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Abstract: Circular RNAs (circRNAs) are a unique group of RNAs that lack both a 5’-cap and a 3’-polyadenylated tail
structure. Current studies have revealed that dysregulated circRNA expression is intricately related to the onset
and advancement of multiple malignancies. Here, the function and associated mechanism of hsa_circ_0002669
in gastric cancer (GC) was investigated. Results revealed a significant reduction of hsa_circ_0002669 in GC tissue
samples, relative to adjacent normal tissues. Moreover, Helicobacter pylori infection was identified as a factor con-
tributing to the decreased levels of hsa_circ_0002669 in GC. Functional experiments indicated that overexpression
of hsa_circ_0002669 greatly suppressed GC cell growth, migration, and invasion, whereas its knockdown produced
the opposite effects. Studies using subcutaneous tumor implantation and intravenous tail vein injection models in
immunodeficient mice demonstrated that elevated hsa_circ_0002669 levels significantly attenuated tumor growth
and lung metastasis. Mechanistic studies showed that hsa_circ_0002669 functions as a competing endogenous
RNA (ceRNA), sequestering miR-223-3p, thus upregulating ARID1A, a key target of miR-223-3p. Furthermore, the
tumor-promoting effects of hsa_circ_0002669 knockdown were partially counteracted by inhibiting miR-223-3p.
These findings demonstrate the potential of hsa_circ_0002669 as a novel diagnostic marker and therapeutic target
for GC.
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Introduction

Globally, gastric cancer (GC) ranks fifth in inci-
dence and cancer-related mortality [1]. The
early stages of GC are often asymptomatic, and
the absence of reliable biomarkers for early
detection frequently results in diagnosis at an
advanced stage, which lowers survival rates
and results in poor clinical outcomes [2].
Epidemiological studies predict that the total
number of GC cases will continue to rise in
many countries [3]. Among the factors contrib-
uting to the development of GC, Helicobacter
pylori (H. pylori) infection is recognized as a pri-

mary driver [4, 5], with about 90% of cases
associated with H. pylori infection [4, 6].
Numerous studies have revealed that H. pylori
significantly affects both the onset and progres-
sion of GC, partly by altering the expression of
non-coding RNAs [7-10].

Circular RNAs (circRNAs) are non-linear, loop-
shaped RNAs formed through back-splicing
events of exonic or intronic sequences of pro-
tein-coding genes [11]. The molecules are
highly conserved across species and exhibit
greater stability compared to linear mRNAs.
This enhanced stability stems from their closed
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circular structure, which confers resistance to
exonuclease-mediated degradation [12, 13].
They are readily detectable in various body flu-
ids, including blood and saliva [14-17], high-
lighting their potential utility in non-invasive
diagnostic applications. Mounting evidence
supports the pivotal role of circRNAs in tumor
initiation and progression [18-23], including
GC. For instance, elevations in circPDIA4 levels
have been confirmed in GC specimens and are
correlated with poorer overall patient survival
[22]. hsa_circ_0136666 promotes tumor
growth and modulates the tumor microenviron-
ment in GC [24]. Conversely, downregulation of
hsa_circ_0004872 was observed in GC tis-
sues and suppressed GC cell growth and
metastasis [25]. These results demonstrate
the potential of circRNAs as diagnostic markers
and therapeutic targets for GC.

CircRNAs exert their biological functions
through multiple mechanisms. They can act as
molecular sponges for miRNAs [26], regulate
gene transcription [27], interact with RNA-
binding proteins to affect the protein expres-
sion and activity [28], or even serve as tem-
plates for translation [29]. Among their diverse
functions, the ability of circRNAs to act as
MiRNA sponges has emerged as the most
extensively studied and widely recognized. In
this role, circRNAs bind to specific miRNAs, pre-
venting them from interacting with their target
mRNAs, thereby inducing the upregulation of
miRNA-regulated genes [30].

In this study, hsa_circ_0002669 was identified
as a novel circRNA with decreased expression
in GC tissues. Notably, the downregulation of
hsa_circ_0002669 was partially associated
with H. pylori infection. Functional analyses
revealed that hsa_circ_0002669 exerts an
inhibitory effect on the proliferation and me-
tastasis of GC cells. Mechanistically, hsa_
circ_0002669 interferes with the interaction
between miR-223-3p and its downstream tar-
get gene ARID1A, thereby increasing ARID1A
levels in GC cells. Collectively, these findings
suggest that targeting the hsa_circ_0002669/
miR-223-3p/ARID1A pathway may represent a
promising approach for GC therapy.

Materials and methods
Cells and clinical samples
All the cell lines utilized in this study were pre-

served and maintained in our laboratory. Cells
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were grown in RPMI 1640 with 10% fetal bovine
serum (FBS, Procell Life Science & Technology,
China) at 37°C with 5% CO,,.

