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Anti-invasive effects of decitabine, a DNA
methyltransferase inhibitor, through tightening of tight
junctions and inhibition of matrix metalloproteinase
activities in AGS human gastric carcinoma cells
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Abstract. The DNA methyltransferase inhibitor decitabine,
5-Aza-2'-deoxycytidine, possesses anti-metabolic and
anticancer activities in various cancer cells. However, the
biochemical mechanisms underlying decitabine-induced inhi-
bition of invasiveness and metastasis have not been thoroughly
studied. In this study, we investigated the effect of decitabine
on the correlation between tightening of tight junctions (TJs)
and anti-invasive activity in AGS human gastric cancer cells.
Our data indicated that the inhibitory effects of decitabine on
cell motility and invasiveness were associated with increased
tightness of the TJ, which was demonstrated by an increase
in transepithelial electrical resistance (TER). Immunoblotting
results indicated that decitabine repressed the levels of the
claudin proteins, major components of TJs that play a key
role in the control and selectivity of paracellular transport.
Furthermore, matrix metalloproteinase (MMP)-2 and -9
activity in the AGS cells was dose-dependently inhibited
by treatment with decitabine, and this was correlated with a
decrease in mRNA and protein expression. In addition, these
effects were related to inactivation of the phosphoinositide
3-kinase (PI3K)/Akt pathway in AGS cells. In conclusion,
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this study suggests that TJs and MMPs are critical targets of
decitabine-induced inhibition of invasiveness in AGS human
gastric cancer cells.

Introduction

Metastasis is a sequential multi-step process that includes
cell migration and cell invasion, important participants in the
progression of the cancerous process. In general, metastasis
involves four major steps: adhesion of tumor cells to the extra-
cellular matrix (ECM), the ability of tumor cells to degrade the
ECM and intravasate into surrounding blood vessels, survival
against the natural host defenses and settling at the preferred
organ site, and extravasation into the organ and formation of
new tumors (1,2). Therefore, inhibition of metastasis including
tumor cell migration and invasion is an important mechanism
in the anti-metastatic properties of anti-cancer drugs.

Cell adhesion between neighboring epithelial cells
involving tight junctions (TJs), gap junctions, and adherens
junctions is a crucial and tightly controlled process. TJs
represent one mode of cell-to-cell adhesion in epithelial
or endothelial cells. In addition, TJs are the first barrier,
providing a physical barrier to paracellular transport of solutes
across cells and playing a critical role in establishing and
maintaining epithelial cell polarity. In the cancerous condition
and cancerous lesions of epithelium origin, TJ strands become
disorganized or lost altogether, and TJs become ‘leaky’,
as indicated by decreased resistance to electrical current
(transepithelial electrical resistance; TER) and the increased
paracellular permeability of markers (3,4). Claudins are key
integral membrane proteins, the most important components
of the TJs, and can form homodimers or heterodimers to
produce paired strands between adjacent cells and act as a
barrier to paracellular flux of water, solutions, and transmi-
gration of other cells, thereby determining the characteristic
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permeability properties of different epithelial tissues. Claudins
have four transmembrane domains, with the N-terminus and
the C-terminus in the cytoplasm (5,6). Recently, researchers
have reported overexpression of claudins in metastatic gastric
cancer and in other cancers (6-10) and the inhibition of claudin
expression reduced the cancer invasive potential in ovarian
cancer cells (11-13). Although the exact functional importance
of the overexpressed claudins in cancers remains unclear, these
observations indicate that claudins have key cellular functions
during the metastasis process.

Matrix metalloproteinases (MMPs) are a family of zinc-
dependent endopeptidases that process a broad spectrum of
cell surface molecules and function in several important
biological processes. MMPs are also collectively capable of
cleaving virtually all ECM substrates, and play an important
role in cancer progression, invasion, and metastasis (14,15).
MMP-2 (gelatinase-A) and MMP-9 (gelatinase-B) are included
in proteolytic degradation of the basement membrane by
degrading type IV collagen. In addition, it has been reported
that MMP-2 and -9 are overexpressed in gastric cancer areas
compared to normal areas, and high expression is a negative
prognostic factor in gastric cancer (16,17).

