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ABSTRACT

Circular RNAs (circRNAs) are RNA molecules that do not encode proteins but are known to
regulate tumor progression. This study was designed to explore the underlying mechanism
driving circRNA-mediated modulation of gastric cancer (GC). Bioinformatics analysis of gene
chip GSE83521 was used to identify multiple circRNAs that were differentially regulated in
matched GC and adjacent normal tissues. The circRNA with the largest variation in expression
(hsa_circ_0000751) was selected for further examination. The expression profile of hsa_-
circ_0000751 and its target-specific interactions with microRNAs (miRNAs) and downstream
gene transcripts were determined using quantitative real-time polymerase chain reaction, lucifer-
ase reporter assays, and rescue assays in human tissues and cells. The relationship between
hsa_circ_0000751 expression and the clinicopathological parameters of 25 GC patients was
analyzed. Furthermore, ubiquinol-cytochrome c reductase core protein 2 (UQCRC2), a GC sup-
pressor, was detected via western blot analysis. The results showed that hsa_circ_0000751 levels
were markedly downregulated in GC tissues and cell lines, which were also inversely proportional
to the stage of tumor-node-metastasis (TNM) classification, tumor volume, and lymph node
metastasis in GC patients. Conversely, hsa_circ_0000751 overexpression suppressed tumor pro-
gression, migration, and invasion in vitro and in vivo. From our results, we showed that hsa_-
circ_0000751 may serve as a mMiRNA sponge to suppress the activity of miR-488, thereby
increasing the expression of the miR-488-target gene, UQCRC2, and limiting GC progression.
Given its negative regulation of oncogenic miRNAs, the hsa_circ_0000751/miR-488/UQCRC2 axis
may be crucial in the development of novel GC therapies.
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Introduction molecular and genetic targets of GC and identify

Gastric cancer (GC) ranks fifth among all cancers  novel biomarkers for early diagnosis and
in terms of occurrence and is the fourth leading  treatment.
cause of cancer-related deaths. In 2020, approxi- Circular RNAs (circRNAs) were initially

mately 1,089,000 newly diagnosed cases and
a whopping 769,000 mortalities were noted world-
wide [1]. Although multiple diagnostic and ther-
apeutic advancements have occurred, the total
five-year survival rate among all diagnosed cases
is only 30% [2]. Multiple factors, including genetic
abnormalities, epigenetic changes, and abnormal
signaling, are known to regulate the development,
progression, and metastasis of GC [3]. Therefore,
it is of utmost urgency to determine alternative

observed, using electron microscopy, in the
Sendai virus in 1976 [4]. CircRNAs, particularly
when compared to the classical linear-shaped
mRNA or non-coding RNA, are unique in their
circular formation, bound by covalent bonds, and
carry a back splice region between the 5'- and 3'-
ends [5,6]. They are also reported to be highly
stable, evolutionarily conserved, and ubiquitously
available in specific tissues [7]. Recent evidence
points toward the function of circRNAs in cancers;
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in particular, circRNAs act as microRNA
(miRNA) sponges to regulate tumorigenesis
through their mi-RNA binding sites [8]. One
such example is the circNRIP1-mediated promo-
tion of GC progression by sponging microRNA-
149-5p [9]. In another example, circPSMC3 was
shown to suppress GC cell proliferation and inva-
sion via the circPSMC3/miR-296-5p/PTEN axis
[10] So there are diverse functions of circRNAs
in the development of GC.

According to current consensus, miRNAs are
a highly conserved network of small regulatory
ncRNAs that are known to modulate multiple
biological functions [8]. Previous studies have
shown that miR-488 is overexpressed in primary
osteosarcoma tissues, promoting the proliferation
of osteosarcoma cells [11]. Furthermore, miRNA-
488 acts as a tumor suppressor in non-small cell
lung cancer (NSCLC) by inhibiting cell migration
and invasion by targeting eukaryotic translation
initiation factor 3a [12]. However, the understand-
ing of the involvement of miRNA-488 in GC
remains limited and warrants further research.

Ubiquinol-cytochrome ¢ reductase core protein
2 (UQCRCQ2) is a pivotal mitochondrial respiratory
complex III subunit that plays an important role in
the mitochondrial oxidative respiratory chain [13].
Recent evidence points toward a close relationship
between UQCRC2 and human diseases, particu-
larly cancers. Our previous study revealed a weak
presence of UQCRC2 in GC tissues, as evidenced
by quantitative real-time polymerase chain reac-
tion (QRT-PCR). We further confirmed the feasi-
bility of using UQCRC2 as a stand-alone
diagnostic biomarker for GC disease survival,
wherein we found that the expression level of
UQCRC2 showed a significant negative correlation
with disease progression [14].

Here, we aimed to explore the roles and poten-
tial mechanisms of hsa_circ_0000751 in the devel-
opment of GC. Our research demonstrated
a functional loop between hsa_circ_0000751,
miR-488, and UQCRC2. In brief, we demonstrated
that hsa_circ_0000751 is markedly suppressed in
both GC tissue samples and cells, which positively
affected the clinical stage, tumor volume, and
lymph node metastasis. We also demonstrated
that hsa_circ_0000751 inhibits GC progression by
sponging miR-488, thereby regulating the

expression of the tumor suppressor gene
UQCRC2. Taken together, hsa_circ_0000751 has
the potential to be an independent diagnostic mar-
ker and a likely target for GC therapy.

Materials and methods
Tissue samples

For the study, 25 samples of GC tumors and
paracancerous tissues were retrieved from patients
who underwent surgery at the Zhongnan Hospital
(Wuhan, China) between December 2016 and
December 2019. After collection, all tissue samples
were immediately stored at —80°C. All patients
selected for sample collection were screened
according to a postoperative pathological diagno-
sis. None of these patients had received radiother-
apy, chemotherapy, or any other form of treatment
prior to surgery. The clinicopathological factors
are summarized in Table 1. Before inclusion in
the study, the patients provided written informed
consent. This study abided by the recommenda-
tions of the Declaration of Helsinki and was
approved by the Medical Ethics Committee of
Wuhan University (approval number: 2,015,011).

