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Abstract
Background: Esophageal squamous cell carcinoma (ESCC) is a global cancer related
to the sixth largest cause of death. Circular RNAs (circRNAs) have affected the pro-
gress of ESCC during recent years, but the mechanism is not completely clear. So here
we probed the effects of hsa_circ_0096710 (circ_0096710) in ESCC.
Methods: Relative levels of circ_0096710, miR-1294, and ADAM10 were quantified
by the quantitative real-time reverse transcription-polymerase chain reaction in ESCC
tissues. Western blot assessed ADAM10, PCNA, MMP2, VEGFA, and OCT4 protein
levels. Cell proliferative capacity was assessed by cell counting and cell colony-forming
assays. Transwell assays assessed cell migration and invasion. Angiogenesis was
detected by tube formation assays. Stemness of cancer cells was estimated by sphere
formation assays. Dual-luciferin reporter and RNA immunoprecipitation assays deter-
mined the targeting relationship between miR-1294 and circ_0096710 or ADAM10.
Results: Relative levels of circ_0096710 and ADAM10 mRNA were upregulated in
ESCC cells, yet miR-1294 was downregulated. Circ_0096710 silencing repressed ESCC
cell proliferation, migration, invasion, angiogenesis, and stem-like properties. More-
over, circ_0096710 was an upstream target of miR-1294, and miR-1294 inhibition
reversed the role of circ_0096710 downregulation in ESCC cells. Furthermore,
ADAM10 was a downstream target of miR-1294, and miR-1294 overexpression
suppressed ESCC cell proliferation, migration, invasion, angiogenesis, and stem-like
properties by targeting ADAM10. Meanwhile, circ_0096710 upgraded ADAM10
expression through sponging miR-1294. Also, circ_0096710 downregulation
restrained tumor growth in mouse models.
Conclusion: Circ_0096710 upregulates ADAM10 via mediating miR-1294 expression
so as to accelerate the occurrence of ESCC, suggesting that circ_0096710 may be a
potential therapeutic target for ESCC.
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INTRODUCTION

Esophageal cancer (EC) was the seventh highest malignant
tumor in morbidity and mortality, the highest incidence of EC
in our country, and its main pathological subtype is esophageal
squamous cell carcinomas (ESCC).1,2 Factors such as con-
sumption of foods containing nitrosamines, poor dietary
habits, smoking, alcohol consumption, obesity, poor oral

hygiene, human papillomavirus (HPV) infection, nutrient defi-
ciencies, and a family history of EC are risk factors for EC
development.3 Currently, chemotherapy and surgery have no
significant effect, with a 5-year survival rate of <25% in patients
with ESCC.4 Hence, more efficient treatment decisions and
new biomarkers are urgently needed to further cure ESCC.5

Circular RNAs (circRNAs) are closed-circular RNAs
formed by the 30 and 50 ends linked by exon or intron
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cyclization. CircRNAs with a unique ring structure are less
susceptible to degradation by nucleic acid exonucleases,
thereby having better stability.6 Studies have shown that
circRNAs could play a role as a biomarker in a variety
of diseases.7,8 For example, circRNA hydroxysteroid
dehydrogenase-like 2 mediates the hippo pathway to facili-
tate breast cancer progression.9 Furthermore, circRNA
sorbin and SH3 domain-containing protein 1 exerts an anti-
tumor role in lung cancer by elevating RUFY3 expression.10

Similarly, circRNAs are promising therapeutic targets for
ESCC. Cao et al. uncovered that circRNA homeodomain-
interacting protein kinase 3 elevates FASN expression and
boosts fatty acid metabolism, resulting in promoting tumor
growth in ESCC.11 Also, circRNA FIRRE intergenic repeat-
ing RNA element elevates GLI2 protein expression, causing
the upregulation of CCNE2, CCNE1, and MYC, thus facili-
tating the growth of ESCC.12 Furthermore, circ-ZDHHC5
was used as a new potential circulating biomarker, and it
could promote the occurrence of ESCC.13 Glucose uptake
and cell proliferation for ESCC cells promote by upregula-
tion of circ_0058063.14 Two circRNAs formed by the
NADPH oxidase 4 (NOX4) gene, hsa_circ_0023988 and
hsa_circ_0023990, play promoting roles in lung cancer
and colorectal cancer, respectively.15,16 Hsa_circ_0096710
(circ_0096710) is generated from 6 to 15 exons of the NOX4
gene, but the exact role of circ_0096710 in ESCC remains
uncertain and requires further study.

MicroRNAs (miRs) were single-stranded noncoding
RNA polymers consisting of 20–22 nucleotides.17 A com-
mon mechanism for cytoplasmic circRNAs is to compete
with mRNAs so as to bind miRs, thereby regulating down-
stream genes.18 For instance, circ-ZNF609 promotes ESCC
progression via repressing miR-150-5p expression.19 Mount-
ing evidence suggests that resistance to cisplatin and TMZ
and poorer prognosis in patients with ESCC, gastric cancer,
epithelial ovarian cancer, pancreatic ductal adenocarcinoma,
or lung cancer are associated with downregulation of miR-
1294.20 However, the mechanism by which miR-1294 is
downregulated in ESCC has not been well elucidated.

