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Abstract 

Background:  Recent studies have established the roles of microRNAs (miRNAs) in cancer progression. The aberrant 
expression of miR-335-5p has been reported in many cancers, including gastric cancer (GC). In this study, the precise 
roles of miR-335-5p in GC as well as the molecular mechanisms underlying its effects, including the role of its target 
MAPK10, were evaluated.

Methods:  Quantitative real-time PCR was used to evaluate miR-335-5p levels in GC cell lines and tissues. MTT and 
colony formation assays were used to detect cell proliferation, and Transwell and wound-healing assays were used 
to evaluate the invasion and migration of GC cells. The correlation between levels of miR-335-5p and the cell cycle-
related target gene mitogen-activated protein kinase 10 (MAPK10) in GC was analyzed. In addition, the candidate 
target was evaluated by a luciferase reporter assay, qRT-PCR, and western blotting.

Results:  The levels of miR-335-5p were downregulated in GC tissues and cell lines. Furthermore, miR-335-5p inhib-
ited the proliferation and migration of GC cells and induced apoptosis. Additionally, miR-335-5p arrested the cell cycle 
at the G1/S phase in GC cells in vitro. Levels of miR-335-5p and the cell cycle-related target gene MAPK10 in GC were 
correlated, and MAPK10 was directly targeted by miR-335-5p.

Conclusions:  These data suggest that miR-335-5p is a tumor suppressor and acts via MAPK10 to inhibit GC 
progression.
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Background
Gastric cancer (GC) is still a significant public health 
problem worldwide [1, 2]. Over 1,000,000 new cases and 
an estimated 783,000 deaths were reported in 2018, mak-
ing it the fifth most frequently diagnosed cancer and the 

third leading cause of cancer deaths [3]. A wide range 
of factors, such as lifestyle, Helicobacter pylori infec-
tion, polyps, gastric ulcers, genetic factors, and gastric 
residual tissue, may be involved in gastric tumorigenesis 
[4]. Although there are many methods for the diagnosis 
and treatment of GC, 30% of patients are diagnosed at 
an advanced stage [5]. Thus, useful biomarkers for early 
screening or detection are essential for improving sur-
vival rates [6].

Recent studies have established the important roles of 
microRNAs (miRNAs), which are small, non-protein-
coding RNAs that regulate gene expression at the post-
transcriptional level, in tumorigenesis [7–9]. Mature 

Open Access

Cancer Cell International

*Correspondence:  wanglumin1@xjtu.edu.cn; hchen@xjtu.edu.cn; 
yadxzj@163.com
†Yi Gao, Yanfeng Wang and Xiaofei Wang contributed equally to this work
1 Department of Cell Biology and Genetics, Medical College of Yan’an 
University, Yan’an 716000, Shaanxi, China
4 Department of Cell Biology and Genetics, School of Basic Medical 
Sciences, Xi’an Jiaotong University Health Science Center, Xi’an 710061, 
Shaanxi, China
Full list of author information is available at the end of the article

http://orcid.org/0000-0003-2281-5297
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12935-020-01684-z&domain=pdf


Page 2 of 12Gao et al. Cancer Cell Int           (2021) 21:71 

miRNAs of about 22 nucleotides contribute to gastric 
carcinogenesis by altering the expression of oncogenes 
and tumor suppressors [10]. For example, miR-181d [11], 
miR-99a [12], miR-105 [13], and others have suppres-
sive effects on GC development, whereas other miRNAs, 
including miR-188-5p [14] and miR-221 [15], promote 
GC growth.

MiR-335-5p is abnormally expressed in many cancers. 
For instance, miR-335-5p is significantly downregulated 
and has a vital role in the metastasis of non-small cell 
lung cancer [16]. miR-335-5p is downregulated in breast 
cancer cells and is a promising biomarker for breast can-
cer treatment [17]. Additionally, miR-335-5p is down-
regulated in renal cell carcinoma and is a candidate 
therapeutic target [18]. The downregulation of miR-335 
in GC has been reported [19]; however, its precise roles 
in GC cells are not fully understood.

