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Gastric cancer (GC) is among the most fatal cancers in China. MicroRNAs (miRNAs)

are versatile regulators during GC development and progression. miR-491-5p has

been demonstrated to act as a tumor suppressor in several types of cancer. However,

the role of miR-491-5p in GC metastasis remains unknown. Here, we found that miR-

491-5p was significantly decreased in GC tissues compared with adjacent non-cancer-

ous tissues, and low miR-491-5p level was associated with large tumor size. Overex-

pression of miR-491-5p significantly suppressed GC cell epithelial-to-mesenchymal

transition (EMT) and tumor metastasis in vitro and in vivo. Mechanistically, SNAIL

was identified as a direct target of miR-491-5p. The silencing of SNAIL phenocopied

the tumor suppressive function of miR-491-5p, whereas re-expression of SNAIL in

GC cells rescued the EMT markers and cell migratory ability that were inhibited by

miR-491-5p. In addition, miR-491-5p inhibited FGFR4 indirectly. Inhibition of FGFR4

also decreased the SNAIL level and impaired EMT and cell migration. Taken together,

these findings indicate that downregulation of miR-491-5p promoted GC metastasis

by inducing EMT via regulation of SNAIL and FGFR4.
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1 | INTRODUCTION

Gastric cancer (GC) is a commonly diagnosed cancer and is among

the most fatal cancers in China. The incidence and mortality of GC

in China in 2015 were estimated to be 679 100 cases and 498 000

cases, respectively.1 Due to early diagnoses and the development of

therapeutic methods, the incidence and mortality of GC have slowly

decreased in the past decade among both Chinese males and

females. However, the outcomes of GC patients, especially those

with metastatic disease, remain very poor.1 Thus, further exploration

of the precise molecular mechanisms that occur during GC develop-

ment and progression is urgently needed.

MicroRNAs (miRNAs) have been demonstrated to act as oncoge-

nes or tumor suppressors in several types of cancer. In GC, miRNAs

are differentially expressed, and unique miRNAs are associated with

different histological subtypes and the progression and prognosis of

the disease.2 miR-491-5p has been identified as a tumor suppressor

in several types of cancer and acts to regulate cell proliferation,

apoptosis, migration, invasion and chemoresistance.3-5 However, the

role of miR-491-5p in GC is largely unclear. Sun et al6 found that

miR-491-5p is downregulated in GC tissues, and the restoration of

miR-491-5p led to retarded tumor growth through the targeting of

Wnt3a/beta-catenin signaling. However, the comprehensive function

of miR-491-5p in GC, especially GC with metastatic statuses,

remains unknown.

Metastasis is the most significant process in the progression of

GC. In China, more than 80% of GC patients are diagnosed at an

advanced stage that is often accompanied by metastatic disease,
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which contributes to the low 5-year survival rate.1,7 The epithelial–

mesenchymal transition (EMT) is a critical step in the initiation of GC

migration and invasion. E-cadherin is a hallmark of epithelial integrity

and a major component of adherens junctions. Mutations and

methylations of E-cadherin frequently occur in GC.7 SNAIL is known

to be a transcriptional repressor of E-cadherin. Overexpression of

SNAIL inhibits the transcription of E-cadherin, induces EMT and

favors tumor metastasis. Our previous findings also demonstrated

that SNAIL acts as a promoter of GC growth and metastasis.8

Fibroblast growth factor receptor (FGFR4) is a tyrosine kinase and

cell surface receptor for fibroblast growth factor 19 (FGF19). The

FGF19-FGFR4 axis causes a loss of b-catenin-E-cadherin binding,

which indicates that this axis could possibly potentiate tumor metas-

tasis.9 In GC, FGFR4 is reported to be highly expressed in cancerous

tissues and to be associated with cancer progression. Overexpres-

sion of FGFR4 affects GC cell proliferation and apoptosis.10 Here,

we further elaborate the functions of SNAIL and FGFR4, and how

these genes are regulated in GC.

In the present study, we investigate the roles of miR-491-5p in

GC development and progression, particularly in GC metastasis. We

identified SNAIL as a direct target of miR-491-5p, and FGFR4 was

inhibited indirectly by miR-491-5p. miR-491-5p-mediated inhibition

of these 2 genes resulted in the suppression of EMT and GC metas-

tasis.

