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Abstract: Background: Gastric cancer (GC) is one of the leading malignancies of the digestive system. Circular
RNAs (circRNAs) are well-established to play critical regulatory roles in GC development. The current study sought
to explore the effects and regulatory mechanism of circ_0001013 in the course of GC. Methods: First, differential
circRNAs and related mechanisms in GC were predicted by microarray analysis. Circ_0001013, microRNA (miR)-
136, and TWSG1 expression patterns were subsequently detected in GC clinical samples and cells using RT-qPCR.
The relationship among circ_0001013, miR-136, and TWSG1 was further assessed by dual-luciferase reporter
assay, biotin-coupled probe pull-down assay, and biotin-coupled miRNA capture. Based on gain- and loss-of-func-
tion assays, GC cell proliferation, migration, invasion, and the cell cycle and apoptosis were also measured by
5-ethynyl-2’-deoxyuridine (EdU) assay, scratch test, Transwell assay, and flow cytometry, respectively. Moreover, the
effect of circ_0001013 on tumor growth was detected by tumor xenografting in nude mice. Results: Circ_0001013
was predicted to be up-regulated in GC by microarray profiling, which was confirmed by RT-gPCR detection in GC
tissues and cells. miR-136 was poorly expressed, and TWSG1 was highly expressed in GC tissues. Mechanisti-
cally, circ_0001013 bound to miR-136, which negatively targeted TWSG1 in the GC cells. Silencing circ_0001013
or TWSG1 or over-expressing miR-136 led to decreased GC cell proliferation, migration, invasion, and cell cycle
arrest and enhanced apoptosis. Furthermore, silencing circ_0001013 resulted in diminished TWSG1 expression
and inhibited transplanted tumor growth in the nude mice. Conclusion: Collectively, our findings indicated that
circ_0001013 increased TWSG1 expression by binding to miR-136, thereby exerting oncogenic effects in GC.
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Introduction exerting a burden on society and medical infra-
structure [4]. A heterogeneous disease and the
endpoint of a long and multistep process, GC
is precipitated by the gradual accumulation of

various (epi)genetic alterations, resulting in an

With more than 1 million new cases and
784,000 deaths reported in 2018, gastric can-
cer (GC) is the 5™ leading cancer in morbidity

and 3" leading cause of cancer-related deaths
across the globe [1]. A variety of risk factors
can contribute to carcinogenesis of GC, includ-
ing diets low in fruit and vegetables, Helico-
bacter pylori infection, high salt intake, and age
[2]. Clinically, GC presents with a number of
symptoms, such as nausea, early satiety, eme-
sis, anorexia, weight loss, dyspepsia, and epi-
gastric pain, all of which are vague, non-specif-
ic, and may not occur until latter disease sta-
ges [3]. Despite the numerous advancements
made in the treatment of GC, the prognosis
of advanced GC still remains extremely poor,

imbalance of oncogenic and anti-oncogenic
pathways [5]. Accordingly, our understanding of
the mechanistic actions underlying GC may
enable more personalized therapy and improve
outcome.

The work of our peers has shown that noncod-
ing RNAs (ncRNAs), such as circular RNAs (cir-
cRNAs), microRNAs (miRNAs, miRs), and long
ncRNAs, are all implicated in the development
of GC [6]. Moreover, circRNAs are known to play
an oncogenic role in GC development via a cir-
cRNA-miRNA-mRNA network [7]. For instance,
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circLMO7 induces GC progression by augment-
ing the proliferative, invasive, and migration
capacities of GC cells through the miR-30a-3p-
WNT2 axis [8]. In addition, hsa_circ_0001829
exerts an enhancing effect on GC cell prolifera-
tion, migration, and invasion, and simultane-
ously decreases cell cycle entry and apoptosis
by the miR-155-5p-SMAD2 axis [9]. Further
highlighting the influence of circRNAs, hsa_
circ_0023409 was previously shown to regu-
late GC cell proliferation and metastasis by
the miR-542-3p-IRS4 axis [10]. In a similar
light, bioinformatics analyses in our previous
investigation predicted the involvement of
circ_0001013 in the pathogenesis of GC.
Subsequently, we studied the downstream
MiRNA-mRNA mechanism of circ_0001013 in
GC. On a separate note, over-expression of miR-
136 is associated with elevation of human GC
cell apoptosis [11]. However, there is a scar-
city of investigations focusing on the interac-
tion between circ_0001013 and miR-136.
Furthermore, twisted gastrulation BMP signal-
ing modulator 1 (TWSG1) is known to function
as an oncogene in papillary thyroid cancer
(PTC) [12]. However, the interaction between
miR-136 and TWSG1 in GC development has
not been defined. In lieu of these, the current
study carried out a series of tissue, cell, and
animal experiments to determine whether the
circ_0001013-miR-136-TWSG1 network could
influence the development of GC.

Materials and methods
Ethics statement

Human inclusion and experimentation in the
current study were approved by the Second
Affiliated Hospital of Jiaxing University Ethics
Committee (Approval number: 2016-19) and
conformed to guidelines published in the De-
claration of Helsinki. Signed informed consents
were obtained from all participants prior to
inclusion. Animal experiment procedures were
performed in accordance with the ethical stan-
dards of the animal experiment system app-
roved by the Jiaxing University Medical College
Experimental Animal Ethics Committee (App-
roval number: JUMC2020-039). Extensive me-
asures were taken to minimize the suffering of
the included animals.

