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High-CLDN4 ESCC cells harbor stem-Llike
properties and indicate for poor concurrent
chemoradiation therapy response in
esophageal squamous cell carcinoma
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Background: Esophageal squamous cell carcinoma (ESCC] is the major type of esophageal
cancer in Asia and demonstrates poor survival rates following a therapeutic regimen.
Methods: Cancer stem cells (CSCs) are responsible for tumor initiation, progression, and
treatment failure in cancers. Therefore, identification and characterization of CSCs may help
to improve clinical outcomes for ESCC patients. Tumor sphere formation assay are performed
to isolate cancer stem-like ESCC cells. QRT-PCR, tumor initiation, metastasis, CCRT
treatment are used to evaluate ESCC cells’ stemness properties in vitro and in vivo.

Results: The authors’ data demonstrates that cancer stem-like ESCC cells harbored
stemness characteristics including self-renewal, differentiation, and transdifferentiation,

and possess tumor initiation, metastasis, and treatment inefficiency properties. For the
identification of useful biomarkers of cancer stem-like ESCC cells, the authors further
identified that CLDN4 was upregulated in cancer stem-like ESCC cells when compared

with bulk cancer cells. High-CLDN4 cells harbored stemness and cisplatin/concurrent
chemoradiation therapy (CCRT) resistance properties and a high level of CLDN4 was
correlated with poor prognosis and poor CCRT response in ESCC patients. Importantly,
thiamine tetrahydrofurfuryl disulfide (TTFD) decreased CLDN4 and attenuated stemness in
ESCC cells, and TTFD combined with CCRT improved CCRT response in vivo.

Conclusions: CLDN4 was suggested as prognostic and a CCRT response indicator for ESCC patients.
TTFD combined with CCRT has potential to improve ESCC patient’s clinical outcomes in the future.

Keywords: biomarker, cancer stem-like cells, concurrent chemoradiation therapy, CCRT,
CLDN4, esophageal squamous cell carcinoma, thiamine tetrahydrofurfuryl disulfide (TTFD])

Received: 31 January 2019; accepted in revised form: 25 July 2019.

Introduction

Esophageal squamous cell cancer (ESCC) is
among the most common malignant cancers,
especially in Asia.»? The 5-year survival rate is
<25% and has remained unchanged over the past
several decades.?> The unfavorable prognosis for
this type of cancer is due to the limited therapeu-
tic options and inefficient treatments.* Eso-
phagectomy and concurrent chemoradiation
therapy (CCRT) are the standard treatments for

ESCC patients.>% Unfortunately, patients who
receive esophagectomy alone are associated with
a high rate of recurrence and a low 5-year survival
rate.2 The majority of ESCC patients have
advanced disease and receive CCRT alone or in
combination with surgical resection.” In total,
approximately 30-35% of patients who received
interventions suffered from tumor recurrence
within 1year.® Therefore, understanding the
mechanisms that lead to treatment failure, tumor
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recurrence, and improving therapeutic strategies
are important issues for ESCC.

Cancer stem cells (CSCs) and normal stem cells
share biological features including self-renewal,
differentiation, and transdifferentiation potential.®
The CSC hypothesis may provide a valid expla-
nation for therapeutic inefficiency, tumor initia-
tion, progression, recurrence, and distal
metastases in cancers.1%!! Therefore, understand-
ing and characterizing CSCs could potentially
help the development of effective therapeutic
strategies for ESCC patients. However, a lack of
identified CSCs biomarkers in ESCC prevents
accurate estimation of prognosis and creates inef-
ficiency in assigning therapeutic approaches for
ESCC patients. A recent study reported that
CSCs, marked by CD133", contributed to gli-
oma radioresistance through preferential activa-
tion of the DNA damage checkpoint response
and an increased capacity for DNA repair.12 An
increasing amount of evidence also indicates that
CD133" cancer cells harbor CSCs properties
that combined with high levels of ABC transport-
ers, contribute to chemoresistance.!3-1> Because
CD44"CD24- is a widely accepted biomarker of
CSCs in breast cancer, its relevance is worth dis-
cussing in ESCC. In addition, p75NTR*cells
were reported to harbor self-renewal capacity and
chemotherapeutic resistance in corneal epithelial
stem cells and ESCC, but this marker has not
been thoroughly evaluated as a CSC biomarker in
ESCC.!1¢ Therefore, identification of reliable
CSCs biomarkers is a critical, unmet need for
improving therapeutic strategies in ESCC patients.

