exposure to GEF (25 mM), CAM (50 mg/ml), and GEF (25 mM) plus CAM (50 mg/ml) in NCSLC cell lines. The data of the real-time PCR products for each gene
were standardized to GAPDH as an internal control. The expression levels of GRP78 and CHOP were compared with those in untreated control cells. (B) A Chop�/�MEF cell line and
Chopþ/þMEF cell line were cultured in the presence of GEF at various concentrations with/without CAM (50 mg/ml) for 48 h. The number of viable cells was assessed by Cell TiterBlue
as described in Materials and methods. (*p < 0.05：Chop�/�MEF vs. Chopþ/þMEF, #p < 0.05: GEF alone vs. GEF þ CAM) (C) PC-9 cells were treated with CHOP siRNA and control
siRNA for 48 h. The cells were treated with/without GEF (25 mM; G) and CAM (50 mg/ml; C) for 24 h. Cellular proteins were separated by 11.25% SDS-PAGE and immunoblotted with
anti-CHOP mAb. Immunoblotting with anti-GAPDHmAbwas performed as an internal control for protein loading. Alternatively, after siRNA treatment, the cells were further treated
with/without GEF at various concentrations in the presence or absence of CAM (50 mg/ml) for 48 h. The number of viable cells was assessed by Cell TiterBlue. (*p < 0.05：control
siRNA vs. CHOP siRNA, #p < 0.05: GEF alone vs. GEF þ CAM).
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We here demonstrate that GEF induces autophagy in all cell
lines regardless of EGFR expression (Fig. 2). Since all of these cell
lines inhibited cell growth in response to GEF to a greater or lesser
degree, autophagymight be induced as ametabolic stress response.
However, comparing these cell lines, autophagy induction was not
well-correlated to cell-growth inhibition but occurred to almost the
same extent at 25 mM of GEF (Fig. 2A). According to our previous
report, imatinib induces autophagy in various cell lines regardless
of BCR-ABL expression, and, surprisingly, imatinib exhibited the
cytoprotective effect in non-BCR-ABL expressing cells [32]. In the
presence of imatinib, the variable cell number was significantly
increased in HL-60 and MEF cells under serum deprivation [32].
These data suggest the existence of target molecule(s) of TKIs for
cytoprotective autophagy initiation that might be completely
dissociated from the primary target.

We here also present that CAM enhances the cytotoxicity of GEF
along with blocking GEF-induced cytoprotective autophagy. Since
CAM is a clinically well used macrolide antibiotic, this drug appears
to be a strong candidate for TKI-therapy for improving therapeutic
outcomes in NSCLC patients. Although CAM enhances the cyto-
toxicity of GEF alongwith ER-stress loading (Figs. 3 and 4), we could
not clearly detect pronounced apoptosis induction as assessed by
Annexin V staining nor could we detect cleavages of caspase-3 and
PARP or morphological apoptotic features such as chromatin
condensation, nuclear fragmentation, and formation of an
apoptotic body (Supplementary data, Figs. S1 to S3.). In addition,
Chop�/�MEF and PC-9 CHOP-KD cells, both of which should be
resistant against ER-stress mediated apoptosis, still exhibited pro-
nounced cytotoxicity after combined treatment (Fig. 4B, C).
Therefore, non-apoptotic cell death including necroptosis might be
involved in this phenomenon [33,34]. Further studies for identi-
fying the target molecule(s) for autophagy induction as well as
identifying the true executor(s) for pronounced cell death are
worthy of being carried out as the next step.
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Abstract. the inhibitory effects of macrolide antibiotics 
including clarithromycin (caM) on autophagy flux have 
been reported. although a macrolide antibiotic exhibits 
no cytotoxicity, its combination with bortezomib (BZ), a 
proteasome inhibitor, for the simultaneous blocking of the 
ubiquitin (ub)-proteasome and autophagy-lysosome pathways 
leads to enhanced multiple myeloma (MM) cell apoptosis induc-
tion via stress overloading of the endoplasmic reticulum (er). 
as misfolded protein cargo is recruited by histone deacety-
lase 6 (HDac6) to dynein motors for aggresome transport, 
serving to sequester misfolded proteins, we further investi-
gated the cellular effects of targeting proteolytic pathways and 
aggresome formation concomitantly in MM cells. Pronounced 
apoptosis was induced by the combination of vorinostat [sube-
roylanilide hydroxamic acid (SaHa); potently inhibits 
HDac6] with caM and BZ compared with each reagent or a 
2-reagent combination. caM/BZ treatment induced vimentin 
positive-aggresome formation along with the accumulation of 
autolysosomes in the perinuclear region, whereas they were 
inhibited in the presence of SaHa. the SaHa/caM/BZ 
combination treatment maximally upregulated genes related 
to er stress including c/eBP homologous protein (cHoP). 
Similarly to MM cell lines, enhanced cytotoxicity with cHoP 
upregulation following SaHa/caM/BZ treatment was shown 
by a wild‑type murine embryonic fibroblast (MEF) cell line; 
however, a CHOP‑deficient MEF cell line almost completely 
canceled this pronounced cytotoxicity. Knockdown of HDac6 
with sirna exhibited further enhanced caM/BZ-induced 

cytotoxicity and cHoP induction along with the cancellation 
of aggresome formation. targeting the integrated networks of 
aggresome, proteasome, and autophagy is suggested to induce 
efficient ER stress‑mediated apoptosis in MM cells.

Introduction

Multiple myeloma (MM) is a refractory hematopoietic malig-
nancy showing clonal plasma cell accumulation. a major 
breakthrough in MM treatment has been the introduction of 
the first‑in‑class proteasome inhibitor bortezomib (BZ) (1,2). 
Moreover, the treatment of relapsed and refractory MM is now 
possible with carfilzomib, a second‑generation proteasome 
inhibitor, and immunomodulatory agents. this has offered 
new alternatives for vulnerable patients (3,4). However, patients 
with relapsed and refractory MM are still urgent issues and 
require treatment combinations (5,6). increasing lines of 
evidence indicate that proteasome inhibition induces misfolded 
protein accumulation in the endoplasmic reticulum (er) (7,8). 
this evokes er stress followed by the unfolded protein 
response (uPr) (9,10). uPr mainly functions: i) to decrease 
protein entry into the er by suppressing translational rate; 
and ii) to increase the folding capacity of the er via chaperon 
protein translational activations. following incorrect folding 
in the er, proteins are retro-translocated for degradation in 
the cytoplasm via the ubiquitin (ub)-proteasome pathway 
[i.e., er-associated degradation (eraD)]. a failure in all the 
adaptation strategies triggers apoptosis and induces c/eBP 
homologous protein (cHoP) (gaDD153), a pro-apoptotic 
transcription factor and other pathways (7-10). Since MM is 
characterized by the uncontrolled cell growth of monoclonal 
antibody (mab)-producing plasma cells, production of large 
quantities of unfolded or misfolded immunoglobulin triggers 
er stress. thus, therapeutic manipulation of the uPr pathway 
appears to disrupt cellular mechanisms for processing high 
protein loads and cellular stress, and further leads to death of 
MM cells.

Macroautophagy (hereafter, ‘autophagy’) occurs when 
cellular proteins and organelles (e.g., er) are enveloped in 
an autophagosome and degraded in lysosomes by lysosomal 
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hydrolases (11,12). although autophagy is considered a 
bulk non-selective degradation of long-lived proteins and 
organelles, recent reports revealed the selective degrada-
tion pathway of ubiquitinated protein via autophagy using 
docking proteins (e.g., p62) and related proteins (e.g., 
nBr1), having both a microtubule-associated protein 1 
light chain 3 (lc3)-interacting region and a ub-associated 
domain (13,14). Thus, overflowed ubiquitinated proteins are 
bound to p62 and subsequently engulfed into an autophago-
some via the lc3-interacting region in p62. this indicates that 
autophagy also acts as a compensatory degradation system 
when the proteasome system is impaired (14). we previously 
reported that the inhibition of autophagy using the autophagy 
inhibitor bafilomycin A1 (Baf) enhanced BZ-induced apop-
tosis by burdening er stress in MM cell lines (15). we also 
reported that macrolide antibiotics [e.g., clarithromycin (caM) 
and azithromycin (aZM)] attenuated or blocked autophagy 
flux, possibly mediated through the inhibition of the lysosomal 
function, and that er stress loading was enhanced by both the 
BZ-induced inhibition of the ub-proteasome system and the 
caM- or aZM-induced inhibition of the autophagy-lysosome 
system. this is followed by cHoP transcriptional activation 
and the induction of apoptosis in MM and breast cancer 
cells (16,17). therefore, concomitant blocking of proteasome 
and autophagy appears to be a promising combination therapy.

Moreover, misfolded/unfolded proteins are sequestrated 
into aggregates and transported. they are then discarded 
from the cytoplasm by dynein motors through the micro-
tubule network to the aggresome (18). The class Ⅱ histone 
deacetylase 6 (HDac6), which is a microtubule-associated 
deacetylase and an aggresome component, has the capacity 
to bind both polyubiquitinated misfolded proteins and 
dynein motors (19). By acting as an adaptor between ubiq-
uitinated protein aggregates and dynein, HDac6 enables 
aggregated protein loading onto the dynein motor protein 
complex (20). thus, in the formation of aggresome at the 
microtubule-organizing center (Mtoc), HDac6, dynein, 
and polyubiquitinated proteins functionally interact with each 
other (19,20). if HDac6 is lacking, cells will not be able to 
clear cytoplasmic unfolded protein aggregates; cells cannot 
appropriately form aggresomes; and cells become hypersensi-
tive to unfolded protein accumulation (19). therefore, HDac6 
appears to be another critical factor in the management of 
unfolded protein-induced stress at the cellular level. Moreover, 
some parts of the aggresome are reported to be degraded via 
the autophagy-lysosome system (21,22). a recent study also 
revealed that p62 regulates the accumulation and autophagic 
clearance of protein aggregates by directly binding to HDac6, 
and this interaction appears to regulate HDac6 activity (23).

all these lines of evidence suggest the integrated intracel-
lular networks of proteasome, autophagy, and aggresome for 
unfolded protein processing. er stress loading may be further 
enhanced by targeting both intracellular proteolytic pathways 
and aggresome formation (24). to prove this hypothesis aimed 
for clinical application, we intentionally attempted to use 
well-approved drugs such as caM, BZ, and vorinostat [sube-
roylanilide hydroxamic acid (SaHa)], an orally bioavailable 
inhibitor of HDac with a half maximal inhibitory concentra-
tion (ic50) of 37 nM and which has passed the assessment 
of the food and Drug administration for cutaneous t-cell 

lymphoma treatment (25,26). in the present investigation, we 
clearly demonstrated that the SaHa/caM/BZ combination 
treatment induced marked er stress-mediated MM cell death. 
this provides a promising treatment for MM patients in the 
form of ‘er stress-loading therapy’.

Materials and methods

Reagents. BZ was purchased from Selleck chemicals (Houston, 
tX, uSa). caM was purchased from tokyo chemical 
industry co., ltd. (tokyo, japan), SaHa was from cayman 
chemical co. (ann arbor, Mi, uSa), and tubacin was from 
Sigma-aldrich (St. louis, Mo, uSa). BZ, SaHa and tubacin 
were dissolved in dimethyl sulfoxide to make stock solutions 
at concentrations of 1, 10 and 1 mM, respectively. caM was 
dissolved in ethanol to prepare stock solutions of 5 mg/ml.

Cell lines and culture conditions. for this study, the MM 
cell lines iM-9 and rPMi-8226, and the lung carcinoma 
cell line H226 were obtained from the american type 
culture collection (atcc) (Manassas, Va, uSa). the 
human MM cell line KMS-12-Pe was obtained from the 
japanese collection of research Bioresources (jcrB) (osaka, 
japan). a cHoP-/- murine embryonic fibroblast (MEF) cell 
line (cHoP-Ko-Dr) established from a 13.5-day-old cHoP-/- 
mouse embryo by SV-40 immortalization and a cHoP+/+ Mef 
cell line (Dr-wild-type) established by SV-40 immortalization 
as a control cell line for cHoP-Ko-Dr were also obtained 
from the atcc. these authorized cell lines were expanded 
and frozen in aliquots within 1 month after obtaining from 
the cell banks. each aliquot was thawed and the cells were 
used for the experiments within 2 months after thawing. iM-9, 
H226, rPMi-8226, and KMS-12-Pe cells were cultured in 
rPMi-1640 medium (Sigma-aldrich) supplemented with 10% 
fetal bovine serum (fBS) (Biowest SaS, nuaillé, france), 
2 mM l-glutamine, penicillin (100 u/ml), and streptomycin 
(100 µg/ml) (wako Pure chemicals industries, tokyo, japan). 
cHoP-Ko-Dr and Dr-wild-type cells were maintained 
in Dulbecco's modified eagle's medium (Sigma-aldrich) 
supplemented with 10% fBS, 2 mM l-glutamine, penicillin 
(100 u/ml), and streptomycin (100 µg/ml). all cell lines were 
cultured in a humidified incubator containing 5% CO2 and 
95% air at 37̊C.

Assessment of viable number of cells. the number of viable 
cells was assessed using celltiter-Blue cell Viability assay 
kit (Promega corp., Madison, wi, uSa) according to the manu-
facturer's instructions as previously described in detail (16).

Immunoblotting. immunoblotting was performed as previ-
ously described (15,16). in brief, cells were lysed with riPa 
lysis buffer supplemented with a protease and phosphatase 
inhibitor cocktail (both from nacalai tesque, Kyoto, japan). 
Cellular proteins were quantified using a DC Protein Assay 
kit (Bio-rad, Hercules, ca, uSa). equal amounts of proteins 
were loaded onto the gels, separated by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-Page), and trans-
ferred onto immobilon-P membrane (Millipore, Billerica, 
Ma, uSa). the membranes were probed with primary 
antibodies (abs) such as anti-acetylated-α-tubulin (6-11B-1) 
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mab, anti-α-tubulin (B-7) mab, anti-gaPDH (6c5) mab, 
anti-HDac6 (H-300) ab, and anti-ub (P4D1) mab, which were 
all purchased from Santa cruz Biotechnology, inc. (Santa cruz, 
ca, uSa) and anti-ParP ab (cell Signaling technology, inc., 
Danvers, Ma, uSa). immunoreactive proteins were detected 
with horseradish peroxidase-conjugated secondary abs (cell 
Signaling technology, inc.) and an enhanced chemilumines-
cence reagent (Millipore). Densitometry was performed using 
a Molecular imager chemiDoc XrS System (Bio-rad).

RNA interference. for the gene silencing of HDac6 in 
rPMi-8226 and H226 cells, HDac6 sirna and control 
sirna were purchased from life technologies (grand island, 
ny, uSa) and whose sequences are described as follows: 
HDac6 sense, ccagcacagucuuauggauggcuau 
and antisense, auagccauccauaagacugugcugg. 
sirnas were diluted to a final concentration of 33 nM in 
opti-MeM Ⅰ (Life Technologies). Transfection was performed 
with the cells at 40% confluency using lipofectamine 
rnaiMaX transfection reagent (life technologies) according 
to the manufacturer's instructions. Knockdown efficiency was 
assessed by immunoblotting.

Gene expression analysis. total rna was isolated from 
cell pellets using isogen (wako Pure chemicals industries) 
and genomic Dna was removed using rQ1 rnase-free 
Dnase (Promega corp.) at 37̊C for 30 min, followed by 
extraction with phenol chloroform and ethanol precipita-
tion. reverse-transcription using a PrimeScript rt Master 
Mix (takara Bio, inc., Shiga, japan) was performed according 
to the manufacturer's instructions. real-time polymerase 
chain reaction (Pcr) was performed on 3 ng of cDna using 
validated SyBr-green gene expression assays for human er 
stress-related genes (CHOP, BAX, BIM, DR5, GADD34 and 
GRP78) in combination with SyBr Premix ex Taq Ⅱ (Takara 
Bio, inc.). the sequences of primers and reaction condi-
tions were previously described (16). Quantitative real-time 

Pcr was performed in duplicates in a thermal cycler Dice 
real-time System tP800 (takara Bio, inc.). the data were 
analyzed using thermal cycler Dice real-time System 
Software version 5.00 (takara Bio, inc.), and the comparative 
ct method (2-ΔΔct) was used for the relative quantification of 
gene expression. the data of real-time Pcr products were 
standardized to GAPDH as an internal control. To confirm the 
specific amplification of target genes, each gene product was 
further separated by using 1.5% agarose gel after real-time 
Pcr to detect a single band at the theoretical product size, 
as well as by analysis of the dissociation curve for detecting a 
single peak.

Immunocytochemistry and confocal microscopy. cells were 
spread on slide glasses using cytospin 4 centrifuge (thermo 
Fisher Scientific, Inc., Rockford, IL, USA) to make slide glass 
preparations. Cells were fixed for 20 min in ice‑cold methanol 
and permeabilized with 0.1% triton X-100 for 20 min, followed 
by blocking with 2% bovine serum albumin in tBSt (25 mM 
tris, 137 mM nacl, 2.7 mM Kcl, 0.05% tween-20, pH 7.4) 
for 1 h. cells were immunostained with primary abs such 
as mouse anti-vimentin (V9) mab, mouse anti-ub mab, and 
lysosomal-associated membrane protein-1 (laMP-1) (H4a3) 
mabs (all from Santa cruz Biotechnology, inc.). the 
secondary abs used for f luorescence detection were 
alexa fluor® 488 f(ab')2 fragment of goat anti-mouse 
igg (H+l) ab (life technologies). nuclei were stained with 
4',6-diamidino-2-phenylindole (DaPi) (wako Pure chemicals 
industries). Slides were mounted with Slowfade gold antifade 
reagent (life technologies). analysis by confocal microscopy 
was performed using the confocal laser scanning fluorescence 
microscope fV10i-Doc (olympus corp., tokyo, japan).

Assessment of aggresome by fractionation of detergent‑soluble 
and ‑insoluble proteins. cells were lysed with triton X-100 
lysis buffer (10 mM tris-Hcl, 150 mM nacl, 2% triton X-100, 
pH 7.8) supplemented with a protease inhibitor cocktail (nacalai 

figure 1. cell growth inhibition and α-tubulin acetylation after treatment with suberoylanilide hydroxamic acid (SaHa) in myeloma cell lines. (a) the 
myeloma cells KMS-12-Pe, rPMi-8226, and iM-9 were cultured in the presence of SaHa at various concentrations for 48 h. cell growth inhibition was 
assessed as described in Materials and methods. (B) after treatment with SaHa (at 0.5 µM in KMS-12-Pe, rPMi-8226, and at 1.0 µM in iM-9) for 16-48 h, 
cellular proteins were lysed, separated by 11.25% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS‑PAGE), and immunoblotted using a specific 
monoclonal antibody (mab) against the acetylated α-tubulin. immunoblotting with anti-α-tubulin mab was performed as an internal control.
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tesque). the lysates were centrifuged at 12,000 g for 30 min at 
4̊C. The supernatant was then collected as the soluble frac-
tion. the pellets (which contain the insoluble protein) were 
then resuspended in sodium dodecyl sulfate (SDS) lysis buffer 
(10 mM tris-Hcl, 150 mM nacl, 2% SDS, pH 7.8) and soni-
cated for 30 sec with a tip sonicator VP-5S (taitec, Saitama, 
japan) to prepare the insoluble fraction. equal volumes of each 
pellet and supernatants were boiled for 5 min in SDS-Page 
sample buffer (125 mM tris-Hcl, 4% SDS, 20% glycerol, 
0.002% BPB, pH 6.8) and analyzed by SDS-Page.

Electron microscopy. Cells were fixed with 2.5% glutaralde-
hyde in 0.1 M phosphate buffer (pH 7.4) for 1 h. the samples 
were further fixed in 1% osmium tetroxide for 1 h, dehydrated 
in graded ethanol (30-100%), and embedded in Quetol 812 
epoxy resin (nisshin eM co., ltd., tokyo, japan). ultrathin 

sections were cut with an ultracut j microto me (reichert-jung, 
Vienna, austria). the sections were stained with lead nitrate 
and uranium acetate, and subjected to electron micro-
scopic analysis using the scanning electron microscope 
jeM-1200 EXⅡ (JEOL, Tokyo, Japan).

Statistical analysis. all data are expressed as mean ± SD. 
Statistical analysis was performed using Mann-whitney 
u test (two-tailed).

Results

SAHA, BZ, and CAM combination treatment potently en hanced 
MM cell apoptosis. treatment with SaHa for 48 h resulted in 
a dose-dependent inhibition of cellular growth in all MM cell 
lines (fig. 1a). the ic50 was 1.2 µM in KMS-12-Pe, 1.5 µM in 

figure 2. cell growth inhibition after treatment with suberoylanilide hydroxamic acid (SaHa), bortezomib (BZ), and clarithromycin (caM) in myeloma cell 
lines. (a) upper panels: myeloma cell lines rPMi-8226, iM-9, and KMS-12-Pe were cultured in the presence of various concentrations of SaHa with/without 
either BZ (5 nM) or caM (50 µg/ml) for 48 h. lower panels: myeloma cell lines were cultured in the presence of various concentrations of BZ with/without 
either SaHa (at 0.5 µM in KMS-12-Pe, rPMi-8226, and at 1.0 µM in iM-9) or caM (50 µg/ml) for 48 h. Viable cell numbers were assessed as described 
in Materials and methods. *P<0.05 SaHa/BZ/caM vs. SaHa/BZ and SaHa/caM and BZ/caM. (B) iM-9 cells were treated with either BZ (5 nM) or 
caM (50 µg/ml) in the presence or absence or SaHa (1 µM) for 48 h. cellular proteins were separated by 11.25% sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-Page), and immunoblotted with anti-ParP monoclonal antibody (mab). immunoblotting with gaPDH mab was performed as an 
internal control for protein loading.
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rPMi-8226, and 2.1 µM in iM-9 cells. SaHa-treated MM cells 
exhibited apoptotic morphologic features such as fragmentation 
of the nucleus and formation of an apoptotic body along with 
cleavage of ParP and caspase-3 (data not shown). the regulation 
of the stability and function of a microtubule has been associated 
with α-tubulin reversible acetylation, and HDac6 functions as 
α‑tubulin deacetylase (27). Immunoblotting using a specific Ab 
for the acetylated α-tubulin revealed that, in response to SaHa 
(at 0.5 µM for KMS-12-Pe and rPMi-8226, at 1 µM for iM-9), 
the acetylation of α-tubulin was detectable within 16 h and 
persisted for at least 48 h in all three cell lines tested (fig. 1B). 
in our previous studies, autophagy flux was shown to be 
blocked by caM, and that the BZ and caM combination treat-
ment resulted in er-stress overloading followed by enhanced 
induction of apoptosis in MM and breast cancer cells (16,17). 
Since HDac6 has been implicated in aggresome formation 
that results in sequestering overabundant intracellular unfolded 
proteins (18), we examined whether the SaHa plus BZ and/or 
caM combination treatment further increased cytotoxicity via 
er stress loading. as shown in fig. 2a, the combined treat-
ment with SaHa/BZ, but not with SaHa/caM, potentiated 
cell growth inhibition. notably, although caM treatment alone 
at 50 µg/ml did not inhibit the growth of cells, the combined 
SaHa/BZ/caM treatment showed a clearly pronounced cyto-
toxicity compared with the SaHa/BZ or BZ/caM treatment 
in all MM cell lines. this enhanced cytotoxicity was mediated 
through apoptosis induction since the pronounced expression of 
the cleaved ParP was observed in response to the suboptimal 
concentrations of the SaHa/BZ/caM combination in iM-9 
cells (fig. 2B).

to confirm that this enhanced cytotoxicity is mediated 
through HDac6 inhibition, we next attempted to knock down 
HDac6 with sirna. Pre-treatment with HDac6 sirna effec-
tively suppressed the expression level of HDac6 in rPMi-8226 
cells. under this condition, the cell growth inhibition by the 
BZ/caM treatment was pronounced compared with the cells 
pre‑treated with control siRNA. In addition, tubacin, a specific 
HDac6 inhibitor, reproduced the pronounced cytotoxicity when 
combined with BZ and BZ/caM (fig. 3a and B) (28). these 

results suggest that HDac6 inhibition appears to be involved 
in the enhancement of cytotoxicity induced by the addition of 
SaHa to BZ/caM-containing cell culture medium.

SAHA suppressed the aggresome formation induced by simul‑
taneous inhibition of proteasome and autophagy in MM cells. 
To further confirm that the pronounced cytotoxicity by SAHA 
shown in fig. 2a was due to the inhibition of HDac6 activity 
involved in aggresome formation, we assessed aggresome 
formation in the presence or absence of SaHa. in rPMi-8226 
cells, immunocytochemistry using anti-vimentin mab showed 
that the combined treatment with BZ/caM induced a dense 
deposit of vimentin in the perinuclear region, which is a 
well-known marker for aggresome (29). this vimentin deposit 
was clearly suppressed in the presence of SaHa (fig. 4a). 
However, since the MM cell lines including rPMi-8226 
were very sensitive to the SaHa/BZ/caM treatment, in 
which apoptosis was induced within 18 h of exposure to these 
reagents (data not shown), precise analysis of aggresome 
formation was practically difficult using MM cells. we 
therefore used the lung squamous carcinoma cell line H226 
which is less sensitive, but shows pronounced cytotoxicity in 
response to the SaHa/BZ/caM combination similarly to 
MM cell lines (fig. 4B). as shown in fig. 4c, the prominent 
vimentin deposit in the perinuclear region was observed 
after combined treatment with BZ/caM for 24 h. the 
vimentin deposit with high fluorescent intensity was evidently 
suppressed in the presence of SaHa, indicating that SaHa 
inhibits BZ/caM-induced aggresome formation (fig. 4c). 
Similarly to SaHa, treatment with HDac6 sirna suppressed 
the vimentin condensation in the perinuclear region in H226 
cells (fig. 4D-f).

in addition, immunocytochemistry using anti-ub ab 
exhibi ted the clustering of ub-positive dots in the perinuclear 
region by BZ/caM, whereas they were dispersed in the pres-
ence of SaHa in H226 cells (data not shown). as an alternative 
assessment of aggresome, we treated KMS-12-Pe with BZ, 
caM, or BZ/caM in the presence or absence of SaHa. 
the cells were then treated with lysis buffer containing 2% 

figure 3. effects of histone deacetylase 6 (HDac6) inhibition on myeloma cell growth. (a) Suppression of HDac6 expression using HDac6 sirna: 
rPMi-8226 cells were pre-treated with either HDac6 sirna or control sirna for 48 h. Subsequently, the cells were cultured in the presence or absence 
of bortezomib (BZ) (10 nM) with/without clarithromycin (caM) (50 µg/ml) for 48 h. *P<0.05 cont sirna vs. HDac6 sirna. (B) enzymatic inhibition 
of HDAC6 with a specific HDAC6 inhibitor, tubacin: RPMI‑8226 cells were treated with tubacin at indicated concentrations in the presence or absence of 
either BZ (5 nM) or caM (50 µg/ml) for 48 h. Viable cell numbers were assessed as described in Materials and methods. *P<0.05 tB/BZ/caM vs. tB/BZ 
and tB/caM.
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figure 4. assessment of aggresome formation by immunocytoche mistry 
using anti-vimentin monoclonal antibody (mab). (a) rPMi-8226 cells 
were treated with either bortezomib (BZ) (5 nM) or clarithromycin (caM) 
(50 µg/ml) in the presence/absence of suberoylanilide hydroxamic 
acid (SaHa) (0.5 µM) for 16 h. immunocytochemistry using anti-vimentin 
mab was performed. 4',6-diamidino-2-phenylindole (DaPi) staining 
shows the position of nucleus (blue). (B) H226 cells were cultured in the 
pre sence of various concentrations of SaHa with/without either BZ (5 nM) 
or caM (50 µg/ml) for 48 h. Viable cell numbers were assessed as described 
in Materials and methods. *P<0.05 SaHa/BZ/caM vs. SaHa/BZ 
and SaHa/caM. (c) H226 cells were treated with either BZ (5 nM) or 
caM (50 µg/ml) in the presence/absence of SaHa (0.5 µM) for 24 h. 
immunocytochemistry using anti-vimentin mab was performed. (D) H226 
cells were pre-treated with histone deacetylase 6 (HDac6) sirna or 
control sirna for 48 h. then, the expression levels of HDac6 and acety-
lated α‑tubulin were assessed by immunoblotting. (Ε) After pre‑treatment 
with sirna, H226 cells were further exposed to BZ (5 nM) and/or 
caM (50 µg/ml) for 24 h. immunocytochemistry was performed using 
anti-vimentin mab.
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triton X-100, and cellular proteins were subsequently frac-
tionated into the detergent-soluble and the -insoluble fraction. 
the detergent-insoluble fraction (cell pellets) was sonicated 
for 30 sec in the presence of 2% SDS and boiled for 5 min. 
thereafter, the samples were loaded on the gels, separated 
by 11.25% SDS-Page, and immunoblotted with anti-ub ab. 
the samples derived from the detergent-soluble fractions 
were processed similarly. as shown in fig. 5, the increased 
intracellular polyubiquitinated proteins were detectable 
after treatment with BZ and BZ/caM, but not with caM or 
SaHa in the detergent-soluble fraction (upper panel). in the 
detergent-insoluble fraction (lower panel) at higher molecular 
weights, prominent polyubiquitinated proteins were detected 
as aggresome contents in the cells treated with BZ/caM. 

figure 4. continued. assessment of aggresome formation by immunocytochemistry using anti-vimentin monoclonal antibody (mab). (f) Percentage of 
‘aggresome-positive’ cells in H226 cells after treatment with either BZ±caM±SaHa or BZ±caM pre-treated with HDac6 sirna or control sirna. one 
hundred cells stained with anti-vimentin mab were assessed for their staining pattern. the cells with high dense staining in the perinuclear region (indicated 
by * in the left lower panel) were defined and plotted as ‘aggresome‑positive’ cells. Each scale bar indicates 10 µm.

figure 5. assessment of aggresome formation by immunoblotting using 
anti-ubiquitin (ub) monoclonal antibody (mab). KMS-12-Pe cells were treated 
with either bortezomib (B) (5 nM) or clarithromycin (c) (50 µg/ml) in the pres-
ence/absence of suberoylanilide hydroxamic acid (SaHa) (0.5 µM) for 16 h. 
then cellular proteins were lysed with lysis buffer containing 2% triton X-100 
for 30 min at 0̊C and followed by centrifugation at 14,000 x g for 30 min. The 
supernatants were used for ‘soluble fractions’. cell pellets were resuspended in 
buffer containing 2% sodium dodecyl sulfate (SDS) and sonicated for 30 sec 
and further used as ‘insoluble fraction’. each fractionated protein was loaded 
and separated by 11.25% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-Page), and immunoblotted with anti-ub mab.
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treatment with BZ alone also induced accumulation of the 
detergent-insoluble polyubiquitinated proteins but to a lesser 
extent than that induced by treatment with BZ/caM. it was 
noteworthy that the increased ubiquitinated proteins in the 
detergent-insoluble fraction were suppressed in the presence 
of SaHa. this also indicates the inhibition of aggresome in 
response to SaHa.

immunocytochemistry using anti-laMP-1 mab showed 
lysosome accumulation in the perinuclear region along with 
aggresome formation after BZ/caM treatment. as is the 
case of vimentin-positive aggresome formation, the clustering 
of laMP-1-positive dots was suppressed in the presence of 
SaHa (fig. 6a). we therefore performed electron micros-
copy for precise analysis of the cytosolic area strongly stained 

figure 6. lysosome positioning after treatment with bortezomib (BZ) and/or clarithromycin (caM) in the presence or absence of suberoylanilide hydroxamic 
acid (SaHa) in H226 cells. (a) H226 cells were treated with BZ and/or caM in the presence or absence of SaHa for 24 h. then, immunocytochemistry was 
performed using anti-laMP-1 monoclonal antibody (mab) for detecting lysosome positioning. Merged images with phase contrast, 4',6-diamidino-2-phenylin-
dole (DaPi) (blue), and lysosomal-associated membrane protein-1 (laMP-1) (green). each scale bar indicates 10 µm. (B-D) electron microscopy of H226 
cells after treatment with BZ/caM. (B) the region surrounded by the dashed line shows the clustering of organelles including lysosomes and mitochondria.
(c) the arrows indicate autophagosomes and autolysosomes. the asterisk (*) appears to represent a precursor form of aggresome. (D) clustering autolyso-
somes/lysosomes might represent ‘lysophagy’ (30). n, nucleus. each scale bar indicates (B) 2 µm and (c and D) 500 nm.
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with anti-vimentin ab. However, contrary to what we had 
expected, electron microscopy exhibited no typical features 
of the aggresome structure such as massive accumulation of 
closely packed electron-dense particles surrounded by a cage 
of bundles of intermediated filaments in the region of the 
centrosome, which was first described by Johnston et al in 
1998 (30). instead, there was the clustering of a number of 
lysosomes, autophagosomes, autolysosomes, and mitochon-
dria with increased filaments in response to the BZ/CAM 
treatment (fig. 6B). a few numbers of unstructured particles 
with a rather high density, which might be the aggresome 
precursor, were detectable in this area (fig. 6c). it was note-
worthy that many lysosomal fusions or lysosomal aggregates 
in various sizes were observed. these might represent the 
phenomenon termed ‘lysophagy’ which has recently been 
reported by others, that is, the lysosome engulfed into an 
autophagosome or autolysosome (fig. 6D) (31). in the pres-
ence of SaHa, the clustering of these organelles in the 
perinuclear region was suppressed to some extent along with 
the decreased filamentous structures. However, an increased 
number of lysosomes including autolysosomes was still 
observed compared with the cells treated with either caM 
or BZ alone (fig. 6a).

Concomitant aggresome, proteasome, and autophagy 
targeting enhanced ER stress loading. Since aggresome is 
reported to form as an adaption process against overabundant 
intracellular unfolded or misfolded proteins, we hypoth-
esized that HDac6 inhibition with SaHa further enhances 
BZ/caM-induced er stress loading to the cells. as we 
expected, the expression levels of er stress-related genes 
including CHOP were markedly pronounced in the presence 
of SaHa; the expression ratios of cHoP to untreated control 
cells increased to 5-fold by BZ/caM treatment, and further 
increased to 25-fold by BZ/caM/SaHa treatment in iM-9 
cells (fig. 7a). in H226 cells, similarly to SaHa, HDac6 
sirna treatment enhanced BZ/caM-induced cHoP 
expression compared with the cells treated with control 
sirna (fig. 7B). cHoP is an er stress-related pro-apop-
totic transcription factor which upregulates pro-apoptotic 
genes (e.g., BIM, BAX, DR5) and one of the critical molecules 
playing a role in the induction of apoptosis in response to er 
stress (9,10). in addition, enhanced cytotoxicity was shown 
by a wild-type Mef cell line along with cHoP upregula-
tion by the combination of the three reagents, whereas the 
cHoP-/- Mef cell line derived from a CHOP-deficient 
mouse almost completely canceled this pronounced cytotox-
icity (fig. 7c). therefore, the pronounced cytotoxicity and 
apoptosis in response to the SaHa/BZ/caM combination 
treatment shown in fig. 2a is strongly suggested to be due to 
the upregulation of cHoP in response to er stress loading.

Discussion

we showed that er stress-mediated apoptosis in MM cells 
was potently enhanced by the simultaneous targeting of 
aggresome formation, proteasome, and the autophagy-lyso-
some system. concomitant SaHa, BZ, and caM treatment 
markedly enhanced cHoP induction via er stress loading in 
MM cells (fig. 7a), whereas a cHoP-/- Mef cell line nearly 

completely cancelled the pronounced cytotoxicity in response 
to the SaHa/BZ/caM combination treatment (fig. 7c). 
these results strongly suggest that cHoP upregulation 
appears to be involved, at least in part, in the pronounced 
cytotoxicity shown in fig. 2a. our recent report also showed 
that combined treatment with SaHa/BZ/caM exhibited 
potent cytotoxicity along with upregulation of cHoP in 
breast cancer cell lines (24). Since this enhanced cytotox-
icity by er stress loading is associated with inhibition of 
the BZ/caM-induced aggresome formation (figs. 4 and 5), 
induction of aggresome itself appears to function as cytopro-
tective against intracellular overloading of unfolded proteins 
as previously demonstrated in various neurodegenerative 
disorders (32,33).

in this study, we intentionally attempted to use the clini-
cally approved drugs for blocking aggresome formation and 
the proteolytic pathways. although exhibiting a potent inhibi-
tory effect on HDac6, SaHa (vorinostat) is a pan-HDac 
inhibitor; therefore, the inhibitory effects on other HDacs 
cannot be completely excluded for the pronounced er stress 
loading and apoptosis induction shown in figs. 2a and 7a. 
However, tubacin, which is a specific inhibitor of HDAC6, 
also exhibited pronounced cytotoxicity (fig. 3B), and 
knockdown of HDac6 superimposed the effects of SaHa, 
such as suppression of vimentin-positive aggresome forma-
tion induced by BZ/caM treatment (fig. 4c and e), 
and further enhanced the er stress-related gene upregu-
lation along with the enhanced BZ/caM treatment 
cytotoxicity (figs. 3a and 7B). therefore, HDac6 appears to 
be a pivotal target for efficient ER stress loading under protea-
some/autophagy inhibition. from the standpoint of er stress 
loading, intracellular active protein synthesis appears to be 
theoretically an important factor for determining sensitivity. 
MM cell sensitivity to BZ/SaHa-induced cell death is regu-
lated by Myc (34). intracellular er content, protein synthesis 
rates, percentage of aggresome-positive cells, and sensitivity 
to BZ/SaHa-induced cell death directly correlated with 
Myc expression. we previously reported that cycloheximide 
suppressed BZ/caM-induced er stress loading and cyto-
toxicity in MM cells (16). thus, the potent effects shown in 
this study should depend in part on de novo protein synthesis. 
this may explain some differences among the MM cell lines, 
H226 cells, and Mef cell lines in terms of cytotoxicity and 
er stress loading in response to these reagents shown in this 
study.

along with vimentin-positive aggresome forma-
tion in the perinuclear region, fig. 6 shows a number of 
autophagosomes and autolysosomes after BZ/caM treat-
ment. electron microscopy demonstrated the clustering of 
autolysosomes in this area. These findings are in agreement 
with a recent study demonstrating that proteasome inhibi-
tion causes the formation of a zone around the centrosome 
where microtubular transport of lysosomes is suppressed, 
resulting in lysosome entrapment and accumulation (35). 
interestingly, the authors of the previous study reported that 
the microtubule-dependent transport of other organelles, 
including autophagosomes, mitochondria and endosomes, 
is also blocked in this entrapment zone. therefore, the 
perinuclear region stained with anti-vimentin ab, where 
autolysosomes clustered along with the increased number 
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of mitochondria, may in part overlap to ‘the entrapment 
zone’ (figs. 4e and 6B) (35). it is also suggested that, upon 

proteasome inhibition, the targeting of aggregated proteins to 
aggresome is coordinated with lysosome positioning around 

figure 7. endoplasmic reticulum (er) stress loading after combined treatment with suberoylanilide hydroxamic acid (SaHa), bortezomib (BZ), and clarithro-
mycin (caM). (a) iM-9 cells were treated with BZ (5 nM) and/or caM (50 µg/ml) in the presence or absence of SaHa (1 µM) for 16 h. gene expressions 
related to er stress were assessed by real-time polymerase chain reaction (Pcr). (B) effects of histone deacetylase 6 (HDac6) sirna on er stress-related 
gene expressions in H226 cells.
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the body to facilitate degradation via autophagy. However, 
our data showed that lysosomal clustering including 
autolysosome further became prominent by the combined 
treatment with caM/BZ compared with that by the BZ 
treatment alone (fig. 4f). indeed, the ad dition of SaHa 
in the caM/BZ culture medium suppressed lysosomal 
clustering in the perinuclear region; however, an increased 

number of cytosolic autolysosomes were still detectable 
(data not shown). this was possibly because of the suppres-
sion of lysosomal clearance upon autophagy inhibition by 
caM. we and others have reported that macrolide antibi-
otics inhibit autophagy flux, although the precise molecular 
mechanism still remains to be clarified (16,17,36). the 
macrolide antibiotic Baf, which is a well-used autophagy 
inhibitor for in vitro experiments, was initially evaluated for 
its selective inhibition of a proton-pumping V-atPase (37). 
Baf induces the disruption of vesicular proton gradients 
and raises the pH of acidic vesicles at nanomolar concentra-
tions. This disruption of vesicular acidification in response 
to Baf appears to prevent autophagosome fusion with 
lysosomes, resulting in the inhibition of autophagy. it was 
also reported that treatment with aZM increased lysosomal 
pH in macrophages, which may lead to the inhibition of 
lysosomal hydrolases having an optimal low pH for their 
enzymatic activities (38). in this context, if caM exerts the 
same effect on lysosomes, accumulation of autolysosomes 
by the suppression of lysosomal clearance itself appears to 
make ‘lysophagy’ apparent under proteasome inhibition. 
a similar phenomenon regarding the selective sequestra-
tion of damaged lysosome by autophagy was previously 
reported, in which under the condition of lysosomal damage 
induced by silica, monosodium urate, and a lysomotropic 
reagent, autophagy loss results in the in vitro inhibition of 
lysosomal biogenesis and the in vivo deterioration of acute 
kidney injury (39). Identification of the target molecules of 
macrolide antibiotics involved in autophagy flux inhibition, 
as well as the molecular mechanism of lysophagy including 
the recognition process of impaired lysosomes appears to be 
important issues that need to be clarified.

figure 8. Proposed scheme for intracellular networks of unfolded protein 
processing and endoplasmic reticulum (er) stress loading via systematic 
blockage of proteolytic pathways and aggresome formation.

figure 7. continued. endoplasmic reticulum (er) stress loading after combined treatment with suberoylanilide hydroxamic acid (SaHa), bortezomib (BZ), 
and clarithromycin (CAM). (C) Cell growth inhibition of wild‑type murine embryonic fibroblast (MEF) cell line and CHOP-/- Mef cell line (16) after treat-
ment with BZ in the presence/absence of SaHa (2.5 µM) and/or caM (50 µg/ml) for 48 h. Viable cell numbers were assessed as described in Materials and 
methods. *P<0.05 BZ/caM/SaHa vs. BZ/SaHa and BZ/caM.
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taking our data and accumulating lines of evidence 
together, we can draw an integrated network scheme 
among aggresome, proteasome, and autophagy as shown 
in fig. 8 (9,10,13,14). upon inhibition of proteasome and 
autophagy, overabundant ubiquitinated protein aggregates 
are transported to Mtoc to form aggresomes. under this 
condition, further inhibition of aggresome formation most 
efficiently induces er stress loading in cells with a high 
protein synthesis rate such as MM cells. thus, by combining 
clinically available drugs such as vorinostat, BZ, and caM, 
this systematic strategy for blocking the processing of 
intracellular unfolded proteins appears to be applicable to 
refractory/relapsed MM patients.
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in which the plastid was acquired ‘second-
hand’ by intracellular incorporation of a red 
alga14. Using gene sequences recovered from 
the warnowiid retinal body, Gavelis et al. inves-
tigated the ancestry of this organelle by build-
ing phylogenetic trees for the plastid-derived 
genes. Their analysis demonstrated that this 
modified plastid is also of secondary endos-
ymbiotic origin from a red alga. 

Although derived independently, there are 
common themes 
in the evolution 
of these eye-like 
structures. Many 
of them involve 
the reconfigura-
tion of cellular 
membrane sys-
tems to produce 
an opaque body 
proximal to a sen-

sory surface, a surface that in four of the five 
examples probably involves type 1 rhodopsins. 
Given the evolutionary derivation of these sys-
tems, this represents a complex case of con-
vergent evolution, in which photo-responsive 
subcellular systems are built up separately 
from similar components to achieve similar 
functions. The ocelloid example is striking 
because it demonstrates a peak in sub cellular 
complexity achieved through repurposing 

multiple components. Collectively, these 
findings show that evolution has stumbled on 
similar solutions to perceiving light time and 
time again. ■
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M Y E L O I D  D I S E A S E 

Another action of a 
thalidomide derivative 
Lenalidomide effectively treats a blood disorder caused by the 5q chromosomal 
deletion. A study shows that the drug binds to its target, CRBN, to promote the 
breakdown of an enzyme encoded by a gene in the 5q region. See Article p.183  

T A K U M I  I T O  &  H I R O S H I  H A N D A

Around 60 years ago, thalidomide was 
developed as a sedative and sold in 
more than 40 countries. But the drug 

was soon banned because of its association 
with serious developmental defects, such as 
limb deformities, in children whose mothers 
had taken it while pregnant. Now, thalidomide 
is being re-evaluated and is recognized as an 
effective treatment for myeloma, a cancer of 
plasma cells of the immune system. Moreover, 
derivatives of thalidomide have been devel-
oped; these compounds, which include lena-
lidomide and pomalidomide, make up a class 
of immunomodulatory drug termed IMiDs1. 
As well as being effective against myeloma, 
lenalidomide can treat2 a type of myelo-
dysplastic syndrome (MDS) — a disorder 

of blood stem cells (haematopoietic cells) — 
that is caused by a deletion of the long arm of 
chromosome 5. In this issue, Krönke et al.3 
(page 183) provide a model of lenalidomide 
action in the context of this mutation.

The protein CRBN was identified as a direct 
target of thalidomide through affinity-bead 
technology4. CRBN functions as a substrate-
recognition component of an E3 ubiquitin 
ligase enzyme complex that catalyses the 
conjugation of ubiquitin molecules to spe-
cific substrate proteins, thereby marking the 
proteins for degradation. CRBN is also bound 
by lenalidomide and pomalidomide5,6 and is 
now regarded as a primary target of IMiDs — 
this binding is required for both the damaging 
and the therapeutic effects of the drugs. Pre-
vious research7–9 showed that lenalidomide 
and pomalidomide promote the degradation 

retinal body and sequenced its DNA, which  
contained a much higher proportion of DNA of  
plastid origin than equivalent samples from the  
whole cell.

Although ocelloids are exceptionally  
complex, warnowiids are not the only micro-
bial cells with eye-like subcellular structures. 
A diversity of eukaryotic microorganisms 
perceive light using different kinds of eye-
spots. One such structure is the eyespot of 
the green alga Chlamydomonas reinhardtii 
(Fig. 1b), a unicellular relative of land plants. 
This eyespot is located at the edge of the alga’s 
plastid and is made up of lipid globules, rich in 
orange carotenoid pigments, that are stacked 
in compartments inside the plastid envelope. 
As such, this globule layer is thought to provide 
directionality and contrast by shielding and 
reflecting light from one side of the organism 
on to two light-sensitive proteins called type 1 
rhodopsins that localize with this eyespot5–7. 
These two proteins have intrinsic light-gated 
cation-channel activity (and are therefore 
named channelrhodopsins) and have been 
demonstrated to act as photoreceptors that 
trigger movement in response to light5–7.

Cryptophyte algae such as Guillardia theta 
also build eyespot structures that are located 
in plastids8, and movement of these cells in 
response to light is mediated by the function 
of at least two type 1 rhodopsin proteins9, 
similar to Chlamydomonas. The alga Euglena  
gracilis also has an orange-red eyespot, 
although, in contrast to the previous examples, 
this structure is associated with the base of the 
flagellum3, the cells’ swimming propeller. The 
photoreceptor in Euglena has been identified 
as a photoactivated adenylyl cyclase10 protein. 

In yet another branch of the tree of life are 
the eyespot-like structures of the swimming 
spores of Blastocladiomycota fungi (Fig. 1c). 
These structures are lipid-filled vesicles called 
side-body complexes that are located close 
to the large mitochondrion of these fungal 
cells11. The side-body complex is overlaid with 
type 1 rhodopsin proteins. In Blastocladiella 
emersonii, the type 1 rhodopsin photosensor 
contains a guanylyl cyclase domain, which 
allows the protein to control the production 
of cyclic GMP (ref. 12), a key chemical mes-
senger in vertebrate vision. Recent work13 on 
warnowiid ocelloids has also suggested that 
messenger RNA encoding a type 1 rhodopsin 
is associated with the retinal body. 

