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a b s t r a c t

We previously discovered that Ras association domain family member 6 (RASSF6) was downregulated
and predicted poor prognosis in GC patients. However, the mechanisms of the down regulation of
RASSF6 in GC remained unclear. Increasing evidence indicates that dysregulation of microRNAs promotes
the progression of cancer through the repression of tumour suppressors. Here, we identified miR-181a-
5p as a novel regulator of RASSF6 in GC. Functionally, ectopic expression or silencing of miR-181a-5p,
respectively, promoted or inhibited GC cell proliferation, colony formation and cell cycle transition, as
well as enhanced or prevented the invasion, metastasis of GC cells and epithelial to mesenchymal
transition of GC cells in vitro and in vivo. Molecularly, miR-181a-5p functioned as an onco-miRNA by
activating the RASSF6-regulated MAKP pathway. Overexpression or silencing of RASSF6 could partially
reverse the effects of the overexpression or repression of miR-181a-5p on GC progress caused by acti-
vation of the MAKP pathway in vitro and in vivo. Clinically, high miR-181a-5p expression predicted poor
survival in GC patients, especially combined with low RASSF6 expression. Collectively, we identified miR-
181a-5p as an onco-miRNA, which acts by directly repressing RASSF6 in GC.
© 2017 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Gastric cancer (GC) is the second most common cancer-related
mortality throughout the world [1] due to its rapid progression to
advanced stages and highly metastatic properties [2]. Currently, no
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efficient biomarker that can predict the recurrence and metastasis
of GC can be widely used, except for traditional TNM staging in
clinics [3]. Hence, the genetic alterations and epigenetic changes
(and their mechanisms) involved in GC should be explored more
intensively to discover prognostic biomarkers for GC.

We previously reported that Ras association domain family
member 6 (RASSF6) was downregulated in GC by using a loss of
heterozygosity (LOH) analysis and cDNA microarrays [4]. We also
discovered that decreased expression of RASSF6 was a marker of
poor prognosis in GC [5]. Others also showed that RASSF6 acts as a
tumour suppressor and exhibits high DNA methylation and
downregulation in other cancers [6,7]. Therefore, it is important to
study themechanisms involved in the downregulation of RASSF6 in
GC. Recently, microRNAs, a group of small non-coding RNAs that
can suppress gene expression by interacting with the 30 untrans-
lated regions (UTRs) of target mRNAs, have been widely studied in
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cancer [8]. In GC, many microRNAs have been discovered and have
been found to regulate several target genes and act as tumour
promoting or suppressing markers [9]. Hence, microRNAs that are
involved in the progression of GC are of particular interest as po-
tential prognostic biomarkers in GC.

In this study, miR-181a-5p was identified as a regulator of
RASSF6 in GC. High expression of miR-181a-5p in tumour tissues of
GC was positively correlated with cancer proliferation and metas-
tasis in GC patients. Mechanistically, miR-181a-5p promotes GC
cells proliferation, invasion, metastasis and epithelial-to-
mesenchymal transition (EMT) in vitro and in vivo through activa-
tion of the RASSF6/MAPK signalling pathway.

Materials and methods

Details are described in the Supplementary materials and methods.

Results

Identification of miR-181a-5p as a negative regulator of RASSF6 in
human gastric cancer

To explore the potential mechanism of the down regulation of
RASSF6 in GC, we first evaluated the genetic or epigenetic
Fig. 1. Identification of miR-181a-5p as a repressor of RASSF6 in human gastric cance
containing the wild-type RASSF6 30UTR were co-transfected into 293T cells. The luciferase a
was regarded as 1. (B-C) qPCR assays showed the levels of miR-181a-5p and RASSF6 mRNA
Spearman's correlation analysis of the correlation between miR-181a-5p and RASSF6 mRNA
miR-181a-5p in one normal gastric epithelial cell line (GSE-1) and 6 GC cell lines. (F-G) A luc
miR-181a-5p mimics (20, 40 and 60 mm) or anti-mimics (60, 80, 100 mm) into MKN-28 or HG
control, respectively. (H-I) qPCR and western blot assays were performed to analyse the effe
(*p < 0.05; **p < 0.01; ***p < 0.001).
dysregulation of RASSF6 in GC by using public data from The Cancer
Genome Atlas (TCGA). However, we only found few data regarding
the dysregulation of RASSF6 at the genetic and epigenetic levels
(Fig. S1 and S2, Table S1eS9), suggesting that genetic mutations
and epigenetic modifications were not the main cause of the
RASSF6 decrease in GC. An increasing number of studies has
revealed that miRNAs play an important role in GC progression by
directly interfering with the expression of their targets, which
suggests that RASSF6 might be regulated by miRNAs in GC [10].
Then, we used the TargetScan 7.0, StarBase v2.0 and microRNA.org
software to predict the potential miRNAs that could directly target
RASSF6 30UTR. Only miRNAs that could bind to the same position in
the sequence of the RASSF6's 30-UTR, as identified from the 3
programs used, were selected for further investigation. We
discovered that 4 miRNAs had the same binding sites in the 30-UTR
of RASSF6 (Table S10). To evaluate the roles of these 4 miRNAs on
RASSF6 expression, luciferase reporter vectors containing the wild-
type RASSF6 30-UTR and respective mimics of those 4 miRNAs were
co-transfected into 293T cells. Interestingly, the luciferase activity
significantly decreased only in the group that was transfected with
themiR-181a-5pmimics comparedwith the control group (Fig.1A).
These data suggested that miR-181a-5p might be a regulator of
RASSF6 in GC cells. To investigate the roles of miR-181a-5p on the
r. (A) Negative control (NC) or miRNA mimics and the luciferase reporter construct
ctivities were normalized to the negative control (NC), and the luciferase activity of NC
s in 30 randomly selected GC tumour tissues with and without distant metastasis. (D)
in 30 GC patients' tumour tissues (R2 ¼ 0.4463, p < 0.0001). (E) Relative expression of
iferase reporter vector containing the wild-type RASSF6 30UTR was co-transfected with
C-27 cells. The empty mimic (60 nM, NC) and inhibitor (100 nM, Anti-C) were used as
cts of miR-181a-5p overexpression or knockdown on RASSF6 mRNA and protein level.

