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ABSTRACT

Fibroblast growth factors (FGFs) and their receptors (FGFRs) are important for signaling to maintain cancer
stem-like cells (CSCs) in esophageal squamous cell carcinoma (ESCC). However, which FGF receptor, 1, 2, 3,
4, and L1, is essential or whether FGFRs have distinct different roles in ESCC-CSCs is still in question. This
study shows that FGFR2, particularly the lllb isoform, is highly expressed in non-CSCs. Non-CSCs have an
epithelial phenotype, and such cells are more differentiated in ESCC. Further, FGFR2 induces keratinocyte
differentiation through AKT but not MAPK signaling and diminishes CSC populations. Conversely, knock-
down of FGFR2 induces epithelial-mesenchymal transition (EMT) and enriches CSC populations in ESCC.
Finally, data analysis using The Cancer Genome Atlas (TCGA) dataset shows that expression of FGFR2
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significantly correlated with cancer cell differentiation in clinical ESCC samples. The present study shows
that each FGFR has a distinct role and FGFR2-AKT signaling is a key driver of keratinocyte differentiation in
ESCC. Activation of FGFR2-AKT signaling could be a future therapeutic option targeting CSC in ESCC.

Introduction

Esophageal squamous cell carcinoma (ESCC) is a deadly cancer
worldwide.! Treatment for ESCC, such as surgical resection,
chemoradiotherapy, and endoscopic treatments, is evolving,
and prognosis for patients with early-stage ESCC shows
improvement.” However, limited treatment options are avail-
able for patients with advanced ESCC. Immune checkpoint
inhibitors might show promise for drug therapy,” but no
molecularly targeted drugs are approved for ESCC to date.

The existence of cancer stem-like cells (CSCs) is common in
various cancers.* CSCs are characterized by tumorigenicity,
self-renewal ability, and pluripotency, leading to maintenance
of tumor phenotypes and progression. Further, CSCs also show
drug efflux and DNA repair ability, and capacity for relieving
oxidative stress. These characteristics may be responsible for
therapy resistance and cancer recurrence.”® We and other
groups showed that CD24'°"/CD44™&" cells possess CSC fea-
tures, accompanied with drug resistance and high
tumorigenicity.”® Also, CD24'°“/CD44™&" cells present
a mesenchymal-like morphology affected by epithelial-
mesenchymal transition (EMT) related factors, such as TGF-
B, FGF, and Notch signaling.'*™"

CSCs display plasticity via repeating differentiation and
dedifferentiation.'>'* EMT and mesenchymal-epithelial

transition are likely involved in such plasticity. Moreover,
ESCC-CSCs also possess an undifferentiated phenotype.
Particularly in 3D-culture experiments, differential gradients
are clearly observed between non-CSCs and CSCs.'>'

Fibroblast growth factor receptors (FGFRs) are a group of
five tyrosine kinases (FGFRI, 2, 3, 4, and L1). FGF ligands
regulate various cell activities, such as cell proliferation, differ-
entiation, angiogenesis, and wound healing via binding to the
extracellular domain of FGFR."” Interestingly, FGFRI-3 dis-
plays two isoforms (IIIb and IIIc) produced by alternative
splicing. These alterations determine the specificity of ligand
binding for FGFRs.'"® FGFR signaling is involved in tumor
development and resistance to therapy, FGF-FGFR signaling
is a therapeutic target, and various FGFR inhibitors are in
development for clinical application.'™* We previously
reported that FGF-2/FGFR/ERK signaling is essential for
maintaining ESCC-CSC.'° However, which EGFRs are essen-
tial and whether each FGFR has a distinct role in ESCC-CSCs
remain unclear.

