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DJ-1 is involved in the peritoneal metastasis of gastric cancer
through activation of the Akt signaling pathway
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Abstract. Peritoneal metastasis is a major cause of death
in patients with advanced gastric carcinoma. DJ-1 is now
considered to play an important role in the metastasis of
various malignancies. However, it remains largely unclear
whether DJ-1 is involved in the development of peritoneal
metastasis by gastric carcinoma. In the present study, we
showed that the expression of DJ-1 was significantly upregu-
lated in gastric cancer specimens with peritoneal metastasis
compared to those without peritoneal metastasis. Knockdown
of DJ-1 expression significantly inhibited invasion and migra-
tion, in vitro and the in vivo peritoneal metastatic abilities of
SGC7901 gastric cancer cells. Moreover, knockdown of DJ-1
also diminished the expression of matrix metallopeptidase
(MMP)-2 and MMP-9. All of these effects were reversed
by restoration of DJ-1 expression. Following investigation
of the pathway through which DJ-1 regulates cell invasion
and migration, DJ-1 was found to cause phosphorylation of
Akt in SGC7901 gastric cancer cells. Inhibition of the Akt
pathway in SGC7901 cells mimicked the effects of DJ-1
knockdown on cell migration, invasion, MMP-2 and MMP-9
expression, and abolished the effects of DJ-1 in promoting
SGC7901 cell invasion and migration. Taken together, the
present study revealed that DJ-1 plays an important role in
the development of peritoneal carcinomatosis from gastric
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carcinoma, at least partially through activation of the Akt
pathway and consequent upregulation of MMP-2 and MMP-9
expression. Thus, DJ-1 may be a potential therapeutic target
for peritoneal carcinomatosis of gastric carcinoma.

Introduction

Peritoneal metastasis, a common feature of the natural history
of gastric cancer, is the most frequent cause of death in patients
with advanced gastric carcinoma (1-3). Despite advances in
therapeutic modalities for peritoneal diseases such as combi-
nation chemotherapy and chemohyperthermia, the 5-year
survival rate of patients with peritoneal carcinomatosis is only
2% (4). Thus, there is an urgent need for further knowledge of
the molecular mechanisms responsible for peritoneal metas-
tasis of gastric carcinoma and for identifying potential novel
therapeutic targets, which may facilitate the development more
effective treatment modalities.

It is now well established that peritoneal metastasis is a
multistep process involving the detachment of malignant cells
from the primary tumor, their migration into the peritoneal
cavity, their attachment to the peritoneum, and finally their
proliferation to form secondary tumor foci. Differences in
metastatic potential are expected to result from differences in
expression of a combination of genes related to cell adhesion,
apoptosis, signal transduction and other processes (5). Yet,
details of the molecular basis of peritoneal metastasis remain
unclear.

DJ-1, a ubiquitously expressed and highly conserved
intracellular protein, was originally discovered as a novel
oncogene product that can transform mouse NIH3T3 cells
in combination with H-Ras or c-Myc (6). Subsequent studies
demonstrated that DJ-1 has multiple functions and is involved
in diverse cellular processes ranging from cellular transforma-
tion, transcriptional regulation, antioxidative stress response
to control of male infertility, among several others (7-11).
Recently, accumulating evidence has shown that DJ-1 is
overexpressed in many types of malignant tumors, including
breast (12), primary lung cancer (13), leukemia (14), pros-
tate (15), cervical (16), papillary thyroid (17) and pancreatic
cancer (18), indicating a possible role for DJ-1 in the occur-
rence and development of tumors. Moreover, of note, several
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recent studies have also reported that DJ-1 may be related to
cancer metastasis. For example, Pardo et al (19) found that
DJ-1 expression was upregulated in uveal melanoma cells that
had a high degree of metastatic potential, when compared with
that in corresponding normal cells. Yuen et al (20) found that
DJ-1 was amplified and overexpressed in esophageal squamous
cell carcinoma metastatic lesions when compared with that in
normal esophageal epithelium and primary tumors. In addi-
tion, DJ-1 expression was found to be significantly correlated
with human non-small cell lung cancer lymphatic metastasis
(21). DJ-1 was also confirmed to promote in vitro and in vivo
invasion and metastasis of human glioma cells and pancreatic
cancer cells (22,23). These results suggest that high expression
of DJ-1 is a key alteration contributing to the metastasis of
tumor cells.