Various models have been studied showning epigenetic
regulation is essential for cancer progression. Among them,
decitabine (5-Aza-2'-deoxycytidine), a DNA methyltrans-
ferase inhibitor (DNMTY), is critical for epigenetic regulation
through DNA hypermethylation and hypomethylation in
cancer (1,18). Aberrant methylation is one of the more frequent
molecular changes observed in tumor cells and typically
involves the reversal of normal methylation patterns (19,20).
Common changes involve genome-wide hypomethylation,
which impinges on the expression of oncogenes, loss of
imprinting, and hypermethylation of tumor suppressor genes
(21,22). Several recent studies have indicated that decitabine
also inhibits cancer cell growth and induces apoptotic cell
death (23,24). However, the precise biochemical mechanisms
underlying decitabine-induced anti-metastasis have not yet
been clarified. Therefore, the present study attempted to eluci-
date the anti-metastatic potential of decitabine and underlying
intracellular signal transduction pathways involved in inhib-
iting metastasis of human gastric carcinoma AGS cells.

Materials and methods

Cell culture and MTT assay. The human gastric carcinoma
AGS cell line was purchased from the American Type
Culture Collection (Rockville, MD). AGS cells were cultured
in RPMI-1640 medium (Gibco/BRL, Gaithersburg, MD)
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin in a 37°C incubator with 5% CO,.
Decitabine was purchased from Sigma Chemical Co. (St.
Louis, MO), dissolved in 100% dimethyl sulfoxide (DMSO) to
a stock concentration 10 mM, and stored at -80°C. For the cell
viability study, AGS cells were seeded onto 6-well plates at a
concentration of 5x10* cells/well, grown to 70% confluence,
and then treated with various concentrations of decitabine for
48 h. Following treatment, cell viability was determined using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT, Sigma) assay, which is based on the conver-
sion of MTT to MTT-formazan by mitochondrial enzymes.
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Wound healing migration assay. AGS cells were grown to
confluence on 30-mm cell culture dishes coated with rat tail
collagen (20 ug/ml, BD Biosciences, Bedford, MA). A scratch
was made in the cell layer with a pipette tip. After the cells were
washed with PBS, serum-free media (to prevent cell prolifera-
tion) containing 20 uM of decitabine was added. Photographs
of the wounded area were taken immediately after the scratch
was made and at 12, 24 and 48 h to monitor cell movement into
the wounded area (25).

In vitro invasiveness assay. Matrigel invasion assays were
used to assess the ability of AGS cells to penetrate the ECM
in the presence or absence of decitabine. Briefly, cells were
exposed to 10 and 20 M of decitabine for 6 h, and treated cells
(50,000) were then plated onto the apical side of the Matrigel-
coated filters in serum-free medium containing 10 and 20 yuM
of decitabine. Medium containing 20% FBS was placed in the
basolateral chamber to function as a chemoattractant. After
48 h, cells on the apical side were wiped off with a Q-tip. Cells
on the bottom of the filter were stained with hematoxylin and
eosin Y (Sigma) and counted (three fields of each triplicate
filter) using an inverted microscope.

Measurement of TER. TER was measured with an EVOM
Epithelial Tissue Voltohmmeter (World Precision Instruments,
Sarasota, City, FL), equipped with a pair of STX-2 chopstick
electrodes. Briefly, AGS cells were seeded into the 8.0 ym
pore size insert (upper chamber) of a Transwell (Corning
Costar Corp., Cambridge MA) and allowed to reach full
confluence, after which fresh medium was replaced for
additional experiments. Inserts without cells, inserts with
cells in medium, and inserts with cells with 10 and 20 #M of
decitabine were treated for 48 h. Electrodes were placed at the
upper and lower chambers, and resistance was measured with
the voltohmmeter (26).

RNA extraction and reverse transcription-polymerase chain
reaction. Total RNA was prepared using an RNeasy kit
(Qiagen, La Jolla, CA) and primed with random hexamers to
synthesize complementary DNA using AMYV reverse tran-
scriptase (Amersham Co., Arlington Heights, IL), according to
the manufacturer's instructions using DNAse I (1 U/ug RNA)
pretreated total mRNA. Polymerase chain reaction (PCR) was
carried out in a Mastercycler (Eppendorf, Hamburg, Germany)
using the desired primers. The conditions for the PCR reac-
tions were 1 cycle (94°C for 3 min), 35 cycles (94°C for 45 sec;
58°C for 45 sec; and 72°C for 1 min), and 1 cycle (72°C for
10 min). Amplification products obtained with PCR were
electrophoretically separated on 1% agarose gel and visualized
with ethidium bromide (EtBr) staining.