2 | MATERIAL AND METHODS

2.1 | Clinical samples

Forty pairs of frozen gastric cancer tissues and matched nonmalig-

nant tissues were obtained from the Southwest Hospital of the Third

Military Medical University (Chongqing, China). None of these

patients had received chemotherapy or radiotherapy before surgery.

Patients with infectious diseases, autoimmune diseases or multiple-

primary cancers were excluded from the study. All samples were col-

lected with the consent of the patients, and the experiments were

approved by the Ethics Review Board of the Third Military Medical

University.

2.2 | Cell culture

The GC cell lines SGC-7901, BGC-823, AGS and HGC-27 and the

normal epithelial cell line GES were obtained from the Cell Bank of

the Chinese Academy of Sciences (Shanghai, China). HEK293T cells

were obtained from HanBio (Shanghai, China). The cell lines were

cultured individually with RPMI 1640 (SGC-7901, AGS, HGC-27 and

GES) or DMEM (BGC-823 and HEK293T) supplemented with 10%

FCS at 37°C with 5% CO2.

2.3 | RNA isolation and quantitative real-time PCR

Total RNA was extracted using the Trizol (Invitrogen, Carlsbad, CA,

USA) method. The expression of miRNA was measured using a

TaqMan MicroRNA Reverse Transcription Kit and TaqMan Micro-

RNA Assays (Applied Biosystems, Foster City, CA, USA). The data

were normalized to the endogenous U6 snRNA. For mRNA detec-

tion, reverse transcription was performed using PrimeScript RT Mas-

ter Mix (TaKaRa, Dalian, China). Real-time PCR was performed using

SYBR (Toyobo, Japan). The data were normalized to GAPDH. The

primer sequences are listed in Table S1. All quantitative real-time

PCR (qRT-PCR) reactions were performed in triplicate using a Bio-

Rad CFX96 real-time PCR system. The results were calculated

according to the 2�DDCT method.

2.4 | Transient transfection and construction of
stable cell lines

MicroRNA mimics and FGFR4 siRNAs were purchased from Ribobio

(Guangzhou, China). SNAIL siRNAs were obtained from Sigma-

Aldrich (St Louis, MO, USA). The siRNA information is presented in

Table S1. The pCMV-SNAIL and pCMV-NC vectors were purchased

from OriGene (Rockville, MD, USA). All transfections in this study

were performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,

USA) according to the manufacturer’s instructions. The miR-491-5p-

overexpression retrovirus was produced as described previously.11

To construct the stable cell lines, cells were infected with a retro-

virus encoding an miR-491-5p transcript and GFP or GFP alone

(mock). Forty-eight hours later, puromycin was added to the medium

(1 lg/mL). After 3 passages, the fluorescence of the cells was

observed with a microscope, and the transfection efficiency was

detected by qRT-PCR. The cells were then ready for use.

2.5 | Cell migration assay

Cell migration ability was measured using Transwell chambers (5-lm

pore size, Costar, Cambridge, MA, USA). Briefly, cells were sus-

pended in serum-free medium and seeded onto the upper chamber

(1 9 105 cells per chamber). In the lower chamber, 300 lL of med-

ium with 10% FCS was added as a chemoattractant. Twenty-four

hours later, the cells in the upper chamber were wiped away. The

cells located on the lower surface of the chamber were fixed with

4% paraformaldehyde and then stained with 0.1% crystal violet.

Then, the cells in 5 randomly selected fields were photographed

under a microscope (9100). The crystal violet adhering to the cells

was re-dissolved with 30% acetic acid, and the absorbance values

were detected at 570 nm using a microtiter plate reader (Molecular

Devices).

2.6 | Cell proliferation assay

Cells were seeded at a density of 1 9 104 per well in 96-well plates

and then transfected with miRNA mimics or oligonucleotides. The

cell viability values were measured using Cell Counting Kit 8 (CCK8;

Dojindo Laboratories, Kumamoto, Japan) at the indicated times. The

absorbance values were detected at 450 nm using a microtiter plate

reader (Molecular Devices).
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2.7 | Cell apoptosis assay

Cells were transfected with miRNA mimics for 24 hours and then

starved for 48 hours. Next, the cells were double-stained with

Annexin V/7AAD (Biolegend), and the proportion of apoptotic cells

was assessed by flow cytometry. The results were analyzed using

FlowJo software, version 6.2.

