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Impact statement
Gastric cancer ranks as the third leading

cause of cancer-associated deaths

worldwide. The RhoA gene encodes a

small GTPase protein of Rho family (RhoA)

that its dysregulation is associated with

cell motility and invasion. A strong line of

evidence supports the regulation of RhoA

by a number of miRs, including miR-31 in

tumors. Our findings revealed that miR-31

is involved in gastric cancer tumorigenesis

as a tumor suppressor gene. Through

down-regulation of RhoA, miR-31

decreased cell proliferation, migration, and

invasion in gastric cancer cells. In addition,

induction of miR-31 increased sensitivity to

5-FU; thus, increasing its tissue concen-

trations could be a potential target for

treatment of gastric cancer in the future.

Abstract
microRNAs are small single-stranded non-coding RNA molecules which modify gene

expression by silencing potential target genes. The aberrant expression of RhoA, a small

GTPase protein of Rho family, is involved in gastric cancer tumorigenesis. Since miR-31 is a

pleomorphic molecule, we evaluated the miR-31/RhoA axis in inducing the malignant

phenotype of gastric cancer cells MKN-45. Also, the clinicopathological significance of

RhoA was investigated in a well-defined collection of gastric carcinomas which were

embedded in tissue microarray blocks. Induction of miR-31 in MKN-45 followed by sup-

pression of RhoA expression resulted in increased sensitivity to 5-fluorouracil, inhibition of

cell proliferation, and invasion compared to the control groups. Immunohistochemical ana-

lysis in gastric adenocarcinoma patients’ samples showed significantly higher expression of

RhoA in diffuse versus intestinal subtype tumors (P¼ 0.009), poorly differentiated versus

well and moderately differentiated tumors (P¼ 0.03) and the presence of vascular invasion

versus the absence of vascular invasion (P¼ 0.04). Our findings suggest a critical role for

miR-31, as a tumor suppressor gene, in gastric cancer tumorigenesis by targeting the RhoA.
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Introduction

Gastric cancer is the fifth most common cancer and third
fatal malignant tumor worldwide.1,2 The incidence of
gastric cancer has been declining in many countries, but
gastric cancer-related mortality does not follow as a favor-
able trend.3 At the present time, the only curative therapy
for gastric cancer is complete resection of the whole tumor
in the absence of distant or locoregional metastasis.4

Perioperative chemotherapy or adjuvant chemotherapy
improves the survival of gastric patients, which, however,
remain dismal.5,6 Cumulative evidence suggests dysregula-
tion of RhoA is linked to the cell survival, apoptosis, metas-
tasis, and tumorigenesis in gastric cancer.7,8 Ras homolog
gene family, member A (RhoA) is a small GTPase protein
of Rho family that mediates cytoskeletal remodeling and
facilitates cell migration and invasion.9 Knock-down of

RhoA using siRNA in gastric cancer cells causes inhibition
of cancer cell proliferation and tumorigenicity and
increased the sensitivity of gastric tumor cells to
Adriamycin and 5-fluorouracil (5-FU).10 MicroRNAs
(miRNAs) are small non-coding RNA that are involved in
RNA silencing and post-transcriptional regulation of gene
expression.11 MicroRNAs have received increasing atten-
tion because of their role in tumorigenesis, drug resistance,
metastasis, and relapse.11 miR-31 may act as oncomiRs by
targeting tumor suppressor genes or as tumor suppressive
miR by targeting oncogenes in a tissue-dependent
manner.12 MicroRNAs which are down-regulated in
cancer tissues, called tumor suppressor genes, while
miRNAs which are up-regulated in cancer tissues, are
called oncomiRs.13 In the previous clinical studies, down-
regulation of miR-31 in gastric cancer tissues was shown to
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be strongly associated with undifferentiated tumors,
advanced stage, lymph node metastasis, and shorter sur-
vival.14,15 It has been shown that induction of miR-31 in
gastric tumor cells can decrease the viability of gastric
tumor cells, enhance apoptosis, reduce tumor cell invasion,
and inhibit the in vivo tumorigenesis.15–17 Compelling evi-
dence suggests the regulation of RhoA by a number of
miRs, including miR-31 in tumors (Figure 1).18–20 The cur-
rent study was designed to analyze for the first time the role
of miR-31/RhoA axis in mediating cellular proliferation,
chemotherapy drug resistance, cell mobility, and invasion
in an in vitro model of gastric cancer.

