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miR-181a modulates proliferation, migration and autophagy
in AGS gastric cancer cells and downregulates MTMR3
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Abstract. MicroRNAs (miRs) have emerged as crucial
regulators of tumorigenesis by regulating post-transcriptional
gene expression. miR-181a was previously demonstrated to
be overexpressed in human gastric cancer tissues and cell
lines, whereas MTMR3 was underexpressed. The MTMR3
gene was identified as a direct target of miR-181a. However,
its functional role in gastric cancer remains to be established.
In the present study, miR-181a was demonstrated to inhibit
MTMR3 expression in AGS cells. Ectopic expression of
miR-181a mimics or introduction of MTMR3 small inter-
fering RNA resulted in an increase in cell proliferation, colony
formation, migration, invasion, as well as suppression of
apoptosis. Further investigation in the present study indicated
that overexpression of miR-181a, or depletion of MTMR3,
attenuated starvation-induced autophagy in AGS cells. In
addition, inhibition of endogenous miR-181a led to stimula-
tion of autophagic activity. Collectively, these data suggest that
miR-181a is a novel regulator of gastric cancer progression
and autophagy, and miR-181a modulation may be a potential
strategy for the development of miRNA-based therapeutics for
gastric cancer.

Introduction
Gastric cancer (GC) is the fourth most common malignancy

and the third most common cause of cancer-associated
mortality worldwide (1). The development of GC is a complex
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and multistep process. It results from a combination of
environmental factors and accumulation of generalized
and specific genetic alterations (2). MicroRNAs (miRNAs
or miRs) serve key roles in post-transcriptional regulation
predominantly by pairing to the 3'-untranslated regions
(UTRs) of target mRNA (3). Accumulating evidence suggests
that aberrantly-expressed miRNAs are involved in the
initiation, progression and metastasis of a variety of cancers,
including GC (4-6). Therefore, identification of genes that
regulate tumorigenesis and GC progression are currently
under intense investigation.

The present study investigated miRNAs using microarray
and reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) analyses. Previous work of the authors
has confirmed that miRNA-181a (miR-181a) was signifi-
cantly upregulated, whereas myotubularin related protein 3
(MTMR3) was notably downregulated in human GC tissues
and cell lines (7). In addition, ectopic overexpression of
miR-181a promoted tumor progression in SGC-7901 cells (8).
Furthermore, MTMR3 was identified as a direct target of
miR-181a. The MTMR3 gene is an essential component of
autophagy (9). However, to date, the role of MTMR3 in GC
remains unclear.

In the current study, aimed to determine the effect of
miR-181a on MTMR3 expression in AGS cells. In addition,
the effect of miR-181a overexpression or MTMR3 knockdown
on proliferation, colony formation, migration and invasion, and
apoptosis of AGS cells was assessed. Furthermore, the effect
of miR-181a and MTMR3 in autophagy was investigated. The
results presented provide evidence that miR-181a and MTMR3
serve important roles in GC development.

Materials and methods

Cell culture. The AGS human gastric cancer cell line was
purchased from the Cell Bank of Type Culture Collection of
Chinese Academy of Sciences (Shanghai, China). Cells were
cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum, 50 U/ml penicillin and 50 pg/ml streptomycin
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at
37°C in humidified 5% CO, atmosphere.



2452

RNA extraction and RT-qPCR. Total RNA was extracted
from AGS cells using TRIzol reagent (Invitrogen; Thermo
Fisher Scientific, Inc.). Reverse transcription was conducted
using the GoScript Reverse Transcription system (Promega
Corporation, Madison, WI, USA). RT-qPCR was performed
using SYBR-Green qPCR SuperMix (Invitrogen; Thermo
Fisher Scientific, Inc.). 18S rRNA was used as an internal
control. PCR primers used were as follows: MTMR3, forward
5'-GCAGGACCAGATATGTGAGAGA-3' and reverse 5'-GCA
CACAACATGCAGATGAG-3'; 18S rRNA, forward 5'-CCT
GGATACCGCAGCTAGGA-3' and reverse 5-GCGGCGCAA
TACGAATGCCCC-3'. RT-qPCR was performed at 95°C for
10 min, followed by 40 cycles of 95°C for 15 sec and 60°C
for 45 sec. The RT-qPCR kit and protocol for miR-181a have
been described in detail previously (7). RT-qPCR was detected
using the ABI PRISM 7500 Sequence Detection system
(Applied Biosystems; Thermo Fisher Scientific, Inc.). Each
experiment was repeated three times in duplicate. The relative
quantification was calculated using the 222 method (10).

