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Esophageal squamous cell carcinoma (ESCC) is one of the most prevalent cancers
worldwide. Recent studies have shown that cancer stem cells (CSCs) are present in
ESCC, are thought to lead to aggressive tumor behavior and the prognosis. The CXC
chemokine receptor 4 (CXCR4), is regarded as a putative CSCs marker in various
malignancies. Here, we demonstrate that CXCR4 played a key role in ESCC progression
and CXCR4 positive ESCC cells possessed stem-like properties. Furthermore, the
anti-malarial agent chloroquine (CQ) targeted CXCR4-positive ESCC cells via STAT3
pathway. Therefore, CQ with anti-CSCs effects may be an effective adjunct to current
ESCC chemotherapy regimens.

Keywords: esophageal squamous cell carcinoma (ESCC), cancer stem cells (CSCs), CXCR4, chloroquine (CQ),
STAT3

INTRODUCTION

Esophageal cancer is the fifth and eighth most frequent cause of cancer-related death in male
and female worldwide, respectively (1). Esophageal squamous cell carcinoma (ESCC) is the
predominant histopathological subtype and comprises up to 90% of esophageal cancer cases
worldwide. The incidence of ESCC varies widely by region. The highest prevalence of ESCC
was reported in Southern and Eastern Africa and Eastern Asia, particularly in Linzhou of China,
however, in Western and Middle Africa and Central America, the lowest prevalence was estimated
(2). The prognosis for ESCC remains poor largely due to late diagnosis and propensity for
metastasis. Despite significant advances in diagnostic techniques and therapeutic approaches, the
overall 5-year survival rate ranges from 15 to 25% (3-5). Recent studies have shown that many
malignancies contain a cell subpopulation known as cancer stem cells (CSCs), which are thought
to cause aggressive tumor behavior and therapy resistance and have high tumor-initiating capacity,
thereby leading to recurrence, metastasis, and insufficient response to conventional therapies (6).
Therefore, CSCs markers that are enriched in ESCC must be determined to isolate cells with
stem-like characteristics, improving the prognosis of ESCC patients.
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CQ Targets CXCR4 in ESCC

The CXC chemokine receptor 4 (CXCR4), a G-protein-
coupled receptor (GPCR), also known as a co-receptor for HIV-1
and HIV-2 (7, 8), is activated exclusively by chemokine CXCL12
(9). Although initial studies were centered on the participation
of CXCR4 in HIV infection of T cells, its connection to cancer
became a hot research topic. CXCR4 was overexpressed in many
types of human cancers, and its expression was correlated with
angiogenesis, metastasis, and prognosis (10-14). Cancer cells
are thought to hijack the CXCR4/CXCL12 axis to establish
distant metastasis. The abrogation of the CXCR4/CXCL12 axis
results in reduced metastatic burden in a variety of mouse
models of cancer. Increasing evidence suggested that CXCR4
could be regarded as a putative CSCs marker in various
malignancies, including glioma, non-small cell lung cancer,
prostate cancer, renal cell carcinoma, and breast cancer (15,
16). CXCR4 expression in CSCs confers increased invasiveness
and metastatic potential as well as improved self-renewal and
survival capacity (17). The anti-malarial agent chloroquine (CQ)
has been suggested to have an impact on the cancer stem-like
cells via inhibition of autophagy (18, 19). Recently, It has been
reported that CQ might be a novel antagonist to CXCR4 (20).
Balic et al. demonstrated that CQ preferentially targeted CSCs
via inhibition of CXCR4 and hedgehog signaling in pancreatic
cancer, which acted through autophagy-independent mode of
action (21).

In this study, we confirmed that CXCR4 was significantly
up-regulated in ESCC specimens and overall survival was
significantly shorter for patients with CXCR4 overexpression,
suggesting that CXCR4 play a key role in ESCC progression.
CXCR4™ ESCC cells exhibited high expression of stemness-
related genes, had higher metastatic ability, and more resistant
to anti-cancer drugs, indicating that CXCR4*t cells may
possess some characteristics of CSCs. Furthermore, CQ targeted
CXCR4-positive ESCC cells via STAT3 pathway, independent
of autophagy.

MATERIALS AND METHODS

Cell Lines and Cell Culture

The human ESCC cell line (EC109) were maintained in RPMI
1640 medium containing 10% fetal bovine serum supplemented
with 100 U/ml penicillin G and 100 pg/ml streptomycin in
humidified atmosphere at 37°C, 5% COs.

