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ABSTRACT

Background: Our previous study has revealed that EphA7 was upregulated in patient-derived esopha-
geal squamous cell carcinoma (ESCC) xenografts with hyper-activated STAT3, but its mechanism was
still unclear.

Materials and methods: To assess the association between EphA7 and STAT3, western blotting,
immunofluorescence, ChIP assay, and qRT-PCR were conducted. Truncated mutation and luciferase
assay were performed to examine the promoter activity of EphA7. CCK-8 assay and colony formation
were performed to assess the proliferation of ESCC. Cell-derived xenograft models were established to
evaluate the effects of EphA7 on ESCC tumor growth. RNA-seq analyses were used to assess the
effects of EphA7 on related signals.

Results: In this study, EphA7 was found upregulated in ESCC cell lines with high STAT3 activation,
and immunofluorescence also showed that EphA7 was co-localized with phospho-STAT3 in ESCC cells.
Interestingly, suppressing STAT3 activation by the STAT3 inhibitor Stattic markedly inhibited the pro-
tein expression of EphA7 in ESCC cells, in contrast, activation of STAT3 by IL-6 obviously upregulated
the protein expression of EphA7. Moreover, the transcription of EphA7 was also mediated by the acti-
vation of STAT3 in ESCC cells, and the —2000~—1500 region was identified as the key promoter of
EphA7. Our results also indicated that EphA7 enhanced the cell proliferation of ESCC, and silence of
EphA7 significantly suppressed ESCC tumor growth. Moreover, EphA7 silence markedly abolished
STAT3 activation-derived cell proliferation of ESCC. Additionally, RNA-seq analyses indicated that sev-
eral tumor-related signaling pathways were significantly changed after EphA7 downregulation in ESCC
cells.

Conclusion: Our results showed that the transcriptional expression of EphA7 was increased by acti-
vated STAT3, and the STAT3 signaling may act through EphA7 to promote the development of ESCC.
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Background colorectal cancer, breast cancer, and liver cancer

Esophageal cancer is one of the digestive tract tumors with
the sixth mortality and the seventh incidence in the world

[1]. Esophageal cancer mainly includes esophageal adenocar- May Provide novel insights into the therapy of ESCC.
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[3-6].
Therefore, exploring the mechanism by which chronic inflam-
mation promotes the occurrence and development of ESCC

cinoma (EAC) and esophageal squamous cell carcinoma
(ESCC), and the majority of cases are ESCC in China [2].
However, most ESCC patients are at an advanced stage upon
diagnosis, and the 5-year survival rate is even less than 5%
in most developing countries. Studies have found that
chronic inflammation promoted the occurrence of ESCC,

Disruption of receptor tyrosine kinases (RTKs) function can
cause a variety of diseases, such as vascular dysplasia,
chronic inflammation, and cancer [7,8]. Eph receptors are a
large group of RTKs. The human Eph family consists of 8
EphA proteins and 6 EphB proteins [9]. Eph receptor activa-
tion occurs on binding to its ligand ephrin. Studies have

CONTACT Fang Tian @ tianfang418@163.com @ Department of Pathophysiology, School of Basic Medical Sciences, Zhengzhou University, Zhengzhou 450001,

Henan, P. R. China; Qing-Hua Wu @
Affiliated Hospital of Zhengzhou University, Zhengzhou, P. R. China

gh_wu77@163.com @ Department of Obstetrics and Gynecology, Center of Genetics and Prenatal Diagnosis, The First

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/0284186X.2023.2259601.
© 2023 the First Affiliated Hospital of Zhengzhou University. Published by Informa UK Limited, trading as Taylor & Francis Group


http://crossmark.crossref.org/dialog/?doi=10.1080/0284186X.2023.2259601&domain=pdf&date_stamp=2023-11-22
http://orcid.org/0000-0003-3204-1379

1758 . L. WANG ET AL.

shown that the Eph/ephrin axis exerted significant effects in
the development of tumorigenesis [10]. EphA7 was reported
to be conserved in spinal animals [11], and proven to be
extensively expressed in the embryonic tissues [12]. A num-
ber of studies have reported that EphA7 was dysregulated in
tumors, such as non-small cell lung cancer [13], osteosar-
coma [14], colorectal cancer [15], prostate cancer [16], and
lymphoma [17]. It may regulate tumor proliferation, metasta-
sis, and apoptosis, and may also be inactivated in tumors.
These studies suggest EphA7 exerts vital roles in the tumors.