Materials and methods
Cell line and culture conditions

Human gastric adenocarcinoma MKN-45 cell line (NCBI
Code: C615) and human embryonic kidney (HEK) 293T
cells (NCBI Code: C497) were purchased from Pasteur
Institute of Iran, Tehran, Iran. These cell lines were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, Invitrogen, USA), supplemented with 10% fetal
bovine serum (FBS; Gibco, Invitrogen, USA), 100 U/ml
penicillin, and 100 mg/ml streptomycin (Gibco,
Invitrogen, USA) in humidified air at 37�C with 5% CO2.

Retroviral transduction and GFP expression assay

HEK 293 T cells were transduced with psPAX2, pMD2G,
and pLEX-miR-31 or pLEX-control; all of them were pur-
chased from Bon Yakhteh Cell Bank, Tehran, Iran. Then
lenti-miR-31 and lentiviruses containing control vector
were purified using nanofilters and used for transduction
of MKN-45 cells. Selection of lenti-miR-31 or bare lentivirus
transducted cells was made with puromycin. After incuba-
tion for 24 h, transduction efficiency was investigated by
detecting GFP expression under a fluorescence microscope.

mRNA and miRNA extraction, cDNA synthesis and
quantitative RT-PCR

Total RNA from MKN-45 transduced with lentivirus
containing miR-31 (lenti-miR-31) or lentivirus alone and
parental MKN-45 was extracted using RNX-plus solution
(cat number: RN7713C, CinnaGen Inc., Tehran, Iran) as
described previously.21 After the assessment of quality
and quantity of RNA, reverse transcription was completed
using a cDNA synthesis kit for mRNA (cat number: K1641,
Fermentas Life Sciences, Germany) and ExpandTM Reverse
Transcriptase (cat number: 11785826001, Sigma-Aldrich,
USA) for miRNA. Quantitative RT-PCR (qPCR) for RhoA
and miR-31 was conducted using a Rotor-Gene 6000 system
(Corbett, Concorde, NSW, Australia). Based on the miRBase
database (http://www.mirbase.org/), the 50 arm is main

product of mature form of miR-31 and thus, in the current
survey, specific primers were designed for analysis of this
region.22 Triplicate reactions of RhoA and miR-31 were
normalized with the housekeeping genes b-actin and
SNORD 47 and analyzed using the relative expression soft-
ware tool (REST�).23

Viability and proliferation of MKN-45 miR-31-expressing
cells

The effects of 5-FU on the viability and proliferation of
MKN-45 cells transduced with lenti-miR-31 and two control
cell lines were investigated using the MTT assay. MKN-45
cells transduced with lenti-miR-31 and the two control cell
lines were plated at a density of 1�104 in 96-well plates and
incubated with different concentrations of 5-FU (0-10
nanomolar) for 48 h.

Cell cycle analysis using flow cytometry

The MKN-45 cells expressing miR-31, MKN-45-control
vector, and parental MKN-45 were harvested and washed
with PBS. Single cells were fixed in 70% ethanol and stained
using propidium iodide (PI) staining solution containing PI
(50 mg/L), RNase A (1 g/L), and 0.1% Triton X-100.
Samples were analyzed using a fluorescence-activated cell
sorting (FACS) flow cytometer (Partec, Germany) and data
were analyzed using FlowJo software (Tree Star, Ashland,
OR).24

Cell migration and invasion assay

Evaluation of cell migration was performed using transwell
insert with a pore size of 8 mm from SPL (cat number: CBA-
100, Life Bioscience, Korea). The stably transduced MKN-45
cells by lenti-miR-31 or control lenti vector and parental
MKN-45 cells were seeded at a density of 3� 105 in the
upper chamber. After 24 h, media in the lower chambers
was collected, and cells grown on the chambers were tryp-
sinized, neutralized with FBS, and counted.

Cell invasion was also investigated using transwell
inserts coated with Extracellular Matrigel Matrix (ECM,
cat number: ECM550, Sigma-Aldrich, USA). For this pur-
pose, the stably transduced MKN-45 cells by lenti-miR-31
or control vector, and parental MKN-45 cells were plated at
3� 105 cells/well. After 24 h, the invaded cells at the bottom
of the filters and chambers were counted.

Western blotting

For evaluation of the effect of miR-31 overexpression on
RhoA, the protein from stably transduced MKN-45 cells
by lenti-miR-31 or control vector and parental MKN-45
cell lysates were extracted using RIPA buffer containing a
protease inhibitor. An equal protein amount from three
groups was resolved by SDS-PAGE, transferred to nitrocel-
lulose membrane, and incubated with primary antibodies
against RhoA (ab152151, Abcam, Cambridge, UK) and
b-actin. The specific bands were detected using an anti-
rabbit or anti-mouse IgG conjugated to horseradish perox-
idase and visualized using the ECL Western blot detection
kit (Amersham, Life Science, USA).