However, although considerable evidence has accumulated
suggesting that DJ-1 may play a major role in tumorigenesis
and metastasis, virtually nothing is known regarding its
involvement in the development of peritoneal metastasis by
gastric carcinoma. Therefore, the objective of this study was to
investigate the role of DJ-1 in peritoneal metastasis of gastric
carcinoma and to determine the underlining mechanisms of
this process.

In the present study, we present initial evidence that DJ-1
is highly expressed in gastric cancer with peritoneal metas-
tasis. The existence of DJ-1 in gastric cancer promotes the
invasive and metastatic abilities of gastric cancer cells through
activation of the Akt pathway and consequent upregulation of
MMP-2 and MMP-9 expression.

Materials and methods

Chemicals and reagents. Dulbecco's modified Eagle's medium
(DMEM), fetal bovine serum (FBS) and Lipofectamine 2000
transfection reagent were purchased from Invitrogen (Carlsbad,
CA, USA). API-2 (an inhibitor of Akt) was purchased from
Sigma Chemical Co. (St. Louis, MO, USA). Transwell inserts
were purchased from Corning Incorporated (Corning, NY,
USA). Matrigel was purchased from BD Biosciences (Bedford,
MA, USA). An anti-DJ-1 antibody was obtained from Abcam
(Cambridge, MA, USA). Anti-phospho-Akt (Thr 308) and
anti-Akt antibodies were purchased from Cell Signaling
Technology (Beverly, MA, USA). MMP-2/MMP-9 inhibitor I,
anti-MMP-2, anti-MMP-9 and anti-3-actin primary antibodies
were from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
All other chemicals were purchased from Sigma Chemical,
unless otherwise noted.

Cell lines and cell culture. Human gastric adenocarcinoma
cell lines, SGC7901, MKN45, MKN28 and BGC823, and the
normal human gastric mucosal cell line GES-1, were obtained
from the Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China). Cells were cultured in DMEM
containing 10% heat-inactivated FBS, 100 U/ml penicillin
and 100 pg/ml streptomycin. All cultures were maintained
in a humidified 5% CO, atmosphere at 37°C, and cells were
passaged by treating them with 0.02% EDTA in phosphate-
buffered saline (PBS) and 0.25% trypsin after they had
achieved confluence. Exponentially growing cells were used
for the experiments.
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Tissue samples. Tissue samples of primary tumors were
obtained during gastrectomy from untreated patients with
gastric carcinomas. Histological diagnosis was confirmed
for each specimen. All surgical samples were obtained from
the Department of General Surgery, First Affiliated Hospital,
Nanchang University (Nanchang, China). A written informed
consent for molecular analysis of the surgical sample was
obtained from each patient.

Western blot analysis. Total proteins were extracted from the
tumor tissues or cells using a protein extraction kit (Pierce,
Rockford, IL, USA) according to the manufacturer's protocols.
The protein content was determined by the Lowry method
using a DC protein assay kit (Bio-Rad Laboratories, Hercules,
CA, USA). Equal amounts of proteins were resolved by 10%
SDS-PAGE and transferred to polyvinylidene difluoride
membranes. After blocking with 5% non-fat milk, the blots
were then probed with primary antibodies against DJ-1 (dilu-
tion 1:2,000), Akt (1:1,000), phospho-Akt (1:1,000), MMP-2
(1:500), MMP-9 (1:500) and B-actin (1:3,000). The bound
antibodies were detected using appropriate horseradish perox-
idase-conjugated secondary antibody and visualized using an
enhanced chemiluminescence system (Millipore, Billerica,
MA, USA). The levels of each protein were standardized to the
loading control, B-actin, and were quantified using an ImageJ
1.41 program (National Institutes of Health, Bethesda, MD,
USA).