Oligonucleotide construction and transfection. All RNA
oligonucleotides were synthesized and purchased from
Shanghai GenePharma Co., Ltd. (Shanghai, China).
Oligonucleotides sequences used were as follows: miR-181a
mimic, AACAUUCAACGCUGUCGGUGAGU; miR-181a
inhibitor, ACCAUCGACCGUUGAUUGUACC; negative
controls (NC), UUCUCCGAACGUGUCACGUTT and ACG
UGACACGUUCGGAGAATT; NC inhibitor, CAGUACUUU
UGUGUAGUACAA; MTMR3 siRNA (siMTMR3), GGA
AGAUAAGGUGAAGUCAATAT and UGACUUCACCUU
AUCUUCCATAT; scramble mimic, UUCUCCGAACGUGUC
ACGUTT and ACGUGACACGUUCGGAGAATT. Cells were
transfected with miR-181a mimic (50 nM), miR-181a inhibitor
(100 nM), miRNA NC (50 nM), NC inhibitor (100 nM),
siMTMR3 (400 nM) or scramble mimic (400 nM) using
Lipofectamine™ RNAiMAX (Invitrogen; Thermo Fisher
Scientific, Inc.). Following 5 h incubation, the medium in each
well was replaced by serum-containing medium. Total RNA
and protein was extracted 48 h following transfection.

Western blot analysis. Total protein was extracted using
Cell Lysis reagents (Pierce; Thermo Fisher Scientific, Inc.)
and quantified by the bicinchoninic acid method (Pierce;
Thermo Fisher Scientific, Inc.). Proteins were separated
on 10% SDS-polyacrylamide gel, and then transferred to a
polyvinylidene difluoride membrane (GE Healthcare Life
Sciences, Chalfont, UK). The membrane was blocked in
5% non-fat dry milk in TBS and Tween-20 for 1 h at room
temperature and incubated with anti-MTMR3 antibody (dilu-
tion, 1:400; Novus Biologicals, LLC, Littleton, CO, USA; cat.
no. HO0008897-B01P), anti-microtubule associated protein 1
light chain 3 beta (LC3B) antibody (cat. no. L7543; dilution,
1:500; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany)
or anti-GAPDH antibody (; cat. no. ab9485; dilution, 1:2,500;
Abcam, Cambridge, UK) overnight at 4°C, followed by
incubation with rabbit anti-mouse IgG and swine anti-rabbit
IgG secondary antibodies, both conjugated with horseradish
peroxidase (Dako; Agilent Technologies, Inc., Santa Clara,
CA, USA; cat. nos. F00037626 and A00048749) for 50 min at
room temperature. The membranes were developed using the
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ECL kit (Pierce; Thermo Fisher Scientific, Inc.) and exposed to
X-ray film to visualize the images. The GAPDH gene was used
as an internal control. The band intensity was analyzed using
Gel-Pro Analyzer software (version 4.0; Media Cybernetics,
Inc., Rockville, MD, USA).

Proliferation assay. At 24 h following transfection, cells
were trypsinized and seeded into 96-well plates at a density
of 1x10* cells/well in growth medium supplemented with
10% serum. The cell proliferation was determined at different
time points (24,48, 72 and 96 h) using the MTS kit (CellTiter 96
Aqueous One Cell Proliferation Assay; Promega Corporation)
following the manufacturer's instructions, and the absorption
was read at 490 nm.

Colony formation assay. At 24 h after transfection, cells were
trypsinized and seeded onto 96-well plates at a density of
200 cells/well. The cells were observed every 24 h. Following
7 days of incubation, the colonies were fixed with 4% parafor-
maldehyde and then stained with crystal violet for 15 min. The
ELISPOT reader (iSPOT system; Autoimmun Diagnostika
GmbH, Strassberg, Germany) was used to read the plates.
The colony formation rate was acquired through number of
colonies/number of plated cells.

Cell cycle assay. Cells were harvested by trypsinization 48 h
after transfection, washed three times with ice-cold PBS, and
fixed with 70% ethanol overnight at 4°C. The fixed cells were
washed in PBS and subjected to propidium iodide (PI)/RNase
A staining followed by flow cytometry (BD Biosciences,
Franklin Lakes, NJ, USA). The percentage of cells in each
phase of the cell cycle was estimated using Modfit LT soft-
ware, (version, 3.0; BD Biosciences).

Apoptosis assay. Following 24 h post-transfection, cells
were labeled with Annexin V-fluorescein isothiocyanate and
PI (Nanjing KeyGen Biotech. Co., Ltd., Nanjing, China),
according to the manufacturer's instructions. Cells were
analyzed by flow cytometry (BD Biosciences).