Bioinformatic analysis

First, the GSE83521 microarray dataset of
GC-related circRNAs was retrieved from the
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Gene Expression Omnibus database. The ob-
tained microarray data were pre-processed
and normalized using the Affy package of R
software [13]. The limma package [14] was
adopted to screen differential circRNAs with
log2FC (fold change) > 1 or < -1 and P < 0.05
serving as the criteria, followed by heat map-
ping of the differential circRNAs. The possible
regulatory mechanism of circ_0001013 was
further predicted using the Circinteractome
database. Additionally, GC-related miRNAs we-
re downloaded from the MNDR v3.1 database
(http://www.rna-society.org/mndr/), with “Gas-
tric cancer” serving as the key word, and
screening conditions of Species=Homo sapi-
ens & Score > 0.6. Subsequently, we analyzed
the KEGG pathways that miRNAs were involved
in using the miRPathDB v2.0 database (https://
mpd.bioinf.uni-sb.de/). Further, we queried the
expression patterns of miR-136 and miR-638
in GSE16579 dataset (miRNA expression of
human cancer and mouse cell lines) in the
deepBase v3.0 database (http://rna.sysu.edu.
cn/deepbase3/). Thereafter, GO enrichment
analysis of the candidate genes was perform-
ed using the R language package “clusterPro-
filer” (https://bioconductor.org/packages/rele-
ase/bioc/html/clusterProfiler.html). The target
genes of miR-136 were further predicted with
the miRDB (http://www.mirdb.org/), starBa-
se (http://starbase.sysu.edu.cn/), DIANA-mi-
croT (http://diana.imis.athena-innovation.gr/Di-
anaflools/index.php?r=microT_CDS/), and mir-
DIP databases (http://ophid.utoronto.ca/mir-
DIPF/). Differentially expressed genes were ana-
lyzed based on GC samples from The Cancer
Genome Atlas (TCGA) database employing the
GEPIA (Gene Expression Profiling Interactive
Analysis) tool. Afterwards, the intersection of
analyzed miRNA-target genes and the differen-
tially highly expressed genes in GC was obtain-
ed using the Jvenn tool (http://jvenn.toulouse.
inra.fr/app/example.html). The survival curve
was analyzed using the KMplot website (http://
kmplot.com/).

Vector construction and dual-luciferase re-
porter assay detection of circ_0001013 target
gene

Target genes of circ_0001013 were predicted
using the Circinteractome database. Dual-lu-
ciferase reporter assay was performed to in-
vestigate whether miR-136 was a direct target
gene of circ_0001013. The sequences were
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obtained from the GenBank database (Na-
tional Center for Biotechnology Information,
Bethesda, MD, USA). In accordance with the
prediction results, we designed the 3’ untrans-
lated region (UTR) sequence of miR-136 (the
target gene of circ_0001013). Reporter gene
plasmid vectors containing miR-136-3’'UTR
wild-type (Wt) and miR-136-3'UTR mutant-type
(Mut) were subsequently cloned using one-step
site-directed mutagenesis. Next, over-expres-
sion (oe)-circ_0001013 was co-transfected wi-
th miR-136-Wt or miR-136-Mut plasmids into
cells for 24 h. After a 6-h period of conventional
culture in a 5% CO, incubator at 37°C, the
medium was replaced with new medium. After
another 48 h period of continuous culture, the
cells were lysed, after which 100 pyL PLB was
added to each well, shaken at low speed for 15
min, and set aside at -4°C. Dual-luciferase
reporter assay was conducted in accordance
with the provided instructions of the dual-lucif-
erase reporter gene assay kit (#£1910, Heng-
sheng Biotechnology, Inner Mongolia, China) as
follows: 100 pL fluorescein assay reagent Il
was added to a 1.5 mL Eppendorf tube and a
TD20/20 luminometer (Turner Designs, Sunny-
vale, CA, USA) was initiated to predict for 2 s.
Cell lysis (20 uL) was added to the tube, mixed
thoroughly, and the tube was placed in the lumi-
nometer to determine firefly luciferase (FLUC)
activity. Thereafter, 100 yL Stop & Glo prepara-
tion was added to measure Renilla luciferase
(RLUC) activity. Afterwards, the relative lucifer-
ase intensity was calculated based on the
RLUC to FLUC ratio, which was also used to
determine miRNA target sites.

Detection of dual-luciferase activity

Target genes of miR-36 were analyzed by online
prediction (TargetScan, http://www.targetscan.
org/vert_72/). Subsequent dual-luciferase re-
porter assay confirmed that TWSG1 was a
direct target of miR-136. TWSG1 3'UTR gene
fragment was cloned into a pMIR-reporter. The
sequenced Wt and Mut luciferase reporter
plasmids were subsequently co-transfected
with miR-136 into HEK-293T cells, which were
lysed after 48-h transfection. Afterwards, the
luciferase activity was estimated using a Dual-
Luciferase Reporter Assay System (Promega,
WI, USA).

