
OR I G I N A L A R T I C L E

A novel circ_0000654/miR-375/E2F3 ceRNA network
in esophageal squamous cell carcinoma

Chunyu Luo | Xiaowei Zhao | Yuan Wang | Yanqiu Li | Tuo Wang | Shumin Li

Department of Clinical Laboratory, Affiliated
Hospital of Chifeng University, Chifeng, China

Correspondence
Shumin Li, Department of Clinical Laboratory,
Affiliated Hospital of Chifeng University,
No. 42, Wangfu Street, Xincheng, Songshan
District, Chifeng 024005, China.
Email: lishumin8407@163.com

Abstract
Background: The competing endogenous RNA (ceRNA) activity of circular RNAs
(circRNAs) has been implicated in the pathogenesis of cancers, including esophageal
squamous cell carcinoma (ESCC). Here, we identified the ceRNA mechanism of
circ_0000654 regulation in ESCC.
Methods: The levels of circ_0000654, E2F transcription factor 3 (E2F3), and microRNA
(miR)-375 were gauged by quantitative real-time PCR (qRT-PCR) and western blot. Cell
proliferation was assessed by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS) and 5-ethynyl-20-deoxyuridine (EdU) assays. Cell
apoptosis was detected by flow cytometry. Cell colony formation was tested by colony
formation assay. Dual-luciferase reporter, RNA pull-down and RNA immunoprecipitation
(RIP) assays were performed to confirm the direct relationship between miR-375 and
circ_0000654 or E2F3. Xenograft model assays were used to evaluate the effect of
circ_0000654 in vivo.
Results: Circ_0000654 and E2F3 were upregulated in ESCC. Circ_0000654 depletion
enhanced cell apoptosis and hindered cell proliferation and glycolysis in vitro, as well
as weakened tumor growth in vivo. Increased expression of E2F3 counteracted the
effects of circ_0000654 depletion. Mechanistically, E2F3 was a target of miR-375, and
circ_0000654 modulated E2F3 expression through sequestering miR-375. Further-
more, miR-375 upregulation phenocopied circ_0000654 knockdown in inhibiting
ESCC progression.
Conclusion: Our findings identify a new circ_0000654/miR-375/E2F3 ceRNA cross-
talk for the oncogenic role of circ_0000654 in ESCC and establish a notion that target-
ing circ_0000654 and its pathways may have the potential to improve ESCC outcome.
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INTRODUCTION

Worldwide, esophageal squamous cell carcinoma (ESCC) is
one of the most commonly occurring malignancies, with a
high mortality because of advanced stage at diagnosis.1

Despite advances in diagnostic and therapeutic regimens,
the curative treatments of advanced ESCC, defined as
metastatic or recurrent ESCC, remain limited.2,3 Essential
regulators of the pathogenesis of ESCC, including circular
RNAs (circRNAs) and proteins, are under intensive

study.4–7 A more thorough understanding of the roles of
these regulatory molecules in ESCC may lead to therapeutic
breakthroughs in further personalized medicine.

Unlike linear RNAs, covalently closed circRNAs are nat-
ural RNA circles with neither 50-30 polarities nor poly
(A) tails.8 Numerous circRNAs, generated by head-to-tail
splicing of exons, possess an important regulatory potential
of coding sequences.9 Recent research has documented the
competing endogenous RNA (ceRNA) activity of some cir-
cRNAs through microRNAs (miRNAs), highlighting the
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implications of these ceRNA networks in human cancers,
including ESCC.10–12 For example, Shi et al. uncovered that
circ_0006168 operated as a potent oncogenic driver in ESCC
via upregulating mammalian target of rapamycin (mTOR)
by sequestering miR-100.13 Pan et al. demonstrated that
circ_0006948 worked as a ceRNA for miR-490-3p to con-
tribute to ESCC progression depending on the modulation
of high-mobility group AT-hook 2.14 As for circ_0000654,
formed by back-splicing of exons of chromodomain helicase
DNA binding protein 2 mRNA, has been discovered to
involve in the pathogenesis of ESCC.15 Although the find-
ings reported by Xu and colleagues have identified the miR-
149-5p/interleukin 6 (IL-6) axis in the regulation of
circ_0000654,15 our understanding of its ceRNA activity in
ESCC has remained fragmentary.

