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Abstract

Recent evidence shows that altered microRNA-9 (miR-9) expression is implicated in the progression of gastric cancer.
However, the exact roles and underlying mechanisms of miR-9 in the proliferation, invasion and metastasis of gastric cancer
still remain unknown. In this study, miR-9 was found to be down-regulated and inversely correlated with the expression of
cyclin D1 and v-ets erythroblastosis virus E26 oncogene homolog 1 (Ets1) in gastric cancer tissues and cell lines.
Bioinformatics analysis revealed the putative miR-9 binding sites in the 3’-untranslated regions (3’-UTR) of cyclin D1 and
Ets1 mRNA. Ectopic expression or knockdown of miR-9 resulted in responsively altered expression of cyclin D1, Ets1 and
their downstream targets phosphorylated retinoblastoma and matrix metalloproteinase 9 in cultured gastric cancer cell
lines SGC-7901 and AGS. In the luciferase reporter system, miR-9 directly targeted the 3’-UTR of cyclin D1 and Ets1, and
these effects were abolished by mutating the miR-9 binding sites. Over-expression of miR-9 suppressed the proliferation,
invasion, and metastasis of SGC-7901 and AGS cells in vitro and in vivo. Restoration of miR-9-mediated down-regulation of
cyclin D1 and Ets1 by transient transfection, rescued the cancer cells from decrease in proliferation, migration and invasion.
Furthermore, anti-miR-9 inhibitor promoted the proliferation, migration and invasion of gastric cancer cells, while knocking
down of cyclin D1 or Ets1 partially phenocopied the effects of miR-9 over-expression. These data indicate that miR-9
suppresses the expression of cyclin D1 and Ets1 via the binding sites in their 3’-UTR, thus inhibiting the proliferation,
invasion and metastasis of gastric cancer.
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progression [3]. It is currently urgent to investigate the roles of
miRNAs and their target genes in tumor progression by
experimental models.

In human gastric cancer, a number of miRNAs have been

Introduction

Gastric cancer is the fourth most common cancer in the world
[1]. In spite of the improvement in surgical and multimodal

therapy, the prognosis of advanced gastric cancer still remains
poor due to the recurrence, invasion and metastasis, with a 5-year
survival rate below 30% [1]. A better knowledge of the
mechanisms underlying tumor progression is warranted to

discover novel paradigms for the diagnosis and treatment of

gastric cancer [2]. MicroRNAs (miRNAs), a recently identified
category of small and highly conserved noncoding RNAs, can
participate in the post-transcriptional regulation of gene expression
through partial complementary binding with the 3’ untranslated
regions (3'-UTRs) of target mRNA, resulting in translational
repression or mRNA degradation [3]. Emerging evidence shows
that miRNAs are involved in the biological processes related to
apoptosis, proliferation, differentiation, invasion and metastasis,
while deregulation of which is crucial to cancer initiation and
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reported to be aberrantly over-expressed or down-regulated
during the progression of gastric cancer, including miR-21 [4],
miR-15b [3], miR-16 [5], and miR-101 [6]. These miRNAs play
oncogenic or tumor-suppressive roles in the regulation of cell
growth, migration and invasion by repressing their target genes.
For example, oncogenic miR-21 is aberrantly over-expressed in
gastric cancer, and enhances the proliferation and invasiveness of
gastric cancer cells by targeting reversion-inducing cysteine-rich
protein with Kazal motifs [4]. Meanwhile, miR-15b and miR-16
are down-regulated in gastric cancer, and contribute to multidrug
resistance of gastric cancer cells by modulation of apoptosis via
targeting B-cell leukemia/lymphoma 2 [5]. miR-101 is down-
regulated in gastric cancer tissues and cell lines, while ectopic
expression of miR-101 significantly inhibits the proliferation,
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migration and invasion of gastric cancer cells by targeting
enhancer of zeste homolog 2, cytochrome ¢ oxidase subunit II,
and myeloid cell leukemia sequence 1 [6]. Therefore, it has been a
focus to further explore the expression and function of miRNA in
the tumor biology of gastric cancer.

MicroRNA-9 (miR-9) is first identified as one of the crucial
regulators for the development, physiology and pathology of
nervous system in several organisms, including Drosophila, zebra-
fish, and mammals [7-9]. A series of subsequent studies have
shown that altered miR-9 expression is associated with the
development and progression of cancers [10-14]. Previous studies
indicate that miR-9 is significantly down-regulated in gastric
cancer, implying its potential roles in tumor progression [15-18].
It is also indicated that miR-9 can modulate the proliferation of
gastric cancer cells via targeting the caudal type homeobox 2
(CDX2) [19] and NF-kappa B (NF-kB) [16]. However, the exact
function and underlying mechanisms of miR-9 in the progression
of gastric cancer still warrant further investigation. In this study,
we demonstrate, for the first time, that miR-9 directly targets
cyclin D1 and v-ets erythroblastosis virus E26 oncogene homolog
1 (Ets1), and suppresses the proliferation, invasion and metastasis
of gastric cancer cells i vitro and n vivo.

