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Abstract. Several microRNAs (miRNAs) are known as 
regulatory molecules involved in gastric tumor metastasis. 
The expression of miR‑337‑3p was revealed to be down-
regulated in metastatic gastric tumor cells. Overexpression 
of miR‑337‑3p in gastric cancer cells resulted in the reduc-
tion of their invasive abilities. To characterize the functions 
of miR‑337‑3p, miR‑337‑3p was expressed in a metastatic 
lymph node‑derived gastric tumor cell line, SGC‑7901. 
Overexpression of miR‑337‑3p reduced the viability of 
cells but had no effects on the cell cycle. Wound healing 
and Transwell migration assays revealed that miR‑337‑3p 
inhibited the migration capacity of cells. miR‑337‑3p was 
capable of binding to the 3'‑untranslated region of a cyto-
skeleton‑associated molecule, ARHGAP10. Overexpression 
of miR‑337‑3p reduced the mRNA and protein levels of 
ARHGAP10 and the co‑expression of ARHGAP10 and 
miR‑337‑3p resulted in the recovery of cell migration 
capacity. Furthermore, the injection of miR‑337‑3p‑over-
expressing SGC‑7901 cells into an immunodeficient mouse 
model resulted in a decrease in tumor metastasis in the liver 
and lungs. The present results indicated that miR‑337‑3p 

regulates gastric tumor metastasis by targeting the cytoskel-
eton‑associated protein ARHGAP10.

Introduction

Tumor metastasis is characterized with the spread of tumor 
cells to different tissues and organs from the primary tumor 
site, resulting in the formation of secondary new tumors (1). 
Hence, tumor metastasis is a major reason for cancer‑related 
high mortality. Several approaches have been directed 
to interrupt the metastasis of primary tumors for cancer 
treatment (1). Considering the complexity and multi‑steps 
involved in tumor metastasis, the detailed mechanisms 
underlying this process are yet to be completely understood. 
The process of tumor metastasis broadly comprises three 
sequential events, namely, invasion, intravasation, and 
extravasation (2). During invasion, the tumor cells dissociate 
from the primary tumor cells, dissolve the basal membrane 
and extracellular matrix, and initiate the upregulation or 
downregulation of proteins controlling tumor cell motility 
and migration (3).

MicroRNAs (miRNAs) are small‑noncoding RNA 
molecules that play regulatory roles in multiple cellular func-
tions by downregulating the expression of certain genes (4). 
Recent studies have identified miRNAs as a new class of 
molecules associated with tumor metastasis and revealed 
their roles in the regulation of tumor metastasis (5). In gastric 
cancer, several miRNAs have been recognized as regulatory 
molecules involved in tumor cell invasion and metastasis. 
miR‑337‑3p expression has been revealed to be downregulated 
in metastatic tissues when compared to primary gastric cancer 
tissues (6). Furthermore, the overexpression of miR‑337‑3p in 
gastric cancer cells has been revealed to result in the reduction 
of their invasion ability (6). Recent evidence indicates that 
miR‑337‑3p may bind to the promoter region and suppress 
the transcription of matrix metalloproteinase 14 (MMP14) 
in both gastric tumor and neuroblastoma cells  (7,8). The 
mechanism of the function of miR‑337‑3p in invasion is not 
yet clear. Whether miR‑337‑3p targets cytoskeleton‑associated 
molecules in invasive gastric cancer is also unknown. In the 
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present study, the major target molecules of miR‑337‑3p in 
tumor invasion were investigated.

ARHGAP10, also known as ARHGAP21, was originally 
identified as a gene located on the human chromosome 10. 
ARHGAP10, a cytoskeletal regulatory protein, is known 
to encode a Rho‑GTPase‑activating protein owing to its 
Rho‑GAP domain  (9). It negatively regulates the small 
G protein Rho‑ and Cdc42‑mediated downstream signal trans-
duction (10,11). ARHGAP10 overexpression has been revealed 
to disrupt stress fiber formation in some cells (12). A recent 
study suggested that ARHGAP10 is involved in the regulation 
of tumor cell migration (13). In the present study, ARHGAP10 
was identified as a molecular target of miR‑337‑3p and its 
role was demonstrated in mediating the regulatory effects of 
miR‑337‑3p on gastric cancer cell migration and invasion.

