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Abstract

Background MiR-141 and long noncoding RNA MEG3
have been independently reported to be tumor suppressor
genes in various cancers. However, their expression has
never been previously associated with gastric cancer (GC).
Aims To investigate the interaction of miR-141 and
MEG3 in GC.

Methods QRT-PCR was used to detect miR-141, MEG3,
and E2F3 in gastric tissues and cells. CCK-8 and flow
cytometry analysis were used to detect cell functions.
Western blot and luciferase activity were used to identify
E2F3 as one of the direct targets of miR-141.

Results We found that expression of both miR-141 and
MEG3 was significantly reduced in GC compared with
levels in matched nonmalignant tissues. Positive correla-
tion between miR-141 and MEG3 was found in both tumor
tissues and control tissues. Furthermore, the over-
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expression of either miR-141 or MEG3 in 7901 and
MKN45 cells inhibited cell proliferation and cell cycle
progression and promoted cell apoptosis. E2F3 was iden-
tified as a target of miR-141, and its inhibition significantly
reduced MEG3 expression. E2F3 expression was also
found to be negatively associated with both MEG3 and
miR-141. E2F3 over-expression partly reversed the chan-
ges caused by transfection of miR-141 mimic, and inhibi-
tion of miR-141 or MEG3 overrides MEG3- or miR-141-
induced modulation of cell growth in GC.

Conclusions These findings together suggested that miR-
141 could be interacting with MEG3 and targeting E2F3, and
these factors may play important anti-tumor effects in GC
pathogenesis and provide therapeutic targets in the clinics.

Keywords MiR-141 - MEG3 - Cell growth - Cell cycle -
Gastric cancer

Introduction

From a worldwide perspective, gastric cancer (GC) is the
fourth most common malignant cancer and the second
leading cause of cancer-related deaths, especially in Asia
[1]. Despite recent improvements in surgery and
chemotherapy, the prognosis for gastric cancer remains
grim [2]. Therefore, a better understanding of the molec-
ular mechanisms and evaluation of new therapeutic
strategies for this disease is required.

Differentially expressed genes identified from hundreds
of cancer profiling studies over the last several years have
yielded numerous biomarkers that have improved the
subtyping, classification, and diagnosis of tumors for both
research and clinic [3]. However, the human transcriptome
comprises not only large numbers of protein-coding
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messenger RNAs (mRNAs), but also alarge set of noncoding
RNAs (ncRNAs) that have structural, regulatory, or
unknown functions [4]. Emerging evidence demonstrates
that deregulated microRNAs (miRNAs) are involved in
many processes of tumor progression, such as tumor initia-
tion, cell proliferation, apoptosis, invasion, metastasis,
angiogenesis, and epithelial-to-mesenchymal transition [5].
We and other groups have found that a number of miRNAs,
including miR-375 [6], miR-204 [7], and miR-126 [8], were
down-regulated in GC. In contrast, long noncoding RNAs
(IncRNA ), tentatively defined as ncRNAs more than 200 nt
in length, are also known to play key roles in cancer devel-
opment and aberrant expression of IncRNAs have been
functionally associated with GC [9]. Recent studies have
found that IncRNAs might play as competing endogenous
RNAs (ceRNAs) to exert their function on tumors, by
binding with MREs and inhibiting target gene expression
[10]. However, the relationship between miRNA and
IncRNA and their role in GC remained largely unknown.
In this study, GC tumor samples revealed that both miR-
141 and MEG3 were down-regulated compared with matched
nonmalignant tissues. We hypothesized that reduced miR-141
expression could potentially represent a mechanism for the
silencing of MEG3 through the modulation of E2F3 activity.
We therefore sought to examine the aspects of the molecular
functions of miR-141 and MEG3 in GC cell models.

Materials and Methods
Human Tissue Specimens

Seventy-five GC samples and 75 histological normal gas-
tritis tissues were obtained from patients who were
admitted to the Department of Gastroenterology of Nanjing
Medical University between May 2013 and March 2014.
Tumor tissues and gastritis tissues that were at least 1.5 cm
distal to the tumor margins were snap-frozen in liquid
nitrogen and then stored at —80 °C until use. All of the
freshly frozen blocks of surgical samples were carefully
dissected by the pathologists using H&E-stained sections
as a template to identify areas containing at least 70 %
tumor or normal cells. The study was approved by the
Institutional Ethics Committee of Nanjing Medical
University. The experiments were undertaken with the
understanding of Declaration of Helsinki, and written
consent was obtained from each patient.