2.8 | Animal experiments

Female BALB/c nude mice (6-8 weeks old) were purchased from the

Beijing HFK Bioscience (Beijing, China). The animal experiments

were performed as described previously.12 Briefly, SGC-7901 cells

that stably overexpressed miR-491-5p or the mock cells were sus-

pended in PBS. For subcutaneous xenograft inoculation, 1 9 106

cells were injected subcutaneously into the dorsal areas of the mice

(4 mice per group). Thirty days later, the mice were killed, and the

tumor volumes were measured (volume = length 9 width2/2). For

the peritoneal dissemination assay, 1 9 106 cells were injected into

the abdominal cavities of the mice (5 mice per group). Six weeks

later, the mice were killed and the macroscopic nodules in the

abdominal cavity were counted. For the distal pulmonary metastasis

assay, 2 9 106 cells were injected into the tail vein of each mouse

(5 mice per group). The mice were killed 3 months later, and the

metastatic nodules in the lungs were counted. The animal studies

were approved by the Institutional Animal Care and Use Committee

of the Third Military Medical University.

2.9 | Luciferase assays

The wild-type and mutant 30-UTR of human SNAIL and FGFR4 were

inserted into dual luciferase miRNA expression reporter vectors

(pMIR-REPORT System, Applied Biosystems, CA, USA). The mutant

vectors were constructed by replacing the miR-491-5p binding sites

in the 30-UTR of SNAIL and FGFR4. HEK293T cells were seeded onto

96-well plates (1 9 104 cells per well) and co-transfected with the

wild-type or mutant vector (200 ng per well), the pRL-TK Renilla

luciferase reporter (10 ng per well), miR-491-5p mimics or mimic NC

(50 nmol/L). Twenty-four hours later, the luciferase activities were

measured using the Dual Luciferase Reporter Assay (Promega, Madi-

son, MI, USA) on a GLOMAX 20/20 luminometer (Promega). The

firefly luciferase activity was normalized to Renilla luciferase activity.

All assays were repeated independently 3 times and in quadrupli-

cate.

2.10 | Western blotting

Western blotting was performed as described previously.11 Primary

antibodies against Wnt/b-Catenin Activated Targets Antibody Sam-

pler Kit, ERK1/2, p-ERK1/2 (Thr202/Tyr204), AKT, p-AKT (Ser473),

p-AKT (Thr308) (Cell Signaling Technology), SNAIL, FGFR4, Vimentin,

Fibronectin and N/E-cadherin (Abcam) were used under recom-

mended dilution. GAPDH was used as an internal reference. The

signals were detected using the SuperSignal West Dura Extended

Duration Substrate Kit (Thermo Scientific Pierce, Rockford, IL, USA).

The results were analyzed using the Image Lab software.

2.11 | Immunohistochemistry

The xenografts were removed from the tumor-bearing mice,

paraformaldehyde-fixed, paraffin-embedded and cut into 5-lm sec-

tions. For immunohistochemistry (IHC) staining, deparaffinization,

endogenous peroxidase blocking and antigen retrieval were per-

formed sequentially on the sections.13 Then, the sections were incu-

bated with anti-SNAIL antibody (1:100; Abcam) and stained with

HRP-conjugated IgG antibody followed by diaminobenzidine. Next,

the sections were counterstained with hematoxylin and examined

using a microscope (Nikon Eclipse 80i, Nikon). Finally, a single

pathologist, blinded to treatment groups, scored SNAIL immunostain-

ing by assessing the percentage of SNAIL+ cells multiplied by the

intensity of SNAIL staining (1-3) in both the cytoplasm and nucleus

of the cells.14

2.12 | Statistical analysis

A 2-tailed Student’s t-test was performed to analyze the differences

between the 2 groups. The relationships between 2 genes were ana-

lyzed with correlation coefficients and linear regression analyses. All

data were analyzed using the GraphPad Prism software version 5.0

(GraphPad Software, La Jolla, CA, USA) and are expressed as the

mean � SD. P ≤ .05 was considered to be statistically significant.

