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研究成果の概要（和文）：DDX3Xという蛋白質を高発現する癌細胞は浮遊で生存することが可能となり、高い浸潤、増
殖能を有する癌幹細胞の性質を獲得することを報告してきた。
本研究において、小細胞肺癌を解析した結果、遠隔転移を持つ進展型患者ではDDX3Xを発現している循環腫瘍細胞が存
在しており、限局型という遠隔転移のない患者ではDDX3X陽性の循環腫瘍細胞が存在しないことを明らかとした。
また、限局型ではDDX3Xに反応するTリンパ球が存在するのに対して、進展型では認められなかった。以上の結果は、DD
X3Xに対する抗腫瘍T細胞免疫が高い転移能を持つDDX3X陽性循環腫瘍細胞を駆逐し、遠隔転移を防いでいることを示し
た。

研究成果の概要（英文）：We have reported that cancer cells expressing DDX3X possessed ability to 
proliferate in an anchorage independent manner, and acquired cancer stem cell (CSC)-like characteristics, 
such as high migration and proliferation activity.
In this study, it was elucidated that cancer cells circulating in peripheral blood of extended stage 
disease (ED) small cell lung cancer (SCLC) patients expressed DDX3X, but that those of limited stage 
disease (LD) SCLC did not. On the other hand, T-lymphocytes in peripheral blood of LD-SCLC patients 
recognized DDX3X and secreted IFNγ, but that T-lymphocytes of ED-SCLC patients could not. In conclusion, 
it is likely that antitumor T-lymphocytes recognizing DDX3X eliminated DDX3X-positive CSC-like 
circulating cancer cells and prevented distant metastases.

研究分野：呼吸器内科
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１．研究開始当初の背景 
私達は、抗腫瘍免疫において CD4+ effector 

T 細胞が極めて高い活性を示すことを報告

し (Kagamu, H., et al., J.Immunol, 1998)、長

期間の抗腫瘍効果を保つためには制御性 T

細胞(Treg)との間に effector 優位の CD4+T

細胞バランスが必要であることを示した

(Hiura, T., Kagamu, H., et al., J.Immunol, 

2005)。 

Small cell lung cancer (SCLC)は進行が早
く、極めて転移しやすい肺がんである。検

出可能な遠隔転移を持たない限局型と顕性

遠隔転移を有する進展型に分けられる。細

胞生物学的特性や遺伝子変異などは限局型、

進展型で差がないことが示されている。興

味深いことに、ランバート・イートン症候

群など onco-neural antigenと呼ばれる癌
と神経系の共通抗原に対する自己免疫疾患

が生じると長期間限局型に止まることが知

られており、T 細胞免疫現象が遠隔転移の
有無を分けている可能性が示唆されてきた。

私達は、SCLC 患者末梢血を検討し CD4+ 

effector T細胞と Treg間にシーソー型のバ

ランスを見出した。即ち、遠隔転移を持つ

進展型(ED)では Treg が増加しているが、

遠隔転移のない限局型(LD)では、逆に CD4+ 

effector T細胞が増加しており Tregは健常

者と同等であった (Koyama, K., Kagamu, 

H., et al., Clin Cancer Res, 2008)。一方、循

環腫瘍細胞の多くは CSC としての性質を

有していることが報告されている。申請者

らは、のプロテオーム解析により DEAD/H 

(Asp-Glu-Ala-Asp/His) box polypeptide 3, 

X-linked (DDX3X)が CD133 を発現するマ
ウスメラノーマ CSC 特異的であることを

見出した(Koshio, J., Kagamu, H., et al., CII, 

2013)。一方、DDX3Xは高免疫原性蛋白質
であり、DDX3X によるワクチネーション
によりメラノーマを退縮させる抗腫瘍T細
胞免疫を誘導可能であることを明らかにし