E2F transcription factor 3 (E2F3), a member of E2F
transcription factor family that controls DNA synthesis, cell
cycle, and cell death, has been underscored as a strong onco-
gene in numerous tumors.16–19 Moreover, E2F3 is involved
in the carcinogenic mechanism of ESCC.20–22 Furthermore,
it is still undefined whether E2F3 can work as a downstream
effector of circ_0000654 in regulating ESCC development.

miRNAs lead to post-transcriptional gene silencing in a
sequence-specific manner, and aberrant expression is
accepted to be associated with the pathogenesis of cancers,
including ESCC.23,24 miR-375 has been suggested to be a
promising prognostic biomarker for ESCC,25,26 and it can
function as a potential antitumor factor in ESCC.27,28 Here
we studied the mechanism of circ_0000654 function in
ESCC and identified a novel circ_0000654/miR-375/E2F3
ceRNA network in ESCC pathogenesis.

MATERIALS AND METHODS

Human clinical specimens

This study was approved by the Ethics Committee of the
Affiliated Hospital of Chifeng University and was carried
out according to the guidelines of Declaration of Helsinki.
We collected human specimens (including ESCC specimens,
matched normal esophageal tissues, and serum samples)
from 44 ESCC patients with available clinical data and con-
firmed diagnosis by two pathologists at the Affiliated Hospi-
tal of Chifeng University. As controls, we harvested serum
specimens from 28 healthy donors without known illnesses
and medications. We obtained these specimens with written
informed consent provided by all patients and checked for
circ_0000654, E2F3, and miR-375 expression by quantitative
real-time PCR (qRT-PCR) or western blot as below.

Cell lines

TE-1, ECA-109, and KYSE-450 ESCC cells (Bnbio) were prop-
agated under standard conditions provided by Bnbio. Human
esophageal epithelial HET-1A cell line (Bnbio) was applied as
a control and the medium employed was the bronchial

epithelial cell growth medium (BEGM) from Lonza. We main-
tained all cells at 37�C in a 5% CO2 incubator.

Preparation of total RNA and protein

We extracted total RNA and protein using the AllPrep
DNA/RNA/Protein Mini Kit from collected tissues and cul-
tured cells based on the manufacturer’s guidance (Qiagen). For
analysis of protein concentration, the Bradford protein assay
was employed with the available kit (Leagene). For analysis of
RNA purity and quantify, a NanoVue Spectrum photometer
was used as per the manufacturing protocols (GE Healthcare).
We prepared nuclear and cytoplasmic RNA from TE-1 and
ECA-109 cells using the Cytoplasmic & Nuclear RNA Purifica-
tion Kit as described by the manufacturers (Norgen).

qRT-PCR

For cDNA preparation, RNA was reverse-transcribed by M-
MLV reverse transcriptase (Promega) with a random hex-
amer (for circ_0000654), oligo(dT) primer (for mRNA), and
a stem-loop RT primer (for miR-375), purchased from
TaKaRa. qRT-PCR was done on the Light Cycler 480 II
(Roche) with a master mix of diluted cDNA, SYBR Green
(TaKaRa), and specific primer pairs (shown in Table S1).
Using the 2�ΔΔCt formula,29 expression of targets was evalu-
ated relative to the housekeeping gene β-actin (for
circ_0000654 and mRNA) or U6 (for miR-375).

Western blot

After equal amounts (30 μg) of protein were separated on
NuPAGE Novex 4%–12% gels (Thermo Fisher Scientific),
the resulting gels were electroblotted onto nitrocellulose
membranes (GE Healthcare). For immunoblotting, we used
anti-E2F3 (Cat#PA5-114490; Life Technologies), anti-c-
Myc (Cat#PA5-85185; Life Technologies), anti-BCL-2
(Cat#PA5-20068; Life Technologies), and anti-β-actin
(Cat#ab8227; Abcam) primary antibodies and goat anti-
rabbit IgG secondary antibody (Cat#G-21234; Life Tech-
nologies) before addition of a chemiluminescent substrate
(Thermo Fisher Scientific).