A disintegrin and metalloproteinase 10 (ADAM10) was
composed of domains of metalloproteinases, cysteine-rich,
disintegrin, and epidermal growth factor (EGF)-like, which
played a key role in the immune system.21–23 Numerous
studies have confirmed that ADAM10 plays a role in a vari-
ety of cancers.24–26 For example, ADAM10 is involved
in the oncogenic process and chemotherapy resistance in
breast cancer by regulating the Notch1 signaling pathway,
CD44, and PrPc.27 In addition, ADAM10 is associated with
the cleavage of Trop-2, an activation switch for cancer
growth and metastasis,28 and this cleavage is detected in a
variety of tumors including skin, ovarian, colon, and breast
cancers.29 In clinical studies of ESCC, ADAM10 mediated
cell invasion and metastasis by regulating E-cadherin activ-
ity.22 Current explanations for the role of ADAM10 in ESCC
are still limited. ADAM10 is predicted as a miR-1294 target,
but their relationship is unclear.

Here, we investigated the mechanism of circ_0096710 in
ESCC cells. Our data suggested that circ_0096710, as an
oncogene, may promote tumor development via the miR-
1294/ADAM10 axis. Our study may provide new insights
into future treatment strategies for ESCC.

MATERIALS AND METHODS

Clinical samples

Specimens of ESCC (n = 60) and matched paracancerous
tissues (n = 60) used in the present study were taken from
patients with ESCC who underwent surgery at Shanxi Prov-
ince Cancer Hospital. For all procedures, they were
approved and supervised by the Ethics Committee of Shanxi
Province Cancer Hospital. The storage of all samples was at
a temperature of �80�C.

Cell incubation and transfection

Four ESCC cell lines KYSE450 (#ml-CC1355, Mlbio, Shang-
hai, China), KYSE30 (#ml-CC1377, Mlbio), KYSE150
(#SNL-344, Sunncell, Wuhan, China), and EC109 (#SNL-
511, Sunncell) were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium (BIOSUN, Shanghai, China)
supplemented with 10% fetal bovine serum (FBS; Invitrogen,
Carlsbad, CA, USA) and 1% streptomycin (Invitrogen). The
natural esophageal epithelial cell line Het-1A (#ml096307,
Mlbio) was cultured in its specialized medium. All cell lines
were incubated in a biological incubator containing 5% CO2

at 37�C.
Short hairpin RNAs (sh-circ_0096710#1, sh-

circ_0096710#2, sh-circ_0096710#3) against circ_0096710
and a matched control (sh-NC), miR-1294 mimic (miR-
1294) and the matched control (miR-NC), miR-1294 inhibi-
tor (inh-miR-1294) and a matched control (inh-NC), as well
as ADAM10 overexpression vector (ADAM10) and its con-
trol (vector) were gained from RiBoBio (Guangzhou,
China). Transfection of KYSE30 and KYSE150 cells with oli-
gonucleotides and plasmids was done using Lipofectamine
3000 (Invitrogen).

Quantitative real-time reverse transcription-
polymerase chain reaction (qRT-PCR)

Extraction of total RNA from cells and clinical specimens
was undertaken using Trizol reagent (Beyotime, Shanghai,
China) as per the manufacturer’s instructions. Evaluation of
RNA quality was carried out using a NanoDrop ND-1000,
and validation of RNA integrity was undertaken by conven-
tional agarose electrophoresis. Degradation of RNase R was
determined by treatment with RNase R (Tiangen, Beijing,
China) at 37�C for 10 min. Reverse transcription
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experiments were conducted using a Prime Script RT
reagent Kit (TaKaRa, Kusatsu, Japan) or a TaqMan Micro-
RNA RT Kit (Thermo, Waltham, MA, USA) in accordance
with the manufacturer’s instructions. The SYBR Green kit
(Takara, Tokyo, Japan) was used for qPCR reaction. Twenty
microliters of the PCR system consisted of 10 μL of SYBR
Green Mixture, 1 μL of forward primer (10 μM), 1 μL of
reverse primer (10 μM), 2 μL of cDNA, and 6 μL of
ddH2O. The amplification conditions for miRs were per-
formed with the following thermocycling conditions: 95�C
for 20 s, then 40 cycles of 95�C for 1 s, and 60�C for 20 s.
The amplification conditions for mRNAs were as follows:
95�C for 10 min, 95�C for 15 s, 60�C for 1 min, and 72�C
for 30 s, for a total of 40 cycles. Relative expression was cal-
culated by the 2�ΔΔCt method under conditions where
GAPDH or U6 was used as a control. The sequences of
primers are demonstrated in Table 1.

Cell Counting Kit-8 (CCK-8) assay

For proliferation analysis, transfected ESCC cells (5 � 103)
were inoculated into 96-well plates and incubated for 48 h.
Ten microliters of CCK-8 solution (Beyotime) was added at
different time points and cultured for 3 h. Absorbance
at 450 nm was determined using a microplate reader
(Thermo).

