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We, along with others, have shown previously that P21-acti-
vated kinase 1 (Pak1) plays a pivotal role in gastric cancer
progression and metastasis. However, whether Pak1 controls
gastric cancer metastasis by regulating microRNAs (miRNAs)
has never been explored. Here, we report a novel mechanism
of Pak1 in tumor metastasis. A detailed examination revealed
that Pak1 interacts with and phosphorylates the serine 62 res-
idue of ATF2 and then blocks its translocation into the nucleus.
We also confirmed that ATF2 binds to the promoter of
miR-132 and tightly regulates its transcription, thus explaining
the regulatory mechanism of miR-132 by Pak1. miR-132 also
significantly reduced cell adhesion, migration, and invasion
of gastric cancer cells in vitro and significantly prevented
tumor metastasis in vivo. miR-132 specifically inhibited hema-
togenous metastasis, but not lymph node or implantation
metastases. In order to further delineate the effects of the
Pak1/ATF2/miR-132 cascade on gastric cancer progression,
we identified several targets of miR-132 using a bioinformatics
TargetScan algorithm. Notably, miR-132 reduced the expres-
sion of CD44 and fibronectin1 (FN1), and such inhibition
enabled lymphocytes to home in on gastric cancer cells and
induce tumor apoptosis. Taken together, our studies establish
a novel cell-signaling pathway and open new possibilities for
therapeutic intervention of gastric cancer.
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INTRODUCTION
P21-activated kinase 1 (Pak1), a serine/threonine kinase, plays critical
roles in cytoskeletal remodeling, cell motility, apoptosis, and transfor-
mation,1,2 and it affects many distinct signal transduction pathways.
Pak1 has been strongly implicated in several human cancers. It con-
fers invasiveness to breast cancer cells in response to heregulin-beta1-
mediated ErbB2 stimulation,3 and it is overexpressed in breast
tumors.4 Pak family members, in general, have been shown to be
involved in several oncogenic processes.5–7 PAKs play pivotal roles
in many cellular processes that confer cancer phenotype, including
invasion, metastasis, anti-apoptosis, drug resistance, angiogenesis,
epithelial-to-mesenchymal transition (EMT), DNA-damage repair,
modulation of gene expression, and changes in progression of mitosis
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and cell cycle.8 Pak1 facilitates enhanced cell survival, including that of
oncogenic cells, by preventing apoptosis through at least three different
pathways that involve forkhead box O1 (FOXO1), B cell chronic
lymphocytic leukemia (CLL)/lymphoma 2 (Bcl-2), or DLC1.9,10 Pak1
also regulates the activity of Raf and Aurora kinases and affects cellular
proliferation.11 Overexpression of Pak1 is involved in the regulation of
actin assembly and disassembly through phosphorylation of LIM
kinase and cytoskeletal-associated proteins such as filamin A, paxillin,
caldesmon, cortactin, and Arp2/3.12

Gastric cancer is the fourth most common cancer in the world and
has the second highest mortality rate.13 Although recent advances
in the treatment of gastric cancer have improved the clinical out-
comes, the 5-year survival rate is still �30%, and the prognosis of
remains very poor.14 Tumor invasion and metastasis are the major
impediments to a clear prognosis. When diagnosed, 20% to 30% of
the patients already have distant organ metastasis, most commonly
to the liver and lung by hematogenous metastasis.15 Our previous
studies and those of others have shown that Pak1 signaling has a
profound effect on gastric cancer.2

MicroRNAs (miRNAs) are non-coding small RNA molecules that
regulate gene expression at the post-transcriptional level by binding
to the 30 UTR of their target mRNAs and repress protein production
by destabilizing mRNA and silencing translation.16 Many miRNAs
have been shown to play crucial roles at a number of steps that confer
tumor metastasis, including EMT, anoikis, angiogenesis, invasion,
and migration.17 Although our previous data and other studies
have confirmed that some miRNAs can inhibit tumor proliferation
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Figure 1. Pak1 Inhibits the Expression of miR-132 in

Gastric Cancer Cells

(A) Quantitative real-time PCR was used to analyzed miR-

132 expression in BGC823, AGS, and HGC27 cells infected

with Pak1-RNAi lentivirus. Pak1 protein expression in the

cells was detected by western blot. GAPDH served as

protein loading control. (B) Quantitative real-time PCR

analysis of miR-132 expression in BGC823, AGS, and

HGC27 cells transfected with wild-type Pak1 (Pak1WT)

plasmids and kinase-defective mutant Pak1 (Pak1KR)

plasmids. Pak1 protein expression was detected with anti-

myc antibody. *p < 0.05, #p < 0.01. (C) Western blot

analysis of the protein level of Pak1 in gastric cancer tissues

specimens and matched adjacent noncancerous mucosa

from 36 (part of 66 patients) representative patients. Rela-

tive values of miR-132 expression are shown above the

matched samples. T, gastric cancer tissue; N, matched

noncancerous adjacent mucosa. (D) Correlation analysis of

the relative expression levels of miR-132 and reciprocal

Pak1 expression in 43 tissue specimens from gastric can-

cer patients at stages IIIB, IIIC, and IV. Data in (A) and (B) are

presented as mean ± SD.
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and metastasis by regulating the Pak1 pathway,18,19 miRNAs that are
regulated by Pak1 kinase have not been explored.

We report here the first evidence of a profound role for miR-132
in metastatic gastric cancer. Interestingly, our studies reveal that
miR-132 specifically affects hematogenous metastasis, but not lymph
node or implantation metastases. Such selective inhibition of metas-
tasis by miRNAwas previously unknown. Subsequently, we show that
the expression of miR-132 is regulated by ATF2, which in turn is
controlled by Pak1. ATF2 is a new target for Pak1 kinase, and its
phosphorylation prevents ATF2 from translocating to the nucleus
and thereby reduces the expression of miR-132. We further identify
that CD44 and fibronectin1 (FN1) molecules are targets of miR-132
and that miR-132 downregulates their activities to facilitate lympho-
cytes to home in on cancer cells and kill them via apoptosis. Our
studies uncover a novel cell-signaling pathway and a cascade of events
(Pak1/ATF2/miR-132/CD44-FN1) that profoundly affect metastasis
Molecular The
of gastric cancer and reveal potential targets for
therapeutic intervention.