Materials and methods

Cell culture and transfection. Gastric cancer SGC‑7901 
cells, originally purchased from the Cell Bank of the Chinese 
Academy of Sciences, were maintained in Roswell Park 
Memorial Institute (RPMI)‑1640 medium (Gibco; Thermo 
Fisher Scientific, Inc.) supplemented with 10% fetal bovine 
serum (FBS; Gibco; Thermo Fisher Scientific), 2  mM 
L‑glutamine (Gibco; Thermo Fisher Scientific), 100 U/ml 
penicillin and 100 µg/ml streptomycin (Gibco; Thermo Fisher 
Scientific). 293T cells, originally purchased from the Cell 
Bank of the Chinese Academy of Sciences, were maintained in 
high glucose‑Dulbecco's Modified Eagle's medium (DMEM; 
Gibco; Thermo Fisher Scientific) with no glutamine and 
supplemented with 10% FBS, 2 mM L‑glutamine, penicillin 
(100 U/ml), and streptomycin (100 µg/ml). Both cell lines were 
cultured in 6‑well plates in humidified air supplemented with 
5% CO2 at 37˚C.

SGC‑7901 cells were seeded in 6‑well plates and transfected 
with miRNAs and cDNA after reaching 80% confluency. 
Lipofectamine 2000 transfection reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) was used for the transfec-
tion of miRNAs and cDNA. For the expression of miRNAs, 
miR‑337‑3p or miR‑337‑3p inhibitor and respective control 
miR‑NC and inhibitor NC (Shanghai GenePharma Co., Ltd.) at 
a final concentration of 50 nM were used for transfection. The 
sequences were as follows: miR‑337‑3p mimics, sense, 5'‑CUC​
CUA​UAU​GAU​GCC​UUU​CUU​C‑3' and antisense, 5'‑AGA​
AAG​GCA​UCA​UAU​AGG​AGU​U‑3'; miR‑NC, sense, 5'‑UUC​
UCC​GAA​CGU​GUC​ACG​UTT‑3' and antisense, 5'‑ACG​
UGA​CAC​GUU​CGG​AGA​ATT‑3'; miRNA‑337‑3p inhibitor, 
5'‑GAA​GAA​AGG​CAU​CAU​AUA​GGA​G‑3'; and inhibitor NC, 
5'‑CAGUACUUUUGUGUAGUACAA‑3'.

ARHGAP10 cDNA was subcloned in the expression 
vector pcDNA3.1 (Invitrogen; Thermo Fisher Scientific, Inc.) 
and confirmed by sequencing. For the expression of cDNA, 
2.5ng/well of ARHGAP10 cDNA or pcDNA3.1 were added. 
The cells were incubated for 24‑48  h in humidified air 
supplemented with 5% CO2 at 37˚C. Then, the transfected cells 
were analyzed.

Small interfering RNA (siRNA) specific for ARGHAP10 
(siRNA‑ARHGAP10; 20 µmol/l; Guangzhou Ribobio Co., 
Ltd.) was transfected into SGC7901 cells using Lipofectamine 
2000. The si‑ARHGAP10 targeting sequence was 5'‑CTG​CTA​

CTG​TAG​CGG​ACA​A‑3'. Negative control siRNA (siRNA‑NC; 
cat. no. siN0000001‑1‑5; Guangzhou Ribobio Co., Ltd.) was 
used as a control. At 24‑48  h following transfection, the 
transfected cells were analyzed.

Cell viability and cell cycle analysis. SGC‑7901 cells were 
seeded in 96‑well plates and transfected with miRNAs 
after reaching 80% confluency. After 24 h, the cells were 
incubated with Cell Counting Kit‑8 (CCK‑8; Biosharp) for 
4 h and the absorbance at 450 nm was assessed using a plate 
reader. For cell cycle analysis, SGC‑7901 cells were seeded 
in 6‑well plates and transfected with miRNAs (miR‑337‑3p, 
miR‑337‑3p inhibitor, miR‑NC and inhibitor NC.). After 24 h 
of transfection, the cells were harvested and washed with cold 
phosphate‑buffered saline (PBS; HyClone; GE Healthcare 
Life Sciences). The cells were fixed with cold 95% ethanol at 
4˚C overnight, followed by staining with 50 µg/ml propidium 
iodide (CWBio) and 10 µg/ml RNAse (Takara Biotechnology 
Co., Ltd.) at 37˚C in the dark for 30 min. Cell cycle analysis 
was carried out with flow cytometry. Data were analyzed using 
FlowJo version 7.6 (FlowJo LLC).

Wound healing assay. The transfected SGC‑7901 cells 
were seeded into 6‑well culture plates. The cells reached 
~80% confluency after 24 h of cutlure. A wound was gently 
created by scratching the monolayer with a 10 µl pipette tip. 
After scratching, the cells were washed twice with medium 
to remove the detached cells. Images were captured. The 
cells were incubated in 1% FBS‑supplemented RPMI‑1640 
culture medium for an additional 48 h. Images were acquired 
and quantitative analysis was performed with software 
Image‑Pro Plus 6.0 (Media Cybernetics, lnc.).