Cell colony-forming assay

Transfected ESCC cells (5 � 103) were placed in 6-well
plates and cultured for 10–12 days until visible clones
appeared in the culture dish, then fixed by 4% paraformal-
dehyde (Beyotime), and stained by 0.05% crystal violet
(Beyotime). These colonies were photographed and
counted.

Transwell assay

Matrigel (Yubo Biotech Co., Ltd., Shanghai, China) melted
at 4�C was diluted with 200 μL of serum-free medium at a
1:1 ratio. Fifty microliters of the diluted Matrigel was added
to the upper chamber of each Transwell plate, followed by
incubation in an incubator for 2.5 h to solidify. Transwell
assay (Costar, Corning, NY, USA) was used to determine
cell migration and invasion. ESCC cells and serum-free
RPMI 1640 were inoculated into the upper chamber pre-
coated with (for detecting cell invasion) or without (for
detecting cell migration) Matrigel (BD Biosciences, Franklin,
NJ, USA). RPMI 1640 (600 μL) containing 10% serum was
put into the lower chamber and incubated in 5% CO2 incu-
bator at 37�C for 48 h. The cells on the lower surface of the
membrane were fixed and stained; finally, the number of
cells was counted.

Tube formation assay

The supernatant was collected as a conditioned medium
when transfected cells (KYSE30 and KYSE150) reached 80%
confluence. Twenty-four-well plates were coated with Matri-
gel (BD Biosciences) in each well and incubated for 0.5 h at
37�C for polymerization. Next, human umbilical vein endo-
thelial cells (HUVECs; Procell, Wuhan, China) were inocu-
lated at a density of 1 � 105 cells per well. After incubation
at 37�C for 6 h, tube images were taken using a microscope
(Nikon, Tokyo, Japan).

Sphere formation assay

Cultivation of KYSE30 and KYSE150 cells in RPMI 1640
medium containing insulin (4 ng/mL; Sigma), basic fibro-
blast growth factor (10 ng/mL; Sigma), EGF (100 ng/mL;
Sigma), and B-27 (2%; Invitrogen) was undertaken in an
ultra-low attachment 6-well plate (Costar). Renewal of the
medium was conducted every 2–3 days. Ten days later,
spheroids were visualized using a microscope (Nikon).

Western blot

Lysis of tissue specimens or cells in radioimmunoprecipita-
tion assay lysis buffer (Beyotime) was undertaken for the
production of total proteins. The extracted protein samples
were separated using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE; Beyotime), followed by
transferring to polyvinylidene fluoride membranes
(Invitrogen). Following sealing with 5% milk (Beyotime),
these membranes were probed with unique primary anti-
bodies against proliferating cell nuclear antigen (PCNA;
ab29, 1:1000, Abcam), matrix metalloproteinase 2 (MMP2;
ab97779, 1:1000, Abcam), vascular endothelial growth factor

T A B L E 1 Primer sequences used for qPCR.

Names Primers for PCR (50–30)

circ_0096710 Forward GCAACATTTGGGGTTCATCT

Reverse GTTCGGCACATGGGTAAAAG

NOX4 Forward GCCAGAGTATCACTACCTCCAC

Reverse CTCGGAGGTAAGCCAAGAGTGT

miR-1294 Forward GCCGAGTGTGAGGTTGGCAT

Reverse CAGTGCGTGTCGTGGAGT

ADAM10 Forward GAGGAGTGTACGTGTGCCAGTT

Reverse GACCACTGAAGTGCCTACTCCA

GAPDH Forward CTGACTTCAACAGCGACACC

Reverse GTGGTCCAGGGGTCTTACTC

U6 Forward CTCGCTTCGGCAGCACATATACT

Reverse ACGCTTCACGAATTTGCGTGTC

Abbreviation: qPCR, quantitative polymerase chain reaction.
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A (VEGFA; ab46154, 1:1000, Abcam), organic cation/
carnitine transporter 4 (OCT4; ab200834, 1:1000, Abcam),
and ADAM10 (ab227172, 1:1000, Abcam) overnight at 4�C,
with anti-β-actin antibody (ab227387, 1:3000, Abcam) as a
control. Imaging observation was displayed with RapidStep
ECL Reagent (Millipore, Billerica, MA, USA) following
incubation with a secondary antibody (1:4000, ab205718,
Abcam).

CircRNA subcellular localization assay

Cytoplasm and nucleus fractions were isolated using a
PARIS™ Kit (Invitrogen), and qRT-PCR was applied to
detect the expression level of RNA in the nuclear and cyto-
plasm to further determine the location of circ_0096710.

Dual-luciferase reporter assay

The candidate target miRNAs of circ_0096710 were
predicted using CircInteractome (https://circinteractome.
nia.nih.gov/). The candidate downstream targets of
miR-1294 were predicted using Starbase (http://starbase.
sysu.edu.cn/). The wild-type (WT) or mutant (MUT)
sequences of circ_0096710 and ADAM10 within the
putative binding sequence of miR-1294 were inserted
into the pmirGLO vector (YouBia, Changsha, China) to
establish luciferase reporter vectors. KYSE30 and
KYSE150 cells were cotransfected with a corresponding
reporter vector and miR-1294 or miR-NC. Finally, the
Dual-Luciferase Reporter Gene Assay Kit (Yeasen,
Shanghai, China) was employed to measure luciferase
activities.