ている。 

DDX3Xは多くのヒト非小細胞肺癌、乳癌、
大腸癌由来細胞株で高発現していることを

確認しているが、特にヒト小細胞肺癌株に

特に高発現していた。 
 
２．研究の目的 
本研究は、小細胞肺癌の循環腫瘍細胞を駆

逐する癌幹細胞(CSC)特異的抗腫瘍免疫療

法の開発を目的とする。小細胞肺癌につい

て、①循環腫瘍細胞における DDX3X 発現

の有無、機能、バイオマーカーとしての意

義を明らかにする、②オンコリスバイオフ

ァーマ社と共同して第二世代テロメスキャ

ン TMを用い、高い精度で循環腫瘍細胞検出を

行うとともに、末梢血に DDX3X反応性エフ

ェクターT細胞が存在するか否か検討する。 
３．研究の方法 

1) SCLC患者末梢血 15mlを採取し、オ

ンコリスバイオファーマ研究室にお

いて第二世代テロメスキャンを用い 

(Fig.1)、GFP 蛍光陽性細胞として末

梢血中循環腫瘍細胞を半定量する。

小細胞肺癌患者の末梢血循環腫瘍

細胞について TelomeScan F35を
用いて検出を試みた。TelomeScan 
F35 はテロメラーゼ陽性細胞にお
いて GFP を発現するよう遺伝子
改変されたアデノウイルスであり、

不死化細胞である癌細胞はこのウ

イルス感染によりテロメラーゼを

有するため蛍光を発する。 
Fig. 1 

 
 



 

 

Fig. 2 

また、miR-142-3pを組み込むこと
により血球系細胞への感染を最小

限に抑制している (Fig. 2)。①で得
られた循環腫瘍細胞の免疫組織化学

的解析を行う。細胞数が少数である

ことが予想されるため、DDX3X、

β-catenin 、 CD44 、 E-cadherin 、

vimentinを優先的に解析する。 

2) SCLC患者末梢血 T細胞を用いた解

析 

①	 Clin Cancer Resに報告した方法

を用いて effector CD4+ T細胞と

Tregとの細胞比率を解析する。

CD62Llow CD4+ T細胞を effector

型、CD62LhighCD25+CD4+ T細胞を

Tregとし、フローサイトメトリ

ーにより定量化を行う。 

②	 DDX3X反応 T細胞の検出：磁気

ビーズを用いて分離した

CD62LlowCD4+ T 細胞、CD62Llow	

CD8+ T細胞を responder細胞と

して用いる。stimulator細胞とし

ては樹状細胞に合成 DDX3X 蛋

白質をパルスして用いる。コン

トロールとして OVA をパルス

した樹状細胞を用い、測定した

IFNγ量がコントロールの 1.5 倍

以上でp<0.05の有意差を持って

いる場合に、反応ありと判定す

る。 
	
	

４．研究成果	

1). この系を用いて検討した結果、
CD45-GFP+循環腫瘍細胞を 14症例中 6例
で検出した。CellSearchと同様な手法であ
る EpCAM発現による検出率は、3/14であ
り TelomeScan F35の約半数の症例のみで
認められた。EpCAM 陽性循環腫瘍細胞検
出例は全て TelomeScan陽性症例に含まれ
ていた。7.5mlの全血検体から最大 235個
を検出した。臨床病期との関連では、N0-1
症例では検出されなかったのに対して、N2
症例で 40%、N3 症例で 57.1%の検出率で
あった。遠隔転移を持たないM0症例では
37.5%に陽性であり、M1 症例では 50%の
陽性率であった。DDX3X は、遠隔転移陽
性症例の循環腫瘍細胞全てにおいて発現さ

れていた。一方、遠隔転移を持たない限局



 

 

型の小細胞肺癌症例では DDX3X陽性循環
腫瘍細胞は認められなかった。 

2). 末梢血中 CD4+ T細胞が DDX3Xに反

応して IFNγを産生するか検討したと

ころ、限局型小細胞肺癌患者１２症例

中６例で反応を認めたが、進展型小細

胞肺癌患者７症例、健康ボランティア

６例では全く反応を認めなかった。 

3). マウスメラノーマ幹細胞に特異的に
発現している蛋白質として。肺癌細胞

株に DDX3X を遺伝子導入し強制発現

させると、非接着性分画が増加しカド

ヘリンスイッチするなど上皮間葉転換

が進む。また、DDX3Xにより Sox2が

高発現し、ALDH、CD44など癌幹細胞

マーカーのアップレギュレーションが

生じることを示してきた。 
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expression [9], DDX3X has also been shown to be directly
correlated with oncogenesis [10,11]. Recently, whole-exome
sequencing identified DDX3X as a target of driver gene mutations
that mediate pathogenic b-catenin signaling in medulloblastoma,
which supports the CSC theory [12–16].
In this study, we sought to investigate the role of DDX3X in

conferring EGFR-TKI resistance in lung cancer cells. Our data
suggested that DDX3X may represent a novel therapeutic target
for overcoming intratumor heterogeneity in lung cancer patients
harboring EGFR-activating mutations.