RNA Isolation and Quantitative Reverse
Transcription PCR (qRT-PCR)

Total RNA was isolated from tumor and normal tissue
samples by using TRIzol reagent (Takara, Japan) according
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to the manufacturer’s instructions. The expression of miR-
141 was determined by quantitative stem-loop reverse
transcription qRT-PCR. Primers for qRT-PCR of miR-141,
MEG3, E2F3, U6 (internal control for miRNA), and
B-actin (internal control for IncRNAs) are listed in Sup-
plementary Table 1. Quantitative PCR was conducted at
95 °C for 10 min followed by 40 cycles of 95 °C for 15 s
and 60 °C for 60 s in an ABI StepOne real-time PCR
system. The relative expression levels of miR-141 and
MEGS3 were calculated with 2744 method. The data were
presented as the fold change of miR-141 or MEG3
expression in tumor tissues compared with their adjacent
nonmalignant tissues (T/N).

Cell Cultures and Transfection

An immortalized human gastric epithelial cell line GES-1
was cultured in RPMI 1640 (Gibico) medium supple-
mented with 15 % fetal bovine serum (FBS), as described
previously. The human GC cell lines MKN45 and 7901 and
embryonic kidney cell HEK-293T were cultured in RPMI-
1640 (Hyclone, USA). MiRNAs were transfected at a
working concentration of 100 nmol/L using Lipofectamine
2000 reagent (Invitrogen, USA). The miR-141 mimic, a
nonspecific miR control, miR-141 inhibitor, a nonspecific
miR inhibitor control, pcDNA-E2F3, and pcDNA control
were all purchased or generated from GenePharma
(Shanghai, China).

MiRNA Target Validation

E2F3 was identified as miR-141 target in TargetScan.
3'UTR (untranslated regions) was amplified by PCR and
cloned downstream of the firefly luciferase gene in pGL3
vector (Promega). The vector was named wild-type (wt)
3'UTR. Site-directed mutagenesis of the miR-141 binding
site in E2F3 3'UTR was generated by Invitrogen, which is
named mutant (mt) 3'UTR. For reporter assays, wt or mt
3'UTR vector and the control vector pRL-CMV (Renilla
luciferase, Promega) were co-transfected. Luciferase
activity was measured 36 h after transfection using the
Dual-Luciferase Reporter Assay System (Promega).

Western Blot Analysis

Cells were lysed in RIPA lysis buffer and extracted pro-
teins. They were subjected to 10 % SDS-polyacrylamide
gel electrophoresis and transferred to polyvinylidene
difluoride membrane (Millipore). Membranes were incu-
bated with primary antibodies at 4 °C overnight and
washed extensively, followed by incubation with horse-
radish peroxidase-conjugated second antibodies at room
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temperature for 1 h and detected with the ECL kit
(Thermo). The primary antibodies against E2F3 (Cell
Signaling Technology) and B-actin (Cell Signaling Tech-
nology) were diluted 1:1000. To quantify the bands
obtained through Western blot analysis, we applied ImageJ
software-based analysis. The background was subtracted,
and the signals of the detected bands were normalized to
the amount of loading control B-actin band.

Cell Proliferation Assays

The effects of miR-141 and MEG3 over-expression on
SGC-7901 and MKN45 cells proliferation were assessed
using the Cell Counting Kit-8 (CCK-8, Dojindo, Kuma-
moto, Japan). Briefly, the cells were seeded into 96-well
plates (2 x 10° cells/well). After transfection, CCK-8
(10 pL) was added to each well at various time points and
incubated at 37 °C for 3 h. The absorbance at 450 nm was
measured using a microplate spectrophotometer (Bio-Tek
Instruments Inc., Winooski, VT, USA).

