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There exists a highly tumorigenic subset of esophageal squamous cell carcinoma (ESCC) cells defined by high
expression of CD44. A novel therapy targeting these cancer stem-like cells (CSCs) is needed to improve prognosis of
ESCC. CSCs of ESCC have a mesenchymal phenotype and epithelial-mesenchymal transition (EMT) is critical to enrich
and maintain CSCs. EGFR, frequently overexpressed in ESCC, has pivotal roles in EMT induced by TGF-b in invasive
fronts. Thus, EMT in invasive fronts of ESCC might be important for CSCs and EGFR could be a target of a novel therapy
eliminating CSCs. However, effects of EGFR inhibitors on CSCs in ESCC have not been fully examined. EGFR inhibitors,
erlotinib and cetuximab, significantly suppressed enrichment of CSCs via TGF-b1-mediated EMT. Importantly, EGFR
inhibitors sharply suppressed ZEB1 that is essential for EMT in ESCC. Further, EGFR inhibitors activated Notch1 and
Notch3, leading to squamous cell differentiation. EGFR inhibition may suppress expression of ZEB1 and induce
differentiation, thereby blocking EMT-mediated enrichment of CSCs. In organotypic 3D culture, a form of human tissue
engineering, tumor cells in invasive nests showed high expression of CD44. Erlotinib significantly blocked invasion into
the matrix and CD44 high expressing CSCs were markedly suppressed by erlotinib in organotypic 3D culture. In
conclusion, EMT is a critical process for generation of CSCs and the invasive front of ESCC, where EMT occurs, might
form a CSC niche in ESCC. EGFR inhibitors could suppress EMT in invasive fronts and be one therapeutic option
targeting against generation of CSCs in ESCC.

Introduction

Esophageal squamous cell carcinoma (ESCC) is one of the
deadliest human cancers and ESCC is the sixth leading cause of
cancer death and the eighth common cancer type worldwide.1

Surgery and chemoradiotherapy are accepted treatment options
for patients with locally advanced ESCC2 and endoscopic treat-
ments (mucosal resection / submucosal dissection3,4 and abla-
tion5,6) are also used for those with very early stage of ESCC.
Although treatments for ESCC have greatly improved, prognosis
is still poor in patients with advanced ESCC because of its malig-
nant biological behavior and limited therapeutic options.

Cancer stem-like cells (CSCs) have been identified in many
cancers and are thought to attribute to aggressive tumor behavior.

CSCs can self-renew and have extremely high tumor initiating
capacity. Furthermore, CSCs are highly invasive and resistant to
conventional chemotherapy and radiation. Such characteristics of
CSCs lead to recurrence, metastasis and inadequate response to
the conventional therapies.7,8 A novel therapy targeting CSCs is
needed to improve prognosis of ESCC. CD44 has been used as a
CSC marker in many cancers including ESCC, head and neck
squamous cell carcinoma (SCC), cervical SCC and lung SCC.9-
12 We have confirmed that high CD44 expression correlates with
enhanced ESCC cell tumorigenicity in vivo.13 Interestingly, in
some cancer types CSCs defined by high expression of CD44
have a mesenchymal phenotype and epithelial-mesenchymal
transition (EMT) is critical to enrich and maintain CSCs.14-16

Consistent with those reports, we have shown that TGF-b
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induces EMT, resulting in conversion of CD44 low expressing
cells to CD44 high expressing CSCs. Furthermore, we have pre-
viously reported that tumor cells undergo EMT in invasive fronts
of ESCC and EMT contributes to tumor progression and poor
prognosis.

Epidermal growth factor receptor (EGFR), frequently overex-
pressed in ESCC,17 has pivotal roles in EMT induced by TGF-
b.18 Thus, EMT in invasive fronts of ESCC might be important

for CD44 high expressing CSCs and EGFR could be a target of a
novel therapy eliminating CSCs in ESCC. However, effects of
EGFR inhibitors on CSCs in ESCC have not been fully exam-
ined and remain to be elucidated. In the present study, we exam-
ined effects of EGFR inhibitors on CSCs in ESCC using
organotypic 3D culture system, a form of human tissue engineer-
ing, and showed that EGFR inhibitors suppressed EMT and gen-
eration of CSCs.