RESULTS
Pak1 Regulates miR-132 Expression in

Gastric Cancer

First, we performed miRNA chip analysis
(CapitalBio) to identify differentially expressed
miRNAs in Pak1-knockdown gastric cancer cells
(BGC823; i.e., stable knockdown cell clone).2

A notable candidate gene we found was miR-
132. Its level was significantly higher in Pak1-
knockdown cells than in control cells (Figure S1).
Subsequently, this result was further validated
by quantitative real-time PCR assay. miR-132
expression was markedly increased in Pak1-knockdown BGC823,
AGS, and HGC27 cells (Figure 1A). To explore whether this
regulation of miR-132 gene expression depends on Pak1 kinase activ-
ity, wild-type Pak1 (Pak1WT) or kinase-defective mutant Pak1
(Pak1K299R) plasmids were transiently transfected into BGC823,
AGS, and HGC27 cells. Quantitative real-time PCR revealed that
Pak1WT decreased miR-132 expression, whereas Pak1KR increased
miR-132 expression (Figure 1B), indicating that the regulation of
miR-132 expression was dependent on Pak1 kinase activity. These
findings were also consistent with the reported theory that Pak1 could
be auto-inhibited and auto-activated in a trans-homodimer pattern.20

In order to ascertain that Pak1-mediated regulation of miR-132
expression is not just a laboratory phenomenon and that it occurs
in human patients with gastric cancer, we obtained tissue specimens
from 66 patients and examined them using western blot analysis (Fig-
ures 1C and S2). Further analysis showed that there was an inverse
rapy: Nucleic Acids Vol. 8 September 2017 371
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Figure 2. Pak1 Phosphorylates ATF2 on Ser62 and

Inhibits ATF2 Translocation into the Cell Nucleus

(A) BGC823 cells were transfected with Pak1-RNAi lenti-

virus, and the location of ATF2 was analyzed by confocal

imaging. (B) FLAG-ATF2 and myc-Pak1 plasmids were

co-transfected into BGC823 cells, cell lysates were sub-

jected to immunoprecipitation with myc-specific antibody,

and the western blot was probed with FLAG-specific anti-

body. (C) BGC823 cell lysates were immunoprecipitated

with Pak1-specific antibody or IgG and then analyzed by

western blot with ATF2 antibody. (D) Kinase assays were

performed with purified ATF2 and ATF2S62A protein as

substrates for Pak1 kinase. (E) The location of p-ATF2 was

examined by confocal imaging assay; p-ATF2 is marked

with red and nuclear DNA is marked with blue (top panels).

Location of ATF2 and p-ATF2 in paraffin sections of tissues

from two gastric cancer patients were evaluated by immu-

nohistochemistry (bottom panels). (F) BGC823 cells were

transfected with ATF2WT and ATF2S62A plasmids, and

confocal imaging was performed. (G) BGC823 cells were

transfected with Pak1-RNAi lentivirus, and protein in

cytoplasmic and nuclear extracts was prepared and

analyzed by western blot. b-Tubulin and PARP served as

cytoplasmic and nuclear protein loading controls, respec-

tively. (H) BGC823 cells were transfected with ATF2WT

and ATF2S62A plasmids, and protein in the cytoplasm and

nucleus was detected with western blot. All experiments

were carried out as described in Materials and Methods.
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correlation between the levels of Pak1 and miR132 in advanced
gastric cancer tissues (Figure 1D). All of the above results clearly indi-
cate that Pak1 plays a key role in regulating miR-132 expression in
gastric cancer.

Pak1PhosphorylatesATF2and Inhibits Its Translocation into the

Cell Nucleus

A previous study found that the cAMP response element (CRE)
motifs on the promoter of miR-132 were important for its expression
in neurons.21 Therefore, we explored whether CREB1was an agency in
372 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
Pak1 regulating miR-132 transcription. Western
blot showed that Pak1 did not affect expression
of CREB1 protein or the level of CREB1 phos-
phorylation (Figure S3A). Using confocal scan-
ning microscopy, we found that the distributions
of CREB1 in the cell cytoplasm and nucleus
did not change after the expression of Pak1 was
knocked down in gastric cancer cells (Figures
S3B–S3D). Studies have shown that Pak1 activates
c-Jun N-terminal kinase (JNK) or p38,22,23 which
both in turn phosphorylate ATF2, which is also a
CRE-binding protein.24 These data suggested that
Pak1 might regulate miR-132 by affecting the
function of ATF2. To prove this hypothesis, we
first examined the status of ATF2 in Pak1-knock-
down gastric cancer cells. Interestingly, we found
that the subcellular distribution of ATF2 was
affected in BCG823 gastric cancer cells (Figure 2A). The same study
in two more gastric cancer cell lines, AGS and HGC27, also showed
very similar results (Figures S4A and S4B). To investigate the potential
mechanism of ATF2 subcellular distribution by Pak1, bioinformatics
analysis was performed for ATF2 to find potential serine or threonine
sites that might be phosphorylated by Pak1. Ser62 was identified as a
probable site, suggesting that ATF2 might be directly phosphorylated
by Pak1. Pak1, in general, physically interacted with its targets while
phosphorylating them. In order to evaluatewhether Pak1 directly bound
ATF2, we first performed a glutathione S-transferase (GST)-binding
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assay. Results showed that in-vitro-translated ATF2 indeed interacted
with GST-Pak1; however, in reverse assays, translated Pak1 did not
bindwithGST-ATF2 (Figures S4C and S4D). In further immunoprecip-
itation (IP) analysis in BGC823 cells, Myc-tagged Pak1 was able to
interact with FLAG-tagged ATF2 (Figures 2B and S4E). In addition,
endogenous Pak1 and ATF2 molecules interacted with each other in
BGC823 cells (Figures 2C and S4F). All of these results confirmed
that Pak1 physically interacted with ATF2. The reason Pak1 could not
bind with GST-ATF2 might be because of the GST tag, which might
block their interaction, indicating that the N-terminal sequence of
ATF2 might be the key region.