Cell lines and culture

Human GC cell lines (MKN-28, AGS, MKN-45,
BGC-823, MGC-803, and HGC-27) and normal
human gastric epithelial cells-1 (GES-1) were
obtained from the American Type Culture
Collection. All cells were cultured in a 37°C and

Table 1. Relationship between hsa_circ_0000751 expression
and clinicopathological factors.

Low High
expression expression
Characteristics Group (n=14) (n=11) P value
Gender Male 8 5 0.569
Female 6 6
Age(year) >50 9 7 0.214
<50 5 4
Lymph node Yes 10 2 0.010%
metastasis
No 4 9
Tumor size(cm) <4 5 8 0.043*
24 9 3
TNM stage -l 8 10 0.025*
n-1v 6 1

Statistical analyses were by Pearson’s x> test. *, P < 0.05 was consid-
ered significant.



5% CO, humidified environment and in RPMI-
1640 (Gibco, Thermo Fisher Scientific Inc.,
Waltham, MA, USA), 10% fetal bovine serum
(FBS; Gibco, Thermo Fisher Scientific Inc.), and
1% penicillin-streptomycin [15].

Plasmid construction and cell transfection

Full-length hsa_circ_0000751 cDNA was amplified
in 293 T cells before cloning into the pLCDH-ciR
vector (Geneseed, Guangzhou, China) with a front
and back circular frame. The negative control was
constructed without the addition of the hsa_-
circ_0000751 sequence. The following plasmids
were purchased from Genechem (Shanghai,
China): UQCRC2, UQCRC2 siRNA, hsa_-
circ_0000751 siRNA, miR-488 mimic and inhibi-
tor, and two scrambled negative control miRNAs
(specifically, mimic-NC for miR-488 mimics and
inhibitor-NC for miR-488 inhibitors). The siRNA
sequences used were as follows: si-UQCRC2: 5'-
ATCCTCGACGCGATGAGA-3" and  si-hsa
_circ_0000751: 5'-CCGCAGGCTCCCAGTCCCA
AT-3". Lipofectamine 3000 (Thermo Fisher
Scientific, Waltham, MA, USA) was used for plas-
mid incorporation into cells, following the manu-
facturer’s guidelines. Finally, total RNA and
protein were harvested 48 h post-transfection, fol-
lowing standard protocols [16].

Microarray analysis

The circRNA  expression profile (source:
GSES83521) was downloaded from the National
Center for Biotechnology Information Gene
Expression Omnibus (GEO). GSE83521 was com-
piled using data from six GC tissues and six
matched non-tumor tissue samples, based on
GPL19978 (Agilent-069978 Arraystar Human
CircRNA microarray V1). RNA sequencing and

microarray data were preprocessed using
R software (version 3.5.0, available online:
https://www.r-project.org/) and packages.

Differentially expressed circRNAs were identified
based on the following criteria: fold alterations >2
and p values < 0.05.
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gRT-PCR

TRIzol (Takara, Shiga, Japan) was used to harvest
total RNA from cultured cells and human tissues,
and the NanoDrop was used for quantification of
the total extracted RNA. Next, 10 pg of the total
extracted RNA was treated with 40 U of RNase
R (Epicenter Technologies, Madison, USA) by
incubating at 37°C for 15 min. CircRNA and
mRNA analyses were performed by reverse tran-
scribing RNA into complementary DNA (cDNA)
using a PrimeScript™ RT Master Mix reagent kit
(Takara). Genomic DNA (gDNA) was isolated
using the QIAamp DNA Mini Kit (QIAGEN,
Germany). Transcript levels were assessed using
qRT-PCR with SYBR Premix Ex Taq™ (Takara).
Endogenous GAPDH and U6 were used to nor-
malize the expression of the relevant transcripts.
Finally, gene expression was quantified using the
2744C method [17]. The unique primers used for
the detection of circRNAs and miRNAs were pur-
chased from Sangon Biotech (Shanghai, China)
and are listed in Table 2.

Western blot

Proteins were isolated from stably transfected cells
at 90% confluence using the RIPA lysis buffer
(Beyotime Biotechnology, Jiangsu, China). Their
concentrations were quantified using a BCA pro-
tein assay kit (Beyotime Biotechnology, Jiangsu,
China), and the proteins (30 pg/lane) were sepa-
rated via SDS-PAGE before transfer to
a polyvinylidene fluoride membrane (Millipore,
Billerica, MA, USA). Following this, the mem-
brane with the proteins was subjected to the

Table 2. Sequences of primers used for quantitative RT-PCR
assay.
Primer ID

Circ-0000751 F
Circ-0000751 R

Primer sequences (5'-3')

ATAACAACTGCTCAGAGTGCTA
CTCAGCTTCCTGTAGGATGTGC

miR-488 F ACACTCCAGCTGCCTAGCAGCACAGAAATAT
miR-488 R CTCAACTGGTGTGGTGGA

Uée F CTCGCTTCGGCAGCACA

U6 R AACGCTTCACGAATTTGCGT

UQCRC2 F AATTTCGTCGTTGGGAAGTAGC

UQCRC2 R ATGAGTCTGCGGATTCTGAAAG

GAPDH F GGAGCGAGATCCCTCCAAAAT

GAPDH R GGCTGTTGTCATACTTCTCATGG
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following incubations and washes: 5% lipid-free
milk solution at 37°C for 1.5 h, primary antibody
at 4°C overnight (ON), HRP-conjugated secondary
antibody (1:1,000; Abcam, Shanghai, China) for
2 h at 37°C, and three TBST buffer washes.
Finally, the protein signals were visualized using
an enhanced chemiluminescence detection system
with a  chemiluminescent HRP  substrate
(Millipore, MA, USA). The antibodies used for
protein detection were as follows: anti-UQCRC2
(1:1000, Abcam, Shanghai, China), anti-GAPDH
(1:5000; Cell Signaling Technology, MA, USA),

anti-cleaved caspase-3 (1:200, Cell Signaling
Technology, MA, USA), anti-Bcl-2 (1:1000,
Abcam, Shanghai, China), anti-Bax (1:1000,

Abcam, Shanghai, China), and anti-Bak (1:10,000,
Abcam, Shanghai, China).

