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Several recent studies have suggested that cancer stem cells (CSCs) are involved in resistance to geﬁtinib
in non-small cell lung cancer (NSCLC). Oct4, a member of the POU-domain transcription factor family, has
been shown to be involved in CSC properties of various cancers. We previously reported that Oct4 and
the putative lung CSC marker CD133 were highly expressed in geﬁtinib-resistant persisters (GRPs) in
NSCLC cells, and GRPs exhibited characteristic features of the CSCs phenotype. The aim of this study was
to elucidate the role of Oct4 in the resistance to geﬁtinib in NSCLC cells with an activating epidermal
growth factor receptor (EGFR) mutation. NSCLC cell lines, PC9, which express the EGFR exon 19 deletion
mutation, were transplanted into NOG mice, and were treated with geﬁtinib in vivo. After 14e17 days of
geﬁtinib treatment, the tumors still remained; these tumors were referred to as geﬁtinib-resistant tumors (GRTs). PC9-GRTs showed higher expression of Oct4 and CD133. To investigate the role of Oct4 in
the maintenance of geﬁtinib-resistant lung CSCs, we introduced the Oct4 gene into PC9 and HCC827 cells
carrying an activating EGFR mutation by lentiviral infection. Transfection of Oct4 signiﬁcantly increased
CD133-positive GRPs and the number of sphere formation, reﬂecting the self-renewal activity, of PC9 and
HCC827 cells under the high concentration of geﬁtinib in vitro. Furthermore, Oct4-overexpressing PC9
cells (PC9-Oct4) signiﬁcantly formed tumors at 1  10 cells/injection in NOG mice as compared to control
cells. In addition, PC9-Oct4 tumors were more resistant to geﬁtinib treatment as compared to control
cells in vivo. Finally, immunohistochemical analysis revealed that Oct4 was highly expressed in tumor
specimens of EGFR-mutant NSCLC patients with acquired resistance to geﬁtinib. Collectively, these
ﬁndings suggest that Oct4 plays a pivotal role in the maintenance of lung CSCs resistant to geﬁtinib in
EGFR mutation-positive NSCLC.
© 2016 Elsevier Inc. All rights reserved.
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1. Introduction
Advanced non-small cell lung cancer (NSCLC) is the leading

