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p21-activated protein Kkinase 1 induces the invasion of gastric
cancer cells through c-Jun NH2-terminal kinase-mediated
activation of matrix metalloproteinase-2
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Abstract. Gastric cancer (GC) is one of the most common
malignancies worldwide. The prognosis of GC is poor, mostly
due to widespread metastasis. p21-activated kinase 1 (Pakl),
the best characterized member of an evolutionarily conserved
family of serine/threonine kinases, plays an important role in
the regulation of cell morphogenesis, motility, mitosis and
angiogenesis. By qRT-PCR and Gelatin zymograph assay, we
demonstrated in the present study that stable overexpression
of Pakl induced matrix metalloproteinase (MMP)-2 mRNA
expression and activity in the human MKN45 GC cell line.
Conversely, knockdown of endogenous Pakl expression by
small interfering RNA (siRNA) decreased MMP-2 mRNA
expression and activity in the MKN45 GC cells. Activation
of c-Jun N-terminal kinase (JNK) was required for Pakl-
induced upregulation of MMP-2 mRNA level and activity.
Moreover, upregulation of MMP-2 by Pakl via the JNK
pathway notably promoted the invasion of MKN45 GC cells.
Overexpression of MMP-2 mRNA was once again confirmed
to be associated with GC metastasis. In conclusion, our
results demonstrated for the first time that Pakl stimulated
MMP-2 mRNA expression and activity in MKN45 GC cells.
The JNK signaling pathway was involved in Pakl modula-
tion of MMP-2, which was important for MKN45 GC cell
invasiveness.

Correspondence to: Dr Jian-Chun Cai, Department of General
Surgery, Zhongshan Hospital, Xiamen University, Xiamen 361004,
P.R. China

E-mail: llhxmzs@sina.com

Key words: gastric cancer metastasis, p21-activated protein kinase,
c-Jun NH2-terminal kinase, matrix metalloproteinase-2

Introduction

Gastric cancer (GC) is one of the most common types of cancer
worldwide, and is the second leading cause of cancer-related
deaths (1). Despite unremitting efforts to improve a variety of
diagnostic and therapeutic methods, tumor metastasis after
surgery is still the greatest threat to patients. Thus, elucidation
of the process and mechanism of GC metastases is required to
improve the prognosis of GC patients.

p2l-activated kinase 1 (Pakl) is the best characterized
member of an evolutionarily conserved family of serine/threo-
nine kinases (2), which plays a role in a variety of cellular
functions such as cytoskeletal reorganization, cell motility,
apoptosis and transformation (3-5). Pakl has been identified
as an effector molecule for the small GTPases Rho, Racl and
Cdc42 (6). Amplification of Pakl has been found in breast,
renal, liver and colorectal cancer. Moreover, Pakl has been
reported to induce proliferation, motility and invasion of these
cancer cells through its involvement in several cell signaling
pathways, such as mitogen-activated protein kinases (MAPKSs)
and nuclear factor-«B (NF-«xB) (5,7.8).

Matrix metalloproteinases (MMPs), a family of secreted
or transmembrane enzymes, can collectively digest almost
all extracellular matrix (ECM) and basement membrane
components (9-11). Upregulation of MMPs has been reported
to contribute to tumor cell invasion and metastasis, thus,
leading to the development of malignant tumors (9-12). Both
matrix metalloproteinase-2 and -9 (MMP-2 and MMP-9)
which can degrade collagen I'V, the major ECM component of
basement membranes, have been found to be overexpressed
in GC (13,14). Studies have shown that high levels of MMP-2
and/or MMP-9 have a significant correlation with GC inva-
sion (14,15), thus, resulting in poor prognosis and shortening
disease-free survival (15-17). MMP activity is closely
controlled by physiological inhibitors, TIMPs including
TIMP-1, -2, -3 and -4 (18).

Our previous study indicated that Pakl was overexpressed
in GC. Moreover, ectopic expression of Pakl obviously
increased the invasion of GC cells through phosphorylation of
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c-Jun N-terminal kinase (JNK) (19). In the present study, we
sought to further examine the exact mechanism by which Pak1
stimulated the invasion of human GC cells. Our data revealed
that Pakl markedly enhanced MMP-2 mRNA expression and
activity. Moreover, the JNK signaling pathway was involved in
Pak1 upregulation of MMP-2 in MKN45 GC cells, which was
important for the invasion of MKN45 GC cells. We reported
for the first time that Pak1 induces the invasion of GC cells via
the INK-MMP-2 signaling pathway.