Results

miR-9 was down-regulated and inversely correlated with
the expression of cyclin D1 and Ets1 in gastric cancer
tissues and cell lines

To investigate the miR-9 expression in gastric cancer, gastric
cancer tissues and adjacent non-neoplastic mucosa were collected
from 86 primary cases. Real-time quantitative reverse transcrip-
tion PCR (RT-PCR) revealed that miR-9 was down-regulated in
gastric cancer tissues than that in adjacent non-neoplastic mucosa
(P=0.001, Fig. 1A). The miR-9 expression was significantly lower
In gastric cancer cases with deeper gastric wall invasion (£<<0.001),
lymph node metastasis (P<<0.001), distant metastasis (P=0.022),
and advanced TINM stage (P=0.01) (Table S1). In contrast, higher
cyclin D1 and Ets] transcript levels were detected in gastric cancer
tissues (P<<0.0001 and P<0.0001, respectively, Fig. 1B and
Fig. 1C). There was an inverse correlation between miR-9
expression and cyclin D1 transcript levels in gastric cancer tissues
(P<0.001, Fig. 1D). In addition, an inverse correlation between
miR-9 expression and Ets1 transcript levels was also noted in these
cancer tissues (P<<0.001, Fig. 1E). Lower miR-9 expression and
higher transcript levels of cyclin D1 and Ets] were observed in
gastric cancer cell lines than those in normal gastric epithelial
GES-1 cells [20] (Fig. 1F). Immunohistochemical staining was
performed to observe the expression of cyclin D1 and Etsl] in these
cancer specimens (Fig. S1). Nuclear cyclin D1 was noted in 26/86
(30.2%) cases, while nuclear and cytoplasm staining of Etsl was
observed in 58/86 (67.4%) cases (Table S1). The immunoreactiv-
ity of cyclin D1 and Etsl was significantly higher in gastric cancer
cases with deeper gastric wall invasion (£<<0.001 and P=0.001),
lymph node metastasis (P<0.001 and P<0.001), distant metastasis
(P<0.001 and P<0.001), and advanced TNM stage (P<0.001 and
P=0.004) (Table S1). Lower miR-9 expression was observed in
gastric cancer tissues with higher immunostaining of cyclin D1
(P<0.0001, Fig. 1G) or Etsl (P<<0.0001, Fig. 1H). These results
indicated that miR-9 was down-regulated and inversely correlated
with expression of cyclin D1 and Ets] in gastric cancer tissues and
cell lines.
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miR-9 down-regulated the expression of cyclin D1 and
Ets1 through post-transcriptional repression

To investigate the hypothesis that miR-9 may influence the
expression of cyclin D1 and Etsl in gastric cancer, computational
prediction was performed by miRNA databases. Potential binding
sites of miR-9 with high complementarity were noted at bases
2974-2995 of the cyclin D1 3'-UTR and 2648-2670 of the Etsl
3’-UTR (Fig. 2A). To investigate the direct effects of miR-9 on the
expression of cyclin DI and Etsl in gastric cancer cells, we
performed the miRNA over-expression experiments. Stable
transfection of miR-9 precursor into SGC-7901 and AGS cells
resulted in increase of miR-9 levels (Fig. S2). Western blot, R'T-
PCR and real-time quantitative RT-PCR demonstrated that over-
expression of miR-9 resulted in decreased protein and transcrip-
tional levels of cyclin D1 and Ets] in gastric cancer cells than those
transfected with negative control vector (mock) (Fig. 2B, Fig. 2C,
and Fig. 2D). In addition, the levels of phosphorylated retinoblas-
toma (pRB, a downstream effector of cyclin D1) [21] and matrix
metalloproteinase 9 (MMP-9, a downstream gene of Etsl) [22]
were decreased in miR-9 over-expressing cancer cells (Fig. 2B,
Fig. 2C, and Fig. 2D). To further examine the suppressive role of
miR-9 in the expression of cyclin D1 and Etsl, we performed the
miR-9 knockdown experiments by transfection of anti-miR-9 or
negative control (anti-NC) inhibitors into GES-1, SGC-7901 and
AGS cells. Transfection of anti-miR-9 inhibitor obviously
decreased the endogenous miR-9 expression (Fig. S3A), and
upregulated the protein levels of cyclin D1, pRB, Ets1 and MMP-9
than those transfected with anti-NC (Fig. 2E and Fig. S4A). Real-
time quantitative RT-PCR analyses showed the enhanced
transcript levels of cyclin D1, Ets]1 and MMP-9 in cultured cells
transfected with anti-miR-9 inhibitor, when compared to those
transfected with anti-NC (Fig. 2F and Fig. S4B). Overall, these
results demonstrated that miR-9 considerably inhibited the
expression of cyclin D1 and Etsl through post-transcriptional
repression.

miR-9 directly targeted cyclin D1 and Ets1 in gastric
cancer cells

To determine whether miR-9 could repress the expression of
cyclin D1 and Ets] by targeting its binding sites in the 3'-UTR,
the PCR products containing intact target sites or mutation of
miR-9 seed recognition sequences (Fig. 3A) were inserted into the
luciferase reporter vector. The plasmids were transfected into
gastric cancer cells stably transfected with negative control vector
(mock) or miR-9 precursor. The Remlla luciferase activities
normalized to those of firefly were significantly reduced in SGC-
7901 and AGS cells stably transfected with miR-9 precursor
(Fig. 3B), and these effects were abolished by mutating the putative
miR-9 binding sites within the 3’-UTR of cyclin D1 and Etsl
(Fig. 3B). Moreover, knockdown of miR-9 with anti-miR-9
inhibitor increased the luciferase activities in GES-1, SGC-7901
and AGS cells (Fig. 3C and Fig. S4C), while mutation of miR-9
recognition site abolished these effects (Fig. 3C and Fig. S4C).
These results indicated that miR-9 directly and specifically
interacted with the target sites in the 3’-UTR of cyclin D1 and
Etsl.