Abbreviations: GRP, geﬁtinib-resistant persister; GRT, geﬁtinib-resistant tumor;
qPCR, quantitative real-time PCR.
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cause of cancer-related deaths worldwide [1]. Somatic mutations in
the epidermal growth factor receptor (EGFR) gene, such as an inframe deletion mutation in exon 19, are associated with favorable
response to the EGFR tyrosine kinase inhibitor (EGFR-TKI), geﬁtinib
[2]. However, acquired resistance to geﬁtinib limits progressionfree survival among NSCLC patients with activating EGFR mutations [3]. The most well-known mechanisms of acquired resistance
are EGFR T790M secondary mutation, MET ampliﬁcation, overexpression of HGF, mutation or ampliﬁcation of HER2, and transformation to small cell lung cancer [4]. However, the mechanisms
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Fig. 1. Establishment of geﬁtinib-resistant tumors (GRTs) in EGFR-mutant PC9-bearing NOG mice. PC9 cells (1  105 cells/site) were transplanted into NOG mice, and once tumor
volume reached 75 mm3, we started treatment with geﬁtinib (20 mg/kg) or vehicle by intraperitoneal injection (6 times/week). (A) Mean tumor volumes (±SD) were calculated
using the following formula: [A x B2]/2 (mm3), where A is the largest diameter, and B is the perpendicular diameter. (B) Tumors were collected, and qPCR was performed with
primers for Oct4 and CD133 in PC9 tumors and PC9-GRTs. Data were normalized to actin expression and are expressed as the mean ± SD. *P < 0.05. (C) Oct4 and CD133 expression in
PC9 tumors and PC9-GRTs was determined by ﬂuorescence-immunohistochemistry using primary antibodies against Oc4 or CD133 followed by secondary antibodies labeled with
Alexa Fluor 594 anti-mouse (red). Cell nuclei were stained with DAPI (blue). Images were obtained using Axioplan 2 system. Five images were captured from each group and Oct4þ
and CD133þ cells numbers were divided by corresponding DAPI numbers. Data are expressed as mean ± SD. *P < 0.05 indicates a signiﬁcant difference from the control group. The
scale bar indicates 200 mm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article).
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responsible for intrinsic resistance and other acquired forms of
resistance to EGFR-TKI are not fully understood.
Cancer stem cells (CSCs), also known as tumor-initiating cells
and stem-like cancer cells, exhibit self-renewal capacity and are
responsible for tumor maintenance, metastases, and resistance to
cancer therapeutics [5]. Several recent studies have demonstrated
that CSCs are involved in resistance to geﬁtinib in NSCLC as nonmutational mechanisms [6e8]. However, molecular factors that
regulate CSCs in geﬁtinib resistance have not been fully clariﬁed.
Oct4, a member of the POU-domain family of transcription
factors, is essential to maintain self-renewal and is expressed in
pluripotent embryonic stem (ES) cells and germ cells [9e11]. A
recent report has revealed that Oct4 expression plays a crucial role
in maintaining CSC properties in lung cancer-derived CD133positive cells [12]. However, the role of Oct4 in the maintenance
of lung CSCs that results in acquired resistance to geﬁtinib has not
been elucidated.
We previously reported that stem cell genes, including Oct4, are
highly expressed in geﬁtinib-resistant persisters (GRPs) of NSCLC
cell lines, PC9, which could survive and remain after geﬁtinib
exposure [13]. PC9-GRPs exhibited a high potential for sphere formation in vitro and tumorigenicity in vivo, suggesting CSC properties of GRPs. These previous ﬁndings prompted us to investigate the
role of Oct4 in the persistence of geﬁtinib-resistant lung CSCs.
In this study, we established an in vivo model to obtain geﬁtinibresistant-tumors (GRTs) of EGFR-mutant NSCLC, PC9 cells. We
found that Oct4 and CD133 were highly expressed in our GRT
model. We also introduced the Oct4 gene into PC9 and
HCC827 cells, and high expression of Oct4 signiﬁcantly increased
CD133-positive GRPs and promoted self-renewal ability under the
high concentration of geﬁtinib in vitro. Furthermore, Oct4overexpressing PC9 cells exhibited a high potential for tumorigenicity in vivo and signiﬁcantly induced geﬁtinib resistance in vitro
and in vivo. Oct4 expression was much higher in tumor specimens
of EGFR-mutant NSCLC patients with acquired resistance to geﬁtinib as compared with that in tumor tissues obtained before treatment. The biological signiﬁcance of Oct4 for the maintenance of
geﬁtinib-resistant lung CSCs was investigated.