Sample collection

GC tissues and adjacent normal tissues were
collected from patients diagnosed with GC and
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undergoing surgery at the Second Affiliated
Hospital of Jiaxing University from 2016 to
2019. None of the included patients received
drug treatment prior to specimen collection. A
total of 70 pairs of tissue samples were col-
lected, immediately frozen in liquid nitrogen,
and stored at -80°C.

Cell culture

Human 293T cells and GES-1 human normal
gastric epithelial cells were cultured in Dul-
becco’s modified Eagle’s medium (Thermo
Fisher Scientific, Waltham, MA, USA). Simul-
taneously, human GC cell lines AGS, MKN74,
MKN45, and HGC-27 were cultured in RPMI
1640 medium (Gibco, Carlsbad, CA, USA). Both
media were supplemented with 10% fetal
bovine serum (FBS, Gibco, Carlsbad, CA, USA),
100 U/mL penicillin, and 100 mg/mL strepto-
mycin. All cells were subsequently cultured in a
humidified incubator with 5% CO, at 37°C.

Reverse transcription-quantitative PCR (RT-
gPCR)

Total RNA content was extracted from tissues
or cells using the TRIzol reagent. Next, RNA con-
centration and purity were determined by spec-
trophotometry, and RNA integrity was assess-
ed by agarose gel electrophoresis. miRNA-spe-
cific complementary DNA was synthesized by a
TagMan MicroRNA reverse transcription kit and
the primers from a TagMan MicroRNA Assay.
miR-136 expression patterns were measured
according to TagMan miRNA Assay protocols
and standardized to U6. The primers were syn-
thesized by the Beijing Genomics Institute (BGI,
Beijing, China) (Table 1). Reverse transcription
was performed in accordance with the manu-
facturer’s instructions of the EasyScript First-
Strand cDNA Synthesis SuperMix kit (AE301-
02, Beijing TransGen Biotech Co., Ltd., Beijing,
China). Reaction solution was adopted for real-
time fluorescent qPCR on a real-time fluores-
cent gqPCR instrument (ABI 7500, ABI, Foster
City, CA, USA), in accordance with the manu-
facturer’s instructions of a SYBR® Premix Ex
Tag™ Il kit (Takara, Dalian, China). Afterwards,
fold changes were calculated using the com-
parative threshold cycle (222°) method.

Western blot assay

Cells were lysed with radioimmunoprecipita-
tion assay cell lysis buffer (PO013B, Beyotime,
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Table 1. The RT-gPCR primers

Gene Sequence (5’-3)

miR-136 Forward: 5’-ACTCCATTTGTTTTGATGATGGA-3’
Reverse universal primer

ue Forward: 5’-GCTTCGGCAGCACATATACTAAAAT-3’

circ_0001013

Reverse universal primer
Forward: 5’-AGTGGGATGCCACAAGATCC-3’
Reverse: 5’-AGTCATTCGCCGTTGATCGT-3’

TWSG1 Forward: 5’-GCTGTGCTTACTCTAGCCATC-3’
Reverse: 5-TGAGGCATTTGCTCACATCAC-3’
GAPDH Forward: 5’-GGAGCGAGATCCCTCCAAAAT-3’

Reverse: 5-GGCTGTTGTCATACTTCTCATGG-3’

Note: RT-qPCR, reverse transcription-quantitative PCR; GAPDH, glyc-
eraldehyde-3-phosphate dehydrogenase; miR-136, microRNA-136;

ered saline (PBS) and cultured in RPMI
1640 medium containing 10% FBS.
Wound healing at O h and 48 h was
observed at the same location. The
migration of the GC cells was expressed
as the migration rate: (scratch width at
T,s - scratch width at T ))/scratch width at
T, x 100%.

Transwell assay

Apical chamber of a Transwell chamber
(8-um aperture, Costar, Cambridge, MA,
USA) was coated with Matrigel (BD
Biosciences, Franklin Lakes, NJ, USA).

circ_0001013, hsa_circular RNA_0001013; TWSG1, twisted gastrula-

tion BMP signaling modulator 1.

Shanghai, China) containing phenylmethylsul-
phony! fluoride at a final concentration of 1
mM. The proteins were quantified with a Bio-
Rad DC Protein Assay kit (EWELL Bio-Techno-
logy Co., Ltd., Guangdong, China). Each sample
was mixed with sodium dodecyl sulfate buffer
and boiled for 10 min. Next, the samples were
subjected to gel electrophoresis at 80 V for 30
min and 120 V for 90 min. Subsequently, the
proteins were electrically imprinted from the
gel onto a polyvinylidene fluoride membrane at
a constant current of 300 mA for 90 min. The
membrane was then blocked with Tris-buffered
saline with Tween 20 containing 5% skimmed
milk powder and shaken at 37°C for 2 h. The
membrane was probed with primary antibodies
(Abcam, Cambridge, UK) against TWSG1 (dilu-
tion ratio of 1:1000, ab218995, mouse) and
glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH, dilution ratio of 1:5000, ab8245,
mouse anti-human) at 4°C for 12 h, followed by
1-h of re-probing with goat anti-rabbit immu-
noglobulin G secondary antibody (dilution ratio
of 1:20,000, ab6721, Abcam). Afterwards, the
blots were developed by sensitized enhanced
chemiluminescence, and the gray value of the
protein bands was measured using the ImageJ
software (NIH, Bethesda, MD, USA).