We investigated FGFR roles in the regulation of cell differ-
entiation, including CSCs plasticity in ESCC, and show that
FGFR2-AKT signaling is crucial for maintaining the differen-
tiated non-CSCs population.
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Materials and methods
Cells and reagents

ESCC cell lines (HCE4, TE11, and TES8 cells) were obtained
from the Cell Resource Center for Biomedical Research,
Tohoku University. Cells were authenticated using the short-
tandem repeat-PCR method. Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Nacalai Tesque, Kyoto,
Japan) supplemented with 10% fetal bovine serum (Moregate
Biotec, Bulimba, Australia), 100 U/ml penicillin, and 100 pug/ml
streptomycin (WaKo Pure Chemical Industries, Osaka, Japan);
cells were incubated at 37°C in 20% O, and 5% CO,. GDC0068,
AZD4547, and trametinib were purchased from Cayman
Chemical (Ann Arbor, MI, USA), MK2206 was purchased
from Chemscene LLC (Monmouth Junction, NJ, USA) and
SC79 was purchased from abcam (Cambridge, UK). These
compounds were dissolved in dimethyl sulfoxide (DMSO).

Small interfering RNAs (siRNAs)

siRNAs for FGFR1, FGFR2, FGFR4, AKT1, AKT2, and scram-
ble (control siRNA) were purchased from Qiagen (Hilden,
Germany). Sequences for specific siRNAs for FGFR2b and

FGFR2c were designed as: (FGFR2b: S;
GUAAGGUCUCCAAUUAUAUTT, as;
AUAUAAUUGGAGACCUUACAT, FGFR2c: S;
CUAUAUUCGGAAUGUAACUUUTT, as;

AAAGUUACAUUCCGAAUAUAGAA). siRNA transfection
used Lipofectamine RNAi MAX (Invitrogen, Carlsbad, CA,
USA) following the manufacturer’s instructions. The final con-
centration of siRNAs was 10 nM.

Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted from the cells using a FastGene RNA
Basic kit (NIPPON Genetics, Tokyo, Japan) following the
manufacturer’s instructions. A total of 500 ng RNA was reverse
transcribed to produce cDNA using Prime Script RT Master
Mix (Takara, Kusatsu, Japan). PCR was performed in a 20-pl
volume containing 10 ul cDNA (15 ng/pl) and 10 pl TB Green
Premix Ex Taq (Takara). Following an initial denaturation at
95°C for 20 s, a two-step cycle procedure was used (denatura-
tion at 95°C for 1 s and annealing and extension at 60°C for 20
s) for 40 cycles in a Step One real-time PCR system (Applied
Biosystems, Foster City, CA, USA). Gene expression levels
were determined using the ddCt method with B-actin as an
endogenous control. Data were analyzed with Step One soft-
ware version 2.2.2 (Applied Biosystems). Primers used for
qRT-PCR are listed in Supplementary Table 1.

Western blotting analysis

The cells were washed with ice-cold PBS (-) and lysed in
1x RIPA bufter (Wako) containing protease inhibitor cocktail
(Cell Signaling Technology (CST), Inc., Danvers, MA, USA).
Protein concentration was measured with a Pierce BCA protein
assay kit (Thermo Fisher Scientific, Waltham, MA, USA). Ten
ug of total protein was mixed with Blot™ 4x LDS sample
buffer (Thermo Fisher Scientific) and 2-mercaptoethanol (5%
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final concentration). Samples were heated at 95°C for 5 min
and subjected to SDS-polyacrylamide gel electrophoresis.
Separated proteins were transferred onto polyvinylidene fluor-
ide (PVDF) membranes using a Trans-Blot turbo transfer pack
(Bio Rad, Hercules, CA, USA), and subsequently incubated
with TBS with 0.05% Tween 20 containing 5% dried nonfat
milk for 30 min at room temperature. Membranes were probed
with primary antibodies for FGFR1 (#9740, 1:1000), FGFR2
(#11835, 1:250), FGFR3 (#4574, 1:1000), FGFR4 (#8562,
1:1000), Vimentin (#5741, 1:1000), AKT1 (#2938, 1:1000),
AKT2 (#3063, 1:1000), AKT3 (#3788, 1:1000), p-AKT1
(#9018, 1:1000), p-AKT2 (#8599, 1:1000), Snail (#3879,
1:1000) (CST), FGFRL1 (ab95940, 1:1000, Abcam,
Cambridge, UK), E-cadherin (#610181, 1:1000, BD
Biosciences, Franklin Lakes, NJ, USA), ESRP1 (A14626,
1:1000, ABclonal, Tokyo, Japan), CK13 (sc-390982, 1:1000,
Santa Cruz Biotechnology, Inc., Dallas, TX, USA), IVL (sc-
21748, 1:1000, Santa Cruz) and B-actin (sc-47778, 1:2000,
Santa Cruz), and bound antibodies were detected with perox-
idase-labeled rabbit or mouse antibodies (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) and
visualized by Clarity Western ECL Substrate (Bio Rad).