Cell Cycle and Apoptosis Analysis

SGC-7901 cells were transfected with pcDNA3.1, miR-141
mimics, or pcDNA3.1-MEG3, respectively. At 48 h post-
transfection, cells were harvested by trypsin and washed with
phosphate-buffered saline (PBS). For cell cycle analysis, the
cells were fixed with 75 % ethanol at 4 °C overnight. On the
following day, fixed cells were washed with PBS, treated
with RNase A (50 pg/mL) in PBS at 37 °C for 20 min, and
then mixed with propidium iodide (PL, 50 pg/mL) for 30 min
in the dark. The stained cells were analyzed with fluores-
cence-activated cell sorting (FACS) by flow cytometry
(FACSCalibur, Becton—Dickinson, Bedford, MA, USA).
The cell debris and fixation artifacts (aggregates of cells)
were gated out, and cell populations that were at the GO/G1,
S, and G2/M phases were quantified using the ModFit soft-
ware (Becton-Dickinson). At least 10,000 cells in each
sample were analyzed to obtain a measurable signal. For
apoptosis analysis, an Annexin-V-FLUOS Staining kit
(Roche, Mannheim, Germany) was used according to the
manufacturer’s instructions 48 h after transfection. Apop-
tosis was analyzed with FACS using the CellQuest software
(Becton—Dickinson). Annexin-V-FLUOS-positive cells
were regarded as apoptotic cells.

Statistical Analysis

Student’s ¢ test was used to analyze the relationship between
miR-141 and MEG3 expression. Correlation between the
expression of miR-141 with MEG3 and E2F3 with miR-141/
MEGS3 was analyzed using Pearson’s rank correlation coef-
ficient analysis. All statistical analyses were performed using

SPSS 17.0. Experiments with cell cultures were done at least
in triplicate. Data were expressed as mean =+ standard
deviation (SD). A two-tailed value of p < 0.05 was consid-
ered to be statistically significant.

Results

MiR-141 and MEG3 Expression Were Decreased
in GC and Were Correlated with Cancer
Progression

We evaluated the expression levels of miR-141 and MEG3
in 75 pairs of GC and the histologically normal gastritis
tissues. Statistically, the average expression levels of miR-
141 (Fig. la) and MEG3 (Fig. 1b) were significantly
down-regulated in tumor tissues. Moreover, miR-141
(Fig. 1c) and MEG3 (Fig. 1d) expression levels were also
significantly decreased in the GC cell lines 7901 and
MKN45, compared with immortalized gastric epithelial
cell GES-1. The relationships between miR-141 expres-
sion, MEG3 expression, and the clinicopathological factors
of GC are presented in Table 1. By normalizing miR-141
and MEG3 expression levels in the tumor tissues with
adjacent nonmalignant tissues, miR-141 expression (T/N)
was significantly correlated with metastasis and clinical
stage and MEG3 expression (T/N) was significantly cor-
related with tumor size and clinical stage. Besides, we also
divided the control gastritis tissues according to H. pylori
infection state. There were 31 H. pylori-positive and 44 H.
pylori-negative patients. We found that miR-141 expres-
sion was significantly decreased in H. pylori-positive tis-
sues (p < 0.05), while MEG3 expression showed no
difference between the two groups (p > 0.05).

Expression of MiR-141 Was Positively Correlated
with MEG3 Expression in Clinical Specimens

Because both miR-141 and MEG3 were shown to be corre-
lated with cancer progression, we examined the relationship
of their expression levels using Pearson’s rank correlation
coefficient analysis. We found that the expression level of
miR-141 was positively correlated with MEG3 expression in
both GC (R = —0.889, p = 0.001, Fig. 1le) and matched
nonmalignant tissues (R = —0.866, p = 0.000, Fig. 1f).