Circ_0000654 depletion by RNA interference

We silenced circ_0000654 in ESCC cells by transiently
transfecting targeted shRNA plasmid (sh-circ_0000654, for
in vitro assays) or by transducing cells with shRNA-
expressing lentiviral constructs (sh-circ_0000654, for in vivo
studies). For transient transfection, sh-circ_0000654
(Geneseed) and a nonsilencing shRNA (sh-circ_NC) were
used. TE-1 and ECA-109 cells were plated in 12-well dishes
(1 � 105 per well) in growth medium with antibiotics. The
second day, a mix of shRNA (50 nM), oligofectamine
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reagent, and Opti-MEMI medium was prepared as recom-
mended by the manufacturers (Life Technologies) and dis-
pensed in each well. We harvested the cells after 48 h for
further in vitro experiments. For stable transduction,
puromycin-selectable lentiviral particles expressing sh-
circ_0000654 or shRNA control (sh-circ_NC), provided by
Geneseed, were used to transduce ECA-109 cells in growth
medium plus polybrene (8 μg/ml; MKBio). We selected
virus-transduced cells with puromycin (2 μg/ml, MKBio) for
over 2 weeks for in vivo studies.

Generation of miR-375 or E2F3 overexpressing
and knockdown cells

Human E2F3 (Accession: NM_001243076.3) coding sequence
and a scrambled control sequence, provided by GeneCreate,
were incubated with BamH I and Xho I endonucleases and
cloned in the pcDNA3.1 vector (WZ Biosciences Inc.),
respectively. The plasmid construct expressing miRNA inhib-
itor (in-miR-375, 50-UCACGCGAGCCGAACGAACAAA-30;
Ribobio) was designed to knock down miR-375. As the con-
trol, a nontargeting plasmid expressing in-miR-NC was used.
The miR-375 mimic (50-UUUGUUCGUUCGGCUCGC-
GUGA-30; Ribobio) was the mature miRNA sequence, and
miR-NC mimic control mock (Ribobio) was the control. For
in vitro E2F3 upregulation assays, TE-1 and ECA-109 cells
were transfected using Fugene with plasmid construct (200 ng)
as per the manufacturing instructions (Promega). For in vitro
miR-375 reduction experiments, TE-1 and ECA-109 cells were
transiently transfected with 30 nM of miRNA mimic using oli-
gofectamine reagent (Life Technologies). We harvested the
transfected cells and performed further assays after 48 h.

Cell proliferation assay

Transfected TE-1 and ECA-109 cells were seeded into 96-well
dishes (�2000 cells per well) before incubating at 37�C for the
desired duration. Evaluation of cell proliferation was conducted
under the usage of the 3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
assay with CellTiter96 AQueous One Solution (Promega)
and 5-ethynyl-20-deoxyuridine (EdU) assay with the EdU
Apollo567 Kit (Ribobio) as per the accompanying recommen-
dations. For proliferation determination, we measured the
absorbance with a plate reader (iMark, Bio-Rad 680) at
490 nM and read EdU-positive (+) cells under fluorescence
microscopy (Olympus).

Cell apoptosis assay

Transfected TE-1 and ECA-109 cells were incubated with
propidium iodide (PI) and fluorescein isothiocyanate (FITC)-
Annexin V as recommended by the Apoptosis Assay Kit
(Solarbio) and analyzed within 1 h. We defined the apoptotic
cells as the population that was positive for Annexin V.

Cell colony formation assay

Transfected TE-1 and ECA-109 cells (200 cells/well) were
grown in six-well culture dishes at 5% CO2 at 37�C. Follow-
ing 10–14 days of incubation, the colonies (≥50 cells) were
assessed after staining by crystal violet (0.5%).

Determination of glucose uptake and lactate
production levels

We determined glucose uptake level using the Glucose
Uptake Assay Kit and lactate production level with
Lactate Assay Kit as per the manufacturing guidelines
(Abcam).

Bioinformatics

The miRNA-pairing sites to circ_0000654 were searched
using the CircInteractome online web (https://
circinteractome.nia.nih.gov/). The molecular target mRNAs
of miR-375 were downloaded from the ENCORI computer
algorithm (http://starbase.sysu.edu.cn/) based on the pres-
ence of a 3’ untranslated region (3’UTR).

Dual-luciferase reporter assay

The segments of circ_0000654 and E2F3 3’UTR encompass-
ing the predicted miR-375 complementary sites or mis-
matched pairing sequences (GAACAA was mutated to
CUUGUU), obtained from GeneCreate, were cloned into
the appropriate sites of the pMIR-REPORT vector (Life
Technologies). About 1 � 105 TE-1 and ECA-109 cells were
co-transfected using Lipofectamine 3000 (Life Technologies)
with 100 ng of the indicated firefly reporter construct, 20 ng
of pRL-TK Renilla luciferase normalization control
(Promega), and 30 nM of miRNA mimic. Thirty-six hours
later, cells were processed using the Dual-luciferase Reporter
Assay System from Promega.