Scratch test

Cells were cultured in a 6-well plate at a density
of 2.5 x 10* cells/cm?. After 24 h, the medium
was aspirated, and a wound was made with a
10 pL sterilized disposable pipette. Next, the
cells were rinsed twice with phosphate-buff-
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Transfected cells (at a density of 1 x 10*
in 200 yL serum-free medium) were
seeded into the upper chamber for inva-
sion detection. Simultaneously, medium
containing 10% FBS was added to the bottom
chamber as a chemical attractant. Next, the
cells were incubated at 37°C for 48 h to detect
invasion in a 5% CO, chamber. Following incu-
bation, the cells in the apical chamber were
removed by cotton swabs and the cells on the
lower surface were fixed with methanol, stain-
ed with 0.1% crystal violet, and finally observ-
ed under a microscope (x 200 magnification,
Olympus, Tokyo, Japan).

Flow cytometry

Cells (1 x 10°) were fixed with 70% cold etha-
nol, mixed with 1 mL propidium iodide (PI)
staining solution (Becton Dickinson; 50 ug/
mL), and then allowed to stand in the dark for
30 min. Next, the cell cycle was determined
using a FACSCalibur flow cytometer, and the
results were analyzed with the ModFit soft-
ware.

Afterwards, cells (1 x 10°) were resuspended in
1 x annexin buffer and stained with 5 yL annex-
in V-FITC (fluorescein isothiocyanate) (Becton
Dickinson) and 1 pL Pl in teh dark for 10 min.
Next, the mixture was placed in the dark for 5
min. Afterwards, the cells were suspended with
300 pL 1 x annexin buffer and the results were
analyzed by flow cytometry.

5-Ethynyl-2’-deoxyuridine (EdU) assay

GC cells in the NC group and the small interfer-
ing RNA (si)-circ_0001013 group were labeled
with EdU as per the manufacturer’s instruc-
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tions of the EdU proliferation detection kit
(CA1170, Solarbio, Beijing, China). After dis-
carding the supernatant, 100 yL medium con-
taining EdU (30 umol/L) was added to each
well for 12-h incubation. Next, the cells were
fixed with 4% paraformaldehyde for 30 min,
mixed with 50 yL 2 mg/mL glycine for 5 min,
and then stained with 100 uL Apollo® staining
solution in the dark, followed by nuclear stain-
ing with Hoechst 33342 (Thermo Fisher Sci-
entific). Image-Pro software was utilized for
image acquisition and quantitative analysis.

Biotin-coupled probe pull-down assay

The biotinylated probe sequence of circ_000-
1013 was 5-FITC-GGACCGAGTCAAGTCAAA-
GG-3'. Cells (1 x 107) were lysed in lysis buffer
and incubated with 3 pg biotinylated probe for
2 h at room temperature. Next, the cell lysate
was cultured with streptavidin magnetic beads
(Life Technology, Gaithersburg, MD, USA) for 4
h to pull down the biotin-coupled RNA com-
plex. The magnetic beads were subsequently
washed five times with lysis buffer and the
miRNA in the complex was extracted with the
TRIzol reagent for real-time qPCR.

Biotin-coupled miRNA capture

Cells (2 x 10°) were lysed with 50 um biotinyl-
ated miRNA mimic (sequence: GCCCTTCATG-
CTGCCCAG) at 50% aggregation state. After a
24-h period of transfection, the cells were lysed
in lysis buffer, mixed with 50 pL streptavidin
beads for 2 h, and then added to tubes to pull
down the biotin-conjugated RNA complex. The
tubes were subsequently incubated and rotat-
ed at a low speed (10 rpm) for 4 h on a rotator.
Next, the beads were washed several times
with lysis buffer, and RNA specifically interact-
ing with miRNA was recovered with the TRIzol
LS reagent (Life Technology). Afterwards, the
abundance of circ_0001013 was assessed by
RT-gPCR and agarose gel electrophoresis.

Northern blot assay

Northern blot assay was performed with nor-
thern blotting kits (Ambion, Austin, TX, USA).
Briefly, total RNA was denatured in formalde-
hyde and electrophoresed with 1% agarose-
formaldehyde gel. Next, the obtained RNA was
transferred to a Hybond-N+ nylon membrane
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and hybridized with the biotin-labeled DNA
probe. Binding RNA was subsequently detect-
ed using a biotin chromogenic assay kit. Later,
the membrane was analyzed with the Image
Lab software (Bio-Rad, Hercules, CA, USA).

Fluorescence in situ hybridization (FISH)

The circ_0001013 sequence and miR-136-
specific probe were utilized for FISH. Cyb-
labeled and farm-labeled probes were specifi-
cally targeted to circ_0001013 and miRNA,
respectively. Next, the nuclei were stained with
4’ 6-diamidino-2-phenylindole. All steps were
performed in accordance with the manufactur-
er’s instructions. Images were captured using
the Zeiss LSM 880 NLO confocal microscope
system (Leica Microsystems, Mannheim, Ger-
many).