Figure 1 The communication between RhoA transcripts with miR-31 recog-

nition site(s)
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Immunohistochemical analysis of RhoA expression in
intestinal subtype of gastric adenocarcinoma clinical
specimens

The expression level of RhoA was evaluated in the gastric
adenocarcinoma samples embedded in a tissue microarray
(TMA). Immunohistochemistry staining was performed
using mouse monoclonal anti-RhoA antibody (ab54835,
Abcam, Cambridge, UK), as described previously.25–27

The immunostained TMA slides were examined and
scored by two trained pathologists (A. K. and Z. M.) in a
blinded fashion. Intensity of staining was scored as 1
(weak), 2 (moderate), and 3 (strong), while percentage of
positive cells was scored as >25%, 25%–50%, 50%–75%,
and 75% <. Histochemical score (H-score) was obtained
by multiplying the staining intensity by the percentage of
positive tumor cells. Median of H-score for RhoA expres-
sion was 200 and considered as a cut-off point to categor-
ize samples as low (H-score� 200) or high (200<H-score)
expression. In addition, the correlation between the level of
RhoA expression and clinicopathological parameters was
explored.

Statistical analysis

Data were analyzed using the SPSS software version 20
using one-way ANOVA method (SPSS, Chicago, IL, USA).
All the results were expressed as a mean� standard error.
The relationship of RhoA status with clinicopathological
parameters was explored using Pearson’s Chi-square or
Fisher’s exact test. A P-value of� 0.05 was considered stat-
istically significant.

Results
Confirmation of stable miR-31 expression

Considering the presence of GFP in lentiviral vector, trans-
duction of MKN-45 was considered successful when green
color staining of more than 85% of cells was confirmed
under a fluorescence microscope. Stable transduction of
MKN-45 cells was validated using a qRT-PCR assay for
miR-31. Our analysis showed a significant up-regulation
in miR-31 expression in MKN-45-miR-31 compared to
MKN-45-control vector (P¼ 0.01) and parental MKN-45
(P< 0.001). In the current study, all comparisons were
made among the MKN-45-miR-31 (termed test), MKN-45-
control vector (termed control), and parental MKN-45
(termed control).

Expression of miR-31 increased sensitivity of MKN-45
cells to 5-FU

Resistance to 5-FU in MKN-45 cells stably transduced by
lenti-miR-31 or control vector and parental MKN-45 was
compared using the MTT assay. Stably transduced MKN-
45 cells by pLEX-miR-31 were significantly more sensitive
to 5-FU compared to control groups (P¼ 0< 0001), whereas
there was no significant difference between two control
groups (P¼ 0.098) (Figure 2(a)).

Overexpression of miR-31 decreased cell proliferation,
migration, and invasion of MKN-45 cells

Analysis of cell cycle in MKN-45 cells expressing miR-31
showed a significant increase in the percentage of cells in
G1/pre-G1 phase compared to the control groups
(P< 0.001) and a significant decrease in the percentage of
cells in S phase compared to the control groups (P< 0.001),
meanwhile the percentage of cells in G2 phase was similar
in all groups (P¼ 0.28) (Figure 2(b)). Cell migration assay
revealed that MKN-45 cells expressing miR-31 had a sig-
nificant reduction in the migration compared to control
groups (P¼ 0.01), whereas the difference was not signifi-
cant for control groups (P¼ 0.99) (Figure 2(c)). Moreover,
evaluation of cell invasion showed a significant difference
between the test and control groups (P¼ 0.01), but not
between control sub-groups (P¼ 0.75) (Figure 2(d)).

Decreased expression of RhoA in MKN-45 cells
expressing miR-31

The effect of induction of miR-31 on RhoA expression as
assayed by qRT-PCR showed a significant decrease of RhoA
expression in MKN-45 cells expressing miR-31 relative to
MKN-45-control vector (P< 0.001) and parental MKN-45
(P< 0.001). Protein expression of RhoA using Western blot-
ting indicated down-regulation in MKN-45 cells expressing
miR-31, but not in MKN-45 cells transduced with the con-
trol vector and parental MKN-45 (Figure 2(e)).