miR-9 suppressed the in vitro proliferation of gastric
cancer cells through targeting cyclin D1

Since above evidence showed that miR-9 inhibited the cyclin
D1 expression, and combining the facts that cyclin D1 plays an
critical role in the cell cycle progression and proliferation of cancer
cells [21], we further investigated the effects of miR-9 over-
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Figure 1. miR-9 was down-regulated and inversely correlated with the expression of cyclin D1 and Ets1 in gastric cancer tissues and
cell lines. A, B and C, real-time quantitative RT-PCR indicated that when compared to adjacent non-neoplastic mucosa (n = 86), down-regulation of
miR-9 and higher transcript levels of cyclin D1 and Ets1 were detected in gastric cancer tissues (n=86). D and E, there was an inverse correlation
between miR-9 expression and transcript levels of cyclin D1 or Ets1 in gastric cancer tissues. F, lower miR-9 expression and higher cyclin D1 and Ets1
transcript levels were observed in gastric cancer cell lines (MKN-74, SGC-7901 and AGS), when compared to those in normal gastric epithelial GES-1
cells. G and H, lower miR-9 expression was observed in gastric cancer tissues with higher immunostaining of cyclin D1 or Ets1. The symbols (* and #)
indicate a significant decrease and a significant increase from GES-1, respectively.

doi:10.1371/journal.pone.0055719.g001
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Figure 2. miR-9 suppressed the expression of cyclin D1 and Ets1 through post- transcriptional repression in gastric cancer cells. A,
scheme of the potential binding sites of miR-9 in the 3’-UTR of cyclin D1 and Ets1, locating at bases 2974-2995 and 2648-2670, respectively. B, stable
transfection of miR-9 precursor resulted in decreased protein levels of cyclin D1, Ets1 and their downstream targets pRB and MMP-9 in gastric cancer
SGC-7901 and AGS cells than those transfected with negative control vector (mock). C and D, the transcript levels of cyclin D1, Ets1 and MMP-9 were
decreased in miR-9 precursor-transfected SGC-7901 and AGS cells, when compared to those in mock cells. E, transfection of anti-miR-9 inhibitor
(100 nmol/L) resulted in increased protein levels of cyclin D1, Ets1 and their downstream targets pRB and MMP-9 in SGC-7901 and AGS cells than
those transfected with negative control inhibitor (anti-NC, 100 nmol/L). F, the transcript levels of cyclin D1, Ets1, and MMP-9 were increased in SGC-
7901 and AGS cells transfected with anti-miR-9 inhibitor (100 nmol/L), when compared to those transfected with anti-NC (100 nmol/L). The symbols
(* and #) indicate a significant decrease and a significant increase from mock or anti-NC, respectively.

doi:10.1371/journal.pone.0055719.9002
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Figure 3. miR-9 directly interacted with the putative binding sites in the 3’-UTR of cyclin D1 and Ets1. A, scheme and sequence of the
intact miR-9 binding site (Wt) and its mutation (Mut) within the luciferase reporter vectors. B, stable transfection of miR-9 precursor into SGC-7901
and AGS cells resulted in decreased luciferase activities of 3'-UTR reporter of cyclin D1 and Ets1 than those transfected with negative control vector
(mock), which were abolished by mutation in the putative miR-9 binding sites. C, transfection of anti-miR-9 inhibitor (100 nmol/L) into SGC-7901 and
AGS cells increased the luciferase activities than those transfected with anti-NC (100 nmol/L), while mutation of miR-9 recognition site abolished
these effects. The symbols (* and #) indicate a significant decrease and a significant increase from mock or anti-NC, respectively.
doi:10.1371/journal.pone.0055719.g003

expression and target gene restoration on cultured gastric cancer colony formation assay, miR-9 over-expression attenuated the
cells. Western blot and real-time quantitative RT-PCR indicated growth of SGC-7901 and AGS cells, when compared to those
that transfection of cyclin D1, but not of Ets1, rescued the miR-9- transfected with negative control vector (mock) (Fig. 4C). Flow

induced down-regulation of cyclin D1 (Fig. 4A and Fig. 4B). In cytometry indicated that miR-9 over-expression induced cell cycle
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arrest at Go/ Gy phase in SGC-7901 and AGS cells (Fig. 4D). In
addition, transfection of cyclin D1, but not of Ets1, into SGC-7901
and AGS cells restored the proliferation inhibition and cell cycle
arrest induced by over-expression of miR-9 (Fig. 4C and Fig. 4D).
On the other hand, we examined the effects of miR-9 knockdown
on GES-1, SGC-7901 and AGS cells. Introduction of anti-miR-9
inhibitor into these cells resulted in enhanced abilities in
proliferation (Fig. S3B) and cell cycle progression (Fig. S3C).
These results indicated that miR-9 remarkably suppressed the
vitro proliferation and cell cycle progression of gastric cancer cells
through targeting cyclin D1.

miR-9 attenuated the in vitro migration and invasion of
gastric cancer cells through targeting Ets1