http://microRNA.org
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progression of GC, we randomly selected 30 GC patients with and
without distant metastasis and evaluated the expression levels of
miR-181a-5p and RASSF6 in tumour tissues. We found that miR-
181a-5p was more highly expressed in tumours with distant
metastasis than in those without metastasis (Fig. 1B). Conversely,
RASSF6 expression was lower in tumours with distant metastasis
than in those without metastasis (Fig. 1C). A Spearman correlation
analysis showed that miR-181a-5p expression was negatively
associated with the RASSF6 mRNA level in these patients' tumour
tissues (Fig. 1D). To further investigate whether miR-181a-5p could
play a significant role in GC by regulating RASSF6, one normal
gastric mucosa epithelial cell line (GES-1) and 6 GC cell lines were
used to evaluate the expression level of miR-181a-5p. Like the
normal gastric mucosa epithelial cell line (GES-1), the MKN-28 cell
line, which is derived from well-differentiated GC tumours, also
presented with lowmiR-181a-5p expression, while the HGC-27 cell
line, which comes from poorly differentiated GC tumours, showed
the highest miR-181a-5p expression (Fig. 1E). In addition, we
evaluated the expression profile of RASSF6 in GES-1 cells as well as
in the 6 GC cell lines, both at the protein and mRNA levels, using
western blot and qPCR. Both the western blot and qPCR assays
showed that RASSF6was highly expressed at the protein andmRNA
levels in the GES-1 andMKN-28 cell lines, while it was expressed at
the lowest level in the HGC-27 cell line (Fig. S3A and S3B).We chose
the MKN-28 and HGC-27 cell lines for our research. Interestingly,
both the miR-181a-5p mimics and inhibitors had a dose dependent
effect on the luciferase activity when investigating the effect of
Fig. 2. miR-181a-5p induced proliferation of GC cells and cell cycle's transitions in vitro
181a-5p on MKN-28 or HGC-27 cells' proliferation. (C-D) Cell colony formation assays showe
results are presented as the mean ± SD. (E-F) The proportion of GC cells in different phases o
cells. Overexpression or repression of miR-181a-5p promoted or inhibited the transition from
cell cycle related proteins (CyclinD1and c-MYC) in miR-181a-5p-overexpressing MKN-28 ce
**p < 0.01, ***p < 0.001).
miRNAs on the RASSF6 30UTR (Fig. 1F and G), indicating that miR-
181a-5p might directly regulate the RASSF6 30UTR in those cell
lines. Additionally, overexpression or knockdown of miR-181a-5p
downregulated or upregulated, respectively, RASSF6 at both the
mRNA and protein levels (Fig. 1H and I). Taken together, these data
indicate that miR-181a-5p negatively regulates RASSF6 in human
GC and might play an important role in the progression of this
disease.

miR-181a-5p promotes GC cell proliferation, wound healing, and
invasion and induces EMT in vitro

To explore the potential functions of miR-181a-5p in the
tumourigenesis of GC, miRNA mimics or anti-mimics were trans-
fected into MKN-28 or HGC-27 cells, respectively. The effects of
exogenous miR-181a-5p mimics and anti-mimics were confirmed
by qPCR and RT-PCR (Fig. S4A and S4B). The 5-day in vitro cell
growth assay, using a CCK8 kit, showed that overexpression or
knockdown of miR-181a-5p significantly promoted or inhibited
MKN-28 or HGC-27 cell proliferation, respectively, compared with
their negative controls (Fig. 2A and B). A colony formation assay
further confirmed the role of miR-181a-5p in promoting prolifer-
ation of GC cells (Fig. 2C and D). Furthermore, we also demon-
strated that overexpression or knockdown of miR-181a-5p
generated cell cycle changes with a smaller proportion of cells in
the G0/G1 phase and a larger proportion of cells in the S-phase
when miR-181a-5p was overexpressed; the opposite results were
. (A-B) CCK8 assays were used to evaluate the effect of up- or down-regulation of miR-
d the effects of overexpressing or knocking down miR-181a-5p on GC cells' growth. The
f cell cycle was measured by FACS analysis of miR-181a-5p-overexpressing or -silenced
the G0/G1 to the S phase of the cell cycle. (G) Western blot assays showed the levels of
lls or miR-181a-5p-silenced HGC-27 cells, and their negative control cells. (*p < 0.05,
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observed whenmiR-181a-5p was silenced (Fig. 2E and F). Cyclin D1
and c-myc play significant roles in cell cycle changes during the
transition from the G0/G1 phase to the S phase. We also demon-
strated that overexpression or knockdown of miR-181a-5p resulted
in upregulation or downregulation of CyclinD1 and c-myc proteins,
respectively (Fig. 2G). These results suggested that miR-181a-5p
could promote GC cells proliferation by inducing the transition to
the S phase of the cell cycle.

