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Abstract

Background: Protein-tyrosine phosphatase MEG2 (MEG2) is a classic tyrosine-specific protein tyrosine phosphatase
(PTP). It has been reported that MEG2 participates in the carcinogenesis of the breast and liver. However, functions
of MEG2 in gastric cancer remain poorly understood.

Methods: We examined the expression of MEG2 protein by western blotting and that of miR-181a-5p by gRT-PCR.
We used bioinformatic analyses to search for miRNAs that potentially target MEG2. We performed a luciferase
reporter assay to investigate the interaction between miR-181a-5p and MEG2. In addition, we assessed the effects
of MEG2 and miR-181a-5p on gastric cancer cells in vitro and in vivo.

Results: We found that MEG2 is downregulated in human gastric cancer and that miR-181a-5p is predicted to
be a potential regulator of MEG2. We also observed that expression of MEG?2 is reversely correlated with that of
miR-181a-5p in gastric cancer. Moreover, we observed that MEG2 regulation by miR-181a-5p significantly suppresses
the proliferation and migration of gastric cancer cells in vitro and decelerates tumour growth in vivo.

Conclusions: Our results revealed that MEG2 is a tumour suppressor gene and negatively regulated by miR-181a-5p in

gastric cancer.
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Background

Gastric cancer (GC) is one of the most common cancer-
related causes of death throughout the world [1]. Ap-
proximately 1000, 000 new cases of GC occur every year,
and more than 50% of these cases occur in Eastern Asia,
especially in China. Since many GC cases have a high
rate of lymph node metastasis and are diagnosed at an
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advanced stage, they result in one of the highest mortal-
ity rates among all types of cancer, with the 5-year sur-
vival rate being as low as 40% in China [2, 3]. Thus, it is
urgent to understand the molecular mechanisms of GC
to help develop new therapeutic strategies.

Protein tyrosine phosphatases (PTPs) play vital roles
in determining the levels of cellular tyrosine phosphoryl-
ation and in the regulation of many important signalling
pathways, including JAK/STAT3 and EGFR/RAS/MAPK
[4, 5]. For instance, as a classical PTP, DEP1 inhibits
cancer cell proliferation by directly dephosphorylating of
EGER (epidermal growth factor receptor) in the cytoplasm
[6]. TC45 (the nuclear isoform of TC-PTP), another
member of PTPs family, can dephosphorylate STAT3
(signal transducer and activator of transcription 3) in
the nucleus mediated by GdX (Ubiquitin-like protein
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4A) [7]. Protein-tyrosine phosphatase MEG2 (MEG2)
belongs to the family of PTPs [8]. MEG2 was reported
to regulate erythroid cells expansion, controls embryonic
development, and modulates secretory vesicle fusion
[9-11]. Other functional studies showed that MEG2
regulates insulin signaling pathway and beta cell growth
through directly dephosphorylating insulin receptor in
diabetes [12]. Recent studies also reported that MEG2
is a negative regulator in breast cancer and hepatocellu-
lar carcinoma by promoting the dephosphorylation of
EGFR, HER-2 and STAT3 [13, 14]. However, it is un-
known whether MEG2 also acts as a tumour suppressor
gene in GC.

MicroRNAs (miRNAs) are a family of small, non-coding
RNAs that are 19 ~ 22 nucleotides in length. They play a
significant role in the regulation of gene expression at
post-transcriptional levels [15, 16]. Functionally, miRNAs
bind to complementary sites in the 3’-untranslated re-
gions (3'-UTRs) of target mRNAs, resulting in mRNA
translational suppression and/or degradation. Thus, the
expression of the target gene is suppressed [16—18]. Dys-
function of miRNAs is implicated in the tumourigenesis
of various cancers, including GC, and these miRNAs
can act as tumour suppressor miRNAs or oncomiRs
[19-21].miR-181a-5p is widely known to be associated
with the development and differentiation of blood vascular
endothelial cells [22] and lymphocytes [23]. However,
miR-181a-5p also plays a vital role in many cancers, in-
cluding multiple myeloma [24], breast cancer [25], leukae-
mia [26], and hepatocellular carcinoma [27]. Recent
studies have found that miR-181a-5p is upregulated in GC
specimens [28, 29]. However, its precise function and
mechanism in this type of cancer has not been systematic-
ally studied and needs further researches.