In this study, the authors aim to establish an
in vitro culture system to isolate cancer stem-like
ESCC cells and demonstrate that the isolated cells
participate in tumor initiation, metastasis, chem-
oresistance, radioresistance, and CCRT resist-
ance i vitro and i vivo. In addition, the authors
found that CLDN4 functions as a potential bio-
marker of cancer stem-like ESCC cells and is pos-
itively correlated with ineffective CCRT treatment.
Importantly, thiamine tetrahydrofurfuryl disulfide
(TTFD) was found to decrease CLDN4, dimin-
ish CSCs characteristics and improve CCRT ther-
apeutic effects in vitro and in vivo. Overall, the
authors identified that CLDN4 can serve as a
potential CSCs marker, a prognostic and CCRT
response indicator for ESCC  patients.
Combinations of CCRT and TTFD provide a
novel therapeutic strategy to improve the clinical
outcome for ESCC patients in the future.

Materials and methods

Cell cultures

KYSE70 and KYSE170 cells were cultured in
RPMI-1640 (Gibco, 31800-089), supplemented
with 10% fetal bovine serum (FBS; Hyclone),
100IU/ml penicillin, and 100 pug/ml streptomycin
(Caisson, PSLO1-100ML). CE48T cells were
cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco, 12100-061), supplemented
with 10% FBS, 2mM L-glutamine and 1% P/S.
All cells were maintained at 37°C in a humidified
atmosphere of 5% CO,.

Tumor sphere formation assay

1 X105 cells were cultured as spheres in 10 cm
ultra-low adhesion dishes at a density containing
DMEM/F12 (Gibico) with 20ng/ml rhEGF,
10ng/ml rhbFGF, N-2 Supplement (Gibco,
17502-048), 100IU/ml penicillin, and 100 ug/ml
streptomycin (Caisson, PSLO1-100ML).14 Spheres
were passaged every 7days with 0.05% trypsin-
EDTA (Invitrogen) or accutase (Gibico). The
spheroid cells were maintained at 37°C in a
humidified atmosphere of 5% CO,. The diameter
of the tumorspheres ranged from 100 to 300 um.

Determination of ICs, value for Cisplatin in cells

A total of 1 X 105 cells were plated in cell culture
coated or ultra-low adhesion 96-well plates and
exposed to different concentrations of cisplatin.
After incubation for 48h, cell viability was
assessed with methyl thiazol tetrazolium (MTT)
(Sigma, USA) by measuring optical density at
570 nm using an ELISA reader. Cell viability was
calculated according to the following formula:
Cell viability (%) = cells (sample)/cells (con-
trol) X 100 and IC,, was calculated using log for-
mula by GraphPad Prism 6.

Evaluation of tumor initiation ability and CCRT
response in the mouse model

NOD-SCID mice were obtained from the
National Cheng Kung University Laboratory
Animal Center. All mice were maintained using
standard protocols, and the experiment was
approved by the Institutional Animal Care and
Use Committee, National Cheng Kung University
(IACUC Approval No: 101026). To measure
tumor initiation, spheroid and parental cells were
subcutaneously injected into the left and right
flank of nude mice (5weeks), respectively. To
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evaluate metastasis, 1000 spheroid or parental
cells were injected into a mouse by a tail vein. To
determine the CCRT response, 1 X 105 cells were
subcutaneously injected into the left and right
flank of nude mice (5weeks). After tumors
reached 5 mm in diameter, the mice were exposed
to 4 Gy radiation combined with 2 mg/kg cisplatin
by intraperitoneal injection.!” The tumor signal
from all of the mice was monitored by IVIS
Spectrum iz vivo imaging every week.

Clinical specimens

Primary esophageal tumors and adjacent matched
normal esophageal tissues were obtained from
National Cheng Kung University Hospital
(Tainan, Taiwan). This study received
Institutional Review Board approval (IRB num-
bers: A-ER-102-228; BR-100-087). Primary
samples were collected with informed consent
and with approval from institutional review
boards. The esophageal tissue microarray was
constructed using 139 specimens from patients.
In addition, 22 patients donated tissue before and
after CCRT treatment to evaluate the expression
of CLDN4.

Statistical analyses

All observations were confirmed by at least three
independent experiments. Data was expressed as
means = SEM. The clinical features were ana-
lyzed using the chi-squared test and Student’s
¢t test. The association between overall survival
was analyzed using log-rank Kaplan—Meier analy-
sis. Statistical comparisons of the results were
made using a Student’s z test. All tests were two-
sided, and a p value <0.05 was considered to be
statistically significant. SPSS version 20 (SPSS
Inc.) and GraphPad Prism 6 software were used
to analyze data.