Subsequently, wound healing and transwell assays showed that
overexpression or knockdown of miR-181a-5p could significantly
strengthen or weaken, respectively, the migration and invasion
abilities of GC cells (Fig. 3AeD). Collectively, these results high-
lighted that miR-181a-5p could boost GC cell migration and inva-
sion ability in vitro. MMP2 and MMP9, markers of cell migration
and invasion, play an important role during miR-181a-mediated
cancer progression [11,12]. Our study showed that overexpression
or knockdown of miR-181a-5p, respectively, increased or decreased
the MMP2 and MMP9 protein levels in GC cells (Fig. 3E). Epithelial-
to-mesenchymal transition (EMT) is as a crucial step during cancer
cell metastasis [13]. We found that upregulation of miR-181a-5p in
MKN-28 cells resulted in low expression of an epithelial marker (E-
cadherin) and high expression of a mesenchymal marker (N-cad-
herin), both at the mRNA and protein levels (Fig. 3F and H), while
downregulation of miR-181a-5p in HGC-27 cells led to the opposite
effects (Fig. 3G and I). These discoveries indicated that miR-181a-5p
could induce EMT in GC cells and promote invasion and metastasis
of GC cells in vitro.
Fig. 3. miR-181a-5p promoted invasion, EMT and induced the variations of proteins ass
investigate the changes of GC cells' migration ability upon overexpression or knockdown
invasion assays were used to estimate the effects of miR-181a-5p up- or down-regulation on
of cells passed through the membrane was counted and compared in the diagrams. (E) West
increased or decreased MMP2 and MMP9 expression, respectively. (F-G) Changes in E-cadhe
silenced HGC-27 cells and their controls were analysed by qPCR assay. (H-I) Levels of E-c
determined by western blot in GC cells. (*p < 0.05, **p < 0.01, ***p < 0.001).
miR-181a-5p accelerates GC cells growth in vivo

To confirm the contribution of miR-181a-5p in tumourigenesis,
we further performed subcutaneous tumour xenograft assays using
miR-181a-5p-overexpressing or miR-181a-5p-silenced cells (or
their negative control cells) in BALB/c nudemice. Overexpression or
silencing of miR-181a-5p in GC cells correspondingly generated
larger or smaller xenografts, which were measured by the tumour
weights and volumes in nude mice compared to their control
(Fig. 4A and B). Notably, the average levels of miR-181a-5p in the
subcutaneous tumour xenografts generated by the injection of
miR-181-a-5p-overexpressing or -silenced cells were significantly
higher or lower than their controls, respectively (Fig. S5A). In
addition, immunohistochemical (IHC) staining also verified that
miR-181a-5p overexpression or knockdown in the xenografts was
associated with obviously stronger or weaker Ki67 staining,
respectively (Fig. 4C and D). These results suggested that miR-181a-
5p played a significant role in promoting the tumour formation and
growth in GC in vivo.

miR-181a-5p facilitates invasion, metastasis and EMT of GC cells
in vivo

Using in vitro cell function assays, we investigated whether miR-
181a-5p could affect the migration and invasion of GC cells and
whether it could induce EMT in vivo. A peritoneal dissemination
assay showed a significant increase or decrease in the number
ociated with these processes in vitro. (A-B) Wound healing assays were performed to
of miR-181a-5p compared with their negative controls, respectively. (C-D) Transwell
the GC cells' migration and invasion abilities. The percent of wound closure or number
ern blot analyses revealed that overexpression or silencing of miR-181a-5p significantly
rin and N-cadherin mRNA in miR-181a-5p-overexpressing MKN-28 cells, miR-181a-5p-
adherin and N-cadherin proteins upon up- or down-regulation of miR-181a-5p were



Fig. 4. miR-181a-5p accelerated GC cells growth in vivo. (A-B) Overexpression or silencing of miR-181a-5p, respectively, generated larger or smaller subcutaneous tumour
xenograft than control groups in nude mice. Tumours were compared in weight and volume, and the volume was calculated with the formula, volume ¼ length � width 2 � 1/2
(n ¼ 5, *p < 0.05, **p < 0.01). (C-D) Representative IHC images of Ki-67 staining in miR-181a-5p-overexpressing MKN-28 cells, mirR-181a-5p-silenced HGC-27 cells and their
negative controls. Original magnification, �200; bar, 100 mm.
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metastatic nodules in the peritoneal cavity upon injection of an
equal number of GC cells overexpressing or with knocked-down
miR-181a-5p compared with their controls (Fig. 5A and B). We
obtained metastatic colonies from the peritoneal cavity and eval-
uated the expression of miR-181a-5p in freshmetastatic colonies of
each group. Expression of miR-181a-5p was higher in the perito-
neal dissemination metastatic nodules of mouse-injected cells
transfected with miR-181a-5p overexpressing vectors, while it was
lower in the peritoneal dissemination metastatic nodules of
mouse-injected cells transfected with anti-miR-181a-5p mimics
compared with controls, respectively (Fig. S5B). We used IHC
staining to evaluate MMP2 and MMP9 expression in paraffin tissue
blocks of metastatic nodules and found that tissues frommiR-181a-
5p-overexpressing or -silenced GC cells showed stronger or weaker
MMP2 and MMP9 staining, respectively, compared to controls
(Fig. 5C and D). In addition, IHC staining showed that upregulation
of miR-181a-5p was positively associated with weaker E-cadherin
and stronger N-cadherin staining compared with the control
(Fig. 5E). Conversely, downregulation of miR-181a-5p was posi-
tively correlated with stronger E-cadherin and weaker N-cadherin
staining (Fig. 5F). In summary, these data suggested that miR-181a-
5p could promote GC cell invasion, metastasis and EMT in vivo.