Luciferase reporter assay

Dual fluorescein reporter gene analysis was per-
formed using a Dual Luciferase Assay System Kit
(Promega, Madison, WI, USA), following the
manufacturer’s  guidelines. ~Wild-type hsa_-
circ_0000751 3" UTRs (WT hsa_circ_0000751 3’
UTRs), mutant hsa_circ_0000751 3" UTRs (MUT
hsa_circ_0000751 3' UTRs), and UQCRC2 3'UTRs
(MUT UQCRC2 3'UTRs) were amplified and
cloned into the pmirGLO luciferase reporter vec-
tor (GeneCreat, Wuhan, China). Next, HEK-293 T
cells were plated in 24-well plates in triplicate and
co-incorporated with the corresponding plasmids
and miR-488 mimics. Following a 48-h incubation,
luciferase activity was assessed using the dual-
luciferase reporter assay system (Promega). The
data were normalized to the Renilla internal
control.

5-ethynyl-20-deoxyuridine (EdU) assay

The proliferative capacity of GC was measured
using the Cell-Light® EdU DNA Cell
Proliferation Kit (Ribobio, Guangzhou, China)
and Cell Counting Kit (CCK)-8 (Bosterbio,
Wuhan, China), according to the manufacturer’s
guidelines [18]. To perform the EdU assay, MKN-
45 and MGC-803 cells were exposed to 50 mM
EdU for 2 h before fixation in 4% paraformalde-
hyde, and then stained with Apollo Dye Solution.

Nuclear staining was done using Hoechst-33,342.
Next, EdU-positive or proliferating cells were
quantified using an Olympus FSX100 microscope
(Olympus, Tokyo, Japan). Five randomly chosen
fields per group were selected for the quantifica-
tion of cell proliferation.

CCK-8 assay

To perform the CCK-8 assay, gastric cells (5 x 10’
cells per well) were grown in 96-well plates for
24 h. Next, the cells were exposed to 10 pL CCK-
8 solution (Dojindo, Tokyo, Japan) and incubated
at 37°C for 90 min [19]. The absorbance of the
cells was recorded at 450 nm using a microplate
reader (Bio-Rad, Hercules, CA, USA).

Colony-formation assay

The colony-forming capability of GC cells was
evaluated using colony-formation assays [20]. In
brief, GC cells were incorporated with the indi-
cated plasmids and incubated for 24 h. Next, 500
cells from each cell line were grown in 6-well
plates for 2 weeks without changing the medium.
The formed colonies were then fixed with metha-
nol for 20 min before staining with 0.1% crystal
violet at room temperature, followed by photogra-
phy and counting.

Wound-healing assay and transwell invasion
assay

Cells were allowed to grow to full confluence in
6-well plates at a density of 1x 10%/well. Next,
using a sterile pipette tip, the cell surface was
scratched and the formation of a clear gap in the
confluent cell layer was confirmed by observing
the wells under a microscope. Following this, the
old medium was removed, and new medium, with
no serum, was added. Finally, the cells were
imaged at 0 and 24 h post-injury to determine
the width of the wound healing and compare it
against the baseline.

For the transwell invasion assay, 1 x 10° cells
were plated in 500 pL of medium, with no serum,
in the top Matrigel-coated (BD Biosciences, San
Jose, USA) chamber of 24-well plates (Corning,
NY, USA). Medium with 10% FBS was introduced



into the bottom chamber as a chemoattractant.
Following a 24 h incubation, cells that managed
to migrate to the bottom surface were fixed in 4%
paraformaldehyde, stained with 0.1% crystal violet,
imaged, and quantified using at least five random
fields of view (magnification: x200, Olympus,
Japan). All experiments were independently per-
formed thrice.

Animal experiments

Xenograft studies were performed in six-
week-old BALB/c nude mice obtained from the
Chinese Science Academy (Shanghai, China).
For experimentation, 10 random mice were
assigned to 2 groups of 5 mice each.
Meanwhile, MKN-45 cells were stably incorpo-
rated with lentivirus-hsa_circ_0000751-
overexpression vector or a negative control
before injecting the transfected cells into the
mice subcutaneously. In all cases, the forelimbs
axilla received 5 x 10° cells per mouse. Next, the
tumor volume was monitored every week
(volume = width®x lengthx1/2). All animal pro-
tocols were approved by the Committee on
Animal Research of Wuhan University.

Immunohistochemistry (IHC) analysis

Tumor tissue samples from mice were collected for
IHC staining, as previously reported [21]. The excised
tumors were fixed in 10% formalin, embedded in
paraffin, and cut into 4 pum thick slices. Finally, the
tissue slices were probed with primary anti-Ki-67 anti-
body (1:500, Abcam) before the collection of images
under a microscope (Olympus, Japan) at an appropri-
ate magnification. The positive staining rate indicated
the proportion of positive GC cells.

Terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL assay)

Apoptosis was analyzed using a TUNEL assay.
A TUNEL assay was used to calculate the level of
fragmented DNA using the TUNEL apoptosis detec-
tion kit (Beyotime Institute of Biotechnology,
Nantong, China) following the manufacturer’s guide-
lines [22]. Briefly, the cells were fixed with 4% paraf-
ormaldehyde for 30 min, washed with PBS, exposed to
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0.3% Triton-X 100 in PBS for 5 min, equilibrated with
100 pL equilibration buffer at 37°C for 10 min, labeled
with 50 uL TUNEL reaction buffer at 37°C for 1 h,
followed by DAPI counterstaining for 1 min at 37°Cin
the dark, and finally mounted using an anti-fade
mounting medium. The stained apoptotic cells were
visualized using a fluorescence microscope (Carl Zeiss,
Oberkochen, Germany).