Next, we performed in vitro kinase assays to study whether Pak1
phosphorylated ATF2 on Ser62. Pak1 kinase efficiently phosphory-
lated positive control myelin basic protein (MBP), but it failed to
phosphorylate both GST-ATF2 and mutant GST-ATF2S62A con-
taining an alanine substitution at position 62 (Figure S5A). We
surmised that the GST tag might be affecting such a process; there-
fore, we cleaved off the GST tag with PreScission protease. Strikingly,
Pak1 efficiently phosphorylated ATF2 (Figure 2D). In this assay, the
mutant ATF2S62A was not phosphorylated, indicating that Ser62 was
the target for Pak1 kinase. Western blot analysis with phosphoryla-
tion antibody against phospho-ATF2 Ser62 confirmed that Pak1
phosphorylated ATF2 in a dose-dependent manner in vitro (Fig-
ure S5B). Furthermore, Pak1-knockdown cells, including BGC823,
AGS, and HGC27 cells, had decreased levels of phospho-ATF2,
whereas overexpressing Pak1 with a transfected Pak1WT vector
increased the level of ATF2 phosphorylation in these cells (Figures
S5C and S5D).

We then examined whether Pak1 phosphorylation affects subcellular
distribution of ATF2 using confocal imaging and immunohistochem-
istry assays. The results showed that endogenous phospho-ATF2 was
mainly located in the cytoplasm (Figure 2E). To assess the role of
Ser62 phosphorylation, ATF2WT and ATF2S62A were indepen-
dently expressed in BGC823 cells. Confocal imaging showed that
ATF2S62A accumulated more in the cell nucleus than ATF2WT (Fig-
ure 2F). Nucleocytoplasmic separation assays also showed that when
Pak1 expression was prevented, ATF2 was predominantly found in
the nuclear fraction of BCG823 cells (Figure 2G). Likewise, when
BCG823 cells were transfected with mutant Pak1S62A, AFT2 was
also predominantly found in the nuclear fraction (Figure 2H).
More proof for the same observation was obtained when we per-
formed confocal and western blot analyses in Pak1-knockdown cells.
The results showed that constitutively active Pak1 (T423E) promoted
ATF2 cytoplasm localization, while ATF2 location did not
significantly change in cells transfected with kinase-defective Pak1
(K299R) (Figure S6A). The results were also verified by western
blot analyses (Figure S6B).

Overall, our results unequivocally confirmed that Pak1 physically
interacts with ATF2 and phosphorylates ATF2 on the Ser62 residue,
and this process secludes ATF2 in the cytoplasm. These findings indi-
cate, for the first time, that Pak1 directly regulates ATF2, and this
process may lead to reduced ATF2-mediated transcriptional regula-
tion in the nucleus.

ATF2 Regulates miRNA miR-132 Gene Expression in Gastric

Cancer Cells

To verify whether ATF2 was the key regulator of miR-132, the poten-
tial binding sites of ATF2 were predicted using AliBaba 2 software. As
shown in Figure 3A, the promoter sequence contained three potential
ATF2-binding CRE sites at positions �30, �469, and �486. To
further explore whether ATF2 regulated the expression of miR-132,
a quantitative real-time PCR assay was performed, which showed
that the expression of miR-132 decreased in gastric cancer cells
(BGC823, AGS, and HGC27) when ATF2 was downregulated by
ATF2-RNAi-lentivirus (Figure 3B). When ATF2WT or ATF2S62A
plasmids were transiently transfected into BGC823, AGS, and
HGC27 cells, quantitative real-time PCR revealed that ATF2WT
increased expression of miR-132, whereas ATF2S62A did not alter
expression (Figure 3C). Chromatin immunoprecipitation (ChIP)
and electrophoretic mobility shift assay (EMSA) were carried out to
test the binding of ATF2 to the miR-132 promoter. As shown in Fig-
ure 3D, the miR-132 promoter sequence �163/+50 (probe A) was
bound to ATF2 in the ChIP assay, revealing that ATF2 interacted
with the miR-132 promoter at this region. The miR-132 promoter
sequence �607 to �518 (probe BC) containing the other two
CRE motifs did not immunoprecipitate with ATF2, indicating that
these regions were not bona fide targets of ATF2. In further EMSA
analyses, nuclear extract from BCG823 cells bound to the sequence
between �30 to �39, and the complex was supershifted with ATF2
antibody (Figure 3E). These results confirm that ATF2 interacts
with the �30 to �39 region of the miR-132 gene promoter and
regulates its expression.

miR-132 Inhibits Adhesion, Migration, and Metastasis of Gastric

Cancer Cells

In an attempt to define the role of miR-132 in the invasion and
metastasis of gastric cancer cells, we used miR-132-lentivirus to
establish stable BGC823, AGS, and HGC27 cell lines to overexpress
miR-132. The miR-132 expression level was substantially elevated
in these cells (Figure S7). A significant inhibition of adhesion,
migration, and invasion ability were observed in all miR-132 over-
expressing cells (Figure 4A). All these in vitro results prompted us
to investigate whether miR-132 overexpression could inhibit metas-
tasis of gastric cancer cells in vivo. To answer this question, we
constructed a cell line, BGC823-luc-miR-132, derived from gastric
cancer BGC823 cells stably co-expressing luciferase and miR-132.
BGC823-luc-miR-132 cells and control cells expressing luciferase
were injected into two separate groups of nude mice through tail
veins. Live animal bioluminescence imaging (BLI) was used to
detect tumor growth and onset of metastases. Thirty minutes after
injection of the cancer cells, equal bioluminescence existed in mice
lungs. The mice were imaged each week, and the final images taken
just before they died are shown in Figure 4B. Mice injected with
BGC823-luc-miR-132 cells showed no marked decrease in pulmo-
nary metastasis when compared with mice injected with control
Molecular Therapy: Nucleic Acids Vol. 8 September 2017 373
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Figure 3. ATF2 Modulates miR-132 Transcription by