Tissue Specimens and Clinicopathological

Characteristics

A total of 121 ESCC tissues and 91 neighboring non-cancerous
tissues were collected immediately following surgical resection
of ESCC patients at the First Affiliated Hospital of Zhengzhou
University (Zhengzhou, China). Ethical approval from the First
Affiliated Hospital of Zhengzhou University Research Ethics
Committee and patient written informed consent were obtained.
Histological examination was carried out by pathologists. None
of the patients received any anti-tumor therapy prior to the
surgical resection.

RNA Isolation, Reverse Transcription, and
Quantitative Reverse Transcription

Polymerase Chain Reaction (QRT-PCR)

Total RNA was isolated using RNAiso Plus (Takara, Japan) and
reverse-transcribed using PrimeScript™ II 1st Strand ¢cDNA
Synthesis Kit (Takara, Japan) according to the manufacturer’s
instructions as described earlier (22). QRT-PCR was performed
on Agilent Mx3005P system using FastStart Essential DNA Green
Master (Roche, USA). Human GAPDH were used as an internal
control. All reactions were performed in triplicate. The data were
analyzed by 244€t method. All the primers used in this research
are in Table 1.

Transwell Migration and Invasion Assay

The migration and invasion of ESCC cells were examine using
24-well Transwell chambers (8-pm pore size polycarbonate
membrane, Corning, USA). Harvested cells (2 X 10%) were
resuspended in 100 pl serum-free RMPI-1640 medium and
placed in the upper compartment of the chamber. A total of 500
ul of RMPI-1640 medium containing 10% fetal bovine serum
was used as a source of chemoattractant and was added in the
bottom compartment of the chamber. After 24 h, the cells that
had migrated to the basal side of the membrane were stained with
crystal violet (0.005%, sigma, USA) and quantified by counting 5
independent symmetrical visual fields under the microscope. All
experiments were repeated three times independently.

Immunohistochemistry

Formalin-fixed, paraffin-embedded sections (3mm) were
deparaffinized in xylene, rehydrated with an alcohol gradient,
and washed briefly in tap water. Endogenous peroxidase was

TABLE 1 | Primer sequences are shown for all genes tested.

Gene name Sense sequence Anti-sense sequence Product size

(bp)

GAPDH GCACCGTCAAGGCT  TGGTGAAGACGCCA 138
GAGAAC GTGGA

CXCR4 ACTACACCGAGGAAA  CCCACAATGCCAGTT 133
TGGGCT AAGAAGA

OCT4 CCCCTGGTGCCGTG  GCAAATTGCTCGAGT 97
AAG TCTTTCTG

NANOG CAAAGGCAAACAACC TCTGCTGGAGGCTGA 158
CACTT GGTAT

SOX9 AGCGAACGCACATCA CTGTAGGCGATCTGT 85
AGAC TGGGG

LIN28 CGGGCATCTGTAAGT  CAGACCCTTGGCTGA 191
GGTTC CTTCT

MMP9 TGTACCGCTATGGTT  GGCAGGGACAGTTG 97
ACACTCG CTTCT

MMP15 AGGTCCATGCCGAGA GTCTCTTCGTCGAGC 156
ACTG ACACC

ATG7 ATGATCCCTGTAACTT CACGGAAGCAAACAA 114
AGCCCA CTTCAAC

BECN1 CCATGCAGGTGAGCT GAATCTGCGAGAGAC 215
TCGT ACCATC
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blocked by with methanol containing 0.3% hydrogen peroxide
(H203) for 30 min. To retrieve antigenicity, sections were boiled
in 10 mM citrate buffer (pH 5.8) for 30 min in a microwave. Next,
sections were incubated with goat serum diluted in PBS (pH
7.4) for 30 min at 22°C. Subsequently, sections were incubated
at 4°C overnight with primary antibody specific for CXCR4
diluted at 1:200 (Abcam, Cambridge, UK). After incubation with
horseradish peroxidase-conjugated secondary antibody for 1h at
37°C, sections were treated with substrate 3,3-Diaminobenzidine
(DAB) and counterstained with hematoxylin and visualized
under a microscope (Leica, USA).