MiRNAs function by binding to the 3′UTR of tar-
get mRNAs in a complementary base-pairing manner, 
thereby contributing to cell apoptosis, proliferation, and 
differentiation [20–23]. They are thought to regulate 
more than 50% of protein-coding genes. Based on a lit-
erature review and gene target prediction algorithms, 
including TargetScan, miRanda, and miRBase, we 
hypothesized that mitogen-activated protein kinase 10 
(MAPK10) is a potential target of miR-335-5p. MAPK10 
is a member of the Jun N-terminal kinase subgroup of 
mitogen-activated protein kinases. MAP kinases act as 
integration points for multiple biochemical signals and 
are involved in a wide variety of cellular processes, such 
as proliferation, differentiation, transcription regulation, 
and development [24, 25]. Expression patterns of MAP 
kinases differ depending on the tumor type. Zhang et al. 
showed that MAPK10 is expressed at low levels in cervi-
cal cancer tissues and cells [26]. However, the percentage 
of MAPK10 protein-positive cells is significantly higher 
in ovarian serous, mucinous, and clear cell carcinomas 
than in normal tissues [27].

In this study, the effect of miR-335-5p on GC pro-
gression via MAPK10 was evaluated. In particular, we 
compared the expression levels of miR-335 in GC tis-
sues and cells with those in matched normal tissues and 
MKN-28 and SGC-7901 cell lines. In addition, we used 
bioinformatics approaches, luciferase assays, qRT-PCR, 
and western blotting to evaluate its relationship with 
MAPK10 and further evaluated the functions of miR-
335 and MAPK10 in GC cell proliferation, metastasis, 
and apoptosis. Overall, our results demonstrated that 
miR-335 suppresses the progression of GCs by targeting 
MAPK10.

Materials and methods
Cell lines and cell culture
Human GC cell lines (AGS, BGC-823, MKN-45, MKN-
28, and SGC-7901), a normal gastric epithelial cell line 
(GES-1), and model cells (HEK-293) were provided 
by the Biomedical Experiment Center of Xi’an Jiao-
tong University (China). The use of these cell lines was 
approved by the Ethics Committee of Yan’an University 
College of Medicine (China). Human GC cells were 
cultured in DMEM (PAA Laboratories, Pasching, Aus-
tralia) containing 10% fetal bovine serum and RPMI1 
640 medium (PAA Laboratories) at 37  °C in a 5% CO2 
incubator. The culture medium was changed once every 
2–3 days. MKN-28 and SGC-7901 cells in the logarith-
mic growth phase were collected and subjected to the 
following experiments.

Cell transfection
GC cells in the logarithmic growth phase were digested 
and inoculated onto a 6-well culture plate. After cells 
reached 60–80% confluence, the miR-335-5p-mimics 
and miR-335-5p-inhibitor (GenePharma, Shanghai, 
China) were added to the corresponding wells for fur-
ther culture for 24–48 h.

Quantitative real‑time PCR
RNA was extracted from GC cells using TRIzol. The 
cDNA was obtained by reverse-transcription using 
commercially available kits, according to the manufac-
turer’s instructions. Quantitative real-time PCR was 
performed using the PrimeScript™ RT Reagent Kit 
(Takara Bio, Kusatsu, Japan) and an iQ5 Optical real-
time PCR System (Bio-Rad, Hercules, CA, USA). The 
following primer sequences were used for amplification: 
RT miR-335-5p, 5ʹ-GTC​GTA​TCC​AGT​GCG​TGT​CGT​
GGA​GTC​GGC​AAT​TGC​ACT​GGA​TAC​GAC​acatttt-3ʹ; 
RT U6 5ʹ-CGC​TTC​ACG​AAT​TTG​CGT​GTCAT-3ʹ; 
miR-335-5p, forward 5ʹ-ATC​CAG​TGC​GTG​TCGTG-3ʹ 
and reverse 5ʹ-TGC​TTC​AAG​AGC​AAT​AAC​GA-3ʹ; U6, 
forward 5ʹ-GCT​TCG​GCA​GCA​CAT​ATA​CTA​AAA​T-3ʹ 
and reverse 5ʹ-CGC​TTC​ACG​AAT​TTG​CGT​GTCAT-3ʹ; 
MAPK10 forward 5ʹ-TTC​TCA​GGC​ACG​GAA​TGG​-3 
and reverse 5ʹ-TAA​GTT​GCC​ATA​GTG​AAG​ATC​TGA​
G-3ʹ; and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), forward 5ʹ-TGA​AGG​TCG​GAG​TCA​ACG​
GATT-3ʹ and reverse 5ʹ-CCT​GGA​AGA​TGG​TGA​TGG​
GATT-3ʹ. The 20-μL PCR system consisted of 10-μL 
of 2× RealStar Green Power Mixture, 1  μL of forward 
primer (10 μM), 1 μL of reverse-primer (10 μM), 2 μL 
of cDNA, and 6  μL of ddH2O. The amplification con-
ditions were as follows: 95  °C for 10  min; 95  °C for 
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15 s, 60  °C for 1 min, and 72  °C for 30 s, for a total of 
40 cycles. Relative expression levels of the target genes 
were calculated using the 2−ΔCt method. GAPDH was 
used as an internal reference.