Materials and Methods

Tumor cells
PC9 cells lung adenocarcinoma cells harboring an EGFR exon

19 deletion mutation, were provided from Riken BioResource
Center and maintained in culture medium (CM) containing RPMI
1640 medium supplemented with 10% heat-inactivated lipopoly-
saccharide (LPS)-qualified fetal calf serum (FCS), 0.1 mM
nonessential amino acids, 1 mM sodium pyruvate, 100 U/mL
penicillin, and 100 mg/mL streptomycin sulfate (all from Life
Technologies, Inc., Tokyo, Japan). HCC4006 lung adenocarcino-
ma cells harboring an EGFR exon 19 deletion mutation were
purchased from American Type Culture Collection and were
cultured in CM.

Transfection of PC9 cells with DDX3X cDNA
Transfection of lung cancer cells with DDX3X cDNA was

performed using a Myc-FLAG-tagged open reading frame (ORF)
clone of human DDX3X transcript variant 1 as transfection-ready
DNA (Origene Technologies, Inc., Rockville, MD, USA) accord-
ing to the manufacturer’s protocol. Experimental cells were
incubated with fresh medium containing G418 (600 mg/mL,
Promega, Madison, WI, USA), and the medium was replaced with
fresh G418-containing medium every 3–4 days until resistant
colonies were identified.

Knockdown of DDX3X by shRNA
Knockdown of DDX3X was performed using an shRNA

lentiviral (pLKO.1-puro) plasmid (Sigma-Aldrich, St. Louis, MO,
USA) having the following DDX3X target sequence: 59-
CCGGACGTTCTAAGAGCAGTCGATTCTCGAGAATC-
GACTGCTCTTAGAACGTTTTTTG. PC9 cells were plated in
fresh medium, and hexadimethrine bromide (8 mg/mL) was added
to each well. The cells were cotransfected with the pLKO.1-puro
plasmid plus the packaging vector according to the manufacturer’s
protocol. The medium was changed approximately 16 h after
transfection, and the cells were cultured for an additional 48–72 h.
Experimental cells were incubated with fresh medium containing
puromycin (2.0 mg/mL), and the medium was replaced with fresh
puromycin-containing medium every 3–4 days until resistant
colonies were identified. A minimum of five puromycin-resistant
colonies were picked, and each clone was expanded for the assay.

Figure 1. A. Immunoblotting analysis of DDX3X in parental PC9 cells, mock transfectants, and A-1 cells that were transfected with cDNA encoding
DDX3X. B. Immunoblotting analysis of Sox2, KLF4, and c-Myc, in parental PC9 cells, mock transfectants, and A-1 cells. C. Analysis of anchorage-
independent cell proliferation by phase-contrast microscopy. D. 16105 PC9 parental cells or A-1 cells were cultured on 24-well plates for 3 days.
Nonadherent cells were collected by gentle rocking in culture medium. The ratio of nonadherent cells was calculated based on the total number of
adherent cells. Dead cells were excluded with trypan blue exclusion method. *P,0.05. Data are presented as the mean 6 SD of three independent
experiments.
doi:10.1371/journal.pone.0111019.g001
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DDX3X reduced EGFR signaling in cancer cells harboring
EGFR-activating mutations
The survival and proliferation of PC9 cells are dependent on an