These examples demonstrate the wealth of  
subcellular structures and associated light-
receptor proteins across diverse microbial 
groups. Indeed, all of these examples repre-
sent distinct evolutionary branches in separate 
major groups of eukaryotes3. Even the plastid-
associated eyespots are unlikely to be the 
product of direct vertical evolution, because 
the Chlamydomonas plastid is derived from a 
primary endosymbiosis and assimilation of a 
cyanobacterium, whereas the Guillardia plas-
tid is derived from a secondary endo symbiosis 

The ocelloid 
demonstrates a 
peak in subcellular 
complexity 
achieved through 
repurposing 
multiple 
components.
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of the transcription factors Ikaros (IKZF1) 
and Aiolos (IKZF3) by modulating the activ-
ity of a CRBN–ubiquitin ligase complex, and 
that this process underlies the drugs’ efficacy 
against myeloma. However, it has been unclear 
whether all IMiDs confer the same substrate 
specificity on CRBN.

The deletion of the long arm of chromo-
some 5, called del(5q), is seen in some people 
with MDS, and leads to hyperproliferation 
of haematopoietic cells and their ineffective 
differentiation. Lenalidomide is known to 
selectively induce apoptotic cell death in cells 
with del(5q). The deletion means that people 
affected have only one copy of the genes located 
in that chromosomal region. Krönke et al. sug-
gest that this haploinsufficiency might explain 
the efficacy of lenalidomide in this disease. 

By studying the effect of lenalidomide treat-
ment on protein ubiquitination and abundance 
of myeloid blood cells, the authors identify the 
enzyme casein kinase 1α (CK1α) as a target of 
ubiquitin-mediated degradation in the pres-
ence of the drug. Deletion of the CRBN gene 
using CRISPR/Cas9 genome-editing technol-
ogy abolished this degradation, suggesting that 
this effect is crucially dependent on CRBN. 
The gene that encodes CK1α, CSNK1A1, is on 
the long arm of chromosome 5, so it seems that 
the result of this degradation is to compound 
the already lower than normal levels of this 
enzyme that result from the deletion. 

CK1α regulates the activity of multiple 
proteins. For example, it negatively regulates 
p53, a tumour-suppressor protein. The CK1α 

inhibitor D4476 has been shown to activate 
p53 and induce apoptosis in cells with only 
one copy of CSNK1A1 (ref. 10). Krönke and 
colleagues demonstrate that CK1α depletion 
sensitizes normal human haematopoietic 
cells to lenalidomide. They also confirm that 
overexpression of CK1α confers lenalidomide 
resistance on cells with the del(5q) mutation. 
By contrast, overexpression of Ikaros did not 
suppress lenalidomide-mediated therapeutic 
effects on del(5q) cells.

Rodents have been shown to be resistant to 
IMiDs1,6, and the authors found that lenalido-
mide did not decrease CK1α levels in normal 
mouse cells. They demonstrate that a single 
amino-acid difference between the human 
and mouse forms of CRBN is responsible for 
this different response to the drug, and that 
mouse cells expressing mouse CRBN with the 
substituted human amino acid were subject 
to lenalidomide-dependent CK1α degrada-
tion. The authors then generated ‘humanized’ 
mouse haematopoietic cells, which expressed 
the modified CRBN protein and had only 
a single copy of CSNK1A1. They show that 
lenalidomide treatment induced increased 
apoptotic death of the cells. Moreover, the 
increase in apoptosis in these cells was coun-
tered when p53 levels in the cells were reduced, 
which fits well with the previous report  
of p53 involvement in this pathway10. This 
develop ment represents substantial pro-
gress in the field of IMiDs and thalidomide 
research — at last, through genetic modi-
fication of mouse CRBN, investigators can  

Figure 1 | Thalidomide and its derivatives confer the substrate specificity of CRBN. a, The 
immunomodulatory drugs thalidomide, lenalidomide, pomalidomide and CC-122 all bind to the protein 
CRBN, which is a substrate-recognition subunit of an E3 ubiquitin ligase enzyme complex. Binding of the 
drugs to CRBN induces the enzyme complex to attach ubiquitin molecules to the transcription factors 
Aiolos and Ikaros, which marks them for degradation7–9. This process explains the efficacy of these drugs 
for myelomas — cancers that arise from dysregulated proliferation of plasma cells, for which Aiolos and 
Ikaros are survival factors. b, Krönke et al. show that binding of CRBN by lenalidomide, but not the other 
related drugs, also induces ubiquitination and degradation of the regulatory enzyme CK1α. This activity 
underlies the drug’s effective treatment of myelodysplastic syndrome (MDS), which is caused by the 5q 
chromosomal deletion and results in the loss of one copy of the gene encoding CK1α. The glutarimide 
moiety common to these drugs is marked.
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use mice to study these drugs.
Krönke et al. then compared the effect 

of lenalidomide on a human MDS del(5q) 
cell line with that of other IMiDs, including 
CC-122, a compound currently under going 
phase I clinical trials for blood cancers and 
solid tumours. All IMiDs that were examined 
decreased levels of Aiolos and Ikaros, and the 
efficacy of CC-122 was stronger than that of 
lenalidomide. But only lenalidomide degraded 
CK1α (Fig. 1). Interestingly, high concentra-
tions of CC-122 suppressed lenalidomide-
induced CK1α degradation, which suggests 
that lenalidomide competes with CC-122 for 
binding to CRBN in cells and that lenalido-
mide confers a distinct substrate specificity  
on CRBN. 

Accumulating evidence3,7–9 indicates that 
the substrate recognition of CRBN is altered 
in response to each ligand that binds it. 
X-ray crystal structures of CRBN bound to 
IMiDs have revealed that a common glutari-
mide moiety in these compounds (Fig. 1) is  
sufficient for this binding to occur5,6. It is 
possible that the remaining structure of each 
ligand might be important for determining 
the enzyme’s substrate specificity. Recently, 
uridine, a nucleotide base, was found to bind 
to the same ligand-binding pocket of CRBN11, 
and it is likely that CRBN also has cellular 
ligands that alter its substrate specificity. 

In plants, the hormone auxin functions as a 
molecular glue to attach the hormone’s target 
TIR1, a substrate-recognition component of an 
SCF ubiquitin ligase, to its substrate AUX/IAA 
proteins12. It is unclear whether ligands such 
as IMiDs also function to glue CRBN to its 
substrate or whether they act through another 
mechanism. Elucidation of the 3D structure 
of the CRBN–ligand–substrate complex will 
provide a deeper understanding of the sub-
strate-recognition process and contribute 
to the development of potent and clinically  
effective drugs. ■
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The E3 ligase synoviolin controls body weight and
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regulation of PGC-1b
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Abstract

Obesity is a major global public health problem, and understand-
ing its pathogenesis is critical for identifying a cure. In this study, a
gene knockout strategy was used in post-neonatal mice to delete
synoviolin (Syvn)1/Hrd1/Der3, an ER-resident E3 ubiquitin ligase
with known roles in homeostasis maintenance. Syvn1 deficiency
resulted in weight loss and lower accumulation of white adipose
tissue in otherwise wild-type animals as well as in genetically
obese (ob/ob and db/db) and adipose tissue-specific knockout mice
as compared to control animals. SYVN1 interacted with and ubiq-
uitinated the thermogenic coactivator peroxisome proliferator-
activated receptor coactivator (PGC)-1b, and Syvn1 mutants
showed upregulation of PGC-1b target genes and increase in mito-
chondrion number, respiration, and basal energy expenditure in
adipose tissue relative to control animals. Moreover, the selective
SYVN1 inhibitor LS-102 abolished the negative regulation of
PGC-1b by SYVN1 and prevented weight gain in mice. Thus, SYVN1
is a novel post-translational regulator of PGC-1b and a potential
therapeutic target in obesity treatment.
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Introduction

Obesity is characterized by the excessive accumulation of adipose

tissue, as well as increased risk of diabetes, hypertension, cardiovas-

cular diseases, and depression, and is an enormous economic and

social burden (Wickelgren, 1998). White adipose tissue (WAT) func-

tions as an energy reservoir and as an endocrine organ, and various

inflammatory mediators and cytokines are overexpressed in the

WAT of obese individuals, which leads to chronic inflammation

(Hotamisligil, 2006). Metabolism in adipocytes has been extensively

studied (Rosen & MacDougald, 2006; Lefterova & Lazar, 2009);

however, there are presently no effective and safe pharmacological

options for obesity prevention and treatment. A better understanding
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of the underlying mechanisms is therefore necessary to develop suit-

able treatments for obesity and associated metabolic diseases.

The mitochondrion is a key organelle in cellular energy control

and has been implicated in obesity (Bournat & Brown, 2010).

Peroxisome proliferator-activated receptors (PPARs) (Viana

Abranches et al, 2011) and their coactivators (PPAR coactivator

(PGC)-1a, PGC-1b, and PGC-1-related coactivator) (Puigserver

et al, 1998; Andersson & Scarpulla, 2001; Lin, 2001; Kressler et al,

2002) play important roles in mitochondrion biogenesis and energy

metabolism, including H2O2-based respiration and b-oxidation of

fatty acids. Gene knockout studies have suggested functional

differences between PGC-1a and PGC-1b, for instance in terms of

lethality (Scarpulla, 2008). Interestingly, PGC-1b overexpression

results in an increase in mitochondrion number and respiratory

function in cultured cells (St-Pierre et al, 2003); furthermore,

PGC-1b transgenic mice show high energy expenditure and

resistance to obesity (Kamei et al, 2003). In addition to the mito-

chondrion, the endoplasmic reticulum (ER) is also thought to play

an important role in obesity (Cnop et al, 2012). For example,

mutations or deficiency in genes that function in the unfolded

protein response produces insulin resistance in a mouse model

(Cnop et al, 2012; Wang & Kaufman, 2012). Nonetheless, the role

of the ER-associated protein degradation (ERAD) pathway in

obesity remains obscure.

Synoviolin (Syvn1), a mammalian homolog of Hrd1p/Der3p, is

an E3 ubiquitin (Ub) ligase that was identified from the cDNA of

rheumatoid synovial cells (Amano et al, 2003) and plays important

roles in the ERAD pathway (Yamasaki et al, 2005). In a series of

studies, we have demonstrated the importance of SYVN1 expression

in arthritis (Amano et al, 2003) and fibrosis (Hasegawa et al, 2010).

Inflammation plays a critical role in regulating metabolic status, and

Syvn1 is a key target for inflammatory cytokines such as tumor

necrosis factor a (TNFa), interleukin (IL)-1, and IL-17 (Gao et al,

2006; Toh et al, 2006, 2010).

In the present study, conditional Syvn1 knockout mice were

generated to clarify the role of Syvn1 in obesity. The results high-

light a novel function for SYVN1 in the control of body weight and

mitochondrial biogenesis through negative regulation of PGC-1b.

Results

Generation of Syvn1-deficient mice

To study the post-neonatal function of SYVN1, tamoxifen (Tam)-

inducible Syvn1 knockout mice were generated that carry homozy-

gous floxed-Syvn1 alleles and a Cre-estrogen receptor (ER) transgene

(Hayashi & McMahon, 2002) (Fig 1A). Efficient recombination

was confirmed in Syvn1 conditional knockout (CAG-Cre-ER;

Syvn1flox/flox) and control (Syvn1flox/flox and Syvn1flox/+) mice

following Tam administration by PCR (genome), real-time PCR

(mRNA), and Western blotting (protein) (Fig 1B–D). A significant

reduction in body weight was observed in CAG-Cre-ER;Syvn1flox/flox

mice as early as 1 week after Tam administration until it was

approximately 80% that of control mice (Fig 1E and F). A slight

decrease in weight was also observed in Syvn1 heterozygous CAG-

Cre-ER;Syvn1flox/+ mice (Supplementary Fig S1). Three experiments

were used to determine whether the weight loss was due to low

food intake, absorption-related malnutrition, or both. First, the daily

food intake was measured; however, differences were almost not

found in terms of food consumption between CAG-Cre-ER;

Syvn1flox/flox and control mice at day 1 and 7, and higher food

consumption was observed in CAG-Cre-ER;Syvn1flox/flox mice than

in control mice at day 14 (Fig 1G). Second, macroscopic and micro-

scopic examinations showed comparable amounts of food residue

in the gut and no histological abnormalities in the intestine of

CAG-Cre-ER;Syvn1flox/flox mice compared to controls. Third, serum

biochemical tests showed no significant differences in the levels of

several biomarkers of nutrition and liver and kidney function

between the two groups (Supplementary Table S1). However, a

detailed anatomical analysis showed a marked reduction of WAT in

CAG-Cre-ER;Syvn1flox/flox mice relative to controls (Fig 1H–J).

Loss of Syvn1 in ob/ob mice and db/db mice causes
body weight loss

Two well-established mouse models of obesity (ob/ob and db/db) in

which the leptin signal is constitutively inactivated (Tartaglia et al,

1995) were used to determine whether Syvn1 deficiency is associated

with a reduction in body weight at the level of the central nervous

system under conditions of constitutive food intake. The expression

level of SYVN1 was higher in ob/ob and db/db than in ob/+ and

db/+ mice (Fig 2A). Moreover, Tam administration resulted in a

significant loss of body weight in CAG-Cre-ER;Syvn1flox/flox;ob/ob

and CAG-Cre-ER;Syvn1flox/flox;db/db compound mutants (Fig 2B and

C). An anatomical dissection revealed a reduction in fat mass in

CAG-Cre-ER;Syvn1flox/flox;ob/ob and CAG-Cre-ER;Syvn1flox/flox;db/db

mice compared to Syvn1flox/flox;ob/ob and Syvn1flox/flox;db/db mice,

respectively (Fig 2D and E, and Supplementary Fig S2). No differ-

ences in food intake were noted across groups (Fig 2F and G). Taken

together, these results indicate that SYVN1 directly controls body

weight at the level of peripheral energy expenditure, and not at the

level of the central nervous system.

WAT is the source of body weight loss resulting from
Syvn1 deletion

To directly test the effect of Syvn1 knockout on peripheral energy

expenditure in WAT, adipose-specific Syvn1 knockout mice were

generated by crossing Syvn1flox/flox mice with the adiponectin

(Adipoq)-Cre line (Herman et al, 2012; Kleiner et al, 2012) to obtain

Adipoq-Cre;Syvn1flox/flox mice. Cre-mediated Syvn1 deletion in WAT

was confirmed by PCR (Fig 3A) and Western blotting (Fig 3B). The

body weight of Adipoq-Cre;Syvn1flox/flox mice was approximately

90% that of controls (Fig 3C and D), an effect that was associated

with a reduction in WAT (Fig 3E and F). These results indicate that

SYVN1 directly targets WAT to control body weight.

SYVN1 directly interacts with PGC-1b

To understand the molecular mechanism, we first used microarray

analysis to establish the expression of genes in WAT. Genes

involved in b oxidation and mitochondria biogenesis (Supplemen-

tary Fig S3) were increased in CAG-Cre-ER;Syvn1flox/flox mice

compared with Syvn1flox/flox mice. Several studies have indicated

that thermogenic nuclear receptors PPARa and b and their
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Figure 1. Body weight and WAT in post-neonatal Syvn1 mutant mice.

A Schematic depiction of Syvn1 gene targeting strategy. Homologous recombination resulted in exons 2–12 being flanked by loxP sites; deletion was achieved by
Tam-induced Cre recombinase-mediated excision.

B PCR products amplified from genomic DNA isolated from tails on day 7 after Tam administration.
C Real-time PCR analysis of adipocyte mRNA from control (Control) and CAG-Cre-ER;Syvn1flox/flox (KO) mice on day 7 after Tam administration.
D Western blotting of spleen proteins on day 7 after Tam administration.
E, F Changes in body weight. *P < 0.05, **P < 0.01 for Tam-treated CAG-Cre-ER;Syvn1flox/flox mice versus vehicle-treated CAG-Cre-ER;Syvn1flox/flox mice, Tam- or vehicle-

treated Syvn1flox/flox mice, Tam- or vehicle-treated C57BL/6J mice (analysis of variance with Tukey–Kramer post hoc analysis).
G Average daily food intake measured after Tam injection.
H–J Fat accumulation in post-neonatal Syvn1 KO mice on 7 day after Tam administration. Subcutaneous adipose (H), epididymal adipose (I), and mesentery adipose (J)

tissues are shown (Control, n = 8; KO, n = 3). Mesentery fat is shown by black arrows.

Data information: All data are expressed as mean � SD. Data were analyzed with the Student’s t-test. *P < 0.05, **P < 0.01.
Source data are available online for this figure.
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coactivators of the PGC-1 family transcriptionally regulate periph-

eral energy expenditure via b oxidation and mitochondria biogene-

sis (Lowell & Spiegelman, 2000; Scarpulla, 2006); therefore, the

interaction of SYVN1 with these factors was tested in vitro. Glutathi-

one-S-transferase (GST)-tagged SYVN1 lacking the transmembrane

domain (GST-SYVN1DTM) bound HA-tagged PGC1b but not PPARa
or c or PGC-1a (Fig 4A). In a GST pull-down assay, PGC-1b bound

the SyU domain (amino acids, aa 236–270) of SYVN1 (Fig 4B),

which is highly conserved from Caenorhabditis elegans to humans,

but not in yeast SYVN1 orthologs (Supplementary Fig S4A). In addi-

tion, an R266A/R267A double mutation in the SyU domain

decreased this interaction (Fig 4C), but had no effect on the E3

ligase activity of SYVN1 (Supplementary Fig S4B). The GST pull-

down assay mapped the SYVN1-binding domain of PGC-1b to aa

195–367 containing an LXXLL motif of middle portion (Supplemen-

tary Fig S4C). To verify the interaction in cellulo, HA-PGC-1b and

FLAG-tagged SYVN1 (SYVN1/FLAG) were co-transfected into HEK

293T cells. HA-PGC-1b co-immunoprecipitated with SYVN1/FLAG

but not the control FLAG vector (Fig 4D). To further investigate the

interaction between SYVN1 and PGC-1b, whole-cell lysates of HEK

293 cells, in which SYVN1 and PGC-1b were expressed, were precip-

itated with anti-SYVN1 antibody or a control non-immune mouse

immunoglobulin (Ig)G and probed with an antibody against PGC-1b
in an immunoblotting assay. Endogenous PGC-1b was detected in

the precipitate with anti-SYVN1 but not with IgG (Fig 4E). These

results clearly indicate that SYVN1 interacts in vivo with PGC-1b
under normal physiological conditions.

Since SYVN1 is an ER-resident protein and PGC-1b translocates

into the nucleus, their subcellular localization was investigated by

immunofluorescence staining in transiently transfected HEK 293T

cells. HA-PGC-1b was mainly detected in the nucleus (Fig 4F), as

previously reported (Kelly et al, 2009). However, when coex-

pressed with SYVN1/FLAG, the two proteins predominantly colo-

calized in the perinuclear region, but were not observed in the

nucleus (Fig 4F). In contrast, the coexpression of HA-PGC-1b with

SYVN1R266A, R267A/FLAG, or SYVN1DSyU/FLAG, which do not
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Figure 2. Changes in body weight and WAT in post-neonatal Syvn1 knockout (KO) and genetically obese (ob/ob and db/db) mice.
Compound mutants of Syvn1 and ob/ob or db/db were generated as described in Materials and Methods.

A SYVN1 expression in the WAT of ob/+, ob/ob, db/+, and db/db mice.
B, C Changes in body weight in Tam-treated mice. CAG-Cre-ER;Syvn1flox/flox;ob/ob (KO;ob/ob) and CAG-Cre-ER;Syvn1flox/flox;db/db (KO;db/db) mice, red line; Syvn1flox/flox;

ob/ob, Syvn1flox/+;ob/ob, and Syvn1+/+;ob/ob (Control;ob/ob) and Syvn1flox/flox;db/db, Syvn1flox/+;db/db, and Syvn1+/+;db/db (Control;db/db) mice, blue line.
D, E Subcutaneous fat accumulation in CAG-Cre-ER;Syvn1flox/flox;ob/ob and CAG-Cre-ER;Syvn1flox/flox;db/db mice after post-neonatal Syvn1 knockout. Histological analysis

of adipose tissue from Control;ob/ob and Control;db/db mice (left), and CAG-Cre-ER;Syvn1flox/flox;ob/ob and CAG-Cre-ER;Syvn1flox/flox;db/db mice (right) after Tam
administration. Subcutaneous fat is shown by white arrows.

F, G Average daily food intake measured after Tam injection in CAG-Cre-ER;Syvn1flox/flox;ob/ob (D) and CAG-Cre-ER;Syvn1flox/flox;db/db (G) mice.

Data information: Data were analyzed by the Student’s t-test and are expressed as mean � SD. *P < 0.05, **P < 0.01.
Source data are available online for this figure.
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interact with PGC-1b (Fig 4B and C), resulted in the nuclear locali-

zation of HA-PGC-1b (Fig 4F, Supplementary Fig S4D). These

results indicate that SYVN1 traps PGC-1b in the perinuclear

region.

PGC-1b is a novel substrate of SYVN1

An in vitro assay was carried out to determine whether PGC-1b is a

substrate of SYVN1, which is an E3 Ub ligase (Amano et al, 2003).

Polyubiquitinated PGC-1b was detected in the presence of ATP,

HA-Ub, E1, E2, and SYVN1 (Fig 4G). The ubiquitination of PGC-1b
was also examined in vivo. FLAG-tagged Ub and HA-PGC-1b were

coexpressed with wild-type (WT) or mutant SYVN1 (3S)—which

lacks Ub ligase activity (Amano et al, 2003)—in HEK 293T cells.

Ubiquitinated HA-PGC-1b was observed in WT SYVN1- but not

SYVN1 3S-expressing cells (Fig 4H). Collectively, these results

suggest that PGC-1b is a SYVN1 substrate.

Since ubiquitinated proteins are degraded by the proteasome,

experiments were performed to verify whether the level of PGC-1b
protein is regulated by SYVN1. PGC-1b protein level was markedly

elevated in the WAT of CAG-Cre-ER;Syvn1flox/flox (Fig 4I) and

Adipoq-Cre;Syvn1flox/flox (Supplementary Fig S4E) mice; however,

the transcript level of Ppargc1b (encoding PGC-1b) was unaltered

(Supplementary Fig S4F). PGC-1b protein level was 1.4-fold higher

in Tam-treated skin fibroblasts from CAG-Cre-ER;Syvn1flox/flox mice

than in vehicle-treated cells (Fig 4J). A similar observation was

made by knocking down Syvn1 expression using small interfering

RNA (siRNA), which resulted in a near-complete disappearance of

SYVN1 expression in HEK 293 cells: PGC-1b protein expression in

Syvn1 siRNA-treated cells was 2.5-fold higher than in controls

(Fig 4K). Finally, to investigate the role of SYVN1 in PGC-1b degra-

dation, the proteasome inhibitor MG-132 was applied to cultured

skin fibroblasts. Similar to Tam treatment, MG-132 upregulated

PGC-1b protein levels in vehicle-treated cells by 1.6-fold, but

produced no additional effects on Tam-treated skin fibroblasts

(Fig 4J). To confirm whether the SYVN1–PGC-1b interaction is criti-

cal for SYVN1-mediated PGC-1b degradation, the half-life of PGC-1b
was measured in mouse embryonic fibroblasts (MEFs) coexpressing

HA-PGC-1b and WT SYVN1 or SYVN1DSyU (Supplementary Fig

S4G). WT SYVN1 overexpression significantly shortened the half-life

of HA-PGC-1b, whereas SYVN1DSyU had no effect (Fig 4L). These

results indicate that PGC-1b protein expression is negatively regu-

lated by SYVN1 at the post-transcriptional level and strongly suggest

that SYVN1 is a major E3 ligase for PGC-1b in cells.

Negative regulation of PGC-1b by SYVN1

PGC-1b functions as a coactivator of several transcription factors

including PPARa and is implicated in various biological processes

such as mitochondrial biogenesis, b oxidation, and body weight

control (Scarpulla, 2008). To investigate the role of SYVN1 in the

regulation of the coactivator and mitochondrial biogenesis functions

of PGC-1b, the activity of PPAR luciferase (PPRE X3-TK-luc) (Kim

et al, 1998)—which contains three PPAR binding sites and is
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Figure 3. Effect of adipose tissue-specific Syvn1 deletion on body weight and fat mass.

A PCR products amplified from genomic DNA isolated from WAT, liver, tail, and muscle of Adipoq-Cre;Syvn1flox/flox (KO) and Syvn1flox/flox mice (Control).
B Western blotting of WAT proteins 15 weeks after birth.
C, D Changes in body weight after weaning. Adipoq-Cre;Syvn1flox/flox mice (KO), red line; control (Syvn1flox/flox and Syvn1flox/+) mice, blue line. Data were analyzed with

the Student’s t-test and represent the mean � SD. *P < 0.05. (D) Control and KO mice 15 weeks after birth.
E, F Reduction in subcutaneous fat (E) and epididymal adipose tissue (F) in KO mice 15 weeks after birth. Data were analyzed with the Student’s t-test and represent

the mean � SD (Control, n = 10; KO, n = 8). *P < 0.05, **P < 0.01.

Source data are available online for this figure.
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specifically regulated by PPAR and its coactivators—was measured.

As previously reported (Lin et al, 2003), reporter activity was

induced by treatment with Wy-14643, a PPARa agonist. Syvn1 but

not control siRNA transfection significantly enhanced reporter

activity under Wy-14643 induction (Fig 5A). Furthermore, the co-

transfection of PGC-1b and Syvn1 siRNA activated reporter activity.

These results indicate that loss of Syvn1 enhances PPARa-mediated

transcription in a PGC-1b-dependent manner. Conversely, SYVN1

overexpression inhibited the coactivator function of PGC-1b
(Fig 5B), but this effect was decreased for the SYVN1R266A, R267A

mutant (Fig 5C).

The role of SYVN1 in the regulation of mitochondrial biogenesis

was also examined. Syvn1 siRNA-treated cells contained large

numbers of mitochondria compared to those treated with control

siRNA, and the increase was not observed in cells that were

co-transfected with both Syvn1 and Ppargc1b siRNAs (Fig 5D).

Furthermore, transcript levels of medium chain acyl-coenzyme A

dehydrogenase and mitochondrial ATP synthase b subunit, two

known PGC-1b target genes (Rodriguez-Calvo et al, 2006; Shao

et al, 2010), were upregulated in Adipoq-Cre;Syvn1flox/flox (Fig 5E

and F) and CAG-Cre-ER;Syvn1flox/flox compared to control mice

(Supplementary Fig S5A). An electron microscopic analysis revealed

increases in both the number and size of mitochondria in CAG-

Cre-ER;Syvn1flox/flox compared to controls (Fig 5G). To investigate

whether the mitochondria in CAG-Cre-ER;Syvn1flox/flox mice were

functional, O2 consumption in a single-cell suspension of primary
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mouse adipocytes was measured and was found to be higher in cells

from CAG-Cre-ER;Syvn1flox/flox than from control mice (Supplemen-

tary Fig S5B). Moreover, mitochondrial respiration and activity were

higher in CAG-Cre-ER;Syvn1flox/flox than in control mice (Fig 5H).

The high respiration rate was also observed in Syvn1 knockout pre-

adipocyte cells compared to Syvn1 WT cells, and the high respira-

tion was not observed by treatment of Syvn1 knockout cells with

Ppargc1b siRNAs (Supplementary Fig S5C). These results indicated

that the respiratory phenotype of Syvn1 knockout is PGC1b depen-

dent. Finally, the basal energy expenditure was increased in CAG-

Cre-ER;Syvn1flox/flox relative to control mice (Fig 5I). These results

indicate that Syvn1 deletion enhances mitochondrial activity in vivo

and strongly suggests that PGC-1b is a functional target of SYVN1.

Selective SYVN1 inhibition attenuates weight gain

We previously demonstrated that LS-102 selectively inhibits the E3

Ub ligase activity of SYVN1 (Yagishita et al, 2012) and suppresses

rheumatoid arthritis (Yagishita et al, 2012), liver cirrhosis (Wu

et al, 2014), and sarcoglycanopathy (Bianchini et al, 2014) in a

mouse model. Here, it was used to examine the effects of SYVN1

inhibition on obesity. LS-102 suppressed the regulation of PGC-1b
function by SYVN1, as evidenced by reduced ubiquitination of

PGC-1b (Fig 6A) and activation of PPARa-mediated transcription in

HEK 293 cells (Fig 6B). In addition, LS-102 induced the expression

of PGC-1b in WT MEFs, but not SYVN1 KO MEFs (Supplementary

Fig S6). Next, C57BL/6J mice were treated with the vehicle control

dimethylsulfoxide (DMSO) or LS-102 and their body weight was

monitored over a 2-month treatment period (Fig 6C). Mice treated

with LS-102 showed no weight gain as a result of normal food

intake, while food intake itself was unaffected (Fig 6D); analysis

by dissection revealed a reduction in WAT fat mass of the epididy-

mis and fewer lipid droplets in these mice compared to controls

(Fig 6E and F). Similar to the WAT of CAG-Cre-ER;Syvn1flox/flox

mice, C57BL/6J mice treated with LS-102 had greater numbers of

mitochondria (Fig 6G). The effect of LS-102 on obesity was

examined in db/db mice. The body weight of LS-102-treated

animals gradually decreased to approximately 85% of that of

DMSO-treated mice (Fig 6H and I), but there was no effect on food

intake (Fig 6J). LS102 also significantly decreased blood glucose in

db/db mice compared to controls (Fig 6K). These findings indicate

that the inhibition of SYVN1 can suppress weight gain in a mouse

model of obesity.

Discussion

Gene knockout technology is a useful method for assessing gene

function and often yields unexpected results, such as the reductions

in body weight and WAT accumulation observed in post-neonatal

Syvn1 knockout mice in the present study (Fig 1). This weight loss

was also observed in crosses with two genetically obese mouse

lines, ob/ob and db/db, as well as in adipose tissue-specific Syvn1

knockout mice (Figs 2 and 3). Taken together, these results indicate

that the loss of Syvn1 causes peripheral activation of energy expen-

diture in WAT, eventually leading to weight loss.

Obesity is a risk factor for other chronic diseases such as cardio-

vascular disorders and diabetes (Wickelgren, 1998). Recently, the

relationship between obesity and chronic inflammation—especially

the contributions of adipokines such as TNFa and IL-1 that link

obesity to rheumatic diseases (Abella et al, 2014)—has been closely

examined (Johnson et al, 2012). For instance, recent studies have

shown that obesity impairs the efficacy of anti-TNFa therapy in

rheumatoid arthritis (RA) patients (Gonzalez-Gay & Gonzalez-

Juanatey, 2012). We have identified SYVN1 as a causative factor for

RA, and many studies have confirmed that SYVN1 is an important

target of cytokines (Yamasaki et al, 2005; Gao et al, 2006; Toh et al,

2010). Our study is the first demonstration that SYVN1 is a key for

understanding the common feature among obesity, chronic inflam-

matory, and RA.

The thermogenic transcriptional coactivator PGC-1b was identi-

fied as a SYVN1-interacting molecule (Fig 4). PGC-1b, PGC-1a, and

Figure 4. PGC-1b is a substrate of SYVN1.

A GST and GST-tagged SYVN1 lacking the transmembrane domain (GST-SYVN1DTM) were incubated with HEK 293T whole-cell extracts expressing HA-PPARa, HA-
PPARc, HA-PGC-1a, or HA-PGC-1b.

B, C Interaction of SYVN1 with PGC-1b. (B) Schematic representation of SYVN1. TM, transmembrane domain; SyU, SYVN1 unique domain. (B, C) An in vitro binding assay
was performed with HA-PGC-1b and GST or GST-tagged SYVN1 deletion mutants.

D, E SYVN1 interacts with PGC-1b in vivo. (D) Whole-cell extracts from HEK 293T cells transfected with HA-PGC-1b and/or SYVN1/FLAG expression plasmids were
immunoprecipitated with anti-FLAG antibody. *Immunoprecipitated IgG heavy chain. (E) Whole-cell extracts from HEK 293 cells were immunoprecipitated with
anti-SYVN1 antibody. Western blotting was performed using anti-PGC-1b antibody. *Non-specific band.

F HEK 293T cells were transfected with HA-PGC-1b (green) and/or SYVN1/FLAG, SYVN1 R266A, R267A/FLAG (red) expression plasmids. After 24 h, cells were
immunolabeled with anti-HA and anti-FLAG antibodies.

G In vitro ubiquitination assay was performed with maltose-binding protein (MBP)-tagged SYVN1DTM-His, GST-PGC-1b (aa 1–367), E1 and E2 enzymes, and HA-Ub.
Lower panel shows the loading control.

H Whole-cell extracts from HEK 293T cells transfected with HA-PGC-1b, Ub/FLAG, and WT or mutant SYVN1 (SYVN1 WT or 3S, respectively) expression plasmids were
immunoprecipitated with anti-HA antibody. Lower panels show the loading controls.

I Cell extracts from adipose tissues were obtained from control and CAG-Cre-ER;Syvn1flox/flox mice 7 days after Tam administration. Western blotting was performed
using an anti-PGC-1b antibody. Representative data from three sets of control and CAG-Cre-ER;Syvn1flox/flox mice are shown.

J Skin fibroblasts from CAG-Cre-ER;Syvn1flox/flox mice were cultured, and 48 h after Tam or vehicle treatment and addition of 10 lM MG-132 for 2 h, cell lysates were
collected for Western blotting.

K HEK 293 cells were transiently transfected with control or Syvn1 siRNA. After 48 h, cells were incubated with 10 lM MG-132 for 2 h. Western blotting was
performed with anti-SYVN1 and anti-PGC-1b antibodies.

L Measurement of PGC-1b half-life. Mouse embryonic fibroblasts derived from Syvn1 knockout mice were transfected with HA-PGC-1b and SYVN1/FLAG or
SYVN1DSyU/FLAG; 48 h later, cells were treated with 40 lM cycloheximide for the indicated times, and immunoblotting was performed with anti-PGC-1b
antibody. Intensity of bands was measured (right panel). Each experiment was performed at least three times.

Source data are available online for this figure.
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Figure 5. Regulation of PGC-1b function by SYVN1.

A–C HEK 293 cells (1 × 105 cells) were transiently co-transfected with a reporter plasmid containing PPAR binding sites (PPRE X3-TK-luc) and expression constructs or
siRNAs (A). For WT and mutant SYVN1 overexpression, 50 or 100 lg SYVN1 expression vector was co-transfected (B, C); 16 h later, cells were treated with vehicle or
10 lM Wy-14643 for 6 h. Each experiment was performed at least three times.

D Representative electron micrographs of siRNA-treated cells. An increase in mitochondrial volume can be seen as the large cytoplasmic area in 3T3 L1 cells (a
mitochondrion is shown by the white arrow). Magnification, 5,000×. The number of mitochondria in the area (500 pixel × 500 pixel) was measured (right panel).
Each experiment was performed at least three times.

E Total RNA was isolated from adipose tissue 15 weeks after birth, and mRNA expression was measured by real-time PCR relative to 18s rRNA level, with the average
for control mice set to 1 (n = 3).

F Cell extracts from adipose tissue were obtained from control and Adipoq-Cre;Syvn1flox/flox (KO) mice 15 weeks after birth. Western blotting was performed using
anti-medium chain acyl-coenzyme A dehydrogenase (MCAD) antibody.

G Representative electron micrographs of adipose tissue of control (left) and CAG-Cre-ER;Syvn1flox/flox (right) mice. An increase in mitochondrial volume can be seen as
an enlargement in cytoplasmic area (M, mitochondria). Magnification, 10,000×.

H Mitochondrial respiration was measured in WAT 7 days after Tam administration (the value for control mice was set to 100%) (n = 3).
I Basal energy expenditure of control and CAG-Cre-ER;Syvn1flox/flox mice 7 days after Tam administration.

Data information: Data were analyzed with the Student’s t-test (A–E, I) or Mann–Whitney U-test (H) and represent the mean � SD. *P < 0.05, **P < 0.01.
Source data are available online for this figure.
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Figure 6. Effect of SYVN1 inhibition on diet-induced weight gain or genetic obesity.

A HEK 293 cells were transfected with FLAG-PGC-1b plasmid and immunoprecipitated with anti-FLAG antibody. An in vitro ubiquitination assay was performed with
GST-SYVN1DTM, immunoprecipitated FLAG-PGC-1b, E1 and E2 enzymes, and HA-Ub in the presence or absence of LS-102. Each experiment was performed at least
three times.

B HEK 293 cells were transiently transfected with PPRE X3-TK-luc and PPARa expression plasmid; 16 h later, cells were treated with vehicle or 10 lM Wy-14643 for
6 h. **P < 0.01. Each experiment was performed at least three times.

C, D Body weight (C) and average food intake (D) were measured daily for C57BL/6J mice treated once a day with DMSO or 50 mg/kg LS-102. *P < 0.05 for C57BL/6J
LS-102-treated versus C57BL/6J DMSO-treated mice.

E Epididymal adipose tissue of C57BL/6J mice treated with DMSO (left) or LS-102 (right) on day 57 (n = 4).
F Hematoxylin and eosin staining of epididymal adipose tissue of C57BL/6J mice treated with DMSO (left) or LS-102 (right) (lipid droplets are shown by black arrows).

Magnification, 400×.
G Representative electron micrographs of adipose tissue from DMSO- (left) and LS-102-treated (right) mice on day 57. An increase in mitochondrial volume can be

seen as enlarged cytoplasmic areas (a mitochondrion is shown by the white arrow). Magnification, 10,000×. The number of mitochondria in the area (2,000
pixel × 2,000 pixel) was measured (right panel).

H–J Obese db/db mice were treated daily with DMSO or LS-102, and body weight (H, I) and average daily food intake (J) were measured (Control, n = 3; LS-102, n = 8).
K Blood glucose was measured on days 13 and 27 (Control, n = 3; LS-102, n = 8).

Data information: All data were analyzed with the Student’s t-test and are shown as mean � SD. *P < 0.05, **P < 0.01.
Source data are available online for this figure.

The EMBO Journal Vol 34 | No 8 | 2015 ª 2015 The Authors

The EMBO Journal E3 ligase synoviolin and energy expenditure Hidetoshi Fujita et al

1050



-286-

PRC regulate mitochondrial function in the control of energy expen-

diture (Lin, 2001; Kamei et al, 2003; Liu & Lin, 2011). Although

these coactivators share functional and structural identities the

primary structure of PGC-1b has several unique features—including

an middle LXXLL motif (Lin, 2001)—, and knockout studies have

suggested functional differences among these proteins (Scarpulla,

2008). In the present study, the aa 195–367 region of PGC-1b
encompassing the middle LXXLL motif was found to interact with

and serve as a target of negative regulation by SYVN1 (Fig 4). This

novel regulatory mechanism was also confirmed in vivo in global

and tissue-specific Syvn1 knockout mice (Figs 4 and 5). The selec-

tive regulation of PGC-1b by SYVN1 could be evidenced for the

unique role of PGC-1b compared to PGC-1a. Thus, a novel function

for SYVN1 in energy metabolism could be exerted via negative regu-

lation of PGC-1b. Recently, knockout mice of Sel-1 suppressor of lin-

12-like protein (Sel1L), which is an adaptor protein for SYVN1 and

functions in the ERAD pathway, were shown to be resistant to diet-

induced obesity (Sha et al, 2014). Therefore, these studies point to a

new direction for research on obesity that includes a role for the

ERAD pathway in energy control.

Nuclear receptors are transcription factors involved in various

metabolic processes and are therefore attractive targets for therapeu-

tic interventions. Several studies on PPARs—the main regulators of

lipid, glucose, and energy metabolism—have been published in the

past two decades and have led to the development of PPAR-related

drugs. Although many PPAR agonists are clinically efficacious, their

use is associated with many side effects (Swanson et al, 2013). The

PPAR coactivators PGC-1a and b are also possible drug targets, and

adequate modulation or activation of PGC-1 expression has great

potential in the treatment of diseases associated with mitochondrial

dysfunction and dysregulation of oxidative metabolism (Liu & Lin,

2011). Although targeting a coactivator in new drug development is

attractive, the pharmacological upregulation of nuclear coactivators

is challenging. In the present study, LS-102—a selective inhibitor of

the E3 ligase activity of SYVN1—induced activation of PGC-1b and

prevented weight gain and WAT accumulation in mice (Fig 6). In

addition, SYVN1 was more highly expressed in obese (ob/ob) mice

than in their non-obese (ob/+) counterparts (Fig 2). These results

provide novel insight into the mechanistic basis of obesity, since the

pharmacological inhibition of SYVN1 enhances energy expenditure

by preventing PGC-1b degradation. In addition, LS-102 treatment

improved blood glucose before stimulating weight loss (Fig 6).

Although further studies are needed to clarify the role of SYVN1 in

glucose metabolism, SYVN1 is an important drug candidate for

obesity and associated metabolic diseases. In conclusion, this study

demonstrated a novel role for SYVN1 in the control of energy

metabolism via negative regulation of PGC-1b.

Materials and Methods

Mice

All procedures involving animals were performed in accordance with

institutional and national guidelines for animal experimentation and

were approved by the Institutional Animal Care and Use Committee

of Tokyo Medical University (#S-24021). Mice were kept in SPF

under conditions (20–26°C temperature; 40–65% humidity) on a

12-h light/12-h dark cycle. F-1 Foods (5.1% fat, 21.3% protein) were

purchased from Funabashi farm (Chiba, Japan). All mice used in the

study were of the C57BL/6J background. Conditional Syvn1loxP/loxP

mice were generated through homologous recombination in embry-

onic stem (ES) cells (Fig 1). The mouse Syvn1 locus was cloned from

a BAC clone, and the targeting construct was linearized and trans-

fected into ES cells by electroporation. Recombinant ES cell clones

expressing the neomycin gene were selected in medium supple-

mented with G418 and injected into C57BL/6 mouse-derived blasto-

cysts using standard procedures. The neomycin selection cassette

was flanked by Frt recombination sites and excised in vivo by cross-

ing with the general FLP deleter strain (Jackson Laboratories, West

Grove, PA, USA). Floxed heterozygous Syvn1flox/+ and heterozygous

CAG-Cre-ER mice (Jackson Laboratories) were crossed to generate

double heterozygous CAG-Cre-ER;Syvn1flox/+mice, which were bred

with homozygous Syvn1flox/flox mice to produce conditional Syvn1

homozygous (CAG-Cre-ER;Syvn1flox/flox) and Syvn1 heterozygous

(CAG-Cre-ER;Syvn1flox/+), homozygous Syvn1flox/flox, and heterozy-

gous Syvn1flox/+ mice. Control mice lacking the Cre transgene

(Syvn1flox/flox or Syvn1flox/+) received Tam injections to eliminate any

potential effects of Tam. To generate the CAG-Cre-ER;Syvn1flox/flox;

ob/ob and CAG-Cre-ER;Syvn1flox/flox;db/db genotypes, CAG-Cre-ER;

Syvn1flox/flox mice were bred with ob/+or db/+mice (Jackson Labora-

tories), yielding the compound heterozygotes CAG-Cre-ER;

Syvn1flox/+;ob/+ and CAG-Cre-ER;Syvn1flox/+;db/+. These were

interbred to obtain CAG-Cre-ER;Syvn1flox/flox;ob/ob, Syvn1flox/flox;ob/

ob, and Syvn1flox/+;ob/ob mice or CAG-Cre-ER;Syvn1flox/flox;db/db,

Syvn1flox/flox;db/db, and Syvn1flox/+;db/db mice. The genotypes

Syvn1flox/flox;ob/ob, Syvn1flox/+;ob/ob, Syvn1+/+;ob/ob, Syvn1flox/flox;

db/db, Syvn1flox/+;db/db, and Syvn1+/+;db/db were used as

control mice. To generate adipose-specific Syvn1 knockout mice,

Syvn1flox/flox and Adipoq-Cre mice (Jackson Laboratories) were

crossed to generate Adipoq-Cre;Syvn1flox/+ compound heterozygotes,

which were mated with Syvn1flox/flox mice. For blinding and random-

ization, genotyping and measurement of body weight were sepa-

rately performed by different person, respectively. In addition,

treatment with LS-102 and measurement of body weight were also

performed by different person, respectively. We randomly allocated

mice and estimated sample size as the number was more than 3 at

least. We excluded mice with sickness or injury from experiment

before starting the experiment.

Tamoxifen, LS-102 administration

Tamoxifen stock solution was prepared using 100 mg tamoxifen

suspended in corn oil (both from Sigma, St. Louis, MO, USA).

Starting from 7 to 8 weeks after birth, mice were injected intraperi-

toneally with 125 mg/kg tamoxifen per day for five consecutive

days. LS-102 solution (50 mg/kg) or DMSO was injected intraperito-

neally once a day.

Plasmids and antibodies

Coding sequences of full-length Ppara, Pparg, Ppargc1a, and

Ppargc1b were PCR-amplified from mouse 3T3-L1 cDNA. Fragments

of Ppargc1b deletion mutants were obtained by PCR amplification,

and these along with full-length Ppargc1b were inserted into the

pcDNA3 HA plasmid (Invitrogen, Carlsbad, CA, USA) for GST
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pull-down and transient transfection assays. Plasmid sequences

were confirmed by sequencing. PPRE X3-TK-luc was purchased

from Addgene (Cambridge, MA, USA). SYVN1 plasmids were previ-

ously described (Amano et al, 2003; Yamasaki et al, 2007), and

Syvn1 point mutants were obtained by PCR amplification. The

following antibodies were used: anti-FLAG (M2), anti-tubulin (both

from Sigma), and anti-HA (12CA5 and 3F10; Roche, Indianapolis,

IN, USA). The anti-SYVN1 rabbit polyclonal antibody that was used

was previously reported (Yamasaki et al, 2007). Polyclonal antise-

rum against PGC-1b was generated by immunizing rabbits with

purified GST-PGC-1b (1–367 aa).

GST pull-down assay

GST fusion proteins were expressed and purified using glutathione

sepharose beads (GE Healthcare, Little Chalfont, UK) (Aratani et al,

2001; Fujita et al, 2003). Cell extracts were incubated with each

GST fusion protein bound to resin in 1 ml buffer A [20 mM Tris–

HCl, pH 8.0; 100 mM NaCl; 1 mM ethylenediaminetetraacetic acid

(EDTA); 1 mM dithiothreitol (DTT); 0.1% Nonidet P-40 (NP-40);

5% glycerol; 1 mM Na3VO4; 5 mM NaF; 1 lg/ml aprotinin; and

1 lg/ml leupeptin] for 4 h at 4°C. After washing with buffer A,

bound proteins were fractionated by sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS–PAGE) followed by

Western blotting.

Immunoprecipitation assays

HEK 293T cells were transfected with HA-PGC-1b and SYVN1/FLAG

expression vectors; 24 h later, cells were lysed in 200 ll lysis buffer
(20 mM Tris–HCl, pH 8.0; 100 mM NaCl; 1 mM EDTA; 1 mM DTT;

1% NP-40; 5% glycerol; and protease inhibitors). Lysates were

diluted in binding buffer (of the same composition as lysis buffer,

except that it contained 0.1% NP-40) and mixed with 2 lg anti-

FLAG (M2) antibody conjugated to protein G-sepharose beads. After

a 4-h incubation at 4°C, beads were washed three times with bind-

ing buffer. Bound proteins were fractionated by SDS–PAGE and

analyzed by Western blotting. To detect the interaction between

endogenous SYVN1 and PGC-1b, HEK 293 cells were lysed in a

solution composed of 100 mM Tris–HCl, 80 mM NaCl, 1 mM

EDTA, 5 mM ethylene glycol tetraacetic acid, 5% glycerol, 2%

(w/v) digitonin, 0.1% Brij 35, protease inhibitor cocktail, and

20 mM MG132. Immunoprecipitation was carried out with anti-

SYVN1 antibody or control IgG, followed by Western blot using

anti-PGC-1b antibody.

In vitro ubiquitination assays

The in vitro ubiquitination assay was performed as previously

described (Yamasaki et al, 2007). Briefly, GST-PGC-1b (aa 1–367)

was incubated with 0.75 lg HA-Ub, 125 ng E1 (Biomol Interna-

tional, Plymouth Meeting, PA, USA), 150 ng UBcH5C, and 150 ng

maltose-binding protein-tagged SYVN1DTM-His in reaction buffer

(50 mM Tris–HCl, pH 7.5; 5 mM MgCl2; 0.6 mM DTT; and 2 mM

ATP) at 37°C for 2 h. Glutathione sepharose was then added, and

the mixture was washed with GST wash buffer (50 mM Tris–HCl,

pH 7.5; 0.5 M NaCl; 1% Triton X-100; 1 mM EDTA; 1 mM DTT;

and protease inhibitors). The ubiquitinated PGC-1b was analyzed by

Western blotting with anti-HA antibody. For inhibition of ubiquiti-

nation by LS102, FLAG-PGC-1b was purified from HEK 293T cells

transfected with FLAG-PGC-1b with an anti-FLAG antibody and

incubated with 1.5 lg HA-Ub, 250 ng E1, 300 ng UBE2G2, and

150 ng GST-SYVN1 (aa 233–338) in reaction buffer (50 mM Tris–

HCl, pH 7.5; 5 mM MgCl2; 0.6 mM DTT; and 2 mM ATP) at 37°C

for 2 h. The ubiquitinated PGC-1b was re-immunoprecipitated with

anti-FLAG antibody and analyzed by Western blotting with anti-HA

antibody.