Statistical analysis

Data are presented as means + standard deviations
and analyzed with SPSS 20.0 (IBM, SPSS, Chicago, IL,
USA) and GraphPad Prism version 7.0. Statistical
significance (p < 0.05) was assessed using the
Student’s t-test (comparing two different groups)
and one-way analysis of variance (ANOVA) (compar-
ing multiple groups). Correlations between
hsa_circRNA_0000751 levels and clinical manifesta-
tions were assessed using the X test. Pearson’s correla-
tion coefficient analysis was employed to ascertain
relationships between various factors.

Results

Identification and characterization of
hsa_circ_0000751

To distinguish differentially regulated circRNAs in
GC, we examined six matched GC and normal tissue
samples from the GEO database (GSE83521). We
identified 40 circRNAs with abnormal expression in
GC tissues, carrying a fold change > 2 and p < 0.05, as
shown in Figure 1(a). hsa_circ_0000751, also known
as circNUFIP2 in the circBase (http://www.circbase.
org/), showed the most significant downregulation in
GC. To verify the above results, we also confirmed low
hsa_circ_0000751 levels in 25 GC tissues and 25 adja-
cent tissues (Figure 1(b)) using qRT-PCR analysis.
Moreover, we detected hsa_circ_0000751 expression
in GES-1 and in multiple GC cells (AGS, SCG-7901,
BGC-823, MKN-28, MKN-45, and MGC-803).
According to our data, hsa_circ_0000751 had the low-
est expression levels in MKN-45 and MGC-803 cells
(Figure 1(c)). Therefore, these cell lines were selected
for further studies.

Since hsa_circ_0000751 has been shown to
originate from the mRNA splicing of NUFIP2
(nuclear FMRI1 interacting protein 2), it was
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Figure 1. Identification and characterization of hsa_circ_0000751. (a) The heat map of circRNAs expression profiles in normal and GC
tissues analyzed from GEO database (GSE83521). Red represents high level and blue indicates low level of transcript abundances. (b)
Hsa_circ_0000751 expression was validated in GC tissues and adjacent normal tissues via qRT-PCR. (c) Hsa_circ_0000751 expression
in GC cells lines and normal human gastric epithelial cell using qRT-PCR. (d) Gel electrophoresis shows that hsa_circ_0000751 can be
amplified by divergent primers using total cDNA, but not genomic DNA (gDNA). (e) Relative expression of hsa_circ_0000751 and
NUFIP2 mRNA in both MKN-45 and MGC-803 cells was detected by gRT-PCR in the presence or absence of RNase R. Data were
represented as means + S.D. of at least three independent experiments.**P < 0.01.

imperative to determine whether the hsa_-
circ_0000751 in our cells originated from
a gene rearrangement event. Therefore, we con-
structed convergent and divergent primers to
amplify the linear and circular RNAs, respec-
tively, based on complementary DNA (cDNA)
and genomic DNA (gDNA) from two randomly
selected GC tissues. Using agarose gel electro-
phoresis, we  demonstrated that hsa_-
circ_0000751 could be amplified from cDNA
using divergent primers, but no amplification
occurred from gDNA (Figure 1(d)).
Furthermore, we utilized RNase R assay to reveal
that hsa_circ_0000751, but not NUFIP2 mRNA,
was resistant to RNase R (Figure 1(e)). Based on
these data, it is evident that this RNA species is
naturally circular.

Effects of hsa_circ_0000751 on the malignant
biological behavior of GC cells

To evaluate the effect of hsa_circ_0000751 in GC
cells, we exogenously incorporated hsa_-
circ_0000751 plasmid or relative negative control
into MKN-45 and MGC-803 cells. As depicted in
Figure 2(a), hsa_circ_0000751 incorporation sig-
nificantly elevated hsa_circ_0000751 expression
in these cells. Notably, NUFIP2 transcript levels
were unaffected (Figure 2(a)). Next, we performed
functional assays to delineate the role of hsa_-
circ_0000751 on GC cell viability and proliferation
rate. Using the CCK-8 assay, colony-formation
assays and EdU assay, we showed that high expres-
sion levels of hsa_circ_0000751 resulted in
a marked suppression of proliferation ability in
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both cell lines (Figure 2(b-d)). We further exam-
ined cell migration using transwell assays. As illu-
strated in  Figure 2(e), hsa_circ_0000751
overexpression significantly reduced the invasive
capacity of GC cells. Additionally, using wound
healing assays, we showed that migration was
strongly  suppressed hsa_circ_0000751-
overexpressed cells, as opposed to cells with the
negative control (figure 2(f)). To assess the effect
of hsa_circ_0000751 on apoptosis, we performed
TUNEL assay and western blotting. Cells with high
expression levels of hsa_circ_0000751 exhibited
more apoptosis than the cells with the negative
control (Figure 2(g)). Moreover, apoptotic pro-
teins such as cleaved caspase-3, Bak, and Bax pro-
teins ~ were  markedly  elevated  upon
hsa_circ_0000751 overexpression relative to the
cells with the negative control. Conversely, Bcl-2
protein was downregulated under the same condi-
tions (Figure 2(h)). Based on these results, it was
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inferred that hsa_circ_0000751-overexpressing

cells induced apoptosis in GC cells.

Hsa_circ_0000751 suppresses the growth of GC
tumors in vivo

To establish the role of hsa_circ_0000751 in vivo,
we subcutaneously administered MKN-45 cells
containing either hsa_circ_0000751 plasmid or
negative control into the forelimb axilla of nude
mice (n = 5) and monitored the development of
tumors by observing luciferase intensities on
a fortnightly basis. By week five, the mice carrying
hsa_circ_0000751-overexpressed cells exhibited
substantially small tumors, as evidenced by their
growth rates, weights, and volumes, compared to
mice carrying cells with the negative control
(Figure 3(a-d)). Next, we harvested the tumor for
Ki-67 staining, which revealed that hsa_-
circ_0000751-overexpressed mice had weak
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Figure 3. Hsa_circ_0000751 suppresses the growth of GC tumor in vivo. (a-d) MKN-45 cells were transfected with mock or lentivirus-
hsa_circ_0000751-overexpression vectors. The stable hsa_circ_0000751 overexpression MKN-45 cells (5 x 10° cells) were injected
into nude mice, and tumors were allowed to develop for 1, 3 and 5 weeks. Representative images of the mice are shown, and the
tumor weight and volumes were determined. (e) Ki-67 staining by immunohistochemical analysis of the xenograft tumors. Data are

the means * SD of triplicate determinants. **P < 0.01.



staining and low proliferation rate as compared to
mice carrying cells with negative control (Figure 3
(e)). Taken together, these data suggest that hsa_-
circ_0000751 overexpression can effectively sup-
press GC tumorigenesis in vivo.