EGFR signaling addiction because PC9 cells possess driver
mutations in the EGFR gene that enhance tyrosine kinase activity
[18,19]. Thus, we analyzed whether EGFR signaling was affected
by DDX3X overexpression. Consistent with previous reports,
Tyr1068 of EGFR was phosphorylated in parental PC9 cells and
mock transfectants, even in the absence of EGF (Fig. 4A);
however, almost no EGFR phosphorylation was detected in A-1
cells. Additionally, knockdown of DDX3X in A-1 cells restored
EGFR phosphorylation. To confirm that this phenomenon was
not limited to PC9 cell line, we transfected HCC4006, a human
lung adenocarcinoma harboring an EGFR exon 19 deletion, with
cDNA encoding DDX3X (HCC4006 S1, HCC4006 S2).
HCC4006 S1 and S2 also lost EGFR phosphorylation (Fig.
S1B). EGFR possesses multiple Tyr residues that undergo
phosphorylation. For example, the GRB2 adaptor protein binds
activated EGFR at phosphorylated Tyr1068 [20], and phosphor-
ylated Tyr1173 provides a docking site for the Shc scaffold protein,
which is involved in mitogen-activated protein kinase (MAPK)
signaling activation [21]. Additionally, Tyr845 can be phosphor-
ylated by other kinases, including Src, and has been shown to be

phosphorylated in many gefitinib-resistant EGFR mutants [22–
24]. Therefore, we next examined the phosphorylation states of
these three tyrosine residues (Tyr845, Tyr1068, and Tyr1173) in
the presence of EGF. Interestingly, we found reduced phosphor-
ylation of all examined tyrosine residues in EGFR in A-1 cells
(Fig. 4B).
In the presence of 100 ng/mL EGF, EGFR phosphorylation

(Tyr1068) was increased in parental PC9 cells (Fig. 4C). In
contrast, ligand-induced EGFR phosphorylation and subsequent
extracellular signal-regulated kinase (ERK) phosphorylation were
significantly attenuated in A-1 cells.
In addition to being regulated by phosphorylation, EGFR can

generate signaling through phosphorylation of other human
epidermal growth factor receptor (HER) family proteins by
forming heterodimers. Crosstalk of Met with the EGFR signaling
pathway has also been shown to be involved in EGFR-TKI
resistance [25]. Thus, we tested whether HER2, HER3, HER4,
and Met were phosphorylated. However, no differences in the
phosphorylation states of HER2 or Met were found between
parental PC9 cells and A-1 cells (Fig. S1C, D). Additionally,
HER3 and HER4 were not phosphorylated in these cells (data not
shown).

Figure 5. A. Immunoblotting analysis of DDX3X expression in adherent and nonadherent parental PC9 cells and A-1 cells. B. ALDEFLUOR assays
were carried out by suspending cells in Aldefluor assay buffer containing 1.5 mM bodipy-aminoacetaldehyde, an ALDH substrate. Cells were then
incubated for 45 min at 37uC and analyzed according to the manufacturer’s instructions. C. Flow cytometry analysis of adherent and nonadherent
parental PC9 cells and A-1 cells. Histgrams indicate CD44 expression. Dotted lines indicate isotype control, thin lines indicate adherent cells, and the
thick lines indicate nonadherent cells. D. Flow cytometry analysis of unfractionated, adherent, and nonadherent cells derived from parental PC9 cells
and A-1 cells. X-axis indicates fluorescence intensity of E-cadherin, and Y-axis indicates fluorescence intensity of N-cadherin. E. Flow cytometry
analysis of nonadherent cells isolated from parental PC9 and A-1 cells. Histogram plots show vimentin expression on gated N-cadherin+ cells.
doi:10.1371/journal.pone.0111019.g005

Primary EGFR-TKI Resistance Induced by DDX3X

PLOS ONE | www.plosone.org 6 October 2014 | Volume 9 | Issue 10 | e111019
DDX3X reduced EGFR signaling in cancer cells harboring
EGFR-activating mutations
The survival and proliferation of PC9 cells are dependent on an