In the present study, we found that the MEG2 level is
downregulated and is reversely correlated with the ex-
pression of miR-181a-5p in GC. We thus predicted by
bioinformatics that miR-181a-5p is a potential regulator
of MEG2 and further determined that MEG2 is directly
inhibited by miR-181a-5p in vitro. Consequently, we
demonstrated that MEG2, regulated by miR-181a-5p,
suppresses the proliferation and migration of gastric
cancer cells in vitro and decelerates gastric tumour
growth in vivo.

Methods

Human specimens and cells

Paired human gastric cancer (GC) and gastric normal
(GN) tissue samples were provided by Nanjing Multi-
center Biobank, Biobank of Nanjing Drum Tower Hos-
pital, the Affiliated Hospital of Nanjing University Medical
School, with the consent of every donor. The samples
were normalized for ethnicity. The samples were frozen at
the time of surgery in liquid nitrogen and then stored at
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—-80 °C. The clinical characteristics of the patients are
listed in Additional file 1: Table S1. The human gastric
cancer cell lines (MGC803, SGC7901, MKN-45, HGC-27
and BGC-823) and the human gastric epithelial cell line
(GES-1) were purchased from the Shanghai Institute of
Cell Biology, Chinese Academy of Sciences (Shanghai,
China). Both cell lines were maintained in RPMI 1640
medium supplemented with 10% foetal bovine serum
(FBS, Gibco, Carlsbad, CA, USA) in a humidified atmos-
phere with 5% COs.

RNA isolation and quantitative RT-PCR

Total RNA was extracted from maintained cells or human
tissue samples using TRIzol Reagent (Sigma, St. Louis,
MO, USA), according to manufacturer’s instructions. As-
says to quantify miRNAs were performed using TagMan
miRNA probes (Applied Biosystems, Foster City, CA,
USA). One microgram of total RNA was briefly reverse
transcribed into cDNA using the AMV reverse transcript-
ase (TaKaRa, Dalian, China) and a stem-loop RT primer
(Applied Biosystems). The reactions were incubated at
16 °C for 30 min, followed by 42 °C for 30 min, and 85 °C
for 5 min. Real-time PCR was performed in 96-well plates
on a 7500 Sequence Detection System (Applied Biosys-
tems) using a TagMan PCR kit. The reaction conditions
were as follows: 95 °C for 10 min and 40 cycles of 95 °C
for 15 s and 60 °C for 1 min. The cycle threshold (CT)
data were determined using fixed threshold settings, and
the mean CT was determined by the triplicate PCRs. The
relative expression levels of miRNAs in the cell lines and
tissue samples were calculated with the eq. 2-24CT in
which 22Cr = (Cr mir-181a-5p - C1 Ue)target = (Ct mir-181a-5p

- CT U6)control-
To quantify GAPDH and MEG2 mRNA, 1 ug of total

RNA was reverse transcribed to cDNA using AMV re-
verse transcriptase (TaKaRa) and Oligo(dT)18 primers
(TaKaRa). The reactions were incubated at 42 °C for
60 min and 85 °C for 5 min. Then, real-time PCR was
performed using specific primers and SYBR Green dye
(Invitrogen). The primer sequences were as follows:
GAPDH (sense): CGAGCCACATCGCTCAGACA and
GAPDH (antisense): GTGGTGAAGACGCCAGTGGA;
MEG2 (sense): CCTGCCTTAGACTGGGACT and MEG2
(antisense): TTCGCTTTGTTAGCTTCACT. The reaction
conditions were as follows: 95 °C for 5 min and 40 cycles of
95 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s. Upon reac-
tion completion, the CT values were determined by setting
a fixed threshold. The relative amounts of MEG2 mRNAs
were normalized to GAPDH as described above.

Protein extraction and western blotting

The cells and specimens were lysed in RIPA lysis buffer
(Beyotime, Shanghai, China) freshly supplemented with
1% PMSF and incubated on ice for 30 min before being
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centrifuged for 15 min (12,000 r/m, 4 °C). The super-
natant was collected after centrifugation, and the con-
centration of protein was calculated with a BCA protein
assay kit (Thermo Scientific, Rockford, IL, USA). The
protein levels of the cell or tissue extracts were semi-
quantified by western blotting. The MEG2 expression
levels of tissue extracts were detected with the immobi-
lon western HRP Substrate (WBKLS0050, Millipore,
Billerica, MA, USA). The antibodies used were anti-
MEG2 (MAB2668, R&D Systems Inc.,, Minneapolis,
MN, USA), anti-GAPDH (sc-47,724, Santa Cruz, Dallas,
TX, USA).

