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私立大学戦略的研究基盤形成支援事業 
「生体分子情報による次世代型がん個別最適化治療法の開発」研究成果報告書
刊行にあたって 
 

      
東京医科大学においては、平成 10 年度に文部科学省・私立大学学術研究高度

化推進事業のハイテク・リサーチ・センター整備事業に選定され、学内の研究
基盤を強化するために「難病治療研究センター」が設立されました。以後、継
続的に文部科学省私学研究高度化事業を軸に着実に研究を推進し、平成 22 年に
は「医学総合研究所」に発展しました。本事業は平成 20 年 24 年に選定され
た文部科学省・戦略的研究基盤形成支援事業「分子情報に基づく難病研究拠点
形成」（課題番号 S0801020）を「がん研究」に特化させ飛躍的に発展させた先
端研究であると同時に、平成 10 年度から一貫して文部科学省私学研究高度化事
業に従事してきた医学総合研究所の２部門（分子腫瘍研究部門、免疫制御研究
部門）の研究の集大成であるとも言えます。専門性の極めて高い２部門が協力
することによって、テーマが散逸することなく、学内の研究基盤を揺るぎない
ものとし、出口戦略に繋げることができました。また、新しい研究シーズの発
見や若手研究者の活躍は本学における研究の輝かしい未来を予感させるものと
考えます。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、国
内外の共同研究者の皆様に心より厚く御礼申し上げます。 
 

東京医科大学医学総合研究所 
教授 大屋敷純子 
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平成２５年度～平成２９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 生体分子先端研究センター  

 

４ プロジェクト所在地 東京都新宿区西新宿 6-7-1 

 

５ 研究プロジェクト名 生体分子情報による次世代型がん個別 適化治療法の開発 

 

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 

大屋敷純子 医学総合研究所 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 

大屋敷純子 

医 学 総 合

研究所・教

授 

次世代シーケンス技術の応

用 

プロジェクトの立案と総

括 

善本 隆之 

医 学 総 合

研究所・教

授 

免疫評価法確立とその免疫

治療への応用 
免疫制御法の開発 

大屋敷一馬 

血 液 内 科

学分野・教

授 

個別化医療のための分子マ

ーカー探索 
がん細胞の変容解明 

梅津 知宏 

血 液 内 科

学分野・講

師 

エクソソームを標的とした診

断治療技術開発 

がん環境にかかわる生

体分子の解明 

黒田 雅彦 

分 子 病 理

学分野・教

授 

人工知能を用いた新規診断

技術および DDS の開発 

出口戦略と個別化医療

の確立 

 

＜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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新 

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 

近年、次世代シーケンス技術の台頭により膨大な DNA 情報の高速処理により個人ゲノムを

解読できるようになった。このような生命科学の進歩を医療に役立てるためには医学、薬学、

工学、物質科学などの分野横断的アプローチが必須である。一方、近年がん多死化社会の

到来が大きな課題となっているが、がん克服のためにはがん細胞の撲滅と同時に副作用を

小限にし、二次発癌を予防することが重要である。このためにはがんの特性や患者の薬剤

感受性・免疫学的背景により個別化し、薬剤投与量・投与方法を 適化した医療の確立が望

まれている。本研究では新たに次世代シーケエンス技術の導入により、今までの文部科学省

戦略的研究基盤形成支援事業により構築された分野横断的研究体制を飛躍的に発展させ、

がん多死化社会に立ち向かう若手人材の育成とともに、がんの個別 適化医療の実現を目

的とする。基礎医学と臨床医学の有機的ブリッジングによる新たなドラッグデリバリーシステ

ムの構築や抗がん剤過剰投与回避指針の提案は医療経済学的効果も大きく、社会への還

元が期待される。 

（２）研究組織 

本プロジェクトでは、医学総合研究所二部門（分子腫瘍研究部門; 以下「医総研腫瘍」、免疫

制御研究部門；以下「医総研免疫）をハブとし、基礎医学（分子病理学分野）、血液内科学分

野（以下血内）を中心に臨床医学のブリッジングとともに、産学連携、医薬工連携による人的

交流、技術支援などを積極的に行い、下図に示した通り研究基盤構築を行う。実現に際して

の 大の問題点と考えられるデータの高速処理については三井情報開発および工学院大学

と共に簡便な高速情報解析システムを共同開発する。先端分子探索寄附講座は平成 28 年

以後、「医総研腫瘍」に統合されたのち、平成 29 年度にロシア発ベンチャー企業（KINTARO 

CELLS POWER 社）との産学連携講座「細胞治療研究開発講座」に発展した。 

 

 

 

 

 

 

 

 

 

（３）研究施設・設備等 

基礎―臨床ブリッジングによる情報共有と有効利用のため、東京医科大学病院内の教育研

究棟 14 階フロアー（125 ㎡）に生体分子先端研究センターを設置し、副都心を中心とした研究

拠点を形成するための研究施設を活用し、平成25年に同センターに次世代シーケンス(NGS)

システムを、平成 26 年に同じフロアーにある細胞センターに生細胞動画撮影システム

（Incucyte）などの設備を整備し、臨床各科で共同利用している。 
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（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。 

＜現在までの進捗状況及び達成度＞ 

本事業により研究基盤が強化された共同研究の成果を中心にその概要と達成度を列記す

る。３年目に研究進捗状況、費用対効果などを鑑み、重点領域を絞り込むとともに、病理診

断に人工知能を用いた新規アプローチを加えるなど、若干の軌道修正を行なった。それぞれ

のテーマは縦割りでなく密接に関係しているが、役割分担と共同研究体制を明確化するた

め、研究組織に示した各分野の役割を付記し、中間報告時の課題であった次世代シーケン

サを用いた共同研究の成果についても報告する。(  )内は 13,14 に対応する成果で、 終報

告であるので、論文（＊）を中心に、現時点で論文化されてないものなどについては学会発表

（＊＊）を引用した（番号は 13 および１4 に対応）。特許、その他社会連携に関する成果につ

いても記載した。 

 

なお、中間報告以後の軌道修正により、テーマが散逸しないように、がん環境、遺伝的背景

の解明、免疫制御を重点領域とし、成果が集約することを目指した。ことに中間報告の際の

課題であった「次世代シーケンスシステムの臨床応用」に関しては本事業で整備されたター

ゲットシーケンス用の解析装置（MiSeq）をフル稼働すると同時に、全エクソーム解析に関して

は京都大学 小川誠司教授に助言をいただき、手探りではあったが当初の目的に近い成果

をあげることができた（詳細は後述）。これは、ポスドク、RAをはじめとする若手研究者の精力

的な研究活動によるものである。一方、加齢という要素を加味し、人工知能を応用した病理

診断など技術的進歩を活用して研究を展開した結果、新しいシーズも見出されたので、以

下、主たる成果について記述する。 

 

【がん幹細胞とがん環境の分子基盤】 

1. がん幹細胞を標的とした治療戦略：新たな分子標的・バイオマーカーの探索  

(1) 造血器腫瘍にける新規分子標的に関する研究成果： 血内 医総研腫瘍 

慢性骨髄性白血病(CML)根治に関する一連の研究では、MAPK 阻害剤（＊28. Okabe S et al., 

J Haematol Oncol. 2015）、polo-like kinase 阻害剤（＊29. Okabe S et al., Oncotarget 2015）, 

HDAC 阻害剤（＊42. Okabe S et al., J Haematol Oncol. 2014）、PI3K および mTOR 阻害剤（＊

45. ＊Okabe S et al., Cancer Biol Ther. 2014）について、ぞれぞれの有用性を報告した（達成

率 100%）。これらの幹細胞研究を一歩進め、平成 27 年度より iPS 誘導ベクター

(CytoTune-Ips2.0)を用いて、primary 癌細胞を re-programing する癌幹細胞システムを確立し

た。そして骨髄異形成症候群においては患者検体より CD34 陽性細胞を分離し、

CytoTune-iPS2.0 によるがん幹細胞システム(MDS-iPSC)の作成に成功した。現在、先行す

る分子標的薬(BBI608)をリード Compound に据えて、新規がん幹細胞分子標的薬開発の基

盤形成を目指す新しいアプローチを試みた（＊18. Tauchi T et al., Journal of Cancer Science 

and Therapy. 2017）。幹細胞システムは現時点では実用化まではまだ遠いものの、新しいシ

ーズとして期待される (達成率 80%)。 

    

(2) miRNA によるがん診断：分子病理 医総研腫瘍 血内 婦人科 消化器科  

臨床各科でバイオマーカーとしてリキッドバイオプシーを用いた解析が精力的に行われた。

例えば、血清 miR-215 レベル（＊22. Ohyashiki K et al., Int J Mol Sci. 2016）や末梢血リンパ

球の miR-148b(＊47. Ohyashiki JH et al., Drug Des Devel Ther. 2014) が CML の投薬中止基

準の指標となりうること、胃癌における miR-200c (＊20. Kurata A et al., Oncol Rep. 2018)、大

腸癌におけるワクチン療法の有用性の予測マーカーとしての miR-125b-1 and miR-378a (＊

Tanaka H et al., Cancer Sci. 2017)、子宮頸癌の重症度と関連する miRNA 発現様式（＊27. 
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Nagamitsu Y et al., Mol Med Rep. 2016））などを報告した。これらの成果は血清を試料として用

いたアッセイにより得られたものであるが、リキッドバイオプシーの特性を活かし、循環がん細

胞や残存する微小病変の変化を早期に正確に判定する目的で、エクソソーム内の miRNA 測

定へとアッセイ方法の軌道修正を試みた。血液内科学分野の骨髄移植チームは、造血幹細

胞移植を受けた患者の血清よりエクソソームを抽出し、Graft vs host disease 発症時に免疫

関連の数種類の miRNA が変動することを見いだし、現在投稿中である（＊＊51. Yoshizawa S 

et al., 第 77 回日本血液学会学術集会、2015）。 

 

(3) エピジェネティック修飾薬の分子機構解明と耐性克服: 医総研腫瘍 血内  

がん克服の上で、避けて通れない問題として、薬剤耐性の獲得がある。アザシチジンは DNA

の脱メチル化をもたらすエピジェネティック修飾薬で、造血器腫瘍に有用とされているが、早

期に薬剤耐性を獲得するためその分子機構の解明が急務とされている。アザシチジン耐性

白血病細胞株を用いた解析の結果、DNA 損傷/修復機構の異常が耐性獲得の本体であるこ

とを報告した（＊48. Imanishi S et al., Biochem Pharmacol. 2014）。また、市販リウマチ治療薬

であるレフルノミフドの活性代謝物テリフルノミドがアザシチジン耐性細胞にも有用であること

を見いだし(＊17. Imanishi S et al., Oncotarget, 2017)、ドラッグリポジショニングの一例として

特許を出願した（発明者: 今西 哲ほか   出願人: 東京医科大学、出願番号： 特願

2015-183778）＊。ヘテロクロマチン１（HP１）やブロモドメイン蛋白の阻害剤に着目しアザシチ

ジン耐性克服に対して多角的アプローチを試みている(＊＊34. Imaniashi S, et al., The 78th 

Annual Meeting of Japanese Society of Hematology, 2016)。これらの知見のうち市販薬のテリ

フルノミドの併用薬としての有用性は実用化が期待される。 

 

(4) がん環境を標的とした治療戦略・エクソソームの役割：医総研腫瘍 血内  

近年、「がん微小環境」内における細胞間相互作用機序に「エクソソーム」と呼ばれる

30-120nm の細胞外小胞が関与していることが注目されている。たとえば、低酸素環境にお

けるがん細胞由来エクソソームががん環境を構築する周辺細胞、なかでも、血管内皮細胞に

及ぼす影響について検討し、短期間の低酸素環境でも、腫瘍由来エクソソームの血管新生

誘導作用を認めることを見いだした(＊59. Tadokoro H et al., J Biol Chem 2013)。さらに、生体

内のように長期に持続する低酸素環境では特異的に miR-135b が発現しており、miR-135b

がエクソソームを介して血管内皮細胞に取り込まれて、その血管新生を亢進することを明ら

かにした（＊49. Umezu T et al., Blood 2014）（達成率 95%）。この事実は、「情報の運び屋」とし

てのエクソソームが治療の標的として注目を集めるきっかけとなり、日本経済新聞にも「がん

の新しい治療戦略」として大きく取り上げられた。このがん環境における一連のエクソソーム

研究については英国王立協会（Royal Society）の科学会議に招聘され、その概要を紀要に報

告した（＊4. Ohyashiki JH et al., Philosophical Transactions of the Royal Society B: Biological 

Sciences. 2018）*。平成 28 年度からは骨髄微小環境の主たる構成要素である骨髄間質細胞

に着目し、がん細胞と間質細胞のクロストークにおけるエクソソームの役割について解析を

進めた。多発性骨髄腫において、患者由来骨髄間質細胞から放出されるエクソソームが腫

瘍血管新生を促進させることを見出した（＊＊2. Umezu T et al., Annual Meeting of 

International Society for Extracellular Vesicles 2018）（論文投稿中）*。このことより、多発性

骨髄腫においても固形腫瘍における Cancer associated fibroblast(CAF)同様にがん環境が腫

瘍の発育を促進し、その鍵を握っているのがエクソソームであると言える。現在、多発性骨髄

腫患者由来の骨髄間質細胞から分泌されるエクソソーム以外の液性因子についてもセクレト

ーム解析を行い、「がん環境を標的とした治療戦略」へ向けて標的分子を探索中である。 

 

(5) 分子基盤から出口戦略へ 
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本事業では miRNA 補充療法について研究を進めると同時に、miRNA を包括し、その情報伝

搬を担っているエクソソームの二方向から研究を展開した。そして 終的に骨髄間質細胞の

有用性について研究を展開することになった。結果的には細胞治療として健常人由来骨髄間

質細胞を扱う KINTARO CELLS POWER 社との産学連携研究に発展し、新しいシーズの実用

化の第一歩を進むことになった。 

 

(1) miRNA 補充療法の新展開：分子病理 眼科 

miRNA 補充療法はがん化の過程で発現が低下したがん抑制性の miRNA を細胞外から補充

することで、その miRNA が標的とする複数のがん遺伝子の発現を抑制する革新的な治療法

であるが、実用化には核酸に対する免疫応答を抑制する技術の開発が必須である。そこで、

生体分子情報に基づき miRNA の中で唯一 DICER に依存しないで発現する Pre-miR-451 の

構造に着目し、研究を進めた。他の miRNA より若干短い一本鎖ヘアピン構造を有する

Pre-miR-451 の構造を基盤として熱力学的に安定なヘアピン構造を保つように短縮化した 30

塩基の「短縮型 mimic miRNA」作製に成功した。さらに「短縮型 mimic miRNA」は RNAi 干渉を

誘導する無修飾核酸として 短であり、in vivo および in vitro の実験から免疫応答を誘導し

にくい核酸であることが明らかとなった(＊23. Taketani Y et al. Mol Ther Nucleic Acids 2016)。

この短縮化技術は他の miRNA や siRNA にも広く応用できたことから、副作用のない RNA 医

薬品のプラットフォームとして期待されるため、ボナック社と連携して臨床応用の実現をめざし

ている（発明者:黒田雅彦ほか 出願人: 東京医科大学出願番号： 特願 2016-168499）。 

 

(2) 健康人由来骨髄間質細胞によるエクソソーム治療：医総研腫瘍 血内 産学連携講座 

骨髄間質細胞は、免疫原性が低い事より細胞治療のソースとして注目されている。本事業で

は健常者由来骨髄間質細胞が放出するエクソソームに着眼して検討を進め、健常者由来骨

髄間質細胞、特に若年者由来骨髄間質細胞が放出するエクソソームに抗腫瘍血管新生能を

有する miRNA が内包されていることを見出した。これらの治療効果の高い miRNA とエクソソ

ーム改変技術を応用してがん環境の改善を目指した治療戦略を構築した(＊16. Umezu T et 

al., 2017)。 若年者と高齢者ではエクソソーム内容物の変化が治療効果と大きく関係すること

より、加齢という要素に着目し、KINTARO CELLS POWER 社と連携し、新たな研究シーズとし

て「加齢による骨髄間質細胞機能の分子生物学的解析」に積極的に取り組んでいる。このこ

とは骨髄間質細胞を用いた細胞治療の品質評価のみならず、骨髄間質細胞由来のエクソソ

ームなどの分泌物を用いた次世代型細胞治療につながると考えられる。実際に骨髄間質細

胞由来のエクソソーム投与が造血幹細胞移植後の Graft versus host disease に有効であっ

たという報告がある。したがって、より安全な、より効率の良い、エクソソーム治療の実現のた

めにはエクソソーム改変技術の応用のみならず、エクソソームのバイオロジーに関する基礎

的検討が急務と考えられる。 

 

【免疫制御】 医総研免疫 血内 医総研腫瘍 

免疫学的側面からのアプローチとしては、従来の基盤研究に加えて、免疫パラメーターの適

正評価法を確立し、抗がん剤減量や中止のパラメーターとなりうるエビデンスを蓄積すること

を目指して、研究を進めた。基盤研究の成果としては IL-7 含有卵白アルブミン（OVA）-ポリエ

チレングリコール（PEG）-ポリアミノ酸ブロック共重合体ミセルによる抗腫瘍効果(35. Toyota H 

et al., Oncol Rep. 2015)、IL-27 の抗腫瘍効果(＊33. Yoshimoto T et al., Cancer Sci 2015, 33. 

＊Mizoguchi I et al., Oncoimmunology 2015, ＊62. Chiba Y et al., PLoS ONE 2013)について

次々と報告した。また、IL-27 の骨髄造血幹細胞に対する作用については、骨髄系前駆細胞

へ誘導することにより感染やがんを抑制することを見出した（＊24. Furusawa J et al., PLoS 
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Pathog 2016, 10. ＊Chiba Y et al., Cancer Res. 2017, ＊3. Orii N et al., Oncoimmunology 

2018）＊。一方、眼科領域では眼内リンパ腫とウイルス感染症との関係を解析し、慢性炎症

反応に伴う免疫制御機構の異常がリンパ発症に深く係ることを見いだした（2. Usui Y et al., 

Scientific Reports 2018）。 

一方、本事業における 大の成果は CML 患者における個別 適化判断基準の提唱であ

る。すなわち、 健常人、イマチニブ投与中で寛解を維持できている患者、イマチニブ中止にも

かかわらず後寛解を維持できている患者群の末梢血単核球の FACS 解析を用いた比較検討

より、NK細胞や CD8+T 細胞の活性化がイマチニブ中止の判断基準になり得る可能性を世界

に先駆けて明らかにした (＊63. Mizoguchi I et al., Cancer Sci 2013, ＊52. Yoshimoto T et al., 

Oncoimmunology 2014)（達成率100%）。CML寛解維持のためには終生イマチニブを飲み続け

ていなければならないとされていた時代から、「ストップイマチニブ」に大きく時代が変わろうと

している今日、イマチニブ中止の免疫学的判断基準の提唱は国内外で大きな反響を呼ん

だ。チロシンキナーゼ阻害剤と免疫学的背景については国内の多施設共同研究の結果、ダ

サチニブによる制御性 T 細胞の抑制が有効性と関係していることが報告され（＊1. Najima Y 

et al., Leukemia Research, 2018）、免疫制御という側面からのアプローチは今後ますます重要

性を増すと考えられた。 

 

【遺伝的背景】  

(1) BIM 遺伝子多型を指標とした個別 適化医療の確立：医総研腫瘍 血内 小児科 

がん診療における遺伝的素因という大きなテーマのうち、本事業では薬剤感受性を予知する

コンパニオン診断の実用化という視点から、まず BIM 遺伝子多型に的を絞り、研究を進め

た。すなわち、シンガポールのグループから BIM 遺伝子多型とチロシンキナーゼ阻害剤感受

性との関係が報告された事に注目し、「ストップイマチニブ」患者で BIM 遺伝子多型を解析し

再発例には BIM 遺伝子多型が存在することを報告した（＊61. Katagiri S et al., 2013）。また

BIM 遺伝子欠失と一塩基多型を同時に検出できる簡便なアッセイ法を株式会社 BML と連携

して開発し（＊50. Ohyashiki K et al., J Hematol Transfus. 2014）*、多発性骨髄腫、悪性リンパ

腫、アルツハイマー病などで解析を行った。その結果、悪性リンパ腫のうち、ろ胞性リンパ腫

では BIM 遺伝子多型を有する症例では化学療法抵抗性で再発しやすいことを見いだした（＊

＊3. 片桐誠一朗ほか、第 115 回日本内科学会講演会、2018）（達成率 95%）。 

 

(2) がんクリニカルシーケンスの確立 医総研腫瘍 眼科 血内   

本学におけるがんクリニカルシーケンスの導入を目的として、平成 25 年度に次世代シーケン

サ（MiSeq）を整備し、臨床各科で共同研究を展開した。平成 26 年度には稼働時間が飛躍的

に増加し、平成 30 年 3 月の平均稼働時間は 480 時間/月で、若手研究者中心に情報を共有

しながら研究を展開した。データ解析のパイプラインが構築された後は、エクソーム解析とタ

ーゲットシーケンス解析をそれぞれの利点を生かして使い分けて研究を進め、前者では白血

病晩期再発例における微小クローンの推移による再発予知（＊12. Katagiri S et al., Leuk Lym 

2018）、後者では骨髄系腫瘍の骨髄間質細胞の遺伝的多様性の解明(＊19. Azuma K et al., 

Leukemia Res., 2017)、眼科領域の腫瘍のエクソーム解析など、臨床のニーズに応じて整備さ

れた次世代シーケンスシステムにより学内の研究基盤がより強固なものとなった（達成度

80%）。加齢に伴って発生する遺伝子変異が二次発癌の発症にどのようにかかわってくるかに

ついて、悪性リンパ腫を中心に研究をさらに進めている。ことに造血器腫瘍においては健康

人においてしばしば認められる clonal hematopoiesis with indeterminate potential (CHIP)が加

齢に伴い骨髄系腫瘍に発展することが注目されており、ますます加速される高齢化社会にお

いて CHIP をパラメーターとしたがんの危険因子の評価法を確立することが必要と考えられ

る。 
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＜特に優れた研究成果＞ 

本事業の研究成果で特筆すべき点は①世界をリードするエクソソーム研究、②CML における

個別 適化医療の分子・免疫マーカーの提唱、③骨髄間質細胞の臨床応用に関する産学連

携講座への発展、の３点である。エクソソームは情報伝達物質である miRNA を内包してお

り、核酸医薬という側面から、ボナックとの産学連携により基盤研究から出口戦略に直結して

いる。②は治癒のためにはイマチニブという高価な薬剤を終生内服する必要があった CML と

いう疾患を、「ストップイマチニブ」の判定をする分子マーカー（miRNA、BIM）、免疫マーカー

（NK 細胞等）によって選別し、真の個別 適化医療に直結させている点で社会的貢献度が

大きい。また適正な薬剤中止基準の提唱は医療経済学的側面からも意義が大きい。③は本

事業を展開する上で新たに見つかったシーズを実現化するため平成 29 年度に産学連携講

座の開設し、もっとも期待される成果である。腫瘍由来骨髄間質細胞はがん環境を構築しが

んの発育を助けるため、「腫瘍由来骨髄間質細胞」と標的とした治療戦略の構築につなが

る。一方、「健康人由来骨髄間質細胞」はがん抑制効果があり、細胞治療としてあるいはエク

ソソームなどの細胞分泌物を用いた次世代型細胞治療として、今後のがん治療の一翼を担

うものと考えている。「腫瘍由来骨髄間質細胞」と「健康人由来由来骨髄間質細胞」の中間に

位置するのが「高齢者健康人由来骨髄間質細胞」で、加齢という要素を加味した独自のアプ

ローチ及び学内外の共同研究および企業との連携が成功したと考えている。 

 

＜課題となった点＞ 

期間内に出口戦略へと連結させるため、研究テーマを絞り込んだ結果、一部の各個研究の

研究支援が十分ではなかった。なかでも臨床各科のクリニカルシーケンスデータに関しては

解析が期間内に解析が完了しなかったものもあった。当初、データ解析のパイプライン構築

に際しては三井情報が 2015 年から開始した癌遺伝子解析と薬剤情報の提供をコアとした診

療支援サービス事業「OncoPrime」を活用する予定であったが、工学院大学との連携がより

実用的で、 終的には OncoPrime は用いなかった。このようにパイプラインの構築に手間取

った背景には本事業では臨床レベルでの次世代シーケンスへの取り組みが早すぎたことは

否めない。臨床各科のデータには隠されたシーズが含まれていることが想定され、事業終了

後も解析を続ける予定である。 

 

＜自己評価の実施結果と対応状況＞ 

毎月１回の運営会議で進捗状況を報告し、達成率、費用対効果について審議し、必要に応じ

て研究計画の見直しを行ってきた。平成 28 年度に重点領域を設定し、研究を集約していく方

針で軌道修正を行った。 

 

＜外部（第三者）評価の実施結果と対応状況＞ 

平成 28 年 1 月 26 日に外部評価委員２名を招いて研究成果の中間報告会（公開）を開催し、

外部評価委員からは A 評価を得たが、学内での共同研究における役割分担が不明確である

ことを指摘されたため、研究計画を見直し、軌道修正を行った。平成 30 年１月 26 日には外部

評価員 3 名を招いて 終成果報告会を開催した。限られた予算のなかで重点領域を集約し

たことが成果に繋がったこと、次世代シーケンスシステムを早期より導入し臨床各科の若手

研究者を活用したこと、研究テーマに加齢などの新しい切り口でアプローチしシーズ発見に

繋がったこと、国際シンポジウムの主催(Role of Aging and Cancer, 2017, Tokyo: 

http://team.tokyo-med.ac.jp/ims_onc/symposium/index.html)などが評価された。 
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＜研究期間終了後の展望＞ 

miRNA およびエクソソームに関する基盤研究を発展させた核酸医薬およびエクソソーム療法

の実現、ドラッグリポジショニングや分子・免疫マーカーによる個別 適化療法のもたらす社

会貢献はいうまでもないが、 も期待されるのは「骨髄間質細胞の役割解明と臨床応用」で

ある。実現に向けて産学連携講座で研究を展開する予定である。なお、本事業により次世代

シーケンスシステムを中心に若手研究者の育成が格段に進んだので、引き続き学内の研究

基盤形成を推進する方針である。 

 

＜研究成果の副次的効果＞ 

1.*特許出願：「細胞増殖抑制剤、抗がん剤、およびメチル基転移酵素阻害剤に対する感受

性増強剤」 発明者: 今西 哲ほか   出願人: 東京医科大学 

出願番号： 特願 2015-183778  

2. *特許出願：「遺伝子発現制御のための発現制御核酸分子およびその用途」 発明者:黒田

雅彦ほか   出願人: 東京医科大学 

出願番号： 特願 2016-168499  

 

 

 

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） miRNA              （２） エクソソーム          （３） がん環境          

（４） 核酸医薬            （５） 免疫制御             （６） 遺伝的素因           

（７） 次世代シーケンサ       （８） 骨髄間質細胞                  

 

１３ 研究発表の状況（研究論文等公表状況。印刷中も含む。） 
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(1) エクソソームを「若返えらせる」ことによる多発性骨髄腫の血管新生抑制効 

果を証明～細胞分泌物を利用した「がんの次世代細胞治療」へ新たな道筋～ 
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(2) 抗がん剤に対する薬剤耐性の解除と予防方法を見出す～既存の関節リウマチ 

等治療薬で血液がんの薬剤耐性を世界で初めて克服へ～ 

2017 年 7 月 25 日 

*科学新聞：抗ガン剤「薬剤耐性」解除と予防法発見 2017 年 9 月 1 日 

 

 

 

  

-29-

--0123456789



（様式 2） 
 

法人番号 131054 
プロジェクト番号 S1311016 

 
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＞ 

なし 

 

 

 

 

＜「選定時」に付された留意事項への対応＞ 

なし 

 

 

 

 

 

＜「中間評価時」に付された留意事項＞ 

なし 

 

 

 

 

＜「中間評価時」に付された留意事項への対応＞ 

なし 

 

 

 

 

 

 

 

 

 

-30-

--0123456789



（様式2）

１６ （千円）

平
成
2
6
年
度

共同研
究機関
負担

年度・区分

研究費

支出額 法　人
負　担

私　学
助　成

設 備

平
成
2
7
年
度

施 設

法人番号

寄付金 その他（　　　　　　　　　　）
受託

研究等

プロジェクト番号 S1311016

4,661 3,670

平
成
2
5
年
度

施 設

装 置

装 置

施 設

施 設

装 置

研究費

設 備

研究費

総 計

総

額

施 設

装 置

研究費

研究費

装 置

設 備

施 設

設 備

研究費

平
成
2
8
年
度

設 備

装 置

設 備

平
成
2
9
年
度

14,029

0

0

0

21,666

8,331

11,880

0

7,222 14,444

8,201 5,828

3,960 7,920

13,716 11,785

14,844 10,657

14,411 10,919

11,182 22,364

0 0 0 0 0 0

0 0 0 0 0 0

55,833 42,859 0 0

0

0 00 0

0 00

0 0

0

0

0

25,501

0

0

0

33,546

0

25,501

0

132,238

0

0

25,330

0

98,692

67,015 65,223

131054

内　　　　　　　　　　　　　　　　　　　　　　訳

備　考

-31-

--0123456789



（様式2）

法人番号 131054

１７
（千円）

1 15名
H25 1 10名

1 7名
1 22名
4 15名
2 15名

※　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

１８ 研究費の支出状況 （千円）
  平成 年度

講演者謝金

印刷製本費
旅費交通費

（　　謝金　　） 100 謝金 100

0

積　　算　　内　　訳

0

0 0
1575 0

0 0
0 0
0

計

通信運搬費

年　　　度 25

VENTANA DISCOVERY ULTRA特別仕
様

整備年度

教　　　　育　　　　研　　　　究　　　　経　　　　費　　　　支　　　　出

消　耗　品　費

研究支援推進経費

6,354

光　熱　水　費

教育研究用機器備品

人件費支出
（兼務職員）

教育研究経費支出

計

19,950 0
17,760

（情報処理関係設備）

図　　　　書

リサーチ・アシスタント

（　会議会合費　）
報酬・委託料

事業経費施　設　の　名　称

6,354

0

支　出　額小  科  目
主　　な　　内　　容金　　額主　な　使　途

37

補助金額

11,880 7,920
（研究装置）

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 事業経費

120/週

《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

次世代シークエンサーシステム一式

HSオールインワン蛍光顕微鏡 H24 BZ-9000

補助金額整備年度

H26IncuCyte ZOOM 生細胞イメージングシステム

医学総合研究所分子腫瘍

生体分子先端研究センター

血液内科学分野

臨床共同研究センター　培養室

医学総合研究所免疫制御

0

H25 MS-J-001

99.29㎡
125㎡
55.31㎡
16.32㎡
135㎡

《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。）

H23 免疫染色&in Situ hybridization　全自動システム

96/週
72/週
60/週

１式
１式
１式
１式

21,666 14,444
9,600 6,400

Applied Biosystems 7900HT Fast リアルタイムPCRシステム

自動ｱﾚｲﾊｲﾌﾞﾘﾀﾞｲｾﾞｰｼｮﾝｼｽﾃﾑ H15

H22 7900HT-41F

24,960

072/週１式

GeneTAC Hybridization Station １式 48/週

Applied Biosystems 3130X1ｼﾞｪﾈﾃｨｯｸｱﾅﾗｲｻﾞ

15,808
48/週

VersaDoc1000ｼｽﾃﾑ １式 48/週
GenePix 4000B １式

遺伝子解析ｼｽﾃﾑ H14 ABI PRISM 3100特型 他 １式 6/日 37,500 25,000

実験材料

6,491

会議費 37

6,491

1,840

計

計

機器備品1,840

0

1,840

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）

超低温槽、実験台

研　　　究　　　ス　　　タ　　　ッ　　　フ　　　関　　　係　　　支　　　出

ポスト・ドクター

ア　　　ル　　　バ　　　イ　　　ト　　　関　　　係　　　支　　　出

私学助成
私学助成
私学助成

試薬、実験器具

補助主体

私学助成
私学助成
私学助成
私学助成

1,840

補助主体

会議飲食代

分子病理学分野 107.78㎡

私学助成H20 3130X1 １式 72/週 20,506 13,671
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（様式2）

法人番号 131054

  平成 年度

  平成 年度

機器備品修理費1,225修理費1,225（　　修理費　　）
（　　雑費　　） 351 雑費 351 マウス飼育管理費、英文校閲料

（　　謝金　　） 120 謝金 120 講演者謝金

印刷製本費 20 印刷費

計 4,211 学内1人

ポスト・ドクター 4,211 研究補助 4,211 学内1人

研究支援推進経費

研　　　究　　　ス　　　タ　　　ッ　　　フ　　　関　　　係　　　支　　　出

リサーチ・アシスタント

計 849
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 849 機器備品 849 多本架冷却遠心機

511

計 511
教育研究経費支出

24,141

時給1,400円，年間時間数　180時間
（兼務職員） 実人数　2人
人件費支出 511 研究補助

ア　　　ル　　　バ　　　イ　　　ト　　　関　　　係　　　支　　　出

報酬・委託料 4,609 委託料 4,609 機器保守料、補助業務費

計 24,141

20 ポスター印刷

旅費交通費 1,608 学会費 1,608 学会旅費、参加費

通信運搬費 0 0
光　熱　水　費 0 0

教　　　　育　　　　研　　　　究　　　　経　　　　費　　　　支　　　　出

消　耗　品　費 16,328 実験材料 16,328 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 4,112 4,112 学内1人

年　　　度 27

ポスト・ドクター 4,112 研究補助 4,112 学内1人

研究支援推進経費

研　　　究　　　ス　　　タ　　　ッ　　　フ　　　関　　　係　　　支　　　出

リサーチ・アシスタント

計 3,257 3,257
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 3,257 機器備品 3,257 培養器

計 0
教育研究経費支出

（兼務職員）
人件費支出

計 10,772 10,772

ア　　　ル　　　バ　　　イ　　　ト　　　関　　　係　　　支　　　出

報酬・委託料 376 保守料 376 機器保守料

（　　雑費　　） 1,996 雑費 1,996 ソフトウェア

印刷製本費 0 0

旅費交通費 0 0

光　熱　水　費 0 0

通信運搬費 0 0

教　　　　育　　　　研　　　　究　　　　経　　　　費　　　　支　　　　出

消　耗　品　費 8,280 実験材料 8,280 試薬、実験器具

年　　　度 26

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

論文掲載料、ソフトウェア

（　　修理費　　） 67 修理費 67 機器備品修理費
（　　雑費　　） 980 雑費 980

（　　雑費　　） 201 雑費 ソフトウェア

論文投稿料
学会旅費、参加費

教　　　　育　　　　研　　　　究　　　　経　　　　費　　　　支　　　　出

消　耗　品　費

機器備品修理費

（　　雑務費　　） 1,420 雑務費 解析、英文校正料
（　　修理費　　） 828 修理費

計 3,890 3,890

ポスト・ドクター 3,890 研究補助 学内1人

研究支援推進経費

研　　　究　　　ス　　　タ　　　ッ　　　フ　　　関　　　係　　　支　　　出

リサーチ・アシスタント

計 600
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 600 機器備品 600 マルチガスインキュベーター

計 0
教育研究経費支出

（兼務職員）
人件費支出

ア　　　ル　　　バ　　　イ　　　ト　　　関　　　係　　　支　　　出

報酬・委託料 3,138 委託料 機器保守料

計 24,901

印刷製本費 63 印刷製本費

旅費交通費 218 学会費

光　熱　水　費
通信運搬費

19,033 実験材料 19,033 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 4,734 4,734

年　　　度 28

ポスト・ドクター 4,734 研究補助 4,734 学内1人

研究支援推進経費

研　　　究　　　ス　　　タ　　　ッ　　　フ　　　関　　　係　　　支　　　出

リサーチ・アシスタント

計 1,491 1,491
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 1,491 機器備品 1,491 微量分光光度計、微量高速遠心機

計 0
教育研究経費支出

（兼務職員）
人件費支出

計 23,839 23,839

ア　　　ル　　　バ　　　イ　　　ト　　　関　　　係　　　支　　　出

報酬・委託料 3,967 委託料 3,967 機器保守料、補助業務費

（　　雑務費　　） 982 雑務費 982 解析、英文校正料

印刷製本費 128 印刷製本費 128 抄録印刷、ポスター印刷

旅費交通費 410 学会費 410 学会旅費、参加費

光　熱　水　費
通信運搬費

教　　　　育　　　　研　　　　究　　　　経　　　　費　　　　支　　　　出

消　耗　品　費 17,305 実験材料 17,305 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

年　　　度 29
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プレスリリース  
 

報道関係各位 

平成 29年 6月 16 日 

東京医科大学 

 

エクソソームを「若返えらせる」ことによる 

多発性骨髄腫の血管新生抑制効果を証明 

    ～細胞分泌物を利用した「がんの次世代細胞治療」へ新たな道筋～ 

 

東京医科大学の大屋敷純子教授、梅津知宏講師を中心とする研究チームは若年者骨髄

由来細胞に特徴的なマイクロ RNA を同定しました。改変エクソソーム技術を使って、必

要なマイクロ RNA をエクソソームに直接導入し、「エクソソームそのものを若返らせる」

ことによって、血液がんの一種である多発性骨髄腫のがん血管新生が抑制されることを

見いだしました。正常の骨髄間質細胞は細胞治療のソースとして長らく注目されていま

したが、細胞から分泌されるエクソソームの加齢による機能低下については、今まで不

明でした。高齢者に多い多発性骨髄腫では骨髄間質細胞の老化と共に分泌するエクソソ

ームも機能低下し、がんの進展に係っていると考えられ、改変エクソソーム技術による

「エクソソームの若返り」は、細胞自体ではなく細胞分泌物を利用する「がんの次世代

細胞治療」の新しいアプローチとして期待できると考えています。この成果は 2017年 5

月 23 日（米国東部標準時間）に米国科学誌 Blood のオンライン姉妹誌である Blood 

Advancesに掲載されました。 

 

【研究の背景】 

 がんの発症が年齢とともに増加することは広く知られており、その要因としては免疫

能の低下をはじめとして、加齢による生体防御機構の機能低下が想定されています。多

発性骨髄腫は高齢者に多い血液のがんで、感染症、骨折等さまざまな症状で、高齢化社

会に伴い近年増加しています。一方、広い意味での骨髄間質細胞は骨髄間葉系幹細胞を

含んだ細胞集団で、免疫原性が低いことより、細胞治療のソースとして有用であること

が知られています。また、健康人の骨髄間質細胞にはがん細胞の抑制効果があり、その

効果については加齢による影響があるのではないかと漠然と考えられていました。エク

ソソームとは細胞が分泌する細胞外小胞の一種で、その中にタンパク質、DNA、RNA、マ

イクロ RNA などの遺伝情報が内包されており、エクソソームが細胞から細胞へ移動する

ことよって、細胞同士のコミュニケーションが行われていることが最近明らかになりま

した。そこで、健康人の骨髄間質細胞が分泌するエクソソームの多発性骨髄腫に対する

効果を調べるとともに、骨髄を提供する健康人の年齢によるエクソソームの差を明らか

にし、がん抑制機能が低下したエクソソームを改変することによって、治療に応用でき

ないかと考え、研究を行いました。 

 

【本研究の概要と意義】 

本研究ではまず、若年者骨髄間質細胞と高齢者骨髄間質細胞の双方で、その分泌物で

あるエクソソームのがん抑制効果がどう違うかを検討しました（図１）。正常骨髄間質細

胞としてはロンザ社から購入した様々な年齢層の細胞を用いました。そして、若年者骨
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髄間質細胞由来エクソソーム（若年者エクソソーム）と高齢者骨髄間質細胞由来エクソ

ソーム（高齢者エクソソーム）の機能を比較しました。腫瘍細胞は低酸素耐性多発性骨

髄腫細胞株（名称：RPMI8226-HR）を用い、マトリゲルという大豆大の丸い透明のゲルに

腫瘍細胞とエクソソームを同時に加え、マウスの皮下に接種し、３週間後のゲルの変化

を観察しました。図１上段は生理食塩水を接種したコントロールを、中段は細胞と一緒

に若年者エクソソームを下段は高齢者エクソソームを加えています。そして、そのマト

リゲルをマウスの背中の皮下に接種し、３週間後に取り出すと、生理的食塩水を加えた

場合はマトリゲル内にがん血管と腫瘍細胞が充満してどす黒い赤色になっているのに対

して、エクソソームを加えた場合はマトリゲルには何も起こらず、白いままです。この

ことよりエクソソームががん血管新生と腫瘍細胞の発育を阻止していることを意味して

います。さらに、よく見ると高齢者エクソソームではうっすらと茶色い部分、すなわち

がん血管新生と腫瘍細胞のわずかな発育が見られ、そのがん抑制効果は若年者エクソソ

ームに劣ることがわかります。右端の２つの図はマトリゲルの組織を染めたものです。

多発性骨髄腫特異的マーカーである CD138と血管特異的マーカーである CD31の二重染色

で、若年者エクソソームと比べて高齢者エクソソームでは抑制効果が弱く、部分的に腫

瘍細胞やがん血管が認められます。右端はがん血管新生の度合いを蛍光染色したもので、

DAPI という色素で青く染まっているのが細胞の核、赤く染まっているのが CD31 陽性の

がん血管です。同様に若年者エクソソームの方がすぐれたがん血管抑制効果を示してい

ることがわかります。 

CD138 / CD31	
 DAPI / CD31	

マトリゲルプラグ 

腫瘍細胞 

腫瘍細胞 

マトリゲル	


腫瘍細胞 

高齢者エクソソーム 

若年者エクソソーム 

生理的食塩水 

（コントロール）	


図１：若年者エクソソームの血管新生抑制効果	


 

 

次に、この若年者エクソソームの優れたがん抑制効果はエクソソームの中味の何によ

るものかを明らかにするため、385個のマイクロ RNA について検討しました。その結果、

特定のマイクロ RNA（miR-411, miR-374a, miR-340, miR-365 など）が若年者エクソソー

ムに多く含まれていることがわかりました。 

そこで、高齢者エクソソームにこれらのマイクロ RNA 類似体を単独、または混合して直

接導入し、「エクソソームの若返り」を試みたところ、導入するマイクロ RNA によっては

高齢者エクソソームの若返りにより若年者エクソソームと同程度のがん抑制効果が得ら

れることがわかりました。 
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これらの事実から得られる結論を図２に示しました。 

	
	


がん血管	


図２：　仮説、改変エクソソームによるがん血管新生抑制とがん抑制効果	
　　　　（多発性骨髄腫モデル）	


腫瘍塊	
骨髄間質細胞を培養	


エクソソーム	
回収	


若年者エクソソーム	
そのまま投与	


マイクロRNA補充による	
「若返りエクソソーム」投与	


血
管
内
皮
細
胞
増
殖
抑
制	


 

図２の左下に示したのは健康人の骨髄間質細胞をシャーレの中で培養している様子です。

培養した骨髄間質細胞は大量のエクソソームを分泌しますので、それを回収します。培

養した骨髄間質細胞が若年者由来であれば、若年者エクソソームとしてそのまま投与す

ることで（図２ 中央上）、血管内皮細胞の増殖を抑えます。もし、培養した骨髄間質細

胞が高齢者由来であれば、改変エクソソーム作製手法を用いてマイクロ RNA を補充し「若

返りエクソソーム」にしてから、投与すると若年者エクソソームと同様の血管内皮細胞

抑制効果がみられます。図２右は多発性骨髄腫細胞が増殖した腫瘍塊とそれに栄養を供

給するがん血管（腫瘍塊の左上）を示します。さらに、これらのエクソソームを投与す

ることで、栄養が断たれることを黄色のマークで表しています。すなわち腫瘍細胞を直

接攻撃するのではなく、腫瘍が増えるための栄養血管を遮断するといういわばがんの兵

糧攻めのような構図が浮かび上がります。本研究はマウスを用いたモデルですが、エク

ソソームのデリバリーの問題を含めて、「がんの次世代細胞治療」へと発展させたいと思

います。 

 

【今後の展望】 

エクソソームの臨床応用については診断、治療とも日々飛躍的に研究が進んでいます。

本研究ではエクソソーム治療のソースである骨髄間質細胞の加齢という点に着目し、新

規技術を用いてエクソソームの若返りによる機能強化を実現し、その作用機序を明らか

にしました。この新規技術ならびにエクソソームによる「がんの次世代細胞治療」を実

現するためにはデリバリーの問題はあります。近年、エクソソームが目的の臓器に到達

するための郵便番号のような目安として、インテグリンが鍵をにぎっていることが明ら

かになってきました。したがって、インテグリンをめやすとしたデリバリーシステムが

将来確立されれば、多発性骨髄腫のみならず、多種類の臓器の固形癌においても「がん

の次世代細胞治療」として期待されます。 

 

【用語の解説】 

注１） 骨髄間質細胞 

骨髄の支持組織を構成する線維芽細胞、骨芽細胞、脂肪細胞、間葉系幹細胞など雑多な

細胞の総称。 

注２） エクソソーム 

細胞が分泌する細胞外小胞（エクストラセリュラーベシクルス：EV）のうち、30から 100

ナノメーターのもの。なお、現在一般的に用いられている回収法ではエクソソーム分画
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のみを分離することは難しく、厳密に言えば、細胞外小胞という呼称が適切で、エクソ

ソームは便宜上の標記 

注３） がん血管 

がん組織、腫瘍組織に栄養を供給する血管。 

注４） マイクロ RNA 

遺伝子の転写制御にかかわる 20-25塩基の一本差 RNA。 

注５） マトリゲルプラグ 

マウスの皮下に注入して血管新生を判定するための増殖因子を含んだゲル状の構造物。 
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抗がん剤に対する薬剤耐性の解除と予防方法を見出す 

～既存の関節リウマチ等治療薬で血液がんの薬剤耐性を世界で初めて克服へ～ 

 

 東京医科大学 医学総合研究所（東京都新宿区）の大屋敷純子教授、今西哲助教を中心

とする研究チームは、関節リウマチや多発性硬化症の治療に用いられる薬が、血液がん

の一種である骨随異形成症候群の薬剤耐性を解除、克服する可能性があることを見出し

ました。抗がん剤への耐性について、ある疾患の治療に使用されている既存の薬を、他

の疾患の治療に応用する“ドラッグリポジショニング”手法を用いることで解除と予防

方法を見出したのは世界で初めてのことになります。 

 この成果は 2017 年 7月 22日（米国東部標準時間）米国科学誌「Oncotarget」電子版

に掲載されました。 

 

【研究の背景】 

 骨髄異形成症候群は高齢者に多い血液のがんで、貧血、出血傾向や感染しやすい等の

症状を示し、高齢化に伴い近年増加している疾患の一つです。また、およそ 30%の患者

が急性骨髄性白血病へと進展する疾患です。現在、これらの症状や予後を改善するため

にアザシチジンという抗がん剤が使用されています。しかし、骨髄異形成症候群の患者

のおよそ半数はアザシチジンが無効で、またアザシチジンが有効でも長い間には効果が

期待できなくなってくる患者がみられることが臨床上の問題となっています。 

 

【研究の成果と意義】 

 今回、研究チームでは、関節リウマチや多発性硬化症に用いられる既存薬のテリフル

ノミドを併用することで、耐性を示していたアザシチジンの代謝を促し、耐性を解除す

ることを見出しました。 

 がんの化学療法において耐性化は依然大きな問題です。耐性化を克服するため新規の

抗がん剤の開発研究が産学を問わず精力的に展開されていますが、新薬の開発には膨大

な時間と費用がかかってしまいます。本研究では耐性の機序に着目し、ドラッグリポジ

ショニングの手法を採用することで、薬剤の耐性を解除・予防できる薬剤を見出す事に

成功しました。 

 既知のメカニズムに基づいて、ドラッグリポジショニングを試みるアプローチは、時

間と費用の大幅な削減につながります。特に、がんの薬剤耐性のような喫緊の課題の解
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決には極めて有効であることが期待できます。加えて耐性の予防や解除は、がん化学療

法における新しい治療戦略となることが期待されます。 

 

【本研究に至る経緯】 

 研究チームは、以前の研究でアザシチジンへの耐性を獲得した白血病細胞では、DNA

や RNAの原料であるピリミジンの代謝が変化していることを見出していました。通常、

白血病細胞は「サルベージ経路」と呼ばれる方法でピリミジンを利用可能な状態に代謝

します。アザシチジンもこのサルベージ経路を通して代謝されることで効果を発揮しま

す。ところが、アザシチジン耐性白血病細胞ではサルベージ経路で重要な役割を果たす

タンパク質が減っていました。この結果を受けて、研究チームはもう一つのピリミジン

代謝経路である「de novo 合成経路」に着目しました。De novo 合成経路は関節リウマチ

や多発性硬化症に用いられるテリフルノミドで阻害できることが知られています。すな

わちテリフルノミドを併用することで、その存在下では de novo合成経路が阻害される

ためピリミジンが不足し、これを補うために再度サルベージ経路が活性化されます。そ

こにアザシチジンが存在すれば、これが再び代謝されるようになり、薬剤としての効果

をもたらすのではないか、ということです。 

 そして下記の詳細のような検討を行った結果、テリフルノミドが de novo 合成経路を

阻害することで、サルベージ経路が活性化され、アザシチジンへの耐性を解除すること

が分かりました。さらにはテリフルノミドは既に獲得されたアザシチジンへの耐性を解

除するだけでなく、耐性の獲得を予防できる可能性があることも示唆されました。 

  

【本研究の経緯詳細】 

 本研究ではまずアザシチジン感受性白血病細胞とアザシチジン耐性白血病細胞のテリ

フルノミドへの感受性を比較しました。アザシチジン耐性細胞はアザシチジン感受性細

胞よりもテリフルノミドに高い感受性を示し、アザシチジン耐性細胞では de novo 合成

経路が重要な役割を担っていることが示唆されました。サルベージ経路の活性が低下し

ているアザシチジン耐性細胞は5-エチニルウリジンという物質の取り込みが低下してい

ますが、細胞増殖に影響しない濃度（1M）のテリフルノミドの存在下では 5-エチニル

ウリジンを取り込んでいる細胞が増加しました。この結果はテリフルノミドによる de 

novo合成経路の阻害が、サルベージ経路を活性化出来る事を意味しています（図１）。 
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そこで 1Mのテリフルノミドと臨床的濃度のアザシチジンを一緒にアザシチジン耐性細

胞の培養液に加え、72時間後の生存細胞数を計測したところ、アザシチジンの濃度に依

存して生存細胞数が減少しました（図２左）。同様の結果はアザシチジンへの耐性を獲得

した患者由来の白血病細胞でも観察されました（図２右）。以上のことからテリフルノミ

ドはアザシチジンへの耐性を解除し、感受性を回復させると考えられます。 

 

 さらに研究チームは、アザシチジン耐性の獲得をテリフルノミドとの併用で予防でき

るのではないかと考えました。この可能性を検証するため、5Mのアザシチジンのみを

含む培養液（AZA群）、1Mのテリフルノミドのみを含む培養液（TFN群）、1Mのテリフ

ルノミドと 5Mアザシチジンを含む培養液（AZA+TFN 群）のそれぞれで、アザシチジン

感受性細胞を長期間培養する実験を行いました。実験開始から 42日後には AZA 群で、ア

ザシチジン存在下でも増殖する細胞が出現していることが確認できました。しかし
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AZA+TFN群の細胞では増殖が抑えられたままでした。実験開始から 49日目に全て群の細

胞を回収し、アザシチジンへの感受性を評価したところ、AZA+TFN 群の細胞では、予想

通りアザシチジン感受性が保たれていることが明らかになりました（図３）。このことか

ら、テリフルノミドは既に獲得されたアザシチジンへの耐性を解除するだけでなく、耐

性の獲得を予防できると考えられます。

 

 今回の実験で使用したテリフルノミドの濃度は、関節リウマチや多発性硬化症の患者

さんの血中濃度のおよそ 1/10という低濃度で、臨床でも安全に投与できると思われます。

テリフルノミドとアザシチジンの併用は、骨髓異形成症候群の新たな治療戦略になると

期待されます。 

 

 

【用語の解説】 

注１） 骨髓異形成症候群 

全ての血球のもとになる造血幹細胞のがん化が原因で発症すると考えられ、赤血球、白

血球、巨核球（血小板を作る細胞）の形態や機能の異常を生じる疾患。正常な血球を作

れないため、貧血、易感染性、出血傾向といった症状を示す。高齢者に多く約 30%が最

終的に急性骨髄性白血病に進展する。 

 

注２） アザシチジン 

国内では 2011年に骨髄異形成症候群への適応が承認された。DNA や RNAの材料であるシ

チジンと類似した構造をしているため、シチジンの代わりに DNAや RNAに取り込まれる。

タンパク質合成の阻害、DNAメチル化の阻害による遺伝子発現の調節など、広範な活性

を示す。 
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注３） ピリミジン 

化学的には化合物の名称だが、ここではピリミジン塩基であるシトシン、チミン、ウラ

シルの総称として使用している。各ピリミジンがリボースと結合したものを、それぞれ

シチジン、チミジン、ウリジンとよぶ。これらの物質は通常、細胞内に備蓄されており、

サルベージ経路を通してリン酸化されて DNA、RNA の材料となる。また、備蓄以外に一部

のアミノ酸から合成される経路が存在し、de novo 合成経路と呼ばれている。 

 

注４） テリフルノミド 

ピリミジン de novo 合成経路の阻害剤で免疫を調整する活性をもつ。欧米では多発性硬

化症への適応がみとめられている。国内ではテリフルノミド自体は未承認だが、関節リ

ウマチに使用されるレフルノミドは体内でテリフルノミドに変換されて効果を発揮する

ことが知られている。 
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A B S T R A C T

We evaluated the effects of regulatory T cell (Treg) inhibition during dasatinib treatment on the anticancer
immune response, particularly on natural killer (NK) cells and cytotoxic T lymphocytes (CTLs). Fifty-two newly
diagnosed Japanese patients with chronic myeloid leukemia (CML) in the chronic phase were enrolled in the D-
first study; all received 100mg of dasatinib once daily and were followed for at least 36 months. The cumulative
deep molecular response (DMR, MR4) rate was 65% by 36 months; the 3-year overall survival was 96%. CD4+ T
cell counts were stable, whereas the proportion of CD4+CD25+CD127low (Treg) cells decreased in a time-de-
pendent manner. The DMR rate by18 months was significantly better in low Treg patients (< 5.7% at 12
months) compared to the remaining patients (odds ratio 4.07). NK cell and CTL counts at several time points
were inversely correlated with Treg counts. Furthermore, the degree of NK cell differentiation (CD3−CD57+/
CD3−CD56+) was closely and inversely correlated with the proportion of Treg cells throughout the observation
period, and showed a gradually increasing trend. In conclusion, our results demonstrate that Treg inhibition by
dasatinib contributes to better treatment response through enhancement of the immune system, particularly via
NK cell differentiation.
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1. Introduction

Dysregulation of the immune system plays a critical role in malig-
nant disease progression [1]. Regulatory T cells (Tregs) have a pivotal
role in cancer immunology [2]; several studies revealed that Treg in-
filtration into the tumor microenvironment is strongly associated with
poor clinical outcomes [3–9]. Therefore, several cancer im-
munotherapeutic approaches based on the inhibition of Tregs are being
clinically tested. Successful clinical trials that evaluated the benefit of
immune-checkpoint inhibitors, including an anti-CTLA-4 monoclonal
antibody, support a new strategy of targeting regulatory immune cells,
which can achieve drastic anti-tumor results in selected patients with
advanced tumors [10,11]. However, the impact of peripheral blood
Tregs on long-term outcomes of patients with leukemic diseases, in-
cluding chronic myeloid leukemia (CML), has not been fully evaluated.

The development of tyrosine kinase inhibitors (TKIs) has dramati-
cally improved the outcomes of patients with CML in the chronic phase
(CP-CML), which is caused by a BCR-ABL1 chromosomal translocation
(the Philadelphia chromosome) [12–14]. Dasatinib, a second genera-
tion BCR-ABL1 kinase inhibitor, is more effective against CP-CML than
the first generation inhibitor imatinib [15]. In addition to direct anti-
tumor effects by blocking tyrosine kinase, dasatinib also possesses an
immunomodulating effect that may enhance its anti-tumor activity
[16,17]. Importantly, it has been shown that the proportion of Tregs is
reduced during dasatinib therapy, particularly in patients with lym-
phocytosis; this is evidence of an immune response against Philadelphia
chromosome-positive leukemias [16].

Achievement of a deep molecular response (DMR) is an important
CP-CML treatment goal, as it enables the achievement of long-term
treatment-free remission in some patients who are receiving TKIs such
as imatinib [18–21], dasatinib [22], and/or nilotinib [23]. However,
the prognostic markers for predicting DMR have not been established.
We previously reported that a shorter halving time of BCR-ABL1 tran-
scripts and early cytotoxic lymphocyte expansion were associated with
the achievement of DMR in newly diagnosed CP-CML patients treated
with dasatinib [24,25]. Herein, the long-term results of the D-first study
were analyzed after a minimum follow-up period of 36 months. We
prospectively investigated the impact of the proportions of lymphocyte
subsets on the response to dasatinib treatment, as well as the associa-
tion between Tregs, cytotoxic lymphocyte proliferation, and natural
killer (NK) cell differentiation.

2. Patients and methods

2.1. Study design

This open-label, multicenter, prospective phase II clinical trial, the
‘D-first study’ (ClinicalTrials.gov identifier: NCT01464411), was con-
ducted by the Kanto CML study group. Detailed information regarding
the study design and patient characteristics were described previously
[24]. Briefly, 52 patients with newly diagnosed CP-CML were enrolled
between June 2011 and June 2012, and were treated with dasatinib
100mg once daily. All patients were followed for a minimum of 36
months. This study was approved by the research ethics boards of all
participating institutions, and was conducted in accordance with the
Declaration of Helsinki. Written informed consent was obtained from
all patients prior to enrollment.

2.2. Evaluation of treatment response and molecular analysis

Patients were assessed for molecular response before and 1, 3, 6, 9,
12, 15, 18, 24, and 36 months after commencing dasatinib treatment by
real-time quantitative polymerase chain reaction (PCR) analysis of BCR-
ABL1 transcripts standardized on an International Scale (BCR-ABL1 IS).
The primary endpoint of the study was the rate of DMR achievement by
18 months; DMR was defined as less than 50 copies of BCR-ABL1

transcript per microgram of RNA, normalized to GAPDH, which ensured
a BCR-ABL1 IS of< 0.01% (MR4). Immunophenotyping of lymphocyte
fractions in the peripheral blood samples was performed by flow cy-
tometry before and 1, 2, 3, 6, 9, 12, 15, 18, 24, and 36 months after
commencing dasatinib treatment at a centralized laboratory (Bio
Medical Laboratories (BML), Tokyo, Japan).

2.3. Flow cytometric analysis of lymphocytes

Isotype controls were used to set gating boundaries. The CD4+

lymphocyte count was calculated by multiplying the total lymphocyte
count by the percentage of the CD4+ lymphocyte subset.
Immunophenotyping of lymphocyte fractions in the fresh peripheral
blood samples was performed before and 1, 2, 3, 6, 9, 12, 15, 18, 24, 36
months after commencing dasatinib treatment at BML. Lymphocytes
were classified according to their immunophenotypes as determined by
flow cytometry (FACSCalibur, Becton–Dickinson, NJ), as described
previously [26]. Cytotoxic T lymphocyte (CTL) lineages were defined
according to the expression of CD3+CD8+; NK cells were identified as
CD3−CD56+, and differentiated NK cells were CD3−CD57+. Tregs
were defined as lymphocytes with CD4+CD25+CD127low expression.

2.4. Statistical analysis

The results are shown as mean values ± standard errors of the
mean. The correlation between 2 factors was evaluated with the
Pearson product-moment correlation coefficient. The 2-tailed Fisher’s
exact test was used to determine statistical significance; a p-value less
than 0.05 was considered a statistically significant result. Receiver
operating characteristic (ROC) curves were generated, and area under
the curve (AUC) values were used to evaluate the correlations between
the expression of Tregs and prognosis. The optimal thresholds along the
ROC curves were determined using the Youden index. The statistical
analyses were performed using EZR (Saitama Medical Center, Jichi
Medical University), which is a graphical user interface for R (The R
Foundation for Statistical Computing) [27].

3. Results

3.1. Efficacy and safety profile of first-line dasatinib treatment in Japanese
CP-CML patients

The findings following the first 18 months of dasatinib treatment in
our patients have been reported previously [24]. In this study, we
analyzed the final outcomes after at least 36 months of follow-up, at
which time 40 of the 52 patients (77%) were still undergoing dasatinib
treatment. The reasons for drug discontinuation in the remaining pa-
tients are listed in Table 1; 9 patients (18%) had discontinued dasatinib
by 36 months due to drug-related non-hematologic adverse events,
while another 3 (6%) requested switching from dasatinib to another

Table 1
Treatment status and reasons for dasatinib discontinuation at 36 months.

Status at 36 months Patients, n (%)

Received treatment 52 (100)
Still on treatment. 40 (77)
Discontinued treatment 12 (23)
Drug-related adverse event

Pleural effusion 3 (6)
Pericardial effusion 1 (2)
Proteinuria & systemic edema 1 (2)
Pulmonary hypertension 1 (2)
Malaise 1 (2)
Elevation of intraocular pressure 1 (2)
Interstitial pneumonia 1 (2)

Requested to change medication 3 (6)
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TKI. The median interval between the day of dasatinib initiation and
discontinuation was 23 months (range, 1–33 months). The cumulative
DMR rates were 49% by 12 months, 59% by 18 months, 59% by 24
months, and 65% by 36 months (Fig. 1a). No patient experienced dis-
ease progression to the accelerated or blastic phase. Two patients died
of ovarian cancer and a transplant-related complication, respectively.
There were no patients who developed grade ≥3 infections during the
observation period in this study. The 3-year overall survival was 96%.
Of note, no patients opted to discontinue dasatinib during the ob-
servation period. These data support the use of dasatinib (100mg QD)
as a frontline treatment for Japanese patients with newly diagnosed CP-
CML.

3.2. The proportion of tregs in CD4+ T cells predicts treatment response

Subsets of lymphocytes in peripheral blood were analyzed in 47 of
52 patients to assess the association between Treg proportion and other
lymphocyte fractions such as NK cells and CTLs. Flow cytometric ana-
lysis of CD4+ T cell counts showed them to be stable throughout the
study period (Fig. 1B), whereas the proportion of
CD4+CD25+CD127low Tregs decreased in a time-dependent manner
during the follow-up period (Fig. 1C).

3.3. Determination of the treg frequency threshold for predicting DMR

We analyzed the association between the proportion of Tregs in
CD4+ T cells at each time point and the rate of DMR achievement by 18
months (the primary endpoint). The ROC curve indicated mild corre-
lations between the Treg frequency in CD4+ T cells at 12 months and
the DMR rate by 18 months, with an AUC of 0.64 and the highest
Youden index at 5.7%. Using this cutoff value, patients were divided
into low and high Treg groups. The DMR rate by 18 months was sig-
nificantly better in the low Treg group than in the high Treg group, with
an odds ratio of 4.07 (p < 0.05; Fig. 2). The DMR rates by 12, 24, and
36 months also tended to be favorable in the low Treg group, although
these differences were statistically insignificant. These results suggest
that Treg inhibition contributes to the achievement of DMR.

3.4. The proportion of Tregs is inversely associated with the presence of
differentiated NK cells

Our previous study revealed that higher NK cell and CD8+ T
lymphocyte counts at 1-month post-dasatinib treatment predict favor-
able odds of achieving DMR [26]. We analyzed the associations be-
tween the proportion of Tregs and cytotoxic effector cells counts, in-
cluding NK cells and CTLs, in the peripheral blood. Furthermore, the

Fig. 1. Dynamics of CD4+ T lymphocytes and the proportion of Tregs in the peripheral blood. (A) The cumulative rates of major and deep molecular responses at each time point. (B) The
mean CD4+ T lymphocyte counts were plotted (n= 52). The total numbers of CD4+ lymphocytes remained stable except for the first month after dasatinib treatment. (C) The proportion
of CD4+CD25+CD127low cells (Tregs) among all CD4+ T cells in the peripheral blood decreased gradually during the first 12 months. Bars indicate the mean ± SEM.
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degree of NK cell differentiation was evaluated using CD57 as a marker
for mature NK cells at stage 5 [28].

To evaluate the effect of Treg inhibition on the normal immune
system, the correlations between the proportion of Tregs and the cy-
totoxic effector cell count or the degree of NK cell differentiation were
analyzed throughout the observation period. NK cell and CTL counts at
several time points showed weak but significant correlations with Treg
proportions, as indicated by the relative number of CD4+25+CD127low

cells among all CD4+ lymphocytes as well as the total number of NK
cells and CTLs (Table 2 and Fig. 3). Moreover, the degree of NK cell
differentiation, as revealed by the ratio of CD3−CD57+ to CD3−CD56+

cells, was distinctly correlated with the proportion of Tregs. The ratio of
differentiated NK cells tended to gradually increase during the ob-
servation period (Fig. 4A). Moreover, the Treg proportion was strongly
correlated with the degree of NK cell differentiation throughout the
study period except for the pretreatment time point (Table 2), as shown
in the representative scatter-plots at 6, 9, and 18 months (Fig. 4B).
These prospective observations indicate that NK cell differentiation can
be induced through Treg inhibition by dasatinib.

4. Discussion

In this final study of our prospective D-first multicenter clinical trial
for first-line dasatinib treatment, we reconfirmed the drug’s high effi-
cacy in Japanese patients, who achieved a DMR rate of greater than
60%; this is consistent with previous studies comparing the clinical

profiles of Japanese patients to those of a worldwide cohort [29,30].
Our results suggest that dasatinib is a suitable therapeutic agent for
newly diagnosed CP-CML in Japan.

In 2009, Fei et al. [29] demonstrated that dasatinib inhibits Treg
proliferation and function in a dose-dependent manner via cell cycle
arrest and downregulation of the master transcription regulator Fork-
head box P3 in vitro. Furthermore, Mustjoki et al. [16] reported that
some CML patients who received dasatinib and developed large gran-
ular lymphocytic (LGL) lymphocytosis had lower Treg numbers com-
pared to patients without LGL lymphocytosis. These data led us to
conduct the prospective study described herein. Consistent with pre-
vious studies, our analysis of Treg and effector cell subsets revealed that
the Treg proportion decreased during dasatinib therapy. Furthermore,
the proportion of Tregs at 12 months of dasatinib treatment was asso-
ciated with achievement of DMR; this association was significant at 18
months. Notably, Treg inhibition by dasatinib was time-dependent and
correlated with NK cell differentiation. However, it should be noted
that the gap in the DMR rates between the low and high Treg groups
was shortened by 36 months. Due to the relatively low sensitivity of
PCR for major BCR-ABL1 transcripts, DMR in this study was defined as
less than MR4.0, but not MR4.5 or deeper. Slow responders with gra-
dually decreasing minimal residual disease markers could eventually
achieve MR4.0. This might be a reason that the impact of Treg number
on treatment response was reduced after long-term follow-up.

While a lower number of Tregs is linked to the incidence of LGL
lymphocytosis, the mechanism of Treg inhibition by dasatinib has re-
mained unclear. In this study, we found that Tregs likely impede the
immune response against CML cells by inhibiting NK cell differentiation
based on the following observations: First, the Treg proportion and
degree of NK cell differentiation were strongly and inversely correlated
throughout the study period, while the associations between the Treg
proportion and NK cell count were significant only at 9 and 15 months
after commencing dasatinib. Second, a previous study also found that
the Treg proportion decreased in a time-dependent manner after the
initiation of dasatinib, while an increase in lymphocyte counts was
observed within 3 months, thus validating our findings [30]. Third, the
increase of LGL cell counts following dasatinib treatment was closely
associated with plasma drug concentrations, but Treg counts were not
affected by the oral intake of dasatinib [17]. These findings suggest that
Treg inhibition by dasatinib is time-dependent and contributes to NK
cell differentiation, leading to the improved cytotoxic activity of NK
cells. The observation that lower numbers of Treg cells are associated
with improved treatment outcomes further validates the notion that
Tregs inhibit the immune system response.

The functional significance of CD57 expression in NK cells and T
cells was established recently [28]. On T cells, CD57 expression in-
dicates terminal differentiation towards anergy and senescence. In
contrast, CD57+ NK cells are highly cytotoxic and play an important
active role in tumor immunity. High frequencies of peripheral or tumor-
associated CD57+ NK cells predict less severe disease and better out-
comes in various cancers, including acute lymphoblastic leukemia and
Hodgkin’s lymphoma [28,31,32]. Consistent with these previous ob-
servations, our results indicate that the accumulation of CD57+ NK
cells is associated with a favorable outcome, which in turn is strongly
associated with a decrease in Treg frequency upon dasatinib treatment.

Several studies investigated the detailed mechanism of NK cell ac-
tivation by dasatinib treatment. Kreutzman et al. [33] revealed that
dasatinib promotes T-helper (Th)-1 activity. Furthermore, NK cells in
the peripheral blood of CML patients undergoing dasatinib treatment
have high levels of phosphorylated AKT, STAT1, and STAT3 compared
to those receiving other TKIs [25]. Based on these results, we posited
that dasatinib potentiates NK cell reactivity by stimulating cell sig-
naling pathways via increasing the secretion of Th1 cytokines. In a
series of in vitro and in vivo experiments, Pedroza-Pacheco et al. [34]
demonstrated that Tregs inhibit NK cell differentiation from CD34+

hematopoietic stem cells through contact-dependent signaling.

Fig. 2. Cumulative deep molecular response (DMR) rates according to the percentage of
Tregs among all CD4+ lymphocytes 12 months after dasatinib initiation. The cumulative
DMR rate by 18 months was significantly better in the low Treg group (< 5.7%) com-
pared to the high Treg group (≥5.7%). The error bars indicate the 95% confidence in-
tervals.

Table 2
Associations between the probability of Treg in CD4+ lymphocyte and counts of natural
killer (NK) cells, cytotoxic T lymphocytes (CTLs), or NK cell differentiation indicated by
CD3−CD57+ to CD3−CD56+ ratio in the peripheral blood. The calculated Pearson’s
product-moment correlation coefficients (r) and p-values are shown.

Time point
(months)

NK cells CTLs CD3-CD57+ to CD3-
CD56+ ratio

r p value r p value r p value

Pretreatment −0.0517 0.724 0.0347 0.813 −0.179 0.218
1 −0.0327 0.824 0.166 0.256 −0.482 < 0.001
2 −0.218 0.166 0.149 0.346 −0.465 0.0019
3 0.0304 0.834 −0.118 0.413 −0.463 < 0.001
6 −0.0979 0.499 −0.139 0.334 −0.543 < 0.001
9 −0.319 0.0327 −0.368 0.0128 −0.474 0.001
12 −0.232 0.12 −0.239 0.109 −0.344 0.0178
15 −0.461 0.0277 −0.0603 0.712 −0.488 0.0014
18 −0.253 0.102 −0.0606 0.699 −0.499 < 0.001
21 −0.164 0.324 0.023 0.891 −0.625 < 0.001
24 −0.22 0.219 −0.0479 0.791 −0.454 0.008
36 −0.439 0.036 0.0045 0.984 −0.698 < 0.001
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Furthermore, results of stopping TKI trials indicated that NK cell im-
munity might be a more valuable indicator of the achievement of
treatment-free remission of CML than CTL counts, as higher NK cell
counts are predictive of successful treatment-free remission [22,35].
Taken together, these data show that Treg inhibition might be asso-
ciated with NK cell differentiation rather than proliferation. We lack
direct evidence of these postulated mechanisms, which is one of the
major limitations of our study; therefore, further investigations are re-
quired to clarify the immunological foundation of dasatinib treatment.

It has been shown that infectious complication is a critical concern
during dasatinib therapy, as, in the DASISION study, infection-related
mortality was more frequent in the dasatinib arm than in the imatinib
arm [36]. However, no cases with severe infection were reported in our
study. Further, we reinvestigated the incidence of cytomegalovirus re-
activation, which is reported to be associated with dasatinib therapy
(particularly with lymphocytosis) [37]. Among 48 evaluable patients,
there were no cases of clinical cytomegalovirus reactivation during the
observation period. We conclude that patients with CP-CML treated
with first-line dasatinib are less predisposed to cytomegalovirus infec-
tion complications, probably due to immunocompetency.

In conclusion, 36 months of data collection from the D-first study
validates the use of 100mg QD of dasatinib as a first-line treatment for
newly diagnosed Japanese CML-CP patients. Inhibition of Treg in the
peripheral blood due to dasatinib treatment is associated with the

achievement of DMR, which is predictive of favorable outcomes. Our
prospective analyses of patient samples suggested that Treg inhibition
by dasatinib exerted an immunotherapeutic effect through the induc-
tion of NK cell differentiation, providing a possible explanation of the
results of previous in vivo and in vitro studies.
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Fig. 3. Scatter plots for the frequency of Tregs and counts of natural killer (NK) cells (A) or cytotoxic T lymphocytes (CTLs) (B) in the peripheral blood. Plots of measurements 9 months
after dasatinib treatment (right panels) revealed significant inverse correlations; these were not significant at the pretreatment time point. The calculated Pearson’s product-moment
correlation coefficients (r) and p-values are shown.

Y. Najima et al. Leukemia Research 66 (2018) 66–72

70

-49-

--0123456789



Fig. 4. Dynamics of natural killer (NK) cell differentiation in the peripheral blood following dasatinib treatment. (A) The ratios of CD3−CD57+ to CD3−CD56+ NK cells were plotted at
the indicated time points. Bars indicate the mean ± SEM. (B) Scatter plots for the frequency of Tregs and CD3−CD57+ to CD3−CD56+ cell ratios at pretreatment (upper left), 6 months
(upper right), 9 months (lower left), and 18 months (lower right) are shown. Pearson’s product-moment correlation coefficients (r) and p-values are also shown.
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Comprehensive polymerase 
chain reaction assay for 
detection of pathogenic DNA in 
lymphoproliferative disorders of 
the ocular adnexa
Yoshihiko Usui1,*, Narsing A. Rao2, Hiroshi Takase3, Kinya Tsubota1, Kazuhiko Umazume1, 
Daniel Diaz-Aguilar4, Takeshi Kezuka1, Manabu Mochizuki3,5, Hiroshi Goto1 & Sunao Sugita6,7,*

Infectious agents have been identified as a major cause of specific types of human cancers worldwide. 
Several microorganisms have been identified as potential aggravators of ocular adnexal neoplasms; 
however, given the rarity of these neoplasms, large epidemiological studies are difficult to coordinate. 
This study aimed to conduct an exhaustive search for pathogenic DNA in lymphoproliferative disorders 
(LPD) of the ocular adnexa in a total of 70 patients who were diagnosed with LPD of the ocular adnexa 
between 2008 and 2013. Specimens were screened for bacterial, viral, fungal, and parasitic DNA by 
multiplex polymerase chain reaction (PCR) and quantitative real-time PCR. Among cases of conjunctival 
mucosa-associated lymphoid tissue lymphoma, human herpes virus (HHV)-6, HHV-7, chlamydia, 
Epstein-Barr virus (EBV) and bacterial 16S ribosomal DNA were detected. In cases of IgG4-related ocular 
disease, similar pathogens were detected but in a larger number of patients. Our PCR assays detected 
DNAs of various infectious agents in tumor specimens, especially HHV6, HHV7, and EBV, with different 
positive rates in various types of LPD. Chronic inflammatory stimulation or activation of oncogenes 
from these infectious agents might be involved in the pathogenesis of LPD of the ocular adnexa.

The link between chronic viral, bacterial, or parasitic stimulation and the development of specific malignancies 
in humans are well described1. Long-standing infection with specific pathogens is implicated in the origin and 
development of several benign and malignant lymphoproliferative disorders (LPD). Examples of well-studied 
malignant associations include Helicobacter pylori infection in mucosa-associated lymphoid tissue (MALT) 
lymphoma; hepatitis B virus (HBV) and hepatitis C virus (HCV) in hepatic carcinoma; and Epstein-Barr virus 
(EBV) in Hodgkin’s and Burkitt’s lymphoma2. Malignant transformation of lymphocytes in the context of viral 
or bacterial infection is a multi-dimensional process. Certain viruses such as EBV and HTLV1 directly infect 
lymphocytes, inducing lymphoid hyperplasia and malignant transformation over time. However, direct antigen 
stimulation is not always necessary for the development of lymphoma. For instance, H. pylori-induced chronic 
gastritis progresses to MALT lymphoma via chronic inflammation and indirect stimulation of lymphocytes. 
These direct and indirect stimulations of lymphocytes through chronic infectious disease may also play a role in 
the development of less well-studied benign LPDs, such as IgG4-related disease3.

LPDs of the ocular adnexa comprise a wide spectrum of disorders from benign lymphoid hyperplasia 
to monoclonal malignant lymphoma, with a range of incidence and potential origins. In Japan, MALT lym-
phoma is the most frequent primary malignancy of the ocular adnexa region, whereas IgG4-related ophthalmic 
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disease (IgG4-ROD) and reactive lymphoid hyperplasia (RLH) are the most common benign LPDs of the ocular 
adnexa4,5. The etiologies of most LPDs of the ocular adnexa have been widely investigated, but several other 
disorders including IgG4-ROD require further study. IgG4-ROD is a recently recognized syndrome with clinical 
features that mimic malignant lymphoma, including local and systemic lymphadenopathy and vascular prolif-
eration, which persist and relapse over time3,5. Although long-term outcomes of patients with IgG4-ROD are 
generally favorable, there are reports of increased mortality due to systemic effects including multiple organ 
involvement and damage6.

The natural history and pathogenesis of several LPDs are not completely understood. A potentially promising 
line of study, however, implicates chronic antigen stimulation as a causative agent in the development of benign 
or malignant lymphoproliferative processes7–9.

Several studies have investigated the possible association between LPDs of the ocular adnexa and infectious 
agents such as herpes simplex virus (HSV)-1, HSV-2, adenovirus 8, HCV, Helicobacter pylori, Chlamydia psittaci, 
Chlamydia trachomatis, Chlamydophila abortus, and Chlamydophila pneumoniae10,11. The findings suggest 
that infectious agents are associated with the pathogenesis of LPDs of the ocular adnexa. This hypothesis led 
us to examine the possible association of infectious agents and LPDs of the ocular adnexa. The multiplex and 
broad-range polymerase chain reaction (PCR) system has been used clinically for simultaneous detection of 
many pathogens in a very small sample volume of ocular fluids and the diagnosis of infectious uveitis12. Using this 
method, we investigated the presence of 23 pathogenic DNA in tissue specimens of ocular adnexa with various 
LPDs.

The aim of the present study was to comprehensively examine various infectious agents in ocular adnexa with 
LPDs using the multiplex and broad-range PCR systems, which might be useful for detecting unexpected infec-
tious associations and elucidating the origins of LPDs of the ocular adnexa.

Results
Demographic characteristics and identification of infectious agents in lymphoproliferative 
disorders of the ocular adnexa. The patients studied showed no significant difference in age or gender 
distribution, while patients with conjunctival MALT lymphoma, orbital MALT lymphoma or orbital DLBCL 
demonstrated IgH gene rearrangement. PCR results of a sample obtained from a representative case are shown 
in Fig. 1. The results of biopsied specimens in each LPD of the ocular adnexa, in which our comprehensive PCR 
system showed positivity, are presented in Table 1. Orbital MALT lymphoma tissues revealed a very rate of posi-
tivity for infectious agents, with only 1/15 patients demonstrating an HHV-6 infection from the collected biopsy. 
However, conjunctival MALT lymphoma demonstrated a much higher, but non-specific association with invasive 
pathogens including EBV, HHV-6, HHV-7 chlamydia and non-specific bacteria. Orbital DLBCL demonstrated 
a moderate association with EBV presence in 28.6% of all cases. However, IgG4-ROD showed a much stronger 
association with EBV (31.8%), HHV-6 (22.7%) and HHV-7 (36.4%), and similar values were seen in orbital RLH.

Figure 1. Representative real-time PCR results of a tumor sample obtained from a case of IgG4-related 
ophthalmic disease. The sample is positive for HHV7-DNA, with 1.24 ×  106 copies/μ g DNA. Control DNA: 
standard HHV7-DNA (106, 104, 102 copies).
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Only one sample of conjunctival MALT lymphoma tested positive for chlamydia 23S (1/19; 6.39 ×  101 cop-
ies/μ g DNA). Our multiplex real-time PCR analyses identified 29 PCR-positive patients. HSV-1, HSV-2, VZV, 
CMV, HHV-8, BK virus, JC virus, HTLV-1, Coxsackie virus, enterovirus, influenza, Bartonella, chlamydia, 
Acanthamoeba, toxocara, toxoplasma, and fungal 18S/28S were not detected in any of the samples. No positivity 
was found for these microorganisms in peripheral blood mononuclear cells obtained from these patients or in 
conjunctiva obtained from 23 controls.

Prevalence of infectious pathogen and presence of multiple co-infections in biopsied specimens  
of LPD. Members of the herpes family were most commonly associated with the collected samples of LPD. 
EBV was the most commonly associated agent with 14 samples tested positive for EBV: conjunctival MALT 
lymphoma (3/19; mean 3.87 ×  102 copies/μ g DNA), orbital DLBCL (2/7; mean 2.96 ×  103 copies/μ g DNA), 
IgG4-ROD (7/22; mean 3.88 ×  103 copies/μ g DNA), and orbital RLH (2/7; mean 1.22 ×  102 copies/μ g DNA). 
Twelve samples tested positive for HHV-7: conjunctival MALT lymphoma (1/19; 1.36 ×  102 copies/μ g DNA), 
IgG4-ROD (8/22; mean 5.03 ×  103 copies/μ g DNA), and orbital RLH (3/7; mean 1.20 ×  104 copies/μ g DNA). 
Nine samples tested positive for HHV-6: conjunctival MALT lymphoma (1/19; 1.61 ×  102 copies/μ g DNA), orbital 
MALT lymphoma (1/15; 6.10 ×  101 copies/μ g DNA), IgG4-ROD (5/22; mean 1.71 ×  103 copies/μ g DNA), and 
orbital RLH (2/7; mean 1.46 ×  103 copies/μ g DNA). Five samples tested positive for bacterial 16S: conjuncti-
val MALT lymphoma (2/19; mean 3.60 ×  103 copies/μ g DNA), orbital DLBCL (1/7; 4.30 ×  103 copies/μ g DNA), 
IgG4-ROD (1/22; 2.54 ×  102 copies/μ g DNA), and orbital RLH (1/7; 1.02 ×  103 copies/μ g DNA).

As shown in Table 2, double infections (HHV-6 and EBV: 1 case, HHV-7 and EBV: 1 case) were detected in 
tumor specimens from 2 of 19 patients with conjunctival MALT lymphoma. Furthermore, double infections 
(HHV-6 and HHV-7: 2 cases, HHV-6 and EBV: 2 cases, HHV-7 and EBV: 2 cases, EBV and bacterial 16S: 1 case), 
and even triple infection (HHV-6, HHV-7, EBV: 1 case) were detected in the tumor specimens from 8 of 22 
patients in IgG4-ROD. In addition, quadruple infection (HHV-6, HHV-7, EBV, and bacterial 16S) was detected 
in only one patient with orbital RLH among all patients studied.

Infectious agent

Multiplex PCR and Real-time PCR

Conjunctival MALT Orbital MALT Orbital DLBCL IgG4-ROD Orbital RLH

EBV 3/19 (15.8%) 0/15 (0%) 2/7 (28.6%) 7/22 (31.8%) 2/7 (28.6%)

HHV-6 1/19 (5.2%) 1/15(6.7%) 0/7 (0%) 5/22 (22.7%) 2/7 (28.6%)

HHV-7 1/19 (5.2%) 0/15 (0%) 0/7 (0%) 8/22 (36.4%) 3/7 (42.9%)

Chlamydia 1/19 (5.2%) 0/15 (0%) 0/7 (0%) 0/22 (0%) 0/7 (0%)

Bacteria 2/19 (10.5%) 0/15 (0%) 1/7 (14.3%) 1/22 (4.5%) 1/7 (14.3%)

Table 1. Positive rates for various microorganisms detected by comprehensive polymerase chain reaction 
assays in tumor specimens of 70 patients with lymphoproliferative disorders of the ocular adnexa. PCR, 
polymerase chain reaction; MALT, mucosa-associated lymphoid tissue lymphoma; DLBCL, diffuse large B-cell 
lymphoma; IgG4-ROD, IgG4-related ophthalmic disease; RLH, reactive lymphoid hyperplasia; EBV, Epstein-
Barr virus; HHV, human herpes virus.

Number of patients with 
double positive (%)

Number of patients with 
triple positive (%)

Number of patients with 
quadruple positive (%)

Conjunctival MALT 2/19 (10.5) 0/19 (0) 0/19 (0)

HHV-6 +  EBV: 1 case

HHV-7 +  EBV: 1 case

Orbital MALT 0/15 (0) 0/15 (0) 0/15 (0)

Orbital DLBCL 1/7 (14.3) 0/7 (0) 0/7 (0)

EBV +  Bacteria: 1 case

IgG4-ROD 7/22 (31.8) 1/22 (4.5) 0/22 (0)

HHV-6 +  HHV-7: 2 cases HHV-6 +  HHV-7 +  EBV: 
1 case

HHV-6 +  EBV: 2 cases

HHV-7 +  EBV: 2 cases

EBV +  Bacteria: 1 case

RLH 0/7 (0) 0/7 (0) 1/7 (14.3)

HHV-6 +  HHV-
7 +  EBV +  Bacteria: 1 case

Table 2. Multiple positive rates detected by comprehensive polymerase chain reaction assays in biopsy 
specimens of 70 patients with lymphoproliferative disorders of the ocular adnexa. MALT, mucosa-
associated lymphoid tissue lymphoma; DLBCL, diffuse large B-cell lymphoma; IgG4-ROD, IgG4-related 
ophthalmic disease; RLH, reactive lymphoid hyperplasia; HHV, human herpes virus; EBV, Epstein-Barr virus.
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Discussion
Demonstrating the presence of pathogens in patients with lymphoma tissues is challenging. To our knowledge, 
this is the first multiple virus detection in LPD samples performed using multiplex and quantitative real-time 
PCR assays that allow simultaneous determination of various genomic DNA pathogens. In addition, our study is 
the first to report the presence of HHV-6, HHV-7, and EBV in orbital inflammatory tumors such as IgG4-ROD 
and orbital RLH, demonstrating an association between viral antigen expression and LPDs. This result supports 
the hypothesis that certain infections, particularly those caused by HHV-6, HHV-7, and EBV, are related to spe-
cific cases of malignant and benign LPDs of the ocular adnexa.

Malignant tumors typically linked to EBV include Burkitt’s lymphoma nasopharyngeal carcinoma, T-cell 
lymphoma, and Hodgkin’s lymphoma. Evidence for the oncogenic potential of EBV derives from its ability to 
infect and transform normal human B cells in vitro, manipulating differentiation signaling pathways and leading 
to continuously growing lymphoblast cell lines and potentially immortal cell lines13. This germ cell expansion 
can lead to oncogenic rearrangements such as a t(8:14) c-myc translocation and result in the development of 
malignant lymphoma14–16. Additionally, the presence of EBV has a significant effect on the clinical outcome of 
lymphomas, including diffuse large B-cell lymphoma. These observations raise a question of whether the presence 
of EBV in ocular LPD can be predictive of clinical outcome13. Our study demonstrated an even stronger associ-
ation between EBV and IgG4-ROD or RLH compared to conjunctival MALT lymphoma (31.8% or 28.6% versus 
15.8%), suggesting that the malignant potential of EBV occurs in conjunction with a primarily increased risk of 
the development of benign LPDs of the ocular adnexa. One investigation of the association of EBV and benign 
LPDs identified a 58% rate of EBV reactivation in patients with IgG4-ROD and an 18% rate of reactivation in 
patients with RLH3. Our study also demonstrated a similar association between HHV-6 and HHV-7 viruses of 
the herpes family and LPDs.

HHV-6 and HHV-7 are established oncogenic viruses that can induce tumors in an animal model through 
the inactivation of p53 and deregulation of nuclear factor kappa-B17,18. Known malignant tumors typically linked 
with HHV-6 include T-cell lymphoma and Hodgkin’s lymphoma. Although HHV-6 displays tropism for T cells, 
the prevalence of HHV-6 DNA in biopsied specimens with B-cell lymphoma or Hodgkin’s disease is 22.2% or 
35.1%, respectively19. Reactivation of HHV-6 is also observed in gastrointestinal polyps, with one group report-
ing HHV-6 antigen expression in biopsy specimens from 62.5% of patients with gastric adenomas and 87.5% of 
patients with tubulovillous adenoma, with no detection in mucosal samples from healthy controls20. Although the 
incidence of HHV-6 detection in conjunctival and orbital MALT lymphoma was lower (5.2% and 6.7%, respec-
tively) in the present study, its association with IgG4-ROD was more robust. In cases of IgG4-ROD, 5 of 22 
cases (23%) were positive for HHV-6 DNA, ranging from 8.1 ×  102 to 6.7 ×  104 copies (mean, 1.7 ×  103 copies/
μ g DNA). The number of RLH patients was relatively low with 7 samples studied; however, 3 of these samples 
(43.9%) contained detectable HHV-6, establishing a correlation that warrants further evaluation. HHV-7 DNA 
is closely related to HHV-6 and establishes a life-long infection following exposure, primarily within the sali-
vary glands and lymphoreticular system, similar to HHV-6. Our study revealed the HHV-7 genome in 8 of 22 
IgG4-ROD patients studied (36.4%), 3 of 7 RLH samples, and 1 of 19 MALT lymphoma samples. These results 
taken together indicate that HHV-6 and HHV-7 have a stronger relationship with benign orbital LPDs than 
MALT lymphomas. Further studies are necessary to examine whether HHV-6 and HHV-7 DNA are also related 
to other malignant LPDs such as Mantle and T-cell lymphoma, as well as the pathophysiology of their association 
with LPDs.

If an association between infectious agents and LPDs exists, it is unclear how the infectious agents induce 
these LPDs of the ocular adnexa. One possibility is that infectious antigens expedite or are required for the expan-
sion of the monoclonal/oligoclonal B cells that are found in either benign or malignant LPDs during the germinal 
center reaction. As HHV-6, HHV-7, and EBV continuously infect the salivary glands21, it is conceivable that they 
may also continuously infect lacrimal glands and conjunctiva. Through local and chronic stimulation, these con-
tinuous infections as exogenous or endogenous antigens may trigger infectious oncogenes. Further studies are 
needed to examine whether these infectious antigens consequently induce the proliferation of lymphocytes and 
whether they play a primary or secondary pathogenic role.

Moreover, although continuous infections of lymphocytes by HHV-6, HHV-7, and EBV were reported in this 
present case, pathogenic DNA was not detected in peripheral blood (data not shown), suggesting local infection 
of the tumor. Taking into account the prevalence rate for these viruses in the salivary glands of healthy individ-
uals, we can postulate that the interaction between these viral infections and other environmental risk factors 
increases the risk for developing LPDs in conjunction with genetic risk factors (related to immune/infectious 
responses) through undetermined underlying mechanisms.

Mechanisms consistent with the pathogenesis of MALT lymphoma, such as the expression of viral oncogenes 
leading to the stimulation of a Th2 immune response, may play a role in the polyclonal or monoclonal prolifera-
tion of LPDs22. The predominantly Th2 immune response and increased production of Th2-type cytokines, such 
as interleukin (IL)-4, IL-5, IL-10, and IL-13, have also been reported in patients with IgG4-ROD23,24; but, the 
source of the putative antigen-reacting Th2 cells (CD4+ lymphocytes) involved in this process remains largely 
unknown. Virus-induced IL-10 plays an important role in Th2 and regulatory T cells, acts as a potent factor of B 
cell survival, and is produced after viral stimulation25. Although many investigators reported that IgG4 disease is 
Th2 dominant, the identity of the antigen that these Th2 cells are responding to is unclear. Thus, it is possible that 
these detected viruses may activate the Th2 cells that cause the pathology of IgG4, RLH, and MALT lymphoma. 
In fact, HHV-6 and HHV-7 can infect latently CD4+ T cells, and they proliferate in the cells.

Infectious agents were more common in patients with conjunctival MALT lymphoma than in those with 
orbital MALT lymphoma, indicating that there may be different pathways leading to lymphomagenesis. This 
observation is similar to what we reported after using high-resolution genomic copy number profiling by single 
nucleotide polymorphism microarrays26. These infectious agent-driven polyclonal B-cell proliferations could be 
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an initial molecular event or process that could lead to or increase the probability of a real clonal expansion over 
time. If these infections play an etiologic role in benign and malignant LPDs, the elimination of these infectious 
agents might facilitate control of these diseases. Double and triple infections were detected in some of the patients 
with LPDs of the ocular adnexa. However, the clinical relevance of multiple infections is currently unclear, and 
warrants further studies, which may lead to a novel method to reduce the probability of benign and malignant 
lymphadenopathy. For example, considering that HHV-6 is the cause of exanthema subitum, treatment for HHV-
6, such as ganciclovir, may also be useful for treating IgG4-related diseases by suppressing viral RNA expression. 
Similarly, other antiviral therapies might be used as prophylaxis or treatment for patients at higher risk for devel-
oping LPDs from these ubiquitous pathogens.

For a large part of the population, these infections are acquired at a young age and remain latent in the body 
for life27,28. It is speculated that most individuals are latently infected by these viruses at levels that are insufficient 
to determine viral load in peripheral blood mononuclear cells until they become reactivated, such as in case of 
immunosuppression. This concept is consistent with previous reports indicating that molecular detection of these 
viruses by PCR is not always associated with the presence of lymphocytic infiltrates in tissue29. Because these 
viruses are latent in lymphocytes, false-positive PCR detection in the biopsy specimens could have occurred. 
Furthermore, symptomatic viral reactivations are associated with high levels of viral loads (> 500 copies/μ g of 
DNA), while values of < 100 copies/μ g of DNA are probably indicative of latent virus infections30. Our analysis, 
however, could not directly distinguish whether these viruses persist in a latent or reactivated state. Because of the 
nature of biopsy sampling, there is a high level of difficulty in obtaining lacrimal tissue from healthy individuals. 
This lack of control tissue prevented us from directly comparing the incidence of virus detection between patients 
with LPD and healthy controls and from establishing a baseline of latent viral expression. Therefore, it is possible 
that the detection of viral antigens may be related to a latent or non-contributory infection, potentially of the infil-
trating inflammatory cells rather than the adnexal tumor itself, whose presence may be expected in a common 
infection acquired early in life. Our PCR system is less likely to detect positive latent samples, however, than a 
qualitative PCR assay, which picks up more latent viruses. By using the multiplex PCR system as an initial screen-
ing followed by an additional quantitative PCR analysis, we reduced the probability of latent or non-contributory 
infections being detected and reported31. Finally, although our protocol allowed us to evaluate the presence of the 
majority of known oncogenic pathogens, our PCR system does not include every potentially oncogenic pathogen. 
Some notable examples worth evaluating in the future for completeness includes the human papilloma virus fam-
ily, parvovirus, hepatitis B and C viruses, Merkel cell polyomavirus, and simian virus 40.

In summary, HHV-6, HHV-7, and EBV may be associated with the pathogenesis of benign and malignant 
LPDs of the ocular adnexa. The exact mechanism of the role of these viruses, and thus the clinical significance, is 
not yet clear. Presence of DNA of the infectious agents could also be co-incidental/epithenomenon. This possi-
bility is unlikely, as normal conjunctival and orbital tissues did not reveal the presence of DNA of agents. These 
findings, however, open a new perspective for further research of LPDs of the ocular adnexa. Further efforts are 
needed to elucidate the relevance of the molecular detection of these viruses in the context of LPDs of the ocular 
adnexa. Additionally, further studies of the mechanisms underlying malignant and benign LPDs are needed to 
clarify the potentially inductive roles of environmental and pathogenic stimuli.

Methods
Patients, Sample Collection, and Diagnosis. We studied 70 patients (32 men and 38 women) diagnosed 
with LPDs of the ocular adnexa, including 19 conjunctival MALT lymphomas (7 men and 12 women, mean age 
50.8 ±  18.0 years), 15 orbital MALT lymphomas (7 men and 8 women, mean age 70.8 ±  13.9 years), 7 orbital 
difuse large B-cell lymphomas (DLBCL; 4 men and 3 women, mean age 64.4 ±  14.2 years), 22 IgG4-ROD (12 men 
and 10 women, mean age 60.5 ±  15.5 years), and 7 orbital RLH (2 men and 5 women, mean age 55.7 ±  13.4 years) 
from 2008 to 2013 at the Department of Ophthalmology, Tokyo Medical University. This study was approved by 
Tokyo Medical University institutional review board. All experimental methods were conducted in accordance 
with the Declaration of Helsinki. All patients were Asian and immunocompetent adults. Surgically resected or 
biopsied specimens of LPDs of the ocular adnexa were delivered immediately to the Pathology and Molecular 
Laboratory. All patients gave informed consent to the collection and analysis of samples.

The diagnosis of each LPD of the ocular adnexa was established on the basis of clinical, radiographic, his-
tologic, and molecular genetic analyses such as gene rearrangement. Specifically, the diagnosis of IgG4-ROD 
was made in accordance with recently published criteria5,32. Conventional histologic and immunohistochemical 
evaluations were performed on resected tissues fixed in 10% formaldehyde to evaluate features of the LPDs. B-cell 
monoclonal expansion was confirmed by flow cytometry analysis and immunoglobulin heavy chain (IgH) gene 
rearrangements using Southern blot analysis or PCR for conjunctival MALT lymphoma (SRL, Tokyo, Japan). 
IgG4 values higher than the normal range of 4.8–105 mg/dl were used as diagnostic criteria to establish the pres-
ence of IgG4-ROD. Patient characteristics and presence of monoclonality are summarized in Table 3.

Polymerase Chain Reaction Analyses. Specimens were screened for bacterial, viral, fungal, and para-
sitic DNA by multiplex and real-time PCR assays, and the quantity of microorganism DNA was measured using 
broad-range real-time PCR, as described previously12. Briefly, DNA was extracted from the tumor specimens 
using a DNA Mini Kit (Qiagen, Valencia, CA). Genomic DNA of eight human herpes viruses (HHV1–8), toxo-
plasma, bacteria, and fungi in the tumor specimens was measured by two independent PCR assays: (1) multiplex 
and real-time PCR and (2) broad-range real-time PCR.

The multiplex PCR was designed to qualitatively measure genomic DNA of 8 HHVs (HSV-1, HSV-2, 
varicella-zoster virus (VZV), EBV, cytomegalovirus (CMV), HHV-6, HHV-7, and HHV-8), BK virus, JC virus, 
human T-lymphotrophic virus (HTLV-1), Coxsackie virus, enterovirus, influenza virus, Bartonella, chlamydia 
23S, Acanthamoeba, toxocara, and toxoplasma. If the multiplex PCR results were positive, real-time PCR was then 
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performed. The broad-range real-time PCR was performed to detect the genome for bacterial 16S rDNA or fungal 
18S/28S rDNA33. PCR was performed with a LightCycler 480 II instrument (Roche, Basel, Switzerland). Real-time 
PCR was performed using the AmpliTaq Gold and the Real-Time PCR 7300 system (Applied Biosystems, Foster 
City, CA) or LightCycler 480 II. Primers and probes for each pathogen and the PCR conditions were described 
previously33–36. Amplification of the human gamma-globulin gene served as an internal positive extraction and 
amplification control. Copy number values of more than 50 copies/μ g DNA (virus and parasite) or 100 copies/μ g 
DNA (bacteria and fungi) in the biopsy sample were considered to be significant34.
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associated lymphoid tissue lymphoma; DLBCL, diffuse large B-cell lymphoma; IgG4-ROD, IgG4-related 
ophthalmic disease; RLH, reactive lymphoid hyperplasia; IgH, immunoglobulin heavy chain.
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ABSTRACT
Interleukin (IL)-27 is a multifunctional cytokine that belongs to the IL-6/IL-12 family and has potent
antitumor activity through various mechanisms. Our novel findings indicate that IL-27 directly acts on
hematopoietic stem cells and promotes their expansion and differentiation into myeloid progenitors to
control infection and to eradicate tumors.
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Hematopoiesis is tightly orchestrated by hematopoietic stem
cells (HSCs) in the bone marrow (BM) niche to ultimately pro-
duce mature myeloid and lymphoid blood cells. During infec-
tion, HSCs, which are predominantly dormant, briefly expand,
proliferate, and differentiate in response to inflammatory sig-
nals such as pro-inflammatory cytokines. This process is called
emergency myelopoiesis and plays a critical role in counterbal-
ancing the loss of myeloid cells and replenishing them to con-
trol the infection, because myeloid cells generally have very low
proliferative activity.

Macrophages are characterized by high plasticity and diver-
sity, with two major phenotypes. M1 macrophages can aug-
ment helper T (Th)1 immune responses, resulting in strong
microbicidal and tumoricidal activity, and M2 macrophages
have an immunoregulatory function that helps to promote tis-
sue remodeling and tumor progression. Under various patho-
genic conditions, immature myeloid cells designated as
myeloid-derived suppressor cells emerge and exert strong
immunosuppressive functions. These cells are generated as a
normal physiological response and are developed by stimula-
tion with several tumor- or infection-derived cytokines, such as
granulocyte macrophage colony-stimulating factor, granulocyte
colony-stimulating factor, and macrophage colony-stimulating
factor, but blocked from differentiating. Generally, tumor-bear-
ing hosts and cancer patients have increased infiltration of
immunosuppressive myeloid cells, such as M2 macrophages
and myeloid-derived suppressor cells.

Interleukin (IL)-27, a member of the IL-6/IL-12 family of
cytokines, is a multifunctional cytokine with both pro-inflam-
matory and anti-inflammatory properties. It promotes the early
induction of Th1 differentiation and generation of cytotoxic T
lymphocytes, but it inhibits the differentiation of naive CD4C T

cells into Th2 and Th17 cells and suppresses the production of
pro-inflammatory cytokines.1,2 IL-27 is composed of Epstein-
Barr virus-induced gene 3 and p28, and its receptor (R) consists
of IL-27Ra and glycoprotein130, a common receptor subunit
for the IL-6 family of cytokines.1,2 We first demonstrated the
antitumor effects of IL-27 in 2004 using a mouse transplantable
tumor model.3 Accumulating evidence obtained using several
preclinical mouse and human tumor models indicates that IL-
27 has potent antitumor activity against various types of tumors
without apparent adverse effects; IL-27 acts via multiple mech-
anisms including cytotoxic T lymphocytes and natural killer
cells, depending on the characteristics of individual tumors.4,5

In addition, we first clarified its promoting effects on the expan-
sion and differentiation of HSCs into myeloid progenitors by
establishing IL-27-overexpressing transgenic mice.6 We also
recently elucidated the protective effects of IL-27 on a mouse
model of blood-stage malaria infection by promoting emer-
gency myelopoiesis (Fig. 1A),7 as well as its antitumor effects
through enhanced differentiation into antitumorigenic M1
macrophages (Fig. 1B).8

The IL-27-transgenic mice show enhanced myelopoiesis
with splenomegaly and extramedullary hematopoiesis in the
spleen.6 Consistent with this, IL-27 together with stem cell fac-
tor synergistically and vigorously expands mouse BM cells for a
long period.7 Among the various types of HSCs and progeni-
tors in the BM, IL-27 and stem cell factor predominately act on
long-term repopulating HSCs and promote their differentiation
into myeloid progenitors, which have a unique potential to dif-
ferentiate into migratory dendritic cells, neutrophils, and mast
cells and less so into macrophages and basophils, but not into
plasmacytoid dendritic cells, conventional dendritic cells, T
cells, or B cells. Among the cytokines, IL-27 in synergy with
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stem cell factor has the strongest ability to augment the expan-
sion of lineage¡Sca-1Cc-KitC (LSK) cells, which is a population
highly enriched in HSCs, and their differentiation into myeloid
progenitors retaining the same LSK phenotype.7

In the mouse model of blood-stage malaria infection, inter-
feron (IFN)-g production induced by IL-12 and phagocytic
cells in the spleen play critical roles in controlling parasitemia

to remove infected red blood cells.9 IL-27Ra-deficient mice
show a greater increase in parasitemia during the early infec-
tion.7 The infection enhances IL-27 expression through IFN-g
production in the BM and spleen, and IL-27 then promotes the
expansion and differentiation of LSK cells into myeloid progen-
itors, enhancing the production of neutrophils to control the
infection (Fig. 1A).7 Thus, IL-27 is one of the few cytokines
that directly acts on HSCs and promotes emergency
myelopoiesis.

In tumor-bearing mice, IL-27 was revealed to augment the
infiltration of myeloid cells into tumors. Intriguingly, however,
deletion experiments of these myeloid cells and admixture
experiments of them with parental tumors show that the IL-27-
mediated tumor-infiltrating myeloid cells have reduced immu-
nosuppressive activity and potent antitumor activity, rather
than protumor activity as usually observed in non-treated
tumor-bearing mice (Fig. 1B).8 The myeloid cells express a
higher level of inducible nitric oxide synthase and directly kill
tumors, mainly in a nitric oxide–dependent manner. In the BM
of tumor-bearing mice, IL-27 increases the LSK cell population,
which has an enhanced ability to differentiate into antitumori-
genic M1 macrophages.8 These M1 macrophages then infiltrate
into tumors and eradicate them.

In analogy with the effects of IL-27 on HSCs, some researchers
have proposed the possibility of IL-27 inducing the expansion and
differentiation of leukemic stem cells. Aberrant IL-27Ra signaling
or IL-27 stimulation of leukemic stem cells that contain prolifer-
ative mutations like BCR/ABL may enhance myeloid cell growth,
potentially leading to myeloproliferative neoplasms. However, IL-
27-overexpressing transgenic mice never show any spontaneous
development of leukemia during the entire life span under normal
conditions.10 Moreover, supporting the effect of IL-27 on hemato-
poiesis in the BM, the p28 subunit of IL-27 is unique in having a
polyglutamic acid domain, which is the acidic domain with
hydroxyapatite-binding ability and bone tropism to bone sialopro-
tein. Therefore, therapeutic applications of IL-27 targeting hema-
tologic tumor and solid tumor metastasis with bone tropism
could prove beneficial.
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tumor models, however, IL-27 directly acts on HSCs in the BM and promotes their
expansion and differentiation into myeloid progenitors, which have an enhanced
ability to further differentiate into antitumorigenic M1 macrophages. These M1
macrophages then infiltrate into tumors and eradicate them mainly in a nitric
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granulocyte macrophage colony-stimulating factor; MF, macrophage; MDSC, mye-
loid-derived suppressor cell; NK, natural killer.

e1421892-2 N. ORII ET AL.

-61-

--0123456789



References

1. Mizoguchi I, Higuchi K,Mitobe K, Tsunoda R,Mizuguchi J, Yoshimoto T.
Interleukin-27: regulation of immune responses and disease development
by a pleiotropic cytokine with pro- and anti-inflammatory properties. In:
Yoshimoto T, Yoshimoto T, eds. Cytokine frontiers: regulation of immune
responses in health and disease. Tokyo: Springer; 2013. p. 353–375.

2. Yoshida H, Hunter CA. The immunobiology of interleukin-27. Annu
Rev Immunol. 2015;33:417–443. doi:10.1146/annurev-immunol-
032414-112134.

3. Hisada M, Kamiya S, Fujita K, Belladonna ML, Aoki T, Koyanagi Y,
et al. Potent antitumor activity of interleukin-27. Cancer Res.
2004;64:1152–1156. doi:10.1158/0008-5472.CAN-03-2084.

4. Mizoguchi I, Chiba Y, Furusawa JI, Xu M, Tsunoda R, Higuchi K,
Yoshimoto T. Therapeutic potential of interleukin-27 against cancers
in preclinical mouse models. Oncoimmunology. 2015;4:e1042200.
doi:10.1080/2162402X.2015.1042200.

5. Yoshimoto T, Chiba Y, Furusawa J, XuM, Tsunoda R,Higuchi K,Mizogu-
chi I. Potential clinical application of interleukin-27 as an antitumor agent.
Cancer Sci. 2015;106:1103–1110. doi:10.1111/cas.12731.

6. Seita J, Asakawa M, Ooehara J, Takayanagi S, Morita Y, Watanabe N,
Fujita K, Kudo M, Mizuguchi J, Ema H, et al. Interleukin-27 directly

induces differentiation in hematopoietic stem cells. Blood.
2008;111:1903–1912. doi:10.1182/blood-2007-06-093328.

7. Furusawa J, Mizoguchi I, Chiba Y, Hisada M, Kobayashi F, Yoshida H,
Nakae S, Tsuchida A,Matsumoto T, EmaH, et al. Promotion of expansion
and differentiation of hematopoietic stem cells by interleukin-27 into mye-
loid progenitors to control infection in emergency myelopoiesis. PLoS
Pathog. 2016;12:e1005507. doi:10.1371/journal.ppat.1005507.

8. Chiba Y, Mizoguchi I, Furusawa J, Hasegawa H, Ohashi M, Xu M,
Owaki T, Yoshimoto T. Interleukin-27 exerts its antitumor effects by
promoting differentiation of hematopoietic stem cells to M1 macro-
phages. Cancer Res. 2017; Nov 1:pii: canres.0960.2017. doi:10.1158/
0008-5472.CAN-17-0960.

9. Yoneto T, Waki S, Takai T, Tagawa Y, Iwakura Y, Mizuguchi J, Nariuchi
H, Yoshimoto T. A critical role of Fc receptor-mediated antibody-depen-
dent phagocytosis in the host resistance to blood-stage Plasmodium
berghei XAT infection. J Immunol. 2001;166:6236–6241. doi:10.4049/
jimmunol.166.10.6236.

10. Yoshimoto T, Yoshimoto T, Yasuda K, Mizuguchi J, Nakanishi K. IL-
27 suppresses Th2 cell development and Th2 cytokines production
from polarized Th2 cells: a novel therapeutic way for Th2-mediated
allergic inflammation. J Immunol 2007;179:4415–4423. doi:10.4049/
jimmunol.179.7.4415.

ONCOIMMUNOLOGY e1421892-3

-62-

--0123456789

https://doi.org/10.1146/annurev-immunol-032414-112134
https://doi.org/10.1146/annurev-immunol-032414-112134
https://doi.org/10.1158/0008-5472.CAN-03-2084
https://doi.org/10.1080/2162402X.2015.1042200
https://doi.org/10.1111/cas.12731
https://doi.org/10.1182/blood-2007-06-093328
https://doi.org/10.1371/journal.ppat.1005507
https://doi.org/10.1158/0008-5472.CAN-17-0960
https://doi.org/10.1158/0008-5472.CAN-17-0960
https://doi.org/10.4049/jimmunol.166.10.6236
https://doi.org/10.4049/jimmunol.166.10.6236
https://doi.org/10.4049/jimmunol.179.7.4415
https://doi.org/10.4049/jimmunol.179.7.4415


rstb.royalsocietypublishing.org

Review
Cite this article: Ohyashiki JH, Umezu T,

Ohyashiki K. 2017 Extracellular vesicle-

mediated cell – cell communication in

haematological neoplasms. Phil. Trans. R.

Soc. B 373: 20160484.

http://dx.doi.org/10.1098/rstb.2016.0484

Accepted: 15 April 2017

One contribution of 13 to a discussion meeting

issue ‘Extracellular vesicles and the tumour

microenvironment’.

Subject Areas:
molecular biology

Keywords:
extracellular vesicles, leukaemia, multiple

myeloma, hypoxia, bone marrow mesenchymal

stromal cells, miRNA

Author for correspondence:
Junko H. Ohyashiki

e-mail: junko@hh.iij4u.or.jp

Extracellular vesicle-mediated cell – cell
communication in haematological
neoplasms

Junko H. Ohyashiki1, Tomohiro Umezu1,2 and Kazuma Ohyashiki2

1Department of Molecular Oncology, Institute of Medical Science, and 2Department of Hematology, Tokyo
Medical University, Tokyo, Japan

JHO, 0000-0002-5997-2790

Crosstalk between bone marrow tumour cells and surrounding cells, includ-

ing bone marrow mesenchymal stromal cells (BM-MSCs), endothelial cells

and immune cells, is important for tumour growth in haematological neo-

plasms. In addition to conventional signalling pathways, extracellular

vesicles (EVs), which are endosome-derived vesicles containing proteins,

mRNAs, lipids and miRNAs, can facilitate modulation of the bone

marrow microenvironment without directly contacting non-tumourous

cells. In this review, we discuss the current understanding of EV-mediated

cell–cell communication in haematological neoplasms, particularly leukae-

mia and multiple myeloma. We highlight the actions of tumour and

BM-MSC EVs in multiple myeloma. The origin of EVs, their tropism and

mechanism of EV transfer are emerging issues that need to be addressed

in EV-mediated cell–cell communication in haematological neoplasms.

This article is part of the discussion meeting issue ‘Extracellular vesicles

and the tumour microenvironment’.

1. Introduction
The tumour microenvironment (TME) plays an essential role in cancer develop-

ment, metastasis and drug resistance [1]. Cancer-associated fibroblasts (CAFs)

are considered as a major component of the TME [2–5]. However, the origin of

CAFs is still controversial [2,6]. Relative to solid tumours, the bone marrow micro-

environment (BME), where haematopoietic stem cells (HSCs) are located, is

considered much more complicated (figure 1). First, HSCs reside in a specialized

microenvironment called the haematopoietic niche [7]. The endosteal niche, hall-

marked by osteoblasts lining the bone marrow cavity, has been proposed as an

important source of HSC quiescence (figure 1, top right), while the vascular

niche has been implicated in HSC maintenance and regeneration (figure 1,

bottom right). Second, the definition of CAFs is not generally used to indicate

the tumour-surrounding cell population in haematological neoplasms. Such cells

are referred to as bone marrow mesenchymal stromal cells (BM-MSCs) [8].

While BM-MSCs and CAFs may share biological properties, especially in multiple

myeloma (MM) [9] and chronic lymphocytic leukaemia (CLL) [10], the differences

and similarities between BM-MSCs and CAFs are not fully elucidated in leukae-

mias [8]. In addition to BM-MSCs, immune cells, such as T cells, B cells and

natural killer (NK) cells, also interact with tumour cells. Myeloid-derived suppres-

sor cells (MDSCs) represent another population of regulatory cells, which impair

anti-tumour innate and adaptive immune responses [11].

It is believed that cell–cell communication between tumour cells and their sur-

rounding cells is modulated by direct cell contact and soluble factors such as

cytokines. Emerging evidence suggests that extracellular vesicles (EVs) shed

from either tumour cells or their surrounding cells act as a mediator of crosstalk

in the TME [12] because EVs contain complex cargo including proteins, mRNAs,

lipids and microRNAs (miRNAs). The current generally recognized categories of

EVs are exosomes (the most well-known category) with a size of 30–100 nm,

microvesicles with a size of 100–1000 nm, and large oncosomes ranging in size

& 2017 The Author(s) Published by the Royal Society. All rights reserved.
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from 1 to 10 mm [13,14]. To date, most EV studies in haematolo-

gic neoplasms refer to exosomes or microvesicles. However, a

recent study by Johnson et al. focused on the heterogeneity of

EVs and characterized large EVs in acute lymphoblastic leukae-

mia [15]. In this review, we highlight and discuss recent studies

of EV-mediated cell–cell communication in haematological

neoplasms, particularly leukaemia and MM.

2. Acute myeloid leukaemia-derived extracellular
vesicles in the bone marrow
microenvironment

Leukaemia is a type of haematological neoplasm which arises

from HSCs. Leukaemia types are subdivided by cell lineage

(myeloid or lymphoid) and clinical course (acute or chronic).

High throughput genomic analyses have revealed that genetic

alteration of leukaemic cells is likely a more important determi-

nant of disease severity [16]. However, increasing evidence

suggests that leukaemic cell-derived EVs affect their surrounding

cells in autocrine and/or paracrine manners [17–19].

In acute myeloid leukaemia (AML), Kumar et al. found evi-

dence that AML-EVs alter the BME to facilitate leukaemic cell

growth and suppress normal haematopoiesis in a mouse

model [20]. The unique miRNA profile of AML-EVs, including

miR-155, has the potential to increase leukaemic fitness by dys-

regulation of other cell types in the BME [21]. Myelodysplastic

syndrome (MDS) is a clonal myeloid neoplasm characterized

by ineffective haematopoiesis, and approximately 30% of

patients develop AML. In addition to AML-EVs, MDS-EVs are

linked to stromal cell dysfunction. Therefore, EV-mediated

cell–cell interaction is also involved in bone marrow failure syn-

drome [22]. Although various components of AML-EVs, such as

proteins, mRNAs and miRNAs, have been identified [17,21], it is

difficult to focus on a single pathway for AML. Another impor-

tant issue is that AML-EVs suppress immune cells such as

NK cells [18]. In serum obtained from AML patients, AML-

microvesicles mediate suppression of NK cell activity via the

transforming growth factor-b1 signalling pathway, and inter-

leukin (IL)-15 protects NK cells from the adverse effects of

AML-microvesicles [18].