RNA pull-down and (RIP) assays

We prepared the lysates of TE-1 and ECA-109 cells under
the use of the RIPA lysis buffer (Solarbio). For RNA pull-
down experiments, we incubated cell lysates with streptavi-
din magnetic beads (Life Technologies) previously coated
with biotinylated miR-375 mimic (Bio-miR-375), biotiny-
lated miR-346 mimic (Bio-miR-346) or Bio-NC mock (all
from Ribobio). For RNA immunoprecipitation (RIP) experi-
ments, we exposed cell lysates to Protein A/G Agarose (Life
Technologies) previously coated with either anti-Ago2
(Cat#ab233727) or anti-IgG (Cat#ab172730) antibody
(Abcam). Following a 6-h incubation at 4�C, RNA bound to
beads was processed by qRT-PCR to quantify circ_0000654
and E2F3 mRNA enrichment levels.
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Xenograft model assays

All research involving animals complied with international
guidelines and protocols approved by the Ethics Committee
on Animal Care and Use of Affiliated Hospital of Chifeng
University. For xenograft model studies, female Balb/c nude
mice age-matched between 6 and 8 weeks (Beijing Vital River
Laboratory Animal Technology Co., Ltd) were implanted
with 2 � 106 sh-circ_0000654- or sh-NC-transduced ECA-
109 cells (resuspended in 200 μl phosphate buffered saline)
via subcutaneous injection (six mice each group). Tumor vol-
ume was periodically monitored by a digital caliper and eval-
uated by the 0.5 � length � width2 formula. Xenograft
tumors were harvested and weighed after 28 days. Fresh
tumor tissues were used to quantify circ_0000654 and miR-
375 expression by qRT-PCR. Paraffin-embedded tumor tis-
sues were processed by immunohistochemistry analysis using
anti-BCL-2 (Cat#PA5-20068), anti-c-Myc (Cat#PA5-85185),
and anti-E2F3 (Cat#PA5-106407, all from Life Technologies)
antibodies under standard protocols.30

Statistical analysis

Unless otherwise noted, a Student’s t-test (two-tailed) or
analysis for variance was used for comparisons. The differ-
ence of gene expression in human clinical specimens was
analyzed by the Mann–Whitney U-test. All experiments
were done with at least three biological replicates. Error
bars represented the standard deviation. p < 0.05 indicated
significant difference. RNA expression correlations in
clinical specimens were analyzed by Pearson’s correlation
coefficients.

RESULTS

Overexpression of circ_0000654 in
human ESCC

To validate circ_0000654 deregulation in relation to the
development of ESCC, we first performed the expression
analysis on matched tumor and normal tissues from
44 patients with primary ESCC. Indeed, circ_0000654
expression was clearly elevated in tumor tissues compared
with the controls (Figure 1A). Additionally, high expression
of circ_0000654 was observed in serum samples of ESCC
patients versus healthy controls (Figure S1). In line with the
tumor tissues, ESCC cells exhibited higher levels of
circ_0000654 compared with the normal esophageal HET-
1A cells (Figure 1B). Circ_0000654 was a 249-nucleotide cir-
cular transcript generated by the back-splicing of exons
6 and 7 of CHD2 located at chromosome 15:93480747–
93 482 948 (Figure 1C). Additionally, circ_0000654 was
mainly present in the cytoplasm of TE-1 and ECA-109 cells,
which was validated by subcellular fractionation assays
(Figure 1D).

Circ_0000654 downregulation promotes cell
apoptosis and impairs cell proliferation and
glycolysis in vitro

Because of the overexpression of circ_0000654 in ESCC, we
then examined the consequences of silencing endogenous
circ_0000654. Transient transfection of shRNA plasmid tar-
geting circ_0000654 (sh-circ_0000654) was used to reduce
circ_0000654 in TE-1 and ECA-109 ESCC cells (Figure 2A),
which expressed high levels of circ_0000654. Strikingly,
circ_0000654 loss of function enhanced cell apoptosis
(Figure 2B) and suppressed cell proliferation (Figure 2C,D)
and colony formation (Figure 2E) as compared with those
in the negative controls. The data of western blot revealed
that silencing endogenous circ_0000654 caused a marked
reduction in the expression of proliferation-related protein
c-Myc and anti-apoptotic protein BCL-2 in TE-1 and ECA-
109 cells (Figure 2F,G). Furthermore, downregulation of
circ_0000654 led to decreased levels of glucose uptake and
lactate production in TE-1 and ECA-109 cells (Figure 2H,I).
Taken together, these results indicate that knockdown of