Plasmid construction and siRNA interference assay

A mammalian expression plasmid containing the full-
length open reading frame (ORF) of the human MEG2
gene without the miR-181a-5p-responsive 3'-UTR was
purchased from GeneCopoeia (Germantown, MD, USA).
An empty plasmid served as the negative control. The
human MEG2 siRNA was purchased from RiboBio
(Guangzhou, China), and scrambled siRNA was used as
a negative control. The MEG2 siRNA or overexpression
plasmid was transfected into MGC803 cells using Li-
pofectamine 3000 (Invitrogen) as per manufacturer’s
instructions. Total RNA and protein were collected
48 h after transfection. The MEG2 mRNA and protein
expression levels were assessed by qRT-PCR and western
blotting, respectively.

Cell proliferation assay

Cell Counting Kit- 8 (CCK-8) is a colorimetric method
to measure the quantity of living cells in cell prolifera-
tion and viability assays. MGC803 cells were proliferated
using CCK-8 assays (Dojindo). MGC803 cells were
seeded in 96-well plates at a density of 3 x 10° cells per
well at 6 h after transfection and incubated in RPMI
1640 medium supplemented with 2% FBS. At 12, 24, 36,
48 and 60 h after transfection, the absorbance value of
each test well was measured at a wavelength of 450 nm,
as described by the manufacturer.

Cell migration assay

The cell migration ability was detected using Millipore
24-well Millicell (Millipore) plates with polycarbonate
membranes containing 8-pum pores. The bottom surface
of the membranes was coated with 0.1% gelatin. The
cells were harvested 24 h after transfection, suspended
in FBS-free RPMI-1640 culture medium, and then added
to the upper chamber (6 x 10° cells/well). Simultan-
eously, 0.5 mL of RPMI-1640 with 20% FBS was added
to the lower compartment. The Transwell-containing plates
were incubated in a humidified atmosphere with 5% CO.,.
After 24 h, the cells that had traversed through the

Page 3 of 13

membrane were fixed for 15 min in 4% paraformaldehyde.
The membrane was washed with distilled water several
times. Then, cells were stained for 15 min with 0.1% crystal
violet in methanol. Finally, the bottom surfaces of the
filter membranes with the migrant cells were imaged by
photomicroscopy (BX51 Olympus, Japan). The cells
were quantified blindly.

miR-181a-5p overexpression and knockdown
Overexpression of miR-181a-5p was obtained by transfect-
ing GC cells with a miR-181a-5p mimic (a synthetic RNA
oligonucleotide duplex mimicking the miRNA precursor).
miR-181a-5p knockdown was obtained by transfecting an
miRNA inhibitor (a chemically modified single-stranded
antisense oligonucleotide designed to specifically target the
mature miRNA). Synthetic pre-miR-181la-5p, anti-miR-
181a-5p, pre-miR-control and anti-miR-control (the scram-
bled negative control RNAs) were purchased from RiboBio
(Guangzhou, China). MGC803 and SGC7901 cells were
transfected with Lipofectamine 3000 (Invitrogen) using
Opti-MEM (Gibco, Carlsbad, CA, USA), according to the
manufacturer’s instructions. Pre-miR-181a-5p and pre-
miR-control were used in equal doses. For the miRNA
knockdown, equal amounts of anti-miR-181a-5p or anti-
miR-control were used in each well. After 6 h, the medium
was changed to RPMI 1640 supplemented with 2% FBS. At
24 h after transfection, the cells were collected and sub-
jected to analysis by quantitative RT-PCR and western
blotting.