F I G U R E 1 Circ_0096710 was highly expressed in ESCC tissues and cells. (a, b) The expression levels of circ_0096710 in ESCC tissue (n = 60) and
normal tissue (n = 60) were detected by qRT-PCR. (c) ROC curve was used to analyze the diagnostic potential of circ_0096710. (d) The expression levels of
circ_0096710 in four ESCC cell lines (KYSE450, KYSE30, KYSE150, and EC109) and normal cells (Het-1A). (e) Relationship between circ_0096710
expression level and survival rate of patients. (f, g) The expression levels of circ_0096710 and NOX4 were determined after treatment of RNase R by qRT-
PCR in KYSE30 and KYSE150. ***p < 0.001. ESCC, esophageal squamous cell carcinoma; qRT-PCR, quantitative real-time reverse transcription-polymerase
chain reaction; ROC, receiver operating characteristic.
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RNA immunoprecipitation assay (RIP assay)

An EZ-Magna RIP™ RNA-Binding Protein Immunoprecip-
itation Kit (Millipore) was applied. The lysed ESCC cells
were incubated with magnetic beads conjugated to anti-
Ago2 or anti-IgG at 4�C for 12 h. The immunoprecipitated
RNA was extracted following treatment with protease K for
another 30 min. Expression of RNA was assessed by
qRT-PCR.

RNA pull-down assay

MiR-1294 mimic-biotin (Bio-miR-1294) and its correspond-
ing control (Bio-miR-NC) were designed by RiboBio. The
lysate samples of ESCC cells were incubated with Bio-miR-
1294 or Bio-miR-NC. Then, the probe-bead compound was
incubated with streptavidin magnetic beads. After elution,
circ_0096710 and ADAM10 mRNA levels were measured
by qRT-PCR.

Immunohistochemistry (IHC) analysis

Post-fixation in formaldehyde (10%) and embedding in par-
affin, slices of the tissues were made into 5 μm thickness,
followed by incubation with antibodies against Ki-67
(ab16667; 1:300, Abcam) or ADAM10 (ab227172; 1:200,
Abcam). Next, slices were probed with the corresponding
secondary antibody (ab205718; 1:2000, Abcam). Thereafter,
staining of these sections was undertaken using
hematoxylin–eosin (Maxim, Fuzhou, China). Eventually, a
microscope (Nikon) was used to observe these sections.

In vivo experiment

This study followed the instructions of the Ethics Commit-
tee of Shanxi Province Cancer Hospital. All nude mice
(6 weeks old, female; n = 10) were supplied by (Vital River,
Beijing, China) and randomly divided into two groups
(n = 5/group). KYSE30 cells transfected with sh-
circ_0096710 or sh-NC were subcutaneously injected into
mice. Volume for these tumors was checked every 7 days
using calipers, with the formula: 0.5 � length � width2.
Thirty-five days later, tumor specimens were collected and
weighed for further study after euthanasia of the mice.

Statistical analyses

At least three independent replicates were performed for all
data. SPSS (version 17.0; SPSS Inc., Chicago, IL, USA) and
GraphPad Prism version 9.0 (GraphPad Software, La Jolla,
CA, USA) were used for statistical analyses. The normality
of the observed data distribution was assessed using the
Shapiro–Wilk test. Student’s t-test was utilized to analyze

the significance of differences between two groups. One-way
and two-way analyses of variance followed by Tukey’s post
hoc test were used for analyzing significant differences
among more than two groups. p < 0.05 was considered to be
statistically significant.

RESULTS

Circ_0096710 was overexpressed in ESCC

To evaluate the action of circ_0096710, circ_0096710 expres-
sion in ESCC samples (n = 60) was evaluated. Figure 1a,b
presents the upregulation of circ_0096710 in tumor samples
as compared to corresponding paraneoplastic tissues
(n = 60). The diagnostic potential of circ_0096710 in ESCC
was determined. Receiver operating characteristic curve
showed that circ_0096710 could effectively distinguish ESCC
from normal tissues, improving the efficiency and specificity
of ESCC diagnosis (Figure 1c). Also, circ_0096710 was
expressed at high levels in four ESCC cell lines (KYSE450,
KYSE30, KYSE150, and EC109) with respect to Het-1A
(Figure 1d). Importantly, circ_0096710 expression was higher
in KYSE30 and KYSE150 cells. And circ_0096710 expression
was associated with tumor size, TNM stage, and lymph node
metastasis (Table 2). Moreover, patients with high
circ_0096710 expression showed poor survival compared to
the low expression group (Figure 1e). Circ_0096710 is gener-
ated from 6 to 15 exons of the NOX4 gene and located at

TAB L E 2 Association between clinicopathologic features and
circ_0096710 expression in 60 patients with ESCC.