Transwell migration and invasion assays. Gastric tumor cell 
migration and invasion were assessed using a two‑chamber 
system. The upper compartment was inserted into the lower 
compartment of BD  BioCoat control inserts (Discovery 
Labware; BD Biosciences). The invasion assay was conducted 
in a Transwell format with Matrigel in the upper chamber. A 
Transwell‑Matrigel insert was used for the invasion assay. The 
same procedure was conducted for the migration assay without 
the use of Matrigel. After transfection, the cells were cultured 
in serum‑free RPMI‑1640 culture medium for 12 h. Cells [5x104 
in 0.1 ml of serum‑free medium containing 1% bovine serum 
albumin (BSA; Gibco; Thermo Fisher Scientific, Inc.)] were 
seeded into the upper compartment, while the lower compart-
ment was filled with normal culture medium supplemented with 
20% FBS. After incubation for 24 h, the cells were wiped away 
from the upper surface, and the migrated cells on the lower 
surface were fixed and stained with 0.1% g/ml crystal violet 
(Beijing Solarbio Science & Technology Co., Ltd.) at 25˚C for 
20 mins. The number of cells that completely invaded across the 
filter was determined in five random fields for each experiment 
using EVOS M7000 Imaging System (Thermo Fisher Scientific, 
Inc.; magnification, x100). Each condition was assayed in tripli-
cates, and each experiment was repeated at least thrice.

Bioinformatic analysis. Potential targets of miR‑337 
were analyzed using TargetScan version  7.2 (http://www.
targetscan.org/vert_72/).
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Tumor metastasis assay in an immunodeficient mouse model. 
A total of 20 female NOD‑Prkdcscid Il2rgnull mice at 5 weeks 
of age (weighing 18‑22  g) were purchased from Beijing 
VITALSTAR Biotechnology Co., Ltd. The animals were 
maintained in an ACS OptiMICE EVC animal care system 
(Animal Care Systems Inc.). All mice were housed in rooms 
with a 12‑h day/night cycle at 22˚C and had free access to 
standard chow (Sebiona). Cages, food, and bedding were ster-
ilized by autoclaving. All animal experiments were performed 
according to the guidelines of the Laboratory Animal Ethics 
Committee of Huazhong Agriculture University, approved 
by the Laboratory Animal Centre, Huazhong Agriculture 
University (HZAHMD‑2016‑037). Mice were divided into four 
groups (5 mice/group) for tail intravenous injection. SGC‑7901 
cells were transfected with miRNAs (miR‑337‑3p, miR‑337‑3p 
inhibitor, miR‑NC and inhibitor NC) and harvested 12 h after 
transfection. Cells (2x106 in 0.1 ml PBS) were injected into 
each mouse via tail vein. Mice were maintained under these 
conditions for 5 weeks, and were sacrificed after these 5 weeks 
by carbon dioxide asphyxiation.

Histological assay. Lung and liver tissues were collected and 
fixed with 10% buffered formalin at 25˚C for 48 h, perfused 
and dissected, and paraffin‑embedded. Sections (6‑mm thick-
ness) were stained with hematoxylin and eosin (H&E) using 
a Hematoxylin and Eosin Staining kit (Beyotime Institute of 
Biotechnology) in accordance with the manufacturer's proto-
cols. To evaluate the expression of ARHGAP10 in lung tumor 
foci, immunohistochemical experiments were conducted using 
a specific polyclonal anti‑ARHGAP10 antibody (1:1,000; 
cat. no. 55139‑1‑AP, ProteinTech Group, Inc.). All sections were 
analyzed with a routine light microscope (Nikon Corporation).

RNA isolation and reverse transcription‑quantitative 
polymerase chain reaction (qPCR). For the detection of mRNA 
expression, total RNA was isolated from cells and tissues using 
TRIzol (Invitrogen) following the manufacturer's protocol. 
The quantification of the extracted RNA was performed with 
NanoDrop 2000 spectrophotometer. Approximately 1 mg of 
total RNA was reverse‑transcribed using a Two‑Step MMLV 
RT‑PCR kit from GeneMark, and qPCR was performed to 
determine the expression level of ARHGAP10 on a Roche 
LightCycler® 96 using SYBR Green Real‑Time PCR Master 
Mix from GeneMark according to the manufacturer's instruc-
tions. The thermocycling conditions were denaturation at 95˚C 
for 30 sec, then 35 cycles of denaturation at 95˚C for 5 sec, 
annealing at 56˚C for 30 sec and elongation at 72˚C for 30 sec, 
followed by a 5 min extension at 72˚C. The relative expres-
sion of miRNAs and mRNA were determined using the 2‑ΔΔCq 
quantification method (14). Three independent experiments 
were replicated. The primers specific for ARHGAP10 were 
5'‑ACT​GAA​ACC​CTG​ATT​AAA​CC‑3' (forward) and 5'‑ATC​
TGC​CTC​TTG​TAA​ATG​TG‑3' (reverse), while those for 
glyceraldehyde 3‑phosphate dehydrogenase (GAPDH) were 
5'‑CAC​CCA​CTC​CTC​CAC​CTT​TG‑3' (forward) and 5'‑CCA​
CCA​CCC​TGT​TGC​TGT​AG‑3' (reverse).