Flow cytometry and fluorescence activated cell sorting
(FACS)

A FACSCanto (BD Biosciences) was used for flow cytometry.
Cells were suspended in Hank’s balanced salt solution
(Invitrogen) containing 0.5% bovine serum albumin (Sigma-
Aldrich, St. Louis, MO, USA) and stained with PE-Cy7-anti-
CD24 (Biolegend, San Diego, CA, USA) and APC-anti-CD44
(BD Biosciences) at dilutions of 1:40 on ice for 30 min. Dead
cells were eliminated using 7-AAD (BD Biosciences) following
the manufacturer’s instructions. Cells were sorted to fraction-
ate CD24'8" (CD24H) and CD24™" (CD24L).

Cell migration assay

Migration was assessed by seeding 3,000 TE8, TE11, and HCE4
cells on the Radius Cell Migration Assay Kit (Cell biolabs, Inc,
San Diego, CA, USA) and incubated overnight. Subsequently,
the Radius Gel was removed following the manufacturer’s
instructions and cell migration was evaluated after 2 and 48 hr.

3D culture of ESCC cells

3D culture was performed as described previously with
modification.'>*" In brief, cells were seeded at 2,000 cells/well
in a 24-well plate in 50 ul Matrigel (Corning, Corning, NY,
USA). Following solidification, 500 pl of organoid medium
(Supplementary Table 2) was added and incubated at 37°C
for two weeks. Growth medium was replenished every
other day.

Analysis in human ESCCs using TCGA consortium
database

Human ESCC gene expression data (total 82 records) were
obtained from the TCGA consortium expression database
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(https://portal.gdc.cancer.gov/). Expression ratios of FGFR2
and FGFRI(FGFR2/FGFR1) were calculated. We defined
FGFR2/FGFRI > 1 as FGFR2-dominant patients, and FGFR2/
FGFRI < 1 as FGFR1-dominant patients, to separate FGFR2-
dominant patients from FGFR1-dominant patients. Expression
of differentiation and EMT markers were compared between
these two patient groups.

Statistical analysis

Data are expressed as mean * standard deviation. Comparisons
of parameters between two groups used two-tailed Student’s
t-tests. Comparisons of parameters among groups were per-
formed by one-way analysis of variance, followed by Tukey’s
multiple comparison test. Differences were considered signifi-
cant at p< .05. All statistical data were generated using Prism
8.03 (GraphPad Software, Inc., La Jolla, CA).

Results
Characteristic features of ESCC-CSCs

We first examined CSCs population defined by high expression
of CD44 and low expression of CD24 (CD44M8"/CD24"°%) in
three ESCC cell lines (TE11, TE8, and HCE4). FACS analyses
showed that HCE4 cells contained the highest proportion of
CSCs among three cell lines; whereas TE11 cells contained few
CSCs and TE8 cells had both CSCs and non-CSCs (Figure 1
(a)). We used migration and 3D-organoid formation assays to
confirm the CSC phenotype. As expected, HCE4 cells showed
the greatest migration and 3D-organoid formation abilities
among the three cell lines (Figure 1(b,c), SIA, B, and C).
Further, CD44"8"/CD24" (CSCs have mesenchymal
characteristics.”"10 1222 Expression of Vimentin, a major
mesenchymal marker, was greater than expression of
E-cadherin. This epithelial marker was significantly downre-
gulated in HCE4 and TE8 cells (Figure 1(d,e) respectively).
Further, we confirmed the differentiation phenotype of these
cell lines. Cytokeratin 13 (CK13) and involucrin (IVL), kerati-
nocyte differentiation markers, were suppressed in HCE4 and
TES8 cells, but upregulated in TE11 cells (Figure 1(F,G)). HCE4
cells (and partly TE8 cells) display a CSC phenotype accom-
panied with mesenchymal and undifferentiated features.
Conversely, TEI1 cells have non-CSCs phenotype accompa-
nied with epithelial and differentiated features.