miR-181a-5p activates the MAPK signalling pathway by directly
inhibiting the expression of RASSF6

As shown in Fig. 6a, there is a RASSF6 30UTR-binding site in the
miR-181a-5p sequence (Fig. 6A). Double-luciferase reporter assays
showed that the luciferase activity of the plasmid containing the
wild-type RASSF6 30UTR was significantly decreased in the pres-
ence of wild-type miR-181a-5p but not of mutant miR-181a-5p.
Conversely, the luciferase activity of mutant RASSF6 30UTR was
obviously reduced in the presence of mutant miR-181a-5p but not
in the presence of wild-type miR-181a-5p (Fig. 6B). Additionally,
downregulation of miR-181a-5p resulted in increased luciferase
activity of the plasmid containing the wild-type RASSF6 30UTR



Fig. 5. miR-181a-5p facilitated peritoneal dissemination of metastasis and induced EMTof peritoneal dissemination nodules in nude mice. (A) Representative photographs of
peritoneal dissemination (A1: normal control; A2: tumour colonies in the peritoneal cavity of nude mice). The arrowheads point to the tumour nodules in the peritoneal cavity. (B)
The number of peritoneal dissemination metastatic nodules in mice was counted with a dissecting microscope. *p < 0.05, **p < 0.01. (C) IHC staining analyses showed the staining of
MMP2 and MMP9 in peritoneal dissemination tumour nodules upon miR-181a-5p upregulation or downregulation and the controls. Overexpression or inhibition of miR-181a-5p
significantly strengthened or weakened MMP2 and MMP9 staining, respectively. (D) Representative E-cadherin and N-cadherin IHC staining images of peritoneal dissemination
tumour colonies, generated by injecting miR-181a-5p overexpressing MKN-28 cells or miR-181a-5p silenced HGC-27 cells, as well as their control groups. Original
magnification, � 200; bar, 100 mm.

Y. Mi et al. / Cancer Letters 389 (2017) 11e2216
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(Fig. 6C). These findings demonstrated that miR-181a-5p down-
regulated RASSF6 by directly targeting its 30UTR.

RASSF6 is able to regulate the P53, Ras, NFkB, MAPK, and Hippo
signalling pathways [14e17]. Therefore, we performed a multi-
pathway reporter array to investigate the molecular mechanisms
through which miR-181a-5p regulates GC cell proliferation and
metastasis. Interestingly, the luciferase activity of the MAPK
pathway reporter gene was significantly increased or decreased by
overexpressing miR-181a-5p or knocking down its expression
(Fig. 6D and E). Moreover, a bioinformatics prediction using the
Gene Ontology (GO) and Kyoto Encyclopaedia of Genes and Ge-
nomes (KEGG) databases also indicated that miR-181a-5p might be
involved in the MAPK pathway in GC (Fig. S6 and S7; Table S11 and
S12). To further investigate whether miR-181a-5p actually activates
the MAPK signalling pathway in GC cells via RASSF6, we con-
structed vectors that overexpressed or knocked down RASSF6 in GC
cells, the efficiencies of which were examined by qPCR and western
blot (Fig. S8A and S8B). The western blot assay showed that p-P38
and p-ERK were high or low expressed upon ectopic expression or
knockdown of miR-181a-5p, and this effect could be reverted by re-
introduction or inhibition of RASSF6, respectively (Fig. 6F and G).
Furthermore, a specific inhibitor (SB203580) of p-P38 MAPK could
significantly reverse the elevated levels of p-P38 and p-ERK caused
by overexpression of miR-181a-5p (Fig. 6H). These results sup-
ported the idea that miR-181a-5p actually activated the MAPK
signalling pathway by directly targeting RASSF6 in GC cells and
therefore had an effect on the proliferation and metastasis of GC.

Ectopic expression of miR-181a-5p promotes GC cell proliferation
and metastasis by targeting RASSF6 in vitro and in vivo

To validate the effects of miR-181a-5p on RASSF6 in GC, we
further applied the described functional assays in vitro and in vivo.
As shown in Fig. 7, the effects of miR-181a-5p up- or down-
regulation on GC cells in promoting or inhibiting colony forma-
tion and invasion were significantly reversed by co-transfection of
the Lv-RASSF6 or RASSF6 siRNAvectors in vitro (Fig. 7AeD, Fig. S9A-
S9D). In vivo peritoneal metastasis experiments were performed by
injecting miR-181a-5p-overexpressing or -silenced GC cells co-
transfected with vectors overexpressing or knocking-down
RASSF6 vectors into nude mice, respectively. We found that over-
expression or knockdown of RASSF6 could partially counteract the
effects of up- or down-regulation of miR-181a-5p on the peritoneal
metastatic ability of nude mice, respectively, compared with their
controls, (Fig. 7E and F). Collectively, these in vitro and in vivo re-
sults demonstrated that ectopic expression of miR-181a-5p could
facilitate GC cell proliferation and metastasis by directly sup-
pressing RASSF6.