Luciferase reporter assay

To construct a luciferase reporter containing the MEG2
3'-UTR with a predicted miR-181a-5p binding site, we
amplified a 1608-bp MEG2 3'-UTR region using genomic
DNA as a template. The following PCR primers were
used: MEG2-3'-UTR: 5'-GGACTAGTCTCTCCTACG
AACCTCCTAC-3’ (forward primer) and MEG2-3'-UTR:
5'-CGACGCGTCTGTATCACTGTAAGATATTG-3" (re-
verse primer). The amplified fragment was inserted into
the pMIR-Report plasmid (Ambion, Austin, TX, USA).
We also constructed an equivalent reporter plasmid
that carried the mutant MEG2 3'-UTR region. For the
luciferase reporter assays, MGC803 cells were cultured
in 24-well plates and transfected with pre-miR-181a-5p,
pre-miR-control, anti-miR-181a-5p or anti-miR-control
in equal doses; 0.3 pg of firefly luciferase reporter plas-
mid; and 0.15 pg of a B-galactosidase expression vector
(Ambion, Austin, TX, USA) using Lipofectamine 3000
(Invitrogen). The B-gal expression vector was used as a
transfection control. Cells were assayed using luciferase
assay kits (Promega, Madison, WI, USA) 24 h after
transfection.
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Establishment of gastric cancer xenografts model
Five-week-old female mice (nu/nu) with severe combined
immunodeficiency (SCID) were purchased from the
Model Animal Research Center of Nanjing University
(Nanjing, China) and maintained under specific pathogen-
free conditions at Nanjing University. We established a
gastric cancer cell line with stable overexpression of
miR-181a-5p. miR-181a-5p overexpression lentivirus
and control lentivirus were purchased from GenePharma
(Shanghai, China). The detailed construct of miR-181a-5p
overexpression lentiviral plasmid was presented in
Additional file 2: Figure Sla. Puromycin was purchased
from Sigma-Aldrich (St. Louis, USA) and added into
the cells to select the stably infected MGC803 cells
after 3 days of infection. After day 7, the representative
fluorescence image of stably infected MGC803 cells
was showed in Additional file 2: Figure S1b. The mice
were subcutaneously injected under the left forelimb
with MGC803 cells infected with control lentivirus,
miR-181a-5p overexpression lentivirus, MEG2 overex-
pression plasmid, or miR-181a-5p overexpression lenti-
virus plus MEG2 overexpression plasmid (1 x 10 cells
per mouse, 5 mice per group). The mice were sacrificed
21 days after injection. The mouse gastric tumours were
removed and weighed. Parts of the tissues were used for
total RNA and protein extraction. The remaining parts
were fixed in 4% paraformaldehyde for 24 h at 4 °C and
used for immunocytochemistry and haematoxylin and
eosin (H&E) staining. All procedures were approved by
the Institutional Review Board of Nanjing University
(Nanjing, China) and performed in accordance with the
guidelines of the National Institutes of Health and the
U.K. Animals (Scientific Procedures) Act (1986).

Statistical analysis

All experiments were independently repeated at least three
times. The data shown are the mean + SEM. P-values of
less than 0.05 were considered statistically significant
using two-tailed Student’s t-test.

Results

MEG2 was downregulated in human gastric cancer

To determine the level of MEG2 expression in human
gastric cancer specimens, we measured MEG2 protein in
20 pairs of gastric cancer specimens and corresponding
adjacent specimens. As shown in Fig. 1a and b, expression
levels of MEG2 protein were strikingly lower in gastric
cancer specimens compared to adjacent noncancerous
specimens. In addition, we measured the expression levels
of MEG2 protein in 5 human GC cell lines (MGC803,
SGC7901, MKN-45, HGC-27 and BGC-823) and 1 human
gastric epithelial cell line (GES-1). MEG2 protein was
weakly present in 5 GC cell lines and highly present in

Page 4 of 13

GES-1 cell line (Fig. 1c and Additional file 3: Figure S2A).
These results demonstrated that MEG2 was downregu-
lated in human gastric cancer.

MEG2 functioned as a tumour suppressor gene in gastric
cancer cells

We then evaluated the biological function of MEG2 in
gastric cancer. Previous studies have demonstrated that
MEG?2 is essential for suppressing proliferation and mi-
gration of breast cancer cells [5, 14]. Thus, CCK-8 and
Transwell assays were performed to analyse the effect of
MEG?2 on the proliferation and migration of gastric can-
cer cells. MGC803 cells transfected with MEG2 siRNA
showed an increase in cell proliferation and migration
(Fig. 1le—h), while those transfected with the MEG2-
overexpressing plasmid suppressed cell proliferation and
migration (Fig. 1f-h). Efficient overexpression and
knockdown of MEG2 expression in gastric cancer cells
are shown in Fig. 1d, Additional file 3: Figures. S2B,
S2C. These results suggested that MEG2 may function
as a tumour suppressor gene and suppress proliferation
and migration in gastric cancer cells.