Figure 1. EGFR inhibitors suppressed enrichment of CSCs induced by TGF-b1. (A) EPC2T cells and OKF6T cells were treated with or without erlotinib
(2.5 mM) and TGF-b1 (5 ng/ml) for 72 hours. CD44 high expressing CSCs were enriched by TGF-b1 and the enrichment of CSCs by TGF-b1 was signifi-
cantly suppressed by erlotinib. (*P< 0.05 vs. DMSO control, #P< 0.05 vs TGF-b1) (B) EPC2T cells and OKF6T cells were treated with or without cetuximab
(10 mg/ml) and TGF-b1 (5 ng/ml) for 72 hours. Fold change of CD44 high expressing CSCs was shown. (*P < 0.05 vs. DMSO control, # P < 0.05 vs TGF-
b1)
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Results

EGFR inhibitors suppress enrichment of CSCs induced by
TGF-b1 in ESCC

EPC2T and OKF6T cells are transformed keratinocyte cell
lines overexpressing EGFR and p53R175H. EMT was induced by
TGF-b1 in EPC2T and OKF6T cells as reported by us previ-
ously,18,19 and CSCs defined by high expression of CD44 and
low expression of CD24 (CD44High / CD24Low) were signifi-
cantly enriched (Fig. 1A and 1B). Erlotinib, one of EGFR inhib-
itors, significantly suppressed enrichment of CSCs via TGF-b1-
mediated EMT as expected (Fig. 1A). Cetuximab, another
EGFR inhibitor, also suppressed enrichment of CSCs in both
cell lines (Fig. 1B); however, EGFR inhibitors per se had no
effects on the preexisting CD44High / CD24Low CSC population
(Fig. 1A and 1B). Interestingly, treatment with EGFR inhibitors
resulted in increased expression of CD24 in the non-CSC popu-
lation (CD44Low / CD24High cells), suggesting that EGFR inhi-
bition may induce differentiation in non-CSC population as
CD24 is a keratinocyte differentiation marker that is expressed in
post-mitotic, non-clonogenic suprabasal keratinocytes.20 These
results indicate that EGFR inhibitors may block EMT by induc-
ing differentiation in non-CSC populations, leading to sup-
pressed enrichment of CSCs via EMT; however, these EGFR
inhibitors have no effect on preexisting CSCs.

EGFR inhibitors suppress ZEBs and induce differentiation
in ESCC

We have previously reported that Zinc finger E-box binding
proteins (ZEBs) are essential for TGF-b1 mediated EMT.18

Thus we examined the effects of EGFR inhibition on expression
of ZEBs. Both erlotinib and cetuximab sharply suppressed
expression of ZEB1 and ZEB2 (Fig. 2A and 2B). Furthermore,
Notch1 and Notch3, essential transcription factors in keratino-
cyte differentiation of esophagus,21 as well as CK13 and involu-
crin, keratinocyte differentiation markers, were all up-regulated
by erlotinib in EPC2T and OKF6T cells. These results are con-
sistent with upregulation of CD24, a keratinocyte differentiation
marker (Fig. 1A). A major epithelial marker, CDH1, was also
significantly increased by EGFR inhibition (Fig. 3A). These find-
ings suggest that EGFR inhibition may suppress expression of
ZEBs and induce differentiation, thereby blocking EMT-medi-
ated enrichment of CSCs.

Effects of EGFR inhibition in organotypic 3-D culture
We then carried out experiments with organotypic 3D culture

to assess effects of EGFR inhibition in a more physiologically rel-
evant context. In organotypic 3D culture, EPC2T and OKF6T
cells formed epithelial tumor compartments upon a matrix con-
sisting of fibroblasts, type I collagen and matrigel, and also
showed invasion into the matrix (Fig. 4A). EGFR was activated
in most cells and erlotinib sufficiently blocked EGFR activation,
confirmed by IHC with the anti-phospho EGFR antibody
(Fig. 4A). Erlotinib sharply suppressed growth of tumor cells in
the epithelial compartments and also blocked invasion into the
matrix (Fig. 4A). Expression of E-cadherin was increased by

erlotinib in organotypic 3D culture (Fig. 4A). Another EGFR
inhibitor, cetuximab, had the same effects and suppressed growth
and invasion of tumor cells in organotypic 3D culture (Fig. S1).
Tumor cells at the basal layer of the epithelial compartments and
in invasive nests actively proliferated and were positive for Ki67.
Consistent with suppression of tumor cell growth, Ki67 positive
tumor cells were significantly decreased by erlotinib (Fig. 4B).
Tumor cells at the basal layer in the epithelial compartments and
in invasive nests showed high expression of CD44 in EPC2T
cells. In OKF6T cells, most tumor cells highly expressed CD44
in organotypic 3D culture. Expression of CD44 was markedly
suppressed by erlotinib in both EPC2T and OKF6T cells in
organotypic 3D culture (Fig. 4C). Further, we isolated tumor
cells from the whole tissue obtained by organotypic 3D culture
and evaluated expression of CD44 by FACS. Consistent with the
results of IHC, erlotinib significantly suppressed expression of
CD44 in EPC2T cells (Fig. 5A) and OKF6T cells (Fig. 5B) cul-
tured in 3D organotypic culture. We have previously reported
that EMT occurs in invasive nests of ESCC in this organotypic
3D culture system as well as in surgically resected clinical sam-
ples.18,19,22 The present findings suggest that EGFR inhibitors
have the potential to suppress EMT and generation of CD44
high expressing CSCs in response to cues from the local microen-
vironment in the context of ESCC.