Hsa_circ_0000751 serves as an miR-488 sponge

To elucidate the underlying pathways involved in
hsa_circ_0000751-mediated suppression of tumor-
igenesis, we scanned for potential targets of hsa_-
circ_0000751 using the miRNA target-prediction
software (Arraystar made, based on TargetScan
and miRanda databases). We discovered that hsa_-
circ_0000751 shared sequence homology with
miR-488 (Figure 4(a)). Next, we evaluated miR-
488 expression in the 25 pairs of GC tissues and
adjoining healthy tissues, and found that miR-488
expression was significantly higher in GC tissues
than in healthy tissues (Figure 4(b)). Moreover,
there appeared to be a marked inverse relationship
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between miR-488 and hsa_circ_0000751, as evi-
denced in the 25 GC samples (r = -0.61,
p < 0.001), as opposed to controls (Figure 4(c)).
To test this further, we examined miR-488 levels in
GES-1 and six different GC cell lines. Based on our
results, the miR-488 transcript was found to be
abundant in GC cells (Figure 4(d)). Additionally,
we tested the relationship between hsa_-
circ_0000751 and miR-488 using qRT-PCR analy-
sis. We demonstrated that high expression levels of
hsa_circ_0000751 resulted in low levels of miR-
488 in MKN-45 and MGC-803 cells, whereas hsa_-
circ_0000751 deficiency, caused by target-specific
siRNA, upregulated the expression of miR-488
(Figure 4(e)). We further tested this inverse rela-
tionship using a luciferase reporter assay.
Exogenous incorporation of miR-488 mimics
strongly suppressed the luciferase activity of WT
hsa_circ_0000751, which had an appropriate bind-
ing site for miR-488, but failed to suppress the
activity of MUT hsa_circ_0000751, which carried
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Figure 4. Hsa_circ_0000751 acted as a molecular sponge for miR-488. (a) Schematic representation of the targeting sites between
hsa_circ_0000751 and the miR-488. (b) The Pearson’s correlation coefficients were used to evaluate the correlation between
hsa_circ_0000751 and miR-488 in GC tissues (n = 25) (r = —0.61, P < 0.001). (c) The relative expression of miR-488 in 25 GC tissues
was significantly higher than that in adjacent tissues. (d) gRT-PCR analysis of miR-488 expression in GES-1 and GC cell lines. (e) The
effects of hsa_circ_0000751 on the expression of miR-488 were detected by gRT-PCR. (f) The luciferase activity of wild type
hsa_circ_0000751 or mutant hsa_circ_0000751 after transfection with miR-488 mimic or inhibitor in HEK-293 T cells. Data are the

means + SD of triplicate determinants. **P < 0.01.
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a defective binding site for miR-488 (figure 4(f)).
Collectively, these data indicate that hsa_-
circ_0000751 interacts directly with miR-488 to
inhibit its action. In other words, hsa_-
circ_0000751 serves as an miR-488 sponge.
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Hsa_circ_0000751 inhibits GC cell proliferation
and invasion by targeting miR-488

Given that hsa_circ_0000751 reduces GC cell growth
and invasion, we next explored whether the cellular
activities of hsa_circ_0000751 are mediated through
the sponging of miR-488. Therefore, we conducted
rescue experiments via co-transfection of MKN-45
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and MGC-803 cells with miR-488 mimics and hsa_-
circ_0000751 expression vectors. Using CCK-8, col-
ony-formation, and EdU assays, we demonstrated
that GC cells incorporated with both hsa_-
circ_0000751 plasmids and miR-488 mimics exhib-
ited higher cell proliferation than cells transfected
with hsa_circ_0000751 plasmids alone (Figure 5(a-
c)). This suggests a role of miR-488 mimics in rever-
sing the hsa_circ_0000751-induced GC growth. In
addition, we also demonstrated that hsa_-
circ_0000751 suppressed MKN-45 cell invasion,
which was also attenuated in the presence of miR-
488 (Figure 5(d)).

Hsa_circ_0000751 modulates UQCRC2 level by
sponging miR-488

To identify genes targeted by hsa_circ_0000751 via
its negative regulation of miR-488, we used
TargetScan to predict potential targets of miR-
488. Based on our analysis, UQCRC2 was pre-
dicted to bind to miR-488 with a high affinity
score (Figure 6(a)). Additionally, we verified our
results using a dual-luciferase reporter assay. miR-
488 overexpression strongly suppressed the luci-
ferase response of WT UQCRC2, but not MUT
UQCRC2, in 293 T cells (Figure 6(b)). Taken
together, these results validate direct binding of
UQCRC2 to miR-488. We then verified the
expression of UQCRC2 in 25 GC samples and
their corresponding healthy controls. We found
that UQCRC2 expression was substantially down-
regulated in GC tissues (Figure 6(c)). Subsequent
Pearson correlation analysis demonstrated a strong
inverse association between the levels of miR-488
and UQCRC2 (r = -0.62, P < 0.001) (Figure 6(d)).
Furthermore, we conducted a Pearson correlation
analysis, which demonstrated a positive associa-
tion between hsa_circ_0000751 and UQCRC2
levels in 25 GC tissues (r = 0.72, p < 0.001), as
opposed to matched healthy tissues (Figure 6(e)).
Then, incorporation of miR-488 mimics into
MKN-45 and MGC-803 cells significantly lowered
UQCRC2 levels, whereas miR-488 inhibitors
markedly augmented UQCRC2 levels (figure 6
(f)). Similarly, the protein levels of UQCRC2
were substantially low in GC cells (Figure 6(g)).
Next, to elucidate the underlying mechanism by
which hsa_circ_0000751 modulates UQCRC2