To date, there is no appropriate in vitro model to elucidate

the complex cell–cell interactions in the bone marrow niche

where leukaemic stem cells exist. Crosstalk via EVs between

osteoblasts and HSCs or between BM-MSCs and HSCs also

remains to be resolved. For this reason, much effort has been

made to determine the diagnostic value of circulating EVs

rather than the mechanism of cell–cell communication in

AML [23]. A recent report by Viola et al. demonstrated that

EVs derived from BM-MSCs induce tyrosine kinase inhibitor

resistance in AML [24], suggesting a new therapeutic approach

targeting BM-MSCs in AML. Considering the critical roles of

EVs in AML, understanding the mechanisms regulating signal-

ling pathways in recipient cells may provide additional insights

into the use of EVs as therapeutic agents for treating AML.

3. Bone marrow angiogenesis and extracellular
vesicles derived from chronic myeloid
leukaemia

Chronic myelogenous leukaemia (CML) characterized by the

BCR-ABL chimeric protein is another type of myeloid leukaemia,

which tends to progress more slowly than AML. Increased

microvessel density and clinicopathological correlations with

bone marrow angiogenesis have been reported in CML patients
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Figure 1. Bone marrow microenvironment in haematological neoplasms. The bone marrow microenvironment is located in bone. Two types of niches, the endosteal
niche and vascular niche, are located adjacent to the bone cortex. Tumour cells secrete extracellular vesicles (small green circles) towards their surrounding cells such as
bone marrow mesenchymal stromal cells (BM-MSCs), endothelial cells and immune cells. Various types of cell – cell communication are assumed, such as tumour cells to
BM-MSCs, tumour cells to endothelial cells, tumour cells to immune cells, and others. MDSC, myeloid-derived suppressor cell; NK, natural killer; RBC, red blood cell.
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[25]. We and others have shown that EVs secreted by CML cells

can potentially influence in vitro and/or in vivo angiogenesis by

directly affecting the properties of endothelial cells [26,27].

Taverna and colleagues first provided direct evidence that fluor-

escent-labelled EVs released by K562 cells are internalized by

human umbilical vein endothelial cells (HUVECs) during tubu-

lar differentiation on Matrigel, thereby enhancing angiogenesis

[26,28]. They also demonstrated that functional transfer of

CML-EV-miR126 targets C-X-C motif chemokine ligand 12 and

vascular cell adhesion molecule in HUVECs [29]. These findings

indicate that exogenous miRNAs transferred via EVs function

similarly to endogenous miRNAs in HUVECs. CML-EVs

also induce increased secretion of IL-8 in BM-MSCs, thereby

promoting leukaemic cell growth in vitro and in vivo [30].

Because hypoxia is known to be a regulator of angiogenesis,

we investigated how hypoxia triggers EV-mediated angiogen-

esis using the human leukaemic cell line K562. We found that

K562 cell-EVs under hypoxic conditions (1% O2 for 24 h) signifi-

cantly enhance tube formation of HUVECs compared with

EVs produced under normoxic conditions (20% O2 for 24 h)

[31] (figure 2). These experiments employed artificial in vitro con-

ditions for short-term exposure to hypoxia. However, we found

that miR-210 in EVs (EV-miR-210) downregulates ephrin A3 in

HUVECs and alters EV components under hypoxic conditions,

thereby affecting the behaviour of HUVECs [31]. EVs shed

from leukaemic cells act in the following manners. First,

leukaemia-EVs educate BM-MSCs for their own cell survival.

As a result, normal haematopoiesis is suppressed. Second, leu-

kaemia-EVs induce immune suppression by targeting T cells, B

cells and NK cells. Third, leukaemia-EVs induce angiogenesis,

especially in CML.

4. Extracellular vesicle-mediated cell – cell
communication in multiple myeloma

MM is a blood cancer formed by malignant plasma cells that

create tumour masses in bone. In contrast to leukaemia, the

tumour masses are predominantly located in the bone

marrow. Therefore, cell–cell communication in the BME has

a key role in the pathogenesis of MM. Because targeting

MM cells alone is insufficient to establish curable treatment

strategies for MM, the interaction between MM cells and

their surrounding cells has been studied extensively [32]. In

terms of clinical practice, circulating EV-miRNAs from

newly diagnosed MM patients are a potential biomarker for

prognosis [33]. Because MM appears to be pathophysiologi-

cally similar to solid tumours, a cell-free specimen has great

benefit for evaluating minimal residual disease. We discuss

the characteristic BME in MM, especially hypoxia, in the

following section. We then summarize the role of MM-EVs,

BM-MSC-EVs and the mechanism of EV transfer in MM.

Bone marrow is hypoxic in nature, and oxygen tension in

MM-infiltrated BM is lower than that in normal BM [34]. The

massive proliferation of MM cells produces hypoxic con-

ditions in the tumour, which may lead to more rapid cell

growth, drug resistance and angiogenesis [35]. Therefore,

we focused on the effect of hypoxia in the BME and

established three MM cell lines that could be adapted to

long-lasting hypoxia, namely hypoxia-resistant MM cells

(HR-MM cells). Mutation analysis of HR-MM cells revealed

no acquired genetic variation compared with their parental

cells, while the gene expression profile of HR-MM cells was

modified during the adaptation process [36]. We considered

that HR-MM cells may be suitable for analyses of the BME,

which mimics the in vivo state because most in vitro hypoxia

studies use short-term hypoxic exposure (3–24 h) which may

reflect acute hypoxic shock rather than the MM-BME.

Although no significant difference existed in the size of EVs

between HR-MM and parental cells, the amount of EVs

released from HR-MM cells was approximately twofold

greater. We also found that HR-MM cells enhanced in vitro
tube formation and increased angiogenesis in vivo in a Matri-

gel assay. It was notable that EV-miR-135b from HR-MM

cells enhanced angiogenesis by direct suppression of factor-

inhibiting hypoxia-inducible factor 1 (FIH-1) in endothelial

cells. It remains uncertain how other components within

HR-MM cell-EVs, such as proteins, mRNAs and miRNAs,

may be involved in EV-mediated angiogenesis.

Regarding the cargo of MM-EVs, three independent

proteomic studies revealed the significance of proteins in

EV-mediated intercellular communication [37–39]. Harshman

et al. identified 583 MM-EV proteins in total by liquid chromato-

graphy coupled with tandem mass spectrometry [37]. They

found that MM-EVs contained molecules related to a distinct

pathway, such as antigen-presenting molecules (major histo-

compatibility complex class I and II) and adhesion molecules

(tetraspanins and integrins), in MM cell lines MM.1S and

U266 [37]. MM-EVs contain the biologically active form of

CD147, which drives MM cell proliferation [38]. In addition,

MM-EVs harbour CD138, which is known to be an angiogenic

regulator [39], and the angiogenic activity has been confirmed

using mouse MM-EVs in vivo [40].

MM-EVs also interact with BM-MSCs to establish a

favourable BME for MM: they promote an increase of

miR-146a in BM-MSCs, which induces more cytokines and

chemokines, such as IL-6, and support MM cell growth [41]

(figure 3). Another example of tumour cell and BM-MSC

cooperation has been reported in another type of lymphoid

malignancy, CLL. CLL-derived EVs are internalized by

BM-MSCs and deliver functionally active components to

BM-MSCs [10]. Taken together, tumour-derived EVs have

HUVECs

24 h 20% O2

24 h 1% O2

normoxia

hypoxia

control

K562

K562

Figure 2. Hypoxia and angiogenesis in leukaemia. Human umbilical vein
cells (HUVECs) were cultured with or without extracellular vesicles (EVs)
secreted from a human leukaemia cell line (K562). The cells were cultured
for 24 h and then EVs were collected. In normoxia, tube formation of
HUVECs was increased in the presence of K562-derived EVs compared with
control HUVECs (middle). When EVs obtained from K562 cells cultured
under hypoxic conditions (K562-EV-hypoxia) were added to HUVECs, tube for-
mation was much more prominent (bottom). These findings indicate possible
roles of EVs, hypoxia and angiogenesis in leukaemia.

rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

373:20160484

3

 on January 5, 2018http://rstb.royalsocietypublishing.org/Downloaded from 

-65-

--0123456789

http://rstb.royalsocietypublishing.org/


the ability to transform BM-MSCs to CAF-like cells. Of note is

that MM-EVs induce prolonged survival of MDSCs which

have a strong immune-suppressive activity in cancer patients

[40]. Raimondi et al. demonstrated the effect of MM-EVs on

both human primary osteoclasts and murine pre-osteoclastic

RAW264.7 cells [42]. These results indicate that MM-EVs are

key regulators that educate BME-targeting endothelial cells,

BM-MSCs, MDSCs and osteoclasts.

In addition to MM-EVs, EVs derived from BM-MSCs

facilitate MM cell growth by maintaining a favourable BME

for MM. Roccaro et al. reported the difference in EV-miRNA

contents between MM-BM-MSCs and normal BM-MSCs [43].

EVs derived from MM-BM-MSCs have less tumour suppres-

sor miR-15a and higher levels of oncogenic proteins,

cytokines and adhesion molecules, whereas normal-BM-

MSCs have the potential to inhibit MM cell growth. Their

findings indicate a CAF-like ability of MM-BM-MSCs and

the possible use of normal BM-MSCs for MM cell therapy.

We also found that BM-MSCs from healthy young donors

inhibit MM angiogenesis through EV-miRNA [44]. From

the aspect of CAFs, BM-MSC-derived EVs induce prolifer-

ation, survival and drug resistance of MM cells [45], and

they are able to activate MDSCs [46]. As a result, BM-MSC-

derived EVs contribute to not only the BME supporting

MM cell growth but also immunosuppression related to

disease progression.

Recent studies have focused on the mechanisms of EV

release and uptake in MM. EV-fibronectin has recently been

identified as a key binding ligand for heparan sulfate that

can act as a receptor for EV uptake by MM cells [41]. Conver-

sely, Bcl-xL is an exosomal caspase-3 substrate, and its

processing is required for the uptake of exosomes by recipient

cells [42]. In solid tumours, tumour-derived EVs use tropism

to transfer into organ-specific recipient cells, and this tropism

depends on distinct integrin expression patterns [43]. The

mechanism by which EVs are captured and why EVs can

select recipient cells remain to be elucidated in MM. Although

the BME in MM is controlled by either a cytokine/chemokine

network or cell adhesion molecules [32], interactions between

conventional and EV-mediated pathways are much more

complex than ever imagined.

5. Perspectives
Despite the fact that most studies have focused on tumour

cell- and BM-MSC-derived EVs, how EVs derived from

other types of cells act in the BME is largely unknown.

Because a category of EVs includes components other than

exosomes, including oncosomes, the type of EV and the

cells from which EVs originate should be clarified to eluci-

date the precise mechanism of EV-mediated cell–cell

communication. We identified EV-miRNA as an angiogenic

factor in our experimental model. However, analysis of

plasma EV-miR-135b did not simply reflect MM disease

severity. It is likely that EV-miRNA in the proximal area (i.e.

bone marrow) is not linked to EV-miRNA in remote areas

such as circulating blood. The manner of cell–cell communi-

cation in the proximal area might be different from that in

the distal area. Therefore, careful attention is needed for diag-

nostic use of EV-miRNA. To better understand EV-mediated

cell–cell communication in haematological neoplasms, the

origin of EVs, their tropism, and mechanism of EV transfer

are emerging issues that need to be addressed.
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Figure 3. Cell – cell communication by extracellular vesicles in multiple myeloma. Massive proliferation of abnormal plasma cells is shown in the centre. The centre
of the mass has pale blue plasma cells, indicating the hypoxic state. In addition to conventional signalling pathways, such as direct cell adhesion and soluble factors,
either extracellular vesicles (EVs) derived from multiple myeloma (MM) cells (MM-EVs; small green circles) or EVs derived from bone marrow mesenchymal stromal
cells (BM-MSC-EVs; small orange circles) modify the behaviour of recipient cells as follows. MM-EVs modulate BM-MSCs and induce a favourable microenvironment
for MM cells. Conversely, BM-MSC-EVs also induce MM cell growth, survival and drug resistance (bottom right). MM-EVs induce angiogenesis. In a long-lasting
hypoxic state, EV-miR-135b acts as a mediator of angiogenesis through the FIH-1/hypoxia-inducible factor-1 signalling pathway (bottom left). BM-MSC-EVs interact
with myeloid-derived suppressor cells (MDSCs), and MM-EVs modulate immune cells, such as natural killer (NK) cells, resulting in immunosuppression (top right).
MM-EVs activate osteoclasts which may be linked to osteolysis in MM (top left).
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Abstract. Scirrhous type gastric cancer is characterized by 
diffuse infiltration of poorly differentiated adenocarcinoma 
cells and poor prognosis. Although association of poorly 
differentiated histology with reduction in E-cadherin expres-
sion, as well as association of microRNA (miR)-200c with 
E-cadherin through regulation of ZEB1/2, has been reported, 
participation of miR-200c in gastric carcinogenesis is not 
fully understood. We used 6 cell lines originating from gastric 
cancers, and investigated levels of miR-200c along with its 
target mRNAs ZEB1/2 and E-cadherin by qRT-PCR. ZEB1 and 
E-cadherin protein expression was also assessed via western 
blotting. Furthermore, we investigated the expression levels of 
miR-200c by in situ hybridization, along with the expression 
of ZEB1 and E-cadherin by immunohistochemistry, in 97 
gastric adenocarcinoma tissues. Inverse correlation between 
miR-200c and ZEB1 levels were obtained by qRT-PCR in cell 
lines (P<0.05). Cell lines with low miR-200c and high ZEB1 
exhibited low E-cadherin expression in both qRT-PCR and 
western blotting, and exhibited spindle-shaped morphology, 
in contrast to round cell morphology in those cell lines with 
high miR-200c levels. Inverse correlations were also obtained 
between miR-200c and ZEB1 as well as between ZEB1 and 
E-cadherin levels in tissue samples (P<0.001). Cancer tissues 
with low miR-200c, high ZEB1, and low E-cadherin expres-
sion were associated with poorly differentiated histology, 
in contrast to tubular form in cancers with high miR-200c 
expression levels (P<0.001). Our data revealed that downregu-
lation of miR-200c primarily regulated cell morphology by 

downregulation of E-cadherin through upregulation of ZEB1, 
leading to poorly differentiated histology in gastric cancer.

Introduction

Gastric cancer is the fourth most common cancer and the 
second leading cause of cancer-related deaths in the world (1). 
More than 980,000 new gastric cancer cases are diagnosed 
annually, and the disease causes approximately 730,000 
deaths per year, with the highest incidence rates in Eastern 
Asia (1). Scirrhous cancer, which accounts for approxi-
mately 10% of all gastric cancers, is characterized by diffuse 
infiltration of poorly differentiated adenocarcinoma cells 
with extensive stromal fibrosis, leading to frequent peritoneal 
dissemination and extremely poor prognosis (2,3). Molecular 
analyses have revealed that reduction in the expression of 
the cell-cell adhesion molecule, E-cadherin, was involved 
in the development and infiltrative growth of scirrhous type 
gastric carcinomas (4,5). Reduction in E-cadherin expression 
observed in poorly differentiated carcinomas of the lungs and 
endometrium (6,7), promotes detachment of cells from each 
other and increases cell motility; thus, leading to epithelial-
mesenchymal transition (EMT) (8).

On the other hand, epigenetic regulation including the 
role of microRNAs (miRNAs, miRs) in carcinogenesis has 
recently been intensively studied. miRNAs are endogenous 
18-24-nucleotide (nt) single-stranded RNA molecules that act 
as post-transcriptional regulators of gene expression (9). They 
stabilize target mRNA transcripts through post-transcriptional 
gene silencing via either inhibition of the translation process or 
cleavage of target mRNAs (10,11). miRNAs sharing the same 
seed sequence are grouped into families and are theorized to 
target overlapping sets of genes (12). miRNAs play diverse 
roles in numerous cellular processes; in particular, their 
expression is altered during tumorigenesis, and they can act as 
oncogenes or tumor suppressors (13).

Recent studies have shown the importance of certain 
miRNAs in modulating EMT, and the miR-200 family has 
been described to be a key regulator of this process (7,8,14). 
The miR-200 family consists of 5 members: miR-200a, 
miR-200b and miR-429 which are located on chromosome 
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1p36 while miR-200c and miR-429 are located on chromo-
some 12p13 (14). The miR-200 family suppresses zinc-finger 
E-box binding homeobox (ZEB) 1 and ZEB2, which in turn 
inhibit the expression of E-cadherin; thus, the miR-200 
family maintains the epithelial phenotype through upregula-
tion of E-cadherin (7,8,14). Among the miR-200 family, loss 
of miR-200c has been reported to be pivotal to inducing 
aggressive, invasive and chemoresistant phenotypes in several 
cancers (15-17). Although downregulation of miR-200a and 
miR-200b have been reported to be associated with poor 
prognosis or EBV-association in gastric cancers (18,19), little 
is known about miR-200c in this context. Recent reports 
demonstrated that miR-200c may affect E-cadherin expression 
through regulation of ZEB1/2 expression (20,21); however, the 
influences of miR-200c on cell morphology and its association 
with histological type have so far not been reported.

In the present study, we investigated the expression 
of miR-200c, as well as corresponding targets at both the 
mRNA and protein levels, in several gastric carcinoma 
cell lines. In addition, we examined the expression level of 
miR-200c and respective target proteins in gastric carcinoma 
tissues and adjacent non-tumor tissues. Our results revealed 
that the expression level of miR-200c was associated with 
the morphology of gastric carcinoma cell lines, as well as 
histological differentiation in cancer tissues, along with the 
upregulation or downregulation of ZEB 1/2 and E-cadherin.

Materials and methods

Cell culture and RNA preparation. Six human gastric 
carcinoma cell lines, h-111-TC, hGC-27, Kato-III, MKN-1, 
MKN-45 and Nu-GC-4 were purchased from Riken Cell Bank 
(Tsukuba, japan) and used in the present study. According to 
the description by the Riken Cell Bank and literature (22-27), 
these cell lines originated from 1 unknown origin (h-111-TC) 
and 5 metastatic carcinoma, as well as 2 tubular (well differen-
tiated or adenosquamous) carcinoma (h-111-TC and MKN-1) 
and 4 poorly differentiated carcinoma including signet ring 
cell type. hGC-27 and MKN-1 cell lines were maintained in 
dulbecco's modified Eagle's medium (dMEM; Gibco-BRL, 
Rockville, Md, uSA), whereas Nu-GC-4, Kato-III, MKN-45 
and h-111-TC cell lines were maintained in RPMI-1640 
(Gibco-BRL), supplemented with 10% fetal calf serum (FCS), 
penicillin, and streptomycin, at 37˚C in a humidified atmo-
sphere of 5% CO2. When they reached 80-90% confluence, 
the cells were washed with phosphate-buffered saline (PBS) 
and homogenized immediately in Isogen reagent (Nippon 
Gene, Osaka, japan). Total RNA was extracted according to 
the manufacturer's instructions.

Quantitative real-time reverse transcription polymerase 
chain reaction (qRT-PCR) analysis. The RNA samples were 
suspended in 20 µl of nuclease-free water, and miRNA-200c 
levels were quantified using TaqMan MicroRNA Assay tech-
nology (Applied Biosystems; Life Technologies, Carlsbad, CA, 
uSA), as previously described (28). miRNA-200c levels were 
normalized against levels of RNu6B. The hsa-miR-200c 
oligonucleotide was a synthetic double-stranded 23-nt RNA, 
5'-uAAuACuGCCGGGuAAuGAuGGA-3' and 5'-CGuCu 
uACCCAGCAGuGuuuGG-3' purchased from BONAC 

Corp. (Fukuoka, japan). To assess the mRNA levels of ZEB1, 
ZEB2 and E-cadherin, reverse-transcription reactions were 
performed using M-MLV reverse transcriptase (Invitrogen, 
Carlsbad, CA, uSA). Quantitative PCR (FastStart universal 
SYBR-Green Master; Roche, Basel, Switzerland) reactions 
were run on an Mx3005P thermocycler (Stratagene, La jolla, 
CA, uSA) and analyzed using MxPro QPCR software, version 
4.01 (Stratagene, Agilent Technologies, Santa Clara, CA, 
uSA). The level of gene expression relative to glyceraldehyde 
3-phosphate dehydrogenase (GAPdh) was determined. The 
primer sequences were as follows: ZEB1 forward, 5'-TGTCA 
CCATGAAACCATTGC-3' and reverse, 5'-AGGTAAAGTG 
CGCTTCCTCA-3'; ZEB2 forward, 5'-GGGCATTCAGTGA 
CCTGACA-3' and reverse, 5'-GCATTGTTCCCATAGAGT 
TC-3'; E-cadherin forward, 5'-TCCTCGGATTCTCTGCT 
CTC-3' and reverse, 5'-CTCTGACCTTTTGCCAGGAG-3'; 
GAPdh forward, 5'-ATGGGGAAGGTGAAGGTCG-3' and 
reverse, 5'-GGGTCATTGATGGCAACAATATC-3'. The 
experiments were performed 3 times, with the average levels 
and standard deviations from the mean being obtained. 
Correlations between average levels of miR-200c, ZEB1, 
ZEB2 and E-cadherin in all cell lines were estimated by 
Spearman's rank correlation using the SPSS software package 
(ver17.0; SPSS japan Inc., Tokyo, japan). The results were 
considered significant if the P<0.05.

Western blot analysis. Cell lines were lysed in RIPA buffer. 
After boiling with sodium dodecyl sulfate loading buffer, equal 
amounts (10 µg) of the proteins were electrophoresed on 10% 
sodium dodecyl sulfate-polyacrylamide gels (SdS-PAGE) and 
transferred to Immobilon membranes (Millipore Inc., Bedford, 
MA, uSA) by semidry blotting. Five percent milk powder 
dissolved in PBS buffer containing 0.1% Tween-20 was used to 
block non-specific binding. Then, using standard techniques, 
the membranes were probed with the following antibodies: 
anti-E-cadherin antibody (mouse monoclonal antibody to 
human E-cadherin; clone: hECd-1; dilution: 1:200; Takara, 
Tokyo, japan), anti-ZEB1 antibody (rabbit monoclonal anti-
body to ZEB1; clone: d80d3; dilution: 1:100; Cell Signaling 
Technology, danvers, MA, uSA), and anti-β-actin antibody 
(mouse monoclonal antibody to β-actin; clone: C4; dilu-
tion: 1:1,000; Santa Cruz Biotechnology, dallas, TX, uSA). 
Antibody-antigen complexes were detected using Immobilon 
Western chemiluminescent horseradish peroxidase substrate 
(Millipore), and signals were recorded on a LAS-3000 mini 
system (Fujifilm, Tokyo, japan).

Human tissue specimens and tissue microarrays. human tissue 
specimens were obtained from 97 patients who underwent 
gastric cancer surgery at Tokyo Medical university hospital 
between 2003 and 2010. The Tokyo Medical university 
institutional review board approved the present study, and 
all patients provided written informed consent. The patient 
cohort included 74 males and 23 females, ranging in age from 
40 to 92 years (average 66.3 years). Other clinicopathological 
characteristics are listed in Table I. The tumors were cut into 
~5-mm sections after fixation in 10% formalin and embedded 
in paraffin. From these paraffin blocks, tissue microarrays 
(TMAs) were constructed, each consisting of 12 specimens 
of 6-mm diameter on one slide. As previously described (29), 
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TMAs allow the relocation of multiple tissue samples from 
conventional histologic paraffin blocks so that tissues from 
multiple patients can be analyzed on the same slide.

In situ hybridization. In situ hybridization (ISh) was 
performed on TMAs containing 3-µm consecutive sections 
of formalin-fixed, paraffin-embedded (FFPE) samples. 
Probes utilized were based on 5' digoxigenin (dIG)-labeled 
ISh locked nucleic acid (LNA) technology (miRCuRY-LNA 
detection probe; Exiqon A/S, Vedbaek, denmark). Slides 
were prepared using the Ventana hX System BenchMark 
(Ventana Medical Systems, Inc., Tucson, AZ, uSA). We 
used the following 5' dIG-labeled LNA probes for ISh: 
hsa-miR-200c, 5'-TCCATCATTACCCGGCAGTATTA-3'; 
and non-target negative control sequence, 5'-GTGTAACA 
CGTCTATACGCCCA-3'.

Immunohistochemistry. Immunohistochemistry (IhC) was 
performed on TMAs containing 4-µm consecutive sections 
of FFPE gastric tissue samples. After deparaffinization and 
rehydration, endogenous peroxidases were blocked by incu-
bation in 0.3% hydrogen peroxide solution for 20 min. To 
expose antigens, the sections were autoclaved in EdTA buffer 
(ph 9.0) for 10 min and cooled for 30 min. After rinsing 
in 0.05 M Tris-buffered saline containing 0.1% Tween-20 
(ph 7.6), the sections were incubated with an affinity-purified 
anti-ZEB1 antibody (clone: d80d3; dilution: 1:200; Cell 
Signaling Technology) and anti-E-cadherin antibody (clone: 
hECd-1; dilution: 1:1,000; Takara) for 3 h at RT. Samples 
were then washed three times in PBS and incubated with 
dako secondary antibody for 15 min at RT. horseradish 
peroxidase-labeled polymer conjugated to a mixture of goat 
anti-mouse and anti-rabbit immunoglobulin antibodies (Code: 
K5007; prediluted; dako, Glostrup, denmark) was used as 
the secondary antibody. 3,3'-diaminobenzidine tetrachloride 
(dAB) was used for color development and sections were 
counterstained with hematoxylin.

Evaluation of tissue images. ISh- or IhC-stained slides 
were examined by light microscopy using an Olympus BX50 
microscope. Three different fields (x200) in each tissue 
were randomly selected. digital images of ISh and IhC 

were captured by the NY-d5000 super system (Microscope 
Network; Nikon, Tokyo, japan) and were printed by a true-
color printer (IPSiO SP C420; Ricoh, Tokyo, japan). Positive 
ISh results caused the cytoplasm to appear blue, whereas posi-
tive IhC results appeared brown. Nuclear immunostaining was 
assessed for ZEB1, while cytomembranous immunostaining 
was assessed for E-cadherin. Images were interpreted semi-
quantitatively by assessing the extent and intensity of staining 
on the entirety of each tissue section present on the slides, 
as previously described (30). Briefly, the total percentage of 
positively-stained tumor cells was first determined. Then, the 
percentage of weakly-, moderately- and strongly-stained cells 
was determined, so that the sum of these categories equated 
with the overall percentage of positivity. A final staining score 
was then calculated as the sum of 1 x percentage of weak, 2 x 
percentage of moderate, and 3 x percentage of strong staining 
(maximum score=300).

Statistical analyses of data from human tissue studies. 
Prior to statistical analyses, clinicopathlogical data as well 
as tissue image results were dichotomized into two groups 
of ‘high’ and ‘low’ levels, according to the median values. 
Thus, the final score for staining of miR-200c was used to 
define high-level expression (final score ≥201) and low-level 
expression (final score <201). Likewise, the final score for 
staining of ZEB1 was used to define high-level expression 
(final score ≥1) and low-level expression (final score <1), as 
well as that of E-cadherin used to define high-level expres-
sion (final score ≥111) and low-level expression (final score 
<111). Tumor diameter was dichotomized as either high-
level (diameter ≥40 mm) or low-level (diameter <40 mm). 
high-age (≥65 years old) and low-age (<65 years old) 
groups were established according to convention, as were 
advanced (depth ≥mp) and early (depth <mp) cancer groups. 
histologically, both a well/moderately differentiated tubular 
adenocarcinoma group and a poorly differentiated adeno-
carcinoma group were established. Then, statistical analyses 
including Chi-square test and multivariate analysis using 
logistic regression models were performed using the SPSS 
software package (ver17.0; SPSS). Results were considered 
significant if the P<0.05.

Results

Quantitative analysis of miR-200c and target mRNA 
expression in gastric carcinoma cell lines. We investigated 
miR-200c expression in 6 gastric carcinoma cell lines by 
qRT-PCR analysis. As shown in Fig. 1A, the expression level 
of miR-200c descended in the following order (from high to 
low): Kato-III > MKN-45 > Nu-GC-4 > h-111-TC > hGC-27 
> MKN-1. Of note, the latter 2 cell lines hGC-27 and MKN-1 
expressed very low levels of miR-200c. We also investigated 
the expression of particular target mRNAs, namely ZEB1 
and ZEB2, along with E-cadherin, in the same cell lines. The 
expression level of ZEB1 descended in the following order 
(from high to low): hGC-27 > MKN-1 > Nu-GC-4 > h-111-TC 
> MKN-45 > Kato-III (Fig. 1B). Of note, the 2 cell lines in 
which miR-200c expression level was very low exhibited the 
greatest expression level of ZEB1. Similarly, the expression 
level of ZEB2 descended in the following order (from high to 

Table I. Clinical and histopathological features of 97 patients.

Characteristics data

Mean age (years) 66.3±11.9
Sex (male/female) 74/23
Lymph nodes metastasis (+/-) 33/64
Tumor diameter (mm) 47.8±28.2
depth (M/SM/MP/SS/SE/SI) 25/26/8/25/9/4
Vessel infiltration (+/-) 50/47
histology of tubular formation (+/-) 67/30

M, mucosa; SM, submucosa; MP, muscularis propria; SS, subserosa; 
SE, serosa exposed; SI, serosa infiltrating (neighboring organ or 
organs involved).
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low): hGC-27 > h-111-TC > Nu-GC-4 > MKN-45 > MKN-1 
> Kato-III (Fig. 1C). here, one of the 2 cell lines in which 
miR-200c expression level was very low exhibited the greatest 
expression level of ZEB2. On the other hand, the expression 
level of E-cadherin descended in the following order (from 
high to low): h-111-TC > MKN-45 > Nu-GC-4 > Kato-III > 
MKN-1 > hGC-27 (Fig. 1d). Of note, the 2 cell lines in which 
the expression level of miR-200c was very low exhibited the 
lowest expression level of E-cadherin. As shown in Table II, 
an inverse correlation was observed between miR-200c and 
ZEB1 (P<0.05; by Spearman's rank correlation).

ZEB1 and E-cadherin protein expression in gastric carci-
noma cell lines. The expression of ZEB1 and E-cadherin 
proteins was examined in the 6 human gastric carcinoma cell 
lines mentioned thus far by western blot analysis. As shown in 
Fig. 2, expression of ZEB1 was only detected in hGC-27 and 
MKN-1 cells, which exhibited the lowest expression level of 
miR-200c determined by qRT-PCR analysis. Conversely, the 
expression of E-cadherin was not detected in these 2 cell lines; 

Figure 2. Expression of ZEB1, E-cadherin and β-actin proteins in gastric 
carcinoma cell lines, presented by western blot analysis performed on 10 µg 
of the cell extract.

Figure 1. The level of miR-200c and respective target mRNAs in gastric carcinoma cell lines. (A) Gastric carcinoma cell lines were arranged according to the 
expression level of miR-200c. The expression levels of (B) ZEB1, (C) ZEB2 and (d) E-cadherin expression in gastric carcinoma cell lines arranged according 
to the level of miR-200c expression.
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instead, E-cadherin expression was detected in Nu-GC-4 and 
h-111-TC cell lines, although very weak expression was also 
detected in Kato-III cells.

Interpretation of divergent expression levels of miR-200c, 
ZEB1/2, and E-cadherin in different gastric carcinoma cell 
lines. The results of qRT-PCR analyses and western blot 
analysis were in agreement. Cell lines with a high expression 
level of miR-200c exhibited low ZEB1/2 and high E-cadherin 
expression, whereas those with a low expression level of 
miR-200c exhibited high ZEB1/2 and low E-cadherin expres-
sion. Therefore, we investigated characteristics that illustrated 
differences between the group of cell lines with high miR-200c 
expression and those with low miR-200c expression. As shown 
in Fig. 3, we first compared the tumor origin (primary or meta-
static tumor) of the cell lines. however, the tumor origin did 
not clearly correspond to the levels of miR-200c expression, as 
cell lines derived from metastatic tumors exhibited both low 
and high miR-200c expression levels. Secondly, we compared 

the histological differentiation state of the tumors from which 
the cell lines were derived was compared. Although cell lines 
from poorly differentiated tumors exhibited high miR-200c 
expression, the results were inconclusive as one of the cell 
lines with low miR-200c expression (hGC-27) was originally 
from a poorly differentiated tumor. Thirdly, we revealed that 
the morphology of the cell lines was well correlated with the 
expression level of miR-200c. Cell lines with high miR-200c 
expression (Kato-III, MKN-45 and Nu-GC-4) were round-
shaped, those with low miR-200c expression (hGC-27 and 
MKN-1) were spindle-shaped, and those with intermediate 
miR-200c expression (h-111-TC) exhibited a phenotype which 
was a mid-way between round- and spindle-shaped (polygonal 
or short spindle-shaped).

miR-200c expression patterns in gastric adenocarcinoma and 
adjacent non-tumor tissues. In human tissue samples, positive 
miR-200c expression, as determined by ISh, was denoted by 
cytoplasmic granular blue staining. Most of the normal tubules 

Table II. Correlations between the average expression levels of miR-200c, ZEB1, ZEB2 and E-cadherin in all cell lines estimated 
by Spearman's rank correlation.

 ZEB1 ZEB2 E-cadherin
 ------------------------------------------------------------------ --------------------------------------------------------------- ------------------------------------------------------------------
 Correlation coefficient P-value Correlation coefficient P-value Correlation coefficient P-value

miR-200c -0.886 0.019 -0.429 0.397 0.429 0.397
ZEB1   0.600 0.208 -0.600 0.208
ZEB2     0.029 0.957

Bold indicates P<0.05.

Figure 3. Six gastric carcinoma cell lines arranged according to expression the level of miR-200c. This order is compared with the origin (primary cancer or 
metastatic cancer), differentiation state (tubular or poorly differentiated), and shape (round/intermediate/spindle) of the cell lines.
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stained positive for miR-200c, whereas stromal tissue was not 
stained. As shown in Fig. 4, miR-200c expression patterns in 
gastric adenocarcinoma differed substantially between tubular 
adenocarcinoma and poorly differentiated adenocarcinoma. In 
tubular adenocarcinoma, miR-200c expression was observed 
with an intensity level either stronger than or the same as 
normal tubules. Conversely, in poorly differentiated adeno-
carcinoma, miR-200c expression was either not identified or 
observed with weaker staining patterns than normal tubules. 
The average staining score for miR-200c was 265±81.6 in 
tubular adenocarcinomas, while it was 104±75.2 in poorly 
differentiated adenocarcinomas.

ZEB1 and E-cadherin expression patterns in gastric adeno-
carcinoma and adjacent non-tumor tissues. Positive ZEB1 

protein expression was denoted by nuclear staining. Overall 
positivity of ZEB1 was relatively low in normal tubules and 
gastric carcinomas. ZEB1 was almost negative in tubular 
adenocarcinomas; however, positive expression of ZEB1, 
although generally weak, was sporadically observed in poorly 
differentiated adenocarcinomas. The average staining score 
for ZEB1 was 0.84±2.93 in tubular adenocarcinomas, while it 
was 5.8±8.6 in poorly differentiated adenocarcinomas. Positive 
E-cadherin protein expression was indicated by cytomembra-
nous staining. Normal tubules and tubular adenocarcinomas 
were strongly stained, while poorly differentiated adenocarci-
nomas were weakly stained (Fig. 4). The average staining score 
for E-cadherin was 146±52 in tubular adenocarcinomas, while 
it was 39±38.6 in poorly differentiated adenocarcinomas.

Interpretation of statistical analyses of human tissue studies. 
use of the Chi-square test revealed a correlation between 
miR-200c and E-cadherin expression levels (P<0.001) and an 
inverse correlation between miR-200c and ZEB1 expression 
levels (P<0.001) as well as between ZEB1 and E-cadherin 
expression levels (P<0.001). We further compared the 
expression levels of miR-200c, ZEB1 and E-cadherin with 
clinicopathological factors (Table III). high expression levels 
of miR-200c were correlated with older age (≥65 years old) 
(P=0.002) and tubular histology (P<0.001). high expression 
levels of ZEB1 were correlated with poorly differentiated 
histology (P<0.001) and advanced stage (P=0.040). high 
expression levels of E-cadherin were correlated with older age 
(≥65 years old) (P=0.039) and tubular histology (P<0.001). In 
the multivariate analysis (Table IV), among the clinicopatho-
logical factors significantly correlated with the expression 
levels of miR-200c, ZEB1 and E-cadherin, there was a signifi-
cant association between the expression level of ZEB1 and 
advanced stage (P=0.031), as well as a significant correlation 
between the expression level of ZEB1 and histology (P<0.001). 

Discussion

In the present study, we revealed inverse correlations between 
miR-200c and ZEB1 in both cell lines and tissues, as well as 
inverse correlations between ZEB1 and E-cadherin in tissues, 
in gastric carcinoma. These well known correlations which 
are associated with EMT (8) have been demonstrated both 
in vitro and in vivo in several cancers including non-small cell 
lung cancer and pancreatic cancer (15,16) and recently also in 

Figure 4. Representative photomicrographs including in situ hybridization 
and immunohistochemistry. (A and B) Staining with h&E and staining for (C 
and d) miR-200c, (E and F) ZEB1 and (G and h) E-cadherin in (A, C, E and 
G) tubular adenocarcinoma  and (B, d, F and h) poorly differentiated adeno-
carcinoma. Original magnification, x200. (A) Left side are normal glands, 
right side is carcinoma. (B) Left side is carcinoma, right side is normal 
foveolar epithelium. (C) Cytoplasmic granular staining in tubular adeno-
carcinoma was stronger than that found in normal glands. (d) Cytoplasmic 
granular staining in poorly differentiated adenocarcinoma was weaker than 
that observed in normal epithelium. (E) Nuclear immunostaining was nega-
tive in tubular adenocarcinoma. (F) Nuclear immunostaining was weak but 
positive in poorly differentiated adenocarcinoma. (G) Cytomembranous 
immunostaining in tubular adenocarcinoma was as strong as that found in 
normal glands. (h) Cytomembranous immunostaining in poorly differenti-
ated adenocarcinoma was weaker than that observed in normal epithelium.

Figure 5. upregulation/downregulation of miR-200c affects cell morphology 
and histology.
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Table III. Correlations of the expression levels of miR-200c, ZEB1 and E-cadherin with the clinicopathological factors as deter-
mined by Chi-squared test.

 miR-200c ZEB1 E-cadherin
 --------------------------------------------------------- -------------------------------------------------------- ------------------------------------------------------
 high Low P-value high Low P-value high Low P-value

Sex   0.474   0.419   0.812
  Male 37 37  18 56  35 39
  Female 9 14  8 15  12 11
Age (years old)   0.002   0.063   0.039
  ≥65  35 22  11 46  33 24
  <65  11 29  15 25  14 26
LN metastasis   0.289   1.000   0.830
  Positive 13 20  9 24  15 18
  Negative 33 31  17 47  32 32
histology   <0.001   <0.001   <0.001
  Tubular 45 22  9 58  45 22
  Poor differentiation 1 29  17 13  2 28
Tumor size (mm)   0.224   0.360   0.312
  ≥40  19 28  15 32  20 27
  <40  27 23  11 39  27 23
Stage   0.310   0.040   0.840
  Advanced 19 27  17 29  23 23
  Early 27 24  9 42  24 2
Vessel invasion   0.157   0.259   0.840
  Positive 20 30  16 34  25 25
  Negative 26 21  10 37  22 25

LN, lymph node. Bold indicates P<0.05.

Table IV. Multivariate analyses of correlations between the clinicopathological factors and positive expression of miR-200c, 
ZEB1 and E-cadherin.

 miR-200c ZEB1 E-cadherin
 ------------------------------------------------ ------------------------------------------------------------ ------------------------------------------------
Clinicopathological factors OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

Sex 1.822 0.359 0.294 0.082 0.438 0.201
  male vs. female (0.505-6.568)  (0.074-1.170)  (0.124-1.553)
Age (years old) 2.742 0.071 0.505 0.261 1.085 0.882
  ≥65 vs. <65  (0.916-8.202)  (0.153-1.662)  (0.370-3.184)
LN metastasis 1.038 0.959 0.347 0.125 0.458 0.280
  Positive vs. negative (0.249-4.320)  (0.090-1.342)  (0.111-1.888)
histology 0.023 <0.001 7.556 <0.001 0.025 <0.001
  Tubular vs. poor differentiation (0.003-0.182)  (2.471-23.109)  (0.005-0.137)
Tumor size (mm) 1.087 0.889 0.809 0.730 0.533 0.276
  ≥40 vs. <40  (0.337-3.509)  (0.242-2.703)  (0.172-1.652)
Stage 1.073 0.923 5.522 0.031 2.197 0.260
  Advanced vs. early (0.258-4.473)  (1.166-26.148)  (0.558-8.653)
Vessel invasion 0.484 0.354 0.998 0.998 2.182 0.306
  Positive vs. negative (0.105-2.240)  (0.227-4.378)  (0.489-9.732)

LN, lymph node; OR, odds ratio; CI, confidence interval. Bold indicates P<0.05.
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gastric cancer (21,31). however, this study is the first to have 
demonstrated that this phenomenon was associated with the 
morphology of cell lines and histological differentiation, the 
latter as visualized by ISh, in gastric carcinoma.

qRT-PCR analysis of 6 cell lines in the present study 
revealed that the expression level of miR-200c descended 
in the following order: Kato-III > MKN-45 > Nu-GC-4 
> h-111-TC > hGC-27 > MKN-1. The expression level of 
ZEB1 or ZEB2 corresponded to the reverse order, and that of 
E-cadherin corresponded to this order. Indeed, significantly 
inverse correlations between miR-200c and ZEB1 were 
obtained by Spearman's rank correlation. Our results are in 
line with a previous study in which E-cadherin gene expres-
sion was present in MKN-45 cells but absent in hGC-27 
cells (32), along with a recent study which revealed that 
Kato-III, MKN-45 and Nu-GC-4 cells had high expression 
of E-cadherin and low expression of ZEB1, while MKN-1 
cells had low expression of E-cadherin and high expression of 
ZEB1 (33). however, these authors did not mention any differ-
ences in cell morphology in their studies. In the present study, 
western blot analysis coincided with qRT-PCR data, albeit 
E-cadherin expression in Kato-III and MKN-45 cells was 
almost absent contrary to positive expression as determined 
by qRT-PCR analysis. This result was compatible with another 
study that revealed that E-cadherin protein expression was 
undetectable by western blot analysis, while it was detected 
at the dNA and mRNA level by southern and northern blot 
analysis, respectively, in Kato-III and MKN-45 cells (4). They 
mentioned that the possibility of post-translational modifica-
tion or minor abnormalities in antibody-recognition sites may 
be involved in this discrepancy.

We searched for key differences in the characteristics 
between cell lines displaying divergent expression levels of 
miR-200c which also corresponded to differences in the 
expression levels of ZEB1/2 and E-cadherin. Although histo-
logical differences were conspicuous in the tissue studies 
mentioned below, cell line groupings based on the expres-
sion of miR-200c and associated targets did not correspond 
to histological differentiation of the derived tumors. Other 
authors have also demonstrated that E-cadherin was ‘unex-
pectedly’ detected in cell lines that originated from poorly 
differentiated gastric carcinomas (26). This may be due to 
the fact that cell lines have generally been established from 
tumors exhibiting heterogenous histology. Indeed, it has been 
reported that histological difference in original tumors did not 
influence the growth rate of various cell lines in gastric carci-
nomas (25). Instead, we established that cell lines with high 
miR-200c expression (Kato-III, MKN-45 and Nu-GC-4), 
low miR-200c expression (hGC-27 and MKN-1), and inter-
mediate miR-200c expression (h-111-TC) exhibited round, 
spindle, and intermediate, respectively, cell morphologies. 
Although studies concerning cell morphology in association 
with expression of miR-200 family members are scant, one 
research group demonstrated that expression of miR-200c 
was associated with round cell morphology whereas that of 
miR-200a was associated with spindle cell morphology in 
melanoma cell lines (34). The phenomenon where E-cadherin 
(+) cells are round and E-cadherin (-) cells are spindle in shape 
has been reported in esophageal cancer cells and, recently, 
in colon cancer cells (35,36). Furthermore, it was formerly 

reported that cell morphology of E-cadherin-deficient cell 
lines was generally altered from the fibroblastic cell type to 
the epithelial cell type by transfection with complementary 
dNA that codes for E-cadherin (37). Therefore, the influence 
of miR-200c and E-cadherin on cell morphology may be a 
universal phenomenon.

In the tissue samples, miR-200c expression, as visualized 
by ISh, was strongly expressed in tubular adenocarcinomas but 
weakly expressed in poorly differentiated adenocarcinomas. 
This result was in agreement with a recent study in which low 
expression levels of each member of the miR-200 family were 
associated with histological grade in gastric carcinoma tissues, 
as assessed by qRT-PCR analysis (31). Analysis of non-small 
cell lung cancer tissue also revealed that low miR-200c 
expression levels were associated with poorly differentiated 
histology (15). Assessment of endometrial carcinosarcoma 
tissues revealed that members of the miR-200 family were 
downregulated in the mesenchymal part of the tumor (38). 
Therefore, it is likely that the expression of miR-200c is asso-
ciated with epithelial histology of tumors in general.

IhC analysis revealed that tubular adenocarcinomas were 
negative for ZEB1 and positive for E-cadherin, while poorly 
differentiated adenocarcinomas were sporadically positive for 
ZEB1 and negative for E-cadherin. Notably, it has long been 
pointed out that the level of E-cadherin is significantly lower 
in poorly differentiated adenocarcinomas compared to differ-
entiated adnocarcinomas and non-neoplastic mucosa of the 
stomach (4,32). The reason for this phenomenon was proposed 
to be inactivation of the E-cadherin gene due to either a classic 
two-hit mechanism or hypermethylation (32). In the present 
study, we add EMT mediated by miR-200c as a possible causal 
mechanism, since miR-200c and ZEB1 expression levels, as 
well as ZEB1 and E-cadherin expression levels, were inversely 
correlated (P<0.001). Other authors have also demonstrated 
an inverse correlation between ZEB1 and E-cadherin mRNA 
expression in gastric cancer tissue (33). Association of poorly 
differentiated histology with high expression of ZEB1 and low 
expression of E-cadherin, as determined by IhC, has also been 
demonstrated in endometrioid carcinoma and non-small cell 
lung cancers (6,7).

In addition to histology, older age was also correlated with 
high expression levels of miR-200c and E-cadherin as assessed 
by Chi-squared test. however, in terms of multivariate anal-
yses, age was not correlated with miR-200c and E-cadherin 
expression, although histology remained correlated. These 
results coincide with a well-known fact that poorly differenti-
ated scirrhous gastric carcinoma is more frequent in younger 
patients (2,3). Conversely, a high expression level of ZEB1 was 
correlated with advanced stage by multivariate analyses. As 
other authors have also reported, gastric cancer patients with 
high ZEB1 mRNA expression displayed significantly poorer 
survival than those with low expression (33), ZEB1 may be 
independently associated with advanced stage.

Concerning miR-200c expression in tumors in general, 
a meta-analysis revealed that low expression of miR-200c in 
primary cancer tissue from early-stage patients was signifi-
cantly associated with poor survival (39). Association of low 
miR-200c expression with high propensity to metastasis, along 
with highly invasive/aggressive ability, has been demonstrated 
in several cancers including non-small cell lung cancer and 
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pancreatic cancer (15,16). Recent studies have also demon-
strated that migration/invasion abilities of gastric cancer cells 
were promoted by decreased expression of miR-200c, while 
they were inhibited by ZEB1 siRNA (21,33). In addition, the 
present study demonstrated an association of miR-200c with 
cell morphology and histological differentiation of the tumor. 
Since it has been proposed that the ability of miR-200c to 
regulate morphological plasticity may be important in rela-
tion to dissemination capacity in melanoma (34), we postulate 
that downregulation of miR-200c primarily regulates cell 
morphology by downregulation of E-cadherin through upreg-
ulation of ZEB1/2, with this morphological change causing 
poorly differentiated histology (Fig. 5), producing enhanced 
migration/invasion abilities, and finally leading to scirrhous 
stromal reaction and poor prognosis (2,3).

In summary, using cell culture models and histological 
assessment of gastric carcinoma, we demonstrated an inverse 
correlation in the expression level between miR-200c and 
ZEB1 in vitro and in vivo, as well as between ZEB1 and 
E-cadherin in vivo. Low miR-200c expression was associated 
with spindle cell morphology in vitro and poorly differenti-
ated histology in vivo; thus, this factor may be involved in the 
carcinogenesis of scirrhous gastric carcinoma.
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Interleukin-27 Exerts Its Antitumor Effects by
Promoting Differentiation of Hematopoietic
Stem Cells to M1 Macrophages
Yukino Chiba, Izuru Mizoguchi, Junichi Furusawa, Hideaki Hasegawa,
Mio Ohashi, Mingli Xu, Toshiyuki Owaki, and Takayuki Yoshimoto

Abstract

The interleukin IL27 promotes expansion and differentiation of
hematopoietic stem cells into myeloid progenitor cells. Many
tumor-infiltrating myeloid cells exert immunosuppressive effects,
but we hypothesized that themyeloid cells induced by IL27would
have antitumor activity. In this study, we corroborated this hypoth-
esis as investigated in two distinct mouse transplantable tumor
models. Malignant mouse cells engineered to express IL27 exhib-
ited reduced tumor growth in vivo. Correlated with this effect was a
significant increase in the number of tumor-infiltrating CD11bþ

myeloid cells exhibiting a reduced immunosuppressive activity.
Notably, these CD11bþ cells were characterized by an activatedM1
macrophage phenotype, on the basis of increased expression of
inducible nitric oxide synthase and other M1 biomarkers. In vivo
depletion of these cells by administering anti–Gr-1 eradicated the

antitumor effects of IL27. When admixed with parental tumors,
CD11bþ cells inhibited tumor growth and directly killed the tumor
in a nitric oxide-dependentmanner. Mechanistically, IL27 expand-
ed Lineage�Sca-1þc-Kitþ cells in bone marrow. Transplant experi-
ments in Ly5.1/5.2 congenic mice revealed that IL27 directly acted
on these cells and promoted their differentiation into M1 macro-
phages, which mobilized into tumors. Overall, our results illus-
trated how IL27 exerts antitumor activity by enhancing the gener-
ation of myeloid progenitor cells that can differentiate into anti-
tumorigenic M1 macrophages.

Significance: These findings show how the interleukin IL27
exerts potent antitumor activity by enhancing the generation of
myeloid progenitor cells that can differentiate into antitumori-
genic M1 macrophages. Cancer Res; 78(1); 182–94. �2017 AACR.

Introduction
Although immunotherapeutic approaches against cancer are

promising new treatments, their effectiveness can be further
improved by overcoming the immunosuppression induced by
tumors. These immunosuppressive mechanisms include
immune checkpoint molecules, regulatory T cells, and immu-
nosuppressive myeloid cells. Generally, tumor-bearing hosts
and cancer patients have increased infiltration of immunosup-
pressive myeloid cells, including tumor-associated macro-
phages, M2 macrophages, and myeloid-derived suppressor
cells (MDSC; refs. 1, 2). Macrophages are characterized by
high plasticity and diversity with two major phenotypes,
namely M1 (classically activated) and M2 (alternatively acti-
vated) macrophages (3). The M1 macrophage phenotype is
characterized by the production of pro-inflammatory cyto-
kines, reactive oxygen species, and nitric oxide (NO) and the
promotion of helper T (Th) 1 immune responses, resulting in
strong microbicidal and tumoricidal activity. In contrast, the

M2 macrophage phenotype is characterized by immunoregu-
latory functions leading to the promotion of tissue remodeling
and tumor progression.

IL27 is an IL12 family cytokine that consists of two distinct
subunits, Epstein-Barr virus-induced gene 3 and p28, and its
receptor (R) is composed of IL27Ra (WSX-1/TCCR) and gly-
coprotein 130 (4, 5). It is one of the pleiotropic cytokines with
both pro- and anti-inflammatory properties acting on various
cell types. IL27 promotes the early induction of Th1 differen-
tiation and generation of cytotoxic lymphocytes, but it inhibits
the differentiation to Th2 and Th17 cells and suppresses the
production of pro-inflammatory cytokines (4, 5). Because we
first demonstrated the antitumor efficacy of IL27 in 2004 using
a transplanted mouse tumor genetically engineered to secrete
IL27 as a preclinical tumor model (6), accumulating evidence
suggests that IL27 has potent antitumor activity through mul-
tiple mechanisms, depending on the characteristics of individ-
ual tumors (7, 8). Moreover, we recently demonstrated that
IL27 can promote the expansion and differentiation of hemato-
poietic stem cells (HSC) into myeloid progenitor cells and that
it plays a critical role in the control of parasite infection during
emergency myelopoiesis (9, 10).

IL27 was also demonstrated to augment the production
of immunosuppressive cytokine IL10 and enhance expression
of the immune checkpoint molecules such as programmed
death-1 ligand 1 (PD-L1) and T-cell immunoglobulin and
mucin domain-3 (TIM-3) in lymphocytes and macrophages
(11–15). In addition, IL27 was recently shown to upregulate
another immunosuppressive molecule, CD39, together with
PD-L1 and IL10 in macrophages, resulting in acquisition of
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immunoregulatory properties by tumor-associated macro-
phages in various cancer patients (16, 17). These results indi-
cate that macrophages may play an inhibitory role in the
exertion of antitumor activity by IL27. However, myeloabla-
tion by treosulfan, a chemotherapy drug used to induce a severe
or complete depletion of bone marrow (BM) cells including
cells other than macrophages, was recently shown to mostly
abolish the antitumor effects of IL27 in mice bearing non-
small cell lung cancer (18). Moreover, IL27 inhibited the
development of M2 macrophages from the human monocytic
cell line U937 differentiated by phorbol 12–myristate 13–
acetate and subsequently polarized by IL4 (19). Therefore, our
understanding of the role of macrophages in the exertion of
antitumor activity by IL27 remains incomplete.

Although the mouse transplantable tumor model genetically
engineered to secrete IL27 significantly decreased tumor growth
(20, 21), we initially noticed that the number of tumor-infil-
trating cells, including CD11bþmyeloid cells greatly increased.
Therefore, we wondered whether these myeloid cells would be
protumorigenic or antitumorigenic. In the present study, to
clarify this, we used two distinct mouse transplantable tumor
models, B16F10 melanoma and MC38 colon adenocarcinoma.
Our results clearly revealed a novel mechanism whereby IL27
exerts antitumor activity by promoting expansion and differ-
entiation of HSCs into antitumorigenic M1 macrophages in
tumor-bearing mice.

Materials and Methods
Cell lines and mice

Mouse melanoma cell line B16F10 and colon carcinoma cell
line MC38 were kindly provided by Dr. Nariuchi (University of
Tokyo, Tokyo, Japan) in 2007 and by Dr. Kawakami (Keio
University, Tokyo, Japan) in 2014, respectively. These cell lines
were expanded in our laboratory, frozen immediately, and
stored in liquid nitrogen to ensure that cells used for experi-
ments were passaged for fewer than 6 months. Early passage
cells were used for all experiments. Cell line authentication was
not routinely performed. But cell lines were tested routinely for
identity by appearance, staining with Hoechst 33258 (Dojindo,
Kumamoto, Japan), or growth curve analysis in 3H-thymidine
incorporation assay, and validated to be mycoplasma free.
These cell lines were cultured at 37�C under 5% CO2/95% air
in RPMI-1640 (Sigma) containing 10% FCS and 100 mg/mL
kanamycin (Meiji Seika, Tokyo, Japan). BM cells and Line-
age�Sca-1þc-Kitþ (LSK) cells were cultured in the same RPMI-
1640 medium additionally supplemented with 50 mmol/L
2 mercaptoethanol (Gibco). OT-I mice, C57BL/6 (CD45.2) mice,
and C57BL/6 (CD45.1) mice were maintained in specific patho-
gen-free conditions. All experiments were approved by the Animal
Care and Use Committee of Tokyo Medical University and were
performed in accordance with our institutional guidelines.

Antibodies and reagents
Monoclonal antibodies (mAb) for mouse c-Kit (2B8), Sca-1

(D7), CD3e (145-2C11), CD8a (53-6.7), CD19 (6D5), CD49b
(DX5), Gr-1 (RB6-8C5), TER119/erythroid cell (TER-119),
CD11c (N418), CD11b (M1/70), F4/80 (BM8), NK1.1
(PK136), B220 (RA3-6B2), FceRIa (MAR-1), macrophage col-
ony-stimulating factor receptor (M-CSFR; AFS98), Flt3
(A2F10), CD16/32 (2.4G2), CD150 (TC15-12F12.2), MHC

class II I-A/I-E (M5/114.15.2), Ly6G (1A8), Ly6C (HK1.4),
CD45.1 (A20), and CD45.2 (104) were purchased from Bio-
Legend. mAbs against mouse CD4 (GK1.5), CD34 (RAM34),
and CD86 (GL1) were purchased from eBioscience. APC-Cy7–
conjugated streptavidin, PerCP/Cy5.5-conjugated streptavidin,
and Brilliant Violet 510-conjugated streptavidin were pur-
chased from BioLegend and used to reveal staining with bio-
tinylated Abs. Mouse recombinant IL27 was prepared as a
tagged single-chain fusion protein by flexibly linking EBI3 to
p28 using HEK293-F cells (Life Technologies), as described
previously (22). Mouse recombinant stem cell factor (SCF)
and IL3 were purchased from PeproTech. Depletion mAb to
Gr-1 (RB6-8C5) was obtained from BioXCell. NG-monomethyl
L-arginine (L-NMMA) was purchased from Sigma-Aldrich.

Preparation of transfectants
B16F10 and MC38 tumor cells were transfected with the

expression vector of a FLAG-tagged single-chain fusion protein
of IL27–expression vector in p3xFLAG-CMV-14 vector (Sigma-
Aldrich; ref. 6) or empty vector as control using Fugene 6 (Roche)
and selected with Geneticin (G418). Resultant respective trans-
fectants were designated as B16F10-IL27 or MC38-IL27 and
B16F10-Vector or MC38-Vector, respectively.

Transplantable mouse tumor models
Tumor cells (1 � 106 cells/mouse) of B16F10 or MC38 were

injected subcutaneously into the right flank of mice (n ¼ 3–5).
Tumor growth was monitored twice a week with an electronic
caliper and expressed as volume (mm3) by calculating using the
following volume equation: 0.5(ab2), where a is the long diameter
and b is the short diameter.

Flow cytometry
On days 13 to 22 after tumor implantation, tumor was har-

vested frommice (n¼ 3–5),minced into small pieces, and treated
with collagenase. Subsequently, tumor-infiltrating mononuclear
cells were purified from it by Percoll (GE Healthcare) density
gradient centrifugation. Then, flow cytometry was performed on a
FACS Canto II (BD Biosciences), and data were analyzed using
FlowJo Software (Tree Star). Cell number was counted by using
flow cytometry. The following cell surface markers were used to
identify M1 and M2 macrophages (Supplementary Fig. S1): M1
macrophages, Class IIhighCD86þCD45.2þCD11bþF4/80þ; M2
macrophages, Class IIlowCD86þCD45.2þCD11bþF4/80þ (1, 23).

Quantitative real-time RT-PCR
Total RNA was prepared from the tumor-infiltrating mononu-

clear cells ofmice (n¼ 4) using an RNeasyMini Kit (Qiagen), and
cDNAwas prepared using oligo(dT) primer and SuperScript III RT
(Thermo Fischer Scientific). Real-time quantitative PCR was per-
formed using SYBR Premix Ex Taq II and a Thermal Cycler Dice
real-time system according to the manufacturer's instructions
(Takara). Glyceraldehyde-3-phosphate (GAPDH) was used as a
housekeeping gene to normalize mRNA. Relative expression of
real-time PCR products was determined by using the DDCt meth-
od to compare target gene andGAPDHmRNAexpression. Primers
used in this study are listed in Supplemental Table S1.

Measurement of immunosuppressive activity
On days 13 to 20 after tumor implantation, tumor was har-

vested from mice (n ¼ 3 or 4), minced into small pieces, and
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treated with collagenase; tumor-infiltrating mononuclear cells
were purified from it by using Percoll density gradient centrifu-
gation. Tumor-infiltrating myeloid cells were further isolated by
AutoMACS Pro after staining with anti-CD11b magnetic beads
(Miltenyi Biotec). Immunosuppressive activity was then assessed
by the ability to inhibit ovalbumin (OVA)-specific CD8þ T-cell
proliferation. Spleen cells (5 � 105 cells/200 mL) obtained from
OT-I T-cell receptor transgenic mice were stimulated with OVA
(0.3mg/mL) in the presence of increasing cell numbers (1, 3, and
10� 104 cells) of CD11bþmyeloid cells for 48 h and pulsed with
3H-thymidine for last 8 hours, and the incorporation of 3H-
thymidine was measured in triplicate.

Depletion experiment
After tumor (2 � 105 cells/mouse) implantation, 0.3 mg of

anti–Gr-1 mAb (RB6-8C5) or control rat IgG was intraperitone-
ally administered to mice (n ¼ 5) three times a week to deplete
myeloid cells. Tumor growth was monitored twice a week. The
depletion level was confirmed by analyzing blood samples
obtained from the tail vein.

Admixture experiment
CD11bþmyeloid cells (1� 106 cells) were purified from tumor

of mice (n¼ 4–6) on days 13 to 22 after tumor implantation. The
cells were admixed with parental tumor (2� 105 cells) in 200 mL
PBS and then immediately injected into the right flank of mice.
Tumor growth was monitored twice a week.

Killing assay
CD11bþmyeloid cells were purified from tumor of mice (n¼

4 or 5) on days 13 to 22 after tumor implantation. Parental
tumor cells (1 � 106 cells/50 mL of 50% fetal calf serum/RPMI-
1640) were labeled by incubating in 100 mCi 51Cr for 45 min
at 37�C and then washed three times. Labeled target cells
(1 � 104 cells/200 mL) were incubated with purified CD11bþ

cells (1 � 105 cells) in a 96-well U-bottomed plate at 37�C for
4 hours. Supernatants then were analyzed in a scintillation
counter. The percentage of lysis was determined in triplicate
as (experimental count� spontaneous count)� 100/(maximal
count � spontaneous count). Results were expressed as the
percentage of specific lysis. The effect of inducible nitric oxide
synthase (iNOS) inhibitor was analyzed in the presence or
absence of L-NMMA (100 mmol/L).

Measurement of NO production
NO production by CD11bþ myeloid cells (1 � 105 cells/200

mL) purified from tumor ofmice (n¼ 4or 5) on days 17 to 21 after
tumor implantation was determined by measuring nitrite
(NO2

�), a stable and non-volatile by-product of NO, produced
in culture supernatants for 48 hours using a Griess reagent kit
(Thermo Fischer Scientific). The Griess reagent and nitrite stan-
dards or supernatants were mixed, incubated, and then read at
520 and 590 nm as a reference tomeasure nitrite levels. The effect
of iNOS inhibitor was analyzed in the presence or absence of
L-NMMA (100 mmol/L).

Preparation of LSK cells
Spleen and BM Lineage� cells were enriched by negative selec-

tion using an AutoMACS Pro with a combination of magnetic
beads conjugated with mAbs against CD3e, CD4, CD8a, Gr-1,
TER119, CD11b, CD11c, NK1.1, B220, and FceRIa. Cells were

then stained with mAbs against c-Kit, and Sca-1 was used for LSK.
Sorting was performed on a MoFlo XDP (Beckman Coulter).

In vitro differentiation assay
For analysis of multipotent myeloid potential, LSK cells were

purified from BM cells in tumor-bearing mice (n ¼ 3) on days
17 to 20 after tumor implantation or untreated mice. The sorted
LSK cells (2.5 � 102/200 mL) were cultured with 10 ng/mL
SCF and 10 ng/mL IL3 in 96-well plates for 7 days. Half of
the medium was replaced every 3 days, with cytokines added.
The following cell surface markers were used to identify respec-
tive cells (Supplementary Fig. S1): neutrophil, Ly6GþCD11bþ

or Gr-1þCD11bþ; macrophage, F4/80þCD11bþ; mast cell,
c-KitþFceR1aþCD11b�; basophil, CD49bþFceR1aþCD11b�.

Adoptive cell transfer
BM LSK cells (5 � 103) purified from C57BL/6 (CD45.1)

congenic mice were intravenously transferred into sublethally
irradiated (4 Gy) C57BL/6 (CD45.2) recipient mice (n ¼ 4). On
the next day, tumor cells (1 � 106 cells) of B16F10-IL27 or
B16F10-Vector were injected subcutaneously into the right flank
of resulting mice. Tumor growth was monitored twice a week.

ELISA
Serumprotein level of TGFb1was determined by ELISA accord-

ing to the manufacturers' instructions (R&D Systems).

Statistical analysis
Data are presented as mean � SEM. Statistical analyses were

performed by using the two-tailed Student t test for comparisons
of two groups and one-way ANOVA and Tukey–Kramer multiple
comparison test for comparing more than three groups using
GraphPad Prism 7 (GraphPad Software Inc.). P < 0.05 was
considered to indicate a statistically significant difference.

Results
IL27 augments the infiltration of CD11bþ myeloid cells into
tumor

As reported previously (20), melanoma B16F10 tumor cells
transfected with IL27–expression vector (B16F10-IL27) showed
great inhibition of tumor growth compared with those trans-
fected with control empty vector (B16F10-Vector; Fig. 1A and
B). During analysis of antitumor activity of IL27, we initially
noticed that the percentage and total number of mononuclear
cells infiltrating into tumors were significantly increased by
IL27 (Fig. 1C and D). Implantation of tumors also increased the
spleen weight regardless of B16F10-IL27 or B16F10-Vector (Fig.
1B), implying augmented myelopoiesis by tumor growth.
Among the various types of cells, FACS analyses revealed that
IL27 greatly increased the percentage and number of not only
CD8þ T cells but also CD11bþ myeloid cells in tumor per
tumor volume, as well as per tumor weight (Fig. 1E and F). A
similar increase of tumor-infiltrating CD11bþ myeloid cells
was observed with another tumor model, MC38 colon carci-
noma (Supplementary Fig. S2).

Given that tumor-infiltratingmyeloid cells are generally immu-
nosuppressive cells, such as M2 macrophages and MDSCs, it is
important to investigate the properties of IL27–medaited infil-
trating myeloid cells, their role in induction of antitumor effects,
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Figure 1.

IL27 augments the infiltration of CD11bþmyeloid cells into tumor. A, B16F10-IL27 or B16F10-Vector tumor was implanted and tumor growth was monitored.
B–D, On day 13, tumor and spleen were harvested, and their weights were measured (B), single-cell suspension was then prepared from the tumor
and subjected to flow cytometer analysis (C), and total number of tumor-infiltrating mononuclear cells was counted (D). E, Representative dot plots
of individual cell populations are shown. F, Their cell numbers were counted, and calculated per tumor volume and also per tumor weight. Data are shown
as mean � SEM (n ¼ 3 or 4) and are representative of six independent experiments. � , P < 0.05; ��� , P < 0.001.
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and the molecular mechanism whereby IL27 induces such a
phenomenon.

IL27 promotes the differentiation into M1 macrophages in
tumor-bearing mice

M1 and M2 macrophages have antitumorigenic activity and
protumorigenic activity, respectively (3). Therefore, we next
examined the phenotype of these IL27–mediated tumor-infil-
trating myeloid cells. On day 13 after tumor implantation,
mononuclear cells were purified from tumor and subjected to
cell surface analysis by using FACS. IL27 greatly increased the
percentage and number of monocytic (Mo�)MDSCs (1, 2) and
macrophages, but decreased those of granulocytic (Gr�)MDSCs
(1, 2), in tumor per tumor volume, as well as per tumor
weight (Fig. 2A and B). Among these tumor-infiltrating macro-
phages, IL27 greatly increased the percentage and number of M1
macrophages (Class IIhighCD86þCD45.2þCD11bþF4/80þ) as
compared with those of M2 macrophages (Class
IIlowCD86þCD45.2þCD11bþF4/80þ; Fig. 2C–E). The ratio of
M1/M2 macrophages was significantly increased, indicating
the enhanced bias toward M1 macrophages by IL27 (Fig. 2D
and E). Consistent with this, mRNA expression analyses
revealed that CD11bþ myeloid cells purified from tumor of
B16F10-IL27 tumor-bearing mice express more M1 macro-
phage markers, such as iNOS, interferon regulatory factor 8
(IRF8), and IL12p40, but less M2 macrophage markers, such as
ariginase-1 (Arg-1), chitinase 3-like-3 (Ym1), and found in
inflammatory zone 1 (Fizz1), compared with those of B16F10-
Vecter tumor-bearing mice (Fig. 2F). Similar results were
obtained with the MC38 tumor model (Supplementary Fig.
S3). These results suggest that IL27 promotes differentiation
into M1 macrophages in tumor-bearing mice.

Because IL27–transduced tumor grows at a much slower rate
than control tumor, not only the tumor size but also the tumor
microenvironment might be different between them and there-
fore affect the number and phenotype of tumor-infiltrating
cells. To examine this possibility, we tried to adjust the tumor
size to reach the same size by changing the conditions such as
the cell number of tumors to inject, and then analyzed the
tumor-infiltrating cells by flow cytometry. Under these condi-
tions, we could still observe that IL27 much less but signifi-
cantly enhances the percentage and number of tumor-infiltrat-
ing cells including macrophages, especially with M1 phenotype
(Supplementary Fig. S4).

IL27 inhibits differentiation into immunosuppressive
macrophages in tumor-bearing mice

Generally, tumor-infiltrating myeloid cells are immunosup-
pressive (1). Therefore, we next examined immunosuppressive
activity of tumor-infiltrating myeloid cells. On day 16 after
tumor implantation, mononuclear cells were purified from
tumor, and CD11bþ myeloid cells were further purified from
them and subjected to immunosuppressive activity, which was
assessed by the ability to inhibit OVA-specific CD8þ T-cell
proliferation. Myeloid cells purified from tumor of B16F10-
Vector tumor-bearing mice showed marked inhibitory activity
against the antigen-specific proliferation (Fig. 3). In contrast,
myeloid cells purified from tumor of B16F10-IL27 tumor-
bearing mice showed significantly reduced inhibitory activity
compared with those of control tumor-bearing mice (Fig. 3).
Similar results were obtained with the MC38 tumor model

(Supplementary Fig. S5). Thus, IL27 inhibits the generation
of immunosuppressive myeloid cells such as M2 macrophages
in tumor-bearing mice, but it promotes the generation of M1
macrophages.

IL27-induced tumor-infiltrating myeloid cells have potent
antitumor effects

To further explore the role of myeloid cells in B16F10-IL27
tumor-bearing mice in the IL27-mediated antitumor activity,
depletion experiments of myeloid cells by treatment with anti-
Gr-1 mAb were performed. Treatment of mice with anti–Gr-1
mAb almost completely depleted Gr-1þCD11bþ myeloid
cells in blood (Fig. 4A). Under these conditions, depletion of
myeloid cells in B16F10-Vector tumor-bearing mice greatly
inhibited the tumor growth, as generally expected (Fig. 4A).
In contrast, depletion of myeloid cells in B16F10-IL27 tumor-
bearing mice significantly promoted the tumor growth
(Fig. 4B). These results suggest that IL27 exerts antitumor
activity via myeloid cells.

IL27-induced tumor-infiltrating myeloid cells exert direct
antitumor effects by killing tumor through NO

To further examine the effect of IL27 onmyeloid cells in tumor-
bearingmice, admixture experiments ofmyeloid cells with paren-
tal B16F10 tumor were performed. Consistent with the results of
depletion experiments, admixture of CD11bþmyeloid cells puri-
fied from tumor of B16F10-Vector tumor-bearing mice with
parental B16F10 tumor greatly promoted the tumor growth (Fig.
5A). In contrast, admixture of CD11bþ myeloid cells purified
from tumor of B16F10-IL27 tumor-bearing mice with parental
B16F10 tumor markedly inhibited the tumor growth (Fig. 5A).
Again, tumor-infiltratingmyeloid cells are quite different between
B16F10-IL27 and B16F10-Vector tumor-bearingmice, being anti-
tumorigenic versus protumorigenic cells.

To further evaluate the therapeutic potential of the CD11bþ

myeloid cells purified from tumors of B16F10-IL27 tumor-
bearing mice, the antitumor efficacy of these myeloid cells on
pre-existing tumor model was examined. When mice were
implanted with parental B16F10 tumor and their tumor size
reached 5 mm in diameter on day 5, these CD11bþ myeloid
cells were both intravenously and intratumorally injected into
these mice with the pre-existing tumor. By using these injec-
tions, we could observe a tendency to inhibit the tumor growth
(Supplementary Fig. S6).

Next, to investigate the molecular mechanism whereby IL27
augments antitumor activity via myeloid cells, the possibility
of direct killing of tumors by macrophages was examined by
using a 51Cr-releasing assay. CD11bþ myeloid cells purified
from tumor of B16F10-IL27 tumor-bearing mice showed great-
ly augmented killing activity compared with those of B16F10-
Vector tumor-bearing mice (Fig. 5B). Correlating with the
augmented killing activity, myeloid cells purified from tumor
of B16F10-IL27 tumor-bearing mice produced more NO than
those of B16F10-Vector tumor-bearing mice (Fig. 5C). Treat-
ment with NOS inhibitor, L-NMMA, almost completely
blocked the killing activity of myeloid cells purified from
tumor of B16F10-IL27 tumor-bearing mice (Fig. 5D). Similar
results were obtained with the MC38 tumor model (Supple-
mentary Fig. S7).

Thus, IL27 promotes the generation of antitumorigenic mye-
loid cells rather than protumorigenic myeloid cells in tumor-
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Figure 2.

IL27 promotes the differentiation into M1 macrophages in tumor-bearing mice. A and B, Single-cell suspensions prepared from tumor on day 13 after
tumor implantation were analyzed by flow cytometry. Representative dot plots of Gr-MDSCs (CD45.2þCD11bþLy6GþLy6Cint), Mo-MDSCs
(CD45.2þCD11bþLy6G�Ly6Chi), and macrophages (CD45.2þCD11bþF4/80þ) are shown, and their cell numbers were counted and calculated per tumor volume
and also per tumor weight. C, Representative dot plots of M1 macrophages (Class IIhighCD86þCD45.2þCD11bþF4/80þ) and M2 macrophages (Class
IIlowCD86þCD45.2þCD11bþF4/80þ) are shown. D and E, Their cell numbers were counted, and calculated per tumor volume (D) and also per tumor
weight (E), together with respective ratio of M1/M2 macrophages. Data are shown as mean � SEM (n ¼ 3 or 4) and are representative of more than six
independent experiments. F, mRNA expression of markers for M1 and M2 macrophages in purified CD11bþ myeloid cells from tumor-bearing mice on day 17
was analyzed by real-time RT-PCR. Data are shown as mean � SEM (n ¼ 4) and are representative of more than six independent experiments. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001.
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bearing mice, and the antitumorigenic myeloid cells exert direct
killing activity against tumor through NO.

IL27 induces the expansionof LSK cellswith enhanced ability to
differentiate into M1 macrophages

Generally, tumor-bearing mice have increased production of
tumor-derived cytokines such as G-CSF and GM-CSF, resulting in

the promotion of myelopoiesis in the BM and spleen (1). Con-
sistent with this phenomenon, tumor-bearing mice have spleno-
megaly (Fig. 1B). Therefore, we investigated the effects of IL27 on
the myelopoiesis in tumor-bearing mice. Similar to the results
obtained by using the malaria infection model (10), IL27
increased the percentage and number of LSK cells in both BM
and spleen (Fig. 6A).Moreover, IL27 also increased the percentage
and number of the most primitive HSC population, long-term
HSC (LT-HSC; ref. 24), but not multipotent progenitor (MPP)
in both BM and spleen (Fig. 6B). Thus, IL27 directly affects
LSK cells and LT-HSCs in the BM to promote the myelopoiesis
in transplantable tumor models.

Next, the multipotency of LSK cells in the BM of tumor-
bearing mice was examined under in vitro myeloid cell
differentiation conditions. LSK cells purified from the BM of
B16F10-Vector tumor-bearing mice had less ability to differ-
entiate into myeloid cells such as mast cells, basophils, neu-
trophils, and macrophages compared with those purified from
untreated mice (Fig. 6C and D). However, LSK cells purified
from the BM of B16F10-IL27 tumor-bearing mice had a
greater ability to differentiate into these myeloid cells com-
pared with those of B16F10-Vector tumor-bearing mice (Fig. 6C
and D). Interestingly, BM LSK cells from B16F10-IL27 tumor-
bearing mice had an enhanced ability to differentiate into
M1 macrophages compared with those from B16F10-Vector
tumor-bearing mice (Fig. 6E). These results suggest that IL27
promotes the expansion and generation of LSK cells, which
have an enhanced ability to differentiate into myeloid cells,
especially with the M1 macrophage phenotype.

IL27 directly acts on BM LSK cells and promotes the expansion
and differentiation into M1 macrophages in vivo

To further examine the direct effect of IL27 on BM HSCs
to differentiate into M1 macrophages in vivo, adoptive cell

Figure 3.

IL27 inhibits the differentiation into immunosuppressivemacrophages in tumor-
bearing mice. On day 16 after tumor implantation, mononuclear cells
were purified from tumor, and CD11bþ myeloid cells were further purified
and subjected to immunosuppressive activity, which was assessed by the
ability to inhibit OVA-specific CD8þ T-cell proliferation. Data are shown as
mean � SEM (n ¼ 3 or 4) and are representative of more than six
independent experiments. � , P < 0.05; ��, P < 0.01; ���, P < 0.001.

Figure 4.

IL27–induced tumor-infiltrating myeloid cells have
potent antitumor effects.A,Mice were treatedwith anti–
Gr-1 mAb or control IgG, and deletion level of neutrophils
was analyzed in blood by flow cytometry on day 7 after
tumor implantation. B, Tumor growth was monitored
with time course. Data are shown asmean� SEM (n¼ 5)
and are representative of three independent
experiments. � , P < 0.05.
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transfer of BM LSK cells purified from CD45.1 congenic mice
into sublethally irradiated CD45.2 recipient mice was per-
formed. Tumor cells of B16F10-IL27 or B16F10-Vector were
then implanted, and tumor growth was monitored. As shown
before (Fig. 1A), IL27 significantly inhibited tumor growth (Fig.
7A). On day 20 after tumor implantation, tumor-infiltrating
cells were analyzed. IL27 greatly increased the percentage and
number of CD45.1þ cells and macrophages infiltrating into
tumors (Fig. 7B and C). Consistent with the in vivo results (Fig.
2) and in vitro differentiation results (Fig. 6C–E), IL27 markedly
increased the percentage and number of M1 macrophages into
tumor (Fig. 7D). Thus, IL27 directly acts on the BM LSK cells
and promotes the expansion and differentiation into antitu-
morigenic M1 macrophages in tumor-bearing mice.

Discussion
Accumulating evidence suggests that IL27 possesses potent

antitumor activity through multiple mechanisms depending on
the characteristics of individual tumors (7, 8). The present results
indicate that IL27 has another novel mechanism to exert potent
antitumor activity. IL27 promotes the expansion and differenti-
ationofHSCs intomyeloidprogenitor cells, whichhave enhanced
potential to differentiate into antitumorigenic M1 macrophages
with increased expression of iNOS, IRF8, and IL12p40 but
reduced expression of Arg-1, Ym1, and Fizz1 in tumor-bearing
mice. Blocking experiments using the iNOS inhibitor, L-NMMA,
further revealed that the CD11bþ myeloid cells purified from
IL27-tumor-bearing mice directly kill tumors in a highly NO-
dependentmanner,whereaswhether other potentialmechanisms
may also exist remains to be elucidated. This is consistent with our
previous report showing that IL27 augments the production of
NO in thioglycollate-elicited peritoneal macrophages in synergy
with lipopolysaccharide through STAT1, NF-kB, andMAP kinases

(25). We also reported that IL27 greatly induced IRF1 and IRF8
expression in mouse melanoma B16F10-expressing WSX-1, lead-
ing to inhibition of its tumor growth (21). Importantly, IRF8 is a
critical transcription factor for the development of monocytes,
dendritic cells, eosinophils, and basophils in synergy with PU.1
(26), whereas IRF8 inhibits CCAAT-enhancer-binding protein a
activity to suppress the generationof neutrophils (26). IRF8 is also
a critical transcription factor for induction of iNOS expression in
collaboratingwith IRF1 (27) orNF-kB (28), resulting in enhanced
NOproduction. In addition, IRF8 is an integral negative regulator
(29) against the development of MDSCs by promoting sponta-
neous apoptosis and turnover in myeloid cells (30) and by
repressing GM-CSF expression in T cells (31). Thus, IL27-medi-
ated promotion of HSCs to expand and differentiate into anti-
tumorigenic M1 macrophages with enhanced iNOS expression
presumably is highly dependent on IRF8, but this possibility
remains to be further clarified.

Of note, the present results indicate that properties of tumor-
infiltrating myeloid cells in the presence or absence of IL27 are
quite different. Myeloid cells in IL27 tumor-bearing mice are
antitumorigenic with the M1 macrophage phenotype, whereas
those in control tumor-bearing mice are protumorigenic with the
M2 macrophage phenotype (Figs. 2–5A). Myeloid cells in IL27
tumor-bearing mice were demonstrated to kill parental tumors
directly in a NO-dependent manner (Fig. 5B–D). Moreover, IL27
increased the percentage and number of LSK cells in both BM and
spleen of tumor-bearing mice (Fig. 6A and B). We previously
demonstrated that IL27 directly acts on LSK cells, especially
LT-HSCs, and promotes their expansion and differentiation into
phenotypically similar LSK cells but distinct myeloid progenitors
(10). LSK cells in the BM of control tumor-bearing mice have a
reduced ability to ex vivodifferentiate intomyeloid cells compared
with LSK cells in the BM of untreated mice, possibly due to the
immunosuppressive effects of myeloid cells on LSK cells in the

Figure 5.

IL27-induced tumor-infiltrating myeloid cells exert
direct antitumor effects by killing tumor through
NO. A, CD11bþ myeloid cells purified from tumor of
B16F10-IL27 or B16F10-Vector tumor-bearing mice
were admixed with parental B16F10 tumor, and tumor
growth was monitored with time course. Data are
shown as mean � SEM (n ¼ 6) and are representative
of more than three independent experiments. B and C,
On day 18 after tumor implantation, killing activity of
CD11bþ myeloid cells against parental B16F10 tumor
was measured by 51Cr release assay (B), and NO
production in the culture supernatant was measured
in the presence or absence of NOS inhibitor, L-NMMA
(C). D, The effect of inhibition of NOS activity by
L-NMMA on the killing activity was examined. Data
are shown as mean � SEM (n ¼ 4 or 5) and are
representative of more than five independent
experiments. � , P < 0.05; ��� , P < 0.001.
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tumor-bearing mice (Fig. 6C and D). In contrast, LSK cells in the
BM of IL27-tumor-bearingmice have a greatly increased ability to
ex vivo differentiate intomyeloid cells including M1macrophages
compared with those of control tumor-bearing mice (Fig. 6C–E).
Finally, adaptive cell transfer experiments revealed that IL27 acts
directly on the LSK cells in the BM in vivo and promotes the
expansion and differentiation into M1 macrophages, mobilizing
them in tumor (Fig. 7).

Although the infiltration of CD8þ T cells into IL27–treated
tumors is dominant in B16F10 melanoma model (Fig. 1F),
the infiltration of CD4þ T cells is dominant in MC38 colon
carcinoma model (Supplementary Fig. S2C). Although the
molecular mechanism whereby IL27 induces such distinct
dominancy remains elusive, IL27 also greatly induces the
infiltration of CD11bþ myeloid cells into tumor in both mod-
els irrespectively of CD8þ or CD4þ T cell infiltration. One of the

Figure 6.

IL27 induces the expansion of LSK cells
with enhanced ability to differentiate into
M1 macrophages. A and B, On day 13 after
tumor implantation, cell populations of LSK
(A), LT-HSC, and MPP (B) were analyzed
by flow cytometry. Data are shown as
mean � SEM (n ¼ 3 or 4) and are
representative of more than six
independent experiments. C and D, The
multipotency of LSK cells in the BM of
B16F10-IL27 or B16F10-Vector tumor-
bearing mice on day 19 after tumor
implantation together with untreated mice
was examined under in vitro myeloid cell
differentiation conditions into mast cells,
basophils, neutrophils, and macrophages.
E, Cell number of M1 and M2 macrophages
was counted and the ratio of M1/M2
macrophages was calculated. Data are
shown as mean � SEM (n ¼ 3) and are
representative of more than three
independent experiments. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001.
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possible reasons for the different effects by IL27 on the tumor-
infiltrating cells may be ascribed to the different microenvi-
ronment situations such as distinct places and stages where
IL27 acts on these cells. In the case of myeloid cells, IL27
directly acts on the BM cells and promotes the differentiation
into M1 macrophages following the infiltration into tumor
(Fig. 6 and 7). On the other hand, IL27 likely acts on naive
T cells in the spleen or lymph node to promote the differen-

tiation and proliferation of them (32). Moreover, IL27 seem-
ingly induced high M1/M2 ratio and NO production of the
tumor-infiltrating CD11bþ myeloid cells in the MC38 model
compared with those in the B16F10 model (Fig. 1C and 5C;
Supplementary Figs. S3C and S7C). Correlating to these results,
the killing activity of the CD11bþ myeloid cells augmented
by IL27 in relation to that by control vector in the MC38
model was higher than that in the B16F10 model (41.8 �

Figure 7.

IL27 directly acts on BM LSK cells and promotes
the expansion and differentiation into M1
macrophages in vivo. A, BM LSK cells purified
from CD45.1 congenic untreated mice were
adoptively transferred into sublethally irradiated
CD45.2 recipient mice, and then tumor cells of
B16F10-IL27 or B16F10-Vector were implanted,
and tumor growth was monitored with time
course. B and C, On day 20 after tumor
implantation, percentage and number of
CD45.1þ or CD45.2þ cell population (B) and
macrophages (C) were measured. D,
Representative dot plots of M1 and M2
macrophages are shown, their cell numbers
were counted, and ratio of M1/M2 macrophages
was calculated. Data are shown as mean � SEM
(n ¼ 4) and are representative of more than
three independent experiments. � , P < 0.05.
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18.9-folds vs. 7.1 � 4.2-folds; Fig. 5B; Supplementary Fig. S7B).
Further studies are necessary to clarify the different effects by
IL27 between these two tumor models.

Because IL27 induces upregulation of immunosuppressive
molecules such as PD-L1, CD39, TIM-3, and IL10 (11–17), the
possibility that IL27 may induce protumorigenic effects has
been discussed (8, 33). However, by using histopathological
analyses, Airoldi and colleagues (18) observed that IL27 treat-
ment increases the infiltration of granulocytes and macro-
phages into tumor using xenograft models of human lung
adenocarcinoma and squamous cell carcinoma cell lines
Calu-6 and SK-MES in immunodeficient mice. To assess wheth-
er these granulocytes and macrophages may account for the
antitumor effects of IL27, mice were pretreated with myeloa-
blative doses of treosulfan. The myeloablation significantly
abolished the antitumor effect of IL27, although this treatment
induced a severe or complete depletion of BM cells, which
affects the cellularity of peripheral cells other than macro-
phages (18). Yao and colleagues (19) also recently reported
that IL27 inhibits the development of M2 macrophage from
the human monocytic cell line U937 differentiated by phorbol
12–myristate 13–acetate and subsequently polarized by IL4
in vitro. Consistent with the present results, these two reports
further support the possibility that macrophages play a critical
role in exerting antitumorigenic effects rather than protumori-
genic effects by IL27 in tumor-bearing mice.

Given that IL27 is a multifunctional cytokine with a double-
edged sword, both antitumor and protumor effects of IL27 are
conceivably expected. Indeed, we observed enhanced mRNA
expression of immune checkpoint molecules such as PD-L1 and
TIM-3 by in tumor-infiltrating CD11bþ myeloid cells (Supple-
mentary Fig. S8A and S8B) as reported (14, 15, 17). Similar
tendency of the up-regulation of PD-1 mRNA expression by IL27
was also observed, although its expression level even in steady
state of myeloid cells seemed to be low (Supplementary Fig. S8A
and S8B; ref. 34). Similar upregulation of TGFb1 mRNA expres-
sion by IL27 was observed in tumor-infiltrating CD11bþmyeloid
cells, but its serum level was rather decreased by IL27 (Supple-
mentary Fig. S8C). Because IL27 was recently reported to inhibit
the functions of TGFb1, including induction of fibrosis and
epithelial–mesenchymal transition (35, 36), which contribute
to antitumor effects, further study is necessary to clarify the role
of TGFb1 in the exertion of antitumor effect by IL27. Because
B16F10 tumor does not express endogenous one of IL27R sub-
units, WSX-1, IL27 does not directly act on B16F10 tumor cells to
inhibit the immunosuppressive functions of the tumors (21).
Rather, IL27 induces antitumor activity via acting on other cells
including T cells, NK cells, macrophages, and endothelial cells in
the tumor microenvironment (7, 8). Thus, the overall antitumor
potency of IL27 is highly likely to result from the sum of its
positive and negative effects on tumors within the tumor micro-
environment. Therefore, if the IL27 therapy could be combined
with the immune checkpoint blockade byusing antibody (37),we
would expect a synergistic antitumor effect between them. This
possibility is currently under investigation.

IL27 belongs to the IL12 cytokine family including IL12,
IL23, and so on. IL12 plays a critical role in the induction of
Th1-type immune responses through STAT4 activation, and it
was demonstrated to induce strong antitumor effects via
mainly IFN-g production in various preclinical models (38).
However, the clinical trials of IL12 have been limited by

systemic toxicities such as hepatomegaly, leukopenia, and
gastrointestinal toxicity (39–42). IL23 plays a key role in
autoimmune and inflammatory diseases through STAT3/
STAT4 activation via IL23/IL17 immune axis (43). IL23 was
demonstrated to promote tumorigenesis by inducing inflam-
mation, which inhibits adaptive immune surveillance (44).
Nevertheless, multiple studies have also shown the antitumor
effects by IL23 in various mouse tumor models (45–47).
Thus, the role of IL23 in tumor procession is still controversial.
On the other hand, IL27 activate STAT1 and STAT3 through
its respective receptor subunits, WSX-1 and gp130, respectively
(48, 49). IL27 was previously reported to induce direct anti-
proliferative effects on melanoma cells via STAT1 signaling as
does IFN-g (21). IL27 has very low toxicity, probably because
of low induction of IFN-g (6, 47). IL27 treatment does not
induce severe liver injury with increased levels of aspartate and
alanine aminotransferases (6, 47), and transgenic mice con-
stitutively overexpressing IL27 can survive for almost the
whole life span (50). Such a low toxic property of IL27 is of
benefit to its clinical application.

Taken together, our present findings clearly indicate that
tumor-infiltrating myeloid cells play a critical role in exertion
of antitumor effects by IL27, although these myeloid cells show
high expression of immune checkpoint molecules. To ensure
patient safety, therefore, combination therapy of IL27 with
monoclonal antibodies against these immune checkpoint
molecules could be a more promising and effective therapeutic
strategy against cancer.
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Late relapse of acute myeloid leukemia (AML), occurring
over five years after successful treatment, is rare [1,2].
Recently, a large retrospective multicenter analysis from
the European Society for Blood and Marrow
Transplantation indicated the possibility of very late
relapse (>10 years) of AML after autologous hematopoi-
etic stem cell transplantation [3]. However, there have
been few reports of very late relapse after allogeneic
hematopoietic stem cell transplantation (allo-HSCT) [4].
To our knowledge, the largest case series study was by
Watts et al., who reported three patients with very late
relapse of AML after allo-HSCT, all of whom showed
extramedullary involvement [4]. Herein, we report a
patient with acute myelomonocytic leukemia (AMMoL)
with internal tandem duplication mutation of FMS-like
tyrosine kinase 3 (FLT3-ITD), who maintained complete
remission (CR) for 15 years after bone marrow transplant-
ation (BMT) but subsequently relapsed with T-lympho-
blastic leukemia (T-ALL). Given the long delay between
BMT and relapse, and the different phenotype of the
relapsed disease compared with AMMoL, we analyzed the
origin of the relapsed leukemia by whole-exome sequenc-
ing (WES) and droplet digital polymerase chain reaction
(ddPCR) analysis. Our results showed that a very small
clone with the FLT3-D835Y mutation from the AMMoL
phase expanded in the T-ALL phase, despite the dis-
appearance of FLT3-ITD.

A 46-year-old man with shortness of breath was
referred to our hospital and diagnosed with AMMoL.
Blood tests revealed white blood cell (WBC) count of
3.8� 109/L (with 16% blasts), hemoglobin (Hb) level of
6.2 g/dL and platelet (PLT) count of 156� 109/L. Bone
marrow (BM) examination showed 85.2% myeloblasts and
monoblasts with positivity for myeloperoxidase, and
monoblasts were positive for nonspecific esterase. The

leukemic cells were also positive for CD2, CD7, CD13,
CD15, CD117 and human leukocyte antigen (HLA)-D
related (DR) by flow cytometric analysis. Cytogenetic ana-
lysis of 10 metaphases revealed one normal metaphase,
two 46,XY,der(14)t(14;?)(q32;?), three 46,XY,i(8)(q10), and
four 46,XY,i(8)(q10),der(14)t(14;?)(q32;?). Chromosome
8p11.2 translocations, including t(8;13)(p11;q12), were not
detected. Mutational analysis revealed an FLT3-ITD. The
patient failed to achieve hematological remission despite
two courses of induction by idarubicin and cytarabine. He
then received two courses with cytarabine, aclarubicin
and granulocyte-colony-stimulating factor (CAG) and
achieved hematological and cytogenetic CR. After two
consolidation therapies (CAG and mitoxantrone plus
high-dose cytarabine), the patient underwent a BMT from
an HLA-matched sibling donor after conditioning with
high-dose cyclophosphamide and total body irradiation.
The patient received cyclosporine and short-term metho-
trexate for graft-versus-host disease (GVHD) prophylaxis.
The patient maintained CR without acute (grade II–IV) or
chronic GVHD after BMT and was followed up.

After 15 years, the patient (aged 61 years) was found to
have bicytopenia (WBC count of 2.9� 109/L without per-
ipheral blood blasts, Hb level of 8.8 g/dL and PLT count of
234� 109/L) with 60% BM blasts. These cells were negative
for myeloperoxidase or esterase staining; positive for CD2,
cytoplasmic CD3, CD7, CD11b, CD13, CD71, CD117 and
HLA-DR by flow cytometric analysis; and positive for ter-
minal deoxynucleotidyl transferase and CD99 by immunos-
taining. The patient was diagnosed with T-ALL according
to the criteria of the WHO. Cytogenetic analysis of 21 meta-
phases revealed normal results for two, and 46,XY,-
4,der(5)t(5;?)(q31;?),-13,der(14)t(14;?)(q32;?),þ2mar for 19.
Whole BM chimerism analysis showed mixed chimerism
(donor chimerism: 50%). Molecular analysis revealed
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Figure 1. Analysis between acute myelomonocytic leukemia at onset and relapsed leukemia by whole-exome sequencing and
droplet digital polymerase chain reaction. (A) Diagram of variant allele frequency distribution of somatic mutations between
AMMoL and the T-ALL phase. Brown dots represent somatic mutations detected in both the AMMoL and T-ALL phases. Thirty-four
mutations detected only in the AMMoL phase, including TET2-T4997G, became undetectable in the T-ALL phase. The FLT3-D835Y
mutation was detected in the T-ALL phase with high frequency, while the mutation was detected with very low frequency in the
AMMoL phase. RPTN-M538I was consistently detected with VAF 0.029–0.098, demonstrating the common genetic change with low
frequency in the affected patient and his sibling. (B) Droplet digital polymerase chain reaction of the FLT3-D835Y mutation. The
FLT3-D835Y mutation was detected using a QuantStudio 3D AnalysisSuite system (Thermo Fisher Scientific, Waltham, MA) and a
FLT3-D835Y probe set derived from the Bio-Rad FLT3 WT and D835Y Assay Kit (Bio-Rad Laboratories, Hercules, CA). Red dots, VIC-
FLT3 WT; blue dots, FAM-FLT3-D835Y; green dots, FAM-FLT3-D835Yþ VIC-FLT3 WT; yellow dots, no amplification. FLT3-D835Y-posi-
tive clones were detected at low levels during the AMMoL phase but at higher levels in the T-ALL phase (detection limit: 0.1%).
AMMoL: acute myelomonocytic leukemia; BMMCs: bone marrow mononuclear cells; BMSCs: bone marrow stroma cells; T-ALL:
T-lymphoblastic leukemia; VAF: variant allele frequency.

2 S. KATAGIRI ET AL.

-95-

--0123456789



reconstitution of T-cell receptor c without the presence of
the FLT3-ITD mutation. The patient was treated with CAG
but failed to achieve hematological remission. He under-
went a second BMT from the same sibling donor after con-
ditioning with high-dose cytarabine, fludarabine and
melphalan and achieved hematological remission 36 days
post-transplantation. Cytogenetic analysis of BM showed a
normal karyotype with complete donor chimerism. The
patient received cyclosporine for GVHD prophylaxis and
remained in CR for two years without acute or chronic
GVHD after his second BMT.

To determine the origin of T-ALL, we performed WES
of BM mononuclear cells (BMMCs) collected at four time
points (onset [AMMoL], CR at six months, CR at 2.5 years
after the first BMT, and at the T-ALL phase) and of BM
stromal cells (BMSCs) collected at the BAL phase. DNA
from the buccal mucosa was used as a germline control.
Written informed consent was obtained from the patient
for sequencing of normal and leukemic tissues, and the
study was approved by the institutional review board of
Tokyo Medical University (no. 2151). We detected eight
nonsynonymous mutations (EP300, CUL3, KCNMA1, TONSL,
SERPINB4, SMC5, CCDC50, C3orf80) and four synonymous
mutations (Supplementary Table 1), shared by BMMCs at
the AMMoL and T-ALL phases (Figure 1(A)), which were
not detected in the other samples tested. The FLT3-
D835Y mutation was detected only in the T-ALL phase
(variant allele frequency (VAF), 0.469), while the mutation
was detectable with VAF of 0.026 at the time of the first
AMMoL phase (Figure 1(A)). Because the VAF of less than
0.05 is usually considered to be negative, we performed
ddPCR on the BMMCs at AMMoL onset and the T-ALL
phase, as well as on BMSCs at relapse. FLT3-D835Y was
detected in 0.43% and 40.89% of BMMCs at AMMoL
onset and at the T-ALL phase, respectively, but was
absent from BMSCs (0.024%) (Figure 1(B)).

The pathogenesis of AML involves an initial mutation
in hematopoietic stem cells, and subsequent acquisition
of driver and passenger mutations in the preleukemic
clones. Thus, a main clone and minor subclones are pre-
sent at disease onset [5]. When a subclone evolves to
become the dominant clone at relapse, the relapsed
clone also retains the mutations in the founding clone
[6]. In this study, we detected eight nonsynonymous
mutations that were present at both disease onset and
relapse, indicating that the primary and relapsed leu-
kemic clones were derived from the same founding
clone. A common FLT3-D835Y mutation was detected at
both onset and the T-ALL phase, demonstrating that the
T-ALL clone was present as an extremely low-frequency
subclone at disease onset. Kindler et al. demonstrated
that the FLT3-D835Y mutation causes constitutive activa-
tion of the FLT3 receptor, promoting tumor growth in
AML [7]. In earlier reports of FLT3-ITD-positive AML, FLT3-
ITD was not always responsible for relapse, and other
subclones may have evolved at relapse [8–10]. Baker
et al. identified new FLT3-tyrosine kinase domain

mutations at relapse after FLT3 tyrosine kinase inhibitor
treatment for FLT3-ITD-positive AML patients [11].

In the present case, ddPCR revealed the presence of
the FLT3-D835Y mutation in the AMMoL phase, suggest-
ing that a small clone with the FLT3-D835Y mutation
remained present for 15 years after BMT and evolved as
the dominant clone at the T-ALL phase. Clonal sweeping
is a phenomenon whereby a minor clone emerges as the
predominant clone by replacing other clones present at
the time of diagnosis. Clonal sweeping has been demon-
strated in myelodysplastic syndrome that evolved into
AML [12]. In this study, we detected eight nonsynony-
mous mutations (EP300, CUL3, KCNMA1, TONSL, SERPINB4,
SMC5, CCDC50, C3orf80) that were identified in both the
AMMoL and T-ALL phases. Among them, EP300, encoding
a histone acetyltransferase, is closely related to CREB-
binding protein (CREBBP) and acts as a transcriptional
coactivator. EP300/CREBBP mutations were recently
reported to be related to the pathogenesis of B-cell non-
Hodgkin lymphoma [13] and the progression from severe
congenital neutropenia to AML [14]. We therefore specu-
late that the EP300 mutation might have been a driver
mutation of the founding clone in our patient. However,
during the long-lasting CR state, clonal hematopoiesis of
indeterminate potential-related mutations [15], such as
TET2 and DNMT3A, were not detectable in the leukemic
cells or BMSCs at the T-ALL phase.

In a previous report, patients with very late relapses of
AML after allo-HSCT showed extramedullary involvement,
suggesting that the graft-versus-leukemia effect may be
important in controlling dormant leukemia and impaired
immune surveillance may be a risk factor for late relapse
[4]. The present report indicates that clonal sweeping of
subclones may be an important factor for late relapse in
some AML patients after allo-HSCT. Further knowledge
may clarify the molecular mechanisms underlying very
late relapse of AML.
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Key Points

• Exosomal miR-340 de-
rived from young
BMSCs inhibited tumor
angiogenesis via the
HGF/c-MET signaling
pathway.

• The anti-angiogenic ef-
fect of exosomes from
older BMSCs was re-
stored by direct trans-
fection of young
BMSC-derived exoso-
mal miRNAs.

The study of bonemarrow stromal cells (BMSCs) and the exosomes they secrete is considered

promising for cancer therapy. However, little is known about the effect of donor age on

BMSCs. In the present study, we investigated the therapeutic potential of BMSC exosomes

derived from donors of different ages using an in vivo model of hypoxic bone marrow in

multiplemyeloma (MM).We found that donor age was strongly related to senescent changes

in BMSCs. Exosomes derived from young BMSCs significantly inhibited MM-induced

angiogenesis in Matrigel plugs. The exosomal microRNA (miRNA) expression profile was

different between young and older BMSCs, despite similarities in the size and quantity of

exosomes. Of note was the observation that the antiangiogenic effect of older BMSCs was

enhanced by direct transfection of miR-340 that was preferentially expressed in exosomes

derived fromyoungBMSCs.We found thatmiR-340 inhibited angiogenesis via the hepatocyte

growth factor/c-MET (HGF/c-MET) signaling pathway in endothelial cells. Our data provide

new insights into exosome-based cancer therapybymodification of BMSC-derived exosomes.

Introduction

The tumor microenvironment has gradually been recognized as a key contributor to cancer progression,
angiogenesis, and metastasis1 and to the development of drug resistance.2 Therefore, future
development of anticancer therapies3 should consider the tumor microenvironment. Bone marrow
stromal cells (BMSCs) interact with multiple myeloma (MM) cells in the bone marrow (BM). BMSCs also
create a permissive microenvironment for MM cell growth and survival.4 An increase of angiogenesis is
involved in the progression of MM and the cell-to-cell contact between MM cells, whereas BMSCs
regulate the secretion of key mediators of angiogenesis, such as vascular endothelial growth factor and
basic fibroblast growth factor.5

It is well established that MM is an incurable disease. It commonly occurs in older people with a median
age at diagnosis of approximately 70 years.6,7 A previous study by Andre et al demonstrated that
BMSCs in MM patients have an early senescent profile.8 Furthermore, BMSC aging results in a
decrease of their ability to maintain the BM microenvironment, leading to increases in the incidence
of hematological malignancies, anemia, and immune dysfunction.9,10 Recent evidence indicates that
exosome-mediated cell-to-cell communication plays an important role in maintaining the BM
microenvironment.11

Exosomes are 30- to120-nm membrane-bound vesicles secreted naturally by almost all cells and exist in
all body fluids.12 Accumulating evidence has shown that exosomes contain proteins, lipids, DNA,
messenger RNA (mRNA), microRNA (miRNA), and long noncoding RNA that can be transferred from
producer cells to recipient cells, thereby facilitating cell-to-cell communication.13-16 More recent studies
in animal models have indicated that healthy BMSC-derived exosomes are effective for treatment of
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cardiovascular disease,17 lung injury,18,19 kidney injury,20,21 and
liver injury.22 These findings suggest that the contents transferred
by healthy BMSC-derived exosomes have a therapeutic potential.
Kordelas et al demonstrated that the clinical symptoms of graft-
versus-host disease are significantly improved after treatment with
healthy BMSC-derived exosomes.23 In a manner similar to that
of BMSCs, BMSC-derived exosomes have lower antigenicity
than do various cell types used for cell therapy, such as ac-
tivated T cells.24,25 Although aging of BMSCs has been studied
extensively, the effect of exosomes derived from older BMSCs on
the BM microenvironment remains unclear. Therefore, we hypoth-
esized that the therapeutic potential of healthy BMSC-derived
exosomes depends largely on the donor age, possibly because of
age-specific differences in their contents (eg, mRNA, miRNA, and
protein).

To test this hypothesis, we investigated the donor age–related
differences and therapeutic effects of healthy BMSC-derived
exosomes by using a heterotransplant mouse model of chronic
hypoxia-resistant (HR) MM cells.26 HR-MM cells showed contin-
uous growth under persistent hypoxic conditions, and exosomes
derived from HR-MM cells affected angiogenic functions in both
in vitro and in vivo models.26 In the present study, we modified
BMSC-derived exosomes from older healthy donors by directly
transfecting them with miRNA expressed specifically in young
BMSC exosomes. This approach resulted in exosomes derived
from older BMSCs acquiring antiangiogenic properties, sug-
gesting that exosomal miRNA replacement has a therapeutic
potential.

Methods

Cell lines and culture conditions

Human MM cell lines (RPMI8226, KMS-11, and IM-9) were
purchased from the Health Science Research Resource Bank
(Osaka, Japan). Sublines that survived well under long-term hypoxia
(HR-MM cell lines; RPMI8226-HR, KMS-11-HR, and IM-9-HR)26

were maintained under hypoxic conditions (1% O2, 5% CO2, and
94% N2) in a humidified, gas-sorted hypoxic incubator (MCO-5M;
Panasonic, Osaka, Japan). Pooled human umbilical vein endothelial
cells (HUVECs) and human BMSCs from young (donor ages: 19
and 20 years old; young BMSCs) and older (donor ages: 68 and 72
years old; older BMSCs) healthy donors were purchased from
Lonza Inc. (Allendale, NJ). BMSCs were harvested by trypsinization
and either passaged for expansion or subjected to analyses
(passages 1-5). During days 1 to 5, the number of viable cells was
determined using a commercial kit (Cell Counting Kit-8; Dojindo,
Kumamoto, Japan). See the supplemental experimental procedures
for details.

Measurement of terminal restriction

fragments (TRFs)

Genomic DNA were extracted from each group of BMSCs by using
the Gentra Puregene Cell kit (Qiagen, Hiden, Germany) and
digested by restriction enzymes (Hinf I or Rsa I). Digested DNA
were fractionated by electrophoresis on 0.7% agarose gel and then
transferred to nylon membranes. Hybridization was performed with
the Telo TTAGGG Telomere Length Assay kit (Roche, Mannheim,
Germany) according to the manufacturer’s instructions. Smears of
the developed films were captured on a VersaDoc 1000 imaging
system (Bio-Rad, Hercules, CA).

Senescence-associated (SA) b-galactosidase

(b-gal) staining

BMSCs were fixed in 0.2% glutaraldehyde, washed with phosphate-
buffered saline (PBS), and incubated overnight at 37°C (without
CO2) in staining solution (1 mg/mL of X-gal in 40 mM of citric acid/
sodium phosphate, pH 6.0, 5 mM of potassium ferrocyanide, 5 mM
of potassium ferricyanide, 150 mM of NaCl, and 2 mM of MgCl2).
After incubation, the cells were washed with PBS and imaged for the
presence of blue staining.

Isolation and characterization of exosomes

BMSCs (4 3 104 cells/cm2) were cultured in T-25 flasks (BD
Biosciences, San Jose, CA) containing 5 mL of serum-free AIM-V
medium (Invitrogen, Carlsbad, CA). The culture supernatants were
harvested after 48 h of incubation, and the exosome fraction was
purified using Exoquick-TC reagent (System Biosciences, Mountain
View, CA) according to the manufacturer’s instructions. Exosomes
were quantified by nanoparticle tracking analysis (NanoSight LM10;
Malvern, Herrenberg, Germany) and observed under a transmission
electron microscope (JEM-1200EX; JEOL, Tokyo, Japan), as de-
scribed previously.27 See the supplemental experimental procedures
for details.

Direct transfection of miRNA mimics into exosomes

miRNA mimics (Ambion; Invitrogen) were labeled with the Label
IT small interfering RNA Tracker Cy3 kit (Mirus, Madison, WI)
according to the manufacturer’s instructions. mirVana miRNAmimics
(see supplemental Table 1 for mimic ID) (Applied Biosystems) were
transfected directly into exosomes using Exo-fect (System Biosci-
ences). See the supplemental experimental procedures for details.

miRNA expression profiles

Cellular and exosomal miRNAs were isolated using the miRNeasy
kit (Qiagen), and miRNA profiling of both cells and exosomes was
performed using the TaqMan low-density miRNA array (Thermo
Fisher Scientific, Carlsbad, CA) according to the manufacturer’s
recommendations. The relative expression of each gene was calcu-
lated using the comparative threshold cycle method, as described
previously.28 See the supplemental experimental procedures for
details.

Tube formation assay

The formation of capillary-like structures was assessed, as de-
scribed previously.27 HUVECs (23 104 cells/well) were seeded on
Matrigel (growth factor reduced, 280 mL/well; BD) in 24-well plates
and treated with exosomes (1.23 107 particles) in endothelial basal
medium-2 (480 mL/well; Lonza Inc.), supplemented with or without
endothelial growth medium-2 SingleQuots and 5% fetal bovine
serum for 24 h. BMSC-derived exosomes were titrated to determine
the optimal concentration for tube formation assay (supplemental
Figure 1). The total area of tube formation was quantified as the
mean pixel density obtained from image analysis of 5 random
microscopic fields using ImageJ software (http://rsb.info.nih.gov/
nih-image/).

In vivo Matrigel plug assay

A mixture of growth factor–reduced Matrigel (200 mL) and 43 106

HR-MM cells was admixed with exosomes derived from BMSCs
(43107 particles). TheMatrigel mixtures were injected subcutaneously
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into 8-week-old male nude mice (BALB/c-nu/nu; CLEA Japan, Tokyo,
Japan). All experimental groups included 3 mice. Three weeks after
implantation, the Matrigel plugs were harvested and processed for
analysis. The Matrigel plugs were fixed with 4% paraformaldehyde
and embedded in paraffin. Then, 8-mm-thick paraffin sections
were prepared using a microtome (RM2245; Leica Biosystems,
Heidelberg, Germany). Neovascularization was evaluated by
immunohistochemistry. The total CD31-positive area was quanti-
fied as the mean pixel density obtained from image analysis of 6
random microscopic fields by using ImageJ software. See the
supplemental experimental procedures for details on analysis of
capillary density.

Western blotting

Western blots were probed with antibodies against cMET (rabbit
polyclonal, 1:500; C-28; Santa Cruz Biotechnology, Santa Cruz,
CA), phosphorylated cMET (p-cMET) (rabbit polyclonal, 1:100;
ab5662; Abcam, Cambridge, MA), hepatocyte growth factor (HGF)
(rabbit polyclonal, 1:100; ab83760; Abcam), and b-actin (mouse
monoclonal, 1:2500; Chemicon, Temecula, CA). CD63 (mouse
monoclonal anti-CD63 antibody, 1:100, sc-5275; Santa Cruz
Biotechnology) and CD81 (mouse monoclonal anti-CD81 anti-
body; 1:100; sc-23962; Santa Cruz Biotechnology) were used
as markers of exosomes. Horseradish peroxidase–conjugated
secondary antibodies were purchased from GE Healthcare Life
Science (Uppsala, Sweden). See the supplemental experimental
procedures for details.

Ethics

All animal experiments were conducted in compliance with the
institutional guidelines of the Animal Experimental Center of Tokyo
Medical University/Animal Biosafety Level II Laboratory for Use
of Animals. The experimental protocols were approved by the
Institutional Animal Care and Use Committee of Tokyo Medical
University. The use of patient samples was approved by the
Institutional Review Board of Tokyo Medical University (no. 2648,
approved 22 April 2014). Written informed consent was obtained
from all participants before specimen collection, according to the
Declaration of Helsinki.

Statistical analyses

Data are presented as the mean 6 standard deviation (SD).
Comparisons between 2 groups were made with the Student t test.
Multiple group comparisons were made by analysis of variance.
GraphPad Prism (version 5c) for Macintosh (GraphPad Inc., La
Jolla, CA) was used for statistical analyses. Results were considered
statistically significant at P , .05.

Results

Donor age–dependent senescent changes in BMSCs

There were no morphological differences between BMSCs derived
from young or older healthy donors (Figure 1A). The cell pro-
liferation rate was not significantly different between young and
older BMSCs for at least 72 h in culture, although older BMSCs
had a gradual reduction in their proliferative capability (Figure 1B).
The number of SA-b gal-positive cells among older BMSCs was
significantly higher than that among young BMSCs at the same
passage (Figure 1C-D; P , .01). Similarly, TRFs in older BMSCs
(11 6 0.99 kbp) were shorter than were those in young BMSCs
(14.8 6 1.41 kbp) (Figure 1E-F), suggesting that senescence-
associated changes in BMSCs are dependent on the donor age.

Characterization of exosomes derived from young

and older BMSCs

The size and structure of exosomes appeared to be similar between
young and older BMSCs (Figure 1G). Additionally, the expression of
common exosomal markers (CD63 and CD81) was similar between
young and older BMSCs (Figure 1H). The particle size of BMSC-
derived exosomes was approximately 50 nm. On average, after 48 h
of culture, 1.9 3 108/mL exosomes and 2.3 3 108/mL exosomes
were found in the culture supernatants of young BMSCs and older
BMSCs, respectively (Figure 1I).

In vivo model of the MM hypoxic niche

We previously established HR-MM cells derived from MM cell lines
(RPMI8226-HR, KMS-11-HR, and IM-9-HR) to evaluate the
potential role of MM cells in the hypoxic BM environment. We found
that HR-MM cells induce tumor angiogenesis under chronic hypoxic
conditions.26 In this study, we used an in vivo Matrigel plug an-
giogenesis assay to analyze the angiogenic responses to HR-MM
cells in vivo (supplemental Figure 2). HR-MM cells formed tumors
with increased amounts of CD31-positive endothelial cells in the
Matrigel plug (supplemental Figure 2A,C), whereas parental cells did
not grow (supplemental Figure 2B-C). Among them, RPMI8226-HR
cells induced higher levels of angiogenesis in comparison with other
HR-MM cell lines (supplemental Figure 2A). Therefore, we primarily
used RPMI8226-HR cells in this study.

Antiangiogenic effects of BMSC-derived exosomes

from young donors

BALB/c nude mice were injected subcutaneously with HR-MM cells
(RPMI8226-HR) seeded in Matrigel plugs containing exosomes
(4 3 107 particles per 200 mL Matrigel) derived from young
BMSCs (young BMSC exosomes) or older BMSCs (older BMSC

Figure 1. Characterization of BMSCs. (A) Morphology of BMSCs derived from 2 young healthy donors (young BMSCs; passage 2; donor ages: 19 and 20 years old) and 2

older healthy donors (older BMSCs; passage 2; donor age: 68 and 72 years) by phase-contrast inverted microscopy. Scale bar, 50 mm. (B) BMSC growth measured after 24, 48,

72, 96, and 120 h in culture. Cell proliferation of young BMSCs (pink line) and older BMSCs (blue) was evaluated. Each value represents the mean 6 SD (n 5 6). (C-D)

Representative images of SA-b-gal staining (arrows indicate positive cells) and quantification of cell senescence. Data represent the mean6 SD. *P, .01 in comparison with young

BMSCs using a Student t test. Scale bar, 50 mm. (E-F) Telomere lengths in young and older BMSCs determined by Southern blotting of TRFs. Data represent the mean 6 SD.

*P , .05 in comparison with young BMSCs using a Student t test. (G) Transmission electron micrographs of exosomes derived from young and older BMSCs. Scale bar, 50 nm.