Generation of DJ-1-knockdown SGC7901 cells. Three candi-
date human DJ-1 siRNA target sequences and a negative
control siRNA (NC siRNA) sequence were designed using the
siRNA Target Finder and Design Tool available at www.
ambion.com/techlib/misc/siRNA _finder.html. These siRNA
sequences were 5'-AAATGGAGACGGTCATCCCTG-3'
(DJ-1 siRNA-1), 5'-“AAGACCCAGTACAGTGTAGCC-3'
(DJ-1 siRNA-2), 5'-~AAGGTCACCGTTGCAGGCCTG-3'
(DJ-1 siRNA-3), and 5-AAGACGCTGAAGACTCTTGGC-3'
(NC siRNA), respectively. Subsequently, these siRNA
duplexes were synthesized and were transiently transfected
into SGC7901 cells according to manufacturer's instructions.
Their efficacies in extinguishing DJ-1 expression were evalu-
ated by western blot analysis. DJ-1 siRNA-3, above, showing
the highest efficacy, was selected for establishing DJ-1-
knockdown SGC7901 cell lines. Briefly, the template
oligonucleotides corresponding to DJ-1 siRNA-3 and NC
siRNA were, respectively, synthesized and ligated into BbsI-
BamHI sites of the pGPU6/GFP/Neo vector (Shanghai
Genepharma, Shanghai, China) to generate pGPU6/GFP/
Neo-DJ-1-siRNA and pGPU6/GFP/Neo-NC-siRNA recombi-
nant plasmids. After being confirmed by DNA sequencing, the
pGPUG6/GFP/Neo-DJ-1-siRNA and pGPU6/GFP/Neo-NC-
siRNA vectors were transfected into SGC7901 cells using
Lipofectamine 2000 reagent according to the manufacturer's
protocol. Twenty-four hours after transfection, cells were split
into medium containing G418 (400 ug/ml) (Calbiochem,
Nottingham, UK) and maintained for 14 days, with regular
replenishment of medium and drug. At this time individual
clones were selected, expanded, and screened for expression of
DJ-1 by western blot analysis. Clones of the SGC7901 cells
stably transfected with either pGPU6/GFP/Neo-DJ-1-siRNA



ONCOLOGY REPORTS 31: 1489-1497, 2014

A

NOR GU/PM (-)

DJ-' _
Fracn _

GC/PM (+)

Relative expression of DJ-1 protein

NOR GC/PM (-) GC/PM (+)

1491

GES-1 BGC823 MEKN28 SGCT901 MEKN45
I)J_l —
p-actin
2.0 4

i

=

o 1.5

=4 i

= s

- T

o

2 H

#

‘ 1 -

g !

H 0.5

=

=

0.0
GES-1 BGC823 MKN28  SGCT901 MKN45

Figure 1. Western blot analysis of DJ-1 protein expression in gastric cancer tissues and cell lines. (A) The expression of DJ-1 protein in 37 specimens of normal
gastric mucosa (NOR), 40 specimens of gastric carcinoma without peritoneal metastasis [GC/PM (-)], and 28 specimens of gastric carcinoma with peritoneal
metastasis [GC/PM (+)] was analyzed by western blot analysis. Relative values for DJ-1 protein were determined as ratios to -actin. Each value represents
the mean £ SD. 7P<0.01 vs. NOR; “P<0.01 vs. GC/PM (-). (B) The expression of DJ-1 protein in one normal human gastric mucosal cell line (GES-1) and
four gastric cancer cell lines (BGC823, MKN28, SGC7901 and MKN45) was analyzed by western blot analysis. 3-actin was used as an internal control.
"P<0.05, "P<0.01, vs. GES-1 cells. A representative blot of each experiment is shown with the densitometric analysis corresponding to the mean = SD of four

independent experiments.

(designated as SGC7901/DJ-1-siRNA) or pGPU6/GFP/
Neo-NC-siRNA (designated as SGC7901/NC-siRNA) were
maintained in DMEM supplemented with 200 pg/ml G418.