Forty-six paired GC and corresponding non-
cancerous tissues were collected from Shan-
dong Tumor Hospital and Taian City Central
Hospital. Detailed pathological information re-
garding these specimens has been previously
described [25]. Ethical approval for the use of
human tissue samples was obtained from
the Ethics Committee of the School of Basic
Medicine, Shandong University (ECSBMSSDU-

2018-1-034) (Supplementary Figure 1).

H. pylori-induced infection

H. pylori strain 26695 was cultured following
established protocols [31]. Bacterial cells were
isolated, resuspended in PBS, and then co-
incubated with GC cells at an MOI of 100:1 for
6, 12, and 24 h or at MOlIs of 50:1, 100:1, and
200:1 for 6 h duration. After the infection, total
RNA and protein were isolated from the cells for
subsequent downstream analyses.

Small interfering RNAs (siRNAs), miRNAs, and
plasmid construction

SiRNA targeting hsa_circ_0002669, along with
a scrambled negative control siRNA, were pro-
duced by Genepharma (Shanghai, China). The
siRNA sequence targeting hsa_circ_0002669
was GGCUGCUUUUUAUAACUAUTT, while the
negative control sequence was CCUACAUCC-
CGAUCGAUGAUGUUGA. Synthetic human miR-
223-3p mimics, inhibitor, and their correspond-
ing negative controls were sourced from
RiboBio (Guangzhou, China). For overexpres-
sion studies, hsa_circ_0002669 sequence
was cloned into the pLCDH-circ and pLC5-circ
expression vectors to generate the plasmids
pLCDH-circ-2669 and pLC5-circ-2669, respec-
tively. To construct the wild-type (WT) luciferase
reporter plasmid, the full-length sequence of
hsa_circ_0002669 was inserted into pMIRGLO
(Promega, USA) between the restriction enzyme
recognition sites of Xho | and Sal I. A mutant
version of this construct was generated by
mutating the miR-223-3p binding site sequence
“AACTGAC” within hsa_circ_0002669, which
was designed to disrupt its complementarity
with miR-223-3p. DNA sequencing confirmed
the accuracy of all recombinant plasmids. All
primer sequences used in this study are listed
in Table 1.
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Table 1. Primer sequences in this study

Name Primer Sequence

Convergent primer for hsa_circ_0002669 and DOCK1 F: 5’-CTATGATGCCAGAGGAGCGG-3’
R: 5’-GGAGTGTCGTGGTGACTTCC-3’

Divergent primer for hsa_circ_0002669

F: 5-TTGCGAGCCGTGTTTACTGA-3’

R: 5’-CGCTCCTCTGGCATCATAGT-3’

Divergent primer for DOCK1

F: 5’-TCCACTGCCCAGCAAAACTC-3’

R: 5’-GTAACCTCGGTACCACCCTTC-3’

pPMIRGLO-circ-2669 (WT)

F: 5’-CCGCTCGAGATGTTTCGAAGTGTGCGGCA-3’

R: 5’-GCGTCGACCCACTCCAAAAGGTCGCCGC-3’

PMIRGLO-circ-2669-MUT

F: 5’-ACCAGGAttgactgCTCGGGGTTGCGGCGACC-3’

R: 5-GAGcagtcaaTCCTGGTGTTGTTGTCCCTCAG-3’

pLC5-circ-2669 F: 5’-CATTAATATTTCTTCTTTCGAATTCTAATACTTTCAGCTTTTTATAACTATGATGCCA-3’

R: 5-AGTATGGAGTTGTTAGCTAGGATCCAGTTGTTCTTACCAGCCACTCCAAAAGGTCGCC-3’
B-actin F: 5-GAAGTGTGACGTGGACATCC-3’

R: 5-CCGATCCACACGGAGTACTT-3’
ue F: 5’-CTCGCTTCGGCAGCACA-3’

R: 5’-AACGCTTCACGAATTTGCGT-3’

Cell transfection

Cells were cultured to 80~90% confluency,
after which the constructed plasmids were
transfected into the GC cells using the reagents
and protocol described previously [25]. When
the cells reached approximately 30% confluen-
cy, Lipofectamine 2000 (Invitrogen, USA) was
utilized for delivering miRNA mimics, miRNA
inhibitors, or siRNAs into the cells. All transfec-
tion procedures were undertaken as directed.

RNA isolation, qRT-PCR, RNase R digestion
and actinomycin D (ActD) treatment

TRIzol reagent (Invitrogen) was used to isolate
total RNAs from GC cells or tissues. cDNA was
synthesized using either random or miRNA-spe-
cific stem-loop primers with a Revert Aid First
Strand cDNA Synthesis kit (Thermo Scientific).
gRT-PCR was performed using a SYBR Green
PCR Master Mix kit and conducted on a Bio-
Rad CFX96™ Real-Time PCR System (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The
details of the primers used in this study are pro-
vided in Table 1. Relative RNA expression lev-
els were determined using the 222t method.
B2-Microglobulin (32-M) and U6 small nuclear
RNA were used as internal reference genes for
normalizing the expression levels of mRNA and
mMiRNA, respectively.