3 | RESULTS

3.1 | miR-491-5p is downregulated in gastric cancer
tissues, and restoration of miR-491-5p suppresses
cell migration and proliferation in vitro

We first analyzed the levels of miR-491-5p in 40 pairs of GC tissues

and matched non-cancerous tissues via qRT-PCR. The results

revealed that the expression of miR-491-5p was significantly down-

regulated in the GC tissues by an average of 2.87-fold. Decreases in

miR-491-5p were observed in 37 of 40 (92.5%) cancerous tissues

(Figure 1A). Moreover, low miR-491-5p expression was found to be

correlated with large tumor size, and the level of miR-491-5p was

associated with different tumor histological types (Table 1). Next, we

chose BGC-823 and SGC-7901 cells for further investigation

because those cells exhibited relatively higher and lower expression

levels for miR-491-5p (Figure 1B). We identified the roles of miR-

491-5p in GC cell migration, proliferation and apoptosis. We found

that overexpression of miR-491-5p significantly inhibited the migra-

tion of both SGC-7901 and BGC-823 cells (Figure 1C and Fig-

ure S1). However, inhibition of miR-491-5p had no significant effect

on cell migration (Figure S2). This result may have been caused by

the relatively low endogenous abundance of miR-491-5p in SGC-

7901 and BGC-823 cells. In addition, overexpression of miR-491-5p
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elicited a strong inhibition of cell proliferation as early as 24 hours

after transfection (Figure 1D), and promoted the apoptosis of SGC-

7901 cells (Figure 1E). The above data suggest that miR-491-5p is a

versatile regulator in GC cells.

Epithelial-to-mesenchymal transition is vital in the initiation of

tumor metastasis. We next detected the effects of miR-491-5p on

EMT molecules. The results revealed that miR-491-5p-overexpres-

sing BGC-823 cells exhibited reduced expression of N-cadherin,

vimentin and fibronectin (FN1) and increased expression of E-cad-

herin, which indicated that miR-491-5p inhibited EMT in BGC-823

cells (Figure 1F,G). Moreover, we found that miR-491-5p was cap-

able of inhibiting the activation of ERK1/2 and AKT (Figure 1H),

which was consistent with previous reports.3,4,15 Overexpression of

miR-491-5p also suppressed target genes of Wnt signaling, such as

c-Myc, TCF-1 and CyclinD, in both the SGC-7901 and BGC-823

cells (Figure 1I). These results indicate that miR-491-5p inhibits

EMT, and decreases the AKT, MAPK and Wnt signaling pathways

activities in GC cells.

In addition to miR-491-5p, the miR-491 transcript produces

another mature product (ie, miR-491-3p), which has been confirmed

to be involved in tumor growth, metastasis and chemoresistance.3,16

Here, we found that the expression of miR-491-3p was also signifi-

cantly downregulated in GC tissues. Overexpression of miR-491-3p

remarkably inhibited the migration of GC cells (Figure S3). However,

considering that the expression of miR-491-3p was much lower than

that of miR-491-5p in GC tissues, we chose miR-491-5p for further

investigation.

3.2 | miR-491-5p targets SNAIL directly and
inhibits FGFR4 indirectly in gastric cancer cells