RhoA expression in clinical gastric cancer tumors and
its correlation with clinicopathological features

Immunohistochemical analysis of RhoA in gastric adeno-
carcinoma samples showed mainly a cytoplasmic pattern of
staining. From a total of 101 gastric cancer patients’ sam-
ples, 52 (52%) cases showed low expression of RhoA, while
49 (48%) expressed high levels of RhoA expression. The
expression of RhoA showed a significant difference
between diffuse and intestinal subtype of gastric adenocar-
cinoma (P¼ 0.009). Higher expression of RhoA was mainly
seen in poorly differentiated gastric adenocarcinoma com-
pared to the well and moderately differentiated tumors
(P¼ 0.03). We also found increased expression of RhoA in
gastric adenocarcinoma cases with vascular invasion com-
pared to the absence of vascular invasion (P¼ 0.04). No sig-
nificant association was found between RhoA expression
with TNM stage (P¼ 0.65), neural invasion (P¼ 0.81), and
omental involvement (P¼ 0.87) (Table 1).

Discussion

Cumulative evidence points that aberrant expression of
Rho GTPases might be associated with gastric cancer
tumorigenesis.28 These are key molecules in signaling path-
ways that regulate cell proliferation, invasion, and death.29

Based on the regulation mode, Rho GTPases are categorized
into two major groups; typical and atypical. Typical Rho
GTPases act as molecular switch between the active (GTP-
bound form) and inactive (GTP-bound form) states.28 RhoA
is the most well-known member of typical Rho GTPases
family and its dysregulation has been reported in gastric
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cancer cell lines and tissues.7,8,30 Hence, exploration of
molecular regulators of RhoA can shed light on drug resist-
ance, migration, and invasion mechanisms in gastric cancer
cells. miR-31, a small non-coding RNA molecule, can both
act as tumor suppressor gene or conversely, an oncogene
and is proposed as regulator for RhoA.12,31,32 In the current
study, for the first time, we examined the role of miR-31 in
RhoA expression, cell cycle, drug resistance, cell motility,
and invasion in MKN-45 gastric cancer cells. In our experi-
ment, overexpression of miR-31 resulted in cell cycle inhib-
ition, and decrease in cell motility and invasion in MKN-45
cells. Furthermore, induction of miR-31 increased sensitiv-
ity to 5-FU, a major drug in a chemotherapeutic regimen of
gastric cancer, and resulted in decreased expression of
RhoA at the gene and protein levels. In a prior study,
down-regulation of miR-31 was found in gastric cancer tis-
sues compared with adjacent normal tissues.14 Ruoming
et al.16 showed low expression of miR-31 in gastric tumor
specimens from patients with stages III/IV and distant
metastasis. They also showed that miR-31, by targeting

Smad4 and SGPP2, diminished gastric cancer cell invasion
and progression.16 A more recent report has shown down-
regulation of miR-31 in gastric cancer tissues was correlated
with advanced tumor stage, lymph node metastasis, and
poor survival.15 The same group also showed induction of
miR-31 expression in gastric cancer cells by inhibiting E2F2
suppressed the malignant phenotype of gastric cancer
cells.15 In another study, Zhang et al.17 demonstrated that
miR-31, by employing integrin a5, can suppress cell inva-
sion and tumor progression.

Our immunohistochemical analysis showed higher
expression of RhoA in diffuse subtype as well as in gastric
adenocarcinoma cases with poor differentiation and vascu-
lar invasion. These results reflect that overexpression of
RhoA can confer aggressive behavior to gastric adenocar-
cinoma. In parallel with our findings, Kakiuchi et al.,8

demonstrated that RhoA expression is up-regulated in dif-
fuse subtype of gastric cancer. Another previous study also
showed up-regulation of RhoA in gastric cancer cells and
that its suppression leads to inhibition of cell proliferation.30

Figure 2 The effect of miR-31 on the sensitivity of MKN-45 to 5-FU, cell proliferation, invasion, migration, and expression of RhoA. (a) miR-31 increased the sensitivity

of MKN-45 cells to 5-FU compared to control groups. (b) miR-31 decreased cell proliferation, (c) migration (d) invasion, and (e) Western blotting analysis of RhoA (from

left to right: parental MKN-45, Hela cells as positive control, MKN-45-miR-31, MKN-45-control vector).

Note: In all images, parental MKN-45 cells, MKN-45-control vector, and MKN-45-miR-31 are shown with light grey, dark grey, and black colors, respectively. (A color

version of this figure is available in the online journal.)

*P¼0.01, and **P<0.001
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In summary, our findings revealed that miR-31 is involved
in gastric cancer tumorigenesis as a tumor suppressor gene.
Through down-regulation of RhoA, miR-31 decreased cell
proliferation, migration, and invasion in gastric cancer cells.
In addition, induction of miR-31 increased sensitivity to
5-FU; thus, increasing its tissue concentrations could be a
potential target for treatment of gastric cancer in the future.
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