It has been proven that JAK/STAT3 signaling plays vital
roles in the biological processes, including proliferation,
migration, angiogenesis, immune response, and inflammation
[18,19]. Physiological STAT3 activation is short-lived and
occurs only during the immune response; STAT3 quickly
returns to its inactive form after being activated [19].
However, in most cancers, including colon cancer, breast
cancer, and prostate cancer, STAT3 is continuously activated
[20]. STAT3 overactivation leads to the overexpression of
genes related to inflammation, proliferation, metastasis, and
immunosuppression, which together promote the carcino-
genesis [21]. Our previous study found that constitutive acti-
vation of STAT3 played vital roles in the proliferation of
ESCC, and RNA-seq results indicated that EphA7 was upregu-
lated in patient-derived ESCC xenografts accompanied by a
hyper-activated state of STAT3 [22]. However, the relation-
ship between EphA7 and STAT3 in ESCC has not been clari-
fied yet.

In this study, we examined the relationship between con-
stitutively phosphorylated STAT3 and EphA7, and explored
EphA7 function in ESCC. We found that activation of STAT3
upregulated the transcriptional level of EphA7 in ESCC, and
EphA7 enhanced the proliferation of ESCC cells. Our results
revealed the important roles of STAT3-EphA7 axis in ESCC,
and indicated that the STAT3 signaling may act through
EphA7 to promote the development of ESCC, which sug-
gested that targeting STAT3-EphA7 axis may be a novel strat-
egy for the therapy of ESCC.

Materials and methods
Cells, cell culture, chemicals

Eca109, Kyse150, Kyse30, Kyse450, and Kyse510 cell lines
were kindly provided by the Department of Pathophysiology,
School of Basic Medicine, Zhengzhou University, Zhengzhou,
China. The ESCC cells were cultured in Gibco RPMI 1640
medium with 10% FBS (Gibco) and 1% penicillin-strepto-
mycin solution (Beyotime, Beijing, China). IL-6 was bought
from PeproTech, USA. Stattic was received from Selleck
Chemicals, Houston, USA.

Western blotting analysis

Cells or tissues were lysed with RIPA lysis (Beyotime, Beijing,
China), and prepared for western blotting analysis. The dena-
tured proteins were separated with BeyoGel™ SDS-PAGE
Precast Gel (Beyotime, Beijing, China), and transferred to the

PVDF membranes. The primary antibodies against p-STAT3,
STAT3, GAPDH, and p-actin were purchased from Cell
Signaling Technology Inc., Danvers, MA. The anti-EphA7 anti-
body was bought from Santa Cruz Biotechnology Inc,
Dallas, TX.

Immunofluorescence staining

The cultured cells were fixed, permeabilized, blocked, and
incubated with indicated primary antibodies overnight. Then,
cells were incubated with FITC-labeled or cy3-labeled second-
ary antibodies (Thermo Fisher Scientific, Waltham, MA, USA)
for 2 h in the dark in the next day. DAPI staining was per-
formed for 10 min. After adding anti-fluorescence quencher,
cells were examined using a laser confocal microscope.

Quantitative real-time PCR (qRT-PCR)

Total RNA from ESCC cells or tumors was extracted with
TRIzol reagent (Invitrogen, Carlsbad, CA), and reversely tran-
scribed into cDNA, followed by gRT-PCR analysis with
SYBR™ Select Master Mix (Thermo Fisher Scientific) following
the manufacturer’'s manual. The sequences of primers were
as shown in Table S1 in the supplementary materials.

Luciferase assay

A series of human truncated EphA7 promoter fragments
were subcloned into the pGL3 vector (Addgene), and the
sequence of EphA7 promoter was shown in Figure S1 in the
supplementary materials. The pRL-TK served as an internal
control. The luciferase assay was conducted by using the
dual-luciferase reporter kit (Promega, Madison, WI) following
the manufacturer’'s manual.