Upregulation of miR-181a-5p was negatively associated with
RASSF6 in human GC tissues and indicates poor survival in GC
patients

Clinically, we used the publicly available TCGA dataset and data
from the Shanghai General Hospital for analyses. Both the data from
TCGA and the Shanghai General Hospital showed that the level of
miR-181a-5p was significantly higher in tumour tissues than in
normal tissues (Fig. 8A and B, Table S13). Analyses using data from
the Shanghai General Hospital further demonstrated that highmiR-
181a-5p expression was negatively correlated with RASSF6 protein
level in 260 GC tumours (Fig. S10A and S10B; Table S14). Therewere
139 (53.5%) GC patients who showed high miR-181a-5p levels, and
121 (87%) of these patients presented negative or weak RASSF6 IHC
staining in tumour tissues (Table S14). However, of the 121 (47.5%)
cases with low miR-181a-5p expression, only 38 (31.4%) patients'
tumour tissues presented negative/weak RASSF6 staining
(Table S14). This evidence further supports that miR-181a-5p
negatively correlated with RASSF6 in GC.

Subsequently, we analysed the correlation among miR-181a-5p
and clinical characteristics using the data from the Shanghai Gen-
eral Hospital. High miR-181a-5p expression significantly affected
the tumour size, TNM stage, UICC stage, vessel and nerve invasion
(p < 0.05 for all, Table S14). There was no significance regarding the
age, gender or tumour location (p > 0.05 for all, Table S14). These
findings suggested that upregulation of miR-181a-5p was involved
in the tumourigenesis and progress of GC, which may affect the
prognosis of GC.

Next, a KaplaneMeier analysis with a log rank test on tumour
recurrence free survival (RFS) using two data points showed that
high miR-181a-5p predicted worse RFS in GC patients (Fig. 8C and
D). The overall survival (OS) analyses of the data from the non-
recurrence and recurrence groups from the Shanghai General
Hospital revealed that high miR-181a-5p expression alone pre-
dicted poorer OS in the recurrence group, but not in the non-
recurrence patients (Fig. 8E and F). Univariate and multivariate
survival analyses further indicated that miR-181a-5p was a high
risk factor for poor prognosis of GC patients, especially in tumour
recurrent patients (Table S15). Furthermore, patients with high
miR-181a-5p expression and negative/weak RASSF6 staining had
lower RFS and OS rates than those with lower miR-181a-5p
expression (Fig. S11A and S11B). More interestingly, both the non-
recurrence and recurrence group patients presented the worst OS
rates if their tumours had a high miR-181a-5p level and negative/
weak RASSF6 staining (Fig. S12A and S12B). Together, high miR-
181a-5p combined with low RASSF6 expression was an indicator
of poor survival in GC patients.

Discussion

We previously found that RASSF6 was down regulated in GC [4].
Low RASSF6 predicted poor prognosis for GC patients [5]. The pre-
sent study further determined miR-181a-5p to be a newmodulator
of RASSF6 in GC. High expression of miR-181a-5p promoted the
proliferation, invasion andperitoneal dissemination ofmetastasis of
GC cells via RASSF6-mediated activation of the MAPK pathway
in vitro and in vivo. More importantly, high miR-181a-5p together
with lowRASS6 expression predicted poor prognosis in GC patients.

Tumour recurrence and metastasis are the main reasons for the
poor prognosis of GC patients after radical surgery [18]. Discovering
and using biomarkers that can efficiently evaluate and identify the
risks of tumour recurrence and metastasis in GC is important.
Previously, we identified RASS6 as a tumour suppressor in GC.
Others have reported that RASSF6 is a tumour suppressor with a
high frequency of DNA methylation in childhood leukaemia and
neuroblastoma [7]. Meanwhile, our analyses of genetic or epige-
netic dysregulation of RASSF6 using TCGA data suggested that ge-
netic mutations and epigenetic modifications were not reasons for
the reduced expression of RASSF6 in GC. Investigations of miRNA
expression provided other insights into the mechanisms of GC
carcinogenesis and development, contributing to the discovery of
new treatment targets. Therefore, we hypothesized that endoge-
nous miRNAs might regulate RASSF6 expression in GC.

Indeed, our subsequent bioinformatics analyses and luciferase
reporter assays demonstrated that miR-181a-5p might function as
a novel repressor of RASSF6 in GC. Meanwhile, these findings were
challenged by Li's report indicating that miR-181a-5p could pro-
hibit the migration and angiogenesis of cancer cells via down-
regulation of MMP14 [19]. Recently, it was found that high levels of
miR-181a-5p could promote the progression of ovarian cancer via
Smad7-mediated activation of the TGFb signalling pathway and