Western Blotting
Cells were lysed with precooled radio-immunoprecip-
itation assay lysis buffer supplemented with protease 
inhibitor (Beyotime Institute of Biotechnology, Shang-
hai, China) for 30 min on ice. The supernatant was col-
lected after centrifugation at 14,000  rpm at 4  °C for 
20  min. The protein concentration was determined 
using a bicinchoninic acid protein concentration deter-
mination kit (RTP7102; Real-Times Biotechnology Co., 
Ltd., Beijing, China). The samples (20  μg) were sub-
jected to 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and then transferred to polyvi-
nylidene difluoride membranes. A GAPDH antibody 
was used as an internal reference. The membranes 
were washed with TBST and incubated with goat 
anti-mouse/rabbit antibody. Color development was 
performed using the chemiluminescence detection 
method, and images of protein bands were obtained 
for analyses. The luminescent signal was detected by a 
CCD camera, and recorded and quantified with Syn-
gene GBox (Syngene, UK).The primary and secondary 
antibodies were as follows: anti-GAPDH monoclonal 
antibody (Cell Signaling Technology, Danvers, MA, 
USA; 5174S, diluted 1/1000), MAPK10 (Cell Signal-
ing Technology; 2305S, diluted 1/1000), vimentin (Cell 
Signaling Technology; 5741S, diluted 1/1000), E-cad-
herin (ProteinTech, Rosemont, IL, USA; 20874-1-AP, 
diluted 1/1000), β-catenin (Cell Signaling Technology; 
8480S, diluted 1/1000), CDK6 (Cell Signaling Tech-
nology; 13331S, diluted 1/1000), CDK4 (Cell Signaling 
Technology; 12790S, diluted 1/1000), CyclinD1 (Cell 
Signaling Technology; 55506S, diluted 1/1000), Bcl-2 
(Cell Signaling Technology; 15071S, diluted 1/1000), 
Bax (ProteinTech; 50599-2-Ig, diluted 1/1000), goat 
anti-mouse immunoglobulin G (IgG) (ProteinTech; 
SA00001-1, diluted 1/3000), and goat anti-rabbit IgG 
(ProteinTech; SA00001-2, diluted 1/3000). Each west-
ern blotting was repeated at least three times.

MTT assay
Cell proliferation was assessed using the MTT Kit 
(Sigma, St Louis, MO, USA). Cells in the logarithmic 
growth phase were harvested and seeded on a 96-well 
plate. At 24, 48, and 72 h after seeding, 10 μL of MTT 
was added to each well and the cells were incubated for 
4 h. Each well was supplemented with 150 μL of DMSO, 
and the optical density (OD) was recorded at 490 nm.

Colony formation detection
Transfected cells in the logarithmic growth phase were 
seeded onto a 6-well plate. After 2 weeks of culture, the 
cells were fixed with 4% paraformaldehyde and stained 
with crystal violet. Images were obtained and cells were 
counted.

Flow cytometry
Transfected cells in the logarithmic growth phase were 
inoculated onto a 6-well plate and cultured for 1  day. 
Cells were fixed in 70% ethanol for 24 h and treated with 
propidium iodide and RNase provided with the kit. The 
cell cycle distribution was detected by flow cytometry.