ChIP assay

The ChIP assay was carried out following the manufacturer’s
manual (Millipore, Billerica, MA, USA). In brief, ESCC cells
Eca109 were fixed with 1% formaldehyde, lysed and soni-
cated to shear genomic DNA. Then, supernatants were col-
lected after centrifugation, and incubated with indicated
antibodies overnight at 4°C, followed by precipitation with
protein A/G beads. The EphA7 promoter fragment
—1670~—-1540 was identified by gRT-PCR analysis. The pri-
mers used were as shown in Table S1 in the supplementary
materials.

shRNAs, plasmids, and lentivirus

The EphA7 shRNAs were synthesized by GeneChem,
Shanghai, China. The target sequences for shEphA7s were as
shown in Table S2 in the supplementary materials. The
human overexpressing plasmid of STAT3 (OE-STAT3) was pur-
chased from GeneChem (Shanghai, China). Plasmids were
transfected into cells by using jetPRIME transfection reagent
(Polyplus, Strasbourg, France) following the manufacturer’s
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protocol. The lentivirus overexpressing EphA7 was purchased
from GeneChem, Shanghai, China. To establish stable cell
lines, infected cells were selected with puromycin for 1 week,
and positive cells were expanded.

Cell viability and proliferation

ESCC cells were cultured in the 96-well plates for different time
points, and cell viability was measured by using the CCK-8
reagent (Meilun, Dalian, China) following the manufacturer’s
manual. The absorbance value at 450 nm was measured.

Colony-formation assay

ESCC cells (2000 cells per well) were cultured in the 6-well
plates. Ten days later, cells were fixed and prepared for crystal
violet staining. Then, colonies were taken photos and counted.

Xenograft models

BALB/C nude mice were randomly assigned into two groups,
and ESCC cells (Eca109 control cells and EphA7-knockdown
cells) were subcutaneously injected. When tumors were palp-
able, the volume of tumors was measured with a vernier
scale three times a week, and the volume was measured as
follows: V = 1/2 (ax b x b). After an indicated amount of
time, mice were sacrificed, and tumors were harvested for
next analyses.

Immunohistochemistry

Tumor tissues from the xenografts were fixed, embedded in
paraffin, sectioned, deparaffinized, and antigen retrieval.
Sections were incubated with anti-EphA7 and anti-Ki67 anti-
bodies (Santa Cruz Biotechnology) at 4 °C overnight. Sections
were then incubated with the Ultra View Universal HRP mul-
titimer (Ventana, Export, PA) at 37°C for 30 min, and then
developed by using the DAB reagent. Hematoxylin counter-
staining was performed, and the tissue images were
obtained using TissueFAXS Plus ST (Tissue Gnostics, Italy).

RNA-seq analysis

RNA-seq analyses were conducted to evaluate the expression
of differential genes in the EphA7-knockdown cells compared
with control cells. RNA-seq analyses were performed and
analyzed by GENEWIZ (Suzhou, China). The differentially
expressed genes were examined by KEGG and GO enrich-
ment analysis.

Statistical analysis

Pictures were drawn by GraphPad Prism. Independent sam-
ple t test was used to compare the differences between two
groups. One-way ANOVA was used to compare the differen-
ces among multiple groups. A p value less than 0.05 was
considered to indicate significance.
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Results

Activation of STAT3 upregulates the protein levels of
EphA7 in ESCC cells

We previously discovered that EphA7 expression was corre-
lated with constitutively phosphorylated STAT3 in patient-
derived xenograft models [22]. Here, we first explored the
expression of EphA7 and phosphorylated STAT3 in ESCC dif-
ferent cell lines, and EphA7 was found upregulated in ESCC
cell lines with high STAT3 activation (Figure 1(A,B)). EphA7
was also found co-localized with phospho-STAT3 in Eca109
and Kyse450 cells (Figure 1(C)). Additionally, suppressing
STAT3 activation by the STAT3 inhibitor Stattic markedly
down-regulated EphA7 protein levels in ESCC cells (Figure
1(D)), but in contrast, activation of STAT3 by the cytokine IL-
6 obviously upregulated EphA7 protein levels (Figure 1(E)).
Our current results indicated that STAT3 activation upregu-
lated the expression levels of EphA7 in ESCC.