Fig. 6. miR-181a-5p activated the MAPK signalling pathway by directly targeting the 3′ UTR of RASSF6 in GC cells. (A) The corresponding sequences of predicted binding sites in
the wild type/mutant 30UTR of RASSF6 and miR-181a-5p. All of the luciferase reporter vectors were constructed as described in Supplementary Materials and Methods. (B-C)
Overexpression or silencing of miR-181a-5p decreased or increased the luciferase activity of the vector containing the wild-type 30UTR of RASSF6, but not that of the vector with the
mutated 30UTR, while the mutant miR-181a-5p inhibited the luciferase activity. Empty mimics or anti-mimics were used as negative controls (**p < 0.01; ***p < 0.001). (D-E) Multi-
pathway reporter arrays were used to explore, in GC cells, the possible signalling pathways miR-181a-5p was involved in. (*p < 0.05). (F) Western blot analyses were performed to
compare the differences among the representative makers of the MAPK pathway in miR-181a-5p overexpressing MKN-28 cells. (G) Transfection of RASSF6 siRNA plasmids partially
reduced the negative effect of miR-181a-5p downregulation on p-P38 and p-ERK proteins. (H) Effect of a specific inhibitor of p-38 MAPK (SB203580) on the results of miR-181a-5p
overexpression in the MAPK signalling.
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Fig. 7. miR-181a-5p promoted the colony formation, invasion and metastasis by directly downregulation of RASSF6 in vitro and in vivo. The empty control and Lv-RASSF6
plasmids were transfected into miR-181a-5p-overexpressing or control MKN-28 cells, respectively. Scramble and RASSF6 siRNA plasmids were transfected into miR-181a-5p-
silenced or control HGC-27 cells, respectively. (A-B) In vitro cell colony formation assays were performed in MKN-28 and HGC-27 cells. (C-D) In vitro transwell invasion assays
were used to evaluate whether the overexpression or repression of RASSF6 could partially counteract the effects of up- or down-regulation of miR-181a-5p on GC cells' invasion
ability. (E-F) Peritoneal dissemination metastatic assays were used to determine whether miR-181a-5p enhanced or inhibited the peritoneal metastasis of MKN-28 and HGC-27 cells
by overexpressing or repressing RASSF6 expression in nude mice, respectively. (n ¼ 3/group, *p < 0.05, **p < 0.01, ***p < 0.001).
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Fig. 8. Ectopic expression of miR-181a-5p predicted poor survival in GC patients. (A) Expression of miR-181a-5p in the TCGA gastric cancer RNAseq dataset (normal n ¼ 42,
tumour n ¼ 476). (B) Expression of miR-181a-5p in the Shanghai General Hospital dataset (normal n ¼ 260, tumour n ¼ 260). (C) KaplaneMeier curves for recurrence free survival
(RFS) of GC patients who had both the recurrence free survival and overall survival data in the TCGA dataset (n ¼ 163). (D-F) KaplaneMeier analyses for the Shanghai General
Hospital dataset. (D) High expression of miR-181a-5p predicted short (5-year) RFS in patients, compared with those who expressed lower levels of miR-181a-5p. (E) Overall survival
in patients without tumour recurrence. (F) Overall survival in patients with tumour recurrence. High expression of miR-181a-5p predicted the worst survival for the patients with
recurrent tumours.
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induce EMT in ovarian cancers [20]. High miR-181a-5p levels were
also found to be involved in chondrosarcoma [21]. In addition, miR-
181a-5p inhibited autophagy in the mammary epithelial cell line
MCF10A [22]. Accordingly, the roles of miR-181a-5p in different
diseases were different. It will be beneficial to use this specific
miRNA to evaluate the prognosis of GC by investigating the function
of miR-181a-5p in GC.

High proliferative, invasive and metastatic abilities are regarded
as high risk factors of poor prognosis in cancers [23]. In this study,
overexpression of miR-181a-5p also promoted GC cell proliferation
and colony formation as well as induced the transition to the S-
phase of the cell cycle and increased the expression of cell cycle-
associated proteins in vitro. These results were consistent with
the findings of other studies, indicating that miR-181a-5p
enhanced GC cells proliferation [24]. The tumour xenograft assay
in nude mice further supported the hypothesis that upregulation of
miR-181a-5p accelerated tumour growth, as evidenced by the
generation of larger xenografts and strong Ki-67 staining. More-
over, high miR-181a-5p expression enhanced GC cell wound heal-
ing, invasion abilities, and peritoneal dissemination of metastasis as
well as upregulated the levels of invasive and metastatic proteins
(MMP2 and MMP9) in vitro and in vivo. An increasing number of
investigations has demonstrated that EMT plays significant effects
in the progression of cancers and usually occurs by the loss of the
epithelial phenotype and gain of mesenchymal characteristics [25].
In our study, overexpression of miR-181a-5p was associated with
the low expression of the epithelial maker E-cadherin and high
expression of the mesenchymal maker N-cadherin, both at the
mRNA and protein levels, in vitro and in vivo. Similar effects on EMT
have been reported in ovarian cancers [20]. Consequently, our
study determined that miR-181a-5p was an onco-miRNA promot-
ing cell proliferation, metastasis and EMT in GC.

As a member of the Ras-associated domain family, loss of
RASSF6 expression was involved in Ras, P53, NFkB, MAPK and
Hippo dependent bio-functions, such as, apoptosis, autophagy and
invasion, which are closely correlated with cancer development
[17,26,27]. In clear cell renal cell carcinoma, RASSF6 induced p21-
dependent cell cycle arrest and promoted cell apoptosis via acti-
vation of the SAPK/JNK pathway [15]. In pancreatic ductal adeno-
carcinoma, low RASSF6 was positively associated with advanced T-
stage and perineural invasion [28]. In melanoma, reduced expres-
sion of RASSF6 enhanced melanoma metastasis through activation
of the MAPK pathway [29]. In the present study, we demonstrated
that miR-181a-5p inhibited RASSF6 expression by directly targeting
its 30UTR. Moreover, a multi-pathway reporter array demonstrated
that miR-181a-5p, by repressing RASSF6, could activate the MAPK
pathway in GC cells. miR-181a-5p-mediated tumour promoting
roles could be partially impeded by an increase in RASSF6 expres-
sion. Clinically, miR-181a-5p was also inversely correlated with
RASSF6 expression. Interestingly, miR-181a-5p alone could not
predict the OS in the non-recurrent group. Meanwhile, patients
showing high miR-181a-5p together with low RASSF6 had the
worst OS. These findings highlighted that miR-181a-5p acted as an
onco-miRNA through inhibition of RASSF6 in GC.