(H) Western blots of exosomal lysates (CD63 and CD81 are common exosomal markers) derived from young and older BMSCs. Exosomes were isolated from 5 mL of culture

medium collected from BMSCs (4 3 104 cells/cm2) grown for 48 h. Equal volumes of exosomal lysate (30 mL) were loaded in the lanes of gels. (I) Nanoparticle concentration and

size distribution of exosomes derived from young BMSCs (pink line) and older BMSCs (blue line).
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Figure 2. Healthy BMSC exosomes inhibit HR-MM cell-induced angiogenesis in Matrigel plugs. (A) Schematic of the Matrigel plug assay. A mixture of Matrigel and

4 3 106 RPMI8226-HR cells was admixed with exosomes derived from young BMSCs (young BMSC exosomes; 4 3 107 particles per 200 mL Matrigel) or older BMSCs

(older BMSC exosomes; 4 3 107 particles per 200 mL Matrigel). (B) After 3 weeks, the Matrigel plugs were harvested and photographed. Paraffin-embedded sections of Matrigel

plugs were stained with hematoxylin and eosin and then subjected to immunostaining for CD138 (brown) and CD31 (red). Cell nuclei were stained with 49,6-diamidino-2-

phenylindole (DAPI) (blue). Scale bar, 500 mm. (C) Quantification of vessel density in Matrigel plugs by pixel density. Young and older BMSC exosomes inhibited tumor angiogenesis

in Matrigel plugs compared with the control (RPMI8226-HR only) (*P , .01; **P , .001 vs control, Student t test, n 5 6). Values represent the mean 6 SD. (D) Effect of

BMSC exosomes on the viability of HR-MM cells. RPMI8226-HR cells were cultured with young or older BMSC exosomes (2.53 107 particles/mL). Cell viability was assayed after
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exosomes) (Figure 2A). We observed hyperproliferative CD138-
positive RPMI8226-HR cells and CD31-positive endothelial cells
attracted into the Matrigel plug (Figure 2B, left). However, older
BMSC exosomes inhibited the proliferation of RPMI8226-HR
cells and angiogenesis in the Matrigel plug (Figure 2B, right) in compar-
ison with the control (RPMI8226-HR1PBS) (Figure 2B-C;P, .05).
In addition, the antiangiogenic effect was more evident with young
BMSC exosomes thanwith older BMSC exosomes (Figure 2B, middle,
and Figure 2C; P , .001).

To test whether BMSC exosomes directly affect the cell viability
of HR-MM cells, we measured the cell proliferation of RPMI8226-
HR cells treated with young or older BMSC exosomes (2.53 107

particles/mL). Neither older BMSC exosomes nor young BMSC
exosomes affect the survival of RPMI8226-HR cells (Figure
2D). We assessed effector caspase activity in RPMI8226-HR
cells treated with BMSC exosomes (2.5 3 107 particles/mL).
There was no significant difference in caspase 3/7 activity in
RPMI8226-HR cells treated with and without BMSC exosomes
(supplemental Figure 3B). Furthermore, we performed experi-
ments to assess nonapoptotic cell death mechanisms in HR-MM
cells, including autophagic cell death. The expression of p62
protein showed no significant difference between RPMI8226-HR
cells treated with BMSC exosomes and without (supplemental
Figure 3B).

We next performed an endothelial tube formation assay with
HUVECs treated with young or older BMSC exosomes (2.5 3 107

particles/mL). Consistent with the results obtained from the in vivo
Matrigel plug assay, HUVEC tube formation was inhibited to a
higher degree by young BMSC exosomes than they were by older
BMSC exosomes (young BMSC exosomes vs older BMSC exosomes;
P 5 .007) (Figure 2E-F).

Identification of young BMSC exosome-specific

miRNAs

To identify the exosomal miRNAs associated with the antiangio-
genic effect of young BMSC exosomes, we first compared
exosomal miRNA expression profiles between young and older
BMSCs (National Center for Biotechnology Information [NCBI],
gene expression omnibus; GSE78865). A subset of 12 miRNAs
was significantly downregulated in older BMSC exosomes. These
miRNAs were specifically expressed in young BMSC exosomes
(Figure 3A). Subsequently, we replenished the 12 miRNAs in older
BMSC exosomes by direct transfection with miRNA mimics (Figure
3B) and investigatedwhether youngBMSCexosome-specific miRNAs
affect HUVEC tube formation. Exosomes transfected with miR-340 or
miR-365 mimics significantly inhibited angiogenesis in comparison
with scrambled control miRNA-containing exosomes (control miR
exosomes) (Figure 3C; P , .01, P , .001).

Figure 2. (continued) 48 h using Cell Counting Kit-8. Values represent the mean 6 SD. (E) The formation of tube-like structures was observed using the cell-permeable

dye Calcein AM (green). Endothelial tube formation of HUVECs treated with young BMSC exosomes, older BMSC exosomes, or the control (without exosomes). Scale bar,

500 mm. (F) Quantification of tube-like structures by pixel density. Young and older BMSC exosomes significantly inhibited HUVEC tube formation in comparison with

the control (control vs young BMSC exosomes; P , .001, control vs older BMSC exosomes; P 5 .038, Student t test). Values represent the mean 6 SD.
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exosomes) and older BMSC exosomes transfected with

miR-365 mimics (miR-365 exosomes) significantly inhibited

HUVEC tube formation in comparison with the control (older

BMSC exosomes transfected with negative control miR; control

miR) (control vs miR-340 exosomes; *P , .01, Student t test;

**P , .001, control vs miR-365 exosomes). Values represent

the mean 6 SD. Ct, comparative threshold cycle.
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Enrichment of older BMSC exosomes with young

BMSC exosome-specific miRNAs inhibits

angiogenesis in vivo

Older BMSC exosomes transfected with miR-340 mimics
(miR-340 exosomes) exhibited a 6-fold increase in the expression
of miR-340 in relation to young BMSC exosomes (Figure 4A). We
also visualized with an in vitro model the uptake of exosomal Cy3-
labeled miR-340 into HR-MM cells (RPMI8226-HR; Figure 4B) and
HUVECs (Figure 4C) via exosomes.Matrigel plug assayswere performed
using Cy3-labeled miR-340. We checked the colocalization of Cy3-
labeled miR-340 and HR cells in the Matrigel plug. Cy3-miR-340
signals were detected in not only the cytoplasm of HR cells
(supplemental Figure 4A-B) but also the cytoplasm of endothelial
cells (supplemental Figure 4C-F).

Matrigel plug assays confirmed that older BMSC exosomes
transfected with miR-340 mimics (miR-340 exosomes) or miR-
365 mimics (miR-365 exosomes) significantly inhibited angiogen-
esis in the Matrigel plug in comparison with scrambled control
miRNA-containing exosomes (control miR exosomes) (Figure 4D-E;
P , .001). We also observed inhibition of the hyperproliferation
of HR-MM cells in conjunction with the antiangiogenic effect
of older BMSC exosomes transfected with miR-340 and
miR-365 mimics (Figure 4D). These findings suggested that the
antiangiogenic effect of older BMSC exosomes was restored
by transfection with young BMSC exosome-specific miRNAs (ie,
miR-340 and miR-365). We performed Matrigel plug assays with
KMS-11-HR and IM-9-HR cells and primary myeloma cells of MM

patients. As in the experiment using RPMI8226-HR cells, miR-340
exosomes significantly inhibited angiogenesis induced by HR-MM
cells (supplemental Figure 5A) or CD1381 cells from a MM
patient with a high tumor burden in the Matrigel plug (supplemen-
tal Figure 5B).

Phosphorylated cMET and HGF protein levels vary in

HUVECs cocultured with HR-MM cells

We selected various confirmed targets of miR-340 and miR-365
according to reporter assays or Western blotting using miRTar-
Base.29 Within this list, we searched for a candidate target of miR-
340 with a high predicted efficacy as calculated by the context
scores. We focused on the cMET tyrosine kinase receptor that
exerts context-dependent effects on endothelial cells. cMET expres-
sion was significantly higher in HUVECs than in MM cells (RPMI8226
and RPMI8226-HR) (Figure 5A). There was no difference in cMET
expression between parental and HR-MM cells (RPMI8226-HR)
(Figure 5A-B; P , .01). HGF protein expression was higher in HR-
MM cells than in parental and endothelial cells (Figure 5A-B;
P, .01). We next investigated changes in the expression of cMET,
phosphorylated cMET (p-cMET), and HGF in HUVECs cultured
with or without MM cells using a noncontact coculture system
(Figure 5C). Although there were no significant differences in the
levels of cMET, p-cMET was significantly upregulated in HUVECs
cocultured with HR-MM cells (Figure 5D-E; P , .01, P , .001).
Additionally, HGF expression in HUVECs was induced by coculture
with HR-MM cells (Figure 5D-E; P , .001).
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Figure 4. Antiangiogenic effects of modified exosomes in

vivo. (A) Exosomal miR-340 expression levels in young BMSC

exosomes, older BMSC exosomes, and miR-340 exosomes were

quantified by reverse transcription polymerase chain reaction

(young BMSC exosomes vs older BMSC exosomes; *P , .01,

young BMSC exosomes vs miR-340 exosomes; **P , .001,

Student t test). Values represent the mean 6 SD. (B-C) Recipient

cells were treated with exosomes directly transfected with Cy3-

miR-340 mimics. Cy3-miR-340 signals were detected in the

cytoplasm of RPMI8226-HR cells (B) and HUVECs (C). Nuclear

and cytoplasmic staining were performed with DAPI (blue) and

Calcein AM (green), respectively. Scale bar, 25 mm. (D) A mixture

of Matrigel and 4 3 106 RPMI8226-HR cells was admixed with

older BMSC exosomes directly transfected with miR-340 mimics

(miR-340 exosomes; 4 3 107 particles per 200 mL Matrigel), miR-

365 mimics (miR-365 exosomes; 4 3 107 particles per 200 mL

Matrigel), or negative control miR (control miR exosomes). The

Matrigel mixture was injected subcutaneously into nude mice.

Three weeks after implantation, the Matrigel plugs were harvested.

Paraffin-embedded sections of Matrigel plugs were stained with

hematoxylin and eosin and then subjected to immunostaining for

CD31 (red). Scale bar, 500 mm. (E) Quantification of vessel density

in Matrigel plugs by pixel density. Both mir-340 and miR-365

exosomes inhibited tumor angiogenesis in Matrigel plugs in

comparison with the control (*P , .001 vs control, Student t test,

n 5 6). Values represent the mean 6 SD. Exo, exosomes.
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Exosomal miR-340 suppresses tube formation via

inhibition of the cMET signaling pathway

To determine whether cMET expression was suppressed by the
addition of older BMSC exosomes transfected with miR-340
mimics (miR-340 exosomes), we examined cMET protein levels
in HUVECs treated with miR-340 exosomes (Figure 6A). cMET
protein levels were reduced by approximately 60% in HUVECs
treated with miR-340 exosomes in comparison with control miR
exosomes (Figure 6A). These results indicated that exogenous miR-
340 interacted with cMET for translational suppression of cMET in
HUVECs via exosomes, whereas inhibition of cMET expression by
miR-340 exosomes did not affect the expression of HGF (Figure 6A).
To confirm direct binding between miR-340 and the cMET 39-
untranslated region (UTR), we performed a luciferase reporter
assay using a reporter plasmid containing the cMET 39-UTR with
the miR-340-binding site (Figure 6B). A reduction of the luciferase
activity from the pLuc-cMET-39-UTR plasmid was observed in
HUVECs treated with miR-340 exosomes (older BMSC exosomes

directly transfected with miR-340 mimics; 45% reduction) in
comparison with the control (HUVECs only) (Figure 6C).

In the in vitro assay (Figure 6D), endothelial cell tube formation was
enhanced by treatment with conditioned medium derived from HR-
MM cells or HGF. Such enhanced tube formation was inhibited
by the addition of miR-340 exosomes (Figure 6E-F; P , .01).
Furthermore, we assessed endothelial cMET activation in vivo in
Matrigel plugs by immunohistochemistry. In Matrigel plugs, CD31-
positive endothelial cells attracted by HR-MM cells expressed
p-cMET (Figure 6G).

Discussion

The advantages of exosome therapy are its stability, biocompati-
bility, biological barrier permeability, low toxicity, and native
mechanism of cell-to-cell transfer. Exosomes derived from BMSCs
have low inherent immunogenicity because of composition similar
to that of the body’s own cells.30 The use of BMSC exosomes is
therefore especially promising for exosome-based cancer therapy.

HUVECs

RPMI8226
or

RPMI8226-HR

C
cMET

HGF

β-actin

p-cMET

RPMI8226-HR

RPMI8226

HUVECs (1% O2)

D

+

+

−

− −

−

cMET

HGF

β-actin

A

RPMI8226

RPMI8226-H
R

HUVECs

0.0

0.5

1.0

1.5

Re
lat

ive
 e

xp
re

ss
ion

 le
ve

l
(c

ME
T/

β-
ac

tin
)

E

co
ntr

ol

+RPMI8226

+RPMI8226-H
R

0

5

10

15

Re
lat

ive
 e

xp
re

ss
ion

 le
ve

l
(p

-c
ME

T/
β-

ac
tin

)

*

**

co
ntr

ol

+RPMI8226

+RPMI8226-H
R

0

2

4

6

8

Re
lat

ive
 e

xp
re

ss
ion

 le
ve

l
(H

GF
/β

-a
ct

in)

**

co
ntr

ol

+RPMI8226

+RPMI8226-H
R

B

0

2

4

6

8

Re
lat

ive
 e

xp
re

ss
ion

 le
ve

l
(c

ME
T/

β-
ac

tin
)

*

RPMI8226

RPMI8226-H
R

HUVECs

0

1

2

3

4

Re
lat

ive
 e

xp
re

ss
ion

 le
ve

l
(H

GF
/β

-a
ct

in) *

RPMI8226

RPMI8226-H
R

HUVECs

Figure 5. p-cMET and HGF protein levels vary in HUVECs cocultured with HR-MM cells. (A) Western blots showing the expression of cMET and HGF in MM cells

(RPMI8226 and RPMI8226-HR) and HUVECs. (B) The intensities of cMET and HGF bands in panel A were quantified and normalized to the levels of b-actin (*P , .01 vs
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There are 2 purposes in our study. One is to clarify the difference in
BMSC and BMSC exosome changes by aging. The other is to find
exosomes with therapeutic effects and develop exosome-based
therapy.

Target miRNA-overexpressing cells have generally been used as
exosome-producing cells to obtain target miRNA-enriched exo-
somes. However, the expression of exosomal factors other than the
target miRNA also changes using this method, because the biology
of exosome-producing cells is modified by either transfected miRNA
or electroporation.31 To overcome this problem, we adopted the
“Exo-fect” system, which enables direct transfection of miRNAs into
isolated exosomes. The transfection efficiencies achieved by Exo-
fect were approximately 75% (supplemental Figure 6). As a result,
we found that only 1 exosomal miRNA of young healthy donors
restored the antiangiogenic function of exosomes derived from older
healthy donors.

We initially hypothesized that the function of exosomes is highly
dependent on the BMSC donor age. We found that young BMSC
exosomes and miRNA had significant antiangiogenic effects. In this
study, we first investigated the differential gene expression profiles
of young BMSCs and older BMSCs (NCBI, gene expression
omnibus; GSE78235) and found that 128 genes were upregulated
and 117 genes were downregulated in older BMSCs in comparison
with young BMSCs (supplemental Figure 7A). By performing gene
ontology (GO) term analysis using the Functional Annotation Tool of
the Database for Annotation, Visualization, and Integrated Discov-
ery (http://david.ncifcrf.gov), we identified major changes between
the functions of young and older BMSCs, such as developmental
processes and cell proliferation and adhesion (supplemental Figure 7B).
Although we did not identify GO terms related to cellular se-
nescence, we found that older BMSCs displayed downregulation
of aldehyde dehydrogenase 1, which is involved in self-renewal
and differentiation, indicating that the donor age might affect the
differentiation potential of BMSCs. Previous studies on age-related
changes in BMSCs clearly show that the age of the BMSC donor
directly influences BMSC differentiation, proliferation, and meta-
bolic profiles.32,33 Furthermore, the immunoregulatory potential of
young BMSCs is higher than that of older BMSCs.34 Age-related
increases in the expression of apoptotic and senescent genes with
a concomitant decrease in Sirt1 gene expression also inhibits stem
cell function to some degree.35 These findings suggest that the age
of BMSC donors should be considered in regard to their therapeutic
efficacy. This interference further suggests that the loss of young
BMSC exosome-specific miRNAs is related to cancer, because the
development of the majority of cancers is considered to be related
to age.

In the present study, we extracted several exosomal miRNAs specific
to young BMSCs and identified 2 miRNAs (miR-340 and miR-365)
that exerted an antiangiogenic effect (Figures 3C and 4D). Our in
silico analysis showed that miR-365 targeted interleukin-6 (IL-6), and
we conducted a luciferase reporter assay with a reporter vector
containing the 39-UTR of IL-6 with the predicted miR-365 binding
site (supplemental Figure 8A). Unexpectedly, overexpression of
miR-365 did not decrease the activity of the luciferase reporter
(supplemental Figure 8B).

We therefore focused on miR-340, which restored and even
increased the antiangiogenic effect of older BMSC exosomes. The
first identified target of miR-340 was microphthalmia-associated
transcription factor, a master regulator of melanocyte development
and melanogenesis in melanoma cells.36 Although several miR-340
target genes have been identified to date, the HGF receptor, cMET,
has been reported as a target of miRNA several times.37 It is known
that the HGF/cMET interaction plays a key role in the regulation
of angiogenesis, and high levels of HGF expression and cMET
activation (p-cMET) have been found in BM endothelial cells of MM
patients in comparison with normal endothelial cells of healthy
donors.38 Consequently, miR-340 might act as a negative regulator
of angiogenesis by inhibiting cMET expression. On the basis of a
previous report,37 we assessed direct binding between the cMET
39-UTR and miR-340 by a luciferase reporter assay (Figure 6C).
Furthermore, Moschetta et al demonstrated that resistant R5 cells
and plasma cells from MM patients at relapse with drug resistance
have a high HGF-independent p-cMET content with constitutive
activation of the cMET receptor.39 The expression of cMET and
p-cMET did not show a difference between parental and HR-MM cells.
We also did not observe constitutive activation of cMET in CD1381

cells obtained from MM patients in this study. Unfortunately, using
our system, we could not analyze the effect of miR-340 on
overcoming drug resistance by inhibition of cMET expression.

One of the reasons why we replenished miR-340 in older BMSC
exosomes was to use older BMSC exosomes as an experimental
control (miR-340-insufficient exosomes) to demonstrate miR-340
functions. However, the principal reason for modifying exosomes by
direct transfection of miRNA was establishment of novel strategies
for exosome-based therapy. An important issue that should be
addressed is whether miR-340-enriched exosomes have a direct
inhibitory effect on tumor growth. Although we cannot completely
rule out the possibility of either direct growth inhibition of tumor cells
or remaining natural killer cell activity in the nude mouse, miR-340-
enriched exosomes did not induce HR cell proliferation in vitro
(Figure 2D). We believe the inhibition of tumor angiogenesis by
miR-340-enriched exosomes was due to tumor growth suppression

Figure 6. (continued) according to firefly luciferase activity/b-gal activity. Sensor vector: the luciferase activity of HUVECs/Luc/b-gal (HUVECs co-transfected with luciferase

reporter and b-gal control vectors) treated with young BMSC exosomes was significantly reduced in comparison with control cells (HUVECs only, *P , .01, n 5 3). miR-340

exosomes (older BMSC exosomes transfected with miR-340 mimics) also reduced the luciferase activity in HUVECs in comparison with control miR exosomes (older BMSC

exosomes transfected with negative control miR) (#P, .01, Student t test, n5 3). Using the mutated sensor vector, there was no difference in luciferase activity with or without exosomes.

(D) Schematic of the endothelial cell tube formation assay to confirm the antiangiogenic effect of miR-340 exosomes. HUVECs were cultured on Matrigel in 3 types of medium (basal

medium, basal medium supplemented with conditioned medium from RPMI8226-HR cells, or basal medium supplemented with HGF). (E) Endothelial tube formation in response to older

BMSC exosomes transfected with miR-340 mimics (miR-340 exo.) observed under a bright field by phase-contrast microscopy. Scale bar, 500 mm. (F) Quantification of tube formation as

shown in panel E. The conditioned medium from HR-MM (RPMI8226-HR) cells and HGF induced endothelial tube formation in vitro. Induction of tube formation by conditioned medium of

HR-MM cells and HGF was inhibited by older BMSC exosomes transfected with miR-340 mimics (miR-340 exosomes) in comparison with the control (older BMSC exosomes transfected

with negative control miR; control miR exosomes) (*P , .01, Student t test). Values represent the mean 6 SD. (G) Immunohistochemical staining of CD31 (red) and p-cMET (green) in

Matrigel plugs seeded with RPMI8226-HR cells at 3 weeks after transplantation into nude mice. Scale bar, 200 mm. med., medium.
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in the Matrigel plug, although further studies are required to test this
hypothesis.

In conclusion, we provide new information on the age-related
changes of BMSC-derived exosomes and the inhibitive effect
of exosomal miRNA on tumor angiogenesis. The present study
provides evidence of the therapeutic potential of exosomal miRNAs
derived from young BMSCs and offers a foundation for the devel-
opment of novel strategies for exosome-based therapy via replen-
ishment of exosomal miRNAs.
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ABSTRACT

Previous studies showed that downregulation of pyrimidine salvage underlies 
resistance against 5-azacytidine (AZA), indicating an important role for de novo 
pyrimidine synthesis in AZA resistance. Because de novo pyrimidine synthesis is 
inhibited by the immunomodulator teriflunomide and its pro-drug leflunomide, 
we examined the effect of combined treatment with AZA and teriflunomide on 
AZA resistance to develop a novel strategy to cancel and prevent AZA resistance. 
Teriflunomide markedly inhibited the growth of AZA-resistant human leukemia cell 
lines (R-U937 and R-HL-60) in comparison with their AZA-sensitive counterparts 
(U937 and HL-60). In the presence of a non-toxic concentration of teriflunomide 
(1 μM), AZA induced apoptosis in AZA-resistant cells and leukemia cells from AZA-
resistant patients. AZA acted as a DNA methyltransferase 3A inhibitor in AZA-resistant 
cells in the presence of 1 μM teriflunomide. Although AZA-sensitive cells acquired 
AZA resistance after continuous treatment with AZA for 42 days, the growth of AZA-
sensitive cells continuously treated with the combination of AZA and teriflunomide 
was significantly inhibited in the presence of AZA, demonstrating that the combined 
treatment prevented AZA resistance. These results suggest that combined treatment 
with AZA and teriflunomide can be a novel strategy to overcome AZA resistance.

INTRODUCTION

5-azacytidine (AZA) is approved for the treatment of 
patients with myelodysplastic syndrome (MDS) in Europe, 
the United States, Japan, and other countries. AZA yields 
a 40–60% response rate in these patients [1]. However, 
some patients treated with AZA develop resistance to the 
drug after various treatment durations [2, 3]. Although the 
prognosis of MDS patients after AZA treatment failure is 
poor, with a median overall survival time of 5.6 months 
[4], a strategy to cancel resistance against AZA has not 
been developed.

AZA taken up by cells is mono-phosphorylated by 
uridine-cytidine kinase (UCK) 1 or UCK2, subsequently 

phosphorylated by other enzymes to produce 5-AZA-
diphosphate (azaCDP) and 5-AZA-triphosphate, and 
incorporated into RNA. Part of azaCDP is converted 
to 2ʹ-deoxy-5-AZA-triphosphate (d-azaCTP) by 
ribonucleotide reductase [5]. d-azaCTP is incorporated 
into DNA and forms irreversible DNA methyltransferase 
(DNMT)/DNA complexes. Removal of DNMT/DNA 
complexes and repair of DNA result in degradation of 
DNMT proteins accompanying demethylation of DNA [6].

Previously, we reported that AZA resistance in 
R-U937 cells and R-HL-60 cells (AZA-resistant cells), 
which we originally created from U937 cells and HL-
60 cells, respectively [7], involves downregulation 
of UCK2 expression and conversion of UTP to CTP. 
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Valencia et al. reported that lower expression of UCK1 
mRNA correlates to primary resistance against AZA in 
patients with MDS [8]. Because of the roles of UCK1 
and UCK2 in pyrimidine salvage, these findings indicate 
the important role of the alternative pyrimidine-supplying 
mechanism—de novo pyrimidine synthesis—in AZA 
resistance in cell lines and patients. It is well established 
that de novo pyrimidine synthesis is inhibited by 
teriflunomide and its pro-drug leflunomide, which are 
the immunomodulators approved for the treatment of 
multiple sclerosis and rheumatoid arthritis, respectively 
[9, 10]. Therefore, we examined the effect of combined 
treatment of AZA and teriflunomide on AZA sensitivity 
and resistance.

RESULTS

Teriflunomide-activated pyrimidine salvage in 
AZA-resistant cells

After treatment with teriflunomide at a dose 
equivalent to the serum concentration of teriflunomide 
(1.25–10 μM) in patients with rheumatoid arthritis treated 
with leflunomide, viability of R-U937 and R-HL-60 cells 

was significantly decreased in comparison with their AZA-
sensitive counterparts (U937 and HL-60 cells; Figure 1A, 
1B). Treatment with 1 μM teriflunomide notably increased 
the fraction with a higher signal for 5-ethynyluridine 
(EU), which is phosphorylated via pyrimidine salvage 
and is incorporated with RNA [11] in both types of AZA-
resistant cells (Figure 1C), whereas the mRNA expression 
of UCK1 and UCK2 was not affected by the presence of 
teriflunomide (Figure 1D).

AZA-induced apoptosis in AZA-resistant cells in 
the presence of teriflunomide

Next, we examined the effect of teriflunomide on 
the growth inhibitory activity of 1, 5, and 10 μM AZA, 
which are the relevant doses to the serum concentration 
of AZA in MDS patients [12, 13]. Although treatment 
with teriflunomide up to 1.25 μM for 72 h did not show 
significant growth-inhibitory effects in the cells used 
in this study (Figure 1), 1 μM teriflunomide enhanced 
the cytotoxic effects of 1 μM AZA in U937 and HL-60 
cells (Figure 2A, 2B). In R-U937 and R-HL-60 cells, 
we detected a significant decrease in the viability in an 
AZA dose-dependent manner in the presence of 1 μM 

Figure 1: Viability of U937 cells and R-U937 cells (A) and of HL-60 cells and R-HL-60 cells (B) after treatment with teriflunomide 
(TFN) for 72 h. The p-values are indicated. N.S. indicates nonsignificant results of the t-test following two-way ANOVA. The results of 
three independent experiments are shown. (C) Analysis of EU availability in R-U937 cells (left panel) and R-HL-cells (right panel) without 
and with 1 μM TFN treatment for 72 h. Green lines: without treatment; red lines: with treatment. (D) Relative mRNA expression levels 
of UCK1 and UCK2 normalized with the mRNA expression level of ACTB in R-U937 and R-HL-60 cells without and with 1 μM TFN 
treatment for 72 h. The results of three independent experiments are shown.
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teriflunomide (Figure 2C, 2D), demonstrating that the 
presence of teriflunomide restored AZA sensitivity in 
AZA-resistant cells.

To examine whether the effects of the combined 
treatment with AZA and teriflunomide was the true 
synergic effect, we calculated combined index of 25% 
inhibition of cell growth (CI 25) using the Chou-Talalay 
method [14]. CI 25 of the combined treatment with AZA 
and teriflunomide was 0.72 for U937 cells, 0.48 for HL-60 
cells, 0.54 for R-U937 cells, and 0.47 for R-HL-60 cells, 
suggesting that the effect of the combined treatment with 
AZA and teriflunomide was the true synergic effect.

In the analyses of annexin V-propidium iodide 
double staining, we detected induction of apoptosis in 
AZA-resistant cells after combined treatment for 96 h in 
R-U937 cells (Figure 3, upper panels) and R-HL-60 cells 
(Figure 3, lower panels), but not in those treated with AZA 
or teriflunomide alone, implying that the AZA-dependent 
decrease of viability in AZA-resistant cells after combined 
treatment was accompanied by apoptosis.

Because R-U937 and R-HL-60 cells showed lower 
sensitivity to decitabine (5-aza-2'-deoxycytidine: DAC) 
in comparison with their AZA-sensitive counterparts [7], 
we examined the effects of treatment with teriflunomide 
on DAC sensitivity. The presence of 1 μM teriflunomide 
did not affect the viability of U937 and HL-60 cells 
cultured with 0.2 μM DAC for 72 h, whereas greater 
growth repression by 0.2 μM DAC in the presence of 1 
μM teriflunomide was observed in R-U937 and R-HL-60 
cells (Figure 4A, 4B).

AZA acted as a DNMT inhibitor in AZA-
resistant cells in the presence of teriflunomide

To clarify whether AZA acted as a DNMT inhibitor 
in AZA-resistant cells in the presence of teriflunomide, 
we examined DNMT3A and DNMT1 protein amounts. 
(DNMT3B was not examined because its expression 
was not detected in R-U937 and R-HL-60 cells in our 
previous study [7].) In AZA-sensitive cells, treatment with 

Figure 2: Viability of U937 cells (A), HL-60 cells (B), R-U937 cells (C), and R-HL-60 cells (D) after treatment with AZA (0, 1, 5, 10 μM) 
for 72 h in the absence or presence of 1 μM teriflunomide (TFN). The p-values of significance are indicated. N.S. indicates nonsignificant 
results of the t-test and two-way ANOVA. The results of three independent experiments are shown.
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1 μM AZA for 48 h decreased DNMT1 and DNMT3A 
proteins and the presence of 1 μM teriflunomide enhanced 
degradation of DNMT3A, but not DNMT1, by AZA 
treatment (Figure 5A). The effects of treatment with 
1 μM teriflunomide alone on these proteins were not 
significant. Combined treatment with 5 μM AZA and 1 
μM teriflunomide for 48 h significantly decreased the 
amount of DNMT3A protein in AZA-resistant cells, 
whereas the amount of DNMT3A was not affected 

when these cells were treated with 5 μM AZA or 1 μM 
teriflunomide alone (Figure 5B). The amount of DNMT1 
protein did not change after treatment with each agent or 
their combination.

To examine why the amount of DNMT1 did not 
change after the combined treatment, we compared DNA 
amount in between AZA-resistant and AZA-sensitive cells 
by using a chromatin immunoprecipitation (ChIP) assay 
with anti-DNMT1 antibody or anti-DNMT3A antibody 

Figure 3: Analysis of apoptosis in R-U937 cells. (upper panels) and R-HL-60 cells (lower panels) of mock treatment, treatment with 10 
μM AZA alone, treatment with 1 μM teriflunomide (TFN) alone, and combination treatment with AZA and TFN for 96 h.

Figure 4: Viability of U937 and R-U937 cells (A) and HL-60 and R-HL-60 cells (B) after treatment with 0.2 μM DAC for 72 h in the 
absence or presence of 1 μM teriflunomide (TFN). The results of three independent experiments are shown.
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(Supplementary Figure 1). With anti-DNMT1 antibody, 
the amount of precipitated DNA from AZA-resistant 
cells was significantly less than that from AZA-sensitive 
cells, indicating that recruitment of DNMT1 on DNA is 
less frequent in AZA-resistant cells. No such significant 
difference was detected in the experiments using anti-
DNMT3A antibody.

Teriflunomide canceled AZA resistance in 
leukemia cells obtained from patients

The experiments using cell lines demonstrated 
that teriflunomide could cancel AZA resistance, so we 
examined whether AZA resistance in leukemia cells from 
patients is canceled by combined treatment of AZA with 

teriflunomide. In leukemia cells with AZA resistance 
from four patients (nos. 1, 3, 4, 5), decreased viability was 
detected when they were treated with 1 μM AZA combined 
with teriflunomide at 1 μM; however, 1 μM AZA and 1 
μM teriflunomide individually were not cytotoxic (Figure 
6A). Leukemia cells from patient 2 showed relatively 
higher sensitivity to teriflunomide, resulting in decreased 
viability after treatment with teriflunomide alone; 
however, combined treatment reduced their viability much 
more so (Figure 6A). The viability of CD34-posisitve cells 
from a healthy donor was not affected by treatment with 
1 μM AZA or 1 μM teriflunomide or by the combined 
treatment, indicating that treatment with AZA and/or 
teriflunomide did not influence the proliferation of healthy 
hematopoietic stem/progenitor cells (Figure 6B).

Figure 5: (A) Amounts of DNMT3A and DNMT1 in U937 cells and HL-60 cells after treatment with the indicated agent for 48 h. Values 
indicate the relative amounts of DNMT3A and DNMT1 normalized with β-ACTIN. (B) Amounts of DNMT3A and DNMT1 in R-U937 and 
R-HL-60 cells after treatment with the indicated agent for 48 h. Values indicate the relative amounts of DNMT3A and DNMT1 normalized 
with β-ACTIN.
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Teriflunomide prevented AZA-resistance in vitro

Finally, we examined whether teriflunomide can 
prevent the acquisition of AZA resistance in AZA-
sensitive cells. After continuous treatment with 5 μM 
AZA for 42 days, the growth of U937 and HL-60 cells was 
detected even in the presence of 5 μM AZA, indicating 
that the cells had acquired AZA resistance. Continuous 
treatment with 1 μM teriflunomide for 42 days did not 
affected in the growth of U937 and HL-60 cells, and their 
growth when treated with a combination of 5 μM AZA and 
1 μM teriflunomide for 42 days was significantly slower 
than that of AZA- or teriflunomide-treated cells (Figure 
7A, 7B).

To assess the sensitivity to AZA in U937 and HL-
60 cells after continuous treatment, we cultured them in 
the presence of 5 and 10 μM AZA for 72 h. As expected, 
U937 and HL-60 cells after continuous treatment with 
AZA showed lower sensitivity to AZA, whereas these 
cells after continuous combined treatment showed 
decreased viability, as did control cells without treatment 
and cells continuously treated with teriflunomide for 42 
days (Figure 7C, 7D). These findings demonstrate that the 
combined treatment prevented the acquisition of resistance 
against AZA in U937 and HL-60 cells.

DISCUSSION

Drug repositioning, which is a pharmaceutical 
approach to finding novel activity of existing drugs, 
has become popular because it reduces development 
costs and accelerates regulatory approval [15]. We 
found teriflunomide, an immunomodulator approved for 

treatment of multiple sclerosis, to be an agent that can 
overcome and prevent AZA resistance in leukemia by 
using an approach based on the molecular mechanism 
underlying AZA resistance. Recent attention to drug 
repositioning has mainly focused on computational 
approaches using virtual screening of the comprehensive 
libraries of approved compounds based on three-
dimensional structures of target proteins [16–18]. 
However, mechanism-based drug repositioning may be 
another approach to finding drugs that can overcome 
drug resistance in cancer. To date, several molecular-
targeted drugs, including HDAC inhibitors, have been 
used to overcome AZA resistance, but none of them 
restores the action of AZA in leukemia cells that creates 
AZA resistance. We demonstrated for the first time that 
mechanism-based drug repositioning could resensitize 
AZA-resistant human leukemia cells to AZA.

Despite the fact that downregulated UCK1 
or UCK2 expression in AZA resistance has been 
extensively studied [7, 8], the role of de novo pyrimidine 
synthesis in AZA resistance is not fully understood. 
In this study, we demonstrated that sensitivity to 
teriflunomide in AZA-resistant cells was higher than 
that in their AZA-sensitive counterparts, suggesting that 
AZA-resistant cells more strongly depend on de novo 
pyrimidine synthesis. Treatment with teriflunomide at a 
non-cytotoxic dose increased the availability of EU in 
AZA-resistant cells, but it did not induce re-expression 
of UCK1 or UCK2. Therefore, inhibition of de novo 
pyrimidine synthesis might activate pyrimidine salvage 
without induction of UCK1 or UCK2. Teriflunomide 
might reduce the pool size of CTP and dCTP and thus 
decrease competition for the incorporation of azaCTP 

Figure 6: (A) Viability of leukemia cells from patients with AZA resistance after treatment with 1 μM AZA and/or 1 μM teriflunomide 
(TFN) for 24 h. *p < 0.01. (B) Viability of healthy CD34+ cells after treatment with 1 μM AZA and/or 1 μM TFN for 48 h.
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into RNA and d-azaCTP into DNA. It is noteworthy 
that AZA also inhibited cell growth in the presence of 
teriflunomide in freshly obtained leukemia cells from 
patients with AZA resistance. Therefore, inhibition of 
de novo pyrimidine synthesis by teriflunomide may 
play a key role in the restoration of AZA sensitivity in 
freshly obtained leukemia cells from patients as well as 
cell lines.

Another important finding is the notable decrease 
of DNMT3A in AZA-resistant cells after combined 
treatment with AZA and teriflunomide. As the ChIP assay 
demonstrated, the recruitment of DNMT1 on DNA was 
less frequent in AZA-resistant cells than AZA-sensitive 
counterparts. Given the hypomethylation of DNA in AZA-
resistant cells [7], DNMT3A might be recruited on DNA 
more frequently than DNMT1 in AZA-resistant cells. The 
decrease of DNMT3A might indicate that AZA acted as a 
DNMT inhibitor in AZA-resistant cells in the presence of 
teriflunomide. Therefore, combined treatment with AZA 
and teriflunomide or leflunomide could be a promising 
strategy to sensitize patients with MDS or acute myeloid 
leukemia (AML) who developed AZA resistance. In 
addition to restoration of AZA sensitivity in AZA-resistant 

cells, enhancement of growth inhibitory activity of AZA 
at 1 μM accompanied with increase of degradation of 
DNMT3A but not DNMT1 was found in AZA-sensitive 
cells. Although the reason why teriflunomide did not 
increase the degradation of DNMT1 remains unclear, one 
possibility is that DNMT1 recruited on DNA in AZA-
sensitive cells might be nearly exhausted in the presence 
of 1 μM AZA.

The cross-resistance against DAC could be 
weakened in the presence of teriflunomide in R-U937 and 
R-HL-60 cells, suggesting that the combined treatment 
with DAC and teriflunomide might be another treatment 
choice for myeloid neoplasm with AZA resistance. On 
the other hand, inhibition of de novo pyrimidine synthesis 
by teriflunomide failed to enhance the growth inhibitory 
activity of DAC in AZA-sensitive cells. Unlike our result, 
Raynal et al. demonstrated that inhibition of de novo 
pyrimidine synthesis by an inhibitor of CTP synthase 
enhances the cytotoxic activity of DAC by enhancing 
the incorporation of DAC into DNA [19]. Despite the 
fact that the sensitivity to DAC might correlate with de 
novo pyrimidine synthesis as well as AZA sensitivity, the 
key enzyme determining the sensitivity to AZA and DAC 

Figure 7: (A, B) The growth of U937 cells (A) and HL-60 cells (B) treated with 5 μM AZA and/or 1 μM teriflunomide (TFN) for 42 days. 
*p < 0.01 in comparison with mock or TFN-treated cells, #p < 0.01 in comparison with AZA-treated cells. (C, D) The AZA sensitivity of 
U-937 cells (C) and HL-60 cells (D) treated with 5 μM AZA and/or 1 μM TFN for 42 days.
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might be different. More detailed research on the role of 
de novo pyrimidine synthesis in the sensitivity to AZA and 
DAC is needed.

Evidence suggests that AZA resistance requires a 
shift in the pyrimidine-supplying pathway from salvage-
dependent to de novo synthesis-dependent [7, 20]. In 
the current study, we demonstrated that teriflunomide 
prevented the acquisition of AZA resistance. This 
prevention might be accompanied with maintenance of 
pyrimidine salvage activity through inhibition of de novo 
pyrimidine synthesis. The combined treatment with AZA 
and teriflunomide could be a novel strategy to prevent the 
development of AZA resistance.

Some limitations exist in our approach. First, 
our results should be confirmed by in vivo studies 
using animal model. Similarly, we could not examine 
whether teriflunomide or leflunomide may improve the 
immunological environment of patients with MDS in 
our in vitro study, but the immunomodulating activity of 
teriflunomide and leflunomide is well established [9, 10].

In conclusion, we provide evidence of the 
importance of de novo pyrimidine synthesis in AZA 
resistance and of its potential as a therapeutic target of 
de novo pyrimidine synthesis to overcome and prevent 
AZA resistance. Anti-cancer activity of teriflunomide 
has been reported for various tumors [21–23], including 
hematologic malignancies [24]. Therefore, not only 
combined use with AZA but also use of a higher dose 
of teriflunomide might be a potent strategy for the 
treatment of AML with AZA resistance. However, 
some questions still remain, such as whether de novo 
pyrimidine synthesis inhibitors can sensitize primary 
resistance against AZA and whether de novo pyrimidine 
synthesis inhibitors can prevent the development of DAC 
resistance. To answer these questions, further studies are 
necessary.

MATERIALS AND METHODS

Cells and reagents

U937 and HL-60 cells were purchased from ATCC 
(Manassas, VA, USA). AZA-resistant cell lines (R-U937 
and R-HL-60) were originally created in our laboratory 
from U937 and HL-60 cells, respectively [7]. Prior to 
specimen collection from patients, the study was approved 
by the institutional review board of Tokyo Medical 
University (IRB no. 1974), and written informed consent 
was obtained from the patients in accordance with the 
Declaration of Helsinki.

The peripheral blood samples with >80% blasts 
of leukemia cells were collected from five patients 
with AML that developed from MDS-acquired AZA 
resistance. The clinical characters are described in the 
Supplementary Table 1. Leukemia cells from patients 
were isolated using Lymphosepar I (Immuno-Biological 

Laboratories, Fujioka, Japan). CD34-posistive cells 
were obtained from peripheral blood of a healthy donor 
treated with G-CSF. After isolation of mononuclear cells 
using Lymphosepar I, CD34-positive cells were purified 
using CD34 MicroBead Kit UltraPure (Miltenyi Biotech, 
Gladbach, Germany) and autoMACS Pro Separator 
(Miltenyi Biotech). In flow cytometric analysis, the 
purity of CD34-positive cells was >98% and nearly 80% 
of them were CD38-negative.

AZA and DAC were purchased from Wako Pure 
Chemical Industries (Osaka, Japan) and teriflunomide 
from Selleck Chemicals (Houston, TX, USA). The anti-
DNMT1 antibody 4H80, the anti-DNMT3A antibody 
H-295, and the anti-β-ACTIN antibody C4 were purchased 
from Santa Cruz Biotechnology (Dallas, TX, USA). The 
secondary antibodies, namely horseradish peroxidase 
(HRP)-labeled anti-mouse IgG antibody and HRP-labeled 
anti-rabbit IgG antibody, were purchased from GE 
Healthcare (Buckinghamshire, UK).

Cell culture and chemical reagent treatment

U937, HL-60, R-U937, and R-HL-60 cells 
and leukemia cells from patients were incubated in 
RPMI1640 medium (Life Technologies Inc., Carlsbad, 
CA, USA) including 10% inactivated fetal bovine serum 
and 1% penicillin/streptomycin (Life Technologies). 
CD34-positive cells from a healthy donor was cultured 
in Hematopoietic Progenitor Expansion Medium DXF 
(PromoCell, Heidelberg, Germany) supplemented 
with Cytokine Mix E (PromoCell). For treatment with 
reagents, cells were collected by centrifugation and 
suspended at 1 × 105 cells/ml in fresh medium with the 
agents or 0.01% DMSO as the vehicle. Cell viability 
was measured using the Cell Counting Kit-8 (Dojindo, 
Kumamoto, Japan) as previously described [25]. CI 
25 was calculated using Chou-Talalay method [14]. 
For continuous treatment, 5 μM AZA and/or 1 μM 
teriflunomide was added to the U937 cells or HL-60 cells 
suspended in the fresh medium at 1 × 105 cells/ml at day 
0. Then at days 3, 7, 10, 14, 17, 21, 24, 28, 31, 35, 38, 42, 
and 49, culture medium was changed to fresh medium 
with the added agents and cell viability was measured 
using the Cell Counting Kit-8.

Measurement of pyrimidine salvage activity

Pyrimidine salvage activity was estimated based on 
the availability of EU. Cells were incubated in the medium 
with EU for 3 h after treatment with teriflunomide for 72 
h. EU incorporated in RNA was labeled with Alexa Fluor 
488 using the Click-It RNA Alexa Fluor 488 Imaging 
Kit (Thermo Fisher Scientific, Waltham, MA, USA). 
The signal for EU was measured using flow cytometric 
measurements performed on a BD Accuri C6 Flow 
Cytometer (BD Bioscience, Franklin Lakes, NJ, USA). 
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A 488-nm blue laser was used for excitation, and the 
signal was detected by the FL1 channel (533 nm). The 
signals of 30,000 events were obtained. Analyses of the 
obtained data were performed using C6 software version 
1.0 (BD Biosciences).

Detection of apoptosis

The FITC Annexin V Apoptosis Detection Kit I (BD 
Bioscience) was used. Cell lines treated with the reagents 
for 4 days were suspended in binding buffer and incubated 
with FITC-labeled annexin V and propidium iodide in the 
dark.

Flow cytometric measurements were performed on a 
BD Accuri C6 Flow Cytometer (BD Biosciences). A 488-
nm blue laser was used for excitation, and signals were 
detected using the FL1 channel (533 nm) for FITC and the 
FL2 channel (585 nm) for propidium iodide. The signals 
of 30,000 events were obtained. Analyses of the obtained 
data were performed using C6 software version 1.0 (BD 
Biosciences).

Western blotting

Western blotting was performed as previously 
described [25]. Briefly, the membranes were probed with 
antibodies directed against DNMT1 (1:200), DNMT3A 
(1:200), or β-ACTIN (1:500) and then treated with the 
appropriate secondary antibodies.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed using ChIP-IT Express 
kit (Active Motif, Carlsbad, CA, USA) in accordance with 
the manufacturer’s protocols. Briefly, the chromatin was 
extracted from 1 × 107 formalin-fixed cells and chromatin 
including 15 μg DNA was immunoprecipitated using 2 
μg anti-DNMT1 antibody or anti-DNMT3A antibody. 
For negative control, mouse non-specific IgG was used. 
The amount of precipitated DNA was measured using 
NanoDrop 1000 (Thermo Fisher Scientific).

Quantitative RT-PCR

Quantitative RT-PCR was performed as previously 
described [26]. TaqMan gene expression assays (Life 
Technologies) were used for UCK1 (Hs01075618_m1) and 
UCK2 (Hs00367072_m1). The TaqMan Pre-Developed 
Assay Reagent (Life Technologies) was used for ACTB. 
The relative expression level of each gene to the ACTB 
expression level was determined by the ΔCT method.

Statistical analysis

For statistical analyses, two-way ANOVA followed 
by the t-test were performed using GraphPad PRISM 6 
software (GraphPad Software Inc., La Jolla, CA, USA); 

p < 0.05 was considered significant. Data are shown as 
mean ± SD in the figures, and they represent the results 
obtained from three independent experiments.
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Introduction
The majority of hematological disorders involving the myeloid 

lineage are thought to be of stem cell origin, including myeloproliferative 
disease, myelodysplastic syndrome (MDS), acute myeloid leukemia 
(AML) and acquired or heritable bone marrow failure syndromes 
[1,2]. In each instance, dysregulation of normal stem cell function is 
thought to contribute to the disease phenotype [2]. Moreover, stem cell 
characteristics are modulated by a variety of developmental pathways 
and regulators. MDS are clonal hematopoietic disorders characterized 
by in inefficient hematopoiesis and frequent progression to AML [3]. 
Even in low-risk MDS, clonal hematopoiesis already dominates at 
diagnosis, and clonal hematopoiesis and clones found in secondary 
AML originate from the MDS stage of disease [3], highlighting the 
need to specifically targeted the MDS-initiating clone. Although 
massive parallel sequencing studies have revealed a number of genomic 
alterations associated with MDS, functional consequence of these 
alterations remain poorly understood, mainly due to a difficulty in the ex 
vivo culture of primary MDS cells and lack of appropriate animal model 
[4]. The discovery of key transcription factors enabling reprograming 
a somatic cell into a pluripotent stem cell, called induced pluripotent 
stem cell (iPSC) open new avenues in medicine [5-7]. Since iPSC can 
be maintained indefinitely in vitro, they represent an unlimited source 
of cells, which could overcome the difficulty of obtaining sufficient 
amounts of MDS cells [8]. Thus, iPSCs become an attractive model 
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Abstract
Objective: Myelodysplastic syndromes (MDS) are clonal hematopoietic disorders characterized by no 

efficient hematopoiesis and frequent progression to acute myeloid leukemia (AML). Even in low risk MDS, clonal 
hematopoiesis already dominates at diagnosis, and clones found in secondary AML originate from the MDS stage 
of disease, highlighting the need to specifically target the MDS-initiating clone. Glasdegib is a potent and selective 
hedgehog pathway inhibitor that acts by binding Smoothened (SMO) and blocking signal transduction. Glasdegib 
demonstrated preliminary antitumor activity in a phase I trial, when given as monotherapy in patients with several 
hematopoietic malignancies. In the present study, we investigated the molecular mechanisms by which glasdegib 
regulate the self-renewal of MDS-derived iPS cells (iPSCs) in vivo. 

Methods: We generated iPSCs from bone marrow mononuclear cells of an MDS patient with chromosome 5 
deletion and complex karyotypic abnormalities. We examined the activity of glasdegib against MDS-derived iPSCs 
transferred NOD/SCID mice in vivo and in vitro. We performed the serial in vivo transplantation to assess the effects 
of hedgehog inhibition on long term self-renewal. NOD/SCID mice were injected with MDS-iPSCs then treated with 
glasdegib. 

Results: We observed that glasdegib significantly reduced the self-renewal of NOD/SCID re-populating 
cells from MDS-derived iPSC during serial transplantation in vivo. Further, NOD/SCID mice were injected with 
MDS-iPSCs, and then treated with glasdegib on day 21 for 7 days. These treatments reduced the population of 
CD34+CD38-cells. To investigate the entire the apoptosis-induction pathways by hedgehog inhibition, MSD-L cells 
were incubated with 5-azacytidine and glasdegib for 72 hrs. Glasdegib enhanced the expression of cleaved PARP, 
cleaved caspase-3, p21 and reduced expression of c-Myc. 

Conclusion: Our pre-clinical results indicate that glasdegib have potential as an important option for controlling 
the drug-resistant MDS-initiating cells. It is expected that the glasdegib may become extremely useful therapeutic 
interventions in a number of hematological neoplasms, including MDS, where the persistence of cancer stem cells.

for cancer stem cell studying, especially the LSC behavior and the 
screening of new therapeutic targets reducing LSC survive. Glasdegib is 
a potent and selective hedgehog pathway inhibitor that acts by binding 
Smoothened (SMO) and blocking signal transduction (Figureure 1A) 
[9]. In xenograft models of human colorectal and pancreatic cancer, 
treatment with glasdegib in combination with other anticancer agents 
reduced the tumor growth [10]. Furthermore, glasdegib demonstrated 
preliminary antitumor activity in a phase I trial, when given as 
monotherapy in patients with several hematopoietic malignancies 
[11,12]. In the present study, we investigated the molecular mechanisms 
by which glasdegib regulate the self-renewal of MDS-derived iPS cells 
(iPSCs) in vivo. We observed that glasdegib significantly reduced the 
self-renewal of NOD/SCID re-populating cells from MDS-derived 
iPSC during serial transplantation in vivo. In vitro clonogenic growth 
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upon serial re-plating, secondary colony formations were significantly 
inhibited by hedgehog pathway inhibitors. These results suggested that 
the hedgehog inhibitors may become extremely useful therapeutic 
interventions in a number of hematological neoplasms, including 
MDS, where the persistence of cancer stem cells [13,14].

Material and Methods
Cell line and antibodies and reagents

MDS-L cell line was established from MDS patient with del (5q) 
and complex karyotypic abnormalities [15]. Anti-PARP Ab, anti-
cleaved Caspase-3 Ab, anti-p21 Ab, and ant-c-Myc Abs were purchased 
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Glasdegib was 
obtained from Pfizer. 5-axacytidine was obtained from Wako (Tokyo).

Generation and culture of iPSCs from a patient with MDS

This research was approved by the ethics committees at Tokyo 
Medical University. Primary samples of MDS bone marrow cells were 
obtained after informed consent. Briefly, mononuclear cells were 
isolated by Ficoll gradient. CD34+ cells were purified according to the 
manufacturer’s instructions (Milteny Biotech). iPSCs generation were 
obtained by transduction of CD34+ cells from MDS patients with 
CytoTune iPS2.0 Sendai virus vector (DINAVEV, Tsukuba, Japan) at 
a multiplicity of infection (MOI) of 100. After an additional 2-days 
culture, cells were transferred onto mitomycined mouse embryonic 
fibroblasts (MEFs) and cultured in ES medium as described below. 
Starting from day 14 to 21, the individual iPSC colonies were picked 
up for expansion. 

Human iPSCs culture

Human iPSC clones were maintained as undifferentiated cells in 
cultures with mitomycined MEFs. The ES medium used was from 
ReproStem (ReproCELL Inc., Tokyo) containing 20% knockout serum 
replacement (KSR; ReproCELL Inc.), and 5 ng/ml of recombinant 
human basic fibroblast growth factor (FGF; ReproCELL Inc.). The ES 
medium was changed every day. 

iPSCs characterization

For teratoma induction, iPSCs were plated in a 10 cm MEFs 
feeder dish. At day 6, approximately 2 × 106 cells were harvested, 
resuspended in 100 µL of ES medium and injected into 6-week-old 
female NOD/SCID mice subcutaneously. This study was carried out in 
strict accordance with the recommendation of the Institutional Animal 
Care and Use Committee in Tokyo Medical University and approved 
(agreement number: H-27020). Teratomas were harvested 6 to 8 weeks 
after injection. Paraffin-embedded tissue was sliced and stained with H.E.

Karyotyping

G-banding analysis was performed following the international 
system for human cytogenetic nomenclature (ISCN) 2013. Spectral 
Karyotyping (SKY) was performed with Spectral Karyotyping reagents 
(SKYPaint™, Applied Spectral Imaging Ltd., Israel). 

RT-PCR analysis

After extraction of total RNA with RNAeasy reagents (QIAGEN, 
Germantown, MD), reverse transcription was performed with 
SuperScript III (Invitrogen, Waltham, MA). Primer sequences used for 
the detection of stem cell genes were previously describe [16,17].

2nd transplantation

NOD/SCID mice were injected with 5 colonis of MDS-iPSCs 
subcutaneously, then treated with glasdegib (100 mg/kg; p.o.; q.d.) 
(n=6) on day 7 for 21 days. After 56 days, we observed that all mice were 
alive without body weigh loss. We isolated human CD45+ cells from the 
spleen of mice and injected equivalent numbers of leukemia cells into 
secondary recipients. On 28 days, all mice were sacrificed for evaluated. 

Results
Glasdegib enhanced the induction of apoptosis with 
5-azacytidine in MDS-L cells 

We used the MDS-L, a myelodysplastic cell line established from an 
MDS patient with del (5q) and complex karyotypic abnormalities for in 
vitro studies. MDS-L cells are cultured with indicated concentrations of 
glasdegib for 72 hrs, extracted RNA were analyzed by Real time PCR. 
Treatment with glasdegib reduced the expression of Gli1 and Nanog 
at more than 5 nM (Figure 1B). Next, MDS-L cells were cultured 
with 5-azacytidine and glasdegib for 72 hrs, then, the induction of 
apoptosis was analyzed by Annexin V (Figure 1C). The treatment with 
5-azacytidine and glasdegib enhanced the induction of apoptosis in 
MDS-L cells. To investigate the entire the apoptosis-induction pathways 
by hedgehog inhibition, MSD-L cells were incubated with 5-azacytidine 
and glasdegib for 72 hrs, the cell lysates were immunoblotted with anti-
PARP, anti-cleaved Caspase-3, p21, and c-Myc. Glasdegib enhanced 
the expression of cleaved PARP, cleaved caspase-3, p21 and reduced 
expression of c-Myc (Figure 1D). 

Establishment of in vivo differentiation system of MDS-iPSCs

After obtaining informed consent, CD34+ cells were purified 
from bone marrow mononuclear cells of the MDS (RAEB2) patient, 
harboring 45,XY,-5,add(7)(q22),+8,-12,add(18)(q22),-12,-20. MDS-
CD34+ cells were cultured with α-minimum essential medium (MEM) 
containing 20% fetal calf serum (FCS) supplemented with 100 ng/
ml stem cell factor, 10 ng/ml thrombopoietin, 100 ng/ml FL3L, 10 
ng/ml IL-3, and 100 mg/ml IL-6 for 2 days, then, CytoTune iPS2.0 
Sendai virus vector transduction with the transcription factors OCT3/4, 
SOX2, KLF4, and MYC was performed. Two days after transduction, 
we reseeded cells onto mitomycin treated mouse embrionic fibroblast 
(MEF) cells and cultured them for another 2 days. Then, we replaced 
the medium with human ES medium supplemented with 5 ng/ml of 
recombinant human bFGF. As a result, MDS-derived iPSCs (MDS-
iPSCs) were generated, which were derived from the patient (Figure 
2A ). MDS-iPSCs showed the typical morphology as iPSCs (Figure 
2A) and expresses the embryonic stem cell characteristic transcripts 
(OCT3/4, NANOG, KLF4, SOX) confirmed by RT-PCR (Figure 
2B). SKY fluorescence in situ hybridization (FISH) confirmed the 
same karyotic anomaly as the patient sample (Figure 2C). Teratoma 
formation capacity of iPSCs, which were injected into immunodeficient 
NOD/SCID mice, were also confirmed (Figure 2D). iPSCs were plated 
in a 10 cm MEFs feeder dish. At day 6, approximately 2 × 106 cells 
were harvested, resuspended in 100 µL of ES medium and injected 
into 6-week-old female NOD/SCID mice subcutaneously. All mice 
demonstrated engraftment of CD34+CD38-cells, CD45+CD19+ cells, 
and CD45+CD3+cells from the teratoma at mesoderm portion by flow 
cytometry (Figure 3A and 3B). NOD/SCID mice were injected with 
MDS-iPSCs. After 56 days, we isolated human CD45+ cells from the 
teratoma of mice and injected equivalent numbers of CD45+ cells into 
secondary recipients. Following 56 days, all mice received MDS-iPSCs 
derived CD45+ cells engrafted with engraftment of CD34+CD38-
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cells, CD45+CD19+ cells, and CD45+CD3+cells by flow cytometry 
(Figure 3A and 3B). These results demonstrated that MDS-iPSCs 
derived CD34+CD38-cells have the self-renewal and mutilineage 
differentiation capabilities.

Hedgehog inhibition with glasgegib limits self-renewal of 
MDS-derived iPSC in vivo and in vitro

We examined the effects of hedgehog pathway modulation on in 
vitro clonogenic growth. MDS-L cells and the CD34+cells derived 
from the MDS-iPSCs cells were treated with 1 µM of glasdegib 
for 72 hrs, washed free of drugs, and plated in quadruplicate in 
methylcellulose. At 14 days, colonies were counted as initial plating 
(Figure 4A ). The representative plate was then washed and cells 
were resuspended and replated. After an additional 14 days, colonies 
were counted as secondary replanting (Figure 4A). Upon serial re-
plating, secondary colony formations were significantly inhibited by 
glasdegib (Figure 4A). We also examined the secondary replating 
assays by using CD34+cells separated from MDS-RAEB2 primary 
samples. Clonogenic recovery of MDS-L cells, CD34+ cells derived 
from MDS-iPSCs, CD34+cells from primary MDS cells were reduced 
by glasdegib-treatments (Figure 4A). Further, we performed the serial 
in vivo transplantation to assess the effects of hedgehog inhibition on 
long term self-renewal (Figure 4B). NOD/SCID mice were injected 
with MDS-iPSCs then treated with glasdegib on day 7 for 21 days. 
All mice demonstrated engraftment of CD45+ cells by flow cytometry. 

We isolated human CD45+ cells from the spleen of mice from each 
treatment group and injected equivalent numbers of leukemia cells 
into secondary recipients. Following 28 days, all mice received MDS-
iPSCs from vehicle treated mice engrafted with MDS cells (Figure 
4B). In contrast, MDS-engraftment was not detected in recipient 
mice receiving MDS-iPSCs from initial glasdegib-treated donors 
(Figure 4B). We have also used smoothened inhibotor, vismodegib 
for the experiments to rule out any off-target effects of glasdegib. We 
performed the serial in vivo transplantation to assess the effects of 
another smoothened inhibotor, vismodegib on long term self-renewal 
(Suplymentary Figure). NOD/SCID mice were injected with MDS-
iPSCs then treated with vismodegib on day 7 for 21 days. However, 
3 mice have been died for vismodegib toxicity (mainly body weigt 
loss). Remaining mice demonstrated engraftment of CD45+ cells 
by flow cytometry. We isolated human CD45+ cells from the spleen 
of mice from each treatment group and injected equivalent numbers 
of leukemia cells into secondary recipients. Following 28 days, all 
mice received MDS-iPSCs from vehicle treated mice engrafted with 
MDS cells (Suplymentary Figure). In contrast, MDS-engraftment 
was not detected in recipient mice receiving MDS-iPSCs from initial 
vismogegib-treated donors (Suplymentary Figure). These results 
demonstrate the persistent effects of hedgehog inhibition on long term 
self-renewing MDS-iPSCs. Further, NOD/SCID mice were injected 
with MDS-iPSCs, then treated with glasdegib on day 21 for 7 days. 
These treatments reduced the population of CD34+CD38-cells (Figure 

Figure 1: Hedgehog pathway inhibition enhances the induction of apoptosis in MDS-derived cell line. (A) Chemical structure of glasdegib, a selective smoothened 
antagonist. (B) MDS-L cells are cultured with indicated concentrations of glasdegib for 72 hrs, extracted RNA were analyzed by Real time PCR. (C) MDS-L cells were 
cultured with 5-azacytidine and glasdegib for 72 hrs, then, the induction of apoptosis was analyzed by Annexin V. (D) MSD-L cells were incubated with 5-azacytidine 
and glasdegib for 72 hrs, the cell lysates were immunoblotted with anti-PARP, anti-cleaved Caspase-3, p21, and c-Myc.
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4C). These results demonstrated that the loss of MDS-engraftment in 
NOD/SCID mice was caused by glasdegib-reduced the population of 
CD34+CD38-cells.

Discussion and Conclusion
Efforts to analyze distinct human CSCs have become a major forcus 

in translational and clinical cancer research. The identification of 
distinct human CSCs exerting their potential in patients, including in 
MDS, has remain elusive [2,3]. In vitro modeling of human disease has 
been greatly facilitated by iPSCs technologies [8,13]. Characterized by 
their ability to self-renew indefinitely and differentiate into various cell 
lineages, iPSCs provide a powerful system for human disease modeling 
[8,13]. In the present study, we established iPSCs from an MDS patient. 
MDS-derived-iPSCs had pluripotent markers, teratoma capability, 
particular morphology with sharp-edged like ESCs, characteristics of 
iPSC (Figure 2A-2D). In vivo assay using NOD/SCID mice, MDS-derived 
iPSCs have differentiated into CD34+CD38-cells, CD45+CD19+ cells, 
and CD45+CD3+ cells from spleen by flow cytometry (Figure 4A 
and 4B). Further, MDS-iPSCs derived CD34+CD38-cells have the 
self-renewal and mutilineage differentiation capabilities (Figure 3B). 
However, the reprogramming efficacy of bone marrow MDS CD34+ 
cells were especially lower than that of normal CD34+ control cells, and 
delayed reprograming period (28 days vs 14 days) (data not shown). 
This result might be accounted for the fact that cancer-specific genetic 
lesions may be a hindrance for reprogramming cancer cells illustrated 
by the rare cases of successful cancer cells reprogramming report. It 

will be important to overcome the difficulty of reprogram cancer cells. 
Application of other factors in addition to the Yamanaka factors may 
be effective, such as exogenous expression of miRNA-302, chemical 
compound such as histone deacetylate inhibitor, and knock down of 
p53, p21, and Ink4/Arf [14]. We used Sendai virus system, which is 
efficient induction of transgene free iPSCs. In retrovirus system, the 
integration site of retrovirus in iPSCs may affect the gene expression 
and change the disease phenotype after differentiating them into the 
original lineage. Much more effort will be required to overcome the 
difficulty of reprogram cancer cells. 

Hedgehog signaling is selectively activated in CSCs compared with 
bulk tumor cells from several tumor types [10]. Also hedgehog is a 
highly conserved developmental pathway involved on organogenesis, 
stem cell maintenance, and tissue regeneration [10]. Glasdegib is a 
potent and selective hedgehog pathway inhibitor that acts by binding 
SMO and blocking signal transduction [9]. The phase I study shows 
that glasdegib is safe and tolerable, with on-target adverse events, dose-
proportional pharmacokinetics, and early suggestions of clinical activity 
in patients with hematological malignancies [11,12]. 5-azacytidine 
is a hypomethylating agent that is used as first-line therapy in MDS. 
However, only 30%-50% of MDS patients show some response. In 
the present study, we observed that co-treatment with glasdegib and 
5-azacitidine enhanced the induction of apoptosis in MDS-L cells. 
Serial transplantation is widely accepted as an assay measuring long-
term self-renewal in normal hematopoietic stem cells and neoplasms. 
We used a complementary in vitro assay with serial replating and colony 

Figure 2: Establishment of iPSCs from MDS patient. (A) iPSCs derived from MDS patients shows the typical morphology as iPSCs. Scale bar=100 µm (B) RT-PCR 
shows the embryonic stem cell characteristic transcripts (OCT3/4, NANOG, KLF4, SOX) in MDS-iPSCs. (C) SKY fluorescence in situ hybridization (FISH) from iPSCs 
from MDS patient. (D) Histological analyses of teratoma from MDS-iPSCs. Hematoxylin and eosin staining. Original rate of magnification: x100. Scale bar=100 µm.
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Figure 3: In vivo differentiation system of MDS-iPSCs. (A) Morphology of differentiated MDS-iPSCs. Wright-Giemsa staining. (B) Surface markers of MDS-iPECs-
derived progenitor cells from MOD/SCID mice. MDS-derived iPSCs have differentiated into CD34+CD38- cells, CD45+CD19+ cells, and CD45+CD3+ cells.

A B

Figure 4: Hedgehog pathway inhibition with glasdegib limits self-renewal in vitro and in vivo (A) MDS-L cells and the CD34+cells derived from the MDS-iPSCs cells 
were treated with 1 µM of glasdegib for 72 hrs, washed free of drugs, and plated in quadruplicate in methylcellulose. After an additional 14 days, colonies were counted 
as secondary replating. Clonogenic recovery of untreated cells was normalized to 100% and plating results from all treatment groups were expressed as % control. 
*p<0.001 compared with control. Similar results were obtained in three independent experiments. (B) An initial cohort of mice was injected with MDS-iPSCs cells and 
treated with either glasdegib or vehicle. All mice were engrafted with MDS. Following transplantation of harvested spleen cells, leukemia engraftment was not detected 
in recipient mice receiving MDS-iPSCs cells from initial glasgedib-treated donors. Similar results were obtained in two independent experiments. (C) NOD/SCID mice 
were injected with MDS-iPSCs cells, then treated with glasdegib on day 21 for 7 days. The percentage of CD34+CD38- cells was analyzed by flow cytometry.
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formation, as well as serial in vivo transplantation by using MDS-iPSCs 
to assess the effects of hedgehog inhibition on long term self-renewal. 
We found that glasdegib significantly reduced MDS-iPSCs derived cells 
and MDS-L cell line as well as primary MDS cells (Figure 3A and 3B). 
The loss of serial transplantation ability is most consistent with self-
renewal, as similarly seen in serial transplantation experiments with 
normal hematopoietic cells. It is notable that such long-lasting effects 
of hedgehog inhibition were seen following only short exposure to 
glasdegib either 72 hours in colony formation assays or after 28 days 
of treatment in primary recipient mice. On the basis of our in vitro 
clonogenic data, we believe that this loss of serial colony formation and 
transplantation ability is due to the effects of hedgehog inhibition on the 
self-renewal properties of MDS-initiating cells. However, it is possible 
that the inhibition of engraftment during secondary transplantation is 
mediated by the effects of hedgehog inhibition on quiescence of MDS-
initiating cells their ability to interact with potential stem cell niches, 
and proper homing during transplantation. The combined results of 
cell-based and in vivo studies suggest that glasdegib exhibits sufficient 
activity against MDS-derived cells to warrant consideration for 
combination with standard care in MDS. Moreover, clinical importance 
of glasdegib mediated sensitization of dormant MDS-initiating cells to 
therapeutic modalities that target dividing cells will need to assess in 
clinical trials. Although several hedgehog inhibitors have now entered 
clinical evaluation, it is expected that hedgehog inhibitors may become 
extremely useful therapeutic innervations in a number of hematopoietic 
neoplasms where the persistence of cancer stem cells.
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A B S T R A C T

Bone marrow mesenchymal stromal cells (MSCs), which support proliferation and differentiation of hemato-
poietic stem cells, may play a crucial role in the pathogenesis of myeloid neoplasms. To determine whether MSCs
in myeloid neoplasms harbor distinct somatic mutations that may affect their function, we used a targeted gene
sequencing panel containing 50 myeloid neoplasm-associated genes with coverage of ≥500. We compared the
genetic alterations between MSCs and bone marrow hematopoietic (BM) cells from patients with acute leukemia
(n = 5) or myelodysplastic syndrome (MDS, n = 5). Non-synonymous somatic mutations, such as DNMT3A-
R882H and FLT3-D835Y, were only detected in BM cells with high allelic frequency. We found several non-
synonymous genetic variants overlapping BM cells and MSCs, including TP53 and ASXL1, partially owing to the
heterogenous cell fraction of MSC samples and lineage fidelity. We also found MSC-specific genetic variants with
very low allelic frequency (7% to 8%), such as NF1-G2114D and NF1-G140. Further studies in large cohorts are
needed to clarify the molecular properties of MSCs including age-related genetic alterations by targeted deep
sequencing.

1. Introduction

The bone marrow mesenchymal stromal cell (MSC) population, the
major component of hematopoietic microenvironment [1,2], is com-
prised of a mixture of several adherent cell types including fibroblasts,
endothelial cells, macrophages, osteoclasts [3,4], and mesenchymal
stem cells that can differentiate into adipocytes, astrocytes, cardio-
myocytes, chondrocytes, hepatocytes, muscles, neurons, and osteo-
blasts [5]. The definition of MSC is therefore somewhat obscure owing
to the complexity of cells in the stromal cell fraction. The hematopoietic
microenvironment is involved in the pathogenesis of acute myeloid
leukemia (AML) as well as myelodysplastic syndrome (MDS) [6,7].
Accordingly, dysfunction of MSCs leading to insufficient stromal sup-
port, impaired osteogenic differentiation activity, and increased IL-6
secretion has been reported in AML and MDS [8–10]. In addition to the
functional abnormalities of MSCs, a distinct gene expression profile in
MSCs from AML and MDS has also been reported using either micro-
array or RNA sequencing [11–13].

Several reports demonstrated cytogenetic abnormalities in stromal
cell fractions derived from AML and MDS patients [14–19]. More recent

report using whole exome sequencing demonstrated that genetic al-
terations in the stromal compartment in 16 AML patients were non-
specific [13], while other studies using mouse models suggested niche-
induced oncogenesis [20,21]. Therefore, whether MSCs derived from
hematologic disorders harbor specific somatic mutations that may play
a key role in the pathogenesis of myeloid neoplasms remains unclear. In
practical terms, genetic analysis of MSCs is challenging because it is
difficult to exclude genetic polymorphisms by simultaneous study of
germinal cells, in addition to lineage fidelity of MSCs. To address these
questions and to gain more insight into genetic properties of MSCs
derived from patients with acute leukemia and MDS, we analyzed ge-
netic variants in 50 major genes associated with myeloid malignancies
by a targeted deep sequencing.

2. Materials and methods

2.1. Patients

Ten consecutive patients with myeloid malignancies (five with
acute leukemia and five with MDS) were included in this study
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(Table 1). All patients were treated at Tokyo Medical University, Tokyo,
Japan from April 2011 to September 2015. The patients’ mean age was
65.3 years (range 42–77 years). The diagnoses were established ac-
cording to the 2008 World Health Organization criteria: three patients
were diagnosed with de novo AML, one patients with biphenotypic
acute leukemia (BAL), one patient with therapy-related myelodysplastic
syndrome/acute myeloid leukemia (t-MDS/AML), one patient with re-
fractory anemia (RA), two patients with refractory anemia with excess
blasts (RAEB), and two patients with refractory cytopenia with multi-
lineage dysplasia (RCMD). Cytogenetic analyses of both bone marrow
and MSCs were performed as reported previously [22]. Bone marrow
and MSCs obtained from three patients with non-Hodgkin’s lymphoma
(NHL) without bone marrow invasion were also used as non-myeloid
malignancy controls for deep sequencing. Written informed consent
was obtained from all patients. The study was validated by the internal
review boards of Tokyo Medical University and followed both the De-
claration of Helsinki and “Guidelines for Genetic Tests and Diagnoses in
Medical Practice” by The Japanese Association of Medical Sciences.　

2.2. Primary MSC culture

MSCs were obtained by the classical adhesion method with a minor
modification [23,24]. Briefly, 0.5–1 mL of freshly obtained bone
marrow aspirates were cultured in an equivalent volume of RPMI1640
medium (Thermo Fisher Scientific, Waltham, MA, USA) containing 10%
of fetal bovine serum (FBS; GE Healthcare UK, Buckinghamshire, Eng-
land), 1% of penicillin streptomycin (P/S; Thermo Fisher Scientific),
and Dulbecco's Modified Eagle Medium (DMEM) (Thermo Fisher Sci-
entific) containing 10% of FBS (GE Healthcare, UK), 1% of P/S, and 1%
of non-essential amino acids (NEAA; Thermo Fisher Scientific). Primary
cultured cells were cultured for 3–5 days, and medium was exchanged
to DMEM (with 10% of FBS, 1% of P/S, 1% of NEAA) for non-hema-
topoietic expansion, after removing non-adherent cells. Over a period of
1–2 weeks, the adherent cells cultured with DMEM were split by
trypsinization and harvested for cryopreservation with Cell Banker 1
(ZENOAQ, Fukushima, Japan) until use.

The cultured MSC population was identified as CD73+, CD90+,
CD105+, CD34-, CD45- and HLA-DR- by flow cytometry with< 5%
CD34+ and CD45+. Data for all cell surface markers were obtained
using a BD Accuri C6 (Becton Dickinson, Franklin Lakes, NJ, USA), with

monoclonal antibodies from BD Pharmingen (San Jose, CA, USA). MSCs
differentiated to adipocytes and osteoblasts after exposure to MSC dif-
ferentiation media (PromoCell, Heidelberg, Germany) for at least one
week. Adipocyte and osteoblast differentiation was determined by
staining with Oil Red (Sigma, St. Louis, MO, USA) and Alizarin Red
(Wako, Osaka, Japan), respectively (Supplementary Fig. 1).

2.3. Genomic DNA extraction

MSCs were collected for DNA extraction after one passage of cul-
ture. Bone marrow mononuclear cells containing hematopoietic cells
(hereafter BM cells) were separated using Ficoll-Hypaque gradients as
reported previously [25]. Buccal mucosa cells were also collected from
three patients (from whom informed consent was obtained) by gently
stroking the intraoral cavity three times using sterile foam tipped ap-
plicators (GE Healthcare, UK). Genomic DNA was extracted from
BMSCs, BM cells and buccal mucosa cells using a Genta PureGene Cell
Kit (QIAGEN, Hilden, Germany), according to the suppliers’ instruction.

2.4. GeneRead DNAseq library preparation

The targeted gene fragments were amplified from 40 ng of genomic
DNA from each patient using the GeneRead DNAseq Panel PCR Kit V2
(QIAGEN) and GeneRead DNAseq Targeted Panel V2 (QIAGEN), re-
sulting in an average amplicon size of 150 bp. Amplicons were purified
using Agecourt AMP XP Beads (BECKMAN COULTER, Brea, CA, USA).
Following library construction, purified amplicons were end-repaired
(GeneRead DNA Library I Core Kit; QIAGEN) and patient-specific bar-
code adapters were ligated (GeneRead Adapter I Set 12-plex; 12 dif-
ferent ones in total; QIAGEN). Constructed libraries were purified using
the GeneRead Size Selection Kit (QIAGEN) and Agecourt AMP XP Beads
(BECKMAN COULTER). Purified libraries were then amplified using the
GeneRead DNA I Amp Kit (QIAGEN), and purified using the QIAquick
PCR Purification Kit (QIAGEN), resulting in an average amplicon size of
280 bp. Each library was eventually pooled equimolarly in one tube for
DNA sequencing. The quality of libraries was confirmed by an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and
quantified using the Qubit 2.0 fluorometer (Thermo Fisher Scientific)
with the Molecular Probes Qubit dsDNA HS Assay Kit (Thermo Fisher
Scientific).

Table 1
Patient characteristics and cytogenetic results.

UPN Age (years) Gender Diagnosis Karyotypes of BM cells Karyotypes of BMSCs

Acute leukemia
36 74 Male AML 45,XY,-18[6]/46,XY[27] 47,XY,+7[2]/46,XY,-15,der(1)t(1;15)(q24;q13)[1]/

46,XY[22]
37 55 Female AML Multiple missing chromosomesa [11]/46,XX[7] 46,XX,t(3;12)(q24;q13),t(1;8)(p24;q22)[2]/47,XX,

+8[1]/46,XX,-7,+der(7)t(1;7)(q11;p21)[1]/45,XX,-5,-
6,-12,+2mar[1]/46,XX[21]

38 77 Male AML 46,XY,inv(9)(p12q13)[15]/46,XY[6] 46,XY[6]
39 61 Male BAL 46,XY,-4,add(5)(q31),-13, add(14)(q32),+2∼ 4mar[19]/

46,XY,-4,add(5)(q31),add(14)(q32),-20,+2mar[1]/46,XY,-8,-
8,+2mar[1]

46,XY[1]

40 42 Female t-MDS/AML 46,XX,inv(16)(p13q22)[4]/47,XX,idem,+22[18] 46, XX[5]
Myelodysplastic syndrome
10 60 Male RA (intermediate) 46,XY,del(20)(q11)[20]/46,XY[1] 46,XY[2]
18 75 Male RCMD (very high) 41-44,X,-Y,del(5)(q13), del(17)(p12)[16]/-18[14]/t(1;3)

(p22;q22),del(7)(p15)[11]/add(2)(q37),-13[10]/-22,+mar
[5]/-20[4]/del(11)(q23)[3]

46,XY[4]

25 72 Male RCMD (intermediate) 46,XY,-7,+mar[21] 45,XY,del(1)(p12),-15[2]/46,XY[13]
13 70 Male RAEB-2

(intermediate)
45,X,-Y[6]/46,XY[16] No metaphase

35 67 Male RAEB-2 (high) 46,XY[10] 46,XY,del(3)(p21),add(4)(p15)[8]/multiple deletion

UPN, unique patient number; BM, bone marrow; BMSC, bone marrow stromal cell; RA, refractory anemia; RCMD, refractory cytopenias with multilineage dysplasia; RAEB-2, refractory
anemia with excess blasts-2; AML, acute myeloid leukemia; BAL, biphenotypic acute leukemia; MDS, myelodysplastic syndrome; (x), IPSS-R; [n], number of metaphases.

a multiple missing chromosomes: representative karyotype = 42,XX,-5,-7,-8,-10, 43,XX,-6,-15,-17; missing 17 in 6 cells, missing 5 in 4 cells, missing 11 in 3 cells, missing 11b in 3 cells,
missing 19 in 3 cells, missing 6 in 23 cells, and missing 7 in 3 cells.
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2.5. Targeted sequencing and data analysis

The Myeloid Neoplasms Panel (QIAGEN), with 50 known or puta-
tive mutation gene targets of hematopoietic diseases, was used for DNA
sequencing with MiSeq (Illumina, San Diego, CA, USA). All sequencing
data were mapped and annotated by QIAGEN cloud-based mapping and
annotating tool GeneRead Panel Variant Calling. High-probability on-
cogenic genetic variants were extracted from annotated data based on
the available database ClinVar (https://www.ncbi.nlm.nih.gov/
clinvar/) and COSMIC (http://cancer.sanger.ac.uk/cosmic).

All other non-polymorphous non-synonymous/synonymous and
intronic genetic variants were extracted individually by filtering po-
pulation frequencies (< 1%) with a coverage of ≥500 using the se-
quencing data analysis tool VariantStudio (Illumina).

3. Results

3.1. Limitation of cytogenetic analysis to identify clonal nature of MSCs

We tried to compare the cytogenetic results between BM cells and
MSCs, however we could only obtain sufficient metaphases in a limited
number of samples (Table 1). Unfortunately, we could not obtain me-
taphases in one MSC sample from UPN 13, and five patients showed
normal karyotypes in less than 10 metaphases (UPN 38, 39, 40, 10 and
18). Although the majority of metaphases were normal karyotype, three
patients (UPN 36, 37, and 25) harbored a clonal cytogenetic change
distinct from those of BM cells. The remaining one patient (UPN 35)
had multiple chromosome deletions in addition to structural changes in
MSCs; however, BM cells showed normal male karyotype. In brief, we
could not conclude the clonal nature of MSCs by conventional cytoge-
netic analysis, possibly due to the low mitotic activity of MSCs.
Therefore, we next performed mutation analysis.

3.2. Non-synonymous mutations detected in acute leukemia patients

We were able to obtain buccal mucosa cells as a source in 3 of 10
patients, however germ line controls were not available in the re-
maining patients. We therefore carefully extracted genetic variants to
exclude polymorphisms using two available databases: ClinVar and
COSMIC. We then focused on non-synonymous genetic variants that
alter the amino acid sequence of a protein in acute leukemia patients
(Table 2). Genetic variants were mainly compared between MSC and
BM cells, since we could not obtain germ-line controls, except for three
patients (UPN35, 39 and 40). In BM cells with acute leukemia, BM cell-
specific genetic variants with a variant allele frequency (VAF) of ap-
proximately 50% corresponding heterogeneous mutations were de-
tected in three of the five patients: DNA methyltrasnferase 3A
(DNMT3A-R882H) and MPL proto-oncogene, thrombopoietin receptor
(MPL-Ter636H) in UPN36; fms related tyrosine kinase 3 (FLT3-D836H)
in UPN37; and FLT3-D836Y in UPN39. In contrast, two genetic

variants, tumor protein p53 (TP53-R202H) and additional sex combs
like 1 (ASXL1-L1444R), were found in MSCs of UPN37 in addition to
BM cells. Notably, neurofibromin 1 (NF1-G2114D) in UPN36 was the
only MSC-specific genetic variant, while the VAF was low compared to
those in leukemia cell-specific genetic variants (Table 2). We also noted
a genetic variant of tet methylcytosine dioxygenase 2 (TET2-S1107P)
with low VAF in UPN39 and UPN40; the genetic variant was detected in
MSC and BM cells and not detected in germ line controls.

3.3. Non-synonymous mutations detected in patients with MDS

Unlike acute leukemia patients, the VAFs in specimens from MDS
were variable, and we did not detect MSC-specific genetic variants
(Table 3). BM cell-specific genetic variants DNMT3A-G543C and lysine
methyltransferase 2A (KMT2A-R2890P), with VAFs of approximately
50%, were detected in UPN18. In UPN25, genetic variants of SET
binding protein 1 (SETBP1-G870S) and DNMT3A-F354S were detected,
and the VAFs in BM cells (40% and 38%, respectively) were higher in
those in BMSCs (12% and 13%, respectively), indicating heterogeneity
of MSCs obtained by the classical adhesion method. We also noted a
genetic variant of KRAS proto-oncogene, GTPase (KRAS-T58I), in
UPN25 with low VAF (10%). Mutation of neurofibromin 1 (NF1-
E1720D) in BM cells, MSCs, and buccal mucosa cells (germ line con-
trols) was found in UPN35.

3.4. Synonymous and intronic mutations in patients with acute leukemia
and MDS

We next assessed the synonymous genetic variants that do not alter
the amino acid sequence of a protein (Table 4). We found genetic
variants with VAF of approximately 50% in structural maintenance of
chromosomes 1A (SMC1A-Q391) in UPN40 and KMT2A-E3639 in
UPN18. In UPN40, SMCA1Z-Q391 was also detected in germ-line con-
trols. We also found genetic variants of JAK1-E186 in three patients
(UPN13 and 18) and JAK2-I214 in four patients (UPN10, 13, 18, and
39); however, the VAFs were less than 20%. We also noted MSC-specific
genetic variants of NF1-G140 with low VAF (8%) in UPN40 (Table 4).

To further elucidate MSC-specific genetic alterations, we summar-
ized the intronic genetic variants in Table 4, although biological sig-
nificance is poorly understood. Similar to the results in synonymous
genetic variants of NF1-E1720D, shared genetic variants were found in
3 genes: SMC3, RAD21 cohesin complex component (RAD21), and NF1
were detected in three patients (UPN35, 39, and 40), with VAF of ap-
proximately 0.5. The polycomb protein SUZ12 (SUZ12-T>T/G) was
BMSC-specific genetic variants with low VAF (Supplementary file 1).

3.5. Non-synonymous mutations in non-myeloid malignancies

To clarify whether genetic variants are found in non-myeloid ma-
lignancies, we used stage I NHL specimens. We performed targeted

Table 2
Non-synonymous genetic variants detected in patients with acute leukemia.

Gene UPN36 UPN37 UPN38 UPN39 UPN40

BM MSC BM MSC BM MSC BM MSC Bu BM MSC Bu

DNMT3A R882H (0.42)
TP53 R202H (0.50) R202H (0.46)
ASXL1 L1444R (0.55) L1444R (0.50)
FLT3 D835H (0.46) D835Y (0.43)
MPL Ter636H (0.45)
NF1 G2114D (0.07)
TET2 S1107P (0.06) S1107P (0.07) S1107P (0.06) S1107P (0.07)

UPN, unique patient number; BM, bone marrow mononuclear cells; MSC, bone marrow stromal cells; Bu, buccal mucosa cells; mutated amino acid position is described in “Non-
synonymous”; Variant allele frequency (VAF) in this table is shown as raw data in the parenthesis. The VAF is the proportion of reads at a site which contain the variant allele. If you have
500 reads total, and 100 of them have the variant, then its frequency is 100/500=0.2.
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deep sequencing using the same panel of 50 genes related to myeloid
malignancy. We did not identify any non-synonymous mutations, either
leukemia cell-specific or overlapping in BM cells and MSCs with high
allelic frequency. Further, we did not detect any genetic variants at low
allele frequency, except for TET2. We found that both BM cells and
MSCs harbored TET2-S1107P in all three lymphoma patients (aged
65–71 years old).

4. Discussion

The interaction between cancer cells and their surrounding tissue
that constructs the tumor microenvironment has been extensively stu-
died in solid tumors as well as hematological malignancies [26–28].
One of the major components of the tumor microenvironment is fi-
broblasts, namely cancer-associated fibroblasts (CAFs), and somatic
mutations in CAFs from whole tumor biopsies were reported in breast
cancer cells [29,30]. However, Campbell and his colleagues demon-
strated that strictly isolated CAFs did not show any evidence of copy
number gain or loss, or loss of heterozygosity of any chromosomes by
improvement of technical limitation [31]. Thus, two important issues
should be addressed when dealing with genetic abnormalities of CAFs:
one is the heterogeneity of CAFs, and the other is establishing a method
to detect genetic variants using expanded CAFs in vitro.

Similar to the obstacles in solid tumors, the heterogeneity of MSCs
and methodological differences, such as depth of sequencing and
lineage fidelity, complicate the interpretation of genetic analyses in
hematologic malignancies. For example, early passage MSCs cannot be
separated (as with microdissection), while later passage cells might be
modified by in vitro culture. Consequently, discussing genetic variation
of MSCs in hematologic malignancies is challenging. Lack of germ line
controls also complicates interpretation in some cases. Considering
those complexities, we categorized several types of genetic alternations,
such as BM cell-specific genetic variants reflecting neoplastic nature,

MSC-specific mutations, and overlapping genetic variants, possibly due
to the high coverage of reads. We considered that several overlapping
mutations found in BM cells, MSC and buccal mucosa cells may be
germ-line genetic variants. Besides, shared genetic variants in BM cells
and MSC might be due to the involvement of hematopoietic cells during
the separation procedure or lineage fidelity. While the VAF of BM-
specific genetic variants was variable in MDS patients, possibly due to
heterogeneity of specimens, it was approximately 50% in acute leu-
kemia patients. In contrast, the MSC-specific VAF was less than 10% in
both MDS and acute leukemia, indicating that these are possible non-
random genetic variations but not likely to be clonal. A recent report
demonstrated non-specific genetic variation in MSCs using whole
exome analysis with coverage of ≥20 reads [13]. In contrast, we per-
formed deep sequencing with coverage of ≥500, and therefore we
could not ignore the MSC-specific mutations with low VAF.

Several reports have demonstrated genetic abnormalities of MSCs
[11,14–17]. Flores-Figueroa et al., reported that MSCs derived from 5 of
9 MDS patients harbored abnormal karyotypes [14]. Molecular cyto-
genetic analysis by Blau et al., revealed that BMSCs from MDS and AML
patients exhibit chromosomal abnormalities, with the majority of cy-
togenetic aberrations being non-clonal and distinct from chromosomal
markers in hemopoietic cells from the same individual [15]. They also
reported MSC-specific chromosome abnormalities in 15 of 94 patients
with myeloid neoplasia, including four structural abnormalities and
eleven numerical changes (e.g.,−Y), although they did not detect MSC-
specific mutations by conventional DNA sequencing [17]. Using fluor-
escent in situ hybridization (FISH) and identifying genetic changes by
array-based comparative genomic hybridization (array-CGH), Lopez-
Villar et al., demonstrated that MSCs obtained from MDS patients have
genomic abnormalities, with some linked to MDS with isolated del(5q)
[16]. More recently, Huang et al. reported that MSCs derived from AML
had cytogenetic abnormalities both distinct and overlapping with their
corresponding blasts. In the current study, we did not find clonal

Table 3
Non-synonymous genetic variants detected in patients with myelodysplastic syndrome.

Gene UPN10 UPN13 UPN18 UPN25 UPN35

BM MSC BM MSC BM MSC BM MSC BM MSC Bu

SETBP1 G870S (0.40) G870S (0.12)
DNMT3A G543C (0.38) F354S (0.38) F354S (0.13)
KMT2A R2890P (0.39)
FLT3 P336L (0.50) P336L (0.54)
NF1 E1720D (0.52) E1720D (0.50) E1720D (0.49)
KRAS T58I (0.10)
TET2 S1107P (0.06)

UPN, unique patient number; BM, bone marrow mononuclear cells; MSC, bone marrow stromal cells, Bu, buccal mucosa cells; mutated amino acid position was described in “Non-
synonymous”; Variant allele frequency (VAF) in this table is shown as raw data in the parenthesis. The VAF is the proportion of reads at a site which contain the variant allele. If you have
500 reads total, and 100 of them have the variant, then its frequency is 100/500 = 0.2.

Table 4
Synonymous genetic variants detected in patients with acute leukemia and myelodysplastic syndrome.

Acute leukemia

Gene UPN36 UPN37 UPN38 UPN39 UPN40
BM MSC BM MSC BM MSC BM MSC Bu BM BM Bu

SMC1A Q391 (0.52) Q391 (0.50) Q391 (0.49)
Myelodysplastic syndrome
Gene UPN10 UPN13 UPN18 UPN25 UPN35

BM MSC BM MSC BM MSC BM MSC BM MSC Bu
JAK1 E186 (0.05) E186 (0.05)
JAK2 I214 (0.05) I214 (0.16) I214 (0.09) I214 (0.06)
KMT2A E3639 (0.42) E3639 (0.48)
NF1 G140 (0.08)

UPN, unique patient number; BM, bone marrow mononuclear cells; MSC, bone marrow stromal cells; Bu, buccal mucosa cells; variant allele frequency is indicated in parentheses. Variant
allele frequency (VAF) in this table is shown as raw data in the parenthesis. The VAF is the proportion of reads at a site which contain the variant allele. If you have 500 reads total, and
100 of them have the variant, then its frequency is 100/500 = 0.2.
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cytogenetic abnormalities in MSC corresponding malignant cells;
however, we found both distinct and overlapping mutations by deep
sequencing. Cai et al. reported that the non-synonymous changes in
human MSCs detected by whole-genome sequencing increased after late
passages of culture; the genetic abnormalities did exist in uncultured
cells with a low allelic frequency but reached up to 36% in passage 13
[32]. Similarly, Kouvidi et al. reported that chromosomal abnormalities
in MDS-derived MSCs are more frequently detected in passage 6–8
compared to passage 2, suggesting that MDS-derived MSCs are geneti-
cally unstable [19]. Kim et al. also reported that global DNA hypo-
methylation, which is closely linked to genomic instability, was pro-
minent in AML-derived BM-MSCs compared with MDS-derived BM-
MSCs [18]. While the earlier report by Lopez-Villar et al., demonstrated
chromosomal abnormalities in uncultured MSCs [16], genetic analysis
results (either cytogenetic or mutation analyses) may be partially
modified by in vitro culture periods.

The question still remains as to whether clonal sweeping of rare
mutations with low allelic frequency plays some roles in the leukemia
cell-stroma cell interaction. In human disease, there are conceptual
difficulties with the genetic coevolution of tumor cells and stroma cells,
since it means a kind of double cancer. However, a murine model by
Raaijmakers et al. demonstrated that deletion of Dicer1 specifically in
mouse osteoprogenitors disrupted the integrity of hematopoiesis [20].
Since osteoprogenitors are a mesenchymal subset of stromal cells, pri-
mary stromal dysfunction due to Dicer 1 deletion leads to leukemia as
secondary malignancy. Although the biological relevance of the BMSC-
specific genetic variants detected in the current study is still uncertain,
we completely rule out the possibility that clonal selection of geneti-
cally altered BMSCs, even with low allelic frequency, may modify the
leukemia cell-BMSC interaction.

This study has several limitations. First, we could not obtain MSCs
from normal individuals due to ethical issues. As an alternative, we
used NHL specimens with no bone marrow invasion, and except for
TET2-S1107P, did not identify any genetic variants in AL and MDS
patients. Since all lymphoma patients were aged over 60 years, TET2-
S1107P at low allelic frequency may reflect age-related genetic
changes. However, it is still uncertain whether MSCs derived from
normal individuals exhibit rare genetic variants, and analysis using a
large number of non-myeloid malignancy controls, as well as normal
controls, must be performed. Second, we used MSCs obtained by the
classical adhesion method instead of by sorting MSCs, and therefore the
cell components are heterogeneous. Hence, interpretation of shared
mutations should be performed carefully, especially when germ-line
controls are absent. Third, the number of patients is too small, and
therefore we could not discuss acute leukemia derived-MSCs and MDS-
derived MSCs separately. Further study should clarify these points.

In summary, our study provides findings by targeted deep sequen-
cing that could not be identified by whole exome analysis with limited
read depth. First, we identified neoplastic cell-specific mutations, as
well as shared genetic variants, in both BM cells and MSCs. In com-
parison with germ-line controls, some shared mutations reflect patho-
genic ones, while others reflect germ-line genetic changes. Second, we
found MSC-specific genetic variants at a very low allele frequency,
which may possibly reflect clonal sweeping. Since allelic frequency is
very low, these genetic variants might be undetectable by conventional
DNA sequencing. Finally, we found the TET2-S1107P mutation in BMs
and MSCs, but not germ line control cells. Non-myeloid controls also
harbor this genetic change, indicating the possibility of age-related
clonal hematopoiesis [33]. Theoretically, it would be ideal to perform
deep sequencing using singe cells without any in vitro expansion, but
this strategy is difficult in practical terms. While analysis of genetic
changes of MSCs is still challenging, collecting germ line cells simplifies
interpretation of the results. Another important point is the depth of
sequencing in order to evaluate genetic variants with low allelic fre-
quency. Further studies in large cohorts are needed to clarify the mo-
lecular properties of MSCs, especially age-related genetic alterations, by

deep sequencing in addition to transcriptional and epigenetic analyses.

Conflicts of interest

All authors have no conflicts of interest to disclose.

Acknowledgments

This work was supported by the Private University Strategic
Research Based Support Project from MEXT (Ministry of Education,
Culture, Sports, Science and Technology), Tokyo, Japan [grant no.
S1311016].

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.leukres.2017.09.008.

References

[1] P.H. Krebsbach, S.A. Kuznetsov, P. Bianco, P.G. Robey, Bone marrow stromal cells:
characterization and clinical application, Crit. Rev. Oral Biol. Med. 10 (2) (1999)
165–181.

[2] P.E. Boulais, P.S. Frenette, Making sense of hematopoietic stem cell niches, Blood
125 (17) (2015) 2621–2629.

[3] S.J. Morrison, D.T. Scadden, The bone marrow niche for haematopoietic stem cells,
Nature 505 (7483) (2014) 327–334.

[4] B.A. Anthony, D.C. Link, Regulation of hematopoietic stem cells by bone marrow
stromal cells, Trends Immunol. 35 (1) (2014) 32–37.

[5] P. Bianco, X. Cao, P.S. Frenette, J.J. Mao, P.G. Robey, P.J. Simmons, C.Y. Wang, The
meaning, the sense and the significance: translating the science of mesenchymal
stem cells into medicine, Nat. Med. 19 (1) (2013) 35–42.

[6] C.R. Cogle, N. Saki, E. Khodadi, J. Li, M. Shahjahani, S. Azizidoost, Bone marrow
niche in the myelodysplastic syndromes, Leuk. Res. 39 (10) (2015) 1020–1027.

[7] M.Y. Konopleva, C.T. Jordan, Leukemia stem cells and microenvironment: biology
and therapeutic targeting, J. Clin. Oncol. 29 (5) (2011) 591–599.

[8] S. Geyh, S. Oz, R.P. Cadeddu, J. Frobel, B. Bruckner, A. Kundgen, R. Fenk, I. Bruns,
C. Zilkens, D. Hermsen, N. Gattermann, G. Kobbe, U. Germing, F. Lyko, R. Haas,
T. Schroeder, Insufficient stromal support in MDS results from molecular and
functional deficits of mesenchymal stromal cells, Leukemia 27 (9) (2013)
1841–1851.

[9] S. Geyh, M. Rodriguez-Paredes, P. Jager, C. Khandanpour, R.P. Cadeddu,
J. Gutekunst, C.M. Wilk, R. Fenk, C. Zilkens, D. Hermsen, U. Germing, G. Kobbe,
F. Lyko, R. Haas, T. Schroeder, Functional inhibition of mesenchymal stromal cells
in acute myeloid leukemia, Leukemia 30 (3) (2016) 683–691.

[10] K. O'Hagan-Wong, S. Nadeau, A. Carrier-Leclerc, F. Apablaza, R. Hamdy, D. Shum-
Tim, F. Rodier, I. Colmegna, Increased IL-6 secretion by aged human mesenchymal
stromal cells disrupts hematopoietic stem and progenitor cells' homeostasis,
Oncotarget 7 (12) (2016) 13285–13296.

[11] J.C. Huang, S.K. Basu, X. Zhao, S. Chien, M. Fang, V.G. Oehler, F.R. Appelbaum,
P.S. Becker, Mesenchymal stromal cells derived from acute myeloid leukemia bone
marrow exhibit aberrant cytogenetics and cytokine elaboration, Blood Cancer J. 5
(2015) e302.

[12] S. Chen, N.A. Zambetti, E.M. Bindels, K. Kenswill, A.M. Mylona, N.M. Adisty,
R.M. Hoogenboezem, M.A. Sanders, E.M. Cremers, T.M. Westers, J.H. Jansen,
A.A. van de Loosdrecht, M.H. Raaijmakers, Massive parallel RNA sequencing of
highly purified mesenchymal elements in low-risk MDS reveals tissue-context-de-
pendent activation of inflammatory programs, Leukemia 30 (9) (2016) 1938–1942.

[13] E.K. von der Heide, M. Neumann, S. Vosberg, A.R. James, M.P. Schroeder, J. Ortiz-
Tanchez, K. Isaakidis, C. Schlee, M. Luther, K. Johrens, I. Anagnostopoulos,
L.H. Mochmann, D. Nowak, W.K. Hofmann, P.A. Greif, C.D. Baldus, Molecular al-
terations in bone marrow mesenchymal stromal cells derived from acute myeloid
leukemia patients, Leukemia (2016).

[14] E. Flores-Figueroa, R.M. Arana-Trejo, G. Gutierrez-Espindola, A. Perez-Cabrera,
H. Mayani, Mesenchymal stem cells in myelodysplastic syndromes: phenotypic and
cytogenetic characterization, Leuk. Res. 29 (2) (2005) 215–224.

[15] O. Blau, W.K. Hofmann, C.D. Baldus, G. Thiel, V. Serbent, E. Schumann, E. Thiel,
I.W. Blau, Chromosomal aberrations in bone marrow mesenchymal stroma cells
from patients with myelodysplastic syndrome and acute myeloblastic leukemia,
Exp. Hematol. 35 (2) (2007) 221–229.

[16] O. Lopez-Villar, J.L. Garcia, F.M. Sanchez-Guijo, C. Robledo, E.M. Villaron,
P. Hernandez-Campo, N. Lopez-Holgado, M. Diez-Campelo, M.V. Barbado,
J.A. Perez-Simon, J.M. Hernandez-Rivas, J.F. San-Miguel, M.C. del Canizo, Both
expanded and uncultured mesenchymal stem cells from MDS patients are geno-
mically abnormal, showing a specific genetic profile for the 5q- syndrome,
Leukemia 23 (4) (2009) 664–672.

[17] O. Blau, C.D. Baldus, W.K. Hofmann, G. Thiel, F. Nolte, T. Burmeister, S. Turkmen,
O. Benlasfer, E. Schumann, A. Sindram, M. Molkentin, S. Mundlos, U. Keilholz,
E. Thiel, I.W. Blau, Mesenchymal stromal cells of myelodysplastic syndrome and
acute myeloid leukemia patients have distinct genetic abnormalities compared with

K. Azuma et al. Leukemia Research 62 (2017) 23–28

27

-130-

--0123456789

http://dx.doi.org/10.1016/j.leukres.2017.09.008
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0005
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0005
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0005
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0010
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0010
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0015
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0015
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0020
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0020
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0025
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0025
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0025
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0030
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0030
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0035
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0035
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0040
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0040
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0040
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0040
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0040
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0045
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0045
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0045
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0045
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0050
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0050
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0050
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0050
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0055
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0055
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0055
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0055
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0060
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0060
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0060
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0060
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0060
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0065
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0065
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0065
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0065
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0065
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0070
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0070
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0070
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0075
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0075
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0075
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0075
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0080
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0080
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0080
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0080
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0080
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0080
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0085
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0085
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0085
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0085


leukemic blasts, Blood 118 (20) (2011) 5583–5592.
[18] Y. Kim, D.W. Jekarl, J. Kim, A. Kwon, H. Choi, S. Lee, Y.J. Kim, H.J. Kim, I.H. Oh,

M. Kim, Genetic and epigenetic alterations of bone marrow stromal cells in mye-
lodysplastic syndrome and acute myeloid leukemia patients, Stem Cell Res. 14 (2)
(2015) 177–184.

[19] E. Kouvidi, A. Stratigi, A. Batsali, I. Mavroudi, S. Mastrodemou, M. Ximeri,
H.A. Papadaki, C.G. Pontikoglou, Cytogenetic evaluation of mesenchymal stem/
stromal cells from patients with myelodysplastic syndromes at different time-points
during ex vivo expansion, Leuk. Res. 43 (2016) 24–32.

[20] M.H. Raaijmakers, S. Mukherjee, S. Guo, S. Zhang, T. Kobayashi, J.A. Schoonmaker,
B.L. Ebert, F. Al-Shahrour, R.P. Hasserjian, E.O. Scadden, Z. Aung, M. Matza,
M. Merkenschlager, C. Lin, J.M. Rommens, D.T. Scadden, Bone progenitor dys-
function induces myelodysplasia and secondary leukaemia, Nature 464 (7290)
(2010) 852–857.

[21] A. Kode, J.S. Manavalan, I. Mosialou, G. Bhagat, C.V. Rathinam, N. Luo,
H. Khiabanian, A. Lee, V.V. Murty, R. Friedman, A. Brum, D. Park, N. Galili,
S. Mukherjee, J. Teruya-Feldstein, A. Raza, R. Rabadan, E. Berman, S. Kousteni,
Leukaemogenesis induced by an activating beta-catenin mutation in osteoblasts,
Nature 506 (7487) (2014) 240–244.

[22] F. Braulke, C. Muller-Thomas, K. Gotze, U. Platzbecker, U. Germing, W.K. Hofmann,
A.A. Giagounidis, M. Lubbert, P.L. Greenberg, J.M. Bennett, F. Sole, M.L. Slovak,
K. Ohyashiki, M.M. Le Beau, H. Tuchler, M. Pfeilstocker, B. Hildebrandt, C. Aul,
R. Stauder, P. Valent, C. Fonatsch, U. Bacher, L. Trumper, D. Haase, J. Schanz,
Frequency of del(12p) is commonly underestimated in myelodysplastic syndromes:
results from a German diagnostic study in comparison with an international control
group, Genes. Chromosomes Cancer 54 (12) (2015) 809–817.

[23] S. Aizawa, M. Nakano, O. Iwase, M. Yaguchi, M. Hiramoto, H. Hoshi, R. Nabeshima,
D. Shima, H. Handa, K. Toyama, Bone marrow stroma from refractory anemia of
myelodysplastic syndrome is defective in its ability to support normal CD34-posi-
tive cell proliferation and differentiation in vitro, Leuk. Res. 23 (3) (1999) 239–246.

[24] L. da Silva Meirelles, P.C. Chagastelles, N.B. Nardi, Mesenchymal stem cells reside
in virtually all post-natal organs and tissues, J. Cell Sci. 119 (Pt 11) (2006)
2204–2213.

[25] J.H. Ohyashiki, H. Hisatomi, S. Shimizu, M. Sugaya, K. Ohyashiki, Detection of low
allele burden of JAK2 exon 12 mutations using TA-cloning in patients with ery-
throcytosis, Jpn. J. Clin. Oncol. 39 (8) (2009) 509–513.

[26] D.F. Quail, J.A. Joyce, Microenvironmental regulation of tumor progression and
metastasis, Nat. Med. 19 (11) (2013) 1423–1437.

[27] C. Korn, S. Mendez-Ferrer, Myeloid malignancies and the microenvironment, Blood
129 (7) (2017) 811–822.

[28] L. Raffaghello, A. Vacca, V. Pistoia, D. Ribatti, Cancer associated fibroblasts in
hematological malignancies, Oncotarget 6 (5) (2015) 2589–2603.

[29] K. Kurose, K. Gilley, S. Matsumoto, P.H. Watson, X.P. Zhou, C. Eng, Frequent so-
matic mutations in PTEN and TP53 are mutually exclusive in the stroma of breast
carcinomas, Nat. Genet. 32 (3) (2002) 355–357.

[30] A. Patocs, L. Zhang, Y. Xu, F. Weber, T. Caldes, G.L. Mutter, P. Platzer, C. Eng,
Breast-cancer stromal cells with TP53 mutations and nodal metastases, N. Engl. J.
Med. 357 (25) (2007) 2543–2551.

[31] W. Qiu, M. Hu, A. Sridhar, K. Opeskin, S. Fox, M. Shipitsin, M. Trivett,
E.R. Thompson, M. Ramakrishna, K.L. Gorringe, K. Polyak, I. Haviv, I.G. Campbell,
No evidence of clonal somatic genetic alterations in cancer-associated fibroblasts
from human breast and ovarian carcinomas, Nat. Genet. 40 (5) (2008) 650–655.

[32] J. Cai, X. Miao, Y. Li, C. Smith, K. Tsang, L. Cheng, Q.F. Wang, Whole-genome
sequencing identifies genetic variances in culture-expanded human mesenchymal
stem cells, Stem Cell Rep. 3 (2) (2014) 227–233.

[33] M. Xie, C. Lu, J. Wang, M.D. McLellan, K.J. Johnson, M.C. Wendl, J.F. McMichael,
H.K. Schmidt, V. Yellapantula, C.A. Miller, B.A. Ozenberger, J.S. Welch, D.C. Link,
M.J. Walter, E.R. Mardis, J.F. Dipersio, F. Chen, R.K. Wilson, T.J. Ley, L. Ding, Age-
related mutations associated with clonal hematopoietic expansion and malig-
nancies, Nat. Med. 20 (12) (2014) 1472–1478.

K. Azuma et al. Leukemia Research 62 (2017) 23–28

28

-131-

--0123456789

http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0085
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0090
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0090
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0090
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0090
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0095
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0095
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0095
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0095
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0100
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0100
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0100
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0100
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0100
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0105
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0105
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0105
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0105
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0105
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0110
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0110
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0110
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0110
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0110
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0110
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0110
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0115
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0115
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0115
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0115
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0120
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0120
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0120
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0125
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0125
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0125
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0130
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0130
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0135
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0135
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0140
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0140
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0145
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0145
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0145
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0150
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0150
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0150
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0155
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0155
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0155
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0155
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0160
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0160
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0160
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0165
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0165
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0165
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0165
http://refhub.elsevier.com/S0145-2126(17)30516-7/sbref0165


miR-125b-1 and miR-378a are predictive biomarkers
for the efficacy of vaccine treatment against
colorectal cancer
Hironori Tanaka,1 Shoichi Hazama,1,2 Michihisa Iida,1 Ryouichi Tsunedomi,1 Hiroko Takenouchi,1

Masao Nakajima,1 Yukio Tokumitsu,1 Shinsuke Kanekiyo,1 Yoshitaro Shindo,1 Shinobu Tomochika,1

Yoshihiro Tokuhisa,1 Kazuhiko Sakamoto,1 Nobuaki Suzuki,1 Shigeru Takeda,1 Shigeru Yamamoto,1

Shigefumi Yoshino,3 Tomio Ueno,1 Yoshihiko Hamamoto,4 Yusuke Fujita,4 Hiroaki Tanaka,5 Ko Tahara,6

Ryoichi Shimizu,7 Kiyotaka Okuno,8 Koji Fujita,9 Masahiko Kuroda,9 Yusuke Nakamura10 and Hiroaki Nagano1

1Department of Gastroenterological, Breast and Endocrine Surgery, Yamaguchi University Graduate School of Medicine; 2Department of Translational
Research and Developmental Therapeutics against Cancer, Yamaguchi University School of Medicine; 3Oncology Center, Yamaguchi University Hospital;
4Division of Electrical, Electronic and Information Engineering, Graduate School of Sciences and Technology for Innovation, Yamaguchi University, Ube;
5Department of Surgical Oncology, Osaka City University Graduate School of Medicine, Osaka; 6Department of Surgery, Kure-Kyosai Hospital, Kure;
7Department of Surgery, Ogori Daiichi General Hospital, Yamaguchi; 8Department of Surgery, Kinki University Faculty of Medicine, Osaka-Sayama;
9Department of Molecular Pathology, Tokyo Medical University, Tokyo, Japan; 10Department of Medicine and Surgery, The University of Chicago, Chicago,
USA

Key words

Biomarker, colorectal cancer, miR-125b-1, miR-378a, pep-
tide vaccine

Correspondence

Hiroaki Nagano, Department of Gastroenterological,
Breast and Endocrine Surgery, Yamaguchi University
Graduate School of Medicine, 1-1-1 Minami-Kogushi, Ube
city, Yamaguchi 755-8505, Japan.
Tel: +81-836-22-2264; Fax: +81-836-22-2263;
E-mail: hnagano@yamaguchi-u.ac.jp

Funding Information
Research program of the Project for Development of
Innovative Research on Cancer Therapeutics (P-DIRECT),
(Grant/Award Number: ‘11039020’) The Japan Agency for
Medical Research and Development (AMED), (Grant/
Award Number: ‘15cm0106085h0005’) Leading Advanced
Projects for Medical Innovation (LEAP), (Grant/Award
Number: ‘16am0001006h0003’).

Received May 10, 2017; Revised August 24, 2017;
Accepted August 27, 2017

Cancer Sci 108 (2017) 2229–2238

doi: 10.1111/cas.13390

Many clinical trials of peptide vaccines have been conducted. However, these vac-

cines have provided clinical benefits in only a small fraction of patients. The pur-

pose of the present study was to explore microRNAs (miRNAs) as novel

predictive biomarkers for the efficacy of vaccine treatment against colorectal can-

cer. First, we carried out microarray analysis of pretreatment cancer tissues in a

phase I study, in which peptide vaccines alone were given. Candidate miRNAs

were selected by comparison of the better prognosis group with the poorer

prognosis group. Next, we conducted microarray analysis of cancer tissues in a

phase II study, in which peptide vaccines combined with chemotherapy were

given. Candidate miRNAs were further selected by a similar comparison of prog-

nosis. Subsequently, we carried out reverse-transcription PCR analysis of phase II

cases, separating cancer tissues into cancer cells and stromal tissue using laser

capture microdissection. Treatment effect in relation to overall survival (OS) and

miRNA expression was analyzed. Three miRNA predictors were negatively associ-

ated with OS: miR-125b-1 in cancer cells (P = 0.040), and miR-378a in both cancer

cells (P = 0.009) and stromal cells (P < 0.001). Multivariate analysis showed that

expression of miR-378a in stromal cells was the best among the three predictors

(HR, 2.730; 95% CI, 1.027–7.585; P = 0.044). In conclusion, miR-125b-1 and miR-

378a expression might be considered as novel biomarkers to predict the efficacy

of vaccine treatment against colorectal cancer.

C olorectal cancer is the third most commonly diagnosed
cancer in males and the second most commonly diagnosed

cancer in females, with an estimated 1.4 million cases and
693 900 deaths occurring in 2012.(1) In the past decade,
chemotherapy and monoclonal antibody treatment have
improved the prognosis of patients with mCRC. However,
most of these patients die because the cancer develops toler-
ance to these agents. There is, therefore, a great need for
development of additional treatment.
Immunotherapy has been used to treat mCRC and has the

potential to eradicate the disease by activating immune
responses.(2) Peptide vaccines are one form of cancer vaccine
that induces tumor-specific T-cell responses using tumor-asso-
ciated antigen-derived peptides. Many phase I and II clinical

trials using peptide vaccines have been conducted and these
vaccines have provided clinical benefits in a small fraction of
patients.(3,4) Currently, immune checkpoint blockade therapies
are a very promising cancer immunotherapy. For example,
antibodies blocking PD-1 and PD-L1 have shown durable
responses in a number of different advanced malignancies.(5,6)

Additionally, several recent studies suggest alternative target-
ing strategies for indoleamine 2,3-dioxygenase blockade at the
level of gene expression.(7,8) Furthermore, combination
immunotherapy with peptide vaccines and immune-checkpoint
blockade therapies that are designed to concurrently activate
tumor-specific immune responses and inactivate immunosup-
pression in the tumor microenvironment may lead to the induc-
tion of stronger antitumor responses.(9,10)

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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We previously reported a phase Ι and II study in which five
epitope peptides were applied to advanced-stage colon cancer
patients.(11,12) However, active immunotherapy using epitope
peptides requires preservation of the host immune system.
Hence, it is desirable to identify predictive biomarkers for the
selection of patients who are likely to respond well, and to
effectively induce specific CTL to epitope peptides.
miRNAs are endogenously expressed non-coding RNAs, 18–

25 nucleotides in length, which regulate gene expression at the
post-transcriptional level.(13) miRNAs play roles as crucial
modulators of various biological processes such as prolifera-
tion, tumor initiation and development in CRC.(14) However,
miRNAs are also critical regulators of immune responses,(15)

and their aberrant expression or dysfunction in the immune
system has been associated with cancer. For example, p53
modulates the tumor immune response by regulating PD-L1
through miR-34 in non-small-cell lung cancer.(16) In another
example, miR-20b, -21 and -130b are upregulated in advanced
CRC and inhibit PTEN expression, resulting in PD-L1 overex-
pression.(17) In addition, some miRNAs have been mentioned
as possible biomarkers for immunotherapy.(18–20)

Cancer tissues consist of cancer cells and surrounding stro-
mal cells, including inflammatory cells, immunocompetent
cells, endothelial cells, and fibroblasts. Stromal cells in the
tumor microenvironment play an important role in cancer
metastasis.(21) Cancer stroma interacts with cancer tissues
through miRNAs, creating a niche for the cancer cells.(22) A
study showed that high levels of miR-21 in the stroma predict
short disease-free survival in stage II CRC.(23) In a separate
study, miR-21 suppression with antisense inhibitors was shown
to prevent fibroblast-to-myofibroblast transdifferentiation in
response to TGF-b.(24)

The purpose of the present study was to explore miRNAs
as novel predictive biomarkers for the efficacy of
immunotherapies before their treatment. We previously
reported that three miRNAs might be useful biomarkers.(25)

As the cellular origin is crucial for determination of miRNAs,
in the present study, we used LCM to separate cancer cells
and stromal cells for miRNA analysis. Here we demonstrate
the results of miRNA microarray analysis and qRT-PCR in
CRC cancer and stromal cells. We suggest that miR-125b-1
and miR-378a may serve as novel predictive biomarkers for
active immunotherapies.

Materials and Methods

Summary of the phase I study. Detailed protocol of the phase
I study was described previously.(11) Briefly, patients were eli-
gible for enrolment when: (i) they had histologically confirmed
CRC without indication for surgical resection; (ii) they had
failed to respond to prior standard chemotherapy or could not
tolerate the standard therapy; and (iii) when they had the
human leukocyte antigen (HLA)-A*2402-allele by DNA typing.
Good Manufacturing Practice grade peptides of RNF43-
721,(26) TOMM34-299,(27) KOC1 (IMP-3)-508,(28) VEGFR1-
1084,(29) and VEGFR2-169,(30) which are peptides that are
recognized by HLA-A*2402-restricted CTL, were used. Dose
escalation was carried out in three patient cohorts using doses
of 0.5 mg, 1 mg, and 3 mg for each peptide. Each peptide was
given to patients s.c. into the thigh or axilla regions on days 1,
8, 15, and 22 in a 28-day treatment course. The determined
recommended dose was 3.0 mg, which was followed by carry-
ing out a single injection of a cocktail of the five peptides.
The cocktail of the five peptides at a dose of 3 mg was given

to six patients. Among 18 HLA-A*2402-matched CRC patients
who were enrolled in this study, eight primary CRC tissues
were available for miRNA microarray analysis.