Mouse xenografts

AGS cells (1 x 107) were subcutaneously inject-
ed into the left armpit of BALB/c nude mice
(aged 4-6 weeks old, weighing 18-22 g; 8 mice
per group) to establish a xenograft mouse
model. After the tumors had grown to 100
mm?, lentivirus containing sh-circ_0001013 (1
x 10° TU/ml, 50 ul) alone, or combined with
agomiR-136 (miR-136 agonist, 50 nM) were
injected into the tumors of mice. The injections
were administered twice a week for a duration
of two weeks. The tumor volume was measured
every other day and calculated as follows:
tumor volume (V) = (W? x L)/2. All mice were
euthanized by CO, asphyxiation and weighed.

Immunohistochemistry

Mouse specimens were fixed with 10% formal-
dehyde, embedded in paraffin, and sliced into
4-uym successive sections. The obtained sec-
tions were dried, dewaxed with xylene, dehy-
drated with alcohol, and immersed in 3% me-
thanol-H,0, for 30 min at 37°C. Next, the sec-
tions were immersed in 0.01 M citrate buffer,
heated at 95°C for 20 min, and allowed to cool
down to room temperature. Subsequently, the
sections were blocked with normal goat se-
rum blocking solution for 10 min at 37°C, then
incubated with primary antibodies against
TWSG1 (dilution ratio of 1:200, ab57552, rab-
bit anti-human), Ki-67 (dilution ratio of 1:150,
ab156956, mouse), matrix metalloproteinase
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9 (MMP9; dilution ratio of 1:500, ab38898,
rabbit), and CD34 (dilution ratio of 1:2500,
ab81289, rabbit) at 4°C overnight. The follow-
ing day, the sections were incubated with the
corresponding biotin-labeled goat anti-rabbit
secondary antibody for 10 min at room temper-
ature. Afterwards, the sections were incubat-
ed in horseradish peroxidase-labeled Strepto-
myces ovalbumin working solution for 10 min
at room temperature and stained with diami-
nobenzidine for 8 min in conditions void of light
at room temperature. Later, the hematoxylin-
stained sections were dehydrated, permeabi-
lized, sealed, and observed under an optical
microscope. The positive cells (> 25% of the
total cells) were counted using the Nikon ima-
ge analysis software, where obvious brown or
brownish yellow granules were visualized in the
cytoplasm. The number of positive cells was
calculated in three non-repeated fields in each
section.

Statistical analysis

SPSS 26.0 (IBM, Armonk, NY, USA) was adopt-
ed for statistical analyses. Measured data were
summarized as mean * standard deviation.
Data between two groups were compared us-
ing the unpaired t test or two-way analysis of
variance (ANOVA). Data among multiple groups
were compared by one-way ANOVA or two-way
ANOVA, while data among multiple groups at
different time points were analyzed by repeat-
ed measures ANOVA, followed by Tukey’s post-
hoc test. The relationship between two vari-
ables was evaluated using Pearson’s correla-
tion coefficient. The survival rate was analyzed
by Kaplan-Meier method and log-rank testing
was adopted for univariate analysis. A value of
P < 0.05 was considered significant.

Results

Circ_0001013 was highly expressed in GC
tissues and cell lines, and correlated with poor
prognosis in patients with GC

First, we explored the mechanism of ci-
rc_0001013 in GC and screened differentially
expressed circRNAs in GC samples using the R
software. Subsequent findings demonstrated
that circ_0001013 was highly expressed in the
GSE83521 microarray data (Figure 1A), and
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further exhibited the highest differential ex-
pression value (log2FC = 1.961257597, P =
0.000414929).

Furthermore, the results of RT-qPCR of the GC
tissues and matched adjacent normal tissues
illustrated that circ_0001013 expression was
notably higher in the GC tissues relative to ad-
jacent normal tissues (Figure 1B). The patients
were subsequently grouped into high and low
circ_0001013 expression groups using the
median circ_0001013 expression as the cut-
off value. Further results of Kaplan-Meier sur-
vival curve (Figure 1C) demonstrated that high-
circ_0001013 expression patients presented
with low survival rates, while low-circ_0001013
expression patients exhibited markedly incre-
ased survival rates. Moreover, circ_0001013
expression was higher in the four GC cell lines
(AGS, MKN74, MKN45, and HGC-27) as com-
pared to the normal gastric epithelial cell line
GES-1 (Figure 1D). Together, these findings vali-
dated that circ_0001013 was up-regulated in
GC tissues and cells.

Low circ_0001013 expression promoted cell
cycle arrest and apoptosis, and repressed GC
cell proliferation, migration, and invasion

In light of the high circ_0001013 expression
patterns in GC tissues and cell lines, we inves-
tigated its function by silencing circ_0001013
in the HGC-27 GC cell line. Subsequent FISH
results demonstrated that circ_0001013 was
located in the cytoplasm (Figure 2A). The re-
sults of RT-gPCR illustrated that circ_0001013
relative expression was significantly lower in
the si-circ_0001013 group than that in the con-
trol group, while there were no significant di-
fferences in the relative expression of linear
0001013 (Figure 2B, 2C).