The extracted total RNA was treated with 3 U/
ug RNase R at 37°C for 25 min for enzymatic
degradation, followed by enzyme inactivation
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at 70°C for 10 min. RNA levels of hsa_
circ_0002669 and the DOCK1 were then
assessed using qRT-PCR.

For actinomycin D (ActD) treatment, 2 ug/mL
ActD (Sigma-Aldrich, USA) was added into the
GC cells. Cells were harvested at designated
time intervals, and RNA stability was evaluated
by quantifying the transcript levels of linear and
circular RNAs via qRT-PCR.

Western blotting

The GC cells and tissues were lysed with RIPA
buffer containing a protease inhibitor mixture
(Beyotime, China) for extraction of the total
cellular proteins. Protein concentrations were
determined with a bicinchoninic acid (BCA)
reagent kit (Beyotime, China). Equal amounts of
proteins were resolved on sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-
PAGE) and subsequently transferred onto poly-
vinylidene difluoride membranes (IPVYHO0010,
Merck Millipore, Germany). The membranes
were blocked with 5% non-fat milk and then
incubated overnight at 4°C with primary anti-
bodies against ARID1A (1:1000) (A301-041A,
Bethyl Laboratories, Germany), CagA (1:1000)
(sc-28368, Santa Cruz, USA), and B-actin (1:
5000) (3700S, CST, USA). Subsequently, the
membranes were washed with Tris-buffered
saline with Tween® 20 (TBST) and incubated
with species-specific-matched horseradish per-
oxidase (HRP)-conjugated secondary antibod-
ies. Protein bands were visualized via an
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enhanced chemiluminescence (ECL) detection
system (WBKLSO500, Merck Millipore). B-actin
represented the loading control to confirm
equal protein amounts across all lanes.

Nuclear-cytoplasmic fractionation assays

A nuclear-cytoplasmic fractionation assay was
conducted using a Cytoplasmic & Nuclear RNA
Purification Kit (NGB-21000, Norgen Biotek,
Canada) as directed. The extracted cytoplas-
mic and nuclear RNAs were analyzed separate-
ly by gRT-PCR. B-actin was used as the internal
reference for cytoplasmic RNA quantification,
while U6 small nuclear RNA served as the refer-
ence for nuclear RNA. Relative transcript levels
were determined using the 224t quantitative
analysis method.

RNA-binding protein immunoprecipitation (RIP)
assays

An EZ-Magna RIP kit (17-701, Merck Millipore,
Germany) was utilized according to the manu-
facturer’s instructions. In brief, BGC-823 cells
were lysed with RIP buffer containing RNase
inhibitors and protease inhibitors. The lysates
were incubated at 4°C for 24 h with magnetic
beads conjugated to either an anti-AGO2 anti-
body or control IgG (Millipore). Following immu-
noprecipitation and washing, proteinase K was
added to the beads to remove residual protein
contaminants. The co-precipitated RNA was
extracted and examined using RT-PCR and aga-
rose gel electrophoresis.

Luciferase reporter assays

GC cells (3 x 10*well) were inoculated in
24-well plates. miR-223-3p mimics or negative
control oligonucleotides, together with the lucif-
erase reporter plasmid, were co-transfected
into the GC cells using Lipofectamine 2000.
The cells were lyzed after 48 h with passive
lysis buffer and luciferase activities were exam-
ined using a Dual-Luciferase Reporter Assay
System (E1910, Promega, USA) as directed,
adjusting firefly to renilla activities.

EdU assays

Cell proliferation was assessed using the Cell-
Light™ EdU Apollo®567 In Vitro Imaging Kit
(RiboBio, Guangzhou, China). Treated cells were
inoculated in 96-well plates and subsequently
incubated with 50 uM EdU for 2 h at 37°C. After
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fixation with 4% paraformaldehyde (PFA), cells
were stained with 1xApollo® reaction cocktail.
Nuclear staining was carried out using 5 yg/mL
Hoechst 33342. Imaging was acquired under
fluorescence microscopy (Olympus, Japan). The
proportion of positive cells was calculated to
assess proliferation.

Scratch wound healing assay

After successful specific transfection, GC cells
were maintained in 6-well culture plates under
conventional incubation parameters (37°C, 5%
CO, atmosphere). A linear wound (straight-line
gap) was created by mechanically scraping the
confluent cell layer with a sterile 10-uL pipette
tip. Cell migration into the wound (scratch area)
was then evaluated at specific time points via
phase-contrast microscopy.