To date, the identities of the genes regulated by miR-491-5p in GC

remain unclear. Here, the candidate target genes of miR-491-5p

were predicted with TargetScan, and then we performed microarray

chip experiments using 5 pairs of GC tissues and their non-cancer-

ous counterparts to identify the genes deregulated in GC.8 Consider-

ing that the expression of miR-491-5p was decreased, we searched

for intersections between the predicted target genes and the upreg-

ulated genes (759) on the microarray chips, and 37 genes were

selected. We then analyzed the expression levels of the 37 candi-

dates in the paired GC data from TCGA and found that 31 of the

37 genes were upregulated in the GC tissues. Among these genes,

15 candidates were selected because they were functionally related

to cell metastasis (Figure 2A,B). We then determined whether these

15 genes were inhibited by miR-491-5p. Finally, SNAIL and FGFR4

were found to be inhibited by miR-491-5p at both the mRNA and

protein levels (Figure 2C,D). We observed that the 30-UTR of SNAIL

contained 3 target sites for miR-491-5p, while FGFR4 contained only

1 such site. We next constructed the luciferase reporter vectors con-

taining the wild-type 30-UTR sequences of SNAIL or FGFR4 or the

mutated binding sequences of miR-491-5p (Figure 2E). The dual

F IGURE 1 miR-491-5p is downregulated in gastric cancer (GC) and inhibits GC cell metastasis and proliferation. A, The relative expression
levels of miR-491-5p in cancerous and non-cancerous tissues (n = 40; left). The data are represented as the log2 fold changes (DDCt values,
C/N; right). B, The expression levels of miR-491-5p in different GC cell lines. SGC-7901 and BGC-823 cells were transfected with miR-491-5p
mimics or mimic NC (50 nmol/L). C, 24 hours later, cells migration abilities were detected via Transwell assays. Scale bar = 50 lm. D, Cell
viabilities were investigated using CCK8 assays at 24, 48 and 72 hours after transfection. E, 24 hours after transfection, SGC-7901 cells were
starved for 48 hours, and the apoptotic cells were then detected via staining with 7-AAD and Annexin V. (F) The mRNA levels and the protein
levels (G) of EMT markers, the protein levels of total AKT and ERK1/2, phosphorylated AKT and ERK1/2 (H), TCF1, c-Myc and CyclinD (I) in
cells that were transfected with miR-491-5p mimics or mimic NC (50 nmol/L). G-I, representative western blots bands are presented on the
left, and pooled data from n = 3 independent experiments are presented on the right. *P < .05, ***P < .001

TABLE 1 Clinical and pathological characteristics of included
patient samples

Variable

Number of
patients
N = 40 (%)

miR-491-5p
expression
mean � SD P-value

Gender

Male 27 (68) 0.7424 � 0.09698 .8264

Female 13 (32) 0.7795 � 0.1365

Age

≥55 23 (58) 0.8088 � 0.0865 .4509

<55 17 (42) 0.6809 � 0.1432

Tumor size

<5 cm 25 (62) 0.8795 � 0.0968 .0371*

≥5 cm 15 (38) 0.5461 � 0.1166

Histologic type

Tubular

adenocarcinoma

31 (78) 0.6837 � 0.0850 .0461*

Mucinous

adenocarcinoma

7 (17) 1.149 � 0.1719

Signet-ring cell

adenocarcinoma

2 (5) 0.4682 � 0.2705

Histological differentiation

Well differentiation 2 (5) 0.8123 � 0.3448 .818

Moderate

differentiation

11 (27.5) 0.6584 � 0.1099

Low differentiation 27 (67.5) 0.7893 � 0.1055

TNM stage

I 7 (18) 0.6355 � 0.1507 .4078

II 11 (27) 0.6382 � 0.1118

III 22 (55) 0.8505 � 0.1208

Lymph node metastasis

Positive 27 (68) 0.8246 � 0.1057 .1289

Negative 13 (32) 0.6088 � 0.09005

*P < .05
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luciferase assay results revealed that miR-491-5p reduced the luci-

ferase activity by 57.93% at nucleotide position 134-140 (site 2) of

the SNAIL 30-UTR (Figure 2F) but had no influence at the other 2

sites (Figure S4). Moreover, miR-491-5p had no effect on the lucifer-

ase activity of the FGFR4 vector (Figure 2G). These results suggest

that SNAIL is a direct target of miR-491-5p, but the inhibitory effect

of miR-491-5p on FGFR4 is indirect.