Dual luciferase reporter assay
HEK-293 cells were divided into the miR-335-5p and 
pmirGLO empty vectors, miR-335-5p and pmirGLO-
MAPK10-WT (GenePharma), miR-335-5p, and pmir-
GLO- MAPK10-MuT (GenePharma) co-transfection 
groups, respectively. Untreated cells were used as 
controls. Wild-type and mutant MAPK10 were syn-
thesized by GeneChem (Shanghai, China) as follows: 
wild-type MAPK10, up 5ʹ-cATT​TAA​CTT​CTA​GTT​
GCT​CTTGCc-3ʹ and down 5ʹ-tcgagGCA​AGA​GCA​ACT​
AGA​AGT​TAAATgagct-3ʹ; and mutant MAPK10, up 
5ʹ-cATT​TAA​CTT​CTA​GTT​GAT​ATCGCc-3ʹ and down 
5ʹ-tcgagGCG​ATA​TCA​ACT​AGA​AGT​TAAATgagct-3ʹ. 
Cells were inoculated onto 96-well plates and cultured 
for 24 h. Luciferase activity was detected using a micro-
plate reader. Renilla luciferase was used as an internal 
reference.

Cell invasion assay
Transwell chambers (8-μm pore size; Millipore, Billerica, 
MA, USA) were coated with Matrigel (15  μg/filter; BD 
Biosciences, Franklin Lakes, NJ, USA). Cells (2.0 × 104) 
in serum-free medium were added to the upper chamber, 
and the bottom wells were filled with complete medium. 
The cells were allowed to cross the Matrigel-coated mem-
brane for 48 h.

Wound‑healing assay
A wound-healing assay was performed to examine 
metastasis. Briefly, after cells reached 90% confluence in 
12-well plates, a single scratch wound was generated with 
a 200-μL disposable pipette tip. The extent of wound clo-
sure was measured after 48 h.

Statistical analysis
Results are shown as means ± SEM of at least three dif-
ferent experiments. The SPSS22.0 was used for statistical 
analyses. Bioinformatics analyses were performed using 
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the ggstatsplot package in R. Experimental data were 
processed using GraphPad Prism7.0. Comparisons were 
conducted with the independent t-test. P < 0.05 was con-
sidered statistically significant.

Results
miR‑335‑5p inhibits GC cell proliferation in vitro
To investigate the role and function of miR-335-5p 
in GC cells, we analyzed its expression in 22 pairs of 
GC tissues and matched adjacent non-cancerous tis-
sue samples by qRT-PCR. miR-335-5p levels were sig-
nificantly lower in GC samples than in non-cancerous 
tissue samples (Fig. 1a). These results were validated in 
five GC cell lines. miR-335-5p levels was lower in the 
BGC-823, SGC-7901, MKN-45, MKN-28, and AGS 
cell lines than in the GES-1 cell line (Fig. 1b). To clar-
ify the function of miR-335-5p in GCs, MKN-28 and 
SGC-7901 cells were selected for further analyses. As 
determined by qRT-PCR, miR-335-5p mimics success-
fully elevated miR-335-5p expression in two cell lines; 

the effect of the inhibitor was moderate due to the low 
expression of endogenous miR-335-5p in MKN-28 and 
SGC-7901 cells (Fig. 1c). Thus, miR-335-5p may act as a 
tumor suppressor in GC.

miR‑335‑5p induces cell cycle arrest and apoptosis in GC
Gain- and loss-of-function analyses were conducted 
by transfecting MKN-28 and SGC-7901 cells with miR-
335-5p inhibitor-ctrl, inhibitor, miR-ctrl, and mim-
ics. MTT and colony formation assays showed that the 
upregulation of miR-335-5p in MKN-28 and SGC-7901 
cells inhibited cell growth and colony formation, while 
the inhibition of miR-335-5p exerted moderate adverse 
effects on GC cells, which may be explained by the low 
levels of miR-335-5p in MKN-28 and SGC-7901 cells 
(Fig. 2a, b). Consistent with these results, a flow cytom-
etry analysis revealed that the upregulation of miR-
335-5p arrested cells in the G0/G1 phase and inhibited 
the transition to the G2/M phase; similar effects were 
not observed in the miR-ctrl-transfected cells (Fig.  2c). 