Over-Expression of Either MiR-141 or MEG3 in GC
Cells Inhibited Cell Proliferation and Cell Cycle
Progression and Promoted Apoptosis

The expression of miR-141 and MEG3 was significantly

increased in SGC-7901 and MKN45 cells after transfection
with pcDNA3.1-MEG3 or miR-141 mimics compared with
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Table 1 Relationship between o crerigtics No. MiR-141 (T/N) MEG3 (T/N)
expression of miR-141 and
MEG3 and clinicopathologic Mean + SD p Mean + SD p
factors in 75 GC patients
Sex 0.775 0.864
Male 40 0.776 + 0.341 0.441 + 0.255
Female 35 0.787 +£ 0.318 0.429 + 0.452
Age 0.434 0.628
<50 years 39 0.752 £+ 0.847 0.418 £ 0.691
>50 years 36 0.814 £+ 0.441 0.450 £+ 0.772
Tumor size 0.223 0.002%*
T1-T2 44 0.835 £+ 0.359 0.607 £ 0.348
T3-T4 31 0.729 + 0.288 0.269 £ 0.532
Metastasis 0.031* 0.062
Yes 34 0.609 £ 0.633 0.369 £ 0.237
No 41 0.950 £ 0.466 0.499 £ 0.223
Clinical stage 0.048* 0.012*
I-1I 45 0911 £+ 0.434 0.592 £+ 0.321
1I-1v 30 0.652 £+ 0.532 0.279 £+ 0.134

* p < 0.05, ** p < 0.01

transfection with controls (Fig. 2a). We examined the
cellular effects of the independent restoration of miR-141
and of MEG3 expression on cell growth and proliferation
in the SGC-7901 and MKN45 cell models of GC. Over-
expression of either miR-141 or MEG3 significantly
inhibited the viability of GC cells (Fig. 2b). Over-expres-
sion of either factor also leaded to substantial accumulation
of the cell populations at the G1 stage of the cell cycle
(Fig. 2¢). MiR-141 mimic or pcDNA-MEG3 could also
promote cell apoptosis (Fig. 2d), revealing that miR-141
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Fig. 2 Over-expression of miR-141 and MEG3 inhibits cell viability »
and cell progression, while promoting cell apoptosis. Cells were
transfected with negative control (NC) or miR-141 mimics or
pcDNA-MEG3 or pcDNA-NC, as indicated. a Relative expression
of miR-141 or MEG3 after transfection validated by qRT-PCR.
b Over-expression of miR-141 and MEG3 inhibits cell viability. Cell
viability was measured using CCK-8 assays. ¢ Inhibition of cell cycle
progression by over-expression of miR-141 or MEG3. Cells were
stained with propidium iodide (PI) at 48 h posttransfection and
analyzed with FACS. d Promotion of apoptosis by over-expression of
miR-141 or MEG3. Cells were transfected for 48 h, and apoptosis
cells were monitored with FACS after Annexin-V and PI staining.
Data were presented as mean £+ SD
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and MEG3 have marked anti-tumorigenic cellular func-
tions in GC.

Over-Expression of MiR-141 Decreased Expression
of E2F3 by Targeting the 3'UTR of Its mRNA
and Increased MEG3 Expression

The mRNA for E2F3 contains one conserved putative miR-
141 target site in its 3’UTR according to two of the most
commonly used software algorithms (TargetScan and
MiRanda; Fig. 3a). Therefore, we constructed luciferase
reporter plasmids to contain either the wild-type or the
mutated miR-141 target sequences in the 3'UTR of E2F3.
Both the wild-type and the mutant reporters were intro-
duced into HEK-293T cell. We found that ectopic
expression of miR-141 suppressed the luciferase activity of
the reporters containing E2F3 3'UTR, but not the reporter
vector containing the mutation of the miR-141 binding site
(Fig. 3b). In addition, we examined the effects of over-
expression/down-regulation of miR-141 on the endogenous
expression of E2F3 protein in SGC-7901 cells by Western
blot and qRT-PCR analysis. The expression of both E2F3
protein and mRNA was significantly decreased in GC cells
in which miR-141 mimic transfected, in comparison with
same cells transfected with negative control, and E2F3 was
over-expressed when miR-141 inhibitor transfected
(Fig. 3c). We detected MEG3 expression by qPCR analysis
in cells transfected with miR-141 mimics/inhibitor. We
found that MEG3 expression was significantly over-ex-
pressed when transfecting with miR-141 mimics and
decreased when transfecting with miR-141 inhibitor
(Fig. 3d). We also examined the effect of knockdown the
E2F3 expression on MEG3 expression by siRNAs. As
shown in Fig. 3e, E2F3 mRNA and protein level were
significantly suppressed by siRNA transfection. We found
that E2F3 knockdown induces MEG3 expression in GC
cells (Fig. 3f). These findings suggested that miR-141
could increase MEG3 expression through reduction in the
expression of E2F3 in vitro.