For miRNA assessment, commercial miRcute miRNA 
isolation kit, miRcute miRNA First‑Strand cDNA Synthesis 
kit, and miRcute miRNA qPCR detection kit (Tiagen Biotech 
Co., Ltd.) were used. qPCR was performed using the mature 

miR‑337‑3p sequence as the forward primer along with the 
universal reverse primer provided with the miRNA qPCR detec-
tion kit, and small nuclear RNA U6 served as an internal control. 
The specific primers for miR‑337‑3p included 5'‑CUC​CUA​
UAU​GAU​GCC​UUU​CUU​C‑3' and 5'‑GTG​CAG​GGT​CCG​
AGG​T‑3', while those for U6 included 5'‑CAC​CCA​CTC​CTC​
CAC​CTT​TG‑3' and 5'‑CCA​CCA​CCC​TGT​TGC​TGT​AG‑3'.

Western blot analysis. SGC‑7901 cells were lysed after 
transfection in 1 ml of ice‑cold tissue lysis buffer [Tris‑buffered 
saline, 1.5% Triton X‑100, 0.5% deoxycholic acid, 0.1% sodium 
dodecyl sulfate (SDS), protease inhibitor cocktail, and 1 mM 
PMSF]. After centrifugation (12,000 x g, 20 min, 4˚C), the 
supernatants were collected and protein concentrations were 
determined. Protein samples (15 µg per lane) were separated 
on 10% SDS polyacrylamide gels and transferred onto nitrocel-
lulose membranes. The blots were blocked with 5% skimmed 
milk (Becton, Dickinson and Company) at 25˚C for 1 h and 
incubated with primary antibodies specific for ARHGAP10 
(1:1,000; cat.  no.  55139‑1‑AP) and GAPDH (1:4,000; 
cat. no. 60004‑1‑Ig; both from ProteinTech Group, Inc.) at 4˚C 
overnight. After developing, each blot was washed three times 
in 1X TBST (Beijing Solarbio Science & Technology Co., Ltd.). 
The blots were incubated with secondary antibodies labeled 
with horseradish peroxidase (ProteinTech Group, Inc.) at 25˚C 
for 1 h. HRP‑conjugated anti‑rabbit (cat. no. SA00001‑2) and 
HRP‑conjugated anti‑mouse (cat. no. SA00001‑1; both from 
ProteinTech Group, Inc.) antibodies were used at 1:4,000. 
Signals were detected by enhanced chemiluminescence 
western blot reagents (Thermo Scientific Scientific, Inc.). 
ImageJ version 2.1.4.7 (National Institutes of Health) was used 
for densitometry.

Plasmid construction and luciferase assays. The 3'‑untrans-
lated region (UTR) segment of ARHGAP10 predicted to 
specifically interact with miR‑337‑3p was subcloned into 
pMIR‑REPORT luciferase vector psiCHECKTM‑2 (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). 293T cells were 
transfected with wild‑type plasmids using Lipofectamine 2000. 
At 48 h after transfection, the cells were lysed and the luciferase 
activity was detected with the Dual‑Luciferase reporter assay 
system (Promega Corporation). Firefly luciferase activity was 
normalized to Renilla luciferase activity for each sample. 
psiCHECKTM‑2 control plasmid was used for normalization 
of luciferase values. Each reporter plasmid was transfected at 
least thrice, and each sample was assayed in triplicates.

Statistical analysis. The results are presented as the 
mean ± standard deviation (SD) of three independent experi-
ments. Differences between two groups were compared using a 
two‑tailed paired Student's t‑test; one‑way analysis of variance 
(ANOVA) was used for comparisons between multiple groups. 
The Student‑Newman‑Keuls test was used as a post hoc test 
following ANOVA. P<0.05 was considered to indicate a statis-
tically significant difference.