Since previous studies indicate the important roles of Ets] in the
invasion and metastasis of cancer cells [23,24], we further
investigated the effects of miR-9 over-expression and target gene
restoration on the migration and invasion of gastric cancer SGC-
7901 and AGS cells. Western blot and real-time quantitative RT-
PCR indicated that transfection of Etsl, but not of cyclin DI,
rescued the miR-9-induced down-regulation of Etsl (Fig. 5A and
Fig. 5B). In transwell migration assay, gastric cancer cells stably
transfected with miR-9 precursor presented an impaired migration
capacity than those transfected with negative control vector (mock)
(Fig. 5C). In matrigel invasion assay, miR-9 over-expression
attenuated the invasiveness of SGC-7901 and AGS cells (Fig. 5D).
In addition, transfection of Ets1, but not of cyclin D1, into SGC-
7901 and AGS cell lines restored the miR-9-meditaed inhibition
on the migration and invasion (Fig. 5C and Fig. 5D). Furthermore,
we examined the effects of miR-9 knockdown on GES-1, SGC-
7901 and AGS cells. Transfection of anti-miR-9 inhibitor resulted
in enhanced migration and invasion of these cells (Fig. S3D and
Fig. S3E). These results indicated that miR-9 remarkably
attenuated the i wvitro migration and invasion of gastric cancer
cells through targeting Ets].

miR-9 attenuated the growth and metastasis of gastric
cancer cells in vivo

We next investigated the efficacy of miR-9 against tumor
growth and metastasis # ovivo. Stable transfection of miR-9
precursor into SGC-7901 or AGS cells resulted in decreased
growth and weight of subcutaneous xenograft tumors in athymic
nude mice, when compared to those stably transfected with
negative control vector (mock) (Fig. 6A and Fig. 6B). Moreover,
the expression of cyclin D1, Ets] and downstream MMP-9 was
reduced by stable transfection of miR-9 precursor (Fig. 6C). The
CD31-positive mean vessel density was reduced within tumors
formed by injection of cancer cells stably transfected with miR-9
precursor (Fig. 6D). In the experimental metastasis studies, SGC-
7901 or AGS cells stably transfected with miR-9 precursor
established statistically fewer lung metastatic colonies than mock
group (Fig. 6E). These results suggested that miR-9 inhibited the
growth and metastasis of gastric cancer cells i viwo.

Knockdown of cyclin D1 and Ets1 phenocopied miR-9
over-expression-mediated inhibition on the proliferation,
migration and invasion of gastric cancer cells in vitro
Since above results indicated the negative regulation of cyclin
D1 and Etsl expression by miR-9, we hypothesized that
knockdown of cyclin DI and Ets] might exert similar effects on
cultured gastric cancer cells. The small interfering RNAs (siRNAs)
targeting the encoding region of cyclin D1 and Etsl, si-CCND1
and si-Etsl, were designed and transfected into SGC-7901 and

PLOS ONE | www.plosone.org

miR-9 Down-Regulates Cyclin D1 and Ets1

AGS cells. Transfection of si-CCNDI and si-Etsl resulted in
decreased expression of cyclin D1, pRB, Ets] and MMP-9 in
gastric cancer cells, respectively, when compared to those
transfected with scramble siRNA (si-Scb) (Fig. 7A, Fig. 7D and
Fig. S5). Knockdown of cyclin D1 suppressed the proliferation and
induced cell cycle arrest at Go/ Gy phase in SGC-7901 and AGS
cells (Fig. 7B and Fig. 7C). In addition, knockdown of Etsl in
SGC-7901 and AGS cells resulted in decreased capabilities of
migration and invasion (Fig. 7E and Fig. 7F). These results
suggested that knockdown of cyclin D1 and Etsl phenocopied
(possessed the similar phenotypes to) miR-9 over-expression in
inhibiting the proliferation, migration and invasion of gastric
cancer cells  vitro.

Discussion

It has been well established that the miR-9 expression profile in
cancer relies on tissue distribution. In primary brain tumors, miR-
9 is elevated and functions as an essential factor in neural
carcinogenesis [10]. miR-9 is also over-expressed in cervical
cancer [11], suggesting its tumor promoter role in tumor
development and progression. However, miR-9 is down-regulated
in multiple human cancers, including pancreatic cancer [12],
ovarian cancer [13] and colorectal cancer [14], and is associated
with the malignant progression of breast cancer [25] and
colorectal cancer (14). Luo e al. noted the down-regulation of
miR-9 in 24 gastric cancer specimens [15], which was subse-
quently confirmed in 9 [16], 72 [17], and 13 [18] gastric cancer
cases. However, Inoue et al. reported the upregulation of miR-9 in
5 gastric cancer patients by real-time PCR-based miRNA arrays
[26], and this different finding in miR-9 expression profile may be
due to the heterogeneity of limited specimens. In this study, we
demonstrate that miR-9 is significantly down-regulated in 86
primary gastric cancer specimens than in adjacent non-neoplastic
tissues, which 1is consistent with previous findings [15-18].
Importantly, we also confirm that miR-9 expression is inversely
associated with the clinical stages, invasion, and metastasis of
gastric cancer. In humans, the mature miR-9 is encoded by three
independent genes, miR-9-1, miR-9-2 and miR-9-3, locating at
chromosomes 1, 5 and 15, respectively [27]. Previous studies
indicate that the down-regulated miR-9 expression in gastric
cancer is due to aberrant hypermethylation of the promoter region
of miR-9 encoding genes [17]. Similarly, aberrant hypermethyla-
tion of miR-9 family genes is also reported in some primary tumors
with lymph node metastasis, such as colon cancer, lung cancer,
breast cancer, and melanoma [14,28]. Importantly, the current
study reported the inverse correlation between miR-9 levels and
the expression of cyclin DI and Ets] in gastric cancer tissues,
implying that cyclin D1 and Etsl may be negatively regulated by
miR-9.