Additionally, the results of flow cytometric anal-
ysis revealed that si-circ_0001013 induced G1
arrest (Figure 2D) and apoptosis in the HGC-27
cells (Figure 2E). Colony formation assay re-
sults depicted that the si-circ_0001013 group
presented with significantly fewer colonies than
the NC group (Figure 2F). Moreover, the results
of CCK-8 and EdU assays revealed that cells
in the si-circ_0001013 group exhibited lower
proliferative ability than those in the NC gr-
oup (Figure 2G, 2H). Furthermore, results of
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Figure 1. Circ_0001013 was upregulated in GC tissues and cell lines, which was associated with poor prognosis.
(A) Heat map of the top 10 differentially expressed circRNAs in GSE83521 microarray data. The abscissa repre-
sents the sample number, the ordinate represents the differential gene, the upper right histogram represents the
color scale, and each rectangle in the graph corresponds to a sample expression value. (B) RT-qPCR detection of
circ_0001013 relative expression in GC and adjacent normal tissues (n = 70). (C) Kaplan-Meier survival curve. (D)
RT-gPCR measurement of circ_0001013 relative expression in the GES-1 normal gastric epithelial cell line and the
four GC cell lines. *p < 0.05 vs. adjacent normal tissues and GES-1 cells. Each cell experiment was repeated three
times. Two-group data were analyzed by unpaired t test (B), survival analysis by Kaplan-Meier method (C), and muti-

group data by one-way ANOVA (D).

scratch test and Transwell assay revealed that
si-circ_0001013 inhibited GC cell migration
and invasion, respectively (Figure 21, 2)J).

Collectively, these findings indicated that
circ_0001013 down-regulation led to decre-
ased GC cell proliferation, migration, and inva-
sion, and enhanced cell cycle arrest and ap-
optosis.
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Circ_0001013 bound to miR-136 to down-
regulate miR-136 expression in GC cells

We retrieved a total of 108 miRNAs that were
possibly bound to hsa_circ_0001013 using the
Circinteractome tool, and further downloaded
625 GC-related miRNAs from the MNDR v3.1
database, where 23 overlapping candidate
miRNAs were intersected (Figure 3A). We next
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specific probes. (F) RT-gPCR detection of miR-136 enrichment by circ_0001013-specific probe. (G) Dual-luciferase
reporter assay verification of the binding relationship between circ_0001013 and miR-136. (H) FISH detection of
circ_0001013 and miR-136 co-localization (x 400 magnification). (I) RT-gPCR estimation of miR-136 expression in
GC tissues and the adjacent normal tissues. (J) Correlation analysis of circ_0001013 and miR-136 expression in GC
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analyzed the KEGG pathways that miRNAs involved in cancer signaling (Figure 3B). There-
were implicated in through the miRPathDB after, we queried the expression patterns of
v2.0 database, and the subsequent results miR-136 and miR-638 in dataset GSE16579
demonstrated that miR-136 and miR-638 were through the deepBase v3.0 database, and dis-
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Table 2. The data of miR-136 in the deepBase v3.0 database in Dataset GSE16579 (miRNA expres-

sion of human cancer and mouse cell lines)

ID Name

Chromosome Start

End Type Strand Samples Expression

MIO000475 hsa-mir-136 chri4

1.01E+08 1.01E+08 miRNA + 6

5.320723

covered that miR-136 was expressed and miR-
638 was not expressed (Table 2). Accordingly,
miR-136 was selected for further experimenta-
tion. Additional bioinformatic database CircIn-
teractome analysis identified the presence of
binding sites between circ_0001013 and miR-
136 (Figure 3C). Moreover, pull-down assay
and RT-qPCR revealed that miR-136 was sig-
nificantly pulled down by the circRNA probe.
Biotin-labeled miR-136 and its mutant mimic
further indicated that miR-136-Wt captured
more circRNA in the HGC-27 cells over-express-
ing circRNA (Figure 3D-F). Results of luciferase
reporter assay showed that the miR-136 mimic
markedly reduced the luciferase activity of the
complete circRNA sequence, while that of miR-
136-Mut was unaffected (Figure 3G).

Additional FISH experimentation demonstrated
that circ_0001013 and miR-136 were co-locat-
ed in the cytoplasm (Figure 3H). Moreover,
miR-136 was poorly expressed in GC tissues
(Figure 3I). Correlation analysis further revealed
that circ_0001013 expression was negatively
correlated with miR-136 expression in GC tis-
sues (Figure 3J). Furthermore, miR-136 was
decreased in response to circ_0001013 over-
expression, while being increased following
circ_0001013 silencing in AGS cells (Figure
3K), highlighting that circ_0001013 could bind
to and negatively regulate miR-136 in GC cells.