Protein extraction and western blot analysis. Total cell lysates
from decitabine-treated cells were prepared in an extraction
buffer [25 mM Tris-Cl (pH 7.5), 250 mM NaCl, 5 mM ethyl-
endiaminetetra acetic acid, 1% Nonidet P-40, 0.1 mM sodium
orthovanadate, 2 pg/ml leupeptin, and 100 yg/ml phenylmeth-
ylsulfonyl fluoride]. Protein concentration was determined
using a Bio-Rad protein assay kit (Bio-Rad, Laboratories,
Hercules, CA). For western blot analysis, proteins (50 ug)
were separated with 8-13% sodium dodecyl sulfate (SDS)-
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Figure 1. Effects of decitabine on cell viability and motility in AGS cells. (A)
Cells were seeded at an initial density of 2.5x10° cells per 60-mm plate, incu-
bated for 24 h, and treated with various concentrations of decitabine for 48 h.
Cell viability was measured using an MTT assay. Each point represents the
mean + SD of three independent experiments. A Student's t-test was used to
determine significance ("P<0.05 vs. untreated control). (B) Cells were grown
to confluency on 30-mm cell culture dishes; a scratch was then made through
the cell layer using a pipette tip. After the cells were washed with PBS,
serum-free media (to prevent cell proliferation) containing either vehicle or
decitabine (20 yM) was added for the indicated times. Photographs of the
wounded area were taken to evaluate cell movement into the wounded area.

polyacrylamide gel electrophoresis and then electrotransferred
to a nitrocellulose membrane (Schleicher & Schuell, Keene,
NH). Membranes were blocked with 5% skim milk for 1 h,
and then subjected to immunoblot analysis using the desired
antibodies. Proteins were then visualized with the enhanced
chemiluminescence (ECL) method, according to the recom-
mended procedure (Amersham Co.). Primary antibodies were
purchased from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA) and Calbiochem (Cambridge, MA). Peroxidase-labeled
donkey anti-rabbit immunoglobulin and peroxidase-labeled
sheep anti-mouse immunoglobulin were purchased from
Amersham Co.

Gelatin zymographic analysis of secreted MMPs. Following
incubation with various concentrations of decitabine for 48 h,
cell culture supernatants were collected and centrifuged at
400 x g for 5 min. Cell-free supernatant was mixed with 2X
sample buffer (Invitrogen, Grand Island, NY), and zymog-
raphy was performed using precast gels (10% polyacrylamide
and 0.1% gelatin). Following electrophoresis, the gels were
washed twice at room temperature for 30 min in 2.5% Triton
X-100, subsequently washed in buffer containing 50 mM
Tris-HCI, 150 mM NaCl, 5 mM CacCl,, 1 uM ZnCl,, and
0.02% NaNj, at pH 7.5, and incubated in this buffer at 37°C
for 24 h. Thereafter, the gels were stained with 0.5% (w/v)
Coomassie Brilliant Blue G250 (Bio-Rad) for 1 h and then
lightly destained in methanol:acetic acid:water (3:1:6). Clear
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Figure 2. Decrease in cell invasion by decitabine in AGS cells. Cells pre-
treated with 10 or 20 M decitabine for 6 h were plated onto the apical side
of matrigel-coated filters in serum-free medium containing either vehicle
or decitabine. Medium containing 20% FBS was placed in the basolateral
chamber to act as a chemoattractant. After 48 h, cells on the apical side were
wiped off using a Q-tip. Next, cells on the bottom of the filter were stained
using hematoxylin and eosin Y (A), and then counted (B). Data are shown as
the mean of triplicate samples and represent invasive cell numbers compared
with those of control cells. "P<0.05 vs. untreated control.

bands appear on the Coomassie stained blue background in
areas of gelatinolytic activity. The gels were scanned, and the
images were processed by extracting the blue channel signal,
converting it to black and white, and inverting it to quantify
the gelatinolytic activities from the integrated optical density
27).

Statistical analysis. All data are presented as mean + SD.
Significant differences among the groups were determined
using the unpaired Student's t-test. A value of P<0.05 was
accepted as an indication of statistical significance. All of the
figures shown in this article were obtained from at least three
independent experiments.