Expression of FGFRs is different between non-CSCs and
CSCs in ESCC

We first confirmed expression levels of FGFRs in ESCC cell
lines by western blotting to elucidate which FGFRs (FGFRI, 2,
3, 4, and L1) are expressed in ESCC-CSCs. FGFR2 and 3 were
highly expressed in TE11 cells, but FGFR1 and 4 were higher in
HCE4 cells (Figure 2(a)). Subsequently, FGFR1 to 3 have two
isoforms generated by splicing variants, one is epithelial (IIIb)
and the other mesenchymal (IIIc). We also checked expression
by qRT-PCR. Epithelial IIIb isoforms were predominantly
expressed in TE11 cells, while mesenchymal IIlc isoforms
were predominant in TE8 and HCE4 cells (Figure 2(b)). Also,
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Figure 1. Characteristic features of CSCs in ESCC cell lines. (a) TE11, TE8, and HCE4
cells were stained with PE-Cy7-anti-CD24 and APC-anti-CD44 antibodies and
analyzed by FACS. (b and ¢) TE11, TE8, and HCE4 cells were seeded on a Radius
Cell Migration Assay Kit and incubated overnight. Subsequently Radius Gel was
removed, and cell migration was evaluated at 2 and 48 h. The area of space was
measured by Image J software (n = 3). **p < .01 vs. TE11 cells. (d) mRNA
expression of EMT markers (E-cad and Vimentin) in ESCC cell lines. *** p < .001
vs. TE11 cells. (e) Protein expression of EMT markers (E-cad and Vimentin) in ESCC
cell lines. (f) mRNA expression of differentiation markers (IVL and CK13) in ESCC
cell lines. ***p < .001 vs. TE11 cells. p < .05 vs. TE8 cells. (g) Protein expression of
differentiation markers (IVL and CK13) in ESCC cell lines. n.s.: not-significant,
E-cad: E-cadherin, Vim: Vimentin.

expression of ESRP1, a major splicing regulator, and Snaill
(known as ESRP suppressor) were different among TE11, TES,
and HCE4 cells (Figure 2(c,d)). CD44, a CSCs marker, also
exhibits two isoforms (CD44v is epithelial and CD44s is
mesenchymal) similar to FGFRs.*> Predictably, CD44v was
higher in TE11 cells, and CD44s higher in TE8 and HCE4
cells (Figure 2(e)).

We sorted TES8 cells with high CD24 and CD44 expression
(TE8 H cells) or low CD24 and high CD44 expression (TE8
L cells) (Figure 3(a)), and compared expression of EMT mar-
kers, differentiation markers, and each FGFR isoform to vali-
date these results. These «cells displayed different
characteristics - TE8 H cells were non-CSC like, and TES8
L cells were CSC like. TESL cells made more colonies in 3D
culture (Figure 3(b,c)) and showed mesenchymal and undiffer-
entiated phenotype (Figure 3(d)). Interestingly, FGFR2 expres-
sion was sharply suppressed in TE8 L cells. Especially, FGFR2b
was suppressed in more undifferentiated TE8 L cells (Figure 3
(e)). This finding was also observed among unsorted TE11,
TES, and HCE4 cells (Figure 2(a,b)). Expression of FGFR2
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Figure 2. Expression levels of FGFRs are different among ESCC cell lines. (a, b)
Expression levels of FGFRs in TE11, TE8, and HCE4 cells were examined by western
blotting and gRT-PCR. **p < .01, *** p < .001 vs. TE11 cells. (c, d) Expression levels
of ESRP1 and Snail1 in TE11, TE8, and HCE4 cells were examined by qRT-PCR and
western blotting. ***p < .001 vs. TE11 cells. (e) Expression levels of CD44v and
CD44s in TE11, TE8, and HCE4 cells were examined by qRT-PCR. ***p < .001 vs.
TE11 cells. n.s.: not-significant.

might be important to determine keratinocyte differentiation
in ESCC.