In vivo ubiquitination assay

HEK 293T cells were transfected with HA-PGC-1b, Ub/FLAG,

SYVN1, or SYVN1 3S expression plasmids; 24 h later, 20 lM MG-

132 was added, and cells were lysed in lysis buffer (50 mM HEPES,

pH 7.9; 150 mM KCl; 1 mM phenylmethanesulfonyl fluoride; 1%

Triton X-100; 10% glycerol; and protease inhibitors). Lysates were

mixed with 1 lg anti-HA antibody conjugated to protein G-sepha-

rose beads. After a 4-h incubation at 4°C, beads were washed three

times with lysis buffer. Bound proteins were fractionated by SDS–

PAGE and analyzed by immunoblotting.

Cells cultures and transient transfection assay

HEK 293, HEK 293T, and 3T3-L1 cell lines; MEF; and skin fibro-

blasts were cultured in Dulbecco’s modified Eagle’s medium as

previously described (Yamasaki et al, 2007). Transient transfec-

tion was performed with Lipofectamine 2000 or LTX according to

the manufacturer’s protocol (Invitrogen). Cells were lysed with

cell lysis buffer (Promega, Madison, WI, USA) 24 h after transfec-

tion, and luciferase activity was measured. To ensure equal

amounts of DNA, empty plasmids were added to each transfec-

tion.

Immunocytochemistry

The detailed procedure has been described in detail elsewhere

(Fujita et al, 2003, 2005). Briefly, cells were transfected with plas-

mids and fixed 24 h later with 3.7% formaldehyde, permeabilized

with 0.2% Triton X-100, and blocked with 2% bovine serum albu-

min. Cells were incubated with rat anti-HA (1:1,000) or rabbit anti-

FLAG (1:1,000) primary antibody, followed by staining with Alexa

Fluor 594 anti-mouse or Alexa Fluor 498 anti-rat secondary antibody

(1:1,000; Molecular Probes, Eugene, OR, USA).

Measurement of protein half-life

The assay was performed using a previously described method with

some modifications (Yamasaki et al, 2007; Bernasconi et al, 2010).

MEFs derived from Syvn knockout mice (Yamasaki et al, 2007) were

transfected with 1 lg pcDNA3 Syvn/FLAG, empty vector, 1.5 lg
pcDNA3 SyvnDSyU/FLAG, and 0.75 lg pcDNA3 HA-PGC-1b; 48 h

later, cells were treated with 40 lM cycloheximide for various

times, then lysed with buffer (10 mM Tris–HCl, pH 8.0; 150 mM

NaCl; 1 mM EDTA; 1% NP-40; 1 mM DTT; and protease inhibitors),

and analyzed by immunoblotting with antibodies against PGC-1b,
SYVN1, or a-tubulin (loading control). Each experiment was

performed at least three times.
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Luciferase assay

The assay was performed as previously described (Chakravarti et al,

1996; Nakajima et al, 1996). HEK 293 cells were transiently trans-

fected with 12.5 ng PPRE X3-TK-luc reporter plasmid, 25 ng

pcDNA3 HA-PPARa, 25 ng pcDNA3 HA-PGC-1b, 0.1 ng pRL-CMV,

and 15 nM Syvn1 siRNA. For SYVN1 overexpression, 12.5 ng PPRE

X3-TK-luc reporter plasmid, 25 ng pcDNA3 HA-PPARa, 75 ng

pcDNA3 HA-PGC-1b, 0.1 ng pRL-CMV, and 50 or 100 ng SYVN1

expression vector were transfected. After 12 h, cells were treated

with 10 lM WY-14643 for 6 h and lysed with cell lysis buffer,

followed by measurement of luciferase activity. Each experiment

was performed at least three times.

RNA interference and real-time PCR

SiRNAs for human SYVN1 have been previously described (Yamasa-

ki et al, 2007). SiRNAs for mouse Syvn1 and Ppargc1b were

purchased from Ambion Inc. (Austin, TX, USA). SiRNA transfection

was performed with Lipofectamine 2000. Total RNA from adipose

tissue was purified 7 days after Tam injection using ISOGEN (Nip-

pon Gene, Tokyo, Japan) according to the manufacturer’s instruc-

tions and reverse-transcribed using ReverTra Ace with random

primers (Toyobo, Osaka, Japan). Real-time PCR was performed

using LightCycler 480 Probes Master (Roche Diagnostics, Mann-

heim, Germany). Expression levels were determined relative to that

of 18s rRNA. Primers and probes used in this study are shown in

Supplementary Table S2.

Mitochondrial respiration

WAT was collected from control and CAG-Cre-ER;Syvn1flox/flox or

Adipoq-Cre;Syvn1flox/flox mice. The detailed procedure for measure-

ment of mitochondrial respiration is described elsewhere (Sjovall

et al, 2013). Pre-adipocyte cells were obtained from CAG-Cre-ER;

Syvn1flox/flox mice. White adipose tissues were minced and incu-

bated with collagenase solution for 45 min at 37°C. Then, cell

suspension was filtered twice. Cells were cultured in DMEM/F12.

Cells were treated with DMSO or tamoxifen, and transient transfec-

tion of siRNA was performed 5 days before experiment.

Measurement of basal metabolism

Oxygen consumption and carbon dioxide production were measured

using an Oxymax Equal Flow System (Columbus Instruments,

Columbus, OH, USA) during the rest period after a 4-h fast 7 days

after Tam administration. In addition, motor activity (number of

movements) was measured using the DAS system (Neuroscience,

Inc, Tokyo, Japan).

Statistical analysis

One-way analysis of variance was used to determine correlations

among individual genotypes of mice and body weight at each time

point. The non-paired Student’s t-test was used to analyze mean

differences between control and LS-102-treated mice in luciferase

activity, tissue weight, basal metabolism, and body weight change

at each time point. The Mann–Whitney U-test was used in the

mitochondrial respiration assay. A P value < 0.05 was considered

statistically significant.

Supplementary information for this article is available online:

http://emboj.embopress.org
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Abstract. The deletion mutation of exon 4 in surfactant 
protein C (SP-C), a lung surfactant protein, has been identified in 
parent-child cases of familial interstitial pneumonia. It has been 
shown that this mutation induces endoplasmic reticulum (ER) 
stress. Synoviolin is an E3 ubiquitin ligase that is localized to the 
ER and is an important factor in the degradation of ER-related 
proteins. It has been demonstrated that synoviolin is involved in 
liver fibrosis. In the present study, we investigated the involve-
ment of synoviolin in the pathogenesis of interstitial pneumonia 
caused by the exon 4 deletion in the SP-C gene. We transfected 
wild-type and exon 4-deleted SP-C genes into A549 human lung 
adenocarcinoma cells and measured the secretion of collagen, 
which is a representative extracellular matrix protein involved 
in fibrosis. Secreted collagen levels were increased in the culture 
medium in SP-C mutants compared to the wild-type cells. 
Furthermore, the transcription of mRNAs coding for factors 
associated with fibrosis was increased. Subsequently, to assess 
the involvement of synoviolin, we constructed plasmids with 
a luciferase gene under the control of the synoviolin promoter. 
The A549 cells were transfected with the construct along with 
the exon 4-deleted SP-C plasmid for use in the luciferase assay. 
We found a 1.6-fold increase in luciferase activaty in the cells 
carrying exon 4 deleted SP-C, as well as an increase in intrinsic 
synoviolin expression at the mRNA and protein levels. Collagen 

secretion was decreased by the addition of LS-102, a synoviolin 
inhibitor, to the A549 culture medium following transfection with 
wild-type and exon 4-deleted SP-C. These results demonstrate 
that synoviolin is involved in the onset of interstitial pneumonia 
induced by exon 4-deleted SP-C, which suggests that synoviolin 
inhibitors may be used in the treatment of the disease.

Introduction

Idiopathic pulmonary fibrosis (IPF) is part of a large group of 
diffuse parenchymal lung diseases, that are characterized by 
progressive parenchymal fibrosis, without any known cause and 
poor prognosis. Nogee et al conducted a genetic analysis of a 
mother (onset age, 1 year) with desquamative interstitial pneu-
monia (DIP) and a child (onset age, 6 weeks) with non-specific 
interstitial pneumonia (NSIP), and identified a heterozygous 
mutation of the surfactant protein C (SP-C) gene (deletion 
of exon 4, SP-CΔexon4) for the first time (1). SP-C is a compo-
nent of the pulmonary surfactant, which is a heterogeneous 
complex of lipids and proteins that lowers lung-surface tension 
and contributes to the host defense system. The SP-C gene 
is located on the short arm of chromosome 8, and comprises 
6 exons and 5 introns (2). The precursor of SP-C, proSP-C, 
consists of 197 amino acids and is transformed into mature 
SP-C (consisting of 24-58 amino acids) through intracellular 
cleavage and modification (3,4). ProSP-CΔexon4 has been found 
to induce endoplasmic reticulum (ER) stress (5,6).

Fibrosis is defined by the accumulation of excess extracel-
lular matrix (ECM) components, such as collagen, in and around 
inflamed or damaged tissue (7,8). Fibrosis can develop in the 
majority of tissue types, and advanced fibrosis causes fibrotic 
diseases, such as pulmonary fibrosis, liver cirrhosis and renal 
fibrosis, resulting in organ dysfunction and eventually death. 
According to recent studies, synoviolin/HRD1 is involved in liver 
fibrosis (9) and collagen synthesis in the kidneys (10). Synoviolin, 
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which we have previously cloned (11), is an ER-resident E3 ubiq-
uitin ligase with a RING finger domain that activates the 
ER-associated degradation (ERAD) pathway (11). Synoviolin is 
ubiquitously expressed in all organs of the body, particularly in 
the liver, pancreas and skeletal muscle (12). Synoviolin is upregu-
lated in response to ER stress and the overexpression of human 
inositol-requiring kinase 1 (IRE1) and activating transcription 
factor 6 (ATF6) (12,13). We have previously demonstrated 
that heterozygous synoviolin knockout mice are resistant  to 
CCl4-induced liver fibrosis. In addition, we have demonstrated 
that collagen secretion is reduced by synoviolin deficiency in 
mouse embryonic fibroblasts, suggesting the involvement of 
synoviolin in collagen secretion (9). Li et al (10) demonstrated 
that synoviolin expression was increased in a mouse model of 
renal interstitial fibrosis caused by unilateral ureteral obstruction 
(UUO). In addition, they demonstrated that collagen secretion 
is reduced by synoviolin deletion in NRK-49F cells (normal 
rat kidney interstitial fibroblasts) (10). These data suggest that 
synoviolin expression is increased by ER stress and that synovi-
olin promotes collagen synthesis. Thus, we hypothesized that 
synoviolin is involved in lung fibrosis, and in particular, in ER 
stress-related lung fibrosis. In order to confirm our hypothesis, in 
the present study, we investigated the involvement of synoviolin 
and synoviolin inhibitor, LS-102, in collagen secretion in an 
in vitro model of IPF by transfecting A549 cells (a human lung 
adenocarcinoma epithelial cell line) with SP-C lacking exon 4.

To investigate our hypothesis that synoviolin is involved 
in lung fibrosis and that synoviolin inhibitors are candidate 
antifibrotic agents, we investigated the association between 
synoviolin and collagen secretion in an in vitro model, in which 
A549 cells were transfected with SP-CΔexon4, which has been 
reported to induce ER stress (5,6). In the present study, we did 
not use any chemical or physical method to induce fibrosis; 
instead, we focused on an SP-C mutation, SP-CΔexon4, which 
has been identified in parent-child cases of familial interstitial 
pneumonia (1).

Materials and methods

Cell culture. The A549 human lung adenocarcinoma cell line 
was purchased from the American Type Culture Collection 
(ATCC, Manassas, VA, USA). The A549 cells were cultured 
in minimum essential medium (Sigma-Aldrich, St. Louis, MO, 
USA) supplemented with 1% penicillin, 1% streptomycin and 
10% (heat-inactivated) fetal bovine serum (FBS).

Transfection of cells with plasmid constructs and siRNA. The 
wild-type proSP-C expression vector was constructed using 
pcDNA3-FLAG (Invitrogen, Carlsbad, CA, USA) by the 
insertion of wild-type proSP-C cDNA that was isolated from 
a human lung cDNA library (Takara Bio Co., Tokyo, Japan).

SP-CΔexon4 (deletion of exon 4) was constructed according 
to previously published techniques (14). All constructs were 
confirmed by DNA sequencing. The A549 cells were grown 
for 24 h and transfected with wild-type SP-C or mutant SP-C 
constructs using Lipofectamine 2000 (Invitrogen) as per the 
manufacturer's instructions.

The sequences of the synoviolin siRNA and scrambled 
synoviolin siRNA were identical to those described in a 
previous study (15), and were chemically synthesized at 

Hokkaido System Science (Hokkaido, Japan). The A549 cells 
were seeded at 40-50% confluency in 6-well plates and cultured 
for 24 h. Subsequently, 50 nmol of annealed RNA duplex was 
transfected using Lipofectamine 2000 according to the manu-
facturer's instructions.

Antibodies. The antibodies used in this study were as 
follows: anti-synoviolin/HRD1 monoclonal antibody as 
previously described (11), anti-FLAG antibody (anti-FLAG 
M2  monoclonal  antibody,  F3165;  Sigma-Aldrich),  anti-
hemagglutinin-A (HA) 3F10 monoclonal antibody (1867423; 
Roche Applied Science) and anti-β-actin monoclonal antibody 
(A5441; Sigma-Aldrich).

Preparation of cellular protein. Cell cultures were harvested 
and proteins were extracted using a cell extraction buffer 
containing 0.05 M Tris-HCl (pH 8.0), 0.15 M NaCl, 5.0 mM 
ethylenediaminetetraacetic acid (EDTA), 1% NP-40 and 
protease inhibitors (1 µg/ml leupeptin, 1 µg/ml dithioth-
reitol (DTT), 1 µg/ml pepstatin and 1.5 µg/ml aprotinin) at 4˚C.

Reporter assay. The A549 cells were plated on 24-well 
plates (5x104 cells/well). The synoviolin promoter 
(SyG-2055/+845 PGV-B2) was prepared as described in a 
previous study (16). For transient transfection into the A549 
cells, 20 ng/well synoviolin promoter and 50 ng/well test 
plasmids (SP-C1-197 or SP-CΔexon4) were co-transfected using 
Lipofectamine 2000 (Invitrogen) according to the manufac-
turer's recommendations. After 24 h, the cultures were aspirated 
and the cells were added to 100 µl of passive lysis buffer 
(Promega, Madison, WI, USA). The cell debris was pelleted and 
5 µl of supernatant were collected and immediately analyzed for 
luciferase activity using the Promega Luciferase assay system 
(Promega) and a microplate luminometer (Centro XS3 LB 960; 
Berthold Technologies, Wildbad, Germany). The 5 µl superna-
tant samples were used to measure the protein concentration 
in  each well  using  a multi-spectrophotometer  (Viento XS; 
Dainippon Sumitomo Pharma, Tokyo, Japan). The assay was 
performed in triplicate and the mean values were calculated for 
each sample. The luciferase activity results were normalized to 
the protein concentration in each sample.

Western blot analysis. The A549 cells were seeded at 40-50% 
confluency in 100-mm plates and harvested 18 h following 
transfection. Tunicamycin-treated (10 µg/ml) A549 cells 
were prepared as a model of chemical induction of ER stress. 
Cellular protein extracts were resolved by 10% SDS-PAGE, 
transferred onto a nitrocellulose membrane and immunob-
lotted with anti-synoviolin/HRD1 monoclonal antibodies 
followed by horseradish peroxidase-conjugated secondary 
antibodies. The antigen-antibody complexes were visualized 
using an ECL detection system (Promega). β-actin expression 
was used as an internal control. Immunoblots were scanned 
and band densities were quantified using ImageJ software.

Real-time polymerase chain reaction (PCR). The A549 cells 
were grown in 100-mm culture plates. Forty-eight hours 
following transfection, total RNA from the A549 cells was 
isolated using  Isogen  II  (Nippon Gene, Tokyo,  Japan) and 
cDNA was synthesized using RiverTra Ace (Toyobo, Tokyo, 
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Japan) according to the manufacturer's instructions. Real-time 
PCR relative quantification analysis was performed to measure 
the mRNA expression levels of transforming growth factor-β 
(TGF-β), connective tissue growth factor (CTGF), prolyl 
4-hydroxylase subunit alpha 1 (P4HA1), X-box binding 
protein 1 (XBP1) and synoviolin using the FastStart Universal 
Probe Master mix (ROX; Roche Applied Science, Indianapolis, 
IN, USA), primers from the Universal Probe Library Assay 
Design Center and probes from the universal probe library set 
(both from Roche Applied Science, Tokyo, Japan) with the 
Step One Plus Detection System and software (Applied 
Biosystems, Life Technologies  Japan, Tokyo,  Japan). The 
primers and probes used are as follows: TGF-β forward, 
GCAGCACGTGGAGCTGTA and reverse, CAGCCGGTTGC 
TGAGGTA (probe: Universal probe library probe #72); CTGF 
forward, AGCTGACCTGGAAGAGAACATT and reverse, 
GCTCGGTATGTCTTCATGCTG (probe: Universal probe 
library probe #71); P4HA1 forward, TCGTCAAAGACCTAG 
CAAAACC and reverse, CCGTCTCCAAGTCTCCTGTTA 
(probe: Universal probe library probe #30); XBP1 forward, 
GGAGTTAAGACAGCGCTTGG and reverse, CACTGG 
CCTCACTTCATTCC (probe: Universal probe library 
probe #37); synoviolin forward, TTCGTCAGCCACGCCTAT 
and reverse, GAGCACCATCGTCATCAGG (probe: Universal 
probe library probe #89). The protocol included 1 cycle at 
95˚C for 10 min, followed by 40 cycles at 95˚C for 1 sec and 
60˚C  for  20  sec,  according  to  the  manufacturer's 
recommendations. The mRNA level was normalized relative 
to the amount of the transcript coding for 18S rRNA.

Measurement of soluble secreted collagen. The A549 cells were 
seeded at 40-50% confluency in 6-well plates. Twelve hours 
following transfection, the medium was replaced with serum-
free Opti-MEM (Gibco, Life Technologies Japan, Tokyo, Japan) 
to eliminate the effects of serum on collagen measurement. At 
30 h following transfection, the total soluble collagen in the 
culture supernatants was measured using the Sircol collagen 
assay method (Biocolor, County Antrim, UK) according to the 
manufacturer's instructions. The assay was performed in tripli-
cate and the mean values of each sample were calculated.

Immunoprecipitation. The cells were plated on 100-mm 
tissue culture dishes and MG132 was added at a concentra-
tion of 20 µM 24 h following transfection. The cells were 
co-transfected with hemagglutinin (HA)-tagged ubiquitin 
(Ub) and an SP-C wild-type, SP-C mutant, or empty vector. 
Co-transfected with the synoviolin gene were also prepared. 
Twenty-seven hours following transfection, the cells were 
harvested and lysed with 200 µl of lysis buffer [50 mM 
HEPES-KOH (pH 7.9), 150 mM KCl, 1% Triton X-100, 
1 mM phenylmethylsulfonyl fluoride (PMSF), 10% glycerol, 
2 µg/ml aprotinin, 2 µg/ml leupeptin, 2 µg/ml pepstatin A 
and 20 µM MG132 (a proteasome inhibitor)]. Following 
centrifugation at 5,000 rpm for 10 min, 150 µl of the clear 
supernatant was incubated with 5 µl of normal mouse IgG 
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), 30 µl 
of protein G-Sepharose (GE Healthcare, Tokyo, Japan) and 
350 µl of lysis buffer at 4˚C with rotation for 30 min. The 
supernatant was incubated with 2 µl of anti-FLAG M2 mono-
clonal antibody at 4˚C with rotation for 2 h, after which 40 µl 
of protein G were added, followed by incubation at 4˚C with 
rotation for 1 h. The immunoprecipitates were solubilized in 
SDS sample buffer [0.078 M Tris-HCl (pH 6.8), 2% SDS, 10% 
glycerol, 5% 2-mercaptoethanol and 0.003% bromophenol 
blue] and then subjected to 4-15% gradient SDS-PAGE 
(Bio-Rad, Hercules, CA, USA).

Synoviolin inhibitor, LS-102. Synoviolin inhibitor, LS-102, was 
identified by screening approximately 4 million compounds 
for potential synoviolin enzyme inhibitors as described in a 
previous study (5). Dimethyl sulfoxide (DMSO) is used as 
solvent for LS-102; thus, we used DMSO as a control. Twelve 
hours following transfection, Opti-MEM (no serum added) 
was replaced, and LS-102 (5 µM) or DMSO (5 µM) was added 
to the medium to evaluate the effect of LS-102.

Statistical analysis. All data are expressed as the means ± stan-
dard deviation (SD). Differences between groups were 
examined using the Student's t-test and considered statistically 
significant at P<0.05. All results were derived from at least 
3 independent experiments.

Figure 1. Effect of surfactant protein C (SP-C) overexpression on collagen secretion in A549 cells. The mutant SP-C gene increased the mRNA expression levels 
of (A) transforming growth factor-β (TGF-β), (B) connective tissue growth factor (CTGF) and (C) prolyl 4-hydroxylase subunit alpha 1 (P4HA1) by approximately 
2.3-, 1.5- and 2.9-fold, respectively, compared to the wild-type. (D) A549 cells transfected with mutant SP-C secreted an approximately 1.3-fold greater amount 
of collagen into the medium than the cells transfected with wild-type SP-C. Data are the means ± standard error of the mean (SEM) of 3 experiments. **P<0.01. 
WT, wild-type.
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Results

Overexpression of SP-CΔexon4 promotes collagen secretion in 
A549 cells. Studies have found an association between muta-
tions in the SP-C gene and familial pulmonary fibrosis (1,17,18). 
Therefore, in this study we focused on the SP-CΔexon4 mutation. 
To assess the association between the SP-CΔexon4 mutation and 
fibrosis in the current experimental system, we measured the 
mRNA expression levels of transforming growth factor-β 
(TGF-β), connective tissue growth factor (CTGF) and 
prolyl 4-hydroxylase subunit alpha 1 (P4HA1), which are respon-
sible for enhancing the production of collagen protein, a typical 
ECM component involved in fibrosis (19-21). Transfection of the 
cells with the mutant SP-C gene increased the mRNA expression 
levels of TGF-β, CTGF and P4HA1 by approximately 2.3-, 1.5- 
and 2.9-fold, respectively, compared to the wild-type (Fig. 1A-C).

Fibrosis is attributed to the excess deposition of ECM compo-
nents in and around inflamed or damaged tissue (8). Collagen is a 
major component of the ECM; therefore, we measured collagen 
secretion following transfection of the cells with mutant SP-C. 

To confirm that mutant SP-C promoted collagen secretion from 
mutant SP-C-expressing A549 cells, collagen secretion was 
measured following transfection with a wild-type or mutant SP-C 
gene. The A549 cells transfected with the mutant SP-C gene 
secreted approximately 1.3-fold more collagen into the medium 
than the cells transfected with wild-type SP-C (Fig. 1D).

SP-CΔexon4 increases the expression of synoviolin. To examine 
the hypothesis that synoviolin plays a role in fibrosis induced 
by SP-CΔexon4, we evaluated the level of synoviolin expression 
in SP-CΔexon4-expressing A549 cells. First, we constructed a 
plasmid carrying a luciferase gene with expression regulated 
by a synoviolin promoter, which was co-transfected together 
with the wild-type SP-C or mutant SP-C gene expression 
plasmid into the A549 cells. Twenty-four hours following 
transfection, a luciferase assay was conducted. The A549 cells 
expressing mutant SP-C showed 1.6-fold greater luciferase 
activity than the wild-type SP-C-expressing cells (Fig. 2A). 
These data suggest that the transcriptional activity of synovi-
olin was enhanced in the SP-CΔexon4 gene-transfected cells.

Figure 2. Effect of surfactant protein C (SP-C)Δexon4 overexpression on synoviolin expression in A549 cells. (A) Luciferase assay revealed that the A549 cells 
expressing mutant SP-C showed a 1.6-fold higher luciferase activity than the wild-type SP-C-expressing cells. The mRNA expression levels of (B) X-box binding 
protein 1 (XBP1) and (C) synoviolin were increased in the mutant SP-C-expressing A549 cells compared with the wild-type SP-C-expressing cells. (D) Transfection 
of A549 cells with mutant SP-C increased the expression of synoviolin protein compared with the cells transfected with wild-type SP-C. Data are the means ± stan-
dard error of the mean (SEM) of 3 experiments. WT, wild-type; TM, tunicamycin [positive control of endoplasmic reticulum (ER) stress]. *P<0.05 and **P<0.01.
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Subsequently, to confirm that ER stress is induced in this 
experimental system and that the mRNA expression of synoviolin 
is activated in the mutant SP-C-transfected cells, we examined 
the expression levels of X-box binding protein 1 (XBP1) and 
synoviolin in the A549 cells by real-time PCR. The mRNA 
expression levels of XBP1 and synoviolin were increased in 
the mutant SP-C-expressing A549 cells in comparison to the 
wild-type SP-C-expressing cells (Fig. 2B and C).

Finally, to assess the protein expression of synoviolin, 
we performed western blot analysis with an anti-synoviolin 
antibody. Transfection of the A549 cells with mutant SP-C 
increased the protein expression of synoviolin compared with 
the cells transfected with wild-type SP-C (Fig. 2D). Thus, the 
overexpression of SP-CΔexon4 in the A549 cells increased the 
transcriptional activity of synoviolin and the expression of 
synoviolin at the mRNA and protein levels.

Synoviolin knockdown decreases collagen secretion in 
A549 cells transfected with SP-CΔexon4. To explore the role of 
synoviolin in collagen secretion in the A549 cells, we evalu-
ated collagen production in A549 cells following transfection 
with siRNA targeting synoviolin. We found that the level of 
soluble secreted collagen in the supernatant of A549 cells 
after the knockdown of synoviolin was approximately 20% 
less than that produced by the scrambled siRNA-transfected 
A549 cells (Fig. 3A). Furthermore, we analyzed the effects 
of synoviolin siRNA on collagen secretion in SP-CΔexon4-
expressing A549 cells. The A549 cells were co-transfected with 
SP-CΔexon4 and either synoviolin siRNA or scrambled siRNA. 
The amount of soluble secreted collagen in the supernatant 
of the synoviolin siRNA-transfected SP-CΔexon4-expressing 
A549 cells was approximately 30% less than that produced 
by scrambled siRNA-transfected SP-CΔexon4-expressing A549 
cells (Fig. 3B).

Synoviolin ubiquitinates proSP-CΔexon4 as a substrate. To 
demonstrate the ubiquitination of proSP-CΔexon4, the A549 
cells were co-transfected with hemagglutinin (HA)-tagged 
ubiquitin (Ub) and an SP-C wild-type, SP-C mutant, or empty 
vector. In addition, to determine whether synoviolin ubiquiti-
nates proSP-CΔexon4 as a substrate, cells co-transfected with the 
synoviolin gene were also prepared. Following immunoprecip-
itation with an anti-FLAG antibody, western blot analysis was 
performed using an anti-HA antibody. The cells transfected 
with SP-CΔexon4 showed a ladder pattern, suggesting ubiquitina-
tion. The synoviolin-containing cells showed a more intense 
band (Fig. 4). These results suggested that the proSP-CΔexon4 
protein was ubiquitinated in this experimental system and that 
synoviolin may participate in this ubiquitination.

Collagen secretion is suppressed by the synoviolin inhibitor, 
LS-102. To investigate the effects of synoviolin inhibition on 
collagen secretion in A549 cells, we performed experiments 
using the synoviolin inhibitor, LS-102, as described in a previous 
study of ours (22), in which we identified LS-102 by screening 
approximately 4 million compounds for potential synoviolin 
enzyme inhibitors. As a result, LS-101 and LS-102 were identi-
fied as compounds that inhibited the autoubiquitination activity 
of synoviolin. These compounds were administered in a mouse 
model of collagen-induced arthritis, in which they demonstrated 
protective effects against arthritis. LS-101 had more potent 
inhibitory effects on the synoviolin enzyme than LS-102. 
However, LS-102 was used in this study as it is more selective 
for synoviolin than LS-101. Twelve hours following transfec-
tion, Opti-MEM (no serum added) was replaced, and LS-102 
or DMSO (5 µM; as a control) was added to the medium. The 
tunicamycin (10 µg/ml)-treated A549 cells were also prepared 
as a positive control for ER stress induction. LS-102 significantly 
decreased collagen secretion into the medium (Fig. 5).

Figure 3. Effect of synoviolin siRNA on synoviolin secretion in A549 cells transfected with surfactant protein C (SP-C)Δexon4. (A) Collagen secretion was 
decreased by synoviolin siRNA in A549 cells. (B) A549 cells were co-transfected with SP-CΔexon4 and synoviolin siRNA or scrambled siRNA. The amount of 
soluble secreted collagen in the supernatant of synoviolin siRNA-transfected SP-CΔexon4-expressing A549 cells was less than that produced by scrambled siRNA-
transfected SP-CΔexon4-expressing A549 cells. Data are the means ± standard error of the mean (SEM) of 3 experiments. **P<0.01.
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Discussion

In the present study, we demonstrated that the expression 
of synoviolin and collagen secretion were enhanced by the 
overexpression of SP-CΔexon4 in A549 cells and that collagen 
secretion was suppressed by the use of the synoviolin inhibitor, 
LS-102.

The pathogenic mechanisms of fibrosis have recently 
attracted the attention of researches, and studies have 
indicated that diverse factors, pathways and systems are 
involved in the progression of fibrosis. However, the detailed 
mechanisms involved are not yet fully understood. Wynn 
et al (8), Tanjore et al (23,24) and Zhong et al (25) reported 
that various pathways are involved in fibrosis, including the 

Figure 5. Effect of the synoviolin inhibitor, LS-102, on collagen secretion in A549 cells. LS-102 significantly decreased collagen secretion into the medium. Data 
are the means ± standard error of the mean (SEM) of 3 experiments. WT, wild-type; TM, Tunicamycin [positive control of endoplasmic reticulum (ER) stress].

Figure 4. Ubiquitination of precursor of surfactant protein C (proSP-C)Δexon4. A549 cells were co-transfected with hemagglutinin (HA)-tagged ubiquitin (Ub) and 
SP-C wild-type, SP-C mutant, or an empty vector. In addition, samples were also prepared that were co-transfected with the synoviolin gene. After immunoprecipi-
tation with an anti-FLAG antibody, western blot analysis was performed using an anti-HA antibody. The cells transfected with SP-CΔexon4 showed a ladder pattern, 
suggesting ubiquitination. The synoviolin-containing cells showed a more intense band. Data are the means ± standard error of the mean (SEM) of 3 experiments. 
Syno, synoviolin.
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ER-stress pathway, and that ER stress leads to fibrosis. In the 
present study, we did not use any chemical or physical method 
to  induce fibrosis, but  instead we focused on a mutation in 
SP-C that was identified in mother-child cases of familial 
interstitial pneumonia, and which produced ER stress in A549 
cells. Considering our results in the context of the dual role 
of synoviolin as an E3 ubiquitin ligase and collagen synthesis 
promoter, this study suggests the existence of a novel pathway: 
ER stress increases synoviolin synthesis, which promotes 
collagen synthesis, contributing to fibrosis. This result confirm 
the association between ER stress and fibrosis that has been 
previously reported (23,25). Further studies are required to 
fully determine the association between synoviolin and fibrosis.

Excessive fibrosis affects various organs and tissues, 
including the endocardium, the heart, the liver, the kidneys, 
the skin, the bone marrow, the retroperitoneum and the lungs. 
Advanced fibrosis is a serious disorder that causes organ 
dysfunction and death; accordingly, antifibrotic drugs are in 
development. Various factors [TGF-β, CTGF, tumor necrosis 
factor (TNF), endothelin, chemokines, chemokine receptors, 
and matrix metalloproteinases (MMPs)] and effector cells are 
involved in fibrosis (19,20,26-28). As a result, there are several 
potential therapeutic vectors which may be used in the treat-
ment of fibrosis, and thus a wide range of candidate therapeutic 
agents is available (8).

In the present study, we demonstrate that synoviolin 
expression and collagen secretion are enhanced by trans-
fecting A549 cells with SP-CΔexon4 and that collagen secretion 
is suppressed by transfection with synoviolin siRNA or the 
synoviolin inhibitor, LS-102. Based on these findings and the 
recent studies indicating that synoviolin is involved in liver 
fibrosis (9) and renal fibrosis (10), our data suggest that the 
synoviolin inhibitor, LS-102 represents a candidate antifibrotic 
agent for  the  treatment of  interstitial pneumonia; however, 
further studies, including in vivo studies, are required in order 
to confirm this therapeutic potential.
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In the original version of the article, the mutation c.601_602delGA in LMOD3 was incorrectly described; the correct predicted protein 
change is p.D201Qfs*9. In addition, the LMOD3 mutation p.S47Qfs*13 was incorrectly indicated; the correct mutation is S47Qfs*13. These 

errors affected portions of Table 1, Table 2,  
Figure 1, and Supplemental Table 2. The 
corrected versions of Table 1, Table 2, and 
Figure 1 appear below, and Supplemental 
Table 2 has been updated online.

The authors regret the errors.

table 1. LMOD3 variants and protein expression 

Patient ID LMOD3 genotypeA Protein expressionB

1a hom c.138dupC, p.S47Qfs*13 p.S47Qfs*13 (6.6 kDa), no expression
1b hom c.138dupC, p.S47Qfs*13 p.S47Qfs*13 (6.6 kDa), N/D
2 hom c.138dupC, p.S47Qfs*13 p.S47Qfs*13 (6.6 kDa), N/D
3 hom c.154delA, p.M52* 3a and 3b - p.M52* (5.7 kDa), N/D
4 hom c.231G>A, p.W77* p.W77*(8.7 kDa), no expression
5 het c.300_304delGACTC, p.T101Rfs*4

het c.601_602delGA, p.D201Qfs*9
p.T101Rfs*4 (12 kDa), no expression
p.D201Qfs*9(24 kDa), no expression

6 hom c.349C>T, p.Q117* p.Q117*(13.6 kDa), inconclusive
7 het c.349C>T, p.Q117*

het c.1218delA, p.K406Nfs*11
p.Q117* (13.6 kDa), inconclusive

p.K406Nfs*11 (48.2 kDa), inconclusive
8 het c.723_733del, p.D242Efs*4

het c.976G>C, p.G326R
p.G326R

p.D242Efs*4 (28.3 kDa), N/D
9 hom c.860delT, p.F287Sfs*3 p.F287Sfs*3 (33 kDa), no expression
10 het c.976G>C, p.G326R

het c.1372C>T, p.Q458*
p.Q458* (52.9 kDa), N/D

p.G326R
11a hom c.1069G>T, p.E357* p.E357* (41.1 kDa), N/D
11b hom c.1069G>T, p.E357* p.E357* (41.1 kDa), N/D
12aC hom c.1099_1100delAA, p.N367Qfs*11 p.N367Qfs*11 (43 kDa), no expression
12b hom c.1099_1100delAA, pN367Qfs*11 p.N367Qfs*11 (43 kDa), N/D
12c hom c.1099_1100delAA, p.N367Qfs*11 p.N367Qfs*11 (43 kDa), no expression
13a hom c.1099_1100delAA, p.N367Qfs*11 p.N367Qfs*11 (43 kDa), N/D
13b hom c.1099_1100delAA, p.N367Qfs*11 p.N367Qfs*11 (43 kDa), N/D
14a het c.1100_1102delACA, p.N367del

het c.1201C>T, p.R401*
p.R401* (48 kDa), expressed

p.N367del (64.8 kDa), expressed
14b het c.1100_1102delACA, p.N367del

het c.1201C>T, p.R401*
p.N367del, N/D

p.R401*, N/D
ANumbering of the nucleotide and protein changes is relative to NM_198271.3 (gene) and NP_938012 
(protein).BFull-length LMOD3 protein is 560–amino acids long and has a predicted molecular weight 
of 64.9 kDa. Molecular weight predictions were performed using ExPASy (http://web.expasy.org/
compute_pi/). The presence or absence of protein expression was assessed by Western blot analysis. 
CCorresponds to BOS-1120. Hom, homozygous; het, heterozygous; N/D, not determined (no muscle 
was available for analysis); inconclusive, biopsy contained only small amounts of muscle tissue, and 
the presence or absence of mutant LMOD3 expression could not be determined conclusively. 
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table 2. clinical features of LMOD3-nm 

Patient ID Genotype Ethnicity Sex Clinical  
subtypeA

Clinical features

1a p.S47Qfs*13 Algerian F SC Deceased (neonatal period)B. Polyhydramnios, preterm delivery (30/40), arthrogryposis, 
fractures (bilateral femoral).

1b p.S47Qfs*13 Algerian F SC Deceased (neonatal period). Preterm delivery (36/40).
2 p.S47Qfs*13 Belgian M SC Deceased (10 months). Decreased fetal movements, breech presentation, arthrogryposis, 

ophthalmoplegia.
3a p.M52* Portuguese F SC Deceased (neonatal period). Polyhydramnios, decreased fetal movements, contractures.
3b p.M52* Portuguese F SC Alive at 1 month, lost to follow-up. Polyhydramnios, contractures. 
4 p.W77* Japanese M SC Alive at 4 months, lost to follow-up.
5 p.T101Rfs*4 / p.D201Qfs*9 Japanese F SC Alive at 2 months, lost to follow-up. Polyhydramnios, decreased fetal movements, subdural 

hematoma.
6 p.Q117* Japanese F SC Alive at 10 months, lost to follow-up. Polyhydramnios, decreased fetal movements, fetal edema, 

preterm delivery (32/40), microcephaly, contractures.
7 p.Q117* / p.K406Nfs*11 Japanese F SC Alive at 1 year 7 months, lost to follow-up. Polyhydramnios, decreased fetal movements, 

ophthalmoplegia.
8 p.D242Efs*4 / p.G326R South American F SC Deceased (neonatal period).
9 p.F287Sfs*3 Italian F SC Deceased (4 months). Polyhydramnios, decreased fetal movements, preterm delivery (34/40), 

ophthalmoplegia, contractures.
10 p.G326R / p.Q458* Ecuadorian M SC Deceased (6 weeks). Polyhydramnios, decreased fetal movements, preterm delivery (35/40), 

breech presentation, ophthalmoplegia, arthrogryposis, fractures (bilateral humeral).
11a p.E357* Swedish M SC Deceased (5 months). Polyhydramnios, arthrogryposis.
11b p.E357* Swedish M SC Deceased (neonatal period).
12aC p.N367Qfs*11 Afghani M SC Deceased (2 months). Absent fetal movements, preterm delivery (31/40), breech presentation, 

arthrogryposis.
12b p.N367Qfs*11 Afghani M SC Deceased (neonatal period). Preterm delivery (33/40), arthrogryposis.
12c p.N367Qfs*11 Afghani Affected fetus.
13a p.N367Qfs*11 Pakistani F SC Deceased (3 months). Polyhydramnios, breech presentation, ophthalmoplegia, kyphosis.
13b p.N367Qfs*11 Pakistani F SC Deceased (neonatal period). Polyhydramnios, decreased fetal movements.
14a p.N367del / p.R401* Australian F TC Alive (10 years). Polyhydramnios, decreased fetal movements, bulbar weakness, 

ophthalmoplegia, percutaneous endoscopic gastrostomy, nocturnal noninvasive ventilation. 
Walks independently. Normal cardiac assessment and echocardiogram.

14b p.N367del / p.R401* Australian F TC Alive (4 years). Polyhydramnios, bulbar weakness, percutaneous endoscopic gastrostomy, 
nocturnal noninvasive ventilation. Walks with truncal support. Normal cardiac assessment and 
echocardiogram.

AClassification of clinical subtype of NM relates to the European Neuromuscular Centre classification of NM (1). BNeonatal period indicates less than  
28 days of age. CCorresponds to BOS-1120. TC, typical congenital NM; SC, severe congenital NM; F, female; M, male; 30/40, gestational age of 30 weeks.

Figure 1
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ABSTRACT
Background In hereditary myopathy with early
respiratory failure (HMERF), cytoplasmic bodies (CBs) are
often localised in subsarcolemmal regions, with
necklace-like alignment (necklace CBs), in muscle fibres
although their sensitivity and specificity are unknown.
Objective To elucidate the diagnostic value of the
necklace CBs in the pathological diagnosis of HMERF
among myofibrillar myopathies (MFMs).
Methods We sequenced the exon 343 of TTN gene
(based on ENST00000589042), which encodes the
fibronectin-3 (FN3) 119 domain of the A-band and is a
mutational hot spot for HMERF, in genomic DNA from
187 patients from 175 unrelated families who were
pathologically diagnosed as MFM. We assessed the
sensitivity and specificity of the necklace CBs for HMERF
by re-evaluating the muscle pathology of our patients
with MFM.
Results TTN mutations were identified in 17 patients
from 14 families, whose phenotypes were consistent
with HMERF. Among them, 14 patients had necklace
CBs. In contrast, none of other patients with MFM had
necklace CBs except for one patient with reducing body
myopathy. The sensitivity and specificity were 82% and
99%, respectively. Positive predictive value was 93% in
the MFM cohort.
Conclusions The necklace CB is a useful diagnostic
marker for HMERF. When muscle pathology shows
necklace CBs, sequencing the FN3 119 domain of
A-band in TTN should be considered.

INTRODUCTION
Hereditary myopathy with early respiratory failure
(HMERF; OMIM 603689) is an adult-onset pro-
gressive myopathy characterised by early presenta-
tion of respiratory insufficiency usually during
ambulant stage.1–3 Pathologically, HMERF shares
features of myofibrillar myopathy (MFM) besides
the key finding of cytoplasmic bodies (CBs).2 3 Its
causative gene TTN, which encodes a gigantic
protein, titin,2 3 is known to be causative also for
tibial muscular dystrophy, limb girdle muscular dys-
trophy type 2J, early-onset myopathy with fatal car-
diomyopathy and dilated or hypertrophic
cardiomyopathy.4–10 Interestingly, all patients with
HMERF so far identified carry a mutation in exon

343 (based on ENST00000589042) encoding the
fibronectin-3 (FN3) 119 domain in the A-band
region of titin.2 3 11–17

CBs are abnormal protein aggregates visualised
usually as red-colored objects on modified Gomori
trichrome stain and can be observed in a wide range
of myopathic conditions. Nevertheless, they are often
conspicuous in MFM and considered as one of the
representative pathological findings in MFM.18 In
muscle specimens of HMERF, CBs are often located
in the subsarcolemmal region,12 13 14 19 with a
necklace-like alignment, which here we call ‘necklace
CBs’. However, the utility of necklace CBs in the
pathological diagnosis of HMERF is unknown. We
therefore tested the sensitivity and specificity of neck-
lace CBs in the diagnosis of HMERF.

METHODS
Patients
National Center of Neurology and Psychiatry
(NCNP) functions as a referral centre for muscle
pathology and muscle biopsy samples are sent from
all over Japan. From 1991 to 2013, 187 patients
from unrelated 175 Japanese families have been
pathologically diagnosed as MFM at NCNP. In this
cohort, mutations were found in known
MFM-related genes: DES: 8 families (4.6%), VCP: 8
families (4.6%), FLNC: 6 families (3.4%), DNAJB6:
6 families (3.4%), ZASP: 5 families (2.9%), FHL1: 5
families (2.9%), MYOT: 4 families (2.3%) and BAG3:
1 family (0.6%). No mutation was identified in
CRYAB. Clinical information at the time of muscle
biopsy was available in all patients.

Genetic analysis
Genomic DNAwas isolated from peripheral lympho-
cytes or frozen muscle as previously described.20

Exon 343 of TTN was directly sequenced using ABI
PRISM 3130 automated sequencer (PE Applied
Biosystems). Sequence variants were assessed using
publically available databases including 1000
Genomes Project database (http://www.
1000genomes.org/), NHLBI Exome Sequencing
Project 5400 database (http://evs.gs.washington.edu/
EVS/), dbSNP135 (http://www.ncbi.nlm.nih.gov/
SNP/) and Human Genetic Variation Browser (http://
www.genome.med.kyoto-u.ac.jp/SnpDB/); and
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softwares to predict functional effects of mutations such as
PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) and Mutation
Taster (http://www.mutationtaster.org/). The description of muta-
tions of TTN conforms to Ensemble sequence
ENST00000589042.

In this study a diagnosis of HMERF was made based on the
presence of a mutation in exon 343 of TTN, although the possi-
bility that mutations in other parts of the gene cause HMERF
cannot be totally excluded.

Re-evaluation of muscle pathology
Muscle pathology was re-evaluated focusing on necklace CBs on
modified Gomori trichrome. In the present study, we tentatively
defined the presence of necklace CBs as at least two muscle
fibres containing CBs exclusively localised in the subsarcolem-
mal area, covering more than 50% of circumference of each
muscle fibre in three non-serial sections (each section was at
least 250 μm apart and included at least 300 muscle fibres). CBs
were evaluated in all MFM cases, and subsequently the sensitiv-
ity and specificity of necklace CBs for the diagnosis of HMERF
were calculated. The positive predictive value (PPV) and 95%
CIs were calculated with GraphPad Prism V.5.0 (Graph Pad
Software, California, USA).

Electron microscopic observation
Biopsied muscle specimens were fixed in 2.5% glutaraldehyde
and post-fixed with 2% osmium tetroxide. Semithin sections
stained with toluidine blue were examined by light microscopy.
Ultrastructural analysis was carried out on longitudinal and
transverse ultrathin sections of muscles after staining with
uranyl acetate and lead citrate, using Tecnai spirit transmission
electron microscope (FEI, Hillsboro, Oregon, USA).

Re-evaluation of clinical data
The clinical information in our cohort together with previous
reports2 3 11–14 showed that respiratory insufficiency before
being wheelchair users and selective involvement of semitendi-
nosus muscles on muscle imaging were frequently observed,
raising a possibility that these findings might be clues for the
diagnosis of HMERF. We therefore reviewed clinical data of our
patients with MFM in order to calculate sensitivities, specifici-
ties and PPVs of them at the time of muscle biopsy.

Ethics
All of the clinical information and materials used in this study
were obtained for diagnostic purpose and permitted for scien-
tific use with written informed consent. All experiments in this
study were approved by the Ethical Committee of National
Center of Neurology and Psychiatry.