Fig. 1  Down-regulation of miR-335-5p in GC tissues and cells. a qRT-PCR analysis of miR-335-5p expression in 22 paired human gastric cancer 
and adjacent normal tissues. The expression of miR-335-5p was normalized to U6. b qRT-PCR analysis of miR-335-5p expression in normal gastric 
mucosal and gastric cancer cells and normalized against U6 RNA. c Expression levels of miR-335-5p were determined by qRT-PCR in GCs transfected 
with miR-335-5p mimics, inhibitor, or respective controls (*P < 0.05, **P < 0.01, and ***P < 0.005)
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Furthermore, flow cytometry confirmed that the upregu-
lation of miR-335-5p induces apoptosis in GC cells. How-
ever, the miR-335-5p inhibitor resulted in a slight but 
non-significant difference in apoptosis compared to that 
in cells transfected with the negative control, which may 
be explained by the low expression level and low inhibi-
tory efficiency in MKN-28 and SGC-7901 cells (Fig. 2d). 
The inhibition of MiR-335-5p promoted proliferation and 
inhibited apoptosis in GC cells, while the inverse results 
were obtained in the miR-335-5p mimic group.

Inhibition of miR‑335‑5p induces the migration 
and invasion of gastric cancer cells
To further confirm that miR-335-5p acts as a tumor sup-
pressor, its effects on the invasion of MKN-28 and SGC-
7901 cells were evaluated by a Transwell invasion assay 
and wound-healing assay. In the wound-healing assay, 

migration was slower in the miR-335-5p-transfected cells 
than in un-transfected cells. Over time, the difference in 
the metastasis rate between the two groups increased 
(Fig. 3a). In the Transwell invasion assay, the transfection 
of cells with miR-335-5p mimics significantly impaired 
invasion compared to that in the miR-335-5p-ctrl group 
in MKN-28 and SGC-7901 cells. In contrast, the knock-
down of miR-335-5p enhanced GC cell invasion. When 
transfected with the mir-335-5p inhibitor, the MKN-28 
and SGC-7901 cell invasion rates increased significantly 
(Fig. 3b). These results support the hypothesis that miR-
335-5p contributes to the suppression of invasion and 
metastasis. To investigate the mechanisms underlying 
the roles of miR-335-5p in apoptosis and cell cycle pro-
gression, we measured the expression levels of apop-
tosis- and cell cycle-related proteins in GC cells. The 
transfection of MKN-28/SGC-7901 cells with MiR-335 

Fig. 2  miR-335-5p inhibited proliferation and promoted apoptosis in gastric cancer cells. a The effects miR-335-5p on gastric cancer cell 
proliferation were determined by an MTT assay after the transfection of MKN-28/SGC-7901 cells with an miR-335-5p mimic or miR-335-5p inhibitor 
at 24, 48, and 72 h. b The growth of MKN-28/SGC-7901 cells was detected by colony formation after transfection with the miR-335-5p mimic or 
inhibitor. c Cell cycle progression was evaluated in MKN-28/SGC-7901 cells transfected with miR-335-5p inhibitor-ctrl, inhibitor miR-335-5p ctrl, and 
mimics. After 48 h, the cell cycle distribution was analyzed by flow cytometry. The histogram indicates the percentages of cells in G0/G1, S, and 
G2/M phases. d Apoptosis was detected by annexin-V/propidium iodide combined labeling flow cytometry in MKN-28/SGC-7901 cells 48 h after 
transfection with miR-335-5p inhibitor-ctrl, inhibitor, miR-335-5p ctrl, and mimics. Apoptosis was evaluated as the percentage of apoptotic cells 
(*P < 0.05, **P < 0.01, and ***P < 0.005)
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downregulated CDK6, CDK4, CyclinD1, and BCL-2 and 
upregulated the expression of BAX. The overexpression 
of miR-335-5p reduced the expression levels of vimentin 
and β-catenin, and significantly increased E-cadherin lev-
els in MKN-28 and SGC-7901 cells. Our results showed 
that the silencing of miR-355-5p significantly increased 
the relative expression levels of vimentin and β-catenin 
and decreased E-cadherin expression, comparable with 
the effects of miR-355-5p overexpression in MKN-28 
and SGC-7901 cells (Fig.  3c). These results suggest that 
mir-335-5p is involved in the progression, migration, and 
invasion of GCs.