In conclusion, our study revealed the critical roles of the miR-
181a-5p-mediated RASSF6/MAPK signalling pathway on the
tumourigenesis and development of GC. This study not only pro-
vides new insight into the mechanisms elucidating the loss RASSF6
in GC but also suggests that miR-181a-5p is a marker of poor
prognosis in GC patients.

Acknowledgements

This work was supported by the National High Technology
Research and Development Program of China (SS2014AA020803)
and the National Natural Science Foundation of China (81272750,
81302083).
Conflict of interest

The authors declare no conflict of interest.
Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.canlet.2016.12.033.
References

[1] R.L. Siegel, K.D. Miller, A. Jemal, Cancer statistics, 2015, CA Cancer J. Clin. 65
(2015) 5e29.

[2] E. Van Cutsem, X. Sagaert, B. Topal, K. Haustermans, H. Prenen, Gastric cancer,
Lancet (2016).

[3] N.Y. Chia, P. Tan, Molecular classification of gastric cancer, Ann. Oncol. Official
J. Eur. Soc. Med. Oncology/ESMO 27 (2016) 763e769.

[4] Q. Wang, Y. Wen, D. Li, C. Zhou, G. Qiu, H. Tang, et al., Refined mapping of loss
of heterozygosity in Chinese sporadic gastric carcinoma, Afr. J. Biotechnol. 35
(2010) 5754e5761.

[5] Y. Wen, Q. Wang, C. Zhou, D. Yan, G. Qiu, C. Yang, et al., Decreased expression
of RASSF6 is a novel independent prognostic marker of a worse outcome in
gastric cancer patients after curative surgery, Ann. Surg. Oncol. 18 (2011)
3858e3867.

[6] N.P. Allen, H. Donninger, M.D. Vos, K. Eckfeld, L. Hesson, L. Gordon, et al.,
RASSF6 is a novel member of the RASSF family of tumor suppressors, Onco-
gene 26 (2007) 6203e6211.

[7] L.B. Hesson, T.L. Dunwell, W.N. Cooper, D. Catchpoole, A.T. Brini,
R. Chiaramonte, et al., The novel RASSF6 and RASSF10 candidate tumour
suppressor genes are frequently epigenetically inactivated in childhood leu-
kaemias, Mol. Cancer 8 (2009) 42.

[8] M. Ohtsuka, H. Ling, Y. Doki, M. Mori, G.A. Calin, MicroRNA processing and
human cancer, J. Clin. Med. 4 (2015) 1651e1667.

[9] N. Valeri, C. Braconi, P. Gasparini, C. Murgia, A. Lampis, V. Paulus-Hock, et al.,
MicroRNA-135b promotes cancer progression by acting as a downstream
effector of oncogenic pathways in colon cancer, Cancer Cell 25 (2014)
469e483.

[10] H. Ishiguro, M. Kimura, H. Takeyama, Role of microRNAs in gastric cancer,
World J. Gastroenterol. WJG 20 (2014) 5694e5699.

[11] W. Liu, J. Wang, L. Wang, C. Qian, Y. Qian, H. Xuan, et al., Ras-association
domain family 10 acts as a novel tumor suppressor through modulating
MMP2 in hepatocarcinoma, Oncogenesis 5 (2016) e237.

[12] A. Lesniak-Walentyn, A. Hrabia, Involvement of matrix metalloproteinases
(MMP-2, -7, -9) and their tissue inhibitors (TIMP-2, -3) in the chicken oviduct
regression and recrudescence, Cell Tissue Res. (2016).

[13] D.M. Gonzalez, D. Medici, Signaling mechanisms of the epithelial-
mesenchymal transition, Sci. Signal. 7 (2014) re8.

[14] C. Jiang, X. Chen, M. Alattar, J. Wei, H. Liu, MicroRNAs in tumorigenesis,
metastasis, diagnosis and prognosis of gastric cancer, Cancer Gene Ther. 22
(2015) 291e301.

[15] Y.Y. Liang, L.S. Zheng, Y.Z. Wu, L.X. Peng, Y. Cao, X. Cao, et al., RASSF6 promotes
p21(Cip1/Waf1)-dependent cell cycle arrest and apoptosis through activation
of the JNK/SAPK pathway in clear cell renal cell carcinoma, Cell Cycle (Geor-
getown Tex.) 13 (2014) 1440e1449.

[16] Z. Zhang, Z. Li, Y. Li, A. Zang, MicroRNA and signaling pathways in gastric
cancer, Cancer Gene Ther. 21 (2014) 305e316.

[17] K. Withanage, K. Nakagawa, M. Ikeda, H. Kurihara, T. Kudo, Z. Yang, et al.,
Expression of RASSF6 in kidney and the implication of RASSF6 and the Hippo
pathway in the sorbitol-induced apoptosis in renal proximal tubular epithelial
cells, J. Biochem. 152 (2012) 111e119.

[18] D. Hanahan, R.A. Weinberg, Hallmarks of cancer: the next generation, Cell 144
(2011) 646e674.

[19] Y. Li, C. Kuscu, A. Banach, Q. Zhang, A. Pulkoski-Gross, D. Kim, et al., miR-181a-
5p inhibits cancer cell migration and angiogenesis via downregulation of
matrix Metalloproteinase-14, Cancer Res. 75 (2015) 2674e2685.

[20] A. Parikh, C. Lee, P. Joseph, S. Marchini, A. Baccarini, V. Kolev, et al., microRNA-
181a has a critical role in ovarian cancer progression through the regulation of
the epithelial-mesenchymal transition, Nat. Commun. 5 (2014) 2977.