Results

Isolation and characterization of cancer

stem-like ESCC cells and evaluation of their
oncogenic potential

To investigate the role of CSCs in ESCC, the
KYSE70, CE48T, and KYSE170 cell lines were
cultured in ultra-low attachment plates to estab-
lish tumorspheres. Approximately 1-2% of cells
formed tumorspheres of 100-300 mm diameter
over 7days. Notably, serial passaging enriched
the population of cancer stem-like ESCC cells

(Figure 1(a)), indicating that the tumorspheres
harbored self-renewal capability. Because the
growth of CSCs is expected to be accompanied
by the upregulation of stemness and drug resist-
ance-related genes, gene expression was evalu-
ated in both spheroid and nonspheroid ESCC
cells. The data demonstrated that the majority of
the measured stemness-associated and drug
resistance-related genes were upregulated in
spheroid compared with nonspheroid cells,
including Oct-4, SOX2, NANOG, ABCBI,
ABCG2, and CD133 (Figure 1(b)). Similar to
mRNA, the stemness-associated and drug resist-
ance proteins were increased in spheroid cells
(Figure 1(c)). The CSC hypothesis predicts that
CSCs can differentiate into cancer cells and con-
tribute to the heterogeneity of tumors. To exam-
ine the differentiation capacity of tumorspheres,
spheroid cells were re-seeded in cell culture
coated plates with DMEM medium and 10%
FBS to induce cell differentiation. The spheroid
cells re-attached onto the plates and the majority
of the stemness-associated and drug resistance
genes were significantly decreased after tumor-
sphere differentiation (Figure 1(d)). According to
the results, ESCC tumorspheres certainly dem-
onstrated cell differentiation ability. In addition,
the spheroid cells can transdifferentiate into
endothelial cells, which was confirmed by CD31
immunofluorescence staining. CSCs should also
have tumor-initiating and metastasis capabilities.
The tumor initiation ability of nonspheroid and
spheroid cells was examined by limiting dilution
cell transplantation assays. As expected, 10 sphe-
roid cells can initiate tumors in 2 out of 4 mice.
Tumor formation was also observed in mice
injected with 100-10,000 spheroid cells, which
suggest that cancer stem-like ESCC cells have
tumor initiation ability. These results were in stark
contrast to nonspheroid cells, which required
injections of 1X 105 cells to initiate tumors in
8weeks. (Figure 1(e)). In addition, the spheroid
and nonspheroid cells were injected into mice via
the tail vein to investigate the metastatic ability of
cancer stem-like ESCC cells. Signals from meta-
static lesions were detected by IVIS in 33% of
mice injected with spheroid cells 7 days after injec-
tion. The metastatic rates increased with time to
44% (14 days) and 67% (21 and 28 days) in sphe-
roid cell-injected mice. In contrast, nonspheroid
cell-injected mice did not exhibit detectable signals
until 28 days after injection (Figure 1(f)). Lung tis-
sue with positive IVIS signals was harvested to
confirm that the metastatic lesions were derived
from ESCC cells, by immunohistochemical
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Figure 1. Cancer stem-like ESCC cells promote tumor initiation and metastasis. A tumorsphere culture system was used to isolate
cancer stem-Llike ESCC cells in KYSE70, CE48T, and KYSE170 cells. The isolated KYSE70, CE48T, and KYSE170 cells were subjected
to characterize the CSCs properties in vitro and in vivo. (a) The sphere-forming assay was used to evaluate self-renewal ability in
ESCC cells. The cells were seeded into 10cm ultra-low adhesion dishes and incubated in stem cell culture medium at a density

of 1 X 10° cells/dish. 7 days after seeding, tumorspheres were generated and the spheroid cells were then trypsinized and 1 X 10°
spheroid cells were used for the next passage. Three passages were processed and the percentage of tumor formation was counted.
Scale bar: 100pm. (b) and (c) The indicated mMRNA and protein level was examined by gPCR and western blot in nonspheroid and
spheroid ESCC cells. Quantified results of western blot indicated the relative protein expression level in spheroid cells compared
with nonspheroid cells. (d) Tumorspheres were incubated in a serum-induced differentiation condition medium. Representative
images of the differentiate spheroid cells were taken on day 0 (d0), day 1 (d1), day 4 (d4), and day 10 (d10) after incubation. The
mRNA expression levels of indicated stemness genes and drug-resistant genes were examined in nonspheroid, spheroid, and
differentiated KYSE70 cells by gPCR. (e A series of nonspheroid and spheroid KYSE170-Luc cells were subcutaneously injected into
immunodeficiency mice and monitor tumor growth weekly using an in vivo Imaging Systems (IVIS] system. (f) The tail vein injection
model was used to investigate the metastatic ability /n vivo. A total of1000 nonspheroid and spheroid KYSE170-Luc cells were injected
into immunodeficiency mice using tail vein injections, the metastases were monitored weekly using an IVIS system. Four weeks after
injection, the mice were sacrificed and the lungs were harvested and the metastases were examined by immunohistochemistry using
human mitochondrial antibody. (Scale bar: 100 um).

CSCs, cancer stem cells; ESCC, esophageal squamous cell carcinoma
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staining with a human mitochondrial antibody
(Figure 1(f) bottom panel). In combination this
data demonstrates that the isolated cancer stem-
like ESCC cells harbor self-renewal, differentia-
tion, transdifferentiation, tumor initiation, and
metastasis potential.