Cell migration and invasion assays

Transwell inserts (8.0 ym, Corning, USA) were
utilized to assess cell migration and invasion.
For invasion assays, the top compartments
were pre-coated with Matrigel (BD Biosciences,
USA), while migration assessments did not
require precoating. Treated GC cells were har-
vested, resuspended in serum-free RPMI 1640,
and inoculated into the upper compartments of
the transwell inserts. The lower compartments
contained RPMI 1640 with 20% FBS as a che-
moattractant. After incubation, the cells on the
upper surface of the polycarbonate membrane
were wiped off with cotton swabs while those
that had migrated/invaded to the underside of
the membrane were fixed with absolute metha-
nol, stained with 0.05% crystal violet, and visu-
alized under light microscopy. Quantitative
analysis was performed by counting stained
cells in multiple randomly selected fields from
three biological replicates.

Xenograft nude mouse models

Female BALB/c nude mice (aged 5 weeks) were
obtained from the Vital River Laboratory Animal
Technology Co (Beijing, China). To assess tumor
formation ability, BGC-823 cells (4 x 10°) stably
transfected with either the hsa_circ_0002669
overexpression vector (pLC5-circ-2669) or the
corresponding control vector (pLC5-circ) were
subcutaneously injected into both flanks of
each animal. Tumor growth was assessed at
2-day intervals by recording tumor dimensions
(length [L] and width [W]) using precision digital
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calipers. Tumor volumes (V) were estimated as
V =1/, xL x W2 On day 28 post-transplanta-
tion, the mice were euthanized by cervical dis-
location, and the tumors were harvested and
weighed for subsequent analysis.

To assess the role of hsa_circ_0002669 in
metastatic progression, BGC-823 cells (5 x
10°) stably transfected with either the pLC5-
circ-2669 construct or an empty control plas-
mid were administered via tail vein injection
into immunodeficient mice. After six weeks,
mice were euthanized, and the lungs were
harvested for microscopic pathological exami-
nation via H&E staining. All animal experi-
ments were approved by the Institutional
Animal Care and Use Committee of the School
of Basic Medical Sciences, Shandong Univer-
sity (ECSBMSSDU2018-2-070) (Supplementary
Figure 2), and were conducted in compliance
with institutional and national regulatory
standards.

Statistical analysis

Data were statistically analyzed via GraphPad
Prism v8.0.2. Differences between experimen-
tal sets were evaluated using t-test. A P-value <
0.05 was regarded as a significant threshold.

Results

hsa_circ_0002669 is significantly reduced in
GC tissues, and H. pylori infection decreases
hsa_circ_0002669 levels

To identify circular RNAs with differential
expression between GC tissues and adjacent
non-malignant tissues, circRNA sequencing
was performed by Shanghai Cloudseq Biotech
Co., Ltd. (Shanghai, China). A total of 343
upregulated and 196 downregulated circRNAs
were identified [25]. Analysis of the sequencing
data revealed that hsa_circ_0002669 was
markedly downregulated in GC samples rela-
tive to their matched paracancerous tissues

(Supplementary Table 1). Thus, this circRNA
was selected for further investigation.

Based on the RNA sequence from circBank
database, hsa_circ_0002669 originates from
exons 2 to 10 of the human DOCK1 gene on
chromosome 10, comprising 939 nucleotides
(Figure 1A). Sanger sequencing confirmed the
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presence of back-splice junctions characteris-
tic of hsa_circ_0002669 (Figure 1B).

To exclude the possibility of genomic rearrange-
ment, we designed divergent and convergent
primers for hsa_circ_0002669 and its linear
transcript DOCK1, respectively, and performed
PCR amplification using either cDNA or genom-
ic DNA (gDNA) as templates. The result demon-
strated that with divergent primers, only hsa_
circ_0002669, but not DOCK1, could be am-
plified. Furthermore, amplification of hsa_
circ_0002669 was only observed when cDNA
was used as the template, while no amplifica-
tion products were detected with gDNA as the
template. This confirms the circular nature of
hsa_circ_0002669 and verifies that its diver-
gent primers can be used for the specific detec-
tion (Figure 1C).

Quantitative expression analysis of hsa_
circ_0002669 was conducted in 46 paired GC
and adjacent non-tumorous tissues. Significant
downregulation of hsa_circ_0002669 was
observed in 84.8% (39/46) of the GC samples
(P < 0.05) (Figure 1D). Additionally, compari-
sons of hsa_circ_0002669 expression levels
between five different GC cell lines and the
immortalized gastric epithelial cells (GES-1)
revealed an evident reduction in hsa_
circ_0002669 expression across all five GC
cell lines (Figure 1E).