[21] S. Mutlu, H. Mutlu, S. Kirkbes, S. Eroglu, Y.S. Kabukcuoglu, F. Kabukcuoglu, et
al., The expression of miR-181a-5p and miR-371b-5p in chondrosarcoma, Eur.
Rev. Med. Pharmacol. Sci. 19 (2015) 2384e2388.

[22] J.L. Wei, Y.C. Li, Z.L. Ma, Y.X. Jin, MiR-181a-5p promotes anoikis by suppressing
autophagy during detachment induction in the mammary epithelial cell line
MCF10A, Protein Cell 7 (2016) 305e309.

[23] J.H. Song, S.J. Meltzer, MicroRNAs in pathogenesis, diagnosis, and treatment of
gastroesophageal cancers, Gastroenterology 143 (e) (2012) 35e47 e32.

http://dx.doi.org/10.1016/j.canlet.2016.12.033
http://dx.doi.org/10.1016/j.canlet.2016.12.033
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref1
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref1
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref1
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref2
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref2
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref3
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref3
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref3
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref4
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref4
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref4
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref4
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref5
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref5
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref5
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref5
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref5
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref6
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref6
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref6
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref6
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref7
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref7
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref7
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref7
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref8
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref8
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref8
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref9
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref9
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref9
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref9
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref9
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref10
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref10
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref10
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref11
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref11
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref11
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref12
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref12
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref12
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref13
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref13
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref14
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref14
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref14
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref14
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref15
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref15
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref15
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref15
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref15
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref16
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref16
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref16
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref17
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref17
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref17
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref17
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref17
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref18
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref18
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref18
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref19
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref19
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref19
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref19
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref20
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref20
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref20
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref21
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref21
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref21
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref21
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref22
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref22
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref22
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref22
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref23
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref23
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref23
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref23


Y. Mi et al. / Cancer Letters 389 (2017) 11e2222
[24] G. Chen, Z.-L. Shen, L. Wang, C.-Y. Lv, X.-E. Huang, R.-P. Zhou, Hsa-miR-181a-
5p expression and effects on cell proliferation in gastric cancer, Asian Pac. J.
Cancer Prev. 14 (2013) 3871e3875.

[25] Q.Q. Li, J.D. Xu, W.J. Wang, X.X. Cao, Q. Chen, F. Tang, et al., Twist1-mediated
adriamycin-induced epithelial-mesenchymal transition relates to multidrug
resistance and invasive potential in breast cancer cells, Clin. cancer Res.
Official J. Am. Assoc. Cancer Res. 15 (2009) 2657e2665.

[26] H. Iwasa, T. Kudo, S. Maimaiti, M. Ikeda, J. Maruyama, K. Nakagawa, et al., The
RASSF6 tumor suppressor protein regulates apoptosis and the cell cycle via
MDM2 protein and p53 protein, J. Biol. Chem. 288 (2013) 30320e30329.
[27] M. Ikeda, A. Kawata, M. Nishikawa, Y. Tateishi, M. Yamaguchi, K. Nakagawa, et
al., Hippo pathway-dependent and -independent roles of RASSF6, Sci. Signal. 2
(2009) ra59.

[28] H.L. Ye, D.D. Li, Q. Lin, Y. Zhou, Q.B. Zhou, B. Zeng, et al., Low RASSF6
expression in pancreatic ductal adenocarcinoma is associated with poor
survival, World J. Gastroenterol. WJG 21 (2015) 6621e6630.

[29] D. Brauer-Hartmann, J.U. Hartmann, A.A. Wurm, D. Gerloff, C. Katzerke,
M.V. Verga Falzacappa, et al., PML/RARalpha-regulated miR-181a/b cluster
targets the tumor suppressor RASSF1A in acute promyelocytic leukemia,
Cancer Res. 75 (2015) 3411e3424.

http://refhub.elsevier.com/S0304-3835(16)30803-5/sref24
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref24
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref24
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref24
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref25
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref25
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref25
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref25
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref25
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref26
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref26
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref26
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref26
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref27
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref27
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref27
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref28
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref28
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref28
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref28
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref29
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref29
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref29
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref29
http://refhub.elsevier.com/S0304-3835(16)30803-5/sref29

	miR-181a-5p promotes the progression of gastric cancer via RASSF6-mediated MAPK signalling activation
	Introduction
	Materials and methods
	Results
	Identification of miR-181a-5p as a negative regulator of RASSF6 in human gastric cancer
	miR-181a-5p promotes GC cell proliferation, wound healing, and invasion and induces EMT in vitro
	miR-181a-5p accelerates GC cells growth in vivo
	miR-181a-5p facilitates invasion, metastasis and EMT of GC cells in vivo
	miR-181a-5p activates the MAPK signalling pathway by directly inhibiting the expression of RASSF6
	Ectopic expression of miR-181a-5p promotes GC cell proliferation and metastasis by targeting RASSF6 in vitro and in vivo
	Upregulation of miR-181a-5p was negatively associated with RASSF6 in human GC tissues and indicates poor survival in GC pat ...

	Discussion
	Acknowledgements
	Conflict of interest
	Appendix A. Supplementary data
	References