2. Materials and methods
2.1. Cell culture and reagents
The NSCLC cell lines, PC9 and HCC827, which express EGFR exon
19 deletion mutations (DE746-A750), were used in this study. PC9
cells were established at the Tokyo Medical University (Tokyo,
Japan) as previously described [14], and were kindly provided by
Dr. Kazuto Nishio (Department of Genome Biology, School of
Medicine; Kinki University, Osaka). Culture conditions and reagents
are described in Supplementary Materials and Methods.
2.2. Quantitative real-time PCR
PCR conditions and primer sequences used for detection of
transcripts are described in Supplementary Materials and Methods.
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2.4. Mice
Seven-week-old female NOD/Shi-scid/IL-2Rcnull (NOG) mice
were purchased from the Central Institute for Experimental Animals (Kanagawa, Japan). The mice were housed as described in
Supplementary Materials and Methods. All animal experiments
were carried out in accordance with the Fundamental Guidelines
for Proper Conduct of Animal Experiments and Related Activities in
Academic Research Institutions under the jurisdiction of the Ministry of Education, Culture, Sports, Science and Technology (Notice
No. 71, 2006) and were approved by the Committee for Animal
Experimentation of Juntendo University (Approval No. 240182).
2.5. In vivo tumorigenicity study
PC9-Oct4 and PC9- Mock (1  10 cells or 1  102) cells were
mixed with Matrigel and were injected into both ﬂanks of NOG
mice. Tumor incidence was evaluated as described in Supplementary Materials and Methods.
2.6. Establishment of geﬁtinib-resistant tumors (GRTs) in vivo
We implanted 1  105 cells of PC9 into NOG mice, and once
tumors reached 75 mm2 in size, we started to treat these mice with
geﬁtinib by intraperitoneal injection. After 14 days of geﬁtinib
treatment, the tumors still remained and were consequently
referred to as geﬁtinib-resistant tumors (GRTs). Tumor size was
measured until 33 days after injection. Tumors were collected 14
days after geﬁtinib treatment as described in Supplementary Materials and Methods.
2.7. Treatment with geﬁtinib in vivo
PC9-Oct4 and PC9-Mock cells (1  105) were implanted subcutaneously into NOG mice. We started to treat these tumorbearing mice with geﬁtinib 37 days after transplantation, and
continued treatment for 20 days. Tumor size was measured, and
the antitumor effect was estimated as described in Supplementary
Materials and Methods.
2.8. Cell growth inhibition assay
PC9-Oct4 and PC9-Mock cells (1  103) were seeded into 96well microtiter plates, and treated with 1 mM geﬁtinib under normoxic or hypoxic conditions. Cell viability was assessed as previously described [14].
2.9. Sphere forming assay
Sphere forming assays were performed as previously described
[13]. Cells were incubated under normoxic conditions and treated
with 0, 0.5, and 5 mM concentration of geﬁtinib. The culture medium was replaced every 3 days; the number of the spheres was
recorded 14 days after the start of the geﬁtinib treatment.
2.10. Immunoﬂuorescence

2.3. Plasmid construction and transfection
The plasmid pLM-vexGFP-OCT4 [15] was provided by Addgene
(plasmid 22240). The AgeI-BsrGI fragment of pLM-vexGFP-OCT4
was then substituted by AgeI-BsrGI fragment of pEGFP-C1 (Clontech, USA) to create pLM-EGFP-OCT4. Lentiviral transfection was
performed as previously described [16].

PC9-Mock and PC9-Oct4 cells were grown on Lab-Tek chamber
II slides with 1 mM geﬁtinib under normoxic or hypoxic conditions
for 72 h, and immunoﬂuorescence for CD133 was performed as
described in Supplementary Materials and Methods. The number of
CD133-positive cells was counted; the ratio of positive cells was
calculated in ﬁve ﬁelds for each experiment.
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Fig. 2. Establishment of stable Oct4-overexpressing PC9 cells using pLM-EGFP-OCT4 plasmid transfection. (A) qPCR was performed with primers speciﬁc for Oct4 in PC9-Mock and
PC9-Oct4 cells. Data were normalized to actin expression and are expressed as the mean ± SD. (B) Total protein lysate of PC9-Mock and PC9-Oct4 were subject to western blot for
Oct4 and actin protein expression analysis. (C) PC9-Mock and PC9-Oct4 cells were ﬁxed, and incubated with primary antibody against Oct4 followed by secondary antibody Alexa
Fluor 594 anti-mouse (red). Cell nuclei were stained with DAPI (blue). Scale bar indicates 200 mm. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article).

2.11. Immunohistochemistry
Tumor samples were obtained from NSCLC patients before
geﬁtinib treatment and after acquisition of resistance at Juntendo
University Hospital with patient's consent under Institutional Review Board-approved protocol. Immunohistochemical staining for
Oct4 and CD133 were performed as described in Supplementary
Materials and Methods.
2.12. Statistical analysis
Values were compared using a two-tailed Student's t-test. Differences between the means were considered statistically signiﬁcant when p was <0.05.
3. Results
3.1. Oct4 and CD133 were highly expressed in geﬁtinib-resistant
tumors (GRTs) in vivo
To investigate the geﬁtinib resistance of EGFR-mutant NSCLC
cells in vivo, we transplanted 1  105 PC9 cells into NOG mice.
When the tumor volumes reached approximately 75 mm3, as
measured with digital calipers, we started to treat these tumorbearing mice with geﬁtinib (20 mg/kg) or vehicle by