Summary of the phase II study. To evaluate clinical benefits
of cancer vaccination treatment, we conducted a phase II trial,
non-randomized, HLA-A status double-blind study. Detailed
protocol of this phase II study was described previously.(12)

Briefly, the therapy consisted of a cocktail of five peptides in
addition to oxaliplatin-containing chemotherapy. The peptides
used in this study were recognized by HLA-A*2402-restricted
CTL; however, the HLA-A status of all enrolled patients was
masked. The cocktail of 3 mg each of five peptides was mixed
with 1.5 mL incomplete Freund’s adjuvant and given s.c. into
the thigh or axilla regions weekly for 13 weeks, then biweekly
after 14 weeks. Patients were eligible for enrolment when they
were ≥20 years old with a histologically confirmed advanced
CRC, were na€ıve for chemotherapy, had adequate functions of
critical organs, and had a life expectancy of ≥3 months.
Between February 2009 and November 2012, 96 CRC patients
were enrolled under the masking of their HLA-A status.
Among these 96 patients, 26 cases were available for miRNA
microarray analysis, and 68 primary CRC tissues were avail-
able for qRT-PCR analysis.

Sample collection. In the phase I trial, eight primary CRC tis-
sues from 18 patients were obtained by surgery before treat-
ment. Tissues were snap-frozen in liquid nitrogen and stored at
�80°C. In the phase II trial, 26 primary CRC tissues were
obtained from 96 patients and were stored as frozen tissues; 16
samples were from the HLA-A*2402-matched group and 10
samples were from the HLA-A*2402-unmatched group. Sixty-
eight primary CRC tissues were obtained and stored as FFPE
tissues; 34 samples from each of the HLA-A*2402-matched
and HLA-A*2402-unmatched groups. Primary CRC lesions
were resected in advance of the vaccine treatment studies at
Yamaguchi University Hospital and affiliated hospitals. Writ-
ten informed consent was obtained from all patients. This
study was approved by the Institutional Ethics Review Boards
of Yamaguchi University and was conducted in accordance
with the Declaration of Helsinki (H20-102, Clinical Trial
Registration: UMIN000001791).

Microarray analysis. Total RNA was extracted from frozen
tissue using a mirVana™ miRNA Isolation Kit (Life Technolo-
gies, Carlsbad, CA, USA) according to the manufacturer’s pro-
tocol. Concentrations and purities of total RNAs were assessed
using a spectrophotometer and RNA integrity was verified
using an Agilent RNA 6000 Nano Kit (Agilent Technologies,
Santa Clara, CA, USA). OD260/OD280 ratios of each sample
were between 2.00 and 2.10, which were accepted as adequate
for microarray analysis. The miRNA array analysis was carried
out with 1-lg samples of total RNA using the miRCURY
LNA™ microRNA Array 6th generation (Exiqon, Vedbaek,
Denmark) and the GenePix�4000B (Molecular Devices, Sun-
nyvale, CA, USA). Relative intensity of each hybridization sig-
nal was evaluated using the Microarray Data Analysis Tool
Ver3.2 (Filgen, Nagoya, Japan).

Laser capture microdissection. FFPE tumor specimens were
sectioned into 15-lm-thick slices, and stained with H&E to
enable visualization of histology.(31) LCM was carried out using
the LMD system LMD6000 (Leica Microsystems, Tokyo, Japan)
to microdissect cancer cells and stromal cells from CRC tissues.
At least 30 mm2 of cancer cells and 45 mm2 of stromal cells
were collected from each FFPE specimen. Depending on the
percentage of cancer cells and stromal cells in the specimen, this
generally required from two to four sections.

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.
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qRT-PCR. Total RNA was extracted from LCM-captured
material using a QIAGEN miRNeasy FFPE Kit (Qiagen,
Tokyo, Japan) according to the manufacturer’s protocol. Con-
centrations and purities of the total RNAs were assessed as
described for microarray analysis using a spectrophotometer.
Expression of miRNAs in both cancer cells and stromal cells
was verified by qRT-PCR analysis using TaqMan� MicroRNA
Assays (Life Technologies). cDNA was synthesized in a 7.5-
lL reaction volume from total RNA (10 ng) using the
TaqMan� MicroRNA Reverse Transcription kit (Applied Bio-
systems, Waltham, MA, USA). Reactions were incubated at
16°C for 30 min and then at 42°C for 30 min, and were
inactivated at 85°C for 5 min. Each cDNA was analyzed in
duplicate by qRT-PCR using sequence-specific primers
for hsa-miR-125b-1 (ID002378), hsa-miR-224 (ID002099),
hsa-miR-486 (ID001278), hsa-miR-147b (ID002262), hsa-miR-
196b (ID002215), rno-miR-422b (ID001314), or RNU6B
(ID001093) in an Applied Biosystems 7300 real-time PCR
instrument (Life Technologies). miR-378a was previously
known as miR-422b, and rno-miR-422b has the same sequence
as miR-378a (ACUGGACUUGGAGUCAGAAGGC). Each
individual assay was carried out in a 20-lL reaction volume
with 1.33 lL cDNA, 1.0 lL TaqMan MicroRNA Assay,
10 lL TaqMan™ Universal PCR Master Mix II (Applied Bio-
systems) with No AmpErase UNG and 7.67 lL nuclease-free
water (Applied Biosystems). Reactions were incubated for
10 min at 95°C, and then for 55 cycles with denaturation for
15 s at 95°C and annealing/extension for 60 s at 60°C. Data
were analyzed using SDS software v1.3.1 (Life Technologies).
Threshold and baseline settings were set according to protocol
recommendations.

In situ hybridization. ISH was carried out on 5-lm-thick sec-
tions of FFPE samples using the RiboMap Kit (Ventana Medi-
cal Systems, Tucson, AZ, USA) on the Discovery ULTRA
automated ISH instrument (Ventana Medical Systems). Probes
were 50 DIG-labelled ISH LNAs (miRCURY-LNA detection
probes; Exiqon). Sequences of probe for miR-125b-1 and miR-
378a were/5DigN/AGCTCCCAAGAGCCTAACCCGT and/
5DigN/CCTTCTGACTCCAAGTCCAGT, respectively.
Sequence of the scramble probe for a negative control was/

5DigN/GTGTAACACGTCTATACGCCCA. The ISH steps
after the deparaffinization step were carried out based on the
standard protocol provided in the manufacturer’s RiboMap
application note. Briefly, after treatment with proteinase K, the
slides were hybridized with the detection probe for 8 h at
52°C. The digoxigenins were detected with a polyclonal anti-
DIG antibody and an alkaline phosphatase-conjugated second
antibody (Ventana Medical Systems). Signal was detected
using the BlueMap NBT/BCIP substrate kit (Ventana Medical
Systems). The sections were counterstained with Kernechtrot
as a marker stain and covered with a glass coverslip.

Statistical analysis. In microarray analysis, expression signals
were calculated by log2 transformation of the normalized data,
and differentially expressed miRNAs were detected by using
the fold-change value and the Fisher index using Microsoft
Excel 2010 according to a previously reported formula.(32) In
qRT-PCR, relative quantities of miRNA levels were deter-
mined using the 2-DDCT method after normalization with
RNU6B as a standard reference.(33) Differences between
groups were estimated using the Mann–Whitney U-test. Cate-
gorical variables were compared by using the chi-squared and
Fisher’s exact tests. The cut-off value was determined by You-
den’s index for each ROC analysis. OS was measured in
months from the first vaccination to the day of patient death

from any cause. Survival curves were analyzed by the Kaplan–
Meier method and the log–rank test, and a Cox’s proportional
hazards model was used to estimate the HR and the 95% CI
for the treatment effect in relation to OS and miRNA expres-
sion, other biomarkers, and prognostic clinical information.
Statistical analyses were done with JMP V11 (SAS Institute
Inc.). P < 0.05 was considered statistically significant.

Results

Selection of candidate miRNAs to predict the efficacy of vacci-

nation. We first carried out microarray analysis of the expres-
sion profiles of 1425 miRNAs using eight frozen tissues from
patients enrolled in a phase I study. We classified the patients
into two groups of four patients each, a responder group and a
non-responder group. Responders were defined according to the
following criteria: (i) having a PFS period of more than
150 days; or (ii) having an OS period of longer than 300 days
without any additional chemotherapy. Non-responders were
defined according to the following criteria: (i) having a PFS
period shorter than 90 days; and (ii) having an OS period
shorter than 200 days. Subsequently, on the basis of the relative
comparison of hybridization signals of individual miRNAs, we
selected the top 30 miRNAs showing significant differences in
expression levels between the two groups (Table S1). Next, 26
frozen tissues from the phase II study were analyzed using a
miRNA microarray. In this analysis, we examined expression
levels of the 30 candidate miRNAs and their association with
clinical outcome. The expression levels of six miRNAs were
significantly associated with prognosis in the HLA-A*2402-
matched groups. There was no difference in prognosis in HLA-
A*2402-unmatched groups according to the expression levels
of these six miRNAs. Therefore, these miRNAs had the poten-
tial to be predictive biomarkers for the efficacy of the vaccine
treatment. Expression levels of these six miRNAs and survival
analysis are shown in Table 1.

Validation of candidate miRNA expression and association of

the miRNA expression levels with clinical outcome. We carried
out qRT-PCR analysis of the expression of these six miRNAs in
68 FFPE tissues from the phase II study. The FFPE specimens
were separated into cancer cells and stromal cells by LCM.
miRNA expression levels were examined in these two types of
cells, and association of miRNA expression levels with clinical
outcome was evaluated. Characteristics of these 68 patients are
listed in Table 2. No difference in any characteristic was found
between HLA-A*2402-matched and HLA-A*2402-unmatched
groups. Expression levels of the six miRNAs and survival analy-
sis of the patients according to low or high expression of these
miRNAs are shown in Table 3. Three predictors were negatively
associated with OS in the HLA-A*2402-matched group only:
miR-125b-1 in cancer cells (P = 0.040), and miR-378a in both
cancer cells (P = 0.009) and stromal cells (P < 0.001). In addi-
tion, expression of miR-125b-1 (P = 0.089) and miR-486
(P = 0.092) in stromal cells tended to be negatively associated
with OS. Overall survival of the HLA-A*2402-matched and -
unmatched groups of patients according to high or low expres-
sion of miR-125b-1 or miR-378a is shown in the form of Kaplan
Meier curves in Figure 1. These data suggest that miR-125b-1
and miR-378a have the potential to be negative predictive
biomarkers for the efficacy of the vaccine treatment.

Univariate and multivariate analysis of the association of 125b-

1 and miR-378a expression with OS. Results of univariate and
multivariate analyses are shown in Table 4. Expression of
miR-378a in both cancer cells (HR, 2.853; 95% CI 1.281–
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6.788: P = 0.010) and stromal cells (HR, 3.984; 95% CI
1.661–9.243: P = 0.003) was significantly associated with OS.
The expression of miR-378a in stromal cells was confirmed to

be an independent predictor of OS by multivariate regression
analysis (HR, 2.730; 95% CI, 1.027–7.585; P = 0.044).

miR-125b-1 and miR-378a localization in tumor tissue. For
specific identification of miR-125b-1 and miR-378a expression
in tissue sections, we carried out ISH in tissue sections from
patients with a poor prognosis. miR-125b-1 was highly
expressed in both cancer and stromal cells (Fig. 2a). Within
stromal cells, fibroblast-like cells (Fig. 2b) and mononuclear
cells (Fig. 2c) showed strong miR-125b-1 signals. A weak
miR-378a signal was observed in both cancer and stromal cells
(Fig. 2f). Within stromal cells, fibroblast-like cells showed
weak miR-378a signals (Fig. 2g). Such weak signals might be
a result of the affinity of LNA probes for miR-378a.

Discussion

Findings of the present study showed that miR-125b-1 and
miR-378a are negative predictive biomarkers for the efficacy
of vaccine treatment against colorectal cancer. To our knowl-
edge, this is the first study to systematically investigate
miRNA biomarkers for cancer immunotherapy and to focus on
separate analysis of cancer cells and stromal cells within can-
cer tissue. Previous miRNA microarray analysis by our group
showed that miR-196b, miR-378a, and miR-486 are possible
predictive biomarkers. However, it should be noted that the
sample size was small and that the precise origins of these
mRNAs are unknown. In the present study, we used qRT-PCR
in an increasing number of samples and used LCM to separate
the cancer cells and stromal cells. In addition, we carried out
ISH for specific identification of the miRNAs.
First, our results indicated that high miR-125b-1 expression

in cancer cells was significantly associated with poor prognosis

Table 1. Microarray analysis of candidate miRNA expression and phase II study patient survival analysis (log–rank test)

miR name
Expression in cancer tissue

Cut-off value HLA-A*2402 Group n P-value
Mean SD Median

196b-5p 689.1 666.5 526.5 400 Matched Low 7 0.001

High 9

Unmatched Low 5 0.366

High 5

147b 483.6 185.2 460.0 500 Matched Low 9 0.040

High 7

Unmatched Low 5 0.366

High 5

378a 6225.6 2216.9 6336.7 6500 Matched Low 9 0.066

High 7

Unmatched Low 5 0.515

High 5

486-5p 345.3 71.0 339.0 365 Matched Low 11 0.006

High 5

Unmatched Low 6 0.998

High 4

224-5p 343.2 290.8 272.2 270 Matched Low 8 0.011

High 8

Unmatched Low 5 0.657

High 5

125b-1 604.0 312.0 518.0 550 Matched Low 11 0.021

High 5

Unmatched Low 5 0.092

High 5

HLA, human leukocyte antigen; miRNA and miR, microRNA; SD, standard deviation.

Table 2. Clinical characteristics of patients in the phase II study

whose tissues were analyzed for miRNA using qRT-PCR

Characteristics
HLA-A*2402

matched (n = 34)

HLA-A*2402

unmatched (n = 34)
P-value

Sex

Male 14 19 0.225

Female 20 15

Age (years)

Mean 68 64 0.080

SD 8 8

Range 47–82 38–77

Unresectable site

Liver 19 26 0.073

Lung 11 10 0.793

Dissemination 4 3 0.690

Bone 0 2 0.151

Lymph node 5 8 0.355

Other 3 1 0.303

No. involved organs

One 27 22 0.302

Two 6 8

Three 1 4

Primary tumor site

Colon 22 25 0.431

Rectum 12 9

HLA, human leukocyte antigen; SD, standard deviation.

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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in HLA-matched patients. Previous studies have shown that
miR-125b plays crucial roles in immune system development
and immunological host defense.(34) Upregulated expression of
miR-125b may enhance type I interferon expression in airway

epithelial cells in eosinophilic chronic rhinosinusitis with nasal
polyps,(35) and promote classical activation of macro-
phages.(36,37) miR-125b-1 was also found to be specifically
upregulated in patients with ulcerative colitis,(38) and may

Table 3. qRT-PCR analysis of candidate miRNA expression and phase II study patient survival analysis (log–rank test)

miR name
Expression in cancer cells

Mean SD Median Cut-off value HLA-A*2402 Group n P-value

196b-5p 135.079 9 10�2 169.617 9 10�2 63.862 9 10�2 108.588 9 10�2 Matched Low 24 0.652

High 10

Unmatched Low 22 0.120

High 12

147b 1.237 9 10�2 1.254 9 10�2 0.834 9 10�2 1.527 9 10�2 Matched Low 28 0.210

High 6

Unmatched Low 27 0.046

High 7

378a 61.995 9 10�2 65.306 9 10�2 40.041 9 10�2 27.856 9 10�2 Matched Low 15 0.009

High 19

Unmatched Low 13 0.777

High 21

486-5p 5.450 9 10�2 20.571 9 10�2 2.299 9 10�2 2.290 9 10�2 Matched Low 18 0.165

High 16

Unmatched Low 16 0.798

High 18

224-5p 101.859 9 10�2 113.0851 9 10�2 61.063 9 10�2 68.359 9 10�2 Matched Low 20 0.172

High 14

Unmatched Low 18 0.512

High 16

125b-1 0.786 9 10�2 1.690 9 10�2 0.289 9 10�2 0.498 9 10�2 Matched Low 27 0.040

High 7

Unmatched Low 23 0.429

High 11

miR name
Expression in stromal cells

Mean SD Median Cut-off value HLA-A*2402 Group n P-value

196b-5p 33.801 9 10�2 40.004 9 10�2 18.673 9 10�2 22.450 9 10�2 Matched Low 22 0.311

High 12

Unmatched Low 18 0.218

High 16

147b 0.599 9 10�2 0.535 9 10�2 0.424 9 10�2 0.413 9 10�2 Matched Low 17 0.290

High 17

Unmatched Low 17 0.515

High 17

378a 43.009 9 10�2 44.441 9 10�2 28.802 9 10�2 43.080 9 10�2 Matched Low 23 0.001

High 11

Unmatched Low 23 0.215

High 11

486-5p 7.569 9 10�2 8.741 9 10�2 4.725 9 10�2 4.766 9 10�2 Matched Low 19 0.092

High 15

Unmatched Low 17 0.124

High 17

224-5p 19.249 9 10�2 19.626 9 10�2 13.315 9 10�2 10.984 9 10�2 Matched Low 16 0.525

High 18

Unmatched Low 13 0.990

High 21

125b-1 2.311 9 10�2 2.371 9 10�2 1.554 9 10�2 1.690 9 10�2 Matched Low 20 0.089

High 14

Unmatched Low 18 0.136

High 16

HLA, human leukocyte antigen; miRNA and miR, microRNA; SD, standard deviation.
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Fig. 1. Overall survival (OS) according to miRNA expression. OS of the HLA-A*2402-matched (left side) and -unmatched groups (right side) of
phase II study patients according to high or low expression of miR-125b-1 or miR-378a. (a) According to miR-125b-1 in cancer cells. (b) According
to miR-125b-1 in stromal cells. (c) According to miR-378a in cancer cells. (d) According to miR-378a in stromal cells. Solid line shows high miRNA
expression and dashed line shows low miRNA expression. Statistical analysis was carried out using the log–rank test. HLA, human leukocyte anti-
gen; miRNA and miR, microRNA.
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increase risk of CRC through nuclear factor kappa B (NF-jB)
activation.(39,40) However, miR-125b negatively regulates
TNF-a expression in neonatal monocytes,(41) and inhibits
proper TNF-a production in response to LPS.(42) Hence, miR-
125b-1 might play the role of an immune suppressor by
increasing immune exhaustion,(43) and resulting in the inhibi-
tion of the antitumor immune system. Expression of miR-
125b-1 in cancer cells seems to be more important than that in
stromal cells (Fig. 1a,b), although strong signals were also
observed in stromal cells (Fig. 2b,c). miR-125b-1 might be
produced by cancer cells and/or stromal cells, and cross-talk
by miRNAs between cancer cells and stromal cells might ulti-
mately work as an immune suppressor.
Second, our results indicated that high expression levels of

miR-378a in both cancer cells and stromal cells were signifi-
cantly associated with poor prognosis in HLA-matched
patients. Previous reports showed that miR-378 was downregu-
lated in CRC(44,45) and that miR-378a expression might play
an important role as a tumor suppressor gene.(46) In contrast,
miR-378a was reported to inhibit cytotoxicity of human NK
cells(47) and enhance tumor growth and angiogenesis through
repression of the expression of two types of tumor suppressors,
Sufu and Fus-1.(48) Hence, after the establishment of tumor
microenvironments, the function of miR-378a was thought to
be as an immune suppressor. Regarding expression of miR-
378a, there were some discrepancies in miRNA expression
using ISH, miRNA microarray, and qRT-PCR. Expression
level of miR-378a was higher than that of miR-125b-1 in
miRNA microarray and qRT-PCR analyses. However, the
opposite phenomenon was observed in ISH analysis. The miR-
378a signal was weak in the cancer cells and stromal cells,
and miR-125b-1 was highly expressed in both cell types. This
discrepancy might mean that there were some problems with
the affinity of the ISH probe for miR-378a.(49)

In multivariate analysis, miR-378a in stromal cells showed
the best performance among the three predictors for selection of
patients who are likely to respond well to peptide vaccines
(Table 4). We additionally considered whether the combination
of miR-125b-1 and miR-378a gave a better predictive power.
Because the high expression of miR-125b-1 and miR-378a
might be negative predictive factors, we classified 68 patients
into three groups according to the number of predictive factors
(i.e. high expression of miR-125b-1 or miR-378a in cancer or
stromal cells). The OS of each group was shown in the form of

Kaplan–Meier curves in Figure S1. There was a significant dif-
ference between the “0 factor” group and the “2 factors” group.
Hence, the combination of miR-125b-1 and miR-378a in cancer
cells and stromal cells might have effective prognostic power.
The link between miR-125b-1 and miR-378a with

immunotherapy is unclear, and it is very important to identify
the target genes of these two miRNAs. Hence, we carried out
RNA sequencing using 22 cancer tissues from a phase II study
(data not shown). We classified the 22 samples into three
groups according to the expression of each miRNA by qRT-
PCR analysis: the high expression group in both cancer and
stromal cells, the low expression group in both cell types, and
the group of others. Difference in target gene expression
between the “high expression group” and the “low expression
group” was assessed by log2 ratio and Ingenuity Pathways
Analysis (IPA) (Qiagen).(50) Regarding miR-125b-1, receptor
activator of NF-jB (RANK) was downregulated in the “high
expression group”. RANK, a member of the TNF receptor
family, and its ligand RANKL play important roles in the
immune system. T cells activated as a result of RANKL
expression stimulate dendritic cells, expressing RANK, to
enhance their survival and enhance induction of T-cell
response.(51,52) RANK is a target gene of miR-125b-1 by IPA
(Qiagen), and miR-125b-1 might work as an immune suppres-
sor regulating RANK. Regarding miR-378a, RNF125 was
downregulated in the “high expression group”. RNF125, E3
ubiquitin ligase, is positive regulator of T-cell activation.(53)

miR-378a was considered to regulate RNF125 according to
IPA and could also be an immune suppressor. Thus, miR-
125b-1 and miR-378a might be therapeutic targets.
It must be mentioned that the mean survival time of the

“HLA matched-miRNA high” group appeared to be shorter
than that of the “HLA unmatched-miRNA high” group
(Fig. 1). However, there was no significant difference between
their survival curves (Fig. S2). Furthermore, we investigated
side-effects in the “HLA matched-miRNA high” group. The
incidence of severe AE in each group of miR-378a is shown
in Table S2. There was no significant difference in the inci-
dence of AE between the “HLA matched-miRNA high” group
and other groups. It is quite unlikely that vaccine treatment led
to deleterious effects in “HLA matched-miRNA low” patients.
It is known that the behavior of cancer cells and the devel-

opment of tumor tissues are modulated by cross-talk through
miRNAs between cancer cells and stromal cells such as

Table 4. Univariate and multivariate analyses of associations between clinical data and overall survival

Factor

Univariate analysis Multivariate analysis

Cut-off HR
95% CI

P-value HR
95% CI

P-value
Lower Upper Lower Upper

CRP >1 1.537 0.619 3.525 0.338

NLR >3 1.298 0.542 2.939 0.544

CEA >16 1.972 0.871 4.784 0.105

CA19-9 >21 2.010 0.907 4.514 0.085

No. involved organs One or more 2.487 0.960 5.759 0.060

Relative expression of miR-378a in cancer cells >27.856 9 10�2 2.853 1.281 6.788 0.010 1.888 0.695 5.031 0.207

Relative expression of miR-378a in stromal cells >43.080 9 10�2 3.984 1.661 9.243 0.003 2.730 1.027 7.585 0.044

Relative expression of 125b-1 in cancer cells >0.498 9 10�2 2.586 0.925 6.286 0.068

Relative expression of 125b-1 in stromal cells >1.690 9 10�2 1.950 0.876 4.279 0.100

CA19-9; carbohydrate antigen 19-9; CEA, carcinoembryonic antigen; CI, confidence interval; CRP, C-reactive protein; HR, hazard ratio; NLR, neu-
trophil:lymphocyte ratio.
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fibroblasts, endothelial cells, pericytes, immune cells, and local
and bone marrow-derived stromal stem cells.(54) Although sev-
eral studies have reported the importance of miRNAs such as
miR-21,(23) miR-17-92a and the miR-106b-25 cluster(22) in
cancerous stromal cells, the present study is the first to regard
the role of miR-125b-1 and miR-378a in colorectal cancer
cells and stromal cells for predictive markers of immunother-
apy.
In conclusion, miR-125b-1 and miR-378a expression might

be considered novel biomarkers to predict the efficacy of
immunotherapy in CRC. Although our results are preliminary
and the functions of each of the miRNAs in immune responses
are still unclear, the applicability of these miRNAs should be
confirmed in a future large-scale study as biomarkers to select

patients who can expect a better outcome with the vaccine
treatment.
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DIG digoxigenin
FFPE formalin-fixed paraffin-embedded
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Abstract: Approximately 40% of chronic myeloid leukemia (CML) patients who discontinue imatinib
(IM) therapy maintain undetectable minimal residual disease (UMRD) for more than one year
(stopping IM (STOP-IM)). To determine a possible biomarker for STOP-IM CML, we examined
plasma miRNA expression in CML patients who were able to discontinue IM. We first screened
candidate miRNAs in unselected STOP-IM patients, who had sustained UMRD after discontinuing
IM for more than six months, in comparison with healthy volunteers, by using a TaqMan low-density
array for plasma or exosomes. Exosomal miR-215 and plasma miR-215 were downregulated in
the STOP-IM group compared to the control, indicating that the biological relevance of the plasma
miR-215 level is equivalent to that of the exosomal level. Next, we performed real-time quantitative
RT-PCR in 20 STOP-IM patients, 32 patients with UMRD on continued IM therapy (IM group) and
28 healthy volunteers. The plasma miRNA-215 level was significantly downregulated in the STOP-IM
group (p < 0.0001); we determined the cut-off level and divided the IM group patients into two groups
according to whether the plasma miR-215 was downregulated or not. The IM group patients with
a low plasma miR-215 level had a significantly higher total IM intake, compared to the patients with
elevated miR-215 levels (p = 0.0229). Functional annotation of miR-215 target genes estimated by
the Database for Annotation, Visualization and Integrated Discovery (DAVID) bioinformatic tools
involved cell cycle, mitosis, DNA repair and cell cycle checkpoint. Our study suggests a possible role
of miR-215 in successful IM discontinuation.

Keywords: plasma miR-215; chronic myeloid leukemia; imatinib; discontinuation

1. Introduction

Tyrosine kinase inhibitors (TKIs), including imatinib (IM), are now a standard frontline therapy
for chronic myeloid leukemia (CML) that yields successful outcomes [1]. CML therapy is widely
accepted, and achieving cytogenetic and molecular responses at certain time points after TKI therapy
and switching among TKIs have been proposed as practical guidelines [2]. In addition, clinical trials
for TKI discontinuation are still on-going, with the most famous studies being the STIM study [3] and
the TWISTER study [4]. In the STIM study, approximately 40% of CML patients with a molecular
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remission of at least a two years’ duration safely discontinued IM; they maintained undetermined
minimal residual disease (UMRD) for more than two years, and 60% maintained major molecular
response (MMR: MR4.0) [3]. The STIM study showed that male gender, low Sokal score and IM
duration of >72 months were associated with maintaining treatment-free remission [3]. The TWISTER
study, using a patient-specific primer for BCR-ABL, revealed that some CML patients who maintained
UMRD after stopping IM had BCR-ABL DNA, leading to molecular relapse [4]. Early reduction of
BCR-ABL1 transcription by TKIs induces a deep molecular response [5], and expansion of cytotoxic
natural killer (NK) cells [6] could serve as a predictive marker for future treatment-free remission.

We have reported that extracellular microRNAs (miRNAs), including plasma miRNAs and
exosomal miRNAs, are altered in hematopoietic neoplasias [7–9], and some support malignant
progression via the microenvironment [10,11]. miRNAs are noncoding single-stranded RNAs of
21–25 nucleotides that have recently been implicated in the regulation of cellular processes, such as
apoptosis, proliferation, development or differentiation, not only in normal hematopoiesis, but also
in hematological malignancies. The biological and clinical implications of cellular miRNAs are now
being extensively studied. Recently, extracellular miRNAs, also known as secretary miRNAs, have
been proposed as having multiple functions, including immune-modulation, angiogenesis and cancer
progression [11–13]. Extracellular miRNAs, such as exosomal miRNAs, are extensively studied
in non-hematologic diseases, such as cardiovascular diseases, endocrine disorders or pulmonary
diseases [12]. Unlike solid tumors, the cellular component is easily obtained in the context of leukemia;
however, analysis of the cell-free fraction, including plasma, is worthwhile in cases of complete
remission when neoplastic cells are not present in the peripheral blood. We attempted to identify
circulating miRNAs in CML patients who maintained UMRD after stopping IM (STOP-IM), and we
studied target molecules by using bioinformatics tools.

2. Results

2.1. miRNA Expression Profiling by the TaqMan miRNA Array

To identify candidate plasma miRNAs with altered expression in the STOP-IM group, we screened
miRNA expression using a TaqMan miRNA array on seven unselected CML patients from the STOP-IM
group and seven healthy volunteers. Between these two groups, we observed differential expression
of 69 miRNAs identified by using GeneSpring software (Agilent Technologies, Santa Clara, CA,
USA) (Figure 1; Gene Expression Omnibus (GEO) Accession No. GSE75392). Based on the Wilcoxon
rank sum test of the R statistical software, only two miRNAs, miR-215 (p = 0.006841) and miR-134
(p = 0.028805), had greater than a 1.5-fold change in expression.

To determine whether miRNA expression in plasma indeed reflects exosomal miRNA,
we compared the expression profiles by using a TaqMan low-density array. We randomly chose
three patients in the STOP-IM group and three healthy volunteers. Eleven miRNAs in plasma and
35 exosomal miRNAs were found to be significantly different between the two groups. Among these
miRNAs, downregulation of miRNA-215 expression was highly significant in the STOP-IM group
(plasma miRNAs, p = 0.00311 (Table S1); exosomal miRNAs, p = 0.00039 (Table S2)); therefore,
we concluded that plasma miR-215 expression mirrors exosomal miRNA expression and focused
on expression of this miRNA for further study.
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MA, USA) and DataAssist software (Thermo Fisher Science, Waltham, MA, USA), we calculated the 
expression of miRNAs based on their Ct value normalized by the Ct value of ath-miR-159. Data were 
analyzed with GeneSpring software (Agilent Technologies, Santa Clara, CA, USA). 

2.2. Quantification of Individual miRNA by Real-Time Quantitative Reverse Transcriptase-Polymerase 
Chain Reaction 

Since the expression of miR-215 was typically downregulated in both the plasma and exosomes 
of the STOP-IM group compared to healthy individuals, we analyzed the plasma miR-215 expression 
level in CML patients by individual real-time quantitative RT-PCR. Plasma samples were obtained 
from 20 patients in the STOP-IM group and 32 of the IM group, as well as from 28 healthy volunteers. 
A validation analysis using a large number of samples revealed that expression of miR-215 was 
significantly lower in the STOP-IM group than in the healthy volunteers (p < 0.0001) or in the IM 
group (p = 0.0439) (Figure 2A). 

  

Figure 2. Expression of miR-215 (A). The cutoff level for miR-215 expression between the STOP-IM 
and control groups (B). The area under the curve level was 0.9204. The cutoff value was thus 
determined to be 0.6627, which was used in the following analyses of plasma miR-215 expression. 
Abbreviations: IM, imatinib mesylate; CI, confidence interval; CML, chronic myeloid leukemia; 
STOP-IM, patients with sustained undetectable minimal residual disease (UMRD) for more than six 
months after discontinuing IM; N, healthy volunteers; IM, CML patients taking IM who have a 
molecular response. 

Figure 1. miRNA profiling by the TaqMan (Thermo Fischer Science, Waltham, MA, USA) miRNA
array. A differential expression pattern was found between stopping imatinib (STOP-IM) patients
and control subjects. Using Sequence Detection System (SDS, Version 2.4, Thermo Fisher Science) and
DataAssist software (Thermo Fisher Science), we calculated the expression of miRNAs based on their
Ct value normalized by the Ct value of ath-miR-159. Data were analyzed with GeneSpring software
(Agilent Technologies, Santa Clara, CA, USA).

2.2. Quantification of Individual miRNA by Real-Time Quantitative Reverse Transcriptase-Polymerase
Chain Reaction

Since the expression of miR-215 was typically downregulated in both the plasma and exosomes
of the STOP-IM group compared to healthy individuals, we analyzed the plasma miR-215 expression
level in CML patients by individual real-time quantitative RT-PCR. Plasma samples were obtained
from 20 patients in the STOP-IM group and 32 of the IM group, as well as from 28 healthy volunteers.
A validation analysis using a large number of samples revealed that expression of miR-215 was
significantly lower in the STOP-IM group than in the healthy volunteers (p < 0.0001) or in the IM group
(p = 0.0439) (Figure 2A).
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Figure 2. Expression of miR-215 (A); The cutoff level for miR-215 expression between the STOP-IM
and control groups (B). The area under the curve level was 0.9204. The cutoff value was thus
determined to be 0.6627, which was used in the following analyses of plasma miR-215 expression.
Abbreviations: IM, imatinib mesylate; CI, confidence interval; CML, chronic myeloid leukemia;
STOP-IM, patients with sustained undetectable minimal residual disease (UMRD) for more than
six months after discontinuing IM; N, healthy volunteers; IM, CML patients taking IM who have
a molecular response.
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2.3. Clinical and Biological Relevance of miR-215 Expression

To estimate a cutoff value for miR-215 expression in plasma for distinguishing between STOP-IM
and healthy control groups, we performed receiver operating characteristics (ROC) curve analysis
(Figure 2B). The area under the ROC curve was 0.9204% with 85.00% sensitivity (95% confidence
interval (CI), 62.22%–96.79%) and 85.71% specificity (95% CI, 42.13%–85.71%). The cutoff value was
thus determined to be 0.6627, which was used in subsequent analyses of miR-215 expression. We next
analyzed the clinical relevance of the plasma miR-215 expression level in CML patients who sustained
MR4.0 while on IM (IM group). There were no significant differences in age (p = 0.5903), sex (p = 1),
Sokal score (p = 0.2719) or prior interferon therapy history (p = 0.7026). Notably, the patients with
a low plasma miR-215 level had a significantly higher total IM intake, compared to the patients with
a high miR-215 level (p = 0.0229), while no significant differences existed with regard to the daily IM
dose (p = 0.395) or duration of IM therapy (p = 0.0871) between the two CML groups with or without
a low expression level of plasma miR-215 (Table 1). These two CML groups also did not significantly
differ in the International Scale at the time of plasma miR-215 examination (p = 0.4126). The duration
of UMRD from CML diagnosis (p = 0.3827) and the duration of stable molecular response (maintain
MMR) (p = 0.7548) did not differ between these two groups (Table 1).

Table 1. Clinico-hematologic characteristics of chronic myeloid leukemia (CML) patients under imatinib
therapy with or without down-regulation of plasma miR-215 expression.

Plasma miR-215 Levels (Number of CML
Patients Who Are Taking Imatinib)

<0.6627 >0.6627 p Value
n = 22 n = 10

Age (years) 55.91 ˘ 2.436 58.50 ˘ 4.634 0.5903
Sex (male/female) 18/4 8/2 1 *

Sokal score (low/intermediate/high) 19/3/0 7/2/1 0.2719 *
Prior interferon therapy (yes/no) 7/15 4/6 0.7026 *

Total IM dose (g) 931.0 ˘ 65.32 670.5 ˘ 71.67 0.0229
Daily IM dose (mg) 377.3 ˘ 11.27 360.0 ˘ 16.33 0.395

Duration IM (months) 84.05 ˘ 5.654 65.30 ˘ 9.656 0.0871
UMRD from diagnosis (months) 53.27 ˘ 8.855 70.80 ˘ 22.24 0.3827

Duration of UMRD (months) 41.82 ˘ 5.283 38.60 ˘ 9.782 0.7548
International scale percentage at the time of

plasma miRNA examination 0.0026 ˘ 0.0003 0.0031 ˘ 0.0006 0.4126

IM, imatinib mesylate; UMRD, undetectable minimum residual disease; MR, molecular response; MMR, major
molecular response; * determined by the chi-square test.

2.4. Functional Annotation of miRNA-215 Target Genes

The clinical relevance of miR-215b was not evident, so we sought experimentally-validated
target genes of miRNA-215 in miRTarBase or determining the biological significance of miR-215.
More than 100 target genes were extracted by miRTarBase and the target genes for which strong
evidence existed are summarized in Table 2. Six genes, including WNK lysine deficient protein kinase
1 (WNK1), activated leukocyte cell adhesion molecule (ALCAM), retinoblastoma 1 (RB1), protein
tyrosine phosphatase receptor type T (PTPRT), activin A receptor type IIB (ACVR2B) and catenin beta
interacting protein 1 (CTNNBIP1), were experimentally validated as genes with strong evidence for
being targets (Table 2) [14–23]. To estimate the biological implication of miR-215 target genes, we
then used the DAVID bioinformatic tool for functional annotation of target genes and possible related
pathways (p < 0.0001). Approximately 30% of the target genes were related to cellular metabolic
process, and miR-215 target genes were subsequently determined to be involved in the cell cycle,
cellular stress, mitosis, DNA repair and cell cycle checkpoints (Figure 3 and Table S3).
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Table 2. Top 10 of the predicted target genes for miR-215 that identified by MiRTarBase.

ID Target

Validation Methods

Sum References
Strong Evidence Less Strong Evidence

Reporter Assay Western Blot qPCR Microarray NGS pSILAC Other

MIRT005583 WNK1 * * * * 4 [14]
MIRT024327 ALCAM * * * * 4 [15,16]
MIRT024341 RB1 * * * * 4 [15]
MIRT052961 ZEB2 * * * 3 [17]
MIRT054778 PTPRT * * * 3 [18]
MIRT006340 ACVR2B * * 2 [19]
MIRT007364 CTNNBIP1 * * 2 [15,20]
MIRT024273 DTL * * 2 [15,21]
MIRT024412 GABPB1 * * 2 [15,22]
MIRT024495 SYNGR1 * * 2 [15,23]

Asterisks indicate data from validation methods; NGS, next-generation sequencing; pSILAC, stable isotope
labeling by amino acid in cell culture.
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Figure 3. A functional annotation analysis using DAVID Bioinformatic tools v6.7 [24] demonstrated
that the target genes for miR-215 were highly represented in the categories of cellular metabolic process
(Gene Ontology (GO): 44237), cell cycle (GO: 07049), cellular response to stimulus (GO: 51716), mitosis
(GO: 07067), DNA repair (GO: 06281) and cell cycle checkpoint (GO: 00075). The percentages of genes
that contributed to representative categories are depicted.

3. Discussion

During the last decade, emerging evidence has shown that miRNAs are a key molecular tool for
cancer diagnosis and prognosis. A section of tumor tissue or a circulating cell-free fraction, such as
plasma, may be used for miRNA analysis for finding novel diagnostic and prognostic markers [12].
In the vast majority of reports dealing with miRNA diagnosis, investigators identified tumor
cell-derived miRNA. When a cell-free fraction is used, biologically-relevant miRNA is considered to
be exosomal miRNA derived from circulating cancer cells. For miRNA analysis in leukemia, using
leukemia cells may indeed be more reliable for determining the biological relevance of these cells
than using plasma. However, to find a novel prognostic marker in patients with complete remission,
such as STOP-IM patients, we need to use a different type of miRNA analysis. For instance, we
recently showed that microRNA-148b, a type of immune miRNA in circulating peripheral blood
mononuclear cells (PBMCs), is downregulated in STOP-IM patients [13], in accordance with increased
NK cells [6]. This finding indicated the possibility that maintaining UMRD after stopping IM might be
due to immune surveillance. In such cases, the miRNA level may reflect the component of circulating
immune cells; therefore, miRNA analysis requires careful attention and interpretation in a complete
remission state.
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To further elucidate the possible role of miRNA in STOP-IM patients, we analyzed plasma
miRNA. We and others have reported the clinical relevance of plasma or serum miRNA in hematologic
neoplasia [7–9,25]. Recent technical advances in exosome separation and characterization enabled
analyzing exosomal miRNA rather than plasma or serum miRNA [11]. Theoretically, using exosomal
miRNA for analysis would be ideal, but in practical terms, the procedure remains complicated. For this
reason, we compared the results obtained from plasma and exosome. Regardless of the template source,
plasma miR-215 expression was downregulated in STOP-IM patients (Tables S1 and S2). Our CML
patients in the STOP-IM group did not take IM for more than six months before the plasma miRNA
assay, indicating that the downregulation of plasma miR-215 in STOP-IM patients was not due to
current IM intake. It is well known that approximately 60% of CML patients who discontinue IM
relapse within 12 months [3–5] and CML stem cells may persist after stopping IM [4]. Since the total
IM intake dose was significantly higher in CML patients with low miR-215 levels in the IM group,
CML stem cells may be more suppressed, although the prognosis in the CML-IM group did not differ
between patients with and without low plasma miR-215 expression. Long-term follow-up of CML-IM
patients may clarify this matter.

In the current study, plasma miR-215 level was significantly low in the STOP-IM group, when
compared to normal subjects, nevertheless, none of these groups took IM for more than six months.
We speculated that the difference of plasma miR-215 level in the IM group (CML patients with UMRD,
but maintaining IM therapy) could predict a subset of CML patients who could stop IM safely, but the
current study failed to predict the selection of the candidate correctly. Therefore, we searched miR-215
target genes by miRTarBase or those that may be linked to immunological surveillance or residual
CML stem cells; miR-215 has previously been demonstrated to be dysregulated in several human
malignancies and to be correlated with tumor progression [19,21,26,27]. Meta-analyses have revealed
that elevated miR-215 expression is correlated with poor prognosis in renal cell carcinomas [28],
glioma [29] and pancreatic cancer [30]. In contrast, decreased expression was associated with
advanced disease stage in colorectal cancer [31], and miR-192-5p/215 is a putative tumor suppressor
in non-small cell lung cancer [32]. Taken together, miR-215 may potentially be both an oncomiR
and a tumor-suppressive miR, with its actual role depending on the type of cancer and the pathway
involved. In the current study, it was impossible to conduct a functional analysis of miR-215, such as
a reporter assay using specimens from patients in a complete remission state. As an alternative, we
utilized bioinformatics tools, such as miRTarBase and DAVID, to identify the miR-215 target gene.
miRTarBase includes information on miRNA–target interactions (MTIs), with the collected MTIs
having been experimentally validated by reporter assay, Western blot, microarray and next-generation
sequencing [33]. Based on miRTarBase, we particularly focused on RB1 and ACVR2, showing strong
evidence in this study.

Deng et al. [32] reported upregulation of miR-215 in gastric cancer tissues, and functional analysis
revealed that inhibition of miR-215 significantly suppressed gastric cancer cell proliferation, possibly
via G1 arrest. In addition, miR-215 was able to target RB1 through its 31-UTR in gastric cancer
cells [32]. Conversely, Braun et al. [34] reported that p53 induces upregulation of miR-192, miR-194
and miR-215, and miR-192/miR-215 enhanced CDKN1/p21 levels, colony suppression and cell cycle
arrest; therefore, miR-192/miR-215 may suppress carcinogenesis through p21 accumulation and cell
cycle arrest. Senanayake et al. [19] reported that miR-192, miR-215 and miR-194 had significantly lower
expression in nephroblastomas, and they identified the target as activating receptor type 2B (ACVR2B),
indicating that downregulation of miR-215 may affect an important step in the pathogenesis of renal
childhood neoplasms. ACVR2B is known to be associated with human embryonic stem cells [35].
Human embryonic stem cells express receptors for nodal (ACVR1B and ACVR2B) and a co-receptor
for nodal, and they control NANOG expression via SMAD2/SMAD3; therefore, miR-215 targeting
ACVR2B may affect the self-renewal capability of stem cells [36]. Although all of the evidence is
provided by databases, DAVID bioinformatics tools clearly showed that miR-215 targets genes in the
pathway involved in cell cycle regulation.
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The data presented in the current study suggest that the expression level of plasma miRNAs
in CML patients who maintained a deep molecular response to IM is lower than in normal subjects.
Of the 32 CML patients taking IM at the time of plasma miRNAs examination, 16 patients discontinued
IM after the assay, and five have had a molecular relapse. Unfortunately, we observed no significant
differences in the plasma miR-215 level or in the clinical data between these two IM groups (data
not shown), possibly because of the retrospective study for miRNAs assessment. The plasma
miR-215 level in CML patients who had been maintaining molecular remission without imatinib
was actually downregulated; therefore, further prospective studies may provide new insight into
available biomarkers for therapy-free remission in CML patients.

4. Experimental Section

4.1. Patients and Samples

Fifty-two consecutive patients with CML, who maintained MR4.0 or more by IM therapy,
were enrolled in this study. Samples from unselected 20 patients who had sustained UMRD after
discontinuing IM (STOP-IM group) were collected more than 6 months after discontinuation [13].
The STOP-IM patients maintained the negativity of nested PCR for more than two years before
stopping IM therapy. Thirty-two patients who were receiving IM and maintained less than MR4.0

at the time of plasma collection were categorized as the IM group. Twenty-eight healthy volunteers
served as the control group. CML patients who had not received treatment and those who did
not respond to IM were not included in this study. No significant difference existed in sex or
age between the CML groups and healthy volunteers. Molecular response was determined by the
BCR-ABL1 transcript, as reported previously [6,13], and was represented as an International Scale
(IS). UMRD was confirmed by the absence of BCR-ABL1 transcript as determined by nested reverse
transcription-polymerase chain reaction (RT-PCR) [13]. This study was approved by the institutional
review board of Tokyo Medical University (No. 930, approved 24 June 2008). Written informed
consent was obtained from all patients prior to specimen collection, in accordance with the Declaration
of Helsinki.

4.2. TaqMan Low-Density Array Screening

Total RNA was isolated with the mirVana PARIS kit (Ambion, Austin, TX, USA) from
seven randomly-selected healthy volunteers and seven randomly-selected STOP-IM patients.
Five hundred microliters of plasma were diluted with 500 µL of binding solution. After a 5-min
incubation, 1 µL of 1 nM ath-miR-159 (Hokkaido System Science, Hokkaido, Japan) was added,
followed by vortexing for 30 s and incubation on ice for 10 min. Subsequent phenol extraction and
cartridge filtration were performed according to the manufacturer’s instructions. The RT reaction
and pre-amplification step were set up according to the recommendations. miRNAs were reverse
transcribed with Megaplex Prime Pools (Human Pools A v2:1; Thermo Fisher Sciences). The miRNA
expression profiles were determined with a TaqMan miRNA Array Human Card A (Thermo Fisher
Sciences). To compare the results between plasma miRNA expression and exosomal miRNA expression,
we extracted the exosome by Total Exosome Isolation Reagent (Invitrogen, Carlsbad, CA, USA) and
then assessed exosomal miRNA expression in a subset of samples, as described previously [11].
Quantitative RT-PCR was performed on an Applied Biosystem 7900 HT thermocycler according to
the manufacturer’s recommended program [13]. With the use of SDS2.2 software (Invitrogen) and
DataAssist (Thermo Fisher Sciences), the expression of plasma miRNAs was calculated based on cycle
threshold (Ct) values normalized to those of ath-miR-159, which was spiked in each plasma sample.
Data analysis was done using GeneSpring software (Agilent Technologies). The Benjamin-Hochberg
algorithm was used for estimation of false discovery rates, as we reported previously [13].
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4.3. Real-Time Quantitative RT-PCR for miR-215

We determined the amounts of the individual miRNA by real-time quantitative RT-PCR with
a TaqMan MicroRNA Assay (Thermo Fisher Sciences) and the following miRNA-specific stem-loop
primer: hsa-miR-215 (hsa-miR-215-4373084). Subsequently, quantitative real-time PCR was performed
with an ABI Prism 7000 sequence detection system (Thermo Fisher Sciences). The reaction was initiated
by incubation at 95 ˝C for 2 min, followed by 50 cycles of 95 ˝C for 15 s and then 60 ˝C for 1 min.
All reactions were run in duplicate. Mean (Ct) values for all miRNAs were quantified with sequence
detection system software (SDS Version 1.02, Thermo Fisher Scientific) [13]. The relative expression
of miR-215 was calculated by using the ∆Ct method as reported previously [8]. The spike control
(ath-miR-159) was used as an invariant control for plasma miRNA.

4.4. Statistical and Bioinformatics Analyses

Data were expressed as means ˘ standard deviation (SD). Mann-Whitney U and χ-square tests
were used to determine statistical significance for comparisons between the control and test groups.
Multiple groups were compared by one-way analysis of variance (ANOVA). Statistical analysis
was done using R software and GraphPad Prism software (Version 5c for Macintosh; GraphPad
Software Inc., La Jolla, CA, USA). miRNAs with a ∆Ct of >1.0 or <´1.0 and p-values of >0.05 were
deemed as being differentially expressed.

Following identification of differentially-expressed miRNAs, the predicted target genes for these
altered miRNAs were subjected to the experimentally-validated miRNA-target interactions database
miRTarBase [37]. Moreover, functional annotation of target genes was determined by the Database for
Annotation, Visualization and Integrated Discovery (DAVID Bioinformatics tools v6.7) [24].

5. Conclusions

In the current study, we found that plasma miR-215 was downregulated in CML patients who
had stopped IM therapy compared to normal subjects. Further studies will reveal the biological and
clinical significance of miR-215, including the plasma miR-215 level, and provide further information
for treatment-free remission in CML patients. In conclusion, plasma miRNA analysis, which may
reflect exosomal miRNA, could be a potent prognostic biomarker in hematologic malignancies that
have a current remission status.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/
17/4/570/s1.
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Introduction

Corneal neovascularization (CNV) is a sight-threatening 
condition that is encountered in various inflammatory set-
tings including chemical injury. CNV can lead to corneal 
scarring, edema, and lipid deposition that may compromise 
visual function and decrease the success rate of subsequent 
penetrating keratoplasty.1 Topical corticosteroids have been 
the mainstay for suppressing CNV.2 However, the inhibitory 
effects of corticosteroids are limited and may be accompa-
nied by adverse effects including delayed wound healing, 
infection, posterior subcapsular cataracts, and elevation 
of intraocular pressure. As an alternative, antibody-based 
anti-vascular endothelial growth factor molecular targeting 
therapy has recently become available for the treatment of 
CNV.3,4 However, this treatment also has several drawbacks, 
including high costs and questionable efficacy in terms of 
vessel regression and repair of epithelial defects.5

RNA interference (RNAi) occurs when small interfering 
RNA (siRNA) molecules, in association with a nucleolytic 
cytoplasmic protein complex, mediate sequence-specific 
degeneration of target RNA molecules. Theoretically, this 
mechanism can silence the expression of virtually any 
gene in a sequence-directed manner with high specificity. 
The potential clinical applications of this phenomenon are 
now being explored.

Angiopoietin-like protein 2 (ANGPTL2) is a member of the 
angiopoietin-like protein family and is essential for various 
physiologic activities, including lipid metabolism, angiogen-
esis, and inflammation.6,7 Kanda et al. have reported that 

ANGPTL2 in the ocular tissue was related to acute inflam-
mation in the retina in an endotoxin-induced uveitis model via 
activation of an NF-κB signaling pathway, and they indicated 
that ANGPTL2 could be a therapeutic target in acute inflam-
matory disease.8 In addition, we have previously found that 
ANGPTL2 is a potent proangiogenic factor in mouse corneal 
inflammation and that subconjunctival injection of ANGPTL2 
siRNA in mice dramatically suppressed local expression of 
ANGPTL2 mRNA and reduced the extent of CNV.9 This find-
ing represents a new approach to the treatment of angiogen-
esis-associated corneal diseases. However, it is not ideal to 
perform repeated subconjunctival injections in the clinical 
setting, and a common problem with RNAi agents has been 
the lack of an effective in vivo drug delivery system. More-
over, because siRNAs are double stranded, they might act 
as ligands for Toll-like receptor 3,10 which may induce innate 
immune reactions.

To address these problems, we generated a single-
stranded RNAi that can be delivered in a lipid nanoparticle 
for use as a topical anti-ANGPTL2 agent in the treatment of 
ocular diseases. In this study, we have examined its efficacy 
in terms of drug delivery and inhibition of CNV in a mouse 
alkali-burn model.

Results
Safety of proline-modified short hairpin RNA-loaded 
lipid nanoparticles in vitro
Cell viability was examined using simian virus 40-immortal-
ized human corneal epithelial cells. There was no significant 
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Corneal neovascularization (CNV) is a sight-threatening condition that is encountered in various inflammatory settings including 
chemical injury. We recently confirmed that angiopoietin-like protein 2 (ANGPTL2) is a potent angiogenic and proinflammatory 
factor in the cornea, and we have produced a single-stranded proline-modified short hairpin anti-ANGPTL2 RNA interference 
molecule that is carried in a lipid nanoparticle (ANGPTL2 Li-pshRNA) for topical application. In this study, we have further 
examined the topical delivery and anti-ANGPTL2 activity of this molecule and have found that fluorescence-labeled ANGPTL2 
Li-pshRNA eye drops can penetrate all layers of the cornea and that ANGPTL2 mRNA expression was dramatically inhibited 
in both epithelium and stroma at 12 and 24 hours after administration. We also examined the inhibitory effect of ANGPTL2 
Li-pshRNA on CNV in a mouse chemical injury model and found that the area of angiogenesis was significantly decreased in 
corneas treated with ANGPTL2 Li-pshRNA eye drops compared to controls. Together, these findings indicate that this modified 
RNA interference agent is clinically viable in a topical formulation for use against CNV.
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Figure 1 WST-1 assay of Li-pshRNA. WST-1 assay was performed to confirm cell viability after treatment with Li-pshRNA. There was no 
significant difference in cell viability among the treatment groups (n = 4, **P < 0.01). ANGPTL2, angiopoietin-like protein 2; Li-pshRNA, proline-
modified short hairpin RNA wrapped with liposome.
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difference in posttreatment viability among five groups (con-
trol group, negative proline-modified short hairpin RNA 
(pshRNA) group, ANGPTL2 pshRNA group, negative 
pshRNA wrapped with liposome (Li-pshRNA), and ANG-
PTL2 Li-pshRNA group), and cell viability in all five groups 
was greater than that of cells treated with amphotericin  
B (P < 0.01 for comparison, Figure 1).

Drug delivery and efficacy in normal mouse eyes
Fluorescence-labeled siRNA was distributed only in the 
superficial layer of the corneal epithelium, while fluores-
cence-labeled Li-pshRNA showed almost full-thickness dis-
tribution (Figure 2a) and was detected in the stroma and 
the endothelium at 3 and 6 hours after instillation of the eye 
drops (Figure 2b).

ANGPTL2 mRNA expression was strongly inhibited in both 
epithelial and stromal cells at 12 and 24 hours (P = 0.049 and 
<0.001, respectively) after instillation of eye drops in mice, 
but normal expression of ANGPTL2 mRNA was restored by 
72 hours (Figure 3, n = 7 for all experiments). In contrast, 
there was no change in ANGPTL2 mRNA expression in the 
corneas of control mice (Figure 3).

CNV in alkali-burn models
The effect of Angptl2 Li-pshRNA on CNV after alkali injury 
was investigated. Drug delivery in the alkali model was also 
evaluated by fluorescence assay, which confirmed that ANG-
PTL2 Li-pshRNA was distributed in all layers of the injured 
cornea, while ANGPTL2 pshRNA alone was not  (Figure 4a). 
Expression of ANGPTL2 mRNA was inhibited at 36 hours 
after alkali injury by topical treatment with ANGPTL2 Li-
pshRNA, but not by topical administration of negative Li-
pshRNA or by pshRNA alone (P = 0.043, n = 6; Figure 4b). 
However, there was no significant difference in the levels 
of expression of ANGPTL2 mRNA expression between the 
ANGPTL2 Li-pshRNA group and the control group at 48 
hours after alkali injury (Figure 4c). After 10 days of once-
daily treatment, the area of CNV was markedly reduced in 
medicated eyes compared to the controls (P < 0.01, n = 7; 
Figure 5).

Discussion

Several researchers have evaluated the therapeutic poten-
tial of gene silencing by RNAi for CNV in animal models. 
Kim et al., using a corneal micro-pocket assay and herpetic 
stromal keratitis models in mice, reported that the subcon-
junctival injections and systemic administration of vascular 
endothelial growth factor pathway-specific siRNAs inhibited 
CNV,11 and Qazi et al. reported that intrastromal injection of 
poly nanoparticles loaded with plasmid-expressing anti-vas-
cular endothelial growth factor siRNA also inhibited CNV in 
a more sustained and robust manner than the naked plas-
mid alone.12 Thus, the concept of using RNAi agents against 
CNV seems promising. However, the invasiveness of sub-
conjunctival or intrastromal injections could pose a hurdle to 
repeated treatments. A topical formulation would be a more 
desirable and convenient approach. In this study, we have 
shown that effective topical delivery of a modified RNAi agent 
(ANGPTL2 Li-pshRNA) can be accomplished using a lipid 
nanoparticle, and that this agent reduced the expression of 
ANGPTL2 mRNA and inhibited CNV in a mouse alkali-burn 
model.

It is crucial to confirm the safety of any therapy before clini-
cal application. RNAi is generally thought to have minimal 
cellular toxicity because of its endogenous nature, and in a 
previous study, the intravitreal injection of RNAi did not cause 
any obvious adverse effects in mouse retina.13 In the present 
study, Li-pshRNA did not affect cell viability  (Figure 1), and we 
believe that the highly biocompatible nature of RNAi-loaded 
lipid nanoparticles could be ideal for clinical application.

We used single-stranded RNAi (pshRNA) because dou-
ble-stranded siRNAs have been associated with adverse off- 
target effects due to activation of innate immunity, specifically 
due to Toll-like receptor 3 activation.10 Further, annealing is 
mandatory for generation of double-stranded siRNA, but not 
for pshRNA, which is a single-stranded RNAi in which the 
linker region has been replaced by amino acid derivatives. 
This substitution and the short hairpin construct exhibit high 
stability in vivo and preliminary data (not shown) suggest that 
pshRNA is less susceptible to degeneration due to RNase 
activity. Because annealing is not necessary to generate 

Figure 3 Reduction of ANGPTL2 mRNA expression in normal 
cornea after topical administration of ANGPTL2 Li-pshRNA. 
Reverse transcriptase PCR showed that ANGPTL2 mRNA 
expression was significantly reduced in the corneal epithelium (a) 
at 12 and 24 hours (P = 0.049 and <0.001, respectively; n = 7) and 
in stromal cells (b) at 12 and 24 hours (P = 0.0030 and 0.0021, 
respectively, n = 7). Expression returned to baseline levels by 72 
hours. *P < 0.05, **P < 0.01. ANGPTL2, angiopoietin-like protein 
2; Li-pshRNA, proline-modified short hairpin RNA wrapped with 
liposome.
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the pshRNA, the cost can be also reduced. Moreover, previ-
ous research showed that pshRNA did not have off-target 
effects and it was more stable against nuclease than double-
stranded RNAi constructs.14 Thus, pshRNA overcomes many 
disadvantages hitherto encountered with double-stranded 
siRNAs.

The corneal epithelium contains tight junctions that form 
a barrier to paracellular drug permeation of the inner layer 
of the cornea in vivo. The corneal epithelium is lipoidal in 
nature, which poses considerable resistance to permeation 
by topically administered hydrophilic agents,15 as demon-
strated by the failure of unmodified pshRNA, which is hydro-
philic, to penetrate the epithelial surface in our experiments 
(Figure 2). The charge of a drug also affects permeation. 
Positively charged molecules exhibit poor permeation, pre-
sumably because they bind to the negatively charged cor-
neal and scleral proteoglycan matrix.16 To overcome this, the 
pshRNA was loaded into lipid nanoparticles (Li-pshRNA) that 
were specifically designed to facilitate drug delivery to the 
retina.17 In this study, we showed that ANGPTL2 Li-pshRNA 
could reduce in vivo corneal ANGPTL2 mRNA expression 
(Figures 3 and 4). This result and others, for example, that 

the topical administration of edaravone-loaded lipid nanopar-
ticles can protect against light-induced retinal dysfunction,18 
support the potential usefulness of lipid nanoparticle-loaded 
topical agents in the treatment of corneal diseases.

We found that the marked reduction in the level of ANG-
PTL2 mRNA was not sustained beyond 48 hours after alkali 
injury. Even in the control group, ANGPTL2 expression 
dropped to the same level as that of GAPDH, suggesting that 
ANGPTL2 is produced in the very early stage of inflamma-
tion. As alkali damage progresses, the cells are not able to 
produce as much ANGPTL2, and it becomes more difficult to 
detect the effects of ANGPTL2 RNAi.

In conclusion, extensive corneal injuries such as chemical 
burns cause conjunctivalization of the corneal surface and 
massive neovascularization, leading to corneal opacity and 
severe reduction in and visual acuity. We have successfully 
generated a topical RNAi agent (Li-pshRNA) that inhibits 
corneal inflammation and CNV by inhibiting expression of 
ANGPTL2. Li-pshRNA eye drops show promise for prevent-
ing CNV and subsequent visual impairment without the side 
effects commonly experienced with steroids or immunosup-
pressive agents.

Figure 4 Inhibition of ANGPTL2 mRNA by ANGPTL2 Li-pshRNA eye drops after chemical injury. (a) Fluorescence-labeled topical 
ANGPTL2 Li-pshRNA permeated the entire thickness of the injured cornea at 1 and 3 hours after injury. (b) ANGPTL2 mRNA expression was 
reduced after topical administration of ANGPTL2 Li-pshRNA eye drops 36 hours after injury (P = 0.017 and 0.032 for saline as control and 
negative Li-pshRNA, respectively; n = 6). ANGPTL2 mRNA expression was not inhibited by negative Li-pshRNA. *P < 0.05. (c) At 48 hours 
after injury, levels of ANGPTL2 expression were the same among all three groups. ANGPTL2, angiopoietin-like protein 2; Li-pshRNA, proline-
modified short hairpin RNA wrapped with liposome.
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Materials and methods

Animals. All animal experiments were approved by the Univer-
sity of Tokyo Hospital Animal care committee and conformed 
to the Association for Research in Vision and Ophthalmology 

Statement for the Use of Animals in Ophthalmic and Vision 
Research. All surgical procedures were performed under 
ketamine hydrochloride (35 mg/kg) and xylazine chloride 
(5 mg/kg) anesthesia, and all efforts were made to minimize 
suffering. C57BL/6 mice aged 8–12 weeks were used in all 
experiments.

Reagents. The ANGPTL2-specific single-stranded RNAi 
segment was contained in a short hairpin structure (ANG-
PTL2 pshRNA) with a stem loop, which was synthesized in 
the solid phase.14 The stem loop contained proline deriva-
tives similar to PnkRNA, as previously described.19 The base 
sequence of the ANGPTL2 pshRNA was 5′-CCA GAA AGC 
GAG UAC UAU AUU CC proline modified-3′, 5′-GGA AUA 
UAF UAC UCG CUU UCU GGU U-3′ (structure shown in 
Figure 6), and the negative control was 5′-UAC UAU UCG 
ACA CGC GAA GUU CC proline modified-3′, 5′-GGA ACU 
UCG CGU GUC GAA UAG UAU U-3′. The reagents were 
supplied by BONAC (Fukuoka, Japan). The linker region of 
the pshRNA was replaced by a fluorescent pigment for drug 
delivery experiments.

The lipid nanoparticle was prepared as described previously.17 
1,2-Distearoyl-sn-glycero-3-phosphocholine, cholesterol,  
and stearylamine (7:3:1 molar ratio, lipid concentrations: 20 
mmol/l) were dissolved in a small amount of chloroform and 
dried in a rotary evaporator under reduced pressure at 40 
°C to form a thin lipid film. The film was dried in a vacuum 
oven overnight to ensure complete removal of the solvent. 
After hydration of the film with a suitable amount of Tris–-
ethylenediaminetetraacetic acid buffer containing RNAi, the 
resultant lipid suspension was incubated in a water bath at 
70 °C. The multilamellar vesicle suspension was incubated at 
room temperature for 15 minutes. Submicron-sized liposomes 
were prepared using an extruder (LipoFast- Pneumatic, Aves-
tin, Ottawa, Ontario, Canada) equipped with a polycarbon-
ate membrane (0.1-µm membrane filter pore size; Whatman 
Japan KK, Tokyo, Japan). Extrusion was performed 41 times 
with nitrogen pressure (200 psi). The final phospholipid and 
RNAi concentrations in liposomal suspensions were 20 
mmol/l and 0.5 or 1 mol/l, respectively.

Cell toxicity of Li-pshRNA in vitro. Cellular viability was 
evaluated using a nonradioactive colorimetric assay (WST-
1; TAKARA Bio, Shiga, Japan) according to the manufactur-
er’s protocol. Simian virus 40-immortalized human corneal 
epithelial cells were cultured in Dulbecco’s modified Eagle 
medium (Wako Pure Chemical Industry, Osaka, Japan)/F12 
containing 10% fetal bovine serum supplemented with chol-
era toxin (100 ng/ml), human recombinant epidermal growth 
factor (10 µg/ml), and insulin (5 µg/ml). After the culture 
reached confluence, ANGPTL2 Li-pshRNA, negative control 
Li-pshRNA, Amphotericin B (0.1% Fungizone, Bristol-Myers, 
Tokyo, Japan), or saline was applied for 30 minutes followed 
by WST-1 reagent in phenol red-free Dulbecco’s modified 
Eagle medium/F12 medium for 1 hour at 37 °C, and the dye 
was measured at 450 nm by a Victor 3V Multilabel Counter 
model 1420 plate reader (Perkin Elmer, Waltham, MA). The 
results were expressed as the mean ± SD of the percent-
age of cell viability compared with that of the control-treated 
controls.

Figure 5 Inhibition of corneal neovascularization by ANGPTL2 
Li-psh RNA eye drops. Corneal neovascularization after alkali injury was 
markedly reduced after 10 days of once-daily treatment with ANGPTL2 
Li-pshRNA eye drops (c) compared to eyes treated with control (a) or 
negative Li-pshRNA (b). Corneas treated with ANGPTL2 Li-pshRNA 
showed smaller areas of neovascularization (f) compared to control (d) 
and negative Li-pshRNA (e) corneas. The samples were stained with 
CD31 to visualize the neovascularization. (g) Corneal neovascularization 
(CNV) was quantified by area (vascularized area/total cornea area) using 
image J software. The extent of CNV after ANGPTL2 treatment was 
significantly smaller compared to the other groups (P < 0.01, n = 9). **P < 
0.01. ANGPTL2, angiopoietin-like protein 2; Li-pshRNA, proline-modified 
short hairpin RNA wrapped with liposome.
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Drug delivery to the cornea. Drops of Li-pshRNA labeled 
with fluorescent pigment (5 µl) were instilled on the corneal 
surface of anesthetized mice, after which the eyes were 
enucleated. Specimens were embedded in optimal cutting 
temperature compound (Sakura Finetechnical, Tokyo, Japan) 
after 1, 3, and 6 hours. The samples were immediately frozen 
in liquid nitrogen and cut into 10-µm sections. Corneal distri-
bution of the labeled pshRNA was examined by fluorescence 
microscopy (BZ-9000; Keyence, Osaka, Japan). The same 
procedure was performed in the alkali-burn models with 
drops instilled 1, 3, and 6 hours after alkali burn.

To examine changes in mRNA expression after adminis-
tration of the Li-pshRNA RNAi agent, 5 µl of ANGPTL2 Li-
pshRNA was instilled on the corneal surface in anesthetized 
mice. Eyes were enucleated at 12, 24, 48, and 72 hours after 
administration, and the corneal epithelium was separated 
from the corneal stroma using trypsin-ethylenediaminetet-
raacetic acid. The total RNA of each sample was extracted 
and ANGPTL2 expression was quantified by quantitative 
real-time reverse transcriptase PCR.

Real-time reverse transcriptase PCR. cDNA was synthesized 
using PrimerScript RT Master Mix (TAKARA Bio). The PCR 
amplifications were performed in an instrument using Takara 
PCR Thermal Cycler Dice (TAKARA Bio) as described previ-
ously.9 The primer sets are shown in Table 1.

Mouse model of alkali-induced inflammatory CNV. The 
mouse alkali-burn models were produced as previously 
described20–22 with modifications to suit our experiment. 
Chemical injury was induced by placing 5 µl of 0.5 N sodium 
hydroxide (NaOH) on the cornea of anesthetized mice for 
30 seconds. The eyes were then washed with 20 ml saline 
(day 0). On day 1, the injured eyes were treated with 5 µl of 
ANGPTL2 Li-pshRNA or negative Li-pshRNA for 5 minutes, 
after which reagents were absorbed (KimWipe: Nikkei Prod-
ucts, Osaka, Japan) and eyes were subsequently treated 
with ofloxacin ophthalmic ointment (Talibit, Santen, Osaka, 
Japan). The RNAi reagent and antibiotic treatments were 
repeated daily until day 10, then the mice were euthanized 
and the cornea with limbus was excised.

CNV was quantified using CD31 staining as previously 
described.9 Briefly, corneas were fixed in acetone for 10 min-
utes at −20 °C, washed three times in phosphate-buffered 
saline, stained with rat anti-mouse CD31 antibody (BD Biosci-
ences, Franklin Lakes, NJ), and incubated at 4 °C overnight. 
The samples were washed again with phosphate-buffered 
saline and stained with the secondary antibody (Alexa Fluor 
594 donkey anti-rat IgG, Invitrogen, San Diego, CA) for 5 
hours at room temperature. The stained samples were evalu-
ated by fluorescence microscopy (BZ-9000, Keyence), and 

the CD31-positive blood vessels were quantified by area 
using Image J software (http://rsb.info.nih. gov/ij/). The results 
are expressed as vessel area/total field.

To examine changes in mRNA expression in our model, 
the corneas were extracted 36 and 48 hours after injury, and 
quantitative real-time reverse transcriptase PCR of ANG-
PTL2 was performed for each group (control, negative Li-
pshRNA, and ANGPTL2 Li-pshRNA) using the conditions 
described above.

Statistical analysis. All of the data were analyzed by Mann–
Whitney U-test using statistical software R (Ver. 3.1.1), and 
values of P < 0.05 were considered statistically significant 
after Holm’s correction.
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Abstract
Emergency myelopoiesis is inflammation-induced hematopoiesis to replenish myeloid cells

in the periphery, which is critical to control the infection with pathogens. Previously, pro-

inflammatory cytokines such as interferon (IFN)-α and IFN-γ were demonstrated to play a

critical role in the expansion of hematopoietic stem cells (HSCs) and myeloid progenitors,

leading to production of mature myeloid cells, although their inhibitory effects on hematopoi-

esis were also reported. Therefore, the molecular mechanism of emergency myelopoiesis

during infection remains incompletely understood. Here, we clarify that one of the interleukin

(IL)-6/IL-12 family cytokines, IL-27, plays an important role in the emergency myelopoiesis.

Among various types of hematopoietic cells in bone marrow, IL-27 predominantly and con-

tinuously promoted the expansion of only Lineage−Sca-1+c-Kit+ (LSK) cells, especially

long-term repopulating HSCs and myeloid-restricted progenitor cells with long-term repopu-

lating activity, and the differentiation into myeloid progenitors in synergy with stem cell fac-

tor. These progenitors expressed myeloid transcription factors such as Spi1,Gfi1, and
Cebpa/b through activation of signal transducer and activator of transcription 1 and 3, and

had enhanced potential to differentiate into migratory dendritic cells (DCs), neutrophils, and

mast cells, and less so into macrophages, and basophils, but not into plasmacytoid DCs,

conventional DCs, T cells, and B cells. Among various cytokines, IL-27 in synergy with the

stem cell factor had the strongest ability to augment the expansion of LSK cells and their dif-

ferentiation into myeloid progenitors retaining the LSK phenotype over a long period of time.

The experiments using mice deficient for one of IL-27 receptor subunits, WSX-1, and IFN-γ

revealed that the blood stage of malaria infection enhanced IL-27 expression through IFN-γ
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production, and the IL-27 then promoted the expansion of LSK cells, differentiating and

mobilizing them into spleen, resulting in enhanced production of neutrophils to control the

infection. Thus, IL-27 is one of the limited unique cytokines directly acting on HSCs to pro-

mote differentiation into myeloid progenitors during emergency myelopoiesis.

Author Summary

Emergency myelopoiesis is inflammation-induced hematopoiesis that is critical for con-
trolling infection with pathogens, but the molecular mechanism remains incompletely
understood. Here, we clarify that one of the interleukin (IL)-6/IL-12 family cytokines, IL-
27, plays an important role in emergency myelopoiesis. Among various types of hemato-
poietic cells in bone marrow, IL-27 predominantly and continuously promoted expansion
of only Lineage−Sca-1+c-Kit+ (LSK) cells, especially long-term repopulating hematopoietic
stem cells, and differentiation into myeloid progenitors in synergy with stem cell factor.
These progenitors expressed myeloid transcription factors such as Spi1, Gfi1, and Cebpa/b
through activation of signal transducer and activator of transcription 1 and 3, and had
enhanced potential to differentiate into neutrophils, but not into plasmacytoid dendritic
cells. Among various cytokines, IL-27 in synergy with stem cell factor had the strongest
ability to augment the expansion of LSK cells and their differentiation into myeloid pro-
genitors. The blood stage of malaria infection was revealed to enhance IL-27 expression
through interferon-γ production, and IL-27 then promoted the expansion of LSK cells, dif-
ferentiating and mobilizing them into the spleen, resulting in enhanced production of neu-
trophils to control the infection. Thus, IL-27 is one of the limited unique cytokines directly
acting on hematopoietic stem cells to promote differentiation into myeloid progenitors
during emergency myelopoiesis.

Introduction
Emergency myelopoiesis is inflammation-induced hematopoiesis, which is critical for control-
ling systemic infection with pathogens such as a virus, bacteria, or parasite [1,2]. In contrast to
adaptive immune cells such as T cells and B cells, which can vigorously proliferate in response
to their specific antigens, innate immune cells need to be replenished from hematopoietic stem
cells (HSCs) and progenitors in bone marrow (BM) because of their low proliferative activity.
However, the molecular mechanism of emergency myelopoiesis during infection remains
incompletely understood. HSCs and hematopoietic progenitors can directly sense the presence
of pathogens via pattern recognition receptors (Rs) such as Toll-like receptors (TLRs), and
they can also respond to pro-inflammatory cytokines such as interferon (IFN)-α, IFN-γ, inter-
leukin (IL)-1, tumor necrosis factor (TNF)-α, and granulocyte colony-stimulating factor
(G-CSF) [1]. IFN-α and IFN-γ have pleiotropic effects on many cell types, including HSCs and
hematopoietic progenitors [1]. Recently, these cytokines were demonstrated to induce an
expansion of HSCs and myeloid progenitors, leading to the production of mature myeloid cells
[3–6], although their inhibitory effects on hematopoiesis were previously reported [7–9]. Cur-
rently, thus, there are several conflicting positive and negative effects of IFN-α and IFN-γ in
hematopoiesis [10,11]. However, these discrepancies may be explained by compensatory mech-
anisms, including IFN-γ-mediated secretion of other cytokines such as IL-6 [12] and fms-
related tyrosine kinase 3 ligand (Flt3L) [13].
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IL-27 is one of the IL-6/IL-12 family cytokines; it plays important roles in immune regula-
tion with both pro-inflammatory and anti-inflammatory properties [14–16]. IL-27 consists of
p28 and Epstein-Barr virus-induced gene 3 (EBI3), and its receptor is composed of WSX-1 and
glycoprotein (gp)130, which is a common receptor subunit in many of the IL-6 family cyto-
kines. We previously demonstrated that IL-27 plays a role in HSC regulation, and that IL-27
expands HSCs and promotes their differentiation in vitro [17]. Moreover, transgenic (Tg) mice
expressing IL-27 showed enhanced myelopoiesis in BM and extramedullary hematopoiesis in
the spleen [17].

In the present study, we further examined the effects of IL-27 on hematopoiesis, the molecu-
lar mechanisms, and the physiological role of IL-27 in the control of malaria infection. IL-27
acted on and expanded Lineage (Lin)−Sca-1+c-Kit+ (LSK) cells, which are highly enriched in
HSCs together with very primitive hematopoietic progenitors [18,19], in BM cells in synergy
with stem cell factor (SCF, c-Kit ligand) and differentiated HSCs into myeloid progenitors
through activation of signal transducer and activator of transcription 1 (STAT1) and STAT3.
Moreover, malaria infection induced IFN-γ production, which augmented IL-27 expression,
and the IL-27 then promoted the expansion and mobilization of LSK cells into the spleen,
resulting in enhanced myelopoiesis to resolve the infection. Our results revealed that IL-27 is
one of the limited unique cytokines directly acting on long-term HSCs (LT-HSC), which repre-
sent the true stem cells capable of self-renewing, and promotes the expansion and differentia-
tion of them into myeloid progenitors.

Results

IL-27 and SCF expand only LSK cells among various kinds of BM
progenitors
Previously, we demonstrated that stimulation of LSK cells with IL-27 and SCF induces an
expansion of HSCs and hematopoietic progenitors, including short-term repopulating cells
[17]. Moreover, we found that only the combination of IL-27 and SCF, but not either alone,
vigorously and continuously expands BM cells to produce LSK cells and CD11b+c-Kit− cells
[17]. To examine which cell populations in BM cells respond to IL-27 and SCF in more detail,
BM cells were divided into two populations positive or negative for Lin markers except CD11b,
and the Lin− population was further divided into four populations positive for either c-Kit or
CD11b, or both positive, or both negative. Each population purified by sorting was then stimu-
lated with IL-27 and SCF. Among these five populations, only the Lin−c-Kit+ population
greatly expanded (Fig 1A). Next, the BM cells were divided into respective hematopoietic pro-
genitors according to the expression of cell surface markers, as reported previously [20–22],
and stimulated with IL-27 and SCF. Only the LSK cell population vigorously and continuously
expanded over more than 6 weeks, although transient and slight expansion was seen in the cell
populations of granulocyte/macrophage progenitor (GMP), common myeloid progenitor
(CMP), and megakaryocyte/erythrocyte progenitor (MEP) (Fig 1B–1E). The expanding cells in
the LSK cell population were further analyzed for the expression of cell surface markers. In line
with the preliminary results, there seemed to be two populations, the phenotypical LSK popula-
tion and the Lin+c-Kit− population (Fig 1E).

We previously demonstrated that IL-27 Tg mice, which express high amounts of IL-27 in
blood, show an increased number of LSK cells in the BM and spleen [17]. To further examine
the in vivo effects of IL-27 on the expansion of LSK cells, LSK cells were purified by sorting
from BM cells of GFP Tg mice and transferred into wild-type (WT) and IL-27 Tg mice. The
transferred GFP+ LSK cells vigorously expanded in the BM and spleen of IL-27 Tg mice, but
not in those of WT mice, and approximately half of the expanding cells retained the cell surface
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Fig 1. IL-27 and SCFmost strongly expand only LSK cells among various kinds of BM progenitors and differentiate them into myeloid progenitors
retaining the LSK phenotype. (A) Expansion of only the c-Kit+CD11b−Lin− population by IL-27 and SCF in BM cells. Total BM cells were divided into two
populations positive or negative for Lin markers, and the Lin− population was further divided into four populations positive for either c-Kit or CD11b, both
positive, or both negative. Each population (5 × 103) purified by sorting was stimulated by either IL-27 or SCF alone, or both, in a round 96-well plate and
photographed 2 weeks later. (B-E) Expansion of only the LSK cell population by IL-27 and SCF among various BM progenitors. BM progenitors (4–5 × 103)
purified by sorting were stimulated with IL-27 and SCF. Cell expansion was photographed at indicated periods (B) and cell number of the expanded LSK cell
population retaining the LSK phenotype was counted at 1 week (C). Time kinetic analysis of cell numbers in the LSK population retaining the LSK phenotype
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markers for LSK phenotype (Fig 1F). These results suggest that IL-27 vigorously and continu-
ously augments the expansion of LSK cells both in vitro and in vivo.

IL-27 has the strongest ability to augment the expansion of LSK cells
and their differentiation into myeloid progenitors retaining the LSK
phenotype
Because it was previously reported that IFN-α and IFN-γ induce proliferation of HSCs in vivo
[3–5], we next explored the effects of various cytokines in collaboration with SCF on the expan-
sion of LSK cells in vitro. However, IFN-α and IFN-γ augmented the expansion of LSK cells
very little, and only IL-27 enhanced it vigorously over 4 weeks (Fig 1G and 1H). Moreover,
although there are several cytokines, such as IL-3, IL-11, G-CSF, and TPO, that are known to
transiently expand and differentiate HSCs [1], none showed an ability superior to that of IL-27
in expanding LSK cells retaining the LSK phenotype over a long period of time (S1 Fig). Thus,
IL-27 has the strongest ability to augment the expansion of LSK cells.

LSK cells expanded by IL-27 and SCF are multipotent myeloid
progenitors
The LSK cells expanded by IL-27 and SCF were further analyzed for the cell surface expression
of various markers, and the expression levels were compared with those of primary LSK cells
freshly prepared from BM of WTmice. The expression levels of macrophage colony-stimulat-
ing factor receptor (M-CSFR), CD16/32, and MHC class II in the LSK cells expanded by IL-27
and SCF were much higher than those in primary LSK cells (Fig 2A). The expression levels of
CD34 and CD150 in the expanded LSK cells were slightly less than those in primary LSK cells
(Fig 2A). In contrast, the expanded LSK cells were almost completely negative for Flt3 expres-
sion, whereas primary LSK cells were positive for Flt3 (Fig 2A). Thus, IL-27 and SCF expand
and differentiate primary LSK cells into M-CSFR+Flt3−CD16/32+ LSK cells (myeloid progeni-
tor cells).

Next, multipotency of the LSK cells expanded by IL-27 and SCF were examined under vari-
ous differentiation conditions for migratory dendritic cells (mDCs) by granulocyte/macro-
phage (GM)-CSF, plasmacytoid DCs (pDCs) and conventional DCs (cDCs; lymphoid-resident
DCs) were examined using Flt3L and thrombopoietin (TPO) [23], myeloid cells were examined
using IL-3 and SCF, and T cells and B cells were examined by using thymic stromal cells (TSt4)
with and without expressing Notch ligand Delta-like 1 (DLL1), respectively [24]. The expanded
LSK cells much more rapidly proliferated and differentiated into MHC class II+CD11c+ mDCs
than primary LSK cells in response to GM-CSF, although the total number of mDCs achieved
seemed to be similar for both (Fig 2B and 2C). However, LSK cells stimulated with IL-27 and
SCF rapidly lost the ability to differentiate into pDC and cDC (Fig 2D and 2E). These phenom-
ena are highly consistent with the almost complete abolishment of Flt3 expression on the
expanded LSK cells (Fig 2A). Under myeloid differentiation conditions, the expanded LSK cells
differentiated much more greatly into neutrophils and slightly into mast cells, but less so into

(D). Representative flow cytometry dot plot analysis of c-Kit and Lin (upper) and of c-Kit and Sca-1 in the Lin−c-Kit+ population (lower) of expanded LSK cells
and progenitor cells at 1 week (E). (F) Expansion of LSK populations in vivo by IL-27 in IL-27 Tg mice. LSK cells were purified by sorting from BM cells ofGFP
Tg mice and transferred into non-lethally irradiatedWT and IL-27 Tg mice. Twenty days later, BM and spleen in these recipient mice were analyzed for GFP+

LSK populations. Data are shown as mean ± SEM (n = 2–3) and are representative of at least two independent experiments. *P < 0.05. (G-H) Augmented
and prolonged expansion of the LSK cell population by only IL-27 and SCF in vitro. LSK cells (1 × 103) fromWTmice were stimulated by various cytokines
together with SCF for 1 to 4 weeks, the stimulated cells were analyzed by flow cytometry (G), and cell number was counted with time course (H). Data are
representative of at least two independent experiments.

doi:10.1371/journal.ppat.1005507.g001
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Fig 2. LSK cells expanded by IL-27 and SCF are multipotent myeloid Progenitors. (A) Flow cytometry histogram analysis of cell surface markers in the
LSK cells expanded by IL-27 and SCF for 4 weeks and primary BM cells using antibodies as indicated (solid line) and their control antibodies (plane line with
shading). (B-C) Augmented potential of the LSK cells expanded by IL-27 and SCF to differentiate into mDCs. LSK populations (3 × 103) purified from the LSK
cells expanded by IL-27 and SCF for 2 and 4 weeks and primary BM cells were stimulated with GM-CSF. After the indicated time, these stimulated cells were
analyzed for the expression of MHC class II and CD11c (B), and the cell numbers of mDC (MHC class II+CD11c+) were counted (C). (D-E) Decreased
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macrophages and basophils (Fig 2F and 2G). Similar enhanced differentiation into myeloid
cells was observed using the LSK cells obtained fromWT and IL-27 Tg mice (S2 Fig). In con-
trast, the ability to differentiate into B cells and T cells was almost completely abrogated in the
expanded LSK cells (Fig 2H).

Moreover, the ability of the LSK cells expanded by IL-27 and SCF to differentiate into mye-
loid cells in vivo was explored by using mixed BM chimeras. The equal cell numbers of the LSK
cell population expanded from CD45.1 congenic mice and BM cells from CD45.2 congenic
mice were mixed and transferred into sublethally irradiated CD45.2 congenic mice. After 9
days, cell populations of neutrophils in the BM and spleen were analyzed. In agreement with
the in vitro results described, the percentages of neutrophils derived from the expanded LSK
cells were markedly higher than those from primary LSK cells in both BM and spleen (Fig 2I).

To explore the molecular mechanisms whereby IL-27 and SCF expand LSK cells, total RNA
was prepared from the expanded LSK cells and respective hematopoietic progenitors and ana-
lyzed with real-time reverse transcriptase-polymerase chain reaction (RT-PCR). The expanded
cells highly expressed the transcription factors critical for differentiation into myeloid cells
such as Spi1, Gfi1, and Cebpa, but expression was much less for those important for the other
types of cells such as Irf8, Tcf4, and Ikzf1 [25–27] (Fig 2J). No expression of transcription fac-
tors important for B cells and erythrocytes, Pax5 [28] and Gata1 [29], respectively, was
observed. In addition, the expression of Cbepb, which is a transcription factor recently demon-
strated to be regulated by cytokines and control emergency granulopoiesis [30–32], was also
increased (S3 Fig).

These results suggest that LSK cells expanded by IL-27 and SCF are multipotent myeloid
progenitors that have unique potential to differentiate into mDCs, neutrophils, and mast cells,
and less so into macrophages, and basophils, but not into pDCs, cDCs, T cells, and B cells.

STAT1 and STAT3 are important for expansion and differentiation of
LSK cells by IL-27 and SCF
We and others previously demonstrated that IL-27 activates both STAT1 and STAT3 through
WSX-1 and gp130, respectively [14,15]. Consistent with these reports, real-time RT-PCR anal-
ysis revealed that LSK populations purified from LSK cells expanded by IL-27 and SCF and pri-
mary BM cells were positive for mRNA expression of STAT1 and STAT3 (Fig 3A).
Phosphorylation of STAT1 and STAT3 was also detected in primary WT LSK cells, but not
WSX-1-deficient LSK cells (Fig 3B), in response to IL-27 and SCF, which were analyzed by
flow cytometry. Furthermore, IL-27 alone induced phosphorylation of both STAT1 and
STAT3, whereas SCF alone failed to induce phosphorylation of either one, as discussed previ-
ously [33] (S4 Fig).

To further investigate the roles of STAT1 and STAT3 in the expansion of LSK cells and the
ability to differentiate into myeloid progenitors by IL-27 and SCF, we used STAT1-deficient
LSK cells and conditional STAT3-knockout (STAT3 cKO) LSK cells. LSK cells fromWT (129)

potential of the LSK cells expanded by IL-27 and SCF to differentiate into pDCs (Siglec H+PDCA1+CD11c+) and cDCs (Siglec H−PDCA1−CD11c+). (F-G)
Enhanced potential of the LSK cells expanded by IL-27 and SCF for 2 weeks to differentiate into neutrophils. Neutrophil; Ly6G+CD11b+, macrophage; F4/
80+CD11b+, mast cell; c-Kit+FcεR1α+CD11b−, basophil; CD49b+FcεR1α+CD11b−. (H) Abrogated potential of the LSK cells expanded by IL-27 and SCF for 2
weeks to differentiate into T (day 18) and B (day 15) cells. (I) Enhanced potential of the LSK cells expanded by IL-27 and SCF to differentiate into neutrophils
in vivo. LSK populations purified from the LSK cells from CD45.1 congenic mice expanded by IL-27 and SCF for 2 weeks were transferred into sublethally
irradiated CD45.2 recipient mice with the same congenic BM cells. Development of Gr-1+CD11b+ neutrophils in the BM and spleen were analyzed by flow
cytometry after 9 days, and the percentage of neutrophils in each CD45.1+ and CD45.2+ cells was compared. (J) Increased expression of transcription
factors critical for the differentiation into myeloid cells in the LSK cells expanded by IL-27 and SCF. RNA was prepared from the LSK population purified from
LSK cells expanded for 2 weeks together with other progenitors and subjected to real-time RT-PCR. Data are shown as mean ± SEM (n = 2–4) and are
representative of two to three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.005.

doi:10.1371/journal.ppat.1005507.g002
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Fig 3. STAT1 and STAT3 are important for expansion and differentiation of LSK cells by IL-27 and SCF. (A) mRNA expression of STAT1 and STAT3 in
the LSK cells expanded by IL-27 and SCF for 2 weeks and in primary LSK cells. (B) Flow cytometry histogram analysis of primary LSK cells after stimulation
with IL-27 and SCF for 60 min using anti-pY-STAT1 or anti-pY-STAT3 (solid line) and control antibody (plain line with shading). (C-D) Dispensable role for
STAT1 in the expansion of LSK cells in response to IL-27 and SCF. LSK cells (1 × 103) purified from BM cells of WT (129) mice and STAT1-deficient mice
were expanded by IL-27 and SCF for 2 weeks and analyzed for expression of LSK phenotype (C). The cell numbers of LSK and LS−K cell populations were
counted. Purified cells of the STAT1-deficient LSK and LS−K cells (1 × 103) were further stimulated by IL-27 and SCF for more 1 week and the cell number of
expanded cells was counted (D). (E-G) Contribution of STAT1 to the differentiation into mDC (E) and myeloid cells (F) of LSK cells expanded by IL-27 and
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and STAT1-deficient mice were stimulated with IL-27 and SCF. Although WT LSK cells com-
prised more than 90% of cells with the LSK phenotype after 7 days, STAT1-deficient LSK cells
comprised half LSK phenotype cells and half Sca-1−LK (LS−K) (Fig 3C). Nevertheless, the
number of expanded cells was comparable among them, probably due to the anti-proliferative
effects by STAT1 signaling [34]. However, the purified STAT1-deficient LS−K cells failed to
survive thereafter, even in the presence of IL-27 and SCF (Fig 3D), although the purified
STAT1-deficient LSK cells expanded well (Fig 3D), as did WT 129 LSK cells (Fig 3C). More-
over, WT and STAT1-deficient LSK cells had similar abilities to differentiate into MHC class
II+CD11c+ mDC cells (Fig 3E) and macrophages (Fig 3F). STAT1-deficient LSK cells showed
reduced ability to differentiate into neutrophils and mast cells, but increased ability to differen-
tiate into basophils (Fig 3F). In line with the reduced ability to differentiate into neutrophils,
mRNA expression of the critical transcription factor Gfi1 was significantly reduced in STAT1-
deficient LSK cells compared with that in WT LSK cells (Fig 3G). In contrast, STAT3 cKO LSK
cells expanded very little in response to IL-27 and SCF (Fig 3H). Moreover, the residual surviv-
ing LSK cells almost completely lost the ability to differentiate into mDCs (Fig 3I) and myeloid
cells (Fig 3J). Consistent with the abrogated abilities, these cells showed reduced expression of
the critical transcription factors such as Spi1, Gfi1, and Cebpa, but not Irf8 (Fig 3K). These
results suggest that both STAT1 and STAT3 are necessary for LSK cells to fully expand and dif-
ferentiate into myeloid progenitor cells in response to IL-27 and SCF.

IL-27 and SCF expand CD34−CD150+ LSK cells into myeloid progenitor
cells
Tomore precisely define which cell population responds to stimulation with IL-27 and SCF, LSK
cells were further divided into two populations according to CD34 expression. Although the per-
centage of the more primitive population of CD34− LSK cells was much less than that of CD34+

LSK cells, the CD34− LSK cells responded much better to stimulation with IL-27 and SCF and
expanded more vigorously than CD34+ LSK cells (Fig 4A and 4B). Then, the LSK cells were fur-
ther divided into eight populations, F1 to F8, including LT-HSCs (CD34−CD150+CD41− LSK,
F1) and myeloid-restricted progenitor cells with long-term repopulating activity (MyRPs,
CD34−CD150+CD41+ LSK, F4) according to the recently revised criteria [19]. Respective popula-
tions purified by sorting (Fig 4C) were stimulated with IL-27 and SCF. Only two populations, F1
and F4, vigorously expanded. F5, which corresponds to populations more differentiated toward
myeloid cells such as macrophages, slightly expanded (Fig 4D and 4E). The F1 and F4 popula-
tions expanded by IL-27 and SCF had great abilities to differentiate into myeloid cells, particu-
larly neutrophils (Fig 4E). Thus, IL-27 and SCF expand CD34−CD150+ LSK cells, including
LT-HSCs and MyRPs, and differentiate them into myeloid progenitor cells, which have great
potential to differentiate mainly into neutrophils.

IL-27 plays an important role in expansion, differentiation, and
mobilization of LSK cells to control malaria infection
We previously demonstrated that in the blood stage of malaria infection with the attenuated
variant Plasmodium (P) berghei XAT derived from the lethal strain P. bergheiNK65 IFN-γ

SCF for 2 weeks together with their mRNA expression of transcription factors (G). (H) Indispensable role for STAT3 in the expansion of LSK cells in response
to IL-27 and SCF. Purified GFP− STAT3flox/flox LSK cells and GFP+ STAT3 cKO LSK cells (1 × 102) were expanded by IL-27 and SCF for 10 days and
analyzed for expression of LSK phenotype and their cell numbers. (I-K) Critical role for STAT3 in the differentiation into mDC (I) and myeloid cells (J) of LSK
cells expanded by IL-27 and SCF for 10 days together with their mRNA expression of transcription factors (K). Data are shown as mean ± SEM (n = 3–4) and
representative of two to three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.005.

doi:10.1371/journal.ppat.1005507.g003
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Fig 4. IL-27 and SCF expand CD34−CD150+ LSK cells into multipotent myeloid progenitor cells. (A-B) Enhanced expansion of CD34− LSK cells by IL-
27 and SCF. LSK cells fromWTmice were divided into two populations according to the expression of CD34, CD34− LSK, and CD34+ LSK cells, and each
population (1 × 102) was stimulated with IL-27 and SCF. One to 4 weeks later, these stimulated cells were analyzed by flow cytometry; representative dot
plots of c-Kit and Sca-1 in the Lin− population at 2 weeks are shown (A). Cell numbers of these stimulated cells were counted with time course (B). (C-E)
Augmented expansion of CD34−CD150+ LSK cells by IL-27 and SCF. LSK cells were further divided into eight populations (F1-F8) according to the
expression of CD34, CD150, and CD41 (C), and each population (50 cells) purified by sorting was stimulated with IL-27 and SCF. One to 4 weeks later, these
stimulated cells were analyzed by flow cytometry. Representative dot plots of c-Kit and Sca-1 in the Lin− population at 4 weeks are shown, and the cell
number of the LSK cell population in these stimulated cells was counted with time course (D). LSK populations (1 × 103) purified from primary or IL-27/SCF-
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production induced by IL-12 and phagocytic cells in the spleen are critical for controlling para-
sitemia [35,36]. Recently, it was reported that the blood stage of P. chabaudi infection induces
mobilization of early myeloid progenitor cells out of BM, thereby transiently establishing mye-
lopoiesis in the spleen through IFN-γ to resolve the infection [6,37]. In line with these results,
WSX-1-deficient mice showed more increased parasitemia than WTmice at 7 days (Fig 5A),
just prior to when the parasitemia reaches its peak after infection with P. berghei XAT (S5A
Fig). In contrast, no significant difference was observed in the serum IFN-γ levels in WT and
WSX-1-deficient mice (Fig 5B). The infection markedly induced the enhanced percentage and
number of LSK cells in the BM and spleen of WT mice (Fig 5C and 5D). The LSK cells in the
BM showed greatly augmented abilities to differentiate in vitro into neutrophils and mast cells,
but had slightly reduced abilities to differentiate into macrophages and basophils after infection
(Fig 5E). Moreover, the LSK cells in the spleen exhibited a much more enhanced ability to dif-
ferentiate into neutrophils, macrophages, and mast cells (Fig 5E). In contrast, of note,WSX-1-
deficient mice showed significantly reduced percentage and number of LSK cells in the BM
and spleen compared with WTmice after infection (Fig 5C and 5D). In particular, the cell
number of the neutrophils in the spleen was increased very little inWSX-1-deficient mice (Fig
5F and 5G). Consistent with this, LSK cells from BM ofWSX-1-deficient mice showed reduced
abilities to differentiate in vitro into neutrophils after infection compared with those of WT
mice (S6 Fig). In addition, more greatly reduced abilities to differentiate in vitro into various
myeloid cells were observed when LSK cells from spleen were used (S6 Fig). Moreover, mixed
bone marrow chimera experiments using bone marrow cells fromWT andWSX-1-deficient
mice revealed that the effect of IL-27 on the expansion of LSK cells and neutrophils is actually a
cell-autonomous direct effect (S7 Fig).

To further elucidate the protective role of LSK cells in malaria infection, LSK cells purified
from BM cells of infected WT CD45.1 mice were injected into the infectedWSX-1-deficient
CD45.2 mice. Consistent with the increased percentage of neutrophils differentiated from the
WT LSK cells in the BM and spleen of transferredWSX-1-deficient mice (Fig 5H), parasitemia
was significantly decreased in theWSX-1-deficient mice by the transfer of WT LSK cells com-
pared with that in non-transferredWSX-1-deficient mice (Fig 5I). Thus, the blood stage of
malaria infection induces expansion, differentiation, and mobilization of LSK cells into the
spleen to produce myeloid cells such as neutrophils in an IL-27-dependent manner.

Malaria infection enhances IL-27 expression through IFN-γ production to
promote the expansion, differentiation, and mobilization of LSK cells
Although it was previously reported that IFN-α and IFN-γ induce proliferation of HSCs in
vivo [3–5], IFN-α and IFN-γ augmented the expansion of LSK cells very little in vitro, and only
IL-27 enhanced it vigorously over 4 weeks (Fig 1G and 1H). However, similar to the work pre-
viously reported [37,38], IFN-γ-deficient mice showed increased parasitemia with almost no
increase in the number of LSK cells in BM and spleen (Fig 6A and 6B). To clarify the molecular
mechanism whereby IFN-γ induces the expansion of LSK cells, the expression of IL-27 sub-
units EBI3 and p28 was examined. Although the infection did not increase EBI3mRNA expres-
sion in the BM and spleen of both WT and IFN-γ-deficient mice (S8 Fig), intriguingly, the
infection greatly enhanced p28mRNA expression in WTmice but failed to enhance it in IFN-
γ-deficient mice (Fig 6C). In agreement with this, p28 protein levels in the serum were greatly

expanded F1, F4, and F5 LSK cells were differentiated into myeloid cells by IL-3 and SCF, and cell number was counted (E). Data are shown as mean ± SEM
(n = 3–4) and are representative of two to three independent experiments. *P < 0.05, ***P < 0.005.

doi:10.1371/journal.ppat.1005507.g004
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Fig 5. IL-27 plays an important role in expansion, differentiation, andmobilization of LSK cells to control malaria infection. (A-D) Reduced induction
of LSK cell population inWSX-1-deficient mice after malaria infection, accompanied by increased parasitemia and comparable production of IFN-γ. WT or
WSX-1-deficient mice were infected with the blood stage of P. berghei XAT. Seven days later, parasitemia (A) and serum IFN-γ level (B) were determined,
and LSK populations in the BM and spleen were analyzed by flow cytometry, and representative dot plots of c-Kit and Sca-1 in the Lin− population are shown
(C). Cell number of the LSK cell population was counted (D). (E) Augmented potential of LSK cells to differentiate into myeloid cells by malaria infection. LSK
cells (1 × 103) in the BM and spleen of the malaria-infected or non-infectedWTmice were purified and differentiated into myeloid cells in vitro by IL-3 and
SCF, and cell number of differentiated cells was counted. (F-G) Reduced cell number of neutrophils inWSX-1-deficient mice after malaria infection. The BM
and spleen cells were analyzed for expression of Gr-1 and CD11b at 7 days after the infection (F), and cell number of neutrophils (Gr-1+CD11b+) was
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increased by the infection in WTmice but not in IFN-γ-deficient mice (Fig 6D). Consistent
with the in vivo role of IFN-γ, we also observed the augmentation of mRNA expression of p28,
but not EBI3, and p28 protein production in the culture supernatants of WT BM cells stimu-
lated with IFN-γ in vitro (S9 Fig).

To further clarify the role of IL-27 downstream of IFN-γ, we next performed the experiment
to see the effects of forced expression of IL-27 on the susceptibility to malaria infection in IFN-
γ-deficient mice. The hydrodynamic injection of IL-27 expression vector into the infected IFN-
γ-deficient mice showed significantly decreased parasitemia compared with that of control vec-
tor (Fig 6E). This phenomenon was accompanied by the enhanced percentage of LSK cells and
augmented numbers of LSK cells and neutrophils in both BM and spleen (Fig 6F and 6G).
Thus, the blood stage of malaria infection augments the expression of IL-27 through IFN-γ,
and IL-27 then promotes the expansion, differentiation, and mobilization of LSK cells into the
spleen to control parasitemia.

Discussion
Previously, we found that IL-27, which is in the IL-6/IL-12 family of cytokines, plays a role in
the regulation of HSCs in vitro and in vivo [17]. Here, we have further elucidated that IL-27 is a
unique cytokine that directly acts on LSK cells to promote their differentiation into myeloid
progenitor cells called M-CSFR+Flt3−CD16/32+ LSK cells, which still retain the LSK phenotype
(Fig 2A–2I). These progenitors have great potential to give rise to neutrophils, mDCs, and
mast cells, but not to pDCs, cDCs, T cells, and B cells. Interestingly, among various BM pro-
genitor cells, IL-27 and SCF vigorously and continuously expand only HSCs and primitive
myeloid progenitor cells with long-term repopulating activity, such as LT-HSCs and MyRPs,
respectively [19], for more than 4 weeks (Fig 4). Consistent with the ability to differentiate into
myeloid progenitor cells, the LSK cells expanded by IL-27 and SCF expressed transcription fac-
tors such as Spi1, Gfi1, Cebpa, and Cebpb, which are critical for myeloid differentiation [25–
27,30–32] (Fig 2J and S3 Fig). Although Cebpb was reported to be an important transcription
factor for emergency granulopoiesis [30–32], STAT3 signaling was revealed to be important
for its upregulation, whereas STAT1 signaling unexpectedly suppressed its expression (S10
Fig). This phenomenon seems to correlate to the expression level of the anti-apoptotic gene
Bcl-2 [39,40], but not the transcription factor E2-2, which is critical for pDC differentiation
[41]. Further studies are necessary to elucidate the precise roles of each STAT in the regulation
of Cebpb expression. Thus, IL-27 is one of the limited unique cytokines that directly acts on the
most primitive LT-HSCs; it promotes their expansion and differentiation into myeloid progen-
itor cells, presumably through MyRPs [19], to replenish myeloid cells such as neutrophils in
the periphery during emergency myelopoiesis.

Sca-1 is an IFN-responsive molecule that is highly upregulated in many hematopoietic cells
following exposure to IFNs [10,11,37]. Consequently, myeloid-restricted progenitor cells nor-
mally identified as Lin−Sca-1−c-Kit+ (LS−K) become positive for Sca-1 and can no longer be
distinguished from the real multipotent LSK cells, resulting in overestimation of the latter pop-
ulation, and this is a problem. IL-27 was previously reported to enhance the expression of Sca-
1 on T cells [42]. However, to alleviate the problem, we initially identified the cell population

counted (G). (H-I) Decreased parasitemia in theWSX-1-deficient mice transferred with LSK cells purified from BM cells of the malaria-infected WTmice. LSK
cells purified from BM cells of the infectedWT CD45.1 mice were transferred into non-lethally irradiatedWSX-1-deficient CD45.2 mice 7 days before
infection. Neutrophil population in the BM and spleen was analyzed by flow cytometry, and representative dot plots of CD11b and Gr-1 in the CD45.1+

population are shown (H). Parasitemia was measured 4 and 7 days after the infection (I). Data are shown as mean ± SEM (n = 3–9) and are representative of
at least two independent experiments. *P < 0.05, ***P < 0.005.

doi:10.1371/journal.ppat.1005507.g005
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Fig 6. Malaria infection enhances IL-27 expression through IFN-γ production to promote the expansion, differentiation, andmobilization of LSK
cells. (A-B) Indispensable role for IFN-γ in the expansion of LSK cells after malaria infection. WT and IFN-γ-deficient mice were infected with the blood stage
of P. berghei XAT. Seven days later, parasitemia was determined (A) and LSK populations were analyzed by flow cytometry (B). (C-D) IFN-γ-dependent
induction of IL-27 p28 subunit expression by malaria infection. RNA was prepared 7 days after the infection and analyzed for expression of p28 by real-time
RT-PCR (C), and serum p28 levels were determined by ELISA (D). (E-G) Decreased parasitemia and augmented expansion of LSK cell population in IFN-γ-
deficient mice by IL-27. IFN-γ-deficient mice were hydrodynamically injected with IL-27-expression vector or control vector at days 0 and 4 after infection; at
day 7, parasitemia was measured (E), LSK population was analyzed by flow cytometry (F), and cell numbers of LSK cells and neutrophils were counted (G).
Data are shown as mean ± SEM (n = 3–5) and are representative of at least two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.005.

doi:10.1371/journal.ppat.1005507.g006
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responsive to IL-27 and SCF among BM cells by using LSK cells and various hematopoietic
progenitor cells purified by sorting. Intriguingly, it turned out that the SCF and LSK cell popu-
lations expanded vigorously and continuously in response to IL-27, and that the LS−K cell pop-
ulations including GMP, CMP, and MEP only transiently and slightly responded during the
first week and then disappeared thereafter (Fig 1A–1E). Moreover, in almost all in vitro experi-
ments, we used primary LSK cells that were purified by sorting. The high responsiveness of the
LSK cells to IL-27 seems to be partially due to the higher mRNA expression ofWSX-1 in the
LSK cells compared to that of other hematopoietic progenitor cells (S3 Fig) [17].

We previously demonstrated that during the blood stage of malaria infection with attenu-
ated P. berghei XAT, IL-12-mediated IFN-γ production and phagocytic cells (including neutro-
phils) in the spleen are critical for controlling parasitemia [35,36,43]. Previous studies
demonstrated that neutrophils play an important role in killing malaria parasites in mice, rats,
and humans [43–45]. In marked contrast, regarding infection with lethal P. bergheiNK65, IL-
12-mediated IFN-γ production was shown to contribute to T-cell-dependent immunopathol-
ogy [46]. However, a major role of IL-27 in infection is its suppression of excess immune
responses against infection by controlling the production of pro-inflammatory cytokines [14–
16]. Consistent with this, WSX-1/IL-27 was recently demonstrated to have a critical role in lim-
iting the effector CD4+ T-cell-mediated immunopathology caused by IL-12-dependent IFN-γ
production during infection with lethal P. bergheiNK65 [47–49]. The present study clearly
revealed that WSX-1/IL-27 contributes to clearance of parasites due to enhanced myelopoiesis
during the early phase of infection with attenuated P. berghei XAT (Fig 5 and S5A Fig). How-
ever, during the late phase of infection, WSX-1/IL-27 seems to play a role in limiting the pro-
duction of pro-inflammatory cytokines such as IFN-γ (S5B Fig), leading to augmented
reduction of parasitemia (S5A Fig), as in the case of infection with lethal P. berghei NK65 [47–
49]. Moreover, our preliminary data revealed that there were no apparent differences observed
in parasitemia or expansion of LSK cells and neutrophils in the BM and spleen of WT and
WSX-1-deficient mice 7 days after infection with lethal P. berghei NK65 (S11 Fig). It is conceiv-
able that pro-inflammatory cytokines other than IL-27 were abundantly produced in the
absence of IL-27 during infection with lethal P. berghei NK65 and that late-phase infection
with attenuated P. berghei XAT may have redundantly compensated for the loss of IL-27 to
promote myelopoiesis. However, other studies have shown that IL-27 limits migration of neu-
trophils from the BM to the site of inflammation by reducing production of cytokines and che-
mokines during influenza infection [50] and septic peritonitis [51]. IL-27 was also reported to
be a negative regulator of neutrophil function [52]. Although IL-27 directly promotes myelo-
poiesis to produce myeloid progenitors in BM, as shown in the present study, IL-27 may indi-
rectly regulate migration of these progenitors and neutrophils to the site of inflammation and
limit neutrophil function. Thus, IL-27 has both positive and negative effects on neutrophils;
therefore, the overall outcome of the effects of IL-27 is likely to be governed by the balance
between these effects, depending on the disease model.

It was recently demonstrated that P. chabaudi infection induces mobilization of early mye-
loid progenitor cells out of BM, thereby transiently establishing myelopoiesis in the spleen
through IFN-γ [37]. However, the expression of IFN-γR in the hematopoietic compartment
was dispensable, whereas its expression in the irradiation-insensitive cellular compartment,
including endothelial cells and stromal cells, was important [37]. Secretion of IFN-γ-induced
chemokines such as CCL2 and CCL7 by non-hematopoietic cells plays a critical role in the
mobilization of CCR2-expressing HSCs [37]. In this study, however, there is no experimental
evidence regarding how IFN-γ regulates the activation of HSCs. In the present study,WSX-1-
deficient mice showed significantly reduced numbers of LSK cells and neutrophils compared
with WT mice after P. berghei XAT infection, resulting in increased parasitemia (Fig 5A–5F
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and S5A Fig). These results suggest that endogenous IL-27 greatly contributes to the clearance
of parasitemia through augmentation of myelopoiesis. Moreover, similar to P. chabaudi infec-
tion, P. berghei XAT infection could not increase the number of LSK cells in IFN-γ-deficient
mice with increased parasitemia (Fig 6A and 6B). Of note, after P. berghei XAT infection, p28
mRNA expression and its serum protein level were markedly upregulated in an IFN-γ-depen-
dent manner (Fig 6C and 6D and S9 Fig). This is consistent with previous reports indicating
that p28 gene transcription in macrophages is induced by IFN-γ and TLR ligands [53], and
that IFN-γ limits Th17-mediated and Th9-mediated autoimmune inflammation through IL-27
production [54,55]. In addition, the hydrodynamic injection of the IL-27 expression vector
into infected IFN-γ-deficient mice greatly recovered the number of LSK cells and neutrophils
in the BM and spleen and eventually reduced parasitemia (Fig 6E–6G). Thus, during malaria
infection, it is highly conceivable that the proliferative effects on LSK cells by IFN-γ are indi-
rectly mediated by IL-27. In our study, we could not observe any direct proliferative effect of
IFN-α and IFN-γ on LSK cells in vitro, as recently pointed out by others [10,11], and only IL-
27 augmented the proliferative effect for more than 4 weeks (Fig 1G and 1H).

Recently, IL-27 was reported to have a polyglutamic acid domain in the p28 subunit, which
is unique among cytokines, and to confer hydroxyapatite-binding and bone-binding properties
and bone tropism to bone sialoprotein and the endosteal bone surface [56]. This location in the
BM has been identified as a niche for HSCs [57], and these properties support the idea that IL-
27 plays a critical role in the regulation of HSCs in that niche. We detected much higher
expressions of IL-27 subunits (both p28 and EBI3) at mRNA levels in BM than in the spleen
during the steady state, and P. berghei XAT infection greatly augmented the expression of p28
mRNA in both BM and spleen, and also its serum protein level (Fig 6C and 6D). Further stud-
ies are necessary to clarify which BM cells produce IL-27 during malaria infection; mesenchy-
mal stromal cells might be a candidate because of their reported IL-6 production during viral
infection [12], as described in the next section.

It was recently demonstrated that specific cytotoxic CD8+ T cells during an acute viral infec-
tion with lymphocytic choriomeningitis virus secrete IFN-γ, thus enhancing the production of
IL-6 in BMmesenchymal stromal cells and resulting in an increased number of early multipo-
tent progenitors and committed myeloid precursors in the BM and accumulation of myeloid
cells in the periphery [12]. The IL-6Rα chain is only expressed at the stage of early multipotent
progenitors and downstream myeloid precursors, and it is lacking HSCs [12]. In contrast, IL-
27 most predominantly acts on only HSCs, as shown in the present study. Both IL-6 and IL-27
share gp130, which is ubiquitously expressed as a common receptor subunit. Therefore, down-
stream of IFN-γ, both IL-27 and IL-6 may be necessary to induce the maximum myelopoiesis
to control infection. However, the mode of IL-6 action is complex and there are two major
mechanisms: IL-6 classic signaling through membrane IL-6Rα and IL-6 trans-signaling
through soluble IL-6Rα [58,59]. It was recently reported that IL-6Rα-deficient mice show
increased resistance to P. chabaudi infection and that IL-6 trans-signaling, but not IL-6 classic
signaling, contributes to a lethal outcome of infection [60]. In contrast to the viral infection, we
could not detect any increased mRNA expression of IL-6 in the BM or spleen of WT and IFN-
γ-deficient mice with P. berghei XAT infection (S8 Fig). A similar inability of IFN-γ to enhance
IL-6mRNA expression in WT BM cells in vitro was also observed (S9A Fig). In addition, IL-6-
deficient mice showed little increased susceptibility to the P. berghei XAT infection, reduced
cell numbers in the LSK cell population, and reduced neutrophils in the BM and spleen (S12
Fig). Thus, individual pathogens may utilize different mechanisms to induce emergency myelo-
poiesis through IL-27, IL-6, and others.
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In conclusion, the present results provide a novel role and mechanism for the action of IL-
27 downstream of IFN-γ in the efficient expansion of myeloid progenitor cells from LT-HSCs
and MyRP cells and their mobilization into the spleen during acute malaria infection.

Materials and Methods

Ethics statement
The animal study was approved by the Animal Care and Use Committee of Tokyo Medical
University (S-230043, S-24012, S-25059, S-26003, and S-27009) and was performed in accor-
dance with our institutional guidelines and the Fundamental Guidelines for Proper Conduct of
Animal Experiment and Related Activities in Academic Research Institutions under the juris-
diction of the Ministry of Education, Culture, Sports, Science and Technology, 2006.

Mice
C57BL/6 (CD45.2) mice and C57BL/6 (CD45.1) mice were purchased from Sankyo Lab
(Tokyo, Japan). The 129/Sv mice and STAT1-deficient mice (129/Sv background) were pur-
chased from Taconic Farms (Germantown, NY, USA). IL-6-deficient mice (C57BL/6 back-
ground) were purchased from Jackson Laboratory (Bar Harbor, ME, USA). IFN-γ-deficient
mice (C57BL/6 background), STAT3flox/flox mice (a mixed background of 129/Sv and C57BL/
6), and GFP Tg mice (C57BL/6 background) [61] were provided by Dr. Iwakura (Tokyo Uni-
versity of Science), Dr. Takeda (Osaka University), Dr. Okabe (Osaka University) and Dr. Ito
(Tokyo Medical University), respectively. In addition to these mice, IL-27 Tg mice (C57BL/6
background) [17], andWSX-1-deficient mice (C57BL/6 background) [62] were maintained in
specific pathogen-free conditions under the care of the Laboratory Animal Center of Tokyo
Medical University. STAT3 cKO cells were obtained by infecting STAT3flox/flox cells with Cre-
expressing retrovirus in vitro.