Separation of CXCR4+ Cells by Magnetic
Cell Sorting (MACS)

EC109 cells were harvested, prepared into single cell suspension
and counted. CXCR4™ cells were separated according to the
manufacturer’s instructions. <2 x 107 cells were suspended in
200 pl PEB buffer. Twenty microliter of CD184 (CXCR4)-APC
was added, mixed and incubated for 10 min in the refrigerator
(2-8°C). The cells were washed and resuspended in 160 pl PEB
buffer. Forty microliter of Anti-APC MicroBeads was added,
mixed well and incubated for 15min in the refrigerator (2-
8°C). Then cells were washed, resuspended in 1,000 .1 PB buffer
and proceeded to magnetic separation. The flow-through was
unlabeled cells (CXCR4~ cells). MACS column was removed
from MACS separator and the magnetically labeled cells (CXCR™
cells) were obtained.

Mouse Experiment
Animal protocols were approved by the Animal Care and
Use Committee of the First Affiliated Hospital of Zhengzhou

University. Female BALB/c-nu mice (15-18g, 5-6 weeks old)
were obtained from the animal facility (Beijing Vital River
Laboratory Animal Technology Co., Ltd.). ESCC cells (1 x 10°)
were injected subcutaneously into the left flank of recipient
BALB/c-nu mice. Tumor bearing mice were treated with CQ (50
mg/kg, once daily I.P. for 18 days). The control mice received
vehicle (PBS) alone. Tumor growth was monitored using a caliper
and tumor volume was calculated according to the formula: (L x
W x W)/2.

Statistics

Statistical analyses were performed with SPSS 17.0. All data were
presented as means + SD of experiments performed in triplicate.
Data were tested for normal distribution and Student’s t-test,
ANOVAs, or non-parametric Mann-Whitney U/Wilcoxon tests
were applied. A P < 0.05 was accepted as statistically significant.

RESULTS

CXCR4 Expression Was Correlated With

Tumor Invasion and Survival

We first detected CXCR4 mRNA expression in human ESCC
specimens and neighboring non-cancerous specimens. We found
CXCR4 was significantly up-regulated in ESCC specimens,
compared with non-cancerous specimens (Figure 1A). Further,
91 paired ESCC specimens and the corresponding neighboring
non-cancerous specimens were analyzed, showing significant up-
regulation of CXCR4 expression in ESCC specimens (Figure 1B).
Moreover, CXCR4 expression was significantly correlated with
tumor invasion and stage (Figures 1C,D). No correlation was
observed between CXCR4 expression and patient’s age, sex,
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lymph node metastasis and differentiation. Then we performed
immunohistochemistry (IHC) on a paraffin-embedded human
ESCC tissues. We found that CXCR4 protein expression
was significantly upregulated in ESCC compared with the
adjacent non-cancerous tissues (Figure 2A). Further, Kaplan-
Meier analysis showed that overall survival was significantly
shorter for patients with CXCR4 overexpression (Figure 2B).
These data suggested that CXCR4 might play an oncogenic role
in human ESCC tumorigenesis and development.

CXCR4 Positive ESCC Cells Possessed

Stem-Like Properties

We next analyzed the CXCR4 expression in ESCC cell lines and
human esophageal epithelial cell line Het-1la. As expected, we
got the same result that CXCR4 was overexpressed in ESCC cell
lines compared with human esophageal epithelial cell line Het-
la (Figure 3A, Supplementary Figure S1). CXCR4 expression
was highest in EC109 cells and detected by flow cytometry
(Figure 3B). To investigate the role of CXCR4 in ESCC, we
isolated CXCR4 positive and negative cells in ESCC cell line
EC109 by MACS. The purity of the two sorted subpopulations
was 92.3 and 94.4%, respectively (Figure 3C). QPCR was used
to confirm the expression of CXCR4 in the two subpopulations
(Figure 3D). To assess whether the CXCR4 positive cells have
the features of the tumor-initiating cells, we compared the
mRNA expression levels of stemness-associated markers such
as NANOG, OCT4, LIN28, and SOX9 between CXCR4 positive
and negative cells by quantitative real-time PCR. The high
expression levels of NANOG, OCT4, LIN28, and SOX9 were
observed in the CXCR4 positive cells, compared with the CXCR4
negative cells (Figure 3E). Since CSCs have been demonstrated
to be more resistant to chemo- and radiation therapy and thus
might contribute to drug resistance and tumor recurrence, we
analyzed the sensitivity of CXCR4 positive and negative cells
toward cisplatin (DDP) and docetaxel (TXT). The survival rates
of CXCR4 positive cells were higher under the treatment of