F I G UR E 1 Circ_0000654 is upregulated in ESCC tissues and cells.
(a) qRT-PCR analysis of circ_0000654 in paired normal and cancer tissues
from the same cohorts (n = 44). (b) qRT-PCR analysis showing
circ_0000654 expression in HET-1A, KYSE-450, TE-1, and ECA-109 cells.
(c) Schematic model of circ_0000654 formation by back-splicing of exons
6 and 7 of CHD2. (d) Subcellular fractionation assay showing the
localization of circ_0000654 in TE-1 and ECA-109 cells. ***p < 0.001
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circ_0000654 promotes cell apoptosis and impedes cell pro-
liferation and glycolysis in vitro.

Upregulation of E2F3 in human ESCC

In the meantime, we used qRT-PCR to confirm the over-
expression of E2F3 oncogenic gene in ESCC tumor
tissues compared with the corresponding normal controls
(Figure 3A). Expression correlation analysis between
circ_0000654 and E2F3 mRNA showed a positive correla-
tion (r = 0.534, p < 0.001; Figure 3B). Our western blot data
also revealed the upregulaton of E2F3 protein in ESCC

tumors and cells (Figure 3C,D). Interestingly, we observed
a significant reduction in the expression of E2F3
protein in TE-1 and ECA-109 cells after transfection by sh-
circ_0000654 (Figure 3E). E2F3 is a functionally down-
stream effector of circ_0000654 in impacting cell apoptosis,
proliferation, and glycolysis in vitro.

We next decided to examine whether E2F3 was a key
downstream effector of circ_0000654 function. To address
this possibility, we performed E2F3 restoration experiments
in the presence of sh-circ_0000654. The effectiveness of
E2F3 overexpression plasmid in elevating the E2F3 protein
level was confirmed by western blot (Figure 4A). Restoration
of E2F3 strongly abolished circ_0000654 knockdown-

F I G U R E 2 Knockdown of circ_0000654 affects cell apoptosis, proliferation, colony formation and glycolysis in vitro. (a) Relative circ_0000654
expression by qRT-PCR analysis in sh-circ_NC- or sh-circ_0000654-transfected TE-1 and ECA-109 cells. (b) Representative images showing a cell apoptosis
assay and flow cytometry for apoptotic rate of sh-circ_NC- or sh-circ_0000654-transfected TE-1 and ECA-109 cells. (c) MTS assay of cell proliferation in sh-
circ_NC- or sh-circ_0000654-transfected TE-1 and ECA-109 cells. (d) EdU cell proliferation assay with transfected TE-1 and ECA-109 cells. (e) Colony
formation assay in TE-1 and ECA-109 cells transfected as indicated. (F and G) Western blot of BCL-2 and c-Myc protein levels in si-circ_NC- or sh-
circ_0000654-transfected TE-1 and ECA-109 cells. (H and I) Levels of glucose uptake and lactate production in transfected cells using the assay kits.
**p < 0.01, ***p < 0.001
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mediated apoptosis enhancement (Figure 4B), proliferation
inhibition (Figure 4C,D), and colony formation reduction
(Figure 4E). Restoration of E2F3 also counteracted the
influence of circ_0000654 depletion on c-Myc and BCL-2
expression levels compared with the control group
(Figure 4F). Additionally, E2F3 restoration partly abrogated
circ_0000654 silencing-mediated inhibition of glycolysis of
TE-1 and ECA-109 cells (Figure 4G,H). These findings
together support our hypothesis that the effects of
circ_0000654 depletion may be at least in part due to the
reduction of E2F3.

Circ_0000654 regulates E2F3 expression by
competitively binding to miR-375

To elucidate whether circ_0000654 could control E2F3
expression by miRNAs, we used CircInteractome online
web to search miRNAs that potentially bind to circ_0000654
and used ENCORI computer algorithm to predict miRNA-
binding sites based on the presence of E2F3 3’UTR. The
Venn diagram revealed that there were two miRNAs (miR-
375 and miR-346) predicted by both the two programs
(Figure 5A). RNA pull-down assays verified that
circ_0000654 and E2F3 mRNA were strongly enriched by
biotinylated miR-375 mimic (Bio-miR-375), indicating the
direct relationship between miR-375 and circ_0000654 or
E2F3 (Figure 5B). Additionally, RIP experiments validated
the association between circ_0000654 or E2F3 and the

RNA-induced silencing complexes (RISCs) (Figure 5C),
where miRNAs silence gene expression.31 The miR-375
increase efficacy of miR-375 mimic transfection was ascer-
tained by qRT-PCR (Figure 5D).