Antibodies and reagents
Monoclonal antibodies (mAbs) for mouse c-Kit (2B8), Sca-1 (D7), CD3ε (145-2C11), CD4
(GK1.5), CD8α (53–6.7), CD19 (6D5), CD49b (DX5), Gr-1 (RB6-8C5), TER119/erythroid cell
(TER-119), CD11c (N418), CD11b (M1/70), F4/80 (BM8), NK1.1 (PK136), B220 (RA3-6B2),
FcεRIα (MAR-1), M-CSFR (AFS98), Flt3 (A2F10), CD16/32 (2.4G2), CD150 (TC15-12F12.2),
CD41 (MWReg30), IL-7Rα (A7R34), MHC class II I-A/I-E (M5/114.15.2), Siglec H (551),
Ly6G (1A8), CD45.1 (A20), and CD45.2 (104) were purchased from BioLegend (San Diego,
CA). mAbs against mouse pY701-STAT1 (4a) and pY705-STAT3 (4/P-STAT3) were pur-
chased from BD Pharmingen (San Diego, CA). mAbs against mouse CD34 (RAM34) was pur-
chased from eBioscience (La Jolla, CA). mAbs against mouse PDCA1 (JF05-1C2.4.1) was
purchased fromMiltenyi Biotec (Bergisch Gladbach, Germany). APC-Cy7-conjugated strepta-
vidin, PerCP/Cy5.5-conjugated streptavidin, and Brilliant Violet 510-conjugated streptavidin
were purchased from BioLegend and used to reveal staining with biotinylated Abs. Mouse
recombinant IL-27 and hyper-IL-6 were prepared as a tagged single-chain fusion protein by
flexibly linking EBI3 to p28 and soluble IL-6Rα to IL-6, respectively, using HEK293-F cells
(Life Technologies, Carlsbad, CA) as described previously [63,64]. Mouse recombinant SCF,
IL-1β, IL-3, IL-6, IL-7, IL-11, IL-12, thymic stromal lymphopoietin (TSLP), G-CSF, M-CSF,
GM-CSF, TNF-α, and human recombinant TPO were purchased from PeproTech (Rocky Hill,
NJ). Human recombinant Flt3L was purchased from Miltenyi Biotec. Mouse recombinant IL-
23, IL-25, and IL-33 were purchased from R&D Systems (Minneapolis, MN). Mouse IFN-α
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was purchased from PBL Biomedical Laboratories (Piscataway, NJ). Mouse recombinant IFN-
γ was provided from Shionogi Pharmaceutical Co., Ltd. (Osaka, Japan),

Preparation of cells
Spleen and BM Lin− cells were enriched by negative selection using an autoMACS Pro (Milte-
nyi Biotec) with a combination of magnetic beads conjugated with mAbs against CD3ε, CD4,
CD8α, Gr-1, TER119, CD11b, CD11c, NK1.1, B220, and FcεRIα. Subsequently, cells were
stained with mAbs against c-Kit, and Sca-1 was used for LSK. For multiple fractions of HSC,
cells were stained with CD34, c-Kit, Sca-1, CD150, and CD41 mAbs [19]. In the case of com-
mon lymphoid progenitor (CLP), macrophage-DC progenitor (MDP), and common DC pro-
genitor (CDP), cells were stained with c-Kit, Sca-1, IL-7Rα, M-CSFR, and Flt3 mAbs [20–22].
For GMP, CMP, and MEP, cells were stained with CD34, c-Kit, Sca-1, and CD16/32 mAbs
[20–22]. Sorting was performed on FACS Aria or FACS Aria III (BD Bioscience).

Culture of cells
Cells were cultured at 37°C under 5% CO2/95% air in RPMI-1640 (SIGMA, St. Louis, MO)
containing 10% fetal calf serum, 50 μM 2-mercaptoethanol (GIBCO, Grand Island, NY), and
100 μg/ml kanamycin (Meiji Seika, Tokyo, Japan). To proliferate progenitors, sorted cells were
cultured with 10 ng/ml IL-27 and/or 10 ng/ml SCF. To examine the effect of various cytokines
on proliferation of LSK, IL-1β, IL-3, IL-6, hyper-IL-6, IL-11, IL-12, IL-23, IL-25, IL-33, TSLP,
G-CSF, TPO, TNF-α, and IFN-α were used as a final concentration of 10 ng/ml. IFN-γ was
used as a final concentration of 100 U/ml. Half of the medium was changed every 3 days, with
cytokines added.

In vitro differentiation assay
For evaluation of mDC potential, sorted cells (1–5 × 103) in 96-well plates were cultured with
20 ng/ml GM-CSF for 3 to 10 days. For pDC and cDC potential, sorted cells (5 × 103) were cul-
tured with 100 ng/ml Flt3L and 20 ng/ml TPO for 10 days. For analysis of multipotent myeloid
potential, sorted cells (1 × 102–5 × 103) in 96-well plates were cultured with 10 ng/ml SCF and
10 ng/ml IL-3 for 6 days. Half of the medium was replaced every 3 days, with cytokines added.
For detection of B-cell potential, sorted cells (2 × 102) were cultured with a monolayer of thy-
mic stromal cells (TSt4) containing 2 ng/ml IL-7 for 15 days [24]. For detection of T-cell poten-
tial, sorted cells (2 × 102) were cultured with TSt4 cells expressing DLL1, TSt4/DLL1 cells,
containing 2 ng/ml IL-7 and 2 ng/ml Flt3L for 18 days [24]. Half of the medium was replaced
every 7 days, with cytokines added. The following cell surface markers were used to identify
respective cells: mDC; MHC class II+CD11c+, pDC; Siglec H+PDCA1+CD11c+, cDC; Siglec
H−PDCA1−CD11c+, neutrophil; Ly6G+CD11b+ or Gr-1+CD11b+, macrophage; F4/
80+CD11b+, mast cell; c-Kit+FcεR1α+CD11b−, basophil; CD49b+FcεR1α+CD11b−, B cell;
B220+CD19+, double positive T cell; and CD4+CD8+.

Flow cytometry
Flow cytometry was performed on a FACS Canto II (BD Bioscience, San Jose, CA) and data
were analyzed using FlowJo Software (Tree Star, Ashland, OR). Cell number was counted
using flow cytometry unless otherwise indicated. For intracellular cytokine staining, cells were
fixed with Fixation Buffer (BD Bioscience) for 30 min and permeabilized with Perm Buffer II
(BD Bioscience) for 30 min. Then, samples were stained with antibodies for pY701-STAT1 and
pY705-STAT3.
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Quantitative real-time RT-PCR
Total RNA was prepared using RNeasy Mini Kit (QIAGEN, Hilden, Germany), and cDNA was
prepared using oligo(dT) primer and SuperScript III RT (Invitrogen, Carlsbad, CA, USA).
Real-time quantitative PCR was performed using SYBR Premix Ex Taq II and a Thermal cycler
Dice real-time system according to the manufacturer’s instructions (TAKARA, Otsu, Shiga,
Japan). Glyceraldehyde-3-phosphate (GAPDH) was used as housekeeping gene to normalize
mRNA. Relative expression of real-time PCR products was determined by using the ΔΔCt
method to compare target gene and GAPDHmRNA expression. Primers used in this study are
listed in S1 Table.

Adoptive cell transfer
For in vivo proliferation analysis, BM LSK cells (8 × 103) purified from GFP Tg mice were
intravenously transferred into irradiated (4 Gy) WT and IL-27 Tg mice. To evaluate in vivo
development, IL-27/SCF-cultured BM LSK cells (2 × 104) from CD45.1 congenic mice were
transplanted into sublethally irradiated (6 Gy) CD45.2 recipient mice with the same congenic
BM cells (2 × 106). As in the case of malaria infection, BM LSK cells (5 × 104) were sorted from
malaria-infected CD45.1 mice and intravenously transferred into irradiated (4 Gy)WSX1-defi-
cient mice 7 days before infection.

Retroviral transduction
The retroviral vector pMX-Cre-GFP (from Dr. M. Kubo) was transfected into Platinum-E
packaging cells [65] using FuGENE 6 (Promega, Madison, WI), and supernatants of these cul-
tures were used as the source of viral particles. LSK cells sorted from BM cells of STAT3flox/flox

mice were stimulated with IL-27 and SCF (10 ng/ml each) and transduced with viral particles
by spin infection (2,000 rpm, 90 min, 25°C) using 8 μg/ml Polybrene at 24 hr and 48 hr later.
The next day, GFP+ LSK cells were sorted and used as STAT3 cKO LSK cells.

Malaria infection
Mice were injected intravenously with a red blood cell (RBC) suspension containing parasitized
RBC (1 × 104) with the nonlethal strain P. berghei XAT [35], which is an irradiation-induced
attenuated variant of the lethal strain P. berghei NK65, or the P. bergheiNK65 [46]. Parasitemia
was assessed by the microscopic examination of Giemsa-stained smears of tail blood after
infection. The percentage of parasitemia was calculated as follows: parasitemia (%) = [(number
of infected RBC) / (total number of RBC counted)] × 100.

Hydrodynamic tail-vein injection
IFN-γ-deficient mice were intravenously injected with 25 μg of p3xFLAG-CMV (Sigma Chem-
ical Co., St. Louis, MO), or p3xFLAG-IL-27 plasmids at days 0 and 4 after malaria infection.

ELISA
Amounts of IL-27 p28 in culture supernatants or serum were determined by using Quantikine
kits (R&D) according to the manufacturer’s instruction.

Statistical analysis
Data are represented as mean ± SEM. Statistical analyses were performed by two-tailed Stu-
dent’s t test for two groups, and by one-way ANOVA and Bonferroni’s multiple comparison
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tests for multiple groups. P< 0.05 was considered to indicate a statistically significant
difference.

Supporting Information
S1 Table. Primers used in this study.
(TIF)

S1 Fig. IL-27 possesses the strongest ability to augment the expansion of LSK cells retaining
the LSK phenotype among various cytokines. LSK cells (5 × 102) fromWTmice were stimu-
lated by various cytokines together with SCF. The stimulated and expanded cells were analyzed
for expression of c-Kit and Sca-1 in the Lin− population by flow cytometry 1 week (A) and 3
weeks (B) later, and cell number of the LSK cell population was counted. Data are shown as
mean ± SEM (n = 3–4) and are representative of two independent experiments.
(TIF)

S2 Fig. LSK cells in the BM cells of IL-27 Tg mice have enhanced ability to differentiate
into neutrophils. (A) An increased number of LSK cells in IL-27 Tg mice. BM and spleen cells
of WT and IL-27 Tg mice were analyzed for the expression of c-Kit and Sca-1 in the Lin− popu-
lation by flow cytometry, and cell number of the LSK cell population was counted. (B-D) Aug-
mented potential of LSK cells in IL-27 Tg mice to differentiate into neutrophils, but markedly
reduced differentiation into pDCs and cDCs. LSK populations (3 × 103) purified from BM cells
of WT and IL-27 Tg mice were stimulated with GM-CSF. After 10 days, stimulated cells were
analyzed for the expression of MHC class II and CD11c, and cell number of mDC (MHC class
II+CD11c+) was counted (B). LSK populations (5 × 103) were also stimulated with Flt3L and
TPO. Ten days later, stimulated cells were analyzed for the expression of Siglec H and PDCA1
in the CD11c+ population, and the cell numbers of pDC and cDC were counted (C). The LSK
populations were also stimulated with IL-3 and SCF. Six days later, these stimulated cells were
analyzed regarding their multipotency in differentiating to Ly6G+CD11b+ neutrophils, F4/
80+CD11b+ macrophages, c-Kit+FcεR1α+CD11b− mast cells, and CD49b+FcεR1α+CD11b−

basophils, and the cell numbers of respective cells were counted (D). Data are shown as
mean ± SEM (n = 3) and are representative of two to four independent experiments. �P< 0.05,
��P< 0.01, ���P< 0.005.
(TIF)

S3 Fig. Increased expression of Cebpb in the LSK cells expanded by IL-27 and SCF, and the
highest expression ofWSX-1 in primary LSK cells among hematopoietic progenitors. RNA
was prepared from the LSK cells expanded by IL-27 and SCF for 2 weeks together with primary
LSK cells and other progenitors, and subjected to real-time RT-PCR. Data are shown as
mean ± SEM (n = 2–4) and are representative of two independent experiments.
(TIF)

S4 Fig. IL-27 alone, but not SCF alone, induces phosphorylation of STAT1 and STAT3.
Flow cytometry histogram analysis of primary LSK cells after stimulation with the combination
with IL-27 (10 ng/ml) and SCF (10 ng/ml), IFN-γ (100 U/ml) and SCF (10 ng/ml), or each
alone for 60 min using anti-pY-STAT1 or anti-pY-STAT3 (solid line) and control antibody
(plain line with shading). Data are shown as mean ± SEM (n = 3).
(TIF)

S5 Fig. Time course of parasitemia and serum IFN-γ level in WT andWSX-1-deficient
mice after infection with the blood stage of P. berghei XAT.WTmice andWSX-1-deficient
mice were infected with the blood stage of P. berghei XAT and parasitemia was measured with
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time course after infection (A). Serum IFN-γ level was determined 14 days later (B). Data are
shown as mean ± SEM (n = 3–5) and are representative of at least two independent experi-
ments. �P< 0.05, ��P< 0.01.
(TIF)

S6 Fig. Reduced potential of LSK cells fromWSX-1-deficient mice to differentiate into
myeloid cells compared with those fromWTmice after malaria infection. LSK cells in the
BM and spleen of WT andWSX-1-deficient mice infected with malaria for 7 days were purified
and differentiated into myeloid cells in vitro by IL-3 and SCF, and cell number of differentiated
cells was measured. Data are shown as mean ± SEM (n = 3) and are representative of at least
two independent experiments. �P< 0.05, ��P< 0.01, ���P< 0.005.
(TIF)

S7 Fig. Promotion of expansion of LSK cells by IL-27 in a cell-autonomous direct manner.
BM cells (1 × 106) from CD45.1 congenic mice and BM cells (1 × 106) fromWSX-1-deficient
mice (CD45.2) were equally mixed and transferred into lethally (9 Gy) irradiated CD45.2 recip-
ient mice. After 7 days, these mice were infected with the blood stage of P. berghei XAT; an
additional 7 days later, and populations of LSK cells (A) and neutrophils (B) in the BM and
spleen were analyzed by flow cytometry. Representative dot plots of CD45.1+ and CD45.2+

cells in these populations are shown and percentages of these CD45.1+ and CD45.2+ cells in
each population were compared. Data are shown as mean ± SEM (n = 3–4). �P< 0.05,
���P< 0.005.
(TIF)

S8 Fig. Expression of cytokine and chemokine mRNA in the BM and spleen after malaria
infection.WT and IFN-γ-deficient mice were infected with the blood stage of P. berghei XAT,
and RNA was prepared from BM and spleen of WT and IFN-γ-deficient mice 7 days after the
infection, and the mRNA expression levels of cytokines were analyzed as indicated by real-time
RT-PCR. Data are shown as mean ± SEM (n = 3) and are representative of two independent
experiments. �P< 0.05, ���P< 0.005.
(TIF)

S9 Fig. Augmentation of mRNA expression of IL-27 p28, but not IL-6, by IFN-γ in WT BM
cells in vitro. Total BM cells of WT mice were stimulated with IFN-γ (100 U/ml) for 48 hr and
the mRNA expression of IL-27 p28, EBI3, and IL-6 was analyzed by real-time RT-PCR (A). IL-
27 p28 levels in culture supernatants were also determined by ELISA (B). Data are shown as
mean ± SEM (n = 3) and are representative of two independent experiments. �P< 0.05,
���P< 0.005.
(TIF)

S10 Fig. mRNA expression of transcription factors and molecule critical for cell differentia-
tion and proliferation in STAT1 KO and STAT3 cKO LSK cells. (A) LSK cells purified from
BM cells of WT (129) mice and STAT1-deficient mice were expanded by IL-27 and SCF for 2
weeks, and the LSK population was then purified by sorting and subjected to real-time
RT-PCR. (B) Purified GFP− STAT3flox/flox LSK cells and GFP+ STAT3 cKO LSK cells were
expanded by IL-27 and SCF for 10 days, and the LSK population was then purified by sorting
and subjected to real-time RT-PCR. Data are shown as mean ± SEM (n = 3–4) and representa-
tive of two to three independent experiments. �P< 0.05, ���P< 0.005.
(TIF)

S11 Fig. There was no apparent difference in the parasitemia and expansion of LSK cells
and neutrophils between WTmice andWSX-1-deficient mice 7 days after lethal P. berghei
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NK65 infection.WT orWSX-1-deficient mice were infected with the blood stage of P. berghei
NK65. Seven days later, parasitemia was determined (A), and populations of LSK cells (B) and
neutrophils (C) in the BM and spleen were analyzed by flow cytometry, and representative dot
plots of c-Kit and Sca-1 in the Lin− population and CD11b and Gr-1 are shown. Cell number
of these populations in the BM and spleen was also counted. Data are shown as mean ± SEM
(n = 2–4). �P< 0.05.
(TIF)

S12 Fig. Dispensable role of IL-6 in infection with the blood stage of P. berghei XAT. (A)
Comparable susceptibility of WT and IL-6-deficient mice to malaria. WT and IL-6-deficient
mice were infected with the blood stage of P. berghei XAT and parasitemia was counted at 7
days after infection. Data are shown as mean ± SEM (n = 5) and are representative of at least
two independent experiments. �P< 0.05, ��P< 0.01, ���P< 0.005. (B-C) Similar cell numbers
of the LSK cell population and neutrophils in the BM and spleen of WT and IL-6-deficient
mice compared with mice infected with malaria. BM and spleen cells were analyzed by flow
cytometry 7 days after malaria infection; representative dot plots of c-Kit and Sca-1 in the Lin−

population (B) and Gr-1 and CD11b (C) are shown. The cell numbers of the LSK cell popula-
tion and neutrophils were counted (B-C). Data are shown as mean ± SEM (n = 3) and are rep-
resentative of two independent experiments. �P< 0.05, ��P< 0.01, ���P< 0.005.
(TIF)
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Abstract. Hypoxia occurs during development of cervical 
cancer and is considered to correlate with its invasion. Hypoxia 
mediates tumor cells to have more invasive property in a 
variety of cancers. Urokinase plasminogen activator receptor 
(uPAR) which mediates invasion is considered to be induced 
by hypoxia. We sought to determine the regulators of uPAR 
expression during hypoxia in cervical cancer. We showed that 
cervical cancer cell lines, CaSki and CA, were more invasive 
under hypoxic condition (1% O2) than under normoxic condi-
tion (20% O2) by invasion assays. Using western blot analysis, 
hypoxia enhanced the endogenous hypoxia-inducible factor 
(HIF)-1α and uPAR protein expression. uPAR mRNA level 
was also upregulated by hypoxia using real-time RT-PCR. 
Overexpression of HIF-1α which is induced by hypoxia 
activated the transcriptional activity of the uPAR promoter 
by luciferase assays. HIF-1 protein bound the putative HIF-1 
response element on the uPAR promoter using electrophoretic 
mobility shift analysis, and additional luciferase assays show 
that this is essential for uPAR transactivation by HIF-1. HIF-1 
overexpression enhanced the endogenous uPAR expression 
and introduction of siRNA for HIF-1α diminishes uPAR 
expression during hypoxia. These results indicate the upregu-
lation of uPAR by hypoxia in cervical cancer cells is mediated 
through HIF-1. In cervical cancer tissues, we also demon-
strated that uPAR protein expression was detected in cervical 
cancer but not in normal cervix or cervical intraepithelial 
neoplasia (CIN) by immunohistopathological staining. Our 
results provide evidence that regulation of uPAR expression 
by HIF-1 represents a mechanism for cervical cancer invasion 
during hypoxia.

Introduction

Hypoxia within solid tumors may have a profound impact 
in malignant progression. Hypoxia within the tumor mass is 
an independent marker of poor prognosis for patients with 
a variety of cancers including cervical cancers, soft tissue 
sarcoma and head neck cancers (1-3). Hypoxic stress underlies 
a number of biologically important processes in which cellular 
migration and invasion occur (4). Hypoxia may play an impor-
tant role in promoting tumor metastasis and invasion into the 
extracellular matrix (5). Hypoxia upregulates the expression of 
the urokinase plasminogen activator receptor (uPAR) which is 
a component of a protease system implicated in tumor inva-
sion and metastasis (6). The uPAR is activated by binding with 
its ligand, urokinase plasminogen activator (uPA), allowing the 
conversion of inactive plasminogen into plasmin that in turn 
can degrade extracellular matrix proteins, facilitating invasion 
by tumor cells (7).

Hypoxia-inducible factor (HIF)-1 is a heterodimeric tran-
scriptional complex that plays a pivotal role in the regulation 
of cellular utilization of oxygen and is an essential regulator of 
angiogenesis in solid tumor and ischemic disorders. HIF-1 is 
composed of the bHLH-PAS proteins HIF-1α and aryl hydro-
carbon receptor nuclear translocator (ARNT). HIF-1 mediates 
the transcriptional response to oxygen deprivation by binding 
to HIF-1 response elements (HRE) within the promoters or 
enhancers of genes involved in glycolysis, glucose transport, 
erythropoiesis and angiogenesis (8,9). The HIF-1 activity 
is critical for cancer development and HIF-1 is essential for 
proliferation, survival or differentiation of multiple tumor 
tissues (9). In light of the above considerations, we investigated 
how uPAR expression is induced by hypoxia in cervical cancer 
cell lines. We also sought to determine the regulator of uPAR 
expression during hypoxia. HIF-1 is a possible candidate for 
the regulator of uPAR expression.

Materials and methods

Samples. The samples were obtained from patients undergoing 
surgery or biopsy at Tokyo Medical University Hospital with 
informed consent. We used ten normal cervices and 35 cervical 
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cancers. To extract total RNA, the tissues were finely minced 
into small pieces with scissors, washed in phosphate-buffered 
saline (PBS), snap-frozen and stored at -80˚C. For immuno-
histochemistry analysis, the tissues were formalin-fixed and 
embedded in paraffin.

Cell culture. The human cervical cancer cell lines, CaSki and 
CA, were maintained in Modified Eagle Medium (MEM; 
Invitrogen, Carlsbad, CA, USA) supplemented with 10% 
fetal bovine serum (FBS). For hypoxic exposure, these cells 
(1.0x107 cells) were plated in 10 ml of medium in 100-mm 
dishes and incubated overnight in 1% O2 in a water-jacketed 
CO2 incubator (NAPCO, Winchester, VA, USA) at 37˚C in a 
humidified atmosphere with 5% CO2 for indicated times. In 
experiments using transfected cells, each transfection was 
performed before exposure to hypoxia.

DNA plasmids. Sequence analysis of the human uPAR 
promoter revealed one putative binding site for HIF-1, the 
HRE motifs 5'-BACGTSSk-3'. The putative HIF binding site 
at position -34 to -39 was identified on the sense strand (10). 
Luciferase reporter constructs, puPAR-141-luc, containing the 
uPAR promoter which is produced by PCR were prepared 
by ligation into pGL3-basic vector (Fig. 3A). We prepared 
the puPAR-141mt-luc, where the putative HRE is mutated by 
replacement of ACG with TTT using PCR-based site-specific 
mutagenesis. HIF-1α and ARNT constructs were kindly 
provided by Dr L. Eric Huang (Departments of Neurosurgery 
and Oncological Sciences, University of Utah, USA).

Invasion assays. For invasion assays, 12-mm-diameter 
Transwell polycarbonate filters (12-mm pore size; Costar) in a 
modified Boyden chamber were coated with Matrigel (100 ml; 
Sigma, St. Louis, MO, USA) at 1:20 dilution in serum-free 
medium and air-dried for 24 h. Cells (5x104) in the complete 
medium (200 ml) were seeded into the inner chamber. A total 
of 600 ml of the medium was added to the lower chamber, 
and the plate was incubated at 37˚C in a 5% CO2/95% air 
incubator (20% O2). For hypoxic treatment, plates containing 
Boyden chambers were placed in 1% O2 in a water-jacketed 
CO2 incubator (NAPCO) at 37˚C in a humidified atmosphere 
with 5% CO2 overnight. Cells on the lower surface of the 
filter were scraped with a rubber scraper into the medium 
from the lower chamber, pelleted, resuspended in the medium 
(50 ml), and counted using a hemocytometer. Each condition 
was performed in quadruplicates, and the experiments were 
carried out twice.

Real-time RT-PCR analysis. Total RNA was isolated using 
Isogen reagent (Nippon Gene, Tokyo, Japan) and quanti-
fied by A260/A280 measurement using an Ultraspec 3000 
(Amersham Biosciences, Piscataway, NJ, USA). Total RNA 
(50 mg) was reverse-transcribed into cDNA using an RT-PCR 
kit (Stratagene, La Jolla, CA, USA) according to the manufac-
ture's recommendations.

Real-time PCR was performed for the quantitative estima-
tion of the DNA level. PCR reactions (20 ml) were set-up with 
the final concentrations of 5 mM MgCl2, SYBR-Green Master 
Mix (2 ml; Roche Applied Science, Mannheim, Germany), 
cDNA (1:10 dilution; 5 ml), and forward and reverse primers 

(0.3 mM each). The primer sequences were as follows: 5'-CAA 
CACCACCAAATGCAACG-3' (forward), and 5'-GGTTTTT 
CGGTTCGTGAGTG-3' (reverse). The reactions were then 
cycled in a LightCycler (Roche Applied Science) with the 
following parameters: denaturation for 1 cycle at 95˚C for 
10 sec, 45 cycles (temperature transition of 20˚C/sec) of 95˚C 
for 10 sec, 62˚C for 10 sec, and 72˚C for 6 sec. Fluorescence 
readings were taken at 72˚C and, melting curve analysis was 
performed with continuous f luorescence reading. The 
LightCycler software generated a standard curve (from 
measurements taken during the exponential phase of the 
amplification) that enabled the amount of each gene in each 
test sample to be determined.

Western blot analysis. CaSki and CA cells were seeded 
at 2.5x106 cells/150 mm dish, and incubated overnight at 
37˚C. Subsequently, cells were exposed to hypoxic condi-
tions. Cells were harvested and lysed on ice for 30 min. In 
lysis buffer [10 mM Tris (pH 8.0), 1 mM EDTA, 400 mM 
NaCl, 10% glycerol, 0.5% NP40, 5 mM sodium fluoride, 
0.1 mM phenylmetylsulphonyl fluoride and 1 mM DTT], 
containing complete protease inhibitor cocktail (Boehringer 
Mannheim, Indianapolis, IN, USA). The lysate was centri-
fuged at 14,000 rpm for 15 min and the soluble fractions 
were collected. Protein concentrations were measured using 
Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, 
CA, USA). Equal amounts of protein (40 mg) were loaded 
onto a 4-12% SDS-polyacrylamide gel and subjected to elec-
trophoresis at 200 v for 50 min. The protein was transferred 
onto a polyviniylidene difluoride membrane and probed with 
an anti-uPAR antibody (FL-290; Santa Cruz Biotechnology, 
Santa Cruz, CA, USA), anti-HIF-1α antibody (NB100-105; 
Novus Biologicals, Littleton, CO, USA), and anti-actin anti-
body (C4; Boehringer Mannheim). The same blot was probed 
with different antibodies after stripping the membrane. Each 
protein was detected by horseradish peroxidase-conjugated 
secondary antibody coupled with enhanced chemilumi-
nescence western blotting detection reagents (Amersham 
Biosciences). Each band intensity was normalized to the inten-
sity of the actin band.

Transfection and luciferase assays. Each cell line was seeded 
at 5.0x105 cells/35-mm dish and incubated overnight at 37˚C 
in a 5% CO2 incubator. For each transfection, empty or expres-
sion vectors (1.0 mg) along with the promoter-luciferase DNA 
(0.3 mg) were mixed in Opti-MEM (0.2 ml) and a precipitate 
was formed using Lipofectamine 2000 (both from Invitrogen) 
according to the manufacturer's instructions. Cells were washed 
with Opti-MEM, and complexes were applied to the cells. 
After transfection for 24 h, cells were harvested and extracts 
were prepared with the Glo Lysis Buffer (Promega, Madison, 
WI, USA). Luciferase activity was measured in extracts from 
triplicate samples using the Bright-Glo Luciferase Assay 
system (Promega).

Electrophoretic mobility shift assays. The HIF-1 protein was 
synthesized in vitro in the presence of unlabeled amino acids 
using the pcDNA3-HIF-1α and pcDNA3-ARNT expression 
constructs with the coupled transcription/translation system 
(TNT) from Promega (11). Translated products were analyzed 
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by western blotting using anti-HIF-1α antibody (NB100-105; 
Novus Biologicals).

Oligonucleotides containing the HIF-1 consensus 
DNA-binding site from uPAR promoter (HRE/uPAR) and 
the HIF-1 binding site from the erythropoietin promoter 
(HRE) were purchased as single-stranded DNAs from 
Genosys Biotechnologies (Woodlands, TX, USA). Double-
stranded oligonucleotides were prepared by annealing 
complementary oligonucleotides, in a buffer containing 
10 mM Tris (pH 8.0), 500 mM NaCl and 1 mM EDTA. 
The sequences of the complementary pairs were as 
follows: 5'-AAGGAGAGAAGACGTGCAGGGACCCC-3' 
and 5'- GGGGTCCCTGCACGTCTTCTCTCCTT-3' 
(HRE/uPAR); 5'-TCTGTACGTGACCACACTCACCTC-3' 
and 5'-GAGGTGAGTGTGGTCACGTACAGA-3' (HRE). 
Equimolar amounts of the complementary oligonucleotides 
were mixed in a 1.5-ml microcentrifuge tube and placed in 
a heat block at 95˚C. The heat block was allowed to cool to 
room temperature, and the samples were desalted on a G-25 
Microspin column (Amersham). The double-stranded oligo-
nucleotides were end-labeled with 32P using T4 polynucleitide 
kinase and [γ-32P]-ATP. For electrophoretic mobility shift 
analysis, end-labeled double stranded oligonucleotides, 
5,000 cpm, were incubated with HIF-1 protein (2 ml) prepared 
by in vitro transcription/translation at room temperature (22˚C) 
for 30 min in the presence of a binding buffer containing 10% 
glycerol, 20 mM HEPES (pH 7.5), 25 mM kCl, 2 mM DTT, 
2 mM MgCl2, 0.4 % NP-40 and 1 mg sheared salmon sperm 
DNA. When competition assays were performed, an unlabeled 
HIF-1 consensus sequence oligonucleotide was incubated 
with proteins and buffer for 5 min before the addition of 
each labeled oligonucleotide. For supershift assays, 0.5 mg of 
HIF-1α antibody (Oz15; Lab vision Corporation, Fremont, 
CA, USA) was incubated with the binding mixtures for 5 min 
before the addition of the labeled oligonucleotide. Samples 
(20 ml) were loaded onto a 5% non-denaturing polyacrylamide 
gel and subjected to electrophoresis at 150 v for 1 h using 
0.5X Tris-borate EDTA [1X Tris-borate EDTA: 89 mM Tris, 
8 mM boric asid and 2 mM EDTA (pH 8.3)] as running buffer. 
After electrophoresis, gels were transferred to Whatman 3 
MM paper and exposed to Kodak XAR film with intensifying 
screens at -80˚C.

siRNA transfection. Gene silencing was achieved by transient 
transfection of siRNA oligonucleotides encoding specific 
sequences for HIF-1α according to the manufacturer's instruc-
tions (Santa Cruz Biotechnology). In brief, CaSki and CA 
were plated overnight in antibiotic-free medium to reach 50% 
confluency. Cells were transfected the following morning 
using Lipofectamine 2000 with 100 pmol/ml of siRNA 
oligonucleotides. Control siRNA was transfected to exclude 
non-specific effects. After exposure to 1% O2 for 24 h, cells 
were harvested for protein.

Immunohistopathological analysis. Immunohistochemistry 
was performed on representative formalin-fixed, paraffin 
embedded sections. Each tissue block was sectioned at 
4-mm thickness, deparaffinized in xylene and rehydrated in 
graded alcohols. Primary antibodies against uPAR (CD87, 
clone HD-uPAR-13.1; 1:50 dilution; American Diagnostica, 

Stamford, CT, USA) and HIF-1α (NB100-105, clone 
H1alpha67; 1:500 dilution; Novus Biologicals) were used. 
Pretreatment for unmasking of antigens was carried out either 
via protease XXIv (Sigma Chemicals, Perth, WA, USA) for 
10 min at room temperature for uPAR, or by autoclaving for 
10 min at 110˚C for HIF-1α.

Results

Hypoxia mediates invasion. To determine the functional 
correlates of hypoxia-induced uPAR expression and invasion, 
we first compared the invasion of cervical cancer cells through 
a reconstituted basement membrane (Matrigel). The cervical 
cancer cell line, CaSki and CA, were incubated in hypoxic (1% 
O2) and normoxic conditions (20% O2), respectively. Invasion 
assays showed that these cells were 2-fold more invasive under 
hypoxic conditions than under normoxic conditions (Fig. 1).

Hypoxia induces endogenous uPAR expression. To analyze 
whether there is a correlation between HIF-1α and uPAR, we 
examined the effect of hypoxia on HIF-1α and uPAR expres-
sion in cervical cancer cell line, CaSki and CA. Whole cell 
extracts prepared from controls and from cells exposed to 
1% O2 for 24 h were subjected to western blot analysis. As 
shown in Fig. 2, both HIF-1α and uPAR protein expressions 
were increased significantly under hypoxic conditions. These 
results indicate that hypoxia induces the endogenous expres-
sions of uPAR.

HIF-1 transactivates the uPAR promoter. To examine whether 
the induction of uPAR expression by hypoxia is mediated 

Figure 1. Hypoxia induces invasion in cervical cancer cells. Error bars indi-
cate standard deviation from quadruplicate assays.

Figure 2. Hypoxia induces uPAR protein expression. CaSki and CA cells 
were cultured at 20% O2 or 1% O2 for 24 h. Whole cell extracts (40 mg) were 
prepared and subjected to western blot analysis.
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via a transcriptional mechanism, CaSki and CA cells were 
transfected with puPAR-141-luc (Fig. 3A) and then exposed to 
1% O2 for 24 h. Hypoxia transactivated the uPAR promoter 
by 2-fold (Fig. 3B). Additional cotransfection experiments 
were performed with puPAR-141-luc, HIF-1α and ARNT or 
empty vectors. HIF-1 overexpression transactivated the uPAR 
promoter by 5-6 fold (Fig. 3C).

The uPAR promoter contains a putative HRE. To confirm 
whether the uPAR promoter regions are responsible for 
transactivation by HIF-1, we prepared a reporter construct, 
puPAR-141mt-luc, where the putative HRE is mutated by 
replacement of AGG with TTT (Fig. 3A). Neither hypoxia nor 

HIF-1 overexpression increased the activity of this mutated 
promoter, indicating that this putative HRE (HRE/uPAR) 
is essential for the regulation of uPAR by hypoxia and 
HIF-1 (Fig. 3B and C).

HIF-1 interacts with the putative HRE in the uPAR promoter. To 
determine whether HIF-1 has direct interaction with the HRE on 
the uPAR promoter, electrophoretic mobility shift assays were 
performed. Oligonucleotide corresponding to nucleotides -50 
to -25 (HRE/uPAR) of the uPAR promoter was incubated with 
HIF-1α and ARNT prepared by in vitro transcription/transla-
tion and subjected to electrophoresis. A DNA-protein complex 
was formed when HRE/uPAR was incubated with the HIF-1-
programmed rabbit reticulocyte lysate (Fig. 4A), but not with 
the unprogrammed lysate (data not shown). This complex was 
specifically retarded by anti-HIF-1α antibody (Fig. 4). The 
addition of a 30-fold molar excess of cold HIF-1 consensus 
oligonucleotide (HRE) markedly reduced binding (Fig. 4A). 
To additionally substantiate a HIF-1 binding to this oligo-
nucleotide, we performed competition assays using end-labeled 
HIF-1 consensus oligonucleotide and cold HRE/uPAR as a 
competitor. The unlabeled HRE/uPAR competed with HIF-1 
binding to the wild-type probe when present in the reaction at 
50- and 200-fold molar excess (Fig. 4B). These results confirm 
that HIF-1 binds to the HRE/uPAR and indicate that the 
affinity of HIF-1 binding to the HRE/uPAR is similar to that of 
the consensus HIF-1 sequence.

These data indicate that hypoxia-induced uPAR expression 
is induced by the enhanced activity of HIF-1 on the HRE/uPAR 
promoter. Taken together, the putative HIF-1 binding site in 
the proximal region of the uPAR promoter is essential for the 
regulation of uPAR.

Disruption of the uPAR expression by HIF-1 siRNA. HIF-1α 
siRNA was previously used to inhibit HIF-1α expression (12). 
In the present study, we used this HIF-1α siRNA to examine 
whether hypoxia-induced uPAR expression is mediated by 
HIF-1 upregulation. When CaSki cells were transfected with 
siRNA and exposed to hypoxic conditions, the HIF-1α and 
uPAR expressions were downregulated compared with the 
control siRNA transfected cells (Fig. 5A). The level of actin 
was monitored as a control and was found to be unaltered 
by siRNA (Fig. 5A). Similar results were obtained using CA 
cells (Fig. 5A). These results indicate that HIF-1α is required 
for hypoxia induced uPAR expression.

To examine the effect on invasiveness by HIF-1α knock-
down, we performed invasion assay in CaSki and CA cells 
after HIF-1α siRNA tranfection. Downregulation of HIF-1 
expression significantly diminishes invasion in cervical cancer 
cells (Fig. 5).

uPAR mRNA expression in cervical cancer tissue. The expres-
sion of uPAR mRNA was examined in cervical cancer from 
35 patients and normal cervix from 10 patients who suffered 
from uterine myoma or prolapse of the uterus. Triplicate 
measurements were carried out. uPAR mRNA levels were 
much higher in cervical cancer than in normal tissues (Fig. 6).

Localization of the uPAR expression. Immunohistochemical 
analysis of uPAR may lead to the understanding of neoplastic 

Figure 3. Transactivation of uPAR promoter activity by hypoxia exposure and 
HIF-1 overexpression. (A) The schematics of the HIF-1 response elements 
and the puPAR141-luc and puPAR141mt-luc reporters are shown. (B) CaSki 
and CA cells were transfected with the puPAR141-luc/puPAR141mt-luc 
(0.3 mg) in hypoxic conditions (1% O2) and activity reported as relative lumi-
nescence units (RLU). Error bars indicate standard deviation in triplicate 
assays. (C) CaSki and CA cells were co-transfected with the puPAR141-
luc/puPAR141mt-luc (0.3 mg) and 1.0 mg of HIF-1 expression constructs 
(HIF-1α and ARNT) or empty vector, pcDNA3 in hypoxic conditions (1% 
O2) and activity reported as relative luminescence units (RLU). Error bars 
indicate standard deviation in triplicate assays.
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progression of invasion in cervical carcinogenesis. Increased 
nuclear staining of HIF-1α was observed in invasive cervical 

cancer tissue samples (Fig. 7C). However, no or faint staining 
was observed in CIN3 (Fig. 7A). High-level cytoplasmic 
staining of uPAR was detected in invasive cervical cancer, 
whereas not in CIN3 (Fig. 7B and D).

Discussion

Tumor cells need to migrate through the extracellular matrix 
and invade blood vessels into systemic circulation to be 
disseminated to metastatic organs (13,14). Firstly, tumor cells 
detach from the primary tumor, invade blood vessels and then 
metastasize in organs where they form the secondary lesion. In 
spite of significant progress in cancer biology, it is not known 

Figure 4. Analysis of HIF-1 interaction with the putative HRE in the uPAR promoter. (A) 32P end-labeled HRE/uPAR oligonucleotide was used as a probe. 
For the competition assays, 30- or 100-fold molar excess of the HRE was used. For the supershift assay, anti-HIF-1α antibody (0.5 mg) was added into the 
binding reaction. The thin arrow indicates HIF-1/DNA complexes and the thick arrow indicates supershifted bands. (B) The HIF-1 consensus oligonucleotide 
was end-labeled with 32P. For the competition assays, 50- or 200-fold molar excess of HRE/uPAR was added to the binding reaction, respectively. For the 
supershift assay, anti-HIF-1α antibody (0.5 mg) was added into binding reaction. The thin arrow indicates HIF-1/DNA complexes and the thick arrow indicates 
supershifted bands. NS, non-specific.

Figure 5. (A) Disruption of uPAR expression by the HIF-1α siRNA. CaSki 
and CA cells were transfected with the HIF-1α siRNA or control siRNA 
using Lipofectamine 2000. Cells were then exposed to hypoxic conditions 
(1% O2). A cell lysate was prepared after 24 h and analyzed by western blot-
ting for protein level using antibodies to HIF-1α, uPAR and actin. (B) HIF-1α 
siRNA diminishes invasion in cervical cancer cells.

Figure 6. uPAR mRNA level in cervical cancer.
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why only some but not all cells of a clonal tumor population 
acquire the ability to migrate through the tissue barriers (14). 
One hypothesis is that specific transient regional tumor micro-
environment of low oxygen mediates a distinctive epigenetic 
gene expression profile in a subset of cells, which likely causes 
selection of more invasive cell clones (15,16). Tumor hypoxia 
is one of the most critical situations during development of 
tumor invasion.

Our data show that HIF-1 transactivates the uPAR 
promoter and then mediates the induction of uPAR and 
invasion in cervical cancer cells during hypoxia. We have 
also shown that the protein level of uPAR in cervical cancer 
samples is higher than that in normal cervix. The level of 
uPAR was increased under hypoxic conditions, as determined 
by real-time RT-PCR analysis and western blotting in cervical 
cancer cell lines. When siRNA was used to reduce HIF-1α 
expression, not only uPAR expression but also invasiveness 
was significantly diminished during hypoxia. According to 
electrophoretic mobility shift assay, we identified the active 
HRE in the uPAR core promoter. These findings may be 
relevant to several biological processes in which cell inva-
sion occurs. For example, increased expression of uPAR 
in cancer may facilitate their invasion through hypoxic 
regions of the stroma (17). In addition, increased expression 
of uPAR is enhanced in migrating endothelial cells in vitro, 
and the fact that neovascularization of transplanted tumors 
in vivo is inhibited by uPAR antagonists suggests a role for 
hypoxia-stimulated uPAR expression in tumor angiogen-
esis (18-20). uPAR antagonists inhibit tumor metastasis, as 

well as local invasion, perhaps explaining the association of 
elevated uPAR levels in cervical, breast and other types of 
carcinomas with a poor clinical outcome (21-23).

Correlation between HIF-1 and regulation of uPAR has 
rarely been shown. The protease system of uPA/uPAR and 
metalloproteinases participate in the metastatic disease 
progression, which depends on hypoxia (13). A previous 
study showed that exposure of MDA-MB231 human breast 
carcinoma cells to hypoxia upregulated uPAR expression and 
increased invasion (17). It has also shown that these effects 
were prevented by incubating the cells with a blocking anti-
body to uPAR (17). It was hypothesized in that previous study 
that HIF-1 may be involved in the transcriptional activation 
of the uPAR gene (17). Also, Büchler et al has shown that 
the effects of hypoxia on uPAR and invasion were mediated 
directly by HIF-1 in pancreatic cancer cells (24).

The HRE (5'-RCGTG-3') overlaps the E-box (CACGTG), 
which is known to bind to several nuclear factors, such as 
c-Myc, Max and Mad (25-28). It is unclear whether HIF-1 
competes with these factors for binding to these sites, whereas 
recent findings showed that hypoxia downregulated the 
c-Myc expression (29). Under hypoxic conditions, HIF-1α 
may play a predominant role in regulating promoter activity 
of uPAR. Taken together, these data strongly indicate that 
hypoxia-induced uPAR expression is due to the enhanced 
activity of HIF-1 on the uPAR promoter. Furthermore, 
the proximal HRE in the uPAR promoter is essential for 
the upregulation of uPAR during hypoxia since the uPAR 
promoter was no longer transactivated by hypoxia when we 

Figure 7. Immunohistochemical staining of HIF-1α and uPAR in cervical cancer. (A) CIN3 shows no staining with HIF-1α antibody. (B) CIN3 shows no 
staining with uPAR antibody. (C) Increased nuclear staining was observed in invasive cervical cancer. (D) Strong cytoplasmic staining was detected in invasive 
cervical cancer. (A-D) Magnification, x100.
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used the puPAR-141mt-luc which had the mutated putative 
HRE by replacement of AGG with TTT.

These data may be important for future therapeutics since 
local tumor invasion and early metastatic progression are the 
most challenging clinical features of cervical cancer. The 
coordinated activation by HIF-1 of a large battery of target 
genes, the protein products of which perform diverse but 
related functions contributing to tumor invasion, suggests that 
inhibitors of HIF-1 activity may have therapeutic utility as 
anticancer agents (30). In conclusion, our results indicate that 
hypoxia-induced upregulation of uPAR is mediated by HIF-1 
in cervical cancer cells, and provide evidence that regulation 
of uPAR expression by HIF-1 represents a mechanism for 
invasive cervical cancer during hypoxia.
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Anti-leukemic activity of axitinib against cells
harboring the BCR-ABL T315I point mutation
Seiichi Okabe*, Tetsuzo Tauchi, Yuko Tanaka, Juri Sakuta and Kazuma Ohyashiki

Abstract

The BCR-ABL; breakpoint cluster region-Abelson point mutation T315I is resistant to ABL tyrosine kinase inhibitors.
However, axitinib, a vascular endothelial growth factor receptor inhibitor, is effective against this mutation. In this study,
we investigated axitinib activity against ponatinib-resistant cells and found that axitinib inhibited cellular growth and
apoptosis in Ba/F3 T315I-mutant cells and T315I-mutant primary samples, but not in ponatinib-resistant Ba/F3 cells and
primary samples. Thus, an alternative strategy may be required to improve the prognosis of Philadelphia-chromosome-
positive leukemia patients harboring BCR-ABL point mutations.

Keywords: Axitinib, Resistant cell, Ponatinib, T315I, Compound mutation

Letters to the editor
The BCR-ABL1 fusion gene is a causative oncogene in
chronic myeloid leukemia (CML) and 30–50 % of acute
lymphoblastic leukemia cases [1, 2]. Although ABL tyro-
sine kinase inhibitors (ABL TKIs) such as imatinib, nilo-
tinib, dasatinib, and bosutinib have improved CML
treatment [3], such therapies cannot cure patients with
Philadelphia chromosome (Ph)-positive leukemia because
of leukemia stem cells [4]. Moreover, some patients develop
BCR-ABL point mutations and become resistant to ABL
TKI therapy [5]. In particular, the ABL kinase domain mu-
tation T315I is resistant to imatinib and second-generation
ABL TKIs (e.g., nilotinib, dasatinib, and bosutinib). Accord-
ingly, this mutation is often found in patients with TKI-
resistant disease [6]. A third-generation ABL TKI, ponati-
nib, and omacetaxine which is a semisynthetic form of
homoharringtonine, was recently developed [7]. Ponatinib
is a potent oral tyrosine kinase inhibitor that affects both
unmutated and mutated BCR-ABL [8]; it is effective
against T315I-mutant cells and has been approved for
TKI-resistant or intolerant CML and Ph-positive ALL pa-
tients. Omacetaxine is approved for the treatment of
chronic or accelerated-phase CML refractory to TKIs [7].
Recently, the vascular endothelial growth factor recep-

tor (VEGFR) inhibitor axitinib was found to exhibit anti-
leukemic activity against T315I-mutant disease. In the

comparative effectiveness of axitinib versus sorafenib in
advanced renal cell carcinoma (AXIS) trial [9], axitinib
improved progression-free survival (PFS) compared to
sorafenib, which is an all-multikinase inhibitor that
blocks angiogenesis targets [10], in patients with ad-
vanced renal cell carcinoma (RCC). Axitinib was ap-
proved for the treatment of advanced RCC. Axitinib is
an orally active and potent TKI of VEGFRs 1, 2, and 3
and inhibits BCR-ABL1, especially the T315I variant, via
a distinct binding conformation [11]. In this study, we
investigated whether axitinib could suppress ponatinib-
resistant compound-mutant cells harboring the T315I
mutation. A 72-h axitinib treatment inhibited the growth
of Ba/F3 T315I cells (Fig. 1a). Immunoblot analysis of
axitinib-treated cells revealed dose-dependent decreases
in BCR-ABL, the downstream molecule Crk-L, and ribo-
somal S6 protein phosphorylation and increases in caspase
3 and Poly (ADP-ribose) polymerase (PARP) activity
(Fig. 1b, c, e). Ponatinib and axitinib also induced apop-
tosis, significantly increased caspase activity (Fig. 1d), and
reduced Akt activity (Fig. 1f).
In contrast, clinically available concentrations of axi-

tinib did not inhibit the growth of ponatinib-resistant
Ba/F3 cells (Fig. 1a). Immunoblot analysis revealed that
BCR-ABL, Crk-L, and S6 kinase phosphorylation were
not inhibited by axitinib or ponatinib (Fig. 1b, e). Simi-
larly, no increase in caspase activity or decrease in Akt
activity was observed following axitinib treatment (Fig. 1c,* Correspondence: okabe@tokyo-med.ac.jp
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f ), and neither ponatinib nor axitinib affected apoptosis in
these cells (Fig. 1d).
We next evaluated primary T315I-mutant and ponatinib-

resistant compound-mutant samples. Axitinib potently
inhibited the growth of T315I-mutant primary cells in a
dose-dependent manner (Fig. 1g). Immunoblot analysis fur-
ther revealed reduced Crk-L and S6 kinase phosphorylation
after axitinib or ponatinib treatment (Fig. 1i). In contrast,
the growth of ponatinib-resistant primary cells was not af-
fected by ponatinib or axitinib (Fig. 1h). Immunoblotting
revealed that neither ponatinib nor axitinib affected the
phosphorylation of Crk-L and S6 kinase in ponatinib-
resistant cells (Fig. 1i).
In CML, ABL TKI resistance is frequently caused by

ABL kinase domain mutations. The T315I mutation is
resistant to all ABL TKIs except ponatinib. However, we
previously described ponatinib-resistant cells resulting
from a BCR-ABL compound mutation [12]. Although
axitinib, which is currently being investigated for efficacy
in patients with Ph-positive T315I-mutant leukemia, in-
duced apoptosis in T315I-mutant cells, it was ineffective
against cells with a compound mutation including T315I.
An alternative strategy will be required to improve the
prognosis of patients with Ph-positive, BCR-ABL-mutant
leukemia. Current evidence to direct the management
of ABL TKI-resistant disease, particularly those harbor-
ing T315I and compound mutations, is limited. New
molecular-targeted drugs and an understanding of ABL
TKI resistance mechanisms are required to apply an ap-
propriate therapeutic approach.
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Fig. 1 Growth inhibition and cellular signaling following axitinib/ponatinib treatment in T315I-mutant and compound-mutant cells. a Ba/F3 T315I
or Ba/F3 ponatinib-resistant (Ba/F3 ponatinib-R) cells were exposed to axitinib or ponatinib for 72 h at the indicated concentrations and subjected
to quantitative cell proliferation analysis. Each result is presented as the mean percentage of proliferation relative to unexposed control cultures.
*P < 0.05 compared to T315I cells. b Ba/F3 T315I or Ba/F3 ponatinib-R cells were treated with ponatinib (10 nM) or axitinib (500 nM) for 24 h. Total
cell extracts were examined via immunoblot analysis with anti-phospho ABL, phospho-Crk-L, phospho-S6, cleaved caspase 3, cleaved PARP, ABL,
Crk-L, and β-actin antibodies. c Caspase activity was analyzed using an ApoAlert® Caspase-3 Colorimetric Assay Kit (Takara Bio Inc. Otsu, Shiga,
Japan) according to the manufacturer’s protocol. Data represent three independent sets of experiments. *P < 0.05 compared to Ba/F3 T315I and
Ba/F3 ponatinib-R cells. d Apoptosis in Ph-positive cell lines was assayed using a FITC Annexin V Apoptosis Detection Kit I™ (BD Pharmingen, San
Jose, CA, USA). The experiments were performed in triplicate. e Ba/F3 T315I or Ba/F3 ponatinib-R cells were treated with axitinib at the indicated
concentrations for 24 h. Total cell extracts were examined via immunoblot analysis with anti-phospho ABL, phospho-Crk-L, phospho-S6, cleaved
caspase 3, cleaved PARP, ABL, Crk-L, and β-actin antibodies. f Akt activity was analyzed using a phospho-AKT 1/2/3 (Ser473) InstantOne™ enzyme-linked
immunosorbent assay kit (Affymetrix, Cleveland, OH, USA) according to the manufacturer’s protocol. Data represent three independent sets of experiments.
*P< 0.05 compared to Ba/F3 T315I and Ba/F3 ponatinib-R cells. g, h T315I-positive or compound-mutant primary cells were subjected to quantitative cell
proliferation analysis after a 72-h exposure to axitinib or ponatinib. Each result is presented as the mean percentage of proliferation relative to unexposed
control cultures. *P< 0.05 compared to control. i T315I-positive or compound-mutant primary cells were treated with axitinib at the indicated
concentrations for 24 h. Total cell extracts were examined via immunoblot analysis with anti-phospho-Crk-L, phospho-S6, cleaved PARP, and
β-actin antibodies
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AbstrAct
The potency of Abelson (ABL) tyrosine kinase inhibitors (TKIs) against chronic 

myeloid leukemia (CML) has been demonstrated. However, ABL TKI resistance can 
develop. In this study, we investigated the efficacy of a combination therapy including 
rigosertib (ON 01910.Na), a polo-like kinase (PLK) and phosphoinositide 3-kinase 
(PI3K) inhibitor, and ABL TKIs. A 72-h rigosertib treatment was found to inhibit cell 
growth, induce apoptosis, reduce phosphorylation of the breakpoint cluster region-c 
(BCR)-ABL and its substrate Crk-L, and increase the activities of caspase 3 and poly 
(ADP-ribose) polymerase (PARP). This combination therapy also exerted a synergistic 
inhibitory effect on Philadelphia chromosome (Ph)-positive cell proliferation and 
reduced the phosphorylation of BCR-ABL and Crk-L while increasing that of cleaved 
PARP and the H2A.X histone. Rigosertib also potently inhibited the growth of ABL 
TKI-resistant cells, and cotreatment with ABL TKIs and rigosertib induced higher 
cytotoxicity. These results indicate that rigosertib treatment may be a powerful 
strategy against ABL TKI-resistant cells and could enhance the cytotoxic effects of 
ABL TKIs.

IntroductIon

Chronic myeloid leukemia (CML) is associated 
with the Philadelphia chromosome (Ph), which is a 
translocation of the Abelson (ABL)1 oncogene on 
chromosome 9 with a breakpoint cluster region (BCR) on 
chromosome 22 and is designated t(9;22) [1]. This fusion 
gene encodes the chimeric oncogenic fusion protein BCR-
ABL, a constitutively active tyrosine kinase. Imatinib, 
an orally available ABL tyrosine kinase inhibitor (TKI), 
effectively induces cytogenic remission in patients with 
CML [2]. Despite the efficacy of imatinib, some patients 
develop resistance to ABL TKI therapy. Primary or 
secondary resistance to imatinib has been reported to 
occur in approximately 40% of patients with CML in the 
chronic phase (CML-CP) [3]. Second-generation ABL 
TKIs such as nilotinib or dasatinib have been shown to 
induce major cytogenetic responses in approximately 50% 
of patients with imatinib-resistant or intolerant CML [4, 5] 
and are currently used clinically as first-line therapies for 
newly diagnosed CML [6, 7].

Although the majority of patients with CML-CP 
achieve impressive clinical responses, increasing evidence 
of acquired resistance to TKIs has been documented [8]. 
In particular, the T315I mutation seems to be the most 
frequently observed resistance mechanism after dasatinib 
treatment [9]. The TKI ponatinib is also effective for 
patients with heavily pretreated resistant CML and for 
one third of patients with accelerated phase (AP) or blastic 
phase (BP) CML [10]. In the Ph-positive ALL and CML 
Evaluation (PACE) trial, ponatinib inhibited the growth of 
leukemia cells, including those harboring T315I mutants 
[11]. Although ponatinib was developed as a BCR-ABL 
inhibitor, recent studies have identified novel compound 
mutations that cause resistance to ponatinib [12, 13], 
indicating that mutations in the BCR-ABL kinase domain 
may confer resistance to ABL TKIs. Moreover, ABL TKIs 
cannot eradicate leukemia stem cells [14]. Therefore, 
alternative strategies are needed to improve the outcomes 
of patients with CML.

Mitosis is the key event of cell cycle, and polo-like 
kinase (PLK) is a pivotal regulator of mitosis as well as 
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cytokinesis [15]. Five members of the PLK family have 
been discovered in humans. PLK1, which is mainly 
expressed during the late G2 and M phase, regulates 
various stage of mitosis. This protein contains a highly 
conserved N-terminal protein kinase domain and a 
C-terminal polo box domain (PBD), which is required for 
docking to other targets. PLK1 is also highly expressed 
in a broad spectrum of tumors, and its expression level 
correlates with poor prognosis in patients. Therefore, 
high PLK1 levels are a marker of cellular proliferation in 
cancers such as leukemia [16, 17].

Rigosertib, also known as ON0190.Na, is a benzyl 
sulfone analogue and an adenosine triphosphate (ATP)-
noncompetitive, multitargeted inhibitor [18]. Rigosertib 
inhibits both PLK1 and phosphatidylinositol 3-kinase 
(PI3K) and has been investigated in clinical trials against 
solid tumors and hematological malignancies such as 

myelodysplastic syndrome (MDS) [19, 20]. Herein, we 
have investigated the effects of rigosertib against Ph-
positive leukemia cells. We have also investigated whether 
co-treatment with ABL TKIs and rigosertib would increase 
cytotoxicity against Ph-positive primary leukemia cells.

results

rigosertib induces cytotoxicity and inhibits the 
proliferation of Ph-positive cell lines

PLK1 is up-regulated in many human tumors, 
including hematological malignancies [17]. Therefore, 
we first examined PLK1 expression in Ph-positive 
leukemia cells and observed expression in Ph-positive 

Figure 1: Analysis of polo-like kinase 1 expression and rigosertib activity against Philadelphia (Ph)-positive leukemia 
cells. A. Polo-like kinase 1 (PLK1) expression was examined via immunoblotting, with actin as the loading control. b., e. K562 or Ba/
F3 T315I cells were treated with the indicated concentrations of rigosertib for 72 h. The percentages of cell growth were examined; *P < 
0.05 compared with the control. Results represent three separate experiments. c. K562 cells were treated with the indicated concentrations 
of rigosertib for 48 h. Percentages of apoptotic cells were examined. These results represent three independent experiments; *P < 0.05 
compared with the control. d., F. K562 or Ba/F3 T315I cells were treated with rigosertib at the indicated concentrations for 24 h. Total 
extracts were examined via immunoblotting with anti-phospho ABL, phospho-Crk-L, phosphohistone H2A.X, cleaved caspase 3, cleaved-
PARP, ABL, Crk-L, and β-actin antibodies (abs). ABL, Abelson; PARP, poly (ADP-ribose) polymerase; abs, antibodies.
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leukemia cell lines and primary samples as well as 
cluster of differentiation (CD) 34-positive CML samples 
(Figure 1A). As rigosertib is a potent PLK1 and PI3K 
inhibitor, we examined its efficacy against Ph-positive 
leukemia cells. Incubation for 72 h with the indicated 
concentrations of rigosertib decreased growth (Figure 
1B) and increased apoptosis in K562 cells in a dose-
dependent manner (Figure 1C). Immunoblotting revealed 
reduced phosphorylation of BCR-ABL and its downstream 
substrate Crk-L but increased caspase 3 and PARP activity 
after rigosertib treatment (Figure 1D). We also observed 
increased H2A.X histone phosphorylation after treatment 
with rigosertib. Patients with resistance to imatinib 
therapy harbor the T315I mutation [8], and we, therefore, 
evaluated the efficacy of rigosertib against T315I-mutant 
Ba/F3 cells. Cell growth was inhibited in a dose-dependent 
manner after a 72-h treatment with rigosertib (Figure 
1E). In an immunoblot analysis, rigosertib treatment 
reduced the phosphorylation of BCR-ABL and Crk-L and 
increased both the caspase and PARP activity levels, as 
well as H2A.X phosphorylation (Figure 1F).

co-treatment with Abl tKIs and rigosertib 
increased cytotoxicity against Ph-positive cell lines

We tested the effect of a combination of rigosertib 
(0, 10, 20, 50, 100, and 200 nM) and imatinib (0, 100, 
500 nM, and 1 µM) on Ph-positive K562 cells. The 
combination of the two drugs decreased the proliferation 
of K562 cells more than each drug alone (Figure 2A). 
Additionally, combined treatment with imatinib and 
rigosertib led to apoptosis at a higher rate than with each 
drug alone (Figure 2B). Immunoblot analysis revealed 
that phosphorylation of BCR-ABL and Crk-L decreased 
whereas caspase 3 and PARP activities increased following 
co-treatment with imatinib and rigosertib (Figure 2C) and 
that H2A.X phosphorylation also increased. Furthermore, 
the combination of imatinib and rigosertib down-regulated 
the expression of the anti-apoptotic protein myeloid cell 
leukemia (Mcl)-1. T315I mutant cells are resistant to 
second-generation ABL TKIs. We found that co-treatment 
with ponatinib and rigosertib decreased the proliferation 
of T315I mutant cells (Figure 2D). A two-way analysis of 
variance (ANOVA) revealed that these drugs acted in a 
synergistic manner (Figure 2A, 2D). Combined treatment 
with ponatinib and rigosertib also increased apoptosis 
in T315I mutant cells (Figure 2E), and immunoblotting 
revealed decreased phosphorylation of BCR-ABL and 
Crk-L and increased caspase 3 and PARP activities (Figure 
2F) along with increased H2A.X phosphorylation. These 
results suggest that rigosertib enhances ABL TKI-induced 
cytotoxicity against Ph-positive leukemia cells.

rigosertib overcomes Abl tKI-resistant 
leukemia cells

To investigate whether rigosertib could sensitize 
ABL TKI-resistant cells to ABL TKIs, a cell growth assay 
was performed using Ba/F3 ponatinib-resistant (Ba/F3 
ponatinib-R) cells and nilotinib-resistant K562 (K562 
nilotinib-R) cells. We found that treatment with rigosertib 
reduced the growth of these cells in a dose-dependent 
manner (Figure 3A). We also observed increased apoptosis 
(Figure 3B) and activation of caspase 3 and PARP (Figure 
3C) in Ba/F3 ponatinib-R cells following rigosertib 
treatment; in contrast, rigosertib reduced ABL and Crk-L 
phosphorylation in a dose-dependent manner. Further, 
we investigated the efficacy of ponatinib and rigosertib 
against ponatinib-resistant Ba/F3 cells. Although ponatinib 
treatment did not increase the activity of PARP, co-
treatment with ponatinib and rigosertib inhibited cell 
growth (Figure 3D) and increased PARP cleavage, caspase 
3 activity, and H2A.X phosphorylation (Figure 3E). We 
further examined the efficacy of rigosertib against K562 
nilotinib-R cells and found that this agent decreased 
cell growth in a dose-dependent manner (Figure 3F). 
Rigosertib treatment also reduced the phosphorylation 
of BCR-ABL and Crk-L while increasing the activities 
of caspase 3 and PARP (Figure 3G). We further observed 
increased cytotoxicity and reduced phosphorylation 
of BCR-ABL and Crk-L following co-treatment with 
nilotinib and rigosertib (Figures 3H, 3I). These results 
indicate that rigosertib increases the cytotoxicity of ABL 
TKIs against ABL TKI-resistant cells.

PlK1 knockdown induces cytotoxicity against 
Ph-positive leukemia cells

We investigated the inhibitory effects of PLK1 on 
Ph-positive leukemia cells by examining the effects of 
PLK1 siRNA knockdown in K562 cells. Immunoblot 
analysis revealed that PLK1 expression was completely 
inhibited (Figure 4A). Subsequently, we observed inhibited 
growth inhibition in these PLK1 siRNA-transfected cells 
(Figure 4B) and greater imatinib-mediated inhibition in the 
PLK1 siRNA-transfected K562 cells relative to the control 
siRNA-transfected cells. We also observed increased 
apoptosis in the PLK1 siRNA-transfected cells following 
treatment with imatinib (Figure 4C). Immunoblot analysis 
revealed increased PARP activity following imatinib 
treatment in the PLK1 siRNA-transfected K562 cells 
(Figure 4D). These results indicate that PLK1 knockdown 
increased the sensitivity of these cells to ABL TKI.
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rigosertib is effective against Ph-positive primary 
tumor samples

The activity of rigosertib has been investigated in 
numerous types of cancer cells [20]. Accordingly, we 

examined the activity of rigosertib against Ph-positive 
primary tumor samples. Co-treatment with ABL TKIs 
and rigosertib strongly inhibited cell proliferation relative 
to treatment with each drug alone (Figure 5A). Next, we 
examined intracellular signaling mechanisms and found 
that rigosertib treatment increased PARP activity (Figure 

Figure 2: co-treatment with Abelson tyrosine kinase inhibitors and rigosertib inhibits the proliferation of Philadelphia 
(Ph)-positive leukemia cells. A., d. K562 or Ba/F3 T315I cells were treated with the indicated concentrations of rigosertib or imatinib, 
both, or ponatinib for 72 h. The percentages of cell growth were determined as described in the Methods. Data are representative of three 
independent sets of experiments. b., e. K562 or Ba/F3 T315I cells were treated with the indicated concentrations of ponatinib or rigosertib, 
both, or imatinib for 48 h. Percentages of apoptotic cells was determined; P < 0.05 compared with imatinib or ponatinib treatment. c., F. 
K562 or Ba/F3 T315I cells were treated with ponatinib or rigosertib, both, or imatinib for 24 h. Total cellular lysates were analyzed via 
immunoblotting with anti-phospho ABL, phospho-Crk-L, phosphohistone H2A.X, cleaved caspase 3, cleaved-PARP, ABL, Crk-L, Mcl-1 
and β-actin antibodies. ABL, Abelson; PARP, poly (ADP-ribose) polymerase; Mcl-1, myeloid cell leukemia.
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Figure 3: rigosertib activity against Abelson tyrosine kinase inhibitor -resistant cells. A., F. Cells were cultured in the 
presence or absence of rigosertib for 72 h. Viable cell numbers were counted; *P < 0.05 compared with the control. Results represent three 
independent experiments. b. Cells were treated with the indicated concentrations of rigosertib for 48 h. Percentages of apoptotic cells 
were determined; *P < 0.05 compared with the control. c., G. Cells were treated with rigosertib at the indicated concentrations for 24 h. 
Total extracts were examined via immunoblotting with anti-phospho ABL, phospho-Crk-L, phosphohistone H2A.X, cleaved caspase 3, 
cleaved-PARP, ABL, Crk-L, and β-actin antibodies. d., H. Cells were treated with the indicated concentrations of rigosertib or ponatinib, 
both, or nilotinib for 72 h. Percentages of cell growth were determined; *P < 0.05 compared with rigosertib treatment. e., I. Cells were 
treated with nilotinib or rigosertib, both, or ponatinib for 24 h. Total extracts were examined via immunoblotting with anti-phospho ABL, 
phospho-Crk-L, phosphohistone H2A.X, cleaved caspase 3, cleaved-PARP, ABL, Crk-L, and β-actin antibodies. ABL, Abelson; PARP, 
poly (ADP-ribose) polymerase.
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5B) while inhibiting the phosphorylation of BCR-ABL 
and Crk-L. Co-treatment with ponatinib and rigosertib also 
increased PARP activity in primary T315I-positive cells 
while decreasing the phosphorylation of BCR-ABL and 
Crk-L (Figure 5C). These results indicate that co-treatment 
with ABL TKI and rigosertib enhanced the cytotoxicity 
against Ph-positive primary samples.

dIscussIon

Recent studies have suggested PLK1 as a useful 
target in the treatment of various tumors. PLK1 is the 

most well studied member of the PLK family and a key 
regulator of mitotic progression [15]. In this study, we 
demonstrated that PLK1 protein was abundantly expressed 
in Ph-positive leukemia and CD34-positive primary CML 
cells. These observations support the use of PLK1 as a 
therapeutic target.

Because PLK1 expression is increased in CD34-
positive CML stem cells (Figure 1A), PLK inhibition may 
eradicate these cells. We demonstrated that one PLK1 
inhibitor, rigosertib, could induce H2A.X phosphorylation 
in Ph-positive leukemia cells (Figures 1D, 1F). H2A.X 
phosphorylation is a sensitive cellular response to various 

Figure 4: Transfection of polo-like kinase 1-specific siRNA inhibits proliferation and promotes apoptosis in Philadelphia 
(Ph)-positive leukemia cells. A. PLK1 protein expression was measured via immunoblotting with a PLK1-specific antibody. β-actin 
was used as a loading control. b. PLK1 and control siRNA transfected cells were incubated with imatinib for 72 h. Viable cell numbers were 
counted; *P < 0.05 compared with control siRNA transfected cells. These results represent three separate experiments. c. Cells were treated 
with imatinib for 48 h. Percentages of apoptotic cells were determined; P < 0.05 compared with control siRNA transfected cells. Results 
represent three independent experiments. d. Cells were treated with imatinib for 24 h. Whole extracts were examined via immunoblotting 
with anti-phospho ABL, phospho-Crk-L, cleaved-PARP, and β-actin antibodies. ABL, Abelson; PARP, poly (ADP-ribose) polymerase.
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events that results in DNA damage [21]. Therefore, 
rigosertib may induce an early chromatin modification 
event following DNA damage and fragmentation. Our data 
also demonstrated that PLK1 inhibition synergistically 
enhanced sensitivity to ABL TKIs in Ph-positive cells. In 
cancer cells, PLK1 depletion has been shown to inhibit 
cell proliferation [22], perturb spindle assembly, prolong 
mitotic arrest, and induce apoptosis. In this study, we also 
confirmed that siRNA-induced PLK1 depletion inhibited 
cell growth, increased apoptosis, and enhanced the 
efficacy of ABL TKI (Figure 4C).

Rigosertib is a small molecule that induces mitotic 
arrest, and we showed that rigosertib alone could induce 
dose-dependent cytotoxicity in ABL TKI-resistant cell 
lines. In contrast, no response was observed in ABL TKI-
resistant cells even after 72 h of treatment with ABL 
TKIs such as nilotinib and ponatinib, when administered 

alone. Other studies have reported that rigosertib alone 
induces apoptosis in hematological cancer cells [23]. 
We demonstrated that co-treatment with ABL TKIs and 
rigosertib inhibited cell proliferation, induced apoptosis, 
activated caspase-3, and altered the expression of Mcl-1 
(Figure 2C).

ABL TKI-resistant patients have a poor prognosis. 
Accordingly, we investigated the efficacy of rigosertib 
against ABL TKI-resistant cell lines. Rigosertib is 
currently being investigated in clinical trials and has 
shown promising results when administered alone or as 
part of a combination therapy [24]. Other PLK inhibitors 
have also been investigated [25]. PLK1 inhibition by a 
combination of rigosertib and ABL TKIs offers a novel 
targeted anti-tumor therapy for patients with Ph-positive 
leukemia.

In summary, this pre-clinical study provides 

Figure 5: rigosertib suppresses growth and alters signaling in Philadelphia (Ph)-positive primary cells. A. CML or Ph-
positive ALL cells were treated with ponatinib or rigosertib, both, or imatinib for 72 h. Cell viability was determined as described in the 
Methods; *P < 0.05 compared with ponatinib or imatinib treatment. b. Lysates from primary cells treated with or without rigosertib for 24 
h were immunoblotted using the indicated antibodies. c. Cells were treated with ponatinib, rigosertib, or both for 24 h. Whole extracts were 
examined via immunoblotting with anti-phospho ABL, phospho-Crk-L, cleaved caspase 3, cleaved-PARP and β-actin antibodies. CML, 
chronic myeloid leukemia; ALL, acute lymphoblastic leukemia; PARP, poly (ADP-ribose) polymerase.
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scientific rationale for the continued investigation of 
PLK inhibition as a therapeutic strategy for patients with 
Ph-positive leukemia. We also provide new information 
regarding the efficacy of combined treatment with the 
PLK inhibitor rigosertib and a potent ABL TKI against 
ABL TKI-resistant leukemia cells.

MAterIAls And MetHods

ethics statement

Peripheral blood samples were collected from 
patients with CML and Ph-positive leukemia after 
obtaining written informed consent. The Institutional 
Review Board of the Tokyo Medical University approved 
this study in adherence to the Declaration of Helsinki.

Ph-positive cell lines and patient cells

The Ph-positive leukemia cell line (K562) was 
obtained from the American Type Culture Collection 
(ATCC, Manassas, VA, USA). K562 nilotinib-R [26], a 
T315I mutant Ph-positive ALL cell line (SK-9) [27], Ba/
F3 ponatinib-R [13], and T315I mutant Ba/F3 cells [28] 
were established previously. All cell lines were cultured 
in Roswell Park Memorial Institute (RPMI) 1640 medium 
containing 10% fetal bovine serum (FBS) and maintained 
at 37°C in a 5% CO2 humidified atmosphere. Fresh 
peripheral blood samples were collected in heparinized 
tubes from patients after obtaining informed consent. 
Mononuclear cells were separated from blood using 
LymphoSepare (Immuno-Biological Laboratories, 
Minneapolis, MN, USA). These cells were used 
immediately or cryopreserved in liquid nitrogen until used.

reagents

Rigosertib and ponatinib were purchased from 
MedKoo Biosciences (Chapel Hill, NC, USA), and 
imatinib and nilotinib were provided by Novartis Pharma 
AG (Basel, Switzerland). Stock solutions of rigosertib, 
nilotinib, and ponatinib were prepared in dimethyl 
sulfoxide (DMSO). Imatinib was dissolved in distilled 
water, aliquoted, and stored at -20°C. Anti-phospho ABL, 
phospho Crk-L, cleaved caspase 3, and PARP antibodies 
(Abs) were purchased from Cell Signaling (Danvers, MA, 
USA). Anti-phosphohistone H2A.X and Crk-L Abs were 
obtained from Millipore (Billerica, MA, USA). ABL, 
PLK1, and Mcl-1 Abs were obtained from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Other reagents 
were obtained from Sigma chemical company (St. Louis, 
MO, USA).

sirnA transfection

PLK1-targeting siRNA was purchased from 
Santa Cruz Biotechnology (sc-36277). K562 cells 
were transfected with PLK1 or control siRNA via 
electroporation as described previously [29].

cell viability assays

The viability of Ph-positive cells treated with 
rigosertib alone or in combination with imatinib, 
nilotinib, or ponatinib was measured via trypan blue 
exclusion or staining with a cell counting kit solution 
(Dojin, Kumamoto, Japan) followed by photometric 
measurements at A450 nm to determine cell viability. The 
experiments were performed in triplicate.

Apoptosis assay

Apoptosis of the Ph-positive cell lines was assayed 
using previously described methods [30]. The experiments 
were performed in triplicate.

Immunoblotting

Immunoblot analysis was performed according 
to previously described methods [31]. Ph-positive 
cell lines or patient cells were incubated with the 
indicated concentrations of ABL TKI or rigosertib for 
the indicated time periods. Following the indicated 
treatments, cells were harvested and lysed by sonication 
in radioimmunoprecipitation assay (RIPA) lysis buffer. 
Protein lysate concentrations were measured using a 
protein assay kit (Bio-Rad Laboratories, Hercules, CA, 
USA). Equal amounts of proteins were loaded on 4%–
20% polyacrylamide gel and transferred to polyvinylidene 
difluoride (PVDF) membranes. The membranes were 
probed with the primary antibodies of interest at the 
appropriate dilutions for 2 h at room temperature. 
Blots were developed using an Amersham enhanced 
chemiluminescence (ECL) plus kit (GE Healthcare, Little 
Chalfont, UK). The experiments with Ph-positive cell 
lines were performed thrice independently.

statistical analysis

Differences in dose responses and apoptosis between 
treatment groups were determined using Student’s t test. 
P values of <0.05 were considered significant. In some 
experiments, results of multiple-group comparisons were 
analyzed using a two-way ANOVA and presented as 
means ± standard deviations.
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Cancer immunotherapies such as sipuleucel-T and ipilimumab are promising new

treatments that harness the power of the immune system to fight cancer and

achieve long-lasting remission. Interleukin (IL)-27, a member of the IL-12 heterodi-

meric cytokine family, has pleiotropic functions in the regulation of immune

responses with both pro-inflammatory and anti-inflammatory properties. Evi-

dence obtained using a variety of preclinical mouse models indicates that IL-27

possesses potent antitumor activity against various types of tumors through mul-

tiple mechanisms without apparent adverse effects. These mechanisms include

those mediated not only by CD8+ T cells, natural killer cells and macrophages,

but also by antibody-dependent cell-mediated cytotoxicity, antiangiogenesis,

direct antiproliferative effects, inhibition of expression of cyclooxygenase-2 and

prostaglandin E2, and suppression of epithelial–mesenchymal transition, depend-

ing on the characteristics of individual tumors. However, the endogenous role of

IL-27 subunits and one of its receptor subunits, WSX-1, in the susceptibility to

tumor development after transplantation of tumor cell lines or endogenously

arising tumors seems to be more complicated. IL-27 functions as a double-edged

sword: IL-27 increases IL-10 production and the expression of programmed death

ligand 1 and T-cell immunoglobulin and mucin domain-3, and promotes the gen-

eration of regulatory T cells, and IL-27 receptor a singling enhances transforma-

tion; IL-27 may augment protumor effects as well. Here, we review both facets of

IL-27, antitumor effects and protumor effects, and discuss the potential clinical

application of IL-27 as an antitumor agent.

Cancer Immunotherapy

C ancer immunotherapy has recently come into the spotlight
as a promising new treatment that harnesses the power of

the immune system; sipuleucel-T and ipilimumab were
approved by the US Food and Drug Administration for patients
with cancer in 2010 and 2011, respectively.(1,2) Sipuleucel-T is
a therapeutic vaccine using dendritic cells (DC) stimulated by
a tumor-specific antigen combined with granulocyte-macro-
phage colony-stimulating factor.(1) Ipilimumab is an inhibitory
monoclonal antibody specific to one of the immune check-
points, cytotoxic T-lymphocyte antigen 4.(2) Currently, various
therapeutic strategies to overcome tumor immune evasion and
enhance antitumor immunity are also undergoing investigation.

Interleukin-12 Cytokine Family

The interleukin (IL)-12 cytokine family is unique in that it is a
heterodimeric cytokine composed of two different subunits,

and one subunit is often shared by another cytokine in the
same family.(3,4) These member cytokines are mainly produced
by antigen-presenting cells such as DC and play critical roles
in the regulation of differentiation into respective helper T
(Th) cells and their functions. IL-12 is composed of p35 and
p40 subunits and induces the differentiation of naive CD4+ T
cells into Th1 cells to enhance the cellular immunity by aug-
mentation of interferon (IFN)-c production from natural killer
(NK) cells and T cells and generation of cytotoxic T lympho-
cytes (CTL).(3) The p40 subunit is also covalently bound with
an IL-12 p35-related protein, p19, to form IL-23, which plays
an important role in developing tissue-specific autoimmune
diseases and inflammatory diseases by enhancing IL-17 pro-
duction and maintaining pathogenic Th17 cells.(4) IL-27 con-
sists of an IL-12 p35-related protein, p28, which is also called
IL-30, and an IL-12 p40-related protein, Epstein–Barr virus-in-
duced gene 3 (EBI3)(4–7) (Fig. 1). IL-27 receptor (R) is com-
posed of IL-27Ra (WSX-1 ⁄TCCR) and glycoprotein (gp) 130,
a common receptor subunit for the IL-6 family of cytokines.
EBI3 was previously reported to associate with p35 to form
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heterodimeric molecule EBI3 ⁄p35, and EBI3 ⁄p35 was recently
found to be produced by regulatory T (Treg) cells and to play
a suppressive role in the Treg cells; therefore, it is named
IL-35.

Pro-Inflammatory and Anti-Inflammatory Properties of
Interleukin-27

Interleukin-27 is one of the pleiotropic cytokines with both
pro-inflammatory and anti-inflammatory properties acting on
various types of cells, such as T cells, B cells, macrophages
and DC, depending on the context (Fig. 1).(4–6) IL-27 effi-
ciently activates both signal transducer and activator of tran-
scription (STAT) 1 and STAT3, which bind to distinct IL-27R
subunits WSX-1 and gp130, respectively. IL-27 promotes the
early induction of Th1 differentiation and generation of
CTL,(8,9) but it inhibits the differentiation of naive CD4+ T
cells into Th2 cells, Th9 cells and Th17 cells, and suppresses
the production of pro-inflammatory cytokines, leading to ame-
lioration of allergic diseases and autoimmune diseases. In addi-
tion, IL-27 augments IL-10 production from these Th cells and
generation of IL-10-producing regulatory (Tr1) T cells,(10–12)

whereas the role of IL-27 in induction of Treg cells is still con-
troversial. IL-27 was initially shown to suppress the differentia-
tion of inducible Treg cells from naive CD4+ T cells,(13–15) and
transfer of TCCR-deficient CD4+CD45RBhi cells in a colitis
model was demonstrated to reduce development of colitis with
an increased percentage of Treg cells in the gut.(16) Contrary
to the antagonistic effects of IL-27 on Treg cells, recent
reports have paradoxically revealed that IL-27 does not inhibit
the generation of Treg cells, but rather promotes it and pro-
duces a distinct Treg cell population expressing T-cell-specific
T-box transcription factor (T-bet) and CXCR3 to control
Th1-mediated immunity at the local sites of inflammation.(17)

Moreover, IL-27 was recently demonstrated to exert immuno-
suppressive functions via induction of the programmed
death ligand 1 (PD-L1) on CD4+ T cells and DC.(18–20) IL-27-
mediated induction of PD-L1 inhibits Th17 cell differentiation
and reduces pathology in experimental autoimmune
encephalomyelitis.(20)

Therapeutic Potential of Interleukin-27 as an Antitumor
Agent

Antitumor effects of interleukin-27 against transplanted

tumors genetically engineered to secrete interleukin-27. The
antitumor efficacy of IL-27 was first demonstrated in 2004
using a transplanted mouse tumor genetically engineered to
secrete IL-27 before transplantation as a preclinical tumor
model.(21) Since then, accumulating evidence has revealed that
IL-27 possesses potent antitumor activity against a variety of
tumor models through multiple mechanisms without apparent
adverse effects.(21,22) The mechanisms are those mediated
by CD8+ T cells,(21,23–30) NK cells(22,24,25,31) and macro-
phages,(32) as well as antibody-dependent cell-mediated cyto-
toxicity (ADCC),(33) anti-angiogenesis,(34–40) direct
antiproliferative effects,(36,41–43) inhibition of expression of
cyclooxygenase-2 (COX-2) and prostaglandin E2 (PGE2),

(44)

and suppression of epithelial–mesenchymal transition
(EMT),(32,39) depending on the characteristics of individual
tumors (Fig. 2 and Table 1). Transfection of highly immuno-
genic tumors such as mouse colon carcinoma (colon 26) with
IL-27 expression vector greatly reduced tumor growth, which
was mainly mediated by CD8+ T cells.(21) IL-27 plays a partic-
ularly important role in the generation of CTL by enhancing
the survival of tumor-specific CD8+ T cells and the differentia-
tion into effector and memory cells.(8,9) In contrast, the antitu-
mor effects of IL-27 against poorly immunogenic tumors such
as mouse melanoma B16F10 were mediated by multiple mech-
anisms via angiogenesis,(34) NK cells,(22,25,31) and its direct
antiproliferative effects on tumors.(32,39,41,44) IL-27 stimulated
human umbilical vein endothelial cells and induced production
of anti-angiogenic chemokines such as CXCR9 and CXCR10
to elicit strong anti-angiogenic activity against melanomas,
which contributed to its antitumor and antimetastatic activi-

Fig. 1. Antitumor and protumor effects of IL-27 depending on the
type of cells that IL-27 stimulates and the tumor context. CTL, cyto-
toxic T lymphocyte; DC, dendritic cell; EBI3, Epstein–Barr virus-induced
gene 3; gp, glycoprotein; IFN, interferon; IL, interleukin; NK, natural
killer; PD-L1, programmed death ligand 1; R. receptor; STAT, signal
transducer and activator of transcription; Th, helper T; Tim-3, T-cell
immunoglobulin and mucin domain-3; Tr1, IL-10-producing regulatory
T; Treg, regulatory T.

Fig. 2. Potent antitumor activity of IL-27 through multiple mecha-
nisms that are mediated by CD8+ T cells, NK cells, macrophages,
macrophages, ADCC, anti-angiogenesis, direct anti-proliferative effect,
inhibition of COX-2 and PGE2 expression, and suppression of EMT,
depending on the characteristics of individual tumors. ADCC, anti-
body-dependent cell-mediated cytotoxicity; COX-2, cyclooxygenase-2;
CTL, cytotoxic T lymphocyte; DC, dendritic cell; EBI3, Epstein-Barr
virus–induced gene 3; EMT, epithelial–mesenchymal transition; IRF,
interferon regulatory factor; IL, interleukin; MHC, major histocompati-
bility complex; MMP, matrix metalloproteinase; NK, natural
killer; PGE2, prostaglandin E2; PD-L1, programmed death ligand 1;
Tim-3, T-cell immunoglobulin and mucin domain-3; TLR, Toll-like
receptor; Tr1, IL-10-producing regulatory T; TRAIL, tumor necrosis
factor–related apoptosis-inducing ligand; Treg, regulatory T; VEGF,
vascular endothelial growth factor.

© 2015 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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Table 1. Susceptibility of mice transplanted with tumors expressing IL-27 and mice injected with IL-27 to development of tumors

Treatment Susceptibility Tumor Reference

IL-27

transfectant

Reduced tumor growth in vivo by augmented antitumor CTL Mouse colon carcinoma (Colon 26) Hisada et al.

2004(21)

IL-27

transfectant

Reduced tumor growth in vivo by augmented antitumor CTL Mouse orthotopic primary and metastatic

neuroblastoma (TBJ)

Salcedo

et al.

2004(23)

IL-27

transfectant

Reduced tumor growth in vivo by enhanced T-cell-

dependent and NK-cell-dependent antitumor immunity

Mouse colon carcinoma (Colon 26) Chiyo et al.

2004(24)

IL-27

transfectant

Reduced tumor growth in vivo by upregulation of CXCL9

and CXCL10 and inhibition of angiogenesis

Mouse melanoma (B16F10) lung metastasis Shimizu

et al.

2006(34)

IL-27

transfectant

Reduced tumor growth in vivo by NK-cell-mediated

antitumor immunity independent of IFN-c

Mouse melanoma (B16F10) Oniki et al.

2006(22)

IL-27

transfectant

Reduced tumor growth in nude mice by NK cells through

Fas ⁄ FasL pathway

Human esophageal carcinoma (Eca109) Liu et al.

2008(45)

In vitro

treatment

Reduced tumor growth in vitro by direct antiproliferative

activity through WSX-1 ⁄ STAT1 ⁄ IRF-1 signaling

Mouse melanoma (B16F10)

Human melanoma (SK-MEL-13, 28, 37)

Yoshimoto

et al.

2008(41)

IL-27

transfectant

Reduced tumor growth in nude mice by augmented IFN-c

production and NK activity

Human esophageal carcinoma (Eca109) Liu et al.

2008(31)

IL-27

transfectant

Reduced tumor growth in vivo by NK cell–mediated ADCC Mouse head and neck squamous cell

carcinoma (SCCVII)

Matsui et al.

2009(33)

IL-27

transfectant

Reduced tumor growth in vivo by CD8+ and CD4+ T cells,

IFN-c and NK cells

Mouse hepatocellular carcinoma (MM45T.Li) Hu et al.

2009(25)

IL-27 plasmid

injection

Therapeutic synergy of hydrodynamic injection of IL-27

plasmid and IL-2 by augmented generation of tumor-

specific CTLs but suppressed expansion of Treg cells

Mouse disseminated metastatic neuroblastoma

(TBJ) in liver

Salcedo

et al.

2009(26)

IL-27

transfectant

Restraint of tumorigenicity in vivo by suppressing the

expression of COX-2 and PGE2

Mouse Lewis lung carcinoma (LLC) Ho et al.

2009(44)

IL-27 plasmid

injection

Elimination of distal aggressive tumor by IL-12 and IL-27

sequential gene therapy via intramuscular electroporation

through T and NK cells

Mouse colon carcinoma (Colon 26)

Mouse adenocarcinoma (4T1)

Zhu et al.

2010(27)

IL-27 protein

injection

Damped tumorigenicity of human multiple myeloma cell

lines in NOD ⁄ SCID mice through inhibition of angiogenesis

Human multiple myeloma (NCI-H929 and

U266)

Cocco et al.

2010(35)

IL-27 protein

injection

Inhibition of leukemia cell spreading in NOD ⁄ SCID ⁄ IL-2Rc�⁄�

mice through suppression of proliferation, angiogenesis,

miR-155 expression and induction of apoptosis

Human B-ALL Canale et al.

2011(36)

IL-27 gene

therapy

Inhibition of tumor growth by sonoporation delivery of IL-27

gene therapy through enhanced accumulation of effector

cells

Mouse prostate cancer (TCR2) Zolochevska

et al.

2011(28)

IL-27 protein

injection

Inhibition of tumor growth in NOD ⁄ SCID mice through

suppressed angiogenesis

Human follicular lymphoma and diffuse large

B-cell lymphoma (SU-DHL-4)

Cocco et al.

2012(37)

IL-27

transfectant by

retroviral

infection

Inhibition of tumor growth in nude mice through induction

of apoptosis and cell-cycle arrest

Human pancreatic carcinoma (AsPC1) Liu et al.

2012(42)

IL-27 protein

injection

Inhibition of tumor growth in NOD ⁄ SCID ⁄ IL-2Rc�⁄� mice

through suppression of angiogenesis and spreading related

genes

Human AML Zorzoli et al.

2012(38)

IL-27

transfectant

Enhanced antitumor CTL responses in vivo via programming

tumor antigen-specific CD8+ T cells into IL-10-producing

memory precursor-like effector cells characterized by a

greater survival advantage

Mouse plasmacytoma (J558) Liu et al.

2013(29)

IL-27

transfectant

vaccine

T-cell-mediated antitumor effects by tumor vaccine

engineered to secrete IL-27 by means of cationic liposome

Mouse Lewis lung carcinoma (LLC) Zhang et al.

2013(30)

IL-27 protein

injection

Inhibition of tumor growth in NOD ⁄ SCID mice by

upregulation of TRAIL and TLR3 in cooperation with a TLR3

agonist poly(I:C) in a partly TRAIL-dependent manner

Human melanoma (SK-ME-13, 28, 37) Chiba et al.

2013(43)
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ties.(34) In addition, IL-27 has potent direct antiproliferative
activity on melanomas through WSX-1 ⁄STAT1 and, in part,
through interferon regulatory factor (IRF)-1 and tumor necrosis
factor (TNF)-related apoptosis-inducing ligand (TRAIL).(41,43)

It also directly restrained tumorigenicity of mouse Lewis lung
carcinoma LLC by suppressing expression of COX-2 and
PGE2.

(44) Moreover, IL-27 activated NK cells and augmented
tumor-specific immunoglobulin production, which coopera-
tively exerted ADCC activity against mouse head and neck
squamous cell carcinoma SCCVII,(33) and inhibited EMT and
angiogenic factor production in a STAT1-dominant pathway in
human non-small cell lung cancer.(32,39) Similar suppression of
tumor growth was observed with human tumors such as eso-
phageal carcinoma(45) and pancreatic carcinoma.(42)

Antitumor effects of interleukin-27 protein injection against

human tumors transplanted in immunodeficient mice. Moreover,
IL-27 has demonstrated potent antitumor activity in a variety
of human therapeutic models through injection of IL-27 pro-
tein into immunodeficient mice such as nude mice, nonobese
diabetic ⁄ severe combined immunodeficient (NOD ⁄SCID) mice
and NOD ⁄SCID ⁄ IL-2Rc�/� mice after transplantation of
human tumors. The human tumors reported on so far are mela-
noma,(43) multiple myeloma,(35) B-acute lymphoblastic leuke-
mia (B-ALL),(36) follicular lymphoma,(37) diffuse large B-cell
lymphoma,(37) acute myeloid leukemia (AML),(38) prostate
cancer(40) and non-small cell lung cancer(32,39) (Table 1). IL-
27 strongly inhibited in vitro tumor growth of human mela-
noma, multiple myeloma, follicular lymphoma and diffuse
large B-cell lymphoma through suppression of angiogenesis
and induction of apoptosis, and the tumorigenicity of these
tumors transplanted in NOD ⁄SCID mice was greatly hampered
by IL-27.(35,37,43) Similarly, IL-27 suppressed leukemic spread-
ing of B-ALL cells and leukemia dissemination of AML cells
transplanted in NOD ⁄SCID ⁄ IL-2Rc�/� because of significant
reduction of angiogenic and spreading-related genes, including
vascular endothelial growth factors, angiopoietins and matrix
metalloproteinases (MMP), and also because of upregulation
of angiostatic molecules, such as tissue inhibitor of
MMP.(36,38) Direct antiproliferative effects of IL-27 in collabo-
ration with polyinosinic-polycytidylic acid [poly(I:C)], one of
the Toll-like receptor 3 (TLR3) ligands whose expression was

revealed to be upregulated by IL-27, was also observed in
NOD ⁄SCID mice transplanted with human melanoma.(43) In
addition, IL-27 was recently shown to inhibit tumor growth of
human prostate cancers in athymic nude mice through
reduced proliferation and vascularization by downregulation of
pro-angiogenesis-related genes and upregulation of anti-angio-
genesis-related genes.(40) Inhibition of tumor growth of human
non-small cell lung cancers was also demonstrated to be medi-
ated by granulocyte-driven and macrophage-driven colliquative
necrosis, CXCL3 production, and reduced pluripotency-related
and EMT-related gene expression.(32,39)

Endogenous Role of IL-27 in the Susceptibility to
Development of Tumors

Antitumor and protumor effects of endogenous WSX-1. To
gain further insight into the antitumor effects of IL-27, it is
important to clarify its endogenous role in the exertion of anti-
tumor effects or protumor effects. Therefore, mice deficient in
IL-27 subunits and receptor subunits were analyzed for suscep-
tibility to tumor development (Table 2). WSX-1-deficient mice
overall showed more excessive tumor growth of melanoma
B16 injected subcutaneously than did WT mice.(46) However,
this phenotype appears to be the sum of the effects of lacking
WSX-1 in different immune responses, such as generation of
CTL and antigen-presenting capacity of DC after maturation.
Tumor-specific CTL generation was lower in WSX-1-deficient
mice than in WT mice, and CTL induction in WSX-1-deficient
mice was not restored by transfer of WT DC pulsed with
tumor antigen, indicating that IL-27 is directly required for
generation of tumor-specific CTL.(46) In contrast, when trans-
ferred into tumor-bearing mice, WSX-1-deficient DC pulsed
with tumor antigen were more potent than WT DC in the inhi-
bition of tumor growth and generation of CTL, indicating the
suppressive effects of IL-27 on DC function.(46) It is also
reported that WSX-1-deficient mice had reduced resistance to
endogenously arising mouse tumor models, 3-methylcholan-
threne (MCA)-induced fibrosarcoma and polyoma middle T
antigen (PyMT)-induced mammary carcinoma.(47) This reduced
resistance was accompanied by decreased IFN-c production
from CD4+ and CD8+ T cells and an increased number of Treg

Table 1 (continued)

Treatment Susceptibility Tumor Reference

In vitro

treatment

Inhibition of EMT and angiogenic factor production in a

STAT1-dominant pathway

Human non-small cell lung cancer Kachroo

et al.

2013(39)

IL-27 protein

injection

Inhibition of tumor growth in athymic nude mice through

reduced proliferation and vascularization by

downregulation of pro-angiogenesis-related genes (FLT1,

PTGS1 ⁄ COX-1, FGFR3) and upregulation of anti-

angiogenesis-related genes (CXCL10, TIMP3)

Human prostate cancer (PC3 and DU145) Di Carlo

et al.

2014(40)

IL-27 protein

injection

Inhibition of tumor growth in athymic nude and NOD ⁄ SCID
mice through granulocyte-driven and macrophage-driven

colliquative necrosis, CXCL3 production, and reduced

pluripotency-related and EMT-related gene expression

Human non-small cell lung cancer, particularly

adenocarcinoma (Calu-6) and squamous cell

carcinoma (SK-MES)

Airoldi et al.

2015(32)

ADCC, antibody dependent cell-mediated cytotoxicity; AML, acute myeloid leukemia; B-ALL, B-acute lymphoblastic leukemia; COX-2, cyclooxyge-
nase-2; CTL, cytotoxic T lymphocyte; EBI3, Epstein–Barr virus-induced gene 3; EMT, epithelial–mesenchymal transition; FGFR, fibroblast growth
factor receptor; FLT, fms-related tyrosine kinase; IFN, interferon; IRF, interferon regulatory factor; IL, interleukin; NK, natural killer; LLC, Lewis
lung carcinoma; NOD ⁄ SCID, nonobese diabetic ⁄ severe combined immunodeficient; PGE2, prostaglandin E2; poly(I:C), polyinosinic-polycytidylic
acid; PTGS1, prostaglandin G ⁄H synthase 1; STAT, signal transducer and activator of transcription; TLR, Toll-like receptor; TRAIL, tumor necrosis
factor–related apoptosis-inducing ligand; Treg, regulatory T; TIMP3, tissue inhibitor of metalloproteinase 3.
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cells. In marked contrast, however, it was recently demon-
strated that WSX-1-deficient mice showed more attenuated
tumor growth of B16F10 and LLC than did WT mice.(48) This
augmented antitumor effect was explained by the reduced
number of T-cell immunoglobulin and mucin domain-3 (Tim-
3)+ programmed death-1 (PD-1)+ CD8+ T cells, which are the
most exhausted T-cell population among tumor-infiltrating
lymphocytes, indicating IL-27 signaling as a key regulator of
effector T-cell responses via induction of Tim-3.(48) Taken
together, these results suggest that IL-27 ⁄WSX-1 signaling
plays critical roles in both generation and exhaustion of CTL,
together with suppression of DC function.

Protumor effects of endogenous Epstein–Barr virus-induced

gene 3. In contrast to both the antitumor and protumor effects
of WSX-1, whose deficiency seems to highly agree with loss
of representative IL-27 functions, EBI3-deficient mice showed
augmented antitumor activity against lung metastasis of
B16F10 (Table 2).(49) This effect was induced by expansion of
a newly described cell subset called IFN-c-producing killer
DC in the lung of EBI3-deficient mice, and these DC then
activated CD8+ T cells to produce IFN-c and TNF-a, resulting
in tumor apoptosis in a T-bet-dependent manner. This pheno-
type is consistent with increased EBI3 expression in serum and
tumor tissue correlating with higher risk of cancer progres-
sion.(50,51) Although EBI3-deficient mice showed abrogated
IL-35-mediated Treg activity(52) and also may be devoid of
IL-27-mediated regulation of Treg cells, if any, the endoge-
nous role of EBI3 likely contributes more strongly to the
protumor activity mediated by EBI3 alone than the antitumor
activity by IL-27.

Both antitumor and protumor effects of endogenous p28. So
far, there have been two seemingly opposite articles regarding
the endogenous role of p28 in the induction of antitumor
immune responses(53,54) (Table 2). DC-specific conditional
p28-deficient mice were initially demonstrated to have reduced
resistance to progression of tumors such as MCA-induced
fibrosarcoma and transplanted melanoma B16.(53) These effects
were due to impairment of IL-27-mediated CXCL10 expres-

sion in myeloid-derived suppressor cells (MDSC) and IL-12
production from DC, which led to recruitment and activation
of NK and NKT cells, resulting in immunological control of
tumors.(53) In contrast, using the same p28-deficient mice, the
same group also reported that IL-27 plays a critical role in
tumor infiltration of Treg cells.(54) In tumor-associated DC, IL-
27 promoted the expression of CCL22, which is critical for
recruitment of peripheral Treg cells into tumors, and the p28-
deficient mice showed reduced tumor infiltration of Treg
cells.(54) Because IL-27, but not p28, restored the respective
phenomena in the p28-deficient mice, the endogenous role of
p28 seems to strongly agree with IL-27 functions. However,
the role of IL-27 in the induction of Treg cells still appears to
be controversial in the tumor microenvironment, as described
later.

Potential Protumor Effects of Interleukin-27

Contribution of interleukin-27-mediated upregulation of inter-

leukin-10 to its antitumor effects. Because IL-27 possesses both
pro-inflammatory and anti-inflammatory activities, some such
as IL-27-mediated augmentation of IL-10 production(10–12) and
upregulation of PD-L1(18–20) and Tim-3(48) may function
against its antitumor effects. However, the role of IL-10 in the
induction of antitumor immune responses is often controver-
sial, and increasing evidence supports a positive role of IL-10
for induction of antitumor CTL responses, which were
demonstrated in IL-10-deficient mice and IL-10 transgenic
mice.(55–57) IL-27 was recently demonstrated to significantly
enhance the survival of activated tumor-specific CD8+ T cells
in vitro and in vivo and to induce a unique memory precursor
cell phenotype in tumor antigen-specific CD8+ T cells,
characterized by, for instance, upregulation of IL-10.(29) The
IL-27-mediated IL-10 production from CTL contributed to the
induction of memory precursor cell phenotype, CTL memory
and, consequently, tumor rejection.(29)

Contribution of interleukin-27-mediated upregulation of pro-

grammed death ligand 1 and T-cell immunoglobulin and mucin

Table 2. Susceptibility of mice deficient in WSX-1, EBI3 and p28 to development of tumors

Deficient mice Susceptibility Tumor Reference

WSX-1 Overall reduced resistance to tumor growth due to impaired antitumor CTL

generation but accompanied with augmented antitumor immunity by DC

Melanoma (B16) Shinozaki

et al.

2008(46)

Reduced resistance to endogenously arising tumor growth due to decreased IFN-c

production by CD4+ and CD8+ T cells and increased numbers of Treg cells

MCA-induced

fibrosarcoma

PyMT-induced

mammary carcinoma

Natividad

et al.

2013(47)

Augmented resistance to tumor growth due to reduced number of the most

exhausted Tim-3+PD-1+CD8+ T cells among TILs

Melanoma (B16F10)

Lewis lung

carcinoma (LLC)

Zhu et al.

2015(48)

EBI3 Augmented resistance to tumor growth due to increased numbers of IFN-c-producing

killer DC with T-bet-mediated antitumor CD8+ T-cell responses in the lung

Melanoma (B16F10)

lung metastasis

Sauer et al.

2008(49)

DC-specific

conditional

p28

Reduced resistance to tumor growth due to impairment of IL-27-mediated CXCL10

expression in MDSCs accompanied by reduced recruitment and activation of NK and

NKT cells

MCA-induced

fibrosarcoma

Melanoma (B16)

Wei et al.

2013(53)

Enhanced antitumor immune responses due to impairment of IL-27-mediated CCL22

expression in DC with reduced infiltration of Treg cells into tumors

Melanoma (B16F10)

Lymphoma (EL-4)

MCA-induced

fibrosarcoma

Xia et al.

2014(54)

CTL, cytotoxic T lymphocyte; DC, dendritic cells; EBI3, Epstein–Barr virus-induced gene 3; IFN, interferon; IL, interleukin; MCA, 3-methylcholan-
threne; MDSC, myeloid-derived suppressor cell; NK, natural killer; PD-1, programmed death-1; PyMT, polyoma middle T antigen; T-bet, T-cell-
specific T-box transcription factor; TIL, tumor-infiltrating lymphocyte; Tim-3, T-cell immunoglobulin and mucin domain-3; Treg, regulatory T.
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domain-3 to its protumor effects. Exhausted T cells are charac-
terized by their sustained expression of inhibitory receptors
such as PD-1 and Tim-3.(58–60) The PD1 ⁄PD-L1 pathway has
emerged as a central player in immune regulation, and cancer
cells that express PD-L1 promote tumor progression through
inhibition of PD-1 expressing effector cells.(61) Co-expression
of PD-1 and other inhibitory receptors such as Tim-3 con-
tributes to the induction of T-cell exhaustion and defines T
cells with more deeply exhausted phenotype.(60) IL-27 was
recently shown to induce expression of PD-L1 in not only T
cells and DC(18–20) but also tumors.(62) Histological analyses
revealed that when IL-27 was detected in primary cutaneous
melanomas, its expression was maintained in metastatic
lesions.(62) In addition, IL-27 induced PD-L1 expression in
melanoma cell lines and the in situ expression of IL-27 in mel-
anoma correlated with those of PD-L1 and IL-10.(62) Thus, it
is highly conceivable that IL-27-induced PD-L1 expression in
T cells and tumors could contribute to the protumor effects of
IL-27, whose possibility remains to be directly clarified. More-
over, IL-27 was recently demonstrated to induce the expression
of the transcription factor nuclear factor, IL-3 regulated
(NFIL3), which cooperates with T-bet, to induce the expres-
sion of Tim-3.(48) IL-27 signaling was required for the induc-
tion of Tim-3+ exhausted T cells and promotion of tumor
growth.(48) Thus, IL-27-mediated upregulation of inhibitory
molecules such as PD-L1 and Tim-3 likely contributes to
tumor progression.

Positive and negative effects of interleukin-27 on Treg cells.

The role of IL-27 in the induction of Treg cells in the con-
text of tumorigenesis is also controversial. The induction of
Treg cells(54,63) and the suppression of them(47) by IL-27
have both been reported. Initially, apoptotic tumor cells were
demonstrated to induce IL-27 release from human DC to
activate Treg cells that express CD69 and CD39 to generate
adenosine, thereby suppressing cytotoxicity of CD73-express-
ing CD8+ T cells and limiting antitumor immunity.(63) More-
over, the effect of endogenous IL-27 on Treg cells in the
tumor microenvironment was investigated using IL-27p28
conditional knockout mice. IL-27 induced the expression of
CCL22 on tumor-associated DC, which mediates tumor infil-
tration of Treg cells, resulting in tumor progression.(54) In
contrast, it was also demonstrated that tumor development
and growth are accelerated in WSX-1-deficient mice.(47) The
enhanced tumor growth in both carcinogen-induced fibrosar-
coma and oncogene-driven mammary carcinoma was associ-
ated with increased number of Treg cells and decreased
IFN-c-production by CD4+ and CD8+ T cells.(47) Collec-
tively, if IL-27 were to promote the generation of Treg
cells, the antitumor effects of IL-27 could be weakened. In
contrast, if IL-27 were to inhibit it, the antitumor effects of
IL-27 could be augmented, but side effects such as develop-
ment of autoimmune diseases might be expected. Further

studies are necessary to elucidate the precise effect of IL-27
on Treg cells in the tumor microenvironment.

Potential transforming activity of interleukin-27Ra. A point
mutation in Janus kinase (JAK)2 (JAK2-V617F), which has an
increased inherent kinase activity, was identified in a number
of neoplastic myeloproliferative disorders.(64) From a patient
with acute myeloid leukemia, IL-27Ra was recently identified
as a gene that can induce ligand-independent transformation of
hematopoietic cells via JAK-dependent pathways.(65) In addi-
tion, it was demonstrated that IL-27Ra induces the tyrosine
phosphorylation of JAK2 and its downstream target STAT5,
and transforms cytokine-dependent hematopoietic cells to
cytokine independence when co-expressed with mutated
JAK2-V617F but not wild-type JAK2.(65,66) This activating
effect on JAK2-V617F by IL-27Ra was dependent on a func-
tional IL-27Ra Box 1 motif but was independent of the gp130
co-receptor, suggesting that IL-27Ra may be functioning as a
homodimer.(65) Intriguingly, we have previously shown that IL-
27 stimulates and expands hematopoietic stem cells to differen-
tiate into myeloid cells in IL-27 transgenic mice.(67) Taken
together, aberrant IL-27Ra signaling may enhance myeloid cell
growth, potentially leading to myeloproliferative neoplasms,
although higher incidence of development of spontaneous
tumors was not observed in the IL-27 transgenic mice.(67)

Future Prospects and Concluding Remarks

Cytokine-based cancer immunotherapies currently used include
systemic administration, local delivery, vaccination with tumor
cells engineered to secrete cytokine, adjuvants for cancer vac-
cine and adoptive therapy of immune cells expanded by cyto-
kines. Because IL-27 is a multifunctional cytokine acting with
a double-edged sword, both antitumor and protumor effects of
IL-27 are conceivably expected depending on the type of cells
that IL-27 stimulates and the tumor context. Currently, anti-
body drugs have become very popular and are one of the most
promising cancer immunotherapies. Therefore, to overcome
the protumor effects of IL-27, it is highly possible that IL-27-
mediated antitumor effects could be further augmented by anti-
bodies against immune checkpoints, such as PD-L1 and Tim-3,
and also by antibodies against Treg cells, such as cytotoxic
T-lymphocyte-associated protein 4. These possibilities remain
to be investigated in the near future. In addition, IL-27 was
shown to have lower toxicity in mouse models, probably
because of low induction of IFN-c;(21,22) therefore, the combi-
nation of IL-27 treatment with other cancer immunotherapies
to overcome the protumor effects of IL-27 could be a promis-
ing therapeutic strategy against cancer.
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Abbreviations: ADCC, antibody-dependent cell-mediated cytotoxicity; COX-2, cyclooxygenase-2; DC, dendritic cell; EBI3,
Epstein–Barr virus-induced gene 3; EMT, epithelial–mesenchymal transition; gp, glycoprotein; IL, interleukin; IRF, interferon regu-
latory factor; MHC, major histocompatibility complex; MMP, matrix metalloproteinase; NK, natural killer; PD-L1, programmed
death-ligand 1; PGE2, prostaglandin E2; poly(I:C), polyinosinic-polycytidylic acid; STAT, signal transducer and activator of tran-

scription; Tim-3, T-cell immunoglobulin and mucin domain-3; TLR, Toll-like receptor; Tr1, IL-10-producing regulatory T; TRAIL,
tumor necrosis factor-related apoptosis-inducing ligand; Treg, regulatory T; VEGF, vascular endothelial growth factor.

Since we first reported the antitumor efficacy of IL-27 in 2004, accumulating evidence obtained by several groups
using a variety of preclinical mouse models indicates that IL-27 possesses potent antitumor activity against various
types of tumors through multiple mechanisms depending on the characteristics of individual tumors without apparent
adverse effects.

Cancer immunotherapy has become
one of the most promising new treatments
that harnesses powers of the immune sys-
tem to control cancer and achieve long-
term cure. This strategy includes thera-
peutic vaccines, T-cell checkpoint inhibi-
tors, adoptive therapy of genetically
modified immune cells, elimination of
immunosuppressive cells such as regula-
tory T (Treg) cells, and new cytokines.
Interleukin (IL)-27 is one of the IL-12
family cytokines, which play critical roles
in the regulation of differentiation into
respective helper T (Th) cells and their
functions.1 IL-27 consists of p28, which is
also called IL-30, and Epstein–Barr virus-
induced gene 3 (EBI3), and its receptor
(R) is composed of IL-27Ra (WSX-1)
and glycoprotein (gp)130, a common
receptor subunit for the IL-6 family cyto-
kines.1 IL-27 possesses both pro-inflam-
matory and anti-inflammatory properties;
it promotes the early induction of Th1
differentiation and generation of cytotoxic
T lymphocytes (CTLs), but it inhibits the
differentiation of naive CD4C T cells into
Th2, Th9, and Th17 cells and suppresses
the production of pro-inflammatory cyto-
kines through activation of both signal

transducer and activator of transcription
(STAT)1 and STAT3.1

Antitumor effect of IL-27 was first
demonstrated in 2004 using mouse colon
carcinoma Colon 26 transfected with IL-
27 expression vector, which greatly
reduced tumor growth through mainly
CD8C T cells.2 Since then accumulating
evidence by several groups has revealed
that IL-27 possesses potent antitumor
activity against a variety of tumor models,
ranging from a transplanted mouse tumor
genetically engineered to secret IL-27
before transplantation to a human thera-
peutic model by injection of IL-27 protein
into immunodeficient mice after trans-
plantation of human tumor as preclinical
tumor models.2-7 Molecular mechanisms
of the antitumor activity were demon-
strated to be mediated in multiple ways by
CD8C T cells,2 natural killer (NK) cells,3

and macrophages,4 antibody-dependent
cell-mediated cytotoxicity (ADCC), anti-
angiogenesis,5,6 direct antiproliferative
effects,7 inhibition of expression of cyclo-
oxygenase-2 (COX-2) and prostaglandin
E2 (PGE2), and suppression of epithelial–
mesenchymal transition (EMT),4 depend-
ing on the characteristics of individual

tumors (Fig. 1). Since several tumors were
revealed to express both IL-27R subunits
on the cell surface, IL-27 elicited direct
antiproliferative effects via WSX-1/
STAT1 signaling, presumably, by its cyto-
static effects rather than by cytotoxic
effects.1 Recently, we have further eluci-
dated a novel antitumor mechanism that
IL-27 augments the expression of tumor
necrosis factor-related apoptosis-inducing
ligand (TRAIL) and Toll-like receptor 3
(TLR3) in human melanoma cell lines,
SK-MEL-13, 28, and 37, and that IL-27
inhibits the tumor growth in cooperation
with a TRL3 agonist, polyinosinic-polycy-
tidylic acid [poly(I:C)], partly in a
TRAIL-dependent manner.7 Moreover,
repeated injections of IL-27 protein and
poly(I:C) cooperatively suppressed in vivo
tumor growth of human melanoma in
immunodeficient non-obese diabetic/
severe combined mice.7 Similar therapeu-
tic effects by repeated injections of IL-27
protein were also demonstrated against
various types of human tumors trans-
planted in immunodeficient mice.4,6 The
human tumors so far revealed to be sus-
ceptible to the treatment by IL-27 are
not only melanoma7 but also multiple
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myeloma,6 B-acute lymphoblastic leuke-
mia, follicular lymphoma, diffuse large B-
cell lymphoma, acute myeloid leukemia,
prostate cancer, and non-small cell lung
cancer.4 IL-27 strongly inhibited their
tumor growth in vivo mainly due to sup-
pression of pro-angiogenesis-related mole-
cules such as vascular endothelial growth
factors, angiopoietins, and matrix metallo-
proteinases, and also due to inverse aug-
mentation of anti-angiogenesis-related
molecules such as tissue inhibitor of
metalloproteinase.5,6

Since IL-27 possesses both pro-inflam-
matory and anti-inflammatory activities,1

some of them such as IL-27-mediated
augmentation of IL-10 production and

up-regulation of programmed death-
ligand 1 (PD-L1) may function against its
antitumor effects, although the role of IL-
27 in the induction of Treg cells is still
controversial.8,9 Therefore, it is reasonable
to consider that the potent antitumor
activity of IL-27 is the sum of these posi-
tive and negative effects on the immune
responses to tumors. Although the role of
IL-10 in induction of antitumor immune
responses is often controversial, recent evi-
dence supports a positive role for IL-10 in
the induction of antitumor CTL
responses, which were demonstrated in
IL-10-deficeient mice and IL-10-trans-
genic mice. Indeed, IL-10 production by
IL-27-induced CTLs was recently

demonstrated to contribute to the genera-
tion of memory precursor-like effector
CTLs to augment antitumor immunity.10

Moreover, IL-27 was recently shown to
induce the expression of PD-L1 in T cells,
a major mediator of T-cell exhaustion,
which hampers the induction of antitu-
mor immune responses.1 However, since
antibody drugs have currently become
very popular as one of the most promising
cancer immunotherapies, IL-27 injection
could augment antitumor immune
responses in synergy with antibodies
against immune checkpoints such as PD-
L1, whose possibility remains to be clari-
fied. On the other hand, IL-27 was ini-
tially demonstrated to inhibit the
differentiation of naive CD4C T cells to
Treg cells,1 whereas recent reports oppo-
sitely revealed that IL-27 does not inhibit
the generation of Treg cells but rather pro-
motes it; IL-27 produced a distinct Treg
cell population which expresses T-cell-spe-
cific T-box transcription factor T-bet and
CXCR3, to control Th1-mediated immu-
nity.1 Similar paradoxical roles of IL-27 in
the tumor microenvironment were also
reported.8,9 Thus, the effects of IL-27 on
Treg cells may depend on the context.
However, so far there is no report showing
that injection of IL-27 protein or tumor
cells transfected with IL-27 expression
vector would augment the number of
Treg cells in mice bearing tumors,
although transgenic mice over-expressing
IL-27 were previously demonstrated to
decrease the number of Treg cells,1 which
could presumably result in enhancement
of antitumor immune responses. Besides,
since IL-27 was shown to have lower tox-
icity in mouse models,2,3 collectively, IL-
27 may have great potential as one of the
most promising therapeutic cytokines
against cancer.
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Abstract. Immunotherapy has gained special attention due 
to its specific effects on tumor cells and systemic action to 
block metastasis. We recently demonstrated that ovalbumin 
(OVA) conjugated to the surface of nanoparticles (NPs) 
(OVA-NPs) can manipulate humoral immune responses. In 
the present study, we aimed to ascertain whether vaccination 
with OVA-NPs entrapping IL-7 (OVA-NPs-IL-7) are able to 
induce antitumor immune responses in vivo. Pretreatment with 
a subcutaneous inoculation of OVA-NPs delayed the growth 
of thymic lymphoma cells expressing a model tumor antigen 
OVA (E.G7-OVA), and OVA-NPs-IL-7 substantially blocked 
the growth of E.G7-OVA tumor cells, although NPs-IL-7 alone 
had a meager effect, as assessed by the mean tumor size and 
the percentage of tumor-free mice. However, pretreatment 
with OVA-NPs-IL-7 failed to reduce the growth of parental 
thymic tumor cells, suggesting that the antitumor effect was 
antigen-specific. A tetramer assay revealed that vaccination 
with OVA-NPs-IL-7 tended to enhance the proportion of 
cytotoxic T cells (CTLs) specific for OVA. When the tumor-
free mice inoculated with OVA-NPs-IL-7 plus EG.7 cells were 
rechallenged with E.G7-OVA cells, they demonstrated reduced 
growth compared with that in the control mice. Thus, a single 
subcutaneous injection of OVA-NPs-IL-7 into mice induced 
tumor-specific and also memory-like immune responses, 
resulting in regression of tumor cells. Antigens on NPs entrap-
ping IL-7 would be a promising carrier to develop and enhance 
immune responses, including humoral and cellular immunity 

as well as a method of drug delivery to a specific target of 
interest.