BIOENGINEERED 8803

expression in GC cells, we overexpressed hsa_-
circ_0000751 in MKN-45 and MGC-803 cells and
quantified UQCRC2 transcript levels using qRT-
PCR. As shown in Figure 6(h), hsa_circ_0000751
overexpression significantly increased UQCRC2
transcript levels. Furthermore, this increase in
UQCRC2 levels was attenuated by overexpression
of miR-488 mimics. Similarly, we also demon-
strated that high expression levels of hsa_-
circ_0000751 upregulated UQCRC2 protein
expression, whereas miR-488 mimics, in the pre-
sence of hsa_circ_0000751, reduced UQCRC2 pro-
tein levels in MKN-45 and MGC-803 cells
(Figure 6(i)). In summary, these data indicate
that  hsa_circ_0000751  positively  regulates
UQCRC2 expression by sponging miR-488.

Hsa_circ_0000751 suppresses proliferation and
invasion through regulation of the miR-488/
UQCRC2 axis in GC cells

Next, we investigated whether the hsa_-
circ_0000751-mediated regulation of GC cell pro-
liferation and invasion occurs via the miR-488/
UQCRC2 axis. For this, we employed CCK-8, col-
ony-formation, and invasion assays, which showed
that miR-488-overexpressing MKN-45 and MGC-
803 cells exhibited substantially higher viability
than cells with negative controls. Additionally,
cells incorporated with both the miR-488 mimic
and UQCRC2 had low viability (Figure 7(a-b)).
We also showed that UQCRC2 knockdown
severely weakened hsa_circ_0000751-mediated
suppression of proliferation. In addition, we
demonstrated that MKN-45 invasion ability
increased with miR-488 overexpression, but was
impaired in the presence of UQCRC2 plasmids.
Conversely, UQCRC2 insufficiency increased
hsa_circ_0000751-mediated cell invasion
(Figure 7(c)). Taken together, these results demon-
strate that hsa_circ_0000751 suppresses GC cell
growth and invasion via its effect on the miR-
488/UQCRC2 axis.

Discussion

CircRNAs are a group of circular ncRNAs that
possess no 5'-3" polarity or polyA tails [23]. They
have been shown to have great potential as cancer
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biomarkers, as analyzed via expression profiling
[24-26]. For example, Gu et al. [27] distinguished
440 differentially expressed circRNAs using micro-
array analysis of six matched GC tumors and
adjacent healthy tissues. In another study,
circFAT1(e2) was found to suppress tumors in
GC cells via cytoplasmic modulation of the miR-
548 g/RUNXI axis and the nuclear regulation of
YBX1 [28]. Likewise, Zhang et al. [29] explored
sequencing data from the Cancer Genome Atlas to
show that circLARP4 serves as an anti-oncogene in
GC patients. Here, we employed the GEO database
to identify differentially regulated circRNAs in six

GC tissues and six adjacent tissues. Among the
differentially =~ regulated = circRNAs,  hsa_-
circ_0000751 expression level showed the largest
reduction in GC tissues. Functionally, we revealed
that hsa_circ_0000751 strongly suppressed the
growth and invasion of GC cells. These data indi-
cate that hsa_circ_0000751 acts as a tumor-
suppressor gene in GC tissue samples and cells.
It also raises the possibility of employing hsa_-
circ_0000751 as a new diagnostic biomarker and
for therapy in patients with GC.

The competitive endogenous RNA (ceRNA)
hypothesis states that miRNAs with sequence
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homology with target transcripts regulate the tran-
scription of their target transcripts [30]. CircRNAs
have been reported to have high-frequency binding
sites for miRNAs, suggesting a possible role as
miRNA sponges. This hypothesis unifies the roles
of circRNA, pseudogene transcripts, long non-
coding RNAs, and miRNAs [31]. Indeed, hsa_-
circ_0013958 in lung adenocarcinoma was shown
to competitively interact with miR-134 and attenuate
its repression of cyclin D1, thereby accelerating cell
proliferation [32]. Furthermore, hsa_circ_0000117
was shown to accelerate tumor cell growth by spong-
ing miR-337-3P [33]. Here, using miRNA-targeting
prediction analysis, we demonstrated aberrant
expression of miR-488, along with its targeted asso-
ciation with hsa_circ_0000751, in GC versus healthy
tissues. Based on our results, miR-488 levels were
negatively correlated with hsa_circ_0000751 in GC
cell lines. Consistent with our findings, another
study demonstrated that overexpression of miR-
488 drove the progression of colorectal cancer via
its regulation of plant homeo domain finger protein
8 (PHF8) [34]. Similarly, miR-488 expression was
shown to be substantially high in NSCLC tissues
and cells, which correlates with a clinically advanced
stage of the disease and poor survival in patients [35].
Taken together, our results indicate that hsa_-
circ_0000751 possesses an anti-oncogenic role in
GC that is imparted, in part, by sponging miR-488.

Based on the ceRNA hypothesis, circRNA can
serve as a ceRNA in the modulation of miRNA
target gene expression. Our TargetScan analysis
projected UQCRC2 to have binding sites for
miR-488. UQCRC2 encodes core protein 2,
which is one of the 11 structural subunits of mito-
chondrial complex III. Multiple studies have
shown that UQCRC2 plays a crucial role in the
progression and metastasis of numerous cancers,
including colorectal cancer [36], breast cancer
[37], testicular cancer [38], among others.
However, the function of UQCRC2 and specific
miRNAs in GC progression remains unknown. In
this study, we showed that miR-488 overexpres-
sion markedly suppressed UQCRC2 transcript
and protein expression, whereas miR-488 defi-
ciency resulted in elevated UQCRC2 levels.
Using dual-luciferase reporter assays, we con-
firmed that miR-488 can directly target
UQCRC2. In previous studies, we discovered that

UQCRC2 expression remains substantially low in
GC tissues and is correlated with a better prog-
nosis in GC patients [14]. Here, we showed that
UQCRC2 knockdown suppressed the hsa_-
circ_0000751-mediated action on the proliferation
and invasion of GC cells. These results strongly
suggest the presence of a hsa_circ_0000751-miR
-488-UQCRC2 axis in GC, whereby hsa_-
circ_0000751 sequesters the activity of miR-488
to promote the upregulation of UQCRC2 and
regression of GC.