Features

circ_0096710 expression

p-valueHigh (n = 30) Low (n = 30)

Age (years)

≥50 22 19 0.405

<50 8 11 -

Gender

Female 17 20 0.426

Male 13 10 -

Tumor size (cm)

≥5 20 9 0.004

<5 10 21 -

TNM stage

I–II 15 27 0.001

III 15 3 -

Differentiation

Well-moderate 12 18 0.121

Poor 18 12 -

Lymph node metastasis

Yes 19 6 0.001

No 11 24 -

Abbreviation: ESCC, esophageal squamous cell carcinoma.
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chr11:89106599-89185063, possessing a mature sequence that
is 982 bp in length (Figure 1f). RNase R degradation assays
showed that circ_0096710 was resistant to RNase R treat-
ment, while NOX4 was significantly degraded (Figure 1g).
Collectively, circ_0096710 might be associated with ESCC
progression.

Circ_0096710 downregulation repressed the
malignant characteristics of ESCC cells

Interference with circ_0096710 was executed to interrogate
the function of circ_0096710. We observed that

circ_0096710 expression was sharply decreased by sh-
circ_0096710, with sh-circ-_0096710#1 working better for
knocking down circ_0096710 (Figure 2a). The activity and
colony formation ability of these two ESCC cells were signif-
icantly suppressed by sh-circ_0096710#1 (Figure 2b,c). Also,
the migration and invasion abilities of KYSE30 and
KYSE150 cells were obviously impeded after transfection
with sh-circ_0096710#1 (Figure 2d,e). Moreover,
circ_0096710 interference decreased tube formation in
KYSE30 and KYSE150 cells, indicating inhibition of angio-
genesis (Figure 2f). Furthermore, cell sphere formation assay
suggested that downregulation of circ_0096710 reduced
sphere formation efficiency in KYSE30 and KYSE150 cells

F I G U R E 2 The effect of circ_0096710 knockdown on viability, migration, invasion, angiogenesis, and stem-like properties of ESCC cells. (a) The
expression efficiency of circ_0096710 knockdown. (b) The cell viabilities of KYSE30 and KYSE150 cells by transfection of sh-NC and sh-circ_0096710 were
detected with CCK-8 assay. (c) Cloning ability of KYSE30 and KYSE150 cells transfected with sh-NC and sh-circ_0096710. (d, e) Detection of migration and
invasion of ESCC cells transfected with sh-circ_0096710. (f, g) Detection of tubule-forming ability and sphere formation efficiency of ESCC cells transfected
with sh-NC or sh-circ_0096710. (h) The protein levels of PCNA, MMP2, VEGFA, and OCT4 were detected by western blot. ***p < 0.001. CCK-8, Cell
Counting Kit-8; ESCC, esophageal squamous cell carcinoma.

6 of 13 DONG and LI



(Figure 2g). Finally, western blot demonstrated that sh-
circ_0096710#1 critically constrained the expression of
PCNA (a proliferation marker), MMP2 (a metastasis
marker), VEGFA (a pro-angiogenic factor), and OCT4
(a cancer stem cells marker) in KYSE30 and KYSE150 cells
(Figure 2h). Therefore, circ_0096710 might act as a tumor
promoter in ESCC.

Circ_0096710 interacted with miR-1294

Identification of the location of circ_0096710 in KYSE30
and KYSE150 cells was made. Figure 3a displays that the
majority of circ_0096-710 is present in the cytoplasm. A
total of 32 miRs with complementary binding sites to
circ_0096710 were predicted using the CircInteractome
database. Among them, six miRs (miR-1294, miR-140-3p,
miR-153, miR-197, miR-409-3p, and miR-873) have been
reported to be associated with EC, and the knockdown of
circ_0096710 had the most obvious effect on miR-1294
expression in ESCC cells (Figure S1a,b). Therefore, miR-
1294 drew our attention. The binding sites between
circ_0096710 and miR-1294 are exhibited in Figure 3b. Fur-
thermore, miR-1294 mimic-transfected KYSE30 cells and

KYSE150 cells showed overexpression of miR-1294
(Figure 3c). Dual-luciferase reporter assays showed that
transfection of ESCC cells with circ_0096710-WT and miR-
1294 co-transfected ESCC cells resulted in significantly
lower luciferase activity than that of the miR-NC group,
whereas no difference was detected in the circ_0096-
710-MUT group (Figure 3d). A direct interaction between
circ_0096710 and miR-1294 was further verified by RIP
analysis (Figure 3e). RNA pull-down showed an enhance-
ment of circ_0096710 enrichment following transfection of
Bio-miR-1294 in ESCC cells (Figure 3f). Moreover, ESCC
tissues and cells exhibited lower levels of miR-1294
(Figure 3g–i). Collectively, miR-1294 interacted with
circ_0096710.