Construction of the DJ-1 gene expression vector. For rescue of
DJ-1 expression levels, rat DJ-1, containing two mismatches
with respect to the human-specific DJ-1 siRNA-3, was intro-
duced in SGC7901/DJ-1-siRNA cells. To obtain the coding
region of rat wild-type DJ-1 cDNA, oligonucleotide primers
complementary to the 5' and 3' ends of DJ-1 were designed that
incorporated the restriction sites EcoRI and Kpnl: Primer S,
5'-CCGGAATTCAATGGCATCCAAAAGAGC-3"; and
Primer A, 5'-CGGGGTACCCTAGTCTTTGAGAACAAG
CG-3". PCR products were digested with EcoRI and Kpnl and
analyzed by agarose gel electrophoresis. Bands of the expected
length were cut out and ligated into the eukaryotic expression
vector pPFLAG-CM V-4 (Sigma), which had been digested with
EcoRI and Kpnl. Subsequently, the generated construct was
confirmed by sequencing and further referred to as pFLAG-
rDJ-1.

Analysis of in vitro migration and invasion. Cell migration
and invasion assays were performed using 8.0-ym pore size
Transwell inserts as previously described (24). For all migra-
tion assays, in brief, the undersurface of the membrane was
coated with fibronectin (10 pg/ml) in PBS at 37°C for 2 h. The
membrane was washed in PBS to remove excess ligand, and the
lower chamber was filled with 0.6 ml DMEM with 10% FBS.
Cells were serum-starved overnight (0.5% FBS), harvested
with trypsin/EDTA and washed twice with serum-free
DMEM. Then, cells were resuspended in migration medium
(DMEM with 0.5% FBS), and 1x10° cells in 0.1 ml were added

to the upper chamber. After 24 h at 37°C, the cells on the upper
surface of the membrane were removed using cotton swabs.
The migrated cells that had attached to the lower surface were
fixed in methanol at room temperature for 30 min and stained
for 20 min with a solution containing 0.5% crystal violet and
2% ethanol in 100 mM borate buffer (pH 9.0). The number
of cells that migrated to the lower surface of the membrane
were counted under a microscope in random five fields at x100
magnification. For the cell invasion assay, all procedures were
carried out as in the migration assay except that Matrigel was
used to coated beforehand the upper surface of the chambers
according to the manufacturer's protocol.

In vivo peritoneal metastasis assay. Pathogen-free, 6-week-
old, female BALB/c nude mice were purchased from Hunan
Slack King of Laboratory Animal Co., Ltd. (Changsha,
China). All animal experiments complied with the Guidelines
for the Care and Use of Laboratory Animals of Nanchang
University. The peritoneal metastasis model was conducted as
previously described (25,26). In brief, mice weighing 18-22 g
were injected intraperitoneally with 5x10° SGC7901 cells in
1 ml PBS. Mice were sacrificed 21 days after SGC7901 cell
injection, and the size and the number of metastatic nodules in
the peritoneal cavity were counted by the naked eye as previ-
ously described (27).

Statistical analysis. The results are presented as means + SD.
The unpaired t-test was used to compare the differences
between groups. Multiple group means were compared by
ANOVA followed by LSD post hoc test. Differences with a
two-tailed P<0.05 were considered to indicate statistically
significant results.
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Figure 2. DJ-1 regulates gastric cancer cell migration and invasion. SGC7901, SGC7901/NC-siRNA and SGC7901/DJ-1-siRNA cells were transfected with
or without empty vector pFLAG or pFLAG-rDJ-1. Twenty-four hours later, (A) the expression of DJ-1 protein and (B) cell invasion and (C) migration were
respectively analyzed, as described in Materials and methods. Each value represents the mean + SD of four independent experiments. “P<0.05, #P<0.01, vs.

SGC7901 + Vehicle.