We next analyzed the expression levels of SNAIL and FGFR4 in

40 pairs of GC tissues and non-cancerous tissues. The results

revealed that the expression levels of SNAIL and FGFR4 were sig-

nificantly upregulated in the GC tissues (Figure 2H). SNAIL level

was inversely correlated with miR-491-5p in the GC tissues, but

there was no significant correlation between FGFR4 and miR-491-

5p. Moreover, there was a positive correlation between SNAIL and

F IGURE 2 miR-491-5p inhibits SNAIL and FGFR4. A, The schematic diagram presents the process and criteria used for the selection of the
candidate targets of miR-491-5p. B, The heat map shows 37 genes that were both upregulated on the microarray chips and predicted to be
targeted by miR-491-5p. The mRNA levels (C) and the protein levels (D) of SNAIL and FGFR4 in cells transfected with miR-491-5p mimics or
mimic NC (50 nmol/L). Left, the representative western blot bands. Right, pooled data from n = 3 independent experiments. E, The wild-type
and mutated binding sequences of miR-491-5p in the 30-UTR of SNAIL and FGFR4. F, miR-491-5p inhibits the wild-type, but not the mutant
SNAIL (Site2, position 134-140) 30-UTR luciferase activity. G, miR-491-5p has no effect on FGFR4 30-UTR luciferase activity. H, The relative
mRNA levels of SNAIL (left) and FGFR4 (right) in 40 paired gastric cancer (GC) and normal tissues. I, Correlations of SNAIL and miR-491-5p
(left), FGFR4 and miR-491-5p (middle), and SNAIL and FGFR4 (right) in the 40 GC tissues. J, Kaplan-Meier plots for SNAIL and FGFR4 in the
GC cohorts. The log-rank P-values and hazard ratios (hazard ratio: 95% confidence interval in parentheses) are presented. *P < .05, **P < .01
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FGFR4 in the GC tissues (Figure 2I). To characterize the associa-

tions of SNAIL and FGFR4 with the prognosis of GC, Kaplan–Meier

survival curves were created based on the data from 876 GC

patients in the KM plots database (http://kmplot.com/analysis/).17

We found that GC patients with higher levels of SNAIL or FGFR4

had worse survival (Figure 2J). These results indicate that SNAIL

and FGFR4 are dysregulated in GC and are correlated with GC

prognosis.

3.3 | miR-491-5p-mediated SNAIL suppression
reduces proliferation and migration of gastric cancer
cells

To determine whether the inhibitory effect of miR-491-5p on GC

cells is dependent on SNAIL, we first detected the function of

SNAIL in GC cells. When SNAIL was inhibited using siRNA (Fig-

ure 3A,B), the proliferation and migration abilities of SGC-7901

cells were significantly decreased (Figure 3C,D), which mimicked

the effect of miR-491-5p overexpression. In contrast, the restora-

tion of SNAIL significantly promoted the proliferation and migra-

tion abilities of SGC-7901 cells (Figure 3E–G). Consistent with the

effect of miR-491-5p overexpression, inhibition of SNAIL

decreased the expression levels of N-cadherin and Vimentin but

increased the expression of E-cadherin. Rescued expression of

SNAIL had the opposite effects (Figure 3H). Furthermore, re-

expression of SNAIL counteracted the effects of miR-491-5p on

cell proliferation, migration and the expression of EMT molecules

(Figure 3I–K). These results suggest that miR-491-5p inhibits GC

cell proliferation and metastasis in a manner that depends on the

regulation of SNAIL.

3.4 | FGFR4 promotes gastric cancer cell
proliferation, migration and epithelial-to-mesenchymal
transition

Because miR-491-5p indirectly inhibited FGFR4, we next investi-

gated whether the inhibition of FGFR4 would affect the prolifera-

tion and metastasis of GC cells. FGFR4 was inhibited using siRNA

(Figure 4A,B), and proliferation and migration assays were per-

formed. The results revealed that inhibition of FGFR4 resulted in

decreased proliferation and migration of SGC-7901 cells (Fig-

ure 4C,D). Furthermore, inhibition of FGFR4 decreased the protein

levels of c-Myc and TCF1 and hall markers of EMT, including

SNAIL and N-cadherin, whereas this treatment increased the E-

cadherin level (Figure 4E); this pattern phenocopied the action of

miR-491-5p overexpression. These results indicate that miR-491-

5p-mediated indirect inhibition of FGFR4 suppresses GC growth

and metastasis.

F IGURE 3 SNAIL mediates the suppressive function of miR-491-5p in gastric cancer (GC) cells. (A) The mRNA and protein (B) levels of
SNAIL in cells transfected with siRNA. The proliferation (C) and migration (D) abilities of SGC-7901 cells transfected with siRNA were
measured at the indicated times. E, Overexpression of SNAIL was examined via western blotting. After overexpression of SNAIL, the
proliferation (F) and migration (G) abilities of SGC-7901 cells were measured at the indicated times. H, The protein levels of SNAIL, N-
cadherin, E-cadherin and vimentin in SGC-7901 cells transfected with siRNA or overexpression vectors. (I) The proliferation and migration (J)
abilities of SGC-7901 cells that were co-transfected with miR-491-5p mimics, pCMV-SNAIL or the individual controls were measured at the
indicated times. K, The protein levels of specific genes in SGC-7901 cells that were transfected with miR-491-5p mimics alone or co-
tranfected with miR-491-5p mimics and pCMV-SNAIL. Scale bar = 50 lm. *P < .05, **P < .01, ***P < .001
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3.5 | Restoration of miR-491-5p decreases gastric
cancer growth and metastasis in vivo