MAPK10 is a direct functional target of miR‑335‑5p in GC 
cells
miRNA target prediction algorithms were used to search 
for potential miR-335-5p target genes. Levels of MAPK10 
and mir-335-5p expression in GC based on TCGA 
data showed a negative correlation (P < 0.001; Fig.  4a). 
MAPK10 had a potential miR-335-5p-binding site in the 
3′-UTR and therefore was selected as a candidate target. 
To determine whether MAPK10 was directly targeted 
by miR-335-5p, we subcloned 3′-UTR MAPK10 frag-
ments including wild-type (MAPK10-WT) and mutant 

(MAPK10-MUT) miR-335-5p-binding sites into the 
pmiRGLO dual-luciferase reporter vector (Fig. 4b). Pre-
miR-335 and MAPK10-WT- or MUT-3′-UTR vectors 
were co-transfected into HEK293 cells. The relative lucif-
erase activity of the MAPK10-WT pmirGLO-3-UTR vec-
tor was significantly reduced in miR-335-overexpressing 
HEK293 cells. As expected, miR-335-5p failed to inhibit 
the luciferase activity of the MAPK10-MUT pmirGLO-
3′-UTR vector, indicating that miR-335-5p binds directly 
to the 3′-UTR of MAPK10 (Fig. 4c). qRT-PCR was used 
to verify the relationship between miR-335-5p and 
MAPK10. The mRNA levels of MAPK10 decreased sig-
nificantly by miR-335 mimics and increased by miR-335 
inhibitors in MKN-28 and SGC-7901 cells (Fig. 4d). The 
protein levels of MAPK10 decreased significantly by 
miR-335 mimics and increased by miR-335 inhibitors 
in MKN-28 and SGC-7901 cells (Fig.  4e). These find-
ings demonstrated that miR-335-5p could directly target 
MAPK10 and suppress its expression in GC cells.

Bioinformatics analysis of MAPK10 in gastric cancer
The TCGA database was used to elucidate the effect of 
MAPK10 in GC tissues by a bioinformatics approach. 
The expression of MAPK10 was higher in GC tissues 

Fig. 3  miR-335-5p inhibited the migration and invasion of MKN-28 and SGC-7901 cells. a Scratch wound-healing assays of MKN-28 and SGC-7901 
cells after treatment with miR-335-5p inhibitor-ctrl, inhibitor, miR-ctrl, or miR-335-5p mimics. b Transwell analysis of MKN-28 and SGC-7901 cells 
after transfection with miR-335-5p mimics, inhibitor, or their respective controls. c Western blot analysis of CDK6, CDK4, CyclinD1, BCL-2, BAX, 
E-cadherin, Vimentin, and β-catenin expression in MKN-28 and SGC-7901 cells transfected with miR-335-5p, inhibitor, or their respective controls
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than in healthy counterparts, and its expression was asso-
ciated with the histologic and pathologic stages of GC 
(Fig.  5a–c). The expression of MAPK10 was associated 
with the DFI (disease-free interval, P = 0.033), PFI (pro-
gression-free interval, P = 0.013), DSS (disease-specific 
survival, P = 0.0068), and OS (overall survival, P = 0.017) 
in GC (Fig. 5d–g), suggesting that MAPK10 plays a key 
role as an oncogene in GC.

Knockdown of MAPK10 reduces GC progression
We knocked down MAPK10 expression by RNA inter-
ference [small interfering RNA (siRNA)] to confirm 
that MAPK10 mediates the antitumor effects of miR-
335-5p. MAPK10 expression levels were higher in GC 
cells than in GES-1 cells (Fig.  6a) and were highest in 
MKN-28 and SGC-7901 cells. Western blotting indi-
cated that the MAPK10 was obviously up-regulated in 
GC tissues than in their counterparts at the protein level 
(Fig.  6b). MAPK10 was successfully knocked down by 
siRNA, as verified by analyses of both at the mRNA lev-
els (Fig. 6c). Similar to miR-335-5p-overexpressing cells, 
the downregulation of MAPK10 significantly inhibited 
proliferation and slightly inhibited colony formation in 
MKN-28 and SGC-7901 cells (Fig. 6d, e). Moreover, the 
influence of MAPK10 siRNA on the cell cycle was similar 

to the effect of miR-335-5p upregulation (Fig. 6f ). Con-
sistent with the effect of miR-335-5p on GC cell apopto-
sis, MAPK10 knockdown induced apoptosis in MKN28/
SGC-7901 cells (Fig.  6g), suggesting that MAPK10 is 
involved in the progression of GC.