RESULTS
Mutation analysis
Six different heterozygous mutations in exon 343 of TTN were
identified in 17 patients from 14 families (table 1). Among them,
two mutations, g.284701T>C (c.95134T>C; p.C31712R) and
g.284939G>A (c.95372G>A; p.G31791D) were previously
reported.2 3 11 12 14 The former mutation was reported to be the
most common in other populations.11 12 This was also the case in
our cohort and the mutation was shared by nine families, while all
others were found in single families. The latter mutation was pre-
viously reported in a European-American family.14 Among four
novel mutations that we identified, three were missense:
g.284702G>A (c.95135G>A; p.C31712Y), g.284938G>C
(c.95371G>C; p.G31791R) and g.284939G>T (c.95372G>T;
p.G31791V); and one was non-frameshift deletion:
g.284913_284921delGAGGGCAGT (c.95346_95354del; p.
R31783_V31785del). None of the variants was listed in the

Table 2 Laboratory findings at the time of muscle biopsy

Patient
CK IU/L
(normal value)

Respiratory function
(%VC, sitting position)

Selective involvement of muscles on
imaging test Muscle pathology

Semitendinosus
muscle

Anterior
compartment
of lower legs CB

Necklaces
of CBs RV

A-1 (49 years) Normal (value:
NA)

Abnormal (value: NA.) NA NA + + +

A-2 (26 years) 65 (20–190) 77% (68%, lying) + + + + +
B-1 (39 years) 425 (51–197) 84% → 67% (45 years) + + + + −
B-2 (32 years) 659 (−200) 82% → 63% (37 years) + + + + +
C (31 years) 488 (45–170) 32% NA (+, 34 years) NA (+, 34 years) + + −
D (31 years) 375 (51–197) VC: 0.97 L + −* + + −
E (40 years) 234 (62–287) ABG: PaCO2 86 mm Hg,

PaO2 56 mm Hg (RA)
+ + + + −

F (50 years) 61 (NA) 41% + + + − −
G-1 (58 years) 146 (50–170) 59% + + + − −
G-2 (29 years) 142 (50–170) 31% + + + + +
H (68 years) 140 (50–170) ABG: PaCO2 60 mm Hg + + + + −
I (43 years) 179 (62–287) 40% + + + − −
J (42 years) 364 (45–163) 64% + + + + +
K (34 years) 645 (51–197) 67% (55%, lying) + + + + +
L (44 years) 139 (43–165) 36% + + + + −
M (40 years) 190 (62–287) 61% −* + + + +
N (46 years) 799 (62–287) 67% + + + + +

In the column of Patient, the same alphabet indicates that they belong to the same family.
*Diffuse muscle involvement.
ABG, arterial blood gas; CB, cytoplasmic body; NA, not available; RV, rimmed vacuole; VC, vital capacity.
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genomic variation databases. The mutated amino acids were
highly conserved among species (UCSC Genome Browser).
PolyPhen-2 predicted p.C31712Y, p.G31791R and p.G31791V
mutations as probably damaging with scores 0.996, 1.000 and
1.000, respectively. Likewise, Mutation Taster predicted the p.
C31712Y, p.G31791R, p.G31791V and p.V31782_A31784del
mutations to be disease-causing with a probability of 1.000, 1.000,
1.000 and 0.998, respectively. No segregation analysis was possible
in any family.

Clinical information of 17 participants with TTN mutations
are summarised in tables 1 and 2 and online supplementary
table. All patients show clinical signs consistent with HMERF
previously reported.1–3 11–14 The median age of onset was

31 years (range 20–57 years). Four patients developed dyspha-
gia, and one of them required tube feeding.

Sensitivity and specificity of the necklace of CBs
Among 17 genetically-confirmed patients with HMERF, neck-
lace CBs were found in 14 patients, comprising 0.1–0.8% of the
muscle fibres (figure 1). In contrast, none of the 170 patients
who had MFM other than HMERF had necklace CBs except
for only one patient who had reducing body myopathy, which
had been confirmed by the presence of reducing bodies in
muscle fibres on menadione-linked α-glycerophosphate
dehydrogenase (MAG) stain without substrate and a mutation in
the second LIM domain of FHL1 (g.60438G>A; c.377G>A;
p.C126Y, based on ENST00000543669; online supplementary
figure S1). Based on these results, the sensitivity and specificity
of the necklace CBs in HMERF were calculated as 82% (14/ 17,
95% CI 57% to 96%) and 99% (169/170, 95% CI 97% to
100%), respectively (table 3). Since the prevalence of HMERF
in the MFM cohort was 9.1% (17/ 187), the PPV was calculated
as 93% (95% CI 68% to 100%) based on Bayes’ theorem.

Figure 1 Necklace cytoplasmic bodies. Cytoplasmic bodies are
located in line in subsarcolemmal region, often covering the total
circumference of a muscle fibre. Modified Gomori trichrome stain.
Bar: 50 μm.

Table 3 Cross tabulation of necklace cytoplasmic bodies and
hereditary myopathy with early respiratory failure

Necklace CBs

Patients with myofibrillar
myopathies

HMERF Non-HMERF Row total

+ 14 1 15
% within column 82.4% 0.6%
% within row 93.3% 6.7%
– 3 169 172
% within column 17.6% 99.4%
% within row 1.7% 98.3%
Column total 17 170 187

CB, cytoplasmic body; HMERF, hereditary myopathy with early respiratory failure.

Figure 2 Electron microscope images. (A and B) Sarcomeric disarrangement limited to one sarcomere is observed. (C) Multiple electron-dense
inclusions are present in association with Z lines. (D) A fibre containing necklace cytoplasmic bodies (CBs) shows marked myofibrillar disorganisation
(asterisk), especially around the CBs. (E) CBs showing a necklace alignment with lower electron density as compared to that of Z line. ▵: a remnant
of Z line. (F) Thin filamentous structure around the CBs. Lattice-like structure is not seen in the CBs. Bar: 0.5 μm (A, B and F), 1 μm (E), 2 μm (C),
and 5 μm (D).
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Muscle specimens of the three patients with HMERF had
CBs, which are usually located in the subsarcolemmal regions,
but did not show the definite necklace-like alignment pattern
(online supplementary figure S2). Those three patients shared
the same mutation, g.284701T>C (p.C31712R), albeit other
nine patients harbouring the same mutation had definite neck-
lace CBs.

Fibres with rimmed vacuoles were occasionally seen, but the
sensitivity, specificity and PPV for HMERF were lower than
those of the necklace CBs: 47% (8/ 17, 95% CI 23% to 72%),
61% (104/ 170, 95% CI 53% to 69%) and 11% (95% CI 20%
to 48%), respectively.

Ultrastructural features
EM samples were available from four patients with HMERF.
Sarcomeric disarrangement limited to one sarcomere was
observed in all patients (figure 2A, B). In some areas, multiple
electron-dense inclusions associated with Z line were sur-
rounded by disorganised myofibrils (figure 2C). Fibres with
necklace CBs were included only in one sample. These fibres
showed marked myofibrillar disorganisation (figure 2D, aster-
isk), especially in the vicinity of the CBs (figure 2D, E). The
CBs had a lower electron density as compared with that of the
Z line and contained dense and mildly filamentous components,
without lattice-like structure (figure 2E, F). Small number of
CBs were partly surrounded by thin filaments (figure 2F).

Sensitivity and specificity of respiratory dysfunction and
muscle imaging data
Using the data at the time of muscle biopsy about the respiratory
function of 102 participants in the MFM cohort, the sensitivity,
specificity and PPV of the respiratory insufficiency before being
wheelchair users (below 80% of vital capacity or over
45 mm Hg of PaCO2) were calculated as 88% (14/16, 95% CI
62% to 99%), 94% (81/86, 95% CI 87% to 98%) and 74%
(95% CI 49% to 91%), respectively (table 2 and 4). In five
non-HMERF participants presenting respiratory insufficiency
during the ambulant stage, one had a mutation in VCP, but no
causative genes were identified in four participants as far as we
have screened.

As for the muscle imaging at the time of muscle biopsy, the
sensitivity of selective muscle involvement of semitendinosus
muscles as shown in figure 3 was 93% (14/ 15; table 4). The
specificity could not be calculated due to the limited number of
images available in non-HMERF participants.

DISCUSSION
We have demonstrated that necklace CBs had high specificity for
a diagnosis of HMERF (99%), with sensitivity 82% and PPV
93% in our MFM cohort. In this study, all 15 patients with
necklace CBs had HMERF except for only one who had redu-
cing body myopathy due to a mutation in FHL1, without muta-
tion in exon 343 of TTN. Although we judged this case as
having necklace CBs retrospectively, CBs in this case are smaller
in size and scattered in the subsarcolemmal region in muscle
fibres, giving an appearance different from typical necklace CBs
in HMERF (online supplementary figure S1), suggesting that
the specificity of necklace CBs could be substantially 100%. In
addition, muscle pathology of this patient showed typical redu-
cing bodies in scattered fibres on MAG stain without substrate,
and thus differential diagnosis between reducing body myopathy
and HMERF was not a problem in practise.

Interestingly, even in three patients with HMERF without
typical necklace CBs, CBs are aligned in the subsarcolemmal
regions in muscle fibres, albeit they do not encompass more
than half of the myofibre circumference (online supplementary
figure S2), suggesting that this unique subsarcolemmal alignment
pattern is likely to be related to the dysfunction of titin due to
exon 343 mutations although the detailed mechanism is still
unknown.

On electron microscopy (EM), CBs in the patients differ
slightly from typical CBs seen in other various diseases. While
typical CBs consists of a core with electron density similar to Z
line,21 the CBs in HMERF show lower density. Furthermore,
thin filaments, which compose a halo of typical CBs, are rarely
seen around the CBs. Interestingly, the sarcomeric disarrange-
ment appears to progress in order of figure 2A, C, suggesting a
possibility that this sarcomeric disarrangement may ultimately
produce the CBs.

Several groups reported that CBs in HMREF are reactive to
antibodies to myofibrillar proteins including myotilin,
αB-crystallin, actin (phalloidin), filamin C, dystrophin, and
γ-sarcoglycan, but not for titin on immunohistochemical ana-
lysis.11 12 14 19 Although similar findings were obtained in our
observation (data not shown), the pathophysiological signifi-
cance of CBs in HMERF has still not been elucidated.

We found four novel variants in exon 343 of TTN including
three heterozygous missense mutations [g.284702G>A (p.
C31712Y), g.284938G>C (p.G31791R) and g.284939G>T
(p.G31791V)], and a heterozygous deletion variant
[g.284913_284921del (p.R31783_V31785del)]. These variants
were not described in any of the publically available databases.
Mutated amino acids are highly conserved among species. Also

Figure 3 Muscle image. Representative image showing preferential
involvement of semitendinosus muscles. CT images of skeletal muscles
in proximal legs of the patient K. ▵: semitendinosus muscles.

Table 4 Sensitivity, specificity, and positive predictive value of
laboratory findings for HMERF

Respiratory
disturbance in the
ambulant stage

Selective affected
semitendinosus muscles
on muscle imaging

Necklace CBs
on muscle
pathology

Sensitivity 88% (14/16) 93% (14/15) 82% (14/17)
Specificity 94% (81/86) NA 99% (169/170)
PPV 74% NA 93%

At the time of muscle biopsy.
Respiratory disturbance: <80% of %VC or >45 mm Hg of PaCO2. PPVs were
calculated by the HMERF prevalence of 9.1% in the MFM cohort.
CB, cytoplasmic body; HMERF, hereditary myopathy with early respiratory failure;
MFM, myofibrillar myopathy; NA, not available, PPV, positive predictive value;
VC, vital capacity.
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the variants were predicted to be pathogenic by the plural pre-
diction software programs. Furthermore, in single-base substitu-
tions, other types of substitutions of the same amino acids (p.
C31712R and p.G31791D) have already been reported in other
families with HMERF (table 5).2 3 11 12 14 Thus, although seg-
regation analysis was not possible, the variants are highly likely
to be pathogenic.

Previous reports suggested that HMERF might not be
extremely rare in Caucasian populations.11 12 In UK, in patients
with HMERF with p.C31712R (p.C30071R, based on
ENST00000591111), mutation in exon 343 of TTN was identi-
fied in 5.5% of the MFM cohort.11 Patients have also been
identified in Asian populations including Japanese and Indian,
suggesting that patients with HMERF are likely to be distributed
worldwide.13 14 22 Here, we confirmed the presence of patients
with HMERF in Japan. Furthermore, among all the 175 MFM
families in our Japanese cohort, 14 families (8%) had HMERF
with mutations in the exon 343 of TTN, which renders TTN
the most frequent causative gene for MFM in our cohort
although there still remains a possibility that there may be an
undisclosed major causative gene as causative mutations have
not been identified in more than 60% of the MFM families.

Clinical features of participants with HMERF described in
this study coincide with those in previous reports for most
parts: affected individuals usually present with predominant
distal leg muscle weakness followed by chronic respiratory
failure.1–3 11–14 Interestingly, dysphagia was seen in 4 of the 17,
which was rarely described in the literature.13 Dysphagia seems
to be mostly mild, but was severe in one patient, who required
tube feeding.

Skeletal muscle imaging has been reported to show preferen-
tial involvement of semitendinosus, obturator, sartorius, gracilis,
iliopsoas muscles and anterior compartment of lower legs, sug-
gesting such imaging findings are useful for the diagnosis of
HMERF.3 11 12 19 Particularly, selective involvement of semiten-
dinosus muscles is commonly observed. Our study showed a
sensitivity of 93%, which is compatible with 95–100% reported
by previous studies.3 12 Unfortunately, skeletal muscle imaging
was not available in many of our patients with MFM other than
HMERF, and thus it was impossible to calculate the specificity
and PPVof the selective involvement of semitendinosus muscles.
However, it may not be so specific since such finding was
observed also in other MFMs caused by mutations in DES,
CRYAB and MYOT.23 24

In conclusion, the necklace CB is a useful pathological marker
in the diagnosis of HMERF. When muscle pathology shows
necklace CBs, sequencing the FN3 119 domain of the A-band
in TTN should be considered.
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Table 5 Mutations in the FN3 119 domain of A-band in TTN in HMERF

DNA change Amino acid change Origin Family Reference

g.284693C>G p.P31709R (p.P30068R) French 3

g.284701T>C p.C31712R (p.C30071R) Swedish, British, Finnish, Italian, Spanish, Argentinian
(European ancestry), East Indian, Japanese

A, B, C, D, E, F, G, H, I 2, 3, 11, 12, 14

g.284702G>A p.C31712Y (p.C30071Y) Japanese J *
g.284752T>C p.W31729R (p.W30088R) British 12

g.284754G>C p.W31729C (p.W30088C) German 12

g.284753G>T p.W31729L (p.W30088L) Japanese 13

g.284762C>T p.P31732L (p.P30091 L) Italian, French, British, Portuguese, Swedish 11, 12, 15, 16, 17

g.284913_284921del p.R31783_V31785del (p.R30142_V30144del) Japanese N *
g.284925C>G p.N31786K (p.N30145 K) British 11

g.284939G>A p.G31791D (p.G30150D) American (European ancestry), Japanese K 14

g.284938G>C p.G31791R (p.G30150R) Japanese L *
g.284939G>T p.G31791V (p.G30150V) Japanese M *

*Possible novel mutation. Titin reference: ENST00000589042 and ENST00000591111, a former transcript, inside the brackets.
HMERF, hereditary myopathy with early respiratory failure.
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The ubiquitin-proteasome pathway is the principal mechanism by 
which proteins become marked for degradation contributing to intra-
cellular protein homeostasis. Dysregulation of this key protein homeo-
static mechanism is implicated in the etiology of diseases including 
cancer, neurological conditions and metabolic diseases1. Drugs that 
modulate the ubiquitin-proteasome pathway therefore have the 
potential to affect a wide range of biological processes and diseases. 
Thalidomide and related IMiD immunomodulatory agents, such as 
lenalidomide and pomalidomide, have shown anticancer effects in 
different indications by the direct inhibition of cancer cell prolif-
eration as well as modulation of the immune system and the tumor 
microenvironment2–5. This drug class is characterized by a common 
structural feature, the glutarimide ring (Fig. 1a–c). The remainder of 
the molecule is also quite similar among the three drugs, with only the 
presence or absence of an amino group or a carbonyl group rounding 
out the structural differences (Fig. 1a–c).

CRBN, first identified as a genetic cause of inherited autosomal 
recessive mental retardation6, is a component of a ubiquitin E3 cullin 
4–RING ligase (CRL4) complex and is the direct target of thalido-
mide and other IMiD drugs7,8. CRL4 ubiquitin ligases are formed 
by a cullin protein (Cul4), which acts as an assembly factor that pro-
vides a scaffold for assembly of a RING box–domain protein (RBX1) 
and the adaptor protein damaged DNA–binding protein 1 (DDB1)9. 
RBX1 is the docking site for the activated E2 protein, and DDB1 
recruits substrate-specificity receptors or DCAFs (DDB1–cullin  

4–associated factors) to form the substrate-presenting side of 
the CRL4 complex. Roughly 60 DCAFs have been identified9–12.  
These DCAFs are typically characterized by the presence of a  
WD-repeat domain11. Biochemical and genetic evidence has shown 
that CRBN is a DCAF for CRL4 (refs. 7,9) and that binding of IMiD 
compounds to CRBN affects the ubiquitin E3 ligase activity of CRBN-
bound CRL4 (CRL4CRBN), thus mediating the antiproliferative 
effects on multiple myeloma (MM) cells and the immunomodula-
tory effects on T cells7,8,13. Recently, several groups have identi-
fied the transcription factors Ikaros and Aiolos as substrates of the  
CRL4CRBN–IMiD drug complex, thus explaining many of the 
therapeutic effects of IMiD compounds on immune and tumor  
cells14–17. These reports describe that binding of IMiD compounds 
to CRBN promotes recruitment of Ikaros and Aiolos to CRL4CRBN, 
resulting in the increased ubiquitination and proteasome-dependent 
degradation of these transcription factors in both MM and T cells. In 
myeloma cells, targeted knockdown of Ikaros and Aiolos mimics the 
decrease of the myeloma survival factor IRF4 as well as the decrease 
in cell viability observed with IMiD drug treatment. In T cells, Ikaros 
and Aiolos are known repressors of interleukin-2 (IL-2) transcription, 
and knockdown of either protein produces an increase in IL-2 similar 
to that after IMiD drug treatment14,15,17. These findings demonstrated 
that IMiD drug binding confers new functionality to the CRL4CRBN 
complex, thus raising the possibility that a neomorphic structure  
is involved.

1Celgene Corporation, San Diego, California, USA. 2Tokyo Medical University, Tokyo, Japan. 3Nara Institute of Science and Technology, Nara, Japan.  
Correspondence should be addressed to P.C. (pchamberlain@celgene.com).

Received 27 June; accepted 16 July; published online 10 August 2014; doi:10.1038/nsmb.2874

Structure of the human Cereblon–DDB1–lenalidomide 
complex reveals basis for responsiveness to thalidomide 
analogs
Philip P Chamberlain1, Antonia Lopez-Girona1, Karen Miller1, Gilles Carmel1, Barbra Pagarigan1,  
Barbara Chie-Leon1, Emily Rychak1, Laura G Corral1, Yan J Ren1, Maria Wang1, Mariko Riley1, Silvia L Delker1, 
Takumi Ito2, Hideki Ando2, Tomoyuki Mori3, Yoshinori Hirano3, Hiroshi Handa2, Toshio Hakoshima3,  
Thomas O Daniel1 & Brian E Cathers1

The Cul4–Rbx1–DDB1–Cereblon E3 ubiquitin ligase complex is the target of thalidomide, lenalidomide and pomalidomide, 
therapeutically important drugs for multiple myeloma and other B-cell malignancies. These drugs directly bind Cereblon 
(CRBN) and promote the recruitment of substrates Ikaros (IKZF1) and Aiolos (IKZF3) to the E3 complex, thus leading to 
substrate ubiquitination and degradation. Here we present the crystal structure of human CRBN bound to DDB1 and the drug 
lenalidomide. A hydrophobic pocket in the thalidomide-binding domain (TBD) of CRBN accommodates the glutarimide moiety 
of lenalidomide, whereas the isoindolinone ring is exposed to solvent. We also solved the structures of the mouse TBD in the apo 
state and with thalidomide or pomalidomide. Site-directed mutagenesis in lentiviral-expression myeloma models showed that key 
drug-binding residues are critical for antiproliferative effects.
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To better define the molecular mechanisms underlying distinct 
actions of lenalidomide compared with other IMiD drugs and to 
delineate species-specific pharmacologic actions, we solved the crystal 
structure of lenalidomide bound to human CRBN in complex with its 
native partner DDB1. The structure reveals that CRBN is composed 
of a Lon protease–like scaffold with a helical insertion that mediates 
DDB1 binding. The TBD occurs at the C terminus and has structural 
homology to methionine sulfoxide reductase and to RIG-I–like double- 
stranded RNA (dsRNA)-binding domains. Lenalidomide bind-
ing occurs at a small hydrophobic pocket composed of three tryp-
tophan residues, thus providing a structural rationale for the loss of 
thalidomide binding to CRBNYW/AA mutants first described by Ito 
et al.7. Interestingly, a portion of the drug is  
exposed on the surface of the CRBN– 
lenalidomide complex, thus indicating that this 
part of the IMiD molecule would be available 
to form a component of a neomorphic inter-
face in substrate recruitment. Site-specific- 
mutagenesis studies in MM cell lines indicate  

that the IMiD compound–binding site is critical for the drug- 
induced antiproliferative and Aiolos-mediated degradation effects. 
We further solved drug complexes of pomalidomide and thalidomide 
with the mouse TBD and demonstrated that the binding pocket and 
drug binding mode are conserved. Interestingly, we identified two 
rodent polymorphisms, proximal to the lenalidomide-binding site, 
that may be responsible for the lack of IL-2–inducing effects observed 
in mouse splenocytes treated with pomalidomide.

RESULTS
Structure of CRBN in complex with DDB1 and lenalidomide
The structure of CRBN reveals that CRBN is a DCAF that does not 
exhibit WD-repeat architecture typical of the class. The CRBN struc-
ture (Fig. 1d) revealed two distinct domains: an N-terminal Lon-like 
domain (LLD) and a C-terminal TBD. The structure also revealed 
that the DDB1- and lenalidomide-binding sites occur on opposite 
sides of the CRBN surface. A human polymorphism linked to mental 
retardation, resulting in premature truncation at amino acid 419, has 
been found in CRBN. The deleted region occurs within the TBD, with 
a short helical region and a β-strand removed (Fig. 1d). The deleted 
region occurs at the interface between the LLD and the TBD, and 
truncation of these residues might be expected to deleteriously affect 
the domain structure and stability of CRBN.

The Lon-like domain (LLD) spans residues 76–318 and contains 
the DDB1-binding motif. Structural alignment with Bacillus subtilis 
Lon N-terminal domain18 yields an r.m.s. deviation of 2.4 Å over 
165 aligned residues (Fig. 2a). However, the DDB1-binding motif 
and the TBD do not exhibit any homology with the examined Lon 
domains (Fig. 2a). When compared to B. subtilis Lon, the DDB1-
binding motif appears to have been inserted into the LLD, and it 
is composed of a series of helices between CRBN residues 188 
and 248. CRBN binds between the β-propeller A (BPA) and the  
β-propeller C (BPC) domains of DDB1 in a similar location to other 
DCAFs (for example, DDB2 or DCAF9), as well as to the viral DDB1-
binding proteins Hbx and SV5V19. However, although CRBN binds to 
DDB1 in the same cleft, the nature of the interaction with DDB1 exhib-
its differences compared to that of DDB2, SV5V or Hbx. Previously 
studied DCAFs position a helix-turn-helix motif in the DDB1 binding 
site, to predominantly form interactions with the DDB1 BPC domain 
(helices A and B, Fig. 2b)19. CRBN interacts with DDB1 via a series 
of helices; however, these do not superpose with the DCAFs that have 
been structurally characterized (Fig. 2b). In CRBN, residues 221–248  
form helices that interact with the DDB1 BPC domain (helices C  

a

b

c

d
CRBN

TBD

BPC

C

N

LLD

BPA

BPB

DDB1

Figure 1 The structures of thalidomide analogs and human CRBN 
in complex with human DDB1 and lenalidomide. (a) The chemical 
structure of thalidomide, with the glutarimide ring shown in red 
and the phthalimide moiety in black, along with an Fo − Fc electron 
density difference map calculated in the absence of the molecule and 
contoured at 3σ. (b) As in a, showing pomalidomide. (c) As in a, showing 
lenalidomide with the isoindolinone moiety in black. (d) Structure of 
CRBN–DDB1. The CRBN LLD is shown in yellow, the CRBN TBD in blue 
and the region deleted in a human polymorphism associated with mild 
mental retardation in red. DDB1 is shown in green with a gray surface, 
with β-propeller domains labeled BPA, BPB and BPC. Lenalidomide is 
shown as yellow sticks and the zinc ion as a gray sphere. N and C termini 
of Cereblon are labeled.

DDB1-
binding
motif

a

DDB1 BPA

A

DDB1 BPC

b

B

C

D
E

Figure 2 Structural comparisons of CRBN–
DDB1. (a) Structural superposition of CRBN 
with B. subtilis Lon protease (red, PDB 3M65). 
The CRBN LLD is shown in yellow and the TBD 
in blue. The DDB1-binding motif is inserted  
into the LLD. The TBD exhibits no similarity to 
Lon protease and occurs at the C terminus.  
(b) Structural superposition of CRBN–DDB1 
(yellow and green, respectively) with DDB–DDB1 
(DDB2 shown in blue; DDB1 omitted). CRBN 
helices interacting with DDB1 are labeled A–E.
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and D, Fig. 2b). CRBN residues 191–197 also 
interact with the DDB1 BPC in a proximal  
region to DDB2. However, as well as interact-
ing with the BPC domain, CRBN also positions a helix composed of 
residues 198 to 209 to interact with the BPA domain of DDB1; to our 
knowledge, this is the first example of such an interaction (helix E, 
Fig. 2b). After the DDB1-binding motif, structural homology with 
the LLD is restored between residues 249 and 318, which form a  
four-helix bundle leading to the TBD at residues 319–428.

The TBD is located on the face of CRBN that is oriented away 
from the DDB1-binding site. The TBD is composed of a six-stranded 
antiparallel β-sheet core, with a structural zinc ion coordinated by 
four cysteine residues (Cys323, Cys326, Cys391 and Cys394). The 

zinc-binding site is located ~18 Å from the lenalidomide-binding 
site (Fig. 3a). The IMiD-compound pocket is itself formed by three 
tryptophan residues, Trp380, Trp386 and Trp400, with a phenyl-
alanine residue at the base (Phe402) (Fig. 3a). These residues form a  
small hydrophobic pocket (tri-Trp pocket) in which the glutarimide 
portion of lenalidomide is accommodated. A combination of muta-
tions at both Tyr384 and Trp386 has been reported to cause a loss of 
the IMiD-compound effects (Fig. 3a)7,14,15,17. Trp386 is part of the 
lenalidomide-binding site (Fig. 3), and mutation of that residue would 
be expected to have consequences for drug binding. Tyr384, how-

ever, does not make any direct interactions 
with lenalidomide (Fig. 3a), and it might be 
expected to have a more general effect on 
the stability of the domain. Within the tri-
Trp pocket, there are two hydrogen bonds 
between the glutarimide ring and the pro-
tein backbone at residues His378 and Trp380 
(Fig. 3a) and a further hydrogen bond with 
the side chain of His378. The isoindolinone 
ring of lenalidomide is not enclosed within 
the hydrophobic pocket and instead presents 
on the surface of the protein. In this position, 
one face of the isoindolinone ring interacts 
with a β-turn encompassing residues 351–
353 (β in Fig. 3a), with contacts to Pro352, 
His353 and Asn351. The carbonyl oxygen of 
the isoindolinone ring is oriented toward the 
side chain of His357; however, the distance is 
slightly too long for a hydrogen bond to form 
(4.1 Å). Similarly, the aniline amino group of 
lenalidomide is oriented toward Glu377 but 
at a distance too great for an interaction to 
be made (5.5 Å).

It has been proposed that the IMiD 
drug interaction with CRBN may serve 
to alter the specificity of the Cul4 ubiqui-
tin ligase complex by recruiting new part-
ners or altering the substrate affinity of its  
client substrates14,15,17. It is therefore intrigu-
ing that the isoindolinone ring is exposed on 
the surface of the CRBN–lenalidomide com-
plex, thus indicating that this part of the IMiD 
molecule would be available to form part of a 
neomorphic interface in substrate recruitment. 

a
P352

H378

E377

W380 W400

W386
V388

I371

C391

C394

H380

H380

W382
W402

I390

I390

I373

I373

W402

W388

W388

W382

V379

V379C326Zn
Y384

H353

N351

H357

β b

c

Figure 3 Structure of the TBD of human and 
mouse CRBN. (a) The human TBD is shown 
in blue, lenalidomide in yellow sticks and the 
LLD in yellow. Backbone atoms are represented 
only for residues 376–380 to show bonding. 
Three hydrogen bonds between the TBD and 
lenalidomide are shown as dashed lines to 
the protein backbone at His378 and Trp380 
and also to the side chain of His378. The 
zinc-binding site is shown as a gray sphere 
and is ~18 Å from lenalidomide. The β-sheet 
region, which varies in the other structures, is 
marked by a β. (b) Mouse TBD in complex with 
thalidomide. (c) Mouse TBD in complex with 
pomalidomide.

Table 1 Data collection and refinement statistics
hCRBN– 
DDB1– 

lenalidomide
mCRBN TBD–  
thalidomide

mCRBN TBD–  
pomalidomide

Apo-mCRBN  
TBD

Data collection

Space group P212121 I23 I23 I213

Cell dimensions

 a, b, c (Å) 71.8, 129.1,  

198.7

143.18,  

143.18, 143.18

143.34,  

143.34, 143.34

117.73,  

117.73, 117.73

Resolution (Å) 50–3.0  

(3.12–3.01)a
50–1.88  

(1.95–1.88)

50–2.0  

(2.11–2.00)

50–2.0  

(2.07–2.00)

Rmerge (%) 18.1 (72.3) 8.9 (59.9) 9.0 (24.5) 9.2 (43.1)

I / σ I 10.1 (2.6) 38.4 (6.6) 10.1 (5.4) 35.6 (9.6)

Completeness (%) 98.5 (85.8) 99.9 (100.0) 92.3 (92.4) 100.0 (100.0)

Redundancy 6.1 (5.8) 44.2 (45.1) 2.9 (2.9) 22.5 (22.4)

Refinement

Resolution (Å) 50.0–3.01 50.0–1.88 30.0–2.0 3.15–2.0

No. reflections 35,396 37,584 28,750 17,462

Rwork / Rfree 0.201 / 0.271 0.173 / 0.220 0.195 / 0.241 0.191 / 0.225

No. atoms

 Protein 11,043 3,093 2,857 1,612

 Ligand/ion 20 120 124 22

 Water 18 368 181 139

B factors

 Protein 30.7 25.8 18.5 37.6

 Ligand/ion 37.7 27.7 36.6 41.3

 Water 25.5 40.8 35.7 46.0

r.m.s. deviations

 Bond lengths (Å) 0.008 0.013 0.016 0.006

 Bond angles (°) 1.211 1.644 1.695 1.011
aValues in parentheses are for highest-resolution shell. H, human; m, mouse.
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In this instance, the unused hydrophobic and polar bonding potential 
of lenalidomide and the adjacent protein surface could play a key part 
in altering or enhancing binding-partner recruitment. Furthermore, 
the structural and spatial differences of the functional groups on  
thalidomide, pomalidomide and lenalidomide (Fig. 1a–c) could  
provide unique interactions thereby recruiting different sets of  
substrates to the CRL4CRBN–IMiD drug complex.

The TBD can be expressed and purified in isolation, and we have 
used this system to obtain crystal structures of the mouse CRBN TBD 
in complex with thalidomide and pomalidomide. We initially solved 
the TBD structure by taking advantage of the predicted zinc-binding  
site in a single-wavelength anomalous dispersion experiment at a 
normal synchrotron wavelength of 1.0 Å. We noted that the electron 
density favored the S enantiomer of thalidomide, which was crystal-
lized as a racemic mixture. This is consistent with the demonstration 
that S-thalidomide binds CRBN more tightly than the R enantiomer 
by competition for thalidomide-immobilized beads (Supplementary 
Fig. 1) and is also consistent with previous results with conformation-
ally stable R- and S-methyl-pomalidomide analogs8. The core features 
of the IMiD-compound site that interact with the glutarimide ring are 
well conserved between the lenalidomide, thalidomide and pomal-
idomide structures, with the three tryptophan residues providing the 
key interactions to the glutarimide ring (Fig. 3a,b). The two hydrogen 
bonds to His378 and Trp380 are also conserved; however, the third 
hydrogen bond to the side chain of His378 is not made. There is a 
striking difference between the lenalidomide structure and the others: 
the two β-strands composed of residues 346–363 are absent in both 
the thalidomide and the pomalidomide structures (Fig. 3a–c). There 
are four protein-drug pairs in the asymmetric unit for both the thalido-
mide and pomalidomide structures. In all proteins in the asymmetric 
unit in the pomalidomide structure, the β-strand region is disordered 

(Fig. 3c). The same is true for chain A in the thalidomide structure 
(Fig. 3b); however, in chains B and D the β-strands have adopted an 
alternative conformation in which these residues bind the phthalim-
ide ring of thalidomide from an adjacent molecule in the asymmetric 
unit (Supplementary Fig. 2). This reciprocal arrangement forms a 
dimer in the crystal lattice, with Tyr355 stacking against the acces-
sible surface of the IMiD compound. There is no evidence of dimeri-
zation in the presence or absence of an IMiD compound (data not 
shown). The change in conformation provides a substantial change 
in the surface of CRBN in the IMiD-compound-site vicinity, with 
the intriguing potential to influence binding-partner recruitment. 
However, the extent to which different conformations are influenced 
by protein truncation or the lattice environment is unknown. We have 
also solved the structure of the apoprotein and have confirmed that 
the TBD and IMiD compound–binding site retain a similar structure 
in the absence of ligand (Supplementary Fig. 3). Furthermore, we 
have solved structures of both human and mouse TBDs, in which we 
observed the same conformations (data not shown), thus suggesting 
that the structural changes observed are not likely to be a consequence 
of species differences.

The alternative substitutions on the isoindolinone or phthalimide  
ring provide a further mechanism to selectively recruit binding 
partners to the CRL4CRBN E3 ligase complex. We previously demon-
strated that the binding affinities of lenalidomide and pomalidomide 
for CRBN are similar, whereas the affinity of thalidomide for CRBN 
is slightly weaker8. Furthermore, glutarimide alone interacted with 
CRBN. The narrow range of binding affinities, taken with the struc-
tural studies, is consistent with the glutarimide moiety providing the 
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Figure 5 Conserved tryptophan residues (Trp386 and Trp400) confer binding of CRBN to IMiD compounds and are required for drug function in 
cells. (a) Immunoblot (IB) analysis of extracts prepared from DF15R cells reexpressing full-length CRBN wild type or W386A or W400A mutants and 
preincubated with vehicle DMSO (V), thalidomide (Thal) or pomalidomide (Pom) at the indicated concentrations and bound to thalidomide-analog 
affinity beads, washed and eluted with SDS buffer. Input extract before bead purification (In) is also shown. Immunoblots are representative of three 
independent experiments. (b) Cell proliferation assay of DF15 cells (sensitive), DF15R cells (resistant; CRBNnull) and DF15R cells transduced with  a 
red fluorescent protein (RFP) control construct, human (h) CRBNWT, CRBNW386A or CRBNW400A, treated with a dose response of pomalidomide for 5 d.  
Values are mean and s.d. from three independent experiments performed on different days. Data for each cell line are normalized to treatment with 
vehicle (DMSO). (c) Immunoblot analysis of CRBN, Aiolos, c-Myc, IRF4, phospho-Rb (ppRb) and β-tubulin loading control in DF15, DF15R, DF15R 
CRBNWT and DF15R CRBNW386A treated with vehicle DMSO (V), 10 µM lenalidomide (Len) or 1 µM pomalidomide (Pom) for 48 h.
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Figure 4 Sequence-alignment differences mapped onto the surface of  
the TBD of CRBN. (a) Alignment with tryptophan residues forming the 
tri-Trp pocket shown in bold. Variable residues proximal to the tri-Trp 
pocket are shown in red. (b) Sequence alignment from a mapped onto 
the surface of the human CRBN TBD. Conserved residues relative to the 
human protein are shown in red, conservative changes in orange and 
nonconservative changes in white. The IMiD compound–binding pocket  
is indicated by a blue arrow.

np
g

©
 2

01
4 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



-311-

nature structural & molecular biology VOLUME 21 NUMBER 9 SEPTEMBER 2014 807

a r t i c l e s

majority of CRBN binding. The CRBN binding affinities, however, are 
not proportional to the cellular potency of these drugs, thus suggest-
ing that additional interactions with the phthalimide or isoindolinone 
part of the molecules are differentiating cellular effects. Lenalidomide 
and pomalidomide differ from thalidomide in possessing an amino 
substitution on the isoindolinone or phthalimide ring (Fig. 1a–c). 
In the lenalidomide structure, this amino moiety is oriented toward 
Glu377, whereas in the pomalidomide structure, the electron  
density supports differing orientations in the different chains within 
the asymmetric unit (Figs. 1b and 3c and data not shown). As new 
substrates are discovered for the CRL4CRBN E3 ligase, it will be inter-
esting to see how structural differences among IMiD drug analogs 
will influence the potency and selectivity of substrate recognition 
and degradation.

A search for structural homologs to the TBD has revealed that 
despite very low sequence identity (<14%), the same fold is found in 
other proteins, including methionine sulfoxide reductase, an enzyme 
involved in the repair of oxidized proteins20, dsRNA–binding pro-
teins RIG-I, LGP2 and melanoma differentiation-associated gene 5 
(MDA5) (Supplementary Fig. 4), which are involved in sensing viral 
RNAs as part of the innate immune response21–23, and mammalian 
suppressor of Sec4 (MSS4), a regulator of stress response and apop-
tosis24. Despite sharing the same fold, the tri-Trp-pocket residues 
are not conserved in any of these structurally similar proteins, thus 
indicating that these cannot bind IMiD drugs in the same manner as 
CRBN. However, CRBN orthologs can be identified across animal and 
plant kingdoms, and these proteins exhibit 100% sequence conserva-
tion in the tri-Trp pocket (Fig. 4). This level of sequence conservation  
indicates a strong functional constraint and suggests that there may 
be an endogenous ligand with which IMiD drugs compete. The  
glutarimide-binding pocket formed by these three tryptophan resi-
dues is reminiscent of the aromatic pockets used for binding meth-
ylated lysine and/or arginine residues found in proteins containing 
chromodomains, Tudor domains, plant homeodomain (PHD) fingers,  
malignant brain tumor (MBT) repeats, bromodomains for bind-
ing to acetylated lysines, or tryptophan boxes as in betaine-binding 
proteins such as ProX31 and BetP32 (Supplementary Fig. 5)25–27. 
However, our isothermal titration calorimetry analysis showed no 
significant binding affinity to modified lysines, arginines or betaines  
(data not shown).

Mutational analysis of the lenalidomide-binding site
To better understand the role of the residues involved in the  
CRBN–IMiD compound interactions in a cellular context, we per-
formed mutagenesis of residues Trp386 or Trp400 to alanine and 
used lentiviral expression vectors to reexpress full-length wild-type 
(CRBNWT), W386A (CRBNW386A) or W400A (CRBNW400A) mutant 
versions of CRBN in a CRBN-deficient myeloma cell line, DF15R8. 
Transduction of the lentiviral constructs into DF15R cells and selection  
with blasticidin generated cell lines that stably expressed wild-type  

or mutant forms of CRBN at levels similar to the matched IMiD 
compound–sensitive DF15 cell line (Supplementary Fig. 5a,b). 
Immunoprecipitation and western blotting analysis confirmed 
that, similarly to recombinant CRBNWT, mutants CRBNW386A and 
CRBNW400A interacted with DDB1, thus indicating that these proteins 
were properly folded and were competent to form CRL4CRBN com-
plexes in cells (Supplementary Fig. 5c)7. We then used cell extracts 
from these lines to assay the ability of CRBN to bind IMiD compounds. 
We used the thalidomide analog–coupled affinity bead assay7,8 
(Supplementary Fig. 5d) to demonstrate binding of recombinant 
CRBN to IMiD compounds in cell extracts. Similarly to the endogenous 
protein in DF15 cell extracts, the recombinant CRBNWT expressed 
in DF15R was able to bind thalidomide-analog beads (Fig. 5a),  
and preincubation of cell extracts with free thalidomide or poma-
lidomide competed for binding to the beads. In contrast, the tryp-
tophan mutants CRBNW386A and CRBNW400A were unable to bind 
thalidomide-analog beads (Fig. 5a), in agreement with the structural 
information that both tryptophan residues in CRBN are needed for 
the interaction with IMiD compounds.

The antiproliferative effect of IMiD compounds on myeloma cells 
is mediated through CRBN protein. Thus, engineered cells or cells 
made resistant to IMiD drugs that lack detectable levels of CRBN, for 
example, DF15R, become insensitive to the antiproliferative effects 
of the IMiD compounds (Fig. 5b)8,13. Importantly, the reexpression 
of a single recombinant protein, CRBNWT, is sufficient to restore the 
sensitivity to IMiD compounds in the resistant line DF15R (Fig. 5b) 
as well as in other cell lines (data not shown). In these cells, reexpres-
sion of CRBNWT also restores IMiD compound–induced degradation 
of Aiolos and, as expected, restores the inhibition of c-Myc, IRF4 
and phopho-Rb expression (Fig. 5c). All of these downstream effects 
are consistent with the regained antiproliferative effect of poma-
lidomide14,15,17,28. In contrast, expression of the mutants defective 
in IMiD-compound binding, CRBNW386A or CRBNW400A, did not 
resensitize DF15R cells to the antiproliferative effects of IMiD drugs 
(Fig. 5b,c). These cellular data are consistent with the structural data 
indicating that both Trp386 and Trp400 residues mediate CRBN bind-
ing to IMiD compounds and that CRBN mediates the antiprolifera-
tive effects characteristic of IMiD compounds in myeloma cells. It is 
known that rodents do not respond to IMiD agents in the same way 
that humans do; rodents appear to be resistant to the IL-2 induction 
(Supplementary Fig. 6), to antiproliferative effects and also to IMiD 
compound–induced teratogenicity29. A key step in understanding 
IMiD biology and ultimately engineering thalidomide analogs with-
out teratogenic effects may indeed come from pinpointing the key 

100

DF15

DF15R

DF15R RFP control

DF15R hCRBNWT

DF15R mCRBNWT

a

50

0.01
0

0.1 1 10 100
Pomalidomide (µM)

%
 v

ia
bl

e 
ce

lls

b

IB: CRBN

IB: β-tubulin

DF15 DF15R DF15R

mCRBNWT

c

IB: Ikaros

IB: Aiolos

IB: β-tubulin

DF15

DF15R

mCRBNWT

10 100 0Pom (µM)

Figure 6 Mouse CRBN does not rescue pomalidomide effects in DF15R 
cells. (a) Cell proliferation assay of DF15 (sensitive), DF15R (resistant; 
CRBNnull), DF15R-hCRBNWT (human CRBN) and DF15R-mCRBNWT 
(mouse CRBN) cells treated with a dose response of pomalidomide for  
5 d. Values are mean and s.d. from three independent experiments 
performed on different days. Data for each cell line were normalized to 
treatment with vehicle (DMSO). (b) CRBN immunoblot (IB) of extracts 
from DF15, DF15R and DF15R cells reexpressing full-length mouse CRBN 
wild type (mCRBNWT). β-tubulin is a loading control. (c) Aiolos and 
Ikaros immunoblots of extracts from DF15 and DF15R cells reexpressing 
mCRBN treated with pomalidomide at the indicated concentrations for  
48 h. β-tubulin is a loading control.

np
g

©
 2

01
4 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



-312-

808 VOLUME 21 NUMBER 9 SEPTEMBER 2014 nature structural & molecular biology

a r t i c l e s

features that underlie the biological differences seen between rodents 
and humans. Mouse CRBN is unable to rescue the antiproliferative 
effects of pomalidomide in DF15R cells (Fig. 6a). Furthermore, the 
mouse CRBN-expressing cell line does not exhibit the pomalidomide- 
dependent degradation of Ikaros or Aiolos (Fig. 6c). Within the TBD 
there are four amino acid differences between mouse and human  
proteins. Two of the variable residues are proximal to the lenalidomide- 
binding site (Fig. 4). One of these residues features a substantial 
change in properties from an acidic residue (Glu377) in humans to a 
hydrophobic residue (valine) in rodents. The other is a conservative 
change from valine in humans (Val388) to isoleucine in rodents. We 
speculate that these polymorphic differences could account for the 
lack of rodent responsiveness to IMiD agents and suggest that a more 
thorough exploration of the functional consequences of these poly-
morphic differences is warranted. Furthermore, detailed structural 
studies of CRL4CRBN in complex with substrates such as Ikaros and 
Aiolos will be needed to fully understand the structural requirements 
for substrate recruitment and subsequent ubiquitination.

DISCUSSION
Ito et al. first reported CRBN as the primary molecular target of tha-
lidomide and through mutagenesis demonstrated that the C-terminal 
domain encompassed the thalidomide-binding domain7. Herein, we 
have presented the crystal structure of human CRBN in complex with 
DDB1 and lenalidomide, thus providing the first structural descrip-
tion, to our knowledge, of IMiD drug binding. The IMiD compound–
binding site is a shallow hydrophobic pocket on the surface of CRBN. 
Three tryptophan residues form the binding site for the glutarimide 
ring of lenalidomide, with three hydrogen bonds between CRBN and 
the glutarimide ring. The glutarimide ring is a defining feature of 
the IMiD class of molecules, and all IMiD drug–CRBN structures 
solved to date have exhibited highly similar intermolecular inter-
actions. We have demonstrated that IMiD-compound binding and 
cellular function is dependent upon these key tryptophan interac-
tions by comparing mutant CRBN to wild-type CRBN in a CRBN- 
deficient myeloma cell line, DF15R. We also observed that expression  
of mouse CRBN behaves in an identical manner to that of mutated 
CRBN in our human myeloma cell line, in that mouse CRBN is 
unable to rescue the pomalidomide-induced antiproliferative or 
Aiolos- or Ikaros-associated degradation effects (Fig. 6). Sequence 
differences identified in mouse CRBN that are in proximity to the 
lenalidomide-binding site may have a role in the phenotypic differ-
ences observed, thus implying that a single amino acid change could 
mediate resistance to IMiD drugs. However, few CRBN mutations 
have been found in patients with MM30,31, and these have not yet been  
characterized biochemically.

IMiD drug binding to CRBN has been demonstrated to increase 
the recruitment of substrates (for example, Ikaros and Aiolos) to the 
ubiquitin ligase complex and to enhance their degradation14,15,17. 
Interestingly, the lenalidomide isoindolinone group is presented 
on the surface of the CRBN protein. This binding mode generates 
a surface with a number of available hydrogen bonds from both the 
protein and lenalidomide in the proximity of an exposed hydrophobic  
group. The unsatisfied bonding potential around the bound lena-
lidomide could therefore form the basis of an artificially introduced 
interaction hotspot, thereby conferring a pharmacologically induced 
neomorphic function to this E3 ligase. However, in the case of CRBN, 
we have shown that the tri-Trp pocket is highly conserved across the 
known orthologs, and this indicates that IMiD drugs may be bind-
ing in place of an endogenous ligand that has yet to be identified. 
There are several examples of endogenous ligands that have been 

demonstrated to regulate substrate recruitment to ubiquitin ligase 
complexes in plant systems. For example, auxin and jasmonate are 
small-molecule regulators of ligases in plants32,33. Similarly, a number 
of natural products exhibit pharmacological activity by scaffolding 
macromolecular interactions34.

The ability for a small molecule to scaffold a specific macromo-
lecular interaction to an E3 ubiquitin ligase has particularly exciting 
implications for drug discovery. We have observed several categories 
of variation proximal to the IMiD drug–binding site: variations in  
the presentation and substitution pattern of the solvent-exposed ligand 
groups, protein conformational differences and species sequence  
differences. To fully rationalize the role of these in IMiD biology, 
we anticipate several further advancements, such as identification 
of the endogenous ligand(s), identification of substrates uniquely 
targeted by different IMiD drug molecules, characterization of the 
effects of species polymorphisms and determination of the binding 
modes of substrate proteins such as Aiolos after recruitment to the 
CRL4CRBN complex upon IMiD drug treatment. By describing the 
crystal structure of lenalidomide bound to CRBN, a substrate adaptor 
for an E3 ubiquitin ligase, we hope to further enable progress toward 
the rational design of additional ubiquitin ligase modulators.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Coordinates and structure factors have been 
deposited in the Protein Data Bank under accession codes 4TZ4 
(CRBN–DDB1–lenalidomide), 4TZU (CRBN–pomalidomide), 4TZC 
(CRBN–thalidomide) and 3WX2 (apo-CRBN).

Note: Any Supplementary Information and Source Data files are available in the online 
version of the paper.
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ONLINE METHODS
Structure determination. CRBN TBD was purified as follows. Residues 321–429 
of mouse CRBN fused to GST were expressed in E. coli BL21 (DE3) Star cells 
(Life Technologies) in TB medium supplemented with 50 µM zinc acetate. Cells 
were lysed by sonication and the soluble fraction purified with GST-affinity,  
ion-exchange and size-exclusion chromatography. Protein was concentrated to  
28 mg/ml in 50 mM acetate buffer, pH 6.0, 1 mM DTT and 10 mM TCEP. Crystals 
were obtained by sitting-drop vapor diffusion by mixing the protein with buffer 
1:1 and equilibrating against a mother liquor containing 100 mM sodium acetate, 
pH 5, 600–800 mM ammonium sulfate. Crystals were cryoprotected by addition 
of 20% glycerol and cooled under liquid nitrogen.