Results

miR‑337‑3p affects the viability of gastric cancer cells. To 
examine the expression level of miR‑337‑3p after transfection, 
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RT‑qPCR analysis was performed. The results revealed the 
overexpression of miR‑337‑3p in the transfected cells. The 
transfection of miR‑337‑3p inhibitor resulted in the down-
regulation of miR‑337‑3p expression (Fig. 1A). The effects of 
miR‑337‑3p overexpression on the viability of gastric cancer 
SGC‑7901 cells were also examined. A CCK‑8 assay was 
used to assess SGC‑7901 cell viability and it was revealed 
that the overexpression of miR‑337‑3p resulted in a decrease 
in the viability of gastric cancer cells to <10% (Fig. 1B). 
Next, the effects of miR‑337‑3p expression on the cell 
cycle of SGC‑7901 cells were examined. Flow cytometric 
analysis revealed that miR‑337‑3p had no effect on the cell 
cycle (Fig. 1C). This observation was consistent with one 
previously reported, wherein miR‑337‑3p did not affect the 
proliferation of gastric cancer cells (4). The reduced viability 
indicated that miR‑337‑3p may induce apoptosis in gastric 
cancer cells.

miR‑337‑3p decreases the motility of gastric cancer cells. 
The effects of miR‑337‑3p overexpression on the motility of 
SGC‑7901 cells were examined with a wound healing assay. 
SGC‑7901 cells transfected with miR‑337‑3p exhibited lower 
wound healing capacity than the control cells (Fig. 2A), 
indicating that miR‑337‑3p inhibits the migration of gastric 
cancer cells (Fig. 2B). To further confirm the inhibitory 
effects of miR‑337‑3p on gastric cancer cell motility, 
the effects of miR‑337‑3p overexpression on SGC‑7901 
motility were investigated in a Transwell migration assay 
(Fig. 3A). The overexpression of miR‑337‑3p in SGC‑7901 
cells resulted in a decrease in their migration through the 
Transwell, while the inhibition of miR‑337‑3p expression 
resulted in an increase in the Transwell migration ability 
(Fig. 3B).

To better understand the effects of miR‑337‑3p on gastric 
tumor metastasis, the role of miR‑337‑3p in SGC‑7901 cell 

Figure 1. Overexpression of miR‑337‑3p reduces the viability of metastatic gastric tumor cells but has no effects on the cell cycle. SGC‑7901 cells were 
transfected with control, miR‑337‑3p mimic, control inhibitor, and miR‑337‑3p inhibitor, and (A) the relative expression of miR‑337‑3p was examined with 
reverse transcription‑quantitative PCR. (B) Cell viability was analyzed with a Cell Counting Kit‑8 assay and (C) cell cycle analysis was carried out with 
flow cytometry. The data are expressed as the mean ± SD of three independent transfection experiments. *P<0.05, **P<0.01 and ***P<0.001. miR‑337‑3p, 
microRNA‑337‑3p; NC, negative control.
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invasion was examined (Fig.  4A). An invasion assay was 
conducted in a Transwell format and Matrigel was placed 
in the upper chamber. Transfection of SGC‑7901 cells with 
miR‑337‑3p decreased the number of cells in the bottom 
chamber, indicating that miR‑337‑3p may inhibit the invasive 
capacity of gastric cancer cells (Fig. 4B).

ARHGAP10 serves as a target for miR‑337‑3p. To understand 
the mechanisms underlying the inhibitory effect of miR‑337‑3p 
on gastric cancer cell migration, the target molecules were 
explored. TargetScan (http://www.targetscan.org/vert_72/) 
was used to identify ARHGAP10 as a potential target 
molecule. Three potential miR‑337‑3p‑binding sites were 
identified at the 3'‑UTR of ARHGAP10 mRNA (Fig. 5A). The 
3'‑UTR of ARHGAP10 was subcloned in a luciferase vector; 
the luciferase activity assay revealed the ability of miR‑337‑3p 
to inhibit ARHGAP10 expression (Fig. 5B). The overexpres-
sion of miR‑337‑3p resulted in a decrease in the expression 
of ARHGAP10 mRNA, as assessed with qPCR in SGC‑7901 

cells (Fig. 5C). Western blot analysis revealed that miR‑337‑3p 
reduced the protein level of ARHGAP10 in SGC‑7901 cells 
(Fig. 5D). Collectively, these results indicated that miR‑337‑3p 
downregulated ARHGAP10 expression by binding to its 
3'‑UTR.

ARHGAP10 restores the migration capacity of gastric 
cancer cells. Next, the effects of the overexpression of 
ARHGAP10 on the migration capacity of gastric cancer cells 
were examined by a Transwell migration assay. SGC‑7901 
cells were transfected with pcDNA3.1 or ARHGAP10 over-
expression plasmid, and the ARHGAP10 plasmid induced an 
increase in ARHGAP10 mRNA expression (Fig. 6A). It was 
observed that the overexpression of miR‑337‑3p reduced the 
Transwell migration ability of SGC‑7901 cells. Conversely, 
the overexpression of ARHGAP10 increased the migra-
tion of SGC‑7901 cells. Furthermore, the co‑transfection 
of miR‑337‑3p and ARHGAP10 cDNA in SGC‑7901 
cells abolished the inhibitory effect of miR‑337‑3p on cell 