EGFR signaling addiction because PC9 cells possess driver
mutations in the EGFR gene that enhance tyrosine kinase activity
[18,19]. Thus, we analyzed whether EGFR signaling was affected
by DDX3X overexpression. Consistent with previous reports,
Tyr1068 of EGFR was phosphorylated in parental PC9 cells and
mock transfectants, even in the absence of EGF (Fig. 4A);
however, almost no EGFR phosphorylation was detected in A-1
cells. Additionally, knockdown of DDX3X in A-1 cells restored
EGFR phosphorylation. To confirm that this phenomenon was
not limited to PC9 cell line, we transfected HCC4006, a human
lung adenocarcinoma harboring an EGFR exon 19 deletion, with
cDNA encoding DDX3X (HCC4006 S1, HCC4006 S2).
HCC4006 S1 and S2 also lost EGFR phosphorylation (Fig.
S1B). EGFR possesses multiple Tyr residues that undergo
phosphorylation. For example, the GRB2 adaptor protein binds
activated EGFR at phosphorylated Tyr1068 [20], and phosphor-
ylated Tyr1173 provides a docking site for the Shc scaffold protein,
which is involved in mitogen-activated protein kinase (MAPK)
signaling activation [21]. Additionally, Tyr845 can be phosphor-
ylated by other kinases, including Src, and has been shown to be

phosphorylated in many gefitinib-resistant EGFR mutants [22–
24]. Therefore, we next examined the phosphorylation states of
these three tyrosine residues (Tyr845, Tyr1068, and Tyr1173) in
the presence of EGF. Interestingly, we found reduced phosphor-
ylation of all examined tyrosine residues in EGFR in A-1 cells
(Fig. 4B).
In the presence of 100 ng/mL EGF, EGFR phosphorylation

(Tyr1068) was increased in parental PC9 cells (Fig. 4C). In
contrast, ligand-induced EGFR phosphorylation and subsequent
extracellular signal-regulated kinase (ERK) phosphorylation were
significantly attenuated in A-1 cells.
In addition to being regulated by phosphorylation, EGFR can

generate signaling through phosphorylation of other human
epidermal growth factor receptor (HER) family proteins by
forming heterodimers. Crosstalk of Met with the EGFR signaling
pathway has also been shown to be involved in EGFR-TKI
resistance [25]. Thus, we tested whether HER2, HER3, HER4,
and Met were phosphorylated. However, no differences in the
phosphorylation states of HER2 or Met were found between
parental PC9 cells and A-1 cells (Fig. S1C, D). Additionally,
HER3 and HER4 were not phosphorylated in these cells (data not
shown).

Figure 5. A. Immunoblotting analysis of DDX3X expression in adherent and nonadherent parental PC9 cells and A-1 cells. B. ALDEFLUOR assays
were carried out by suspending cells in Aldefluor assay buffer containing 1.5 mM bodipy-aminoacetaldehyde, an ALDH substrate. Cells were then
incubated for 45 min at 37uC and analyzed according to the manufacturer’s instructions. C. Flow cytometry analysis of adherent and nonadherent
parental PC9 cells and A-1 cells. Histgrams indicate CD44 expression. Dotted lines indicate isotype control, thin lines indicate adherent cells, and the
thick lines indicate nonadherent cells. D. Flow cytometry analysis of unfractionated, adherent, and nonadherent cells derived from parental PC9 cells
and A-1 cells. X-axis indicates fluorescence intensity of E-cadherin, and Y-axis indicates fluorescence intensity of N-cadherin. E. Flow cytometry
analysis of nonadherent cells isolated from parental PC9 and A-1 cells. Histogram plots show vimentin expression on gated N-cadherin+ cells.
doi:10.1371/journal.pone.0111019.g005

Primary EGFR-TKI Resistance Induced by DDX3X

PLOS ONE | www.plosone.org 6 October 2014 | Volume 9 | Issue 10 | e111019



 

 

 [結論 ] 
進展型小細胞肺癌患者は末梢血を循環する

腫瘍細胞が存在すること、その細胞は癌幹

細胞化、EMT を進めると考えられる

DDX3X を発現しているが、これに対する
T 細胞免疫反応を欠如していることが明ら
かとなった。一方、限局型小細胞肺癌では

逆にDDX3Xに対する T細胞免疫応答が認
められ、末梢血を循環する腫瘍細胞は

DDX3X を発現していないことから、

DDX3Xに対する T細胞免疫が末梢血にお
ける血行性転移の障壁として働いていると

考えられた。 
DDX3Xを標的抗原とした T細胞免疫療法
は、癌幹細胞化、EMT 化することで抗が
ん剤、分子標的治療薬に耐性である癌細胞

を駆逐できる可能性を示唆している。 
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