The structure of the mouse TBD was solved by single-wavelength anomalous 
dispersion with intrinsically bound zinc ions. Briefly, 480° of data were collected 
from a single crystal at 1.0-Å wavelength at the Advanced Photon Source SER-CAT 
beamline 22ID. Data were integrated and scaled with HKL2000 (ref. 35). Phasing 
and automated model building were performed with Crank in CCP4i, with the 
following subprograms: AFRO/CRUNCH2/BP3/SOLOMON/Buccaneer36–39. 
Subsequent manual model building and refinement were performed with Coot 
and Refmac5, respectively40,41. Subsequent structures were solved by molecu-
lar replacement with Phaser42. Figures were prepared with PyMOL (DeLano 
Scientific) and Maestro (Schrödinger).

Human CRBN with a thrombin-cleavable N-terminal ZZ-histidine tag (resi-
dues 40–442) and full-length human DDB1 with a C-terminal strep tag were 
coexpressed in SF9 insect cells in ESF921 medium (Expression Systems) sup-
plemented with 50 µM zinc acetate. Cells were subsequently centrifuged and 
resuspended in eight volumes lysis buffer (50 mM Tris, pH 7.5, 500 mM NaCl, 
10% glycerol, 10 mM imidazole and 1 mM TCEP) plus 1× protease-inhibitor 
cocktail (S.D. Bioscience) and 5,000 units TurboNuclease (Accelagen) for 1 h 
at 4 °C. The lysate was centrifuged at 105,000g for 1 h, and the supernatant was 
loaded to 5 mL Ni-NTA preequilibrated in lysis buffer. CRBN–DDB1 was eluted 
with a stepwise method with elution buffer (50 mM Tris, pH 7.5, 500 mM NaCl, 
10% glycerol, 500 mM imidazole and 1 mM TCEP). The ZZ-histidine tag was 
removed by cleavage overnight with thrombin (Enzyme Research). Peak frac-
tions were pooled, diluted to a final concentration of 200 mM NaCl and imme-
diately applied to a HiTrap ANX 5-mL column (GE Life Sciences). The buffer 
was changed on column to Bis-Tris, pH 6.0, and protein was eluted with a linear 
gradient to 1 M NaCl. CRBN–DDB1 was further purified by S-400 gel filtration 
(GE Life Sciences). CRBN–DDB1 at 30.2 mg/ml, in a buffer consisting of 10 mM 
MES, pH 6.0, 200 mM NaCl and 5 mM TCEP, was crystallized by sitting-drop 
vapor diffusion. CRBN–DDB1 plus 1 mM lenalidomide was mixed 1:1 with, 
and subsequently equilibrated against, a reservoir solution containing 18% (w/v) 
PEG 10,000 (Hampton Research, Aliso Viejo, California, USA) and 100 mM 
HEPES, pH 7.5 (Hampton Research, Aliso Viejo, California, USA). Cocrystals 
appeared in 7 d and reached dimensions of 0.10 mm × 0.025 mm × 0.025 mm 
by 21 d. Before data collection, crystals were cryoprotected in the reservoir solu-
tion supplemented with 20% ethylene glycol and cooled under liquid nitrogen. 
Data were collected from a single crystal at the Canadian Light Source beamline 
CMCF-08ID. The structure of human CRBN–DDB1 was solved by molecular 
replacement with Phaser42, with DDB1 (PDB 3EOC) and the mouse CRBN TBD 
as search models. Subsequent manual model building and refinement were per-
formed with Coot and Refmac5, respectively40,41. Crystallographic statistics are 
shown in Table 1, and difference density calculated following a round of refine-
ment with the drug molecule omitted is shown in Figure 1a–c.

Cell lines. The DF15 and DF15R cell lines, previously shown to lack detectable 
CRBN protein, were grown and cultured as previously described8.

Wild-type and mutant CRBN plasmids and CRBN pulldown assays. Lentiviral 
expression vectors were produced in house. Lentiviral particles were generated 
with HEK293T cells. and infection was done with spinoculation methodology. 
Selection was performed 1 week after initial infection. A diagram of the plas-
mids used is shown in Supplementary Figure 1b. DF15 and DF15R cells were 
transduced, and a pool of blasticidin-resistant cells were selected and screened by 
western blotting analysis with rabbit monoclonal anti-CRBN antibody (CRBN65; 
1:10,000)8,43. We confirmed the presence of the corresponding CRBN mutant 
versions by DNA genomic sequencing in all cell lines.

Immunoblot and immunohistochemistry. Western blotting was performed with 
mouse monoclonal anti-DDB1 (2B12D1; 1:2,000) from Invitrogen, rabbit poly-
clonals anti-Ikaros (D10E5; 1:1,000), anti-Aiolos (12720; 1:1,000), anti–c-Myc  
(9402; 1:1,000), anti-p21 (12D1; 1:1,000), anti-IRF4 (D43H70; 1:1,000) and 
anti-ppRb (Ser608) (2181; 1:1,000) from Cell Signaling Technology and mouse 
monoclonal anti–β-tubulin (AA2; 1:40,000) and mouse monoclonal anti–β-actin  
(AC74; 1:10,000) from Sigma. Validation for the antibodies used is available 
on the respective manufacturers’ websites. CRBN65 antibody (1:10,000) was 
used for CRBN protein detection and has been validated in previous work8,43.  
CRBN immunohistochemistry was performed on the Bond-Max automated slide 
stainer (Leica Microsystems, Buffalo Grove, Illinois, USA) with the Bond Polymer 
Refine Detection system. Formalin-fixed, paraffin-embedded (FFPE) cell pellets  
were sectioned at 4 µm thick and deparaffinized on the Bond-Max instru-
ment. Antigen retrieval was performed with Epitope Retrieval 2 (ER2, pH 9.0)  
for 20 min at 100 °C. The slides were blocked for endogenous peroxidase activ-
ity with Peroxide Block for 5 min at room temperature. Sections were then 
incubated with the rabbit monoclonal antibody CRBN65 at a 1:4,000 dilution 
for 15 min at room temperature. Post-primary and horseradish peroxidase 
(HRP)-labeled polymers were incubated at the instrument’s default conditions. 
Antigen–antibody complex was then visualized with hydrogen peroxide sub-
strate and diaminobenzidine tetrahydrochloride (DAB) chromogen. Slides were  
counterstained with hematoxylin.

Thalidomide-analog bead assay to measure compound binding to  
endogenous CRBN. Coupling of thalidomide analog to FG magnetic nanopar-
ticle beads (Tamagawa Seiko Co., Tokyo) was carried out as described by Ito et al.7,  
and cell-extract binding assays to these beads were performed with minor  
modifications. DF15-, DF15R- or DF15R-derived cell-line extracts were prepared 
in NP-40 lysis buffer (0.5% NP-40, 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5 mM  
DTT, 0.25 mM PMSF and 1× protease-inhibitor mix (Roche, Indianapolis) at 
approximately 2 × 108 cells per ml (20 mg protein/ml). Cell debris and nucleic 
acids were cleared by centrifugation (14,000 r.p.m., 30 min, 4 °C). In competi-
tion experiments, 0.5-ml aliquots (3–5 mg protein) of the resulting extracts were 
preincubated (15 min, room temperature) with 5 µl DMSO (control) or 5 µl 
compound at varying concentrations in DMSO. Thalidomide analog–coupled 
beads (0.3–0.5 mg) were added to protein extracts and samples rotated (2 h, 4 °C).  
Beads were washed three times with 0.5 ml NP-40 buffer, and then bound proteins 
were eluted with SDS-PAGE sample buffer. Samples were subjected to SDS-PAGE  
and immunoblot analysis performed (as described above) with anti-CRBN 
(1:10,000 dilution) for all studies; other antisera dilutions were DDB1 (1:2,000 
dilution) or β-actin (1:10,000 dilution). In thalidomide-affinity bead competition 
assays, a LI-COR Odyssey system was used to quantify CRBN band density, and 
relative amounts of CRBN were determined by averaging at least three DMSO 
controls and expressing CRBN in each competition sample as percentage inhi-
bition of CRBN protein relative to the averaged controls set at 100% binding. 
Original images of gels, autoradiographs and blots used in this study can be found 
in Supplementary Data Set 1.
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The elongation factors DSIF and NELF are responsible for promoter-proximal RNA polymerase

II (Pol II) pausing. NELF is also involved in 30 processing of replication-dependent histone

genes, which produce non-polyadenylated mRNAs. Here we show that DSIF and NELF

contribute to the synthesis of small nuclear RNAs (snRNAs) through their association with

Integrator, the large multisubunit complex responsible for 30 processing of pre-snRNAs. In

HeLa cells, Pol II, Integrator, DSIF and NELF accumulate at the 30 end of the U1 snRNA gene.

Knockdown of NELF results in misprocessing of U1, U2, U4 and U5 snRNAs, while DSIF

is required for proper transcription of these genes. Knocking down NELF also disrupts

transcription termination and induces the production of polyadenylated U1 transcripts caused

by an enhanced recruitment of cleavage stimulation factor. Our results indicate that NELF

plays a key role in determining the post-transcriptional fate of Pol II-transcribed genes.
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I
n higher eukaryotes, transcripts produced by RNA polymerase
II (Pol II) undergo one of three types of 30 processing. While
most protein-coding genes produce polyadenylated mRNAs,

replication-dependent histone genes produce mRNAs lacking
poly(A) tails and require a distinct set of cis elements and trans-
acting factors for 30 processing1,2. Pol II is also responsible for
transcribing small, non-coding, non-polyadenylated small nuclear
RNAs (snRNAs), which possess 30 ends that are generated via a
series of processing reactions starting with site-specific cleavage at
an evolutionarily conserved 30 box3. During the production of
polyadenylated mRNAs, transcription and 30 processing are
tightly coupled; cleavage and polyadenylation factors are
recruited during transcription, and transcript cleavage triggers
transcription termination2,4,5. However, it is unclear whether this
tight coupling holds true for the other types of 30 processing.
Moreover, little is known about the mechanisms by which the
appropriate processing pathway is selected for a specific gene.
Promoter-proximal pausing is a widespread checkpoint that

occurs during the transcription cycle6–8. The elongation factors
DSIF (comprising subunits Spt5 and Spt4) and NELF (comprising
subunits NELF-A, -B, -C/D and -E) induce transcriptional
pausing by interacting with early-elongation complexes. Positive
transcription elongation factor b (P-TEFb) then phosphorylates
the C-terminal domain (CTD) of Pol II at Ser2, thus reactivating
the paused complex9–13. Furthermore, P-TEFb phosphorylates
the C-terminal repetitive sequence (CTR) of DSIF, which is
analogous to the Pol II CTD, and this modification converts DSIF
from a transcriptional repressor to an activator14,15. A number of
chromatin immunoprecipitation (ChIP) studies of Drosophila
and mammals have supported the idea that NELF associates only
with the 50 end of protein-coding genes, while DSIF travels with
Pol II throughout the elongation process16–19.

However, recent studies have revealed that NELF also
functions at the 30 ends of certain genes to facilitate 30 processing
and/or transcription termination. For example, 30 processing of
histone genes requires binding of stem–loop-binding protein and
U7 snRNP to evolutionarily conserved stem–loop and histone
downstream elements, respectively, and is catalysed by cleavage
and polyadenylation specificity factor (CPSF)1; NELF interacts
with the nuclear cap-binding complex and stem–loop-binding
protein to facilitate histone-type 30 processing20. Inhibition of
these factors disrupts the canonical processing pathway and
induces the production of aberrant polyadenylated histone
mRNAs through the use of cryptic downstream poly(A) signals
(PASs). Moreover, NELF is also involved in transcription
termination of U2 snRNA21.
Genes encoding snRNAs have TATA-less promoters that

contain evolutionarily conserved distal and proximal sequence
elements; these elements bind to Oct-1 and SNAPc/PTF,
respectively, and direct transcription along with a set of general
transcription factors and Pol II22. Primary snRNA transcripts are
then cleaved, most likely co-transcriptionally, at a conserved 30

box by Integrator, a 1.5-MDa complex that contains 12 subunits
(Ints1–12), including two CPSF-like subunits23. Studies using
kinase inhibitors and CTD mutants revealed that
phosphorylation of the CTD at Ser2 and Ser7 is critical for this
processing reaction24–27. Consistent with these findings,
Integrator is able to bind tightly to the Pol II CTD
phosphorylated at both Ser2 and Ser7 in vitro28.

The present study was motivated by the identification of
Integrator as a complex that interacts with both DSIF and
NELF. Here we show that, along with Pol II and Integrator,
DSIF and NELF accumulate at the 30 end of the U1 snRNA gene
and contribute to its synthesis in different ways. This study
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Figure 1 | DSIF and NELF interact with Integrator. (a) SDS–PAGE analyses of DSIF- and NELF-associated proteins affinity-purified from nuclear

extracts of HeLa cells stably expressing Flag-Spt5 (left) or Flag-NELF-E (right). The extracts were also subjected to an LC-MS/MS analysis. See also

Supplementary Table 1. (b) Immunoblot analyses of the samples described above using antibodies against specific subunits of Integrator and Mediator.

Actin was detected as a loading control. (c,d) Equal amounts of GSTor GST-tagged subunits of DSIF and NELF were immobilized to glutathione Sepharose

beads and then incubated with Integrator affinity-purified from HeLa cells expressing Flag-Ints10 (c) or recombinant Integrator subunits expressed

individually in insect cells (d). Rpb1 and the Integrator subunits were detected using immunoblotting. The asterisk denotes a nonspecific signal.

See also Supplementary Fig. 1. Uncropped blots are shown in Supplementary Fig. 6.
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provides new insights into the mechanism by which the post-
transcriptional fate of Pol II-transcribed genes is determined.

Results
DSIF and NELF interact with Integrator. To understand the
physiological roles of DSIF and NELF in more detail, proteins
associated with Flag-tagged Spt5 (the large subunit of DSIF)
and Flag-tagged NELF-E were affinity-purified from HeLa cell
nuclear extracts and analysed using mass spectrometry (Fig. 1a
and Supplementary Table 1). As expected, DSIF and NELF
co-precipitated with each other and with Pol II. In addition, the
cap-binding complex was co-purified with NELF, as reported
previously20. Notably, 11 of the 12 subunits of Integrator, as well
as C12orf11, which might be an additional subunit of
Integrator29,30, were also co-purified with DSIF or NELF
(Fig. 1a and Supplementary Table 1). To exclude the possibility
that the Integrator complex was co-purified due to interaction of
DSIF and NELF with Pol II, the affinity-purified samples were
analysed by immunoblotting with a panel of antibodies against
subunits of Integrator and Mediator, the latter of which is another
large protein complex that associates with Pol II. This experiment
showed that Integrator subunits, but not Mediator subunits, co-
precipitated with DSIF and NELF (Fig. 1b). Moreover, when

Integrator was affinity-purified from HeLa cells expressing
Flag-tagged Ints10, Spt5, NELF-E and the Pol II subunit Rpb1
were co-purified (Supplementary Fig. 1a), suggesting that
Integrator interacts specifically with DSIF and NELF.
To study these interactions under equilibrium conditions,

HeLa cell nuclear extracts were subjected to sucrose gradient
sedimentation analyses. The levels of DSIF, NELF, Integrator and
Pol II components peaked in fraction number 11 (41MDa;
Supplementary Fig. 1b), suggesting the presence of a higher-order
complex containing all of these factors. A large proportion
of Ints3 was separated from the other Integrator subunits
(Supplementary Fig. 1b). This additional peak may represent
the recently identified SSOS complex that contains Ints3 and the
human single-stranded DNA-binding protein homologues hSSB1
and hSSB2 (refs 31–34).

DSIF and NELF interact with Integrator via Spt5 and NELF-A.
To determine whether DSIF and NELF interact directly with
Integrator, pull-down assays were performed using affinity-
purified Integrator and GST-tagged subunits of DSIF and NELF.
GST-Spt5 and GST-NELF-A pulled down Integrator, although
only Ints6 was co-precipitated efficiently by GST-Spt5 (Fig. 1c).
Ints6 also interacted with GST-Spt5 in binding studies using
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insect cells expressing the 12 Integrator subunits individually
(Fig. 1d), indicating a direct interaction between these proteins. In
the same experiments, GST-NELF-A pulled down Ints4 most
efficiently, whereas Ints6, Ints9, Ints11 and Ints12 were pulled
down to a lesser extent (Fig. 1d). These data suggest that both
DSIF and NELF interact directly with Integrator; the former
probably occurs via binding of Spt5 to Ints6 and the latter likely
occurs via binding of NELF-A to Ints4.
The findings described above prompted us to investigate the

role of the CTR, the CTD-like domain of Spt5, in Integrator
binding. GST pull-down assays were performed using GST-Pol II
CTD and GST-Spt5 CTR, with or without pre-phosphorylation
by P-TEFb. Only the phosphorylated CTD was able to pull-down
Integrator from HeLa nuclear extracts efficiently (Supplementary

Fig. 1c), suggesting that the Spt5 CTR is not involved in
Integrator binding.

Inhibition of NELF induces misprocessing of snRNAs. Next, we
investigated the potential role of DSIF and NELF in 30 processing
of snRNAs in HeLa cells. Cleavage efficiency at the correct site
was estimated using quantitative (q) RT–PCR using two sets of
primers specific to total and cleaved snRNAs encoded by human
RNU1, RNU2, RNU4 and RNU5 (Fig. 2a; RNU1 is shown as an
example). Consistent with the results of previous studies23–26,
inhibition of P-TEFb using Flavopiridol or short-hairpin RNA
(shRNA)-mediated knockdown of Ints9, one of the CPSF-like
subunits of Integrator, induced an accumulation of the uncleaved
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forms of U1, U2, U4 and U5, with only a minor effect on the total
levels of these snRNAs, most of which are long-lived mature
species (Fig. 2b–d). Knockdown of NELF using a NELF-E-specific
shRNA also caused accumulation of the uncleaved forms of U1,
U2, U4 and U5 in HeLa cells (Fig. 2c,d). To explore the possibility
that the observed accumulation of the uncleaved forms of these
snRNAs was because of an increase in their stability, the half-life
of uncleaved U1 was determined by treating cells with the
transcription inhibitor actinomycin D. The half-life of uncleaved
U1 was not affected significantly by knockdown of NELF
(Supplementary Fig. 2a,b), suggesting that NELF is involved in
the cleavage of U1 pre-snRNA. By contrast, knockdown of Spt5
reduced the levels of the uncleaved forms of the U1, U2, U4 and
U5 snRNAs (Fig. 2c,d), which may be attributable to the fact that
DSIF contributes to transcription of the corresponding genes.
To define the 50 and 30 ends of the read-through products in

more detail and to provide a more quantitative perspective,
absolute quantification of U1 transcripts in HeLa cells was
performed using various primer sets and in vitro synthesized
RNA as a standard. In control cells, the read-through products
were expressed at 42±3 molecules per cell for þ 6/þ 196 RNA,
24±4 molecules per cell for þ 6/þ 418 RNA, 7.3±2.1 molecules
per cell for þ 6/þ 658 RNA and 2.1±0.6 molecules per cell
for þ 6/þ 911 RNA (Supplementary Fig. 2c). For reference,
þ 21/þ 146 RNA, largely representing mature U1 snRNA, was
present at 6.8±1.1� 104 molecules per cell. On the other hand,
transcripts upstream of the known transcription start site (TSS) of
RNU1 were rare (1.4±0.3 molecules per cell for � 90/þ 10
RNA), indicating that upstream transcription is negligible
(Supplementary Fig. 2c). When NELF or Integrator was knocked
down, the production of read-through products longer than
196 nt was induced 2.4- or 4.9-fold, respectively, whereas the
production of transcripts longer than 911 nt was induced 5.8- to
6.7-fold, respectively (Supplementary Fig. 2c). These results
indicate that longer read-through products are induced potently
by knockdown of NELF or Integrator.

Interplay of NELF, Integrator and DSIF on the U1 gene. Next,
we performed ChIP analysis of the RNU1 locus (Fig. 3). Analysis
of TBP showed that the resolution of our ChIP analysis was
B200 bp and that there was little overlap between ChIP signals
from the 50 and 30 ends of the U1 gene (Supplementary Fig. 3). In
control HeLa cells, Pol II (Rpb4), DSIF (Spt5), NELF (NELF-A)
and Integrator (Ints9) displayed a similar pattern of distribution
on the U1 gene; a peak was identified at the 30 end (b), and a very
weak signal was detected at position þ 1250 relative to the TSS
(e). The 50 to 30 signal ratios (a:b) of DSIF and NELF were
reproducibly lower than that of Pol II, suggesting that these
factors are recruited to the U1 gene at a later stage of
transcription.
NELF is generally considered to act only at promoter-proximal

regions. To determine whether recruitment of NELF to the 30

region of the U1 gene is simply because of the small size of this
gene or whether it reflects a functional difference between snRNA
and protein-coding genes, we compared the NELF with Pol II
signal ratios of the genes encoding U1 and beta-actin as a
function of the distance from the TSS (Supplementary Fig. 3). On
the beta-actin gene, the normalized NELF signal around the TSS
was higher than the corresponding signal at þ 300, which agrees
with recent genome-wide NELF-binding studies showing that
peak binding of this protein occurs close to the TSS35,36.
Conversely, the normalized NELF signal around the TSS of the
U1 gene was lower than the signals at positions þ 180 and þ 370
(Supplementary Fig. 3). Thus, there is a subtle but definite
difference in the distribution of NELF at these two gene loci.

Knockdown of NELF in HeLa cells resulted in a marked
relocalization of Pol II, DSIF and Integrator to the region
downstream of the U1 gene (Fig. 3c). Together with the results
of the qRT–PCR analysis (Fig. 2c), these findings suggest that
knockdown of NELF causes profound defects in both 30

processing and transcription termination of the U1 gene. Similar
changes were also induced by knockdown of Ints9 (Fig. 3d) and,
to a lesser extent, by Flavopiridol treatment (Fig. 3b). These data
indicate that, as occurs for protein-coding genes, 30 processing of
the U1 gene is coupled to transcription termination. Furthermore,
NELF, Integrator and P-TEFb appear to contribute to these
processes. While inhibition of Pol II CTD Ser2 phosphorylation
blocked the recruitment of Ints9 to the 30 region of the U1 gene
(Fig. 3b), knockdown of NELF had little effect on the recruitment
of Ints9 to this region (Fig. 3c), and knockdown of Ints9 also had
little effect on the recruitment of NELF to this region (Fig. 3d).
When DSIF was knocked down, occupancy of the U1 gene by

Pol II, NELF-A and Ints9 was reduced substantially (Fig. 3e).
Under these conditions, knockdown of DSIF had little effect on
the distribution of Pol II over the beta-actin gene (data not
shown), suggesting that the knockdown did not have general,
growth-related effects. These results are consistent with the
notion that DSIF controls U1 gene transcription. It is unclear
whether DSIF also contributes to the recruitment of NELF and
Integrator, since knockdown of this protein results in a
substantial reduction of Pol II occupancy.

NELF inhibits aberrant polyadenylation of U1 transcripts. The
findings described above are reminiscent of what happens during
30 processing of histone pre-mRNAs, another class of non-
polyadenylated Pol II transcripts. Knockdown of NELF or a
component of the histone 30 processing machinery blocks histone
pre-mRNA cleavage at the correct sites, resulting in an accu-
mulation of aberrant polyadenylated histone mRNAs20,37,38.
Therefore, RNA ligase-mediated rapid amplification of cDNA
ends (RLM-RACE), which was modified to ensure that only
transcripts with six or more adenosines at the 30 ends were
amplified (Fig. 4a), was used to determine whether aberrant
polyadenylation of U1 transcripts also occurs as a result of
knockdown of NELF. Quantitative TaqMan PCR analyses showed
that knockdown of NELF or Integrator in HeLa cells induced the
production of polyadenylated U1 transcripts but did not affect
polyadenylation of GAPDH transcripts at the correct site
(Fig. 4b).
Next, RLM-RACE products were cloned and sequenced to map

the polyadenylation sites. Clones with fewer than six untemplated
adenosine residues at their 30 end were excluded from the
analyses. A large number of polyadenylation sites were identified
in the NELF knockdown and Integrator knockdown samples
(Fig. 4c and Supplementary Fig. 4). There was no detectable PAS
(AAUAAA or its variants) around these sites. The absence of a
PAS is not surprising because no PAS-like sequences are present
in the 1-kb region downstream of the 30 box of the U1 gene,
where transcription termination mainly occurs. On the other
hand, only a single polyadenylation site was identified from the
control sample (Fig. 4c and Supplementary Fig. 4).

NELF prevents the recruitment of cleavage stimulation factor.
The findings described above raised a question as to whether
aberrant polyadenylation is carried out by the canonical mRNA
30-processing machinery. To address this question, CPSF-73 and
the cleavage stimulation factor CstF-64 were knocked down by
transfection of HeLa cells with recombinant lentiviruses expres-
sing specific shRNAs (Fig. 5a). Knockdown of CPSF-73 resulted
in a significant decrease in the amount of polyadenylated U1
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transcripts, while knockdown of CstF-64 did not (Fig. 5b).
Moreover, double knockdown studies showed that the
accumulation of the polyadenylated U1 transcripts in NELF
knockdown cells was reversed by concurrent knockdown of
CPSF-73 or CstF-64 (Fig. 5b), suggesting that NELF prevents
CPSF- and CstF-mediated cleavage and polyadenylation of U1
transcripts.
To test this proposal, the effect of knockdown of NELF on the

recruitment of CPSF and CstF to the U1 gene was examined
(Fig. 5c and Supplementary Fig. 5). Knockdown of NELF
increased the ratio of CstF-64 to Pol II at regions downstream
of the U1 gene significantly (b and d), while the ratio of CPSF-73
to Pol II was only affected negligibly. These results suggest that
NELF inhibits aberrant polyadenylation of U1 transcripts by
preventing the recruitment of CstF to the U1 gene locus. Notably,
knockdown of NELF also resulted in a significant increase in the
relative ChIP signal of CstF-64 at the promoter region but not the
30 region of the GAPDH gene (Fig. 5c and Supplementary Fig. 5).
Therefore, NELF may also prevent the recruitment of CstF to the
promoter-proximal region of protein-coding genes.

Discussion
On the basis of the results of this study, we offer a model for
transcription-coupled 30 processing of snRNA genes (Fig. 6).
In this model, after the transcription initiation (step 1), DSIF

(Spt4–Spt5) is recruited to Pol II to stimulate transcription
elongation, while P-TEFb phosphorylates the Pol II CTD (step 2).
Integrator is then recruited to the snRNA gene through its
interactions with the phosphorylated-CTD and possibly DSIF.
NELF is also recruited by DSIF and contributes to 30 box-
dependent 30 processing by preventing the recruitment of CstF
(step 3). Finally, Integrator performs 30 processing and triggers
transcription termination (step 4).
Processing and termination at the 30 end are tightly coupled

during transcription of protein-coding genes, and, according to
the widely accepted torpedo model, termination is induced by the
50 to 30 exoribonuclease Xrn2, which attacks the newly formed
50 end of cleaved pre-mRNAs4,5. Since inhibition of NELF,
Integrator and P-TEFb all resulted in defective 30 processing and
termination of the U1 gene (Figs 2 and 3), it is likely that these
processes occur in a coordinated manner by a mechanism similar
to that of protein-coding genes. This view is consistent with a
recent study that suggested the coupling of transcription
termination and 30 processing of U1 snRNA39.
A few pieces of evidence suggest that DSIF is involved in U1

gene transcription. Specifically, knockdown of DSIF reduced the
levels of both nascent (unstable) and processed (stable) U1
snRNA transcripts (Fig. 2) and reduced the Pol II density across
the RNU1 locus (Fig. 3e). Since DSIF functions as a dual regulator
of transcription elongation for protein-coding genes, it may play a
similar role in regulating the U1 gene. It may seem strange that an

a

AAAAA
AAAAA
AAAAA
AAAAA

Adapter ligation

P

AAAAA
AAAAA
AAAAA
AAAAA

Reverse transcription Poly(A)-specific PCR

AAAAA

AAAAA

AAAAA
TTT

AAAAA
TTT

Quantification (B)

Cloning and
sequencing (C)

Total RNA

RNU1

+250+1 +500 +750 +1,000

RNU1

+250+1 +500 +750 +1,000

Control, ploy(A)≥10

NELF-E KD, poly(A)≥10
NELF-E KD, poly(A)<10

Ints9 KD, poly(A)≥10
Ints9 KD, poly(A)<10

Control, ploy(A)<10

RNU1

+250+1 +500 +750 +1,000

c

b Poly(A)+U1 transcripts

0

1

2

3

4

5

6
F

ol
d 

ch
an

ge

Ctrl Ints9
KD

0

1

2

1.5

0.5F
ol

d 
ch

an
ge

Poly(A)+GAPDH  transcripts

**
*

NELF-E
KD

Ctrl Ints9
KD

NELF-E
KD

Figure 4 | Inhibition of NELF or Integrator leads to the accumulation of aberrant polyadenylated U1 transcripts. (a) Schematic representation of the

RLM-RACE procedure. (b) TaqMan PCR analyses of poly(A)þ U1 transcripts and poly(A)þ GAPDH transcripts in control (Ctrl) HeLa cells and HeLa cells

transfected with shRNAs to KD NELF-E or Ints9. The expression levels were normalized to the amount of 7SK RNA and to those of the control cells.

Data are represented as the mean±s.e.m. of n¼ 5 independent experiments. *Po0.05 and **Po0.01 (two-tailed Student’s t-test). (c) Cryptic

polyadenylation sites of the RNU1 gene. Untemplated poly(A) tails were detected in 3/48, 50/96 and 34/96 of the control, NELF-E knockdown and Ints9

knockdown clones, respectively. The polyadenylation sites of the positive clones were mapped on the RNU1 locus. Clones containing short poly(A) tails

(o10 nt) and those containing long poly(A) tails (Z10 nt) are indicated by open and closed symbols, respectively. See also Supplementary Fig. 4.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5263

6 NATURE COMMUNICATIONS | 5:4263 | DOI: 10.1038/ncomms5263 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.



-321-

elongation factor is critical for the synthesis of such a small RNA;
however, recent studies have shown that the little elongation
complex, which comprises ELL and a few other subunits, is also
required for the initiation and elongation phases of snRNA gene
transcription40,41. It is not immediately clear why elongation
factors are required for transcription of short snRNA genes. One
possible reason is that elongation factors may maintain an open
chromatin structure of highly transcribed snRNA genes. The
binding pattern of histone H3 over the RNU1 and RNU2 genes is
opposite to that of Pol II (refs 21,39 and our unpublished data),
suggesting transcription-dependent eviction of histones. DSIF
may contribute to a high level of expression of snRNA genes by
counteracting the formation of a repressive chromatin structure.
Since Integrator is implicated not only in 30 processing of snRNAs

but also in transcription of their genes per se23,26,42, it is also
possible that DSIF contributes to snRNA transcription by
interacting and cooperating with Integrator.
On the basis of the results of recent genome-wide studies,

NELF is generally considered to bind only to promoter-proximal
regions35. However, our previous study showed that NELF is
accumulated at both the 50 and 30 ends of replication-dependent
histone genes and facilitates histone-type 30 processing20.
Moreover, NELF is accumulated at regions downstream of the
U1 and U2 genes (refs 21,39 and this study). These findings
led us to hypothesize that, aside from its established role in
promoter-proximal pausing, NELF may also play a distinct
role in the regulation of snRNA and histone genes. Unlike
most Pol II-transcribed genes, snRNA and histone genes produce
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non-polyadenylated transcripts that follow the ‘minor’ 30

processing pathways, and knockdown of NELF results in the
production of aberrant polyadenylated species (ref. 20 and this
study). Therefore, we speculate that polyadenylation is the default
30 processing pathway and that NELF plays a key regulatory role
in the post-transcriptional fate of Pol II-transcribed genes.
As to the mechanism of aberrant polyadenylation, cryptic PASs

are almost always located downstream of replication-dependent
histone genes and are utilized when NELF or the histone-specific
processing pathway is blocked. Polyadenylated histone mRNAs
are stable but are not fully functional because they are not
properly regulated during the cell cycle37,43. The cryptic PASs of
histone genes may serve to ensure transcription termination and
to prevent read-through into downstream genes. By contrast,
PAS-like sequences were not identified within the region
comprising a few kilobases downstream of the snRNA genes
examined here. Despite the absence of a consensus PAS,
polyadenylation of U1 transcripts apparently occurs at random
when NELF or Integrator is knocked down (Fig. 4c and
Supplementary Fig. 4). This aberrant processing is dependent
on CstF and CPSF (Fig. 5), but it remains unclear which enzyme
is responsible for poly(A) addition. Analysis of the half-life of
U1 read-through products suggested that polyadenylated U1
transcripts are not very stable (Supplementary Fig. 2a,b). In
Saccharomyces cerevisiae, the TRAMP complex attaches short
oligo(A) tails to cryptic unstable transcripts and targets them for
degradation by the nuclear exosome44, while mammalian
homologues of TRAMP complex components have not been

well characterized. Since U1 transcripts with both long and
short poly(A) tails were identified by sequencing of RLM-RACE
products (Fig. 4c and Supplementary Fig. 4), aberrant
polyadenylation may involve both canonical nuclear poly(A)
polymerase and the TRAMP complex.
The findings presented here suggest that NELF inhibits

aberrant polyadenylation of U1 transcripts by preventing the
recruitment of CstF. Regarding the mechanism by which CstF is
recruited under normal circumstances, a recent study showed that
Ser-65-phosphorylated TFIIB binds to and recruits CstF-64 to
some protein-coding genes45. Another report suggested that
CstF-50 interacts with the Pol II CTD in a phosphorylation-
independent manner46. The way in which NELF interferes with
the recruitment of CstF-64 to the U1 gene is an interesting but as
yet unanswered question. Notably, knockdown of a histone-
specific 30 processing factor results in an increased association of
CstF-50 with histone gene loci47. Therefore, the recruitment of
CstF may be a common critical step in the determination of the
post-transcriptional fate.
Here we showed that knockdown of NELF also results in an

increased association of CstF-64 with the 50 end but not the 30 end
of the GAPDH gene (Fig. 5c and Supplementary Fig. 5b). Hence,
NELF appears to exclude CstF from the promoter-proximal
region of protein-coding genes while bound to Pol II, implying
that a similar mechanism operates in both snRNA and protein-
coding genes. Although a more detailed study is necessary to
confirm the hypothesis, NELF may function to prevent premature
termination at cryptic PASs located close to the TSSs of
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protein-coding genes. In fact, recent studies point to a new role of
U1 snRNP in the suppression of premature termination48,49.
Base-pairing of U1 snRNP to pre-mRNAs protects them from
premature polyadenylation and transcription termination at
nearby cryptic PASs within introns. To provide an integrated
view of the post-transcriptional role of NELF, future studies will
be aimed at reinvestigating the role of NELF in controlling
protein-coding genes at a post-transcriptional level.

Methods
Cell culture. HeLa cells stably expressing Flag-NELF-E or Flag-Spt5 were
generated as described previously14,50. HeLa cells stably expressing Flag-Ints10
were established by transfecting the cells with a pcDNA3-based expression vector
and selecting neomycin-resistant colonies for 2 weeks. Nuclear extracts were
prepared from HeLa cells using Dignam’s method.

Analyses of protein–protein interactions. Anti-Flag affinity purification was
performed as described previously20. Briefly, NE buffer (20mM HEPES-NaOH
(pH 7.9), 20% glycerol, 100mM KCl, 0.2mM EDTA and 0.1% NP-40) was used for
the binding and washing steps. Bound proteins were eluted with the same buffer
containing 0.1mgml� l Flag peptide, excised from Coomassie-stained SDS
polyacrylamide gels and subjected to LC-MS/MS analysis. Sucrose density-gradient
centrifugation was performed as described previously51. For GST pull-down assays,
GST fusion proteins and recombinant P-TEFb were prepared as described
previously14,20,52. Affinity-purified Integrator was prepared from HeLa cells
expressing Flag-Ints10, as described above. Recombinant Integrator subunits with
an N-terminal Flag tag were expressed in Sf9 cells using the baculovirus expression
system. Integrator was incubated with equal amounts of GST or GST fusion
proteins immobilized to glutathione Sepharose (GE Healthcare) for 2 h at 4 �C.
After extensive washing, bound materials were eluted with Laemmli buffer and
analysed by immunoblotting. In Supplementary Fig. 1c, equal amounts of GST,
GST-Pol II CTD or GST-DSIF CTR were immobilized to glutathione Sepharose
and then incubated with or without recombinant P-TEFb and ATP for 10min at
30 �C. After removal of P-TEFb and ATP, the matrices were incubated with HeLa
nuclear extract in the presence of phosphatase inhibitor cocktail (Sigma) for 2 h at
4 �C. After extensive washing, bound materials were eluted with Laemmli buffer
and analysed by immunoblotting.

Immunoblotting. Immunoblotting was performed according to the standard
procedures using the following primary antibodies: anti-Flag M2 (Sigma,
5 mgml� l), anti-Rpb1 8WG16 (Covance, 1:1,000), anti-Spt5 (in-house, rabbit
polyclonal, 1:1,000), anti-NELF-E (in-house, mouse monoclonal, 1 mgml� 1), anti-
Ints1 (A300–361A, Bethyl, 1 mgml� 1), anti-Ints3 (A300–427A, Bethyl, 1 mgml� 1),
anti-Ints4 (A301-296A, Bethyl, 0.2 mgml� 1), anti-Ints5 (A301-268A, Bethyl,
0.2 mgml� 1), anti-Ints6 (A300-254A, Bethyl, 0.2 mgml� 1), anti-Ints7 (A300-271A,
Bethyl, 0.2 mgml� 1), anti-Ints8 (A300-269A, Bethyl, 1 mgml� 1), anti-Ints9
(A300-412A, Bethyl, 0.5 mgml� 1), anti-Ints10 (15271-1-AP, ProteinTech,
0.4 mgml� 1), anti-Ints11 (A301-274A, Bethyl, 0.2 mgml� 1), anti-Med17
(ARP34192, Aviva, 0.5 mgml� 1), anti-Cdk8 (RB-018, NeoMarkers, 1 mgml� 1),
anti-Cyclin C (RB-009, NeoMarkers, 2 mgml� 1), anti-Ser2P H5 (Covance,
1:1,000), anti-Ser5P H14 (Covance, 1:3,000), anti-Ser7P 4E12 (Millipore, 1:3,000),
anti-actin (MAB1501, Millipore, 0.2 mgml� 1), anti-CstF-64 (sc16473, Santa Cruz,
1 mgml� 1), and anti-CPSF-73 (A301-091A, Bethyl, 0.2 mgml� 1).

RNA preparation and qRT–PCR. Total RNA was prepared using Sepasol I Super
(Nacalai Tesque) and then treated with RQ1 RNase-free DNase (Promega).
Subsequently, qRT–PCR analyses were performed using the QuantiTect SYBR
Green RT–PCR Kit (Qiagen), an ABI 7300 real-time PCR system (Applied
Biosystems), and the primers listed in Supplementary Table 2.

RLM-RACE. The RLM-RACE procedure was modified to ensure that only
transcripts with six or more adenosines at the 30 end were amplified53. First, RNA
ligase was used to ligate a 50 phosphorylated RNA/DNA chimeric oligonucleotide
to the 30 ends of transcripts in the total RNA sample, prepared as described above.
Reverse transcription was then performed with a complementary DNA
oligonucleotide and Superscript III reverse transcriptase (Life Technologies). Next,
first-round PCR was carried out using a U1-specific forward primer and the same
reverse primer amended to contain three additional adenosine residues at the 30

end. Nested PCR was then performed using another U1-specific primer and a
reverse primer with six adenosine residues. For cleavage site mapping, second-
round PCR products of 250–2,000 bp were recovered from agarose gels, digested
with BamHI and HindIII, and then cloned into pBluescript SKþ . In total, 48 or 96
clones were sequenced, most of which harboured RNU1-1, RNU1–2 or RNU1–3.
Sequence analyses indicated that some clones were derived from transcripts with 30

A-rich sequences rather than from polyadenylated transcripts; these irrelevant
clones were excluded from further analyses. To quantify polyadenylated species of

potentially variable lengths, first-round PCR products were subjected to TaqMan
real-time PCR analyses.

Gene knockdown using shRNAs. The shRNA sequences were cloned into a
version of pBluescript containing the mouse U6 promoter, as described pre-
viously14. The following sequences were used as shRNA targets: Spt5, 50-AAGAAC
UGGGCGAGUAUUACA-30 ; NELF-E, 50-AAGAUGGAGUCAGCAGAUCAG-30 ;
Ints9, 50-AAGAUCGAGAUCAUGCCAGAG-30; CstF-64, 50-AAGACCAAGA
GACAGCACUUA-30 ; and CPSF-73, 50-AAGAUUCUGUAACACUGUCCA-30 .
To knock down Spt5, NELF-E and Ints9, HeLa cells were transfected with a control
plasmid (U6 promoter alone) or the specific shRNA-containing plasmid using
Lipofectamine 2000 (Life Technologies), and transfectants were harvested at 72 h
(for RNA analysis) or 84 h (for ChIP) post transfection. To knockdown CstF-64
and CPSF-73, a cassette containing the mouse U6 promoter and the specific
shRNA sequence was excised from pBluescript and subcloned into pLenti6 (Life
Technologies), as described previously51. Recombinant lentiviruses were produced
according to the manufacturer’s recommendations and were used to infect HeLa
cells. Infectants were selected in growth medium containing 4 mgml� 1 blasticidin
and were harvested at 7 days post infection.

ChIP assays. ChIP assays were performed as described previously14. Briefly, HeLa
cells were crosslinked with 1% formaldehyde for 10min. Nuclei were isolated and
resuspended in lysis buffer (10mM Tris–HCl, pH 8.0, 100mM NaCl, 1mM EDTA,
0.5mM EGTA, 0.1% SDS, protease inhibitor cocktail (Nacalai Tesque)).
Chromatins were sheared by sonication using a Misonix S-4000 sonicator
(Misonix). Soluble chromatins were incubated overnight at 4 �C with antibodies
described below. Immunocomplexes were captured by protein G Sepharose FF (GE
Healthcare) or Dynabeads Protein G (Dynal). Beads were sequentially washed three
times with RIPA buffer (10mM Tris–HCl, pH 8.0, 150mM NaCl, 1mM EDTA,
0.5mM EGTA, 0.1% SDS, 1% Triton X-100, 0.1% sodium deoxycholate), three
times with high-salt ChIP wash buffer (10mM Tris–HCl, pH 8.0, 500mM NaCl,
1mM EDTA, 0.5mM EGTA, 0.1% SDS, 1% Triton X-100, 0.1% sodium
deoxycholate), twice with LiCl ChIP wash buffer (10mM Tris–HCl, pH 8.0,
250mM LiCl, 1mM EDTA, 1mM EGTA, 1% NP-40, 1% sodium deoxycholate),
twice with TE (10mM Tris–HCl, pH 8.0, 1mM EDTA). Immunoprecipitates were
eluted with elution buffer (100mM NaHCO3, 1% SDS, 10mM DTT) and incubated
overnight at 65 �C. Genomic DNA fragments in inputs and eluates were purified
and analysed using qPCR. The antibodies used for the assays were as follows: 2.5 ml
of anti-Rpb4 sera (a gift from Koji Hisatake, University of Tsukuba; rabbit
polyclonal), 2.5 ml of anti-Spt5 sera (in-house, rabbit polyclonal), 2.5 ml of anti-
NELF-A sera (in-house, rabbit polyclonal), 1 mg of anti-Ints9 (A300–412A, Bethyl),
1 mg of anti-CstF-64 (A301-092A, Bethyl) and 1 mg of anti-CPSF-73 (A301-091A,
Bethyl). The primer sequences are listed in Supplementary Table 2.
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Magnetically Promoted Rapid Immunoreactions Using
Functionalized Fluorescent Magnetic Beads:

A Proof of Principle
Satoshi Sakamoto,1† Kenshi Omagari,2† Yoshinori Kita,1 Yusuke Mochizuki,1 Yasuyuki Naito,1

Shintaro Kawata,1 Sachiko Matsuda,2 Osamu Itano,2 Hiromitsu Jinno,2 Hiroya Takeuchi,2 Yuki Yamaguchi,1

Yuko Kitagawa,2 and Hiroshi Handa1*

BACKGROUND: Accurate detection and monitoring of
disease-related biomarkers is important in under-
standing pathophysiology. We devised a rapid immu-
noreaction system that uses submicrometer polymer-
coated fluorescent ferrite (FF) beads containing both
ferrites (magnetic iron oxide) and fluorescent euro-
pium complexes.

METHODS: FF beads were prepared by encapsulation of
hydrophobic europium complexes into the polymer
layers of affinity magnetic beads using organic solvent.
A sandwich immunoassay using magnetic collection of
antibody-coated FF beads to a specific place was per-
formed. Brain natriuretic peptide and prostate-specific
antigen were selected as target detection antigens to
demonstrate the feasibility of this approach. An immu-
nohistochemical staining using magnetic collection of
antibody-coated FF beads onto carcinoma cell samples
was also performed.

RESULTS: The sandwich immunoassays, taking advan-
tage of the magnetic collection of antibody-coated FF
beads, detected target antigens within 5 min of sample
addition. Without magnetic collection, the sandwich
immunoassay using antibody-coated FF beads required
long times, similar to conventional immunoassays. Us-
ing the magnetic collection of antibody-coated FF
beads, immunohistochemical staining enabled dis-
crimination of carcinoma cells within 20 min.

CONCLUSIONS: This proof of principle system demon-
strates that immunoreactions involving the magnetic
collection of antibody-coated FF beads allow accelera-
tion of the antigen–antibody reaction. The simple
magnetic collection of antibody-coated FF beads to a

specific space enables rapid detection of disease-related
biomarkers and identification of carcinoma cells.
© 2013 American Association for Clinical Chemistry

Biomarkers provide information about disease pro-
gression and prognosis (1– 4 ). They are also widely
used in the diagnosis of disease, often at the point of
care. Immunoassays are commonly used in the mea-
surement of biomarkers in both the research and clin-
ical arenas (5, 6 ). Although ELISA is commonly used
(7, 8 ), it is a time-consuming and relatively complex
approach. Thus, platforms that shorten assay time and
reduce the number of steps involved would be benefi-
cial. Immunoreaction using magnetic particles has at-
tracted attention as a means to improve assay efficiency
(9, 10 ). Reports of immunoassays with magnetic par-
ticles have mainly involved magnetically assisted sepa-
ration of antibody-coated magnetic particles from re-
action medium to facilitate assay processes. Here we
describe a magnetically prompted immunoreaction
system with unique polymer-coated magnetic beads
containing highly analytically sensitive fluorophores.
The immunoassay and the immunohistochemical
staining described here feature simple magnetic collec-
tion of the beads in a specific space and require no
signal amplification step for the detection of biomark-
ers, thus enabling the analytically sensitive and rapid
detection of disease-related biomarkers.

Materials and Methods

Affinity magnetic beads with carboxylic acid were pre-
pared according to previously reported procedures
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(11, 12 ). Eu(TTA)3(TOPO)2 [thenoyltrifluoroacetyl-
acetone (TTA)3; tri-n-octylphosphine oxide (TOPO)]
was prepared from europium(III) acetate hydrate
(Sigma), TTA, and TOPO (13 ). Transmission electron
microscope (TEM) images were measured by JEM-
2010F (JEOL) at the Center for Advanced Material
Analysis, Tokyo Institute of Technology. Brain natri-
uretic peptide (BNP) and anti-BNP antibodies (KY-
BNP-II and BC203) were kind gifts from Shionogi &
Co. Prostate-specific antigen (PSA) and anti-PSA anti-
bodies (5A6 and 1H12) were obtained from HyTest. A
magnetic plate with 96 magnets was obtained from OZ
Biosciences. For the comparison study, the Access Hy-
britech PSA (Beckman Coulter) was used for measure-
ment of PSA concentrations. Anti– epidermal growth
factor receptor (EGFR) antibodies were obtained from
the hybridoma cell line 528 (HB-8509), which pro-
duces mouse monoclonal antibody against human
EGFR, and purified using the Mab Trap™ kit (GE
Healthcare). Anti– epithelial cell adhesion molecule
(EpCAM) and anti-CA19-9 antibodies were obtained
from Abcam. Epidermoid carcinoma cells A431 (CRL-
1555) and small-cell lung cancer cells H69 (HTB-119)
were obtained from ATCC. The A431-GFP stable cell
line was obtained by transfection of pEGFP-N1 (Pro-
mega) followed by G418 selection. A431 cells and H69
cells were maintained in DMEM and in RPMI 1640
supplemented with 10% fetal bovine serum in a 5% CO2

humidified incubator at 37 °C. A431 or H69 cells (1 � 106

cells) in 100 �L PBS were subcutaneously implanted into
nude mice in 2 regions of the upper back. When the tu-
mors reached approximately 5 mm in diameter, they were
removed and one was fixed in 10% neutral buffered for-
malin for 24 h. Fixed tumors were processed in a tissue
processor and embedded in paraffin. The second tumor
was embedded in optimum cutting temperature (OCT)
compound and stored at �80 °C.