Expression of E2F3 Was Inversely Correlated
with MiR-141 and MEG3 Expression in GC

We sought to confirm the molecular relationship observed
between E2F3 activity and expressed levels of miR-141
and MEG3 in patient’s GC tissues and cells. Correlation
between E2F3, MEG3, and miR-141 expression was
examined in 15 pairs of randomly selected GC tissues by
gRT-PCR analysis. The E2F3 mRNA expression was up-
regulated in GC compared with matched nonmalignant
tissues (Fig. 4a) and consistent with the result that E2F3
mRNA expression was increased in 7901 and MKN45 cell
lines, compared with immortalized GES-1 cells (Fig. 4b).
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Pearson’s correlation coefficient analysis suggested that
relative E2F3 expression (T/N) was inversely correlated
with miR-141 (Fig. 4c, R = —0.752, p = 0.012) and
MEGS3 (Fig. 4d, R = —0.686, p = 0.028) expression.

Transfection of pcDNA-E2F3 Partly Reversed
the Changes Caused by Transfection of hsa-miR-141
Mimic

The increased expression of E2F3 protein was observed
after cells transfected with E2F3 by Western blot. E2F3
expression was significantly higher in cells co-transfected
with miR-141 mimics and E2F3, compared with control
and cell transfected with miR-141 mimics alone (Fig. 5a).
The co-transfection partly reversed cell proliferation inhi-
bition induced by miR-141 transfection (Fig. 5b). Also, the
co-transfection significantly decreased cells in G1 phase
and increased cells in S and G2 phases, which suggested
that G1-phase arrest by miR-141 was partially reversed by
E2F3 transfection (Fig. 5c).

Expression of MiR-141 or MEG3 Rescued
MEG3- or MiR-141-Induced Modulation of Cell
Growth in GC

Having demonstrated the relationship between IncRNA
MEG3 and miR-141 by our present data, we further
explore the importance of miR-141 or MEG3 in MEG3- or
miR-141-mediated cell growth. Western blot analysis
showed that MEG3 transfection could significantly reduce
E2F3 expression and that after cell co-transfecting with
MEGS3 and miR-141 inhibitor, the E2F3 protein expression
was restored (Fig. 6a). Also, miR-141 inhibitor could
restore significantly cell growth repressed by MEG3 over-
expression (Fig. 6b). Furthermore, miR-141 inhibitor
reduced cell G1-phase arrest induced by MEG3 (Fig. 6¢).
Similar results are found in Fig. 7, which shows that MEG3
siRNA could reverse cell growth effect and distribution
induced by miR-141.

Discussion

The present study is a comprehensive combined analysis of
microRNA and IncRNA expressions in patient’s GC sam-
ples and their matched nonmalignant tissues, which was
reported for the first time. It was found that miR-141 and
long noncoding RNA MEG3 were reduced in GC com-
pared with control, confirmed in 75 pairs of tissues by qRT-
PCR analysis. The reduction in miR-141 and MEG3 has
been reported to occur in a variety of tumors including GC
[11, 12], hepatocellular carcinoma [13, 14], and bladder
cancer [15, 16]. These reported findings suggested potential
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anti-tumorigenic effects for both miR-141 and MEG3 in
cancer pathogenesis.

Initially, we found that both in tumor tissues and in
control tissues, the expression of MEG3 was positively
related to miR-141, in either tumor or adjacent control
tissues (p < 0.05). To the best of our knowledge, there are
no published reports of a relationship between the combi-
nation of miR-141 and MEG3 expression in cancer
patients. After transfecting cells with miR-141 mimics/in-
hibitor, the expression level of MEG3 was also increased/
decreased, and when we silence E2F3 expression, the
expression of MEG3 was significantly higher. These

acin -

Relative MEG3 expression

N
1

findings together showed that the expression of MEG3 was
regulated by miR-141.