Cancer stem-like ESCC cells are resistant

to cisplatin, radiation and concurrent
chemoradiotherapy in vitro and in vivo

CCRT is the standard treatment for ESCC, but
the therapeutic benefit is insufficient.25:6 CSCs
have been reported to be highly associated with
therapeutic failure and poor clinical outcomes.®
Spheroid cells were isolated and single cells were
subsequently used for investigating the response
to chemotherapy, radiotherapy, and CCRT com-
pared with nonspheroid cells i vitro and n vivo.
Three ESCC cell lines were treated with different
concentrations of cisplatin, and the spheroid cells
demonstrated chemoresistance with I1C,, values
of 58.2, 69.3, and 66.7 uM, compared with non-
spheroid cell IC;, values 0f 10.1, 4.2, and 19.4puM
in KYSE70, CE48T, and KYSE170 cells, respec-
tively (Figure 2(a)). In addition, spheroid cells
also demonstrated radioresistance. The IC;, val-
ues were 3.68, 7.1 and 4.84 Gy in spheroid cells
and 2.62, 2.72 and 2.32 Gy in nonspheroid cells
in KYSE70, CE48T and KYSE170 cells, respec-
tively (Figure 2(b)). CCRT is widely used for
ESCC treatment, and the authors’ results dem-
onstrated, in addition, that spheroid cells were
resistant to CCRT treatment. The IC;, values
were 4.8-fold to 22-fold higher in spheroid cells
compared with nonspheroid cells iz vitro (Figure
2(c)). Experiments measuring CCRT response
in vivo were conducted to confirm the results
from cell models. Spheroid and nonspheroid cells
were xenotransplanted into the left and right flank
of nude mice. The mice were monitored weekly
using an IVIS system and treated by CCRT after
the tumor size reached 5 mm in diameter. A ther-
apeutic responder was defined as an animal, in
which the tumor size was reduced by > 30%. This
group is indicated as ‘response (+)’ (Figure 2(d)).
Plotting quantitative data from IVIS analysis, in
addition, demonstrated that the average tumor
sizes of tumor sphere-generated tumors were sig-
nificantly larger than the nonspheroid cell-gener-
ated tumors (paired Student’s ¢ test; p=0.027;
Figure 2(e)). Following 3weeks of observation,
77% (10/13) of nonspheroid cell-generated
tumors were inhibited by CCRT, and 23% (3/13)
of nonspheroid cell-generated tumors kept

growing. In contrast, only 43% (10/23) of tumor
sphere-generated tumors were inhibited by
CCRT, while 57% (13/23) of tumorsphere gener-
ated tumors did not respond to CCRT (chi-
squared analysis, p=0.052) (Figure 2(f)). The
results supported the theory that CSCs are resist-
ant to CCRT treatment and promote metastasis.
Thus, CSCs may contribute to poor clinical out-
comes in ESCC.

Characterization and validation the surface
markers of cancer stem-like ESCC cells

Despite the importance of identifying CSCs in
tumors, current CSC biomarkers are not suitable
for detection in ESCC. The results demonstrated
that CD24-CD44" cells neither increased the
stemness gene expression nor enhanced CCRT
resistance (Supplemental Data 1). Therefore, the
authors tried to identify surface biomarkers of
cancer stem-like ESCC cells. By comparing
spheroid cells and nonspheroid cells using micro-
array, the differential expression of epithelial-to-
mesenchymal transition (EMT), differentiation,
stemness, and drug resistance genes were meas-
ured in both KYSE70 and CE48T cells, follow-
ing which they were validated by qPCR
(Supplemental Data 2 and Figure 3(a)). Among
these genes, CLDN4 exhibited high level in
KYSE70, CE48T, and KYSE170-derived sphe-
roid cells, and was correlated with poor survival
in esophagus and breast cancers (Figure 3(a) and
Supplemental Data 3(a)). In addition, the micro-
array data (GSE86099) showed that CLDN4 had
increased in paclitaxel-resistant cells, recalling the
drug-resistant character of CSCs (Supplemental
Data 3(b)).* In combination, this data suggested
that CLDN4 is a potential marker for cancer
stem-like ESCC cells. Because cancer stem-like
cells possess sphere formation capacity, the
authors measured the population of high-CLDN4
cells in spheroid and nonspheroid cultures. The
data demonstrated that the high-CLDN4 popula-
tion and the CLDN4 protein level increased at
least twofold in spheroid cells compared with
nonspheroid cells, as shown by both flow cytom-
etry (KYSE70 increased from 0.4% to 50.5%,
CE48T increased from 8.8% to 31.4%, and
KYSE170 increased from 71.2% to 82.6%,
respectively) and immunoblotting analysis
(Figure 3(b) and (c)). The high-CLDN4 and
low-CLDN4 cells were then sorted by flow
cytometry and separately subjected to the sphe-
roid formation assay (Supplemental Data 4).
Figure 3(d) shows that high-CLLDN4 cells had
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Figure 2. Cancer stem-like ESCC cells are resistant to concurrent chemoradiation therapy (CCRT) in vitro and in vivo. Nonspheroid
and spheroid cells of KYSE70, CE48T, and KYSE170 were used to evaluate the sensitivity of cisplatin (a), radiation (b), and cisplatin
combined with radiation (c]. After treatment for 48h, cell viability of cisplatin and CCRT were verified using MTT and cell viability to
radiation was evaluated by colony-forming assay, and ICs; of cisplatin, radiation or CCRT was used to evaluate the sensitivity. Cells
were treated with different dosages of cisplatin or radiation. In CCRT, cells were treated with different dosages of cisplatin combined
with 5 Gy of irradiation. (d) A total of 1X 105 KYSE170-Luc cells were subcutaneously injected into immunodeficiency mice. Tumor
sizes were measured weekly using an in vivo Imaging Systems (IVIS) system. The mice were treated with 4 Gy of irradiation and
2mg/kg cisplatin when the diameters of the tumors were >5mm. Tumor sizes reduced more than 30% were defined as a CCRT good
response (labeled as "+'); tumor sizes reduced <30% were defined as a CCRT poor response (labeled as "-). (e) The quantitative
data from IVIS was plotted following CCRT treatment. (f] The correlation between nonspheroid/spheroid cells and CCRT response