As Helicobacter pylori (H. pylori) infection is a
well-established key contributor to the develop-
ment and progression of gastric cancer (GC) [4,
5], we investigated the potential association
between hsa_circ_0002669 downregulation
in GC tissues and H. pylori infection. GC cell
lines were exposed to H. pylori, and hsa_
circ_0002669 levels were measured. A marked
reduction in hsa_circ_0002669 expression
was observed in several GC cell lines after H.
pylori infection (Figure 1F). Moreover, hsa_
circ_0002669 level decreased progressively in
a time- and concentration-dependent pattern
after H. pylori exposure (Figure 1G, 1H), sug-
gesting that H. pylori infection plays a key role
in suppressing hsa_circ_0002669 expression
in GC.

hsa_circ_0002669 is more stable than linear
DOCK1 mRNA

To assess the differential stability between
hsa_circ_0002669 and its linear transcript
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Figure 1. The expression of hsa_circ_0002669 is significantly decreased in GC tissues, and H. pylori infection re-
duces hsa_circ_0002669 level in GC cells. A. Schematic diagram of hsa_circ_0002669 which is derived from the
back-splicing between the exon 2 to exon 10 of linear gene DOCK1 in Chr10. B. Sanger sequencing was conducted
to verify the existence of splicing junction of hsa_circ_0002669 in PCR products. The black arrow indicated the
junction site of hsa_circ_0002669. C. PCR analysis was used to detect the expression of hsa_circ_0002669 and
DOCK1 gene in BGC-823 cells, using convergent or divergent primers with cDNA or gDNA as the template, respec-
tively. Convergent primers P> 4, divergent primers €4P. D. gRT-PCR analysis of the expression of hsa_circ_0002669
in GC tissue and adjacent non-tumor tissue (n = 46). E. gRT-PCR analysis of the expression of hsa_circ_0002669 in
five kinds of GC cells (SGC-7901, MGC-803, AGS, BGC-823, HGC-27) and an immortalized gastric mucosal epithelial
cell line (GES-1). F. qRT-PCR was used to detect the expression of hsa_circ_0002669 in various GC cells infected
with H. pylori 26695 strain. G. Western blot was used to detect the expression of CagA protein in AGS cells infected
with H. pylori strain 26695 under different times and concentrations conditions. B-actin serves as loading control.
H. qRT-PCR assay was used to detect the expression of hsa_circ_0002669 in AGS cells infected with H. pylori strain
26695 at different times and concentrations. I. RNAs from BGC-823 and SGC-7901 cells were treated with or
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without RNase R. The expression levels of hsa_circ_0002669 and DOCK1 were analyzed via qRT-PCR. J. gRT-PCR
analysis of the relative abundance of hsa_circ_0002669 and DOCK1 in BGC-823 and SGC-7901 cells treated with
ActD at different time points. All data are presented as mean + SD, analyzed using an unpaired Student’s t-test. ns:
no significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

DOCK1, RNA isolated from GC cells was enzy-
matically digested using RNase R, and the lev-
els of hsa_circ_0002669 and DOCK1 were
determined using qRT-PCR. The result showed
that linear DOCK1 transcripts were significantly
degraded following RNase R treatment, where-
as hsa_circ_0002669 levels remained largely
unchanged, indicating that hsa_circ_0002669
is resistant to exonuclease-mediated degrada-
tion (Figure 11l).

Next, GC cells were treated with ActD for differ-
ent time periods, and levels of hsa_circ_
0002669 and DOCK1 were quantified using
gRT-PCR. As shown in Figure 1J, linear DOCK1
MRNA levels decreased in a time-dependent
manner following ActD treatment, whereas
hsa_circ_0002669 remained relatively stable
under the same conditions. These findings con-
firm that hsa_circ_0002669 is more stable
than the linear DOCK1 transcript.

hsa_circ_0002669 suppresses GC cell prolif-
eration, invasion, and migration

To examine the biological roles of hsa_
circ_0002669, BGC-823 and SGC-7901 cells
were transfected with either the pLCDH-hsa_
circ_0002669 overexpressed construct or the
pLCDH-circ empty control plasmid. gqRT-PCR
analysis confirmed a remarkable increase in
hsa_circ_0002669 expression after transfec-
tion with pLCDH-hsa_circ_0002669, with no
concomitant changes in the expression of the
linear DOCK1 gene (Figure 2A). EAU assays
indicated that hsa_circ_0002669 overexpres-
sion markedly reduced the proliferative capaci-
ty of GC cells (Figure 2B, 2C). Scratch wound-
healing and Transwell assays indicated that
hsa_circ_0002669 overexpression reduced
the migratory and invasive capacities of GC
cells (Figure 2D-G).