Knockdown of MAPK10 reduces the migration 
and invasion of GC cells
We silenced MAPK10 expression by RNA interference 
(RNAi) to evaluate whether it contributes to the effects 
of miR-335-5p on invasion and metastasis using MKN-
28 and SGC-7901 cells. Based on a wound-healing assay, 
the group with low MAPK10 expression showed reduced 
rates of migration (Fig.  7a). Transwell assays demon-
strated that MAPK10 silencing inhibited the invasion and 
migration ability of GC cells (Fig. 7b). Based on a western 
blot analysis, silencing MAPK10 significantly increased 
the relative expression levels of E-cadherin and decreased 
vimentin and β-catenin expression. These results were 
consistent with the effects of miR-355-5p overexpression 
in MKN-28 and SGC-7901 cells (Fig. 7c), suggesting that 
MAPK10 functions as an oncogene in GC. We concluded 
that miR-335-5p suppresses GC progression by targeting 
MAPK10 (Fig. 7d).

Fig. 4  MAPK10 is a direct target of miR-335-5p in gastric cancer cell lines. a Correlation between MAPK10 expression and miR-335-5p expression 
in gastric cancer based on TCGA data. b A luciferase assay was performed using HEK293 cells in which miR-335 was co-transfected with the 
pGLO-MAPK10 wild-type or pGLO-MAPK10 mutant vector. c miR-335-5p is highly conserved across species and has binding sites within the 3′-UTR 
of human MAPK10. d mRNA expression levels of MAPK10 were measured by qRT-PCR after transfection with miR-335-5p mimics, miR-335-5p 
inhibitor, or their negative controls in MKN-28 and SGC-7901 cells. e Protein expression levels of MAPK10 were measured by western blotting 
after transfection with miR-335-5p mimics, miR-335-5p inhibitor, or their respectively negative controls in MKN-28 and SGC-7901 cells (*P < 0.05, 
**P < 0.01, and ***P < 0.005)
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Discussion
The occurrence of GC is a complex process involving 
multiple factors, including genetic and epigenetic events. 
Many miRNAs have been demonstrated to contribute to 
GC tumorigenesis and development, and these serve as a 
valid diagnostic and therapeutic targets [28]. In addition, 
some specific microRNAs able to regulate the expression 
of genes in GC cells at the post-transcriptional level have 
been identified as diagnostic biomarkers for GC [29–31]. 
Therefore, studies of potential miRNAs associated with 
the development of GC may provide opportunities for 
improvements in diagnosis, treatment, and prognosis.

In this study, the roles of mir-335-5p in GC were evalu-
ated. Recent studies have shown that miR-335-5p acts as 
a tumor suppressor and inducer in several cancer types 
[32–35]. For example, miR-335-5p is downregulated in 
thyroid cancer cells and inhibits proliferation [36]. miR-
335-5p functions via lactate dehydrogenase B to exert 
tumor inhibitory effects in colorectal cancer [37]. In 

the present study, based on expression analyses of miR-
335-5p in tissues, we found that miR-335-5p acts as a 
tumor suppressor in GC, and the overexpression of miR-
335-5p inhibits proliferation, invasion, and metastasis 
and induces apoptosis in vitro. Additionally, miR-335-5p 
could induce cell cycle arrest at the G1 phase and down-
regulated the G0 and G1 phase cycle-associated proteins 
Cyclin D1, CDK 6, and CDK4. The abnormal activation 
of CDK and its modulators has been reported in many 
tumors [38, 39]. Furthermore, miRNAs participate in the 
regulation of the cell cycle [40, 41]. For example, the miR-
15a/16 family regulates G0/G1 cell cycle progression by 
targeting cyclin D1 (CCND1) [42] addition, miR-16 reg-
ulates various mRNA targets, including CDK6, CDC27, 
and G1-related cyclins, which jointly control cell cycle 
progression [43]. These studies strongly support our 
observation that miR-335-5p plays a key role in cell pro-
liferation in GC.