Results

DJ-1 is overexpressed in gastric cancer tissues with perito-
neal metastasis and in gastric cancer cell lines with higher
metastatic potential. To investigate the relationship between
the expression of DJ-1 and peritoneal metastasis of gastric
cancer, we first detected the expression of DJ-1 protein in 37
specimens of normal gastric mucosa, 40 specimens of gastric
carcinoma without peritoneal metastasis, and 28 specimens of
gastric carcinoma with peritoneal metastasis by western blot
analysis. The relative values for DJ-1 protein were determined
as ratios to B-actin (Fig. 1A). The relative value for DJ-1 protein
in normal gastric mucosa (37 cases, mean + SD) was 0.67+0.12.
In the primary tumors of gastric carcinoma without perito-
neal metastasis (40 cases), the value for DJ-1 was 0.98+0.17,
whereas in the primary tumors of gastric carcinoma with
peritoneal metastasis (28 cases), this value was 1.75+0.23. The
results revealed that the expression of DJ-1 was significantly
upregulated in gastric carcinoma with peritoneal metastasis
when compared to the expression in gastric carcinoma without
peritoneal metastasis or normal gastric mucosa. In addition,
we also analyzed the expression of DJ-1 protein in one normal
human gastric mucosa cell line GES-1 and four gastric cancer
cell lines of different metastatic potential (BGC823, MKN?28,
SGC7901 and MKN45), of which SGC7901 and MKN45 were
demonstrated to have higher metastatic potential compared

with BGC823 and MKN28 (28). As shown in Fig. 1B, DJ-1
expression in the four gastric cancer cell lines was much higher
than that in the GES-1 cell line. Furthermore, DJ-1 expression
was higher in the SGC7901 and MKN45 cells when compared
with that in the BGC823 and MKN28 cells. These results
suggest that overexpression of DJ-1 may be closely related to
the development of peritoneal metastasis by gastric carcinoma.

DJ-1 promotes in vitro invasion and migration and in vivo
peritoneal metastatic abilities of gastric cancer cells. Next,
to determine whether DJ-1 has a causal function in gastric
cancer peritoneal metastasis, we studied the effects of DJ-1
knockdown on gastric cancer cell invasion and migration
using SGC7901/DJ-1-siRNA cells. This experiment revealed
that DJ-1 expression level in the SGC7901/DJ-1-siRNA cells
was significantly reduced (Fig. 2A). More importantly, the
knockdown of DJ-1 expression led to a significant reduction in
cell invasion (Fig. 2B) and migration (Fig. 2C), as compared
to the control cells (SGC7901 or SGC7901/NC-siRNA).
To further confirm that the reduced invasion and migration
were caused by specific downregulation of DJ-1 protein and
were not due to off-target effects, we restored DJ-1 expres-
sion in the SGC7901/DJ-1-siRNA cells by transfection of the
pFLAG-rDJ-1 vector. As shown in Fig. 2A, after transient
transfection of pFLAG-rDJ-1 for 24 h, DJ-1 expression in the
SGC7901/DJ-1-siRNA cells was restored to a level higher
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Figure 3. Effects of DJ-1 knockdown on peritoneal metastasis of
SGC7901 gastric cancer cells in vivo. SGC7901, SGC7901/NC-siRNA
and SGC7901/DJ-1-siRNA cells were intraperitoneally injected into nude
mice. Twenty-one days later, mice were sacrificed, and the total number of
metastatic nodules in the peritoneal cavity were counted, as described in
Materials and methods. Each value represents the mean + SD of six indepen-
dent experiments. “P<0.01 vs. the SGC7901 group.

than the baseline level. Notably, the restoration of DJ-1 expres-
sion was also accompanied by the restoration of cell invasion
(Fig. 2B) and migration (Fig. 2C) in the SGC7901/DJ-1-siRNA
cells. In contrast, transfection of pFLAG-rDJ-1 markedly
increased DJ-1 levels concomitant with an obvious elevation in
cell invasion and migration activities in the parental SGC7901
and SGC7901/NC-siRNA cells.

Subsequently, we examined whether DJ-1 knockdown
results in the inhibition of in vivo peritoneal dissemination
of gastric cancer cells. Nude mice received i.p. injections of
SGC7901, SGCT7901/NC-siRNA or SGC7901/DJ-1-siRNA
cells. The macroscopic nodules of peritoneal dissemination
were then counted 3 weeks after tumor inoculation. The
results showed that metastatic nodules developed preferen-
tially around the vessels of the intestinal mesentery. Compared
with the control cells (SGC7901 and SGC7901/NC-siRNA
cells), i.p. inoculation of SGC7901/DJ-1-siRNA cells led to a
significant decrease in the number of metastatic nodules in the
peritoneal cavity (Fig. 3). Taken together, these observations
suggest that DJ-1 has the potential to promote in vitro inva-
sion and migration and in vivo peritoneal metastasis of gastric
cancer cells.