Figure 2. Overexpression of miR‑337‑3p results in the inhibition of migration and invasion of metastatic gastric tumor cells. SGC‑7901 cells were transfected 
with control, miR‑337‑3p mimic, control inhibitor, and miR‑337‑3p inhibitor. The results were amplified 40 times and the cells were subjected to (A) wound 
healing assays. Scale bar, 200 μm (B) The results were statistically summarized. Data are expressed as the mean ± SD of three independent transfection 
experiments. *P<0.05. miR, microRNA; NC, negative control.
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migration (Fig.  6B and C ). These results indicated that 
miR‑337‑3p may target and downregulate ARHGAP10 
expression to inhibit the migration of gastric cancer cells. 
To understand the influence of ARHGAP10 on gastric tumor 
metastasis, SGC‑7901 cells were transfected with siRNA‑NC 
and siRNA‑ARHGAP10, and the relative expression of 
ARHGAP10 was examined with qPCR (Fig. 7A). SGC‑7901 
cells transfected with siRNA‑ARHGAP10 revealed a 
decrease in the wound healing capacity as compared with 
the control cells (Fig. 7B and C).

miR‑337‑3p decreases the in vivo metastasis of gastric 
cancer cells. To understand the role of miR‑337‑3p in 
gastric tumor metastasis under in vivo conditions, SGC7901 
cells were transfected with the miRNA and injected 
into NOD‑Prkdcscid Il2rgnull mice, which lack T, B, and 
nature killer cells. After 5 weeks, the mice injected with 

miR‑337‑3p‑expressing SGC‑7901 cells presented a reduced 
number of tumor foci in the lungs and liver. Conversely, 
the injection of SGC‑7901 cells transfected with inhibitor 
resulted in an increase in the number of tumor foci in the 
lungs and liver (Figs.  8 and  9). To examine the relative 
expression of miR‑337‑3p in the lung tumor foci, RT‑qPCR 
analysis was performed. As a result, it was revealed that the 
overexpression of miR‑337‑3p was evident from the high 
expression of miR‑337‑3p in the lung tumor foci. In addition, 
the transfection with miR‑337‑3p inhibitor downregulated the 
expression of miR‑337‑3p in the lungs (Fig. 10A). To confirm 
that ARHGAP10 expression is suppressed by miR‑337‑3p, 
ARHGAP10 mRNA expression level was evaluated with 
RT‑qPCR and histological analyses. Overexpression of 
miR‑337‑3p decreased the expression of ARHGAP10 mRNA, 
as assessed by qPCR in SGC‑7901 cells from the lung tumor 
foci (Fig. 10B and C).

Figure 3. Overexpression of miR‑337‑3p results in the inhibition of the migration of metastatic gastric tumor cells. SGC‑7901 cells were transfected with 
control, miR‑337‑3p mimic, control inhibitor, and miR‑337‑3p inhibitor and subjected to (A) Transwell migration assays. Scale bar, 50 μm. (B) The results 
were statistically summarized. The data are expressed as the mean ± SD of three independent transfection experiments. *P<0.05 and **P<0.01. miR‑337‑3p, 
microRNA‑337‑3p; NC, negative control.
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Discussion

Tumor metastasis is the leading cause of high mortality among 
patients with cancer, and the control and interruption of tumor 
metastasis are the key strategies in cancer treatment (1). Recent 
studies have identified several miRNAs that are related to tumor 
metastasis (6,15,16). miR‑337‑3p was identified as a miRNA 
associated with gastric tumor metastasis (6). miR‑337‑3p was 
revealed to suppress the binding of myeloid zinc finger 1 to 
MMP14 promoter and consequently suppress the progression 
of gastric cancer (17). It may also play an important role in 
reducing tumor metastasis. However, whether miR‑337‑3p 
targets cytoskeleton‑associated proteins in gastric tumor cells 
is unclear. In the present study, ARHGAP10 was identified as 
a target of miR‑337‑3p during the regulation of the migration 
of the invasive gastric tumor cell line SGC‑7901.

Several mRNAs have been identified as molecules 
regulating gastric tumor metastasis. Both miR‑370 and 
miR‑301a have been revealed to be upregulated in metastatic 
gastric tumors. miR‑370 is highly expressed in gastric cancer 
with more advanced clinical stage and targets transforming 
growth factor‑β receptor II and increases the oncogenic 
potential of gastric cancer cells (18). miR‑301a downregulates 
the expression RUNX3 at the post‑transcriptional level and 
promotes the invasion of gastric cancer cells (19). In addition 
to miR‑337‑3p, miR‑22, miR‑610, and miR‑145 were recently 
reported to be downregulated in gastric cancer, while their 
overexpression was revealed to inhibit cancer invasion and 
metastasis. miR‑22 has been revealed to target the oncogenic 
gene Sp1 and inhibit the migration and invasion of SGC‑7901 
and NCL‑N87 gastric cancer cell lines (20). However, its indi-
rect target molecules related to cell migration are unknown. In 