Binding to the –30 to –39 Region of Its Promoter

(A) Potential ATF2-binding CRE sites in the ATF2 promoter

region were predicted with Alibaba software. (B) miR-132

expression in BGC823, AGS, and HGC27 cells transfected

with ATF2-RNAi lentivirus was examined using quantitative

real-time PCR. ATF2 protein expression in these cells was

measured by western blot. (C) Quantitative real-time PCR

analysis was preformed to examine miR-132 expression in

BGC823, AGS, and HGC27 cells transfected with ATF2WT

and ATF2SA plasmids. ATF2 protein expression in cells was

detected using FLAG antibody by western blot. (D) A ChIP

assay was used to study the binding of ATF2 to themiR-132

promoter. (E) The binding of ATF2 to the miR-132 �30

to �39 promoter sequence was examined by EMSA. Data

in (B) and (C) are presented as mean ± SD, and detailed

experiments were performed as described in Materials

and Methods. *p < 0.05.
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cells. However, in the control group, four out of ten mice exhibited
brain metastasis, and another three mice had bone metastasis,
whereas none of the mice in the BGC823-luc-miR-132 group
had brain or bone metastasis. H&E staining confirmed that the
metastases detected by BLI were in brain or bone (Figure 4C). In
addition, the survival rate of mice injected with BGC823-luc-
miR-132 cells was significantly higher than that of control group
(p < 0.05) (Figure 4D).

CD44 and FN1 Are Potential Targets for miR-132 in Gastric

Cancer

We searched for potential targets of miR-132 to uncover its
mechanism of action and determine whether miR-132 contributes
374 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
to gastric cancer metastasis. Subsequently, a
bioinformatics TargetScan algorithm was used
to analyze the targets of miR-132. Of the
various candidates we identified, CD44 and
FN1 stood out, because both are known to be
involved in cancer metastasis. To investigate
whether CD44 and FN1 are direct targets of
miR-132, we constructed dual-luciferase re-
porter vectors containing CD44 or FN1 30

UTR mRNA (pMIR REPORT-CD44-30-UTR
and pMIR REPORT-FN1-30-UTR). pMIR
REPORT-CD44-MUT and pMIR REPORT-
FN1-MUT vectors with mutation target sites
were also constructed. The plasmids were inde-
pendently co-transfected with miRNA mimics
into BGC823 and HGC27 cells. Results revealed
the luciferase activity of pMIR REPORT-CD44-
30-UTR and pMIR REPORT-FN1-30-UTR re-
porters was significantly suppressed, but the
luciferase activity of pMIR REPORT-CD44-
MUT and pMIR REPORT-FN1-MUT reporters
was unchanged (Figures 5A and 5B). Using
western blot analysis, we examined protein levels of CD44 and
FN1 in gastric cancer cells with miR-132 overexpression, Pak1
knockdown, or ATF2 overexpression. A significant reduction in
the levels of the endogenous CD44 and FN1 protein was observed
in all these cells (Figures 5C–5E). To further assess the role of
miR-132-mediated inhibition of CD44 and FN1 protein expression
in gastric cancer patients, we examined the expression of miR-132
and protein levels of CD44 and FN1 in 102 gastric cancer tissue
specimens. Figure S8 shows the levels of CD44 and FN1 protein
in 102 representative patients. Further results showed an inverse
relationship between miR-132 and CD44 in advanced cancer
tissues (Figure 5F). Although this relationship between miR-132
and FN1 was not significant in these advanced cancer tissues



Figure 4. miR-132 Overexpression Inhibits Adhesion,

Migration, and Metastasis of Gastric Cancer Cells

(A) Cell adhesion, migration and invasion assays were

performed to evaluate the effect of miR-132 on BGC823,

AGS, and HGC27 cells. Representative photomicrographs

of the results were taken at original magnification �100.

The cell number was counted in 20 independent sym-

metrical microscopic visual fields (at original magnifi-

cation �400). Data are presented with mean ± SD; #p <

0.01. (B) Tumor metastasis burden of xenografted animals

was monitored weekly using BLI. “First” represents images

taken 30 min after injection of cancer cells. “Last” repre-

sents images taken before death. (C) The brain and bones

were excised, embedded in paraffin, and stained with H&E.

The black arrow points to tumor tissue, and the blue arrow

or green arrow points to normal brain or bone tissues,

respectively. (D) Kaplan-Meir survival curves of control

and miR-132 overexpressing groups were analyzed using

GraphPad Prism software.
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(data not shown), a reverse relationship between miR-132 and FN1
was found in 14 metastatic cancer tissues (Figure 5G). These re-
sults indicate that CD44 and FN1 are regulated directly by miR-
132 in a negative manner in gastric cancer. We also explored
whether other previously reported targets of miR-132, such as
Sirt1, SOX4, brain-derived neurotrophic factor (BDNF), HBEGF,
and MAPK1, participate in gastric cancer metastasis. Western
blot analyses showed that the expression of Sirt1 and BDNF was
Molecular The
also reduced in miR-132 overexpressing
BGC823 and AGS cells, suggesting that Sirt1
and BDNF may also be involved in miR-132-
mediated inhibition of gastric cancer metastasis
(Figure S9).

miR-132 Enables Lymphocytes to Home In on

Gastric Cancer Cells and Kill Them by

Inducing Apoptosis

Because CD44 and FN1 were previously
reported to be involved in lymphocyte homing
and play important roles in immune evasion,25,26

we investigated whether miR-132 participates in
immune evasion. Interaction between lympho-
cytes (isolated from human whole blood) and
gastric cancer cells was observed by live-cell
imaging system, and the effect of lymphocytes
on cancer cells were assessed using an MTT
assay. Results demonstrated that compared
with control cells, cells stably expressing miR-
132 were surrounded by numerous lymphocytes
and easily killed (Figures 6A–6D; Movies S1
and S2). Annexin-V-mediated apoptosis detec-
tion showed that apoptosis was induced in
BGC823 cells overexpressing miR-132 (Figures
6E and 6F). These results indicate that miR-
132 regulates immune evasion and destruction of gastric cancer cells
by inducing apoptosis.