Bioinformatic analysis by CircInteractome online web
predicted a putative complementary sequence for miR-375
in human circ_0000654 (Figure 5E). To verify this, we gen-
erated circ_0000654 wild-type (WT-circ_0000654) or
mutant (MUT-circ_0000654) luciferase reporters and ana-
lyzed them by luciferase activity. Co-transfection of WT-
circ_0000654 and miR-375 mimic into TE-1 and ECA-109
cells produced lower luciferase activity than cells co-
transfected with mimic control (Figure 5F). Mutation carry-
ing a mutated target sequence significantly abrogated the
inhibition of miR-375 on reporter gene expression under
the same conditions (Figure 5F). ENCORI computer algo-
rithm predicted that the 30UTR of E2F3 encompassed a
region that matched the seed sequence of miR-375
(Figure 5G). To determine whether the altered expression of
E2F3 in ESCC cells, in part, was mediated by miR-375
through its 30UTR, we cloned the 30UTR of E2F3 down-
stream of a luciferase gene as a reporter (WT-E2F3 30UTR)
and assayed it. Transfection of miR-375 mimic markedly
repressed the expression of WT-E2F3 30UTR (Figure 5H).
We also generated a mutant (MUT-E2F3 30UTR) in the seed
region and found that the mutant was refractory to inhibi-
tion by miR-375 (Figure 5H), indicating that E2F3 was a
direct target of miR-375. We also validated the regulation of
miR-375 in E2F3 expression in TE-1 and ECA-109 cells.

F I G U R E 3 E2F3 is upregulated in human ESCC and it is regulated by circ_0000654. (a) E2F3 mRNA level by qRT-PCR analysis in matched tumor and
normal tissues from the same patients with ESCC (n = 44). (b) Expression correlation analysis between E2F3 mRNA and circ_0000654 using Pearson’s
correlation coefficients. (c) E2F3 protein level by Western blot in matched tumor and normal tissues from ESCC patients (n = 3). (d) Western blot showing
E2F3 protein level in HET-1A, KYSE-450, TE-1, and ECA-109 cells. (e) Western blot of E2F3 protein expression in TE-1 and ECA-109 cells after transfection
by sh-circ_NC or sh-circ_0000654. ***p < 0.001
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Reduction of miR-375 upon in-miR-375 transfection, veri-
fied by qRT-PCR (Figure 5I), led to an increase in E2F3 pro-
tein expression, while miR-375 overexpression inhibited
E2F3 expression (Figure 5J).

We then asked whether circ_0000654 regulated E2F3
expression by operating as a ceRNA for miR-375. As
expected, circ_0000654 depletion resulted in reduced expres-
sion of E2F3 protein in both TE-1 and ECA-109 cell lines,
and this effect was dramatically abated by miR-375 downre-
gulation (Figure 5K). Additionally, contrary to circ_0000654
and E2F3 levels, miR-375 was remarkably inhibited in ESCC
tumor tissues (Figure 5L). Correlation analysis showed that in
primary tumors, miR-375 expression inversely correlated with
circ_0000654 and E2F3 mRNA levels (Figure 5M,N). Our
qRT-PCR data also validated the downregulation of miR-375
in TE-1 and ECA-109 ESCC cells (Figure 5O). All these

findings identify the role of circ_0000654 as a post-
transcriptional regulator of E2F3 through miR-375.

MiR-375 mediates the effects of circ_0000654
on cell apoptosis, proliferation, and glycolysis
in vitro.