MEG2 was predicted as a target gene of miR-181a-5p

To further investigate the potential mechanism of down-
regulation of MEG2, we measured the mRNA levels of
MEG?2 in the same specimens pairs described above. We
detected irregular alterations of MEG2 mRNA between
the cancerous and adjacent normal specimens (Fig 2a).
The inconsistency between MEG2 mRNA and protein
in gastric cancer specimens suggested that a post-
transcriptional mechanism is involved in the regulation
of MEG2 protein in gastric cancer. We hypothesized
that miRNAs, which represent an important way of
regulating gene expression at the post-transcriptional
level, suppress MEG2 expression levels in human gastric
cancer specimens. To predict potential miRNAs that tar-
get MEG2, we scanned three computational algorithms
(TargetScan20 [30], miRanda8 [31] and PicTar21 [30]).
We chose miR-181a-5p for further experimentation be-
cause it was predicted as a regulator of MEG2 by all three
software models. The predictive information between
miR-181a-5p and the binding sites in the MEG2 3'-UTR
is illustrated in Fig. 2b. We further analysed the minimum
free energy value of the hybrid between miR-181a-5p and
the binding site on the MEG2 3'-UTR. The minimum free
energy value was -21.0 kcal/mol, which is within the
range of genuine miRNA-target pairs. Additionally, there
was perfect base-pairing between the seed region and the
cognate target, which means that the miR-181a-5p binding
sequence in the MEG2 3’-UTR is highly conserved among
species (Fig. 2b).
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miR-181a-5p and MEG2 levels were inversely correlated in
human gastric cancer

We further measured miR-181a-5p levels in the same 20
pairs of gastric cancer specimens and adjacent noncan-
cerous specimens. As shown in Fig. 2¢, the miR-181a-5p
levels were higher in the gastric cancer specimens. We
also directly illustrated the inverse correlation between

miR-181a-5p and MEG2 protein by Pearson’s correlation
scatter plots in adjacent noncancerous specimens (Fig. 2e)
and GC specimens (Fig. 2f), respectively. Moreover, we ex-
amined the expression level of miR-181a-5p in 6 gastric
cell lines mentioned before to confirm the inverse correl-
ation between miR-181a-5p and MEG2 protein in vitro
(Fig. 2d). As expected, MEG2 expression level was
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J

evaluated MEG2 mRNA expression levels after miR-181a-
5p overexpression or knockdown (Fig. 3g). To confirm the
robustness, we used another gastric cell line (SGC7901) to
repeat the above experiments and observed consistent
results (Fig. 3b—g).

To further determine whether miR-181a-5p regulated
MEG?2 expression by directly interacting with the bind-
ing site in the MEG2 3'-UTR, the target sequence of
MEG2 3'-UTR was cloned into a luciferase reporter
vector. The synthetic plasmid was co-transfected with
pre-miR-181a-5p, anti-miR-181a-5p or scrambled nega-
tive control RNAs into MGC803 cells. As expected,
miR-181a-5p overexpression led to an approximately
80% decrease in luciferase reporter activity, whereas
miR-181a-5p inhibition led to a nearly three-fold increase

inversely correlated with miR-181a-5p in these gastirc cell
lines (Fig. 2g). Based on the above findings, we determined
MEG2 to be a likely target of miR-181a-5p.

miR-181a-5p reduced MEG2 expression directly at the
post-transcriptional level

To verify the inverse correlation between miR-181a-5p
and MEG2, we used western blotting to evaluate MEG2
expression levels in human gastric cancer cells after
miR-181a-5p overexpression or knockdown. miR-181a-
5p was efficiently overexpressed or knocked down in
MGCB803 cells as shown in Fig. 3a. Subsequently, MEG2
expression levels significantly decreased upon miR-181a-
5p overexpression and increased upon knockdown of
miR-181a-5p in MGCB803 cells (Fig. 3c and e). We also
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Fig. 3 miR-181a-5p directly regulates MEG2 expression. a and b Quantitative RT-PCR analysis of miR-181a-5p levels in MGC803 and SGC7901 cells
transfected with pre-miR-181a-5p, pre-miR-control, anti-miR-181a-5p or anti-miR-control in equal doses. ¢-f Western blot analysis of MEG2 protein
in MGC803 and SGC7901 cells transfected with pre-miR-181a-5p, pre-miR-control, anti-miR-181a-5p or anti-miR-control. C and D: representative
image; E and F: quantitative analysis. g Quantitative RT-PCR analysis of MEG2 mRNA levels in MGC803 and SGC7901 cells transfected with
pre-miR-181a-5p, pre-miR-control, anti-miR-181a-5p or anti-miR-control in equal doses. h Direct binding of the MEG2 3’-UTR by miR-181a-5p. Firefly
luciferase reporters containing the wild-type (WT) or mutant (MUT) form in the MEG2 3-UTR were transfected into MGC803 cells with pre-miR-181a-5p,
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in reporter activity (Fig. 3h). As a negative control, a mu-
tant plasmid in which the miR-181a-5p binding site in the
MEG2 3'-UTR was introduced by point mutations was
engineered to completely disrupt the miR-181a-5p binding