Low Expression of miR-132 in Gastric Cancer Cells Is

Associated with Poor Prognosis and Elevated Hematogenous

Metastasis

Finally, we analyzed the expression level of miR-132 in cancer tissues
and matched adjacent noncancerous tissues from 201 gastric cancer
rapy: Nucleic Acids Vol. 8 September 2017 375
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Figure 5. CD44 and FN1 Are Potential Targets of

miR-132

(A and B) miR-132 mimics or control mimics were

co-transfected with luciferase vectors, and the luciferase

activity of CD44, FN1, CD44-MUT, and FN1-MUT was

measured. Data are presented with mean ± SD; #p < 0.01.

(C)Western blot was used to examine protein levels of CD44

and FN1 in BGC823 andHGC27 stable cell lines. (D) Protein

levels of CD44 and FN1 in BGC823 and HGC27 cells

transfected with Pak1-RNAi lentivirus were detected by

western blot. (E) Western blot was performed to evaluate

the protein levels of CD44 and FN1 in BGC823 and HGC27

cells transfected with ATF2WT and ATF2S62A plasmids.

(F) Correlation analysis was performed to examine the cor-

relation between miR-132 and reciprocal CD44 expression

in 43 cancer tissues at advanced stages IIIB, IIIC, and IV.

(G) Correlation analysis of the relative expression levels of

miR-132 and reciprocal FN1 expression in 14 gastric cancer

tissues with hematogenousmetastasis before the operation

or within 5 years after surgery. All experiments were carried

out as described in Materials and Methods.
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patients by quantitative real-time PCR. miR-132 expression level was
significantly reduced in the tumor tissues compared with the adjacent
normal mucosa tissues (Figure 7A). As shown in Table 1, miR-132
expression in tumor tissues was not significantly associated with
gender, tumor location, gross type, lymph node status, lymph node
metastasis, lymphatic invasion, or implantation metastasis. However,
miR-132 expression was significantly correlated with age (p = 0.036),
tumor size (p = 0.001), histological type (p = 0.003), depth of invasion
(p = 0.007), venous invasion (p = 0.002), hematogenous metastasis
(p = 0.022), and pathological stage (p = 0.041). The 5-year survival
rate of the miR-132 high-expression group was significantly better
than that of the low-expression group (p < 0.01) (Figure 7B). In addi-
tion, multivariate analysis showed that miR-132 expression was an
independent risk factor for overall survival (Table S1). The expression
of miR-132 was lower in hepatic metastases of gastric cancer than that
in primary tumor. However, miR-132 expression in lymphatic and
implanted metastases of gastric cancer was not significantly different
from primary tumor (Figures 7C and 7D). In order to further confirm
that miR-132 was involved in hematogenous metastasis, we analyzed
the expression of miR-132 in a metastatic colorectal data from the
GEO database. Consistent with the data for gastric cancer tissue,
376 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
expression of miR-132 was markedly downregu-
lated in hepatic metastases compared with
primary colorectal tumors (Figure 7E), indi-
cating that miR-132 may be an important hema-
togenous metastasis factor in gastrointestinal
carcinoma.

DISCUSSION
Pak1 belongs to a family of kinases that trans-
duce signals elicited on the cell surface and
modulate critical cytoplasmic and nuclear func-
tions.8 Pak1 is a prototype of group I Pak family,
and its aberrant regulation has been shown to be the cause of several
oncogenic processes. Our previous studies consistently pointed to a
crucial role for Pak1 in gastric cancer progression and metastasis.2

Recently, several studies have shown that Pak1 is an important
target gene of the miRNA signaling pathway. In breast cancer cells,
the expression and function of Pak1 is regulated by miR-7.19 More-
over, regaining miR-145 and miR-221 expression markedly sup-
presses bladder cancer cell invasion and endothelial progenitor
cell growth by targeting Pak1.27,28 In gastric cancer, we demon-
strated that miR-133a could inhibit tumor proliferation and inva-
sion by targeting the CDC42/Pak1 pathway.18 However, there are
few reports of miRNAs that are regulated by Pak1. In this study,
we first identified miR-132 as a gene downstream of Pak1 by per-
forming miRNA microarray analysis. Further experiments revealed
that Pak1 could downregulate miR-132 in a kinase-dependent
manner and that increased expression of Pak1 in gastric cancer tis-
sues is negatively correlated with miR-132 levels.

ATF2, a member of the b-ZIP family of transcription factors, plays
crucial roles in cellular development and survival.29 Transcrip-
tional activity of ATF2 is regulated by p38, JNK, and extracellular



Figure 6. miR-132 Promotes Lymphocytes to Home In

on Gastric Cancer Cells and Attack Them by Inducing

Apoptosis

(A and B) Gastric cancer cells overexpressing miR-132 or

control cells were labeledwith green fluorescent protein and

incubated with lymphocytes that were marked with red

fluorescent protein. Live-cell images taken at 0.5 hr, 1.5 hr,

and 3 hr are shown. (C and D) HGC27 and BGC823 cells

overexpressing miR-132 or control cells were incubated

with lymphocytes for 24 hr and subsequently washed and

incubated with 10 mLMTT (5mg/mL) for 4 hr, and cell vitality

wasmeasured. (E and F) Tumor cells and lymphocytes were

co-incubated for 24 hr, and apoptotic cells were analyzed

using an Annexin V apoptosis detection kit. Data were

analyzed using GraphPad prism and are presented as

mean ± SD; #p < 0.01 All experiments were carried out as

described in Materials and Methods.
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signal-regulated kinase (ERK). These kinases activate ATF2 by phos-
phorylating threonine residues Thr69 and Thr71.30 ATF2 is also acti-
vated by human vaccinia-related kinase 1 (VRK1) by phosphorylating
Ser62 and Thr73.31 Although some studies demonstrate that ATF2
performs oncogenic functions in some tumors, such as melanoma,
models of breast and skin tumors also revealed that ATF2 has a tumor
suppressive function.32 A recent study found that ATF2 plays a key
role in dissemination and metastasis in mammary cancer.33 Here,
we found that Pak1 controls ATF2 transcriptional activity in an
intriguing way, by phosphorylating its Ser62 residue and preventing
it from entering the nucleus. Further experiments reveal that ATF2
regulates miR-132 transcription by binding to the�30 to�39 region
of its promoter.