Figure 2. EGFR inhibitors suppressed expression of ZEB1 and ZEB2. (A)
EPC2T cells were treated with erlotinib for 72 hours and expression lev-
els of ZEB1 and ZEB2 were determined by real-time RT-PCR. (*P <

0.05 vs. DMSO control) (B) EPC2T cells were treated with cetuximab
(10 mg/ml) for 72 hours and expression levels of ZEB1 and ZEB2 were
determined by real-time RT-PCR. (* P < 0.05 vs. vehicle control)
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Discussion

We have previously reported that EMT is induced by TGF-b
in invasive fronts of ESCC and that EMT contributes to tumor
progression.18,19,22 EGFR is frequently overexpressed in ESCC17

and EGFR is critical in the process of EMT. EGFR is necessary
for EMT to negate senescence induced by TGF-b, which is also
the most important inducer of EMT in ESCC.18 Furthermore,
mesenchymal cancer cells that have undergone EMT have been
reported to be CSCs in several types of cancer. Mani SA et al.
have reported that CD44High / CD24Low cancer stem-like cells
are dramatically enriched by EMT induced by TGF-b in trans-
formed human mammary epithelial cells.14 Consistent with this
report, CSCs were significantly increased after EMT induced by
TGF-b in the present study. EMT is also a critical step for gener-
ation and maintenance of CSCs in ESCC. These findings led us
to hypothesize that EGFR may serve as an effective therapeutic
target against CSCs in ESCC. EGFR inhibitors sufficiently sup-
pressed EMT and generation of CSCs as expected (Fig. 1A and
1B). However, EGFR inhibitors did not impact the preexisting
CSCs pool in the present study, suggesting that established mes-
enchymal CSCs are refractory to inhibition of EGFR. Indeed, we

confirmed that sorted CD44High /
CD24Low CSCs are significantly
more resistant to the EGFR inhib-
itors compared to CD44Low /
CD24High non-CSCs (Fig. S2).
Basu D et al. have also reported
that mesenchymal CSCs are
EGFR independent and resistant
to EGFR inhibitors.23 Thus,
while EGFR inhibition may prove
to be effective in the prevention of
CSC expansion in response to
cues from the local tumor micro-
environment, development of a
further therapeutic strategy that
concomitantly targets preexisting
mesenchymal CSCs may be neces-
sary for complete eradication of
advanced ESCCs.

EGFR inhibitors sharply sup-
pressed expression of ZEB1 and
ZEB2 in the present study
(Fig. 2A and 2B). ZEBs are tran-
scriptional factors that play a criti-
cal role in promoting EMT. ZEBs
can directly bind to the promoter
region of E-cadherin and suppress
its transcription and also induce
miR-200 family to regulate sev-
eral EMT related genes.24,25

ZEB1 is especially critical for
EMT in ESCC and we have pre-
viously shown EGFR promotes
EMT in ESCC via up-regulation

of ZEB1 and that knock-down of ZEB1 is sufficient to block
EMT induced by TGF-b in ESCC.19 Consistent with previous
findings, EGFR inhibitors can block EMT and suppress genera-
tion of CD44 high expressing CSCs by down-regulation of
ZEB1. Furthermore, EMT and differentiation represent oppos-
ing cell fates in keratinocyte-derived cells. Recently, Lee B et al.
have reported that Ovol1/Ovol2-deficient epidermal cells show
an EMT-like phenotype and fail to undergo terminal differentia-
tion and that knock-down of ZEB1 is sufficient to restore differ-
entiation.26 We also have shown that mesenchymal ESCC cell
lines overexpressing ZEB1 downregulate expression of keratino-
cyte-differentiation markers, such as CK13 and involucrin.19

Thus, EGFR inhibitors not only suppress CSCs but also induce
keratinocyte-differentiation (Fig. 3) potentially via downregula-
tion of ZEB1, a novel mechanistic finding.