Matrix metallopeptidase (MMP)-2 and MMP-9 are involved
in the invasion and migration of gastric cancer cells regulated
by DJ-1. Extracellular matrix degradation is an essential step
in tumor invasion and metastasis, which is mainly mediated
by MMP-2 and MMP-9 (29). To understand the mechanisms
underlying DJ-1 regulation of cell invasion and migration,
we further analyzed MMP-2 and MMP-9 expression in the
SGC7901/DJ-1-siRNA cells by western blot analysis. As
expected, silencing of DJ-1 resulted in reduction in MMP-2
and MMP-9 protein expression in the SGC7901/DJ-1-siRNA
cells when compared to these levels in the parental SGC7901
and SGC7901/NC-siRNA cells, which was reversed by
restoration of DJ-1 expression (Fig. 4). Additionally, the 24-h
transfection of pFLAG-rDJ-1 markedly increased the expres-
sion of MMP-2 and MMP-9 proteins in the parental SGC7901
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Figure 4. DJ-1 regulates MMP-2 and MMP-9 expression. SGC7901,
SGC7901/NC-siRNA and SGC7901/DJ-1-siRNA cells were transfected with
or without pFLAG or pFLAG-rDJ-1. Twenty-four hours later, the expres-
sion levels of MMP-2 and MMP-9 proteins were analyzed by western blot
analysis. f-actin was used as an internal control. A representative blot of each
experiment is shown with the densitometric analysis corresponding to the
mean + SD of four independent experiments. “P<0.05, #P<0.01 vs. SGC7901
+ Vehicle.

and SGC7901/NC-siRNA cells. In contrast, empty vector
pFLAG did not affect MMP-2 and MMP-9 expression. These
data indicate that DJ-1 can cause the upregulation of MMP-2
and MMP-9 proteins. Subsequently, to study the possible role
of MMP-2 and MMP-9 in DJ-1-mediated invasion and migra-
tion, SGC7901/DJ-1-siRNA and control cells were treated
with 20 uM of MMP-2/MMP-9 inhibitor I before performing
invasion and migration assays. The results demonstrated
that treatment with MMP-2/MMP-9 inhibitor I inhibited the
promotive effect of DJ-1 on invasive and migrative abilities
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Figure 5. MMP-2/MMP-9 inhibitor I blocks the DJ-1-induced invasion
and migration of SGC7901 cells. SGC7901, SGC7901/NC-siRNA and
SGC7901/DJ-1-siRNA cells were transfected with or without pFLAG or
pFLAG-rDJ-1. Twenty-four hours later, cells were treated for 2 h with 5 yM
MMP-2/MMP-9 inhibitor I or 0.1% (v:v) DMSO as vehicle control, and then
(A) cell invasion and (B) migration were respectively analyzed, as described
in Materials and methods. Each value represents the mean + SD of four
independent experiments. “P<0.05, #P<0.01 vs. the corresponding DMSO
control group.

of the SGC7901 cells (Fig. 5). In addition, MMP-2/MMP-9
inhibitor I also reversed the effects of restored DJ-1 on cell
invasion (Fig. 5A) and migration (Fig. 5B) in DJ-1-knockdown
cells. Taken together, these data indicate that MMP-2 and
MMP-9 may be involved in the promotive effects of DJ-1 on
invasion and migration of gastric cancer cells.