The transcription of EphA7 is increased by activated
STAT3 in ESCC cells

As STAT3 is an important transcriptional factor, we then eval-
uated whether STAT3 regulated the transcription of EphA7.
As shown in Figure 2(A), the STAT3 inhibitor Stattic signifi-
cantly inhibited the mRNA levels of EphA7 in ESCC cells. In
contrast, activation of STAT3 by IL-6 induced the mRNA lev-
els of EphA7 (Figure 2(B)). And overexpression of STAT3 also
promoted the mRNA levels of EphA7 in ESCC cells (Figure
2(C); Figure S2 in the supplementary materials). Then, we
evaluated whether STAT3 regulated the promoter activity of
EphA7 in ESCC cells. As shown in Figure 2D, the results from
the luciferase assay indicated that STAT3 overexpression
markedly increased EphA7 promoter activity (—2000~—1). In
addition, a series of truncated EphA7 promoter sequences
were constructed, and the luciferase assay showed that the
fragment of —2000~—1500 retained a high level of promoter
activity, but the luciferase activity was significantly decreased
when it was driven by the fragments of —1500~—1050,
—1050~-600, and —600~—1, which suggested that the
—2000~—1500 region was essential for EphA7 transcription
(Figure 2(D)). Moreover, the STAT3 inhibitor Stattic signifi-
cantly down-regulated the luciferase activity of the
EphA7 key promoter (—2000~—1500) in ESCC cells (Figure
2(E)). But activation of STAT3 by IL-6 increased the luciferase
activity of the EphA7 key promoter (Figure 2(F)).

To further study the transcription mechanism of STAT3
regulating EphA7, the binding sites of STAT3 in EphA7 pro-
moter —2000~—1500 were predicted by JASPAR database.
And several predicted binding sites of STAT3 were identified
in EphA7 promoter —2000~—1500 (Figure 2(G); Table S3 in
the supplementary materials). Moreover, the binding relation-
ship of p-STAT3 as a transcription factor on the EphA7 pro-
moter region was also verified through ChIP experiments
(Figure 2(H)). These results above indicated that the tran-
scription of EphA7 was positively regulated by STAT3 in
ESCC cells.
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Figure 1. Activation of STAT3 promotes the protein expression of EphA7 in ESCC cells. (A and B) ESCC cell lines were lysed for western blotting against phospho-
STAT3 (pSTAT3), STAT3, EphA7, and GAPDH (a), and the statistical analysis was conducted (B). (C) The co-localization of EphA7/pSTAT3 and EphA7/STAT3 in ESCC
cells was analyzed by immunofluorescence staining (400x). (D) Eca109 and Kyse450 cells were incubated with indicated concentrations of Stattic for 6 h, followed
by western blotting against phospho-STAT3 (pSTAT3), STAT3, EphA7, and B-actin. (E) Kyse150 and Kyse30 cells were incubated with indicated concentrations of IL-
6 for 12 h, followed by western blotting against phospho-STAT3 (pSTAT3), STAT3, and EphA7. GAPDH was used as a loading control. *p < 0.05.

EphA7 knockdown inhibits cell proliferation, and
abolishes STAT3 activation-derived cell proliferation in
ESCC

Then, EphA7 was knocked down by shRNAs in Eca109 and
Kyse450 cells, and overexpressed in Kyse30 and Kyse150 cells
(Figure 3(A,B)). To assess the effects of EphA7 on ESCC cell
growth, CCK-8 assays were performed. As shown in Figure
3(C), the growth ability was decreased when cells were
knocked down of EphA7, while overexpression of EphA7 pro-
moted cell growth in ESCC. Colony formation analysis also
demonstrated that silence of EphA7 suppressed the colony
formation ability of ESCC, but overexpression of EphA7 pro-
moted the colony formation ability (Figure 3(D,E)).
Additionally, EphA7 was also found mediate the cell migra-
tion, invasion and angiogenesis of ESCC (Figure S3 in the
supplementary materials).