ability. The luciferase activity of the mutated reporter was
not obviously affected by either miR-181a-5p overexpres-
sion or knockdown (Fig. 3h). Taken together, these results
suggest that miR-181a-5p directly recognizes and binds to
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the 3'-UTR of the MEG2 transcript and inhibits MEG2
translation.

MEG2 and miR-181a-5p had opposing effects on cell
proliferation and migration in gastric cancer cells

We proposed that miR-181a-5p promoted the gastric
oncogenic process by inhibiting MEG2 expression. Thus,
we investigated the effect of miR-181a-5p on cell prolif-
eration and migration using CCK-8 and Transwell as-
says. MGC803 cells transfected with pre-miR-181a-5p
had significantly greater capabilities to proliferate and
migrate, while miR-181a-5p inhibition showed the op-
posite effect (Additional file 4: Figure S3). Consequently,
we found that miR-181a-5p had opposing effects on cell
proliferation and migration in gastric cancer cells com-
pared with MEG2 (Fig. 1le-h).

To determine whether miR-181a-5p modulated gastric
cancer cells by directly targeting MEG2, we subsequently
investigated the effect of miR-181a-5p-MEG2 on gastric
cancer cell proliferation and migration. We co-transfected
gastric cancer cells with the following synthetic RNAs: (1)
anti-miR-control and control siRNA, (2) anti-miR-181a-5p
and control siRNA (3) anti-miR-control and MEG2 siRNA,
and (4) anti-miR-181a-5p and MEG2 siRNA. As expected,
gastric cancer cells co-transfected with anti-miR-181a-5p
and MEG2 siRNA showed significantly improved capabil-
ities to proliferate (Fig. 4a) and migrate (Fig. 4b and c) com-
pared to the cells transfected with anti-miR-181a-5p alone.
These findings illustrated that the effect of anti-miR-181a-
5p in inhibiting cellular proliferation and migration was
efficiently restored by co-transfection of MEG2 siRNA.
Conversely, we also co-transfected gastric cancer cells with
the following synthetic RNAs/plasmids: (1) pre-miR-
control and control plasmid, (2) pre-miR-control and
MEG?2 overexpression plasmid with full-length ORF lacking
the miR-181a-5p-responsive 3'-UTR, (3) pre-miR-181a-5p
and control plasmid, and (4) pre-miR-181a-5p and MEG2
overexpression plasmid. Consistent with previous results,
gastric cancer cells co-transfected with pre-miR-181a-5p
and MEG2 overexpression plasmid showed significantly
lower capabilities to proliferate (Fig. 4d) and migrate
(Fig. 4e and f) compared to the ones transfected with
pre-miR-181a-5p alone. These findings indicate that
overexpression of MEG2 rescues the MEG2 suppression
caused by miR-181a-5p and attenuates miR-181a-5p—me-
diated carcinogenic effects, represented by enhanced cell
proliferation and migration in gastric cancer cells. Taken
together, we demonstrated that miR-181a-5p might pro-
mote cell proliferation and migration by inhibiting MEG2.

miR-181a-5p promoted the growth of gastric cancer cells
by inhibiting MEG2 in vivo