was analyzed using a

chi-squared test. "p < 0.05.
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Figure 3. CLDN4 enhances cancer stem cell properties in ESCC. (a) The candidate cell surface genes selected from microarray
were examined in both nonspheroid and spheroid cells. (b) The population of high-CLDN4 cells was examined in both nonspheroid
and spheroid cells by flow cytometry. (c) The CLDN4 expression level of nonspheroid and spheroid cells was measured by
immunoblotting. Quantified results of immunoblotting indicated the relative CLDN4 expression level in spheroid cells compared with
nonspheroid cells. (d) and (e] The stemness and drug resistance genes expression levels and sphere formation ability was evaluated
in isolated high-CLDN4 or low-CLDN4 cells by flow cytometry. (f) Immunofluorescence was performed to evaluate the CLDN4 levels
in ultra-low or 2D cultured-high-CLDN4 or low-CLDN4 cells. (g) The indicated numbers of high-CLDN4 or low-CLDN4 cells were
xenotransplanted into immunodeficiency mice to evaluate tumor initiation ability in vivo. Flow cytometry was used to isolate high-
CLDN4 or low-CLDN4 cells to evaluate the sensitivity of cisplatin (h) and CCRT in vitro (i) and cisplatin (7 mg/Kg) combined with
radiation (2 Gy) in vivo (j). The change of tumor size was normalized with the tumor size before treatment.

CCRT, cisplatin/concurrent chemoradiation therapy; ESCC, esophageal squamous cell carcinoma
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Table 1. Clinical features of tumors and association with CLDN4 expression level (n=139).

Feature CLDN4 p value
Low High
Sex (M/F] 97/5 35/2 0.905
Survival (A/D) 18/84 0/37 0.006°
Recurrence (Y/N) 63/39 26/11 0.356
Stage (I-11b/I1I-1VB]) 41/58 13/22 0.658
Age (mean = SD) 56.31+10.80 57.89 =12.43 0.466
Survival month (mean + SD) 40.46 +46.69 18.13+9.88 0.005*
Recurrence month (mean =+ SD) 33.67 +47.20 11.12 = 7.91 0.005%

“Chi-squared; #Student’s t test.
F, female; M, male;

high expression levels of stemness and drug
resistance-related genes compared with low-
CLDN4 cells, supporting the hypothesis that
high-CLLDN4 cells harbor CSCs properties. The
tumorsphere assay was also performed to exam-
ine stemness in both high-CLDN4 and low-
CLDN4 cells. High-CLDN4, but not
low-CLDN4 cells showed 40-50% tumorsphere
formation ability and maintained stemness in the
first and second passage in 3D culture (Figure 3(e)).
The expression level of CLDN4 was evaluated
using both 3D and 2D culture systems and found
that CLDN4 was essential for sphere formation
(Figure 3(f)). Limiting dilution cell transplanta-
tion assays were used to determine the tumor ini-
tiation ability of high-CLDN4 and low-CLDN4
cells. The results demonstrated that 10 high-
CLDN4 cells can initiate tumor formation in 1
out of 3 mice. Tumor formation was also observed
in mice injected with 100-10,000 high-CLLDN4
cells, suggesting that high-CLLDN4 cells, exhibit
tumor initiation ability. Low-CLDN4 cells
required injections of 1X 10> cells to initiate
tumors in 8weeks (Figure 3(g)). However, the
authors found that cancer stem-like ESCC cells
were resistant to cisplatin and CCRT, and further
tested the cisplatin and CCRT sensitivity of high-
CLDN4 cells to therapeutics. The cisplatin and
CCRT responses were examined in both high-
CLDN4 and low-CLDN4 cells i vitro and in
vivo. By treating with different concentrations of
cisplatin, High-CLDN4 cells were found to be
resistant to cisplatin, with an IC,, value of
20.3uM, compared with low-CLDN4 cells, with
an IC,, value of 3.8uM (Figure 3(h). A similar