Conclusion

In summary, we discovered the miR-488 sponging
activity of hsa_circ_0000751, which upregulates
UQCRC2 expression and suppresses the prolifera-
tion and invasion of GC cells. This study provides
insight into the novel hsa_circ_0000751-miR-488-
UQCRC2 axis involved in GC progression.
However, there are certain limitations of this
research. The potential signaling pathways and
molecular mechanisms related to circRNAs in the
regulation of GC cell proliferation remain to be
investigated. Future in-depth clinical investiga-
tions involving a larger sample size are both urgent
and crucial to the advancement of GC early detec-
tion and therapy.

Disclosure statement

The authors declare that there is no conflict of interest with
any financial organization or corporation or individual that
can inappropriately influence this work.

Funding

This project was supported in part by grants from National
Natural Science Foundation of China (No. 81072152 and
No. 81770283), Natural Science Foundation of Hubei
Province (No. 2015CFA027), Research Foundation of
Health and Family Planning Commission of Hubei
Province (NO. WJ2015MA010 and No. WJ2017M249),
Clinical Medical Research Center of Peritoneal Cancer of
Wuhan (No0.2015060911020462), Subsidy Project of No.l
Hospital of Lanzhou University (ldyyyn2018-13) and
Innovation fund of universities in Gansu Province (2020B-
009), Natural Science Foundation of Gansu Province youth
Fund(21JR7RA386)



Data Availability Statement

All data generated or analyzed during this study are included
in this published article.

Ethics approval and consent to participate

The authors are accountable for all aspects of the work in
ensuring that questions related to the accuracy or integrity of
any part of the work are appropriately investigated and
resolved. This study was approved by The Medical Ethics
Committee of Wuhan University (approval number:
2,015,011), and written informed consent was obtained
from all patients.

Author Contributions

DWW, FS and MHF designed study. DWW and FS per-
formed the experiments. DWW, FS and MHF provided the
clinical specimens, analyzed the data and wrote the manu-
script. All the authors read and approved the final
manuscript.

References

[1] Sung H, Ferlay J, Siegel RL, et al. Global cancer statis-
tics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries.
CA Cancer J Clin. 2021;71(3):209-249.

[2] Jin H, Pinheiro PS, Callahan KE, et al. Examining the
gastric cancer survival gap between Asians and whites
in the United States. Gastric Cancer. 2017;20:573-582.

[3] Nagini S. Carcinoma of the stomach: a review of epi-
demiology, pathogenesis, molecular genetics and
chemoprevention. World ] Oncol.
2012;4:156-169.

[4] Memczak S, Jens M, Elefsinioti A, et al. Circular RNAs
are a large class of animal RNAs with regulatory
potency. Nature. 2013;495:333-338.

[5] Vo JN, Cieslik M, Zhang Y, et al. The landscape of
circular RNA in cancer. Cell. 2019;176:869-881.

[6] Guarnerio J, Bezzi M, Jeong JC, et al. Oncogenic role of
fusion-circRNAs derived from cancer-associated chro-
mosomal translocations. Cell. 2016;165:289-302.

[7] Rybak-Wolf A, Stottmeister C, Glazar P, et al. Circular
RNAs in the mammalian brain are highly abundant,
conserved, and dynamically expressed. Mol Cell
2015;58:870-885.

[8] Thomson DW, Dinger ME. Endogenous microRNA
sponges: evidence and controversy. Nat Rev Genet.
2016;17:272-283.

[9] Zhang X, Wang S, Wang H, et al. Circular RNA
circNRIP1 acts as a microRNA-149-5p sponge to pro-
mote gastric cancer progression via the AKT1/mTOR
pathway. Mol Cancer. 2019;18(1):20.

Gastrointest

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

BIOENGINEERED 8807

Rong D, Lu C, Zhang B, et al. CircPSMC3 suppresses
the proliferation and metastasis of gastric cancer by
acting as a competitive endogenous RNA through
sponging miR-296-5p. Mol Cancer. 2019;18(1):25.
Zhou C, Tan W, Lv H, et al. Hypoxia-inducible
microRNA-488 regulates apoptosis by targeting Bim in
osteosarcoma. Cell Oncol (Dordr). 2016;39(5):463-471.
Fang C, Chen YX, Wu NY, et al. MiR-488 inhibits
proliferation and cisplatin sensibility in non-small-cell
lung cancer (NSCLC) «cells by activating the
elF3a-mediated NER signaling pathway. Sci Rep.
2017;7:40384.

Choong CJ, Okuno T, Ikenaka K, et al. Alternative
mitochondrial quality control mediated by extracellular
release. Autophagy. 2021;17(10):2962-2974

Wang DW, Su F, Zhang T, et al. The miR-370/
UQCRC2 axis facilitates tumorigenesis by regulating
epithelial-mesenchymal transition in gastric cancer.
] Cancer. 2020;11:5042-5055.

Yang F, Hu A, Li D, et al. Circ-HuR suppresses HuR
expression and gastric cancer progression by inhibiting
CNBP transactivation. Mol Cancer. 2019;18(1):158.
Peng L, Sang H, Wei S, et al. circCUL2 regulates gastric
cancer malignant transformation and cisplatin resis-
tance by modulating autophagy activation via
miR-142-3p/ROCK2. Mol Cancer. 2020;19(1):156.
Nolan T, Hands RE, Bustin SA. Quantification of
mRNA using real-time RT-PCR. Nat Protoc. 2006;1
(3):1559-1582.