Materials and methods

Tissue samples and cell culture. Fifty-seven samples of
primary GC tissues were obtained from the Shanghai Jiaotong
University School of Medicine Ruijin Hospital. Fresh samples
were harvested, and then, were immediately frozen in liquid
nitrogen and kept at -70°C until use. The study protocol was
approved by the Medical Ethics and Human Clinical Trial
Committee at the Shanghai Jiaotong University School of
Medicine Ruijin Hospital. MKN45 human GC cells [American
Type Culture Collection (ATCC) Manassas, VA, USA] were
maintained in RPMI-1640 medium containing 10% fetal
bovine serum (FBS).

Materials. Anti-Pakl (N-20) (sc-882), anti-phospho-Pakl
(Thrd23) (sc-12925), anti-DsRed (L.-18) (sc-33353), anti-TIMP1
(sc-365905), anti-TIMP2 (sc-6835), anti-TIMP3 (sc-6836)
and anti-TIMP4 (sc-9375) were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

The anti-JNK and anti-phospho-JNK antibodies were
purchased from Cell Signaling Technology Inc., (Beverly, MA,
USA). The anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibody was purchased from KangChen Bio-tech
(Shanghai, China).

Constructs and production of a stable cell line. The Pakl
construct, pDs-Red2-Pakl, was a generous gift from
Dr Jonathan Chernoff (Fox Chase Cancer Centre, Philadelphia,
PA, USA). For constructing the stable transfectant, pDs-Red2
and pDs-Red2-Pakl were separately transfected into MKN45
human GC cells using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) reagent according to the manufacturer's
instructions. The transfected cells were selected in growth
medium containing 1,000 ug/ml Geneticin (G418; Life
Technologies, Grand Island, NY, USA). After 4-8 weeks, indi-
vidual cell colonies were transferred for clone expansion and
maintained in culture medium supplemented with 600 pg/ml
G418.

Pakl siRNA. For RNA interference (RNAi) of Pakl, Pakl
small interfering RNA and control siRNA were purchased
from Santa Cruz Biotechnology. Each one (100 pmol in 2 ml
medium) was transfected into MKN45 human GC cells using
Lipofectamine 2000.

Reverse transcription-PCR. Total RNA was extracted from
samples using TRIzol reagent (Life Technologies), and 2 ug of
each RNA sample was used to prepare cDNA. The semi-quan-
titative PCR primer sequences for MMP-2 were: 5-TAC AGG
ATC ATT GGC TAC ACA CC (forward) and 5'-GGT CAC
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ATC GCT CCA GAC T (reverse). The semi-quantitative PCR
primer sequences for MMP-9 were: 5-AGA CCT GGG CAG
ATT CCA AAC (forward) and 5'-CGG CAA GTC TTC CGA
GTA GT (reverse). Quantitative real-time PCR was carried out
using the Applied Biosystems TagMan system. Cellular 18S
mRNA was used as an internal control.

Western blot analysis. Cells were harvested into RIPA lysis
buffer (Pierce, Rockford, IL, USA) with a freshly added
protease inhibitor cocktail and a phosphatase inhibitor cock-
tail (both from Roche Diagnostics, Mannheim, Germany).
The cell lysate was cleared by centrifugation at 4°C and the
supernatant was stored in small aliquots at -80°C. Normally,
20 ug of sample was loaded into each lane, separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE), then
transferred to a polyvinylidene difluoride membrane, and
probed with respective antibodies. The density of blots was
measured by PS software.

Gelatin zymography assay. For the zymography assay, cells
(2.5x10°) were seeded into 12-well plates and incubated for
48 h. Supernatants were collected and mixed with sample
buffer followed by electrophoresis on a 10% SDS-PAGE
containing 5 mg/ml of gelatin. The gel was washed with 2.5%
Triton-X 100 solution for 2 h and further incubated in the reac-
tion buffer (50 mmol/l Tris-HCI, 5 mmol/1 CaCl,, 1 gmol/l
7ZnCl, and 1% Triton X-100) for an additional 18 h at room
temperature. The gel was then stained with 0.5% Coomassie
blue for 9 h, and subsequently immersed with destaining
buffer (30% methanol and 10% acetic acid) for 12 h. Images
were phtographed and the intensity of each band was digitally
quantified.