To further explore its function, a siRNA target-
ing the back-splice junction of hsa_circ_
0002669 (si-circ-2669) was designed (Figure
3A) and introduced into GC cells. Transfection
with si-circ-2669 significantly reduced hsa_
circ_0002669 expression (Figure 3B), with no
significant effect on the linear DOCK1 tran-
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script (Figure 3C). EdU assays demonstrated
that hsa_circ_0002669 knockdown signifi-
cantly enhanced GC cell proliferation (Figure
3D, 3E). Transwell and scratch wound-healing
assays revealed increased invasion and migra-
tion abilities after hsa_circ_0002669 silencing
(Figure 3F-I).

hsa_circ_0002669 acts as a miR-223-3p
sponge in GC cells

Considering the known link between circRNA
function and subcellular localization, a nuclear-
cytoplasmic fractionation assay was undertak-
en to examine the subcellular distribution of
hsa_circ_0002669. As shown in Figure 4A,
hsa_circ_0002669 was predominantly cyto-
plasmic. Since cytoplasmic circRNAs often act
as miRNA sponges, RIP assays were performed
using an antibody against AGO2 to investigate
if hsa_circ_0002669 interacts with miRNAs
through AGO2. The findings revealed enrich-
ment of hsa_circ_0002669 in the AGO2 immu-
noprecipitate, suggesting its potential role as
a miRNA-sequestering molecule (Figure 4B).
To identify candidate miRNAs that interact
with hsa_circ_0002669, bioinformatic analy-
ses were performed using the miRanda and
Circinteractome databases, and overlapping
prediction results were obtained (Figure 4C).
Based on these results and previous litera-
ture, miR-223-3p, miR-572, miR-558, and miR-
1299 were selected for further analysis.
Overexpression of hsa_circ_0002669 in GC
cells only resulted in the significant downregu-
lation of miR-223-3p, whereas the other candi-
date miRNAs either exhibited upregulation or
no significant changes (Figure 4D).

Dual-luciferase reporter assays were then
undertaken to verify the direct interaction
between hsa_circ_0002669 and miR-223-3p.
Either a wild-type (WT) reporter plasmid con-
taining the predicted miR-223-3p binding
sites (PMIRGLO-circ-2669-WT) or a mutant
construct with disrupted binding sequences
(PMIRGLO-circ-2669-Mut) was co-transfected
into GC cells along with miR-223-3p mimics
(Figure 4E), followed by dual-luciferase reporter
assays. As shown in Figure 4F, miR-223-3p
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Figure 2. hsa_circ_0002669 inhibits the proliferation, invasion and migration of GC cells. A. gRT-PCR analysis of
the RNA expression level of hsa_circ_0002669 and linear DOCK1 in GC cells transfected with hsa_circ_0002669
expression vector (pLCDH-circ-2669) or control vector (pLCDH-circ). B. EdU assay was used to detect the cell pro-
liferation ability of GC cells transfected with pLCDH-circ-2669 or pLCDH-circ. Representative results were shown.
Scale bar: 20 ym; Magnification, 200x. C. Statistical analysis of the EdU-positive cell ratio in transfected GC cells. D.
Scratch wound healing assay was used to detect the migration ability of GC cells transfected with pLCDH-circ-2669
or pLCDH-circ. Scale bar: 500 ym; Magnification, 40x. E. Statistical analysis of the cell migration ability in the
scratch wound healing assays. F. Transwell assay was used to detect the invasion and migration capacities of GC
cells transfected with either pLCDH-circ-2669 or pLCDH-circ. Representative results were shown. Scale bar: 100
um, Magnification, 200x. G. Statistical analysis was performed on the number of cells that migrated through the
Transwell chamber in GC cells with different transfection conditions. All data are presented as the mean + SD, and
statistical significance was determined using an unpaired Student’s t-test. ns: no significance; **P < 0.01; ***P <
0.001; ****P < 0.0001.

mimics significantly reduced the luciferase elevated expression of hsa_circ_0002669
activity of the hsa_circ_0002669 WT plasmid, enhanced ARID1A protein abundance (Figure
but had no such effect on that of the mutant 4G), whereas siRNA-mediated knockdown of
plasmid, confirming that hsa_circ_0002669 hsa_circ_0002669 reduced ARID1A expres-
directly binds to miR-223-3p. sion (Figure 4H). Moreover, inhibition of miR-

223-3p partially counteracted the suppression
As miR-223-3p has been reported to target of ARID1A expression caused by hsa_circ_
ARID1A [31], we investigated the effect of 0002669 knockdown (Figure 4l). These re-
hsa_circ_0002669 on ARID1A expression. sults collectively demonstrate that hsa_circ_
Immunoblotting results demonstrated that 0002669 acts as a sponge for miR-223-3p,
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GC cells. U6 and B-actin served as internal controls. (B) RT-PCR was used to detect the level of hsa_circ_0002669
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binding capacity to hsa_circ_0002669. (D) gRT-PCR analysis of the expression of candidate miRNAs in GC cells
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hsa_circ_0002669 with miR-223-3p. (F) The luciferase reporter assay was used to detect the dual luciferase ac-
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thus upregulating the expression of its down- cells [31]. To examine whether hsa_circ_
stream target gene ARID1A in GC cells. 0002669 exerts its inhibitory effects on GC

cell propagation and migration via miR-223-3p,
hsa_circ_0002669 inhibits GC progression via a rescue experiment was performed. hsa_
miR-223-3p circ_0002669-specific siRNA and a miR-223-