miR-136 reversed the cancer-promoting effect
of circ_0001013 on GC cells

Thereafter, we evaluated the function of miR-
136 in GC by co-transfecting AGS cells with
miR-136 mimic and circ_0001013 plasmids
and detecting the GC cell migration, invasion,
and the cell cycle and apoptosis. Subsequent
findings revealed that circ_0001013 over-ex-
pression augmented AGS cell migration (Figure
4A), invasion (Figure 4B), and the number of
cells arrested at the G2 phase (Figure 4C), and
diminished apoptosis (Figure 4D), while these
effects were normalized by further over-expres-
sion of miR-136. Altogether, these findings indi-
cated that miR-136 over-expression abolished
the oncogenic effect of circ_0001013 on GC.
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Circ_0001013 up-regulated the expression of
the miR-136 target gene TWSG1

Prediction results of miRDB, starBase, microT,
and mirDIP databases revealed a total of 225,
2649, 434, and 187 potential target genes of
miR-136, respectively. GEPIA predicted 3741
genes that could be significantly highly expre-
ssed in GC samples, and 12 candidate genes
were obtained using the intersection of the pre-
dicted target genes and the differentially highly
expressed genes in GC samples: HOXC10,
CBX4, ZNF710, CAMSAP2, MTPN, ZNF148,
XIAP, ANXA4, MBNL3, DCAF7, TNRC18, and
TWSG1 (Figure 5A). Moreover, GO enrichment
analysis demonstrated that the 12 candidate
genes were involved in biological processes
(Figure 5B). According to the results, BMP-
related signaling pathways occupied more en-
tries in the network, and TWSG1 and XIAP
genes were involved in these two pathways.
Based on further correlation analysis of expres-
sion and survival in GC patients using KMplot
database, high TWSG1 expression was found
to be significantly negatively correlated with
survival in GC patients (Figure 5C), while XIAP
expression was not significantly correlated with
survival in GC patients (Figure 5D). According-
ly, TWSG1 was selected as the focus of our
study. Furthermore, GEPIA analysis illustrated
that TWSG1 was highly expressed in GC sam-
ples (Figure 5E), and the starBase database
indicated that miR-136 had a binding site with
TWSG1 in GC cells (Figure 5F).

Results of dual-luciferase reporter assay vali-
dated that miR-136 mimic strongly diminish-
ed TWSG1-Wt luciferase activity, while that of
TWSG1-Mut was unaltered (Figure 5G). Addi-
tional RT-gPCR results illustrated that TWSG1
expression was remarkably higher in GC tis-
sues relative to adjacent normal tissues (Fi-
gure 5H). Correlation analysis further revealed
a positive correlation between the expression
of circ_0001013 and TWSG1 (Figure 5I).

Thereafter, we determined whether circ_0001-
013 could regulate the target gene TWSG1 to
exert its anti-tumor effect by miR-136. Sub-
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sequent results of RT-gPCR and western blot
assay illustrated that circ_0001013 over-
expression enhanced the mRNA and protein
levels of TWSG1 (Figure 5J, 5K), while oppos-
ing trends were noted following miR-136 mimic
transfection (Figure 5L, 5M). These findings
validated TWSG1 as a direct target of miR-
136.

TWSG1 expression was additionally evaluated
by co-transfection of circ_0001013 and miR-
136 mimic. circ_0001013 over-expression par-
tially rescued the inhibitory role of miR-136 on
TWSG1 expression (Figure 5N).

Altogether, these findings indicated that ci-
rc_0001013 bound to miR-136 to up-regulate
TWSG1 expression in GC cells.

Knockdown of circ_0001013 inhibited xeno-
graft tumorigenesis in nude mice

Lastly, we investigated whether circ_0001013
over-expression could affect tumor growth in
vivo. Xenograft mouse models were estab-
lished by subcutaneous injection of equal am-
ounts of AGS cells (n = 8 mice per group).
After 10 days, when the tumor volume was 100
mm?, lentivirus containing sh-circ_0001013 (1
x 10° TU/ml, 50 ul) alone, or combined with
agomiR-136 (miR-136 agonist, 50 nM) were
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injected into the tumor twice a week for 2
weeks to construct the sh-circ_0001013,
agomiR-136, and sh-circ_0001013 + ago-
miR-136 groups. Tumor volume and weight
were measured every other week, which re-
vealed that compared to the NC group, the
average tumor volume and weight were mar-
kedly reduced in the agomiR-136 and sh-
circ_0001013 groups (Figure 6A, 6B), wherein
the decline was most pronounced in the sh-
circ_0001013 + agomiR-136 group in contrast
to the sh-circ_0001013 group. Additionally,
results of western blot assay demonstrated
that TWSG1 protein expression was decreas-
ed in the agomiR-136 and sh-circ_0001013
groups (Figure 6C), while TWSG1, Ki-67, MM-
P9, and CD34 protein expression was most
substantially reduced in the sh-circ_0001013
+ agomiR-136 group. Immunohistochemical
analysis showed that TWSG1, Ki-67, MMP9,
and CD34 were markedly decreased after
circ_0001013 silencing and miR-136 over-
expression (Figure 6D).

Collectively, these findings illustrated that
circ_0001013 down-regulation repressed xe-
nograft tumorigenesis in nude mice.