Cell invasion assay. The polycarbonate membranes, 6.5-mm
in diameter with 8-ym pores (Corning Costar, New York,
NY, USA), coated with Matrigel (BD Biosciences, Bedford,
MA, USA) were used for the invasion assay. Following the
addition of medium containing 10% fetal calf serum (FCS)
to the bottom chambers, single-cell suspensions in medium
containing 0.1% BSA were seeded onto the filters (1x10° cells/
each well) and incubated for 24 or 48 h at 37°C in 5% CO,.
The filters were then washed and the cells on the upper surface
were removed with cotton swabs. The cells that had invaded
to the lower surface of the filter inserts were fixed with 5%
paraformaldehyde for 15 min and stained with 0.1% (w/v)
crystal violet for 15 min. The number of invaded cells was
microscopically counted and 3 independent experiments were
carried out to get an average cell number at a high magnifica-
tion field.

Statistical analysis. Each experiment was duplicated at least
3 times. Results are presented as the mean + SE, and statistical
comparisons were made using the Student's t-test, Fisher's
exact or > tests. Statistical SPSS version 15.0 was used to
analyze data. Significance was defined at P<0.05 levels.

Results

The effects of Pakl on the expression of MMP-2 and MMP-9
in human MKN45 GC cells. To elucidate the effects of Pakl
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on the expression of MMP-2 and MMP-9 in GC, MKN45 GC
cells were used to establish a stable cell line overexpressing the
pDs-Red?2 fusion form of Pak1. The stable transfectant cell line
MKN45-Pakl was established and confirmed with real-time

loproteinase; GC, gastric cancer.

quantitative reverse transcription PCR (QRT-PCR). The result
revealed that Pakl mRNA expression in the MKN45-Pak1
stable cell line was markedly higher than in the mock trans-
fectant with pDsRed2 (named MKN45-DsRed2) (P<0.01;
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Figure 2. Effects of Pak1 on the expression of TIMPs in human MKN45 GC cells. Western blot analysis of TIMP-1, TIMP-2, TIMP-3 and TIMP-4 in MKN45-
DsRed2 and MKN45-Pak1 cells (left panel). Western blot analysis of TIMP-1, TIMP-2, TIMP-3 and TIMP-4 in MKN45 cells transfected with Pakl siRNA

and control cells (right panel). Pak1, p21-activated kinase 1; GC, gastric cancer.

Fig. 1A, left panel). We then determined the expression
of matrix MMP-2 and -9 in the MKN45-DsRed2 and
MKN45-Pakl cells by qRT-PCR. Compared with the
MKN45-DsRed2 cells, MMP-2 mRNA expression was
significantly increased in the MKN45-Pak1 cells (P<0.01;
Fig. 1A). However, a significant difference in the mRNA level
of MMP-9 between MKN45-Pak1 and the control cells was
not found (P=0.241; Fig. 1A, right panel). We also performed
gelatin zymography assay to assess the activities of MMP-2
and MMP-9 in the MKN45-DsRed2 and MKN45-Pak1 cells.
Similarly, enhanced expression of Pakl markedly increased
MMP-2 activity (P<0.01; Fig. 1B), but had no effect on MMP-9
activity (P=0.818; Fig. 1B). To further confirm the effects of
Pakl on the expression of MMP-2 and MMP-9 in GC, we
used RNAI to specifically knock down endogenous Pakl in
MKN4S5 cells. The specific knockdown of endogenous Pak1
in MKN45 cells was confirmed with qRT-PCR (Fig. 1C). We
observed that MMP-2 mRNA expression and activity were
sharply decreased in the MKN45 cells transfected with Pakl
siRNA (P<0.01, Fig. 1C; P<0.01, Fig. 1D), but knockdown of
endogenous Pak1 had no effects on MMP-9 mRNA expression
and activity in the MKN45 cells (P=0.063, Fig. 1C; P=0.075,
Fig. 1D).

Effects of Pakl on the expression of TIMPs in human MKN45
GC cells. Activation of MMPs is inhibited by TIMPs (18),
therefore, we further examined whether the expression of
TIMPs including TIMP-1, -2, -3 and -4, was regulated by Pak1.
Using western blot analysis, it was observed that overexpres-
sion of Pakl or knockdown of endogenous Pakl in MKN45
cells had no effects on the protein level of TIMPs (Fig. 2).