The Akt pathway is involved in the upregulation of MMP-2 and
MMP-9 and the invasion and migration of gastric cancer cells
mediated by DJ-1. It has been reported that DJ-1 induces the
Akt pathway by negatively regulating the function of the tumor-
suppressor gene phosphatase and tensin homolog (PTEN) (30),
whereas the Akt pathway has been shown to play a critical role in
the migration and invasion of many types of cancer cells (31,32).
Thus, we next examined whether the Akt pathway might also
be involved in DJ-1-related migration and invasion of gastric
cancer cells. Expectedly, in SGC7901/DJ-1-siRNA cells, knock-
down of DJ-1 resulted in downregulation of phosphorylated Akt
(Thr308). Likewise, the effect was also reversed by restoration
of DJ-1 expression and was increased further by exogenous
expression of DJ-1 in the parental SGC7901 and SGC7901/
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Figure 6. DJ-1 regulates the phosphorylation of Akt. SGC7901,
SGC7901/NC-siRNA and SGC7901/DJ-1-siRNA cells were transfected with
or without pFLAG or pFLAG-rDJ-1. Twenty-four hours later, the expression
of phospho-Akt and total-Akt proteins was analyzed by western blot analysis.
B-actin was used as an internal control. A representative blot of each experi-
ment is shown with the densitometric analysis corresponding to the mean + SD
of four independent experiments. “P<0.05, #P<0.01 vs. SGC7901 + Vehicle.

NC-siRNA cells (Fig. 6). To further determine whether the
promotive effects of DJ-1 on cell invasion and migration were
dependent on the Akt pathway, cell invasion and migration
were assessed following inhibition of Akt by API-2 in parental
SGC7901 cells. As shown in Fig. 7, inhibition of Akt had the
same effects as knockdown of DJ-1, with a decrease in MMP-2
and MMP-9 expression (Fig. 7A), a reduction in gastric cancer
cell invasion (Fig. 7B) and migration potential (Fig. 7C) in the
parental SGC7901 cells. In addition, inhibition of Akt by API-2
reversed the effects of restored DJ-1 on MMP-2 and MMP-9
upregulation (Fig. 8A), invasion (Fig. 8B) and cell migration
(Fig. 8C) in DJ-1 knockdown cells. All of these results suggest
that the Akt pathway is involved in DJ-1-related invasion and
migration, and is mediated by the upregulation of MMP-2 and
MMP-9 expression induced by DJ-1.

Discussion

Itis known that the majority of gastric cancer deaths result from
peritoneal metastases rather than from primary tumors. Yet,
the molecular mechanisms regulating peritoneal metastasis
of gastric cancer remain incompletely defined. DJ-1, a ubiq-
uitously expressed and highly conserved intracellular protein,
was discovered as a mitogen-dependent oncogene product by
Nagakubo et al (6). More recently, DJ-1 has been reported to
play an important role during the invasion and metastasis of
many types of carcinoma cells, including uveal malignant
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melanoma (19), esophageal squamous cell carcinoma (20),
primary lung cancer (21), glioma (22) and pancreatic cancer
(18,23). However, to date, there are no reports concerning the
role of DJ-1 in the peritoneal metastasis of gastric cancer.

In the present study, we presented initial evidence that
the expression of DJ-1 is significantly upregulated in gastric
cancers with peritoneal metastasis compared to that in cancers
without peritoneal metastasis or normal gastric mucosa. We
also found that DJ-1 was overexpressed in gastric cancer cells
that had a high degree of metastatic potential, as compared
with corresponding normal cells. These results indicate that the
overexpression of DJ-1 may be closely related to the develop-
ment of peritoneal metastasis by gastric carcinoma. However,
whether there is a causal relationship between DJ-1 expres-
sion and peritoneal metastasis of gastric carcinoma deserves
further exploration. Thus, in the present study, we generated
stable transfectants to knockdown DJ-1 in SGC7901 cells and
further tested the ability of DJ-1-knockdown cells to form
tumor nodules in the peritoneal cavity using an in vivo model
of peritoneal metastasis in nude mice. The results showed
that DJ-1-knockdown SGC7901 cells had a decreased ability
to form peritoneal metastatic nodules when compared to the
control cells (parental SGC7901 and SGC7901/NC-siRNA
cells). This suggests that DJ-1 is involved in the development
of peritoneal metastasis by gastric carcinoma.