Experiments on immunohistochemical staining
were approved by the institutional ethics committee
and were conducted in accordance with the guidelines
of the Declaration of Helsinki. Informed consent was
obtained from each patient. Needle-core biopsy sam-
ples were obtained from breast cancer patients (2006 –
2009). Samples from esophageal cancer patients un-
dergoing surgery (2001–2006) were used for EpCAM
and cytokeratin 19 staining.

PREPARATION OF FLUORESCENT FERRITE BEADS

A suspension of affinity magnetic beads with carbox-
ylic acid (1.0 mg) was incubated with 10 mmol/L
Eu(TTA)3(TOPO)2 solution in acetone in the dark
with vigorous shaking for 1 h at room temperature.
Distilled water was added and acetone was evaporated un-
der vacuum at 60 °C. The pellet was washed with washing
buffer [50 mmol/L HEPES (pH 7.9), 0.1% NP-40], and
the prepared fluorescent ferrite (FF) beads were dispersed
in distilled water and stored in the dark at 4 °C.

PREPARATION OF ANTI-BNP ANTIBODY–COATED FF BEADS

A suspension of FF beads with carboxylic acid (1.0 mg) in
distilled water was incubated with 20 g/L 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC�
HCl) in distilled water for 30 min at 4 °C. The activated FF
beads were washed with 2-morpholinoethanesulfonic acid-
sodium hydroxide (MES-NaOH) (pH 6.0) and were in-
cubated with 1.0 g/L anti-BNP antibody [F(ab�)2 frag-
ment of KY-BNP-II] in MES-NaOH (pH 6.0) for 2 h at
4 °C. Then, 1.0 mol/L ethanolamine solution in MES-
NaOH (pH 6.0) was added, and the suspension was
mixed overnight at 4 °C. Finally, anti-BNP antibody–
coated FF beads were washed and stored in HEPES buffer
[10 mmol/L HEPES (pH 7.9), 50 mmol/L KCl, 1.0
mmol/L EDTA, 0.1% Tween 20] at 4 °C.

PREPARATION OF ANTI-PSA ANTIBODY–COATED FF BEADS

A suspension of FF beads with carboxylic acid in PBS
(pH 7.4) was incubated with 200 mmol/L EDC�HCl in
PBS and 200 mmol/L N-hydroxysuccinimide in PBS
for 4 h at 4 °C. The activated FF beads were washed with
acetate (pH 5.2) and were incubated with 1.0 g/L anti-
PSA antibody (5A6) in acetate for 1 h at 4 °C. Then, 1.0
mol/L ethanolamine solution in PBS was added and the
suspension was mixed for 1 h at 4 °C. Finally, anti-PSA
antibody– coated FF beads were washed and stored in
HEPES buffer at 4 °C.

PREPARATION OF ANTI-EGFR, ANTI-EpCAM, AND ANTI-CA19-9

ANTIBODY–COATED FF BEADS

For the preparation of anti-EGFR, anti-EpCAM, and
anti-CA19-9 antibody–coated FF beads, the procedure
was the same as the procedure for anti-BNP antibody–
coated FF beads. Antibody-coated FF beads were stored
in HEPES buffer at 4 °C.

MAGNETICALLY INDUCED SANDWICH IMMUNOASSAY WITH FF

BEADS FOR DETECTION OF BNP

Polystyrene 96-well microplates (Matrix Technolo-
gies) were coated with 10 mg/L anti-BNP antibody
(BC203) in carbonate (pH 9.6) overnight at 4 °C.
After removal of carbonate, blocking solution (10
mmol/L HEPES (pH 7.9), 50 mmol/L KCl, 1.0
mmol/L EDTA, 0.1% Tween 20, 1% skim milk) was

3 Nonstandard abbreviations: TTA, thenoyltrifluoroacetylacetone; TOPO, tri-n-
octylphosphine oxide; TEM, transmission electron microscopy; BNP, brain natriuretic
peptide; PSA, prostate specific antigen; EGFR, epidermal growth factor receptor;
EpCAM, epithelial cell adhesion molecule; OCT, optimum cutting temperature; FF,
fluorescent ferrite; EDC�HCl, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride; MES-NaOH, 2-morpholinoethanesulfonic acid-sodium hydroxide; TBS, Tris-
buffered saline; DAB, 3,3�-diaminobendizine; CLEIA, chemiluminescent EIA; LOD,
limit of detection; LOQ, limit of quantitation; HE, hematoxylin eosin.
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added. BNP in reaction buffer (10 mmol/L HEPES
(pH 7.9), 50 mmol/L KCl, 1.0 mmol/L EDTA, 0.1%
Tween 20, 1% BSA) was added to each well and in-
cubated for 20 s at 4 °C. Next, 50 mg/L anti-BNP
antibody (KY-BNP-II)-coated FF beads in reaction
buffer (20 �L) were added, the plate was gently
shaken for 10 s, and placed on the magnet plate for
incubation times of 0.5–3 min. The wells were then
washed with reaction buffer and time-resolved fluo-
rescence measurements were performed using a
plate reader (ArvoSx1420; PerkinElmer).

MAGNETICALLY INDUCED SANDWICH IMMUNOASSAY WITH FF

BEADS FOR DETECTION OF PSA

Polystyrene 96-well microplates were coated with 5.0
mg/L anti-PSA antibody (1H12) in carbonate (pH 9.6)
overnight at 4 °C. After removal of carbonate, blocking
solution [25 mmol/L Tris-HCl (pH 7.9), 150 mmol/L
KCl, 5.0 mmol/L EDTA, 0.1% Tween 20, 1% skim
milk] was added. PSA in blocking solution was added
to each well and incubated for 3 min at 4 °C. Next, 12.5
mg/L anti-PSA antibody (5A6)-coated FF beads in
blocking solution (20 �L) were added, and the plate
was placed on the magnet plate for incubation times
of 1–30 min. The wells were then washed with block-
ing solution and time-resolved fluorescence mea-
surements were performed using a plate reader
(ArvoSx1420; PerkinElmer).

IMMUNOHISTOCHEMICAL STAINING OF

PARAFFIN-EMBEDDED SAMPLES

Paraffin sections (4.0 �m thick) were mounted on
slides, deparaffinized in xylol, and rehydrated in a
descending ethanol series for immunostaining. Re-
hydrated samples were treated with proteinase K
(0.4 g/L; Dako) for 30 min, incubated with 0.5%
periodic acid for 10 min at room temperature,
washed with water, and then blocked with 4% Block
Ace (Snow Brand Milk Products) in Tris-buffered
saline (TBS) for 30 min at 37 °C. After removal of the
blocking solution, samples were incubated with pri-
mary antibody in blocking solution overnight at
4 °C, washed with TBS, and then incubated with
ENVISON (Dako) for 30 min. After washing, images
were visualized using 3,3�-diaminobendizine (DAB),
with hematoxylin counterstaining for 1 min. OCT-
embedded frozen samples were sectioned on a cryostat
microtome and dried for 1 min at 60 °C, fixed with cold
acetone for 2 min, hydrated, and then treated with block-
ing solution.

RAPID IMMUNOHISTOCHEMICAL STAINING OF TISSUES USING

FF BEADS

Samples were treated with 5% BSA blocking solution
for 2 min. After removal of blocking solution, samples

were incubated with antibody-coated FF beads with a
magnet beneath for 10 min, washed with TBS with gen-
tle movement of the magnet, and examined using a
fluorescence microscope (ECLIPS E1000; Nikon).
OCT-embedded samples were sectioned on a cryostat
microtome, dried for 1 min at 60 °C, fixed with cold
acetone for 2 min, hydrated, and treated with blocking
solution.

Results

PRODUCTION OF UNIQUE 140-nm–DIAMETER FF BEADS

We previously developed unique multifunctional
beads of 200 nm in diameter in which both fluoro-
phores and ferrite nanoparticles were completely en-
capsulated into the organic polymer (14 ). In light of
the beads’ features, we expected that the FF beads
would have the potential to be a practical probe in an
immunoassay. Meanwhile, we also created 140-nm–
diameter affinity magnetic beads (12 ). Because the
140-nm beads were more magnetically responsive than
the 200-nm– diameter beads (11, 15 ), we prepared
140-nm– diameter FF beads. We assumed that the use
of hydrophilic fluorophores would result in fluoro-
phore leakage from the beads and would complicate
assay outcomes. Thus, the hydrophobic fluorescent
complex Eu(TTA)3(TOPO)2 (16 –19 ) was selected as
the fluorophore for encapsulation into the polymer
layer of the affinity magnetic beads. Using methanol to
encapsulate Eu(TTA)3(TOPO)2 into the beads, we suc-
cessfully produced 140-nm– diameter FF beads (Fig.
1A). TEM images showed that the shape of the FF beads
was exactly the same as that of the affinity magnetic
beads and the beads suffered no serious damage despite
the use of organic solvents in the process of incorpo-
rating fluorophores into the beads (see Fig. 1A in the
Data Supplement that accompanies the online version
of this report at http://www.clinchem.org/content/
vol60/issue4). The FF beads dispersed well in PBS, in
which they appeared as a dark-brownish suspension (de-
rived from the ferrite nanoparticles) under visible light.
Under ultraviolet exposure, the suspension emitted
bright red fluorescence derived from naked
Eu(TTA)3(TOPO)2. Dispersed FF beads were collected
easily using a permanent magnet and only the accumu-
lated pellets showed strong fluorescence under ultravi-
olet irradiation (Fig. 1B). No leaking of fluorophores
from FF beads into PBS was observed during many
repeated collections of the magnetic beads.

MAGNETICALLY PROMPTED RAPID SANDWICH IMMUNOASSAY

USING FF BEADS

Our sandwich immunoassay with FF beads is illus-
trated in Fig. 2. Detection antibody– coated FF beads
and samples were added on a capture antibody–
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coated microplate, a magnet was attached under the
plate for 1–2 min to concentrate the FF beads onto
the immobilized capture antibody, unbound FF
beads were washed out (similar to standard immu-

noassays), and the fluorescence of the remaining
FF beads held on the plate through the antigen–
antibody reaction was measured directly.

To verify the feasibility of the newly devised sys-
tem, we examined a sandwich immunoassay with FF
beads using BNP, which is a hormone secreted by the
heart and a basic biomarker of heart failure, as the tar-
get antigen (20, 21 ). The BNP concentration in the
blood plasma of healthy persons is usually �20 pg/mL,
and concentrations of �100 pg/mL BNP are associated
with heart disease (22, 23 ). Magnetic collection of anti-
BNP antibody– coated FF beads in an immunoreaction
allowed dose-dependent detection of BNP within 1
min, after which saturation was observed (Fig. 3A). Al-
though background fluorescence was observed in the
absence of BNP, antigen concentrations equivalent to
2.0 pg/mL could be detected with a high signal-to-noise
ratio. By contrast, the assay without magnetic collec-
tion of FF beads could detect only 200 pg/mL BNP (Fig.
3B). Without magnets, the fluorescence intensity de-
rived from the FF beads held on the plate through the
antigen–antibody reaction was highly variable. Fig. 3,
C–E, show the detection of BNP at single incubation
times of 1, 2, and 3 min. These graphs indicate that the
magnetic force clearly enhanced the detection of BNP.
Notably, a specific antigen–antibody reaction could be
detected rapidly by only 1-min magnetic collection of FF
beadswithouttheuseofanyenzymeandenzymaticreaction.

We next investigated detection of PSA, a widely
used biomarker in patients with prostate cancer (24 ).
Healthy individuals generally have low concentrations
of PSA (�0.1 ng/mL), whereas patients with prostate

Fig. 2. Schematic of a standard immunoassay scheme (top) and magnetically prompted sandwich immunoassay
using antibody-coated FF beads (bottom).

Fig. 1. FF beads.

(A), Schematic of the structure of FF beads. (B), FF beads
dispersed in PBS (left) or collected by magnet (right) in
visible light (above) and under ultraviolet irradiation (be-
low). GMA, glycidyl methacrylate.
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cancer have concentrations �4.0 ng/mL; hence, clini-
cal examination of prostate cancer requires detection
of PSA in serum ranging from 0.1 to 10 ng/mL (25, 26 ).
PSA could be detected using anti-PSA antibody–
coated FF beads either with or without magnetic col-
lection of the beads (Fig. 4); however, there was a large
difference in detection capability. With magnetic col-
lection of FF beads, a wide range of PSA concentrations
could be monitored (Fig. 4A). By contrast, in all cases
in which magnetic collection was not used, the detec-
tion signal was less stable than the cases with magnetic
collection (Fig. 4B). Using the magnetic system, we
successfully detected as little as 0.02 ng/mL PSA
within 5 min of sample addition. Fig. 4, C–F, show
the detection of PSA at single incubation times of 1,
3, 10, and 30 min. As is the case in BNP, these graphs
indicate that the magnetic force clearly enhanced the
detection of PSA. On receiving the results, the per-
formance of the sandwich immunoassay with FF
beads was compared with conventional immunoas-
says. Using PSA samples whose concentrations had
been measured by chemiluminescent EIA (CLEIA),
we measured over 50 PSA samples by the sandwich
immunoassay with FF beads (Fig. 5). Good correla-
tion was observed between PSA concentrations measured

by the sandwich immunoassay with FF beads and PSA
concentrations measured by CLEIA. The correlation be-
tween the 2 assays was: y � 0.472 � 0.879x, r2 � 0.953.

LIMIT OF DETECTION, LIMIT OF QUANTIFICATION, AND

REPRODUCIBILITY IN THE SANDWICH IMMUNOASSAY

WITH FF BEADS

The limit of detection (LOD) was defined as the low-
est measured value for which the measured value
minus 2 SDs was higher than the blank mean value
plus 2 SDs. Based on this criterion, the LOD of the
sandwich immunoassay with FF beads was estimated
to be around 5.0 pg/mL for BNP in plasma and
around 0.005 ng/mL for PSA in serum (see online
Supplemental Figs. 2 and 3). The limit of quantifica-
tion (LOQ) was defined as the lowest concentration
measurable at an interassay CV �20% in the sandwich
immunoassay with FF beads. Based on this criterion, the
LOQ of the sandwich immunoassay with FF beads was
estimated to be 10 pg/mL for BNP in plasma and 0.02
ng/mL for PSA in serum (see online Supplemental Figs. 2
and 3). For reproducibility of the sandwich immunoassay
with FF beads, the mean value, SD, and CV were calcu-
lated. For the medium PSA concentration, the mean
value, SD, and CV were 5.63 pg/mL, 0.489 pg/mL, and

Fig. 3. Detection of BNP by sandwich immunoassay using FF beads coated with anti-BNP antibody.

Results of BNP detection with magnet (A) and without magnet (B). Red, blue, green, and orange lines represent 200, 20, 2.0, and 0
pg/mL of BNP, respectively. Results of BNP detection at a single incubation time: 1 min (C); 2 min (D); 3 min (E). Blue and red markers
represent BNP detection with magnet and without magnet, respectively. All data are expressed as mean (SD) of 3 measurements.
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8.7%, respectively. For the high PSA concentration, the
mean value, SD, and CV were 10.1 pg/mL, 1.35 pg/mL,
and 13.3%, respectively.

MAGNETICALLY PROMPTED RAPID IMMUNOHISTOCHEMISTRY

USING FF BEADS

The scheme of an advanced immunohistochemical
staining using magnetic collection of FF beads is illus-

trated in Fig. 6. FF beads coated with antibodies recog-
nizing specific carcinoma cell-surface antigens are
added onto fixed samples of carcinoma cells, and a
magnet is attached beneath them to enhance the
antigen–antibody reaction (10 min). After removal of
the magnet, the samples are washed and observed di-
rectly by fluorescence microscopy. In this system,
washing, a key step in immunohistochemical staining

Fig. 4. Detection of PSA by sandwich immunoassay using FF beads coated with anti-PSA antibody.

Results of PSA detection with magnet (A) and without magnet (B). Red, blue, green, red broken, blue broken, green broken,
and orange lines represent 6.3, 2.0, 0.64, 0.20, 0.064, 0.020, and 0 ng/mL of PSA, respectively. Results of PSA detection at a
single incubation time: 1 min (C), 3 min (D), 10 min (E), 30 min (F). Blue and red markers represent PSA detection with magnet
and without magnet, respectively. All data are expressed as mean (SD) of 3 measurements.
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to eliminate undesired signal noise, was simplified by
the use of a magnet.

To confirm the magnetically promoted immuno-
histochemical staining with FF beads, we selected
xenograft samples of A431 human epidermoid cancer
cells, in which EGFR is highly expressed. EGFR is a key

disease marker to understand various types of malig-
nancy, including breast cancer, because it plays an im-
portant role in tumor cell survival and proliferation
(27, 28 ). Fig. 7A shows the results of immunohisto-
chemical staining of A431 cells by hematoxylin– eosin
(HE) staining, conventional polymer-labeled immuno-

Fig. 5. Comparison of PSA concentrations measured by the conventional immunoassay (CLEIA) and by the sandwich
immunoassay with FF beads.
All data are expressed as mean (SD) of 3 measurements.

Fig. 6. Schematic of standard staining (top) and magnetically prompted immunohistochemical staining of carcinoma
cells using antibody-coated FF beads (bottom).
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staining with DAB, and anti-EGFR antibody–coated FF
beads. Samples treated with FF beads showed vivid red
florescence, and the areas of staining corresponded to
those identified by the conventional polymer-labeled
method. By contrast, samples prepared from H69 cells
(small-cell lung cancer cells, EGFR expression level is
relatively low) treated with anti-EGFR antibody–
coated FF beads produced negligible levels of red fluo-
rescence (Fig. 7B).

Next, immunohistochemical staining of breast
cancer needle-core biopsies was investigated. Simi-
lar to the results with A431 cells, clear red fluores-
cence derived from FF beads was observed in the
same area stained using the polymer-labeled method
(Fig. 7C). These results indicate that antibody-
coated FF beads can accurately and rapidly recognize

corresponding antigens expressed on cells and tis-
sues through a magnetically enhanced antigen-
antibody reaction.

Discussion

Conventional immunoassays often exhibit low-level
signals due to the use of enzyme-modified detection
antibodies. Investigators have been trying to resolve the
intrinsic problems of analytical sensitivity; for exam-
ple, immunoassay systems using antibody-coated
nanoparticle doping enzymes instead of enzyme-
bound antibodies provide improvements in analytical
sensitivity (29 ). These types of immunoassays use en-
zymes in the detection of biomarkers and take several
hours to complete testing.

Fig. 7. Immunohistochemical staining of A431 cells (human epidermoid cancer cell, high EGFR expression level) (A);
H69 cells (small-cell lung cancer cell, low EGFR expression level) (B); and needle-core biopsy samples of breast
cancer using anti-EGFR antibody-coated FF beads (C).

Left, HE staining; middle, paraffin-embedded staining; right, immunohistochemical staining with magnetic collection of FF
beads.
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Magnetic particles are attractive functional mate-
rials in the development of immunoreactions, because
magnetic force often improves efficiency and analytical
sensitivity (30 ). Various types of immunoassays with
magnetic particles have been developed and some have
enabled shorter assay times (31–33 ). Mirkin and co-
workers reported an analytically sensitive immuno-
PCR method using magnetic microbeads coated with
monoclonal antibodies to PSA as well as gold nanopar-
ticles functionalized with bar-coded double-stranded
DNA and polyclonal antibodies (34 ). However, the
immuno-PCR method with magnetic microbeads and
gold nanoparticles still requires several steps from sam-
ple addition to signal acquisition and takes at least
1.5–2 h for detection of PSA. Although there are highly
analytically sensitive immunoassays that simply in-
volve magnetic collection of functionalized magnetic
particles, construction of a rapid immunoassay (�10
min) or assays without amplification steps has not pre-
viously been achieved. Similarly, conventional immu-
nohistochemical staining generally requires overnight
incubation of samples with primary antibodies for high
analytical sensitivity. Staining of sentinel lymph node
samples using pigments, including polymer-embedded
staining, has been used for intraoperative diagnosis;
however, pathological diagnosis with pigments is time-
consuming and occasionally leads to misdiagnosis as a
result of human error.

The FF beads that we have developed are unique
materials in that both hydrophobic fluorophores and
ferrite nanoparticles are completely encapsulated into
an organic polymer that can be modified chemically
(11, 15 ). The lack of fluorophore leakage from FF
beads during magnetic separation indicates that all
fluorophores are retained firmly inside the polymer of
the beads. The FF beads were quite stable and could be
stored for at least 6 months without any damage and
loss of fluorescence intensity. In addition, the fluores-
cence intensity of FF beads changed depending on the
concentration of the beads (see online Supplemental
Fig. 1B). Thus, the FF beads should be highly advanta-
geous for their application as probes in analytically sen-
sitive bioassays capable of detecting specific biomark-
ers. The results of the sandwich immunoassay, using FF
beads on which antibodies were coated, clearly demon-
strate that magnetic collection of FF beads in the im-
munoreaction step enabled the detection of disease
markers within 5 min after sample addition (Figs. 3A
and 4A). In addition, the data of the biomarker detec-
tion at a single incubation time indicated that several
minutes of magnetic collection of FF beads markedly
improved the detection capability (Fig. 3, C–E, and Fig.
4, C–F). Although a 3–10-min immunoreaction with
the magnet seemed to be most effective for the detec-
tion of the biomarkers by the sandwich immunoassay

with FF beads, we recognized that 1-min immunoreac-
tion with the magnet was enough for the detection of
the biomarkers. Additionally, the results of the immu-
nohistochemical staining with antibody-coated FF
beads also demonstrated that a 10-min magnetic col-
lection of FF beads in the incubation step enabled the
ultrarapid and reliable discrimination of carcinoma
cells (Fig. 7). By contrast, without magnetic collection,
both immunoassays resulted in low detection of
disease markers and required the same time as conven-
tional methods to obtain comparable analytical
sensitivity (Figs. 3B and 4B). Furthermore, we also
found that under the same conditions, including the
assay time, disease-related markers in the plasma or
serum could be detected without decreases of flores-
cence counts (see online Supplemental Figs. 2 and 3).
These results clearly indicate that the magnetic force
enhances and accelerates specific interactions between
antigens and antibodies, and the application of mag-
netic collection of FF beads in a particular space to the
immunoreaction can dramatically improve both the
total assay time and the number of steps required,
regardless of the antibodies used and the presence of
the plasma or the serum.

The LOQ values of 10 pg/mL for BNP and 0.02
ng/mL are comparable to those for currently used im-
munoassays. The relatively low LOQ indicates that the
sandwich immunoassay with magnetic collection of FF
beads is a practical and reliable immunoassay system
with sufficient analytical sensitivity. Often the analyti-
cal sensitivity of immunoassays depends on antibody
quality (35 ). We speculate that the difference of detec-
tion pattern between BNP and PSA would result from
differences in the quality of the antibodies used in the
sandwich immunoassay with FF beads.

The successful rapid and analytically sensitive de-
tection of target molecules (BNP, PSA, and EGFR) by
magnetic collection of FF beads in the immunoreac-
tion steps can be explained by the magnetic concentra-
tion of both antigens and antibodies locally on the plate
or samples, followed by direct florescent measurement
without the need for signal amplification. The results sug-
gest that the magnetic concentration of biomolecule-
coated FF beads to a specific place has the potential to
accelerate the interaction between biomolecules. We
also investigated the versatility of the immunohisto-
chemical staining with FF beads using several carci-
noma cells and found that carcinoma cells other than
A431 cells could be discriminated within 20 min (see
online Supplemental Fig. 4).

To date, several immunoreaction platforms that
use magnetic force to improve their efficiency have
been reported (30 –33 ). These mainly involve removal
of unbound capture antibodies and, to the best of our
knowledge, there are few bioassays that accelerate spe-
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cific biomolecule interactions and shorten assay
times using magnetic force (36 ). The immunoreac-
tion systems with FF beads described here used mag-
netic force, not to remove the magnetic beads but to
enhance the signal for detection of biomarkers. The
simple operation of collecting FF beads magnetically
at a specific space in the immunoreaction enables
improvements in both analytical sensitivity and total
assay time. Compared to conventional platforms,
the advanced immunoreaction with FF beads en-
ables rapid detection of biomarkers without the use
of enzyme reactions.

In summary, we successfully developed a rapid
immunoreaction system using uniquely developed
fluorescent magnetic beads, FF beads. Two distin-
guishing properties of FF beads, strong magnetic force
and high fluorescence intensity, enable the shortening of
assay time dramatically without loss of sensitivity and
eliminate the signal amplification step. Immunoreaction
systems with FF beads would be feasible alternatives to
conventional immunoassays and immunohistochemical
staining.
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Hrd1 suppresses Nrf2-mediated cellular
protection during liver cirrhosis
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Increased endoplasmic reticulum (ER) stress and reactive oxygen species (ROS) are the salient features of end-stage
liver diseases. Using liver tissues from liver cirrhosis patients, we observed up-regulation of the XBP1–Hrd1 arm of
the ER stress response pathway and down-regulation of the Nrf2-mediated antioxidant response pathway. We
further confirmed this negative regulation of Nrf2 by Hrd1 using Hrd1 conditional knockout mice. Down-
regulation of Nrf2 was a surprising result, since the high levels of ROS should have inactivated Keap1, the primary
ubiquitin ligase regulating Nrf2 levels. Here, we identified Hrd1 as a novel E3 ubiquitin ligase responsible for
compromised Nrf2 response during liver cirrhosis. In cirrhotic livers, activation of the XBP1–Hrd1 arm of ER
stress transcriptionally up-regulated Hrd1, resulting in enhanced Nrf2 ubiquitylation and degradation and
attenuation of the Nrf2 signaling pathway. Our study reveals not only the convergence of ER and oxidative stress
response pathways but also the pathological importance of this cross-talk in liver cirrhosis. Finally, we showed the
therapeutic importance of targeting Hrd1, rather than Keap1, to prevent Nrf2 loss and suppress liver cirrhosis.
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Liver cirrhosis is a pathological state in which the normal
liver tissue is replaced with scar tissue. Most commonly,
liver cirrhosis is caused by alcohol consumption, viral
hepatitis, chronic or excessive drug use, or exposure to
hepatotoxic chemicals (Lotersztajn et al. 2005; Hernandez-
Gea and Friedman 2011; Wynn and Ramalingam 2012).
Currently, there are no effective treatments available to
prevent or suppress the pathogenesis of liver cirrhosis.
Therefore, understanding the molecular mechanisms un-
derlying the pathological progression of liver cirrhosis and
developing new therapeutic strategies for prevention or
reversal of liver cirrhosis are urgently needed.
Studies suggest the involvement of endoplasmic re-

ticulum (ER) stress in the pathogenesis of liver cirrhosis.
Using experimental disease models, for example, it has
been demonstrated that the ER is enlarged and stressed in
response to intraperitoneal (IP) injection of carbon tetra-
chloride or by feeding a methionine- and choline-de-
ficient diet (Mu et al. 2010; Zheng et al. 2011b; Wang
et al. 2013). To cope with ER stress, mammalian cells

have developed an adaptive mechanism called the un-
folded protein response (UPR), signaled by three sensors
residing on the ER membrane: IRE1, PERK, and ATF6
(Travers et al. 2000; Carvalho et al. 2006; Tsang et al.
2010). The cellular decisions in activating or coordinating
these pathways are crucial in determining cell fate and
disease outcome in a variety of pathological conditions
(Tsang et al. 2010).
Hrd1, an E3 ubiquitin ligase sometimes called synovio-

lin, is a multipass ER membrane protein encoded by
synovial apoptosis inhibitor 1 (SYVN1 or Hrd1). Recent
studies have identified Hrd1 as a downstream effector of
the IRE1 branch of the UPR. In response to ER stress,
XBP1mRNA is spliced by IRE1 to produce XBP1s, which
encodes an active transcription factor, resulting in tran-
scriptional up-regulation ofHrd1 through a UPR element
in its promoter (Yoshida et al. 2001; Yamamoto et al.
2008). Hrd1 is essential for embryogenesis, as demon-
strated by the embryonic lethality ofHrd1�/� mice (Yagishita

� 2014 Wu et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first six months after the full-issue
publication date (see http://genesdev.cshlp.org/site/misc/terms.xhtml).
After six months, it is available under a Creative Commons License
(Attribution-NonCommercial 4.0 International), as described at http://
creativecommons.org/licenses/by-nc/4.0/.

6Corresponding authors
Email dzhang@pharmacy.arizona.edu
E-mail fangd@northwestern.edu
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.238246.114.

708 GENES & DEVELOPMENT 28:708–722 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/14; www.genesdev.org

Cold Spring Harbor Laboratory Press on April 9, 2019 - Published by genesdev.cshlp.orgDownloaded from 



-337-

et al. 2005). It also plays a crucial role in the pathogenesis
of arthropathy and liver cirrhosis/fibrosis (Amano et al.
2003; Hasegawa et al. 2010). Although Hrd1 was initially
characterized as an E3 ubiquitin ligase controlling ER-
associated degradation (ERAD), recent reports demon-
strate that Hrd1 can also control the turnover of non-
ERAD substrates such as p53, IRE1, and Nrf1, a member
of the cap‘n’collar (CNC) transcription factor family
(Yamasaki et al. 2007; Gao et al. 2008; Steffen et al. 2010;
Tsuchiya et al. 2011).
In addition to the UPR, reactive oxygen species (ROS)

have been shown to play a major role in the pathogenesis
of liver cirrhosis (Lotersztajn et al. 2005; Wynn and
Ramalingam 2012). Cellular ROS levels are regulated by
the Nrf2 transcription factor that also belongs to the
CNC family (Kensler et al. 2007; Jaramillo and Zhang
2013). Under basal conditions, Nrf2 levels are low due to
tight regulation by Keap1, a substrate adaptor protein for
the Cullin3 (Cul3)-based E3 ubiquitin ligase (Itoh et al.
1999; Kobayashi et al. 2004; Zhang et al. 2004). Activa-
tion of Nrf2 has been shown to confer protection against
liver cirrhosis (Kawata et al. 2010; Ramani et al. 2012;
Chen et al. 2013). Conversely, compromised Nrf2 signal-
ing and elevation of ROS were detected in end-stage
alcoholic liver disease (Kurzawski et al. 2012). Although
the functional importance of the UPR and Nrf2 responses
in liver cirrhosis has recently emerged, the interplay
between these twomajor stress response pathways during
the pathogenesis of liver cirrhosis remains unclear. Using
liver tissues from cirrhosis patients, we detected up-
regulation of the XBP1–Hrd1 arm of the ER stress
pathway and down-regulation of the Nrf2-mediated anti-
oxidant response. Here, we demonstrate that these two
stress response pathways converge, and therapeutic mod-
ulation through inhibition of the IRE1–XBP1–Hrd1 path-
way can prevent loss of the Nrf2-mediated protection,
thus mitigating liver cirrhosis in vivo.

Results

The XBP1–Hrd1 arm of the ER stress pathway is up-
regulated, and the Nrf2-mediated antioxidant response
pathway is down-regulated in human cirrhotic livers

To investigate the role of the ER andNrf2-mediated stress
responses in the pathogenesis of liver cirrhosis, we
measured the protein expression of several key proteins
involved in both pathways in human cirrhotic liver
tissues. Immunohistochemistry (IHC) and immunoblot
analyses of cirrhotic liver tissues revealed increased
levels of XBP1s and Hrd1 proteins that corresponded to
compromised Nrf2 signaling, as evidenced by the de-
creased protein levels of Nrf2 and Nrf2-regulated proteins,
NQO1, and GCLM (Fig. 1A,B). Consistently, the mRNA
level of HRD1 was increased, whereas mRNA levels of
Nrf2 target genes, such as NQO1 and GCLM, were de-
creased in cirrhotic tissues compared with normal tissues
(Fig. 1C). In contrast, no change in NRF2 mRNA expres-
sion was observed (Fig. 1C), indicating that Hrd1 is altered
at the transcriptional level, while Nrf2 is regulated at the

post-transcriptional level during cirrhosis. These results
demonstrate an up-regulation of the XBP1–Hrd1 arm of the
ER stress response pathway and a down-regulation of the
Nrf2 antioxidant response pathway in liver tissues from
end-stage alcoholic cirrhosis patients. To further confirm
this, we used amurine CCl4-induced liver cirrhosis model.
The protein levels of XBP1s and Hrd1 were increased in
cirrhotic liver tissues from both Nrf2+/+ and Nrf2�/� mice
(Fig. 1D,E), suggesting activation of the XBP1–Hrd1 path-
way during the course of liver cirrhosis. Interestingly, the
protein levels of Nrf2, GCLM, and NQO1 decreased in
cirrhotic livers, and altered expression ofGCLMandNQO1
was Nrf2-dependent, since no changes in their expression
were detected in Nrf2�/� mice (Fig. 1D,E). Similar to the
results obtained using human specimens, the mRNA
level of Hrd1 increased in CCl4-treated groups regardless
of genotype, whereas the mRNA levels ofNrf2 (inNrf2+/+

mice) and Keap1 were not affected by CCl4 treatment
(Fig. 1F). In contrast, the mRNA levels of NQO1 and
GCLM decreased inNrf2+/+ but notNrf2�/�mice (Fig. 1F).
This inverse activation status of the XBP1–Hrd1 and Nrf2
pathways observed in human and mouse cirrhotic livers
prompted us to test whether there is cross-talk between
these two pathways using Hrd1 conditional knockout
mice. Hrd1 was deleted through tail vein injection of
adenoviruses containing Cre recombinase. Silencing
of Hrd1, which occurred only in Hrd1f/f but not Hrd1+/+

mice, resulted in a robust increase in the protein level of
Nrf2, NQO1, and GCLM as well as an increase in the
mRNA level ofNQO1 andGCLMwithout changingNrf2
or Keap1 (Fig. 1G–I).

XBP1s and Nrf2 expression levels are inversely
correlated

Next, using cultured cells, we investigated the inverse
correlation between the activation of the XBP1–Hrd1
pathway and the Nrf2 pathway and the underlying
molecular mechanism of their negative correlation.
Overexpression of XBP1s decreased the protein level of
Nrf2 under both basal (untreated) and induced (tert-
butylhydroquinone [tBHQ]-treated) conditions (Fig. 2A)
in both HEK293T (Fig. 2A) and MDA-MB-231 (data not
shown) cells. Overexpression of XBP1s also reduced the
expression of NQO1, GCLM, and HO-1 but not Keap1
(Fig. 2A). Ectopic expression of XBP1s decreased ARE-
luciferase activity in a dose-dependent manner under
both basal and induced conditions (Fig. 2B) and also
decreased the mRNA levels of NQO1 and HO-1 without
affectingNRF2 or KEAP1 (Fig. 2C). Next, we used XBP1+/+

and XBP1�/� mouse embryonic fibroblast (MEF) cells to
confirm these observations. Cell status was validated by
the absence of both unspliced XBP1 (XBP1u) and XBP1s in
XBP1�/� cells (Fig. 2D). The protein levels of Nrf2, HO-1,
and GCLM were higher in XBP1�/� than in XBP1+/+ cells
(Fig. 2E), as were the mRNA levels of NQO1, GCLM, and
HO-1 but notNrf2 (Fig. 2F). Increased expression of NQO1
and GCLM in XBP1�/� cells was found to correlate with
enhanced activities of NQO1 (Fig. 2G) and a higher level of
glutathione under both basal and induced conditions in
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XBP1�/� cells (Fig. 2H). It is notable that more prominent
differences were observed under induced conditions (Fig.
2A–C,E–H). Furthermore, the higher Nrf2 protein level in
XBP1�/� cells was due to a longer half-life of the Nrf2
protein inXBP1�/� cells (40.5min vs. 19.8min inXBP1�/�

and XBP1+/+ cells, respectively) (Fig. 2I).

Nrf2 is negatively regulated by Hrd1

Next, we explored the relationship betweenHrd1, a newly
identified XBP1s target gene, and Nrf2. Similar to the
XBP1 results, overexpression of Hrd1 reduced the protein

level of Nrf2, GCLM, and HO-1 (Fig. 3A), whereas siRNA-
mediated silencing ofHrd1 enhanced these proteins (data
not shown). In accordance with these results, expression
of Nrf2, GCLM, and HO-1 was much higher in Hrd1�/�

compared with Hrd1+/+ cells (Fig. 3B). mRNA expression
of HO-1 was also higher in Hrd1�/� cells (Fig. 3C).
Furthermore, Nrf2 protein was more stable with a longer
half-life in Hrd1�/� compared with Hrd+/+ cells (39.7 min
vs. 16.3 min) (Fig. 3D). Since Hrd1 is an E3 ubiquitin
ligase, we tested the possibility that Hrd1 ubiquitylates
Nrf2. Overexpression of Hrd1 enhanced Nrf2 ubiquityla-
tion, as shown in a cell-based ubiquitylation analysis (Fig.

Figure 1. The XBP1–Hrd1 arm of the ER stress pathway is up-regulated, and the Nrf2-mediated antioxidant response pathway is down-
regulated in human cirrhotic liver. (A–C) Normal or cirrhotic liver tissues from patients with end-stage liver cirrhosis. (A)
Representative hematoxylin and eosin (H&E) and IHC staining of XBP1s, HRD1, and NRF2 from liver tissues. (B) Expression levels
of the indicated proteins detected using immunoblot analysis. (C) mRNA levels of NRF2, HRD1, NQO1, and GCLM measured by
quantitative real-time PCR (qRT-PCR). (D–F) Liver tissues from control or CCl4-treated mice. (D) Representative H&E and IHC staining
of Hrd1, Nrf2, and GCLM from liver tissues. (E) Expression levels of the indicated proteins detected using immunoblot analysis. (F)
mRNA levels of Nrf2, Keap1, Hrd1, NQO1, and GCLM measured by qPCR. (G–I) Liver tissues from Hrd1+/+ and Hrd1f/f mice tail vein-
injected with Cre-containing viruses for 5 d. (G) Representative H&E and IHC staining of Hrd1, Nrf2, and GCLM from liver tissues. (H)
Expression levels of the indicated proteins detected using immunoblot analysis. (I) mRNA levels of Nrf2, Keap1, Hrd1, NQO1, and
GCLM measured by qPCR. For immunoblot analysis, each lane contains a tissue lysate from an individual person (B) or mouse (E,H).
For qRT-PCR, results are expressed as means 6 SD; n = 4, four people per group (C); n = 4, three mice per group (F); and n = 3, three mice
per group (I).
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3E). In addition, coexpression of cyan fluorescent pro-
tein (CFP)-Hrd1 and red fluorescent protein (RFP)-Nrf2
showed that in the perinuclear clusters where Hrd1
localized, the Nrf2 signal was reduced (appeared as holes
in the RFP channel), suggesting that ectopically expressed
Hrd1 down-regulated Nrf2 (Fig. 3F). This inverse colocal-
ization pattern was diminished by MG132 treatment
(80% vs. 20% in untreated and MG132-treated cells, re-
spectively) (Fig. 3F). These results suggest that Hrd1 ubiq-
uitylates Nrf2.
To further confirm that XBP1-mediated down-regula-

tion of the Nrf2 signaling pathway is through Hrd1,

several additional experiments were performed. First,
overexpression of XBP1s, but not the unspliced mutant
XBP1-3K/3R (XBP1u), up-regulated Hrd1 and decreased
Nrf2, NQO1, GCLM, and HO-1 under both basal and
induced conditions (Fig. 4A). Second, the XBP1s-mediated
down-regulation of Nrf2 signaling was blunted by trans-
fection of Hrd1-siRNA (Fig. 4B). Third, a decreased Nrf2
expression by XBP1s overexpression was observed only in
Hrd+/+ but not in Hrd�/� cells (Fig. 4C). Fourth, up-
regulation of endogenous XBP1s induced by tunicamycin
also decreased Nrf2, NQO1, and GCLM (Fig. 4D). Finally,
the mRNA levels of Hrd1 and HO-1 were inversely

Figure 2. XBP1s and Nrf2 expression levels are inversely correlated. (A) Immunoblot analysis of the indicated proteins with cell
lysates from HEK293T cells transfected with an empty vector or Flag-XBP1s. At 24 h post-transfection, cells were left untreated or
treated with 50 mM tBHQ for 16 h. (B) Luciferase activities were measured in HEK293T cells cotransfected with NQO1-ARE-firefly
luciferase and TK-Renilla luciferase along with the indicated amount of Flag-XBP1s for 36 h. Relative luciferase activities and SDs were
calculated from three independent experiments (n = 3). (C) mRNA levels of Nrf2, Keap1, NQO1, and HO-1 in HEK293T cells
transfected and treated as described in A (n = 3 independent experiments). (D) Splicing analysis of XBP1 mRNA (unspliced [u] and
spliced [s]) was performed as described in the Materials and Methods. Total mRNAwas extracted from XBP1+/+ and XBP1�/� MEF cells
untreated or treated with 5 mg/mL tunicamycin for 16 h. (E–H) Protein levels of the indicated proteins (E), mRNA levels of the indicated
genes (F), NQO1 activities (G), and intracellular glutathione levels (H) were measured in XBP1+/+ and XBP1�/� MEF cells left untreated
or treated with 50 mM tBHQ for 16 h. (I) The Nrf2 protein half-life in XBP1+/+ and XBP1�/� MEF cells was measured in the presence of
50 mM cycloheximide at the indicated time points. Cell lysates were subjected to immunoblot analysis, with Nrf2 intensity normalized
to tubulin plotted using a semilogarithmic scale.
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correlated with higher Hrd1 and lower HO-1 in XBP1+/+

cells compared with XBP1�/� cells (Fig. 4E).

Hrd1 and Nrf2 interact directly

Immunoprecipitation analyses demonstrated that exoge-
nously and endogenously expressed Hrd1 and Nrf2 coex-
isted in precipitated complexes (Fig. 5A,B). To map the
Hrd1-interacting domains in Nrf2, several deletion pro-
teins purified from bacteria were used (Fig. 5C). Deletion
of either Neh4 or Neh5 diminished the interaction, while
deletion of both (Neh4–5) completely abolished the in-
teraction (Fig. 5D), indicating a direct interaction be-
tween Hrd1 and the Neh4–5 domains of Nrf2. This was
further confirmed in a cell-based assay by the fact thatNrf2-
DNeh4 or Nrf2-DNeh5 immunoprecipitated Flag-Hrd1 less
efficiently compared with wild-type Nrf2 (Nrf2-WT), and
Nrf2-DNeh4-5 did not immunoprecipitate Flag-Hrd1 at all

(Fig. 5E). Moreover, overexpression of Hrd1 reduced
Nrf2-WT but was unable to reduce the protein level of
Nrf2-DNeh4-5 (Fig. 5F), which supports the notion that
Neh4–5 domains interact with Hrd1 and that this in-
teraction is important for down-regulation of Nrf2 by
Hrd1.
To map the domain within Hrd1 that interacts with

Nrf2, we performed an in vitro binding assay using His-
tagged Nrf2 purified from bacteria and Flag-tagged Hrd1
proteins immunoprecipitated from HEK293T cells (Fig.
5G). As expected, His-Nrf2 was immunoprecipitated by
Flag-Hrd1, whereas the interaction of His-Nrf2 with Flag-
Hrd1-N or Flag-Hrd1-N-RING was completely lost when
the C-terminal domain (amino acids 337–617) of Hrd1
was deleted (Fig. 5G). The C-terminal domain of Hrd1
was found to be sufficient to immunoprecipitate Nrf2
(Fig. 5G). These results suggest a direct interaction between

Figure 3. Nrf2 is negatively regulated by Hrd1. (A) Immunoblot analysis of the indicated proteins with cell lysates from HEK293Tcells
transfected with an empty vector or Flag-Hrd1. At 24 h post-transfection, cells were left untreated or treated with 50 mM tBHQ for 16 h.
(B,C) Protein levels of the indicated proteins (B) and mRNA levels of the indicated genes (C) were measured in Hrd1+/+ and Hrd1�/�

MEF cells left untreated or treated with 50 mM tBHQ for 16 h. (D) The Nrf2 protein half-life in Hrd1+/+ and Hrd1�/� MEF cells was
measured as described in Figure 2I. (E) Cell-based ubiquitylation analysis was performed in HEK293T cells cotransfected with the
indicated expression vectors for 48 h. (F) The cellular localization of Hrd1 and Nrf2 was detected by live-cell imaging, with
representative images shown in the left panel. NIH3T3 cells were cotransfected with CFP-Hrd1 and RFP-Nrf2 for 24 h. Inversed
colocalization of CFP-Hrd1 and RFP-Nrf2 is indicated with a white arrow. A cell that contains more than two inversed colocalization
dots was considered as ‘‘positive.’’ At least 50 cells from either the control or the MG132-treated group were counted to get the
percentage of cells showing an inverse correlation in their signal intensities between Hrd1 and Nrf2.
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the C-terminal domain of Hrd1 and the Neh4–5 domains
of Nrf2, which is consistent with the notion that Nrf2 is
a cytosolic protein and interacts with the cytosolic
C-terminal domain of Hrd1.

Hrd1 is a novel E3 ubiquitin ligase of Nrf2

The RING domain of Hrd1 contains a cysteine critical for
its ubiquitin ligase activity. To identify this critical
cysteine residue in the RING domain, six Hrd1 mutant
proteins in which each cysteine was replaced with serine
were constructed (Fig. 6A). Hrd1-C291S was found to be
critical for its function because overexpression of wild-
type Hrd1 (Hrd1-WT), not Hrd1-C291S, reduced Nrf2 and
HO-1 levels (Fig. 6B). Consistently, only Hrd1-WT, not
Hrd1-C291S, was able to enhance ubiquitylation of Nrf2
both in a cell-based assay (Fig. 6C) and in vitro (Fig. 6D).
Overexpression of Hrd1-WT accelerated degradation of
Nrf2 (from 38.7 min to 17.7 min), while Hrd1-C291S had
no effect on Nrf2 protein decay (38.7 min to 40.2 min)
(Fig. 6E). Collectively, these results demonstrate that
Cys291 within the RING domain of Hrd1 is indispensable
for its ubiquitin ligase activity.