JNK mediates Pakl-induced upregulation of MMP-2 in
human MKN45 GC cells. Our previous study revealed that
activation of JNK was required for Pakl-mediated migration
and invasion of GC cells (19). We therefore assessed whether
JNK is involved in Pakl-upregulated MMP-2 in GC cells.
Endogenous Pakl1 was activated in MKN45-DsRed? cells with
epidermal growth factor (EGF) at 20 ng/ml at various times
(0-40 min), and then, lysates of these cells were subjected
to western blotting with respective antibodies. We observed
that JNK phosphorylation was increased in a time-dependent

manner and a maximal increase was achieved at 30 min,
which was determined in our previous study (19) (Fig. 3A).
To investigate whether MMP-2 expression was regulated by
JNK phosphorylation, we evaluated the mRNA of MMP-2
and MMP-9 in MKN45-DsRed?2 cells pretreated as in the
aforementioned method by qRT-PCR. The present study
revealed that MMP-2 mRNA expression was obviously
increased in a time-dependent manner and a maximal increase
was achieved at 30 min, which was consistent with the increase
of JNK phosphorylation (Fig. 3B). We also performed gelatin
zymography assay to assess the activities of MMP-2 and
MMP-9 in these cells. In accordance with changes in the mRNA
expression, MMP-2 activity was observed to be enhanced in
the same manner and a maximal increase was also achieved
at 30 min (Fig. 3C). However, MMP-9 mRNA expression
and activity were not found to be altered (Fig. 3B and C).
In addition, we used JNK special inhibitor SP600125 in
MKN45-Pak1 cells at various concentrations (0, 2.5, 5, 10
and 20 uM) for 1 h to specifically inhibit the activity of JNK,
and found that JNK phosphorylation was decreased in a
concentration-dependent fashion and a maximal decrease was
achieved at 10 uM (Fig. 3D). The qRT-PCR result revealed
that MMP-2 mRNA expression was sharply decreased in a
concentration-dependent manner, and a maximal decrease
was achieved at 10 uM, which was consistent with the
downregulation of JNK phosphorylation (Fig. 3E). Gelatin
zymography assay also revealed that MMP-2 activity was
downregulated in the same way (Fig. 3F). MMP-9 mRNA
expression and activity were not observed to be modified due
to downregulation of JNK phosphorylation (Fig. 3E and F).

Upregulation of MMP-2 by Pakl via the JNK pathway is
important for the invasion of human MKN45 GC cells. To
further investigate the regulatory role of MMP-2 by the INK
pathway on GC cell invasion, an invasion assay was performed
with MKN45-DesRed?2 cells incubated with EGF at 20 ng/ml
for 30 min, and the MKN45-DesRed?2 cells were used as a
control. Compared with the control, upregulation of MMP-2
expression by JNK enhanced cell invasion (173.25+6.82 vs.
69.75+7.78 P<0.01; Fig. 4A). Activation of the JNK pathway
and increase of MMP-2 activity were confirmed by western
blotting and gelatin zymography assay, respectively (Fig. 4A).
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Another invasion assay was performed with MKN45-Pakl = We observed that the MKN45-Pakl cells pretreated with
cells pretreated with the JNK inhibitor SP600125 at 10 pM  SP600125 invaded much more slowly than the control
for 1 h, and the MKN45-Pak1 cells were used as a control.  (73.50+5.68 vs. 226.25+10.15, P<0.01; Fig. 4B). A decrease of
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activities (right bottom panel). Pak1, p21-activated kinase 1; GC, gastric cancer;

JNK phosphorylation and MMP-2 activity were determined
using western blotting and gelatin zymography assay,
respectively (Fig. 4B).

Expression of MMP-2 correlates with clinicopathological
factors of human GC. To further confirm the biological
functions of MMP-2 in GC cell invasion, MMP-2 mRNA was
analyzed in 57 patient samples of GC by RT-PCR. The results
revealed that MMP-2 mRNA expression in tumor tissue was
significantly associated with the depth of invasion (P<0.01),
lymph node status (P<0.01), distant metastasis (P<0.01) and
tumor stage (P<0.01). However, the mRNA level of MMP-2

EGF, epidermal growth factor.

was independent of Lauren classification, tumor location, sex
and age (Table I).

Discussion

Although, our previous study reported that Pakl was
overexpressed in GC, and obviously induced the invasive
potential of GC cells (19), the exact molecular mechanism
remained unclear. Upregulation of MMP-2 and MMP-9 is
reported to degrade collagen IV, thus, leading to GC cell
invasion and metastasis (14,15). Thus, we wondered whether
Pak1-stimulated GC cell invasion resulted from increased
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Table I. Association of MMP-2 expression with clinicopatho-
logical features of the GC cases.