Cell migration and invasion assay. Cell migration assay was
performed using 8 ym-pore size 96-well MIC Transwell plates
(EMD Millipore, Billerica, MA, USA). Following transfec-
tion, the cells were resuspended in serum-free medium and
1x10° cells in 100 pul medium were added to the upper chamber
while the lower chamber was filled with complete media as a
chemoattractant. The cells were incubated for 24 h at 37°C,
the cells on the upper surface of the membrane were removed
by cotton swabs and the cells attached to the lower surface
were fixed in ice-cold methanol for 10 min, and stained with
0.5% crystal violet solution for 10 min. Then the number of
migrated cells on the lower surface of the membrane was
counted under a microscope in five fields. For the invasion
assay, the MIC plates were initially coated with Matrigel (BD
Biosciences) diluted in serum free medium and the same
procedures as migration assay were performed.

GFP-LC3 analysis. Cells were transfected with a
pSELECT-GFP-LC3 expression vector plasmid (InvivoGen,
San Diego, CA, USA) using Lipofectamine reagent
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(Invitrogen; Thermo Fisher Scientific, Inc.) following the
manufacturer's instructions. In the starvation experiment, 24 h
after co-transfection of miRNAs and GFP-LC3, cells were
incubated for 2 h in Earle's Balanced Salt solution medium.
Cells were fixed with 4% paraformaldehyde in PBS after the
treatments. Images were obtained using a fluorescent micro-
scope. Cells with more than five intense GFP-LC3 puncta
were considered autophagic, as LC3 is a marker for autopha-
gosomes, whereas those with diffuse cytoplasmic GFP-LC3
staining were considered non-autophagic. The percentage of
GFP-LC3-positive cells were counted in >100 cells.

Statistical analysis. Differences between two groups were
analyzed by Student's t-test. Data were represented as the
mean + standard deviation from three independent experi-
ments. Statistical tests were two-tailed. P<0.05 was considered
to indicate a statistically significant difference, and was
analyzed using SPSS software (version, 17.0; SPSS, Inc.,
Chicago, IL, USA).

Results

miR-181a inhibits MTMR3 expression in AGS cells. A
previous study demonstrated that miR-181a directly targeted
the 3'-UTR of MTMR3 and suppressed the expression of
MTMR3 by dual-luciferase assays in HEK-293T cells. In
addition, the study validated that artificial overexpression of
miR-181a effectively reduced the levels of MTMR3 protein
in SGC-7901 cells (7). To further confirm the interaction
between miR-181a and MTMR3 in AGS cells, RT-qPCR and
western blot analysis were performed, which demonstrated
that transfection of miR-181a led to a decrease in MTMR3
mRNA and protein levels compared with the negative control
(Fig. 1A and B). However, inhibition of endogenous miR-181a
did not increase the levels of MTMR3 mRNA and protein,
suggesting that MTMR3 may be suppressed via other factors
in addition to miR-181a. These data suggest that MTMR3 is a
target of miR-18]a.

Effect of overexpressed miR-181a or silenced MTMR3 on
proliferation, colony formation, cell cycle, apoptosis, migra-
tion and invasion of AGS cells. To explore the role of miR-181a
and MTMR3 on the growth of GC cells, an miR-181a mimic
or siMTMR3 was transfected into AGS cells. The results
of the MTS assay indicated that the proliferation capacity
of AGS cells was promoted by upregulation of miR-181a or
downregulation of MTMR3, compared with the respective
controls (Fig. 2A). Colony formation assay suggested that the
number of colonies was significantly higher for cells trans-
fected with the miR-181a mimic and siMTMR3 compared
with their respective controls (P<0.05; Fig. 2B and C). To
assess whether this effect is mediated through perturbation of
the cell cycle, cell cycle distribution analysis was performed.
There was no difference identified in cell cycle profile among
the four groups (miR-NC, miR-181a, scramble and siMTMR3;
Fig. 2D). Furthermore, flow cytometry analysis was used to
detect the apoptosis of AGS cells transfected with miR-181a
mimic or siMTMR3. It demonstrated that the apoptosis
rates were decreased in the miR-181a and siMTMR3 groups
compared with the NC and scramble groups, respectively
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Figure 1. miR-181a inhibits MTMR3 expression in AGS cells. (A) Reverse
transcription-quantitative polymerase chain reaction analysis of MTMR3
mRNA levels in AGS cells treated as indicated. MTMR3 was normalized
to 18S rRNA. The results represent the means + standard deviation for
three independent experiments. ‘P<0.05 vs. miR-NC and miR-NC inhibitor.
(B) Western blots demonstrating the protein expression of MTMR3 protein
in AGS cells treated as indicated. Data were normalized to GAPDH. The
untreated cell group was set as the reference group. miR, microRNA.