To demonstrate that Hrd1 functions independently of
Keap1 or b-TrCP, previously defined E3 ligases that
control Nrf2 protein stability (Kobayashi et al. 2004;
Zhang et al. 2004; Rada et al. 2011, 2012; Chowdhry
et al. 2013), we performed several additional experiments.
Overexpression of XBP1s or Hrd1 reduced Nrf2 levels in
Keap1�/� cells (Fig. 6F). In addition, ectopically expressed
Hrd1 decreased not only Nrf2-WT but also Nrf2-ETGE/
AAAA and Nrf2-DLG/AAA mutant proteins that were
previously proven to lose interaction with Keap1, prevent-
ing degradation by Keap1-mediated ubiquitylation and
subsequent proteasomal degradation (Fig. 6G; McMahon
et al. 2006; Tong et al. 2006). These results suggest that
Hrd1-mediated Nrf2 degradation is Keap1-independent.
Next, to prove that Hrd1-mediated Nrf2 degradation is
also independent of b-TrCP, we made two additional
constructs, Nrf2-ETGE+S2 and Nrf2-ETGE-DLG+S2, that
were confirmed to be resistant to both Keap1- and b-TrCP-
mediated degradation (data not shown). However, Hrd1
was still able to reduce the protein level of these two
mutants (Fig. 6H), indicating that the ligase activity of
Hrd1 in ubiquitylating Nrf2 is not associated with Keap1
or b-TrCP. Next, we tested whether the seven lysines

Figure 4. XBP1s down-regulates Nrf2 through Hrd1. (A) The protein levels of the indicated proteins in HEK293T cells transfected with
vector, Flag-XBP1s, or XBP1-3K/3R and treated with tBHQ for 16 h. (B) The protein levels of the indicated proteins in HEK293T cells
cotransfected with Hrd1-siRNA along with an empty vector or Flag-XBP1s. Cells were then treated with tBHQ for 16 h. (C) The protein
levels of the indicated proteins in Hrd1+/+ and Hrd1�/� MEF cells transfected with an empty vector or Flag-XBP1s for 24 h. (D) The
protein levels of the indicated proteins in HEK293T cells left untreated or treated with transmembrane (TM), tBHQ, or both for 16 h. (E)
The mRNA levels of HO-1 and Hrd1 in XBP1+/+ and XBP1�/� MEF cells treated with TM, tBHQ, or both for 16 h. Data are shown as
mean 6 SD (n = 3 independent experiments).
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within the Neh2 domain of Nrf2 are also required for
Hrd1-mediated ubiquitylation. The same seven lysines in
Nrf2 that are required for Keap1-dependent ubiquityla-
tion of Nrf2 (Zhang et al. 2004) were also critical for Hrd1-
mediated Nrf2 ubiquitylation and degradation, since
Nrf2-K7/R7 was not affected by overexpression of Hrd1
(Fig. 6I). In addition, Hrd1-mediated ubiquitylation and
degradation of Nrf2 occurs in the cytosol, since Hrd1

reduced only the protein levels of Nrf2-WT and the
cytoplasmic-only version of Nrf2 (Nrf2-NLS2) in which
the nuclear localization signal RKRK was mutated to
AAAA, but Hrd1 had no effect on Nrf2-NES1 and Nrf2-
NES2, which were forced to localize in the nucleus due to
mutations made in their nuclear export signals (Fig. 6J;
Sun et al. 2007). Taken together, these results clearly
demonstrate that Hrd1, an ER-associated E3 ubiquitin

Figure 5. Hrd1 and Nrf2 interact directly. (A) Immunoprecipitation analysis was performed using cell lysates from HEK293T cells
cotransfected with Flag-Hrd1 and hemagglutinin (HA)-tagged Nrf2 (HA-Nrf2). (B) Immunoprecipitation analysis was performed using
cell lysates from HEK293T cells, immunoprecipitated by normal rabbit IgG or anti-Nrf2 antibody. (C) Schematic illustration of
glutathione S-transferase (GST)-tagged Nrf2-WT and its deletion mutants used for interaction domain mapping. (D) Sepharose affinity
chromatography analysis of the interaction between Nrf2 and Hrd1. [35S]-Hrd1-WT was generated by in vitro transcription and
translation. GST-tagged Nrf2-WT and its indicated deletion mutants were expressed and purified from Escherichia coli cells. Equal
amounts of Nrf2 proteins were used for each pull-down assay. (E) Immunoprecipitation analysis was performed using cell lysates of
HEK293T cells cotransfected with Flag-Hrd1 and either HA-Nrf2, HA-Nrf2-DNeh4, HA-Nrf2-DNeh5, or HA-Nrf2-DNeh4-5. (F)
Immunoblot analysis was performed with cell lysates from HEK293T cells cotransfected with Flag-Hrd1 and either Nrf2-WT or
Nrf2-DNeh4-5 for 24 h. (G) Immunoprecipitation of Nrf2 by Flag-Hrd1 and its mutants. HEK293T cells were transfected with Flag-Hrd1
and the indicated truncation mutants. Hrd1 proteins were first immunoprecipitated using Flag-M2 beads and then incubated with His-
tagged Nrf2 that was expressed and purified from E. coli cells. Equal amounts of Hrd1 proteins were used for each experiment.
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Figure 6. Hrd1 is a novel E3 ubiquitin ligase of Nrf2. (A) Schematic illustration of the amino acid sequence of the RING domain of
Hrd1. Conserved cysteine residues that are mutated to serines are labeled with arrows. (B) Immunoblot analysis of cell lysates from
HEK293T cells transfected with an empty vector, Flag-Hrd1, or Flag-C291S. Cells were untreated or treated with tBHQ for 16 h. (C)
Cell-based ubiquitylation analysis was performed in HEK293T cells cotransfected with Nrf2, Flag-Hrd1, or Flag-C291S mutant and HA-
ubiquitin for 48 h. (D) In vitro ubiquitylation of Nrf2 in the presence of Flag-Hrd1 and Flag-C291S was measured. HA-Nrf2-containing
complexes were immunoprecipitated using HA beads from HEK293T cells transfected with Nrf2 and either Flag-Hrd1-WT or Flag-
Hrd1-C291S. HA bead-bound proteins were incubated with purified E1, E2-UbcH5c, ubiquitin, and ATP. Following denaturation by
boiling, Nrf2 was immunoprecipitated with anti-Nrf2 antibodies, and ubiquitylation of Nrf2 was detected by immunoblot analysis
with an anti-ubiquitin antibody. (E) The Nrf2 protein half-life in HEK293T cells transfected with either an empty vector, Flag-Hrd1, or
Flag-C291S was measured as described above. (F) Immunoblot analysis of Nrf2 in Keap1�/� MEF cells transfected with an empty vector,
Flag-Hrd1, or Flag-XBP1s for 24 h. (G) Immunoblot analysis of the indicated proteins. HEK293T cells were cotransfected with Flag-Hrd1
and either Nrf2-WT, Nrf2-ETGE/AAAA, or Nrf2-DLG/AAA. (H) Immunoblot analysis of the indicated proteins. HEK293T cells were
cotransfected with Flag-Hrd1 and either Nrf2-WT, Nrf2-ETGE+2S, or Nrf2-ETGE-DLG+2S. (I) Immunoblot analysis of the indicated
proteins. HEK293T cells were cotransfected with Flag-Hrd1 and either Nrf2-WT or Nrf2-K7/R7 for 24 h. (J) Immunoblot analysis of the
indicated proteins. HEK293T cells were cotransfected with Flag-Hrd1 and either Nrf2-WT, Nrf2-NLS2, Nrf2-NES1, or Nrf2-NES2.
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ligase, is a novel E3 ubiquitin ligase controlling Nrf2
though an interaction between the C-terminal domain of
Hrd1 and the Neh4–5 domains of Nrf2. This Hrd1-
mediated ubiquitylation of Nrf2 is independent of both
Keap1 and b-TrCP.

Pharmacological inhibition of Hrd1 as a strategy
to prevent loss of the Nrf2-mediated protective
mechanism

Our results indicate that loss of the Nrf2-mediated
cellular protection through Hrd1-mediated ubiquityla-
tion and subsequent proteasomal degradation of Nrf2
may be crucial in determining liver disease outcome.
This observation argues for a novel therapeutic strategy
for treating liver cirrhosis by targeting Hrd1 to preserve
the Nrf2 protective response rather than using currently
available Nrf2 inducers that only block Keap1-dependent
ubiquitylation of Nrf2. Therefore, we tested whether
Hrd1 is a potential therapeutic target for preventing/

mitigating liver cirrhosis through enhancement of the
Nrf2-regulated protective mechanism. Two compounds,
4U8C (IRE1 inhibitor) (Cross et al. 2012; Qiu et al. 2013)
and LS-102 (Hrd1 inhibitor) (Yagishita et al. 2012), were
tested for their ability to alleviate liver cirrhosis in Nrf2+/+

and Nrf2�/� mice. In Nrf2+/+ mice, CCl4 increased XBP1s
andHrd1 protein levels while decreasingNrf2, NQO1, and
GCLM protein levels (Fig. 7A,B). 4U8C suppressed CCl4-
mediated up-regulation of XBP1s and Hrd1 and restored
the protein levels of Nrf2, NQO1, and GCLM (Fig. 7A,B).
LS-102 suppressed down-regulation of Nrf2 and its target
genes induced by CCl4 treatment while having no effect
on the protein levels of XBP1s and Hrd1, consistent with
its mode of action (Fig. 7A,B; Yagishita et al. 2012).
Although the expression pattern of XBP1s and Hrd1 in
response to both inhibitors was similar in Nrf2+/+ and
Nrf2�/� mice, the expression levels of NQO1 and GCLM
remained the same in the inhibitor-treated Nrf2�/�

groups (Fig. 7A,B). Furthermore, neither CCl4 nor the
two inhibitors affected Nrf2 or Keap1 mRNA levels (Fig.

Figure 7. Pharmacological inhibition of Hrd1 as a strategy to prevent loss of the Nrf2-mediated protective mechanism. (A–I) IHC
staining (A); the protein levels of the indicated proteins (B); the mRNA levels of the indicated genes (C); serum levels of alanine
aminotransferase (ALT), a key index for liver function (D); H&E staining (E); malonyl dialdehyde (MDA), an indicator for lipid
peroxidation (F); 8-hydroxydeoxyguanosine (8-OH-dG) for oxidative DNA damage (G); apoptotic cell death as indicated by TUNEL
staining (H); and collagen deposition measured using Masson’s trichrome staining (I) were conducted with liver tissues fromNrf2+/+ and
Nrf2�/� mice treated with vehicle control, CCl4, CCl4 plus 4U8C, and CCl4 plus LS-102. Four mice were used in each group. Treatment
regimens are described in the Materials and Methods. (B) For immunoblot analysis, each lane contains a tissue lysate from an individual
mouse. For results expressed as bar graphs, means and SD were from four mice (n = 4).
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7C). 4U8C, but not LS-102, suppressed CCl4-induced up-
regulation of Hrd1 mRNA in both Nrf2+/+ and Nrf2�/�

mice (Fig. 7C). However, NQO1 mRNA was restored by
drugs only in Nrf2+/+ mice (Fig. 7C). Next, the effect of
4U8C and LS-102 in alleviating liver cirrhosis was tested.
Both 4U8C and LS-102 were able to suppress CCl4-
induced elevation of alanine aminotransferase (ALT) in
Nrf2+/+ but not in Nrf2�/� mice (Fig. 7D). Hematoxylin
and eosin (H&E) staining showed that both LS-102 and
4U8C restored normal liver morphology in Nrf2+/+ but
not inNrf2�/� mice, although LS-102 had the larger effect
(Fig. 7E). Moreover, lipid peroxidation and oxidative DNA
damage, measured as malonyl dialdehyde (MDA) and
8-hydroxydeoxyguanosine (8-OH-dG), respectively, were
corrected to a level almost similar to the untreated group
by LS-102 and 4U8C (Fig. 7F,G). In addition, apoptotic cell
death was significantly reduced in Nrf2+/+ mice but only
slightly inNrf2�/� mice (Fig. 7H), and both drugs reduced
collagen deposition in Nrf2+/+ but not in Nrf2�/� mice, as
revealed by trichrome staining (Fig. 7I).

Discussion

It has been well documented that boosting the Nrf2-
mediated cellular protective response offers protection
against chronic diseases induced by accumulation of
oxidatively damaged biomolecules (Kensler et al. 2007;
Jaramillo and Zhang 2013). Therefore, identifying and
developing small-molecule Nrf2 activators for disease
prevention and intervention have been areas of intensive
research. Interestingly, the basal Nrf2 levels were found
to be low in aged organisms and certain pathological
conditions (Sykiotis and Bohmann 2010; Kurzawski et al.
2012). The detailed mechanisms underlying age- and
disease-related down-regulation of Nrf2 are unclear, but
this knowledge is critical for developing a rational strat-
egy to prevent loss of thismajor cellular protective response.
Keap1 has been regarded as the primary E3 ubiquitin ligase
controlling the protein level of Nrf2 and its downstream
response (Kobayashi et al. 2004; Zhang et al. 2004). Accord-
ingly, allNrf2 activators known to date function by targeting
Keap1 (Ma and He 2012; Magesh et al. 2012).
In this study, we discovered that the E3 ubiquitin ligase

that compromised the Nrf2 response in cirrhotic liver is
Hrd1 and not Keap1 or b-TrCP. Hrd1 has an essential
developmental role, and aberrant expression of Hrd1
has been associated with a number of chronic diseases
(Amano et al. 2003; Yagishita et al. 2005; Hasegawa et al.
2010). For instance, it was shown to be up-regulated in
rheumatoid synovial cells, and overexpression of Hrd1
resulted in spontaneous arthropathy, whereas Hrd1+/�

mice were more resistant to collagen-induced arthritis
(Amano et al. 2003). Recently, Hrd1 was also found to be
up-regulated in CCl4-induced fibrotic livers, and Hrd1+/�

mice had fewer activated hepatic stellate cells, less
collagen accumulation, and less hepatic injury compared
with Hrd1+/+ mice (Hasegawa et al. 2010). The molecular
mechanisms underlying the pathological roles of Hrd1 in
these diseases are presumably derived from its function as
an E3 ubiquitin ligase. Initially, it was thought that Hrd1

only regulated the turnover of proteins in the ERAD
system, since Hrd1 resides in the ER membrane. More
recently, however, Hrd1 substrates that control specific
signaling pathways have been identified, including p53,
Nrf1, Rer1, and IRE1 (Yamasaki et al. 2007; Gao et al.
2008; Steffen et al. 2010; Tanabe et al. 2012). In this study,
we show that Nrf2 is a bona fide substrate of Hrd1. This
activity is mediated through the direct binding between
theNeh4–5 domains of Nrf2 and the cytosolic C-terminal
domain of Hrd1. The inverse correlation in the expression
of Nrf2 and Hrd1 was observed in both human and mouse
cirrhotic livers. Furthermore, silencing of Hrd1 in the
livers of conditional knockout mice markedly enhanced
the expression of Nrf2 and its target genes. All of these
observations support the functional importance of Hrd1-
mediated control of Nrf2 in disease settings.
In support of our finding, negative regulation of ER

stress on Nrf2 was observed in an in vivo study compar-
ing the gene expression profile in the small intestine and
liver in response to tunicamycin treatment. Many phase
II detoxifying genes, including glutathione S-transferase
(GST) isoforms and GCLM, were found to be down-
regulated in an Nrf2-dependent manner (Nair et al.
2007). Combined with the results from our study, it is
likely that the observed down-regulation of the Nrf2-
mediated response in the early study was due to the up-
regulation of Hrd1 by tunicamycin. Inconsistent with our
data, a recent study comparing gene expression profiles
from human liver tissues from normal, steatosis, alcohol
cirrhosis, and diabetic cirrhosis showed increased Nrf2
levels and increased downstream genes in alcoholic and
diabetic cirrhotic livers comparedwith normal nonsteatotic
livers (More et al. 2013). The alcoholic cirrhotic liver
tissues used in this study are from the same repository as
ours. Therefore, it is unclear why the opposite outcomes
regarding Nrf2 activation were obtained. However, the
observed changes in the expression of Nrf2 and NQO1 in
both studies are marginal, which may be due to the het-
erogeneity of human samples. Crucially, the experiments
carried out using a mouse model clearly show the negative
regulation between Hrd1 and Nrf2 or Nrf2 target genes
(Fig. 1, cf. A–C andD–F or G–I). Furthermore, while our data
explain pathological conditions when the overly activated
IRE1–XBP1 arm of ER stress suppressed the Nrf2 protective
mechanism, it is unclear what role, if any, the negative
regulation of Nrf2 by Hrd1 may have under physiological
conditions. We believe that Cul3–Keap1–Rbx1 is the pri-
mary E3 ligase that targets Nrf2 for ubiquitylation and
degradation under physiological conditions. Therefore, it is
reasonable to speculate from an evolutionary point of view
that Hrd1-mediated regulation of Nrf2 is a way to get rid of
cells that have activated the IRE1–XBP1 ER stress pathway,
and cellular homeostasis can no longer be achieved.
As illustrated in Supplemental Table 1, Keap1–Cul3–

Rbx1 was the first Nrf2 E3 ubiquitin ligase identified
(Kobayashi et al. 2004; Zhang et al. 2004). Structural
studies have demonstrated that a Keap1 dimer binds
Nrf2. Each Kelch domain in Keap1 interacts with either
a DLG or an ETGE motif in the Neh2 domain of Nrf2
(McMahon et al. 2006; Tong et al. 2006). The seven

Hrd1 suppresses Nrf2 during liver cirrhosis

GENES & DEVELOPMENT 717

Cold Spring Harbor Laboratory Press on April 9, 2019 - Published by genesdev.cshlp.orgDownloaded from 



-346-

lysines between the DLG motif and the ETGE motif of
Nrf2 were required for receiving a polyubiquitin chain
(Zhang et al. 2004). Presently, all small chemical Nrf2
activators or endogenous proteins identified disrupt the
DLG–Kelch interaction to suppress Nrf2 ubiquitylation,
resulting in stabilization of Nrf2 and activation of the
pathway (Magesh et al. 2012; Jaramillo and Zhang 2013).
Recently, b-TrCP–Skp1–Cul1–Rbx1 was also identified as
an E3 ubiquitin ligase for Nrf2 (Rada et al. 2011, 2012;
Chowdhry et al. 2013). Two motifs, DSGIS and DSAPGS,
in the Neh6 domains of Nrf2 were determined to interact
with b-TrCP. Phosphorylation of the serine residues in
DSGIS resulted in recruitment of Nrf2 by b-TrCP into the
E3 ligase complex, with subsequent ubiquitylation of
Nrf2 (Rada et al. 2011, 2012; Chowdhry et al. 2013).
However, phosphorylation of DSAPGS is not required
(Chowdhry et al. 2013). In the present study, we identified
Hrd1 as another E3 ubiquitin ligase that down-regulates
Nrf2 during the course of liver cirrhosis. Until now,
Keap1, b-TrCP, and Hrd1 are three E3 ubiquitin ligases
of Nrf2 that have been discovered (Supplemental Table 1).
It is also worth mentioning that only b-TrCP and Hrd1, but
not Keap1, are the E3 ubiquitin ligases for Nrf1, another
member of theCNC family, even thoughNrf1 also contains
Keap1-binding DLG and ETGEmotifs (Supplemental Table
1; Zhang et al. 2006; Steffen et al. 2010; Tsuchiya et al.
2011). Understanding how Nrf2 is controlled in distinct
pathophysiological conditions and developing Nrf2 modu-
lators to inactivate the appropriate E3 ligases are crucial for
targeted disease prevention and intervention. To illustrate,
we demonstrated the importance of targeting Hrd1, instead
of Keap1, to preserve the Nrf2 defense system, which
suppresses the progression of liver cirrhosis. In cirrhotic
livers, high levels of ROS inactivate Keap1, which should
lead to high Nrf2 levels. However, we observed low Nrf2
levels in cirrhotic liver tissues compared with normal liver
tissues. Hrd1 turned out to be the primary E3 ubiquitin
ligase controlling the Nrf2 protective response in cirrhotic
livers. We showed that inhibition of Hrd1 directly with LS-
102 or indirectly through IRE1 inhibition with 4U8C was
able to restore the Nrf2 response, reduce oxidative damage,
and alleviate liver injury and cirrhosis.
In summary, we discovered cross-talk between two

major cellular stress response pathways: the IRE1–XBP1–
Hrd1 arm of the ER stress response pathway and the
cytoprotective Nrf2-mediated oxidative stress response
pathway. These two pathways converge through Hrd1-
mediated Nrf2 ubiquitylation. We demonstrated that
Hrd1-mediated suppression of the Nrf2-dependent cyto-
protective pathway plays a crucial role in the pathogen-
esis of liver cirrhosis. Finally, the therapeutic importance
of our findings was demonstrated by showing that phar-
macological inhibition of Hrd1 alleviated liver injury and
cirrhosis in an Nrf2-dependent manner.

Materials and methods

Liver samples and preparations

Normal human liver tissues and cirrhotic liver tissues from end-
stage alcoholic cirrhosis patients were obtained through the

Liver Tissue Cell Distribution System, Minneapolis, Minnesota,
which was funded by National Institutes of Health contract
number HHSN276201200017C.

Generation of Hrd1f/f mice

The Hrd1 gene contains 16 exons; we floxed exons 8–11, which
encode a large region of the Hrd1 protein from its fifth trans-
membrane domain to the proline-rich sequence (Fig. 4G). To
exclude the potential effects of the neomycin selection cassette
on Hrd1 expression, this cassette was flanked by two flippase
recognition target (FRT) sites, which can be deleted by FLP
recombinase. This targeting vector was transfected into an
embryonic stem cell line generated from C57/BL6 mice. The
neomycin selection marker was screened by PCR. Seven clones
were obtained and confirmed by Southern blotting. Blastocyst
injections resulted in several chimeric mice with the capacity for
germline transmission. Breeding of heterozygous mice yielded
Hrd1+/+, Hrd1+/f, and Hrd1f/f mice with the expected Mendelian
ratios. No obvious phenotypic abnormalities were observed in
all genotypes.

Animal treatment

For the liver cirrhosis model, male Nrf2+/+ and Nrf2�/� mice at
the age of 6 wk were IP-injected with 1 mL/kg 50% (v/v) CCl4 or
olive oil three times a week for 4 wk. For cotreatment groups,
animals received IP injection of 5mg/kg 4U8C and 1.3 mg/kg LS-
102 daily. Animals were sacrificed 24 h after the last injection of
CCl4, and liver tissues and serum were collected for analysis.

H&E, IHC analysis, and Masson’s trichrome staining

H&E, IHC, and Masson’s trichrome staining analyses were
performed as described previously (Jiang et al. 2009; Zheng
et al. 2011a). Briefly, paraffin-embedded liver tissues were cut
into 4- to 5-mm sections and stained with H&E or the indicated
antibodies. The trichrome stain (Masson) kit was purchased from
Sigma, and the procedure was carried out according to the
manufacturer’s instructions.

Construction of recombinant DNA molecules

Plasmids expressing Flag-tagged XBP1s and XBP1-3K/3R were
generous gifts from Dr. Laurie H. Glimcher (Harvard School of
Public Health). Flag-tagged wild-type and truncated forms of
Hrd1 were PCR-amplified using cDNAs reverse-transcribed
from mRNAs of HEK293T cells and subcloned into the pCMV-
Flag-5a vector using EcoRI/BamHI restriction sites. The Hrd1-
C291S mutation was generated by site-directed mutagenesis
using the PCR and DpnI method. Hemagglutinin (HA)-tagged,
His-tagged, and GST fusion proteins of Nrf2-WT and Nrf2
domain deletion mutants have been previously described
(Sun et al. 2009). To construct the fluorescent-tagged proteins
for live-cell imaging, Hrd1 and Nrf2 were cloned into CFP and
RFP vectors, respectively. The following restriction enzyme
cutting sites were used to generate the fluorescently tagged
proteins: XhoI/BamHI (Nrf2-RFP) and Hind III/BamHI (Hrd1-
CFP). Plasmids expressing wild-type HA-Nrf2 proteins have
been previously described (Zhang and Hannink 2003). Plas-
mids for the Nrf2 domain deletion mutants were originally
generated by PCR and three-way ligation into the pCMV-HA
vector (Clontech) using SalI/KpnI and KpnI/NotI cutting sites.
The primers used for Nrf2 domain deletion mutants are listed
in Table 1.
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These plasmids were then used as templates for subcloning
the GST-Nrf2 by PCR and ligation into the pGEX-5X-3 vector
using BamHI and XhoI cutting sites.

Cell culture, transfection, and RNAi

HEK293T and MDA-MB-231 cells were purchased from Ameri-
can Type Culture Collection (ATCC). XBP1+/+ and XBP1�/� MEF
cells were a generous gift from Dr. Laurie H. Glimcher. Hrd1+/+

and Hrd1�/� MEF cells were generated by our team (in the
laboratory of T.N.). HEK293T cells were maintained in mini-
mum essential medium Eagle’s medium (MEM) (Cellgro) in the
presence of 10% fetal bovine serum (FBS), 1% L-glutamine (Life
Technologies), 1.0 mM sodium pyruvate, 0.1 mM nonessential
amino acids (Hyclone), and 0.1% gentamycin (Life Technolo-
gies). MDA-MB-231 cells were maintained in MEM (Cellgro) in
the presence of 10% FBS, 1% L-glutamine (Life Technologies),
6 ng/mL insulin (Sigma), and 0.1 mMHEPES (Life Technologies).
All MEF cell lines were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) in the presence of 10%–20% FBS and
0.1% gentamycin. All cells were incubated at 37°C in a humid-
ified incubator containing 5% CO2. All cell culture dishes used
for HEK293T cells were coated with 0.1 mg/mL poly-D-lysine
(Sigma). Transfections of plasmid DNA were performed with
Lipofectamine Plus reagent (Invitrogen) according to the manu-
facturer’s instructions. siRNA against Hrd1 and scrambled
control siRNA were purchased from Thermo Scientifics. The
four Hrd1-siRNAs (used as a mixture) were 59-CAACAAGGCU
GUGUACAUG, 59-UGUCUGGCCUUCACCGUUU-39, 59-GG
AGAUGCCUGAGGAUGGA-39, and 59-CCAAGAGACUGCC
CUGCAA-39 (Thermo Scientific catalog nos. siGENOME
SMARTpool siRNA D-007090-01, D-007090-02, D-007090-03,
and D-007090-04). Transfection of siRNA was performed with
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s

instructions. In general, concentrations of 20 pmol and 40 pmol
or siRNA gave the best silencing results and thus were used in
this study.

Antibodies, immunoprecipitation, and immunoblot analysis

Rabbit anti-Nrf2 (Santa Cruz Biotechnology), anti-Hrd1 (Santa
Cruz Biotechnology), anti-HO-1 (Santa Cruz Biotechnology);
mouse anti-tubulin (Santa Cruz Biotechnology), anti-GAPDH
(glyceraldehyde-3-phosphate dehydrogenase; Santa Cruz Bio-
technology), anti-NQO1 (Santa Cruz Biotechnology), anti-8-
oxo-dG (Trevigen), anti-His epitope (Santa Cruz Biotechnology),
anti-HA epitope (Covance), and mouse anti-Flag (Sigma) were
purchased from commercial sources. To detect protein expres-
sion in total cell lysates, cells were lysed in sample buffer (50
mM Tris-HCl at pH 6.8, 2% sodium dodecyl sulfate [SDS], 10%
glycerol, 100 mM dithiothreitol [DTT], 0.1% bromophenol blue)
24–48 h after transfection.

For immunoprecipitation, cell lysates were collected at 48 h
post-transfection in radio immunoprecipitation assay (RIPA)
buffer containing 10 mM sodium phosphate (pH 8.0), 150 mM
NaCl, 1%Triton X-100, 1% sodium deoxycholate, and 0.1% SDS
in the presence of 1 mM DTT, 1 mM phenylmethylsulfonyl-
fluoride (PMSF), and a protease inhibitor cocktail (PIC) (Sigma).
Cell lysates were precleared with protein A beads and then
incubated with either HA beads (Sigma) for ectopically expressed
proteins or 1 mg of antibodies against specific endogenous pro-
teins with protein A-agarose beads on a rotator overnight at 4°C.
After three washes with RIPA buffer, immunoprecipitated com-
plexes were eluted in sample buffer by boiling, electrophoresed
through SDS–polyacrylamide gels, and subjected to immunoblot
analysis.

For the in vitro pull-down assay, the purified His-tagged Nrf2
protein was incubated with the Flag-tagged wild-type or trun-

Table 1. Primers used for Nrf2 domain deletion mutants

Wild type 59-ACACACGGGTCGACGCTCATCATGATGGACTTGGAGCTGCCGCCG-39
59-GGTCAAATCCGCGGCCGCCTAGTTTTTCTTAACATCTGGCTT-39

DNeh2 (DAA1–86) 59-ACACACGGGTCGACGCTCATCATGATGGACTTGGAGCTGCCGCCG-39
59-GGTGAATTTCTCGGTACCCAGCCAGCCCAG-39
59-GGTCAAATCCGCGGCCGCCTAGTTTTTCTTAACATCTGGCTT-39

DNeh4 (DAA112–134) 59-ACACACGGGTCGACGCTCATCATGATGGACTTGGAGCTGCCGCCG-39
59-CATCAAAGTACAAGGTACCTGATTTGGGAAT-39
59-GTTTGTAGATGACGGTACCGTTTCTTCGGCT-39
59-GGTCAAATCCGCGGCCGCCTAGTTTTTCTTAACATCTGGCTT-39

DNeh5 (DAA182–200) 59-ACACACGGGTCGACGCTCATCATGATGGACTTGGAGCTGCCGCCG-39
59-CAAACTTGCTCAATGGTACCTTGCATACCGTC-39
59-CCTGAGTTACAGGGTACCAATATTGAAAATG-39
59-GGTCAAATCCGCGGCCGCCTAGTTTTTCTTAACATCTGGCTT-39

DNeh4–5 (DAA112–200) 59-ACACACGGGTCGACGCTCATCATGATGGACTTGGAGCTGCCGCCG-39
59-CATCAAAGTACAAGGTACCTGATTTGGGAAT-39
59-CCTGAGTTACAGGGTACCAATATTGAAAATG-39
59-GGTCAAATCCGCGGCCGCCTAGTTTTTCTTAACATCTGGCTT-39

DNeh6 (DAA336–386) 59-ACACACGGGTCGACGCTCATCATGATGGACTTGGAGCTGCCGCCG-39
59-ATCATTGAATTCGGTACCGCTTTCAGGGTG-39
59-GATAGTGCCGGTACCAGTGTCAAACAG-39
59-GGTCAAATCCGCGGCCGCCTAGTTTTTCTTAACATCTGGCTT-39

DNeh1 (DAA434–561) 59-ACACACGGGTCGACGCTCATCATGATGGACTTGGAGCTGCCGCCG-39
59-GGTTTTCCGATGGGTACCACTTACAGGCAA-39
59-CAACTCAGCACCGGTACCCTCGAAGTTTTC-39
59-GGTCAAATCCGCGGCCGCCTAGTTTTTCTTAACATCTGGCTT-39

DNeh3 (DAA561–604) 59-ACACACGGGTCGACGCTCATCATGATGGACTTGGAGCTGCCGCCG-39
59-CATCACGTAGCATGGCGGCCGCTTAGAGATAAAGGTG-39
59-GGTCAAATCCGCGGCCGCCTAGTTTTTCTTAACATCTGGCTT-39
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cated forms of Hrd1 and anti-Flag M2 beads in binding buffer
containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1mM
EDTA, and 1% Triton X-100 in the presence of 1 mM PMSF
and PIC (Sigma) on a rotator for 12 hat 4°C. After five washes
with washing buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM
PMSF, 0.1 mM PIC), complexes that were pulled down were
eluted in sample buffer by boiling, electrophoresed through SDS–
polyacrylamide gels, and subjected to immunoblot analysis.

Luciferase reporter gene assay

For the dual-luciferase reporter gene assay, HEK293T cells were
transfected with the NQO1 ARE-luciferase plasmid along with
the Renilla luciferase expression plasmid pGL4.74 (hRluc/TK)
(Promega) and different amounts of expression vectors for Flag-
XBP1s. At 24 h post-transfection, cells were treatedwith a known
inducer of Nrf2, tBHQ (Sigma), for 16 h. The transfected cells
were then lysed with passive lysis buffer (Promega), and both
firefly and Renilla luciferase activities were measured with the
dual-luciferase reporter assay system (Promega). Firefly lucifer-
ase activity was normalized to Renilla luciferase activity. The
experiment was repeated three times with triplicate samples,
and the data are expressed as mean 6 standard deviation (SD).

Intracellular glutathione level

The intracellular glutathione concentration was measured using
aQuantiChrom glutathione assay kit (BioAssay Systems) accord-
ing to the manufacturer’s instructions (Chen et al. 2009). All of
the experiments were repeated three times with triplicate
samples. The results are presented as mean 6 SD.

NQO1 activity assay

Cells were washed with PBS twice, harvested in 0.5 mL of
homogenization buffer (20 mM Tris-HCl, 2 mM EDTA at pH
7.4), and subjected to three cycles of freezing in a �80°C freezer
and thawing. Cell debris was removed by centrifugation at
12,000g for 5 min at 4°C. The supernatants were transferred to
new microcentrifuge tubes for determination of protein concen-
tration using the BCA protein assay kit (Thermo Scientific)
following the manufacturer’s instructions. NQO1 activity was
determined by the continuous spectrophotometric assay to
quantitate the dicumarol-inhibitable reduction of its substrate,
DCPIP (Sigma). The rate of DCPIP reduction was monitored over
1.0 min at 600 nm with an extinction coefficient of 2.1
mM�1cm�1. The NQO1 activity was calculated as the decrease
in absorbance per minute per microgram of total protein of the
sample in the presence or absence of the NQO1 enzyme in-
hibitor dicumarol (Sigma).

Ubiquitylation of Nrf2

To detect ubiquitylated Nrf2 in cultured cells, HEK293T cells
transfected with expression plasmids for HA-Ub and the in-
dicated proteins for 48 h were treated for 4 h with 10 mMMG132
(Sigma) to block protein degradation. Cells were then lysed in
a buffer containing 2% SDS, 150 mM NaCl, 10 mM Tris-HCl,
and 1 mM DTT. The cell lysates were boiled immediately for 10
min to inactivate cellular ubiquitin hydrolases to preserve
ubiquitin–protein conjugates. The heated lysates were then
cooled and diluted five times with a Tris-buffered salt (TBS)
solution without SDS and used for immunoprecipitation with an
antibody against Nrf2 (C-20) or normal rabbit IgG. Immunopre-
cipitated proteins were subjected to immunoblot analysis with
an antibody against HA.

For ubiquitylation of Nrf2 in vitro, HEK293T cells were
transfected with HA-Nrf2 and either Flag-Hrd1 or Flag-
Hrd1(C291S). The transfected cells were lysed in lysis buffer
(50 mM Tris-HCl at pH 7.4, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100) containing 1 mM DTT, 1 mM PMSF, and protease
inhibitor cocktail. The lysates were precleared with protein A
beads prior to incubation with Flag M2 beads (Sigma) for 12 h.
FlagM2 beads were washed three times with TBSwash buffer (50
mM Tris-HCl, 150 mM NaCl at pH 7.4) containing 1 mM DTT,
1 mM PMSF, and protease inhibitor cocktail. The pellets were
incubated with 300 pmol of ubiquitin, 2 pmol of E1, and 10 pmol
of E2-UbcH5c in 13 reaction buffer (20 mM Tris-HCl at pH 7.4,
5mMMgCl2, 2mMATP) in a total volume of 40 mL for 90min at
37°C. Ubiquitin, E1, and E2-UbcH5c were purchased from
Boston Biochem. The Flag M2 was centrifuged at 3000g, and
the pellets were resuspended in 2% SDS, and 150 mM Tris-HCl
(pH 8.0) and boiled for 5 min to release bound proteins and
disrupt protein–protein interactions. The supernatant was di-
luted with buffer lacking SDS prior to immunoprecipitation with
anti-Nrf2 antibodies. Immunoprecipitated proteins were sub-
jected to immunoblot analysis with anti-ubiquitin antibodies.

Protein half-life measurement

To measure the half-life of Nrf2, 50 mM cycloheximide (Sigma)
was added to block protein synthesis. Total cell lysates were
collected at different time points and subjected to immunoblot
analysis with anti-Nrf2 and anti-tubulin antibodies. The in-
tensity of the bands was quantified using the ChemiDoc CRS
gel documentation system and Quantity One software (Bio-Rad).
Relative intensity (Nrf2 vs. tubulin) was plotted using a semi-
logarithmic scale.

Protein radiolabeling and in vitro binding assay

Hrd1-WTand its mutants were radiolabeled with [35S]methionine
using the in vitro TNT Quick PCR transcription/translation
system (Promega). GST-tagged Nrf2 and domain deletion pro-
teins were expressed in Escherichia coli Rosetta (DE3) LysS cells
and purified with glutathione sepharose 4B matrix (Amersham
Biosciences). For the in vitro binding assay, radiolabeled proteins
and purified proteins were incubated in binding buffer (4.2 mM
Na2HPO4, 2 mM KHPO4, 140 mM NaCl, 10 mM KCl, 0.2%
bovine serum albumin [BSA], 0.02% Triton X-100, 1 mM DTT)
in the presence of sepharose beads for 4–6 h at 4°C. The beads
were then washed six times with binding buffer. The proteins
were eluted by boiling in SDS sample buffer followed by SDS-
PAGE and autoradiography analysis.

Fluorescently tagged proteins and immunofluorescence

Cells were grown on 35-mm glass-bottom dishes (In Vivo
Scientific) for live-cell imaging. Cells were transfected with the
indicated fluorescent-labeled proteins. At 24 h post-transfection,
the medium was replaced with phenol red-free DMEM supple-
mented with 10% FBS. All images were taken with the Zeiss
Observer using the Slidebook 4.2.0.11 computer program (In-
telligent Imaging Innovations, Inc.).

mRNA extraction and quantitative real-time PCR (qRT-PCR)

Total mRNAwas extracted from cells using TRI reagent (Sigma).
Equal amounts of RNA were used for reverse transcription
using a Transcriptor first strand cDNA synthesis kit (Roche).
The following TaqMan probes from the universal probe library
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(Roche) were used: human Nrf2 (no.70), human NQO1 (no. 87),
human HO-1 (no. 25), human Hrd1 (no. 25), human GAPDH (no.
25), mouse Nrf2 (no. 56), mouse Hrd1 (no. 2), mouse NQO1 (no.
50), mouse HO-1 (no. 25), and mouse b-actin (no. 56). The
following primers were synthesized by Integrated DNA Tech-
nologies: hNrf2, forward (59-ACACGGTCCACAGCTCATC-39)
and reverse (59-TGTCAATCAAATCCATGTCCTG-39); hNQO1,
forward (59-ATGTATGACAAAGGACCCTTCC-39) and reverse
(59-TCCCTTGCAGAGAGTACATGG-39); hHO-1, forward (59-
AACTTTCAGAAGGGCCAGGT-39) and reverse (59-CTGGG
CTCTCCTTGTTGC-39); hHrd1, forward (59-CCAGTACCTC
ACCGTGCTG-39) and reverse (59-GCCTCTGAGCTAGGGA
TGC-39); hGAPDH, forward (59-CTGACTTCAACAGCGAC
ACC-39) and reverse (59-TGCTGTAGCCAAATTCGTTGT-39);
mNrf2, forward (59-TTTTCCATTCCCGAATTACAGT-39) and
reverse (59-AGGAGATCGATGAGTAAAAATGGT-39); and
mNQO1, forward (59-AGGGTTCGGTATTACGATCC-39) and re-
verse (59-AGTACAATCAGGGCTCTTCTCG-39). qRT-PCR was
performed on the LightCycler 480 system (Roche) as follows: one
cycle of initial denaturation (4 min at 95°C), 45 cycles of
amplification (10 sec at 95°C and 30 sec at 60°C), and a cooling
period. The data presented are relative mRNA levels normalized
to the level of GAPDH, and the value from the untreated cells
was set as 1. PCR assays were performed three times with
duplicate samples, which were used to determine the means 6
standard deviations. Student’s t-test was used to evaluate statis-
tically significant differences.

XBP1 splicing assay

The XBP1 splicing assay was performed as previously described
(Calfon et al. 2002). In brief, RNA from XBP1+/+ and XBP1�/�

MEF cells were reverse-transcribed, followed by PCR using the
sense primer (59-AAACAGAGTAGCAGCGCAGACTGC-39)
and the antisense primer (59-TCCTTCTGGGTAGACCTCTGG
GAG-39). PCR products were resolved on 2.5% (w/v) agarose
gels, stained with ethidium bromide, and visualized.

Analysis of lipid peroxidation

Liver samples were analyzed in an indirect assessment for lipid
peroxidation using the thiobarbituric acid-reactive substances
(TBARS) assay kit (Cayman Chemical). Liver samples were
homogenized in RIPA buffer (50 mM Tris-HCl at pH 7.6,
containing 150 mM sodium chloride, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS) with protease inhibitors. The assay was
then carried out according to the manufacturer’s instructions
and analyzed by reading absorbance at 540 nm.

Terminal dUTP nick end-labeling (TUNEL) staining

Apoptotic cell death in liver tissues was detected using TUNEL,
an in situ cell death detection kit (Roche), according to the
manufacturer’s instruction. Images were taken using a fluores-
cence microscope (Zeiss Observer Z1, Marianas digital micros-
copy workstation).

Statistical analysis

Data are presented as means6 SD. Differences were determined
by two-tailed Student’s t-test. A P-value <0.05 was considered
significant.
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Abstract. The deletion mutation of exon 4 in surfactant 
protein C (SP-C), a lung surfactant protein, has been identified in 
parent-child cases of familial interstitial pneumonia. It has been 
shown that this mutation induces endoplasmic reticulum (ER) 
stress. Synoviolin is an E3 ubiquitin ligase that is localized to the 
ER and is an important factor in the degradation of ER-related 
proteins. It has been demonstrated that synoviolin is involved in 
liver fibrosis. In the present study, we investigated the involve-
ment of synoviolin in the pathogenesis of interstitial pneumonia 
caused by the exon 4 deletion in the SP-C gene. We transfected 
wild-type and exon 4-deleted SP-C genes into A549 human lung 
adenocarcinoma cells and measured the secretion of collagen, 
which is a representative extracellular matrix protein involved 
in fibrosis. Secreted collagen levels were increased in the culture 
medium in SP-C mutants compared to the wild-type cells. 
Furthermore, the transcription of mRNAs coding for factors 
associated with fibrosis was increased. Subsequently, to assess 
the involvement of synoviolin, we constructed plasmids with 
a luciferase gene under the control of the synoviolin promoter. 
The A549 cells were transfected with the construct along with 
the exon 4-deleted SP-C plasmid for use in the luciferase assay. 
We found a 1.6-fold increase in luciferase activaty in the cells 
carrying exon 4 deleted SP-C, as well as an increase in intrinsic 
synoviolin expression at the mRNA and protein levels. Collagen 

secretion was decreased by the addition of LS-102, a synoviolin 
inhibitor, to the A549 culture medium following transfection with 
wild-type and exon 4-deleted SP-C. These results demonstrate 
that synoviolin is involved in the onset of interstitial pneumonia 
induced by exon 4-deleted SP-C, which suggests that synoviolin 
inhibitors may be used in the treatment of the disease.

Introduction

Idiopathic pulmonary fibrosis (IPF) is part of a large group of 
diffuse parenchymal lung diseases, that are characterized by 
progressive parenchymal fibrosis, without any known cause and 
poor prognosis. Nogee et al conducted a genetic analysis of a 
mother (onset age, 1 year) with desquamative interstitial pneu-
monia (DIP) and a child (onset age, 6 weeks) with non-specific 
interstitial pneumonia (NSIP), and identified a heterozygous 
mutation of the surfactant protein C (SP-C) gene (deletion 
of exon 4, SP-CΔexon4) for the first time (1). SP-C is a compo-
nent of the pulmonary surfactant, which is a heterogeneous 
complex of lipids and proteins that lowers lung-surface tension 
and contributes to the host defense system. The SP-C gene 
is located on the short arm of chromosome 8, and comprises 
6 exons and 5 introns (2). The precursor of SP-C, proSP-C, 
consists of 197 amino acids and is transformed into mature 
SP-C (consisting of 24-58 amino acids) through intracellular 
cleavage and modification (3,4). ProSP-CΔexon4 has been found 
to induce endoplasmic reticulum (ER) stress (5,6).

Fibrosis is defined by the accumulation of excess extracel-
lular matrix (ECM) components, such as collagen, in and around 
inflamed or damaged tissue (7,8). Fibrosis can develop in the 
majority of tissue types, and advanced fibrosis causes fibrotic 
diseases, such as pulmonary fibrosis, liver cirrhosis and renal 
fibrosis, resulting in organ dysfunction and eventually death. 
According to recent studies, synoviolin/HRD1 is involved in liver 
fibrosis (9) and collagen synthesis in the kidneys (10). Synoviolin, 
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which we have previously cloned (11), is an ER-resident E3 ubiq-
uitin ligase with a RING finger domain that activates the 
ER-associated degradation (ERAD) pathway (11). Synoviolin is 
ubiquitously expressed in all organs of the body, particularly in 
the liver, pancreas and skeletal muscle (12). Synoviolin is upregu-
lated in response to ER stress and the overexpression of human 
inositol-requiring kinase 1 (IRE1) and activating transcription 
factor 6 (ATF6) (12,13). We have previously demonstrated 
that heterozygous synoviolin knockout mice are resistant  to 
CCl4-induced liver fibrosis. In addition, we have demonstrated 
that collagen secretion is reduced by synoviolin deficiency in 
mouse embryonic fibroblasts, suggesting the involvement of 
synoviolin in collagen secretion (9). Li et al (10) demonstrated 
that synoviolin expression was increased in a mouse model of 
renal interstitial fibrosis caused by unilateral ureteral obstruction 
(UUO). In addition, they demonstrated that collagen secretion 
is reduced by synoviolin deletion in NRK-49F cells (normal 
rat kidney interstitial fibroblasts) (10). These data suggest that 
synoviolin expression is increased by ER stress and that synovi-
olin promotes collagen synthesis. Thus, we hypothesized that 
synoviolin is involved in lung fibrosis, and in particular, in ER 
stress-related lung fibrosis. In order to confirm our hypothesis, in 
the present study, we investigated the involvement of synoviolin 
and synoviolin inhibitor, LS-102, in collagen secretion in an 
in vitro model of IPF by transfecting A549 cells (a human lung 
adenocarcinoma epithelial cell line) with SP-C lacking exon 4.

To investigate our hypothesis that synoviolin is involved 
in lung fibrosis and that synoviolin inhibitors are candidate 
antifibrotic agents, we investigated the association between 
synoviolin and collagen secretion in an in vitro model, in which 
A549 cells were transfected with SP-CΔexon4, which has been 
reported to induce ER stress (5,6). In the present study, we did 
not use any chemical or physical method to induce fibrosis; 
instead, we focused on an SP-C mutation, SP-CΔexon4, which 
has been identified in parent-child cases of familial interstitial 
pneumonia (1).

Materials and methods

Cell culture. The A549 human lung adenocarcinoma cell line 
was purchased from the American Type Culture Collection 
(ATCC, Manassas, VA, USA). The A549 cells were cultured 
in minimum essential medium (Sigma-Aldrich, St. Louis, MO, 
USA) supplemented with 1% penicillin, 1% streptomycin and 
10% (heat-inactivated) fetal bovine serum (FBS).

Transfection of cells with plasmid constructs and siRNA. The 
wild-type proSP-C expression vector was constructed using 
pcDNA3-FLAG (Invitrogen, Carlsbad, CA, USA) by the 
insertion of wild-type proSP-C cDNA that was isolated from 
a human lung cDNA library (Takara Bio Co., Tokyo, Japan).

SP-CΔexon4 (deletion of exon 4) was constructed according 
to previously published techniques (14). All constructs were 
confirmed by DNA sequencing. The A549 cells were grown 
for 24 h and transfected with wild-type SP-C or mutant SP-C 
constructs using Lipofectamine 2000 (Invitrogen) as per the 
manufacturer's instructions.

The sequences of the synoviolin siRNA and scrambled 
synoviolin siRNA were identical to those described in a 
previous study (15), and were chemically synthesized at 

Hokkaido System Science (Hokkaido, Japan). The A549 cells 
were seeded at 40-50% confluency in 6-well plates and cultured 
for 24 h. Subsequently, 50 nmol of annealed RNA duplex was 
transfected using Lipofectamine 2000 according to the manu-
facturer's instructions.

Antibodies. The antibodies used in this study were as 
follows: anti-synoviolin/HRD1 monoclonal antibody as 
previously described (11), anti-FLAG antibody (anti-FLAG 
M2  monoclonal  antibody,  F3165;  Sigma-Aldrich),  anti-
hemagglutinin-A (HA) 3F10 monoclonal antibody (1867423; 
Roche Applied Science) and anti-β-actin monoclonal antibody 
(A5441; Sigma-Aldrich).

Preparation of cellular protein. Cell cultures were harvested 
and proteins were extracted using a cell extraction buffer 
containing 0.05 M Tris-HCl (pH 8.0), 0.15 M NaCl, 5.0 mM 
ethylenediaminetetraacetic acid (EDTA), 1% NP-40 and 
protease inhibitors (1 µg/ml leupeptin, 1 µg/ml dithioth-
reitol (DTT), 1 µg/ml pepstatin and 1.5 µg/ml aprotinin) at 4˚C.