Figure 4. Overexpression of miR‑337‑3p inhibits the invasion of metastatic gastric tumor cells. SGC‑7901 cells were transfected with control, miR‑337‑3p 
mimic, control inhibitor and miR‑337‑3p inhibitor and subjected to (A) Transwell invasion assays. Scale bar, 200 μm. (B) The results were statistically 
summarized. The data are expressed as the mean ± SD of three independent transfection experiments. *P<0.05 and **P<0.01. miR‑337‑3p, microRNA‑337‑3p; 
NC, negative control. 
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Figure 5. Binding of miR‑337‑3p to the 3'‑UTR of ARHGAP10 and downregulation of ARHGAP10 expression by miR‑337‑3p in metastatic gastric tumor 
cells. (A) Schematic illustration revealing the potential binding sites of miR‑337‑3p at the 3'‑UTR of ARHGAP10. miR‑337‑3p seed sequences and their 
complementary sequences on 3'‑UTR are highlighted in blue. (B) pMIR‑REPORT vectors containing the 3'‑UTR of ARHGAP10 and control, miR‑337‑3p 
mimic, control inhibitor, or miR‑337‑3p inhibitor were co‑transfected into 293T cells. At 48 h after transfection, the cells were lysed and the dual‑luciferase 
reporter assay system was used to detect luciferase activity. After transfection of SGC‑7901 cells with control and miR‑337‑3p mimic, the cells were subjected 
to (C) ARHGAP10 mRNA expression analysis by reverse transcription‑quantitative PCR and (D) ARHGAP10 protein expression analysis by western blot-
ting. The data are expressed as the mean ± SD of three independent transfection experiments. *P<0.05 and **P<0.01. ARH, ARHGAP10; miR, microRNA; 
NC, negative control; UTR, untranslated region. 



Molecular Medicine REPORTS  21:  705-719,  2020 713

Figure 6. Migration is recovered by ARHGAP10 overexpression in metastatic gastric tumor cells. SGC‑7901 cells were transfected with pcDNA3.1 and 
ARHGAP10, and the relative expression of ARHGAP10 was examined with reverse transcription‑quantitative PCR. (A) SGC‑7901 cells were co‑transfected with 
indicated miRNA and ARHGAP10 plasmid and subjected to (B) Transwell migration assays. Scale bar, 200 μm. (C) Results were statistically summarized. The 
data are expressed as the mean ± SD of three independent transfection experiments. *P<0.05 and **P<0.01. miR‑337‑3p, microRNA‑337‑3p; NC, negative control.
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a previous study, we revealed that miR‑22 also targets vascular 
endothelial cadherin in endothelial cells and interferes with 

the process of angiogenesis  (21). miR‑610 was revealed to 
suppress the actin‑binding protein vasodilator‑stimulated 

Figure 7. Overexpression of siRNA‑ARHGAP10 results in the inhibition of ARHGAP10 mRNA expression. (A) SGC‑7901 cells were transfected with 
siRNA‑NC and siRNA‑ARHGAP10, and the relative expression of ARHGAP10 was examined with reverse transcription‑quantitative PCR. (B) SGC‑7901 
cells were transfected with siRNA‑NC and siRNA‑ARHGAP10. The results were amplified 40 times and wound healing assays were performed. Scale 
bar, 200 μm. (C) The results were statistically summarized. The data are presented as the mean ± SD of three independent experiments. *P<0.05 and **P<0.01. 
NC, negative control; siRNA, small interfering RNA. 
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phosphoprotein and inhibit the migration and invasion of 
gastric cancer cells (22). miR‑145 was reported to markedly 
inhibit N‑cadherin protein translation and indirectly downreg-
ulate matrix metallopeptidase 9 expression to suppress gastric 
cancer metastasis (23). It has been reported that mir‑337‑3p is 
also able to bind to the promoter region of MMP14 and inhibit 
its transcription in both gastric tumor cells and neuroblastoma 
cells (7,8). To the best of our knowledge, whether miR‑337‑3p 
targets cytoskeleton‑associated proteins in gastric tumor cells 
is yet unknown.