Introduction

Although currently well-established treatments, including 
chemotherapy, radiotherapy and surgery, are initially effective, 
some tumors have inherent or acquired resistance to current 
treatments. Alternative strategies such as cancer immuno-
therapy have attracted special attention (1-3). Immunotherapy 
could specifically target tumor cells through de novo expression 
of tumor-associated antigens (TAAs). TAA-expressing tumor 
cells are efficiently phagocytosed by immature dendritic cells 
(DCs) (4), which mature to generate co-stimulatory molecules 
and/or cytokines under inflammatory conditions. The mature 
DCs present antigens along with costimulatory signals to 
T cells, resulting in activation of T cells. CD8-positive (CD8+) 
T cells specifically recognize and respond to TAA-expressing 
tumor cells in combination with CD4+ T cells or their 
derived cytokines, resulting in generation of cytotoxic T cells 
(CTLs) that specifically kill tumor cells systemically (2). 
CD8-mediated immunotherapy has had considerable success 
in selected patients (2), and development of novel therapeutic 
approaches and optimization of current treatments hold great 
promise in the field of antitumor immunotherapy capable of 
controlling tumor growth, while minimizing damage to host 
tissues.

To evaluate CD8-mediated control of tumor growth, we 
employed the ovalbumin (OVA)-expressing thymoma cell line 
E.G7-OVA as a model for immunotherapy where OVA is a 
model TAA (5). Cytokines such as IL-2, IL-12, IFN-γ and IL-7 
have been used for modulating antitumor immune responses 
with limited success (6,7). IL-7, originally known as a func-
tional molecule sharing a receptor component (γc chain), plays 
a crucial role in the maintenance of memory T cells as well 
as the survival of naïve T cells (8). Moreover, a recent study 
demonstrated that IL-7 enhances immune responses against 
tumors (9,10).

Nanoparticles (NPs) have been recently used as carriers 
to manipulate immune responses as well as a specific system 
to deliver drugs to a target of interest (3,11-13). The physical 
characteristics of NPs, including size, hydrophobicity, stability, 
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antigen loading and antigen-release kinetics, modulate immune 
responses. Moreover, immune responses are further modified 
by the antigen dose and method of conjugation of antigens on 
the surface of or inside NPs (11). Our preparation of biode-
gradable NPs consisting of poly(ethylene glycol) (PEG)-poly 
(glutamic acid) block copolymers carrying chemotherapeutic 
agents was effective for targeting tumors in vivo (14). We 
recently demonstrated that a single subcutaneous injection of 
OVA conjugated on the surface of NPs (OVA-NPs) induced 
OVA-specific IgG responses with poor IgE synthesis (15). The 
present study examined whether OVA-NPs loaded with IL-7 
(OVA-NPs-IL-7) elicited antitumor immune responses in vivo. 
Vaccination with a single injection of OVA-NPs-IL-7 prophy-
lactically prevented the growth of E.G7-OVA tumors but not 
parental thymic lymphoma cells in vivo, probably through 
induction of CD8+ CTLs.

Materials and methods

Mice. Female C57BL/6 mice were purchased from the Jackson 
Laboratory. The mice were maintained at the animal facility 
of Tokyo Medical University and used for experiments at the 
age of 8 weeks. The Ethics Committee of Animal Experiments 
of the Tokyo Medical University approved the experiments.

Cell lines. EL4 thymoma cells (TIB-39) and E.G7-OVA 
cells (a derivative of EL4 cells expressing OVA, CRL-2113) 
were obtained from the American Type Culture Collection 
(Manassas, VA, USA). Cells were maintained in RPMI-1640 
supplemented with 10% (v/v) fetal bovine serum, 50 µM 
2-mercaptoethanol, and 100 µg/ml kanamycin at 37˚C in a 
humidified atmosphere of 5% CO2.

Preparation of OVA-NPs loaded with IL-7. Two types of 
PEG-pGlu with a carbonyl carbon of an amino acid partially 
replaced by a benzyl or octyl group through an ester linkage 
were synthesized at NanoCarrier Co., Ltd. (Kashiwa, Japan). 
One had a maleimide group at the PEG terminus and benzyl 
groups in pGlu, and the other had a methoxy group at the PEG 
terminus and octyl groups in pGlu. OVA-bound polymeric 
micelles were prepared as previously described (16). The 
micelles were separated from unbound OVA by ultrafiltration. 
IL-7 was encapsulated into the micelles at different weight 
percentages of protein to polymer of 5, 2 and 0.7% at pH 6.0. 
The final solvent contained 10% (w/v) sucrose and 20 mM 
sodium phosphate buffer (pH 6.0). The micelles were stored 
at -80˚C prior to use.

Prophylactic protocol for tumor growth. Mice were subcutane-
ously immunized with OVA-NPs-IL-7 in the back. Seven days 
later, the mice were challenged with E.G7-OVA or parental 
EL-4 tumor cells (1x106 cells in 100 µl PBS/mouse), followed 
by assays for tumor growth.

Tetramer assay for splenocytes. Detection of OVA-specific CTLs 
was performed using an H-2Kb/OVA Tetramer-SIINFEKL kit 
(MBL, Nagoya, Japan). Briefly, splenocytes from immunized 
mice were stained with anti-mouse CD8-FITC (KT15) (MBL), 
followed by an assay using a FACSCanto II flow cytometer 
(BD Biosciences) according to the manufacturer's instructions.

Flow cytometric analysis. Single spleen cell suspensions 
from C57BL/6 mice primed with OVA-NPs-IL-7 and control 
mice were stained with anti-CD4-FITC, anti-CD62L-APC 
(BioLegend, San Diego, CA, USA), anti-CD8-FITC (MBL), 
and anti-CD44-PE/Cy7 (eBioscience, San Diego, CA, USA). 
Relative fluorescence intensities were measured using the 
FACSCanto II and analyzed with FACSDiva software 
(BD Biosciences).

Statistical analysis. Statistical analysis was performed with 
the Student's t-test. A p-value of <0.05 was considered to 
indicate a statistically significant result. Regression analysis 
was carried out using MS Excel software to determine the 
relationship between the two methods.

Results

Preparation of OVA-NPs loaded with IL-7. OVA was conju-
gated on the surface of NPs, and then IL-7 was loaded into the 
NPs (Fig. 1). The average diameter of the OVA-NPs-IL-7 was 
100 nm.

Pretreatment with OVA-NPs-IL-7 reduces the growth of 
E.G7-OVA tumor cells in vivo. Whether OVA on NPs in combi-
nation with IL-7 exert antitumor effects was examined in the 
present study. Pretreatment of C57BL/6 mice with OVA-NPs 
7 days before E.G7-OVA tumor inoculation delayed tumor 
growth compared with the NPs alone (Fig. 2A). Vaccination of 
mice with OVA-NPs-IL-7 completely prevented the growth of 
E.G7-OVA tumor cells in 4 of the 5 mice for at least 28 days, 
although NPs-IL-7 had only a meager effect on tumor growth. 
However, the growth of parental EL4 tumor cells was almost 
comparable in the OVA-NPs-IL-7-treated and control NPs 
alone groups (Fig. 2B), suggesting that vaccination with 
OVA-NPs-IL-7 induced OVA-specific antitumor immunity in 
the mice.

OVA-NPs encapsulating various concentrations of IL-7 
were examined for adjuvant action against tumor growth. 
OVA-NPs containing 5 µg IL-7 completely blocked the growth 
of E.G7-OVA tumor cells in 4 of the 5 mice, whereas partial 
protection from tumor growth was obtained by 1.8 or 12.5 µg 
IL-7 incorporated into the OVA-NPs (Fig. 3). Thus, 5 µg IL-7 
incorporated into the OVA-NPs was employed for the subse-
quent study.

Figure 1. Preparation of OVA-NPs encapsulating IL-7. OVA-NPs were loaded 
with various concentrations of IL-7, which showed a size range of 80-100 nm 
in diameter. OVA, ovalbumin; NPs, nanoparticles.
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Generation of CTLs after vaccination with OVA-NPs-IL-7. 
Vaccination of tumor antigen with a suitable adjuvant induces 
tumor-specific CTLs, inhibiting tumor growth in vivo (11). 
Vaccination with OVA-NPs-IL-7 tended to enhance a portion 
of splenic CTLs specific for OVA compared with the control 
NPs alone (Fig. 4A). To examine the relationship between 
CTLs and tumor size, tumor size was measured (Fig. 4B). A 
regression plot of CTLs and tumor size is shown in Fig. 4C. 
The coefficient of determination, R2=0.988, suggested a good 
correlation between CTLs and tumor size. Thus, OVA-NPs-
IL-7-induced CTLs may have contributed to prevention of 
tumor growth in vivo.

Generation of memory-like T cells. Whether memory-like 
cells were generated by the immunization with OVA-NPs-IL-7 
together with E.G7-OVA was examined. The tumor-free mice 
receiving OVA-NPs-IL-7 together with E.G7-OVA tumor 
cells showed partial resistance to rechallenge with E.G7-OVA 
cells (Fig. 5A), suggesting that this immunization generated a 

memory-like cell. Then, we analyzed CD4+ and CD8+ T cells 
from mice that had been immunized with OVA-NPs-IL-7 in 
combination with E.G7-OVA. The CD4+ T cells from the rechal-
lenged mice expressed a memory phenotype (CD44hiCD62L+) 
relative to the controls (39.5 vs. 29.9) (Fig. 5B). The percentage 
of memory CD8+ T cells from the primed mice tended to be 
higher than that from the control mice, although statistically 
not significant. Thus, priming with OVA-NPs-IL-7 along with 
E.G7-OVA generated memory-like T cells in vivo, which may 
contribute to prevention of the growth of subsequently inocu-
lated E.G7-OVA cells.

Discussion

Growth of tumors is controlled by the immune system (17). To 
induce a strong antitumor immune response to suppress tumor 
growth in vivo, a vaccine comprising a model tumor-associated 
antigen OVA on NPs loaded with IL-7 was prepared. A single 
immunization with OVA-NPs-IL-7 suppressed the growth of 

Figure 3. Dose response of IL-7 incorporated into OVA-NPs efficiently blocks the growth of E.G7-OVA tumor cells. Mice were primed with OVA-NPs 
containing various concentrations of IL-7, and then challenged with 1x106 E.G7-OVA tumor cells, followed by assay for tumor size. Data are means ± SD for 
5 mice/group. *p<0.05. OVA, ovalbumin; NPs, nanoparticles.

Figure 2. OVA-NPs-IL-7 blocks the growth of E.G7-OVA tumor cells in vivo. C57BL/6 mice were pretreated with OVA-NPs-IL-7, OVA-NPs, NPs-IL-7 and 
NPs alone, and then inoculated with 1x106 (A) E.G7-OVA or (B) EL4 tumor cells 7 days later, followed by assay every 3-4 days for tumor size up to (A) 28 and 
(B) 15 days, respectively. Data are means ± SD for 5 mice/group. Data are from one of two independent experiments with essentially similar results. *p<0.05. 
OVA, ovalbumin; NPs, nanoparticles.
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OVA-expressing E.G7-OVA tumor cells. Memory-like CD4+ 
cells were generated after immunization with OVA-NPs-IL-7 

in vivo, which may have contributed to the resistance to the 
rechallenge with E.G7-OVA cells. Thus, tumor antigen on NPs 

Figure 5. Single injection of OVA-NPs-IL-7 generates memory-like cells in vivo. (A) Tumor-free mice (n=5) receiving OVA-NPs-IL-7 together with E.G7-OVA 
tumor cells or control (n=3) mice were then rechallenged with the same number of E.G7-OVA cells 53 days after the 1st inoculation, followed by assay for 
tumor size. Data are means ± SD. *p<0.05. (B) Spleen cells (n=3) from the E.G7-OVA rechallenged and control mice receiving E.G7 tumor cells alone were 
stained with anti-CD4-FITC, anti-CD8-FITC, anti-CD44-PE/Cy7 and anti-CD62L-APC 33 days after rechallenge. The percentage of T cells with a memory 
(CD44hiCD62L+) phenotype was calculated. *p<0.05. OVA, ovalbumin; NPs, nanoparticles.

Figure 4. OVA-NPs-IL-7 generates OVA-specific CTLs in vivo. (A) Spleen T cells were prepared from mice primed with OVA-NPs-IL-7 or control NPs alone 
or in combination with E.G7 tumor inoculation 21 days previously, followed by assessment with tetramer assay (3 independent examples), as described in 
Materials and methods. (B) Tumor size of the mice was obtained when the spleen was removed. *p<0.05. (C) Regression analysis was carried out to determine 
the relationship between tumor size and CTLs. OVA, ovalbumin; NPs, nanoparticles; CTL, cytotoxic T cell.
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in the presence of cytokine IL-7 would function as a powerful 
prophylactic vaccine to prevent the growth of subsequent 
inoculations of tumor cells in vivo.

Synthetic particles mimicking the structure of microbes 
function as powerful immune adjuvant (3,18). The adjuvant 
activity can be modified by physical characteristics of NPs 
including size, antigen loading and antigen-release kinetics. 
Our preparation of OVA-NPs-IL-7 (~100 nm) prevented the 
growth of EG.7-OVA but not parental EL4 tumors (Fig. 2B). 
OVA-NPs may be endocytosed by DCs or macrophages 
to cross-prime CD8+ T cells in regional lymph nodes (19), 
since small particles in a range of 20-200 nm freely migrate 
to draining lymph nodes from the injection site (20). A slow 
release of IL-7 from OVA-NPs (13) would facilitate to activate 
and maintain CD4+-memory T cells.

Cytokines produced by a variety of cells enhance or 
inhibit immune responses against pathogens and tumors. A 
clinical cancer trial demonstrated that IL-7 has efficacy as a 
therapeutic agent (21). IL-7 promotes the survival of effector 
T cells as well as memory T cells (22-24). Consistent with 
these findings, a single injection of OVA-NPs-IL-7 tended 
to enhance the proportion of CTLs specific for OVA relative 
to the control. The proportion of CD8+ CTLs appeared to 
correlate with poor tumor growth (Fig. 4B) (17,25). Moreover, 
OVA-NPs-IL-7 in combination with E.G7-OVA cells enhanced 
the proportion of a CD4+ memory phenotype (Fig. 5B), which 
may have contributed to the resistance to the rechallenge with 
E.G7-OVA cells (Fig. 5A). However, the proportion of memory 
B cell phenotype was comparable between OVA-NPs-IL-7 and 
the control group (Toyota et al, unpublished data). Thus, IL-7 
appeared to shift the balance toward an antitumor effect by 
repressing regulatory networks (24), which are predominant in 
the tumor-bearing host (26,27).

Collectively, we demonstrated that a single subcutaneous 
injection of OVA-NPs-IL-7 suppressed the growth in vivo of 
subsequently inoculated E.G7-OVA tumor cells expressing 
OVA, yet not parental EL4 cells. In addition to antitumor 
responses, OVA-NPs strongly generated humoral immunity 
including IgG1 and IgG2a antibody production in mice (15). 
Thus, antigens conjugated on NPs would be a novel adjuvant 
enhancing cellular as well as humoral immune responses since 
they are stable, biodegradable and non-toxic to humans.
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Combination of the ABL kinase inhibitor imatinib
with the Janus kinase 2 inhibitor TG101348 for
targeting residual BCR-ABL-positive cells
Seiichi Okabe*, Tetsuzo Tauchi, Seiichiro Katagiri, Yuko Tanaka and Kazuma Ohyashiki

Abstract

Background: The ABL kinase inhibitor imatinib is highly effective in treating most, but not all, patients with chronic
myeloid leukemia (CML). This is because residual CML cells are generally present in the bone marrow
microenvironment and are refractory to imatinib. Hematopoietic cytokine receptor signaling is mediated by Janus
kinases (JAKs) and their downstream transcription factor, signal transducer and activator of transcription (STAT).
TG101348 (SAR302503) is an oral inhibitor of JAK2.

Methods: We investigated the efficacy of imatinib and TG101348 using the break point cluster region-c-Abelson
(BCR-ABL)-positive cell line and primary CML samples wherein leukemia cells were protected by a feeder cell line (HS-5).

Results: Imatinib treatment resulted in partial inhibition of cell growth in HS-5-conditioned medium. Furthermore,
combined treatment with imatinib and TG101348 abrogated the protective effects of HS-5-conditioned medium on
K562 cells. Phosphorylation of Crk-L, a BCR-ABL substrate, decreased considerably, while apoptosis increased. In addition,
the combined treatment of CD34-positive primary samples resulted in considerably increased cytotoxicity, decreased
Crk-L phosphorylation, and increased apoptosis. We also investigated TG101348 activity against feeder cells and
observed that STAT5 phosphorylation, granulocyte macrophage colony-stimulating factor, and interleukin 6 levels
decreased, indicating reduced cytokine production in HS-5 cells treated with TG101348.

Conclusions: These results showed that JAK inhibitors may enhance the cytotoxic effect of imatinib against residual
CML cells and that a combined approach may be a powerful strategy against the stroma-associated drug resistance of
Philadelphia chromosome-positive cells.

Keywords: Chronic myeloid leukemia, JAK2 inhibitor, Imatinib, Cytokine, Feeder cell

Background
Chronic myeloid leukemia (CML) is a malignant myelo-
proliferative clonal disorder associated with the presence
of the Philadelphia chromosome (Ph) [1]. Ph results from
a translocation that yields the break point cluster region-
c-Abelson (BCR-ABL) fusion protein, which is a constitu-
tively active tyrosine kinase [2]. BCR-ABL activation is
responsible for modulating different signaling pathways,
and consequently, hematopoietic stem and progenitor cell
proliferation, as well as abnormal interactions with the
extracellular matrix and stroma [3]. The BCR-ABL fusion
protein activates several downstream signaling molecules,

including those of the Ras/Raf/MAPK, PI3K/AKT/mTOR,
and JAK/STAT pathways [4-6].
Imatinib, a first generation ABL tyrosine kinase inhibitor

(ABL TKI), is a competitive inhibitor that binds to the
ATP-binding catalytic site of ABL and decreases kinase
domain activity by stabilizing the protein in an active con-
formation [7]. Imatinib is highly for treating patients in the
chronic phase of CML. As observed in the International
Randomized Study of Interferon and STI571 study, 87% of
patients treated with imatinib achieved a complete cyto-
genetic response, with many patients achieving major mo-
lecular responses [8]. However, discontinuing imatinib is
usually associated with disease relapse. In particular, the
French Stop Imatinib trial reported that approximately
60% of patients who had maintained a complete molecular
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response for 2 years on imatinib relapsed after termination
of treatment [9]. Thus, it is currently recommended that
patients with CML stop TKI therapy only in the context of
a clinical trial. The major cause of relapse in patients with
CML is considered to be the existence of leukemia stem
cells as imatinib is believed to be unable to kill quiescent
CML stem cells. It is possible that these quiescent
leukemia stem cells do not depend on BCR-ABL signaling
[10]. Therefore, new strategies are required to specifically
target CML stem cells and improve outcomes in patients
with CML.
Janus kinases (JAKs) are a family of intracellular, non-

receptor tyrosine kinases including four family mem-
bers such as JAK1, JAK2, JAK3, and Tyk2. JAK signaling
pathways are required for cytokine and growth factor
signaling [11]. The downstream molecules, which be-
long to the signal transducer and activator of transcrip-
tion (STAT) family, are activated by JAKs. The JAK/
STAT pathway is responsible for various functions.
JAK2 plays an important role in the signaling pathways
induced by hematopoietic growth factors such as granulo-
cyte macrophage colony-stimulating factor (GM-CSF) and
interleukin (IL)-3 [12,13]. Although JAK2 is phosphory-
lated in cytokine-independent BCR-ABL-positive CML
cells, aberrant JAK/STAT signaling has been implicated in
various tumors [14]. For example, a point mutation in
JAK2 that results in non-synonymous amino acid substitu-
tion, V617F, was discovered in hematological malignan-
cies. In fact, the V617F variant is common in patients with
myeloproliferative neoplasms (MPNs) such as polycythemia
vera, essential thrombocythemia, and primary myelofibro-
sis [15]. Several JAK2 inhibitors have been developed for
patients with MPNs. These inhibitors are currently in clin-
ical trials. One of the JAK2 inhibitors, TG101348 (also
known as SAR302503), is a small-molecule JAK2 antagon-
ist. TG101348 inhibits the growth of hematopoietic cells
derived from patients with MPNs who have the V617F
mutation [16].
JAK2 is part of the BCR-ABL signaling network path-

way and is activated in CML cells [17]. JAK2 including
the point mutation is also involved in CML maintenance
[18-20]. Thus, JAK2 inhibitors may become a thera-
peutic target for CML cells. Although several reports
have demonstrated that BCR-ABL/JAK2 inhibits CML
cells including ABL TKI-resistant cells [21,22], it is not
completely known whether JAK2 is involved in CML
stem cell survival mediated by cytokines in the presence
of ABL TKI.
Here, we investigated the effect of TG101348 on re-

sidual CML cells. We demonstrated that co-treatment
with imatinib and TG101348 increased the cytotoxic ef-
fect in CD34-positive CML samples. We also found that
cytokine production, which supported growth of CML
cells, was reduced by TG101348.

Results
Effects of imatinib on BCR-ABL-expressing cells in the
presence of human stromal cells
We investigated the cell proliferation effects of imatinib
on K562 cells when cultured in the presence or absence
of HS-5 conditioned medium, which was collected and
pooled from a HS-5 stromal cell culture. We found that
K562 cell proliferation was inhibited by imatinib in a
dose-dependent manner when cultured in the absence of
HS-5 conditioned medium (Figure 1A). In contrast, we
observed that anti-leukemic activity of imatinib was par-
tially reduced in the presence of HS-5 conditioned
medium (Figure 1A). The HS-5 stromal cell line secretes
several cytokines [23]. As JAK2 is essential for signaling
of several of these cytokines, we used the JAK2 inhibitor
TG101348 to investigate the role of JAK2 in the ob-
served protection of K562 cells by HS-5 conditioned
medium. We found that co-treatment with imatinib and
TG101348 inhibited K562 cell proliferation in the pres-
ence of the HS-5 conditioned medium (Figure 1B). We
also found that another JAK inhibitor, AG490, also
inhibited K562 cell growth in the presence of HS-5 con-
ditioned medium (Figure 1B). We next investigated the
effect of TG101348 alone on K562 cells. We found that
high TG101348 concentration partially inhibited K562
cell proliferation in the absence of the HS-5 conditioned
medium (Figure 1C). The IC50 value for TG101348 was
up to 2 μM in BCR-ABL-positive cells. The concentra-
tion of TG101348 used in a clinical trial was >1 μM
[16]. It has been reported that a high TG101348 concen-
tration is associated with severe adverse events in pa-
tients with MF [16], thus, we investigated concentrations
below <1 μM in this study. Next, we investigated the effects
of this inhibitor on intracellular signaling. We observed a
decrease in BCR-ABL and STAT5 phosphorylation in the
presence of a high TG101348 concentration (Figure 1D).

Treatment of Ph-positive (Ph+) leukemia cells with
imatinib and TG101348
We next investigated whether imatinib and TG101348
could inhibit Ph + cell growth in the presence of HS-5
cells. K562 cells were exposed to imatinib alone or in
combination with TG101348 at different concentrations
in the presence or absence of HS-5 cells. Growth of
K562 cells treated with imatinib alone in the absence of
HS-5 was considerably inhibited in a dose-dependent
manner. However, when K562 cells were treated in the
presence of HS-5 cells, the effects of imatinib decreased
considerably (Figure 2A). Thus, HS-5 cells supported
K562 cell proliferation even in the presence of a high
imatinib concentration. Next, we investigated the effect
of TG101348 treatment. We observed that cell contact
between K652 and HS-5 cells was required for protec-
tion from imatinib. We also found that treatment with
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TG101348 overcame the HS-5-mediated protection of
K562 cells (Figure 2A). Using immunoblotting, we deter-
mined that phosphorylation of Crk-L, a BCR-ABL sub-
strate, STAT5, and mitogen activated protein kinase
(MAPK) decreased following co-treatment with imatinib
and TG101348. In contrast, we observed that poly(ADP-
ribose) polymerase (PARP) activity increased during co-
treatment (Figure 2B). Next, we used the pan-caspase
inhibitor Z-VAD-fmk to inhibit caspase pathways. We
found that Z-VAD-fmk treatment inhibited imatinib- and
TG101348-induced apoptosis, suggesting that a caspase-
dependent mechanism is involved in TG101348- and
imatinib-mediated cell death in K562 cells (Figure 2C).

Effects of TG101348 in combination with imatinib on
CD34-positive CML samples
To determine whether co-treatment with TG101348
and imatinib affects primary chronic phase CML cell
viability, we isolated untreated peripheral blood samples
from patients at the time of diagnosis or healthy donors
and cultured the cells in the presence of HS-5 cells for
72 h with either imatinib alone or in combination with
TG101348 at the indicated concentrations (Figure 3A).
Cell viability was assessed by trypan blue exclusion. Via-
bility of CD34-positive primary cells was not affected by
imatinib treatment alone or in the presence of HS-5
stromal cells (Figure 3A). In contrast, viability of the

Figure 1 Cytotoxic effects of imatinib in the presence of HS-5 conditioned medium. (A) K562 cells were cultured at a concentration of 8 ×
104/mL in the presence of varying concentrations of imatinib in the presence or absence of HS-5 conditioned medium for 72 h. Viable cell
numbers were calculated. Results are representative of three separate experiments. (B) K562 cells were treated with 2 μM imatinib alone or in
combination with either 1 μM TG101348 or 5 μM AG490 in the presence or absence of HS-5 conditioned medium for 72 h. Viable cell numbers
were calculated. Results are representative of three separate experiments. (C) K562 cells were cultured with the indicated concentrations of
TG101348 for 72 h. Viable cell numbers were calculated. Results are representative of three separate experiments. (D) K562 cells were treated with
TG101348 for 24 h, and total extracts were examined by immunoblotting using anti-phospho ABL, ABL, phospho-STAT5, STAT5, and β-actin Abs.
Blots were scanned and optical densities were determined using ImageJ software.
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Figure 2 (See legend on next page.)
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primary cells decreased significantly by imatinib in the
absence of HS-5 cells (data not shown). However, co-
treatment with TG101348 and imatinib resulted in a
progressive reduction in viable cell number compared
with treatment with imatinib alone (Figure 3A). Fur-
thermore, viable cell numbers of normal samples de-
creased partially after treatment with imatinib and
TG101348 suggests that these treatments were select-
ively, and more effectively influence against leukemia
(Figure 3A). The efficacy of the co-treatment was differ-
ent in each group of primary samples, which may indi-
cate different chemical sensitivities of these compounds.
We next investigated the effect of the inhibitors on
intracellular signaling in CD34-positive primary sam-
ples. We found that BCR-ABL, Crk-L, and STAT5 phos-
phorylation decreased, while PARP activity increased
after the co-treatment (Figure 3B). We investigated the
efficacy of co-treatment with TG101348 and imatinib in
a xenograft model. Growth of tumors decreased consid-
erably in TG101348- and imatinib-treated mice com-
pared with that in control mice. These results indicate
that co-treatment with imatinib and TG101348 is an
effective strategy to reduce expansion of BCR-ABL-
positive cells including CD34-positive primary cells.

Knockdown of JAK2 increased sensitivity to imatinib
We next knocked down JAK2 by transfecting JAK2 small
interfering RNA (siRNA) into K562 cells. Cell lysates
were analyzed by immunoblotting 72 h after transfection
using an anti-JAK2 Ab. We confirmed that Jak2 expres-
sion decreased considerably when compared to that in
control cells (Figure 4A). To test the effect of JAK2
knockdown on K562 cells, we examined the effect of
imatinib on them when cultured in the presence of HS-
5. We observed that the viability of JAK2 siRNA trans-
fected cells was not reduced when compared with that
of control cells (Figure 4B). In contrast, viability of JAK2
siRNA-transfected cells was partially reduced in the
presence of HS-5 cells when compared to control cells
cultured under the same conditions (Figure 4B). Import-
antly, we found that viability of JAK2 siRNA-transfected
K562 cells decreased considerably after imatinib treat-
ment in the presence of HS-5 cells (Figure 4B). Next,
we investigated the effect of imatinib on intracellular

signaling in these cells. We found that BCR-ABL phos-
phorylation in the JAK2 siRNA-transfected K562 cells
was not reduced after imatinib treatment compared to
control cells (Figure 4C). In contrast, we observed that
Crk-L and MAPK phosphorylation decreased after ima-
tinib treatment in JAK2-siRNA transfected K562 cells
(Figure 4C). Thus, these results indicate that JAK2 is in-
volved in the downstream signaling of BCR-ABL.

Detection of cytokines in HS-5 conditioned medium
The HS-5 cell line was treated with TG101348 at different
concentrations for 24 h (Figure 5). We found that STAT5
phosphorylation was partially reduced after TG101348
treatment using immunoblotting analysis (Figure 5A). We
next investigated cytokine levels by assaying HS-5 condi-
tioned medium after 1 day of culture in the presence or
absence of TG101348 using the human cytokine array ac-
cording to the manufacturer’s instructions. We analyzed
36 cytokines simultaneously and evaluated their relative
expression levels. We found that GM-CSF, and IL-6
levels decreased considerably after TG101348 treatment
compared to that in the untreated conditioned medium
(Figure 5B). These results indicate that TG101348 regu-
lates cytokine production in HS-5 cells.

Discussion
Previous studies revealed that BCR-ABL-positive pro-
genitor cells persist in patients with CML despite TKI
therapy. This may be attributable, in part, to quiescent
CML stem cells residing in protected hematopoietic
niches [24]. Hematopoietic growth factors, including cy-
tokines, are secreted by endothelial cells and fibroblasts.
JAK2 phosphorylates STAT5 in normal hematopoietic
stem cells following activation of cytokine receptors.
However, BCR-ABL phosphorylates STAT5 at the same
critical tyrosine residue close to the SH2 domain in
CML cells, and activated STAT5 translocates to the nu-
cleus [14,25].
Residual leukemia cells in bone marrow niches are ex-

posed to many cytokines in situ [26]. Our results indicate
that cytokine-enriched HS-5 conditioned medium pro-
tected CML cells from imatinib. Furthermore, we demon-
strated that the imatinib inhibitory effect decreased when
CML cells were co-cultured with HS-5 cells. This stromal

(See figure on previous page.)
Figure 2 Co-treatment with imatinib and TG101348 increased inhibition of cell growth and induced apoptosis of BCR-ABL-expressing
cells in the presence of HS-5 cells. (A) K562 cells were cultured at a concentration of 8 × 104/mL in the presence or absence of HS-5 cells. Cells
were then treated with varying concentrations of imatinib alone or in combination with TG101348 for 72 h. Viable cell numbers were calculated.
Results are representative of three separate experiments. (B) K562 cells were treated with imatinib alone or in combination with TG101348 for
24 h, and total extracts were examined by immunoblotting using anti-phospho ABL, ABL, phospho-Crk-L, Crk-L, phospho-STAT5, STAT5,
phospho-MAPK, Erk-1, cleaved PARP, and β-actin Abs. Blots were scanned and optical densities were determined using ImageJ software. (C) K562
cells were cultured with Z-VAD-fmk (20 μM) and/or TG101348 and imatinib for 24 h. Total extracts were analyzed by immunoblotting using
anti-cleaved caspase-3 and cleaved PARP Abs. Actin was used as the loading control. Data are representative of two separate experiments. Blots
were scanned and optical densities were determined using ImageJ software.
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Figure 3 (See legend on next page.)

Okabe et al. Journal of Hematology & Oncology 2014, 7:37 Page 6 of 11
http://www.jhoonline.org/content/7/1/37

-228-

--0123456789



cell line secretes multiple cytokines that support hema-
topoietic progenitor proliferation. Treatment of K562 cells
with imatinib in the presence of HS-5 conditioned
medium resulted in only partial inhibition of cell growth,
indicating that imatinib alone may not be sufficient to
eradicate residual CML cells that reside within a cytokine-
rich microenvironment. Thus, it is important to probe the
cytokine-mediated leukemia stem cell signaling pathways
as targets for combined treatments with TKIs to develop
more efficient therapies for patients with CML.
In this study, we analyzed the ability of cytokine sig-

naling to protect CML cells. A previous study revealed
GM-CSF-mediated imatinib and nilotinib resistance
through BCR-ABL independent activation of the JAK2/
STAT5 pathway [27]. We demonstrated that inhibiting
JAK2 by either JAK2 siRNA transfection or the JAK2 in-
hibitor TG101348 downregulated STAT5 activity. More-
over, STAT5 phosphorylation decreased considerably and
PARP activity increased following co-treatment with ima-
tinib and TG101348 in Ph+ leukemia cells including pri-
mary CD34-positive cells. Inhibiting STAT5 in leukemia
was sufficient to prevent leukemia cell proliferation. JAK2
functions downstream of BCR-ABL. Although we did not
tried to combine the two drugs at their IC50s in this cell
line, we showed that inhibiting JAK2 resulted in reduced
STAT5 activity and enhanced imatinib efficacy even when
leukemia cells were protected by hematopoietic stromal
cells-mediating cytokine/chemokine production.
We also examined the effect of TG101348 on cytokine

expression in HS-5 cells using a cytokine array containing
36 different cytokines. We observed that expression levels
of several cytokines, such as GM-CSF, G-CSF, and IL-6,
decreased considerably after treatment. Because GM-CSF
and IL-6 are involved in maintenance of hematopoietic
stem cells, these cytokines suppress apoptosis and regulate
cell viability, growth, and differentiation [28]. Thus, acti-
vating cytokine-mediated JAK2/STAT5 signaling may cir-
cumvent the need for BCR-ABL signaling and cell survival
[29]. Here, we demonstrated that blocking cytokine signal-
ing using a JAK2 inhibitor in combination with imatinib
might be an effective strategy to eradicate residual CML
cells in vitro and in vivo. Cytokine-mediated signaling may
not be critical for cell survival when BCR-ABL signaling is

activated; however, it is possible that residual CML cells
treated with imatinib can be rescued through a cytokine-
triggered JAK2/STAT5 signaling pathway.

Conclusions
Our results indicate that co-treatment with imatinib and
JAK2 inhibitors may have the potential for targeting re-
sidual CML cells by enhancing imatinib efficiency and
reducing cytokine production by stromal cells. There-
fore, this approach may represent an important thera-
peutic strategy for patients with CML.

Methods
Cell culture and reagents
The BCR-ABL-positive leukemia cell line K562 and human
bone marrow stromal cell line HS-5 were obtained from
the American Type Culture Collection (Rockville, MD,
USA). Cells were cultured in the Roswell Park Memorial
Institute 1640 medium containing 10% fetal bovine serum
and maintained at 37°C in a 5% CO2 humidified atmos-
phere. The JAK2 inhibitor TG101348 was purchased from
Shanghai APIs Chemical (Shanghai, China) and the ABL
kinase inhibitor imatinib was provided by Novartis Pharma
AG (Basel, Switzerland). Stock solutions of TG101348
were prepared in dimethyl sulfoxide, while that of imatinib
was prepared in distilled water. These stock solutions were
further diluted in growth medium to achieve the desired
concentrations. Antibodies (Abs) against phosphor-Abl,
phospho Crk-L, STAT5, MAPK, cleaved caspase-3, and
PARP were purchased from Cell Signaling Technology
(Danvers, MA, USA). Erk-1, Crk-L, and STAT5 Abs were
purchased from BD Biosciences (San Jose, CA, USA). The
anti-Abl Ab was purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Other reagents were obtained
from Sigma-Aldrich (St. Louis, MO, USA).

Primary BCR-ABL-positive and normal control cells
This study protocol was approved by the Institutional
Review Board of Tokyo Medical University, and written
informed consent was provided by all patients in accord-
ance with the Declaration of Helsinki. Primary samples
were collected from untreated peripheral blood of pa-
tients with CML or from the bone marrow of normal

(See figure on previous page.)
Figure 3 Effects of imatinib and TG101348 on CD34-positive primary cells. (A) CD34-positive CML cells or healthy donor samples were
cultured in the presence of HS-5 cells. Cells were then treated with varying concentrations of imatinib alone or in combination with TG101348 for
72 h. Viable cell numbers were calculated. Results are representative of three separate experiments. (B) CD34-positive primary cells were treated
with the indicated concentrations of imatinib alone or in combination with TG101348 for 24 h. Total cell extracts were analyzed by immunoblotting
using phospho-specific ABL, STAT5, Crk-L, and cleaved PARP Abs. β-actin was used as the loading control. Results are representative of at least three
reproducible experiments. Blots were scanned and optical densities were determined using ImageJ software. (C) In vivo studies were performed as
described in Methods. Tumors were treated with or without imatinib and TG101348 5 days per week, and growth was measured. *p < 0.05, compared
with control mice.
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healthy donor after obtaining written informed consent.
The peripheral blood was collected in heparinized tubes,
and mononuclear cells were separated using LymphoSe-
pare (Immuno-Biological Laboratories, Minneapolis,
MN, USA). These cells were either used immediately or
cryopreserved in liquid nitrogen until use.

Cell proliferation assay
Cells were seeded in 24- or 96-well plates at a density of
8 × 104 or 8 × 103 cells/well. Next, cells were treated with
the inhibitors at the indicated concentrations: imatinib,
100 nM to 2 μM; and TG101348, 100 nM to 1 μM. Vi-
able cells were either counted using trypan blue

Figure 4 JAK2 siRNA transfected K562 cells had increased sensitivity to imatinib. (A) K562 cells were transfected with JAK2 siRNA or a
control siRNA. Cell lysates were analyzed by immunoblotting 72 h after transfection using Jak2 and β-actin Abs. Blots were scanned and optical
densities were determined using the ImageJ system. (B) K562 and siRNA-transfected K562 cells were cultured at a concentration of 8 × 104/mL in
the presence or absence of feeder cells. The cells were treated with 1 μM imatinib for 72 h. Viable cell numbers were calculated. Results are
representative of three separate experiments. (C) K562 and siRNA-transfected K562 cells were treated with imatinib for 24 h, and total extracts
were examined by immunoblotting using anti-phospho ABL, ABL, phospho-Crk-L, Crk-L, phospho-MAPK, Erk-1 and β-actin Abs. Blots were
scanned and optical densities were determined using ImageJ software.
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exclusion or were stained with a cell counting kit solution
(Dojin, Kumamoto, Japan) and measured spectrophoto-
metrically (A450) to determine cell viability. In some exper-
iments, cells were co-cultured with human stromal cells.
After cultivating the HS-5 cells at a density of 1 × 105

cells/well in 24-well plates overnight, the K562 cells were
plated onto the HS-5 cells, cultured for 3 days, and ana-
lyzed for cell proliferation. To analyze the activity of the
soluble factors produced by HS-5 cells, K562 cells were
cultured for 72 h in the presence of HS-5 conditioned
medium from cultures that that were either not treated
with imatinib or treated with the drug at the indicated
concentrations. Cell proliferation was then analyzed.

siRNA transfection
siRNAs targeting the JAK family members were pur-
chased from Santa Cruz Biotechnology (sc-39099). K562
cells were transfected with a siRNA targeting JAK2 by
electroporation, as described previously [30].

Immunoblotting
Immunoblotting was performed as described previously
[31]. After different treatments were performed as indi-
cated above, cells were collected by centrifugation and
lysed by sonication using the radioimmunoprecipitation
assay lysis buffer. Protein content in the lysates was de-
termined using a protein assay kit (Bio-Rad Laboratories,

Figure 5 Effect of TG101348 on HS-5 cells. (A) HS-5 cells were cultured in the presence of different concentrations of TG101348 for 24 h, and
total extracts were examined by immunoblotting using anti-phospho STAT5, STAT5, and β-actin Abs. Blots were scanned and optical densities
were determined using ImageJ software. (B) HS-5 cells were treated with TG101348 for 24 h and conditioned medium was collected. The relative
levels of 36 different cytokines were analyzed using the Human Cytokine Array Kit. The expression of cytokines was determined using ImageJ
software. Results are representative of three separate experiments. *p < 0.05, TG101348 treatment vs. control.
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Hercules, CA, USA). Forty micrograms of total cellular pro-
teins were separated on 4–20% polyacrylamide gels and
transferred to polyvinylidene difluoride membranes. Next,
the membranes were probed using primary Abs of interest
at the appropriate dilutions for 2 h at room temperature.
The blots were visualized by the chemiluminescent method
using the Amersham ECL chemiluminescence kit (GE
Healthcare, Tokyo, Japan). Immunoblots were quantified
using ImageJ software (NIH, Bethesda, MD, USA).

Cytokine array
After culturing HS-5 cells in the presence or absence of
TG101348, the culture medium was collected. Cytokine
levels in the medium were measured using the human
cytokine panel A (Proteome Profiler™) (R&D Systems,
Minneapolis, MN, USA). Horseradish peroxidase sub-
strate was used to detect protein expression, and data
were visualized using Kodak Biomax Light film. Arrays
were scanned and optical densities were determined
using ImageJ software.

In vivo studies
Six-week-old female BALB/c nude mice were purchased
from CLEA Japan Inc. (Tokyo, Japan). Mice were injected
subcutaneously with 1 × 107 Ba/F3 wild-type BCR-ABL
cells. Mice were treated after 5 days with 40 mg/kg ima-
tinib intraperitoneally or 30 mg/kg TG101348 orally or a
combination of the two agents for 5 days per week. Con-
trol mice were treated with phosphate-buffered saline.
Tumor sizes were analyzed every day. The average tumor
weight per mouse (n = 6) was calculated.

Statistical analysis
We used Student’s t-test to determine differences in re-
sponse to the various treatments. p < 0.05 was consid-
ered statistically significant.
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Introduction

Chronic myeloid leukemia (CML) is a myeloproliferative 
disorder of hematopoietic stem cells, characterized by the pres-
ence of the Philadelphia chromosome (Ph).1,2 BCR-ABL kinase 
is largely responsible for the pathogenesis of CML. BCR-ABL 
activates the phosphatidylinositol-3 kinase (PI3K)/AKT, Ras, 
and Janus kinase (JAK)/signal transducers and activator of tran-
scription (STAT) downstream signaling pathways; therefore, 
these molecules may have leukemogenic activity.3-5 Although 
imatinib is used for the treatment of CML and Ph-positive 
acute lymphoblastic leukemia (ALL),6,7 some patients develop 
secondary resistance to imatinib therapy. Several imatinib resis-
tance mechanisms have been reported in vitro, which involve 
reactivation of the BCR-ABL signaling pathway. These include 
BCR-ABL gene amplification, BCR-ABL point mutation, and 
overexpression of LYN, a SRC-family kinase protein.8,9 Second-
line BCR-ABL kinase inhibitors such as nilotinib and dasatinib 
are clinically available. The majority of imatinib-resistant or 

imatinib-intolerant patients responded to treatment with these 
second-generation BCR-ABL kinase inhibitors.10 However, 
therapy with second-generation BCR-ABL kinase inhibitors or 
transplantation is less successful in patients with advanced or 
blast-phase CML than in those with chronic phase.11 Further-
more, if quiescent leukemia stem cells are not eradicated, current 
BCR-ABL tyrosine kinase inhibitor will not cure the disease.12 
Alternative treatment modalities, such as BCR-ABL target-
ing tyrosine kinase inhibitors (TKIs) combined with tolerated 
agents that target pathways downstream of BCR-ABL could pre-
vent the emergence of resistant clones.

PI3K is involved in the phosphorylation of membrane inositol 
lipids. AKT, also referred as to as protein kinase B, is a 57-kDa 
serine/threonine kinase that is the cellular homolog of the 
v-AKT oncogene, and it has 3 isoforms that share a high degree 
of sequence homology. All the 3 members (AKT1, AKT2, and 
AKT3) belong to the AGC family of protein kinases.13 AKT1 and 
AKT2 are ubiquitously expressed and AKT3 is found in nervous 
tissue.14 The PI3K/AKT signaling pathways play an important 
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Imatinib, an aBL tyrosine kinase inhibitor (TKI), has shown clinical efficacy against chronic myeloid leukemia (cML). 
however, a substantial number of patients develop resistance to imatinib treatment due to the emergence of clones 
carrying mutations in the protein BcR-aBL. The phosphoinositide 3 kinase (PI3K)/akt/mammalian target of rapamycin 
(mTOR) pathway regulates various processes, including cell proliferation, cell survival, and antiapoptosis activity. In this 
study, we investigated the efficacy of NVP-BeZ235, a dual PI3K and mTOR inhibitor, using BcR-aBL-positive cell lines. 
Treatment with NVP-BeZ235 for 48 h inhibited cell growth and induced apoptosis. The phosphorylation of the aKT kinase, 
eukaryotic initiation factor 4-binding protein 1 (4e-BP1), and p70 s6 kinase were decreased after NVP-BeZ235 treatment. 
The combination of NVP-BeZ235 with a BcR-aBL kinase inhibitor, imatinib, or nilotinib, induced a more pronounced 
colony growth inhibition, whereas the combination of NVP-BeZ235 and nilotinib was more effective in inducing apoptosis 
and reducing the phosphorylation of aKT, 4e-BP1, and s6 kinase. NVP-BeZ235 in combination with nilotinib also inhibited 
tumor growth in a xenograft model and inhibited the growth of primary T315I mutant cells and ponatinib-resistant cells. 
Taken together, these results suggest that administration of the dual PI3K and mTOR inhibitor NVP-BeZ235 may be an 
effective strategy against BcR-aBL mutant cells and may enhance the cytotoxic effects of nilotinib in aBL TKI-resistant 
BcR-aBL mutant cells.
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role in normal cellular processes such as proliferation, survival, 
and differentiation.15 Mammalian target of rapamycin (mTOR) 
is a 289-kDa serine/threonine protein kinase belonging to the 
PI3K-related kinase family. It is established that the upregulation 
and activation of PI3K/AKT/mTOR signaling is important for 
conferring a growth advantage to leukemia cells, including CML 
cells. Moreover, activation of the PI3K/AKT/mTOR pathway 
negatively influences the tumor response to conventional anti-
leukemic treatments.16

In this study, we investigated the effects of NVP-BEZ235 on 
Ph-positive leukemia cells. NVP-BEZ235 is a dual inhibitor of 
PI3K and mTOR.17 We clarified the mechanisms of action of 
NVP-BEZ235 in BCR-ABL–expressing cells and determined its 
efficacy alone and in combination with ABL kinase inhibitors 
such as nilotinib or imatinib. We found that the co-treatment 
with NVP-BEZ235 and BCR-ABL kinase inhibitors is effective 
against imatinib-resistant BCR-ABL-positive leukemia cells.

Results

Effect of NVP-BEZ235 and imatinib or nilotinib on Ba/F3 
BCR-ABL random mutagenesis cells

BCR-ABL point mutations are major mechanism of imatinib 
resistance.8,9 In many leukemia cases, patient samples contain 
multiple genetically distinct leukemia-initiating cell subclones 
and reconstitution with the predominant diagnosis clone is asso-
ciated with more aggressive growth properties.18 In particular, 
compound mutations are common in patients with sequenc-
ing evidence for double BCR-ABL1 mutations and frequently 
reflect a highly complex clonal network in Ph-positive leukemia 
patients.19 Therefore, we used the in vitro screen of randomly 
mutagenized BCR-ABL Ba/F3 cells that confer resistance to 
ABL tyrosine kinase inhibitor in this study. We evaluated the 
various NVP-BEZ235 combinations employing random muta-
genesis of Ba/F3 BCR-ABL cells and analyzed the antiprolifera-
tive activity by long-term culture colony assay. After exposure 
to indicated concentrations of NVP-BEZ235, the percentage of 
colony formation was lower than that in the control (Fig. 1). The 
inhibition rate calculated by colony assay was 62% with 50 nM 
NVP-BEZ235 and 84% with 75 nM. In this study, we examined 
the efficacy of the combination treatment of nilotinib or ima-
tinib with NVP-BEZ235. We found that the proliferation of Ba/
F3 BCR-ABL random mutagenesis cells was partially reduced by 
treatment with imatinib or nilotinib alone compared with the 
control. We found that the percentage of colony formation was 
significantly inhibited by the co-treatment with NVP-BEZ235 
and nilotinib or imatinib. We also found that colony growth was 
completely inhibited by treatment with 50 nM NVP-BEZ235 
and 500 nM nilotinib. Statistical analysis was also performed. 
Two-way ANOVA analysis revealed these drugs combined effects 
were additive.

NVP-BEZ235 inhibits growth and induces apoptosis in 
BCR-ABL-positive cells

We next evaluated the effect of NVP-BEZ235 on BCR-ABL-
positive cell line K562 using the cell proliferation assay. K562 cells 
were incubated for 48 h with increasing concentrations of NVP-
BEZ235. As shown in Figure 2A, the cell growth of K562 was 
inhibited in a dose-dependent manner. Effective inhibitory con-
centrations for this cell line were found in the nanomolar range. 
We next examined whether NVP-BEZ235 induced apoptosis in 
K562 cells. As indicated in Figure 2B, the percentage of Annexin 
V-positive cells increased after 48 h NVP-BEZ235 treatment in 
a dose-dependent manner. We also evaluated the intracellular 
signaling after NVP-BEZ235 treatment. 4E-BP1 and S6 kinases 
are the downstream targets of PI3K/AKT and mTOR pathways, 
and these are correlated with protein transcription.20 In immu-
noblot analysis, we found that the phosphorylation level of AKT, 
4E-BP1, and S6 kinase decreased after 24 h NVP-BEZ235 treat-
ment in a dose-dependent manner. However, the phosphoryla-
tion of MAPK was not found to be reduced (Fig. 2C). We next 
examined the effect on Ph-positive primary cells. We found that 
the cellular growth of Ph-positive primary cells was inhibited by 
NVP-BEZ235 in a dose dependent manner (Fig. 2D).

Figure 1. effects of NVP-BeZ235 and imatinib or nilotinib on Ba/F3 BcR-
aBL random mutagenesis cells. Ba/F3 BcR-aBL random mutagenesis 
cells were treated with the indicated concentration of NVP-BeZ235 and/
or nilotinib (A) or imatinib (B) for 14 d. The colony-formation assay was 
performed as described in Materials and Methods. The data are repre-
sentative of 3 independent sets of experiments. statistical analysis was 
also performed by using two-way aNOVa. Two-way aNOVa analysis 
revealed combined effects of two drugs were additive.
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Figure 2. NVP-BeZ235 inhibits cell growth and induces apoptosis in Ph-positive cells. (A) cells were cultured at a concentration of 8 × 104/mL in the pres-
ence or absence of NVP-BeZ235 for 48 h. Viable cells were evaluated as described in Materials and Methods. (B) K562 cells were treated with NVP-BeZ235 
at the indicated concentration for 48 h. The percentage of apoptotic cells was examined as described in Materials and Methods. (C) K562 cells were 
treated with NVP-BeZ235 for 24 h; total extracts were analyzed by immunoblot analysis with anti-phospho akt, 4e-BP1, s6 kinase, MaPK, and anti-actin 
antibodies. The data presented here are representative of 3 separate experiments. (D) Ph-positive primary cells were cultured at a concentration of 2 × 
105/mL in the presence or absence of NVP-BeZ235 for 48 h. Viable cells were evaluated as indicated in Materials and Methods.
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Co-treatment with NVP-BEZ235 and nilotinib inhibits 
growth and induces apoptosis of K562 and primary cells

To examine the inhibitory effect of NVP-BEZ235 and nilo-
tinib on the proliferation of CML cells, we evaluated the growth 
of K562 cells before and after NVP-BEZ235 and/or nilotinib 
treatment. The cell growth of K562 was inhibited by NVP-
BEZ235 and nilotinib treatment (Fig. 3A). As indicated in Fig-
ure 3B, the percentage of Annexin V-positive cells increased after 
NVP-BEZ235 and nilotinib treatment. We next examined the 
intracellular signaling before and after NVP-BEZ235 and/or 
nilotinib treatment in K562 cells. The results indicated that the 
phosphorylation of BCR-ABL was reduced after 24 h treatment 
with nilotinib. The phosphorylation of AKT, 4E-BP1, and S6 
kinase reduced after co-treatment with NVP-BEZ235 and nilo-
tinib. Moreover, BCL-XL was downregulated and cleaved PARP 
was upregulated after treatment with NVP-BEZ235 and nilo-
tinib (Fig. 3C).

Effects of NVP-BEZ235 and nilotinib on Ba/F3 BCR-ABL 
random mutagenesis cells in a xenograft model

To assess the activity of NVP-BEZ235, we tested CML tumor 
formation in mice. Therefore, we injected nude mice subcu-
taneously with 1 × 107 Ba/F3 BCR-ABL random mutagenesis 
cells. The next day, mice were separated into 4 groups (control, 
nilotinib, NVP-BEZ235, and nilotinib + NVP-BEZ235). Con-
trol mice were treated with 0.9% NaCl daily. Tumor size was 
evaluated every 3 d. An orally administered dose of 30 mg/kg/
day of nilotinib or NVP-BEZ235 inhibited tumor growth and 
reduced tumor volume compared with control mice. Moreover, 
it was observed that the tumor volume in the nilotinib + NVP-
BEZ235 group decreased significantly (P < 0.001) (Fig. 4A). The 
tumor from mice treated with nilotinib and NVP-BEZ235 dis-
played higher necrosis levels compared with that from vehicle-
treated mice. We also performed immunohistochemical analysis. 
TdT-mediated dUTP nick-end labeling (TUNEL) assay showed 

Figure 3. effect of NVP-BeZ235 and nilotinib treatment on K562 cells. (A and B) cells were cultured in the presence or absence of NVP-BeZ235 or nilo-
tinib for 48 h. Viable cells and apoptotic cells were evaluated as described in Materials and Methods. *P < 0.05 for nilotinib and NVP-BeZ235 treatment 
vs. treatment with 50 nM nilotinib alone in the same cell line. (C) K562 cells were treated with NVP-BeZ235 and/or nilotinib for 24 h; total cellular lysates 
were immunoblotted with anti-phospho abl, akt, 4e-BP1, s6 kinase, BcL-XL, PaRP, and actin abs.
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that the number of apoptotic cells was higher and the expression 
level of the proliferation maker Ki-67 was lower in the nilotinib 
and NVP-BEZ235 treatment group than in the other groups 
(Fig. 4B). Furthermore, we found that the phosphorylation of S6 
kinase was significantly lower in the nilotinib and NVP-BEZ235 
combination treatment group compared with that in the control 
mice. These results suggest that nilotinib and NVP-BEZ235 
treatment effectively suppress tumor growth in vivo and that the 
tumor inhibition achieved by the combinatorial treatment was 
superior to that achieved by nilotinib or NVP-BEZ235 alone.

Co-treatment with NVP-BEZ235 and nilotinib inhibits the 
growth of wild type and mutant BCR-ABL-positive cells

Because co-treatment with NVP-BEZ235 and nilotinib 
inhibited colony formation, we investigated whether NVP-
BEZ235 and nilotinib treatment could inhibit Ph-positive pri-
mary cells as well. The results showed that 48 h NVP-BEZ235 
and nilotinib co-treatment suppressed the growth of Ph-positive 
primary cells (Fig. 5A). We next investigated the effect of the 
treatment on T315I point mutant primary cells. We found that 
NVP-BEZ235 and nilotinib inhibited cell growth and induced 

apoptosis of T315I-positive cells (Fig. 5B and C). In addition, 
we found that NVP-BEZ235 and nilotinib combination treat-
ment inhibited the growth of ponatinib (AP24534)-resistant 
primary cells (Fig. 5D). These results indicated that the com-
bination of NVP-BEZ235 and nilotinib treatment is effective 
against Ph-positive primary cells, including ABL TKI-resistant 
cells.

Discussion

Imatinib resistance caused by ABL kinase domain mutation 
activates the downstream targets of BCR-ABL, such as the PI3K/
Akt/mTOR pathways, which have recently been implicated in 
the survival and expansion of leukemic cells. Therefore, the tar-
geting of the PI3K/Akt/mTOR signaling pathway by specific 
kinase inhibitors have been the focus of extensive treatment for 
Ph-positive leukemia cells including T315I mutation.

A number of PI3K/Akt/mTOR signaling inhibitors are under 
investigation. Among these, NVP-BEZ235 has shown anti-
tumor activity against various tumor types,21-23 and it is now 

Figure 4. effect of NVP-BeZ235 and nilotinib on Ba/F3 BcR-aBL random mutagenesis cells in xenograft model. (A) In vivo studies were performed as 
described in Materials and Methods. (B) Tumor cells treated with or without NVP-BeZ235 and nilotinib for 24 d were examined by immunohistochemical 
analysis as described in Materials and Methods. Original magnification: 400×. h&e, hematoxylin and eosin; TUNeL, TdT-mediated dUTP nick-end label-
ing. *P < 0.01, **P < 0.001 compared with control.
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Figure 5. For figure legend, see page 213.
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being evaluated in clinical trials. NVP-BEZ235 has shown in 
vivo anticancer efficacy in models of lung cancer, breast cancer, 
glioma, and myeloma.23-26 Another dual PI3K/mTOR inhibitor, 
PI-103 and Mdm2 inhibitor, Nutlin-3 enhances the antileuke-
mic activity-mediated p53 pathway in acute myeloid leukemia 
(AML) cells.27 The simultaneous inhibition of PI3K/Akt/mTOR 
and MAPK signaling is effective against epidermal growth fac-
tor receptor (EGFR) mutant lung cancer.28 Although it has been 
reported that the co-treatment of the PI3K inhibitors LY294002 
or wortmannin with imatinib enhances the antileukemic activ-
ity in CML,29 these compounds cannot be used in clinical set-
ting due to their severe toxicity. Rapamycin has been shown to 
be effective in vitro against imatinib-resistant CML cells30 and 
a phase I–II study of everolimus (RAD001), a derivative of 
rapamycin, in combination with imatinib in imatinib-resistant 
CML patients.

In the present study, we evaluated the potential antileuke-
mic effect and the action mechanism of NVP-BEZ235 against 
BCR-ABL-positive cells. NVP-BEZ235 displayed a statistically 
significant growth inhibition of BCR-ABL mutant cell (Fig. 5) 
and the combined use of NVP-BEZ235 and nilotinib induced 
apoptosis in BCR-ABL-positive cells, Ph-positive primary cells 
including T315I mutation, and ponatinib-resistant cells (Fig. 5C 
and D). In this study, we could not demonstrate the synergis-
tic effect when the two agents were combined in colony assay. 
Our screen links mutations in these residues to drug resistance. 
Because the number of clones isolated from this type of screen, 
many of the novel ABL TKI-resistant variants recovered. These 
TKI-resistant variants suggest these might be weak cooperating 
mutations whose modest effects might not be resolved in short-
term cell growth assays. We also demonstrated that co-treatment 
with nilotinib and NVP-BEZ235 enhanced antitumor activity 
in vivo and was less toxic in a xenograft model. The challenge for 
the development of an effective Ph-positive leukemia therapy is to 
develop an alternative treatment strategy that does not rely solely 
on kinase domain inhibition. In this study, we showed that the 
targeting of PI3K/Akt/mTOR signaling network with pharma-
cological inhibitors in combination with ABL TKIs is an effica-
cious treatment of Ph-positive leukemia.

In summary, the experimental data presented in this report 
suggests that NVP-BEZ235, a PI3K/AKT-mTOR inhibitor, 
potentiates nilotinib-induced apoptosis of BCR-ABL-positive 
leukemia cells through S6 kinase inhibition. Combination regi-
mens involving novel and conventional anti-BCR-ABL agents 
may be a key strategy to improve clinical benefits and reduce the 
development of imatinib-resistant clones. This molecular model 
will provide useful information for development of therapeutic 
strategies against Ph-positive cells.

Materials and Methods

Cell, reagents, and animals
A BCR-ABL-positive cell line K562 was obtained from the 

American Type Culture Collection. Ba/F3 BCR-ABL, BCR-
ABL point mutant cells, and BCR-ABL random mutagenesis 
cells were described previously.31,32 A full-length BCR-ABL cDNA 
was cloned into pMSCV-IRES-GFP retroviral vector, generat-
ing MSCV-IRES-GFP-B/A. XL-1 Red competent Escherichia 
coli cells (Stratagene) deficient in DNA repair mechanisms were 
used for transformation. The plasmid libraries were transfected 
onto HEK 293T cells and the viral supernatant was collected. 
Murine Ba/F3 cells were then transfected with the mutated vec-
tor. Ba/F3 cells expressing the different BCR-ABL constructs 
became interleukin-3 (IL-3)-independent and were grown in 
Roswell Park Memorial Institute (RPMI) without IL-3. These 
cells were cultured in the RPMI1640 medium containing 10% 
fetal bovine serum (FBS). Nude mice were obtained from Clea 
Japan and maintained under standard conditions according to 
the institutional guidelines. NVP-BEZ235, nilotinib and ima-
tinib were obtained from Novartis Pharma AG. Stock solutions 
of NVP-BEZ235 and nilotinib were prepared in dimethyl sulfox-
ide (DMSO), and imatinib was dissolved in distilled water prior 
to dilution to the desired concentration in the growth medium. 
Anti-phospho Abl, anti-phospho CRK-L, S6 kinase, eukaryotic 
initiation factor 4-binding protein 1 (4E-BP1), mitogen-activated 
Protein kinase (MAPK), anti-cleaved caspase 3, and poly (ADP-
ribose) polymerase (PARP) antibodies (Abs) were purchased 
from Cell Signaling. Other reagents were obtained from Sigma.

Cell proliferation assay
Cell proliferation analysis was performed as previously 

described.33,34 Briefly, the cells were seeded in 24- or 96-well 
plates at a density of 1 × 105 or 1 × 104 cells/well. The cells were 
treated with the inhibitors at the following concentrations: NVP-
BEZ235, 1–100 nM; nilotinib, from 10 nM to 1 μM. Viable 
cells were counted by trypan blue exclusion or fluorescence-acti-
vated cell sorting (FACS).

FACS analysis
The cells were treated with NVP-BEZ235 and/or nilotinib at 

the concentrations described above for 48 h. Annexin V/prop-
idium iodide apoptosis assay was performed according to the 
manufacturer’s protocol (Becton, Dickinson and Company). The 
cells were mixed gently and were analyzed immediately by flow 
cytometry.

Western blotting
The cells were treated with NVP-BEZ235 at indicated times 

and concentrations, and washed once with ice-cold phosphate-
buffered saline (PBS). The cells were then lysed in lysis buffer 

Figure 5 (See opposite page). co-treatment with NVP-BeZ235 and nilotinib inhibits cell growth and induces apoptosis of wild-type and T315I mutant 
BcR-aBL-positive cells. (A) Wild-type primary cells were cultured at a concentration of 2 × 105/mL in the presence or absence of NVP-BeZ235 or nilotinib 
for 48 h. Viable cells were evaluated. (B) Ba/F3 T315I cells were cultured in the presence or absence of NVP-BeZ235 or nilotinib for 48 h. Viable cells and 
percentage of apoptotic cells was examined. (C) T315I mutant primary cells were cultured in the presence or absence of NVP-BeZ235 or nilotinib for 48 
h. Viable cells and percentage of apoptotic cells was examined. (D) Ponatinib-resistant primary cells were treated with NVP-BeZ235 and/or nilotinib at 
the indicated concentration for 48 h. Viable cells were evaluated as described in Materials and Methods. *P < 0.05, nilotinib and NVP-BeZ235 treatment 
vs. treatment with 1 μM nilotinib alone in the same cell line.
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for 20 min on ice. The lysates were centrifuged at 12 000 rpm 
for 20 min at 4 °C. The protein content of the lysates was 
determined using a protein assay kit (Bio-Rad Laboratories). 
Equivalent amounts of proteins of the cell lysates were boiled 
with 2× SDS sample buffer for 5 min. The proteins were loaded 
onto polyacrylamide gels and then transferred to polyvinylidine 
dif luoride (PVDF) membranes (Millipore). The membranes 
were blocked by 1% bovine serum albumin (BSA) in PBS-Tween 
20 (PBST) and probed with the indicated primary antibodies at 
appropriated dilution for 2 h at room temperature (RT). Blots 
were probed with secondary antibodies conjugated with horse-
radish peroxidase and developed using the enhanced chemilu-
minescence (ECL, Amersham Phamacia Biotech) system with 
ECL-film according to the manufacture’s specifications.

In vivo studies
The mice were injected subcutaneously with 1 × 107 Ba/F3 

BCR-ABL mutagenesis cells. The mice were treated orally with 
30 mg/kg NVP-BEZ235 or 30 mg/kg nilotinib, or a combina-
tion of the 2 agents daily. Control mice were treated with 0.9% 
NaCl of the vehicle. Tumor sizes were observed at various time 
points. The average tumor weight per mouse (n = 5) was calcu-
lated and was used to analyze the group mean tumor weight ± 
standard error (s.e.).

Immunohistochemical analysis
Tumor cells were collected at indicated time points and fixed 

in paraformaldehyde. Paraffin-embedded tissues were stained 
with hematoxylin and eosin (H&E) and TdT-mediated dUTP 
nick-end labeling (TUNEL), and treated with phospho S6 kinase 
and Ki-67 antibodies.

Primary BCR-ABL-positive cells
This study was performed according to approved laboratory 

protocols and in accordance with the Declaration of Helsinki. 

Peripheral blood was collected in heparinized tubes and mono-
nuclear cells were separated using LymphoSepare (Immuno-
Biological Laboratories). These cells were cultured in RPMI1640 
medium containing 10% FBS.

Colony-formation assay
Ba/F3 BCR-ABL random mutagenesis cells were seeded in 

6-well culture plates in MethoCult GFH4434 medium (Stem 
Cell Technology) containing the indicated concentration of nilo-
tinib and/or NVP-BEZ235. Cells were incubated for more than 
14 d in a humidified atmosphere with 5% CO

2
 at 37 °C, and the 

colonies were counted with a reversed microscope. Cell aggre-
gates containing 40 or more cells were considered colonies. Each 
experiment was performed in triplicate.

Statistical analysis
Differences between treatments in terms of responses were 

determined using the Student t test. P < 0.05 was considered sta-
tistically significant. Data for comparison of multiple groups are 
presented as mean ± SD and were analyzed by ANOVA.
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Background: A subset of patients with chronic myeloid leukemia (CML) can sustain a complete 

molecular response after discontinuing imatinib mesylate (IM). We focused on microRNAs 

(miRNAs), with the aim of finding a molecular biomarker to discriminate which patients can 

safely and successfully discontinue IM use.

Methods: To identify miRNAs that showed altered expression in patients who had discontinued 

IM (STOP-IM group), we first screened miRNA expression of peripheral blood mononuclear 

cells by using a TaqMan miRNA array on samples from five unselected patients from the STOP-

IM group, seven CML patients receiving IM (IM group), and five healthy volunteers. We then 

performed miRNA quantification in 49 CML patients with deep molecular response. Mann–

Whitney U and chi-square tests were used to determine statistical significance for comparisons 

between the control (healthy volunteers) and test groups (STOP-IM and IM groups). Multiple 

groups were compared by one-way analysis of variance.

Results: Downregulation of miR-148b was noted in patients in the STOP-IM group and 

in a  subset of the IM group. We then subdivided the IM patients into two groups: one with 

downregulated miR-148b expression (IM-1; less than the cut-off value) and the other without 

downregulated miR-148b expression (IM-2; greater than the cut-off value). The number of 

patients who had a sustained stable molecular response was significantly lower in IM-2 group. 

This group also had a significantly lower percentage of natural killer cells.

Conclusion: Downregulated miR-148 may contribute to immune surveillance in STOP-IM 

patients and may therefore have potential as additive information in managing CML patients 

undergoing treatment with IM.

Keywords: chronic myeloid leukemia, imatinib mesylate, discontinuation, miR-148b

Background
The treatment of chronic myeloid leukemia (CML) has been greatly impacted by the 

development of imatinib mesylate (IM), the first specific inhibitor of BCR-ABL1.1 

In newly diagnosed patients with chronic-phase CML, IM induces a complete hema-

tological response in more than 90% of cases and a complete cytogenetic response 

in more than 80% of cases,1 and IM has been established as the standard therapy 

for CML. Recent reports have demonstrated that a subset of CML patients with a 

complete molecular response (currently referred to as undetectable minimal residual 

disease, UMRD) can sustain this state after IM discontinuation (STOP-IM).2–4 We and 

 others have postulated that immunological surveillance may play an important role in 
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these patients.5–8 More recently, Ng et al demonstrated that 

East Asian CML patients with a common intronic deletion 

polymorphism in the gene coding BIM (at intron 2) had an 

inferior response to tyrosine kinase inhibitors compared to 

those without the genetic variation.9,10 Taken together, immu-

nological diversity as well as genetic background should 

be considered in discussions of the efficacy and safety of 

IM cessation in CML patients. Currently there is no defini-

tive classifier to discriminate CML patients with UMRD who 

could safely stop IM and those who should not.

MicroRNAs (miRNAs), which are noncoding single-

stranded RNAs of 21–25 nucleotides, have recently been 

implicated in the regulation of cellular processes such as 

development, differentiation, apoptosis, proliferation, and 

hematopoiesis. MiRNAs have also been implicated in the 

development of human cancers, either as tumor suppressors 

or as oncogenes.11,12 Approximately 100 miRNAs are known 

to be expressed in cells of the immune system and to play key 

roles in the development of innate and acquired immunity,13,14 

therefore, aberrant expression of miRNAs that target the 

immune system may be related to the immunological back-

ground of cancer patients. In CML cells, abnormal expression 

of several miRNAs (miR-15a, miR-16, miR-31, miR-142, 

miR-155, miR-181, miR-221, miR-564, let7a, and the 

 polycistronic miR-17–92 cluster) has been described.15–18

Although the miRNA expression profile in CML cells 

has been extensively studied, little is known about miRNA 

expression in CML patients with UMRD whose CML cells 

cannot be detected. We therefore determined the miRNA 

profiles of peripheral blood mononuclear cells (PBMCs) in 

CML patients with UMRD who were receiving IM or had 

discontinued IM, with the goal of clarifying whether altered 

miRNA expression is linked to pathophysiology in CML 

patients who safely discontinued IM. Here, we provide a 

distinct miRNA expression profile of circulating PBMCs in 

CML patients with successful IM cessation. We additionally 

describe a subset of CML patients receiving IM that showed 

similar miRNA expression profiles.

Materials and methods
Patients
Forty-nine consecutive patients with CML who had UMRD 

were enrolled in this study. In 16 patients who had discon-

tinued IM and had sustained UMRD for more than 6 months 

(STOP-IM group), samples were collected when IM was 

stopped. In contrast, 33 patients who were receiving IM and 

had UMRD at the time of sample collection were  categorized 

as the IM group. Fifteen healthy volunteers served 

as  controls. CML patients before treatment and those who 

did not respond to IM were not included in this study. There 

was no significant difference in sex or age between the CML 

groups and the healthy volunteers. UMRD was defined as the 

absence of a BCR-ABL transcript as determined by nested 

reverse transcription-polymerase chain reaction  (RT-PCR) 

or a highly sensitive transcription-mediated amplification 

(TMA) method. These PCR methods can detect at least a 

4-log reduction in the BCR-ABL transcript (international 

scale 0.01%). The study was approved by the institutional 

review board of Tokyo Medical University (no 930, approved 

24 June 2008). Written informed consent was obtained from 

all participants prior to specimen collection, in accordance 

with the Declaration of Helsinki.

rna isolation from peripheral blood
PBMCs were obtained from 10 mL of whole blood by the Ficoll 

density gradient method (GE Healthcare  Bio-Sciences AB, 

Uppsala, Sweden). Cell pellets were quickly  frozen at −80°C 

until use. Total RNA was isolated from cell pellets with a 

mirVana PARIS kit (Ambion,  Austin, TX, USA), as reported 

previously.19 Briefly, 600 µL of cell lysate was mixed with 

an equal volume of denaturing solution, and the subsequent 

phenol extraction and cartridge filtration were carried out 

according to the manufacturer’s instructions.

TaqMan low-density array screening
The miRNA expression profiles were determined with a 

TaqMan Array Human microRNA Card A (Thermo Fisher 

Scientific, Waltham, MA, USA). Ninety nanograms of total 

RNA was used as an input in each RT reaction. The RT 

reaction and pre-amplification step was set up according to 

the manufacturer’s recommendations. miRNAs were reverse 

transcribed with the Megaplex Primer Pools (Human Pools 

A version 2.1; Thermo Fisher Scientific). RT reaction prod-

ucts from the PBMC samples were further amplified with 

Megaplex PreAmp primers (Primers A version 2.1; Thermo 

Fisher Scientific).  Quantitative RT-PCR was performed on 

an Applied  Biosystems 7900HT thermocycler according to 

the manufacturer’s recommended program. With the use of 

SDS 2.4 software and DataAssist (Thermo Fisher Scientific), 

the expression of miRNA was calculated based on cycle 

threshold (Ct) values normalized by those of RNU6B. Data 

analysis was done using GeneSifter® software (Perkin Elmer, 

Waltham, MA, USA). P-values of less than 0.05 were consid-

ered to indicate a statistically significant difference, and the 

Benjamini–Hochberg algorithm was used for estimation of 

false discovery rates, as we have reported previously.19
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Figure 1 miRNA profiling by TaqMan (Thermo Fisher Scientific, Waltham, MA, 
Usa) mirna array.
Notes: a distinct expression pattern was found in the STOP-IM group (middle lane). 
Using SDS (version 2.4) and DataAssist software (Thermo Fisher), we calculated the 
expression of mirnas based on their ct values normalized by the ct value of rnU6B. 
Data were analyzed with GeneSifter software (Perkin Elmer, Waltham, MA, USA). 
P-values of 0.05 were considered to indicate a statistically significant difference, and 
the Benjamini–hochberg algorithm was used for estimation of false discovery rates. 
Abbreviations: mirna, microrna; ct, cycle threshold; iM, imatinib mesylate; 
sTOP-iM, patients who had discon tinued iM and had sustained UMrD for more 
than 6 months; UMrD, undetectable minimal residual disease.

real-time quantitative rT-Pcr
We determined the amounts of the individual miRNAs by real-

time quantitative RT-PCR with a TaqMan MicroRNA Assay 

(Thermo Fisher Scientific) and the following  miRNA-specific 

stem-loop primers: hsa-miR-148b (000471), hsa-miR-326 

(000542), hsa-let7b (000378), and RNU6B (001093). 

 Subsequently, quantitative real-time PCR was performed 

with an ABI Prism 7000 sequence detection system (Thermo 

Fisher Scientific). The reaction was initiated by incubation 

at 95°C for 2 minutes, followed by 50 cycles of 95°C for 

15 seconds and then 60°C for 1 minute. All reactions were run 

in duplicate. Mean (Ct) values for all miRNAs were quanti-

fied with sequence detection system software (SDS version 

1.02; Thermo Fisher Scientific). All miRNA expression was 

normalized to RNU6B expression, yielding a −∆Ct value, as 

reported elsewhere.20 The −∆∆Ct value was then calculated 

by subtracting the −∆Ct value of the normal sample from the 

respective −∆Ct values of patient samples. Expression of all 

miRNAs was normalized by using the 2−∆∆Ct method.

Flow cytometry
Freshly obtained PBMCs were separated using a Ficoll den-

sity gradient (GE Healthcare Bio-Sciences) and resuspended 

in Roswell Park Memorial Institute (RPMI) 1640 medium 

supplemented with 10% fetal calf serum.  Immunophenotyping 

was performed on a FACSCanto II (BD Biosciences, San Jose, 

CA, USA) flow cytometer using  CellQuest software (BD 

Biosciences) with a 5-color flow cytometry panel including 

antibodies against the following cell  surface antigens and 

effector molecules: CCR7, CD3, CD8, CD45RO, and CD56 

 (eBioscience, San Diego, CA, USA, and  BioLegend, San 

Diego, CA, USA). Cells were analyzed with the FACSCanto II 

(BD Biosciences) flow cytometer using CellQuest software.8

statistical analysis and pathway analysis
Data are expressed as means ± standard deviation (SD). 

Mann–Whitney U and chi-square tests were used to deter-

mine statistical significance for comparisons between the 

control and test groups. Multiple groups were compared 

by one-way analysis of variance. GraphPad Prism software 

(version 5c for Macintosh; GraphPad Software Inc., La Jolla, 

CA, USA) was used for statistical analyses. Results were 

considered statistically significant when P0.05.

Following identification of differentially expressing 

 miRNAs, the predicted targets for these altered miRNAs were 

subjected to microRNA Target Filter in Ingenuity Pathways 

Analysis (IPA) software (Ingenuity System, Redwood City, 

CA, USA).

Results
The miRNA expression profiling  
by Taqman mirna array
To identify candidate miRNAs that showed altered expres-

sion in patients in the STOP-IM group, we first screened 

miRNA expression using a TaqMan miRNA array (Thermo 

Fisher Scientific) on five unselected patients from the 

STOP-IM group, seven from the IM group, and five healthy 

volunteers. Among these three groups, we observed dif-

ferential expression of 22 miRNAs as identified by using 

 GeneSifter software (Figure 1; Gene Expression Omnibus 

[GEO] accession no GSE47652). Although 22 miRNAs were 
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selected based on fold change, the expression profile was 

highly variable among individuals. We therefore selected 

three of these miRNAs (let-7b,  miR-148b, and miR-326) 

for further validation on the basis of their averaged fold 

change in expression (log2 variation .0.6), significant 

P-value, quality control value, and their predicted target 

genes (Table S1).

Quantification of individual miRNA  
by real-time quantitative rT-Pcr
We then validated the miRNA array results by real-time 

quantitative RT-PCR using samples from 16 patients of 

the STOP-IM group, 33 of the IM group, and 15 healthy 

volunteers. Validation of miR-148b, miR-362, and let-7b 

revealed that expression of miR-148b was significantly 

lower in the STOP-IM group than in the healthy volunteers 

(Figure 2A). The miR-148b expression tended to be lower 

in the STOP-IM group than in the IM group, although the 

difference was not statistically significant. We observed no 

statistically significant difference in the expression of let-7b 

between the STOP-IM and IM groups (Figure 2B). Despite 

miR-362 being upregulated in the STOP-IM group based 

on miRNA array screening, the validation analysis using a 

large number of samples revealed that miR-326 tended to be 

downregulated in the STOP-IM group in comparison to the 

IM group and the control group. We observed no statistically 

significant difference in the expression of miR-326 between 

each group (Figure 2C).

clinical and biological relevance  
of mir-148b expression
Based on the statistical significant results from quantifying 

individual miRNAs, we particularly focused on miR-148b. 

To estimate a cut-off value for miR-148b expression in 

mononuclear cells for distinguishing between the STOP-IM 

and healthy control groups, we performed receiver operat-

ing characteristic (ROC) curve analysis (Figure 2D). The 

area under the ROC curve was 0.8792 with 75% sensitiv-

ity (95% confidence interval [CI], 47.62%–90%) and 80% 

specificity (95% CI, 51.91%–95%). The cut-off value was 

thus  determined to be 0.5880, which was used in subsequent 

analyses of miR-148b expression. We next subdivided the IM 
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patients into two groups: one with downregulated  miR-148b 

expression (IM-1; less than the cut-off value) and the other 

without downregulated miR-148b expression (IM-2; greater 

than the cut-off value) (Table 1).

Comparison of the STOP-IM, IM-1, and IM-2 groups 

revealed no significant differences in sex, age, Sokal score, 

duration of IM therapy, months to achieve UMRD from 

diagnosis, or prior interferon (IFN)-α therapy (Table 1). The 

total IM dose was significantly higher (P=0.0289) in the IM-2 

group (893±294 g) than in the STOP-IM group (636±369 g), 

while there was no statistically significant difference between 

the IM-1 group and STOP-IM group. Similarly, the number 

of patients who sustained stable molecular response was 

significantly lower (P=0.0232) in the IM-2 group than in the 

STOP-IM group. Notably, the percentage of natural killer 

(NK) cells was significantly lower (P=0.03) in the IM-2 group 

than in the STOP-IM group. We could not find any statistical 

significance of BIM deletion among the 3 groups.

network analysis of mirna-148b
ROC analysis of the miR-148b suggests that the miRNA 

signature in PBMCs may predict whether IM discontinuation 

is appropriate. Therefore, using in silico network analysis we 

assessed whether predicted targets of miR-148b signature could 

provide insights into analogous changes enriched in the PBMC 

signaling pathways in CML-UMRD patients. Network analysis 

on predicted targets of miRNA-148 was carried out using IPA 

(Ingenuity System), which provides an independent method 

of assessing the role of predicted  miR-148b targets. The top 

network has ten nodal molecules that are predicted targets of 

miR-148b like DNMT3B, NR1I2, and TLR3 (Figure 3).

Discussion
One of the major questions in research on STOP-IM centers 

is the genetic and epigenetic markers for discriminating 

patients who can safely stop IM. Several empirical clini-

cal studies have shown that durable stable UMRD before 

discontinuation, prior IFN therapy, and early deep molecular 

response are important to avoid molecular relapse.2,7,21,22 In 

this context, we particularly focused on miRNA expression 

profiling of PBMCs in CML patients who could safely stop 

IM. Since all patients in this study exhibited deep molecular 

response, we did not do miRNA profiling of CML cells; there-

fore, we could compare CML patients with or without IM and 

healthy volunteers. We found a distinct miRNA profile that 

was specific for the STOP-IM group, and we concluded that 

the miR-148b expression level might be a possible diagnostic 

marker for safely stopping IM.

miR-148a, miR-148b, and miR-152 are the three mem-

bers of the miR148/152 family.23 Aberrant expression of the 

miR148/152 family has been reported in tumor as well as 

non-tumor disease. The present study was performed using 

non-tumor PBMCs; target genes regulated by miR-148b 

might be different from those in tumor tissue. For this reason, 

we tried to identify possible targets through use of the IPA 

software (Ingenuity System). There were several candidate 

targets for miR-148b as shown in Figure 3, such as chole-

cystokinin B receptor (CCBR), DNA methyltransferase 1 

(DNMT1), DNMT3, nuclear receptor subfamily 1, group 1, 

member 2 (NR112), peroxisome proliferator-activated recep-

tor alpha (PPARA), ribosomal protein S6 kinase, and poly-

peptide 5 (RPS6KA). Notably, DNMT1 and DNMT3 were 

among the candidates. The CpG island in the first intron of 

Foxp3 DNA is demethylated in naturally occurring human 

and murine T-regulatory (Treg) cells, and the methylation 

status is linked with Foxp3 expression.24 A recent report by 

Wang et al demonstrated Foxp3+ Treg cells require Dnmt1 

expression to prevent development of lethal autoimmunity.25 

Therefore, we could not rule out the possibility that down-

regulation of miR-148b induces DNMT1 expression and 

Table 1 clinico-hematological, immunological, and molecular 
characteristics of patients with and without downregulation of 
mir-148b expression

Downregulation  
of miR-148b  
expression

STOP-IM IM-1 IM-2 P-value

Yes Yes No 

Number of patients 16 18 15

Age (years) 57.5±11.6 60.4±9.1 54.5±15.4 0.404
Sex (male/female) 7/9 12/6 11/4 0.201§

sokal score 0.74±0.22 0.70±0.09 0.73±0.24 0.849
Total imatinib dose 
(grams)

637±360 848±324 954±245 0.0579
0.0185¶

Duration of imatinib 
therapy (months)

67.4±34.9 75.8±29.3 88.9±76.0 0.2264

Months to achieve 
UMrD from diagnosis

59.3±68.0 48.2±39.8 67.5±44.9 0.5473

stable MR* (yes/no) 14/2 13/5 7/8 0.0454§

0.0232¶

Prior iFn-α (yes/no) 4/12 3/15 5/10 0.3888§

NK cells (%) 13.2±6.9 12.2±9.1 8.1±0.96 0.141
0.03¶

ccr7−cr45rO− 
cD8+ cells (%)

8.4±3.9 10.5±5.4 7.6±6.1 0.1733

BIM deletion (yes/no) 1/10 2/16 1/13 0.9288§

Notes: *if BCR-ABL1 remained undetectable for a continuous period of 24 months 
of imatinib treatment, the response was termed stable molecular response (MR). 
Patients who received iM and did not have a sustained UMrD but maintained a 
major molecular response for more than 24 months (fluctuating UMRD) were 
not referred as “stable Mr”. P values are calculated by one-way anOVa unless 
otherwise indicated; ¶student’s t-test; §chi-square test.
Abbreviations: iM, imatinib mesylate; UMrD, undetectable minimal residual disease; 
anOVa, analysis of variance; iFn, interferon; nK, natural killer; sTOP-iM, patients 
who had discon tinued iM and had sustained UMrD for more than 6 months.
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levels and treatment-free remission is not clear at this moment 

(Figure S1A); therefore, follow-up study is needed to clarify the 

clinical significance of miR-148b. We only had two patients who 

relapsed shortly after IM discontinuation (Figure S1B), and all 

STOP-IM patients enrolled in the current study had sustained 

UMRD for more than 12 months. Consequently, we could not 

determine whether miR-148b levels are correlated with relapse 

after stopping IM. Since the number of patients in the present 

study was rather small, an analysis of a larger number of patients 

in an independent cohort may clarify this point.

Furthermore, it is a matter for discussion whether PBMCs 

are suitable for miRNA analysis in clinical specimens.  Analysis 

of the lymphocyte fractions (eg, NK cells and T cells) would be 

useful, but using fractionated samples from clinical specimens 

is difficult in practice. For this reason, we used circulating 

lymphocytes rather than purified NK or T cells; however, we 

could not completely rule out the possibility that the differ-

ence in miRNA expression was due to differences in cellular 

composition. Another limitation in the current study is that 

the miRNA profile was not from cancer cells; therefore, we 

could not perform a functional analysis of the target genes. 

Unfortunately, we could not perform biological experiments 

to demonstrate a possible association between downregula-

tion of miR-148b and the immune surveillance in CML. We 

alternatively applied an IPA (Ingenuity  System) bioinformat-

ics tool to estimate the network between  miR-148b and its 

target genes (Figure 3). Although our bioinformatics analysis 

is mainly based on previous knowledge base, it may help to 

understand the  biological relevance of miR-148b in the cur-

rent study. Finally, we could not find any relationship between 

Enzyme

Relationship

CCKBR TLR3

NR1I2

PPARAmiR-148b-3p

DNMT1

DNMT3B

TMEM8B

miR-148

Insulin
RPS6KA5

Mature MicroRNA

MicroRNA

Unknown

Transmembrane receptor

Ligand-dependent nuclear receptor

Kinase

Group/complex/other

G-protein coupled receptor

Relationship

Figure 3 network analysis of mir-148b by ingenuity Pathways analysis. 
Notes: The mir-148b-3p is located in the center. solid lines indicate a direct relation, and broken lines indicates an indirect relation.

promotes Treg suppression regulated by Foxp3 expres-

sion. In the present study, we were not able to analyze Treg 

 function; however, Rea et al recently reported that NK cells 

rather than Treg cells are associated with clinical outcome 

after IM discontinuation.26 Since imatinib itself is known to 

inhibit CD4+CD25+ Treg activity,27 regulation of Treg after 

IM discontinuation might be partly compensated by down-

regulation of miR-148b in a subset of STOP-IM patients.

In addition to DNMT1, we noted that miR-148b is indi-

rectly linked to toll-like receptor 3 (TLR3) in the network 

presented by IPA (Ingenuity System). Liu et al recently 

reported that miRNA-148 and miRNA-152 fine-tune the 

regulation of the innate immune response and the antigen-

presenting capacity of dendritic cells, and this fine-tuning 

may contribute to immune homeostasis and immune regu-

lation.28 The expression of miR-148a, 148b, and miR152 

was upregulated in mouse dendritic cells upon maturation, 

and activation was induced by Tlr3, Tlr4, and Tlr9 agonists. 

In the clinical context, we subdivided CML patients based 

on miR-148b expression and found that CML patients in 

the STOP-IM group and the IM-2 group showed different 

immunological features. Additionally, the percentage of NK 

cells was significantly lower in the IM-2 group. Although 

we did not intend to focus on immunological surveillance 

in STOP-IM patients at the beginning of this miRNA study, 

the present data may support previous reports regarding a 

possible role of NK cells in STOP-IM patients.8,10,26

In line with this, CML patients in the IM-1 group could stop 

IM, and miR-148 expression in PBMCs might be an additive 

biomarker for IM cessation. The correlation between miR-148b 
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BIM deletion and the level of miR-148b expression. This point 

should be clarified in a larger cohort in the near future.

Conclusion
Our observation of downregulated expression of miR-148b 

supports the idea that miRNA may contribute to immune sur-

veillance in STOP-IM patients and may therefore have potential 

as an additive information marker in managing CML patients 

being treated with IM. Whether miR-148b may be used as a 

biomarker among other factors (eg, NK cells) to predict disease 

relapse after IM discontinuation needs to be investigated.
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Figure S1 (A) miR-148b expression and treatment-free survival (TFS) in STOP-IM patients. Two patients who relapsed shortly after IM discontinuation are shown in open 
circles. (B) sequential analysis of mir-148b expression in two patients who relapsed shortly after iM discontinuation.
Note: Patients who had discontinued IM and had sustained UMRD for more than 6 months (STOP-IM group). In contrast, patients who were receiving IM and had UMRD 
at the time of sample collection were categorized as the iM group.
Abbreviation: iM, imatinib mesylate; UMrD, undetectable minimal residual disease.

Supplementary materials

Table S1 Fold changes, P-values, and quality control values of 22 genes differentially expressed among 3 groups (GEO accession number GSE47652).
Abbreviations: ANOVA, analysis of variance ID, identification document; SEM, standard error of measurement; GEO, Gene Expression Omnibus.

ID ANOVA Mean 1 Mean 2 Mean 3 SEM 1 SEM 2 SEM 3 Quality 1 Quality 2 Quality 3

hsa-miR-96-4373372 0.027347 0.055553 0.310587 0.205137 0.017893 0.081936 0.063318 0 0 0
hsa-miR-338-3p-4395363 0.010837 0.725438 1.7903 0.98898 0.178231 0.194392 0.524248 0 0.2 0.142857
hsa-miR-362-3p-4395228 0.009886 1.7976 4.79113 1.02369 0.588755 0.763221 0.200925 0 0.6 0.142857
hsa-miR-326-4373050 0.01577 0.697104 1.6751 0.306825 0.384774 0.295916 0.130009 0 0.2 0
hsa-miR-323-3p-4395338 0.019971 1.58278 0.694484 2.70994 0.238736 0.118801 1.0002 0 0 0.142857
hsa-miR-210-4373089 0.036942 99.0538 41.6222 151.605 43.0505 9.48987 32.3182 1 1 1
hsa-miR-329-4373191 0.044299 0.227578 0.112847 0.263752 0.074624 0.011992 0.048371 0 0 0
hsa-miR-454-4395434 0.0394 732.624 287.192 738.77 190.599 62.7271 154.128 1 1 1
hsa-let-7b-4395446 0.040507 924.122 304.309 1128.06 333.482 84.3708 265.746 1 1 1
hsa-miR-148b-4373129 0.016993 70.1809 19.1018 122.726 24.9349 5.41085 27.5564 1 1 1
hsa-miR-449a-4373207 0.04547 0.268017 0.073807 0.406233 0.101705 0.022575 0.116278 0 0 0
hsa-miR-487b-4378102 0.014862 5.60136 1.50581 6.74418 0.9649 0.323029 4.30608 0.6 0.4 0.142857
hsa-let-7c-4373167 0.042081 6.04992 1.27731 8.23423 2.83505 0.284943 2.29054 0.4 0 0.428571
hsa-miR-127-3p-4373147 0.000099 16.1789 7.28123 13.2454 0.098157 0.826206 4.04516 1 0.6 0.714286
hsa-miR-625-4395542 0.021171 27.7682 5.90378 30.5204 10.5496 1.2195 6.98524 1 0.8 1
hsa-miR-107-4373154 0.013937 12.7226 4.78675 8.64006 1.88017 0.770132 2.13526 1 0.6 0.571429
hsa-miR-551b-4380945 0.02058 0.349719 0.118071 0.293659 0.059812 0.036671 0.063495 0 0 0
hsa-miR-495-4381078 0.024363 19.448 7.30647 12.057 3.20282 0.834396 4.05008 1 0.6 0.571429
hsa-miR-539-4378103 0.043747 5.21212 1.31043 3.7235 1.19105 0.313569 2.09332 0.6 0.4 0.142857
hsa-miR-23a-4373074 0.004595 100.709 31.6829 17.4238 14.1188 14.0881 9.88996 1 0.6 0.428571
hsa-miR-503-4373228 0.007081 1.17271 0.064389 2.96314 0.460532 0.025522 0.643415 0 0 0.142857
hsa-miR-18a-4395533 0.006033 80.6828 4.76815 85.372 29.6422 0.762338 17.4761 1 0.6 1
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Constitutive activation of the ATM/BRCA1 pathway prevents DNA
damage-induced apoptosis in 5-azacytidine-resistant cell lines
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Kazuma Ohyashiki c, Junko H. Ohyashiki a

a Institute for Medical Science, Tokyo Medical University, 6-7-1 Nishi-shinjuku, Shinjuku, Tokyo 160-0023, Japan
b Department of Molecular Science, Tokyo Medical University, 6-7-1 Nishi-shinjuku, Shinjuku, Tokyo 160-0023, Japan
c First Department of Internal Medicine, Tokyo Medical University, 6-7-1 Nishi-shinjuku, Shinjuku, Tokyo 160-0023, Japan

1. Introduction

5-Azacytidine (AZA) is one of the most effective DNA
demethylating agents used in cancer treatment. It is used for

the treatment of patients with myelodysplastic syndromes (MDS)
and acute myeloid leukemia (AML) in the USA, Europe, and Japan,
among others, and yields a 40–60% response rate in these diseases
[1]. However, some patients treated with AZA develop resistance
against AZA after various treatment durations [2,3]. The prognosis
of MDS patients after AZA treatment failure is poor, with a median
overall survival time of 5.6 months [4].

AZA exerts its anti-tumor effects via its incorporation into RNA
and DNA [5]. Induction of the differentiation of malignant cells
might also be involved in the anti-tumor effects of AZA [6]. AZA
taken up by cells is phosphorylated to azacytidine monophosphate
(azaCMP) by uridine–cytidine kinase 2 (UCK2), and approximately
80–90% of azaCMP is subsequently phosphorylated to azacytidine
triphosphate (azaCTP), which is incorporated into RNA. AzaCTP
incorporated into RNA then promotes the degradation of RNA and
inhibits protein synthesis [5].
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A B S T R A C T

5-Azacytidine (AZA) exerts its anti-tumor effects by exerting cytotoxicity via its incorporation into RNA

and DNA, which causes the reactivation of aberrantly silenced growth-regulatory genes by promoter

demethylation, as well as DNA damage. AZA is used for patients with myelodysplastic syndrome and

acute myeloid leukemia. However, some patients demonstrate resistance to AZA, the mechanisms of

which are not fully elucidated. We therefore sought to better characterize the molecular mechanism of

AZA resistance using an in vitro model of AZA resistance. We established AZA-resistant cell lines by

exposing the human leukemia cell lines U937 and HL-60 to clinical concentrations of AZA, and

characterized these cells. AZA-resistant cells showed a down-regulation of the DNMT3A protein, in

correlation with their marked genome-wide DNA hypomethylation. Furthermore, genes involved in

pyrimidine metabolism were down-regulated in both AZA-resistant cell lines; AZA sensitivity was

restored by inhibition of CTP synthase. Of note is that the DNA damage response pathway is

constitutively activated in the AZA-resistant cell lines, but not in the parental cell lines. Inhibition of the

DNA damage response pathway canceled the AZA resistance, in association with an increase in apoptotic

cells. We found that the molecular mechanism underlying AZA resistance involves pyrimidine

metabolism and the DNA damage response through ATM kinase. This study therefore sheds light on the

mechanisms underlying AZA resistance, and will enable better understanding of AZA resistance in

patients undergoing AZA treatment.
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The remaining 10–20% of azaCMP is further mono-phosphory-
lated and converted to 20-deoxy-azaCTP (aza-dCTP) by ribonucle-
otide reductase. Aza-dCTP is subsequently incorporated into DNA
during replication [5]. When incorporated into a hemimethylated
CpG site, the 20-deoxy-azaCTP entraps DNA methyltransferase
(DNMT) 1, whereas when it is incorporated into an unmethylated
CpG site, it captures DNMT3A or DNMT3B [7], and forms covalent
DNMT–DNA adducts. The formation of DNMT–DNA adducts
induces the DNA damage response [8], subsequently resulting in
cytotoxicity, and also causes the depletion of soluble DNMT
protein levels, leading to replication-dependent global demethyl-
ation [9] and gene reactivation [10]. The DNA damage response
induced by DNA damaging stimuli, as well as AZA [11], involves the
activation of the Ataxia telangiectasia mutated (ATM) protein [12].
This is followed by phosphorylation and activation of checkpoint
kinase 1 and 2 (CHK1 and CHK2) and breast cancer 1, early onset
(BRCA1) proteins. Activated CHK1 and CHK2 phosphorylate p53
resulting in cell cycle arrest and apoptosis, whereas activated of
BRCA1 promotes DNA damage repair [12].

The recent attention given to the activity of AZA or 2-desoxy-
AZA (DAC) has focused on their demethylating activity rather than
on their induction of DNA damage. Attention has particularly been
given to demethylation in the promoter region of tumor-
suppressor genes, because MDS and AML involve the abnormal
regulation of epigenetic modifications [13,14]. The major obstacle
toward the understanding of AZA sensitivity and resistance is that
the degrees of involvement of each mechanism, namely, the
incorporation of AZA into RNA, DNA, or both, in exerting the
clinical and hematological improvements in MDS and AML are not
yet fully elucidated.

To overcome this obstacle, we established cell lines that are
resistant to clinical doses of AZA, from AZA-sensitive human
leukemia cell lines, and compared their molecular and cellular
properties to clarify the mechanism underlying AZA activity and
resistance.

2. Materials and methods

2.1. Cell culture and reagent treatment

A human histiocytic leukemia cell line U937 [15], a human
promyelocytic leukemia cell line HL-60 [16], and their AZA-
resistant derivatives R-U937 and R-HL-60 cells were incubated in
RPMI 1640 medium (Life Technologies Inc., Carlsbad, CA, USA)
including 10% inactivated fetal bovine serum and 1% penicillin/
streptomycin (Life Technologies). For the maintenance of R-U937
and R-HL-60 cells, AZA was added to the medium at a final
concentration of 3 mM. For treatment with the reagents, cells were
collected by centrifugation and resuspended at 3 � 105 cells/ml in
fresh medium with the agents or the vehicle. For immunostaining
and western blotting of proteins of the DNA damage response
pathway, R-U937 and R-HL-60 cells were incubated in the absence
of AZA for one week before the experiment. Cell viability was
measured by the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan),
as reported previously [17]. Apoptotic cells were quantified using
the FITC Annexin V Apoptosis Detection Kit I (BD Biosciences,
Franklin Lakes, NJ, USA) as follows. Cells were treated with the
indicated reagents for 36 h. After washing in ice-cold phosphate-
buffered saline (PBS), the cells were incubated with FITC-labeled
annexin V and propidium iodide (PI) for 15 min at room
temperature in the dark. Flow cytometric measurements were
performed on a BD Accuri C6 Flow Cytometer (BD Biosciences). A
488 nm blue laser was used for the excitation, and signals were
detected by the FL1 channel (533 nm) for FITC and were detected
by the FL2 channel (585 nm) for PI. The signals of 30,000 events

were obtained. Analyses of the obtained data were performed
using the C6 software Ver. 1.0 (BD Biosciences).

2.2. Chemical reagents and antibodies

The reagents used in this study were from the following sources.
AZA, DAC, RG108, mitomycin C (MMC), etoposide (ETP) and cisplatin
(CDDP) were purchased from Wako Pure Chemical Industries Ltd.
(Osaka, Japan), and 3-deazauridine (3-DU) and caffeine were
purchased from Sigma Aldrich Inc. (St. Louis, MO, USA). The ATM
kinase inhibitor KU55933, the PARP inhibitor olaparib, the anti-
DNMT1 antibody 4H80, the anti-DNMT3A antibody H-295, the anti-
DNMT3B antibody Q-25, the anti-ATM antibody 2C1 and the anti-b-
ACTIN antibody C4 were purchased from Santa Cruz Biotechnology
Inc. (Dallas, TX, USA). The anti-phosphorylated H2AX (p-H2AX)
antibody was purchased from Trevigen Inc. (Gaithersburg, MD,
USA). The anti-phosphorylated ATM (Ser1981) (p-ATM) antibody
10H11.E12 was purchased from Upstate (Temecula, CA, USA).
Antibodies for the phosphorylated form of p53 (Ser15) (p-p53),
BRCA1 (Ser1524) (p-BRCA1), CHK1 (Ser345) (p-CHK1), CHK2
(Thr68) (p-CHK2), and ATR (Ser428) (p-ATR) were contained in
the DNA Damage Antibody Sampler Kit purchased from Cell
Signaling Technology Inc. (Danvers, MA, USA) and the anti-ATR
antibody was purchased from Rockland Immunochemicals Inc.
(Gilbertsville, PA, USA). Anti-P-glycoprotein antibody JSB-1 was
purchased from Abcam Plc. (Cambridge, UK). The secondary
antibodies, namely, horseradish peroxidase (HRP)-labeled anti-
mouse IgG antibody and HRP-labeled anti-rabbit IgG antibody were
purchased from GE Healthcare (Buckinghamshire, UK). Alexa 546-
labeled anti-rabbit IgG antibody and Alexa 488-labeled anti-mouse
IgG antibody were purchased from Life Technologies Inc.

2.3. Western blotting

Western blotting was performed as previously described [17].
Briefly, the membranes were probed with antibodies directed
against DNMT1 (1:200), DNMT3A (1:200), DNMT3B (1:200), p-
ATM (1:500), p-ATR (1:500), p-p53 (1:500), p-BRCA1 (1:500), p-
CHK1 (1:500), p-CHK2 (1:500), ATM (1:200), ATR (1:500) or b-
ACTIN (1:200) and then treated with the appropriate secondary
antibodies. The amount of each protein was determined using the
Image J software.

2.4. Methylation analysis

To determine the global DNA methylation levels, we performed
the single-molecule methylation assay (SMMA) as previously
described [18]. Briefly, TAMRA-labeled methyl-CpG-binding do-
main protein 2 (MBD2), unlabeled MBD2, 0% methylated DNA
(negative control) and 100% methylated DNA (positive control) were
used. Comprehensive analyses using the Infinium HumanMethyla-
tion450 BeadChip Kit (Illumina, San Diego, CA, USA) were also
performed according to the manufacturer’s instructions. Briefly,
DNA samples were treated with bisulfite using the EZ DNA
Methylation Kit (Zymo Research, CA, USA). The bisulfite-treated
DNA was fragmented and suspended in hybridization buffer. The
fragmented DNA was then dispensed onto a HumanMethylation450
BeadChip and hybridization was performed for 20 h. The methyl-
ation level of each CpG locus was calculated using the GenomeStudio
Methylation Module (Illumina) as a methylation b-value (b = in-
tensity of the methylated allele (M)/(intensity of the unmethylated
allele (U) + intensity of the methylated allele (M) + 100). The heat
maps were created using the GeneSpring 12.5 GX software (Agilent
Technologies, Santa Clara, CA, USA) using the b-value without any
modification. Analyses of the methylation levels in the promoter
regions of specific genes were performed using the Methylated DNA
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immunoprecipitation (MeDIP) assay kit (Active Motif, Carlsbad, CA,
USA) following the manufacturer’s instructions.

2.5. Quantitative RT-PCR

Quantitative RT-PCR was performed as previously described
[19]. Taqman gene expression assays were used for AK3

(Hs00750254_s1), CDA (Hs00156401_m1), UCK2

(Hs00367072_m1) and POLR2B (Hs00265358_m1). The TaqMan
Pre-Developed Assay Reagent (Life Technologies) was used for
ACTB. The expression level of each gene relative to the expression
level of ACTB was determined by the DCT method.

2.6. Immunocytochemistry

Cells were fixed in 4% formalin in PBS at 4 8C overnight. After
washing and permeabilization in 0.1% TritonX-100 in PBS, cells
were treated with an anti-p-H2AX antibody (1:500) or an anti-p-
ATM antibody (1:200) at room temperature for 1 h, and then
washed in PBS. After treatment with the appropriate secondary
antibody, nuclei were stained with Hoechst 33342 (Dojindo,
Kumamoto, Japan). The cells were then observed and photo-
graphed using the Biozero BZ-8100 fluorescence microscope
system (Keyence, Osaka, Japan). For the analysis of p-H2AX-
positive cells, 3 photographs of each sample, with each photograph
including >200 cells, were analyzed using the Image J software.
The ratio of p-H2AX-positive cells was determined as Alexa 546-
positive cells/Hoechst positive nuclei.

2.7. Statistical analysis

For statistical analyses, one-way or two-way ANOVA followed
by the t-test was performed using the GraphPad PRISM 6 software
(GraphPad Software Inc., La Jolla, CA, USA). The means � SD are
shown in the figures.

3. Results

3.1. Growth inhibitory effect of AZA in AZA-resistant cell lines

To establish AZA-resistant human leukemia cell lines, U937 and
HL-60 cells were incubated with gradually increasing doses of AZA,
from 0.1 mM to 3 mM for 9 months and 3 months respectively. The
surviving cells were strongly resistant to AZA (Fig. 1A), and were
designated as AZA-resistant U937 (R-U937) cells and AZA-resistant
HL-60 (R-HL-60) cells. These cells were also resistant to DAC
(Fig. 1B), indicating that they acquired cross-resistance to DAC. The
AZA-resistant phenotype of the R-U937 and R-HL-60 cells were
maintained even after incubation in medium without AZA for 6
months (Fig. 1C). Both AZA-resistant cell lines demonstrated a
lower proliferation rate than their parental cell lines (Fig. 1D). AZA
treatment increased the ratio of annexin V-positive and PI-positive
cells in U937 and HL-60 cells, but not in R-U937 and R-HL-60 cells
(Fig. 2A and B), suggesting that AZA-treated U937 and HL-60 cells
die from apoptosis. FACS analysis for the multi-drug transporter P-
gp detected no significant difference in expression between the
AZA-resistant cells and the parental cells (data not shown),
indicating that the resistant phenotype of the AZA-resistant cells
does not involve multi-drug resistance.

3.2. DNMT protein expression and DNA methylation in AZA-resistant

cell lines

We next examined the protein expression levels of DNMT1,
DNMT3A and DNMT3B in the AZA-resistant cell lines. Compared
with their parental cells, the AZA-resistant cells had equivalent
expression levels of DNMT1, whereas their DNMT3A levels were
significantly reduced (Fig. 3A). DNMT3B was not detected in any of
the cell lines (data not shown). The SMMA demonstrated that
global DNA methylation levels were significantly reduced in the
AZA-resistant cell lines compared with their parental cells (Fig. 3B).

Fig. 1. Establishment of the AZA-resistant cell lines. (A, B) Viability of the cell lines in the presence of AZA (A) or DAC (B). R-U937 and R-HL-60 cells showed resistance to AZA

and DAC. Each triangle indicates increasing doses, from left to right, of AZA (0, 1, 5 and 10 mM) or DAC (0, 0.2, 1 and 2 mM). *: P < 0.01 compared with cells in the absence of

each reagent. (C) Comparison of AZA resistance of R-U937 and R-HL-60 cells after incubation with (+) or without (�) AZA for 6 months. The R-U937 and R-HL-60 cells were

resistant to AZA even after incubation in medium without AZA for 6 months. Each triangle indicates increasing doses, from left to right, of AZA (0, 1, 5 and 10 mM). (D)

Comparison of the cell growth between AZA-resistant cells and the parental cells. The AZA-resistant cell lines proliferated more slowly than their parental cells. The results

from 3 independent experiments were analyzed.
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Global DNA demethylation was also confirmed by the methylation
array (Fig. 3C). Furthermore, the DNA methylation array revealed a
large variety of demethylation patterns among the tumor
suppressor genes (Fig. 3D). For example, we found that most of
the promoter regions of cyclin dependent kinase inhibitor 1A

(CDKN1A) were demethylated in AZA-resistant cell lines compared
with those in their parental cells, whereas the demethylation
patterns of CDKN1B, CDKN2A and CDKN2B did not show a constant
tendency. The promoter region of tumor protein p53 (TP53) was
demethylated in both AZA-sensitive and AZA-resistant cells,

Fig. 2. FACS analyses of apoptosis of the cells in the presence of 10 mM AZA. (A, B) FACS analyses of U937 and R-U937 cells (A) and HL-60 and R-HL-60 cells (B) for annexin V

and PI staining. The annexin V-positive and PI-positive fraction was increased in the parental cells but not in the AZA-resistant cells after 72 h of treatment with 10 mM of AZA.

Typical plots from a representative experiment are shown. The experiments were repeated 3 times.

Fig. 3. DNMT protein expression and DNA methylation in AZA-resistant cells. (A) Protein levels of DNMT1 and DNMT3A. A decrease in the level of DNMT3A was evident in

both AZA-resistant cell lines. The experiment was repeated 3 times. A representative blot is shown. The quantitative analyses are provided in the histogram. *: P < 0.01

compared with the parental cells. (B, C) Global DNA methylation was measured by the SMMA assay (B) and methylation array (C). Experiments were repeated 3 times for (B),

and 2 times for (C). Methylation was significantly decreased in R-U937 and R-HL-60 cells compared with U937 and HL-60 cells. (D) DNA methylation patterns of various

tumor suppressor genes.
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whereas a part of the promoter regions of phosphatase and tensin
homolog (PTEN) and Wilms tumor 1 (WT1) were demethylated in
AZA-resistant cells. Demethylation in retinoblastoma 1 (RB1) was
not prominent in the AZA-resistant cell lines.

3.3. Down-regulation of genes involved in the pyrimidine metabolism

pathway in AZA-resistant cell lines

To investigate the biological relevance of the RNA-dependent
pathway in AZA resistance, we first examined the RNA expression
of genes involved in pyrimidine metabolism, such as polymerase
(RNA) II (DNA directed) polypeptide B (POLR2B), uridine–cytidine
kinase 2 (UCK2), cytidine deaminase (CDA), and adenylate kinase 3
(AK3), which were identified from the KEGG PATHWAY database
(http://www.genome.jp/dbget-bin/www_bget?pathway:-
map00240) [20,21]. We found that the RNA expression of UCK2 and
POLR2B was significantly decreased in both R-U937 and R-HL-60
cells compared with their parental cells (Fig. 4A and B), whereas
the RNA expression of AK3 and CDA was variable between the 2 cell
lines. POLR2B encodes a rate-limiting subunit of RNA polymerase II
(POL II) and UCK2 encodes an enzyme specific for pyrimidine
metabolism. These results indicate the biological relevance of
UCK2 and POLR2B in the AZA-resistant phenotype.

To determine whether altered pyrimidine metabolism results
in a reduction of cytidine salvaging and acceleration of cytidine
triphosphate (CTP) synthesis from uridine triphosphate (UTP), we
incubated the AZA-resistant cell lines in 3-DU, a CTP synthase-
specific inhibitor [22], with increasing doses of AZA. The viability of
R-U937 and R-HL-60 cells was not affected by 40 mM and 5 mM 3-
DU, respectively. AZA induced growth inhibition in a dose-
dependent manner in the presence of 3-DU (Fig. 4C). Therefore,

the accelerated conversion of UTP to CTP by CTP synthase plays an
important role in AZA resistance.

To clarify the possible association between the down-regula-
tion of genes involved in pyrimidine metabolism and the
demethylation of their promoter region, we performed the MeDIP
assay for the promoter regions of UCK2 and POLR2B. Against our
expectations, the promoter regions of these genes were highly
demethylated in both the AZA-resistant cell lines and their
parental cells, even when AZA was not added (Fig. 4D). We
therefore could not find any AZA-induced demethylation in the
AZA-resistant cell lines and their parental cells. These findings
indicate that the down-regulation of genes involved in the RNA-
dependent pathway is not due to demethylation of gene promoters
by AZA.

3.4. Involvement of the DNA damage response pathway in AZA

resistance

AZA is incorporated not only into RNA, but also into DNA, and
inhibits DNMT activity. To clarify whether DNMT inhibition plays a
central role in AZA sensitivity, we next compared the viability of
the AZA-resistant cells and their parental cells in the presence or
absence of RG108, which is a non-nucleoside analog DNMT
inhibitor that does not damage DNA [23]. Since cell growth was not
affected by RG108, we concluded that the growth-inhibitory effect
of AZA might be due to DNA damage rather than DNMT inhibition
(Fig. 5A). We then performed immunocytochemistry for phos-
phorylated H2AX (p-H2AX), which is a hallmark of the DNA
damage response (Fig. 5B). U937 and HL-60 cells incubated with
10 mM AZA or 2 mM DAC showed a significantly higher ratio of p-
H2AX-positive cells, whereas no such increase was detected in

Fig. 4. Altered expression of genes involved in pyrimidine metabolism in AZA-resistant cells. (A, B) mRNA expression levels of pyrimidine metabolism genes in R-U937 (A) and

R-HL-60 cells (B). The results from 3 independent experiments were analyzed. Means � SD of relative mRNA expression levels normalized to ACTB are shown. The mRNA level in

the parental cells was regarded as 1 for each gene. *: P < 0.01 compared with the mRNA expression level of each gene in the parental cells. (C) AZA reduced the viability of R-U937

and R-HL-60 cells in the presence of 3-DU. The results from 3 independent experiments were analyzed. *: P < 0.01 compared with the 3-DU-untreated control at each indicated dose.

(D) Results of the MeDIP assay. The recovery rates for the transcription start site (TSS) and the area 500 bp upstream from the TSS (US) of UCK2 and POLR2B are shown. Even in the

absence of AZA, the AZA-resistant cells as well as their parental cells showed very low recovery rates in these regions. The results from 2 independent experiments were analyzed. A

primer pair for ZC3H13 was used as a positive control. IgG was used as a negative control for the anti-5-methylcytosine antibody. N.D., not detected.

S. Imanishi et al. / Biochemical Pharmacology 89 (2014) 361–369 365

-257-

--0123456789

http://www.genome.jp/dbget-bin/www_bget?pathway:map00240
http://www.genome.jp/dbget-bin/www_bget?pathway:map00240


U937 and HL-60 cells incubated with RG108. These results indicate
that DNA damage plays a major role in exerting the effects of AZA
and DAC on human leukemia cells. We also found that the ratio of
p-H2AX-positive cells was increased in R-U937 and R-HL-60 cells
exposed to AZA or DAC, although the increase was significantly
lower in the AZA-resistant cells than in the parental cells.

To further elucidate the machinery associated with DNA
damage, we stained phosphorylated ATM (p-ATM) in the AZA-
resistant cells and their parental cells. In U937 and HL-60 cells, p-
ATM-positive nuclear foci were not detected before AZA treatment,
whereas p-ATM-positive nuclear foci were detected in the cells
after AZA treatment (Fig. 6A). Unlike the parental cells, R-U937 and
R-HL-60 cells already had a few p-ATM positive foci before AZA
treatment, and the number of foci increased after AZA treatment.
To clarify the role of the DNA damage response in AZA resistance,
we compared the phosphorylation levels of the proteins involved
in the DNA damage response, that is, ATM, Ataxia telangiectasia
and Rad3 related (ATR), BRCA1, CHK1, CHK2 and p53, in U937 and

R-U937 cells at 6, 24 and 48 h in the presence of 10 mM AZA, as well
as before the treatment (Mock) (Figs. 6B and 7). In U937 cells in the
presence of AZA, a significant increase in the phosphorylation of
ATM and BRCA1 was detected at 6 h, and phosphorylation of CHK1,
CHK2 and p53 was increased at 24 and 48 h. In R-U937 cells, ATM
and BRCA1 were highly phosphorylated even in the absence of
AZA, and their phosphorylation levels were further increased at 6 h
and 24 h, respectively, in the presence of AZA. Phosphorylation of
p53 and CHK2 was not increased even in the presence of AZA in R-
U937 cells. Although phosphorylated CHK1 was significantly
increased in R-U937 cells at 6 and 24 h, it was decreased to the
basal level at 48 h. We were unable to detect the phosphorylated
ATR protein (data not shown).

We then evaluated cell viability with or without caffeine, which
is known to inhibit the DNA damage response pathway, with
increasing doses of AZA or DAC. Eventually, we found that 1 mM
caffeine reduced the viability of R-U937 and R-HL-60 cells in
10 mM of AZA or 2 mM of DAC (Fig. 8A). Although caffeine can

Fig. 5. DNA damage response in AZA-resistant cell lines. (A) Treatment with RG108 at the indicated doses did not reduce the viability of U937 and HL-60 cells. The results from

3 independent experiments were analyzed. (B) 10 mM AZA and 2 mM DAC increased the ratio of p-H2AX-positive cells in all the cell lines, whereas RG108 did not. *: P < 0.01

compared with the untreated control of each cell line. #: P < 0.01 compared with the parental cells treated with AZA or DAC. The results are shown as means � SD.