Discussion

A vast majority of gastric cancer (GC) patients
are often diagnosed at an advanced stage,
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which leads to poor prognosis and dismal out-
come [15]. Therefore, it is imperative to advan-
ce our understanding of the molecular mecha-
nism underlying GC development. The obtained
findings indicated that circ_0001013 over-
expression enhanced TWSG1 expression by
binding to miR-136, thereby promoting GC cell
proliferation, migration, and invasion and inhib-
iting their apoptosis.

Aberrant expression of numerous circRNAs is
widely implicated in a plethora of GC process-
es, including cell proliferation, apoptosis, mi-
gration, and invasion of GC cells [16]. For
instance, hsa_circ-0000670 expression is hi-
ghly expressed in GC tissues and cell lines, and
its up-regulation exerts an enhancing effect on
GC cell proliferative, invasive, and migration
capabilities [17]. Similarly, circNRIP1 was over-
expressed in GC tissues, whereas silencing of
circNRIP1 led to diminished GC cell prolifera-
tion, migration, and invasion [18]. In addition, a
prior study documented up-regulation of hsa_
circ_0000467 in GC tissues and cell lines,
while its down-regulation was associated with
diminished GC cell proliferation, invasion, and
cell cycle entry [19]. Further elaborating the
association of circRNAs with GC, circ_CACTIN
was up-regulated in GC tissues and cells, and
its knockdown triggered the inhibition of GC
cell proliferation, migration, and invasion [20].
Much in accordance with the above-mentioned
evidence, our microarray analysis predicted up-
regulation of circ_0001013 expression in GC
samples, and the finding was verified by RT-
gPCR detection in GC tissues and cells. In ad-
dition, findings of subsequent functional cell
experimentation revealed that silencing of
circ_0001013 brought about a reduction in GC
cell proliferation, invasion, and migration, and
further augmented apoptosis and cell cycle
arrest. Altogether, the aforementioned findings
and evidence highlight the oncogenic role of
circ_0001013 in GC development.

circRNAs are known to function as competing
endogenous RNAs or miRNA sponges to bind
mMiRNAs through a miRNA response element,
thereby negatively orchestrating miRNA acti-
vity [21]. In a similar light, we discovered that
circ_0001013 was capable of binding to miR-
136, and further down-regulated miR-136 ex-
pression in GC cells. In addition, our findings
illustrated that miR-136 was poorly expressed

4961

in GC tissues, whereas over-expression of miR-
136 in GC cells led to reduced cell cycle entry,
proliferation, invasion, and migration, while
simultaneously enhancing GC apoptosis. Con-
cordant with our discovery, the study perform-
ed by Yu L et al. indicated that miR-136 ex-
pression is down-regulated in GC cells, where-
as enforced miR-136 expression contributed to
increased GC cell apoptosis by targeting AEG-1
and BCL2 [11]. Consistently, another report
demonstrated that up-regulation of miR-136
led to repression of GC cell proliferation, migra-
tion, and invasion [22]. Furthermore, Jin et al.
noted that miR-136 was poorly expressed in
colorectal cancer (CRC) tissues and cell lines,
while ectopically expressed miR-136 reduced
CRC cell proliferation, migration, and invasion
and caused GO/G1 arrest [23]. Down-regula-
tion of miR-136 was also previously detected in
endometrial cancer (EC) tissues and cells, and
unsurprisingly, miR-136 up-regulation was cor-
related with diminished EC cell proliferation,
migration, and invasion [24]. Collectively, these
findings and evidence confirm the tumor-sup-
pressive ability of miR-136 in GC development.

Furthermore, miRNAs possess the ability to
repress the expression of target mRNAs by
binding to their 3'UTR, thereby participating in
the pathological processes of numerous hu-
man diseases, including cancers [25]. Herein,
findings from bioinformatics analyses, dual-
luciferase reporter assay, and RT-gPCR in our
study revealed that miR-136 bound to the
TWSG1 3'UTR to decrease the expression of
TWSG1 in GC cells. Further experimentation
demonstrated that TWSG1 was up-regulated in
GC tissues, while the above-mentioned effects
of miR-136 over-expression on GC cell prolifera-
tion, invasion, migration, cell cycle arrest and
apoptosis were exerted by down-regulation of
TWSGL1. Consistent with this, TWSG1 was previ-
ously shown to be up-regulated in PTC tissues,
such that TWSG1 knockdown repressed PTC
cell migration, invasion, and proliferation [12].
Additionally, the efforts of Liu et al. detailed
that TWSG1 expression was substantially aug-
mented in glioma tissues relative to normal
brain tissues, and that TWSG1 up-regulation
was associated with enhanced glioma cell pro-
liferation [26].

In conclusion, the current study identified a
novel circRNA, circ_0001013, that augmented
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Figure 7. Schematic diagram of the mechanism by which circ_0001013 affects GC. In GC cells, circ_0001013 binds
to miR-136, which negatively targets TWSG1. High circ_0001013 expression decreases miR-136 expression to up-
regulate TWSG1, which promotes GC cell proliferation, migration, and invasion and inhibits GC apoptosis.

GC cell proliferation, migration, and invasion,
while decreasing their apoptosis by binding
to miR-136 and positively regulating TWSG1
expression (Figure 7). Our findings shed light on
the critical roles of the circ_0001013-miR-136-
TWSG1 axis in GC, and pave the way for novel
targets against GC.
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