(P<0.05; Fig. 2E and F). Finally, results of the Transwell migra-
tion assay revealed that artificial overexpression of miR-181a
or reduction of MTMR3 significantly increased the migration
potential of AGS cells (Fig. 2G). In addition, a significantly
higher number of cells in miR-181a and siMTMR3 groups
were found to cross the Matrigel compared with the controls
in the invasion assay (Fig. 2H). These results indicate that
MTMR3 knockdown phenocopied the effect of miR-181a
overexpression in promoting the development of AGS.

miR-181a and MTMR3 regulate autophagy in AGS cells.
Autophagy was determined by following the redistribution of
GFP-LC3 from a diffuse to a punctate pattern or by assessing
the conversion of endogenous LC3 protein from the cytosolic
LC3-I to the autophagosome associated LC3-II by immunoblot-
ting. As presented in Fig. 3A and B, following co-transfection of
the GFP-LC3 plasmid and miR-NC/miR-181a mimic, GFP-LC3
was observed predominantly as diffuse green fluorescence in
the cytoplasm, indicating low autophagic activities in both
groups. This phenomenon was confirmed by immunoblotting
(Fig. 3C). Cells were incubated in EBSS medium for 2 h to
induce autophagy. As presented in Fig. 3A and B, overexpression
of miR-181a significantly blocked starvation-induced GFP-LC3
dot accumulation. In line with this result, starvation-activated
lipidation of LC3-II was attenuated in miR-181a mimic trans-
fection group (Fig. 3C). To further demonstrate the effects of
endogenous miR-181a inhibition on autophagy, cells were
transfected with miR-181a inhibitor or miR-NC inhibitor and
autophagy was observed under non-starved or starved condi-
tions. Results indicated that cells treated with the miR-181a
inhibitor exhibited a significantly higher percentage of punctate
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Figure 2. Overexpressed miR-181a or silenced MTMR3 promote proliferation, colony formation, migration and invasion, and inhibit apoptosis of AGS cells.
(A) MTS assay showing the proliferation of AGS cells when treated as indicated, measured at 24,48, 72 and 96 h following transfection. (B) Colony formation
of AGS cells treated as indicated. The colonies were counted on day 7 following transfection. (C) The colony formation rate was acquired through number of
colonies/number of planted cells. (D) Cell cycle analysis by flow cytometry. There was no difference in cell cycle distribution among four groups. (E) Flow
cytometric assay for the evaluation of apoptosis of AGS cells treated as indicated. Annexin V-FITC*/PI” population (lower right quadrant in diagram) indicated
early stage apoptosis, and Annexin V-FITC*/PI* population (upper right quadrant in diagram) indicated late stage apoptosis. (F) Total apoptosis rate was
equal to early stage apoptosis + late stage apoptosis. (G) Migration and (H) invasion assay of AGS cells treated as indicated. After 24 h, the number of cells
that had migrated/invaded through the membrane were counted under a microscope using five random fields (magnification, x100). The results represent the
means + standard deviation for three independent experiments. ‘P<0.05 miR-181a mimic vs. miR-NC, and siMTMR3 vs. Scramble. siMTMR3, myotubularin
related protein 3 small interfering RNA; miR, microRNA; NC, negative control; FITC, fluorescein isothiocyanate; PI, propidium iodide.

GFP and LC3-II conversion than cells of miR-NC inhibitor
group. In addition, the inhibition of miR-181a further increased
autophagic activities during starvation compared with NC
(Fig. 3A and B). The role of miR-181a target gene MTMR3 in
autophagy was then evaluated. The effect of silenced MTMR3
was similar to that of overexpressed miR-181a, although to a
lesser extent (Fig. 3A-C). Knockdown of MTMR3 significantly
suppressed starvation-induced autophagy. Together, these
findings suggested that miR-181a is a negative regulator of
autophagy, partially mediated by inhibition of MTMR3.