3p inhibitor were co-transfected into GC cells,
It has been found that miR-223-3p enhances after which cellular functions were assessed.
the proliferative and migratory potentials of GC The results indicated that inhibition of miR-
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223-3p partially reversed the enhanced
malignant behaviors of GC cells induced by
hsa_circ_0002669 knockdown (Figure 5A-F),
suggesting that hsa_circ_0002669 attenuates
the malignant properties of GC cells partially
through suppression of miR-223-3p activity.

hsa_circ_0002669 blocks tumorigenesis and
metastasis of GC cells in vivo

To evaluate the in vivo influence of hsa_
circ_0002669 on tumorigenesis and metasta-
sis, BGC-823 cells stably overexpressing hsa_
circ_0002669 or control cells (Figure 6A) were
injected subcutaneously into immunodeficient
mice. Tumor sizes were measured every 4 days
from day 4 to day 28 post-injection. The results
showed that compared with the control group,
the hsa_circ_0002669-overexpressing group
exhibited a significant reduction in average
tumor volume (Figure 6B) and tumor weights
(Figure 6C, 6D). Subsequent qRT-PCR con-
firmed elevated hsa_circ_0002669 expression
levels in the overexpression group (Figure 6E).
Furthermore, western blot analysis revealed a
significant upregulation of ARID1A protein lev-
els in the hsa_circ_0002669 overexpression
group (Figure 6F). These findings demonstrate
that hsa_circ_0002669 suppresses in Vvivo
tumor formation and positively regulates
ARID1A expression.

To further assess the influence of hsa_circ_
0002669 on GC dissemination, BGC-823 cells
with stable overexpression of hsa_circ_
0002669 were administered to nude mice via
the tail vein. The results showed that mice
injected with hsa_circ_0002669-overexpress-
ing cells had a significant reduction in lung
weight compared with the control group (Figure
6G, 6H); concurrently, a notable reduction in
the number of metastatic lesions on the lung
surface was observed in these mice (Figure 6l).
H&E staining results showed that the nodule
areas in the overexpression group were signifi-
cantly less than those in the control group
(Figure 6J). These in vivo findings further con-
firm that hsa_circ_0002669 inhibits the growth
and metastatic capacity of GC cells, consistent
with the in vitro data.

Discussion
CircRNAs are characterized by the lack of a 5’

cap structure and a 3’ poly (A) tail. Growing evi-
dence has demonstrated abnormal expression
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patterns of circRNAs in tumors, highlighting
their regulatory role in tumor initiation and pro-
gression [22-25]. Despite these advancements,
the functional significance of many circRNAs in
GC remains not fully explored. In a previous
transcriptomic  profiling study using high-
throughput sequencing, 343 upregulated and
196 downregulated circRNAs were detected in
GC tissues [25]. Among the dysregulated cir-
cRNAs, hsa_circ_0002669 exhibited markedly
reduced expression. This specific circRNA is
produced through back-splicing exons 2 to 10
of the DOCK1 gene (located on chromosome
10), and consists of 939 nucleotides. DOCK1
encodes a Ras-specific guanine nucleotide
exchange factor involved in various cellular sig-
naling pathways [32]. According to annotations
from the circBank database (www.circbank.cn),
the DOCK1 gene produces at least 126 differ-
ent circRNAs. Several of these, including hsa_
circ_100721 [33], hsa_circ_0020378 [34, 35],
hsa_circ_0020394 [36], hsa_circ_0007142
[37, 38], and hsa_circ_0020397 [39, 40], have
previously been implicated in tumor biology.
However, the functions of hsa_circ_0002669
in tumorigenesis remain unexplored to date.
Here, hsa_circ_0002669 levels were analyzed
in 46 paired GC and adjacent non-tumorous tis-
sues. Quantitative analysis revealed a signifi-
cant decrease of hsa_circ_0002669 in tumor
samples, with consistently lower expression
observed in GC cell lines compared to immor-
talized gastric epithelial cells. Functional
assays indicated that exogenous overexpres-
sion of hsa_circ_0002669 in GC cells substan-
tially suppressed cellular proliferation, inva-
sion, and migration. In contrast, silencing of
hsa_circ_0002669 enhanced these oncogenic
phenotypes. In vivo studies in nude mice
with tail vein and subcutaneous injections fur-
ther supported the inhibitory role of hsa_
circ_0002669 in tumor growth and metasta-
sis. This represents the first investigation of the
expression patterns and tumor-suppressive
function of hsa_circ_0002669 in GC.