Fig. 6. ATM signaling plays roles in the acquisition of AZA resistance. (A) Immunostaining for p-ATM (Ser1981). Positive foci were observed in the nuclei of AZA-treated cells

(right column). R-U937 and R-HL-60 possessed a few positive foci even in the absence of AZA (left column). Green: p-ATM (Ser1981). Blue: DAPI. *: Non-specific staining of

dead cells. (B) Results of Western blotting for the phosphorylated proteins involved in the DNA damage response, p-ATM (Ser1981), p-p53 (Ser15), p-BRCA1 (Ser1524), p-

CHK1 (Ser345), and p-CHK2 (Thr68), at the indicated times in the presence of 10 mM AZA. Typical photographs obtained from 3 independent experiments for each protein are

shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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affect multiple pathways, 10 mM of the ATM kinase activity
specific inhibitor KU55933 also canceled the AZA resistance in
R-U937 and R-HL-60 cells (Fig. 8A), demonstrating the critical
role of the ATM-dependent DNA damage response pathway in
the AZA resistance. Finally, to confirm the resistance to DNA
damage of the AZA-resistant cell lines, we treated the cells with

the DNA synthesis inhibitor MMC, the topoisomerase II inhibitor
ETP, and the cross-linking agent CDDP. Although the suscepti-
bility to these drugs greatly differed between the two parental
cell lines, the AZA-resistant cell lines demonstrated higher
resistance to the drugs than their corresponding parental cell
lines (Fig. 8B and C).

Fig. 7. Relative amounts of phosphorylated proteins of the DNA damage response pathway in U937 cells and R-U937 cells. Relative amount of p-ATM (Ser1981) (A), p-BRCA1

(Ser1524) (B), p-p53 (Ser15) (C), p-CHK1 (Ser345) and p-CHK2 (Thr68) (D) was quantified based on photographs obtained from 3 independent Western blotting experiments.

The amount of p-ATM (Ser1981) was normalized to the amount of total ATM, and the others were normalized to the amount of b-ACTIN. *: P < 0.05 compared with the mock

control. #: P < 0.05 compared with U937 cells of the corresponding hours.

Fig. 8. Inhibition of the DNA damage response restores AZA sensitivity in AZA-resistant cells. (A) Caffeine and KU55933 canceled the AZA resistance of R-U937 and R-HL-60

cells, and caffeine canceled the DAC resistance of R-U937 and R-HL-60 cells. (B, C) Higher viabilities were detected in R-U937 (B) and R-HL-60 cells (C) than in their parental

cells in the presence of mitomycin C (MMC), etoposide (ETP) and cisplatin (CDDP). *: The results from 3 independent experiments were analyzed for each graph. P < 0.01

compared with the parental cell line treated with the indicated dose of MMC, ETP or CDDP. The statistical analysis for each agent was performed independently. (D) Annexin

V-positive cells were significantly increased in AZA-treated R-U937 cells in the presence of KU55933 compared with those in AZA-treated R-U937 cells in the absence of

KU66933. In contrast, olaparib did not affect the percentage of annexin V-positive cells in the AZA-treated R-U937 cells.
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3.5. Inhibition of ATM kinase activity induces apoptosis in AZA-

resistant cell lines

To determine whether reversal of AZA resistance by KU55933 is
due to the induction of apoptosis via the DNA damage response, we
quantified the annexin V-positive cells in AZA-treated U937 and R-
U937 cells (Fig. 8D). Annexin V-positive cells were significantly
increased in AZA-treated U937 cells, whereas such an increase was
not evident in AZA-treated R-U937 cells, as shown in Fig. 1C.
Annexin V-positive cells were significantly increased in the
presence of KU55933 in AZA-treated R-U937 cells. This indicates
that the DNA damage response, via the activity of ATM kinase, is
indeed involved in the AZA-resistant phenotype. In contrast, PARP
inhibition by 1 mM olaparib did not cancel the AZA resistance in R-
U937 cells. Taken together, these results show that the DNA
damage response pathway involving ATM, rather than PARP, plays
a key role in the AZA-resistant phenotypes.

4. Discussion

The demethylating agent AZA has received FDA approval for the
treatment of MDS. However, the reason why a subset of patients is
resistant to AZA remains unclear. In terms of clinical practice, there
are two types of AZA resistance. The first type is primary treatment
failure, namely, non-responders. The second type is acquired AZA
resistance during the course of AZA-treatment. The molecular
mechanism involved might be different between the two types of
AZA resistance. In the current study, we demonstrated that the
suppression of UCK2, which is involved in pyrimidine metabolism,
was detected in the AZA-resistant cell lines, which is consistent
with previous studies [20]. Several studies reported that the
differences in AZA sensitivity among cell lines correlate with the
differences in the expression levels of UCK2 [24,25]. Furthermore,
recent studies demonstrated that genetic variations in UCK2

determine the sensitivity of cells to a cytidine analog [26,27].
Taken together, it is likely that the mechanism underlying acquired
AZA resistance partially overlaps with that of intrinsic resistance.
Further research using clinical samples will promote the under-
standing of the role of UCK2 expression, polymorphisms, and
mutations in AZA resistance. We also identified POLR2B as another
gene involved in AZA resistance. To the best of our knowledge, the
role of POLR2B in AZA resistance has not been reported previously.
The roles of POLR2B or the other subunits of POL II in AZA
resistance should be clarified by further research.

Contrary to the detailed knowledge about the decreased
incorporation of AZA into RNA in AZA-resistant cells, it is still
unclear whether or not AZA is incorporated into DNA in AZA-
resistant cells. DAC resistance and the DNA damage response in
AZA-resistant cells used in the present study strongly suggest the
incorporation of AZA into DNA in the resistant cells. The most
important finding of this study is the involvement of ATM signaling
in the AZA resistance of cells in which AZA has been incorporated
into DNA. Indeed, the constitutive activation of ATM/BRCA1-
dependent DNA repair and the inhibition of ATM/p53-dependent
apoptosis prevented R-U937 cells from undergoing AZA-induced
apoptosis. Although HL-60 cells do not possess the TP53 gene [28],
the ATM inhibitors canceled the AZA-resistant phenotype of R-HL-
60 cells, suggesting that AZA resistance involves the inhibition of
p53-independent apoptosis. Previous studies have reported the
constitutive phosphorylation of ATM in radiation-resistant cell
lines and the radio-sensitization of these cells by ATM inhibitors
[29,30], whereas the constitutive phosphorylation of ATM has
never been reported in cells resistant to DNA-damaging agents.
Since the AZA-resistant cell lines were exposed to clinical doses of
AZA for several months for their establishment, the constitutive
phosphorylation of ATM is likely to be linked to the mechanism

active in patients with acquired AZA resistance, whereas the role of
the DNA damage response in AZA non-responders is still unclear.

It is widely thought that AZA and DAC exert their anti-tumor
activities via the demethylation and reactivation of tumor
suppressor genes [31]. If resistance to DNA demethylation is
involved in AZA resistance, epigenetic silencing by the restoration
of methylation in tumor suppressor genes is a candidate
mechanism for gaining resistance to AZA. However, we did not
find any increased methylation in the promoters of tumor
suppressor genes in the AZA-resistant cell lines. Taken together
with the results from the region-specific analysis of the promoters
of UCK2 and POLR2B and global analysis of the DNA in AZA-
resistant cells, our results indicate that restoration of DNA
methylation is not involved in AZA resistance.

Unlike AZA, DAC is metabolized by DNA metabolism. Although
AZA and DAC are considered to rarely induce cross-resistance [32],
the AZA-resistant cell lines in this study were resistant to DAC, and
this resistance was canceled by treatment with caffeine. Our
results strongly suggest the possibility that DAC resistance in the
AZA-resistant cell lines is dependent on the ATM/BRCA1 pathway.
We observed that the viability of the AZA-resistant cell lines was
higher than that of their parental cell lines upon MMC, ETP or CDDP
treatment. This indicates that the constitutive activation of ATM
may allow the cells to gain resistance to a wide range of DNA-
damaging drugs. The development of cross-resistance to other
drugs should be an important consideration when AZA is used
clinically.

Treatment with the CTP synthase inhibitor 3-DU canceled the
resistance of R-U937 and R-HL-60 cells to AZA, as well as to ATM
inhibitors. Recently, Raynal et al. [33] demonstrated that 3-DU
enhances the cytotoxic activity of DAC by enhancing the
incorporation of DAC into DNA. 3-DU causes a reduction in the
CTP pool, resulting in a reduction in the deoxy-CTP (dCTP) pool,
which leads to enhanced incorporation of aza-dCTP into DNA due
to less competition with dCTP. The metabolites of AZA might be
incorporated into not only DNA but also RNA, but nevertheless, this
mechanism is plausible for the observed restoration of AZA
sensitivity by 3-DU in this study. Although the utility of CTP
synthase inhibitors for leukemia therapy should be evaluated in a
further study, our results indicate that targeting CTP synthase can
be beneficial for the treatment of leukemia.

Another important issue that should be addressed is the
possible role of DNMT3A in AZA resistance. DNMT3A methylates
the non-methylated CpGs and plays important roles in the decision
of cell fates of hematopoietic stem cells [34,35]. In the AZA-
resistant cell lines with highly demethylated DNA, DNMT3A might
function to re-methylate the CpGs and might be entrapped by AZA.
Various studies showed that CD34+ cells from patients with
myeloid malignancy demonstrate lower DNA methylation levels
than the healthy CD34+ cells [36,37]. In the patients with MDS, the
progenitor cells that differentiate from pathogenic CD34+ cells
cannot proliferate or differentiate normally and die from apoptosis.
The patients then suffer from severe ineffective hematopoiesis,
which can be improved by treatment with AZA or DAC. On the
other hand, a previous study showed the persistent proliferation of
pathogenic CD34+ cells in patients treated with AZA [38]. Further
characterization of our AZA-resistant cell lines will promote the
understanding of the mechanism of action of demethylating agents
in leukemia cells with hypomethylated DNA.

On the other hand, some limitations exist in our approach. Since
R-U937 and R-HL-60 cells are not of clonal origin, they may be
heterogeneous populations. Hence, we cannot determine whether
multiple changes are needed to acquire resistance to AZA, or
whether a single change can be responsible for AZA resistance. It is
probable that the slow proliferation rate of AZA-resistant cell lines
contributes to the AZA-resistant phenotype. However, we failed to
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find any evidence, for example phase-specific prolongation of cell
cycle, in the present study indicating that the slow proliferation
rate of AZA-resistant cell lines is an active mechanism underlying
AZA resistance. Finally, although we proposed a molecular
mechanism underlying acquired AZA resistance, our results are
not necessarily able to explain the AZA resistance mechanism in
non-responders. Since approximately half of the patients with
MDS show no response to AZA treatment, it is very important to
determine whether or not the same mechanisms are involved in
the acquired and primary resistance to AZA. These problems
should be clarified by further studies both in vitro and in vivo.

In the present study, AZA-resistant cell lines were established
and characterized at the molecular level. We propose that the
molecular mechanism underlying resistance to AZA involves
pyrimidine metabolism and sustained DNA damage response
involving ATM as well as BRCA1. These findings provide new
insights into the diagnostic and therapeutic strategies for the
treatment of AZA-resistant MDS patients.

Competing interests

The authors declare no competing interests.

Acknowledgements

This work was supported by the Private University Strategic
Research-Based Support Project: Epigenetics Research Project
Aimed at General Cancer Cure Using Epigenetic Targets S0801020
from MEXT (Ministry of Education, Culture, Sports, Science and
Technology), Japan.

The authors thank Dr. Helena A. Popiel (PhD, Lecturer) and Dr.
Edward Barroga (PhD, Associate Professor) of the Department of
International Medical Communications of Tokyo Medical Univer-
sity for reviewing and editing the manuscript.

References

[1] Tefferi A, Vardiman JW. Myelodysplastic syndromes. N Engl J Med
2009;361:1872–85.

[2] Fenaux P, Mufti GJ, Hellstrom-Lindberg E, Santini V, Finelli C, Giagounidis A,
et al. Efficacy of azacitidine compared with that of conventional care regimens
in the treatment of higher-risk myelodysplastic syndromes: a randomised,
open-label, phase III study. Lancet Oncol 2009;10:223–32.

[3] Fenaux P, Mufti GJ, Hellstrom-Lindberg E, Santini V, Gattermann N, Germing U,
et al. Azacitidine prolongs overall survival compared with conventional care
regimens in elderly patients with low bone marrow blast count acute myeloid
leukemia. J Clin Oncol 2010;28:562–9.

[4] Prebet T, Gore SD, Esterni B, Gardin C, Itzykson R, Thepot S, et al. Outcome of
high-risk myelodysplastic syndrome after azacitidine treatment failure. J Clin
Oncol 2011;29:3322–7.

[5] Stresemann C, Lyko F. Modes of action of the DNA methyltransferase inhibitors
azacytidine and decitabine. Int J Cancer 2008;123:8–13.

[6] Curik N, Burda P, Vargova K, Pospisil V, Belickova M, Vlckova P, et al. 5-Azacitidine
in aggressive myelodysplastic syndromes regulates chromatin structure at PU.1
gene and cell differentiation capacity. Leukemia 2012;26:1804–11.

[7] Schneider-Stock R, Diab-Assef M, Rohrbeck A, Foltzer-Jourdainne C, Boltze C,
Hartig R, et al. 5-Aza-cytidine is a potent inhibitor of DNA methyltransferase 3a
and induces apoptosis in HCT-116 colon cancer cells via Gadd45- and p53-
dependent mechanisms. J Pharmacol Exp Ther 2005;312:525–36.

[8] Nakano T, Katafuchi A, Matsubara M, Terato H, Tsuboi T, Masuda T, et al.
Homologous recombination but not nucleotide excision repair plays a pivotal
role in tolerance of DNA–protein cross-links in mammalian cells. J Biol Chem
2009;284:27065–76.

[9] Yamagata Y, Szabo P, Szuts D, Bacquet C, Aranyi T, Paldi A. Rapid turnover of
DNA methylation in human cells. Epigenetics 2012;7:141–5.

[10] Claus R, Lubbert M. Epigenetic targets in hematopoietic malignancies. Onco-
gene 2003;22:6489–96.

[11] Jiemjit A, Fandy TE, Carraway H, Bailey KA, Baylin S, Herman JG, et al.
p21(WAF1/CIP1) induction by 5-azacytosine nucleosides requires DNA dam-
age. Oncogene 2008;27:3615–23.

[12] Khanna KK, Jackson SP. DNA double-strand breaks: signaling, repair and the
cancer connection. Nat Genet 2001;27:247–54.

[13] Itzykson R, Fenaux P. Epigenetics of myelodysplastic syndromes. Leukemia
2013;28:497–506.

[14] Abdel-Wahab O, Levine RL. Mutations in epigenetic modifiers in the
pathogenesis and therapy of acute myeloid leukemia. Blood
2013;121:3563–72.

[15] Shibanuma M, Kuroki T, Nose K. Effects of the protein kinase C inhibitor H-7
and calmodulin antagonist W-7 on superoxide production in growing and
resting human histiocytic leukemia cells (U937). Biochem Biophys Res Com-
mun 1987;144:1317–23.

[16] Collins SJ. The HL-60 promyelocytic leukemia cell line: proliferation, differen-
tiation, and cellular oncogene expression. Blood 1987;70:1233–44.

[17] Umezu T, Ohyashiki K, Kuroda M, Ohyashiki JH. Leukemia cell to endothelial
cell communication via exosomal miRNAs. Oncogene 2012;32:2747–55.

[18] Umezu T, Ohyashiki K, Ohyashiki JH. Detection method for quantifying global
DNA methylation by fluorescence correlation spectroscopy. Anal Biochem
2011;415:145–50.

[19] Ohyashiki JH, Hisatomi H, Nagao K, Honda S, Takaku T, Zhang Y, et al.
Quantitative relationship between functionally active telomerase and major
telomerase components (hTERT and hTR) in acute leukaemia cells. Br J Cancer
2005;92:1942–7.

[20] Vesely J, Dvorak M, Cihak A, Sorm F. Biochemical mechanisms of drug resis-
tance. XII. Uridine kinases from mouse leukemic cells sensitive and resistant to
5-azacytidine. Int J Cancer 1971;8:310–9.

[21] Mahfouz RZ, Jankowska A, Ebrahem Q, Gu X, Visconte V, Tabarroki A, et al.
Increased CDA expression/activity in males contributes to decreased cytidine
analog half-life and likely contributes to worse outcomes with 5-azacytidine
or decitabine therapy. Clin Cancer Res 2013;19:938–48.

[22] Balzarini J, Gago F, Kulik W, van Kuilenburg AB, Karlsson A, Peterson MA, et al.
Introduction of a fluorine atom at C3 of 3-deazauridine shifts its antimetabolic
activity from inhibition of CTP synthetase to inhibition of orotidylate decar-
boxylase, an early event in the de novo pyrimidine nucleotide biosynthesis
pathway. J Biol Chem 2012;287:30444–54.

[23] Brueckner B, Garcia Boy R, Siedlecki P, Musch T, Kliem HC, Zielenkiewicz P,
et al. Epigenetic reactivation of tumor suppressor genes by a novel small-
molecule inhibitor of human DNA methyltransferases. Cancer Res
2005;65:6305–11.

[24] Qin T, Jelinek J, Si J, Shu J, Issa JP. Mechanisms of resistance to 5-aza-20-
deoxycytidine in human cancer cell lines. Blood 2009;113:659–67.

[25] Saunthararajah Y. Key clinical observations after 5-azacytidine and decita-
bine treatment of myelodysplastic syndromes suggest practical solutions for
better outcomes. Hematology Am Soc Hematol Educ Program
2013;2013:511–21.

[26] Murata D, Endo Y, Obata T, Sakamoto K, Syouji Y, Kadohira M, et al. A crucial
role of uridine/cytidine kinase 2 in antitumor activity of 30-ethynyl nucleo-
sides. Drug Metab Dispos 2004;32:1178–82.

[27] Hasegawa T, Futagami M, Kim HS, Matsuda A, Wataya Y. Analysis of single
nucleotide polymorphisms in uridine/cytidine kinase gene encoding metabol-
ic enzyme of 30-ethynylcytidine. Nucleic Acids Res Suppl 2002;2:237–8.

[28] Wolf D, Rotter V. Major deletions in the gene encoding the p53 tumor antigen
cause lack of p53 expression in HL-60 cells. Proc Nati Acad Sci U S A
1985;82:790–4.

[29] Yin H, Glass J. The phenotypic radiation resistance of CD44+/CD24(-or low)
breast cancer cells is mediated through the enhanced activation of ATM
signaling. PLoS ONE 2011;6:e24080.

[30] Hazawa M, Hosokawa Y, Monzen S, Yoshino H, Kashiwakura I. Regulation of
DNA damage response and cell cycle in radiation-resistant HL60 myeloid
leukemia cells. Oncol Rep 2012;28:55–61.

[31] Baylin SB. DNA methylation and gene silencing in cancer. Nat Clin Prac Oncol
2005;2(Suppl. 1):S4–11.

[32] Uchida T, Ogawa Y, Kobayashi Y, Ishikawa T, Ohashi H, Hata T, et al. Phase I and
II study of azacitidine in Japanese patients with myelodysplastic syndromes.
Cancer Sci 2011;102:1680–6.

[33] Raynal NJ, Momparler LF, Rivard GE, Momparler RL. 3-Deazauridine enhances
the antileukemic action of 5-aza-20-deoxycytidine and targets drug-resistance
due to deficiency in deoxycytidine kinase. Leuk Res 2011;35:110–8.

[34] Challen GA, Sun D, Jeong M, Luo M, Jelinek J, Berg JS, et al. Dnmt3a is essential
for hematopoietic stem cell differentiation. Nat Genet 2012;44:23–31.

[35] Trowbridge JJ, Orkin SH. Dnmt3a silences hematopoietic stem cell self-renew-
al. Nat Genet 2012;44:13–4.

[36] Martin-Subero JI, Ammerpohl O, Bibikova M, Wickham-Garcia E, Agirre X,
Alvarez S, et al. A comprehensive microarray-based DNA methylation study of
367 hematological neoplasms. PLoS ONE 2009;4:e6986.

[37] Will B, Zhou L, Vogler TO, Ben-Neriah S, Schinke C, Tamari R, et al. Stem and
progenitor cells in myelodysplastic syndromes show aberrant stage-specific
expansion and harbor genetic and epigenetic alterations. Blood
2012;120:2076–86.

[38] Craddock C, Quek L, Goardon N, Freeman S, Siddique S, Raghavan M, et al.
Azacitidine fails to eradicate leukemic stem/progenitor cell populations in
patients with acute myeloid leukemia and myelodysplasia. Leukemia
2013;27:1028–36.

S. Imanishi et al. / Biochemical Pharmacology 89 (2014) 361–369 369

-261-

--0123456789

http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0005
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0005
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0010
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0010
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0010
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0010
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0015
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0015
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0015
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0015
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0020
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0020
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0020
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0025
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0025
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0030
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0030
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0030
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0035
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0035
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0035
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0035
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0040
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0040
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0040
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0040
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0045
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0045
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0050
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0050
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0055
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0055
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0055
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0060
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0060
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0065
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0065
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0070
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0070
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0070
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0075
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0075
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0075
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0075
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0080
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0080
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0085
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0085
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0090
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0090
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0090
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0095
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0095
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0095
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0095
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0100
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0100
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0100
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0105
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0105
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0105
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0105
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0110
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0110
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0110
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0110
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0110
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0115
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0115
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0115
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0115
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0120
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0120
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0120
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0125
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0125
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0125
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0125
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0130
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0130
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0130
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0130
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0135
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0135
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0135
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0135
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0140
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0140
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0140
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0145
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0145
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0145
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0150
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0150
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0150
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0155
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0155
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0160
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0160
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0160
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0165
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0165
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0165
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0165
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0170
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0170
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0175
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0175
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0180
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0180
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0180
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0185
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0185
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0185
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0185
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0190
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0190
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0190
http://refhub.elsevier.com/S0006-2952(14)00180-4/sbref0190


Regular Article
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Exosomal miR-135b shed from hypoxic multiple myeloma cells enhances
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Key Points

• We established hypoxia-
resistant cells that can mimic
in vivo conditions of hypoxic
bone marrow.

• Exosomal miR-135b derived
from these cell lines
enhanced endothelial tube
formation under hypoxia via
the HIF-FIH signaling
pathway.

Exosomes are small endosome-derived vesicles containing a wide range of functional

proteins, mRNA, and miRNA. Exosomal miRNA from cancer cells helps modulate the

microenvironment. In multiple myeloma (MM), the massive proliferation of malignant

plasma cells causes hypoxia. To date, the majority of in vitro hypoxia studies of cancer

cells have used acute hypoxic exposure (3-24 hours). Thus, we attempted to clarify the

role of MM-derived exosomes in hypoxic bone marrow by using MM cells grown

continuously in vitro under chronic hypoxia (hypoxia-resistant MM [HR-MM] cells). The

HR-MM cells produced more exosomes than the parental cells under normoxia or acute

hypoxia conditions, and miR-135b was significantly upregulated in exosomes from HR-

MM cells. Exosomal miR-135b directly suppressed its target factor–inhibiting hypoxia-

inducible factor 1 (FIH-1) in endothelial cells. Finally, exosomal miR-135b from HR-MM

cells enhanced endothelial tube formation under hypoxia via the HIF-FIH signaling

pathway. This in vitro HR myeloma cell model will be useful for investigating MM

cell–endothelial cell interactions under hypoxic conditions, which may mimic the in vivo

bone marrow microenvironment. Although tumor angiogenesis is regulated by various factors, exosomal miR-135b may be a target

for controlling MM angiogenesis. (Blood. 2014;124(25):3748-3757)

Introduction

Multiple myeloma (MM) is a unique B-cell neoplasm characterized
by the accumulation of clonal malignant plasma cells in the bone
marrow (BM).1,2 The massive number of plasma cells usually
disseminates into multiple bone lesions that are located far from
the primary lesion, much like cancer metastasis. The molecular
mechanismbywhich a primarymyeloma lesion progresses tomultiple
lesions has not been fully elucidated. Although autologous stem cell
transplantation combined with chemotherapeutic agents such as
thalidomide, lenalidomide, and bortezomib can significantly improve
response rates and the prognosis of MM patients,3-5 MM remains
incurable for the majority of patients because of relapse.6,7

Hypoxia is an important element of the cancer microenvironment
and is known to be associatedwithmetastasis. Under hypoxia, cancer
cells secrete substances that modulate their hostile microenviron-
ment to promote tumor angiogenesis.8-10 Aberrant angiogenesis has
been reported in MM-infiltrated BM,11-13 and increased angiogenic
activity is associated with endothelial activation, increased capillary
permeability, and hyperperfusion.14-16 Evidence suggests that MM
cells promote angiogenic activity via hypoxia-inducible factor
(HIF)-1a, a key transcription factor of hypoxia, leading to the
overproduction of angiogenic cytokines such as vascular endothelial
growth factor (VEGF),17 angiopoietin-1,18 and osteopontin.19

In addition to conventional signaling pathways responding to
hypoxia (ie, direct cell-cell contact or VEGF signaling),10 our
group and others have shown that exosomes, small endosome-derived
vesicles containing a wide range of functional proteins, mRNA, and
miRNA, from hypoxic cancer cells help to modulate the microenvi-
ronment without contacting the surrounding noncancer cells.20

Previous studies demonstrated that oxygen tension inMM-infiltrated
BM was lower than in normal BM, which is already hypoxic in
nature.21 The massive proliferation of MM cells produces hypoxic
conditions in the tumor, which may lead to more rapid cell pro-
liferation, drug resistance, and angiogenesis.11,22 However, little is
known about how hypoxia affects the biological properties of
MM cells in vivo. Previous studies using a human tumor syngeneic
mouse model (the 5T33M mouse MM model) demonstrated that
myelomatous BM ismore hypoxic than normal BM.21,23,24 In contrast
to those in vivo models, the majority of in vitro hypoxia studies of
cancer cells have used acute hypoxic exposure (3-24 hours).

To clarify the role of MM-derived exosomes in hypoxic BM,
we established an in vitro chronic hypoxia model using MM cells
that show continuous growth in vitro under hypoxic conditions
lasting more than 6 months (hypoxia-resistant [HR] cells). Here,
we investigated theMMcell–endothelial cell interactionviamiR-135b
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shed fromMMcells under hypoxia, whichmay promoteMMdisease
progression without directly contacting adjacent tissue.

Materials and methods

Cell lines and culture conditions

Human MM cell lines (RPMI8226, KMS-11, U266) and human umbilical
vein endothelial cells (HUVECs) were purchased from the Human Science
Research Resource Bank (Osaka, Japan) and Lonza Inc. (Allendale, NJ),
respectively. See the supplementalMethods on theBloodWeb site for details.

Establishment of HR-MM cell lines

Cell lines RPMI8226, KMS-11, and U266 were incubated under hypoxic
conditions (1% O2) for 6 to 7 months. The sublines that survived well under
long-term hypoxia were designated HR-MM cells RPMI8226-HR, KMS-11-
HR, and U266-HR, respectively.

Preparation of exosomal fraction

MMcell lines were seeded at a density of 53 105 cells/mL and cultured for
24 hours (unless otherwise indicated) under hypoxic (1% O2) or normoxic
(20% O2) conditions in serum-free AIM-V medium (Invitrogen, Carlsbad,
CA). The exosomes derived from MM cells were purified by Exoquick
Exosome Precipitation Solution (System Biosciences, Mountain View,
CA) as described previously.25

Transmission electron microscopy

Exosomes were prepared and fixed as described previously.20 The samples
were observed with a transmission electron microscope (JEM-1200EX;
JEOL Ltd., Tokyo, Japan) at an acceleration voltage of 80 kV.

Nanoparticle tracking analysis of exosomes

Measurements for nanoparticle tracking analysis were performed using the
Nanosight LM10 system (Nanosight, Amesbury, United Kingdom), fixed
as described previously.20 The capture settings and analysis settings were
performed manually according to the manufacturer’s instructions.

Tube formation assay

The formation of capillarylike structures was assessed as described pre-
viously.20 HUVECs (2 3 104 cells/well) were plated on top of Matrigel
(280 mL/well) and treated with exosomes (500 mL of exosome fraction/well)
derived fromMM cells (2.53 106 cells) cultured for 24 hours under hypoxic
conditions or under normoxic conditions. The total tube areawas quantified as

mean pixel density obtained from image analysis of 5 random microscopic
fields using ImageJ software (http://rsb.info.nih.gov/nih-image/).

miRNA expression profiles

Isolation of cellular and exosomal miRNAs was performed using the
miRNeasy kit (Qiagen, Hiden, Germany) as described previously.20 See
the supplemental Methods for details. MiRNA profiling in both cells and
exosomes was performed using a TaqMan low-density miRNA array
(Applied Biosystems, Foster City, CA) according to the manufacturer’s
recommendations. The relative expression of each gene was calculated
byusing the comparative thresholdcycle (Ct)method, as describedpreviously.25

RNU6B was used as an invariant control for the cellular miRNA. The
synthetic spike control (ath-miR-159) was used as an invariant control for the
exosomal miRNA.

Transfection of MM cells with Cy3-labeled pre-mir miRNA

precursor and PKH67-labeled exosome transfer

Pre-mir miRNA precursor (has-miR-210 or has-miR-135b; Ambion, Austin,
TX) was labeled with Label IT siRNA Tracker Cy3 kit (Mirus, Madison,
WI) according to the manufacturer’s instructions. The PKH67-labeled
exosomes including Cy3-miR-210 or Cy3-miR-135b were collected as de-
scribed previously.20

miRNA target reporter luciferase assay

Synthetic oligonucleotides bearing the miR-135b binding sequence (59-
TCACATAGGAATGAAAAGCCATA-39) or factor-inhibiting hypoxia-
inducible factor 1 (FIH-1) 39-UTR with the miR-135b complementary
binding site (59-TTAGATAGGGTTCCAACTGGGCCTACAAGCTCAAGC
CATACATAAAAGGACCTTGGG-39) were cloned into the firefly luciferase
reporter plasmid pMIR-Report (Ambion) according to the manufacturer’s
protocol (the seed sequence of miR-135b is shown in bold italics). We also
generated the mutated sensor vector in which the seed sequence of miR-135b
was changed to CCTAACGC. For measuring luciferase activity, see the sup-
plemental Methods for details.

Knockdown and overexpression experiment of exosomal

miR-135b

RPMI8226 cells (13 105) or RPMI8226-HR cells (13 105) were transfected
with anti–miR-135bmiRNA inhibitors (Ambion),miR-135bmimic (Ambion),
or scrambled control (Negative Control 1; Ambion) or by using HiPerFect
(Qiagen). The next day, after a change to fresh media, cells were cultured
under hypoxic conditions for 24 hours. The exosomes derived from
RPMI8226-HR1%O2/anti–miR-135b cells or RPMI8226-HR1%O2/control
were purified as described.

Figure 1. The response of HR-MM cells to hypoxia.

(A) The growth of parental cells (RPMI8226, KMS-11,

U266) and HR-MM cells (RPMI8226-HR, KMS-11-HR,

U266-HR) were measured after 24, 48, and 72 hours

of normoxic (20% O2) or hypoxic (1% O2) culture con-

ditions. (B) The expression level of HIF-1a protein in

parental cells and HR-MM cells cultured under 20% or

1% O2 conditions for 24 hours. Numbers below the

panels represent the normalized HIF-1a expression

signal by b-actin (ratio).
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Hypoxia response-element reporter assay

HUVECs were maintained at 50% to 60% confluence and were transduced
by either 0.1 mg of pGL4.42(luc2P/HRE/Hygrp) transcription reporter or
pGL4.15(luc2P/Hygro) control (Promega, Mannheim, Germany). The lu-
ciferase plasmid was cotransfected with 0.01 mg of pGL4.75(hRluc/CMV)
control plasmid (Promega) as a control for the transfection efficiency.
HUVECs were then treated with RPMI822620%O2-exosome, RPMI82261%O2-
exosome, or RPMI8226-HR1%O2-exosome, and the luciferase activity was
assessed after 48 hours with the Dual-Glo Luciferase System (Promega)
according to the manufacturer’s protocol.

Immunoblotting

The cells were lysed in lysis buffer (Roche, Penzberg, Germany), and equal
amounts of protein were separated on sodium dodecyl sulfate–polyacrylamide
gels. The exosome pellets isolated from the same amount of culturemedium
(5 mL) were lysed in 200 mL of lysis buffer (Roche), and the same amounts
of lysate (30 mL) were loaded in each lane of the gels. See the supplemental
Methods for details of antibodies used for the immunoblots.

In vivo Matrigel plug assay

The exosome derived from RPMI8226/miR135b mimic (RPMI8226-transfected
miR-135bmimic) orRPMI8226-HR/anti-miR135b (RPMI8226-HR–transfected
anti–miR-135b inhibitor) were mixed with Matrigel (200 mL), and then the
mixture was subcutaneously injected into nude mice (female, 8-week-old
BALB/c-n/n; CLEA Japan, Tokyo, Japan). After 1 week, theMatrigel plugs
were harvested and processed for analysis. See the supplemental Methods for
details of analysis of capillary density.

Statistical analyses

Data are expressed asmean6 standard deviation (SD). Two treatment groups
were compared by Mann-Whitney U test or Student t test. Multiple group
comparisons were performed by analysis of variance. GraphPad Prism
version5c forMacintosh (GraphPad Inc., La Jolla,CA)was used for statistical
analyses. Results were considered statistically significant when P , .05.

Results

Establishment and characterization of HR-MM cells

The cell growth of parental cells and cell growth of HR-MM cells
were measured at 24, 48, and 72 hours (Figure 1A). Growth of the
parental cells was significantly reduced by incubation under hypoxic
conditions for 48 to 72 hours, but the HR-MM cells continued to
grow, although the proliferation rate was reduced. The expression of
HIF-1a was upregulated in parental cells under acute hypoxia for
24 hours, and upregulation of HIF-1a expression was more evident
in HR-MM cells under hypoxic conditions (1% O2) compared with
parental cells (Figure 1B). Furthermore, we compared the MM surface
markers (CD19–,CD1381) between theparental cells andHR-MMcells
by flow cytometry (supplemental Figure 1A). We could not find a
remarkable change in the CD138 expression pattern, but there was a
change in the KMS-11 cells. In RPMI8226 and U266 cells, there was
no difference in the expression of 2 genes between parental cells and
HR-MMcells (supplemental Figure 1B), and theyhavemaintained the
expression of MM cell-surface markers and transcription factors.

Characterization of exosomes derived from HR-MM cells

Wenext compared the size, ultrastructures, and quantity of exosomes
between parental and HR-MM cells. Transmission electron micros-
copy revealed that the size of exosomes was similar between the
parental cells (RPMI822620%O2 and RPMI82261%O2) and HR-MM
cells (RPMI8226-HR1%O2), and each vesicle showed the classic cup-

shaped appearance with the common exosomal markers (CD63 and
CD81) (Figure 2A-B). Therewas no difference between the cell lines
in the nanoparticle size distribution of exosomes, but the amount of
exosomes secreted from the HR-MM cells was twofold that of the
parental cells (Figure 2C). Similar results were observed in the other
2 cell lines, KMS-11-HR and U266-HR (supplemental Figure 2A-C).

Remote effect of exosomes: exosomes derived from HR-MM

cells induce tube formation in normoxic HUVECs in a

dose-dependent manner

To clarify how exosomes derived fromHR-MM cells affect endothelial
cells that are remote from tumor tissue, we performed an endothelial

Figure 2. Characterization of exosomes derived from HR-MM cells. (A) Trans-

mission electron micrographs of exosomes derived from parental cells (RPMI8226 cells

cultured under 20% or 1% O2 conditions) and HR-MM cells (RPMI8226-HR cells

cultured under 1% O2 condition). The scale bar represents 50 nm. (B) CD63 and

CD81 (common exosomal markers) immunoblots of exosomes derived from RPMI8226

and RPMI8226-HR cells. These exosomes were isolated from 5 mL of culture media of

RPMI8226 (5 3 105 cells/mL) or RPMI8226-HR cells (5 3 105 cells/mL) cultured

under 20% O2 or 1% O2 conditions for 24 hours, respectively, and the same amounts

of exosome lysate (30 mL) were loaded in each lane of the gels. The ratio of CD63

and CD81 expression is indicated below the panels. (C) The nanoparticle concentration

and size distribution of the exosomes derived from RPMI8226 cells cultured under 20%

or 1% O2 conditions for 24 hours (dotted lines) and RPMI8226-HR cells cultured under

1% O2 conditions for 24 hours (solid lines).
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tube formation assay. HUVECs cultured under normoxic conditions
(HUVEC20%O2) were treated with RPMI822620%O2-exosomes,
RPMI82261%O2-exosomes, or RPMI8226-HR1%O2-exosomes.
RPMI82261%O2-exosomes enhanced the tube formation of HUVECs,
whereas RPMI822620%O2-exosomes did not (Figure 3A-B,E-F).
Exosomes from HR-MM cells significantly enhanced tube formation
of HUVECs compared with the control (Figure 3C,E-F). Because
exosome release from HR-MM cells was twofold that of parental
cells, we also tested the effect of adding half the amount of
RPMI8226-HR1%O2-exosomes; we found that tube formation
significantly decreased in an exosome dose–dependent manner
(Figure 3C-D,F and supplemental Table 1). These findings indicate

that the amount of exosomes affects tube formation in HUVECs
under normoxic conditions.

Local effect of exosome: increased tube formation by

exosomes from HR-MM cells is dose independent in

hypoxic HUVECs

In the majority of cases, both MM and endothelial cells might be
under hypoxic conditions, especially when endothelial cells are
adjacent to MM cells. Therefore, we investigated the local effect
of exosomes and whether exosomes derived from HR-MM cells
could affect tube formation of HUVECs cultured under hypoxic

Figure 3. Endothelial tube formation assay in

normoxic or hypoxic HUVECs. The formation of

tubelike structures was observed under dark field

using a cell-permeable dye, Calcein AM (green).

Endothelial tube formation of HUVECs cultured

under normoxic conditions (20% O2) with (A)

RPMI822620%O2-exosomes, (B) RPMI82261%O2-

exosomes, (C) RPMI8226-HR1%O2-exosomes, (D)

half the amount of RPMI8226-HR1%O2-exosomes, or

(E) without exosomes (control; HUVECs20%O2). (F)

Quantitative data for the tubelike structures determined

by pixel density. RPMI82261%O2-exosomes and

RPMI8226-HR1%O2-exosomes significantly enhanced

tube formation of HUVECs20%O2 compared with control

(HUVECs20%O2) (*P , .01, **P , .001). Because

nanoparticle tracking analysis indicated that the HR

cells secreted double the amount of exosomes com-

pared with parental cells (Figure 2B), half the amount

of RPMI8226-HR1%O2-exosomes was also assessed

(RPMI8226-HR1%O2-exosomes vs RPMI8226-HR1%O2-

exosome (1/2): #P , .01, Student t test). Endothelial tube

formation of HUVECs cultured under hypoxic conditions

(1% O2) with (G) RPMI822620%O2-exosomes, (H)

RPMI82261%O2-exosomes, (I) RPMI8226-HR1%O2-

exosomes, (J) half the amount of RPMI8226-HR1%O2-

exosomes, or (K) without exosomes (control;

HUVECs1%O2). Because HUVECs were exposed to

hypoxic conditions, the induction of tube formation was

enhanced in all treatments. (L) Quantitative data for

the tubelike structures determined by pixel density.

RPMI82261%O2-exosomes and RPMI8226HR1%O2-

exosomes enhanced tube formation of HUVECs1%O2

(*P , .01, **P , .001). Even when RPMI8226-HR1%O2-

exosomes were reduced to half the dose, induction of tube

formation did not decrease (RPMI8226-HR1%O2-exo-

somes vs RPMI8226-HR1%O2-exosome [1/2]; P 5 .38,

Student t test). Values are mean 6 SD. The scale bar

indicates 500 mm. exo, exosome.
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conditions (HUVECs1%O2). Similar to the results usingHUVECs20%O2,
RPMI82261%O2-exosomes enhanced the tube formation of
HUVECs1%O2 comparedwith the control (Figure 3H,K-L). Exosomes
from HR-MM cells enhanced tube formation of HUVECs1%O2 to an
even greater degree (Figure 3I,K-L and supplemental Table 1). It
would be logical to assume that tube formation might decrease by
half with half the amount of exosomes, but the decrease of tube
formation of HUVECs was not so evident at this lower dose. This
indicates that the accelerated tube formation does not simply depend
on the amount of exosomes.

Cellular and exosomal miRNA profiling of HR-MM cells

We then compared miRNA profiles of cells and exosomes using the
3 parental cells and 3 HR-MM sublines (NCBI, gene expression
omnibus;GSE48983).We extracted the cellular and exosomalmiRNAs
with a fold change of ,1.5 and on the basis of Ct value (20-25,
25-30, 30-35). We arbitrarily subdivided miRNA as follows: (1)
miRNAs upregulated in acute hypoxia and HR cells, (2) miRNAs
upregulated in only acute hypoxia, and (3) miRNAs upregulated
in only HR cells (Tables 1-3). The upregulation of miR-210 was
found in acute hypoxia and HR cells in all cell lines. In contrast,
we could not find any HR-specific miRNA universally expressed
in the 3 cell lines. Several miRNAs were HR specific in at least 2
cell lines: miR-425 and miR-135b (RPMI8226-HR and KMS-11-HR
cells); miR-335, miR-328, and miR-200c (KMS-11-HR and U266-
HR cells); and miR-223 (RPMI8226-HR and U266-HR cells)
(Tables 1-3). Among them, the expression level of miR-135b was as
high as that of miR-210. Therefore, we investigated miR-135b further.

Kinetics of miR-210 and miR-135b in hypoxia

We measured the intracellular or exosomal miR-210 and miR-135b
expressions of RPMI8226 and RPMI8226-HR with real-time
reverse-transcription polymerase chain reaction. We found different
miRNA kinetics of miR-210 and miR-135b during culture under
hypoxic conditions. In parental cells, the expression of intracellular
and exosomal miR-210 was not found under normoxic conditions,

whereas miR-210 expression was upregulated soon after hypoxic
exposure (1 hour) and then increased gradually until 72 hours
(Figure 4A-B). In HR-MM cells, high miR-210 expression was
maintained in hypoxic culture, but the expression gradually dis-
appeared over the course of 1 week in culture under normoxic
conditions (Figure 4A-B). These findings indicate that upregu-
latedmiR-210 expression is reversible and depends on the oxygen
concentration. In contrast, miR-135b was barely detected in cells
and exosomes of the parental line. miR-135b upregulation only
occurred in HR-MM cells, and the expression level was maintained
when cells were cultured under normoxic conditions for 1 week
(Figure 4C-D). These results indicate that miR-210 is a universal
hypoxia-responsive miRNA with transient expression, whereas miR-
135b is an HR-MM cell–specific miRNA with continuous expression.

Exosomal miR-135b derived from HR-MM cells regulates the

target gene in HUVECs

We visualized the transport of exosomal miR-135b derived from
RPMI8226-HR cells into HUVECs transfected with b-gal control
plasmid (HUVECs/b-gal) using the method modified from our
previous report.25 After incubation with PKH67-labeled exosomes
derived from RPMI8226-HR/Cy3-miR-135b cells, the Cy3-miR-
135b signals and PKH67 signals were colocalized in the cytoplasm
of HUVECs/b-gal (Figure 5A-F). We performed a luciferase
reporter assay to assess whether the exogenous miR-135b via
exosomal transport could function like endogenous miRNA in
endothelial cells.WhenHUVECs/b-gal transduced with the reporter
plasmid–containing complementary miR-135b binding site (sensor
vector, HUVECs/LUC/b-gal) were incubated with RPMI8226-
HR1%O2-exosomes, firefly luciferase activity was significantly
reduced compared with the control (HUVECs only; **P , .01)
(Figure 5G). In contrast, the RPMI8226-HR1%O2-exosomes did
not reduce the luciferase activity using a mutated sensor vector of
miR-135b (Figure 5G).

To investigate whether RPMI8226-HR exosomes mediated
angiogenesis is directly dependent on miR-135b, we performed
knockdown experiments of exosomal miR-135b. The anti–miR-
135b inhibitor disrupted the activity of exosomal miR-135b;
RPMI8226-HR/anti–miR135b-exosome and could not reduce the
luciferase activity in HUVECs/LUC/b-gal (RPMI8226-HR/anti–
miR135b-exo vs RPMI8226-HR/con-exo; #P , .01) (Figure 5G).
Furthermore, the knockdown of miR-135b led to a decrease in

Table 1. Cellular and exosomal miRNA profiles of RPMI8226-HR
cells

Ct value miRNA

(1) Acute hypoxia2,
RPMI8226-HR↑

miRNA

(2) Acute hypoxia↑,
RPMI8226-HR↑

Fold change (vs
parental cell)

Fold change (vs
parental cell)

Exosome Cell Exosome Cell

20-25 miR-425 2.1558 2.4911 miR-210 17.486 23.9463

miR-27a 1.7622 2.7311

miR-27b 2.0682 4.4697

miR-223 2.671 6.33

miR-135a 16.991 18.1049

miR-324-3p 1.5767 1.8605

miR-361-5p 1.71 3.4489

miR-383 4.1609 10.8108

miR-551b 3.6555 2.5412

25-30 miR-140-3p 2.1908 2.5292

miR-500 2.2111 4.8255

miR-135b 7.9551 21.8038

miR-483-5p 2.5079 1.6511

miR-362-5p 1.747 2.7095

After the cellular and exosomal miRNAs were extracted by a fold change of,1.5

and Ct value, they were subdivided into 2 groups: (1) miRNAs upregulated only in

HR-MM cells (Acute hypoxia2, RPMI8226-HR↑), and (2) miRNAs upregulated in

both acute hypoxia and HR-MM cells (Acute hypoxia↑, RPMI8226-HR↑).

Table 2. Cellular and exosomal miRNA profiles of KMS-11-HR cells

Ct value miRNA

(1) Acute
hypoxia2,

KMS-11-HR↑

miRNA

(2) Acute hypoxia↑,
KMS-11-HR↑

Fold change (vs
parental cell)

Fold change (vs
parental cell)

Exosome Cell Exosome Cell

25-30 miR-425 1.7072 2.196 miR-210 13.9761 16.5659

miR-335 6.5755 7.0668

30-35 miR-132 1.9641 5.6163

miR-518b 1.6252 3.0374

miR-328 1.9408 4.8109

miR-200c 2.3988 3.1656

miR-331-5p 1.7919 2.0219

miR-135b 5.9424 2.0893

After the cellular and exosomal miRNAs were extracted by a fold change of,1.5

and Ct value, they were subdivided into 2 groups: (1) miRNAs upregulated only in

HR-MM cells (Acute hypoxia2, KMS-11-HR↑), and (2) miRNAs upregulated in both

acute hypoxia and HR-MM cells (Acute hypoxia↑, KMS-11-HR↑).
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endothelial tube formation via exosomes (RPMI8226-HR/con-exo
vs RPMI8226-HR/anti–miR135b-exo; *P , .05) (Figure 5H-J).
These results suggest that the RPMI8226-HR exosome–mediated
angiogenesis is dependent on exosomal miR-135b.

Exosomal miR-135b enhances neovascularization in vivo

To analyze angiogenic responses to exosomes (exosomalmiR-135b)
derived from HR-MM cells, we performed an in vivo Matrigel plug
angiogenesis assay to detect the newly-formed blood vessels in
the transplanted gel plugs in nude mice (Figure 6A). The density
of the neovessels line in Matrigel plugs was quantified by immuno-
histochemical staining with anti-mouse CD31 (Figure 6B). The plugs
containing the exosomes derived from RPMI8226-HR/anti-miR135b
significantly reduced the density of CD311 neovesssels compared
with control (the exosomes derived from RPMI8226-HR/con)
(Figure 6C). These additional experiments provide evidence of
important roles for exosomal miR-135b derived from HR-MM
cells on angiogenesis in vivo.

Exosomal miR-135b derived from HR-MM cells regulated the

HIF-1 signaling in HUVECs

We performed in silico analysis to determine possible miR-135b
targets thatmay be responsible for its angiogenic function, specifically
under hypoxia, using database resources including Targetscan
and MiRanda. Seven-hundred eighteen transcripts with conserved
miR-135b binding sites were predicted. Among them, we selected
2 candidates with high predicted efficacy calculated by the context
scores. One is angiopoietin-2 (ANGPT2), a key regulator of angio-
genesis that exerts context-dependent effects on endothelial cells,

Table 3. Cellular and exosomal miRNA profiles of U266-HR cells

Ct value miRNA

(1) Acute
hypoxia2,
U266-HR↑

miRNA

(2) Acute hypoxia↑,
U266-HR↑

Fold change
(vs parental cell)

Fold change
(vs parental cell)

Exosome Cell Exosome Cell

20-25 miR-193b 2.0112 2.6867 miR-210 17.486 33.3568

miR-138 2.1346 3.1043

25-30 miR-328 2.1138 1.9223

let-7e 1.6542 1.8644

miR-204 16.0121 5.2747

miR-223 2.45 12.9772

miR-335 11.6635 21.1083

30-35 miR-23a 2.4124 5.4919

miR-200c 3.1872 2.8421

miR-185 2.4197 2.7435

After the cellular and exosomal miRNAs were extracted by a fold change of,1.5

and Ct value, they were subdivided into 2 groups: (1) miRNAs upregulated only in

HR-MM cells (Acute hypoxia2, U266-HR↑), and (2) miRNAs upregulated in both

acute hypoxia and HR-MM cells (Acute hypoxia↑, U266-HR↑).

Figure 4. Time course of miR-210 and miR-135b

expression under hypoxic conditions. Parental cells

(RPMI8226) and HR-MM cells (RPMI8226-HR) were

cultured under normoxic conditions (20% O2) or hypoxic

conditions (1% O2) for the indicated times (0, 24, 48, or

72 hours). Cellular and exosomal miRNA expression

levels were quantified by quantitative reverse-transcription

polymerase chain reaction: (A) cellular miR-210, (B)

exosomal miR-210, (C) cellular miR-135b, and (D)

exosomal miR-135b. RNU6B and ath-miR-159 were

used as the invariant control for cell and exosome,

respectively. Values are means6 SD of 3 independent

experiments, with each performed on different days.
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and the other is FIH-1, which is also known as hypoxic-inducible
factor-1a subunit inhibitor. However, we found that only FIH-1
showed direct bindingwithmiR-135b by luciferase reporter assay
(supplemental Figure 3). To validate the direct binding between
miR-135b and the FIH-1 39-UTR region, we performed a luciferase
reporter assay using the reporter plasmid containing FIH-1 39-UTR
with themiR-135b binding site. Reduction of luciferase activity from
the pLuc-FIH1-39-UTR plasmid was observed in HUVECs cultured
with RPMI822620%O2/miR-135b exosome (exosomes derived from
RPMI822620%O2 transfected with miR-135b mimics; 70% reduc-
tion) or in HUVECs cultured with RPMI8226-HR1%O2-exosome
(30% reduction) comparedwith control (HUVECs only) (Figure 7A,
left panel). As expected, deletion of the FIH-1 39-UTR sequence
from the construct abolished the inhibitory effects of miR-135b
on luciferase activity (Figure 7A, right panel). To clarify whether
FIH-1 expression levels are reduced in RPMI8226-HR cells,
we compared FIH-1 between the parental cells (RPMI8226) and
HR-MM cells (RPMI8226-HR) using immunoblot analysis. FIH-1

expression was reduced in RPMI8226-HR cells (supplemental
Figure 4A). In contrast, FIH-1 protein was not detected in exosomes
derived from RPMI8226-HR cells (supplemental Figure 4B). The
reduction of FIH-1 expression levels in RPMI8226-HR cells
may be induced by endogenous miR-135b, and the FIH-1 protein
of RPMI8226-HR cells did not transfer to the other cells via
exosomes. These results indicate that exosomal (exogenous) miR-135b
interacts with the FIH-1 39-UTR to exert translational repression in
HUVECs.

To determine whether FIH-1 expression is suppressed by adding
HR-MM–derived exosomes (exogenous-miR-135b), and whether
the suppression depends on the oxygen levels of HUVECs in culture,
we compared FIH-1 protein expression levels in normoxic HUVECs
(Figure 7B, left panel) and hypoxicHUVECs (Figure 7B, right panel).
A reduction of approximately 70% of FIH-1 protein was observed
in HUVECs cultured with RPMI8226-HR1%O2-exosomes compared
with the control (Figure 7B). There was no significant differ-
ence between HUVECs20%O2 and HUVECs1%O2. These findings

Figure 5. Transfer of miR-135b derived from HR-

MM cells to HUVECs via exosomes. HUVECs/b-gal

(HUVECs transfected with pMIR-reporter b-gal control

vector) were cultured with PKH67-labeled exosomes

derived from the parental cells (RPMI8226) transfected

with Cy3-pre-miR-135b. The Cy3-miR-135b signals

were detected in (A) the cytoplasm of HUVECs (red),

and (B) green signals indicate PKH67-labeled exo-

somes. (C) Cy3-miR-135b signals are colocalized with

PKH67 in HUVECs (yellow). Parts of areas in (A-C) are

enlarged in (D-F), respectively. Nuclear counterstain-

ing was performed using 49,6-diamidino-2-phenylindole

(DAPI) (blue). The scale bar indicates 10 mm. (G)

Luciferase reporter vector for assessing miR-135b–

specific activity contained complementary miR-135b

sequences in its 39-UTR. The normalized firefly luciferase

activity was obtained by firefly luciferase activity/b-gal

activity. Sensor vector: luciferase activity of HUVECs/

Luc/b-gal (HUVECs cotransfected with luciferase re-

porter vector and b-gal control vector) treated with

RPMI8226-HR1%O2-exosomes was significantly reduced

compared with control (HUVECs/Luc/b-gal without

exosomes) (**P , .01, n 5 3). RPMI8226-HR/anti-

miR135b exosomes (miR-135b–deactivated exosomes

of RPMI8226-HR cells) could not reduce the luciferase

activity in HUVECs (RPMI8226-HR/anti–miR135b-exo

vs RPMI8226-HR/con-exo: #P, .01, Student t test, n5 3).

In the mutated sensor vector, there was no difference in

luciferase activity with or without exosomes. (H-I)

Tube formation assay of HUVECs cultured under

1% O2 with RPMI8226-HR1%O2/control exosomes

(H) and with RPMI8226-HR1%O2/anti-miR135b exo-

somes (I). The scale bar indicates 500 mm. (J) The

tubelike structures determined by pixel density are

reduced by the addition of RPMI8226-HR1%O2/anti-

miR135b exosomes compared with control (*P , .05

vs control, Student t test, n5 3). Values are means6 SD

of 3 independent experiments, with each performed on

a different day. exo, exosome; con, control.
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indicate that the suppression of FIH-1 by HR-MM–derived exosomes
was independent of the oxygen levels of HUVECs.

Finally, we investigated the HIF transcriptional activity to
clarify the involvement of the HIF-1 and FIH-1 pathways in exosomal
miR-135b–mediated tube formation in HUVECs. We transfected
HUVECs with a reporter plasmid containing an SV40 promoter-
luciferase transcription unit downstream of a 68-bp hypoxia-
response element thatmediates HIF-1–dependent gene transcription.
The reporter-gene expressionwasmarkedly increased inHUVECs1%O2

relative to HUVECs20%O2 (Figure 7C, right panel). In HUVECs20%O2,
HIF-1 activity was barely detected before and after adding exosomes
(Figure 7C, left panel). These findings strongly indicate that
exosomal miR-135b accelerated HIF-1 transcriptional activity
via inhibition of FIH-1.

Discussion

HypoxicMM cells release various diffusible factors (eg, VEGF) that
promote the angiogenic switch in MM.26,27 Although the hypoxic
signaling pathway via VEGF by cell-cell contact has been studied in
MMangiogenesis,11,17 the complexity of the hypoxic response in the
MM microenvironment needs to be defined more clearly. Here, we
provide evidence of exosome-mediated angiogenesis in MM cells
under prolonged hypoxia.

One major barrier to investigating the effects of hypoxia on MM
cells in vitro was that cells could grow only for several days under
hypoxic conditions. Therefore, most studies were performed using
MM cells exposed to hypoxia for 24 to 72 hours. In such cases, MM
cells might respond to hypoxic stress in a manner similar to that
of an ischemic attack rather than long-lasting intratumor hypoxia.
Therefore, we established HR-MM cells, which can serve as a
surrogate of therapy-resistant MM cells, because the biological
effects of hypoxia on tumor cells are known to be resistant to
anticancer chemotherapy and are known to increase the risk of
tumor metastasis.28-30

In the current study, we investigated the characteristics of
exosome release in HR-MM cells. We first noted that the amount
of exosomes from HR-MM cells was significantly greater than
that of parental cells, and a subset of exosomal miRNA might
work in a dose-dependent manner. Exosomal miR-210 induced
tube formation in a dose-dependent manner when HUVECs were
cultured under normoxic conditions.20 One important finding is
that upregulation of miR-210 is not specific to HR-MM cells. When
HUVECs were cultured under hypoxic conditions, miR-210 expres-
sion in the HUVECs themselves increased. Under such conditions,
certain miRNAs, other than miR-210, were likely to play more
important roles, especially in local cell-cell communication inMM.
We then focused on exosomal miR-135b as an miRNA specific to
HR-MMcells.miR-135bwas specificallyupregulated inboth exosomes
and HR-MM cells, whereas the expression was barely detected in
the parental cells, even when they were cultured under short-term
hypoxia.miR-135b is an oncogenicmicroRNA that has been linked
to the progression of several types of cancers, including colon
cancer,31,32 osteosarcoma,33 and non–small-cell lung cancer.34 Some
targets already reported the direct binding of miR-135b (such as
SMAD5).35 To the best of our knowledge, there is no report
dealing with an association between those targets and angiogenesis.
Zhang et al demonstrated a parallel correlation between miR-135b
and HIF-1a; miR-135b is more involved with mechanisms of
hypoxic response.36 We noted that exosomal miR-135b derived

Figure 6. Exosomal miR-135b enhances neovascularization in vivo. (A) Represen-

tative light microscopic photographs of Matrigel plugs harvested 1 week after

subcutaneous injection into nude mice. The exosomes derived from RPMI8226,

RPMI8226-HR/control, RPMI8226-HR/anti-miR135b, or phosphate-buffered saline

(as a vehicle control) were mixed with growth factor–reduced Matrigel. (B) The

neovasculature induced by the exosome of RPMI8226-HR cells in Matrigel was

visualized by immunohistochemical staining of frozen sections with anti-mouse CD31

antibody. Representative photographs reveal abundant vasculature positively stained

for CD31 (red). Nuclear counterstaining was performed using DAPI (blue). The

scale bar indicates 200 mm. (C) Quantitative data for the neovessels lined in Matrigel

plugs determined by pixel density. The exosome derived from RPMI8226-HR cells

increased the density of vasculature positive for CD31 in Matrigel plugs compared

with vehicle control (*P , .01 vs control, Student t test). The HR exosome–induced

increase of neoangiogenesis was canceled by anti–miR-135b disrupting the activity

of exosomal miR-135b (RPMI8226-HR/con-exo vs RPMI8226-HR/anti-miR135b-

exo; #P , .05, Student t test). Values are mean 6 SD. exo, exosome; con, control.
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from chronic HR cells functioned as a signaling factor to transmit
a hypoxic response. miR-135b may also contribute to angiogenesis
in anaplastic large-cell lymphoma, implying that it plays a central
role in regulating several signaling pathways.36-38 In HR-MM
cells, we identified the direct target of miR-135b, FIH-1, which is an
asparaginyl hydroxylase enzyme binding to HIF-1a that inhibits
its transactivation function.39 Exosomal miR-135b may have the
ability to improve the surroundingBMmicroenvironment byHR-MM
cells via the HIF-FIH signaling pathway.

This study has several limitations. Tumor angiogenesis is known
to be regulated by various kinds of factors, including cytokines,
chemokines, and growth factors derived from the BM microenvi-
ronment such that a complex mechanism may support MM disease
progression and resistance to chemotherapy.40,41 Exosomes carry
various molecules, including proteins, lipids, mRNAs, and miRNA.
Thus, further studies are required to understand how soluble factors
and/or exosomal contents affect miR-135b in the BM microenvi-
ronment in MM. There is another issue that needs to be addressed.
A recent study by King et al has clearly demonstrated that hypoxia
promotes the release of exosomes in breast cancer cells: the amount
of exosomes increased when cells were incubated under hypoxia.42

Therefore, it is important to take into consideration the amount of
exosomes released in hypoxia. In the current study, we demonstrated
both the quality and quantity of exosomes from HR-MM cells;
however, it is still unknown whether known members of the HIF
pathway affect exosome pathways or processing. Most importantly,
the clinical relevance of miR-135b expression inMMpatients is still
uncertain. We and others have reported miRNA expression profiles
in MM, but miR-135b expression was barely detected in MM cells
and plasma,43 which is consistent with our results using parentalMM
cell lines. In addition, we have determined the exosomal miR-135b
expression level in plasma of 15 MM patients and 5 healthy
volunteers. However, the expression levels of exosomal miR-135b
in MM patients were significantly lower compared with those of
healthy volunteers (supplemental Figure 5). The most plausible
explanation for this phenomenon is that exosomal miR-135b
might play a major role in local area rather than circulating
plasma. For this reason, plasma miR-135b expression is not a
suitable prognostic factor at present, but exosomal miR-135b might
be a potent molecular target related to local tumor angiogenesis. We
also investigated exosomes from the primary myeloma cells of 2
MM patients (supplemental Figure 6), and the findings indicate
that at least a subset of MM patients exhibits high miR-135b
expression, whereas MM patients are a highly heterogeneous
group. Even when miR-135b was elevated in exosomes from
MM cells of patient 2 (supplemental Figure 5), plasma miR-
135b expression level was low. Furthermore, the Matrigel plug
assay may provide evidence of an important role for exosomal
miR-135b derived from HR-MM cells on angiogenesis in vivo
(Figure 6).

In conclusion, we constructed an in vitro HR-MM cell model
that reflects prolonged intratumor hypoxia. The majority of previous
studies refer to acute hypoxia, which may differ somewhat from
in vivo conditions. To our knowledge, this is the first report to deal
with cell-cell communication via exosomes under chronic hypoxia.
Using this model, we provide new evidence that hypoxia-driven
accelerated tube formation is attributable to exosomal miR-135b
shed from HR-MM cells by targeting the HIF-1/FIH signaling
pathway.
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Figure 7. Exosomal miR-135b targets FIH-1 in hypoxic HUVECs. (A) miR-135b

binding sites in the FIH-1 39-UTR were cloned into pMIR luciferase reporter vector

(left, sensor vector). Identical construct mutation was generated (right, mutated vec-

tor). RPMI82261%O2/miR-135b exosomes (exosomes derived from RPMI82261%O2

transfected with miR-135b mimics), RPMI82261%O2/control exosomes (derived from

RPMI82261%O2 transfected with scramble control miR), or RPMI8226HR1%O2-

exosomes were treated with HUVEC/Luc/b-gal (HUVECs cotransfected with pMIR-

FIH1-39-UTR vector and b-gal control vector). Luciferase activity of the sensor vector

displayed a significant decrease by treatment with RPMI82261%O2/miR-135b exosome

(**P , .01, Student t test, n 5 3) and RPMI8226-HR1%O2-exosome (*P , .05, Student

t test, n5 3) compared with the control (HUVECs/Luc/b-gal without exosomes). These

experiments were performed in triplicate, and the results are shown as mean 6 SD.

(B) FIH-1 protein expression levels measured by immunoblot after treatment with

RPMI822620%O2-exosome, RPMI82261%O2-exosome, or RPMI8226-HR1%O2-

exosome of normoxic HUVECs (solid bars) and hypoxic HUVECs (open bars). The

intensity of each band was quantified and normalized to FIH-1 expression signals

by b-actin (**P , .01 vs control, Student t test, n 5 3). (C) Effect of exosomes derived

from HR-MM cells (RPMI8226-HR) on HIF-1–dependent transactivation of luciferase

activity in normoxic HUVECs (solid bars) and hypoxic HUVECs (open bars) transfected

with luciferase reporter genes linked to hypoxia response element (HRE). Luciferase

activity was measured using the Dual-Glo Luciferase System (Promega). All assays

were performed in triplicate. Means 6 SD are shown (**P , .01 vs control; HUVECs1%

O2 without exosomes, Student t test, n 5 3). exo, exosome.
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Abstract

Background: Accumulating evidence suggests that genetic variants, including 
deletion and single nucleotide polymorphism (SNP) have role in the genesis and 
progression of various cancers. BIM (also known as BCL2L11) is a proapoptotic protein 
that is essential in the tyrosine kinase inhibitor (TKI)-induced apoptosis in chronic myeloid 
leukemia (CML) cells. We therefore attempted to develop new detection assay system 
of the BIM genetic variants in CML patients and clinical relevance.

Subjects and methods: We assessed knownBIM polymorphic variants (BIM 
deletion polymorphism in intron 2 and silent SNP in BIM exon 5) by using the Q-Invader 
method with molecular response by TKIs in 47 Japanese chronic myeloid leukemia 
(CML) patients who achieved 4-log reduction of molecular response (MR4.0) or more. 

Results: The Q-Invader assay was able to detect BIM deletion polymorphism 
expanding approximately 2900 bp and BIMSNP at exon 5 (c465C>T). Six of 47 
(12.8%) showed the BIM intron 2 deletion polymorphism and 11 of 47 (23.4%) CML 
patients did the SNP. In healthy volunteers, 4 of 20 (20%) had the BIM deletion 
polymorphism and 4 of 20 (20%) did the BIM SNP: none of our subjects had the 
BIM deletion polymorphism and SNP (c465C>T) concurrently. CML patients with BIM 
polymorphic variants showed high frequencies of reduction of imatinib dose and 
switching to second-line 

Conclusion: TKIs. BIM is an essential protein for the apoptotic process in cancer 
cells with TKI therapy, the detection assay of polymorphic variants, such as Q-Invader 
assay, could be useful in clinical practice.

BACKGROUND
Tyrosine kinase inhibitors (TKIs) are now used as the central 

therapeutic approach for treatment of several tumors, including 
chronic myeloid leukemia (CML), and the introduction of TKIs as 
a first-line treatment for CML has introduced new possibilities for 
curing CML [1,2], for example, the STOP Imatinib (IM) study by 

Mahon et al. [3]. It is well-known that TKIs, including IM, activate 
proapoptotic BCL-2 homology domain 3–only proteins, such as 
BCL2-like 11 (BCL2L11, also known as BIM) [4]. Therefore, BIM 
plays a major role in TKI-induced apoptosis of BCR-ABL1−positive 
CML cells [5]. Recently, Ng et al. [6] demonstrated that East Asian 
CML patients with a common intronic deletion polymorphism in 
the gene coding BIM (at intron 2) had inferior responses to TKIs 
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AC096670    107801:AACTCAACAAACCCATCAGAACAGACACTGGAACAAAATGACATTTCTAAATACCATCCAGCTCTGTCTTCATAGGCTTCAGTGAGGTAAATCAGGCAGG 107900 

AC096670    107901:CCTTTGCCCATGTTATAGAATTGGAAAGAACCTCAGAGTGGTGGTCACTTGTCAGAGGTTGGGCACACCTGTGAGGTGGTGGGGAGAAATGACAGACATC 108000 

AC096670    108001:CCAGCAGCTACACATGCTGGCTGCACGTCTCTTGCCAAATGCCAGGAGGTAATTTTTTAGGGTCCCTCCTTAGGGAAAGGGGCTGGAAGTTTTATTATTG 108100

AC096670    110601:TCATTTATCCATTCATCCATCAGGAGATACTTGGGTTGCTTCCACTTTTTGGCTATTGTGAGTAGTGCTGCTATGAACATGGGTATGCAAATATCTTTTG 110700 

AC096670    110701:GGGGATTCTGCTTTGAATTTTTTTGGATATATACTTGGAAGTGGAATTGCTGGATCATATGGTAATTCTATTTTTAATTTTTTGGGGAACCATCATGCTG 110800

AC096670    110801:TTCTCCATAGAGGCTGTGCCATTTTACATTCCCACCAACAGGGCACAAGGGTTCCAGTTTCTCCACATACTTACCAACACTTTTTTTTTTTTTTTTTTAA 110900 

:Deletion region

Invader probes
Primary probe 1: CGCGCCGAGGGGCAGCCTTTGCCCATG
Primary probe 2（for deletion）: ACGGACGCGGAGCTGTTCTCCATAGAGGCTGTG
Invader oligo: TCTTCATAGGCTTCAGTGAGGTAAATCAA 

Primers
Q-BIM-F1: CAGAACAGACACTGGAACAA
Q-BIM-WR1: CTGAGGTTCTTTCCAATTCT
Q-BIM-dR1: CCCTGTTGGTGGGAATGTAA

AC096670    108001:CCAGCAGCTACACATGCTGGCTGCACGTCTCTTGCCAAATGCCAGGAGGTAATTTTTTAGGGTCCCTCCTTAGGGAAAGGGGCTGGAAGTTTTATTATTG 108100

Invader oligo
AC096670    107801:AACTCAACAAACCCATCAGAACAGACACTGGAACAAAATGACATTTCTAAATACCATCCAGCTCTGTCTTCATAGGCTTCAGTGAGGTAAATCAGGCAGG 107900 AC096670    107801:AACTCAACAAACCCATCAGAACAGACACTGGAACAAAATGACATTTCTAAATACCATCCAGCTCTGTCTTCATAGGCTTCAGTGAGGTAAATCAGGCAGG 107900 

Prim-

ary probe 1 

P-

rimary probe 2

Q-BIM-F1

Q-BIM-WR1

Q-BIM-dR1

Invader oligo

A

ATTTTTGTTTTGTTTTGTTCTGATGCAGCTTCCATGAGGCAGGCTGAACCTGCAGATATGCGCCCAG 

AGATATGGATCGCCCAAGAGTTGCGGCGTATYGGAGACGAGTTTAACGCTTACTATGCAAGGAGGGT

AATGATGTTTTCTTTACCCGCTTTTCTGCTCACACCCTCCCCTTCCACACTATATTTTTTTAAAAAG 

rs724710-F2 

rs724710-R2 

Invader oligo

Primary probe

Primers
rs724710-F2 : AGGCAGGCTGAACCTGCAGA 
rs724710-R2 : TGTGAGCAGAAAAGCGGGTA

Invader probes
Primary probe 1: CGCGCCGAGGCGGAGACGAGTTTAACGC
Primary probe 2: ACGGACGCGGAGTGGAGACGAGTTTAACGC
Invader oligo: GGATCGCCCAAGAGTTGCGGCGTATC  

B

Figure 1 Design used to detect BIM genetic variants. A: Cleavage point for the Q-Invader assay at BIM deletion polymorphism. Cleavage points in 
polymerase chain reaction amplicon (white boxes). Deletion area at intron 2 (shaded area). B: Cleavage point for the Q-Invader assay at rs724710. 
Cleavage point in polymerase chain reaction amplicon (white box).

compared with those without the genetic variation. Augis et al. 
[7] also found a single nucleotide polymorphism (SNP) c465C>T 
at BIM exon 5, without amino acid change, in French CML patients 
who did not respond to IM treatment. The detection of BIM 
genetic variants is critical for TKI therapy, not only for CML but 
also for other cancers [6]. 

Q-Invader assay is widely used to detect SNP in clinical 
practice [8,9]; however, this technique is not generally 
available to detect deletion polymorphism, such as BIM deletion 
polymorphism, because its deletion expands approximately 3 kb. 
In the current study, we ascertained that Q-Invader assay could 

detect BIM deletion polymorphism at intron 2 and SNP c465C>T 
at BIM exon 5. We used the Q-Invader assay and determined 
the clinical implications in CML patients with maintained major 
molecular response.

PATIENTS AND METHODS
Patients

To investigate genetic variations of BIM, we obtained DNA 
from 47 Japanese CML patients referred to the Tokyo Medical 
University Hospital who had achieved molecular remission (MR) 
of 4.0 or more [10]. Since all CML patients studied achieved MR4.0, 
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Invader
oligo

Primary 
probe

Identify non-deletion allele

Released 
Flap at 
5’-end

Fluorescence 
Probe F

Cleavase

Cleavase

F Q

Q

Denature step

Invader
oligo

Primary 
probe

Identify deletion allele

Released 
Flap at 
5’-end

Fluorescence 
Probe R

Cleavase

Cleavase

R Q

Q

Non-deletion amplicon Deletion amplicon

Invader reaction in duplex format 

Figure 2 Schematic illustration of the Q-Invader assay in a duplex format for detecting BIM polymorphisms. Human DNA is amplified by two-step 
PCR. The denatured PCR products formed an invasive complex with the primary probe and Invader oligo. The released 5’-flap probe, a product of 
the first reaction, promotes cleavage of the fluorescence probe in the second Invader reaction, creating a detectable, amplified signal for detecting 
BIM polymorphisms. Finally, the PCR products were made into duplex DNA with DNA polymerase.

DNAs obtained from peripheral blood from CML patients are of 
representative germ-line change rather than somatic CML cells. 
There were 10 patients who maintained MR for more than 12 
months after discontinuation of IM, 3 patients who experienced 
relapse within 4 months after cessation of IM, 16 patients who 
maintained MR for 24 consecutive months while using TKIs, 
and 18 patients treated with TKIs who showed fluctuating MR 
(but maintained major molecular response) over the course 
of 24 months. We also studied DNA obtained from 20 healthy 
volunteers used as the Japanese control group. This study was 
approved by the Institutional Review Board of Tokyo Medical 
University (no. 1655; approved on January 28, 2011). KCL22 
was used as a positive control and K562 was used as a negative 
control for the BIM deletion polymorphism of intron 2 [6,10]. 

Detection of BIM deletion polymorphism and SNP by 
Q-Invader technique

Preparation of genomic DNA was performed with a robotic 
workstation (Magtraction System, 6GC; Precision System 
Science, Chiba, Japan) with the EZ1 DNA Blood 350 μl kit (Qiagen, 
Valencia, CA, USA) according to the manufacturer’s instructions. 
The genomic DNA was subjected to polymerase chain reaction 
amplification using primer designed to detect a deletion site 
(2903 bp) in intron 2 (deletion polymorphism) (Figure 1-A) 

and a silent SNP in exon5 (c465C>T) (Figure 1-B), separately. 
Thus, Two fluorescence signals (carboxyfluorescein or FAM for 
non-deletion polymorphism in intron 2 and C allele in exon 5; 
REDmond RED or RED for deletion polymorphism in intron 2 and 
T allele in exon5) could be detected in each single reaction with a 
Universal General Purpose Reagent (Hologic, Bedford, MA, USA), 
including Cleavase and FRET mix with two common fluorescence 
probes (Figure 2). Template DNA was added to a 15-μl reaction 
mixture containing 500 nM primers (Sigma Aldrich Japan, Tokyo, 
Japan)for amplification BIM gene, 600 nM of each primary probe 
(Sigma Aldrich Japan), 70 nM Invader oligo (Sigma Aldrich 
Japan), Universal General Purpose Reagent (Hologic) and FRET 
mix (Table 1). The reaction mixture was preheated in a 384-PCR 
plate (Roche, Basel, Switzerland) at 95°C for 2 min, and a two-
step PCR reaction was carried out for 40 cycles (95°C for 15 sec, 
65°C for 60 sec) in a LightCycler 480 (Roche) [8,9]. Fluorescence 
values of FAM (wavelength/bandwidth: excitation, 465 nm; 
emission, 510 nm) and RED (excitation, 533 nm; emission, 610 
nm) were measured at end of the incubation/extension step at 
65°C for each cycle and by standard real-time PCR. By analyzing 
the results, a crossing point (Cp) can be obtained by an endpoint 
genotyping method in the Light Cycler 480 software.

Statistical analysis 

The results were statistically analyzed with GraphPad Prism 
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5 (GraphPad Software, La Jolla, CA, USA). The profiles of two 
groups were analyzed by chi-square test. P< 0.05 was considered 
to indicate a statistically significant difference.

RESULTS
Using the Q-Invader assay, the fluorescent intensity of FAM 

increases when the sample has no deletion polymorphism or 
no SNP (c465), whereas the intensity of Red increases when 
the sample has the intron 2BIM deletion polymorphism or SNP 
(c465C>T). These two fluorescent intensities plot the x-axis and 
the y-axis, respectively, and the polymorphism is identified by the 
scatter plot (Figure 3). Data for the BIM deletion polymorphism 
were confirmed by standard polymerase chain reaction assay 
and gel electrophoresis, as described previously [10]. Q-Invader 
assay was used for assessment of BIM polymorphic variants in 
the Japanese population.

None of the CML patients or healthy subjects had the BIM 
deletion polymorphism and SNP (c465C>T) concurrently; thus, 
we analyzed BIM polymorphism variants separately and then 
combined as a group of BIM genetic variants. None of our subjects 
showed T/T genotype of the c465C>T SNP. Six of 47 (12.8%) 
Japanese CML patients and 4 of 20 (20%) Japanese volunteers 
showed the BIM intron 2 deletion polymorphism. Regarding the 
SNP (c465C>T), using the Q-Invader technique, 11 of 47 (23.4%) 
CML patients and 4 of 20 (20%) volunteers showed the SNP. As 
reported previously, 3 of 13 CML patients who stopped IM had 
the BIM deletion polymorphism, and all 3 patients with BIM 
deletion had molecular relapse within 4 months, whereas none of 
the remaining 10 patients without the BIM deletion maintained 
molecular response after stopping IM [10]. Although we found 
three CML patients with BIM SNP at c465C>T in the group that 
stopped using IM, none of them had molecular relapse. Of the 34 

CML patients who experienced MR of 4.0 while still taking TKIs, 3 
of 34 (8.8%) had BIM deletion polymorphism and 8 of 34 (23.5%) 
had BIM SNP (c465C>T). 

We next assessed clinical features of 44 CML patients 
showing the BIM deletion polymorphism or BIM SNP (c465C>T; 
BIM polymorphism variants). Of the 47 CML patients with BIM 
status, three were excluded from the clinical analysis because 
of inappropriate IM intake (one with previous chemotherapy 
and two with low adherence). Thirty patients were treated with 
first-line IM without previous alpha-interferon therapy. None 
of the 28 CML patients without BIM genetic variants switched 
to second-line TKIs, whereas CML patients with either BIM SNP 
(2/10 versus 0/34; P = 0.1722) or BIM deletion polymorphism 
(2/6 versus 0/38; P = 0.0262) had a history of switching to 
second-line TKIs. When we combined genetic variants of the BIM 
gene (intron 2 deletion polymorphism and SNP [c465C>T]), a 
significantly high frequency of switching to second-line TKIs in 
CML patients with BIM genetic variants was again noted (4/16 
versus 0/28; P = 0.0055) (Table 2). Switching to second-line 
TKIs in our CML patients was attributable to hematologic or 
non-hematologic adverse events, but not to IM resistance. We 
next assessed IM dose for these CML patients. The frequency of 
continuing the IM dose of 400 mg was significantly higher in CML 
patients without BIM genetic variants than in those with genetic 
variants (25/28 versus 6/16; P = 0.0003). These observations 
indicate that Japanese CML patients without BIM genetic variants 
(deletion polymorphism at intron 2 and SNP [c465C>T]) could 
benefit from the standard IM dose without switching to second-
line TKIs. This tendency was also evident in 30 CML patients 
administered first-line IM therapy (data not shown). 

DISCUSSION
In the current study, we determined BIM genetic variants 

in Japanese CML patients using the Q-Invader assay. The 
current Q-Invader assay could clarify which subjects have 
BIM SNP as well as the long-distance deletion, such as BIM 
deletion polymorphism at intron 2, separately. Therefore in 
clinical setting, the Q-invader assay should be performed twice 
on the same patient sample, since none of our sample showed 

Polymerase−chain−reaction primer

Q-BIM-F1 (polymorphism): 5’-CCTCGTGGAAGGCGACAACCTAT-3’

Q-BIM-WR1 (polymorphism): 5’-GGCCADGGRTACCCRGGCTG-3’

Q-BIM-dR1 (polymorphism): 5’-CCTGGGCTCAGCCYGGGTA-3’

rs724710-F2 (SNP): 5’-AGGCAGGCTGAACCTGCAGA-3’

rs724710-R2 (SNP): 5’-TGTGAGCAGAAAAGCGGGTA-3’

Invader probes

asBIMdel-p1: 5’-CGCGCCGAGGGGCAGCCTTTGCCCATG-3’

asBIMdel-p2: 5’-ACGGACGCGGAGCTGTTCTCCATAGAGGCTGTG-3’

asBIMdel-io: 5’-TCTTCATAGGCTTCAGTGAGGTAAATCAA-3’

as_rs724710-p1: 5’-CGCGCCGAGGCGGAGACGAGTTTAACGC-3’

as_rs724710-p2: 5’-ACGGACGCGGAGTGGAGACGAGTTTAACGC-3’

as_rs724710-io: 5’-GGATCGCCCAAGAGTTGCGGCGTATC-3’

Table 1: Polymerase−chain−reaction primer for detection of BIM deletion 
polymorphism and BIM single−nucleotide−polymorphism.

p1: primary probe (FAM)
p2: primary probe (RED)
io: Inavaderoligo
5’−prime of the p1 probe (CGGCCGAGG) and 5’−prime of the p2 probe ( 
ACGGACGCGGAG) are FLAP sequence.
3’-prime of P1 and P2 probes are amino modification
io: Invader oligo, p1: primary probe (FAM), p2: primary probe (Red), 
SNP: single nucleotide polymorphism.

CML 
patients

Maintain 
imatinib

Imatinib 
dose

Switch to 
second

400 mg reduction TKIs

BIM SNP (c465c>T) 10/44 4/10 4/10 2/10

P value
BIM deletion 

polymorphism 2/44 2/6 2/6 2/6

P value 0.032 0.4 0.0262

BIM SNP or deletion 16/44

Polymorphism

P value 0.0003 0.0341 0.0055

No genetic variants 28/44 25/28 3/28 0/28

Table 2: Correlation between BIM genetic variants and response to 
tyrosine kinase inhibitors.

P values were calculated by chi-square test.
CML: chronic myeloid leukemia, SNP: single nucleotide polymorphism, 
TKI: tyrosine kinase inhibitor.
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D
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Deletion Heterozygote D
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C/T
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Figure 3 Scatter plot of the fluorescent intensity of FAM and Red. The fluorescent intensity of FAM increases when the sample has no deletion 
polymorphism or no SNP (c465), whereas the intensity of Red increases when the sample has BIM deletion polymorphism (A) or BIM SNP (c465C>T) 
(B). These two fluorescent intensities plot the x-axis and y-axis, respectively, and the polymorphism is identified by the scatter plot. A: BIM deletion 
heterozygote (circle) and non-BIM deletion homozygote. B: Scatter plot of rs724710 polymorphism for the patients. C/T heterozygote (circle) and 
C/C homozygote.

concomitant positivity for these two genetic variants. The BIM 
genetic variants were detected in 40% of the Japanese control 
population; 20% had intron 2 deletion polymorphism and 20% 
had exon 5 SNP of the BIM gene. Ng et al. [6] reported that 12.3% 
of East Asian healthy individuals had BIM intron 2 deletion 
polymorphism. They reported that CML patients without the BIM 
deletion polymorphism had a significantly high optimal response 
compared with those with the BIM genetic variant because of 
switched BIM splicing from exon 4 to exon 3, resulting in lack of 
the proapoptotic BCL-2 homology domain 3 [6]. Augis et al. [7] 
also reported another BIM genetic variant at exon 5 in French 
CML patients. This genetic variant was significantly associated 
with a late achievement of major molecular response thereby 
leading frequent BCR-ABL1 tyrosine kinase domain mutations 
[7]. Our previous study also demonstrated that CML patients with 
BIM deletion polymorphism are IM-dependent [10], suggesting 
that BIM dysfunction attributable to polymorphism variants is 
essential in TKI treatment for CML patients. Since approximately 
45% of CML patients who showed resistant to IM treatment had 
no BCR-ABL1 domain mutation, BIM genetic variants, including 
BIM-SNP, may have some role in such patients who resist to TKIs. 

It has also been demonstrated that intron 2BIM deletion 
polymorphism in epidermal growth factor receptor (EGFR) 
mutation-positive nonsmall cell lung cancer showed intrinsic 
resistance to EGFR TKIs [6,11], and the resistance was 
overcome by the combination of TKIs and histone deacetylase 
inhibitor because of restoration of the aberrant splicing of BIM 
and upregulation of BCL-2 homology domain 3–containing 
BIM isoforms to resensitize to EGFR TKIs [11]. However, the 
correlation between BIM SNP at exon 5 (c465C>T) and the 
inferior response to TKIs in non-small cell lung cancer has not 
been reported. Furthermore, biological implication of BIM-SNP 
at exon 5 (c465C>T) should be clarified in various neoplasias. 
The BIM deletion polymorphism is uncommon in Caucasians 

and African Americans, whereas BIM SNP at exon 5 (c465C>T) 
has been found in the Caucasian cohort [7]. Moreover, BIM haplo 
insufficiency may affect the immune system [12-14]; for example, 
BIM dysfunction affects interleukin-15–mediated survival of 
natural killer cells [13]. Immune surveillance is now considered to 
be a key element for prevention of cancer proliferation, including 
CML. Since Augis et al. demonstrated a reduction of Bim mRNA 
levels in the circulating mononuclear cells of healthy controls 
with c465C>T genotype [7], further information regarding BIM 
genetic variants and immune function should be accumulated. 

CONCLUSIONS
Our results show that a high-throughput assay like the 

current Q-Invader assay could be a powerful tool to delineate the 
clinical relevance of BIM dysfunction in various cancers. Finally, 
the Q-Invader assay has clearly identified individuals with either 
BIM deletion polymorphism or BIM SNP.
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Imatinib, a tyrosine kinase inhibitor, 
has dramatically improved the treatment 
of chronic myeloid leukemia (CML). 
Recent evidence has revealed that some 
patients with CML can safely discontinue 
imatinib therapy without relapse, particu-
larly after achieving a complete molecular 
response. This review discusses the possi-
ble immunosurveillance predictive mark-
ers useful to discriminate patients who 
may stop imatinib therapy without elicit-
ing disease recurrence.

Chronic myeloid leukemia (CML) is 
a clonal myeloproliferative disorder of 
hematopoietic stem cells caused by for-
mation of the BCR-ABL1 chimeric gene 
encoding an aberrant tyrosine kinase 
with oncogenic activity.1 Tyrosine kinase 
inhibitors (TKIs) are the current stan-
dard-of-care treatment for patients with 
CML. Imatinib (Glivec®) is the first TKI 
used to treat chronic-phase CML, replac-
ing conventional interferon α (IFNα) 
administration.2 However, discontinua-
tion of TKI therapy usually causes rapid 
disease relapse, presumably due to the 

reactivation of dormant CML stem cells 
that are resistant to TKI-induced leuke-
mic cell ablation. TKI therapy is therefore 
considered to be necessary throughout the 
lifetime of the patient although an indefi-
nite intake of TKI causes concerns about 
long-term safety, tolerability, drug resis-
tance, and costs. If CML can be cured 
permitting safe cessation of an expensive 
drug treatment, such as imatinib, then 
both personal and governmental medical 
expenses could be expected to dramati-
cally decrease without sacrificing patient 
care. Of note, recent accumulating evi-
dence indicates that some CML patients 
can stop imatinib treatment without suf-
fering disease relapse after achieving a 
complete molecular response (CMR).3 
Therefore, there is currently a strong need 
for specific predictive markers that could 
precisely determine which patients can 
discontinue therapy without experiencing 
relapse. To date, several markers have been 
reported. Physiological variables associ-
ated with resistance to relapse include: 
male sex, low Sokal risk score, shorter 

time to BCR-ABL1 negativity, longer 
duration of CMR before discontinuation, 
and longer duration of imatinib therapy.3,4 
However, further investigation of this 
issue in larger clinical studies encompass-
ing more patients is necessary to prove 
reliability.

It has been previously reported that 
41% of imatinib-treated CML patients 
with CMR lasting more than 2 y can safely 
discontinue treatment without relapse.3 In 
another study, a unique subset of CML 
patients also demonstrated maintenance 
of CMR after imatinib discontinuation 
and yet, intriguingly, high sensitivity 
quantitative polymerase chain reaction 
assay revealed that these patients harbored 
persistent BCR-ABL1 translocated DNA.5 
Thus, it may not be necessary to continue 
imatinib therapy indefinitely, and some 
CML patients can stop imatinib without 
apparent disease relapse, despite the pres-
ence of persistent residual CML cells. This 
evidence strongly suggests that although 
TKI therapy plays a central role in mini-
mizing BCR-ABL1–positive CML cells, 
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tyrosine kinase inhibitors have dramatically improved the treatment of chronic myeloid leukemia. recent evidence 
revealed that some patients with chronic myeloid leukemia can stop imatinib without relapse after achieving a complete 
molecular response. this review discusses the possible predictive markers to identify these patients who can stop ima-
tinib without relapse.
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other endogenous factors could also be 
vital for restraining CML cells even in the 
absence of TKIs. Among such native anti-
cancer effectors are immune cells medi-
ating immunosurveillance. Increasing 
evidence suggests that natural killer (NK) 
cells play an important role in control-
ling growth of CML cells and sustaining 
CMR.6-9 Recently, CML patients who sus-
tained a CMR after imatinib discontinu-
ation were shown to exhibit higher levels 
of functional NK cells than either normal 
(non-diseased) subjects or CML patients 
who did not sustain a CMR but did 
maintain a major molecular response for 
more than 2 y with continuing imitinib 
therapy (Fig. 1A).7 In accordance with 
this report, increased counts of NK cells 
have also been reported for IFNα-treated 
CML patients who were able to discon-
tinue treatment without relapse.8 The 
essential role of NK cells in constraining 
CML relapse has also been demonstrated 
by implantation of NK cells into the 
bone marrow of irradiated recipient mice, 
revealing that NK cells are able to control 
the growth of CML cells in vivo through 
missing self-recognition.9 The effect of 
NK cells was considered to be mediated, 
at least in part, by targeting leukemia-
initiating stem cells.9 Although off-target 
effects secondarily induced by imatinib 

therapy may be involved in triggering acti-
vation of NK cells as has been previously 
reported in gastrointestinal stromal tumor 
patients, the molecular mechanisms by 
which NK cells are activated in CML 
patients undergoing imatinib treatment 
remain to be clarified.

Cytotoxic T lymphocyte (CTL) 
responses are also attractive candidates for 
predictive markers of relapse risk following 
TKI discontinuation, but there have been 
few reports of this occurrence so far. This 
is presumably due to the attenuation of 
CTL responses that may be more sensitive 
than NK cells to TKI-mediated inhibition 
of off-target kinases. For instance, one 
such off-target kinase, lymphocyte-spe-
cific protein tyrosine kinase (LCK), binds 
to CD4+ and CD8+ T cells and plays an 
indispensable signaling role in the selec-
tion and maturation of stimulated T cells. 
CML patients have lower numbers of total 
CD8+ T cells while undergoing imatinib 
treatment. However, after imatinib dis-
continuation this lymphocyte number 
returns to the homeostatic level of normal 
healthy controls (Fig. 1A).7 However, allo-
reactive CTLs have been demonstrated to 
mediate curative anti-leukemic effects in 
allogeneic hematopoietic stem cell trans-
plantation. Moreover, one of several mech-
anisms by which IFNα controls CML is 

considered to be via the enhancement of 
CTL responses against CML antigens, 
such as the leukemia-associated antigen 
serine protease, proteinase-3.10 Therefore, 
taken together, these results indicate that 
further detailed analyses of CML antigen-
specific CTL responses, for example using 
several sensitive human leukocyte antigen 
tetramer–peptide complexes, could help 
to predict those patients who can safely 
stop imatinib therapy.

In conclusion, in addition to the 
depth of CMR achieved and the patients 
genetic background, the presence of rela-
tively abundant and functional NK cells 
is a good prognostic marker for safe dis-
continuation of imatinib.6,7 Moreover, 
CTLs specific for CML antigens such as 
BCR-ABL1 or proteinase-3 would also 
be good candidates for predictive mark-
ers. However, to further confirm reliabil-
ity, the development and availability of 
highly sensitive human leukocyte antigen 
tetramer–peptide complexes that recog-
nize unique CML antigen-specific CTLs 
are necessary tools for such analyses. 
Moreover, longitudinal studies before and 
after discontinuation of imatinib involv-
ing a larger patient cohort are warranted, 
kinetic analyses that may reveal a combi-
nation of these multiple markers offering 
a more reliable and attractive strategy to 

Figure 1. Predictive immune cell markers for identifying patients who can stop imatinib without relapse. (A) hypothetical kinetics regarding the activa-
tion level of natural killer (NK) cells, total CD8+ t cells, and chronic myeloid leukemia (CML) antigen-specific cytotoxic t lymphocyte (CtLs). total CD8+ 
t cells appear to be more susceptible to imatinib than NK cells. it is predicted that patients who have sustained and higher levels of activated NK cells 
and/or CML antigen–specific CtLs can safely stop imatinib without relapse. (B) Combined prediction using multiple markers, such as the presence of 
iFNγ+ NK cells and CML antigen–specific CtLs, could be a more reliable strategy.
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stratify CML patients according to pre-
dicted outcome (Fig. 1B).
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Exosomes Derived from Hypoxic Leukemia Cells Enhance
Tube Formation in Endothelial Cells*□S
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Background: We recently showed communication between leukemia and endothelial cells and induction of angiogenesis
via exosomes.
Results: Hypoxic leukemia cells secrete exosomal miRNA, which enhances tube formation in endothelial cells.
Conclusion: Exosomal miRNA from a tumor itself helps modulate the microenvironment of the tumor.
Significance: This study provides novel insight into the role of exosomes in cancer development.

Hypoxia plays an important role during the evolution of can-
cer cells and their microenvironment. Emerging evidence sug-
gests communication between cancer cells and their microenvi-
ronment occurs via exosomes. This study aimed to clarify
whether hypoxia affects angiogenic function through exosomes
secreted from leukemia cells. We used the human leukemia cell
line K562 for exosome-generating cells and human umbilical
vein endothelial cells (HUVECs) for exosome target cells. Exo-
somes derived from K562 cells cultured under normoxic (20%)
or hypoxic (1%) conditions for 24 h were isolated and quanti-
tated by nanoparticle tracking analysis. These exosomes were
then cocultured with HUVECs to evaluate angiogenic activity.
The exosomes secreted from K562 cells in hypoxic conditions
significantly enhanced tube formation by HUVECs compared
with exosomes produced in normoxic conditions. Using a Taq-
Man low-density miRNA array, we found a subset of miRNAs,
including miR-210, were significantly increased in exosomes
secreted fromhypoxic K562 cells.We demonstrated that cancer
cells and their exosomes have altered miRNA profiles under
hypoxic conditions. Although exosomes contain variousmolec-
ular constituents such asproteins andmRNAs, altered exosomal
compartments under hypoxic conditions, including miR-210,
affected the behavior of endothelial cells. Our results suggest
that exosomal miRNA derived from cancer cells under hypoxic
conditions may partly affect angiogenic activity in endothelial
cells.

The tumor microenvironment plays a crucial role in the
pathophysiology of cancer (1, 2). Hypoxia is an important ele-
ment of cancer microenvironment and is associated with

aggressive tumor phenotypes and poor patient outcomes (3, 4).
Hypoxia has been shown to help maintain normal stem cells as
well as cancer stem cell populations, but its roles in cancer stem
cells are largely unknown (5). Under hypoxia, cancer cells
secrete substances that modulate their hostile microenviron-
ment to sustain growth and survival (1, 6, 7). In addition to
conventional signaling pathways responding to hypoxia (i.e.
direct cell-to-cell contact orVEGF signaling) (8, 9), recent stud-
ies have shown the importance of communication between
tumor cells and microenvironmental factors, including angio-
genesis via microvesicles or exosomes, secreted from hypoxic
tumor cells (10, 11).
Exosomes are small endosome-derived vesicles (30–100 nm)

containing a wide range of functional proteins, mRNAs, and
miRNAs2 that are actively secreted via exocytosis from differ-
ent cell types, such as dendritic cells, lymphocytes, and tumor
cells (12). Recent studies demonstrated that exosomes may act
as mediators of cell-to-cell communication (13–16). Exosome-
mediated signaling promotes tumor progression through com-
munication between the tumor and surrounding stromal tis-
sues (17), activation of proliferative and angiogenic pathways
(18), and initiation of premetastatic sites (19). We have also
demonstrated that exosomal miRNA can be transported from
leukemia cells to endothelial cells and certain exogenous
miRNAs modulate endothelial migration and tube formation
(20).
Evidence suggests a possible role for exosomes derived from

hypoxic tumor cells in modulating the tumor microenviron-
ment (10, 11); however, the precisemechanism bywhich tumor
progression and angiogenesis are affected has not been fully
elucidated. Here we provide data showing that hypoxic tumor
cells secrete exosomalmiRNA, which enhances tube formation
in human umbilical vein endothelial cells (HUVECs) due to
inhibition of the receptor tyrosine kinase ligand Ephrin-A3.
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EXPERIMENTAL PROCEDURES

Cell Lines and Culture Conditions—We used human leuke-
mia cell lineK562 for exosome-generating cells andHUVECs as
exosome target cells. Cells were maintained as described previ-
ously (20). Pooled HUVECs were purchased from Lonza, Inc.
(Allendale, NJ) and cultured in endothelial basal medium
(EBM-2; Lonza, Inc.) supplemented with EGM-2 singleQuots
and 5% FBS at 37 °C in a humidified atmosphere of 95% air and
5% CO2 until the third passage. K562 cells were cultured for
24–72 h under hypoxic conditions (1%O2, 5% CO2, 94%N2) in
a humidified gas-sorted hypoxic incubator (MCO-5M, Sanyo,
Osaka, Japan) using the degassed culture mediums (AIM-V
medium, Invitrogen). RPMI8226 (multiple myeloma) and
SUDHL4 (diffuse large B-cell lymphoma) cell lines were also
used for the tube formation assay and miRNA profiling.
Preparation of the Exosomal Fraction—K562, RPMI8226,

and SUDHL4 cells were seeded at a density of 5 � 105 cells/ml
and cultured for 24 h unless otherwise indicated under hypoxic
conditions (1%O2) or normoxic conditions (20%O2) in serum-
free AIM-Vmedium (Invitrogen). The exosomes were purified
by Exoquick Exosome Precipitation Solution (System Biosci-
ences, Mountain View, CA) as described previously (20). Exo-
some pellets were resuspended with 500 �l of the serum-free
AIM-V medium (Invitrogen).
Transmission Electron Microscopy—For electron micros-

copy analysis, exosomes were prepared, fixed with 4% parafor-
maldehyde and 4% glutaraldehyde in 0.1 M phosphate buffer,
pH 7.4, at incubation temperature, and placed in a refrigerator
to lower temperature to 4 °C. The samples were adsorbed to a
400-mesh carbon-coated grid and immersed in 2% phospho-
tungstic acid solution (pH 7.0) for 30 s. The samples were
observed by transmission electron microscope (JEM-1200EX;
JEOL, Ltd., Japan) at an acceleration voltage of 80 kV.
Nanoparticle Tracking Analysis (NTAs) for Exosomes—NTA

measurements were performed using the Nanosight LM10 sys-
tem (Nanosight, Amesbury, UK) equipped with a blue laser
(405 nm). Exosomes were illuminated by the laser and their
movement under Brownian motion was recorded in 90-s sam-
ple videos, which were analyzed with NTA analytical software
(version 2.0, Nanosight). We serially diluted all samples with
PBS to reach a particle concentration suitable for analysis with
NTA (1 � 108 to 2.5 � 109 particles/ml). The capture settings
(shutter and gain) and analysis settings were done manually
according to the manufacturer’s instructions. All analysis set-
tings were kept constant within each experiment. NTAs were
averaged within each sample across the video replicates and
then averaged across samples to provide total nanoparticle con-
centrations. The nanoparticle concentrationwas normalized to
cell numbers at the time of harvest.
Tube Formation Assay—The formation of capillary-like

structures was assessed in a 24-well plate using growth factor-
reduced Matrigel (BD Biosciences). For this procedure,
HUVECs (2 � 104 cells/well) were plated on top of Matrigel
(280 �l/well) and treated with exosomes derived from K562
cells cultured under hypoxic conditions (K5621%O2-exosome)
or under normoxic conditions (K56220%O2-exosome). After
24 h, cells were visualized under the bright-field microscope

(BZ-8000, Keyence, Osaka, Japan). The total tube area was
quantified as the mean pixel density obtained from image anal-
ysis of five random microscopic fields using ImageJ software
(http://rsb.info.nih.gov/nih-image/).
RNA Isolation—Isolation of cellular and exosomal miRNAs

was performed using the miRNeasy kit (Qiagen, Hilden, Ger-
many). The cell or exosome pellets were dissolved with 700 �l
of QIAzol lysis regent (Qiagen). After a 2-min incubation, 1 �l
of 1 nM ath-miR-159 (Hokkaido System Science, Hokkaido,
Japan) was added to each aliquot as a spike control for losses in
preparation, followed by vortexing for 30 s, and incubation on
ice for 10 min. Subsequent phenol extraction and cartridge fil-
tration were carried out according to the manufacturer’s
instructions.
miRNA Expression Profile—miRNA profiling in both cells

and exosomes was done using a TaqMan low-density miRNA
array (Applied Biosystems, Bedford, MA). To identify cellular
and exosomal miRNAs universally responding to hypoxic con-
ditions, we also performed miRNA profiles in two additional
cell lines derived from hematologic malignancies (RPMI8226,
multiplemyeloma; SUDHL4, diffuse large B-cell lymphoma). A
fixed volume of 3 �l of RNA solution from 50 �l of the elution
was used as input in each RT reaction. An RT reaction and
preamplification step were set up according to themanufactur-
ers’ recommendations. miRNAswere reverse transcribed using
the Megaplex Primer Pools (Human Pools A, version 2.1) from
Applied Biosystems. RT reaction products from the exosome
sample were further amplified using the Megaplex PreAmp
Primers (Primers A, version 2.1). The expression profile of
miRNAs was determined using the Human TaqMan miRNA
Arrays A (Applied Biosystems). RNU6B and a spike control
(ath-miR159) were used as an invariant control for the cell and
culture medium, respectively. Quantitative RT-PCR was car-
ried out on an Applied Biosystems 7900HT thermal cycler
using themanufacturer’s recommended program. Finally, all of
the raw data from each array were retrieved from the 7900HT
and run on Data Assist Software (version 3.1, Applied
Biosystems).
Transfection of K562 Cells with Cy3-Labeled Pre-mir miRNA

Precursor and PKH67-labeled Exosome Transfer—Pre-mir
miRNA precursor (has-miR-210; Applied Biosystems) was
labeled with Label IT siRNA Tracker Cy3 Kit according to the
manufacturer’s instructions (Mirus, Madison, WI). K562 cells
(1 � 105) were transfected with 10 nM of Cy3-labeled pre-mir
miRNA precursor using HiPerFect (Qiagen) (K562/Cy3-miR-
210). The day after transfection, cells were washed three times
with PBS, and the medium was switched to fresh serum-free
AIM-V medium (Invitrogen). After incubation for a day, the
culture medium was collected and used for purification of exo-
some fraction by Exoquick (System Biosciences). The exo-
somes, including Cy3-miR-210, were incubated with 2 �M

PKH67 (Sigma Aldrich) for 5 min at 25 °C and washed four
times using Amicon Ultra-0.5 (100 kDa, Millipore, Billerica,
MA).
Knockdown Experiment of Exosomal miR-210—Donor cells

(K562 cells; 1 � 105) or recipient cells (HUVECs; 3 � 104) were
transfected with scrambled control (negative control 1,
Ambion) or anti-miR-210 miRNA inhibitors (Ambion) using
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HiPerFect (Qiagen). The following day, after a change to fresh
media, cells were cultured under hypoxic conditions for 24 h.
The exosomes derived from K5621%O2/anti-miR-210 or
K5621%O2/control cells were purified as described previously.
Luciferase Assay—Synthetic oligonucleotides bearing the

Ephrin-A3 (EFNA3) 3�-UTRwith themiR-210 complementary
binding site (5�-TTTGTCTTCTGTGAAGACAGGACCTAT-
GCAACGCACAGACACTTTTGGAGACCGT-3�) were cloned
into the firefly luciferase reporter plasmid pMIR-Report (Applied
Biosystems) according to the manufacturer’s instructions. The
seed sequence of miR-210 (ACGCACA) is indicated by boldface
andunderlined type.Wealso generated themutated sensor vector
that replaced the seed sequence ofmiR-210 with CATACAC. For
measuring luciferase activity, HUVECs were grown in 24-well
plates until 50–60% confluence. The Luciferase plasmid (0.1 �g)
was co-transfected with 0.01 �g of pMIR-Report �-gal control
plasmid (Applied Biosystems) as control for the transfection effi-
ciency. After incubation for a day, HUVECswere treated with the
exosome derived from K562 cells cultured under hypoxic condi-
tions (K5621%O2-exosome) or under normoxic conditions
(K56220%O2-exosome), and the activity of luciferase and�-gal was
assessed after 48 h with the Dual-Light System according to the
manufacturer’s instructions (Applied Biosystems).
Immunoblotting—The cells were lysed in lysis buffer (Roche

Diagnostics) and equal amounts of protein were separated on
SDS-polyacrylamide gels. Immunoblots were probedwith anti-
bodies directed against hypoxia-inducible factor 1� (HIF-1�;
rabbit polyclonal anti-HIF-1�; 1:500, NB100–134, Novus Bio-
logicals, Littleton, CO), CD63 (rabbit polyclonal anti-CD63;
1:1000, Santa Cruz Biotechnology, Santa Cruz, CA), Ephrin-A3
(sc-733954; Santa Cruz Biotechnology), or �-actin (mouse
monoclonal anti-�-actin, 1:2500, Chemicon International,

Temecula, CA). Secondary antibodies were purchased fromGE
Healthcare.
Immunocytochemistry—HUVECs were seeded on glass cov-

erslips (MatsunamiGlass) and cultured in normoxic conditions
(20% O2) with K5621%O2-exosomes or K56220%O2-exosomes.
Ephrin-A3 was detected by using polyclonal anti-Ephrin-A3
antibody (sc-1012; Santa Cruz Biotechnology). Alexa Fluor
488-conjugated anti-mouse IgG goat serum (Molecular Probes,
Invitrogen) were used as secondary antibodies. DAPI (Abbott,
Abbott Park, IL) was used for nuclear staining. Analyses were
performed with a fluorescent microscope (Biozero BZ-8000;
Keyence, Osaka, Japan).
Statistical Analyses—Data are expressed asmean� S.D. Two

treatment groups were compared by Mann-Whitney U test or
Student’s t test.Multiple group comparisonswere done by anal-
ysis of variance. For statistical analysis, GraphPad Prism for
Macintosh (version 5c, GraphPad, Inc., La Jolla, CA) was used.
Results were considered statistically significant when p � 0.05.

RESULTS

Cell Growth of K562 Cells Cultured in Hypoxic Conditions—
We first examined the response to hypoxia in K562 cells. The
cell growth was measured following 24, 48, and 72 h of nor-
moxic (20% O2) or hypoxic (1% O2) culture. K562 cell growth
was not significantly different between normoxia and hypoxia
for 24 h, but it was reduced by incubation under hypoxic con-
ditions for 48–72 h (Fig. 1A). The expression of a master regu-
lator of hypoxic response,HIF-1�was remarkably up-regulated
in hypoxic conditions after 24 h (Fig. 1B).
Amount of Exosomes Released from K562 Cells—K562 cells

were cultured under hypoxic or normoxic conditions, and the
exosome fraction was isolated by Exoquick after 24 h, after

FIGURE 1. The response to hypoxia in K562 cells. A, 5 � 104 cells/ml of K562 cells were seeded, and cell growth was measured following 24, 48, and 72 h of
normoxic (20% O2) or hypoxic (1% O2) cultivate conditions. B, the expression level of HIF-1� protein in K562 cells cultured under 20% O2 or 1% O2 conditions
for 24 h. C, photomicrograph of an exosome derived from hypoxic K562 cells. Scale bar, 100 nm. D, photomicrograph of an exosome derived from normoxic
K562 cells. Scale bar, 100 nm. E, CD63 (exosomal marker) immunoblot of exosomes derived from K562 cells cultured under 20% O2 or 1% O2 conditions for 24 h.
Equal amount of exosomes (300 ng) were used for the assay. F and G, the nanoparticle size distribution for the exosomes derived from K562 cells cultured under
20% O2 or 1% O2 conditions for 24 h were obtained by NTA (F), and the nanoparticle concentrations were normalized to final cell counts for 24 h under normoxic
or hypoxic conditions. Each bar is presented as the mean � S.D. (n � 3) (G).
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which we observed the ultrastructure of exosomes using trans-
mission electron microscopy. The size of exosomes derived
from hypoxic K562 cells was similar to the exosomes derived
from normoxic K562 cells (50–100 nm in diameter), and each
of those vesicles showed the classical cup-shaped appearance
(Fig. 1, C and D). We further checked the expression of the
exosome marker CD63 by immunoblotting. The expression
level of CD63 was not changed when K562 cells were cultured
under hypoxic conditions for 24 h (Fig. 1E). To further investi-
gate the size distribution profile of exosomes derived from
K562 cells under normoxic conditions (K56220%O2-exosome)
and hypoxic conditions (K5621%O2-exosome), we performed
NTA using the Nanosight LM10 system. The nanoparticle size
distribution of K56220%O2-exosomes was similar to K5621%O2-
exosomes when cells were cultured for 24 h; the peaks of parti-
cle size were �100 nm within the expected size of exosomes
(Fig. 1F). When nanoparticle concentrations were normalized
to cell numbers at the time of harvest, there were no significant
differences observed between K56220%O2-exosomes and
K5621%O2-exosomes (Fig. 1G). These results indicate that the
size and concentration of exosomes secreted from K562 cells
were not affected when cells were exposed to hypoxia for 24 h.
In contrast, the nanoparticle size distribution of K56220%O2-
exosomes (control) was different from that of K5621%O2-exo-
somes when cells were exposed to hypoxia for 72 h. We found
nanoparticles of various sizes in the control sample; therefore,
we could not evaluate the amount of exosome release when
cells were cultured for 72 h (data not shown). Consequently, we
used the exosomes isolated from culture medium following
24 h of normoxic or hypoxic conditions because culture
hypoxic conditions for 24 h affected neither the cancer cell
growth nor the amount of exosomes secreted into the culture
medium.

TheExosomesDerived fromK562Cells inHypoxicConditions
Enhanced Tube Formation of HUVECs—We next performed
endothelial tube formation assays with the exosomes derived
from K562 cells following 24 h of normoxic (K5621%O2-
exosomes) or hypoxic (K56220%O2-exosomes) conditions.
K5621%O2-exosomes remarkably enhanced the tube formation
of HUVECs under normoxic conditions (Fig. 2,A andD; **, p�
0.001; *, p� 0.01, respectively) compared with K56220%O2-exo-
somes (Fig. 2, B andD) or control (HUVECs20%O2; Fig. 2, C and
D). We also investigated whether or not K5621%O2-exosomes
could affect growth and cell viability of HUVECs; however, we
could not find any significant difference in the growth of
HUVECs between K5621%O2-exosomes and K56220%O2-exo-
somes (data not shown). Enhanced tube formation of HUVECs
also occurred with exosomes derived from hypoxic RPMI8226
cells (RPMI82261%O2-exosomes) (Fig. 2, E–H). These results
indicate that hypoxic cancer exosomes may affect tube forma-
tion rather than endothelial cell proliferation.
Cellular and Exosomal miRNA Profiling of K562 Cells Cul-

tured in Hypoxic Conditions—To identify hypoxia-induced
exosomal miRNAs, we performed miRNA profiling using the
TaqMan low-density array (NCBI, gene expression omnibus
(GEO) accession no. GSE45289). Based on the results obtained
from the characterization of hypoxic K562 cells and the endo-
thelial tube formation assay, we used the exosomes derived
from K562 cells cultured under hypoxic or normoxic condi-
tions for 24 h. The 2(��Ct) values of cellular and exosomal
miRNAs were ranked with a fold change 	 1.5 by hypoxic con-
ditions compared with normoxic conditions (Table 1). Two
miRNAs (miR-18b andmiR-210) were found among the top 10
up-regulated miRNAs under hypoxic conditions in both cells
and exosomes. To clarify whether up-regulation of miR-18b
and miR-210 was specific for K562 cells, we performed the

FIGURE 2. The exosomes derived from K562 cells in hypoxic conditions enhance tube formation of HUVECs. A–C, the formation of tube-like structures was
observed under bright field. Endothelial tube formation of HUVECs cultured on Matrigel with K5621%O2-exosomes (A), with K56220%O2-exosomes (B), or without
K562-exosomes (control) (C). The scale bar indicates 500 �m. D, the tube-like structures determined by pixel density are significantly enhanced by the addition
of K56220%O2-exosomes (*, p � 0.01) or K5621%O2-exosomes (**, p � 0.001) as compared with control (HUVECs20%O2). E–G, endothelial tube formation of
HUVECs with RPMI82261%O2-exosomes (E) and with RPMI822620%O2-exosomes (F) or without RPMI8226-exosomes (control) (G). The scale bar indicates 500 �m.
H, the tube-like structures were significantly enhanced by the addition of RPMI822620%O2-exosomes (*, p � 0.01) or RPMI82261%O2-exosomes (**, p � 0.001) as
compared with control (HUVECs20%O2). Values are mean � S.D.
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miRNAprofiles using two additional cell lines. The cellular and
exosomal miRNAs with a fold change 	 1.5 by hypoxic condi-
tions compared with normoxic conditions were classified
according to Ct value (20–25, 25–30, 30–35 cycles) and are
shown in supplemental Tables S1 and S2, respectively (GEO
accession nos. GSE45387 andGSE45388). Eventually, we found
that miR-210 was elevated under hypoxic conditions in both
cells and exosomes, in all three cell lines analyzed. Thus, we
focused on miR-210 for further study.
Exosomal miR-210 Derived from K562 Cells Cultured in

Hypoxic Conditions Regulates the Target Gene in HUVECs—
Based on the endothelial tube formation assay, K5621%O2-exo-
somes containing miR-210 abundantly enhanced the capillary-
like structure ofHUVECs. To ascertain the association between
exosomal miR-210 from K562 cells and angiogenesis under
hypoxic conditions, we further investigated whether miR-210
regulated the target factor in HUVECs via exosomes.
We first visualized the transport of exosomal miR-210

derived from K562 cells into HUVECs by using the modified
method that we reported previously (20). After incubation with
PKH67-labeled exosomes derived from K562/Cy3-miR-210
cells, the Cy3-miR-210 signals and PKH67 signals were co-lo-
calized in the cytoplasm of HUVECs (Fig. 3, A–F).
Next, we performed a luciferase reporter assay to test

whether exosomal miR-210 directly regulates the target gene,
EFNA3, anti-angiogenic factor, in HUVECs. When HUVECs
transduced with the reporter plasmids containing EFNA3
3�-UTR with the miR-210 complementary binding site (sensor
vector) were incubated with K5621%O2-exosomes, the firefly
luciferase activity was reduced as compared with K56220%O2-
exosomes (*, p � 0.05; Fig. 3G). In contrast, the K5621%O2-
exosomes did not reduce the luciferase activity using amutated
sensor vector of the miR-210 (Fig. 3H).
To demonstrate that exosomal miR-210 is a major player in

promoting endothelial tube formation, we performed a knock-
down experiment centered on it. We first validated the efficacy
of the miR-210 inhibitor using a luciferase reporter assay.
When K562 cells were transduced with the sensor vector, miR-
210 inhibitor strongly inhibited miR-210 activity in K562 cells
cultured under hypoxic conditions (with K562-exosome versus
control: *, p � 0.05; anti-miR-210 versus control: #, p � 0.05;
Fig. 4A). In contrast, the miR-210 inhibitor did not affect the
luciferase activity when a mutated vector of the miR-210 was
used (data not shown). The results of NTA suggested that there

was no change in the amount of secreted exosomes between
K5621%O2/control (K5621%O2 cells transfected with negative
control miR) and K5621%O2/anti-miR-210 (K5621%O2 cells
transfected with miR-210 inhibitor) (Fig. 4B). In addition to
affecting intercellular miR-210, the miR-210 inhibitor dis-
rupted the activity of exosomal miR-210; K5621%O2/anti-miR-
210-exosome could not reduce the luciferase activity in
HUVECs transduced with the reporter plasmids (with K562-
exosome versus control: *, p � 0.05; anti-miR-210 versus nega-
tive control: #, p � 0.05; Fig. 4C). Furthermore, the knockdown
of miR-210 led to a decrease in endothelial tube formation via
exosomes (Fig. 4, D–F, K5621%O2/control-exosome versus
K5621%O2/anti-miR-210-exosome). These findings may indi-
cate that exosomal miR-210 plays an important role in endo-
thelial tube formation. However, we could not completely rule
out the possibility that the major effect on the HUVECs was

TABLE 1
Top 10 cellular and exosomal miRNAs elevated under hypoxic condi-
tions in K562 cells
Cellular and exosomal miRNAs, which were up-regulated 	1.5-fold under hypoxic
conditions, are ranked by expression level.