FGFR2 drives keratinocyte differentiation and maintains
non-CSCs in a differentiated state

We next silenced FGFR2 expression using siRNA. FACS ana-
lysis showed that knockdown of FGFR2 increased CSC popu-
lations in both TE11 and TH8 H cells (Figure 4(a-d)). Further,
specific knockdown of the FGFR2b isoform highly increased
CSC populations compared to the FGFR2c isoform (Figure S2).
IVL and CK13 expression were suppressed and Vimentin
expression was upregulated by FGFR2 knockdown (Figure 4
(e,f)). Consistently, the FGFR inhibitor, AZD4547, increased
CSC populations in TE11 cells (Figure 4(g,h)). FGFR2 thus
drives keratinocyte differentiation and keeps non-CSCs in
a differentiated state in ESCC.

AKT plays an important role for keratinocyte
differentiation in ESCC

We previously reported that FGF/FGFR signaling supports
the maintenance of CSCs in ESCC via the MAPK(RAS/MEK/
ERK) pathway.lo MEK inhibitor (trametinib) or knockdown
of FGFR1 and FGFR4 decreased CSC populations in HCE4
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cells (Figure S3). Therefore, we focused on and explored the
AKT pathway since AKT is a well-known FGFR downstream
pathway and plays various roles for modulating CSC charac-
teristics and cell differentiation.®>* AKT consists of three
isoforms (AKT1-3), and we then checked their expression
and activation status in TE8H and TESL cells. AKT1 and
AKT2 were expressed in both cells; however, interestingly
AKT1 was only activated in TE8H cells (Figure 5(a)).
Subsequently, we silenced AKT1 or AKT2 expression by
siRNA and examined the changes in CSC populations.
Knockdown of either AKT1 or AKT2 resulted in significant
increases in CSC populations in TE11 cells (Figure 5(c,d)).
Knockdown efficiencies were confirmed by qRT-PCR
(Figure 5(b)). Consistently, AKT specific inhibitors, MK2206
and GDCO0068, also increased CSC populations in TE11 cells
(Figure 5(e,f)). Moreover, Notch3, a key transcription factor
that induces terminal differentiation in keratinocytes, and
CK13 expression were suppressed by AKT inhibition
(Figure S4). Conversely, AKT activator (SC79) decreased
CSC populations and induced differentiation in TE8 cells
(Figure 6(a—c)). AKT activation was confirmed by Western
blotting (Figure 6(d)). Both AKT1 and AKT2 were important
to drive keratinocyte differentiation in ESCC and maintain



376 (&) O.MAEHARA ET AL.

a TE11
A siCont SiFGFR2 by, CSCs
KKKk
& 15
3 2
8 8 104
S 3
S 5
@ Q4
CD44....”, o 0 I‘. ]
o~ Q
O
‘ & .\Q(‘)Q%
c TES High g °
A siCont siFGFR2 w0y CSCs
*kk
= 304
< 2
g 8 20
8 g
N
o
Cd
VL Vimentin
e 1.2- 2.0- * f 1.2 CK13
-g £ 1.5 g
gos ﬁ o8 **
H s 1.0 g
E E o5 % o
H E]
00 ey oo o0 )
O & & ®
e S &
9 TE11 h CsCs
AZDA4547 10
Q2 Q2 S
- 2
3 :°
(5] 3
6.5% 10.0% ©
Q4 S 0