Our results above demonstrated the tumor-promoting
effects of EphA7 on ESCC cells in vitro. Then, a cell-derived
xenograft model was established to assess EphA7 function
in vivo. As shown in Figure 4(A-E), silence of EphA7 signifi-
cantly suppressed the tumor growth of ESCC. Meanwhile, the
results from the immunohistochemistry confirmed the down-

regulation of EphA7 and the tumor cell proliferation marker
Ki67 in the shEphA7 group compared with the control
(Figure 4(F)). Collectively, our results confirmed that knock-
down of EphA7 suppressed ESCC tumor growth in vivo.

Our previous study indicated that the activation factors of
STAT3 signaling (such as IL-6) could induce the growth of
ESCC cells [22], we then evaluated whether EphA7 affected
this effect. As shown in Figure S4 in the supplementary
materials, we confirmed that IL-6 could significantly increase
the cell growth of ESCC cells, but this effect could be signifi-
cantly abolished by the knockdown of EphA7, which sug-
gested that STAT3 signaling may act through EphA7 to
promote the development of ESCC.

Knockdown of EphA7 modulates tumor-related
signaling pathways in ESCC cells

To explore the functional consequence of down-regulated
EphA7 in ESCC cells, we performed RNA-seq on two sets of
EphA7-knockdown cells (shEphA7-2 and shEphA7-3) and con-
trol cells (PLKO.1). In the shEphA7-2 group, 83 genes were
found down-regulated and 113 genes were found up-
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Figure 2. STAT3 activation up-Regulates the transcription of EphA7 in ESCC cells. (A) Eca109 and Kyse450 cells were treated with indicated concentrations of
Stattic for 6 h, followed by qRT-PCR against EphA7. GAPDH was used as an internal control. (B) Kyse150 and Kyse30 cells were incubated with indicated concentra-
tions of IL-6 for 12 h, followed by qRT-PCR against EphA7 and GAPDH. (C) Kyse150 and Kyse30 cells were transfected with empty vector (EV) or STAT3-overexpress-
ing plasmids (STAT3-OE) for 48 h, followed by qRT-PCR against EphA7 and GAPDH. (D) The truncated fragments of EphA7 promoter and STAT3-OE plasmids were
co-transfected with pRL-TK into Eca109 cells. After 24 h of co-transfection, medium was replaced with fresh medium containing IL-6 for 12 h, and then cells were
prepared for dual luciferase assay. (E) Eca109 and Kyse450 cells transfected with EphA7 promoter (—2000~—1500) and pRL-TK plasmids were treated with indi-
cated concentrations of Stattic for 6 h, followed by dual luciferase assay. (F) Kyse150 and Kyse30 cells transfected with EphA7 promoter (—2000~—1500) and pRL-
TK plasmids were incubated with indicated concentrations of IL-6 for 12 h, followed by dual luciferase assay. (G) Predicted binding sites of transcription factor
STAT3 in EphA7 promoter —2000~—1500 by JASPAR database. Black boxes indicate the predicted binding sites of STAT3. ‘+' and -’ means the sense and antisense
stands. (H) Eca109 cells were collected and prepared for ChIP assay, followed by qRT-PCR analysis. *p < 0.05, **p < 0.01, ***p < 0.001.

regulated (Figure 5(A)); in the shEphA7-3 group, 343 genes pathways (Figure 5(D-E)). Through analysis of the 85 overlap-
were found down-regulated and 351 genes were found up- ping genes as well as verifying through gRT-PCR analyses,
regulated (Figure 5(B)). In the two EphA7-knockdown groups, we found that SPN, CDH11, EPB41L3, KIT, and MYLK were
85 overlapping genes were identified (Figure 5(C)). KEGG and significantly down-regulated (Figure 5(F,G)), which were
GO enrichment analysis of the 85 overlapping genes closely related to tumor progression. Based on these results,
revealed significant changes in tumor-related signaling we speculated that EphA7 may enhance the cell proliferation
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Figure 3. EphA7 promotes cell proliferation in ESCC cells. (A and B) Western blotting confirmed the Successful establishment of the EphA7-knockdown (A) and
EphA7-overexpressing (B) stable cell lines. (C) Eca109 and Kyse450 cells with EphA7 knockdown and Kyse150 and Kyse30 cells with overexpressed EphA7 were pre-
pared for CCK-8 assays as indicated. (D and E) Colony-formation assays of ESCC cells (D), and quantitative analysis was conducted (E). The overview of the colonies

was taken photos by a camera. *p < 0.05, **p < 0.01, ***p < 0.001.

and metastasis of ESCC by regulating these genes, which
would be further elucidated in our future work.