Interestingly, others have reported evidence of another
potential molecular mechanistic relationship between miR-
141 and MEG3 in which miR-141 targets repression of
EZH2 expression, a subunit of the polycomb repressor
complex 2 (PRC2), in prostate cancer [17], while MEG3
has been shown to interact with EZH2 in embryonic stem
cells (ES cells) [18]. However, no direct relationship
between the expression of miR-141 and MEG3 has been
reported previously. Yet, a relationship between the
expression of miR-29a and MEG3 was reported in
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hepatocellular cancer [19], and although miR-141 is down-
regulated in hepatocellular cancer, reportedly through the
up-regulation of EMT inducers [20], miR-141 can also
affect the pathogenesis of hepatocellular cancer by target-
ing the EMT pathway. In this study, molecular analysis in
GC cells showed that increased miR-141 results in
increased MEG3 expression through the reduced expres-
sion of its target E2F3, highlighting an elegant interrela-
tionship between two classes of ncRNAs, miRNA, and
IncRNAs and epigenetic regulation of gene expression. Our
analysis does not exclude the possibility that other potential
targets of miR-141 may also govern other pathways that
enhance MEG3 expression and that miR-141 may also
target different molecules in different types of cancer.
Certainly, we have demonstrated clearly that E2F3 is a
direct of miR-141 and that inhibition of E2F3 by interfer-
ing RNAI resulted in the up-regulation of MEG3, sug-
gesting that down-regulation of E2F3 by miR-141 might
readily account for the up-regulation of MEG3. We verified
these in vivo showing that the expression of E2F3 in GC
tissues was inversely correlated with either miR-141 or
MEGS3 levels. Together, these observations provided sup-
port that E2F3 is a miR-141 target gene in GC tissues.

In this study, the expression levels of hsa-miR-141 and
MEG3 were significantly down-regulated in GC tissues and
cells. The possible mechanisms by which miR-141 down-
regulated in GC might be that miR-141 was regulated by
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certain transcriptional factor (Sp1) [23] or decreased by H.
pylori infection [11]. MiR-141 could target with oncogene
STAT4 and ZEBI1 [21] to regulate GC cell functions. Our
in vitro experiments with human GC cell line SGC-7901
showed that both miR-141 and MEG3 inhibited cell pro-
liferation, induced G1-phase arrest, and promoted apopto-
sis and that down-regulation of hsa-miR-141 or MEG3
could have reverse effects. These findings suggested that
hsa-miR-141 and MEG3 are tumor suppressors in GC. For
miR-141, our data are similar to the findings in liver cancer
[13], breast cancer [21], and ovarian cancer [22], in which
miR-141 expression was found to be reduced. Mechanistic
studies have revealed that miR-141 suppressive effects in
tumor cells could act through posttranscriptional inhibition
of the expression of Spl [23]. However, there are no
studies reporting relationship between miR-141 and tran-
scription factor E2F3. E2F3 belongs to the E2F family of
transcription factors that was first described as a key reg-
ulator of cell cycle progression [24]. Subsequently, E2Fs
were also found to regulate genes involved in a variety of
biological processes, including apoptosis, DNA repair,
differentiation, and development [25]. E2F3 exerts a criti-
cal role in gene expression control during the G1/S tran-
sition, which also has major roles in regulating cell
apoptosis [26]. There is mounting evidence that dysregu-
lation of E2F3 proteins contributes to tumor formation
[27]. In this study, we were the first to find that E2F3 was
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one of the direct targets of miR-141 through luciferase
assay and that miR-141 inhibited cell proliferation partly
through repression of E2F3 expression. We co-transfected
cells with miR-141 mimics and pcDNA-E2F3, compared
with cell transfected with miR-141 mimics only, we found
that E2F3 expression reversed miR-141 inhibition of cell
proliferation and Gl-phase arrest, and these results also
confirmed in vivo. Together, these findings suggested that
miR-141 inhibits cell growth partly through repression of
E2F3 expression.

In summary, we have shown that miR-141 and MEG3
were positively correlated in tissues, that over-expression
of miR-141 or MEG3 could inhibit GC cell proliferation
and cycle progression and promoted cell apoptosis, and that
transfecting cells with MEG3 siRNA or miR-141 inhibitor
could reverse the condition, which indicated that these
factors play important anti-tumor effects during GC
pathogenesis and that combined miR-141 and MEG3
expression might prove useful as a therapeutic target
among GC patients.
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