Intriguingly, we observed a significant elevation in the abun-
dance of miR-375 in circ_0000654-silenced TE-1 and
ECA-109 cells (Figure 6A). To test whether the effects of
circ_0000654 depletion were mediated by miR-375, we
carried out miRNA inhibition experiments in TE-1 and
ECA-109 cells transfected by sh-circ_0000654. Transfection
of in-miR-375 strikingly abated circ_0000654 knockdown-
mediated enhancement of miR-375 expression compared

F I G U R E 4 Circ_0000654 depletion affects cell apoptosis, proliferation and glycolysis by reducing E2F3. (a) Western blot analysis of E2F3 protein level
in TE-1 and ECA-109 cells introduced with E2F3 overexpression plasmid (E2F3) or negative control pcDNA. (B-G) TE-1 and ECA-109 cells were transfected
with sh-circ_0000654, sh-circ_NC, sh-circ_0000654 + pcDNA or sh-circ_0000654 + E2F3, followed by the evaluation of cell apoptosis by flow cytometry
(b), cell proliferation by MTS and EdU assay (c and d), cell colony formation by colony formation assay (e), BCL-2 and c-Myc protein levels by western blot
(f), glucose uptake and lactate production levels using the assay kits (g and h). *p < 0.05, **p < 0.01, ***p < 0.001
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with the scrambled control (Figure 6A). Indeed, reduced
expression of miR-375 clearly counteracted the pro-
apoptosis (Figure 6B), anti-proliferation (Figure 6C,D), and
anti-colony formation (Figure 6E) effects of circ_0000654

depletion in both TE-1 and ECA-109 cell lines. Reduced
expression of miR-375 also abrogated circ_0000654 silencing-
driven suppression of BCL-2 and c-Myc expression of TE-1
and ECA-109 cells (Figure 6F). Likewise, downregulation of

F I G U R E 5 Identification of the direct relationship between miR-375 and circ_0000654 or E2F3. (a) Venn diagram showing the putative miRNAs
identified by both CircInteractome and ENCORI prediction programs. (b) RNA pull-down assays on cell extracts using bio-miR-375, bio-miR-346 or bio-
NC. (c) RIP experiments on cell extracts using anti-Ago2 or anti-IgG antibody. (d) qRT-PCR of miR-375 in cells after transfection by miR-375 mimic or
miR-NC mimic. (e) The putative complementary sequence for miR-375 in circ_0000654, the mutation in the target sequence, and the sequence of mature
miR-375. (f) Luciferase reporter assay showing the effect of miR-375 on the expression of WT-circ_0000654 and MUT-circ_0000654. (g) The predicted
binding sequence for miR-375 in E2F3 30UTR, the mutated sites in seed region, and the sequence of miR-375. (h) Luciferase reporter assay showing the effect
of miR-375 on the expression of WT-E2F3 30UTR and MUT-E2F3 30UTR. (i) qRT-PCR of miR-375 in cells after transfection by in-miR-375 or in-miR-NC.
(j) Western blot showing E2F3 protein level in cells transfected with miR-NC mimic, miR-375 mimic, in-miR-NC or in-miR-375. (k) Western blot of E2F3
protein in cells after transfection by sh-circ_0000654, sh-circ_NC, sh-circ_0000654 + pcDNA or sh-circ_0000654 + E2F3. (l) Relative miR-375 expression by
qRT-PCR analysis in matched tumor and normal tissues from the same patients with ESCC (n = 44). (m and n) expression correlation analysis between
miR-375 and circ_0000654 or E2F3 mRNA using Pearson’s correlation coefficients. (o) qRT-PCR analysis of miR-375 in HET-1A, KYSE-450, TE-1, and
ECA-109 cells. **p < 0.01, ***p < 0.001
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miR-375 abated circ_0000654 depletion-imposed glycolysis
defect in the two cell lines (Figure 6G,H). Collectively, these
data suggest that the effects of circ_0000654 depletion may be
due to the elevation of miR-375.

Tumor-inhibitory effect of circ_0000654
depletion in vivo

To elucidate the role of circ_0000654 in tumor growth
in vivo, we constructed stable circ_0000654-silenced ECA-
109 cell line by sh-circ_0000654 lentivirus transduction and

implanted the cells into the nude mice subcutaneously. Trans-
duction of sh-circ_0000654 lentivirus significantly weakened
tumor growth compared the sh-NC control (Figure 7A,B).
Notably, circ_0000654 was underexpressed and miR-375
was upregulated in the sh-circ_0000654-infected ECA-109
tumors compared with the sh-NC controls (Figure 7C).
Additionally, immunohistochemistry results revealed that sh-
circ_0000654-infected ECA-109 tumors had fewer cells
stained for E2F3, BCL-2, and c-Myc staining than sh-NC
controls (Figure 7D). Taken together, these data imply that
the suppression of tumor growth may be due to the reduction
of circ_0000654 and E2F3 and the elevation of miR-375.