intraperitoneal injection (6 times/week). As shown in Fig. 1A, tumor
growth was inhibited by geﬁtinib. However, after 14e17 days of
geﬁtinib treatment, the tumors still remained, and resumed growth
from 24 days of administration; these tumors were referred to as
geﬁtinib-resistant tumors (GRTs). Neither EGFR T790M mutation
nor MET gene ampliﬁcation was observed in PC9-GRTs (data not
shown). As shown in Fig. 1B, PC9-GRTs showed higher expression of
Oct4 and putative lung CSC marker CD133 by qPCR. Immunohistochemical analysis also revealed higher protein expression of Oct4
and CD133 in GRTs as compared to those in control tumors (Fig. 1C).

3.2. Overexpression of Oct4 induced geﬁtinib resistance in vitro
To examine whether Oct4 could contribute to geﬁtinib resistance in EGFR-mutant NSCLC, we introduced the Oct4 gene into PC9
cells by lentiviral transfection. Overexpression of Oct4 mRNA and
protein were conﬁrmed by qPCR and western blot analysis (Fig. 2A,
B). Transfection efﬁciency was conﬁrmed by EGFP expression
(Supp. Fig. S1), and majority of the cells showed high Oct4
expression by immunoﬂuorescence (Fig. 2C). The Oct4 gene was
also introduced into HCC827 cells as shown in Fig. S2.
To investigate whether Oct4 could induce geﬁtinib resistance
in vitro, we exposed Oct4-overexpressing PC9 cells (PC9-Oct4) or
Mock cells (PC9-Mock) to high concentration of geﬁtinib (1 mM).
Whereas most cells were dead within 8 days, PC9-Oct4 cells
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Fig. 3. Overexpression of Oct4 induced geﬁtinib resistance, and increased CD133-positive GRPs and sphere-forming activity in vitro. (AeB) PC9-Mock and PC9-Oct4 (1  103) cells,
were plated on a 96-well plate and treated with 1 mM geﬁtinib under normoxic conditions (A) or hypoxic conditions (B). Data are expressed as mean optical density from 5 wells
±SD, *P < 0.05 indicates a signiﬁcant difference as compared to the PC9-Mock group. (C) PC9-Mock and PC9-Oct4 cells were grown on Lab-Tek chamber slides with 1 mM geﬁtinib
under normoxic or hypoxic conditions for 72 h. Cells were ﬁxed, and incubated with primary antibody against CD133 followed by secondary antibody Alexa Fluor 594 anti-mouse
(red). Cell nuclei were stained with DAPI (blue). Five images were captured from each group and CD133þ cell numbers were divided with corresponding DAPI numbers. Data are
expressed as the mean ± SD. *P < 0.05 indicates a signiﬁcant difference. (D) PC9-Mock and PC9-Oct4 were prepared at densities of 2.5  103 cells per well in serum-free media
supplemented with growth factors and seeded into 6-well ultra-low attachment plates and incubated under normoxic condition and treated with 0, 0.5, and 5 mM concentration of
geﬁtinib. The number of spheres was recorded 14 days after the start of the geﬁtinib treatment. Data are expressed as mean sphere numbers ±SD. *P < 0.05 indicates a signiﬁcant
difference.

resumed proliferating earlier and exhibited geﬁtinib resistance as

compared with PC9-Mock cells (Fig. 3A). Neither the EGFR T790M
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Table 1
Tumor incidence of PC9-Oct4 and PC9-Mock cells transplanted into NOG mice.
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To evaluate the in vivo tumorigenic potential, 1  10 or 1  102 cells of PC9-Oct4 and
PC9-Mock cells were mixed with Matrigel and were injected into both ﬂanks of NOG
mice. Tumor incidence (1  10 or 1  102 cells) was evaluated 51 or 21 days after
injection, respectively.
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model (data not shown). Hypoxia is an important stem cell niche,
and we previously reported that hypoxia increased geﬁtinibresistant lung cancer stem cells [13]. Interestingly, geﬁtinib resistance induced by high Oct4 expression was more evident under the
hypoxic condition (Fig. 3B). Similar results were obtained in
HCC827 cells (Fig. S3 A, B). These ﬁndings indicate that Oct4 is
involved in geﬁtinib resistance in EGFR-mutant NSCLC cells in vitro.
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3.3. Overexpression of Oct4 increased CD133-positive GRPs in vitro