The functional roles of circRNAs are often
linked to their specific subcellular distributions.
In this study, subcellular fractionation revealed
that hsa_circ_0002669 is primarily localized in
the cytoplasm. One of the most well-document-
ed functions of cytoplasmic circRNAs is their
role as molecular sponges for miRNAs, thereby
mitigating miRNA-mediated repression of tar-
get mMRNAs. To examine interactions between
hsa_circ_0002669 and miRNAs, RIP assays
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Figure 5. hsa_circ_0002669 inhibits the proliferation, invasion and migration of GC cells via miR-223-3p. A. EdU assay was used to detect the proliferation ability of
GC cells with different co-transfection. Scale bar: 20 ym; Magnification, 200x. B. Statistical analysis of the EdU-positive cell ratio in transfected GC cells. C. Scratch
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were conducted using an anti-AGO2 antibody. hsa_circ_0002669 could interact with miR-
The result revealed significant enrichment 223-3p.

of hsa_circ_0002669 in AGO2-immunopre-

cipitated complexes, indicating its role in Previous studies have consistently reported
miRNA sequestration. Additionally, computa- that miR-223-3p is upregulated in various can-
tional predictions were used to identify can- cer types, such as colon [41], breast [42], pros-
didate miRNAs that might bind to hsa_circ_ tate [43] cancers. Recent research has also
0002669. gRT-PCR analysis demonstrated indicated that miR-223-3p is considerably ele-
that among these predicted candidates, only vated in GC tissues and enhances the prolifera-
miR-223-3p was significantly downregulated tive, invasive, and migratory capacities of GC
upon hsa_circ_0002669 expression. Dual- cells by targeting ARID1A [31]. ARID1A, located
luciferase reporter assay further verified that on chromosome 1p36.11 and also known as
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BAF250a, is one of the core components of the
SWI/SNF chromatin remodeling complex [44].
Increasing evidence has designated ARID1A as
a bona fide tumor suppressor [45], and its inac-
tivation is frequently associated with oncogen-
esis and disease progression. In addition to
genetic mutations, ARID1A silencing may also
result from post-transcriptional or post-transla-
tional regulatory mechanisms [45]. The cur-
rent findings demonstrate that hsa_circ_
0002669 upregulates ARID1A expression by
modulating miR-223-3p activity in GC cells.
These observations suggest that the tumor-
inhibitory function of hsa_circ_0002669 may
be partially mediated through the upregulation
of ARID1A.

Recent studies suggest that N6-methylade-
nosine (M®A) modification plays a key role in
circRNA biogenesis [46]. For example, Me-
thyltransferase-like 3 (METTL3) and YTH do-
main-containing 1 (YTHDC1) have been shown
to promote back-splicing events necessary for
circRNA formation, with specific m®A sites act-
ing as regulatory elements [47]. Furthermore,
the RNA-binding protein Quaking (QKI) has
been linked to the enhancement of circRNA
synthesis [48], whereas, Adenosine Deaminase
Acting on RNA 1 (ADAR1) inhibits circRNA pro-
duction by catalyzing adenosine-to-inosine
(A-to-l) editing within reverse complementary
matches (RCMs) [25, 48]. Environmental fac-
tors have also been shown to modulate circRNA
expression. Notably, H. pylori infection has
been reported to decrease circRNA_15430
levels [49] and increase the circMAN1A2 ex-
pression [10]. In this study, hsa_circ_0002669
level was substantially reduced in response to
H. pylori. However, the specific molecular path-
ways and regulatory networks responsible for
this downregulation remain unclear and require
further exploration.

Conclusion

In conclusion, this study identified hsa_circ_
0002669 as a novel suppressor of GC tumori-
genesis. It was found to suppress GC cell prolif-
eration, invasion, and migration by modulating
the miR-223-3p/ARID1A axis. Moreover, H.
pylori infection was found to downregulate
hsa_circ_0002669 expression in GC cells,
thereby disrupting this regulatory pathway and
promoting GC progression. The present find-
ings not only offer new insights into the molecu-
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lar mechanism underlying H. pylori-associated
gastric carcinogenesis but also highlight the
potential of hsa_circ_0002669 as a promising
diagnostic marker and a treatment option for
GC.
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Supplementary Table 1. Downregulation of has_circ_0002669 in Gastric Cancer (GC) Tissues as
Revealed by RNA Sequencing (RNA-seq)

circRNA ID Fold Change C_vs_N Regulation circBaselD best_transcript GeneName length
chr10:128768966-128798571+ 8.1695839 down hsa_circ_0002669 NM_001380  DOCK1 937