To explore the role of miR-491-5p in vivo, we constructed GC cell

lines that stably overexpressed miR-491-5p (Figure S5). To remain

close to a biological state, a low-titer infection was implemented to

ensure an increase in miR-491-5p expression of approximately 3-fold

(Figure 5A). Several characterized animal models, including a tumor

xenograft model and abdominal dissemination and distal pulmonary

metastasis models, were utilized. The results obtained from the

tumor xenograft model revealed that the restoration of miR-491-5p

in SGC-7901 cells inhibited xenograft growth in nude mice (Fig-

ure 5B,C). We examined the expression of SNAIL in the tumor nod-

ules via IHC and found that the SNAIL level was decreased in the

miR-491-5p-overexpressing group (Figure 5D). In the abdominal dis-

semination assays, miR-491-5p-overexpressing cells elicited abdomi-

nal tumor nodules that were obviously decreased compared with the

nodules observed in the controls (Figure 5E). The protein levels of

SNAIL, FGFR4, N-cadherin and c-Myc in the tumor nodules were

reduced in the miR-491-overexpressing group (Figure 5F). In the dis-

tal pulmonary metastasis assays, miR-491-5p-overexpressing animals

had fewer tumor nodules in the lungs (Figure 5G). These results sug-

gest that miR-491-5p effectively inhibits GC growth and metastasis

in vivo.

4 | DISCUSSION

Recently, a series of publications have demonstrated that miR-491-5p

serves as an important tumor suppressor in cancer. miR-491-5p was

first known for its significant role in promoting tumor cell apoptosis by

targeting the anti-apoptotic factor Bcl-xl in several cancers.3,15,18 In

addition, miR-491-5p inhibits tumor cell migration and invasion by tar-

geting GIT1 and TPX2 in squamous cell carcinomas and esophageal

cancer, respectively.4,19 In GC, the investigation of miR-491-5p is only

beginning. Sun et al discovered that miR-491-5p inhibits GC growth

by targeting Wnt3a. Here, we demonstrated that miR-491-5p expres-

sion was remarkably decreased in GC tissues and was associated with

tumor size and different histological types. More importantly, we are

the first to discover that miR-491-5p is a potent tumor suppressor of

GC metastasis both in vitro and in vivo. We demonstrated that the

restoration of miR-491-5p significantly inhibited GC peritoneal dis-

semination and pulmonary metastasis. Mechanistically, miR-491-5p

directly targeted SNAIL to block EMT, and miR-491-5p suppressed

the level of FGFR4, which led to further inhibition of SNAIL. Through

the above mechanisms, downregulation of miR-491-5p induced EMT

and promoted tumor metastasis (Figure 6).

SNAIL is essential for triggering EMT and promoting cancer pro-

gression. SNAIL is upregulated in GC and is associated with tumor

progression and a poor prognosis.20-22 We and others have found

F IGURE 4 FGFR4 promotes gastric cancer (GC) cell proliferation and migration. The mRNA (A) and the protein (B) levels of FGFR4 in SGC-
7901 cells transfected with siRNA. The proliferation (C) and the migration (D) abilities of SGC-7901 cells transfected with siRNA were
detected at the indicated times. Scale bar = 50 lm. E, The protein levels of specific genes in SGC-7901 and BGC-823 cells transfected with
FGFR4 siRNA. **P < .01, ***P < .001
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F IGURE 5 miR-491-5p inhibits gastric cancer (GC) metastasis in vivo. A, Relative expression of miR-491-5p in SGC-7901 cells infected
with retrovirus. B, Tumor nodules from the tumor-bearing mice (left) and aspects of the tumor-bearing mice at day 30 (right). C, The statistics
for the xenograft tumor volumes; n = 4 vs 4. D, SNAIL expression levels in the tumor nodules were assessed by immunohistochemistry at
2009 magnification. Left: The representative images are presented. Right: Statistical analysis of the scores of SNAIL immunostaining; n = 4 vs
4. E, Tumor nodules in the abdominal cavities of the mice were examined. Right: Statistical analysis of the nodules number; n = 5 vs 5. F, The
protein levels of SNAIL, FGFR4, c-Myc and N-cadherin in the tumor nodules in the abdominal cavities of the mice. Left: The representative
protein bands are presented. Right: Quantitative analyses of the western blotting results; n = 5 vs 5. G, HE staining results of lung biopsies
from the miR-491-5p-overexpressing group and the mock group. Right: Statistical analysis of the number of micrometastases per section;
n = 5 vs 5. **P < .01, ***P < .001