3.4. In vitro sphere-forming ability and in vivo tumorigenicity were
upregulated by Oct4 overexpression
To further evaluate the role of Oct4 in geﬁtinib-resistant lung
CSCs, sphere-forming assays reﬂecting the self-renewal ability and
in vivo tumorigenicity studies were performed. As shown in Fig. 3D,
overexpression of Oct4 in PC9 cells signiﬁcantly increased the
number of sphere-formation under the geﬁtinib treatment. Similar
results were obtained in HCC827 cells (Fig. S3 D). In addition, we
injected 1  10 cells or 1  102 cells of PC9-Oct4 and PC9-Mock,
respectively, into both ﬂanks of NOG mice and compared the
tumorigenic potential in vivo. Notably, tumor incidences of PC9Oct4 in mice were signiﬁcantly higher than those of PC9-Mock
(Table 1). Taken together, these results strongly suggest that Oct4
has a crucial role in the maintenance of stem cell features such as
self-renewal ability and in vivo tumorigenicity, resulting in the
persistence of geﬁtinib-resistant lung CSCs.
3.5. Overexpression of Oct4 induced geﬁtinib resistance in vivo
To test the biological signiﬁcance of high Oct4 expression in
geﬁtinib resistance in EGFR-mutant NSCLC cells in vivo, 1  105 cells
of PC9-Oct4 and PC9-Mock cells were implanted subcutaneously
into NOG mice. After 37 days post-transplantation, we started
treating these tumor-bearing mice with geﬁtinib. As shown in
Fig. 4A, tumor growth of both PC9-Oct4 and PC9-Mock cells was
inhibited by geﬁtinib. However, PC9-Oct4 resumed growing and
was more resistant to geﬁtinib as compared to PC9-Mock cells in
mice. The antitumor effect was estimated for individual tumors as

B
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We previously demonstrated that Oct4 was highly expressed in
geﬁtinib-resistant persisters (GRPs) of PC9 and HCC827 cells, which
showed characteristic features of the CSC phenotype [13]. To
investigate the role of Oct4 in the persistence of geﬁtinib-resistant
stem cell population, we exposed PC9-Oct4 and PC9-Mock cells to a
high concentration of geﬁtinib (1 mM), and evaluated CD133positive GRPs under normoxic and hypoxic conditions by immunoﬂuorescence. As shown in Fig. 3C, high Oct4 expression signiﬁcantly increased CD133-positive GRPs, and this phenomenon was
more evident in hypoxia than in normoxia. Similar results were
obtained in HCC827 cells (Fig. S3 C).
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Fig. 4. Oct4 overexpression induced geﬁtinib resistance in vivo. (A) PC9-Oct4 and PC9Mock (1  105) cells were implanted subcutaneously into NOG mice. After 37 days
post-transplantation, we started to treat these tumor-bearing mice with geﬁtinib
(20 mg/kg) and continued for 20 days. Shown is the mean tumor growth of both PC9Oct4 and PC9-Mock following geﬁtinib treatment. Data represent mean ± SD. *P < 0.05
indicates a signiﬁcant difference. (B) The antitumor effect was estimated for individual
tumors as the percentage of tumor volume deﬁned as [(mean volume of treated tumor/mean volume of tumor before treatment)  100]. Data represent mean ± SD.
*P < 0.05 indicates a signiﬁcant difference.