Circ_0096710 exerted its role by interacting
with miR-1294

We measured miR-1294 expression in KYSE30 and
KYSE150 cells transfected with inh-NC or inh-miR-1294,
and miR-1294 expression was sharply inhibited following
transfection compared with inh-NC (Figure 4a). The intro-
duction of sh-circ_0096710#1 + inh-NC inhibited the

F I G U R E 3 Circ_0096710 was related to the targeting of miR-1294 in ESCC cells. (a) Circ_0096710 distribution in ESCC cells. (b) Prediction of binding
sites between circ_0096710 and miR-1294. (c) The expression level of miR-1294 in ESCC cells transfected with miR-1294. (d) The interaction between
circ_0096710 and miR-1294 was identified by dual-luciferase reporter assay. (e) RNA enrichment levels of circ_0096710 and miR-1294 were determined by
RIP. (f) RNA pull-down assays validated the interaction between circ_0096710 and miR-1294. (g–i) qRT-PCR was used to detect the expression level of miR-
1294 in ESCC tissues and cells. Each experiment was independently repeated at least three times. ***p < 0.001. ESCC, esophageal squamous cell carcinoma;
qRT-PCR, quantitative real-time reverse transcription-polymerase chain reaction; RIP, RNA immunoprecipitation assay.
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activity and colony formation ability of these two ESCC
cells; inh-miR-1294 transfection alleviated the effect of sh-
circ_0096710#1 on ESCC cells (Figure 4b,c). And the migra-
tion and invasion abilities of KYSE30 and KYSE150 cells
were obviously suppressed after transfection with sh-
circ_0096710#1 + inh-NC, while the introduction of inh-
miR-1294 rescued the situation (Figure 4d,e). In addition,
the inhibitory effects of circ_0096710 knockdown on tube
formation ability and sphere formation efficiency were
reversed by inhibiting miR-1294 in KYSE30 and KYSE150
cells (Figure 4f,g). Subsequently, western blot demonstrated
that sh-circ_0096710#1 + inh-NC remarkably suppressed
the expressions of PCNA, MMP2, VEGFA, and OCT4
in ESCC cells; however, inh-miR-1294 co-transfection
completely reversed these changes in protein expressions
(Figure 4h). Together, these results indicated that
circ_0096710 facilitated ESCC cell malignant characteristics
by sponging miR-1294.

MiR-1294 targeted ADAM10 in ESCC cells

The binding sites of ADAM10-30UTR and miR-1294 were
predicted by Starbase software (Figure 5a). Also, miR-1294
could block the luciferase activity of ADAM10-30UTR-WT
reporter vector in ESCC cells without affecting the luciferase
activity of ADAM10-30UTR-MUT reporter vector
(Figure 5b). Also, ADAM10 could be pulled down by Bio-
miR-1294 but not Bio-NC (Figure 5c). In KYSE30 and
KYSE150 cells, miR-1294 overexpression repressed the pro-
tein expression level of ADAM10, and inh-miR-1294
enhanced ADAM10 expression (Figure 5d). We further
found that circ_0096710 knockdown remarkably suppressed
ADAM10 expression but inhibition of miR-1294 reverted
the protein expression level of ADAM10 (Figure 5e).
Then, we discovered that ADAM10 protein levels were
greatly elevated in ESCC tissues (Figure 5f,g). IHC analysis
also exhibited the upregulation of ADAM10 in ESCC tissues

F I G U R E 4 Inhibition of miR-1294 partially reversed the impact of circ_0096710 knockdown on ESCC. (a) The expression level of miR-1294 in ESCC
cells transfected with inh-miR-1294 was detected. (b) CCK8 was used to detect the viability of ESCC cells transfected with sh-NC + inh-NC, sh-
circ_0096710#1 + inh-NC, or sh-circ_0096710#1 + inh-miR-1294. (c) Cell colony-forming assays detected colony formation ability of ESCC cells transfected
with sh-NC + inh-NC, sh-circ_0096710#1 + inh-NC, or sh-circ_0096710#1 + inh-miR-1294. (d, e) Transwell assays were used to detect the cell migration
and invasion ability of different transfected ESCC cells. (f, g) The detection of tubule-forming ability and sphere formation efficiency of ESCC cells
transfected with different treatments. (h) Western blot was used to detect the protein expressions of PCNA, MMP2, VEGFA, and OCT4 in ESCC cells.
**p < 0.01, *** p < 0.001. ESCC, esophageal squamous cell carcinoma.
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(Figure 5h). Furthermore, ADAM10 protein levels in four
ESCC cell lines were substantially elevated as compared to
Het-1A (Figure 5i). All in all, ADAM10 was a target of
miR-1294.

MiR-1294 exerted its role via repressing
ADAM10 expression

As illustrated in Figure 6a, ADAM10 protein levels were
higher in ADAM10-transfected ESCC cells than in the
empty vector. In KYSE30 and KYSE150 cells, miR-1294
overexpression repressed the cell activity and cell colony for-
mation ability, while ADAM10 introduction recovered miR-
1294-mediated suppressive influence on ESCC cells
(Figure 6b,c). Similarly, the migration and invasion abilities
of KYSE30 and KYSE150 cells were obviously repressed
after transfection with miR-1294 + vector, while co-
transfection of ADAM10 recovered these situations
(Figure 6d,e). In addition, miR-1294 overexpression reduced
tube formation ability and sphere formation efficiency,

which could be reversed by upregulating ADAM10 in
KYSE30 and KYSE150 cells (Figure 6f,g). Finally, western
blot data demonstrated that miR-1294 overexpression
remarkably blocked the expressions of PCNA, MMP2,
VEGFA, and OCT4 in ESCC cells, while ADAM10 co-
transfection could neutralize these effects (Figure 6h).
Together, miR-1294 exerted its anti-cancer role in ESCC
cells via targeting ADAM10.