To further confirm the above findings in vivo, we estab-
lished gastric cancer xenografts in mice to observe the
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effects of miR-181a-5p and MEG2. MGC803 cells were
infected with (1) control lentivirus, (2) miR-181a-5p
overexpression lentivirus, (3) MEG2 overexpression
plasmid, and (4) miR-181a-5p overexpression lentivirus
together with MEG2 overexpression plasmid. Infected or
transfected MGC803 cells were implanted into 5-week-
old SCID mice. After three weeks of xenograft growth in
vivo, we sacrificed the mice and assessed tumour
growth. We compared the sizes of xenograft tumours
among the groups and found that the group with miR-
181a-5p-overexpression showed a significant increase
in both parameters compared to the control group,
whereas the MEG2-overexpressing group exhibited a
dramatic decrease (Fig. 5a and b). In addition, MEG2
overexpression attenuated the promotion of miR-181a-5p
(Fig. 5a and b), suggesting that miR-18la-5p promotes
tumour growth by inhibiting MEG2. We subsequently
extracted total RNA and protein from the tumours and
analysed miR-181a-5p and MEG2 expression. As ex-
pected, the mRNA levels of MEG2 were higher in the
tumour tissues from the MEG2-overexpressing group
(Fig.5d). The miR-181a-5p expression levels of tumour
tissues from the miR-181a-5p-overexpressing group
was significantly higher compared to that from the con-
trol group (Fig. 5c). With regards to MEG2 protein
levels, the miR-181a-5p-overexpressing group exhibited
lower levels compared to the control group, whereas
the MEG2-overexpressing group exhibited elevated
levels (Fig. 5e and Additional file 5: Figure S4A). Add-
itionally, compared to the group overexpressing MEG2
alone, tumours from both the miR-181a-5p and MEG2
overexpression groups showed significantly lower
MEG?2 levels (Fig. 5e and Additional file 5: Figure S4A).
These results further confirmed that MEG2 overexpres-
sion rescues MEG2 suppression caused by miR-181a-5p
in vivo. Moreover, H&E staining showed that miR-
181a-5p lentivirus promotes cell mitosis while MEG2
plasmid downregulates cell mitosis. Similarly, both
miR-181a-5p and MEG2 overexpression groups showed
less cell mitosis compared to the one with miR-181a-5p
overexpression alone (Additional file 5: Figure S4B).
Immunocytochemistry with mouse monoclonal anti-
body against Ki-67 was used to assess the proliferative
activity of the tumour cells. The cell proliferation rate
was higher in the tumour tissues from the miR-181a-
5p-overexpressing group and lower in the tumour tis-
sues from the MEG2-overexpressing group (Additional
file 5: Figure S4B). Taken together, we demonstrated
that MEG2 overexpression attenuated the promotive
effect of tumour growth caused by miR-181a-5p over-
expression. Thus, the in vitro and in vivo findings con-
gruently validated the regulation of miR-18la-5p on
the tumour suppressor activity of MEG2 in gastric
tumourigenesis.
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Discussion

Surgery is a major treatment for GC, augmented with
chemotherapy and/or radiotherapy. However, many ad-
vanced GC patients have a poor prognosis. Recently,
clinicians have systemically measured the activity of po-
tential genetic targets in tumours for GC therapy. Al-
though trastuzumab has become a first-line treatment
option for HER-2-positive advanced GC, there is no

internationally accepted standard of cure, and survival of
most advanced GC patients remains poor [32, 33]. Conse-
quently, more effective therapeutic approaches to GC are
much needed.

Multiple genetic alterations have been proved to be in-
volved in gastric tumourigenesis. Oncogenes such as
HER-2 have been found to be overexpressed in this type
of cancer [34]. In contrast, many tumour suppressor
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genes (such as PTEN and P53) are inactivated or down-
regulated [35]. The reversible regulation of signalling
proteins by phosphorylating their certain tyrosine resi-
dues is one of the most common mechanisms in regula-
tion of cellular signal transduction. PTPs are involved in
the regulation of many cellular functions, such as prolif-
eration and migration, by dephosphorylating relevant
signalling proteins [36]. It is well known that dysfunction
of PTPs is associated with various cancers and most of
them function as tumour suppressors [36]. As one of the
non-receptor PTPs, MEG2 was reported to dephosphor-
ylates EGFR and HER-2 specifically, thereby indirectly
inhibiting the activation of EGF-induced STAT3 and
negatively regulating cell proliferation and migration
[13]. In addition, Su et al. also found that MEG2 directly
catalyzes dephosphorylation of STAT3 activated by v-Src

at residue Try705 [14]. Since EGFR, HER-2 and STAT3
were known as important proto-oncogenes in gastric
tumourigenesis, MEG2 might be an effective tumour
suppressor in GC [33, 35, 37]. In this study, we demon-
strated that MEG2 protein was significantly lower in
both GC specimens and GC cell lines, compared to nor-
mal adjacent gastric mucosa and normal gastric cell
lines. Furthermore, our functional experiment showed
that MEG?2 efficiently inhibited proliferation and migra-
tion in vitro and markedly attenuated tumour growth in
vivo. These results confirmed that MEG2 functions as a
tumour suppressor gene in GC.