Cona > DM AZD

Figure 4. FGFR2 expression is important for the maintenance of CD24H cells. (a, )
FGFR2 was knocked down using siRNA in TE11 and TE8H cells at a concentration
of 10 nM for 48 h, and CSCs populations were analyzed by FACS. (b, d) Statistical
analyses of CSCs population (CD24L cells) (n = 3) ***p < .00 vs. siCont cells. (e, f)
mRNA expression of EMT markers and differentiation markers in FGFR2 knocked
down TE11 (e) and TE8L cells (f) *p < .05, **p < .01 vs. siCont cells. (g, h) TE11 cells
were treated with or without AZD4547 (2 uM) for 48 h, and the expression levels
of CSCs markers were examined by FACS. ***p < .001 vs. DMSO (control). siCont:
siControl (scramble siRNA).

non-CSCs in a differentiated state in ESCC. The FGFR2-AKT
pathway has the opposite function to FGFR1 and FGFR4-
MAPK pathways.

The expression levels of EMT and differentiation markers
in FGFR1 or FGFR2-dominant ESCC patients

Finally, we examined expression levels of keratinocyte differ-
entiation markers (CK13, IVL, and Notch3) and EMT related
markers (Vimentin and E-cad) in clinical ESCC samples using
The Cancer Genome Atlas (TCGA) dataset (n = 82). We
separated FGFR2-dominant patients from FGFR1-dominant
patients by FGFR2/FGFR1 ratio (Figure 7(a)). Expression of
E-cad and differentiation markers, CK13, IVL, and Notch3
were upregulated in FGFR2-dominant ESCC patients.
Conversely, expression of Vimentin, a mesenchymal marker,
was significantly suppressed in FGFR2-dominant ESCC
patients (Figure 7(b,c)). The FGFR2 pathway as a driver for

keratinocyte differentiation is confirmed in clinical ESCC
samples.

Discussion

We focused on unique features of FGFRs in regulating cell
differentiation, including CSCs plasticity in ESCC and demon-
strated that (1) FGFR2, particularly IIIb isoform, is highly
expressed in non-CSCs in ESCC; (2) FGFR2-AKT signaling
drives keratinocyte differentiation and maintains non-CSCs in
a differentiated state; (3) FGFR2 dominant ESCC patients show
more differentiated ESCC.

Several studies demonstrate that FGF/FGFR signaling is
involved in malignant progression in ESCC. Ueno et al
revealed that enhanced expression of FGFR3IIIb promotes
ESCC proliferation.”® Shi et al. showed that FGFR2 is highly
expressed in ESCC tissue and plays an important role in cell
survival and proliferation via the AKT/mTOR pathway.”’”
Takase et al. reported that N-CAM and FGF2 mediate FGFR1
signaling that regulates survival and migration of tumor-
associated macrophages and cancer cells in esophageal
cancer.”® Also, protein tyrosine kinase 7, a catalytically defec-
tive receptor protein tyrosine kinase, binds and activates
FGFRI in a ligand-independent manner in ESCC.** However,
which FGFRs are essential and whether each FGFR has
a distinct role in ESCC-CSCs remains to be elucidated.

We addressed these questions and found that the FGFR2
(IIIb)-AKT pathway is important for keratinocyte differentia-
tion and pivotal for the maintenance of differentiated non-
CSCs cells in ESCC. The FGFR2(IIIb)-AKT pathway may
have the opposite function of FGFR1 and FGFR4-MAPK path-
ways in ESCC (Figures 5, 6 and S3). Cell differentiation state,
including CSCs plasticity, is controlled by the coordination of
various FGFR expression in ESCC. Therefore, applying pan-
FGFR inhibitors might not be ideal for treatment of ESCC.
Rather it might be necessary to develop specific inhibitors for
each FGFR.