Knocking down circ_0096710 inhibited the
growth of ESCC cells in vivo

To investigate the effects of circ_0096710 on ESCC cells
in vivo, xenograft assays were performed. The tumor volume
and weight were hindered in the sh-circ_0096710#1 group rel-
ative to the control (Figure 7a,b). In addition, IHC showed that
Ki67 and ADAM10 protein expressions in nude mouse tumor
tissues in the sh-circ_0096710#1 group were lower (Figure 7c).
Tumor samples from the sh-circ_0096710#1 group showed
lower levels of circ_0096710 and ADAM10, accompanied by a

F I G U R E 5 MiR-1294 targeted ADAM10 in ESCC cells. (a) The binding sites of miR-1294 and ADAM10 were predicted by Starbase. (b) The luciferase
activities of ADAM10-30UTR-WT and ADAM10-30UTR-MUT were detected by dual-luciferase reporter assay. (c) RNA pull-down assays analyzed the
enrichment of ADAM10 mRNA in the Bio-miR-1294 and Bio-NC groups. (d) Effects of knockdown or overexpression of miR-1294 on ADAM10 protein
expression. (e) Protein levels of ADAM10 in ESCC cells transfected with sh-NC + inh-NC, sh-circ_0096710#1 + inh-NC, or sh-circ_0096710#1 + inh-miR-
1294. (f, g) mRNA expression level of ADAM10 in ESCC cells. (h) Expression level of ADAM10 in ESCC cells was detected by IHC. (i) Western blot was
used to detect the protein expression level of ADAM10 in ESCC cells. Each experiment was repeated at least three times independently, ***p < 0.001. ESCC,
esophageal squamous cell carcinoma.
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high expression of miR-1294 (Figure 7d). Levels of related pro-
teins (ADAM10, PCNA, MMP2, VEGFA, and OCT4) in the
sh-circ_0096710#1 group were reduced (Figure 7e). Together,
circ_0096710 knockdown inhibited the growth of xenograft
tumors.

DISCUSSION

EC was a malignant tumor with a very low 5-year survival
rate. Although many breakthroughs have been made in
recent years, the improvement in ESCC was limited.30,31

In this research, we studied the role of circ_0096710
in ESCC.

CircRNAs are characterized by stable structure, tissue-
specific and conservative evolution.32 Previous studies have
found that there were many pivotal circRNAs in ESCC.33–35

For example, circ-101 491 upregulation elevates cancer cell
radioresistance in ESCC.36 Lei et al. revealed that repression
of PI3K/AKT signaling by the circPDE5A-encoded protein
PDE5A-500aa fosters USP14-mediated deubiquitination of

PIK3IP1, therefore restraining ESCC progression.37 More-
over, hsa_circ_0000700 knockdown inhibited the migra-
tory capacities of ESCC cells.38 Also, circ-0000592
mediates FZD5 expression through interaction with miR-
155-5p, contributing to ESCC progression.39 In the
research, we identified the effects of circ_0096710 on
ESCC. Our results showed that circ_0096710 was overex-
pressed in ESCC samples and cell lines, and circ_0096710
expression was associated with tumor size, TNM stage, and
lymph node metastasis. Unfortunately, the small clinical
sample size is a limitation of this study, which may make
the results more susceptible to chance. Accordingly, a
larger sample size is needed to further validate the results
to address the effects of selection bias. Also, ESCC patients
with high levels of circ_0096710 showed a worse survival.
Furthermore, circ_0096710 knockdown inhibited the pro-
liferation, migration, invasion, angiogenesis, and stem-like
properties of ESCC cells. In addition, circ_0096710 silenc-
ing repressed tumor growth in mouse xenograft models,
manifesting that circ_0096710 exerts a tumor-promoting
role in ESCC.

F I G U R E 6 Overexpression of ADAM10 partially reversed the inhibitory effect of miR-1294 on ESCC. (a) Expression level of ADAM10 in ESCC cells.
(b) CCK8 was used to detect the viability of ESCC cells transfected with miR-NC + vector, miR-1294 + vector, or miR-1294 + ADAM10. (c) Cell colony-
forming assay was used to detect colony formation ability of ESCC cells transfected with miR-NC + vector, miR-1294 + vector, or miR-1294 + ADAM10.
(d, e) Transwell assays were used to detect the cell migration and invasion ability of different transfected ESCC cells. (f, g) The detection of tubule-forming
ability and sphere formation efficiency of ESCC cells transfected with different treatments. (h) The protein expression levels of PCNA, MMP2, VEGFA, and
OCT4 in ESCC cells were detected by western blot. **p < 0.01; ***p < 0.001. ESCC, esophageal squamous cell carcinoma.
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Given that circRNAs in the cytoplasm can regulate the
expression of corresponding target genes by competing for
the same miR response elements (MREs) as mRNA.40 Here,

the location of circ_0096710 in the cytoplasm was validated,
implying that circ_0096710 may serve as a miR sponge. Our
research identified the interaction between miR-1294 and
circ_0096710 in ESCC. Available evidence suggests an anti-
tumor effect of miR-1294, including gastric cancer,41 acute
myeloid leukemia,42 papillary thyroid cancer,43 hepatocellu-
lar cancer,44 and glioblastoma.45 Wang et al. disclosed that
downregulation of miR-1294 mediated by circ-STRBP
increases E2F2 expression, thus contributing to gastric can-
cer growth.41 In acute myeloid leukemia, circ-FN1 binds to
miR-1294 to upregulate ARHGEF10L, thus accelerating cell
invasion and proliferation.42 Chen et al. unmasked that circ-
LDLR elevates HMGB3 expression via repressing miR-1294,
causing cancer cell invasion in papillary thyroid cancer.43