DDP and TXT, compared with CXCR4 negative cells (Figure 3F).
Further, we analyzed the migration and invasion ability in
the two subpopulations. CXCR4 positive cells showed stronger
migration and invasion ability (Figure 4A). AMD3100, a CXCR4
antagonist, significantly inhibit migration and invasion ability
of CXCR4 positive cells (Figure 4B). And CXCR4 positive cells
increased expression of MMP9 and MMP15 (Figures 4C,D),
which are known to play an important role in extracellular matrix
remodeling during the process of tumor invasion and metastasis.
These data suggested that CXCR4 had a functional role in the
maintenance of stemness of ESCC cells.

CQ Targeted CXCR4-Positive ESCC Cells
via STAT3

Recently, CQ had been demonstrated to function as an inhibitor
of CXCR4 signaling and have an impact on the cancer stem-
like phenotype (20, 21, 23, 24). We aimed to assess the effect of
CQ on CXCR4 expression in ESCC cells. We found CQ could
reduce the amount of cells with CXCR4 expression (Figure 5A).
Next, we dissected the molecular mechanisms by which CQ
inhibited CXCR4 expression. Signal transducer and activator of
transcription 3 (STAT3) plays a key role in the tumorigenesis
and cancer stem cells (25, 26). We observed that CQ inhibited
STAT3 in ESCC cells (Figure 5B). Further, we found that CXCR4
expression was decreased by the STAT3 inhibitor (Figure 5C).
CQ is an anti-malarial drug known to inhibit autophagy by
disrupting lysosomal stability and function. We found that CQ
had no effect on the expression of ATG7 and BECN1, known
as key molecules in autophagy pathway (Figure 5D). Autophagy
inhibition with ATG7 or BECNI siRNAs did not affect CXCR4
expression (Figure 5E). These data suggested that CQ targeted
CXCR4-positive ESCC cells via STAT3 pathway, independent
of autophagy.

CQ Inhibited Tumor Growth in vivo
The most important property of CSCs is their ability to efficiently
propagate tumors in vivo that recapitulate the parental tumors.
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To examine the role of CQ on the tumor initiating capability,
BALB/c nude mice were transplanted with ESCC EC109 cells
and treated with or without CQ. We found that animals with
CQ treatment markedly delayed the tumor progression relative to
the control group (Figures 6A,B). CXCR4 and stemness-related
transcription factors showed a significant decrease in animals
with CQ treatment (Figures 6C,D). Taken together, these data
demonstrate that CQ inhibits the tumorigenic capacity of ESCC
cells in vivo.

DISCUSSION

CXCR4, also known as cluster of differentiation 184 (CD184)
or fusin, one of the most well-studied chemokine receptors
due to its earlier found role as a coreceptor for HIV entry
(8), is widely expressed throughout the human body during
embryonic development and adult life, with uniquely high-
expression levels in the hematopoietic system (27). Recent studies
confirmed a wide expression of CXCR4 in the tumors with a
consequent implication of this receptor in a panel of pathological

processes such as cell proliferation, migration, metastasis and
cancer emergence and progression. Importantly, the CXCR4
has emerged as a drug target for its crucial role in promoting
and maintaining cancer stem cells (CSCs). Kimura et al. found
CXCR4 was associated with cell proliferation and tumorigenicity,
concluding that CXCR4 is the marker of synovial sarcoma-
initiating cells, a new biomarker for prognosis and a new
potential therapeutic target (28). Sun et al. demonstrated that
CD133TCXCR4™ primary endometrial cancer cells grew faster,
exhibited high expression of stemness-related genes, produced
more spheres, had higher clonogenic ability, and more resistant
to anti-cancer drugs than other subpopulations, indicating that
CD133TCXCR4™ cells may possess some characteristics of CSCs
in primary endometrial cancer (29). CXCR4 increases the growth
and sphere formation efficiency of hypoxic breast cancer side
population (SP) cells by c-Jun/ABCG2 pathway (30).

In human esophageal cancer, CXCR4 overexpression
promoted cell invasion in vitro and tumor growth in vivo
and indicated worse survival outcome (31-33). Consistent
with previous studies, we found that CXCR4 was significantly

Frontiers in Oncology | www.frontiersin.org

March 2020 | Volume 10 | Article 311


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Yue et al.