the percentage of tumor growth inhibition. As shown in Fig. 4B,
tumor growth was suppressed with geﬁtinib treatment to a
signiﬁcantly lesser extent in PC9-Oct4 bearing mice than in PC9Mock bearing mice. These ﬁndings indicated a crucial role of Oct4
in geﬁtinib resistance in EGFR-mutant NSCLC cells in vivo.
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3.6. Oct4 was highly expressed in tumor specimens of NSCLC
patients with acquired resistance to geﬁtinib
Finally, we examined the expression of Oct4 in pairs of tumor
specimens obtained before treatment and after relapse during
geﬁtinib treatment from 18 NSCLC patients. Immunohistochemical
analysis demonstrated that Oct4 was highly expressed in tumor
specimens of EGFR-mutant NSCLC patients with acquired resistance
to geﬁtinib as compared with that in tumor samples before treatment (Fig. S4).
4. Discussion
In this study, we demonstrated that Oct4 was highly expressed
in geﬁtinib-resistant tumors (GRTs) of EGFR-mutant NSCLC, PC9
cells, which remained after geﬁtinib treatment in vivo. We also
found that transfection of the Oct4 gene promoted CSC properties
including self-renewal ability in vitro and tumorigenicity in vivo,
and signiﬁcantly increased CD133-positive geﬁtinib-resistant persisters (GRPs). Furthermore, the overexpression of Oct4 signiﬁcantly induced geﬁtinib resistance in vitro, and this phenomenon
was more evident in hypoxia than in normoxia. Oct4overexpressing PC9 tumors were more resistant to the geﬁtinib
treatment as compared to control cells in vivo. Oct4 expression was
much higher in tumor specimens of EGFR-mutant NSCLC patients
with acquired resistance. These ﬁndings indicate that Oct4 plays a
crucial role in the maintenance of lung CSCs that results in acquired
resistance to geﬁtinib in NSCLC with an activating EGFR mutation.
Oct4 has been implicated in the tumorigenesis and stemness of
CSCs [17e19]. Chang et al. demonstrated that Oct4 overexpression
enhanced tumorigenesis and CSC properties of colorectal cancer
cells [20]. Oct4 also promoted tumor progression and increased
CSCs population in a mouse model of breast cancer [21]. Zhang et al.
examined Oct4 expression in tumor specimens of 112 cases of lung
adenocarcinoma, and revealed that Oct4 expression and bronchioalveolar stem cell (BASC) features were associated with poor
prognosis [22]. However, the expression of Oct4 in NSCLC cells from
patients with acquired resistance to EGFR-TKI has not been investigated. The current study revealed that Oct4 expression in NSCLC
cells of patients with acquired resistance to geﬁtinib was much
higher as compare to the cancer cells before treatment. The results
for our in vivo GRT model also revealed that the expression of Oct4
and CD133 was upregulated in PC9-tumors that could survive and
persist after geﬁtinib treatment in mice. These results are consistent with our previous ﬁndings that Oct4 expression was signiﬁcantly increased in GRPs of PC9 cells after exposure to geﬁtinib.
Solid tumors including NSCLC often contain regions with
insufﬁcient oxygen delivery, a condition known as hypoxia, and
recent reports have suggested that hypoxic niches are responsible
for CSC maintenance and play a role in promoting therapeutic
resistance [23]. In our study, exogenous Oct4 expression resulted in
geﬁtinib resistance in vitro and this effect was more prominent in
the hypoxic environment. We also revealed that ectopic Oct4
expression signiﬁcantly increased CD133-positive GRPs, and this
phenomenon was enhanced by hypoxia. It has been previously
reported that Oct4 and Sox2 bind to the promoter region of the
CD133 gene and upregulate CD133 expression in lung cancers [24].
Sox2 is an important binding partner of Oct4 and is induced by the
hypoxia-inducible factors, HIF1a and HIF2a [24]. These previous
evidences also support our current ﬁndings that the effect of
exogenous Oct4 expression on CD133-positive GRPs was enhanced
by hypoxic exposure.
To the best of our knowledge, this is the ﬁrst study to reveal that
Oct4 contributes to geﬁtinib resistance by regulating the properties
of CSCs in NSCLC with an activating EGFR mutation. Hypoxia is an
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important niche for the maintenance of geﬁtinib-resistant lung
CSCs mediated by Oct4 expression. Our results provide a new
insight into the mechanisms underlying intrinsic resistance to
EGFR-TKIs in NSCLC with the activating EGFR mutation.
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