Our in vitro studies show that miR-132 inhibits cell adhesion,
migration, and invasion, and in vivo observations demonstrate
that it prevents hematogenous metastasis of gastric cancer cells.
CD44 is a class I integral membrane glycoprotein that interacts
Molecular The
with various other extracellular matrix compo-
nents and has been linked to the metastatic
potential of a variety of human cancers.34,35

FN1 is a large multi-domain cellular and extra-
cellular matrix (ECM) glycoprotein and is asso-
ciated with tumor angiogenesis and metastasis.36

In this study, we identify CD44 and FN1
as novel targets for miR-132, indicating that
miR-132 may inhibit the hematogenous metas-
tasis of gastric cancer cells by regulating CD44
and FN1. Our data also show that previously
reported targets of miR-132, Sirt1,37,38 and
BDNF39 may be involved in the hematogenous
metastasis of gastric cancer. However, additional
studies are needed to confirm their roles.

miRNAs have been shown to modulate the
innate and adaptive immune responses and
immune cell repertoire in the tumor microenvironment.40,41

miRNAs regulate T cell responses, maturation, and differentiation
and affect tumor cell immune evasion.42 For example, miR-222
and miR-339 promote the resistance of cancer cells to cytotoxic
T lymphocytes by downregulating intercellular adhesion mole-
cule 1 (ICAM-1).43 Several studies have demonstrated that CD44
and FN1 affect lymphocyte homing and facilitate immune
evasion.25,26 Our study is the first to prove that miR-132 promotes
the process by which lymphocytes encircle gastric cancer cells and
destroy them by inducing apoptosis. However, the effects of miR-
132, CD44, and FN1 on lymphocytes, immune evasion, and hema-
togenous metastasis of gastric cancer cells need further investigation
to identify the mechanisms involved.

Previous studies have documented that miR-132 participates in
inflammation and neural development.44,45 Recently, several
studies have reported differential expression of miR-132 in some
tumors, including downregulation in colorectal cancer, breast
rapy: Nucleic Acids Vol. 8 September 2017 377
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Figure 7. Downregulation of miR-132 Expression in

Gastric Cancer Cells Is Associated with Poor

Prognosis and Elevated Hematogenous Metastasis

(A) Quantitative real-time PCR was performed to detect

the expression level of miR-132 in gastric cancer tissues

and matched adjacent noncancerous mucosa from 201

patients, and the expression of miR-132 in cancer tissues

was normalized by its adjacent noncancerous tissue (mean

with 95% CI). (B) Kaplan-Meir survival curves of the miR-

132 lower expression group and the miR-132 higher

expression group. The cutoff value for miR-132 expression

was defined as 0.57-fold. (C) miR-132 expression in

20 hepatic metastases, 40 lymphatic metastases, and

21 implanted metastases of gastric cancer and matched

primary tumors was detected using an in situ hybridization

assay. Black arrows point to tumor tissue, the blue arrow

points to hepatic tissue, and the green arrow points to

lymphatic tissue. (D) Statistical analysis with the relative

expression of miR-132 (mean ± SD). #p < 0.01. (E) Differ-

ences in miR-132 expression between hepatic metastases

and primary colorectal tumors were obtained from

the published expression dataset GEO: GSE54088 and

re-analyzed using R software. (F) Proposed model of

the Pak1/ATF2/miR-132/CD44-FN1/Sirt1/BDNF signaling

pathway.
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cancer, non-small cell lung cancer, osteosarcoma, and prostate can-
cer and upregulation in glioma and pancreatic cancer.46–50 A study
by Liu et al.50 revealed that miR-132 was overexpressed in gastric
cancer tissue from 79 patients, and expression levels of miR-132
were positively associated with the frequency of lymph node metas-
tasis. In contrast, our results show that miR-132 expression levels
are significantly downregulated in gastric cancer and correlated
with hematogenous metastasis rather than lymph node metastasis.
Gastric cancer patients with hematogenous metastasis usually
have a poor prognosis.15,51 Until now, only a few genes have
been reported to specifically affect the hematogenous metastasis
of gastric cancer while having no role in lymph node metastasis
or implantation metastasis. The strong link between miR-132 and
378 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
hematogenous metastasis of gastric cancer cells,
as shown in our study, may point to a new
potential therapeutic target.

In our model of the Pak1/ATF2/miR-132/CD44-
FN1 signal transduction pathway and cascade of
events in gastric cancer oncogenesis (Figure 7F),
Pak1 interacts with ATF2 and phosphorylates
the Ser62 residue, which prevents ATF2 translo-
cation into the cell nucleus and reduces ATF2-
mediated transcriptional regulation. Nuclear
ATF2 binds to the promoter of miR-132, induces
gene expression, downregulates CD44/FN1/
Sirt1/BDNF, and recruits lymphocytes to attack
gastric cancer cells to inhibit hematogenous
metastasis. However, in gastric cancer patients,
miR-132-mediated suppression of hematogenous metastasis is
affected, because of ATF2 is secluded in the cytoplasm by Pak1 kinase
activity.

MATERIALS AND METHODS
Gastric Cancer Cell Lines

BGC823, AGS, and HGC27 human gastric cancer cells were pur-
chased from the Cell Bank of Type Culture Collection of Chinese
Academy of Sciences. A short tandem repeat DNA test was performed
for cell line authentication. BGC823 and AGS cells were cultured in
DMEM medium supplemented with 10% fetal bovine serum (FBS)
and HGC27 cells in RPMI 1640 medium supplemented with 10%
FBS (Gibco).