Discussion

Approximately 53% of ESCC cases worldwide occur in China
[23]. Because of the lack of early and effective clinical diag-
nosis methods for esophageal cancer, patients generally
develop the resistance of cancer cells to radiotherapy or
chemotherapy and the high recurrence rate of esophageal
cancer after surgery [24-26]. Thus, effective treatment of
esophageal cancer is still a significant obstacle.

The Eph family proteins have been reported to participate
in the signaling pathways of tissue formation and embryo-
genesis, and they are also involved in the development of
tumors. They act as tumor suppressors or tumor promoters
depending on the situation [27-29]. The Eph family is also
closely related to ESCC, and Miyazaki et al. found that ele-
vated EphA2 was predicted as a negative index for ESCC
patients [30]. EphA3 was proven to inhibit the migration and
invasion of ESCC cells by activating the mesenchymal-

epithelial transition process and played an inhibitory role in
ESCC [31]. EphA5 was reported to be upregulated in ESCC
[32]. In our study, EphA7 was found enhance ESCC cell prolif-
eration in vitro, and the xenograft models also showed that
knockdown of EphA7 suppressed ESCC tumor growth in vivo,
which suggested that EphA7 exerted tumor-promoting effect
in ESCC.

The JAK-STAT3 signaling plays vital roles in human can-
cers. STAT3 is an oncogenic transcription factor involved in
cell proliferation, growth, invasion, migration, inflammation,
and immune function [33]. For example, overexpression of
some Toll-like receptors promotes the malignant activity in
some tumor cells and immune cells through the JAK-STAT3
pathway, and some microRNAs that interact with the JAK-
STAT3 pathway regulate the cancer-promoting inflammation
and carcinogenesis [34]. The results published previously by
us indicated that STAT3 was constitutively activated in ESCC,
and played important effects in the growth of inflammation-
induced ESCC [22]. We previously also observed EphA7 was
upregulated in ESCC patient-derived xenograft models with
constitutively phosphorylated STAT3 [22]. In this study, the
transcription of EphA7 was found upregulated by activated
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STAT3 in ESCC cells, which indicated that the STAT3 signal-
ing may act through EphA7 to promote the development of
ESCC. By nowadays, there still have been no potential thera-
peutic targets or strategies that could be derived from tar-
geting the STAT3-EphA7 pathway, which will be studied in
our future work.

Finally, transcriptome sequencing was performed in
EphA7-knockdown cells. CDH11, EPB41L3, KIT, and MYLK
genes were significantly down-regulated in ESCC cells with
EphA7 knockdown, and they were closely related to cell
adhesion, proliferation, metastasis, and inflammatory
response. A previous study revealed that EphB6 mutation
promoted cancer cell proliferation through EphA2 and down-
stream JNK/CDH11/RhoA/FAK signal transduction [35], which
suggested that CDH11, EPB41L3, KIT, and MYLK genes may
be related to EphA7 function. In addition, KEGG and GO
enrichment analysis showed that the signal pathways related

to tumor progression were significantly changed in ESCC
cells with EphA7 knockdown, which further suggested that
EphA7 may play vital roles in the development of ESCC.
Later, we will conduct a deeper study on the downstream
molecules of EphA7 and its mechanism in the progression of
ESCC based on the transcriptome results.

Collectively, this study suggested that the STAT3 signaling
may act through EphA7 to promote the development of
ESCC, which provided a novel theoretical basis for the ther-
apy of ESCC.
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Figure 5. Knockdown of EphA7 modulates tumor-related signaling pathways in
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