PI3K/AKT/mTOR signaling promotes survival, mainte-
nance of stemness, and tumorigenicity in many cancers.***°
However, studies which focus on the role of AKTs in CSCs are
insufficient and controversial. For instance, PD-L1 sustains
AKT activation and promotes the expression of stem cell-
related genes, OCT4 and Nanog, in breast cancer stem cells.*!
TGF-pB induces stemness via the AKT pathway in oral squa-
mous cell carcinoma.*? Tenascin-C (TNC), an extracellular
matrix protein, promotes cancer stemness via the AKT/
HIFla axis in ESCC-CSCs.>> The AKT/c-MYC axis, Hsp27/
AKT/HK2 pathway, and AKT/B-catenin axis have also been
reported to promote CSC in ESCC.**7*® Conversely, FOXO3a
that is mainly suppressed by AKTs, is key for CSC in various
cancers. Kumazoe et al. reported that FOXO3 is essential for
CD44 expression in pancreatic cancer cells.’” Naka et al.
revealed that TGF-B-FOXO pathway maintains CSCs in
chronic myeloid leukemia.”® Thus, AKTs could play opposite
roles on CSCs. In this study, we demonstrate that AKT sup-
pressed CSC populations in ESCC (Figures5 and 6).

Esophageal squamous differentiation progresses from basal
keratinocytes in the proliferative zone to luminal surface
epithelial cells. CK5 and CK14 are basal cell markers, and
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**¥p <.001 vs. DMSO (control).

CK13 and IVL are expressed in the suprabasal layer and
regarded as differentiation markers.’>*’ Differentiation state
in ESCC is related to tumor development. For instance, Xiong
et al. showed that Pax9, a transcription factor, regulates differ-
entiation and carcinogenesis in oro-esophageal epithelium.*'
Luo et al. reported that the expression of differentiation-
associated genes is reduced during malignant transformation
in ESCC.** Also, our group previously demonstrated that
Notch signaling is essential for esophageal squamous differen-
tiation and inhibition of that signaling raises malignant cellular
potential.*>** Consistently, the expression level of Notch3 in
this study was higher in differentiated (non-CSCs) than undif-
ferentiated ESCC (CSCs) (Figure 3(d)). More interestingly,
AKT inhibitors suppressed Notch3 expression (Figure S4),
and the FGFR2-AKT pathway could be an upstream signal
for Notch3. Further study is required to elucidate detailed
regulation mechanisms of Notch3 expression by AKT.
Differentiation therapy could be a novel therapeutic
strategy targeting CSCs in various cancers. In 1990,
Castaigne et al. reported that all-trans retinoic acid
(ATRA) achieved high complete response rate in acute
promyelocytic leukemia (APL) patients.*> ATRA induces
terminal differentiation in APL cells and now ATRA is

a standard treatment option for APL patients. It has been
also reported that ATRA induced differentiation in CD133
positive glioblastoma CSCs and sensitized the glioblastoma
cells to conventional anti-cancer treatments in vitro and
in vivo studies.® Bone morphogenetic protein 7 (BMP?7)
also can induce differentiation in glioblastoma CSCs*” and
Gonzéilez-Gomez P et al. have reported the effectiveness of
microspheres loaded with BMP7 in glioblastoma
treatment.*® In the present study, we have shown for the
first time that FGFR2-AKT axis induces keratinocyte differ-
entiation in ESCC CSCs. Although we have not discovered
how to activate this pathway specifically and efficiently,
specific activators of FGFR2-AKT pathway could shed light
on a new differentiation therapy in ESCC.

In conclusion, each FGFR has a distinct role in ESCC.
FGFR2-AKT signaling is a driver of keratinocyte differentia-
tion. Activation of FGFR2-AKT signaling could be a future
therapeutic option for targeting CSC in ESCC.
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Abbreviations

CSCs

Cancer stem-like cells

DMEM
Dulbecco’s modified Eagle’s medium

DMSO

Dimethyl sulfoxide

EMT

Epithelial-mesenchymal transition

ESCC

Esophageal squamous cell carcinoma

FACS

Fluorescence activated cell sorting

FGF

Fibroblast growth factor

LDS

Lithium dodecyl sulfate

PBS

phosphate-buffered saline

SDS

Sodium dodecyl sulfate

TBS

Tris-buffered saline.

TCGA

The cancer genome atlas
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