result was found when cisplatin was combined
with radiation treatment. High-CLDN4 cells
were resistant to CCRT treatment compared with
low-CLDNZ4 cells (Figure 3(i). In addition, high-
CLDN4 cells also showed CCRT resistance
compared with low-CLDN4 cells in xenograft
mouse models (Figure 3(j)). In combination, the
data indicates that CLDN4 can serve as a bio-
marker for cancer stem-like ESCC cells, and
high-CLLDN4 cells carry tumor initiation and
CCRT resistance properties.

CCRT treatment enhances CLDN4 expression,

and high CLDN4 is associated with poor CCRT
response in ESCC patients

To examine the prognostic role of CLDN4, 139
clinical specimens were collected for further anal-
ysis (Table 1). IHC staining of CLDN4 was
scored on a scale from 0 to 3 and subdivided into
low (0 to 2) and high (3) expressing groups.
Categorized by IHC scoring, patient survival was
analyzed by Kaplan—Meier analysis (Figure 4(a)).
The results demonstrated that patients with high
levels of CLDN4 generally had poor survival and
early recurrence, even if they had the early-stage
disease, suggesting that CLDN4 can serve as a
prognostic biomarker for ESCC patients. The
authors’ data support the hypothesis that CSCs
confer resistance to therapy. CCRT treatment
can eliminate bulk cancer cells but not CSCs,
resulting in a dominant CSC population in the
tumor. This would explain why and how ESCC
patients with high CLDN4 expression showed
high recurrence rates after CCRT treatment.
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Therefore, the KYSE170 cells were treated with
CCRT and the surviving cells were collected and
subjected to immunoblotting analysis at the indi-
cated time points (Figure 4(b)). The results
showed that stemness-associated proteins (Oct-4,
SOX2, NANOG, and c-Notch) and CLDN4
were time-dependently upregulated in CCRT-
treated cells, supporting the theory that CSCs
were enriched under CCRT treatment. Tissue
from the xenograft mouse models with or without
CCRT treatment was collected to evaluate the
percentage of cancer stem-like cells. As expected,
CLDN4 was extremely upregulated in the tumor
tissue after CCRT treatment, but not in the con-
trol group, supporting the hypothesis that the
cancer stem-like cells population is increased
after CCRT treatment (Figure 4(c)). Finally,
specimens collected from patients before and
after CCRT treatment were used to validate this
hypothesis. After receiving CCRT therapy, ESCC
patients were subdivided into good or poor
CCRT response. The level of CLDN4 was exam-
ined by immunohistochemistry in both poor and
good responders (Figure 4(d) and Supplemental
Data 5(a) and (b)). The results demonstrated
that CLDN4 was increased in 12 out of 15 (80%)
CCRT poor responders and 3 out of 7 (43%)
CCRT good responders (Figure 4(e)). In combi-
nation, this data demonstrates that CLDN4
serves as not only a prognostic biomarker but also
as a predictive indicator of CCRT response for
ESCC patients.

TTFD diminishes stemness and improves CCRT
therapeutic efficacy

Because CSCs were highly correlated with
CCRT resistance and unfavorable clinical out-
comes, diminishing CSCs numbers may help to
improve ESCC patient response to therapeutics.
The differential expression of stemness-associ-
ated and drug resistance genes was measured in
spheroid cells compared with nonspheroid cells
by microarray. The gene profiles were compared
in spheroid and nonspheroid KYSE70 and
CE48T cells. A total of 248 upregulated and 117
downregulated genes were found in both
KYSE70 and CE48T cells. This suggests these
genes can serve as a gene signature for cancer
stem-like ESCC cells. Connectivity Map (Cmap)
was utilized to identify small molecules, which
can invert the gene expression patterns in
CSCs.18 As shown in Figure 5(a), potential small
molecules were examined for their effects on
altering stemness and drug-associated gene

expression. The results indicated that only
TTFD treatment can dose-dependently decrease
stemness and drug-associated genes (Figure 5(b)
and Supplemental Data 6(a)). CLDN4 mRNA
and protein levels were also downregulated by
TTFD treatment, but not other small molecules
(Figure 5(c) and Supplemental Data 6(b) and
(c). TTFD treatment can dose-dependently
attenuate sphere formation ability from 70% to
almost complete abolishment, without affecting
cell motility (Figure 5(d) and (e)). Because
TTFD diminished stemness, the authors then
examined the therapeutic effect of TTFD and
CCRT combinational treatment in CSCs. The IC,,
values of TTFD and CCRT combination treat-
ment were 26.8uM (TTFD 1puM+ CCRT) and
17.5uM (TTFD 3uM+ CCRT) compared with
control of 33.6uM (CCRT alone) (Figure 5(f)).
Importantly, TTFD improved CCRT response not
only in cell models but also i vivo in a xenograft
mouse model. The spheroid cells were xenotrans-
planted into mice, which were orally treated with
TTFD and CCRT after tumor growth reached
approximately 100mm?3. The tumor burden was
significantly decreased in the TTFD treatment
group (100mm3, TTFD + CCRT) compared
with the control group (300mm?3, CCRT only)
after treatment for 4 weeks (Figure 5(g)). Overall
the authors demonstrated that TTFD can dimin-
ish stemness and enhance CCRT efficacy in
ESCC. These results may help to improve the
CCRT response and benefit the clinical out-
come of ESCC patients in the future.