Reporter assay. The A549 cells were plated on 24-well 
plates (5x104 cells/well). The synoviolin promoter 
(SyG-2055/+845 PGV-B2) was prepared as described in a 
previous study (16). For transient transfection into the A549 
cells, 20 ng/well synoviolin promoter and 50 ng/well test 
plasmids (SP-C1-197 or SP-CΔexon4) were co-transfected using 
Lipofectamine 2000 (Invitrogen) according to the manufac-
turer's recommendations. After 24 h, the cultures were aspirated 
and the cells were added to 100 µl of passive lysis buffer 
(Promega, Madison, WI, USA). The cell debris was pelleted and 
5 µl of supernatant were collected and immediately analyzed for 
luciferase activity using the Promega Luciferase assay system 
(Promega) and a microplate luminometer (Centro XS3 LB 960; 
Berthold Technologies, Wildbad, Germany). The 5 µl superna-
tant samples were used to measure the protein concentration 
in  each well  using  a multi-spectrophotometer  (Viento XS; 
Dainippon Sumitomo Pharma, Tokyo, Japan). The assay was 
performed in triplicate and the mean values were calculated for 
each sample. The luciferase activity results were normalized to 
the protein concentration in each sample.

Western blot analysis. The A549 cells were seeded at 40-50% 
confluency in 100-mm plates and harvested 18 h following 
transfection. Tunicamycin-treated (10 µg/ml) A549 cells 
were prepared as a model of chemical induction of ER stress. 
Cellular protein extracts were resolved by 10% SDS-PAGE, 
transferred onto a nitrocellulose membrane and immunob-
lotted with anti-synoviolin/HRD1 monoclonal antibodies 
followed by horseradish peroxidase-conjugated secondary 
antibodies. The antigen-antibody complexes were visualized 
using an ECL detection system (Promega). β-actin expression 
was used as an internal control. Immunoblots were scanned 
and band densities were quantified using ImageJ software.

Real-time polymerase chain reaction (PCR). The A549 cells 
were grown in 100-mm culture plates. Forty-eight hours 
following transfection, total RNA from the A549 cells was 
isolated using  Isogen  II  (Nippon Gene, Tokyo,  Japan) and 
cDNA was synthesized using RiverTra Ace (Toyobo, Tokyo, 
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Japan) according to the manufacturer's instructions. Real-time 
PCR relative quantification analysis was performed to measure 
the mRNA expression levels of transforming growth factor-β 
(TGF-β), connective tissue growth factor (CTGF), prolyl 
4-hydroxylase subunit alpha 1 (P4HA1), X-box binding 
protein 1 (XBP1) and synoviolin using the FastStart Universal 
Probe Master mix (ROX; Roche Applied Science, Indianapolis, 
IN, USA), primers from the Universal Probe Library Assay 
Design Center and probes from the universal probe library set 
(both from Roche Applied Science, Tokyo, Japan) with the 
Step One Plus Detection System and software (Applied 
Biosystems, Life Technologies  Japan, Tokyo,  Japan). The 
primers and probes used are as follows: TGF-β forward, 
GCAGCACGTGGAGCTGTA and reverse, CAGCCGGTTGC 
TGAGGTA (probe: Universal probe library probe #72); CTGF 
forward, AGCTGACCTGGAAGAGAACATT and reverse, 
GCTCGGTATGTCTTCATGCTG (probe: Universal probe 
library probe #71); P4HA1 forward, TCGTCAAAGACCTAG 
CAAAACC and reverse, CCGTCTCCAAGTCTCCTGTTA 
(probe: Universal probe library probe #30); XBP1 forward, 
GGAGTTAAGACAGCGCTTGG and reverse, CACTGG 
CCTCACTTCATTCC (probe: Universal probe library 
probe #37); synoviolin forward, TTCGTCAGCCACGCCTAT 
and reverse, GAGCACCATCGTCATCAGG (probe: Universal 
probe library probe #89). The protocol included 1 cycle at 
95˚C for 10 min, followed by 40 cycles at 95˚C for 1 sec and 
60˚C  for  20  sec,  according  to  the  manufacturer's 
recommendations. The mRNA level was normalized relative 
to the amount of the transcript coding for 18S rRNA.

Measurement of soluble secreted collagen. The A549 cells were 
seeded at 40-50% confluency in 6-well plates. Twelve hours 
following transfection, the medium was replaced with serum-
free Opti-MEM (Gibco, Life Technologies Japan, Tokyo, Japan) 
to eliminate the effects of serum on collagen measurement. At 
30 h following transfection, the total soluble collagen in the 
culture supernatants was measured using the Sircol collagen 
assay method (Biocolor, County Antrim, UK) according to the 
manufacturer's instructions. The assay was performed in tripli-
cate and the mean values of each sample were calculated.

Immunoprecipitation. The cells were plated on 100-mm 
tissue culture dishes and MG132 was added at a concentra-
tion of 20 µM 24 h following transfection. The cells were 
co-transfected with hemagglutinin (HA)-tagged ubiquitin 
(Ub) and an SP-C wild-type, SP-C mutant, or empty vector. 
Co-transfected with the synoviolin gene were also prepared. 
Twenty-seven hours following transfection, the cells were 
harvested and lysed with 200 µl of lysis buffer [50 mM 
HEPES-KOH (pH 7.9), 150 mM KCl, 1% Triton X-100, 
1 mM phenylmethylsulfonyl fluoride (PMSF), 10% glycerol, 
2 µg/ml aprotinin, 2 µg/ml leupeptin, 2 µg/ml pepstatin A 
and 20 µM MG132 (a proteasome inhibitor)]. Following 
centrifugation at 5,000 rpm for 10 min, 150 µl of the clear 
supernatant was incubated with 5 µl of normal mouse IgG 
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), 30 µl 
of protein G-Sepharose (GE Healthcare, Tokyo, Japan) and 
350 µl of lysis buffer at 4˚C with rotation for 30 min. The 
supernatant was incubated with 2 µl of anti-FLAG M2 mono-
clonal antibody at 4˚C with rotation for 2 h, after which 40 µl 
of protein G were added, followed by incubation at 4˚C with 
rotation for 1 h. The immunoprecipitates were solubilized in 
SDS sample buffer [0.078 M Tris-HCl (pH 6.8), 2% SDS, 10% 
glycerol, 5% 2-mercaptoethanol and 0.003% bromophenol 
blue] and then subjected to 4-15% gradient SDS-PAGE 
(Bio-Rad, Hercules, CA, USA).

Synoviolin inhibitor, LS-102. Synoviolin inhibitor, LS-102, was 
identified by screening approximately 4 million compounds 
for potential synoviolin enzyme inhibitors as described in a 
previous study (5). Dimethyl sulfoxide (DMSO) is used as 
solvent for LS-102; thus, we used DMSO as a control. Twelve 
hours following transfection, Opti-MEM (no serum added) 
was replaced, and LS-102 (5 µM) or DMSO (5 µM) was added 
to the medium to evaluate the effect of LS-102.

Statistical analysis. All data are expressed as the means ± stan-
dard deviation (SD). Differences between groups were 
examined using the Student's t-test and considered statistically 
significant at P<0.05. All results were derived from at least 
3 independent experiments.

Figure 1. Effect of surfactant protein C (SP-C) overexpression on collagen secretion in A549 cells. The mutant SP-C gene increased the mRNA expression levels 
of (A) transforming growth factor-β (TGF-β), (B) connective tissue growth factor (CTGF) and (C) prolyl 4-hydroxylase subunit alpha 1 (P4HA1) by approximately 
2.3-, 1.5- and 2.9-fold, respectively, compared to the wild-type. (D) A549 cells transfected with mutant SP-C secreted an approximately 1.3-fold greater amount 
of collagen into the medium than the cells transfected with wild-type SP-C. Data are the means ± standard error of the mean (SEM) of 3 experiments. **P<0.01. 
WT, wild-type.
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Results

Overexpression of SP-CΔexon4 promotes collagen secretion in 
A549 cells. Studies have found an association between muta-
tions in the SP-C gene and familial pulmonary fibrosis (1,17,18). 
Therefore, in this study we focused on the SP-CΔexon4 mutation. 
To assess the association between the SP-CΔexon4 mutation and 
fibrosis in the current experimental system, we measured the 
mRNA expression levels of transforming growth factor-β 
(TGF-β), connective tissue growth factor (CTGF) and 
prolyl 4-hydroxylase subunit alpha 1 (P4HA1), which are respon-
sible for enhancing the production of collagen protein, a typical 
ECM component involved in fibrosis (19-21). Transfection of the 
cells with the mutant SP-C gene increased the mRNA expression 
levels of TGF-β, CTGF and P4HA1 by approximately 2.3-, 1.5- 
and 2.9-fold, respectively, compared to the wild-type (Fig. 1A-C).

Fibrosis is attributed to the excess deposition of ECM compo-
nents in and around inflamed or damaged tissue (8). Collagen is a 
major component of the ECM; therefore, we measured collagen 
secretion following transfection of the cells with mutant SP-C. 

To confirm that mutant SP-C promoted collagen secretion from 
mutant SP-C-expressing A549 cells, collagen secretion was 
measured following transfection with a wild-type or mutant SP-C 
gene. The A549 cells transfected with the mutant SP-C gene 
secreted approximately 1.3-fold more collagen into the medium 
than the cells transfected with wild-type SP-C (Fig. 1D).

SP-CΔexon4 increases the expression of synoviolin. To examine 
the hypothesis that synoviolin plays a role in fibrosis induced 
by SP-CΔexon4, we evaluated the level of synoviolin expression 
in SP-CΔexon4-expressing A549 cells. First, we constructed a 
plasmid carrying a luciferase gene with expression regulated 
by a synoviolin promoter, which was co-transfected together 
with the wild-type SP-C or mutant SP-C gene expression 
plasmid into the A549 cells. Twenty-four hours following 
transfection, a luciferase assay was conducted. The A549 cells 
expressing mutant SP-C showed 1.6-fold greater luciferase 
activity than the wild-type SP-C-expressing cells (Fig. 2A). 
These data suggest that the transcriptional activity of synovi-
olin was enhanced in the SP-CΔexon4 gene-transfected cells.

Figure 2. Effect of surfactant protein C (SP-C)Δexon4 overexpression on synoviolin expression in A549 cells. (A) Luciferase assay revealed that the A549 cells 
expressing mutant SP-C showed a 1.6-fold higher luciferase activity than the wild-type SP-C-expressing cells. The mRNA expression levels of (B) X-box binding 
protein 1 (XBP1) and (C) synoviolin were increased in the mutant SP-C-expressing A549 cells compared with the wild-type SP-C-expressing cells. (D) Transfection 
of A549 cells with mutant SP-C increased the expression of synoviolin protein compared with the cells transfected with wild-type SP-C. Data are the means ± stan-
dard error of the mean (SEM) of 3 experiments. WT, wild-type; TM, tunicamycin [positive control of endoplasmic reticulum (ER) stress]. *P<0.05 and **P<0.01.
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Subsequently, to confirm that ER stress is induced in this 
experimental system and that the mRNA expression of synoviolin 
is activated in the mutant SP-C-transfected cells, we examined 
the expression levels of X-box binding protein 1 (XBP1) and 
synoviolin in the A549 cells by real-time PCR. The mRNA 
expression levels of XBP1 and synoviolin were increased in 
the mutant SP-C-expressing A549 cells in comparison to the 
wild-type SP-C-expressing cells (Fig. 2B and C).

Finally, to assess the protein expression of synoviolin, 
we performed western blot analysis with an anti-synoviolin 
antibody. Transfection of the A549 cells with mutant SP-C 
increased the protein expression of synoviolin compared with 
the cells transfected with wild-type SP-C (Fig. 2D). Thus, the 
overexpression of SP-CΔexon4 in the A549 cells increased the 
transcriptional activity of synoviolin and the expression of 
synoviolin at the mRNA and protein levels.

Synoviolin knockdown decreases collagen secretion in 
A549 cells transfected with SP-CΔexon4. To explore the role of 
synoviolin in collagen secretion in the A549 cells, we evalu-
ated collagen production in A549 cells following transfection 
with siRNA targeting synoviolin. We found that the level of 
soluble secreted collagen in the supernatant of A549 cells 
after the knockdown of synoviolin was approximately 20% 
less than that produced by the scrambled siRNA-transfected 
A549 cells (Fig. 3A). Furthermore, we analyzed the effects 
of synoviolin siRNA on collagen secretion in SP-CΔexon4-
expressing A549 cells. The A549 cells were co-transfected with 
SP-CΔexon4 and either synoviolin siRNA or scrambled siRNA. 
The amount of soluble secreted collagen in the supernatant 
of the synoviolin siRNA-transfected SP-CΔexon4-expressing 
A549 cells was approximately 30% less than that produced 
by scrambled siRNA-transfected SP-CΔexon4-expressing A549 
cells (Fig. 3B).

Synoviolin ubiquitinates proSP-CΔexon4 as a substrate. To 
demonstrate the ubiquitination of proSP-CΔexon4, the A549 
cells were co-transfected with hemagglutinin (HA)-tagged 
ubiquitin (Ub) and an SP-C wild-type, SP-C mutant, or empty 
vector. In addition, to determine whether synoviolin ubiquiti-
nates proSP-CΔexon4 as a substrate, cells co-transfected with the 
synoviolin gene were also prepared. Following immunoprecip-
itation with an anti-FLAG antibody, western blot analysis was 
performed using an anti-HA antibody. The cells transfected 
with SP-CΔexon4 showed a ladder pattern, suggesting ubiquitina-
tion. The synoviolin-containing cells showed a more intense 
band (Fig. 4). These results suggested that the proSP-CΔexon4 
protein was ubiquitinated in this experimental system and that 
synoviolin may participate in this ubiquitination.

Collagen secretion is suppressed by the synoviolin inhibitor, 
LS-102. To investigate the effects of synoviolin inhibition on 
collagen secretion in A549 cells, we performed experiments 
using the synoviolin inhibitor, LS-102, as described in a previous 
study of ours (22), in which we identified LS-102 by screening 
approximately 4 million compounds for potential synoviolin 
enzyme inhibitors. As a result, LS-101 and LS-102 were identi-
fied as compounds that inhibited the autoubiquitination activity 
of synoviolin. These compounds were administered in a mouse 
model of collagen-induced arthritis, in which they demonstrated 
protective effects against arthritis. LS-101 had more potent 
inhibitory effects on the synoviolin enzyme than LS-102. 
However, LS-102 was used in this study as it is more selective 
for synoviolin than LS-101. Twelve hours following transfec-
tion, Opti-MEM (no serum added) was replaced, and LS-102 
or DMSO (5 µM; as a control) was added to the medium. The 
tunicamycin (10 µg/ml)-treated A549 cells were also prepared 
as a positive control for ER stress induction. LS-102 significantly 
decreased collagen secretion into the medium (Fig. 5).

Figure 3. Effect of synoviolin siRNA on synoviolin secretion in A549 cells transfected with surfactant protein C (SP-C)Δexon4. (A) Collagen secretion was 
decreased by synoviolin siRNA in A549 cells. (B) A549 cells were co-transfected with SP-CΔexon4 and synoviolin siRNA or scrambled siRNA. The amount of 
soluble secreted collagen in the supernatant of synoviolin siRNA-transfected SP-CΔexon4-expressing A549 cells was less than that produced by scrambled siRNA-
transfected SP-CΔexon4-expressing A549 cells. Data are the means ± standard error of the mean (SEM) of 3 experiments. **P<0.01.
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Discussion

In the present study, we demonstrated that the expression 
of synoviolin and collagen secretion were enhanced by the 
overexpression of SP-CΔexon4 in A549 cells and that collagen 
secretion was suppressed by the use of the synoviolin inhibitor, 
LS-102.

The pathogenic mechanisms of fibrosis have recently 
attracted the attention of researches, and studies have 
indicated that diverse factors, pathways and systems are 
involved in the progression of fibrosis. However, the detailed 
mechanisms involved are not yet fully understood. Wynn 
et al (8), Tanjore et al (23,24) and Zhong et al (25) reported 
that various pathways are involved in fibrosis, including the 

Figure 5. Effect of the synoviolin inhibitor, LS-102, on collagen secretion in A549 cells. LS-102 significantly decreased collagen secretion into the medium. Data 
are the means ± standard error of the mean (SEM) of 3 experiments. WT, wild-type; TM, Tunicamycin [positive control of endoplasmic reticulum (ER) stress].

Figure 4. Ubiquitination of precursor of surfactant protein C (proSP-C)Δexon4. A549 cells were co-transfected with hemagglutinin (HA)-tagged ubiquitin (Ub) and 
SP-C wild-type, SP-C mutant, or an empty vector. In addition, samples were also prepared that were co-transfected with the synoviolin gene. After immunoprecipi-
tation with an anti-FLAG antibody, western blot analysis was performed using an anti-HA antibody. The cells transfected with SP-CΔexon4 showed a ladder pattern, 
suggesting ubiquitination. The synoviolin-containing cells showed a more intense band. Data are the means ± standard error of the mean (SEM) of 3 experiments. 
Syno, synoviolin.
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ER-stress pathway, and that ER stress leads to fibrosis. In the 
present study, we did not use any chemical or physical method 
to  induce fibrosis, but  instead we focused on a mutation in 
SP-C that was identified in mother-child cases of familial 
interstitial pneumonia, and which produced ER stress in A549 
cells. Considering our results in the context of the dual role 
of synoviolin as an E3 ubiquitin ligase and collagen synthesis 
promoter, this study suggests the existence of a novel pathway: 
ER stress increases synoviolin synthesis, which promotes 
collagen synthesis, contributing to fibrosis. This result confirm 
the association between ER stress and fibrosis that has been 
previously reported (23,25). Further studies are required to 
fully determine the association between synoviolin and fibrosis.

Excessive fibrosis affects various organs and tissues, 
including the endocardium, the heart, the liver, the kidneys, 
the skin, the bone marrow, the retroperitoneum and the lungs. 
Advanced fibrosis is a serious disorder that causes organ 
dysfunction and death; accordingly, antifibrotic drugs are in 
development. Various factors [TGF-β, CTGF, tumor necrosis 
factor (TNF), endothelin, chemokines, chemokine receptors, 
and matrix metalloproteinases (MMPs)] and effector cells are 
involved in fibrosis (19,20,26-28). As a result, there are several 
potential therapeutic vectors which may be used in the treat-
ment of fibrosis, and thus a wide range of candidate therapeutic 
agents is available (8).

In the present study, we demonstrate that synoviolin 
expression and collagen secretion are enhanced by trans-
fecting A549 cells with SP-CΔexon4 and that collagen secretion 
is suppressed by transfection with synoviolin siRNA or the 
synoviolin inhibitor, LS-102. Based on these findings and the 
recent studies indicating that synoviolin is involved in liver 
fibrosis (9) and renal fibrosis (10), our data suggest that the 
synoviolin inhibitor, LS-102 represents a candidate antifibrotic 
agent for  the  treatment of  interstitial pneumonia; however, 
further studies, including in vivo studies, are required in order 
to confirm this therapeutic potential.
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Abstract

Background: Marinesco-Sjögren syndrome (MSS) is an autosomal recessive multisystem disorder characterized by
the tetralogy of cerebellar ataxia, congenital cataracts, intellectual disability, and progressive muscle weakness due
to myopathy. MSS is extremely rare, and its clinical, pathological, and genetic features are not yet fully understood.

Methods: We conducted a nationwide, questionnaire-based survey on MSS in Japan and carefully reviewed the
medical records of 36 patients suspected of having this disease. In addition, pathological examinations of muscles,
sequence and haplotype analysis in SIL1 were performed.

Results: The patients had been examined between the ages of 2 and 52 years. Delayed psychomotor development
and cataracts from early childhood were observed in all patients, whereas no life-threatening events were observed.
Mutations in SIL1 were identified in 24 of the 27 patients tested, and 43 of the 48 chromosomes possessed the SIL1
c.936dupG (p.Leu313fs) mutation. The haplotype analysis revealed that 31 of the 32 chromosomes (96.9%) with the
c.936dupG mutation had the same haplotype.

Conclusions: The results of haplotype analysis suggested the presence of a founder effect. The clinical features of
patients without SIL1 mutations were indistinguishable from those with SIL1 mutations, suggesting the genetic
heterogeneity of MSS.

Keywords: Marinesco-Sjögren syndrome (MSS), SIL1, Founder effect, Cataracts, Intellectual disability, Ataxia, Rimmed
vacuolar myopathy

Background
Marinesco-Sjögren syndrome (MSS; OMIM 248800) is
an autosomal recessive multisystem disorder clinically
characterized by the tetralogy of cerebellar ataxia, con-
genital cataracts, intellectual disability, and progressive
muscle weakness due to myopathy [1-3]. Additional clin-
ical features, including short stature, hypergonadotropic
hypogonadism [4], and strabismus [5], are also observed.
Mutations in SIL1 (Gene ID: 64374) were reported to
be causative for MSS [6,7]. This gene encodes SIL1, also
known as BiP-associated protein (BAP), which is an endo-
plasmic reticulum (ER)-resident protein. Bip is an HSP70
chaperone family member located in the ER, and plays a

key role in protein quality control. SIL1 regulates the
ATPase cycle of BiP for proper protein folding [8,9].
SIL1-deficient woozy mutant mice exhibit progressive
ataxia caused by the loss of Purkinje cells via ER stress [10].
MSS is an extremely rare disease, and very few cases

have been reported. In this study, we performed a na-
tionwide, questionnaire-based survey on MSS with the
aim of characterizing its prevalence, clinical features,
natural history, muscle pathological findings, and muta-
tion status.

Methods
All clinical materials used in this study were obtained
for diagnostic purposes with written informed consent.
All surveys and experiments performed in this study
were approved by the Ethical Committee of the National
Center of Neurology and Psychiatry.
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The nationwide, questionnaire-based survey
To elucidate the clinical characteristics of MSS, we
conducted a nationwide, questionnaire-based survey in
Japan. The first set of questionnaires, which focused on
the experience of treating patients suspected of having
MSS, was sent to a total of 5,452 Japanese specialists for
neurology or pediatric neurology. The second set of ques-
tionnaires, which focused on the clinical information of
patients with suspected MSS, was sent to their attending
physicians. These patients’ medical records were carefully
reviewed by 2 of our specialists (M.G., H.K.).

Histochemistry
Biopsied muscle specimens were flash-frozen in isopentane
cooled in liquid nitrogen. Transverse serial frozen sections
of 10 μm in thickness were subjected to various types of
histochemical staining, including hematoxylin and eosin
(H&E), modified Gomori-trichrome (mGT), and ATPases.
We obtained biopsied skeletal muscles from a total of 17
unrelated patients clinically suspected of having MSS.

Sequence analysis of SIL1
Genomic DNA was extracted from either frozen muscle
or peripheral blood lymphocytes using standard pro-
tocols. The PCR primers were designed to amplify all the
exons of SIL1 together with their flanking intronic regions.
The primer sequences are available upon request. Direct
sequencing was performed using the BigDye Terminator
v3.1 Cycle Sequencing system and an ABI3100 automated
Genetic Analyzer (Applied Biosystems, Foster City, CA).
The sequence data obtained were analyzed using the
SeqScape (Applied Biosystems) program and compared
with the genomic sequence of SIL1 in the database
(NM_022464). Genetic analysis was performed on DNA
from 27 unrelated patients and the parents of 3 of them.
Two hundred control chromosomes from healthy indi-
viduals were examined for each novel mutation in SIL1
by direct sequencing.

Haplotype analysis of SIL1
For the haplotype analysis of the SIL1 genomic region, we
performed direct sequencing of the following 11 common
single nucleotide variants (SNVs) in the Japanese popu-
lation: rs11748097, rs929775, rs10045761, rs1433008, rs1
1958050, rs7717375, rs7722413, rs3763016, rs6596456,
rs700629, and rs12653845 (http://www.ncbi.nlm.nih.gov/
SNP/). Samples from 21 patients homozygous for the
common c.936dupG mutation, the parents of 3 patients,
and 92 control Japanese individuals were analyzed.

Results
Patients
A total of 1,875 responses (34.4% response rate) were re-
ceived to the first set of questionnaires. The second set

of questionnaires was sent to a total of 37 attending
physicians (2.0%) who had treated patients suspected of
having MSS. The detailed clinical records of a total of 36
patients were carefully reviewed. The shortfall in the
number of patients was due to an overlap of 1 case.

Sequence analysis of SIL1
Frozen muscle or peripheral blood lymphocytes were
obtained from 27 of the 36 patients suspected of having
MSS, for genetic analysis. Mutations in SIL1 were identi-
fied in 24 out of the 27 patients. Twenty-one patients
were homozygous for the previously reported c.936dupG
(p.Leu313fs) mutation in exon 9. Patient 4 was homozygous
for the previously reported c.603_607del5 (p.Glu201fs)
mutation in exon 6 [11]. Patient 12 was homozygous for
the previously reported c.331C > T (p.Arg111X) mutation
in exon 4 [6,7]. Patient 17 was a compound heterozygote
for the novel c.617_618TC >AA (p.Leu206Glu) mutation
in exon 6 and the c.936dupG (p.Leu313fs) mutation in
exon 9 [12]. All mutations except for p.Leu206Glu are
predicted to induce premature termination. Mutation of
Leu206, which is highly conserved among species, was
predicted to exert a deleterious impact on protein function
by the Polymorphism Phenotyping v2 (PolyPhen-2; http://
genetics.bwh.harvard.edu/pph2/) and the Sorting Intoler-
ant From Tolerant software (SIFT: http://sift.bii.a-star.edu.
sg/). None of these nucleic acid changes were found in the
200 chromosomes from healthy Japanese controls or in
the Japanese Single Nucleotide Polymorphisms database
(http://snp.ims.u-tokyo.ac.jp/index_ja.html).

Haplotype analysis of SIL1
The SIL1 c.936dupG mutation was identified in 43 of
the 48 chromosomes (89.6%) in our cohort. The patients
carrying this mutation were reported from different
areas in Japan. To determine whether this was a result
of a founder effect, we performed a haplotype analysis
using 11 SNVs within or close to SIL1. The results
revealed that 31 of the 32 chromosomes (96.9%) with the
c.936dupG mutation had the same haplotype (P1-P24,
Table 1). This haplotype was only found in 18 of the 184
chromosomes (9.8%) from the control group, suggesting a
founder effect, although 1 chromosome from Patient 1 had
a different haplotype.

Clinical features
Table 2 and Additional file 1: Table S1 show a clinical
summary of the patients in our series.
The age at which the examination was performed in

the 24 patients (10 men and 14 women) with SIL1 muta-
tions varied from 2 to 52 (mean = 20.1 ± 18.1) years.
Bilateral cataracts requiring prompt surgical intervention
had appeared and rapidly progressed in all 24 patients at
the mean age of 3.5 ± 1.2 years. Strabismus was also
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observed in 55.6% (10/18) of the patients. Cerebellar
signs included hypotonia (21/24; 88%), ataxia (16/24;
67%), nystagmus (11/24; 46%), and dysarthria (8/24;
33%) were seen. Brain MRI demonstrated marked atro-
phy of the cerebellum, particularly the vermis, in all the
patients examined (19/19). Mild to moderate intellectual
disability, diagnosed by intelligence quotient/develop-
mental quotient between 35 and 70, was seen in 91%
(20/22) of the patients. Acquisition of meaningful words
occurred at the age of 2.0 ± 0.8 years, and most of the
patients had required special-needs education. Muscle
weakness was observed in 95% (21/22) of the patients,
with delays in motor milestones. Head control was first
seen in all the patients at a certain time point between 4
and 18 (mean = 7.8 ± 3.7) months, and sitting at a certain
time point between 10 and 36 (mean = 20.0 ± 8.7) months.
Eighty percent (16/20) of the patients could stand with
support at a certain point between the ages of 1 and
4 years, and walk with support at a certain point between
the ages of 2 and 22 (mean = 5.8 ± 2.6) years; however,
none of the patients acquired the ability to walk inde-
pendently. Muscle weakness was slowly progressive
and predominantly in the proximal muscles, with the
patients becoming wheelchair-bound at a certain time
point between the ages of 13 and 28 (mean = 17.4 ± 6.3)
years. Serum creatine kinase levels were normal to
moderately elevated (28–2000, mean = 389 ± 464; nor-
mal < 200 IU/L). Short stature (< −2 SD) was seen in
67% (12/18, mean = −3.6 SD) of the patients, and spinal
deformity (8/22; 36%), flat foot (7/22; 32%), and short
fingers (5/22; 23%) were also reported. Hypogonado-
tropic hypogonadism was seen in 3 of 8 (38%) patients
(1 with microtestis, 2 with amenorrhea). No marked
clinical differences were observed among patients with
different SIL1 mutations. No patient had cardiac and
respiratory problems.
The 3 patients with no SIL1 mutation (Patients 25, 26,

and 27) and the 9 genetically unexamined patients showed
clinical features indistinguishable from the patients with
SIL1 mutations, including cerebellar signs with cerebellar

atrophy on brain images, intellectual disability, congenital
cataracts, and muscle weakness. Elevation of serum CK
levels was also seen in 2 patients (Table 2).

Pathological findings of skeletal muscles
Biopsied skeletal muscles were obtained from 16 patients
with SIL1 mutations and one patient without (Patient 27).
All muscle specimens showed myopathic changes of vari-
ation in fiber size and endomysial fibrosis. A few necrotic
and regenerating fibers were seen in some patients with
SIL1 mutations. No neurogenic changes, including fiber
type grouping and grouped atrophy, were observed in any
of the patients. Importantly, scattered rimmed vacuoles
(RVs) were seen in all 16 patients with SIL1 mutations, but
not in the patient without (Figure 1).

Discussion
We conducted a nationwide, questionnaire-based survey
to clarify the prevalence, clinical and pathological character-
istics, and long-term course of MSS in Japanese patients.
The total number of patients with MSS was only 36.
From a clinical point of view, it is important to carry

out careful ophthalmological examination of MSS pa-
tients at a young age if visual acuity is to be preserved,
as the cataracts characteristic of MSS usually appear
abruptly and develop rapidly from an early age [13,14].
Indeed, all of the patients in our present series required
early and prompt surgical intervention. Marked cerebellar
atrophy on brain MRI is another characteristic of this dis-
ease, however cerebellar ataxia can be difficult to identify,
especially in younger patients with muscle weakness. Skel-
etal muscle weakness is also a prominent characteristic.
Almost all the MSS patients with SIL1 mutations in this
series had muscle weakness initially noticed as a delayed
motor milestone, which was detected at an earlier age
than cataracts, as reported previously [3,15,16]. Regarding
muscle biopsy, myopathic changes, including RV forma-
tion are a characteristic of patients with SIL1 mutations.
RVs are not disease-specific, and are often seen in adult-
onset chronic myopathies such as inclusion body myositis,

Figure 1 Modified gomori trichrome stain of the biopsied skeletal muscles. A muscle from a MSS patient with SIL1 mutation shows rimmed
vacuoles (arrow, A), whereas no vacuole is seen in a patient without SIL1 mutation (B). Bar = 20 μm.
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distal myopathy with RVs, oculopharyngeal muscular dys-
trophy, and myofibrillar myopathies. They are rarely ob-
served, however, in childhood-onset myopathies. The
presence of RVs in muscle biopsy tissue can be helpful in
formulating an early diagnosis of MSS, allowing the oph-
thalmologist to perform surgery for cataracts to prevent
total visual loss. The life prognosis of MSS appears to be
comparatively good, as respiratory, cardiac, and swallow-
ing functions are well preserved, even in the patients who
are over 50 years of age.
Most of the reported SIL1 gene mutations have been

predicted to induce premature termination and loss of
function of SIL1. Based on a putative model of SIL1-BiP
interaction, the C-terminal 5 amino acids of SIL1 are
thought to play a key role in its association with BiP [17].
This concept is further strengthened by the fact that the
p.Arg111X, p.Glu201fs, and p.Leu313fs mutations cause
the generation of SIL1 proteins lacking the C-terminal
region. Complete loss of function due to nonsense-
mediated mRNA decay should also be considered. On
the other hand, Leu206 in exon 6 is well preserved
among species, and the novel nonsynonymous muta-
tion p.Leu206Glu is predicted to exert a deleterious im-
pact on protein function by both SIFT and PolyPhen2.
The c.936dupG (p.Leu313fs) mutation in SIL1, which
was first reported from Japan [12], is highly common in
Japanese MSS patients. Haplotype analysis revealed
that whereas 96.9% of chromosomes from MSS patients
possessing the c.936dupG mutation had the same
haplotype, less than 10% of the chromosomes of the
controls did so, suggesting a founder effect.
The results of this study also strongly suggest the genetic

heterogeneity of MSS. Three of the 27 patients (11.1%) had
no SIL1 mutation, but demonstrated the cardinal features
of MSS, including congenital cataracts, ataxia, intellectual
disability, and myopathy. We could not exclude the pos-
sibility of the mutation occurred in the promoter or
other non-coding region of SIL1 in these 3 patients.
Previous reports also showed that approximately one-
half of the MSS patients were genetically diagnosed as
MSS from mutations in SIL1 [7,16]. The absence of RVs
in the muscle biopsy tissue of one patient with no SIL1
mutation suggests the existence of a different disease
mechanism(s) in such patients. Further analysis is
required to identify the other causative genes for MSS.

Conclusions
MSS is an extremely rare disease, but a possible founder
effect was present in Japan. The life prognosis of MSS is
comparatively good, and early diagnosis is important for
prevention of a total visual loss. Other causative genes
for MSS can cause indistinguishable clinical features via
different disease mechanisms.

Additional file

Additional file 1: Table S1. Clinical findings of each patient with or
without SIL1 mutations.
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Weherein report a 32-year-oldwomanwith adult-onset reducing bodymyopathy (RBM)who had amutation in
the four-and-a-half LIM domain 1 gene (FHL1) and showed a marked asymmetrical involvement of
sternocleidomastoid and trapezius muscles. At 30 years of age she noticed bilateral foot drop, and over the
next two years developed difficulty raising her right arm. At 32 years of age she was admitted to our hospital
for a diagnostic evaluation. Neurological examination showed moderate weakness and atrophy of her right
sternocleidomastoid muscle, right trapezius muscle, and bilateral upper proximal muscles. There were severe
weakness and atrophy of her bilateral tibialis anterior muscles. Her deep tendon reflexes were hypoactive in
her upper extremities. Her serum creatine kinase level was mildly increased. Muscle biopsy specimens from
the left tibialis anterior muscle revealed marked variation in fiber size, some necrotic or regenerating fibers,
and reducing bodies. Gene analysis of FHL1 demonstrated a mutation: a heterozygous missense mutation of
c.377G N A (p. C126T) in FHL1. Compared with previous adult-onset RBM cases harboring mutations in FHL1,
our case was characterized by asymmetrical atrophy of the sternocleidomastoid and trapezius muscles.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Reducing body myopathy (RBM) is an extremely rare muscle disor-
der. It is characterized by the presence of intracytoplasmic inclusion
bodies that reduce nitroblue tetrazolium in the absence of substrate
α-glycerophosphate, in amenadione-linkedα-glycerophosphate dehy-
drogenase (MAG) reaction [1]. RBM was first described as a congenital
disorder in 1972 [1], and in 1999, the first adult-onset RBM patient
was reported [2]. In 2008, Schessl et al. [3] identified the X-
chromosomal four-and-a-half LIM domain 1 gene (FHL1) as a causative
gene for RBM. FHL1 encodes the FHL1 protein, composed of four LIM do-
mains preceded by a single N-terminal zinc finger. FHL1 is highly
expressed in skeletal and cardiac muscles and considered to regulate
muscle mass and strength enhancement [4].

At present, detailed clinical features of adult-onset RBM remain to be
delineated owing to its extreme rarity. Here, we report a case of a 32-
year-old woman with adult-onset RBM harboring a mutation in the

FHL1 gene, and describe its clinical presentation. Together with a litera-
ture survey on adult onset RBMcases, this case study could provide new
clinical findings of adult-onset RBM, and might give some insight on a
question about what defines the clinical course of RBM.
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Patient

Fig. 1. A pedigree of the present case. An affected individual is indicated in black, and un-
affected individuals in white. An arrow indicates the index patient.
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2. Case report

A 32-year-old woman had been in good health and could participate
regularly in sports activities until the age of 29. Shehad no family history

of neuromuscular disease (Fig. 1). At 30 years of age, she experienced bi-
lateral foot drop, and over the next two years developed difficulty raising
her right arm. At the age of 32 years, shewas admitted to our hospital for
a diagnostic evaluation. A neurological examination showed moderate

A

C

R

B

Fig. 2. Clinical picture. (A) The right sternocleidomastoidmuscle shows severe atrophy (red arrowhead). (B) The left sternocleidomastoidmuscle is intact (black arrowhead). (C) The right
trapezius muscle is mildly atrophic (red arrowhead) compared with the contralateral muscle (black arrowhead).

A

B

R

R

Fig. 3.Magnetic resonance imaging of calf muscles (A and B). (A) T1-weighted axial image at calf level (TR, 730.34 ms; TE, 10 ms) shows high-intensity areas and atrophy in the bilateral
tibialis anterior muscles, predominantly on the right (arrows). (B) T1-weighted SPIR axial image at calf level (TR, 627.05 ms; TE, 10 ms) shows no high-intensity areas in the bilateral
tibialis anterior muscles (arrows).
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weakness and atrophy of her right sternocleidomastoidmuscle, right tra-
peziusmuscle, and proximalmuscles of bilateral upper limbs (Fig. 2) and
severe weakness and atrophy of her bilateral tibialis anterior muscles
(Medical Research Council (MRC) score (right/left): neck flexors 4;
sternocleidomastoid muscle 4/5; trapezius muscle 4/5; deltoid muscle
2/3; biceps brachii muscle 4/4; triceps brachii muscle 4/4; foot extensor;
1/2; toe extensor; 3/3). Her higher brain function was normal, and the
facial and extraocular muscles were intact. Tendon reflexes were
hypoactive in both of her upper extremities, and pathological reflexes

were negative throughout. Cerebellar ataxia, sensory, and autonomic
disturbances were absent. Examination of cardiorespiratory functions
by 24-hour electrocardiography, transthoracic echocardiography and a
spirometer disclosed no abnormality. Her serum creatine kinase level
was high (501 IU/l; normal range 45–163 IU/l). Anti-nuclear and anti-
Jo-1 antibodies in the serum were negative. On needle electromyogra-
phy, short duration and low amplitude motor unit potentials were ob-
served in the right sternocleidomastoid and trapezius muscles,
bilateral deltoid muscles, and bilateral tibialis anterior muscles.

Fig. 4. Muscle biopsy findings (specimen: left tibialis anterior muscle). (A) Hematoxylin and eosin staining reveals marked variation in fiber size, increased central nuclei, and some ne-
crotic fibers. Eosinophilic inclusions are present (arrows). (B) Onmodified Gomori trichrome staining, cytoplasmic bodies are scattered (arrow). Some rimmed vacuoles are seen (arrow-
head). (C) On ATPase (pH10.5) staining, type 2C fibers are observed (arrows). (D) Onmenadione-linkedα-glycerophosphate dehydrogenase (MAG) staining without substrate, reducing
bodies are seen (arrows). Scale bars: A and D, 100 μm; B, 50 μm; C, 200 μm.
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Fig. 5.A schematic drawing of four-and-a-half LIM domain 1 (FHL1) protein consisting of four LIM domains (LIM 1-4)with an additional N-terminal half-LIMdomain (Z), and a schematic
illustration of the second LIM domain of FHL1 (LIM 2 domain). An affected residue of the present case (missense mutation of C126T) is indicated in bold black. C, cysteine; K, lysine;
G, glycine; F, phenylalanine; A, alanine; I, isoleucine; V, valine; D, aspartic acid; Q, glutamine;N, asparagine; E, glutamic acid; Y, tyrosine; T, threonine;W, tryptophan;H, histidine; S, serine;
P, proline.
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Magnetic resonance imaging (MRI) at calf level showed atrophy and
fatty degeneration in the bilateral tibialis anterior muscles, predomi-
nantly on the right (Fig. 3). Muscle biopsy specimens from the left
tibialis anteriormuscle revealedmarked variation in fiber size, some ne-
crotic or regenerating fibers, and eosinophilic inclusions on hematoxy-
lin and eosin staining (Fig. 4A). On modified Gomori trichrome
staining, cytoplasmic bodies were scattered. Some rimmed vacuoles
were also seen (Fig. 4B). On ATPase (pH10.5) staining, type 2C fibers
were present (Fig. 4C). Reducing bodies were found on menadione-
linked α-glycerophosphate dehydrogenase (MAG) staining without
substrate (Fig. 4D). After obtaining the patient's informed consent, a pe-
ripheral blood sample was submitted for genetic analysis using stan-
dardized techniques. The gene analysis of FHL1 demonstrated a
heterozygous missense mutation of c. 377G N A (p. C126T) in the
FHL1 gene. The mutation is located within the second LIM domain and
affects a zinc-binding cysteine residue, consistent with the previous
RBM cases (Fig. 5) [5]. Endogenous FHL1 protein expression was ana-
lyzed by western blot [6] which revealed, after normalization to actin,
no change in the levels of FHL1 protein (Fig. 6).

3. Discussion

There are only ten adult-onset RBMcases diagnosed bymuscle biop-
sy and gene analysis in the previous literature (Table 1) [5–10]. Al-
though there are some adult-onset male patients in other FHL1-
associated myopathies such as Emery-Dreifuss muscular dystrophy
[10] and X-linked myopathy with postural muscle atrophy [11], all
adult-onset RBM cases were females. The onset ages were mostly 20s
to 30s. The lower legs were involved most frequently at onset, and
then muscle symptoms gradually spread in an asymmetrical fashion
[12]. To the best of our knowledge, our case is the first to show asym-
metrical involvement of the sternocleidomastoid and trapeziusmuscles
among previously reported RBM patients.
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Fig. 6. Amounts of four-and-a-half LIM domain 1 (FHL1) protein in muscle specimens de-
tected by a western blot analysis. Amounts of FHL1 protein are unchanged in patient’s
muscles (Pt) as compared with three normal controls (C) after normalization to actin
amounts. A rabbit polyclonal anti- FHL1 antibodies (AVIVA Systems Biology, San Diego,
CA, x1000) and a mouse monoclonal anti-actin antibody (Nichirei, Tokyo, Japan, ×2000)
are used. FHL1/Actin ration; C: 0.69, C: 0.78, Pt: 0.85, C: 1.0.

Table 1
Reported cases of adult-onset reducing body myopathy.

Author Sex Onset
age

Family
history

Initial symptom Muscle involvement Prognosis (disease duration) FHL1mutation

Case 1
Schessl et al. [5]

F 30 Son Difficulties climbing up or
down stairs

Predominantly proximal muscles,
asymmetrical trapezius and
shoulder muscles

Wheelchair required for longer
distances (several years)

c. 458G N A
p. C153Y
heterozygous

Case 2
Shalaby et al. [6]

F 32 None Right foot drop Tibialis anterior, deltoid, biceps,
and iliopsoas muscles,
predominantly on the right

Difficulty running and a
tendency to fall (10 years)

c. 304-312 del.
AAGGGGTGC
p. 102-104 del. KFC

Case 3
Shalaby et al. [6]

F 29 Son Left foot drop Bil. lower limbs, left upper limbs Wheelchair-bound (5 years) c. 310 T N C
p. C104R
heterozygous

Case 4
Schessl et al. [7]

F 50 Grand-son Weakness of the legs Bil. legs and hands Ambulatory for short distances
(28 years)

p. C150R
heterozygous

Case 5
Selcen et al. [8]

F 30 None Right biceps atrophy Right biceps, gastrocnemius,
extensor pollicis, and both
brachio-radialis muscles

Grade 3-4 on the MRC score
(5 years)

c.448 T N C p. C150R

Case 6
Schreckenbach et al.
[9]

F 32 Mother,
brothers

Weakness of the proximal
upper limbs

Supraspinatus muscles, biceps
brachiimuscles, small handmuscles,
predominantly on the right, neck
flexor muscle, bil. lower limbs

Wheelchair-bound (13 years) c. 449G N C
p. C150S
heterozygous

Case 7
Malfatti et al. [10]

F 21 None Weakness of lt. arm and
limb

Asymmetricweakness of four limbs
with facial involvement

Dysphagia (5 years) c. 458G N C
p. C153S

Case 8
Malfatti et al. [10]

F 20 None Walking difficulties,
waddling gait

Severe lower limb girdle weakness Details unknown c. 448 T N C
p. C150A

Case 9
Figarella- Branger and
Malfatti et al. [2,10]

F 24 First- degree
cousin

Lt. scapuloperoneal
weakness

Four limb weakness Details unknown The clinical
course is slowly progressive.

c. 377G N A
p. C126T

Case 10
Malfatti et al. [10]

F 29 Son Myalgias, lt. hand and rt.
arm weakness

Asymmetric proximo-distal
weakness

Details unknown c. 377G N A
p. C126T

Present case F 30 None Bil. foot drop Bil. tibialis anterior muscles, rt.
sternocleidomastoid muscle, rt.
trapezius muscle, upper proximal
muscle, predominantly on the right

A tendency to fall (4 years) c. 377G N A
p. C126T
heterozygous

Bil., bilateral; Rt., right; Lt., left; FHL1, four-and-a-half LIM domain 1; c., coding DNA (A, adenine; G, guanine; T, thymine; C, cytosine); p., protein (K, lysine; F, phenylalanine; C, cysteine;
R, arginine; Y, tyrosine; T, threonine); del., deletion.
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The present case showed a heterozygous missense mutation of
c. 377G N A (p. C126T) in the FHL1 gene, which is the samemutation re-
ported by Malfatti et al. in three RBM cases (one childhoood onset and
two adult onset) (Table 1) [10]. However, a detailed case description
was not given in this study, which focused on muscle biopsy [10]. All
of the mutations detected in the previously reported RBM patients
were found in the second LIM domain of the FHL1 (LIM 2 domain;
Fig. 5) gene [5]. Mutations at histidine (H) 123 and cysteine (C) 132
seem to be associated with clinically severe courses, showing early-
onset, rapidly progressive muscle weakness resulting in loss of ability
to ambulate, and respiratory failure within several years after onset [5,
12]. By contrast, mutations at the cysteine residues more distal to the
LIM 2 domain central core (C101, C104, C150, and C153) might be
associated with milder clinical courses, presenting with adult-onset
and slowly progressive muscle weakness [5,12]. Based on the findings
of these literature cases, our patient, harboring a mutation at C 126
near the central core, should have shown a severe clinical course. How-
ever, her muscle weakness slowlyworsened and she remained ambula-
tory 4 years after onset. Similarly, the Case 9 reported by Figarella-
Branger and Malfatti et al. was also slowly progressive [2,10]. This
suggests that the clinical course of RBM patients is not defined solely
by localization of the mutation and but may involve other factors. One
such candidate could be X-inactivation. Although an X-inactivation
study was not performed in the present case, it could be associated
with the clinical course of RBM patients in the same way as Duchenne
muscular dystrophy carriers, that is, extreme bias of X-inactivation re-
sults in decreasedmuscular volume and strength, and causes early clin-
ical symptoms [13].

Diagnosis of RBM by clinical presentationmight be difficult, because
no clinical profiles specific to RBM have been established [14]. Informa-
tion of the present report is somewhat limited because of the inclusion
of only a single patient. However, a new clinical feature of adult onset
RBM presented by this case, showing asymmetrical atrophy of the
sternocleidomastoid and trapeziusmuscles, might further support a no-
tion that an asymmetrical involvement of muscles is one of the clues to
suspect adult-onset RBM.
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3月22日 金曜日 17：00～19：30
大学病院 自主自学館3階 会議室A・B
※終了後カフェテリアにて懇親会がございます

学長挨拶

 事業総括
プロジェクトリーダー 宮澤啓介 （生化学分野 主任教授）

 マクロライドのオートファジー阻害活性における標的分子の探索
高野直治 （生化学分野 講師）

 チロシンキナーゼ阻害薬の分子標的によるアクチン細胞骨格の再構成
平本正樹 （生化学分野 准教授）

 マリネスコ/シェーグレン症候群のゼブラフィッシュモデルの解析
川原玄理 （病態生理学分野 准教授）

 HSPB8ミオパチーにおけるタンパク質凝集体の解析
川幡由希香 （病態生理学分野 助教）

休憩 5分

 慢性炎症を司るシノビオリンによる分子・細胞内小器官・臓器・
個体レベルでのエネルギー調節機構の解明 -基礎から実用化まで-
中島利博 （医学総合研究所 運動器科学研究部門 教授）

 炎症誘導時の新しい蛋白質発現増強機構
善本隆之 （医学総合研究所 免疫制御研究部門 教授）

 セレブロン(CRBN) E3ユビキチンリガーゼの基質・制御機構の解明
半田宏 （ナノ粒子先端医学応用講座 特任教授）

外部評価委員の先生方の総評

第一部 17:00～

第二部 18:10～

最終報告会
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