Table 1. Association between miR-132 Expression and Clinicopathologic

Features in Patients with Gastric Cancer

Parameters
No. of
Patients

Change in miR-132
Expressiona p Valueb

Age (y) <65 130 0.70 (0.23–1.39) 0.036

R65 71 0.40 (0.14–0.96)

Gender male 153 0.63 (0.21–1.21) 0.300

female 48 0.31 (0.14–1.36)

Location upper third 14 0.48 (0.26–1.02) 0.426

middle third 32 0.60 (0.25–2.05)

lower third 113 0.70(0.17–1.29)

Gross type extensive 42 0.41 (0.13–1.03) 0.571

localized 29 0.47 (0.10–1.66)

infiltrative 172 0.59 (0.19–1.22)

Size (maximal
diameter)

<5 cm 89 0.87 (0.31–1.43) 0.001

R5 cm 112 0.39 (0.14–0.99)

Histological type intestinal 89 0.89 (0.26–1.70) 0.003

diffuse 112 0.46 (0.16–0.88)

Depth of
invasion (pT)

T1, T2, T3 130 0.73 (0.24–1.42) 0.007

T4 71 0.45 (0.14–0.84)

Lymph node
status (pN)

N0, N1 94 0.57 (0.20–1.15) 0.732

N2, N3 107 0.57 (0.18–1.36)

Lymph node
metastasis

no 57 0.64 (0.20–1.25) 0.886

yes 144 0.55 (0.18–1.24)

Lymphatic invasion no 154 0.63 (0.22–1.26) 0.236

yes 47 0.45 (0.11–1.01)

Venous invasion no 193 0.60 (0.22–1.27) 0.002

yes 8 0.09 (0.06–0.33)

Hematogenous
metastasisc

no 181 0.64 (0.21–1.34) 0.022

yes 20 0.32 (0.11–0.57)

Implantation
metastasis

no 189 0.57 (0.18–1.24) 0.890

yes 12 0.54 (0.22–1.49)

Pathological stage I–IIIb 160 0.65 (0.22–1.35) 0.041

IIIc and IV 41 0.32 (0.17–0.92)

aMedian of relative expression, with 25th–75th percentile in parentheses.
bMann-Whitney test (for two groups) or Kruskal-Wallis test (for more than two
groups).
cHepatic metastasis, pulmonarymetastasis, bonemetastasis, and brainmetastasis occur-
rence before the operation or within 5 years after the operation.
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Gastric Cancer Tissue Specimens

The present study included tissue specimens from 201 patients
with gastric cancer who underwent surgery in our hospital from
March 2007 to November 2008. Fresh samples of gastric cancer
tissue and adjacent noncancerous mucosa were harvested and
immediately frozen in liquid nitrogen. The use of human tissues
was approved by the Medical Ethics and Human Clinical Trial
Committee of the First Affiliated Hospital of China Medical
University.

Western Blot Analysis and Immunoprecipitation

Total protein from gastric cancer cells and tissues were isolated with
RIPA lysis buffer (Beyotime), and cytosolic and nuclear protein
fractions were purified with a nuclear and cytoplasmic protein
extraction kit (Beyotime). Western blot analysis and immunop-
recipitation were performed as previously described.52 The intensity
of the bands in western blot analysis was quantified using ImageJ
(NIH). Antibodies against CD44, Sirt1, ATF2, Pak1, and PARP
were purchased from Cell Signaling Technology, P-ATF2 ser62
antibody was from Abnova, and mouse anti-myc and anti-FLAG
monoclonal antibody were from Abmart. Rabbit anti-SOX4, anti-
BDNF, anti-HBEGF, anti-MAPK1, and anti-b tubulin were pur-
chased from Abcam, and mouse anti-GAPDH was purchased
from KangCheng Bio.

Immunofluorescence and Confocal Imaging

Gastric cancer cells were seeded on glass coverslips in six-well plates.
After 24 hr, the cells were fixed in 4% paraformaldehyde and then
blocked with normal goat serum. Cells were incubated overnight
at 4�C with primary antibody, washed with PBS with1& Triton
X-100, and incubated with secondary antibody conjugated with
488 nm or 594 nm dye (Invitrogen). DNA was stained by DAPI
(Sigma). Confocal scanning analysis was performed with a Leica
SP2AOBS confocal microscope.

Kinase Assay

The Pak1 kinase assay was performed as described previously.53

Recombinant Pak1 kinase and ATF2 protein were used for the assay.
ATF2 and positive control myelin basic protein (MBP) (Invitrogen)
were exogenous substrates for Pak1 kinase (Invitrogen). Phosphory-
lated proteins were separated on SDS-PAGE and analyzed by
autoradiography.

Quantitative Real-Time PCR

Quantitative real-time PCR was performed using the stem-loop quan-
titative real-time PCR method. Total RNA was reversely transcribed
using the miR-132 reverse transcriptase primer 50-GTCGTAT
CCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCGAC
CA-30 and the U6 reverse transcriptase primer 50-AACGCT TCAC
GAATTTGCGT-30. The following PCR primers were used: miR-132,
forward 50-GTGCAGGGTCCGAGGT-30, reverse 50-GCCGTAACA
GTCTACAGCCATG-30; U6, forward 50-CTCGCTTCGGCAGCA
CA-30, reverse 50-AACGCTTCACGAATTTGCGT-30. miR-132 levels
were determined using the 2�DDCt method.

Microarray Profiling

miRNA chip analysis of stable Pak1-knockdown gastric cancer
BGC823 cells and control cells was performed by CapitalBio.
Molecular Therapy: Nucleic Acids Vol. 8 September 2017 379
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Lentiviral Production and Establishment of Stable Expression