Discussion

CSCs are known to promote tumor initiation,
metastasis, and drug resistance in a number of
cancers.%10:19 Identifying the cellular roles of
CSCs in treatment resistance and metastasis may
help to develop effective therapies for ESCC
patients. In this study, the authors demonstrated
the cancer stem-like ESCC cells can promote
tumor initiation, metastasis, and contribute to the
ineffectiveness of CCRT treatment in ESCC.
This data also revealed that CLDN4, a surface
protein, was significantly increased in spheroid
cells, which suggests that CLDN4 can serve as a
marker of stem-like ESCC cells. Xenotransplanted
mice and clinical specimen analyses demon-
strated that CLDN4 was increased after CCRT
treatment and supported that cancer stem-like
ESCC cells were enriched after treatment. In
addition, the CLDN4 expression level was corre-
lated with unfavorable clinical outcomes and
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Figure 4. The high CLDN4 level is correlated with poor prognosis and poor CCRT response in ESCC. (a) Representative
immunohistochemistry images of ESCC specimens showing CLDN4 expression scores from 0 to 3. Score 0, 1, and 2 were classified
to CLDN4 low expression and score 3 is defined to CLDN4 high expression. Overall survival (left-upper) and disease-free survival
(left-lower) of 139 ESCC patients were stratified by CLDN4 expression level by Kaplan-Meier analysis. Overall survival (right-upper)
and disease-free survival (right-lower) of the 54 patients with stage I/Il ESCC was stratified with CLDN4 expression level by Kaplan-
Meier analysis. (b] The diagram shows the procedure to select CCRT resistance cells. The KYSE170 cells were received cisplatin
combined with irradiation for indicating times and the lethal cells were removed before harvest protein lysate. The CCRT resistance
cells were examined the CLDN4 levels and stemness genes by immunoblotting. Quantified results of immunoblotting indicated the
relative protein expression level at different time points. (c) Immunohistochemistry showed the CLDN4 levels in xenotransplanted
mice with or without CCRT treatment. (d) The tissues from CCRT responder or nonresponder ESCC patients were used to examine
the CLDN4 levels by immunohistochemistry. (e) The percentage of increased CLDN4 was used to evaluate in both CCRT poor and
good responders.

CCRT, cisplatin/concurrent chemoradiation therapy; ESCC, esophageal squamous cell carcinoma
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Figure 5. Thiamin tetrahydrofurfuryl disulfide (TTFD) diminishes cancer stem cell formation and conquers
CCRT resistance. (a) The connectivity map (Cmaplwas used to predict drugs able to invert the gene’s signature

weeks after CCRT

in sphere cells. (b) The stemness and drug resistance genes were examined after TTFD 1 mM or 3mM
treatment for 24 h. (c) The CLDN4 mRNA expression level was evaluated in spheroid cells with indicated

treatment and nonspheroid cells. (d) The cell viability was determined in nonspheroid and spheroid KYSE170

cells, which were treated with the indicated TTFD concentrations for 5days by MTT assay. (e). The sphere

formation ability was measured by the treatment of indicated TTFD concentrations. (f) The spheroid KYSE170

cells treated with indicated cisplatin dosage and combined with TTFD 1 pM or 3 pM to measure cellular

viability by MTT assay. [g] The tumorsphere cells were subcutaneously injected into mice and fed with TTFD

(20mg/kg) or an equal volume of water in the control group. After tumor growth to the proper size, tumors
received CCRT treatment (4 Gy, 2mg/kg) and tumor sizes were measured weekly.
CCRT, cisplatin/concurrent chemoradiation therapy; MTT, methyl thiazol tetrazolium
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CCRT treatment failure in ESCC patients.
Overall the authors’ data reveals that high-
CLDN4 cancer stem-like ESCC cells are respon-
sible for tumor initiation, metastasis, and drug
resistance properties iz vitro and i vivo. Of note,
TTFD was identified by Cmap as a small mole-
cule that is able to reverse the CSCs gene expres-
sion signature. TTFD treatment can diminish
cancer stem-like ESCC cells formation and
enhance CCRT response, but not affect cell via-
bility. In combination, the authors demonstrated
that high-CLDN4 cancer stem-like ESCC cells
harbored tumor initiation, metastasis, and CCRT
resistance properties and that TTFD can dimin-
ish stemness as well as improve CCRT response
in ESCC.