Fig. 5  a–c The expression of MAPK10 is associated with the pathologic and histologic grade of GC. d–g Bioinformatics analyses were used to 
elucidate the effect of MAPK10 in GC tissues. The expression of MAPK10 was related to the DFI (disease-free interval event), PFI (progression-free 
interval event), DSS (disease-specific survival event), and OS (overall survival)
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Migration and invasion are closely related to the 
occurrence and development of tumors. Moreover, 
many migration- and invasion-related proteins, includ-
ing E-cadherin, vimentin, and β-catenin, are involved. 
For instance, p0071 interacts with E-cadherin in the 
cytoplasm and promotes invasion and metastasis in 
non-small cell lung cancer [44]. Furthermore, ubiquitin 
specific peptidase 20 (USP20) regulates the deubiquitina-
tion of β-catenin to control the invasion and migration of 
cancer cells [45]. Our results showed that the overexpres-
sion of mir-335-5p decreases the expression of vimen-
tin and β-catenin and increases E-cadherin in MKN-28 
and SGC-7901 cells. Our data suggest that mir-335-5p is 
involved in the migration and invasion of GCs.

In addition, our results showed that the upregula-
tion of miR-335-5p inhibits the expression of MAPK10 
in MKN-28/SGC-7901 cancer cells at the RNA and 
protein levels. Using bioinformatic analyses and a 

dual-luciferase reporter assay, we demonstrated that 
miR-335-5p directly targets MAPK10 by binding to its 
3′-UTR and inhibiting translation. To further clarify the 
tumor suppressive effect of miR-335-5p via MAPK10, 
siRNA was used. MAPK10 silencing inhibited cell pro-
liferation and migration and induced cell apoptosis, 
similar to the observed effects of miR-335-5p overex-
pression in GC cells in  vitro. Accordingly, the expres-
sion levels of related proteins, including CDK6, CDK4, 
CyclinD1, BCL-2, BAX, E-cadherin, vimentin, and 
β-catenin were also altered by siMAPK10. MAPK10 
is a member of the Jun N-terminal kinase subgroup 
of the mitogen-activated protein kinases, which are 
implicated in important physiological processes [46]. 
MAPK10 regulates the occurrence and develop-
ment of several types of cancer. The downregulation 
of MAPK10 contributes to the suppression of ovar-
ian cancer [47]. miR-27a-3p promotes the growth and 
invasion of NPC cells by targeting Mapk10 [48]. These 

Fig. 6  Inhibition of MAPK10 suppressed GC progression. a mRNA and protein expression levels of MAPK10 in various GC and GES-1 cells. b MAPK10 
protein expression in GC tissues vs counterparts’ tissues was confirmed by using western blotting. c Expression levels of MAPK10 were measured 
by qRT-PCR in MKN-28 and SGC-7901 cells transfected with siMAPK10. d An MTT assay was performed to determine the growth of gastric cancer 
cells treated with siMAPK10 or a negative control (si-ctrl). e A colony formation assay was performed several days after the transfection of gastric 
cancer cells with siMAPK10 or a negative control (si-ctrl). f The cell cycle distribution was determined in gastric cancer cells 48 h after transfection 
with siMAPK10 by propidium iodide staining and flow cytometry. The histogram indicates the percentages of cells in G0/G1, S, and G2/M cell cycle 
phases. g Apoptosis was determined in gastric cancer cells at 48 h after transfection with siMAPK10 (*P < 0.05, **P < 0.01, and ***P < 0.005)



Page 10 of 12Gao et al. Cancer Cell Int           (2021) 21:71 

results robustly suggested that the downregulation 
of MAPK10 induced by miR-335-5p could inhibit GC 
progression. Our findings highlight that mir-335-5p or 
MAPK10 may be considered as potential targets for GC 
therapy in the near future.

Conclusion
We obtained the following new findings. (1) miR-
335-5p functions as a tumor suppressor in GC. (2) 
miR-335-5p leads to the inhibition of proliferation 
and metastasis and the promotion of apoptosis in GC 
cells. (3) MAPK10 is a downstream target gene of miR-
335-5p. (4) MAPK10 has a vital role as an oncogene in 
GC.
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