Discussion
Various previous studies have demonstrated that the aberrant

expression of miRNAs is implicated in human malignan-
cies (2,11,12). Identification of cancer-specific miRNAs and

theirtargetsis critical for understanding tumorigenesis,and may
be important for defining novel therapeutic targets. miR-181a,
a member of the miR-181 family, is involved in various events,
including development, differentiation, hematopoiesis and
immune modulation (13,14). The diverse functions of miR-181
in human carcinogenesis may be due to different target genes,
depending on the tissue or cellular environment. miR-181a
is downregulated in lung cancer (15), leukemia (16) and
glioblastoma (17) and acts as a tumor suppressor by targeting
KRAS (18), Bcl-2 (19) and PLAGI (16). In addition, miR-181a
is identified as an oncogene by targeting ATM serine/threo-
nine kinase (20), CDX2 (13) and KLF6 (8), and is upregulated
in pancreatic cancer (21), hepatocellular carcinoma (13) and
gastric cancer (22). The present study revealed that miR-181a
functioned as an oncogene in GC cells. Overexpression of
miR-181a enhanced the capacity of AGS cells for proliferation,
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Figure 3. Overexpressed miR-181a or silenced MTMR3 blocks starvation-induced autophagy and inhibition of miR-181a induces autophagy in AGS cells.
(A) At 24 h after cotransfection of miRNAs/siRNA and GFP-LC3 plasmid, autophagic activities were observed under no starvation (full-medium) or starva-
tion (EBSS medium) conditions using fluorescence microscopy (magnification, x200). Cells with more than five intense GFP-LC3 puncta were considered
autophagic, whereas those with diffuse cytoplasmic GFP-LC3 staining were considered non-autophagic. (B) Quantitative analysis of the GFP-LC3 positive
cells. "P<0.05 vs. miR-NC. (C) Western blot results of AGS cells treated as indicated. LC3-11/ LC3-1 densitometric ratios were indicated. GAPDH was used as
aloading control. EBSS negative miR-NC/scramble group was set as the reference group. EBSS, Earle's Balanced Salt solution medium; miR, microRNA; NC,
negative control; siMTMR3, myotubularin related protein 3 small interfering RNA; LC3, microtubule associated protein 1 light chain 3 beta.

colony formation, migration and invasion, whereas it attenu-
ated apoptosis and autophagy. Similarly, Chen et al (22)
indicated that enforced expression of miR-181a promoted GC
cells proliferation ability. Tekirdag et al (14) suggested that
overexpression of miR-181a results in the attenuation of starva-
tion- and rapamycin-induced autophagy in MCF-7, Huh-7 and
K562 cells. Furthermore, inhibition of endogenous miR-181a
stimulated autophagy. Given that a single miRNA has many
different targets, the authors hypothesize that miR-181a
targets multiple genes during the regulation of the malignant
biological behavior of GC cells, and MTMR3 is one of these
targeted genes.

MTMR3 is a member of myotubularin-related protein
family, with at least 11 phosphatidylinositol 3-phosphate
(PI3P) phosphatases proteins in human. The synthesis of PI3P
is required for the initiation of autophagy (23). Autophagy is a
cellular degradation pathway for the clearance of damaged or
superfluous proteins and organelles. The role of autophagy in
cancer is a double-edged sword (24). Certain reports indicate
that autophagy serves as a cell survival mechanism, whilst
others suggested that autophagy induces autophagic cell
death (25,26). A recent study demonstrated that MTMR3
decreased pattern recognition receptor (PRR)-induced PI3P

and autophagy levels in monocyte-derived macrophages.
In MTMR3-deficient macrophages, reducing the enhanced
autophagy or restoring nuclear factor-xB signaling rescued
PRR-induced cytokines. Thus, modulation of MTMR3 levels
may provide a therapeutic benefit in inflammatory bowel
disease (27). Another study demonstrated that MTMR3
expression was significantly reduced in colonic biopsies
from ulcerative colitis patients (28). Because autophagy
may be a tumor suppressor or promoter, the exact function
of MTMR3 in cancer remains elusive. A report highlighted
that microsatellite instability in MTMR3 may serve a role
in the development of gastric and colorectal cancer (29).
Another study indicated that MTMR3 was a miR-99a target,
and reduced MTMR3 expression in the oral cancer line
significantly attenuated cell proliferation, migration, and
invasion (26). In addition, miR-100 was demonstrated to
increase proliferation and decrease apoptosis of breast cancer
cells via targeting MTMR3 (30). The data presented in the
current study demonstrated that silencing MTMR3 led to
promotion of proliferation, colony formation, migration and
invasion, and inhibition of apoptosis and autophagy of GC
cells. Further studies are required to clarify the in vivo role of
MTMR3 in GC.
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In summary, the current work provides evidence that

miR-181a and MTMR3 are important during tumorigen-
esis and progression of AGS cells. In addition, miR-181a
was identified as a novel autophagy regulating miRNA and
may act by targeting MTMR3. The results may help under-
stand the potential molecular mechanisms of gastric cancer
development and may have potential therapeutic value in the
future.
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