Xing L, Zhang L, Feng Y, et al. Downregulation of
circular RNA hsa_circ_0001649 indicates poor prog-
nosis for retinoblastoma and regulates cell proliferation
and apoptosis via AKT/mTOR signaling pathway.
Biomed Pharmacother. 2018;105:326-333.

Jie M, Wu Y, Gao M, et al. CircMRPS35 suppresses
gastric cancer progression via recruiting KAT?7 to govern
histone modification. Mol Cancer. 2020;19(1):56.

Lu J, Wang YH, Yoon C, et al. Circular RNA
circ-RanGAP1 regulates VEGFA expression by target-
ing miR-877-3p to facilitate gastric cancer invasion and
metastasis. Cancer Lett. 2020;471:38-48.

Wang R, Zhang S, Chen X, et al. CircNT5E acts as
a sponge of miR-422a to promote glioblastoma
tumorigenesis. Cancer Res. 2018;78:4812-4825.

Kim M, Lee S, Park WH, et al. Silencing Bmil expres-
sion suppresses cancer stemness and enhances chemo-
sensitivity in endometrial cancer cells. Biomed
Pharmacother. 2018;108:584-589.

Zhang HD, Jiang LH, Sun DW, et al. CircRNA: a novel
type of biomarker for cancer. Breast Cancer Tokyo.
2018;25:1-7.

Qin M, Liu G, Huo X, et al. Hsa_circ_0001649: a circular
RNA and potential novel biomarker for hepatocellular
carcinoma. Cancer Biomark. 2016;16:161-169.

Li L, Sun J, Shi P, et al. Identification of circular RNAs
as a promising new class of diagnostic biomarkers for
human breast cancer. Oncotarget. 2017;8:44096-44107.



8808 (&) D.WANG ET AL.

(26]

(27]

(28]

(29]

(30]

(31]

(32]

Zhong Y, Du Y, Yang X, et al. Circular RNAs function
as ceRNAs to regulate and control human cancer
progression. Mol Cancer. 2018;17:79.

Gu W, Sun Y, Zheng X, et al. Identification of gastric
cancer-related circular RNA through microarray ana-
lysis and bioinformatics analysis. Biomed Res Int.
2018;2381680:2018.

Fang ], Hong H, Xue X, et al. A novel circular RNA,
circFAT1(e2), inhibits gastric cancer progression by tar-
geting miR-548g in the cytoplasm and interacting with
YBX1 in the nucleus. Cancer Lett. 2019;442:222-232.
Zhang ], Liu H, Hou L, et al. Circular RNA_LARP4
inhibits cell proliferation and invasion of gastric cancer
by sponging miR-424-5p and regulating LATS1
expression. Mol Cancer. 2017;16:151.

Mei Y, Jiang P, Shen N, et al. Identification of
miRNA-mRNA regulatory network and construction
of prognostic signature in cervical cancer. Dna Cell
Biol. 2020;39:1023-1040.

Qu S, Liu Z, Yang X, et al. The emerging functions and
roles of circular RNAs in cancer. Cancer Lett.
2018;414:301-309.

Zhu X, Wang X, Wei S, et al. hsa_circ_0013958:
a circular RNA and potential novel biomarker for

lung adenocarcinoma. Febs J. 2017;284:2170-2182.

(33]

(34]

(35]

(36]

(37]

(38]

Gao Q, Liu Q, Chen H. Circular RNA hsa_circ_0000117
accelerates the proliferation and invasion of gastric can-
cer cells by regulating the microRNA-337-3p/signal
transducer and activator of transcription 3 axis.
Bioengineered. 2021;12(1):1381-1390.

Lv Y, Shi Y, Han Q, et al. Histone demethylase PHF8
accelerates the progression of colorectal cancer and can
be regulated by miR-488 in vitro. Mol Med Rep.
2017;16:4437-4444.

Wang D, Wang L, Zhang Y, et al. PYCRI promotes the
progression of non-small-cell lung cancer under the
negative regulation of miR-488. Biomed Pharmacother.
2019;111:588-595.

Shang Y, Zhang F, Li D, et al. Overexpression of
UQCRC2 is correlated with tumor progression and
poor prognosis in colorectal cancer. Pathol Res Pract.
2018;214:1613-1620.

Putignani L, Raffa S, Pescosolido R, et al. Preliminary
evidences on mitochondrial injury and impaired oxi-
dative metabolism in breast cancer. Mitochondrion.
2012;12:363-369.

Panner SM, Agarwal A, Pushparaj PN. A quantitative
global proteomics approach to understanding the func-
tional pathways dysregulated in the spermatozoa of asth-
enozoospermic testicular cancer patients. Andrology-Us.
2019,7:454-462.



	Abstract
	Introduction
	Materials and methods
	Tissue samples
	Cell lines and culture
	Plasmid construction and cell transfection
	Microarray analysis
	qRT-PCR
	Western blot
	Luciferase reporter assay
	5-ethynyl-20-deoxyuridine (EdU) assay
	CCK-8 assay
	Colony-formation assay
	Wound-healing assay and transwell invasion assay
	Animal experiments
	Immunohistochemistry (IHC) analysis
	Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL assay)
	Statistical analysis

	Results
	Identification and characterization of hsa_circ_0000751
	Effects of hsa_circ_0000751 on the malignant biological behavior of GC cells
	Hsa_circ_0000751 suppresses the growth of GC tumors invivo
	Hsa_circ_0000751 serves as an miR-488 sponge
	Hsa_circ_0000751 inhibits GC cell proliferation and invasion by targeting miR-488
	Hsa_circ_0000751 modulates UQCRC2 level by sponging miR-488
	Hsa_circ_0000751 suppresses proliferation and invasion through regulation of the miR-488/UQCRC2 axis in GC cells

	Discussion
	Conclusion
	Disclosure statement
	Funding
	Data Availability Statement
	Ethics approval and consent to participate
	Author Contributions
	References