The function and target genes of miR-9 are tumor-specific and
dependent on cellular context. miR-9 is able to suppress E-
cadherin expression in breast cancer [29], resulting in the nuclear
translocation of B-catenin and its binding with transcription factors
T-cell factor/lymphoid enhancer factor 1, and subsequent up-
regulated transcription of genes that facilitate cell proliferation and
angiogenesis [29]. Forced miR-9 expression in breast cancer cell
lines also results in significant expression changes of multiple genes
in the pd3-related apoptotic pathway [30]. Through direct
targeting NF-kB, ectopic expression of miR-9 inhibits the w vitro
and in vivo growth of ovarian cancer cells [31] and the growth and
metastasis of melanoma [32]. In neuroblatoma, over-expression of
miR-9 inhibits the invasion, metastasis, and angiogenesis of tumor
cells through targeting matrix metalloproteinase 14 [33]. Wan et al.
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Figure 4. Ectopic expression of miR-9 abolished the in vitro proliferation of gastric cancer cells through targeting cyclin D1. A and B,
western blot and real-time quantitative RT-PCR indicated that transfection of cyclin D1, but not of Ets1, restored the down-regulation of cyclin D1
induced by miR-9 over-expression in gastric cancer SGC-7901 and AGS cells, when compared to those transfected with negative control vector
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(mock). C, in colony formation assay, miR-9 over-expression attenuated the growth of SGC-7901 and AGS cells than that of mock cells, which was
rescued by transfection of cyclin D1, but not of Ets1. D, flow cytometry indicated that miR-9 over-expression induced the cell cycle arrest at Go/G,
phase in SGC-7901 and AGS cells than in mock cells, which was rescued by transfection of cyclin D1, but not of Ets1. The symbol (¥) indicates a

significant decrease from mock.
doi:10.1371/journal.pone.0055719.g004

reported that over-expression of miR-9 inhibited the i vitro and in
viwo growth of gastric adenocarcinoma cell line MGC803 through
repressing NF-kB at the post-transcriptional level [16]. However,
in a recent study, Rotkrua et al. indicated that miR-9 might be
involved in gastric carcinogenesis through down-regulating
CDX2, and knockdown of miR-9 decreased the i vitro prolifer-
ation of gastric cancer MKN-45 cells [19], while their findings
need be further strengthened with miR-9 over-expression, target
gene rescue, and i viwo studies. In addition, it is currently
controversial whether CDX2 plays an oncogenic or tumor
suppressor role in gastric carcinogenesis [34,35]. Moreover, the
potential roles of miR-9 in the invasion and metastasis of gastric
cancer have not been elucidated so far. Thus, the function and
direct targets of miR-9 in gastric cancer warrant further
investigation.

In this study, we demonstrated that over-expression of miR-9
attenuated the proliferation, migration and invasion of gastric
cancer cells, which was similar to that of cyclin D1 or Etsl
knockdown, suggesting the potential application of miR-9 as a
target for the therapeutics of gastric cancer. In addition, our data
confirmed that miR-9 directly targeted cyclin D1 and Etsl in
gastric cancer cells through 3’-UTR luciferase reporter assay.
Since recent evidence shows that certain miRNAs may alterna-
tively modulate gene expression by interacting with promoters
[36-38], the potential roles of miR-9 in regulating the transcrip-
tion of cyclin DI and Etsl through interacting with promoters
remain unclear and warrant our further investigation. Cyclin D1 is
a proto-oncogene that belongs to the family of Gy cyclins, and
plays an important role in cell cycle Gy to S transition by binding
its partners cyclin dependent kinase 4 and 6 to phosphorylate and
inactivate the RB protein [21]. Over-expression of cyclin D1 is an
early event in carcinogenesis in human colorectal, esophageal and
gallbladder cancers [39], and is a prognostic indicator associated
with poor survival in esophageal, breast, and urinary cancers [39].
Cyclin D1 over-expression in human cancers is elucidated by
multiple mechanisms, including genomic alterations, post-tran-
scriptional regulation, and post-translational protein stabilization
[39]. Recent evidence shows that miR-16-1 represses cyclin D1
expression at the post-transcriptional level via binding its 3'-UTR
in mantle cell lymphoma [40]. In the current study, our findings
showed that miR-9-mediated inhibition on cell cycle progression
and cell proliferation was rescued by restoration of cyclin DI
expression in gastric cancer cells, suggesting that the identification
of cyclin D1 as a miR-9 target gene, may explain, at least in part,
why over-expression of miR-9 suppressed the proliferation of
gastric cancer cells.