In this study, the alteration trend of MEG2 mRNA be-
tween GC specimens and normal adjacent gastric mu-
cosa was not consisted with that of MEG2 protein. This
phenomenon inspired us that the expression of MEG2
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protein might be regulated by a post-transcriptional
mechanism. As a crucial post-transcriptional regulator,
miRNA regulates expression of target genes by the im-
perfect complementary binding with their mRNAs [17].
Previous studies validated that several miRNAs (e.g.,
miR-24 and miR-96) were involved in regulation of
MEG?2 in breast cancer [5, 38]. Since the detail mechan-
ism through which MEG2 was downregulated in GC
remained unclear, we screened miRNAs that potentially
target MEG2 by bioinformatics analyses and identified
miR-181a-5p as a candidate. Subsequently, we showed
that expression level of miR-181a-5p was inversely cor-
related with MEG2 protein level in both GC specimens
and gastric cell lines. Furthermore, MEG2 was validated
as a direct target of miR-181a-5p in two gastric cancer
cells by knocking down and overexpressing miR-181a-5p.
Thus, modulation of MEG2 by miR-181a-5p may explain,
at least in part, why the upregulation of miR-181a-5p can
promote cell proliferation and migration and tumor
growth in gastric cancer. However, conflicting reports re-
garding the role of miR-181a-5p in suppressing or pro-
moting tumorigenesis in different cancer types have left
unanswered questions. Studies showed that miR-181a-5p
was downregulated in several cancers, such as oral squa-
mous cell carcinoma, glioma and leukemia [39-41]. Even
in GC, also it was suggested that miR-181a-5p inhibited
migration and proliferation of HGC-27 cells by targeting
Prox1 [42]. Based on these findings, miR-181a-5p was
supposed to be a tumour suppressor. In contrast, a num-
ber of studies showed that miR-181a-5p was upregulated
and acted as an oncomiR in gastric carcinogenesis by sup-
pressing RASSF6, ATM or KLF6 expression [29, 43—45].
In accordance with these findings, we showed that miR-
181a-5p promoted proliferation and migration of GC cells
and enhanced tumour growth in vivo. In addition, we ob-
served that restoration of MEG2 expression attenuated
the effects of miR-181a-5p both in vitro and in vivo. Thus,
the role of miR-181a-5p may be tumour-type specific
and miR-181a-5p is more likely to be an oncogene in GC.
Nevertheless, the underlying molecular mechanisms
through which miR-181a-5p is involved in the develop-
ment and progression of different cancers remain to be
fully elucidated. Under different circumstances, miR-181a-
5p may exert different functions.

Dysregulation of miRNAs played an important role in
gastric tumourigenesis [19, 20]. Correction of cellular
miRNA levels may emerge as a potential therapeutic
strategy [46, 47]. Overexpressed miRNAs can be silenced
using antagomirs [47]. Indeed, some scientists have
already established the potential usefulness of miRNAs
as therapeutic molecules against cancers, including the
prevention of metastasis formation by silencing of miR-
10b [47]. In our study, MEG2 was downregulated in
GC and was suppressed by oncomiR miR-181a-5p.
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Transfection with anti-miR-181a-5p displayed an anti-
tumour effect by increasing MEG2 expression both in
GC cells and in xenografted mice. Thus, it is quite pos-
sible that treatment GC with miR-181a-5p antagomir
may be a promising strategy for GC patients showing
upregulation of miR-181a-5p. Further effort is needed
to characterize the feasibility of targeting miR-181a-5p
in GC therapy and develop cost-effective and simplified
manipulation methods.

Conclusions

In summary, this study provided new insight into the
role of MEG2 in gastric cancer. We demonstrated that
MEG?2 is downregulated in gastric cancer as a result of
the upregulation of miR-181a-5p. Consequently, this
regulation is able to promote gastric cancer cell prolifera-
tion and migration in vitro and enhance tumour growth in
vivo. These results suggest that MEG2 is a tumour sup-
pressor gene that is negatively regulated by miR-181a-5p
in human gastric cancer and might serve as a potential
new target for future gastric cancer therapy.
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