Rank Cellular miRNA Exosomal miRNA

1 hsa-miR-19a hsa-miR-20a
2 hsa-miR-146–5p hsa-miR-24
3 hsa-miR-454 hsa-miR-18b
4 hsa-miR-18b hsa-miR-130b
5 hsa-miR-574–3p hsa-miR-106b
6 hsa-miR-21 hsa-miR-224
7 hsa-miR-431 hsa-miR-210
8 hsa-miR-345 hsa-miR-652
9 hsa-miR-210 hsa-miR-379
10 hsa-miR-197 hsa-miR-185

FIGURE 3. Transfer of miRNAs derived from K562 cells to HUVECs via exo-
somes. A–C, HUVECs were cultured with PKH67-labeled exosomes (exo.)
derived from K562 cells transfected Cy3-pre-miR-210 (K562/Cy3-miR-210
cells). The Cy3-miR-210 signals were detected in the cytoplasm of HUVECs
(open arrowheads) (A), and closed arrowheads indicate PKH67 signals (B). Cy3-
miR-210 signals are co-localized with PKH67 in HUVECs (arrows) (C). Parts of
areas in A–C are enlarged in D–F, respectively. Nuclear counterstaining was
performed using DAPI (blue). The scale bar indicates 10 �m. G, luciferase
assay. The luciferase reporter vector for assessing miR-210 specific activity
expressed firefly luciferase containing complementary miR-210 sequences in
its 3�-untranslated region. The luciferase reporter vector and �-gal control
vector allowed simultaneous monitoring of miR-210 activity and transfection
efficiency, respectively. Sensor vector: Luciferase activity of HUVECs cultured
with exosomes from K562 cells cultured under hypoxic conditions (K5621%O2-
exosomes) was significantly reduced compared with HUVECs only (control) or
cultured with exosomes from K562 cells cultured under normoxic conditions
(K56220%O2-exosomes) (*p � 0.05; n � 3). Mutated sensor vector: there was no
difference in luciferase activity between K5621%O2-exosomes and K56220%O2-
exosomes. Mean � S.D. of triplicates.
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likely due to another agent because miR-210 inhibitor had only
a modest, albeit significant effect.
Additionally, to test whether recipient cells (HUVECs) rely

on miR-210 for their response to exosomes, HUVECs20%O2

were directly transfected with miR-210 inhibitor and plated on
Matrigel for 24 h. We could not find any significant difference
in the tube formation between HUVECs20%O2/anti-miR-210
and HUVECs20%O2/control (Fig. 4, G–I).
ExosomalmiR-210Down-Regulated the Expression of EFNA3

in HUVECs—Finally, we confirmed expression of EFNA3 in
HUVECs incubated with K56220%O2-exosomes or K5621%O2-
exosomes. The expression of EFNA3 was suppressed by the
addition of K5621%O2-exosomes into HUVECs cultured under
normoxic conditions (Fig. 5, A–C; *, p � 0.001). We also dem-
onstrated the suppression of EFNA3 expression via K5621%O2-
exosomes, as shown by immunoblot (Fig. 5D). The suppressed
EFNA3 expression of HUVECs was also found by exosomes
derived from hypoxic RPMI8226 cells (RPMI82261%O2-exo-
somes) (Fig. 5, E–H).We subsequently concluded thatmiR-210
might be transferred into HUVECs via exosomes as a signal of
hypoxic response and might induce the tubulogenesis of
HUVECs under normoxic conditions.

DISCUSSION

Tumor cell-derived exosomes and their roles in intercellular
communication of the tumor microenvironment is an emerg-
ing concept in cancer research (17, 18, 21).Hypoxia is one of the
characteristics of the tumor microenvironment, and hypoxic
tumor cells are known to acquiremetastatic characteristics and
drug resistance (22, 23). We therefore sought to determine the
communication between hypoxic tumor cells and endothelial
cells via exosomes derived from the tumor cells. This is the first
report to circumstantiate the possible role of exosomal miRNA
secreted from hypoxic tumor cell in the tumor angiogenic
process.
Biological functions of exosomes released from cancer cells

have been extensively studied (12, 24, 25); however, the quan-
titative alternation of exosomes released from cancer cells
under a hypoxic state has not been fully elucidated. A recent
study by King et al. (26) has clearly demonstrated that hypoxia
promotes the release of exosomes in breast cancer cells; the
amount of exosomes increased when cells were incubated
under severe hypoxia (0.1% O2) for 24 h, or moderate hypoxia
(1%O2) formore than 48 h. It is therefore important to take into
consideration the amount of exosomes released when discuss-

FIGURE 4. Knockdown experiment of exosomal miR-210. A, the validation of the efficacy of miR-210 inhibitor in K562 cells transfected with the luciferase
reporter vector containing miR-210 sequences in EFNA3 3�-UTR. The transfection of anti-miR-210 to K5621%O2 cells inhibited the induction of luciferase activity
(normoxia control versus hypoxia control: *, p � 0.05; anti-miR-210 versus negative control: #, p � 0.05; n � 3). B, the nanoparticle size distribution for the
exosomes derived from K5621%O2/control (K5621%O2 cells transfected with negative control miR) and K5621%O2/anti-miR-210 (K5621%O2 cells transfected with
miR-210 inhibitor) were obtained by NTA. C, HUVECs20%O2 were transfected with the luciferase reporter vector containing miR-210 sequences in EFNA3 3�-UTR.
Luciferase activity was compared with HUVECs20%O2 cultured with exosomes derived from K5621%O2/anti-miR-210 or K5621%O2/control (with K562-exosome
versus control: *, p � 0.05; anti-miR-210 versus negative control: #, p � 0.05; n � 3). D–F, endothelial tube formation of HUVECs20% cultured on Matrigel with
K5621%O2/control-exosomes (con-exo.; D) and with K5621%O2/anti-miR-210-exosomes (E). F, the tube-like structures determined by pixel density are reduced
by the addition of K5621%O2/anti-miR-210-exosomes (*, p � 0.01) compared with K5621%O2/control-exosomes. G–I, endothelial tube formation of
HUVECs20%O2 transfected with scramble control miR (G) and with anti-miR-210 inhibitor (H). I, there was no difference in the tube-like structures with inhibition
of endogenous miR-210 in HUVECs20%O2 (ns; not significant; p 	 0.1) compared with the control (con.). Values are mean � S.D.
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ing functional transfer of exosomes fromhypoxic cancer cells to
target cells. In agreement with the observation by King et al.
(26), we found that the amount of exosomes significantly
increased, and the size of exosomesmeasured by theNanosight
LM10 system was highly variable, when cells were cultured at
1% O2 for more than 48 h. Although the size of exosomes from
hypoxic K562 cells at 24 h was almost similar to those of nor-
moxic K562 cells, it is still uncertain how long-term exposure to
hypoxia might affect release and function of tumor exosomes.
Therefore, we used exosomes derived fromhypoxic tumor cells
at 1% O2 for 24 h in this study to determine the effect of exo-
some contents rather than the amount of exosomes.
Visualization of secreted exosome from K562 cells was

recently reported by Mieno and colleagues (27). We could not
visualize the three-dimensional reconstruction of imported
exosomes; however, wewere able to demonstrate the transfer of
PKH67-labeled exosomes and Cy3-labeled exosomal miRNA
from donor cells (leukemia cells) to the recipient cells (endo-
thelial cells) by the modified method as previously reported
(Fig. 3, A–F) (20).
Exosomes contain specific proteins, RNA, miRNA, and lip-

ids. Recent reports demonstrated that the transfer of exosome-
derived unique miRNAs to recipient cells is an alternative
mechanism in addition to the classical mechanisms, including
direct cell-cell contact or chemical receptor-mediated events,
allowing gene-based communication between cells (14).
Hypoxia signaling pathways are known to be regulated by HIF
as a key transcriptional regulator (28). So far, several miRNAs
have been implicated in regulating both upstream and down-

stream signaling of the HIF pathways: miR-199a, miR-17–92
clusters, andmiR-20b regulate HIF1� under hypoxia, andmiR-
23,miR-24,miR-26,miR-107,miR-210, andmiR-373have been
shown to be induced by HIFs (29–31). In the current study, the
miRNA signature in hypoxic exosomes was variable among the
three different types of cancer cell lines analyzed. This indicates
that hypoxic signaling pathwaysmediated by exosomalmiRNA
depend on the types of cancer. In addition, some of themiRNAs
were expressed at higher levels in exosomes than in the cells,
implying that some miRNAs may be uniquely packed into exo-
somes. It was not unexpected that expression of exosomalmiR-
210 was increased in all of the cell lines analyzed; therefore, we
particularly focused on miR-210 in the current study, as we
consider it to be the principal exosomal miRNA secreted from
hypoxic tumor cells.
Although several miR-210 target genes have been identified

to date (30), one that has been consistently reported is the
receptor tyrosine kinase ligand, Ephrin-A3 (EFNA3) (32). It is
known that EFNA1-EphA2 interaction plays an important role
in the regulation of angiogenesis and VEGF signaling (32).
Although the specific role of EFNA3 in the regulation of angio-
genesis is still unknown, EphA2 has been shown to bind EFNA3
as well as EFNA1 (33). As a consequence, EFNA3might act as a
negative regulator for angiogenesis. Thus, we concluded that
exosomes containing a high expression level of miR-210 down-
regulate EFNA3 and thereby enhance tube formation of
HUVECs. A recent investigation by Day and colleagues (34)
demonstrated that the EphA3 receptor is highly expressed in a
significant proportion of gliomas, particularly by the undiffer-

FIGURE 5. EFNA3 expression of HUVECs cultured with exosome derived from K562 cells. A and B, EFNA3 expression was inhibited by exosomes derived
from hypoxic K562 cells. HUVECs were cultured under normoxic conditions with the exosomes derived from K562 cells cultured under normoxic conditions
(K56220%O2-exosomes) for 24 h (A) and with the exosomes derived from K562 cells cultured under hypoxic conditions (K5621%O2-exosomes) (B). The scale bar
indicates 10 �m. C, EFNA3 signal was quantified using ImageJ software. EFNA3 fluorescence signals were drastically inhibited by addition of K5621%O2-
exosomes (*, p � 0.001) as compared with K56220%O2-exosomes. D, expression of EFNA3 in HUVECs by immunoblot. E and F, HUVECs were cultured under
normoxic conditions with the RPMI822620%O2-exosomes for 24 h (E) and with the RPMI82261%O2-exosomes (F). The scale bar indicates 10 �m. G, EFNA3
fluorescence signals were drastically inhibited by addition of RPMI82261%O2-exosomes (*, p � 0.001) as compared with RPMI822620%O2-exosomes. H, expres-
sion of EFNA3 in HUVECs by immunoblot. Numbers below the panels represent the normalized EFNA3 expression signal by �-actin.
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entiated, tumor-initiating cells. Because tumor-initiating cells
are known to exist in a hypoxic niche, targeting EFNA3 bymiR-
210 might be beneficial not only in inhibiting angiogenesis but
also in eliminating tumor-initiating cells, although further
studies are needed.
Unlike solid tumors, little is known about the exosomes for

the angiogenic process in leukemia. The bone marrow of
chronic myeloid leukemia patients exhibits marked neovascu-
larization and increased numbers of endothelial cells (35). Our
group and other investigators (20, 24, 27, 36) have shown that
exosomes released by CML cells have the potential to influence
in vitro and/or in vivo angiogenesis by directly affecting endo-
thelial cells properties. A salient feature of the present study
was that hypoxic CML cells secreted an exosomal miRNA,
whichwas different from those secreted in a normoxic state and
able to modulate angiogenesis in vitro.
In conclusion, hypoxic K562 cells could release exosomes

containing distinct miRNAs. This has implications for how
tumor cells might convey signals to its microenvironment.
Hypoxic exosomes contained higher levels of miR-210, indicat-
ing a qualitative (not quantitative) difference between nor-
moxic and hypoxic exosomes derived from hypoxic cancer
cells. Although tumor angiogenesis is known to be regulated by
various factors, the current pathway, noncontact cell-to-cell
communication via exosomes plays an important role, at least
in part, in the hypoxic tumor itself modulating the tumor
microenvironment.
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The BCL2L11 (BIM) deletion polymorphism is a possible
criterion for discontinuation of imatinib in chronic myeloid
leukaemia patients

Treatment with tyrosine kinase inhibitors (TKIs) can be

effective in the majority of patients with chronic myeloid

leukaemia (CML) with the BCR-ABL1 fusiongene, and the

standard of care using imatinib has been established (Bacca-

rani et al, 2009). Although 20% of CML patients showed pri-

mary resistance to first-line imatinib therapy, some patients

obtained an optimal response to imatinib and then could be

induced to complete molecular response (CMR), as assessed

by the currently available quantitative polymerase chain reac-

tion (PCR) assay (Mahon et al, 2010; Takahashi et al, 2012).

The reduction of the BCR-ABL1 transcript to the CMR level

is now considered to be the ideal target point of TKI treat-

ment (Cortes et al, 2004).

Recent studies highlighted that some patients with sus-

tained CMR are able to maintain this molecular condition

after the discontinuation of imatinib. In a nonrandomized

prospective study, among sustained CMR patients who had

stopped imatinib treatment for at least 2 years, 41% main-

tained CMR (Mahon et al, 2010). These studies demon-

strated that some CML patients have long-lasting CMR after

the discontinuation of imatinib, although CML cells detected

by DNA PCR persisted even with CMR (Ross et al, 2010).

We recently demonstrated an increasing number of natural

killer (NK) cells in sustained CMR patients after the discon-

tinuation of imatinib (Ohyashiki et al, 2012), suggesting that

immunological surveillance could be important for maintain-

ing CMR. However, we treated one CML patient in CMR

showing an increasing percentage of NK cells, but the patient

relapsed 3 months after discontinuation of imatinib. This

experience caused us to consider what factors underlie the

sustained CMR status.

Ng et al (2012) demonstrated that CML patients with

a common intronic deletion polymorphism in the gene

encoding BCL2-like 11 protein (BCL2L11, also called

BIM), lacking the pro-apoptotic BCL2-homology domain

3 (BH3), show an inferior response to TKIs when com-

pared to those without the polymorphism. It is well

known that imatinib activates several pro-apoptotic BH3-

only proteins by a post-transcriptional mechanism, and

therefore BCL2L11 plays a major role in imatinib-induced

apoptosis of the BCR-ABL1 CML cells (Kuroda et al,

2006). Thus, it remains unclear how the BCL2L11 dele-

tion polymorphism affects imatinib therapy in patients

who have achieved CMR.

The aim of this study was to identify CML patients in

CMR who would be possible candidates for the safe discon-

tinuation of imatinib.

We studied 50 CML patients referred to the Tokyo Medi-

cal University hospital who had achieved CMR. They

consisted of five patients who maintained CMR for

>12 months after the discontinuation of imatinib, eight

patients who maintained CMR for <12 months after the dis-

continuation of imatinib, 20 patients who maintained CMR

for 24 consecutive months while taking TKIs, and 17 patients
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treated with TKIs who showed fluctuating CMR over the

course of the 24-month study. This study was approved by

the institutional review board of Tokyo Medical University

(no. 1655: approved on January 28, 2011).

All five patients who maintained CMR for >12 months after

stopping imatinib showed only the 4226-bp band, whereas

three of the eight patients who had discontinued imatinib for

<12 months had the BCL2L11 deletion polymorphism (Fig 1,

Table I). Notably, the three patients with the BCL2L11 dele-

tion polymorphism (unique patient number [UPN] 22, UPN

47, and UPN 49) relapsed at 3–4 months after the discontinu-

ation of imatinib, whereas the remaining five patients in this

group maintained CMR (median follow-up period after stop-

ping imatinib was 7 months) (Table I). In the three relapsed

patients with the BCL2L11 deletion polymorphism, BCR-ABL1

transcript had completely disappeared for >24 months before

the discontinuation of imatinib. Among the 20 patients show-

ing sustained CMR for >24 months while still taking TKIs,

one patient (UPN 67) had the BCL2L11 deletion polymor-

phism. In the group of 17 patients with fluctuating CMR

under TKI therapy, one patient (UPN 29, taking nilotinib)

had the BCL2L11 deletion polymorphism.

Three patients with the BCL2L11 deletion polymorphism

who discontinued imatinib relapsed within 3–4 months, sug-

gesting that the BCL2L11 deletion polymorphism is strongly

linked to molecular relapse after discontinuation of imatinib.

In the current study, we identified five CML patients with

the BCL2L11 deletion polymorphism, and the incidence was

10�0% (5/50) in this population. We could not estimate the

incidence of the deletion polymorphism in an eastern Asian

CML population, because CML cells with the deletion may

be more resistant to TKI therapy (Ng et al, 2012). It is possi-

ble that CML patients who do not achieve a major molecular

response or CMR may show a much higher incidence of the

BCL2L11 deletion polymorphism. Ng et al (2012) reported a

higher incidence of the BCL2L11 deletion polymorphism in

an eastern Asian population compared with that of Cauca-

sians. However, molecular relapse after the discontinuation

of imatinib is evident even in Caucasian CML patients, and

the resistance rate to first-line imatinib does not seem to be

high in the Japanese CML population, indicating that some

factors other than the BCL2L11 deletion polymorphism are

responsible for the resistance to TKI therapy in CML

patients. Our findings suggest that CML patients with the

BCL2L11 deletion polymorphism can achieve CMR under

TKI treatment (including imatinib), but they may not be

able to discontinue TKI therapy. In other words, CML

patients with the BCL2L11 deletion polymorphism may be

TKI-dependent, even though they achieve long-lasting CMR.

Although this study did not reveal a difference in the inci-

dence of BCL2L11 deletion polymorphism between the

sustained and fluctuating CMR groups under TKI therapy

(1/20 vs. 1/17), a large-scale study of CML populations of

various ethnicities may reveal the exact effect of the deletion

on achieving sustained CMR under TKI therapy.

One possible factor underlying the maintenance of CMR

after the discontinuation of imatinib is immunological

surveillance, including cytotoxic T cells and/or NK cells.

Although it remains unclear whether the BCL2L11 deletion is

the only risk factor for relapse after stopping imatinib,

BCL2L11 status might serve as an additive marker when

deciding whether to discontinue TKI treatment in sustained

CMR patients. Moreover, the role of immunological surveil-

lance in CML patients, especially those with the BCL2L11

deletion polymorphism, should be further researched.
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Fig 1. BCL2L11 deletion polymorphism in chronic myeloid leukae-

mia patients. Genomic DNA was obtained from whole blood using a

DNA Extractor WB Kit (Wako, Osaka, Japan). The genomic DNA

was subjected to polymerase chain reaction (PCR) amplification

using primers designed to detect a deletion site (2903 bp) in intron

two of the BCL2L11 gene (forward: 5′-AATACCACAGAGGCCCA-
CAG-3′; reverse: 5′-GCCTGAAGGTGCTGAGAAAG-3′) and Jump-

Start RedAccuTaq LA DNA polymerase (Sigma Aldrich, St. Louis,

MO, USA). The PCR conditions were 96°C for 30 s, 30 cycles of

denaturation at 94°C for 15 s, annealing at 60°C for 60 s, and elon-

gation at 68°C for 8 min. The resulting PCR products were fraction-

ated in 1�2% agarose gels (Takara, Shiga, Japan), and gels stained

with ethidium bromide were analysed using a Versa Doc Imaging

System version 3000 (Bio-Rad, Hercules, CA, USA). The 4226-bp

band indicates wild-type BCL2L11 (K562 cells; negative control),

whereas the presence of the 1323-bp band in KCL22 cells (positive

control) in addition to the 4226-bp band indicates the BCL2L11

deletion polymorphism. All patients who maintained CMR for

>12 months after stopping imatinib showed only the 4226-bp band

(UPN one and UPN two), whereas three of eight patients who had

discontinued imatinib for <12 months had the BCL2L11 deletion

polymorphism (UPN 22, UPN 47, and UPN 49). The BCL2L11 dele-

tion polymorphism was also found in a CMR patient still taking

imatinib (UPN 67) and a fluctuating CMR patient (UPN 29). Four

of 20 (20�0%) DNA samples obtained from healthy Japanese volun-

teers showed the BCL2L11 deletion polymorphism (data not shown),

indicating no significant deviation of the BCL2L11 deletion poly-

morphism in the current CML patients compared with the normal

Japanese population
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Abstract

Interleukin (IL)-27 is a member of the IL-6/IL-12 cytokine family and possesses potent antitumor activity, which is mediated
by multiple mechanisms. Toll-like receptor (TLR)3 is the critical sensor of the innate immune system that serves to identify
viral double-stranded RNA. TLR3 is frequently expressed by various types of malignant cells, and recent studies reported
that a synthetic TLR3 agonist, polyinosinic-polycytidylic acid [poly(I:C)], induces antitumor effects on malignant cells. In the
present study, we have explored the effect of IL-27 on human melanomas and uncovered a previously unknown
mechanism. We found that IL-27 inhibits in vitro tumor growth of human melanomas and greatly enhances the expression
of TNF-related apoptosis inducing ligand (TRAIL) in a dose-dependent manner. Neutralizing antibody against TRAIL partly
but significantly blocked the IL-27–mediated inhibition of tumor growth. In addition, IL-27 and poly(I:C) cooperatively
augmented TRAIL expression and inhibited tumor growth. The cooperative effect could be ascribed to the augmented
expression of TLR3, but not retinoic acid-inducible gene-I or anti-melanoma differentiation-associated gene 5, by IL-27. The
inhibition of tumor growth by the combination was also significantly abrogated by anti-TRAIL neutralizing antibody.
Moreover, IL-27 and poly(I:C) cooperatively suppressed in vivo tumor growth of human melanoma in immunodeficient
mice. Taken together, these results suggest that IL-27 enhances the expression of TRAIL and TLR3 in human melanomas and
inhibits their tumor growth in cooperation with poly(I:C), partly in a TRAIL-dependent manner. Thus, IL-27 and the
combination of IL-27 and poly(I:C) may be attractive candidates for cancer immunotherapy.
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Introduction

Interleukin (IL)-27 is a heterodimeric cytokine belonging to the

IL-6/IL-12 cytokine family and consists of an IL-12 p40-related

protein, Epstein-Barr virus-induced gene 3, and an IL-12 p35-

related protein, p28 [1]. T-cell cytokine receptor/WSX-1, which is

homologous to the IL-12 receptor (R) b2 subunit, and gp130, a

common receptor chain for the IL-6 cytokine family, constitute a

functional signal-transducing receptor for IL-27 [1]. IL-27

activates signal transduction and activator of transcription

(STAT)1 and STAT3 [2,3] and induces both pro- and anti-

inflammatory immune responses. IL-27 not only induces early

helper T (Th)1 differentiation, but also suppresses Th2 and Th17

differentiation and pro-inflammatory cytokine production [4].

Moreover, IL-27 induces the differentiation into IL-10–producing

regulatory T cells [5,6].

We and other groups previously reported that IL-27 has a

potent ability to induce tumor-specific antitumor and protective

immunity through cytotoxic T lymphocyte (CTL) and natural

killer (NK) cells in colon carcinoma colon 26 [7,8] and

neuroblastoma TBJ [9] lines. IL-27 was further demonstrated to

exert antitumor activity against poorly immunogenic B16F10

melanoma, which is mediated through NK cells but not CTL [10],

and also against NK cell–resistant head and neck squamous cell

carcinoma SCCVII through NK cell–mediated antibody-depen-

dent cellular cytotoxicity (ADCC) [11]. IL-27 was also shown to

have potent anti-angiogenic activity by inducing anti-angiogenic

chemokines, IFN-c–inducing protein (IP-10, CXCL10) and

monokine induced by IFN-c (MIG, CXCL9), as does IFN-c, but

in an IFN-c–independent manner [12]. In addition, we recently

demonstrated that IL-27 has anti-proliferative activity and acts

directly on melanomas through WSX-1/STAT1 signaling [13].

Thus, IL-27 exerts antitumor activities through multiple
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mechanisms including CTL, NK cells, ADCC, anti-angiogenic

activity, and direct antiproliferative activity depending on the

characteristics of individual tumors.

Moreover, it was recently demonstrated that IL-27 inhibits the

growth of human tumors including melanoma, multiple myeloma,

B-acute lymphoblastic leukemia, follicular lymphoma, diffuse large

B-cell lymphoma, and acute myeloid leukemia [13–16]. IL-27

strongly inhibited tumor growth and in vivo tumorigenicity of

multiple myeloma cells through suppression of angiogenesis [15].

IL-27 also severely hampered the leukemic spreading induced in

nonobese diabetic/severe combined immunodeficiency (NOD/

SCID)/IL-2Rc2/2 mice by injection with B-acute lymphoblastic

leukemia cells from pediatric patients [14]. Similarly, acute

myeloid leukemia cells injected into NOD/SCID/IL-2Rc2/2

mice gave rise to leukemia dissemination that was severely

inhibited by IL-27 [16]. These antitumor effects were mainly

attributed to significant reduction of angiogenic and spreading-

related genes and also to up-regulation of angiostatic molecules

[14–16].

Toll-like receptor (TLR) is a type of pattern recognition receptor

and recognizes molecules that are broadly shared by pathogens

but distinguishable from host molecules, collectively referred to as

pathogen-associated molecular patterns. It plays a key role in the

innate immune system, and once microbes have breached physical

barriers such as the skin or intestinal tract mucosa, they are

recognized by TLRs, which activate immune cell responses. TLR3

is a major effector of the immune response against viral pathogens,

and it is involved in the early activation of NK and dendritic cells

[17]. It is also expressed in a wide range of nonimmune cells in

which it plays a crirical role in the induction of interferon response.

Since TLR3 is frequently expressed by various types of malignant

cells and can directly trigger tumor cell apoptosis, TLR3 is

considered to be a promising target for therapeutic purpose [18].

One of the TLR3 agonists, polyinosinic-polycytidylic acid

[poly(I:C)], has been demonstrated to induce potent antitumor

activity against various tumors [19].

In the present study, we attempted to gain a better

understanding of the molecular events governing the anti-

proliferative effect of IL-27 on melanomas. We here show that

IL-27 enhances the expression of TNF-related apoptosis inducing

ligand (TRAIL) and TLR3 in human melanomas and therefore

inhibits their tumor growth in cooperation with poly(I:C) partly in

a TRAIL-dependent manner. This is the first report to show a role

for TRAIL in IL-27–mediated inhibition of tumor growth as well

as a cooperative effect between IL-27 and poly(I:C) on the

inhibition of tumor growth through TLR3 up-regulation by IL-27.

Materials and Methods

Ethics statement
The animal study was approved by the institutional review

board of Tokyo Medical University (S-22005, S-23044, S-24013

and S-25005).

Cell culture and mice
Human melanoma cell lines, SK-MEL-13, -28, and -37 [20],

were kindly provided by Drs. L. J. Old and G. Ritter (Ludwig

Institute for Cancer Research, New York Branch, Memorial

Sloan-Kettering Cancer Center, New York, NY) and Dr. T.

Takahashi (Aichi Cancer Center, Nagoya, Japan), and cultured in

Iscoves’s modified Dulbecco’s medium supplemented with 10%

FBS. C57BL/6 mice and NOD/SCID mice were purchased from

Sankyo Labo Service Corp. and Clea Japan, Inc., respectively.

Reagents
Human and mouse recombinant IL-27 was prepared as a

tagged single-chain fusion protein by flexibly linking EBI3 to p28

using HEK293-F cells (Life Technologies, Carlsbad, CA) as

described previously [12]. Anti-phosphotyrosine (pY)-STAT1,

anti-pY-STAT3, anti-TRAIL (C92B9), anti-retinoic acid-induc-

ible gene-I (RIG-I, D14G6) and anti-melanoma differentiation-

associated gene 5 (MDA5, D74E4) were purchased from Cell

Signaling Technology (Danvers, MA). Anti-STAT1 and anti-

STAT3 were from Santa Cruz Biotechnology (Dallas, TX). Anti-

TRAIL and phycoerythrin (PE)-labeled anti-TRAIL (RIK-2) were

from BioLegend (San Diego, CA). Anti-TLR3 (clone#512505)

was from R&D Systems (Minneapolis, MN). Anti-b-actin and

poly(I:C) were from Sigma-Aldrich (St. Louis, MO) and Invivo-

Gen (San Diego, CA), respectively. Soluble TRAIL was purchased

from Alexis Biochemicals (San Diego, CA).

Western blotting
Cells were lysed in a lysis buffer containing protease inhibitors,

and the resultant cell lysates were separated by SDS-PAGE under

reducing conditions and transferred to polyvinylidene difluoride

membrane (Millipore, Billerica, MA) as described previously [21].

The membrane was then blocked, probed with a primary antibody

and then with an appropriate secondary antibody conjugated to

HRP, and visualized with the enhanced chemiluminescence

detection system (GE Healthcare, Uppsala, Sweden) according

to the manufacturer’s instructions. Immunoreactive bands were

detected with a ChemiDoc XRS (Bio-Rad, Hercules, CA), and the

intensity of each band was quantified with the Image Lab (Bio-

Rad) or Image J (NIH, Bethesda, MD) program.

Proliferation assay
Cells (26103 to 86103 cells/200 ml/well) were stimulated with

IL-27 and/or poly(I:C) for 48–96 h and pulsed with 3H-thymidine

for the last 8–24 h. 3H-thymidine incorporation was counted using

TopCount (PerkinElmer, Waltham, MA).

Apoptosis assay
Apoptosis was assessed by flow cytometric analysis of cells

stained with Annexin V-fluorescein isothiocyanate (FITC) and

propidium iodide (PI) according to the manufacturer’s instruction

(BD Biosciences, San Jose, CA).

RT-PCR
Total RNA was extracted using a guanidine thiocyanate

procedure, cDNA was prepared using oligo(dT) primer and

SuperScript III RT (Life Technologies), and RT-PCR was

performed using Taq DNA polymerase. Cycle conditions were

94uC for 40 s, 60uC for 20 s, and 72uC for 40 s. Primers used for

gp130, WSX-1, and hypoxanthine phosphoribosyl transferase

(HPRT) as an internal control were previously described [13,22].

The following primers were also used: TRAIL sense primer, 59-

GTGCTGATCGTGATCTT-39; TRAIL antisense primer, 59-

CCACTCCTTGATGATTCC-39; TRAIL-R1 sense primer, 59-

CTGAGCAACGCAGACTCGCTGTCCAC-39; TRAIL-R1 an-

tisense primer, 59-TCCAAGGACACGGCAGAGCCTGTGC-

CAT-39; TRAIL-R2 sense primer, 59-GCCTCATGGAC-

AATGAGATAAAGGTGGCT-39; TRAIL-R2 antisense primer,

59-CCAAATCTCAAAGTACGCACAAACGG-39; TRAIL-R3

sense primer, 59-GAAGAATTTGGTGCCAATGCCACTG-39;

TRAIL-R3 antisense primer, 59-CTCTTGGACTTGGCTGG-

GAGATGTG-39; TRAIL-R4 sense primer, 59-CTTTTCCG-

GCGGCGTTCATGTCCTTC-39; TRAIL-R4 antisense primer,
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Figure 1. IL-27 induces TRAIL expression in human melanomas and inhibits their tumor growth partly in a TRAIL-dependent
manner. (A) Human melanoma cell lines (SK-MEL-13, -28, and -37) were stimulated with IL-27 (10 ng/ml) for 0, 20, and 60 min. Cell lysate was then
prepared and subjected to Western blotting with anti-pY-STAT1, anti-pY-STAT3, anti-total STAT1, and anti-total STAT3. Similar results were obtained
in two independent experiments. (B) These melanoma cell lines were stimulated with increasing doses of IL-27 (0–100 ng/ml) for 72–96 h in triplicate
and pulsed with 3H-thymidine for the last 24 h, and 3H-thymidine incorporation was measured. Data are shown as means 6 SD. *, {, and ` indicate
p,0.01, p,0.0001, and p,0.00001, respectively, compared with 0 ng/ml IL-27. Similar results were obtained in three independent experiments. (C)
These melanoma cell lines were stimulated with increasing doses of IL-27 (0–100 ng/ml) for 24 h. Total RNA was then extracted and subjected to RT-
PCR analysis. Similar results were obtained in more than three independent experiments. (D) These melanoma cell lines were stimulated with IL-27
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59-GTTTCTTCCAGGCTGCTTCCCTTTGTAG-39; TLR3

sense primer, 59-TTGCCTTGTATCTACTTTTGGGG-39; TL-

R3 antisense primer, 59-GCGGCTGGTAATCTTCTGAGTT-

39; RIG-I sense primer, 59-TGTGGGCAATGTCATCAAAA-39;

RIG-I antisense primer, 59-GAAGCACTTGCTACCTCTTGC-

39; MDA5 sense primer, 59-GGCACCATGGGAAGTGATT-39;

MDA5 antisense primer, 59-ATTTGGTAAGGCCTGAGCTG-

39; IFN regulatory factor (IRF)-1 sense primer, 59-GAAGTC-

CAGCCGAGATGC-39; IRF-1 antisense primer, 59-CGGCA-

CAACTTCCACTG-39. Real-time quantitative PCR was carried

out using SYBR Premix Ex Taq II (TAKARA, Otsu, Shiga,

Japan) according to the manufacture’s instructions. Glyceralde-

hyde-3-phosphate (GAPDH) was used as house-keeping gene to

normalize mRNA. Relative expression of real-time PCR products

was determined by using the DDCt method to compare target

gene and GAPDH mRNA expression. Primers for TRAIL and

GAPDH were purchased from TAKARA: TRAIL sense primer,

59-CTTCACAGTGCTCCTGCAGTCTC-39; TRAIL antisense

primer, 59-AAGGTAGACTTCAAGATGGCAGCAA-39; GAP-

DH sense primer, 59-GCACCGTCAAGGCTGAGAAC-39; GA-

PDH antisense primer, 59-TGGTGAAGACGCCAGTGGA-39.

Small interfering RNA (siRNA) transfection
Human TLR3 siRNA (ON-TARGETplus SMARTpool) and

negative control siRNA (siGLO RISC-free) were purchased from

Thermo Fisher Scientific (Lafayette, CO). Human RIG-I and

MDA-5 siRNAs, whose sequences were reported previously [23],

were synthesized by Sigma-Aldrich. Human melanoma cells of

SK-MEL-37 cell line were plated in 12-well plates and transfected

with these siRNAs using HiPerFect Transfection Reagent (Qiagen

Inc., Venlo, Netherlands) or Lipofectamine RNAiMAX Trans-

fection Reagent (Life Technologies) according to the manufactur-

ers’ protocols.

Human tumor xenograft model in immunodeficient mice
Human melanoma cells (56106 cells/mouse) of SK-MEL-37

cell line were injected subcutaneously (s.c.) into the right flank of

NOD/SCID mice (n = 4–5). The treatment was started 1 week

postengraftment and consisted of weekly intravenous (i.v.)

injections with PBS alone, mouse IL-27 (1 mg), poly(I:C) (30 mg),

or mouse IL-27 (1 mg) plus poly(I:C) (30 mg) in 200 ml of PBS.

Mouse and human IL-27 were previously demonstrated to almost

equally inhibit human melanoma growth [13]. Tumor growth was

monitored weekly with an electronic caliper and expressed as

volume (mm3) by calculating using the following volume equation:

0.5(ab2), where a is the long diameter and b is the short diameter.

Statistical analysis
Statistical analysis was performed by Student’s t test. A p value

of less than 0.05 was considered to indicate a statistically

significant difference.

Results

IL-27 inhibits tumor growth of human melanomas
We previously demonstrated that mouse melanoma B16F10

cells are not responsive to IL-27 due to a lack of expression of one

of the IL-27R subunits, WSX-1. However, B16F10 cells trans-

fected with WSX-1-expression vector (B16F10-WSX-1) become as

responsive to IL-27 as several human melanomas [13]. In three

different human melanoma cell lines, SK-MEL-13, -28, and -37,

IL-27 induced tyrosine phosphorylation of STAT1 and STAT3,

indicating that these cells were responsive to IL-27 (Fig. 1A).

Moreover, IL-27 dose-dependently inhibited their tumor growth

(Fig. 1B). Among them, SK-MEL-37 seemed to be most

susceptible to stimulation by IL-27.

IL-27 induces TRAIL expression in human melanomas and
inhibits their tumor growth partly in a TRAIL-dependent
manner

We previously demonstrated that IL-27 inhibits the tumor

growth of B16F10-WSX-1 cells through the WSX-1/STAT1 and

IRF-1 pathway [13]. To gain a better understanding of the

molecular events governing the anti-proliferative effect of IL-27 on

melanomas, we first focused on TRAIL, which is an important

immune effector molecule in the surveillance and elimination of

developing tumors [24]. TRAIL is a promising antineoplastic

agent because it induces apoptosis in cancer cells with only

negligible effects on normal cells. In addition, several previous

studies revealed that IFN-a induces anti-proliferative effects on

cancer cells by stimulating them to produce TRAIL [25,26]. First

of all, we examined the sensitivity of three different cell lines of

human melanoma to soluble TRAIL. Cell growth of all three cell

lines was significantly inhibited in a dose-dependent manner,

although the sensitivity appeared to vary among them (Fig. S1).

Three human melanoma cell lines were then stimulated with

increasing doses of IL-27, and total RNA was extracted 24 h later

and subjected to RT-PCR analysis. The mRNA expression of

TRAIL was greatly enhanced by IL-27 in a dose-dependent

manner (Fig. 1C). Among the three melanoma cell lines, SK-

MEL-37 cells expressed the highest TRAIL mRNA amount after

stimulation by IL-27. At the protein level, IL-27 also enhanced the

expression of TRAIL, which was detected by Western blot analysis

(see the later section), but these melanomas only slightly expressed

cell surface TRAIL in response to IL-27, which was detected by

fluorescence-activated cell sorter (FACS) analysis (Fig. 1D).

We next examined whether or not these melanomas express

TRAIL-Rs (TRAIL-R1–R4) [27] to transduce the signal by

TRAIL. These melanomas expressed TRAIL-R1 and TRAIL-R2,

and the expression levels appeared not to be affected by IL-27 (Fig.

1C). TRAIL-R3 and TRAIL-R4, known as decoy receptors-1 and

-2, cannot induce apoptosis but inhibit TRAIL-induced apoptosis

mediated by TRAIL-R1 and/or TRAIL-R2 when coexpressed

[27]. TRAIL-R3 expression was detected in only SK-MEL-13

cells but not others, and its expression level was only minimally

affected by IL-27 (Fig. 1C). Moreover, TRAIL-R4 expression was

hardly detected among all these cell lines even after stimulation by

IL-27 (data not shown). Thus, these melanomas would be

susceptible to the stimulation by TRAIL, but the susceptibilities

may vary among the melanoma lines.

To explore the role of enhanced expression of TRAIL on tumor

growth, these melanomas were stimulated by IL-27 (10 and

100 ng/ml) in the presence of neutralizing antibody (Ab) against

TRAIL or its control Ab. IL-27 inhibited tumor growth of

(100 ng/ml) for 48 h, and then analyzed for cell surface expression of TRAIL by FACS using PE-labeled anti-TRAIL (solid line) and its control Ab (plain
line with shading). Similar results were obtained in two independent experiments. (E) These melanoma cell lines were stimulated with IL-27 (10 and
100 ng/ml) in the presence of anti-TRAIL neutralizing Ab or its control Ab (10 mg/ml) for 72–96 h in triplicate and pulsed with 3H-thymidine for the
last 24 h, and 3H-thymidine incorporation was measured. Data are shown as means 6 SD. * indicates p , 0.05, compared with control Ab. Similar
results were obtained in three independent experiments.
doi:10.1371/journal.pone.0076159.g001
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melanomas, while anti-TRAIL Ab, but not control Ab, partly but

significantly abrogated the inhibitory effect by IL-27 on tumor

growth in all three melanoma cell lines (Fig. 1E).

These results suggest that IL-27 induces TRAIL expression at

the mRNA level in human melanomas and inhibits tumor growth

partly in TRAIL-dependent manner.

IL-27 and TLR3 agonist poly(I:C) cooperatively inhibit
tumor growth of human melanomas

TLR3 is a critical sensor of the innate immune system that

serves to identify viral double-stranded RNA [17]. Several recent

studies suggested that TLR3 activation by its synthetic agonist

poly(I:C) directly causes tumor cell apoptosis [18]. To enhance the

anti-proliferative activity of IL-27 against melanomas, the

combined effect of IL-27 and poly(I:C) on tumor growth was

next explored. Three human melanoma cell lines were treated

with IL-27 and/or poly(I:C) for 72–96 h and their proliferative

responses were determined. Either IL-27 or poly(I:C) alone slightly

reduced tumor growth but their combination more strongly

inhibited tumor growth in the three melanoma cell lines (Fig. 2A).

Examination of morphology of SK-MEL-37 melanoma cells also

supported the enhanced inhibition of tumor growth by the

combination (Fig. 2B). Similar phenomena were also observed in

SK-MEL-13 and -28 melanomas (data not shown).

Annexin V binding to cell surface phosphatidylserine is one

hallmark of apoptotic cell death, and PI, which stains DNA, is a

marker for permeabilized, necrotic cells. The FACS analysis of

SK-MEL-37 melanoma cells was then carried out after Annexin

V-PI staining. The IL-27 and poly(I:C) combination slightly, but

significantly, increased Annexin V-positive and PI-positive popu-

lation containing apoptotic cells, but neither alone increased it

under the experimental conditions (Fig. 2C and D). These results

suggest that IL-27 mediates cytostatic activity against tumor cells

rather than cytotoxic activity as reported [13]. A similar tendency

was observed with the other melanomas, SK-MEL-13 and -28

(data not shown).

These results suggest that IL-27 and poly(I:C) cooperatively

inhibit tumor growth of human melanomas.

IL-27 enhances TLR3 expression in human melanomas,
which could account for the cooperative effect between
IL-27 and poly(I:C)

To clarify the molecular mechanism whereby IL-27 and

poly(I:C) cooperatively inhibit tumor growth of melanomas, we

next investigated the effect of IL-27 on the expression of TLR3,

which is the receptor for poly(I:C), and also conversely the effect of

poly(I:C) on the expression of IL-27R subunits, gp130 and WSX-

1. Human melanomas were treated with increasing concentrations

of IL-27 in the presence or absence of poly(I:C) for 24 h, and

resultant cells were harvested. Total RNA and cell lysate were then

prepared and subjected to RT-PCR and Western blot analyses,

respectively. In all three cell lines, a slight amount of TLR3

expression was detected without any stimulation, while the

expression was enhanced by IL-27 at both mRNA and protein

levels (Fig. 3A and D). Moreover, the addition of poly(I:C) seemed

to further augment it (Fig. 3A and D). Besides TLR3, RIG-I and

MDA5 are also known to be important sensors for poly(I:C) in

cytosols [28]. Therefore, we next examined the effect of IL-27 on

the expression of these molecules. IL-27 enhanced their expression

at both mRNA and protein levels (Fig. 3B and E). In contrast,

these human melanomas express mRNA of the IL-27R subunits

WSX-1 and gp130 even without any stimulation, and the addition

of poly(I:C) hardly affected their expression (Fig. 3A).

Then, the involvement of up-regulated sensors for poly(I:C) in

inhibiting SK-MEL-37 tumor growth by combining IL-27 and

ploy(I:C) was investigated by knock-down of their expression using

respective siRNAs. When up-regulated TLR3 expression was

reduced by 58% with 100 nM of its siRNA, which was determined

by the intensity of each band, suppressed tumor growth was

significantly recovered (Fig. 3F and G). However, knock-down of

RIG-I or MDA5 failed to affect the suppressed tumor growth (Fig.

S2A-D).

We previously demonstrated that IL-27 induces IRF-1 expres-

sion, which is involved in the inhibition of tumor growth, in mouse

melanoma B16F10 cells ectopically expressing WSX-1 [13]. In

addition, IFN-c and IFN-a were reported to enhance IRF-1-

mediated TRAIL expression in human tumor cell lines [29,30].

We then examined whether IL-27 induces IRF-1 expression in

these human melanomas. Consistent with the previous results

[13,29,31], IL-27 induced IRF-1 expression at the mRNA level in

all three human melanomas (Fig. 3A). Moreover, time course

analyses revealed that IRF-1 mRNA expression was rapidly

induced in response to IL-27 and poly(I:C), which was followed by

up-regulation of TLR3 and TRAIL (Fig. 3C).

These results suggest that IL-27 enhances the expression of

TLR3 and TRAIL probably through IRF-1 in human melano-

mas, which could account for the cooperative effect between IL-27

and poly(I:C).

IL-27 and poly(I:C) cooperatively induce TRAIL expression
in human melanomas and inhibit tumor growth partly in
a TRAIL-dependent manner

To further demonstrate the cooperative effect between IL-27

and poly(I:C), we examined the effect of the combination on

TRAIL expression in human melanomas. Three human melano-

ma cell lines were treated with increasing doses of IL-27 in the

presence or absence of poly(I:C). Total RNA was extracted after

24 h and subjected to RT-PCR analysis. IL-27 enhanced the

expression of TRAIL mRNA, and the presence of poly(I:C)

further augmented it in all three melanomas (Fig. 4A). Then, total

cell lysates were prepared after 48 h and subjected to Western blot

analysis. Similar augmentation of TRAIL expression at protein

levels was observed in these melanomas, but the expression level

was highest in SK-MEL-37 and lowest in SK-MEL-13 (Fig. 4B).

Cell surface expression of TRAIL was also analyzed by FACS.

Synergistic induction of cell surface TRAIL expression by the

combination of IL-27 and poly(I:C) was clearly observed in SK-

MEL-28 and SK-MEL-37 cells 48 h after stimulation (Fig. 4C).

However, only slight augmentation was detected in SK-MEL-13

cells 48 h but not 24 and 72 h (data not shown) after stimulation.

Of note, regardless of the expression levels of TRAIL, the

treatment with anti-TRAIL neutralizing Ab, but not control Ab,

partly but significantly abrogated the inhibitory effect on tumor

growth of combined IL-27 and poly(I:C) in all three melanoma cell

lines (Fig. 4D).

These results suggest that IL-27 and poly(I:C) cooperatively

induce TRAIL expression in human melanomas and significantly

inhibit their tumor growth partly in a TRAIL-dependent manner.

However, the TRAIL expression level induced by IL-27 and

poly(I:C) seems to vary among three tumor cell lines; highest in

SK-MEL-37 and lowest in SK-MEL-12 cells.

IL-27 and poly(I:C) cooperatively inhibit in vivo tumor
growth of human melanoma in immunodeficient mice

Finally, in vivo antitumor effects of IL-27 or the combination of

IL-27 and poly(I:C) were examined using a tumor xenograft
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mouse model in immunodeficient NOD/SCID mice. From

among three human melanoma cell lines, SK-MEL-37 cells were

used, because this cell line appears to be most susceptible to the

treatment with IL-27 or combined IL-27 and poly(I:C) (Fig. 1B

and 2A). NOD/SCID mice were s.c. injected with SK-MEL-37

cells, and treated by weekly i.v. injections with PBS, IL-27,

poly(I:C), or IL-27 plus poly(I:C) from 1 week postengraftment. IL-

27 alone only slightly suppressed tumor growth in vivo (Fig. 5).

Poly(I:C) alone more greatly hampered in vivo tumor progression

(Fig. 5), as reported previously [32]. Of note, the combination of

IL-27 and poly(I:C) significantly inhibited tumor progression

compared with PBS alone (Fig. 5). Then, the TRAIL expression at

Figure 2. IL-27 and TLR3 agonist poly(I:C) cooperatively inhibits tumor growth of human melanomas. (A) Human melanoma cell lines
(SK-MEL-13, -28 and -37) were stimulated with IL-27 (10 ng/ml) and/or poly(I:C) (10 mg/ml) for 72-96 h in triplicate and pulsed with 3H-thymidine for
the last 24 h, and 3H-thymidine incorporation was measured. Data are shown as means 6 SD. *, {, `, 1, ", and || indicate p,0.05, p,0.01, p,0.001,
p,0.00001, and p,0.000001, respectively, compared with 0 ng/ml IL-27 and 0 mg/ml poly(I:C). Similar results were obtained in thee independent
experiments. (B) Morphology was evaluated using light microscopy. A representative result of SK-MEL-27 from among the three human melanoma
cell lines is shown. Similar results were obtained in more than five independent experiments. (C) These melanoma cell lines were stimulated with IL-
27 (10 ng/ml) and/or poly(I:C) (10 mg/ml) for 48 h. Then, apoptosis was assessed by FACS analysis of cells stained with Annexin V-FITC and PI. A
representative result of SK-MEL-27 from among the three human melanoma cell lines is shown. Similar results were obtained in three independent
experiments. (D) Percentage of each population was calculated. Data are shown as means 6 SD of three independent experiments. * indicates
p , 0.05, compared to no stimulation.
doi:10.1371/journal.pone.0076159.g002
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Figure 3. IL-27 enhances TLR3 expression in human melanomas, which could account for the cooperative effect between IL-27 and
poly(I:C). (A-C) Human melanoma cell lines (SK-MEL-13, -28, and -37) were stimulated with IL-27 (1, 3, 10 ng/ml) and/or poly(I:C) (1 mg/ml) for 24 h or
the indicated times. Total RNA was then extracted and subjected to RT-PCR analysis. Similar results were obtained in more than two independent
experiments. (D and E) Cell lysate was also prepared after the stimulation for 48 h and subjected to Western blotting with antibodies against TLR3,
RIG-I, MDA5 and b-actin. Similar results were obtained in more than two independent experiments. (F) SK-MEL-37 cells were transfected with siRNA
specific to TLR3 or control siRNA for 24 h. These cells were then stimulated with IL-27 (10 ng/ml) and poly(I:C) (1 mg/ml) for a further 24 h, and total
cell lysate was prepared and subjected to Western blot using anti-TLR3 and anti-b-actin. (G) The siRNA-transfected cells were also stimulated with IL-
27 (10 ng/ml) and poly(I:C) (1 mg/ml) for a further 48 h and pulsed with 3H-thymidine for the last 8 h in triplicate. 3H-thymidine incorporation was
measured, and relative proliferation (%) to that of respective unstimulated cells was calculated. Data are shown as means 6 SD. * indicates p , 0.05
compared with no siRNA and control siRNA. Similar results were obtained in two independent experiments.
doi:10.1371/journal.pone.0076159.g003
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mRNA levels in the tumors was examined on day 63 after tumor

injection. The TRAIL mRNA expression levels tended to increase

by the IL-27 injections, although they were not significant (Fig.

S3). Thus, these results suggest that IL-27 and poly(I:C)

cooperatively inhibit in vivo tumor growth of human melanoma

in immunodeficient mice.

Discussion

Since antitumor efficacy of IL-27 was first evaluated in 2004 [7],

accumulating evidence has revealed that IL-27 has potent

antitumor activity, which is mediated by multiple mechanisms

including CD8+ T cells [7–9,33], NK cells [10,34], ADCC [11],

Figure 4. IL-27 and poly(I:C) cooperatively induce TRAIL expression in human melanomas and inhibit their tumor growth partly in a
TRAIL-dependent manner. (A) Human melanoma cell lines (SK-MEL-13, -28, and -37) were stimulated with IL-27 (1, 3, 10 ng/ml) and/or poly(I:C) (0 or
1 mg/ml) for 24 h. Total RNA was then extracted and subjected to RT-PCR analysis. Similar results were obtained in three independent experiments. (B)
These melanoma cell lines were stimulated with IL-27 (10 ng/ml) and/or poly(I:C) (10 mg/ml) for 48 h, and then total cell lysates were prepared and
subjected to Western blot analysis using anti-TRAIL and anti-b-actin. Relative expression level of TRAIL was determined by the intensity of each band of
TRAIL and b-actin. Similar results were obtained in two independent experiments. (C) These cells were also analyzed for cell surface expression of TRAIL
by FACS using PE-labeled anti-TRAIL (solid line) and its control Ab (plain line with shading). Similar results were obtained in more than two independent
experiments. (D) These melanoma cell lines were stimulated with IL-27 (10 ng/ml) and poly(I:C) (1 mg/ml) in the presence of anti-TRAIL neutralizing Ab or
its control Ab (10 mg/ml) for 72–96 h in triplicate and pulsed with 3H-thymidine for the last 24 h, and 3H-thymidine incorporation was measured. Data are
shown as means 6 SD. * indicates p , 0.05, compared with control Ab. Similar results were obtained in three independent experiments.
doi:10.1371/journal.pone.0076159.g004
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anti-angiogenesis [12,14–16,35,36], direct suppression of tumor

growth [13], and inhibition of cyclooxygenase-2 expression [37],

depending on the characteristics of individual tumors. In the

present study, we further explored the molecular mechanism

whereby IL-27 induces direct suppression of tumor growth of

human melanomas. We elucidated that IL-27 augments the

expression of TRAIL and TLR3 together with RIG-I and MDA5

in human melanomas, and that IL-27 and a TLR3 agonist,

poly(I:C), cooperatively enhance TRAIL expression and inhibit

their tumor growth partly in a TRAIL-dependent manner as

illustrated in Fig. 6. The cooperative effect could be ascribed to the

enhanced expression of TLR3, but not RIG-I or MDA5, by IL-27

(Fig. 3A, B, D-G and Fig. S2A-D), which is consistent with facts

that RIG-I and MDA5 sense transfected poly(I:C), but not naked

poly(I:C), in non-phagocytic cells [38,39]. Since IL-27 augmented

only marginal apoptosis even in collaboration with poly(I:C) (Fig.

2C and D), IL-27 is considered to mediate cytostatic activity rather

than cytotoxic activity as reported before [13]. Furthermore, the

combination of IL-27 and poly(I:C) significantly suppressed in vivo

tumor progression in the human melanoma xenograft model using

immunodeficient NOD/SCID mice (Fig. 5). When a higher dose

(100 mg) of poly(I:C) was injected, tumor progression was more

markedly inhibited regardless of the combination with IL-27 (data

not shown) as reported previously [32,40]. However, we noticed

that 3 out of 5 mice died even without any tumor after the

experiment was completed. In contrast, intriguingly, no mice died

with treatment based on combined IL-27 and poly(I:C) (data not

shown). Although further studies are necessary, the combination

treatment may be beneficial in reducing the potential toxicity

arising from a higher dose of poly(I:C) [41].

Among three human melanoma cell lines used in this study, SK-

MEL-13 showed slightly less susceptibility to the IL-27 and

poly(I:C)–mediated TRAIL-dependent growth inhibition and SK-

MEL-37 showed more susceptibility to it (Fig. 1B and Fig. 2A).

This tendency is consistent with the enhanced expression levels of

TRAIL (Fig. 4B and C) and also TLR3 (Fig. 3D and E) in

response to IL-27 and poly(I:C), although the expression levels of

the receptors gp130, WSX-1, RIG-I and MDA5 appeared to be

comparable (Fig. 3A, B and E). This tendency might be also

affected by the constitutive expression of the decoy receptor for

TRAIL, TRAIL-R3 (Fig. 1C), which inhibits TRAIL signaling

[27], or by the different sensitivity to soluble TRAIL (Fig. S1). Of

note, anti-TRAIL neutralizing Ab partly but significantly abro-

gated the IL-27 and poly(I:C)–mediated growth inhibition in all

these cell lines (Fig. 1E and 4D). This partial abrogation might be

due to the insufficient ability of the Ab to neutralize the TRAIL

activity, or alternatively, there could be TRAIL-independent

mechanisms as recently reported in the mechanism for IFN-

induced apoptosis [42]. DNase II-deficient embryos die in utero

due to severe anemia caused by IFN-b produced in the

macrophages carrying undigested DNA. Although a high level of

TRAIL mRNA was found in the fetal liver, a null mutation in

TRAIL failed to rescue the lethal anemia, indicating that TRAIL

is not necessary for inducing the apoptosis of erythroid cells in

DNase II-deficient embryos [42]. Further studies are necessary to

clarify the molecular mechanisms underlying IL-27 and poly(I:C)–

mediated inhibition of tumor growth in TRAIL-dependent and -

independent manners.

The IFNs, especially type I IFNs such as IFN-a and -b, are well-

investigated cancer therapeutic agents [43]. IFN-a is used for the

treatment of renal cell carcinoma, leukemia, and malignant

melanoma. Several previous studies reported that IFN-a and

IFN-c induces anti-proliferative effects on a variety of cancer cells

by stimulating them to produce TRAIL [25,26]. IFN-a and IFN-c
enhance TRAIL expression via a STAT1– and IRF-1–dependent

mechanism in cancer cells [29,30]. We previously demonstrated

that IL-27 induces IRF-1 expression in mouse B16F10 melanoma

cells ectopically expressing wild-type WSX-1, but not in those

expressing WSX-1 mutated in the tyrosine residue critical for

STAT1 binding [13]. Moreover, the induction of IRF-1 was

revealed to contribute to the IL-27–mediated inhibition of tumor

Figure 5. IL-27 and poly(I:C) cooperatively inhibit in vivo tumor
growth of human melanoma in immunodeficient mice. Immu-
nodeficient NOD/SCID mice were s.c. injected with human melanoma
cells of the SK-MEL-37 cell line, and treated by weekly i.v. injections with
PBS alone, IL-27 (1 mg), poly(I:C) (30 mg), or IL-27 (1 mg) plus poly(I:C)
(30 mg) from 1 week postengraftment. Tumor growth was monitored
weekly and expressed as volume (mm3). Data are shown as means 6
SD. * indicates p , 0.05, compared with PBS. Similar results were
obtained in two independent experiments.
doi:10.1371/journal.pone.0076159.g005

Figure 6. Hypothetical model of the pathway by which IL-27
and the combination of IL-27 and poly(I:C) induce TRAIL up-
regulation and inhibits tumor growth in human melanomas. IL-
27 induces IRF-1 expression through WSX-1/STAT1 signaling, resulting
in up-regulation of TRAIL expression. IL-27 also augments TLR3
expression in IRF-1-dependent and -independent manner. Thus, due
to the augmented TLR3 expression by IL-27, IL-27, and a synthetic TLR3
agonist, poly(I:C), cooperatively enhance TRAIL expression and greatly
inhibit tumor growth partly in a TRAIL-dependent manner.
doi:10.1371/journal.pone.0076159.g006
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growth of B16F10 melanoma [13]. Taken together with the

present results, it is highly conceivable that IL-27–induced up-

regulation of TRAIL in human melanomas could be also mediated

by STAT1/IRF-1 signaling (Fig. 6).

TLR agonists are currently being studied in many clinical

immunotherapy trials as vaccine adjuvants. TLR3, a member

receptor of double-stranded RNAs, is a major effector of the

immune response against viral pathogens at the cellular and

systemic level [44]. It is involved in early activation of NK and

dendritic cells and expressed in a wide range of nonimmune cells

in which it plays a key role in the induction of the IFN response

[45]. TLR3 is also frequently expressed by various types of

malignant cells, and several studies reported that the synthetic

TLR3 agonist, poly(I:C), induces proliferation blockade and

apoptosis in malignant cells in vitro and in vivo

[18,19,32,40,46]. Moreover, it was reported that IFN-a up-

regulates the expression of TLR3 in lung carcinoma A549 cells

and human umbilical vein endothelial cells [47]. Although IFN-a
by itself did not induce massive apoptosis, it increased TLR3

mRNA and enhanced the anti-proliferative effect of poly(I:C).

Inhibiting the JAK/STAT pathway diminished the induction of

TLR3 by IFN-a, which highlights the importance of JAK/STAT

signaling on IFN-a–induced TLR3 transcription. It was previously

noted that the TLR3 promoter contains an IFN-stimulated

response element and a STAT binding site, which were suggested

to be involved in regulating the response of TLR3 to IFN-a [48].

In addition, it was previously reported that IFN-b induces TLR3

up-regulation through IFN-a receptor 1, STAT1, and in part IRF-

1, but not Tyk2, in murine macrophages [49]. Similar to IFN-a
and IFN-b, IL-27 activates STAT1 and induces IFN-inducible

genes including antiviral genes, resulting in inhibition of HIV

replication in CD4+ T cells and macrophages [50]. These reports

indicate similarity between IFN-a/b and IL-27 in the signaling

events and biological functions as previously suggested [51], which

could account for the IL-27–induced up-regulation of TLR3 and

TRAIL in human melanomas.

TLR4 is important in mediating inflammatory cytokine

production in response to bacterial infection, and LPS is the main

ligand binding to TLR4 to induce inflammation. Interestingly,

although engagement of TLR3 expressed in human breast tumor

cells induces massive apoptosis [18], triggering TLR4 in murine

colon cancer MC26 cell line leads to immune evasion mediated by

the inhibition of T- and NK-cell activities [52]. Similar to the

present results, it has very recently been reported that IL-27

enhances LPS-induced proinflammatory cytokine production

through up-regulation of TLR4 expression in human monocytes

[53]. However, this up-regulation was mediated via JAK2, STAT3

and NF-kB, but not via STAT1. Thus, requirements of STAT1

and STAT3 in the signaling for up-regulation of distinct TLRs by

IL-27 appear to differ between TLR3 and TLR4. Further studies

are necessary to precisely elucidate the molecular mechanism

whereby IL-27 induces up-regulation of TLR3 and TLR4.

Taken together, the present results suggest that IL-27 exerts

anti-proliferative activity against human melanomas by mecha-

nisms similar to those of IFN-a in a STAT1/IRF-1–dependent

manner and partly in a TRAIL-dependent manner. Moreover, IL-

27 increases TLR3 expression and therefore the combination of

IL-27 and poly(I:C) cooperatively enhances TRAIL expression

and inhibits tumor growth. IL-12 is one of the cytokines with

strong antitumor activity. The induction of the antitumor activity

and establishment of protective immunity by IL-12 are highly

dependent on production of IFN-c by NK and T cells [54].

However, this high IFN-c production also causes systemic

toxicities, which leads to limitation of the IL-12 therapy in clinical

trials [55]. In this regards, IL-27 has much less toxicities compared

with IL-12, probably due to much lower ability of IL-27 to

produce IFN-c by NK and T cells [7,10]. Therefore, IL-27 and

the combination of IL-27 and poly(I:C) may be attractive

candidates as antitumor agents applicable to cancer immunother-

apy.

Supporting Information

Figure S1 Human melanoma cell lines SK-MEL-13, 28
and 37 are sensitive to soluble TRAIL. Three melanoma cell

lines were stimulated with increasing doses of soluble TRAIL (0–

100 ng/ml) for 48 h in triplicate and pulsed with 3H-thymidine for

the last 24 h, and 3H-thymidine incorporation was measured. Data

are shown as means 6 SD. *, p,0.01, compared with 0 ng/ml

soluble TRAIL. Similar results were obtained in two independent

experiments.

(TIF)

Figure S2 Knock-down of RIG-I or MDA5 hardly
affected the tumor growth suppressed by combining
IL-27 and ploy(I:C). SK-MEL-37 cells were transfected with

siRNAs specific to RIG-I (A and B), MDA5 (C and D) or control

siRNA for 24 h. These cells were then stimulated with IL-27

(10 ng/ml) and poly(I:C) (1 mg/ml) for a further 24 h, and total

cell lysate was prepared and subjected to Western blot using anti-

RIG-I (A), anti-MDA5 (C) and anti-b-actin. The siRNA-

transfected cells were also stimulated with IL-27 (10 ng/ml) and

poly(I:C) (1 mg/ml) for a further 48 h and pulsed with 3H-

thymidine for the last 24 h in triplicate. 3H-thymidine incorpo-

ration was measured, and relative proliferation (%) to that of

respective unstimulated cells was calculated (B and D). Data are

shown as means 6 SD. * indicates p , 0.05 compared with no

siRNA and control siRNA. Similar results were obtained in two

independent experiments.

(TIF)

Figure S3 The TRAIL mRNA expression levels in the
tumors tended to increase by the IL-27 injections into
tumor-bearing mice, although they were not significant.
Immunodeficient NOD/SCID mice were s.c. injected with human

melanoma cells of the SK-MEL-37 cell line, and treated by weekly

i.v. injections with PBS alone, IL-27 (1 mg), poly(I:C) (30 mg), or

IL-27 (1 mg) plus poly(I:C) (30 mg) from 1 week postengraftment.

Tumor growth was monitored weekly, and on day 63 after tumor

injection TRAIL expression levels in the tumor sites were

compared by using real-time quantitative PCR.

(TIF)

Acknowledgments

The authors thank Drs. T. Takahashi, G. Ritter, and L. J. Old for human

melanoma cell lines.

Author Contributions

Conceived and designed the experiments: TY JM. Performed the

experiments: YC IM KM KH. Analyzed the data: YC IM TY. Wrote

the paper: TY HN CN.

TRAIL-Mediated Inhibition of Tumor Growth by IL-27

PLOS ONE | www.plosone.org 10 October 2013 | Volume 8 | Issue 10 | e76159

-305-

--0123456789



References

1. Pflanz S, Timans JC, Cheung J, Rosales R, Kanzler H, et al. (2002) IL-27, a

heterodimeric cytokine composed of EBI3 and p28 protein, induces proliferation
of naive CD4+ T cells. Immunity 16: 779–790.

2. Takeda A, Hamano S, Yamanaka A, Hanada T, Ishibashi T, et al. (2003)
Cutting edge: Role of IL-27/WSX-1 signaling for induction of T-bet through

activation of STAT1 during initial Th1 commitment. J Immunol 170: 4886–

4890.
3. Kamiya S, Owaki T, Morishima N, Fukai F, Mizuguchi J, et al. (2004) An

indispensable role for STAT1 in IL-27-induced T-bet expression but not
proliferation of naive CD4+ T cells. J Immunol 173: 3871–3877.

4. Hunter CA (2005) New IL-12-family members: IL-23 and IL-27, cytokines with

divergent functions. Nat Rev Immunol 5: 521–531.
5. Stumhofer JS, Silver JS, Laurence A, Porrett PM, Harris TH, et al. (2007)

Interleukins 27 and 6 induce STAT3-mediated T cell production of interleukin
10. Nat Immunol 8: 1363–1371.

6. Awasthi A, Carrier Y, Peron JP, Bettelli E, Kamanaka M, et al. (2007) A
dominant function for interleukin 27 in generating interleukin 10-producing

anti-inflammatory T cells. Nat Immunol 8: 1380–1389.

7. Hisada M, Kamiya S, Fujita K, Belladonna ML, Aoki T, et al. (2004) Potent
antitumor activity of interleukin-27. Cancer Res 64: 1152–1156.

8. Chiyo M, Shimozato O, Yu L, Kawamura K, Iizasa T, et al. (2005) Expression
of IL-27 in murine carcinoma cells produces antitumor effects and induces

protective immunity in inoculated host animals. Int J Cancer 115: 437–442.

9. Salcedo R, Stauffer JK, Lincoln E, Back TC, Hixon JA, et al. (2004) IL-27
mediates complete regression of orthotopic primary and metastatic murine

neuroblastoma tumors: role for CD8+ T cells. J Immunol 173: 7170–7182.
10. Oniki S, Nagai H, Horikawa T, Furukawa J, Belladonna ML, et al. (2006)

Interleukin-23 and interleukin-27 exert quite different antitumor and vaccine
effects on poorly immunogenic melanoma. Cancer Res 66: 6395–6404.

11. Matsui M, Kishida T, Nakano H, Yoshimoto K, Shin-Ya M, et al. (2009)

Interleukin-27 activates natural killer cells and suppresses NK-resistant head and
neck squamous cell carcinoma through inducing antibody-dependent cellular

cytotoxicity. Cancer Res 69: 2523–2530.
12. Shimizu M, Shimamura M, Owaki T, Asakawa M, Fujita K, et al. (2006)

Antiangiogenic and antitumor activities of IL-27. J Immunol 176: 7317–7324.

13. Yoshimoto T, Morishima N, Mizoguchi I, Shimizu M, Nagai H, et al. (2008)
Antiproliferative activity of IL-27 on melanoma. J Immunol 180: 6527–6535.

14. Canale S, Cocco C, Frasson C, Seganfreddo E, Di Carlo E, et al. (2011)
Interleukin-27 inhibits pediatric B-acute lymphoblastic leukemia cell spreading

in a preclinical model. Leukemia 25: 1815–1824.
15. Cocco C, Giuliani N, Di Carlo E, Ognio E, Storti P, et al. (2010) Interleukin-27

acts as multifunctional antitumor agent in multiple myeloma. Clin Cancer Res

16: 4188–4197.
16. Zorzoli A, Di Carlo E, Cocco C, Ognio E, Ribatti D, et al. (2012) Interleukin-27

inhibits the growth of pediatric acute myeloid leukemia in NOD/SCID/Il2rc-/-

mice. Clin Cancer Res 18: 1630–1640.

17. Matsumoto M, Funami K, Oshiumi H, Seya T (2004) Toll-like receptor 3: a link

between toll-like receptor, interferon and viruses. Microbiol Immunol 48: 147–
154.

18. Salaun B, Coste I, Rissoan MC, Lebecque SJ, Renno T (2006) TLR3 can
directly trigger apoptosis in human cancer cells. J Immunol 176: 4894–4901.

19. Cheng YS, Xu F (2011) Anticancer function of polyinosinic-polycytidylic acid.
Cancer Biol Ther 10: 1219–1223.

20. Carey TE, Takahashi T, Resnick LA, Oettgen HF, Old LJ (1976) Cell surface

antigens of human malignant melanoma: mixed hemadsorption assays for
humoral immunity to cultured autologous melanoma cells. Proc Natl Acad Sci U

S A 73: 3278–3282.
21. Yoshimoto T, Furuhata M, Kamiya S, Hisada M, Miyaji H, et al. (2003) Positive

modulation of IL-12 signaling by sphingosine kinase 2 associating with the IL-12

receptor b 1 cytoplasmic region. J Immunol 171: 1352–1359.
22. Owaki T, Asakawa M, Kamiya S, Takeda K, Fukai F, et al. (2006) IL-27

suppresses CD28-medicated IL-2 production through suppressor of cytokine
signaling 3. J Immunol 176: 2773–2780.

23. Kuo RL, Kao LT, Lin SJ, Wang RY, Shih SR (2013) MDA5 plays a crucial role

in enterovirus 71 RNA-mediated IRF3 activation. PLoS One 8: e63431.
24. Johnstone RW, Frew AJ, Smyth MJ (2008) The TRAIL apoptotic pathway in

cancer onset, progression and therapy. Nat Rev Cancer 8: 782–798.
25. Kayagaki N, Yamaguchi N, Nakayama M, Eto H, Okumura K, et al. (1999)

Type I interferons (IFNs) regulate tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) expression on human T cells: A novel mechanism for

the antitumor effects of type I IFNs. J Exp Med 189: 1451–1460.

26. Chawla-Sarkar M, Leaman DW, Borden EC (2001) Preferential induction of
apoptosis by interferon (IFN)-b compared with IFN-a2: correlation with

TRAIL/Apo2L induction in melanoma cell lines. Clin Cancer Res 7: 1821–
1831.

27. Sheridan JP, Marsters SA, Pitti RM, Gurney A, Skubatch M, et al. (1997)

Control of TRAIL-induced apoptosis by a family of signaling and decoy
receptors. Science 277: 818–821.

28. Yoneyama M, Fujita T (2009) RNA recognition and signal transduction by
RIG-I-like receptors. Immunol Rev 227: 54–65.

29. Park SY, Seol JW, Lee YJ, Cho JH, Kang HS, et al. (2004) IFN-c enhances

TRAIL-induced apoptosis through IRF-1. Eur J Biochem 271: 4222–4228.

30. Papageorgiou A, Dinney CP, McConkey DJ (2007) Interferon-alpha induces

TRAIL expression and cell death via an IRF-1-dependent mechanism in human

bladder cancer cells. Cancer Biol Ther 6: 872–879.

31. Clarke N, Jimenez-Lara AM, Voltz E, Gronemeyer H (2004) Tumor suppressor

IRF-1 mediates retinoid and interferon anticancer signaling to death ligand

TRAIL. EMBO J 23: 3051–3060.

32. Salaun B, Zitvogel L, Asselin-Paturel C, Morel Y, Chemin K, et al. (2011) TLR3

as a biomarker for the therapeutic efficacy of double-stranded RNA in breast

cancer. Cancer Res 71: 1607–1614.

33. Salcedo R, Hixon JA, Stauffer JK, Jalah R, Brooks AD, et al. (2009)

Immunologic and therapeutic synergy of IL-27 and IL-2: enhancement of T

cell sensitization, tumor-specific CTL reactivity and complete regression of

disseminated neuroblastoma metastases in the liver and bone marrow. J

Immunol 182: 4328–4338.

34. Liu L, Wang S, Shan B, Shao L, Sato A, et al. (2008) IL-27-mediated activation

of natural killer cells and inflammation produced antitumour effects for human

oesophageal carcinoma cells. Scand J Immunol 68: 22–29.

35. Cocco C, Di Carlo E, Zupo S, Canale S, Zorzoli A, et al. (2012) Complementary

IL-23 and IL-27 anti-tumor activities cause strong inhibition of human follicular

and diffuse large B-cell lymphoma growth in vivo. Leukemia 26: 1365–1374.

36. Airoldi I, Ribatti D (2011) Regulation of angiostatic chemokines driven by IL-12

and IL-27 in human tumors. J Leukoc Biol 90: 875–882.

37. Ho MY, Leu SJ, Sun GH, Tao MH, Tang SJ, et al. (2009) IL-27 directly

restrains lung tumorigenicity by suppressing cyclooxygenase-2-mediated activ-

ities. J Immunol 183: 6217–6226.

38. Gitlin L, Barchet W, Gilfillan S, Cella M, Beutler B, et al. (2006) Essential role of

mda-5 in type I IFN responses to polyriboinosinic:polyribocytidylic acid and

encephalomyocarditis picornavirus. Proc Natl Acad Sci U S A 103: 8459–8464.

39. Besch R, Poeck H, Hohenauer T, Senft D, Hacker G, et al. (2009) Proapoptotic

signaling induced by RIG-I and MDA-5 results in type I interferon-independent

apoptosis in human melanoma cells. J Clin Invest 119: 2399–2411.

40. Inao T, Harashima N, Monma H, Okano S, Itakura M, et al. (2012) Antitumor

effects of cytoplasmic delivery of an innate adjuvant receptor ligand, poly(I:C),

on human breast cancer. Breast Cancer Res Treat 134: 89–100.

41. Krown SE, Kerr D, Stewart WE 2nd, Field AK, Oettgen HF (1985) Phase I

trials of poly(I,C) complexes in advanced cancer. J Biol Response Mod 4: 640–

649.

42. Kitahara Y, Kawane K, Nagata S (2010) Interferon-induced TRAIL-

independent cell death in DNase II-/- embryos. Eur J Immunol 40: 2590–2598.

43. Moschos S, Kirkwood JM (2007) Present role and future potential of type I

interferons in adjuvant therapy of high-risk operable melanoma. Cytokine

Growth Factor Rev 18: 451–458.

44. Alexopoulou L, Holt AC, Medzhitov R, Flavell RA (2001) Recognition of

double-stranded RNA and activation of NF-kB by Toll-like receptor 3. Nature

413: 732–738.

45. Schulz O, Diebold SS, Chen M, Naslund TI, Nolte MA, et al. (2005) Toll-like

receptor 3 promotes cross-priming to virus-infected cells. Nature 433: 887–892.

46. Salaun B, Lebecque S, Matikainen S, Rimoldi D, Romero P (2007) Toll-like

receptor 3 expressed by melanoma cells as a target for therapy? Clin Cancer Res

13: 4565–4574.

47. Tissari J, Siren J, Meri S, Julkunen I, Matikainen S (2005) IFN-a enhances

TLR3-mediated antiviral cytokine expression in human endothelial and

epithelial cells by up-regulating TLR3 expression. J Immunol 174: 4289–4294.

48. Taura M, Fukuda R, Suico MA, Eguma A, Koga T, et al. (2010) TLR3

induction by anticancer drugs potentiates poly I:C-induced tumor cell apoptosis.

Cancer Sci 101: 1610–1617.

49. Heinz S, Haehnel V, Karaghiosoff M, Schwarzfischer L, Muller M, et al. (2003)

Species-specific regulation of Toll-like receptor 3 genes in men and mice. J Biol

Chem 278: 21502–21509.

50. Imamichi T, Yang J, Huang DW, Brann TW, Fullmer BA, et al. (2008) IL-27, a

novel anti-HIV cytokine, activates multiple interferon-inducible genes in

macrophages. AIDS 22: 39–45.

51. Owaki T, Asakawa M, Morishima N, Takeda K, Fukai F, et al. (2008) STAT3 is

indispensable to IL-27-mediated cell proliferation but not to IL-27-induced Th1

differentiation and suppression of proinflammatory cytokine production. J

Immunol 180: 2903–2911.

52. Huang B, Zhao J, Li H, He KL, Chen Y, et al. (2005) Toll-like receptors on

tumor cells facilitate evasion of immune surveillance. Cancer Res 65: 5009–

5014.

53. Guzzo C, Ayer A, Basta S, Banfield BW, Gee K (2012) IL-27 enhances LPS-

induced proinflammatory cytokine production via upregulation of TLR4

expression and signaling in human monocytes. J Immunol 188: 864–873.

54. Colombo MP, Trinchieri G (2002) Interleukin-12 in anti-tumor immunity and

immunotherapy. Cytokine Growth Factor Rev 13: 155–168.

55. Ryffel B (1997) Interleukin-12: role of interferon-c in IL-12 adverse effects. Clin

Immunol Immunopathol 83: 18–20.

TRAIL-Mediated Inhibition of Tumor Growth by IL-27

PLOS ONE | www.plosone.org 11 October 2013 | Volume 8 | Issue 10 | e76159

-306-

--0123456789



Sustained upregulation of effector natural killer cells
in chronic myeloid leukemia after discontinuation of
imatinib
Izuru Mizoguchi,1 Takayuki Yoshimoto,1,6 Seiichiro Katagiri,2 Junichiro Mizuguchi,3 Tetsuzo Tauchi,2

Yukihiko Kimura,2,7 Koiti Inokuchi,4 Junko H. Ohyashiki5 and Kazuma Ohyashiki2

1Department of Immunoregulation, Institute of Medical Science, Tokyo; Departments of 2Hematology; 3Immunology, Tokyo Medical University, Tokyo;
4Division of Hematology, Department of Internal Medicine, Nippon Medical School, Tokyo; 5Department of Molecular Oncology, Institute of Medical
Science, Tokyo Medical University, Tokyo, Japan

(Received April 25, 2013 ⁄ Revised June 3, 2013 ⁄ Accepted June 7, 2013 ⁄ Accepted manuscript online June 12, 2013 ⁄ Article first published online July 8, 2013)

A number of CML patients who achieve a sustained complete
molecular response (CMR) for at least 2 years during imatinib
(IM) therapy can discontinue IM without relapse. With the long-
term goal of developing immunological criteria for managing IM
therapy in CML patients, we compared the immunophenotypic
profiles of three groups of CML patients: those who received IM
and had a CMR for more than two consecutive years (CMR
group); patients who received IM and did not have a sustained
CMR but maintained a major molecular response for more than
2 years (fluctuating CMR group); and patients with a sustained
CMR for more than 6 months after IM discontinuation (STOP-IM
group), together with healthy controls. The percentages of effec-
tor populations of natural killer (NK) cells, such as interferon
(IFN)-c+CD3�CD56+ cells, were significantly higher in the STOP-IM
and CMR groups than in the fluctuating CMR and control groups.
The elevated levels of these effector NK cells were sustained for
more than 3 years after IM discontinuation. In contrast, the per-
centages of effector memory CD8+ T cells, such as IFN-c+

CCR7�CD45RO+CD8+ cells, were significantly higher in the STOP-
IM and control groups than in the CMR and fluctuating CMR
groups, possibly owing to IM intake. These results suggest that
the immunological activation status of NK cells contributes to
CMR maintenance. Higher activation levels of effector NK cells in
CML patients being treated with IM might reflect minimization of
BCR-ABL1 transcript levels and therefore could be additive infor-
mation for determining whether to stop IM. (Cancer Sci 2013;
104: 1146–1153)

T he introduction of tyrosine kinase inhibitors (TKIs),
including imatinib (IM),(1) dramatically changed the

treatment of CML(2,3) and led to the establishment not only
of new therapeutic guidelines but also of criteria for judging
the effectiveness of CML management.(4–6) Imatinib targets
the BCR-ABL oncoprotein, and the drug’s therapeutic effec-
tiveness can be monitored by qualitatively and quantitatively
assessing BCR-ABL1 transcript levels,(7) although the current
techniques might not be sensitive enough to estimate the
exact amount of minimal residual CML burden at the clini-
cal level.(8) Moreover, CML stem cells, for example, CD34+

CML cells, carry much less BCR-ABL1 transcript than CML
non-stem cells, are insensitive to IM, and are considered to
be quiescent.(9–11) Nevertheless, a goal of TKI therapy for
CML is to obtain a major molecular response (MMR), but
hopefully a complete molecular response (CMR, also
referred to as undetectable molecular response), which is
defined as a ≥4.5-fold reduction in the amount of BCR-
ABL1 transcript (CMR4.5) and is the optimal target point for
TKI treatment.(6)

In a study of CML patients with a sustained CMR4.5 lasting
2 years before discontinuation of IM, Mahon et al.(12) found
that approximately 40% of the patients maintained a CMR4.5

after stopping IM. Ross et al.(13) also reported that a subset of
CML patients maintained a CMR after IM cessation; however,
these patients had persistent BCR-ABL DNA, as indicated by
a highly sensitive patient-specific nested quantitative PCR
assay. These two studies clearly indicate that some patients
with persisting residual CML cells can stop IM without appar-
ent molecular relapse. However, we do not know how long
CMR patients should take TKIs, including IM.(14) In the study
by Mahon et al.(12), most of the patients who experienced a
molecular relapse did so within 6 months after discontinuation
of IM, and the relapsed patients showed a molecular response
after restarting IM. This evidence strongly suggests that TKI
therapy may contribute to minimizing BCR-ABL-positive
CML cells but that eradicating CML cells is difficult. Although
the current techniques are not sensitive enough to detect the
BCR-ABL1 transcript,(13) other factors might also be involved
in maintaining the minimization of CML cells. One of these
could be immunological surveillance. We have previously
shown that CML patients who sustain a CMR after IM discon-
tinuation have higher levels of natural killer (NK) cells than
do normal subjects or CMR patients under IM therapy.(15)

In the current study, we characterized and compared the
functional immunophenotypic profiles of CML-CMR patients
in detail with or without IM, along with the profiles of healthy
volunteers. Our results suggest that higher levels of functional
NK cells contribute to maintaining a CMR after stopping IM
and, therefore, that monitoring both the immune system and
the BCR-ABL1 transcript levels could be useful for identifying
CML patients who might be candidates for discontinuation of
IM.

Materials and Methods

Patient characteristics. We arbitrarily categorized 42 CML
patients into three groups as follows: 22 patients who had a
CMR for ≥2 consecutive years with IM (CMR group); 10
CML patients who had a CMR at least twice in the previous
2 years but did not have a sustained CMR under IM treatment
(fluctuating CMR group; all patients maintained MMR: 3-log
reduction); and 10 patients who discontinued IM and had a
sustained CMR for ≥6 months (STOP-IM group).(14,15) We
also included 18 healthy volunteers as controls (control group).
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The study was approved by the institutional review board of
Tokyo Medical University (nos. 1655 and 2159) and Nippon
Medical School (no. 223064). Written informed consent was
obtained from all participants in accordance with the Declara-
tion of Helsinki.
All patients studied were in the chronic phase of CML and

had no clinical signs of immunosuppression or apparent infec-
tion. In addition, none of the patients had been treated with
TKIs other than IM or had undergone allogeneic stem cell
transplantation. Although some patients had previously been
treated with interferon (IFN)-a, the overall proportion of these
patients was approximately 30%, and the proportions in each
group were similar (P = 0.981, Table 1). Overall, no patient
selection bias was apparent among these groups, except in the
case of the total IM dose (Table 1). The total IM dose, which
was calculated as the cumulative amount of IM taken prior to
blood sample collection, was significantly higher in the CMR
group than in the STOP-IM group (P = 0.030). Because all
patients had a CMR, the lymphocyte fractions in the patients
analyzed in this study were of non-leukemic origin.

Lymphocyte activation. Freshly obtained PBMCs were sepa-
rated with a Ficoll density gradient (GE Healthcare, Uppsala,
Sweden) and resuspended in RPMI-1640 medium supple-
mented with 10% FCS. PBMCs (5 9 106 cells ⁄mL) were then
stimulated with PMA (10 ng ⁄mL) and ionomycin (1 lg ⁄mL;
Sigma-Aldrich, St. Louis, MO, USA) for 4 h in the presence
of monensin (GolgiStop, 2 lM; BD Biosciences, San Diego,
CA, USA) for intracellular staining of effector molecules.

Flow cytometry. Immunophenotyping was carried out with a
five-color flow cytometry panel including antibodies against
the following cell surface antigens and effector molecules:
CD3, CD8, CD45RO, CD56, CCR7, IFN-c, granzyme B, and
perforin (eBioscience, San Diego, CA, USA and BioLegend,
San Diego, CA, USA) (Fig. S1). We also analyzed NKG2D-
positive NK cells using anti-NKG2D antibody (eBioscience).
For intracellular staining of IFN-c, granzyme B, and perforin,
cell surface antigens of PBMCs stimulated with PMA and ion-
omycin for 4 h in the presence of monensin were first stained,
fixed, and permeabilized with Cytofix ⁄Cytoperm Fixation ⁄Per-
meabilization Solution (BD Biosciences) according to the man-
ufacturer’s instructions. These cells were then intracellularly
stained and analyzed with the FACSCanto II (BD Biosciences)
flow cytometer and CellQuest software.

Real-time quantitative RT-PCR. Molecular genetic analysis of
BCR-ABL1 transcript was carried out by means of real-time
quantitative RT-PCR. The molecular response was assessed at
least every 3 months. An MMR was defined as a 3-log reduc-
tion in the BCR-ABL1 transcript (international scale; <0.1%),
and a CMR was further confirmed as the disappearance of the

BCR-ABL1 transcript in a nested quantitative PCR assay, as
described previously.(14,15)

Statistical analysis. The immunophenotyping results were
statistically analyzed with GraphPad Prism 5 (GraphPad Soft-
ware, La Jolla, CA, USA). The profiles were analyzed by
one-way ANOVA or the v2-test for more than three groups and
Student’s t-test for two groups. Linear regression was used to
assess the correlation between the percentages of IFN-c+ NK
cells and the duration times after stopping IM. The receiver–
operating characteristic (ROC) curve and the area under the
ROC curve were used to assess the cut-off level between two
groups. A P-value of less than 0.05 was considered to indi-
cate a statistically significant difference.

Results

Percentages of effector populations of NK cells significantly
higher in STOP-IM and CMR groups than in fluctuating CMR and
control groups. Those CML patients receiving IM treatment
(CMR and fluctuating CMR groups) had significantly lower
PBMC counts than the control or STOP-IM groups
(P < 0.0001, Table 2, Fig. S2), although the STOP-IM group
tended to show slightly lower PBMC counts than the control
group; these results indicate that the low PBMC counts in the
CMR groups might have been due to IM intake and thus it is
hard to find a marker in the cell counts for discrimination
between fluctuating CMR and STOP-IM groups (Figs S3,S4).
Therefore, we represent subsets of lymphocytes as percentages
rather than absolute cell counts.
Among the four groups, significant differences were

observed in the percentages of the CD3�CD56+ NK cell popu-
lation but not the CD3+CD56+ NKT cell population, whereas
no significant difference in NK cells between the STOP-IM
and CMR groups was observed, as reported previously
(Fig. 1a).(15) To further examine the activation level of these
lymphocytes, we carried out intracellular staining of effector
molecules, such as IFN-c, granzyme B, and perforin, after acti-
vation with PMA and ionomycin in the presence of monensin,
a protein transport inhibitor. This is the most commonly used
method to simply and efficiently activate many types of cells,
including NK cells and CD8+ T cells, to produce effector mol-
ecules such as cytokines. Natural killer cells play important
roles in innate immunity and also in linking the innate and
adaptive immune responses. Their main functions are the
release of cytokines and the direct cell-mediated cytotoxicity.
Activated NK cells produce effector molecules such as IFN-c,
perforin, and granzyme B. IFN-c is critically important for
subsequent activation of macrophage and differentiation of
naive CD4+ T cells into Th1 cells. Perforin and granzyme B

Table 1. Characteristics of CML patients who achieved a sustained complete molecular response (CMR) during imatinib (IM) therapy

Control Fluctuating CMR CMR STOP-IM P-value

No. of people 18 10 22 10

Age, years 55.3 � 1.8 56.7 � 4.5 56.2 � 2.6 56.5 � 4.0 0.987*

Sex, male ⁄ female 14 ⁄ 4 8 ⁄ 2 16 ⁄ 6 4 ⁄ 6 0.147**

Sokal Category, low ⁄ intermediate ⁄ high NA 7 ⁄ 2 ⁄ 1 19 ⁄ 3 ⁄ 0 6 ⁄ 2 ⁄ 1 0.542**

Sokal score at CML diagnosis NA 0.785 � 0.078 0.674 � 0.019 0.740 � 0.068 0.219*

Imatinib daily dose, ≥400 mg ⁄ <400 mg NA 9 ⁄ 1 15 ⁄ 7 6 ⁄ 4 0.295**

Total IM dose, g NA 852.3 � 88.5 960.0 � 62.1 636.9 � 113.9 0.030*

Duration of IM therapy, months NA 77.2 � 9.4 89.5 � 5.5 67.4 � 11.0 0.133*

Time to achieve CMR from diagnosis, months NA 56.1 � 14.5 58.9 � 8.8 59.3 � 21.5 0.988*

Prior IFN-a, yes ⁄ no NA 3 ⁄ 7 6 ⁄ 16 3 ⁄ 7 0.981**

Data are presented as means � standard error. P-values were obtained by *one-way ANOVA or **v2 test. CMR group, patients who had a CMR
for ≥2 consecutive years with IM; Fluctuating CMR group, patients who had a CMR at least twice in the previous 2 years but did not have a sus-
tained CMR under IM treatment; IFN, interferon; NA, not applicable; STOP-IM group, patients who discontinued IM and had a sustained CMR
for ≥6 months.
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are necessary for direct killing of target cells. Similar to the
percentages of the NK cell population, the percentages of the
IFN-c+, granzyme B+, and perforin+ NK cell populations were
significantly higher in the STOP-IM and CMR groups than in
the fluctuating CMR and control groups (Fig. 1b). Among
these distinct effector NK cell populations and total NK cell
population, the IFN-c+ NK cell population showed the lowest
P-value. No significant differences were observed in the per-
centages of IFN-c+, granzyme B+, or perforin+ NKT cells
among these four groups (Fig. 1c). Note that the percentages
of IFN-c+, granzyme B+, and perforin+ NK cells in the CMR
group were higher than the percentages in the fluctuating CMR
group (P = 0.039, 0.051, and 0.034, respectively), and approx-
imately half of the patients in the CMR group showed high
levels of effector NK cells, which were similar to those in the
STOP-IM group.

Percentages of effector populations of CD8+ T cells were signif-
icantly higher in STOP-IM and control groups than in CMR and
fluctuating CMR groups. CD8+ T cells are functionally divided
into four subpopulations: na€ıve (CCR7+CD45RO�); central mem-
ory (CCR7+CD45RO+); effector memory (CCR7�CD45RO+);
and effector (CCR7�CD45RO�), according to the cell surface
expression of CCR7 and CD45RO.(16) We observed no significant
differences among the groups in the percentages of CD8+ T cells

or in the percentages of the four CD8+ T cell subpopulations,
including the effector memory population (Fig. 2a, Table 2). In
contrast, the percentages of effector populations, such as IFN-c+

CD8+ T cells, were significantly higher in the STOP-IM and
control groups than in the CMR and fluctuating CMR groups
(Fig. 2b); differences that were more clearly apparent were
observed in the IFN-c+ effector memory CD8+ T cell population
among the four subpopulations (Fig. 2c, Table 2).

Higher percentages of effector populations of NK cells and ⁄or
effector memory CD8+ T cells clustered in patients with a CMR
after stopping IM. To estimate a cut-off value for the percent-
age of IFN-c+ NK cells by which to distinguish between the
STOP-IM and fluctuating CMR groups, we carried out ROC
curve analysis (Fig. 3a). The area under the ROC curve was
0.9600 with 90% sensitivity (95% confidence interval [CI],
55.50–99.75%) and 90% specificity (95% CI, 55.50–99.75%).
The cut-off value was thus determined to be 8.750. Further-
more, we also generated a ROC curve by using the percent-
ages of IFN-c+ effector memory CD8+ T cells in the STOP-IM
group and in the fluctuating CMR group (Fig. 3b). The area
under the ROC curve was 0.7600 with 60% sensitivity
(95% CI, 26.24–87.84%) and 90% specificity (95% CI,
55.50–99.75%). The cut-off value was determined to be 6.150.
Therefore, in the following analyses, we used 8.75% and

Table 2. Immunophenotypic profiles of CML patients

Control Fluctuating CMR CMR STOP-IM P-value

Total no. of PBMCs (3106 cells/mL) 2.038 �0.179 1.180 �0.103 1.106 �0.103 1.579 �0.160 <0.0001

CD56+ (%) 13.0 � 1.2 11.0 � 2.2 17.9 � 2.4 18.9 � 3.0 0.085

CD3+CD56+ (%) 4.1 � 1.0 3.2 � 1.0 3.7 � 0.5 4.3 � 0.9 0.863

CD3�CD56+ (%) 8.7 � 1.1 7.8 � 1.3 14.3 � 2.3 14.7 � 2.1 0.036

IFN-c+CD56+ (%) 10.3 � 1.2 7.6 � 1.6 13.8 � 2.2 17.1 � 3.0 0.043

Granzyme B+CD56+ (%) 10.6 � 0.9 8.7 � 1.9 13.0 � 1.6 15.9 � 2.8 0.077

Perforin+CD56+ (%) 10.9 � 1.2 7.9 � 1.3 15.6 � 2.4 16.8 � 3.0 0.043

IFN-c+ NKT (%) 3.6 � 1.0 2.2 � 0.9 2.8 � 0.4 3.8 � 0.9 0.554

Granzyme B+ NKT (%) 3.4 � 0.9 2.3 � 0.9 2.5 � 0.5 3.2 � 0.9 0.718

Perforin+ NKT (%) 3.3 � 1.0 1.1 � 0.2 2.2 � 0.4 2.9 � 0.9 0.276

IFN-c+ NK (%) 6.7 � 1.0 5.4 � 0.9 11.0 � 2.0 13.5 � 2.2 0.021

Granzyme B+ NK (%) 7.0 � 0.9 6.3 � 1.1 10.3 � 1.5 12.9 � 2.1 0.022

Perforin+ NK (%) 7.7 � 1.1 6.8 � 1.2 13.2 � 2.2 13.9 � 2.2 0.030

CD8+ (%) 28.7 � 2.4 22.1 � 2.4 27.8 � 1.8 28.6 � 3.1 0.265

IFN-c+CD8+ (%) 21.8 � 2.0 13.5 � 2.2 17.8 � 1.3 22.2 � 3.1 0.031

Granzyme B+CD8+ (%) 14.7 � 1.5 10.1 � 1.8 12.3 � 1.0 15.7 � 2.3 0.117

Perforin+CD8+ (%) 10.5 � 1.5 6.1 � 0.9 9.3 � 1.1 10.7 � 1.4 0.153

N CD8+ (%) 5.0 � 0.6 5.3 � 1.1 6.0 � 0.8 4.4 � 0.3 0.635

CM CD8+ (%) 2.6 � 0.3 2.4 � 0.3 3.4 � 0.4 1.9 � 0.3 0.090

EM CD8+ (%) 7.6 � 0.9 5.1 � 1.0 6.6 � 0.6 8.4 � 1.2 0.117

E CD8+ (%) 13.2 � 1.4 9.4 � 1.8 11.6 � 1.2 13.9 � 2.4 0.318

IFN-c+N CD8+ (%) 1.3 � 0.2 0.8 � 0.1 1.0 � 0.2 0.6 � 0.1 0.102

Granzyme B+N CD8+ (%) 0.3 � 0.1 0.4 � 0.1 0.4 � 0.1 0.2 � 0.1 0.375

Perforin+N CD8+ (%) 0.2 � 0.0 0.2 � 0.0 0.2 � 0.0 0.1 � 0.0 0.337

IFN-c+CM CD8+ (%) 1.5 � 0.3 0.8 � 0.1 1.3 � 0.2 0.8 � 0.1 0.071

Granzyme B+CM CD8+ (%) 0.7 � 0.1 0.7 � 0.1 0.7 � 0.1 0.5 � 0.2 0.673

Perforin+CM CD8+ (%) 0.5 � 0.1 0.5 � 0.1 0.5 � 0.1 0.4 � 0.2 0.825

IFN-c+EM CD8+ (%) 7.2 � 0.9 4.2 � 1.0 5.4 � 0.5 7.6 � 1.2 0.034

Granzyme B+EM CD8+ (%) 3.4 � 0.5 2.2 � 0.6 2.5 � 0.3 3.6 � 0.6 0.151

Perforin+EM CD8+ (%) 1.6 � 0.4 0.6 � 0.2 1.0 � 0.2 1.6 � 0.4 0.067

IFN-c+E CD8+ (%) 11.9 � 1.4 7.7 � 1.7 10.1 � 0.9 13.4 � 2.5 0.168

Granzyme B+E CD8+ (%) 10.2 � 1.3 6.8 � 1.5 8.7 � 1.0 11.6 � 2.1 0.264

Perforin+E CD8+ (%) 8.2 � 1.3 4.7 � 0.8 7.5 � 1.0 7.9 � 1.2 0.264

Data are presented as means of percentage (%) of total lymphocytes � standard error. P-values were obtained by one-way ANOVA among four
groups. Bold text indicates P < 0.05. CM, central memory (CCR7+CD45RO+); CMR, complete molecular response; CMR group, patients who had a
CMR for ≥2 consecutive years with imatinib (IM) therapy; Fluctuating CMR group, patients who had a CMR at least twice in the previous 2 years
but did not have a sustained CMR under IM treatment; E, effector (CCR7�CD45RO�); EM, effector memory (CCR7�CD45RO+); IFN, interferon; NK,
natural killer (CD3�CD56+); NKT, natural killer T (CD3+CD56+); N, na€ıve (CCR7+CD45RO�); STOP-IM group, patients who discontinued IM and had
a sustained CMR for ≥6 months.
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(a)

(b)

(c)

Fig. 1. Upregulation of functional natural killer
(NK) cells in CML patients after stopping imatinib
(IM). Immunophenotypic profiling was carried out
by five-color flow cytometry analysis of samples
from healthy controls and three patient groups:
those who received IM and had a complete
molecular response (CMR) for more than two
consecutive years (CMR group); patients who did
not have a sustained CMR but maintained a major
molecular response for more than 2 years
(fluctuating CMR group); and patients with a
sustained CMR for more than 6 months after IM
discontinuation (STOP-IM group). The percentages
of cell populations of CD56+, CD3+CD56+ NKT, and
CD3�CD56+ NK cells (a) effector (interferon [IFN]-c+,
granzyme B+, and perforin+) cell populations of
CD3�CD56+ NK cells (b) and CD3+CD56+ NKT cells
(c) were compared. Data are means of percentages
of total lymphocytes � standard error. *P < 0.05.
The percentage of IFN-c+ NK cells in the CMR group
is significantly higher than the percentages in the
control or fluctuating CMR groups, whereas there
was no difference between the STOP-IM and CMR
groups (P = 0.2388). This tendency was also noted
in granzyme B+ and perforin+ NK cells.

(a)

(b)

(c)

Fig. 2. Immunophenotypic profiles of CD8+ T cells
in CML patients. Immunophenotypic profiling was
carried out using five-color flow cytometry analysis
of samples from healthy controls and and three
patient groups: those who received imatinib (IM)
and had a complete molecular response (CMR) for
more than two consecutive years (CMR group);
patients who did not have a sustained CMR but
maintained a major molecular response for more
than 2 years (fluctuating CMR group); and patients
with a sustained CMR for more than 6 months after
IM discontinuation (STOP-IM group). The
percentages of cell populations of CD8+ T cells and
CCR7�CD45RO+ effector memory CD8+ T cells
(a) effector (interferon [IFN]-c+, granzyme B+, and
perforin+) cell populations of CD8+ T cells (b) and
CCR7�CD45RO+ effector memory CD8+ T cells
(c) were compared. Data are means of percentages
of total lymphocytes � standard error. *P < 0.05.
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6.15% as cut-off values for the IFN-c+ NK cells and the IFN-c+

effector memory CD8+ T cells, respectively.
The correlation between the percentages of the IFN-c+ NK

cell population and the IFN-c+ effector memory CD8+ T-cell
population was then analyzed (Fig. 3c). We used the cut-off
values (at the 6.15% mark along the x-axis and at the 8.75%
mark along the y-axis) to divide the plot into four quadrants:
one quadrant in which the percentages were higher than both
cut-offs; two quadrants in which the percentages were higher
than one of the cut-offs; and one quadrant in which the per-
centages were lower than both cut-offs. Almost all the
patients in the fluctuating CMR group fell into the quadrant
lower than both cut-offs. In marked contrast, almost all the
patients in the STOP-IM group fell outside the high-risk area,
especially into the area higher than the cut-off of the IFN-c+

NK cell population.

Time-course analyses of immunophenotypic profiles of patients
in the CMR group after stopping IM. Finally, to examine how
long these higher activation levels of effector NK cells such as
IFN-c+ NK cells were sustained after stopping IM, we used
linear regression analysis to assess the correlation between the
levels of IFN-c+ NK cells in CMR patients who stopped IM
and the time after stopping IM (Fig. 4a). The mean percentage
of IFN-c+ NK cells more than 3 years after stopping IM was
sustained at approximately 13%, which was much higher than
the percentages for the control and fluctuating CMR groups
(6.7 � 1.0% and 5.4 � 0.9%, respectively, Table 2) (95% CI,
9–17%). Intriguingly, one patient sustained an IFN-c+ NK cell
level of 9.2% without relapse 111 months after stopping IM.
Similar analysis of the levels of IFN-c+ effector memory CD8+

T cells was also carried out (Fig. 4b). The mean percentage
more than 3 years after stopping IM was sustained at approxi-
mately 7%, which is similar to the percentage for the control
group (7.2 � 0.9%, Table 2) (95% CI, 5–10%). These results
suggest that the elevated level of IFN-c+ NK cells was sus-
tained for a long time in patients who did not relapse after
stopping IM, and the upregulation of effector NK cells may
have had some role in maintaining a CMR in CML patients
with minimized BCR-ABL1 transcript levels.

Discussion

In the present study, we showed that elevated levels of effector
NK cells were associated with minimization of CML cells and

(a)

(c)

(b)

Fig. 3. Immunological characterization of CML patients after stop-
ping imatinib (IM). (a) Differences in the percentage of interferon
(IFN)-c+ natural killer (NK) cells between patients with a sustained
complete molecular response (CMR) for more than 6 months after IM
discontinuation (STOP-IM group) and patients who did not have a sus-
tained CMR but maintained a major molecular response for more than
2 years (fluctuating CMR group) were compared by receiver–operating
characteristic (ROC) curve analysis. The analysis revealed that the cut-
off value for IFN-c+ NK cells was 8.75%. (b) Differences in the percent-
age of IFN-c+ effector memory CD8+ T cells between the STOP-IM and
fluctuating CMR groups were compared by ROC curve analysis. The
analysis revealed that the cut-off value for IFN-c+ effector memory
CD8+ T cells was 6.15%. (c) The correlation between the percentages
of the IFN-c+ NK cell population and the IFN-c+ effector memory CD8+

T cell population was analyzed for patients belonging to four differ-
ent groups: healthy controls (n = 18); the fluctuating CMR group
(n = 10); those who received IM and had a CMR for more than two
consecutive years (CMR group; n = 22); and the STOP-IM group
(n = 10). The plot was then divided into four quadrants at the 6.15%
mark along the x-axis and at the 8.75% mark along the y-axis.
Patients in the quadrant below both cut-offs are considered to be at
high risk for relapse after stopping IM therapy. Patients in the CMR
group located outside of this high-risk area are considered to be
candidates for discontinuation of IM therapy.

(a)

(b)

Fig. 4. Sustained upregulation of effector natural killer (NK) cell
population in CML patients who received imatinib (IM) and had a
complete molecular response (CMR) for more than two consecutive
years (CMR group) after IM discontinuation. The percentages of inter-
feron (IFN)-c+ NK cells (a) and IFN-c+ effector memory CD8+ T cells (b)
in patients with a sustained CMR for more than 6 months after IM dis-
continuation (STOP-IM group) plus patients who were in the CMR
group and stopped IM were plotted along the y-axis, and the number
of months after stopping IM was plotted along the x-axis for each
patient. The correlation was examined by linear regression analysis;
the mean value is indicated by the solid line, and the 95% confidence
interval (CI) values are indicated by the dashed lines. One patient
retained an IFN-c+ NK cell level of 9.2% and an IFN-c+ effector
memory CD8+ T cell level of 5.6% 111 months after stopping IM.
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that sustained high levels of NK cells might be informative in
determining whether a CMR can be maintained after discontin-
uation of IM. The population of effector NK cells (such as
IFN-c+ NK) was significantly higher in patients who main-
tained a CMR under IM therapy than in the fluctuating CMR
group, and some of the CMR patients showed elevated effector
NK cell levels, similar to the elevated levels observed in the
STOP-IM patients. Recently, it has been reported that some
CML patients who achieve a sustained CMR on IM can stop
therapy and maintain a CMR.(12–14,17,18) However, even when
molecular remission is sustained, CML stem cells may persist
after discontinuation of IM,(13) partly because the cells are
insensitive to IM.(9–11) Therefore, understanding the mecha-
nism of drug-induced cure and determining which factors are
necessary for the maintenance of residual tumor cell dormancy
are important. To evaluate whether our immunological criteria
is a good predictive factor for sustained CMR even after IM
discontinuation, the time-course analyses of immunophenotypic
profiles of patients before and after stopping IM in the CMR
group are required.
Sustained elevation of effector NK cells after discontinuation

of IM is considered to be linked to immunological surveil-
lance.(19) As the elevation of effector NK cells appears to
persist more than 3 years after IM discontinuation, these NK
cells might be memory-type cells. Although NK cells do not
rearrange the genes encoding their activating receptors, recent
evidence has indicated that NK cells experience a selective
education process during development, undergo a clonal-like
expansion during virus infection, generate long-lived progeny,
and mediate more efficacious secondary responses against pre-
viously encountered pathogens like T and B cells.(20,21) At
diagnosis, CML cells are reported to show upregulated expres-
sion of NKG2D ligand, and expression of this ligand is associ-
ated with BCR-ABL by translational regulation involving the
phosphoinositide 3-kinase ⁄mammalian target of the rapamycin
pathway.(22) In addition, serum levels of MHC class I chain-
related molecules (for example, one of the partners of the
NKG2D activating receptor on NK and T cells) are reported to
be elevated in untreated CML patients, whereas NKG2D
expression on NK and CD8+ T cells is downregulated, owing
to immune escape; IM therapy may restore NKG2D-mediated
NK cytotoxic activity in CML patients.(22) This suggests that
upregulation of effector NK cells observed in the current study
may be the result of minimization of CML cells, and the main-
tained elevation of effector NK cells after stopping IM may be
linked to a sustained CMR. Although we did not observe any
significant differences in the NKG2D+ NK population among
the fluctuating CMR, CMR, and STOP-IM groups
(P = 0.8404, data not shown), the continuous upregulation of
effector NK cells may have some immunological effects on
CML cells.
Imatinib is a specific inhibitor of tyrosine kinase receptors,

not only BCL-ABL but also KIT, that are required for the
malignant transformation of stromal cells of the gut in gastro-
intestinal stromal tumors (GISTs). As IM enables disease con-
trol, including objective responses and stable disease in >80%
of GIST patients,(23) IM has also became the standard treat-
ment of advanced GISTs. However, several lines of evidence
indicated that IM might mediate antitumor effects by an alter-
nate mode of action instead of having a direct effect on tumor-
al c-kit mutations in GISTs.(24–26) Intriguingly, it was
previously reported that IM acts on host dendritic cells to pro-
mote NK cell activation and NK cell-dependent antitumor
effects in mice.(25) In addition, most GIST-bearing patients that
were treated with IM acquired NK cell activation, which posi-
tively correlated with clinical outcome,(25) and the IFN-c pro-
duction level of NK cells after 2 months of treatment is
considered a possible independent predictor of long survival in

advanced GISTs treated with IM.(26) Whether such IM-medi-
ated off-target effects trigger NK cell activation in CML
patients remains to be clarified.
It has also been shown that, in a small proportion of

patients, IFN-a therapy can induce complete cytogenetic
remission with prolonged survival without disease relapse after
therapy is stopped.(27,28) Patients who discontinue IFN-a ther-
apy but remain in remission for more than 2 years reportedly
show significantly higher NK cell levels than either patients
still being treated with IFN-a or controls.(29) The immunophe-
notypic profiles of CML patients treated with IFN-a strongly
agree with our results for patients treated with IM. Although
IFN-a therapy has been suggested as a way to increase the
likelihood that IM therapy can be safely stopped,(12) we
observed no significant differences in the proportions of
patients who previously used IFN-a among our three CML
patient groups (P = 0.981, Table 1).
Effector memory (CCR7�CD45RO�) CD8+ T cells mediate

protective memory by migrating to inflamed peripheral tissues
and showing immediate effector function. In contrast, central
memory CD8+ T cells mediate reactive memory by homing to
T-cell areas of secondary lymphoid organs with little or no
effector function, and readily proliferate and differentiate to
effector cells in response to antigenic stimulation.(16) In CML,
CD8+ T cells reportedly recognize leukemic cells,(30,31) and
autologous activated NK cells have been shown to efficiently
suppress the growth of malignant hematopoietic progenitors in
vitro.(32) Some patients with CML and Philadelphia-positive
acute lymphoblastic leukemia who were treated with the sec-
ond-generation TKI dasatinib showed elevation of circulating
large granular lymphocytes and developed numerical expan-
sion of NK cells, CD8+ T cells, or both, which is associated
with superior therapeutic responses.(33,34) In contrast, dasatinib
has also been shown to suppress NK cell cytotoxicity.(35,36)

Therefore, the dissociation between the immune reactivation
in vivo and immunosuppressive effects in vitro might exist in
dasatinib.(33,37) Salih et al.(38) showed that dasatinib impairs
expression of NKG2D ligand on CML cells and reduces the
production of IFN-c and the cytotoxicity of NK cells derived
from CML patients, whereas IM has no direct influence on NK
cell activity. These results indicate that understanding of the
immunological profiles of patients treated with TKIs is impor-
tant and that caution should be exercised in stopping treatment
with these agents just after a CMR has been sustained for
2 years. Further studies are necessary to examine whether or
not the present criteria is applied to CML patients undergoing
dasatinib therapy.
Previously reported results indicate that NK cells of

patients newly diagnosed with CML are reduced in numbers
or in proportion among lymphocytes and have limited cyto-
lytic capacity at diagnosis of CML, and that these abnormal-
ities persist during IM-induced remission.(39–41) The present
results suggest that NK cells are more sensitive to the resid-
ual BCR-ABL-positive cells than are NKT cells and CD8+

T cells. However, the patterns in CD8+ T cells were differ-
ent from those in NK cells among the four groups, implying
that these two types of immune cells play different roles in
CML tumor surveillance in different situations. It is possible
that the effector population of CD8+ T cells, which were
suppressed by IM, was simply restored to the normal level
after stopping IM. Nevertheless, compared to patients in the
fluctuating CMR group, some CMR patients treated with IM
show either upregulation of effector memory CD8+ T cells
or effector NK cells, or both (Fig. 3c), thus indicating a
possible immunological mechanism for the minimization of
BCR-ABL-positive cells that is linked to discontinuation of
IM, while other underlying factors for stopping IM may
exist.(42,43)
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In conclusion, our results suggest that monitoring of func-
tional activation levels of NK cells, and perhaps of CD8+ T
cells as well, in CML patients could be important for indirectly
determining the level of residual CML cells, which contribute
to immunological surveillance.
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(4) 肺癌におけるRNAシーケンスの有用性

分子病理学分野 助教 大野 慎一郎
Ⅱ. 研究基盤形成進捗状況
(1) がん幹細胞を標的とした治療戦略:新たな分子標的の探索

血液内科学分野 准教授 田内 哲三
(2) がん環境を標的とした治療戦略:エクソソームの役割

先端分子探索寄附講座 講師 梅津 知宏
(3) 免疫学的側面から:サイトカインによる骨髄造血の制御と抗腫瘍効果

医学総合研究所 教授 善本 隆之
(4) 核酸医薬の実現に向けて

分子病理学分野 主任教授 黒田 雅彦

４．総合討論

５．閉 会
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Tokyo	  Medical	  University,	  Ins5tute	  of	  Medical	  Science	

"Role of Aging and Cancer” 
August 28, 2017 Tokyo 

Venue:	  Tokyo	  Medical	  University	  Hospital	  
Educa9on	  and	  Research	  Building	  Mee9ng	  Room	  (3rd	  floor)	  	  

[Contact]	  Chikako	  Kato	  (Secretariat	  of	  the	  1st	  TMU-‐IMS	  Interna5onal	  Symposium	  in	  Tokyo)	  
E-‐mail:	  s-‐idrc@tokyo-‐med.ac.jp	  
TEL&FAX:	  +81-‐3-‐3345-‐0185	  	  

[URL]	  hRp://team.tokyo-‐med.ac.jp/ims_onc/symposium/index.html	  

Session	  2:	  16:10-‐17:50	  
(5)	  Advances	  in	  cancer	  immunotherapy:	  

Prof.	  Takayuki	  Yoshimoto	  (Tokyo	  Medical	  University)	  
(6)	  Hypoxia	  induced	  paclitaxel	  resistance	  via	  miR-‐100	  as	  a	  

poten9al	  diagnos9c	  biomarker	  for	  cervical	  cancer:	  
Prof.	  Hirotaka	  Nishi	  (Tokyo	  Medical	  University） 	  

(7)	  G-‐quadruplexes	  in	  cancer	  biology	  and	  therapeu9cs:	  
Dr.	  Hiroyuki	  Seimiya	  (Japanese	  Founda5on	  for	  Cancer	  
Research)	  

(8)	  Recent	  advance	  of	  telomere	  biology	  in	  neuroblastoma:	  
Prof.	  Eiso	  Hiyama	  (Hiroshima	  University)	  

Session	  1:	  14:10-‐15:50	  
(1)	  miRNA	  in	  aging	  and	  cancer:	  

Prof.	  Hidetoshi	  	  Tahara	  	  (Hiroshima	  University)	  
(2)	  Dendri9c	  cell-‐derived	  exosomes	  as	  Immunotherapy:	  

Dr.	  Masakatsu	  Takanashi	  (Tokyo	  Medical	  University)	  
(3)	  Cross-‐talk	  mediated	  by	  bone	  marrow	  stromal	  cell-‐derived	  

extracellular	  vesicles:	  
Dr.	  Tomohiro	  Umezu	  (Tokyo	  Medical	  University)	  

(4)	  Clinical	  applica9on	  of	  mesenchymal	  stromal	  cells	  (Kintaro	  
cellsTM)	  
Mr.	  Alexei	  Gladkov	  (Kintaro	  Cells	  Power	  Corp.)	  

Prof.	  Jerry	  W.	  Shay	  	  
(Department	  of	  Cell	  Biology,	  University	  of	  Texas	  Southwestern	  
Medical	  Center,	  Dallas,	  U.S.A)	  

Special	  Lecture	  	  18:00〜18:50	  
Chair:	  Prof.	  Kazuma	  Ohyashiki	  (Tokyo	  Medical	  University)	  
Title:	  Recent	  advances	  in	  telomeres	  and	  telomerase	  
in	  rela9on	  to	  aging	  and	  cancer:	  TeSLA,	  TPE-‐OLD	  and	  
6-‐thio-‐2’-‐deoxyguanosine	  	  	  	  

MEXT-Supported Program for the Strategic Research Foundation at Private Universities 
(2013-2017) ”Development of Personalized Cancer Therapy for the Next Generation 
Based on Biomolecular Information” 

Organized	  by	  	  
Masahiko	  Kuroda,	  Takayuki	  Yoshimoto	  and	  Junko	  H	  Ohyashiki	  

Program	  
Opening	  Remarks:	  14:00-‐14:05	  
Prof.	  Mamoru	  Suzuki	  (President	  of	  Tokyo	  Medical	  University)	  

-316-

--0123456789



お問い合わせ：

平成25年度～平成29年度
≪文部科学省 私立大学戦略的研究基盤形成支援事業≫

東京医科大学 最終成果報告会
『生体分子情報による次世代型がん個別最適化治療法の開発』

日 時 ： 平成30年1月26日（金）17:20～19:20
会 場 ： 東京医科大学病院

教育研究棟（自主自学館）3階 大教室

１．開 会 学 長 鈴木 衞

２．本事業の研究成果総括
プロジェクト長 医学総合研究所 分子腫瘍研究部門 教授 大屋敷 純子

３．研究成果報告
I. 先端基礎研究の成果概要
(1) 人工知能を用いた癌の予後システムの開発

分子病理学分野 主任教授 黒田 雅彦
(2) IL-27による造血系の制御による抗腫瘍効果の増強

医学総合研究所 免疫制御研究部門 教授 善本 隆之
Ⅱ. 臨床への応用
(1) 白血病のエクソーム解析：微小クローン推移による再発予測

血液内科学分野 助教 片桐 誠一朗
(2) 次世代シークエンサーによる眼腫瘍の解析

眼科学分野 講師 臼井 嘉彦
(3) 婦人科がんにおける腫瘍マーカーとしてのmiRNAの可能性

産科婦人科学分野 助教 高見澤 重篤
Ⅲ. 産学連携研究への発展

がん環境におけるMesenchymal Stromal Cellの役割
医学総合研究所 分子腫瘍研究部門・血液内科学分野
細胞治療研究開発講座 講師 梅津 知宏

４．総合討論

５．外部評価委員のご意見

６．閉 会 病院長 土田 明彦

東京医科大学研究支援部研究支援課
（E-mail） kenkyu-s@tokyo-med.ac.jp
（TEL） 03-3351-6141 内線457
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