Ets1, a member of the ETS family of transcription factors, binds
to specific DNA sequences containing a GGAA/T core motif [22],
and participates in tumor invasion and metastasis through
transcriptional regulation of several genes responsible for extra-
cellular matrix remodeling, migration, and invasion, such as
matrix metalloproteinase and urokinase plasminogen activator
[22]. To date, an increasing number of clinical studies have shown
the important roles of Ets] in tumor development and progression
of various solid tumors [23,24]. Previous studies indicate that Ets]
expression is related to the clinicopathological features of gastric
cancer, including tumor infiltration and lymph nodes or distal
metastasis, suggesting its critical role in the invasion and metastasis
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of gastric cancer [41]. However, the mechanisms underlying the
Ets] over-expression in gastric cancer still remains largely
unknown. Recent studies reveal the post-transcriptional regulation
of Ets] by miR-125b in breast cancer cells [42], and by miR-200b
in endothelial cells [43]. In this study, we demonstrated that as a
direct target of miR-9, Ets1 was up-regulated in gastric cancer and
contributed to the migration and invasion of cancer cells.
Knockdown of Etsl partially phenocopied the effects of miR-9
over-expression in gastric cancer cell lines, while restoration of
Ets] expression rescued the cancer cells from miR-9-mediated
inhibition on the migration and invasion, revealing a novel post-
transcriptional regulation mechanism of Ets] by miR-9 and its
clinical potentials in gastric cancer.

In summary, we have demonstrated, for the first time, that miR-
9 represses the expression of cyclin D1 and Etsl through directly
targeting their 3’-UTR, thus inhibiting the proliferation, invasion
and metastasis of gastric cancer cells. This study extends our
knowledge about the regulation of cyclin D1 and Etsl at the post-
transcriptional level by miRNA, and suggests that miR-9 may be
of potential values as a novel therapeutic target for gastric cancer.

Materials and Methods

Patient tissue samples

Approval to conduct this study was obtained from the
Institutional Review Board of Tongji Medical College (approval
number: 2010-S003). Paraffin-embedded and fresh specimens of
86 primary gastric cancer cases were obtained from the
Department of Surgery, Union Hospital of Tongji Medical
College. Their pathological diagnosis was proved by at least two
pathologists. The demographic and clinicopathological data of all
patients were summarized in Table S1. Adjacent gastric mucosa
that contained no macroscopic tumor was also obtained, and the
non-neoplastic areas were subsequently verified by microscopic
histology. The fresh tumor specimens and adjacent non-neoplastic
mucosa were collected and stored at —80°C until use.

Immunohistochemistry

Immunohistochemical staining was performed as previously
described [44], with antibodies specific for cyclin D1, Ets1, MMP-
9 and CD31 (Abcam Inc, Cambridge, MA, 1:200 dilutions). The
negative controls included parallel sections treated with omission
of the primary antibody, in addition to an adjacent section of the
same block in which the primary antibody was replaced by rabbit
polyclonal IgG (Abcam Inc) as an isotype control. The reactivity
degree was assessed by at least two pathologists without knowledge
of the clinicopathological features of tumors. The degree of
positivity was initially classified according to the percentage of
positive cancer cells as the following: (—) <5% cells positive, (1+)
6-25% cells positive, (2+) 26-50% cells positive, and (3+) >50%
cells positive. Slides with moderate positive (2+) or strong positive
(3+) reactivity were classified as having a ‘“high expression”,
whereas slides with negative (—) or weak positive (1+) reactivity
were classified as having a “low expression”.

Western blot

Cellular protein was extracted with 1x cell lysis buffer
(Promega, Madison, WI). Protein (50 pg) from each sample was

January 2013 | Volume 8 | Issue 1 | €55719



miR-9 Down-Regulates Cyclin D1 and Ets1

N
A & B SGC-7901 AGS
& & »
& & E
& & & & 3
& & & & =
S O e R EtS1 § =
[=2]
3 §¢
G o o —— s (-2CTIN 25
i
Ets1 S
o R o G - g
< 2

- — oo o PG

SGC-7901 AGS

Relative cells migrated
per field

SGC-7901 AGS

300 -
250
200

150

per field

100

50

Relative cells invaded

Figure 5. Over-expression of miR-9 attenuated the /in vitro migration and invasion of gastric cancer cells through targeting Ets1. A
and B, western blot and real-time quantitative RT-PCR indicated that transfection of Ets1, but not of cyclin D1, restored the down-regulation of Ets1
induced by miR-9 over-expression in gastric cancer SGC-7901 and AGS cells, when compared to those transfected with negative control vector
(mock). C, in transwell migration assay, gastric cancer cells stably transfected with miR-9 precursor presented an impaired migration capacity than
that in mock cells, which was rescued by transfection of Ets1, but not of cyclin D1. D, in matrigel invasion assay, miR-9 over-expression attenuated the
invasion capabilities of SGC-7901 and AGS cells than those of mock cells, which was rescued by transfection of Ets1, but not of cyclin D1. The symbol
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doi:10.1371/journal.pone.0055719.9005
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Figure 6. miR-9 attenuated the growth and metastasis of gastric cancer cells in vivo. A and B, hypodermic injection of SGC-7901 or AGS
cells stably transfected with miR-9 precursor into athymic nude mice (n=5) resulted in decreased size and weight of subcutaneous xenograft tumors
than those transfected with negative control vector (mock, n=5). C, hematoxylin and eosin (H&E) and immunohistochemical staining revealed that
stable transfection of miR-9 precursor resulted in decreased expression of cyclin D1, Ets1, and MMP-9 within tumors. Scale bars: 100 um. D, the CD31-
positive mean vessel density was decreased within tumors formed by cancer cells stably transfected by miR-9 precursor. Scale bars: 100 um. E, in the
experimental metastasis assay, cancer cells stably transfected with miR-9 precursor established significantly fewer metastatic lung colonies
(arrowheads) in athymic nude mice (n=6). Scale bars: 100 um. The symbol (*) indicates a significant decrease from mock.