In the present study we utilized an organotypic 3D culture
system of ESCC which allows for recapitulation of a complex
tumor tissue closer that is more similar to that found in vivo than
cells grown in conventional 2D culture. Moreover, 3D organo-
typic culture enables us to analyze heterogeneous tumor cells
more precisely.27 ZEB1, one of the most important regulators of
EMT in ESCC, is strongly expressed in invasive compartments

Figure 3. Erlotinib upregulated Notch transcriptional factors and induced differentiation. EPC2T cells and
OKF6T cells were treated with erlotinib (2.5 mM) for 72 hours and expression levels of indicated genes were
determined by real-time RT-PCR. Notch1 and Notch3 are critical transcriptional factors in keratinocyte differ-
entiation. CK13 and involucrin (IVL) are differentiation markers of keratinocytes. (* P< 0.05 vs. DMSO control)
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Figure 4. Erlotinib suppressed tumor growth and invasion as well as enrichment of CSCs in organotypic 3D culture. EPC2T cells and OKF6T cells were cul-
tured in organotypic 3D culture system with or without erlotinib (5 mM). (A) Tissues were stained by hematoxylin and eosin (H&E) (upper panels), anti-
phospho EGFR antibody (middle panels) and anti-E-cadherin antibody (lower panels). Scale bar indicates 100 mm. (B) Cell growth was evaluated by Ki-67
staining. Histograms show percentage of Ki-67 positive cells at the basal layer. Scale bar indicates 100 mm. (*P < 0.05 vs. DMSO control) (C) Tissues were
stained by anti-CD44 antibody. Scale bar indicates 100 mm.
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of surgically resected human ESCC samples.19 Consistent with
this observation, CD44 is highly expressed in invasive fronts
where EMT occurs in the 3D culture system (Fig. 4C).19,22 Our
previous and present data indicate that a niche may form at
ESCC invasive fronts, presenting a hospitable environment for
generation and maintenance of CSCs. Furthermore, this CSC
niche may be exploited to therapeutically target CSCs. In the
present study, we focused on EGFR, one of the tumor-promot-
ing factors that is present on tumor cells; however, ESCC malig-
nant potential is also influenced by the tumor stromal
environment. In the organotypic -D culture system, tumor cell
invasion is dramatically altered by the background of the fibro-
blasts in the matrix.28 As secretion of hepatocyte growth factor
(HGF) by fibroblasts influences tumor cell invasion in 3D orga-
notypic culture, it is possible that HGF and other unknown fac-
tors secreted by various cells forming CSC niche may represent
novel therapeutic target against CSCs. One limitation of organo-
typic 3D culture is that this system does not contain inflamma-
tory cells, endothelial cells etc., all of which are also critical for
tumor progression, malignant biological behavior and develop-
ment of a CSC niche.29,30 Thus, further studies utilizing in vivo
ESCC models are necessary for a more precise understanding of
CSCs and the CSC niche.

In conclusion, EMT is a critical process for generation and
maintenance of CSCs and the invasive front of ESCC, where
EMT occurs, might form a CSC niche in ESCC. EGFR inhibi-
tors could suppress EMT in invasive fronts and be one therapeu-
tic option targeting against generation of CSCs in ESCC.

Materials and Methods

Cell lines and reagents
EPC2T cells, transformed esophageal epithelial cells, were cul-

tured in Keratinocyte-SFM serum-free medium (KSFM) (Life-
technologies) as described previously.18 Another immortalized
keratinocytes, OKF6-TERT2 cells31 were transformed by
p53R175H and EGFR by retroviral-mediated gene transfer as
described previously,32 and named OKF6T. OKF6T cells were
grown in KSFM. Recombinant human TGF-b1 was purchased
from Lifetechnologies. EGFR inhibitors, erlotinib and cetuximab
were purchased from Santa Cruz Biotechnologies and Bristol-
Meyers Squibb, respectively.

Real-time RT-PCR
RNA was extracted by RNeasy mini kit (QIAGEN) and

cDNA was synthesized by Super Script II (Lifetechnologies)
according to the manufacturer’s instruction. Real-time RT-PCR
was done with SYBR� Green (QIAGEN) and ABI 7300 real
time PCR system (Lifetechnologies). b-actin was used as an
internal control. Primers used for real-time RT-PCR were listed
in Table 1.

Drug sensitivity assay
Five thousand cells per well were seeded in a 96 well plate.