In the present study, a cytoskeleton‑regulating protein, 
ARHGAP10, was revealed as a target molecule of miR‑337‑3p. 
ARHGAP10, also known as ARHGAP21, exhibits a Rho‑GAP 
domain and is a cytoskeleton‑associated protein. It negatively 
regulates the small G  protein Rho‑ and Cdc42‑mediated 
downstream signal transduction (9). There are three potential 
binding sites for miR‑337‑3p in the 3'‑UTR of ARHGAP10; 
the results of the luciferase assay confirmed that miR‑337‑3p 
binds to the 3'‑UTR of ARHGAP10, and the overexpression 
of miR‑337‑3p in SGC‑7901 cells downregulates ARHGAP10 

Figure 8. Overexpression of miR‑337‑3p results in the inhibition of gastric tumor cell metastasis in the lungs. SGC‑7901 cells were transfected with control, 
miR‑337‑3p mimic, control inhibitor, and miR‑337‑3p inhibitor and injected into mice by tail vein. (A) After 5 weeks, lung metastatic assays were performed 
and the results were statistically summarized. Scale bar, 5 mm. (B) H&E staining of the lung tissues was performed and the results were statistically summa-
rized. Scale bar 500 μm. *P<0.05 and **P<0.01. H&E, hematoxylin and eosin. miR‑337‑3p, microRNA‑337‑3p; NC, negative control. 
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mRNA and protein levels. These results strongly indicate that 
miR‑337‑3p targets ARHGAP10 to regulate the motility of 
gastric tumor cells, and that the downregulation of miR‑337‑3p 
expression in metastatic gastric cancer results in the promotion 
of ARHGAP10 expression to facilitate tumor cell migration 
and invasion.

The role of ARHGAP10 in tumor cell migration is well 
known. Since ARHGAP10 negatively regulates the Rho 
family small GTPases, it has been regarded as a tumor 
suppressor (9,13). The depletion of ARHGAP10 expression 
in glioblastoma tumor cells was revealed to increase the 
migration ability of tumor cells (11). Studies with ovarian 
cancer cells have revealed that ARHGAP10 suppresses 
tumorigenicity (13). However, the depletion of ARHGAP10 

expression in certain prostate cancer cells resulted in the 
inhibition of tumor cell migration (24). A recent study on 
breast cancer cells indicated the involvement of AHRGAP10, 
along with its analog ARHGAP23, in the lateral signaling 
pathway, which is important in cell migration. The depletion 
of both ARHGAP10 and ARHGAP23 by siRNA transfec-
tion resulted in the inhibition of tumor cell migration (25). 
In addition, ARHGAP10 was revealed to suppress tumor 
progression by promoting the p53‑mediated apoptosis 
and autophagic cell death of gastric tumor cells (26). The 
expression level of ARHGAP10 was downregulated in lung 
cancer, and ARHGAP10 overexpression resulted in the 
suppression of the migration, proliferation, and invasion of 
tumor cells (27). These studies indicated that ARHGAP10 

Figure 9. Overexpression of miR‑337‑3p results in the inhibition of gastric tumor cell metastasis in the liver. SGC‑7901 cells were transfected with control, 
miR‑337‑3p mimic, control inhibitor, and miR‑337‑3p inhibitor and injected into mice by tail vein. (A) After 5 weeks, liver metastatic assays and (B) enumera-
tion of tumor foci in the liver were performed. Scale bar, 5 mm. *P<0.05. miR‑337‑3p, microRNA‑337‑3p; NC, negative control.
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may play different roles in different types of tumor cells. 
Different cell lines used may have also contributed to the 
variations in results. Furthermore, the redundant functions 
of ARHGAP10 and ARHGAP23 may further complicate 

this issue. ARHGAP10 may act in a GAP‑independent 
mechanism to regulate Rho or other signaling pathways and 
bind to a‑catenin and regulate the recruitment of a‑catenin at 
cell‑cell contact (12). In addition, ARHGAP10 is known to 

Figure 10. Expression of ARHGAP10 and miR‑337‑3p in lung tumor foci. (A) Lung tumor foci were analyzed for the relative expression of miR‑337‑3p by 
RT‑qPCR. (B) Lung tumor foci were used to assess the expression of ARHGAP10 mRNA by RT‑qPCR. (C) Representative histological sections probed with 
a polyclonal antibody specifically for ARHGAP10 in lung tumor foci. Scale bar, 100 μm. *P<0.05 and **P<0.01. miR‑337‑3p, microRNA‑337‑3p; NC, negative 
control; RT‑qPCR, reverse transcription‑quantitative PCR.
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interact with the C‑terminal region of focal adhesion kinase 
and regulates its activity (11). The interaction of ARHGAP10 
with a‑tubulin results in the regulation of acetylation of 
tubulin during epithelial‑mesenchymal transition (28). On 
the other hand, the interaction between ARHGAP10 and 
b‑arrestin was revealed to inhibit GAP activity and attenuate 
stimulated stress fiber formation  (29). Although our data 
clearly demonstrate the regulatory role of both miR‑337‑3p 
and ARHGAP10 in gastric tumor cell migration, further 
studies are required to elucidate the mechanism underlying 
the miR‑337‑3p‑regulated ARHGAP10 function in the 
metastasis of gastric tumors.
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