Clinicopathological MMP-2
features n (mean + SD) P-value
Age (years) 0.881
>60 27 74.11x11.26
<60 30 76.42+10.35
Sex 0.393
Male 37 80.09+9.56
Female 20 66.39+12.43
Tumor location 0.699
Lower 22 80.80+1091
Middle 26 67.49+12.25
Upper 9 84.33+19.56
Lauren classification 0.146
Intestinal 35 66.53+9.50
Diffuse 22 89.21x12.19
Depth of invasion 0.000
T1 4 4.61+1.94
T2 18 43.43+12.96
T3 13 95.60+13.16
T4 22 102.20+9.87
Lymph node status 0.000
NO 18 35.25+10.59
NI 21 74.65+12.10
N2 14 111.75+10.32
N3 4 131.19+£25.49
Distant metastasis 0.006
MO 52 68.95+7.74
Ml 5 141.20+4.98
Stage 0.000
I 13 10.29+2.23
II 7 28.93+16.19
III 23 102.71£7.33
v 13 120.30+12.57

MMP, matrix metalloproteinase; GC, gastric cancer.

levels of MMP-2 and MMP-9. MMP-2 and MMP-9 expres-
sion are reported to be regulated at many levels, including
gene activation, mRNA stability, proenzyme activation, and
inactivation by endogenous inhibitors in a complex fashion
by numerous oncogene and tumor suppressor pathways
and conditions of hypoxia (20-23). In the present study, we
demonstrated that ectopic expression of Pakl in MKN45
GC cells significantly increased MMP-2 mRNA expression,
whereas specific knockdown of endogenous Pakl in MKN45
cells sharply decreased the mRNA level of MMP-2, which
was not due to changes in mRNA stabilities. We further
revealed that upregulation of Pakl expression directly
induced MMP-2 activity, whereas downregulation of Pakl
expression decreased MMP-2 activity. However, Pakl had
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no influence on MMP-9 mRNA expression and activity in
MKN45 cells.

Activation of MMPs is regulated by physiological
inhibitors, TIMPs (24). TIMPs not only directly inhibit
MMPs, but also form complexes with MMPs to control
activation and stability of MMPs (18,25). Four different TIMP
species have been identified as TIMP-1, TIMP-2, TIMP-3 and
TIMP-4. TIMP binds to MMP in a 1:1 stoichiometric ratio.
Injection of AdTIMP-2 into preestablished tumors resulted
in the significant decreased metastasis of LLC tumors by
>90% (26), which emphasizes the importance of endogenous
regulation of MMP activity by TIMPs. In the present study,
we further detected the protein levels of TIMPs in the MKN45
cells with Pak1 overexpression and MKN45 cells with special
knockdown of Pakl, which surprisingly demonstrated that
Pakl had no influence on the regulation of TIMPs. The
results revealed that activation of MMP-2 was not related
to a decrease in the specific inhibitor of TIMP-1, TIMP-2,
TIMP-3 and TIMP-4 in MKN45 cells. There was, however,
an increase in MMP/TIMP ratios, which is also in favor of
ECM degradation.

Accumulating evidence has been dedicated to exploring
the molecular mechanisms involved in the upregulation
of cancer development. Mitogen-activated protein kinases
(MAPKSs) include 3 major subfamilies: the extracellular
signal-regulated kinases (ERKs), the p38 MAPKSs and the
c-Jun N-terminal kinases (JNKs) (27). INK signaling was
revealed to regulate MMP-2 and MMP-9 production, which
promoted invasiveness in human gliomas, colon, ovarian
and prostate cancer (28-31). Our previous data revealed that
activation of JNK was involved in Pakl regulation of GC
cell invasiveness (19). Thus, we hypothesized that Pakl may
induce the invasion of GC cells through the INK-MMP-2
signaling pathway. Consistent with this hypothesis, we offered
the evidence for the first time, that Pakl increased MMP-2
mRNA expression and activity through a JNK-dependent
pathway in MKN45 GC cells. In addition, higher invasive
properties were also revealed in MKN45 cells with activa-
tion of INK-MMP-2 by Pakl overexpression. In the present
study, we also confirmed that MMP-2 mRNA expression was
significantly associated with aggressive progression of GC
(depth of invasion, lymph node status, distant metastasis and
tumor stage), mirroring previous studies (13-17).

One of the novel findings of the present study, is the
demonstration that Pak1 is a direct transcriptional activator of
MMP-2 synthesis. In the present study, we demonstrated that
Pakl increased MMP-2 mRNA expression and activity. This
is the first study to reveal that MMP-2 is a target gene of Pakl
activation. Moreover, our results identified a JNK signaling
pathway that mediates Pakl-stimulated MMP-2 expression,
activity and cell invasion.

In summary, we demonstrated that Pakl activates JNK1/2
kinase, and then increases MMP-2 mRNA expression and
activity, which further promotes cellular invasion in human
GC cells.
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