CQ Targets CXCR4 in ESCC

>

9 CXCR4

e
o

EC10

S St

Migration

EC109 CXCR4+
+PBS +AMD3100

Ci
_O
[2)
(1]
>
c
40- 60 *
* I
_
_I_ 30 —I_
§ § H g"
® 20 2 40 T 20 2
o > =] >
E = E = 20
10- 20- 10-
: . , : : . :  —
CXCR4- CXCR4+ CXCR4- CXCR4+ PBS AMD3100 PBS AMD3100
EC109 CXCR4+ EC109 CXCR4+
(o] D
- *
g 4 L * s 49 :
S ; S
2 @
g 3 ]
&3 £33
38 58
<5 &
24 <
zs Z 8 27
€= =
2" 2% 11
(1] =
—_— [}
€ e
T
CXCRA- CXCR4+ CXCRA4- CXCR4+
EC109

FIGURE 4 | CXCR4 promoted cell migration and invasion. (A,B) Migration and invasion assays were performed using Transwell chambers. (C) The expression
analysis of MMP9 was detected by real time PCR. (D) The expression analysis of MMP15 was detected by real time PCR. *P < 0.05.

EC109

up-regulated in ESCC tissues, and correlated with tumor
invasion and survival. Increasing evidence suggests that CXCR4
is potentially the CSCs marker of malignant tumors including
synovial sarcoma (28), endometrial cancer (29), lung cancer
(34), and so on. To investigate the role of CXCR4 in ESCC,
we isolated CXCR4 positive and negative cells by MACS. We
showed that CXCR4 positive cells overexpressed stem-related
genes, more resistant to chemotherapy, and possessed stronger
invasion ability, suggesting CXCR4 positive cells displayed
stem-like properties.

Recently, the CXCL12/CXCR4 signaling pathway has emerged
as a potential therapeutic target for human tumors because of its
critical role in promoting and maintaining CSCs (35). Over the
past few years, a number of inhibitors of CXCL12/CXCR4 have
been identified and currently are in different development stages
as potential agents for the treatment of cancers. So far, CXCR4

antagonists are developed by a number of programs, including
five major classes: (1) small modified peptides, such as T140,
(2) small-molecules, such as AMD3100, (3) antibodies, such as
MDX-1338/BMS 93656, (4) modified agonists and antagonists
for CXCL12 such as CTCE-9908, and (5) microRNAs, such as
miR-302a (35).

CQ, a well-known antimalarial, has been administered to
patients for over 60 years and the safety profiles are well-
established. In malaria infection, CQ inhibits heme polymerase
activity in Plasmodium parasites, thereby leading to the
buildup of free heme, a substance toxic to the parasite (36).
CQ has recently been reported to inhibit self-renewal of
CSCs and essentially abrogate their in-vivo tumorigenicity.
Application of CQ for cancer treatment is an example of
drug re-purposing. Sotelo et al. observed that addition of
CQ to standard therapy leads to a significant prolongation
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of survival in patients with glioblastoma (37). Until recently, = been demonstrated that tumor-suppressing effects of CQ are
the generally accepted antitumor mechanisms of CQ was independent from its autophagy-inhibiting activities (39, 40).
inhibition of autophagy (38). Nearly simultaneously, it has  Choi et al. demonstrated that CQ regulates the CSCs in triple
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negative breast cancer through altering Jak2-STAT3 signaling
pathway and DNMTI1 expression in addition to autophagy
inhibition (24). It was reported that CQ targeted pancreatic
cancer stem cells via inhibition of CXCR4 and hedgehog
signaling, and its inhibitory effect was not related to inhibition
of autophagy (21). We observed that CQ targeted CXCR4-
positive ESCC cells, independent of autophagy. This is in line
with recent data that CQ can act independently of its effect
on autophagy.

In summary, our study demonstrates that CXCR4 is involved
in the maintenance of stemness of ESCC cells and plays an
oncogenic role in human ESCC. CQ targets CXCR4-positive
ESCC cells via STAT3 pathway, independent of autophagy.
Therefore, CQ with anti-CSCs effects, warrants further clinical
evaluation as a targeted therapy, especially in combination
therapy with chemotherapy, for the comprehensive treatment
of ESCC.
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