Similarly, miR-1294 possesses a tumor-repressive role in
ESCC.46–48 Liu et al. exposed that c-MYC upregulation
mediated by miR-1294 silencing facilitates ESCC
growth.47 Also, circ_0023984 enhances the invasive and
migrated capacities of ESCC cells by repressing miR-1294
expression.46 In addition, circ-ATIC represses the miR-
1294/PBX3 pathway, thus promoting cell invasion in
ESCC.48 Here, circ_0096710 interacted with miR-1294 in

F I G U R E 7 The effects of knockdown circ_0096710 on tumor growth in vivo. (a) Changes in tumor volume after subcutaneous injection of KYSE30 cells
containing sh-circ_0096710#1 or sh-NC in immunodeficient mice. (b) Changes in tumor weight after subcutaneous injection of KYSE30 cells containing sh-
circ_0096710#1 or sh-NC in immunodeficient mice. (c) The determination of Ki67 and ADAM10 in sh-circ_0096710#1 group was carried out by IHC assay.
(D) RNA expression levels of circ_0096710, miR-1294, and ADAM10 in tumor tissue of nude mice in the sh-circ_0096710#1 or the sh-NC group. (e) Protein
expression levels of ADAM10, PCNA, MMP2, VEGFA, and OCT4 in tumor tissue of nude mice in the sh-circ_0096710#1 or the sh-NC group. **p < 0.01;
***p < 0.001. IHC, immunohistochemistry.

F I G U R E 8 Schematic illustration of the mechanism by which the
circ_0096710/miR-1294/ADAM10 pathway mediates ESCC progression.
ESCC, esophageal squamous cell carcinoma.
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ESCC cells, and miR-1294 knockdown impaired
circ_0096710 knockdown-mediated repressive effects on
ESCC cell proliferation, migration, invasion, angiogenesis,
and stem-like properties, suggesting the regulatory role of
the circ_0096710/miR-1294 axis in ESCC.

As is known, miRs are able to participate in multiple
biological and pathological processes through directly inter-
acting with target mRNAs.49 Herein, ADAM10 was demon-
strated as a target of miR-1294. Studies have shown that
ADAMs may be closely related to many human tumors.50,51

ADAMs are strongly associated with gastroesophageal reflux
disease and esophageal adenocarcinoma.52 Patients with cer-
vical cancer with human papillomavirus E6-induced ele-
vated ADAM10 expression possess a worse prognosis.53

Moreover, ADAM10 was overexpressed in ESCC, and
ADAM10 silencing reduced ESCC cell invasion, migration,
and proliferation.22 In our study, ADAM10 was also signifi-
cantly upregulated in ESCC, and ADAM10 overexpression
could impair the inhibitory effects of miR-1294 on ESCC
cell proliferation, migration, invasion, angiogenesis, and
stem-like properties. All results revealed that circ_0096710
adsorbs miR-1294 by acting as a sponge molecule, causing
the deregulation of the inhibitory effect of miR-1294 on
ADAM10 and upregulation of ADAM10, thus facilitating
the proliferation, migration, invasion, angiogenesis, and
stem-like properties of ESCC cells (Figure 8). Orme et al.
unearthed that ADAM10 mediates cell resistance to PD-L1
inhibitors through cleavage of PD-L1 on the surface of
malignant cells and generation of sPD-L1, leading to the
induction of apoptosis and impairment of anti-tumor
immunity for CD8+ T cells.54 ADAM10 is associated with
the cleavage of Trop-2, which is an activation switch for
cancer growth and metastasis.28 Therefore, we speculated
that circ_0096710 may regulate ESCC immunosuppression
and progression by modulating ADAM10-mediated PD-L1
and/or Trop-2 cleavage. In the future, we would explore
whether circ_0096710 modulates ESCC immunosuppression
by regulating ADAM10-mediated PD-L1 and/or Trop-2
cleavage.

In brief, the present evidence revealed that circ_0096710
and ADAM10 levels were higher and miR-1294 expression
was lower in ESCC. Meanwhile, circ_0096710 knockdown
represses the malignant property of ESCC cells by regulating
the miR-1294/ADAM10 axis. However, the network rela-
tionships of circRNAs are complex and other circRNAs may
also play important roles in ESCC, so more studies should
be performed to gain a fuller understanding of circRNAs in
ESCC. We believe that these findings will draw an important
stroke to attack ESCC.
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