doi:10.1371/journal.pone.0055719.g006

subjected to 4-20% pre-cast polyacrylamide gel (Bio-Rad,
Hercules, CA) electrophoresis and transferred to nitrocellulose
membranes (Bio-Rad). For cyclin D1, Ets1, MMP-9, pRB and -
actin (Santa Cruz Biotechnology, Santa Cruz, CA) detection, the
primary antibody dilutions were 1:500, 1:500, 1:500, 1:500 and
1:1000, respectively, followed by 1:3000 dilution of goat anti-
rabbit horseradish peroxidase-labeled antibody (Bio-Rad). En-
hanced chemiluminescence substrate kit (Amersham, Piscataway,
NJ) was used for the chemiluminscent detection of signals with
autoradiography film (Amersham).

RT-PCR and real-time quantitative RT-PCR

Total RNA was isolated with RNeasy Mini Kit (Qiagen Inc.,
Valencia, CA). The reverse transcription reactions were conducted
with Transcriptor First Strand ¢cDNA Synthesis Kit (Roche,
Indianapolis, IN). The PCR primers for cyclin D1, Ets1, MMP-9
and P-actin were designed by Premier Primer 5.0 software (Table
S2). RT-PCR was performed as previously described [44]. Real-
time quantitative RT-PCR with SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA) was performed using ABI
Prism 7700 Sequence Detector (Applied Biosystems). The
fluorescent signals were collected during extension phase, Ct
values of the samples were calculated, and the transcript levels of
cyclin DI, Ets] and MMP-9 were normalized to those of B-actin
by 97 AAC method.

Quantification of miR-9 expression

The levels of mature miR-9 in primary tissues and cell lines
were determined using Bulge-Loop™ miRNAs qPCR Primer Set
(RiboBio Co. Ltd, Guangzhou, China). After cDNA was
synthesized with a miRNA-specific stem-loop primer, the quan-
titative PCR was performed with the specific primers (Table S2).
The miR-9 levels were normalized to those of U6 snRNA.

miRNA target prediction

miRNA targets were predicted using the algorithms miRanda,
miRDB, RNA22, and Targetscan [45]. To identify the genes
commonly predicted by four different algorithms, the results of
predicted targets were intersected using miRWalk [46].

Cell culture and transfection

Human gastric cancer cell lines (SGC-7901 and MKN-74) and
SV40-transformed, normal and non-tumorigenic gastric epithelial
GES-1 cells [20] were obtained from the Type Culture Collection
of Chinese Academy of Sciences (Shanghai, China). Human
gastric cancer cell line AGS (CRL-1739) was purchased form
American Type Culture Collection (Rockville, MD). Cells were
grown in RPMI1640 medium (Life Technologies, Inc., Gaithers-
burg, MD) supplemented with 10% fetal bovine serum (Life
Technologies, Inc.), penicillin (100 U/ml) and streptomycin
(100 pg/ml). Cells were maintained at 37°C in a humidified
atmosphere of 5% COy. Anti-miR-9 or negative control inhibitors
(RiboBio Co. Ltd) were transfected into confluent cells with
Lipofectamine 2000 (Life Technologies, Inc.), according to the
manufacturer’s instructions.
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pre-miR-9 construct and stable transfection

According to the premiR-9 (5'-TCTTTGGTTATC-
TAGCTGTATGA-3') sequence documented in miRNA Registry
database, oligonucleotides encoding miR-9 precursor (Table S3)
were subcloned into linearized pcDNA6.2-GW/EmGFP-miR
with 4 nucleotide overhangs (Invitrogen, Carlsbad, CA), and
verified by DNA sequencing (GenePharma Co., Ltd, Shanghai,
China). A negative control vector was established with an insert
(Table S3) that forms a hairpin structure and processes into
mature miRNA, but does not target any known vertebrate gene
(Invitrogen). The negative control and pcDNA6.2-GW/EmGFP-
miR9 vectors were transfected into cancer cells, and stable cell
lines were screened by administration of Blasticidin (Invitrogen).

Luciferase reporter assay

Human cyclin D1 3-UTR (3192 bp) and Etsl 3'-UTR
(3519 bp) containing the putative binding sites of miR-9 were
amplified by PCR (Table S3), inserted into the firefly luciferase
reporter vector pmiR-RB-REPORT™ (RiboBio Co. Ltd) be-
tween the restrictive sites Xho I and Not I, and validated by
sequencing. Their mutant constructs with a mutation of the miR-9
seed sequence were generated with the mutagenic oligonucleotide
primers (Table S3), according to the manual of GeneTailor Site-
Directed Mutagenesis System (Invitrogen). Cells were plated at
1x10° cells/well on 24-well plates, and transfected with pmiR-
RB-cyclin D1 3’-UTR (30 ng), pmiR-RB-Ets] 3’-UTR (30 ng) or
their mutant constructs. Twenty-four hrs post-transfection, firefly
and Remilla luciferase activities were consecutively measured,
according to the dual-luciferase assay manual (Promega). The
Remilla luciferase signal was normalized to the firefly luciferase
signal for each individual analysis.