The ability to migrate and invade the basement membrane
into surrounding tissues, blood and lymphatic vessels is one of
the essential hallmarks of cancer and is a prerequisite for local
tumor progression and metastatic spread (33). Accordingly,

to identify the mechanisms regulating the decreased ability
of DJ-1-knockdown cells to form peritoneal metastasis, the
migration and invasion capacities in vitro were also analyzed.
As expected, we observed that DJ-1-knockdown SGC7901
cells exhibited a marked decrease in both cell invasion and
migration, which was reversed by restoration of DJ-1 expres-
sion, and was increased further by ectopic expression of
DJ-1 in parental SGC7901 cells. Our data indicate that DJ-1
regulates gastric cancer cell migration and invasion properties
in cell culture. Extensive studies have shown that DJ-1 plays
an important role in cell proliferation and survival (30,34,35);
however, our in vitro assay indicated that cell proliferation
and survival remained unchanged upon knockdown of DJ-1
expression (data not shown). This suggests that the ability of
DJ-1 to promote peritoneal metastasis is mainly due to its
effects on the regulation of gastric cancer cell migration and
invasion, independent of cellular proliferation. The essential
requirement for DJ-1 in gastric cancer cell migration and
invasion highlights the potential for using DJ-1 as a target for
blocking gastric cancer metastasis.

Our studies also indicate the mechanisms by which DJ-1
modulates cell migration and invasion. It is known that cancer
cell invasion and metastasis require controlled degradation of
the extracellular matrix. Matrix metalloproteinases (MMPs)
are a family of zinc-dependent endopeptidases which play an
important role in the proteolytic destruction of extracellular
matrix and basement membranes, thereby, they are essential
for tumor invasion and metastasis (36). MMPs, particularly
MMP-2 and MMP-9 have been implicated in cancer invasion
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and metastasis (29). Thus, it is necessary to investigate whether
the involvement of DJ-1 in invasion and migration is also
correlated with MMP-2 and MMP-9 in gastric cancer. Notably,
we found that, in SGC7901/DJ-1-siRNA cells, DJ-1 silencing
resulted in reduction in MMP-2 and MMP-9 expression, which
was also reversed by restoration of DJ-1 expression. Moreover,
blockage of MMP-2 and MMP-9 activities by MMP-2/MMP-9
inhibitor I reversed the promotive effect of DJ-1 on invasive
and migrative abilities in gastric cancer cells. These results
indicate that MMP-2 and MMP-9 may be involved in the
promotion of cell invasion and migration by DJ-1.

In order to understand the connection between DJ-1 and
gastric cancer cell invasion and migration in more detail, iden-

tification of the signaling cascades by which DJ-1 regulates
invasion and migration is important. It has been reported that
DJ-1 induces the Akt pathway by negatively regulating the
function of the tumor-suppressor gene PTEN (30). Moreover,
the Akt pathway has been shown to play a critical role in
the migration and invasion of many types of cancer cells by
regulating the expression of multiple metastasis-related genes,
including MMP-2 and MMP-9 (31,32). Thus, we speculated
that the Akt pathway might also be responsible for the DJ-1-
mediated migration and invasion of gastric cancer cells. To
verify this hypothesis, we investigated the phosphorylated
status of Akt and its correlation with MMP-2 and MMP-9
expression and cell migration and invasion in SGC7901 cells.
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Our results demonstrated that downregulation of DJ-1 caused
a marked decrease in Akt phosphorylation, with concomitant
down-regulation of MMP-2 and MMP-9 expression and inhi-
bition of cell invasion and migration in SGC7901/DJ-1-siRNA
cells. In addition, we demonstrated that inhibition of the Akt
pathway by API-2 mimicked the effects of DJ-1 silencing in
parental SGC7901 and reversed the effects of restored DJ-1 on
MMP-2 and MMP-9 expression, cell migration and invasion.
All of these results suggest that the Akt pathway is specifically
involved in DJ-1-related invasion and migration, and mediates
the upregulation of MMP-2 and MMP-9 expression induced by
DJ-1. However, in the peritoneal metastatic of gastric cancer,
the means by which DJ-1 activates the Akt pathway remains
unknown and warrants further study.

In summary, the present study provides unequivocal
evidence that DJ-1 is correlated with peritoneal metastatic of
gastric cancer and the promotion of cell invasion and migra-
tion. The effects are at least partially mediated by activation of
the Akt pathway and consequent upregulation of MMP-2 and
MMP-9 expression. This suggests that DJ-1 may be a potential
therapeutic target for blocking peritoneal carcinomatosis of
gastric carcinoma.
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