Twenty-four hours after seeding, drugs were added at indicated
concentrations. After 72 hours incubation, MTS assay was car-
ried out using CellTiter 96� AQueous One Solution Cell Prolif-
eration Assay (Promega) according to the manufacturer’s
instruction. Absorbance (A490 – A630) was measured by

Figure 5. CD44 high expressing CSCs were reduced by erlotinib in orga-
notypic 3D culture. EPC2T cells and OKF6T cells were cultured in organo-
typic 3D culture system with or without erlotinib (5 mM). Then, tumor
cells were isolated from the whole organotypic 3D culture tissue and
expression levels of CD24 and CD44 were analyzed by FACS. (*P <

0.05 vs. DMSO control)

Table 1 Primers used for real-time RT-PCR

Forward primer Reverse primer

ZEB1 5’-CTGAGGCACC
TGAAGAGGAC-3’

5’-TTGTGAAAATGC
ATCTGGTG-3’

ZEB2 5’-AACAAGCCAAT
CCCAGGAG-3’

5’-CTGTTTCAG
AACCTGTGTCCA-3’

Notch1 5’-GACAGCCTCAA
CGGGTACAA-3’

5’-CACACGTAG
CCACTGGTCAT-3’

Notch3 5’-GGCCACTATG
TGAGAACCCC-3’

5’-TCTGACCCTCA
AACCCAGGA-3’

CK13 5’-GACGCCAAGA
AGCGTCAGC-3’

5’-GACATCAGAA
GTGCGGCGA-3’

IVL 5’-AGCCTTACTGT
GAGTCTGGTTG-3’

5’-GGAGGAGGAAC
AGTCTTGAGG-3’

CDH1 5’-GAATGACAAC
AAGCCCGAAT-3’

5’-ACCTCCATCAC
AGAGGTTCC-3’

b-actin 5’-TTGCCGACAGG
ATGCAGAA-3’

5’-GCCGATCCACA
CGGAGTACT-3’
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SunriseTM plate reader (F039302, TECAN) and survival rate was
determined.

Flow cytometry and Fluorescence Activated Cell Sorting
(FACS)

Cells were suspended in Hank’s balanced salt solution (Invi-
trogen) containing 1% BSA (Sigma-Aldrich) and stained with
PE/Cy7-anti-CD24 (BioLegend) and APC-anti-CD44 at 1:20
(BD Biosciences) on ice for 30 min. FACSCantoII (BD Bio-
sciences) and FlowJo (Tree Star) were used for analysis.

Organotypic 3D culture of ESCC
Neoplastic squamous epithelium was reconstituted in organo-

typic 3D culture as described previously.27 In brief, 0.5 £ 106 of
tumor cells were seeded on top of the type I collagen and Matri-
gel (BD Biosciences) matrices containing FEF3 human fetal
esophageal fibroblasts and grown in submerged conditions for 4
d Cultures were then raised to the air–liquid interface for addi-
tional 4 d and harvested for hematoxylin and eosin staining or
immunofluorescence. Each organotypic 3D culture experiment
was performed in triplicate.

FACS with organotypic-3D culture samples
The whole organotypic 3D culture tissue including the matrix

was minced into 1 mm3 pieces and incubated in DMEM con-
taining 1mg/ml collagenase I (Sigma-Aldrich) for 90 min at
37�C. After centrifugation and removal of supernatant, the cells
were incubated in 0.05% trypsin/EDTA (Life Technologies) for
10 min at 37�C and then incubated in dispase (1U/ml, BD Bio-
science) and DNase I (100 mg/ml, Roche, Indianapolis) for
10 min at 37�C. Cells were passed through 40 mm filter and
washed with DMEM. For FACS, cells were resuspended in
FACS buffer and stained with 7-AAD (Life Technologies), PE/
Cy7-anti-CD24 (BioLegend) and APC-anti-CD44 (BD Bio-
sciences). Dead cells were excluded by 7-AAD and designated
populations were analyzed by FACSCantoII (BD Biosciences).

Immunohistochemistry
Hematoxylin and Eosin (H&E) staining and immunohis-

tochemistry (IHC) were performed as described previously.33

The deparaffinized sections were heat-treated with antigen
retrieval solution (Target Retrieval Solution, pH 9.0; Dako) at
95�C for 20 min using the Dako PT Link system. Then sections
were incubated with anti-Ki-67 polyclonal antibody (Novocas-
tra), anti-phospho EGFR monoclonal antibody (D7A5; Cell sig-
naling technologies), anti-E-cadherin monoclonal antibody
(4A2C7; Lifetechnologies), anti-CD44 monoclonal antibody
(Abcam) overnight at 4�C. Detection was performed using a
standard polymer method according to the manufacturer’s
instructions (EnVision Flex system, Dako).

Statistical analysis
Data from triplicate experiments are presented as mean § SD

and were analyzed by 2-tailed Student’s t test. P < 0.05 was con-
sidered significant.
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