Based on the CSC hypothesis, CSCs represent a
limited population of cells that are associated
with tumor initiation, metastasis, and drug resist-
ance properties. Therefore, identifying CSCs is a
critical issue in cancers.% 19 Over the last decade,
several cell surface markers were found to identify
CSCs in cancers. CD44+*CD24 v was first
shown to act as a CSCs marker in breast cancer.
These cells showed a high capacity to initiate
tumor burden in xenotransplanted mice.?° In
addition ALDHI17CD44+*CD24~ cells were
reported to initiate tumors and promote metasta-
sis, and ALDH1 was correlated with poor prog-
nosis in patients with breast cancer.21-22 However,
the authors’ data indicate that CD44*CD24- cells
do not exhibit CSC properties in ESCC
(Supplemental Data 2). The role of CLDN4 in
ESCC has been reported previously;23:2¢ how-
ever, the opposite findings might be caused by the
clinical characteristics of different enrolled
groups. It is widely accepted that the 5-year sur-
vival rate of ESCC patients is still <25% which is
similar in the enrolled ESCC patients in this
study(Figure 4). However, CLDN4 was directly
identified by comparing the surface markers of
cancer stem-like ESCC cells and bulk tumor cells
(Figure 3). In addition, the authors found that
high-CLDN4 cells were shown to harbor tumor
initiation, metastasis, and CCRT resistance capa-
bilities (Figures 3 and 4). Moreover, high-
CLDN4 cells were enriched under the selective
pressure of CCRT treatment, and CLDN4 was
correlated with poor prognosis and early recur-
rence, even in early disease ESCC. In combina-
tion the results indicate that the CLDN4 not only
serves as a marker of cancer stem-like ESCC cells
but also acts as a prognostic and CCRT treat-
ment predictive biomarker for ESCC patients.

The origin of CSCs is still a controversial issue.
CSCs may be derived from the transformation of
normal stem cells or the dedifferentiation of cancer
cells.?> An increasing number of studies indicate
that CSCs can be induced by extrinsic regulation
including inflammation, hypoxia, and cancer-asso-
ciated fibroblasts (CAFs).%20-29 In addition, EMT
has been broadly indicated to mediate transforma-
tion of mature cancer cells into CSCs.3%-32 In this
study, isolated high-CLLDN4 cells showed CSCs
properties, however, few cells can harbor stemness
properties and show CLDN4 expression from iso-
lated low-CLDNZ4 cells, suggesting the CLDN4 is
essential for cancer stem-like ESCC cells. Of note,
CCRT treatment was shown to enrich the cancer
stem-like ESCC cell population in ESCC patients
leading to CCRT treatment failure. In agreement
with this finding, Roesch and colleagues reported
that JARID1B™* cells showed more CSC features
than JARIDI1B- cells in melanoma, and further
that the expression of JARID1B was dynamic.
JARID1B- cells can switch to JARID1B™ cells and,
with the switch, begin to exhibit CSC properties.33
Together, the CSCs can be enriched under-stimu-
lation such as CCRT. Therefore, investigating the
regulatory mechanisms of CLDN4 may help to
improve therapeutic strategies for ESCC patients.

Previous studies indicated that CSCs express
high levels of multidrug resistance (MDR) genes
such as ABCB1 and ABCG2 to facilitate drug
efflux.3%35 This theory is consistent with this
study’s results that show high-CLLDN4 cancer
stem-like ESCC cells cause treatment failure.
Therefore, targeting CSCs may be a more effi-
cient way to overcome cancer resistance and pre-
vent the spread of ESCC. In fact, several drugs
were developed to target CSCs through Wnt,
Notch or Hedgehog signaling, underlining the
importance of targeting CSCs.3¢ The authors’
revealed that TTFD, a disulfide derivative of thi-
amine, can reverse the stemness gene profile,
downregulate CLDN4 levels, and diminish
stemness potential (Figure 5). Reducing CSCs
may improve therapeutic responses and this
study’s data that pre-treatment of TTFD
improves the CCRT response in vitro and in vivo
supported this concept (Figure 5). Importantly,
unlike unknown molecules that may be used as
CSC-targeting drugs, TTFD is known to be rela-
tively safe for humans.

In combination the authors’ findings demonstrate
that CLDN4 is not only a cancer stem-like ESCC
cell marker but also acts as a prognostic and
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CCRT response indicator for ESCC patients.
CCRT treatment enriched high-CLDN4 cells,
potentially conferring CCRT resistance in ESCC
patients. Importantly, attenuating stemness prop-
erties of cancer cells by TTFD treatment may
improve CCRT response. These results may pro-
vide an opportunity to improve therapeutic out-
comes for ESCC patients.
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