F I G U R E 6 Circ_0000654 depletion affects cell apoptosis, proliferation and glycolysis in vitro by upregulating miR-375. (a–h) TE-1 and ECA-109 cells
were introduced with sh-circ_0000654, sh-circ_NC, sh-circ_0000654 + in-miR-NC, or sh-circ_0000654 + in-miR-375. (a) qRT-PCR analysis of miR-375
expression in transfected TE-1 and ECA-109 cells. (b) Apoptotic rate of transfected TE-1 and ECA-109 cells by flow cytometry. (c) MTS assay for the
proliferation of transfected TE-1 and ECA-109 cells. (d) EdU cell proliferation assay with transfected TE-1 and ECA-109 cells. (e) Cell colony formation
using colony formation assay in transfected cells. (f) Western blot showing BCL-2 and c-Myc protein levels in transfected TE-1 and ECA-109 cells. (g and h)
Glucose uptake and lactate production levels using the assay kits in transfected TE-1 and ECA-109 cells. *p < 0.05, **p < 0.01, ***p < 0.001
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DISCUSSION

The ceRNA hypothesis proposes that circRNAs may form a
crucial type of post-transcriptional modulators by operating
as endogenous miRNA sponges.32 The importance of the
functional ceRNA regulation mediated by circRNAs has
become increasingly clear in cancer biology.32,33 Recent stud-
ies have illuminated that hundreds of circRNA-mediated
ceRNA networks, such as ciRS-7/miR-7/Kruppel-like factor-4
and circ_0006168/miR-100/mTOR, have been implicated in
ESCC pathogenesis.10,13 Because of the oncogenic activity of
circ_0000654 in ESCC,15 we decided to explore the ceRNA
mechanism of circ_0000654 function in ESCC.

E2F3 has been established as a potent oncogene in mul-
tiple types of cancers, including ESCC.20,21 Consistent with
the effect of circ_0000654 depletion, we also demonstrated
that silencing endogenous E2F3 exerted a tumor suppressive
activity in ESCC. Based on the suppressive effect of
circ_0000654 knockdown on E2F3 protein, we first identi-
fied E2F3 as a downstream effector of circ_0000654 function
in ESCC. Previous work reported that depletion of
circ_0087378 inhibited E2F3 to hamper ESCC progression
by competitively binding to miR-140-3p.22

CircRNAs and protein-coding mRNAs can function as
ceRNAs by competing to bind to shared miRNAs.32 By
combining bioinformatic analyses of CircInteractome and
ENCORI algorithms, we first pointed to the role of
circ_0000654 as a post-transcriptional modulator of E2F3
through sponging miR-375. The high expression of miR-375
has been found in breast cancer and castration-resistant
prostate cancer.34,35 Conversely, miR-375 has been discov-
ered to be underexpressed in colorectal cancer and liver

cancer.36,37 These findings suggest miR-375 as a diagnostic
or prognostic marker for these diseases. Moreover, miR-375
is a crucial antitumor factor in many cancers, such as cervical
cancer and oral squamous cell carcinoma, wherein miR-375
is downregulated in cancer tissues and cells.38,39 Intriguingly,
although miR-375 is frequently upregulated in prostate
tumors, it can repress migration and invasion of prostate can-
cer cells.40 These contradictory findings may be in part due to
the different types of tumors and diversified tumor microen-
vironment. In this paper, we first demonstrated that miR-375,
a potent anti-ESCC miRNA,27,28 worked as a mediator of
circ_0000654 in regulating ESCC development.

The tumor-inhibitory effect of circ_0000654 silencing
was preliminarily analyzed in vivo at present. More
explorations about the circ_0000654/miR-375/E2F3
ceRNA network in ESCC development in vivo will be
done in further work. Previous work also uncovers the
circ_0000654/miR-149-5p/IL-6 ceRNA crosstalk in regu-
lating ESCC.15 The two circ_0000654-mediated ceRNA
networks may be two paralleled mechanisms underlying
the regulation of circ_0000654 in ESCC. There may be
other circ_0000654-mediated ceRNA networks that
remain to be elucidated in ESCC.

To conclude, our study identifies a novel circ_0000654/
miR-375/E2F3 ceRNA network for the oncogenic property
of circ_0000654 in ESCC. Therefore, developing pharmaco-
logical agents that targeting circ_0000654 and its pathways
may have the potential to improve ESCC outcome.
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