Cell Lines

miR-132-lentivirus, Pak1-RNAi lentivirus, and ATF2-RNAi lenti-
virus were purchased from Shanghai GeneChem. The pre-miR-132
sequence was 50-CCGCCCCCGCGUCUCCAGGGCAACCGUGGC
UUUCGAUUGUUACUGUGGGAACUGGAGGUAACAGUCUAC
AGCCAUGGUCGCCCCGCAGCACGCCCACGCGC-30, and the
control sequence for miR-132 was 50-TTCTCCGAACGTGUCAC
GT-30 with a skeleton of miR-30. Both control and miR-132 lentivirus
had a GFP gene and a puromycin resistance gene. The small hairpin
RNA (shRNA) Pak1 sequence was 50-CTAAGAGGTGAACATG
TAT-30, the shRNA ATF2 sequence was 50-GGCTATCATACTGCT
GATA-30, and the control shRNA sequence for shRNA was 50-TTC
TCCGAACGTGUCACGT-30. Gastric cancer cells were plated in
six-well plates and infected with the lentivirus according to the man-
ufacturer’s instruction. Transduced cells were selected inmedium con-
taining 4 mg/mL puromycin (Sigma) for 2 weeks before phenotypic
and functional analyses.
Immunohistochemistry

Localization of ATF2 and p-ATF2 Ser62 proteins was done via
immunohistochemistry using 4-mm paraffin sections of gastric can-
cer tissue. The sections were deparaffinized, rehydrated, and heated
for antigen retrieval and to block endogenous peroxidases. Nonspe-
cific binding was blocked by incubating the slides with normal goat
serum for 1 hr at room temperature. The sections were incu-
bated overnight at 4�C with ATF2 (Cell Signaling Technology) or
p-ATF2 Ser62 (Abnova) primary antibody and then detected with
the EliVision plus kit and a 303-diaminobenzidine (DAB) kit
(MaiXin.Bio).
Luciferase Assay

Gastric cancer cells stably overexpressing miR-132 were seeded
and grown in 24-well plates. At 70% confluence, the cells were
transiently cotransfected with a luciferase reporter construct and
control pRL-TK plasmid. After 24 hr, cells were harvested with
passive lysis buffer, and luciferase activity was determined using
the Dual-Luciferase Assay System (Promega). pRL-TK activity
was used to normalize the transfection. Each assay was performed
in triplicate.
ChIP

BGC823 cell extract was subjected to ChIP assay using a ChIP assay kit
(Upstate Biotechnology) according to the manufacturer’s instructions.
TheDNApulled down by ATF2 antibody or immunoglobulin G (IgG)
was amplified by PCR. The following primer pairs were used: CRE
(probeA), forward 50-CTGTCCGCGGTGCTGATCAACG-30, reverse
50-AAGCCACGGTTGCCCTGGAGAC-30 (which amplifies the miR-
132 promoter region containing oneCREmotif [�163/+50]); andCRE
(probe BC), forward 50-GCCTCTGCGAGCGGAGCTGT-30, reverse
50-GGGCAGTAAGCAGTCTAGAGCCAAGG-30 (which amplifies
another miR-132 promoter region containing two CRE motifs
[�607/�518]).
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The binding sequences of the miR-132 promoter encompassing
the �30 to �39 region, 50-CGCCCCCCCGCGGCCCTGACGTCA
GCCCGCC-30 and 50-GGCGGGCTGACGTCAGGGCCGCGGGG
GGGCG-30, were synthesized with 30 overhangs, annealed, and end
labeled with digoxigenin (DIG) (second-generation DIG gel shift
kit, Roche). Nuclear extract from BGC823 cells was used in EMSAs.
Supershift assays were performed by pre-incubating the nuclear
extract with 1 mL ATF2 antibody (Santa Cruz Biotechnology) at
room temperature for 20 min before adding DNA probes.

Cell Adhesion Assay

Gastric cancer cells were seeded onto FN1-coated (BD Biosciences)
12-well plates. After incubation in a 5% CO2 incubator for 30 min,
non-adherent cells were removed by gently washing twice with
PBS. The adhesive cells were fixed with 4% paraformaldehyde in
PBS at 4�C for 10 min and then stained with 0.4% trypan blue (Beyo-
time) and counted under microscopy.

Cell Migration and Invasion Assays

Cell migration and invasion assays were performed using Matrigel-
coated (for the invasion assay) (BD Biosciences) or uncoated (for
the migration assay) 24-well transwell plates (Corning, 8 mm pore
size). Gastric cancer cells in culture medium containing 1% FBS
were seeded in the upper chamber, and culture medium containing
20% FBS filled the lower chamber. After 24 hr, the cells from the
upper chamber were removed with a cotton swab, and the transwell
membrane was fixed, stained, photographed, and counted. All assays
were performed in triplicate.

Mouse Metastasis Model and Live Imaging

1 � 106 BGC823 cells constitutively overexpressing miR-132-lucif-
erase or control cells were injected into 6-week-old null mice via
tail vein (ten mice per group). For quantitative evaluation of dissem-
ination in mice body and tumor growth, 150 mg/kg D-Luciferin
(PerkinElmer) was injected into the peritoneum before live imaging.
Images were obtained by live-animal BLI (PerkinElmer) once per
week. All experiments were conducted according to the guidelines
for animal care and use of China, and they were approved by the
animal ethics committee of China Medical University

Live Imaging of Interaction of Lymphocytes with Gastric Cancer

Cells

Lymphocytes were isolated from whole blood of normal human using
a Ficoll-Paque PLUS kit (GE Healthcare). Lymphocytes were labeled
with a red fluorescence probe (Invitrogen), gastric cancer cells were
marked by green fluorescence (Invitrogen), and the two types of cells
were co-cultured. An Ultra VIEW VoX spinning disk confocal live-
cell imaging system (Olympus) was used to observe the interaction
between lymphocytes and gastric cancer cells.

In Situ Hybridization

An in situ hybridization assay for miR-132 was performed according
to the manufacturer’s protocol (Boster Bio-Engineering). 4-mm
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sections were hybridized with a DIG-modified miRNA probe: 50-CG
ACCATGGCTGTAGACTGTTA-30. Two experienced pathologists
independently scored the results bymicroscopy based on the intensity
and proportion of positive cells.

Statistical Analysis

The relationship between miR-132 expression and clinical features
was analyzed using a Kruskal-Wallis rank test and Mann-Whitney
test. Survival outcome was illustrated by Kaplan-Meier curves, and
survival differences between groups were analyzed with log-rank
tests. All phenotypes of cells were analyzed by Student’s test. All
statistical analyses were preformed using SPSS 16.0, and p < 0.05
was considered significant.
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