F IGURE 6 Schematic depicting how decreased miR-491-5p expression promotes epithelial-to-mesenchymal transition (EMT) in gastric
cancer (GC) cells and results in GC metastasis. miR-491-5p, which is downregulated in GC, directly targets SNAIL to promote the transcription
of E-cadherin; meanwhile, miR-491-5p indirectly inhibits FGFR4, which results in the suppression of SNAIL and the upregulation of E-cadherin.
Finally, the downregulation of miR-491-5p leads to the inhibition of SNAIL, which induces EMT and promotes GC metastasis
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that a series of miRNAs, including miR-22, miR-200c and miR-122,

directly target SNAIL to suppress EMT and tumor progression.8,23,24

Here, we identified SNAIL as a novel target of miR-491-5p. The level

of SNAIL was inversely correlated with the level of miR-491-5p and

associated with a poor prognosis. Gain-of-function and loss-of-func-

tion experiments indicated that SNAIL could partially mediate the

tumor suppressive function of miR-491-5p.

FGFR4 is also an inducer of EMT and is capable of promoting

cancer metastasis.25,26 In GC, Ye et al10 found that FGFR4 is highly

expressed in GC tissues and correlates with lymph node status and

prognosis, and promotes GC cell proliferation and decreases cell

apoptosis. Here, we found that inhibition of FGFR4 led to a

decreased level of SNAIL and suppressed EMT in GC. The level of

FGFR4 correlated positively with the level of SNAIL and was associ-

ated with a poor prognosis. Although FGFR4 was predicted to be

targeted by miR-491-5p based on TargetScan, the dual luciferase

assay results revealed that miR-491-5p did not bind directly to the

30-UTR of FGFR4. This discrepancy may be attributable to a false-

positive prediction from the software, the complexity of miRNA-

mRNA interactions in cells or the incomplete modeling of the physi-

ological state by the experimental conditions. Given that FGFR4 was

not a direct target of miR-491-5p, we speculate that miR-491-5p

could regulate SNAIL indirectly in an FGFR4-dependent manner.

However, the details of the regulatory effect of miR-491-5p on

FGFR4 require further investigation.

Currently, the upstream regulatory mechanisms of miR-491-5p

are not fully understood. miR-491-5p is reportedly induced by Foxi1

in GC cells and by TGF-b in rat proximal tubular epithelial cells and

CD8+ T cells.6,11,27 However, in this study, TGF-b was not able to

induce miR-491-5p after 3 days of observation in either SGC-7901

or BGC-823 cells (data not shown). These discrepancies may be due

to the use of different cell types. We speculate that other factors,

such as transcription factors or competing endogenous RNA, may

participate in the regulation of miR-491-5p expression, and this

speculation requires further investigation.

The transcript of miR-491 produces 2 mature products (i.e. miR-

491-5p and miR-491-3p). Li et al3 found that both miR-491-5p and

miR-491-3p suppress glioblastoma proliferation, invasion and stem

cell propagation. In this study, we found that miR-491-3p was

downregulated in GC and was capable of inhibiting GC cell migra-

tion. These results suggest that miR-491-5p and miR-491-3p may

coordinate to play key roles in GC and even in other types of can-

cer.

In conclusion, because miR-491-5p has been linked to growth

inhibition and apoptosis promotion in GC, we provided new evi-

dence that miR-491-5p inhibits GC metastasis both in vitro and

in vivo. Mechanistically, miR-491-5p regulated the E-cadherin/N-

cadherin balance by regulating SNAIL both directly and indirectly,

which resulted in the repression of EMT and GC metastasis.

Through this study, we hope to provide novel and comprehensive

insights into the functional role of miR-491-5p in GC and to encour-

age the consideration of miR-491-5p as a putative treatment target

for GC.
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