Restoration and knockdown of cyclin D1 or Ets1

Human cyclin DI ¢cDNA (888 bp) and Ets] ¢cDNA (1458 bp)
were amplified from gastric cancer tissue (Table S3), subcloned
into pcDNA3.1/Zeo(+) (Invitrogen), and validated by sequencing.
To rescue the miR-9-induced down-regulation of target genes,
stable cell lines were transfected with the recombinant vector
pcDNA3.1-cyclin D1 or pcDNA3.1-Etsl using Lipofectamine
2000. The 21-nucleotide siRNAs targeting the encoding region of
cyclin D1 and Ets1 were chemically synthesized (RiboBio Co. Ltd)
and transfected with Genesilencer Transfection Reagent (Genlan-
tis, San Diego, CA). The si-Scb was applied as controls (Table S3).

Colony formation assay

Cell lines were seeded at a density of 300/ml on 35-mm dishes.
Colony formation assay was performed as previously described
[47]. Positive colony formation (more than 50 cells/colony) was
counted. The survival fraction of cells was expressed as the ratio of
plating efficiency of treated cells to that of untreated control cells.

Cell cycle assay

Cell cycles were examined by flow cytometry [48]. Briefly, cell
lines underwent starvation for 12 hrs for synchronization, and
2x10° cells were collected and fixed in 70% ethanol overnight at
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Figure 7. Knockdown of cyclin D1 and Ets1 suppressed the proliferation, migration, and invasion of gastric cancer cells in vitro. A,
transfection of si-CCND1 (100 nmol/L) into gastric cancer SGC-7901 and AGS cells resulted in decreased expression of cyclin D1 and its downstream
target pRB than those transfected with scramble siRNA (si-Scb, 100 nmol/L). B, knockdown of cyclin D1 suppressed the proliferation of SGC-7901 and
AGS cells than those transfected with si-Scb. C, knockdown of cyclin D1 induced cell cycle arrest at Go/G; phase than those transfected with si-Scb. D,
transfection of si-Ets1 (100 nmol/L) into gastric cancer cells resulted in decreased expression of Ets1 and its downstream gene MMP-9 than those
transfected with si-Scb (100 nmol/L). E, the migration capabilities of SGC-7901 and AGS cells were decreased by transfection of si-Ets1 than those
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doi:10.1371/journal.pone.0055719.g007
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4°C. Then, cells were washed once with phosphate buffer solution,
digested by 200 ul of RNase (1 mg/ml) at 37°C for 30 min, and
stained with 800 pl of propidium iodide (50 pg/ml, Sigma, St.
Louis, MO) at room temperature for 30 min. The DNA
histograms were generated with a flow cytometer (Becton Dickson
Co., San Jose, CA).

Cell migration and invasion assay

The migration assay was performed with Transwell inserts that
have 6.5-mm polycarbonate membranes with 8.0-um pores
(Corning, New York, NY). Matrigel invasion assay was undertaken
using membranes coated with Matrigel matrix (BD Science,
Sparks, MD). Homogeneous single cell suspensions (1 x 107 cells/
well) were added to the upper chambers and allowed to invade for
24 hrs at 37°C in a COy incubator. Migrated or invaded cells were
stained with 0.1% crystal violet for 10 min at room temperature
and examined by light microscopy. Quantification of migrated or
invaded cells was performed according to published criteria [49)].

In vivo growth and metastasis assay

All animal experiments were approved by the Animal Care
Committee of Tongji Medical College (approval number:
Y20080290). For the in vivo tumor growth studies, 2-month-old
male nude mice (n =5 per group) were injected subcutaneously in
the upper back with 1x10° cancer cells stably transfected with
negative control or miR-9 precursor vectors. Six weeks later, mice
were sacrificed and examined for tumor weight, gene expression,
and angiogenesis. The experimental metastasis (0.4x10° cancer
cells per mouse) studies were performed with 5-week-old male
nude mice as previously described [50].

Statistical analysis

Unless otherwise stated, all data were shown as mean
standard error of the mean (SEM). The SPSS 18.0 statistical
software (SPSS Inc., Chicago, IL) was applied for statistical
analysis. The o analysis and Fisher exact probability analysis were
applied for comparison among the expression of cyclin D1, Ets1,
miR-9 and individual clinicopathological feature. Pearson’s
coeflicient correlation was applied for analyzing the relationship
between miR-9 and transcripts of cyclin D1 or Etsl. Difference of
tissue specimens or cancer cells was determined by ¢ test or analysis
of variance (ANOVA), and considered significant when the P
value was less than 0.05.

+

Supporting Information

Figure S1 Immunohistochemical staining of cyclin D1
and Etsl in gastric cancer specimens. Nuclear cyclin D1
(arrowheads) and nuclear (arrowheads) or cytoplasm staining of
Ets] were noted in cancer cells of gastric cancer tissues. However,
low cyclin D1 immunostaining and no obvious immunostaining of
Ets] were observed in adjacent non-neoplastic mucous. Scale bars:
100 um.

(PDF)
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