Results

Effects of decitabine on cell viability and cell migration in
AGS cells. To determine the effect of decitabine on cell
viability in AGS cells, an MTT assay was performed at 48 h
after treatment with the indicated concentrations (5-30 uM)
of decitabine. Decitabine alone in the range of 5-20 M mg/
ml did not have any cytotoxic effect on AGS cells, whereas
a high concentration of decitabine (30 xM) significantly
caused a decrease in cell viability. When compared with the
control, treatment with 30 yM of decitabine caused approxi-
mately 15% inhibition of cell growth (Fig. 1A). Therefore,
we applied 20 M decitabine for the optimal treatment
concentration to investigate whether decitabine decreases
cell migration in AGS cells. The wound healing assay results
demonstrated that treatment with 20 uM decitabine time-
dependently delayed cell motility, when compared with
controls (Fig. 1B).
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Figure 3. Inhibition of MMP expression and their activities, and induction
of TIMP expression by decitabine in AGS cells. (A) Cells were treated with
the indicated concentrations of decitabine for 48 h. The medium was col-
lected, and MMP-2 and -9 activity was measured with zymography. (B) After
incubation with decitabine under the same conditions as those of A, total
RNA was isolated and reverse-transcribed. The resulting cDNAs were then
subjected to PCR. The reaction products were subjected to electrophoresis
in a 1% agarose gel and visualized with EtBr staining. GAPDH was used as
an internal control. (C) Cells grown under the same conditions as (A) were
sampled and lysed, and 50 pg of proteins were separated by electrophoresis
on SDS-polyacrylamide gels. Western blotting was then performed using
the indicated antibodies and an ECL detection system. Actin was used as an
internal control.

E

Inhibition of cell invasion by decitabine in AGS cells. Because
cancer invasion is the initial step in metastasis in destroying
the basement membrane, we then used a Boyden chamber
invasion assay to determine whether the inhibitory effects of
decitabine were connected to the decreased activity of cell
invasion. As shown in Fig. 2, decitabine treatment resulted in
markedly reduced cell invasion through the Matrigel chamber
in a concentration-dependent manner, suggesting the inhibi-
tory effects of cell migration were associated with inhibition
of invasive activity in AGS cells.

Inhibition of the activity and expression of MMP-2 and
MMP-9 by decitabine in AGS cells. Because migration influ-
ences metastasis and invasion of the basement membrane is
primarily mediated by gelatinase MMPs, we tested the effects
of decitabine on the activation and expression of MMPs using
gelatin zymography, RT-PCR and western blot analyses. Data
indicated MMP-2 and MMP-9 activity in AGS cells was
decreased by decitabine treatment, which was connected to
concurrent downregulation of the mRNA and protein levels
(Fig. 3). In addition to the MMP roles, tissue inhibitors of
metalloproteinases (TIMPs) are naturally occurring inhibi-
tors of MMPs, which inhibit MMP catalytic activity through
binding to activated MMPs and controlling the breakdown
of the ECM. Therefore, we tested the effects of decitabine on
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Figure 4. Increase in TER values by decitabine in AGS cells. Cells were
treated with 10 or 20 uM of decitabine for 48 h, and TER values were
measured using an EVOM Epithelial Tissue Voltohmmeter, as described in
Materials and methods. Results are shown as the mean + SD of three inde-
pendent experiments. A Student's t-test was used to determine significance
("P<0.05 vs. untreated control).
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Figure 5. Effects of decitabine on expression of claudins in AGS cells.
(A) Cells were treated with the indicated concentrations of decitabine for
48 h. Total RNA was isolated and reverse-transcribed using the indicated
primers. The resulting cDNAs were then subjected to PCR, and the reaction
products were subjected to electrophoresis in a 1% agarose gel and visual-
ized with EtBr staining. GAPDH was used as an internal control. (B) Cells
grown under the same conditions as (A) were sampled and lysed, and 50 ug
of proteins were separated by electrophoresis on SDS-polyacrylamide gels.
Western blotting was then performed using the indicated antibodies and an
ECL detection system. Actin was used as an internal control.

TIMP-1 and TIMP-2 expression levels. The RT-PCR results
showed decitabine induced a concentration-dependent increase
in TIMP-1 and TIMP-2 mRNA levels, which was connected to
concurrent upregulation of their protein levels, as determined
with western blotting (Fig. 3), suggesting increasing TIMP
proteins with decitabine could inhibit MMP activity.

Enhancement of TJs tightening by decitabine in AGS cells.
To examine the relationship between TJs tightening and the
invasive activity of AGS cells treated with decitabine, TER
(a measure of tight junction formation) values were measured
using an EVOM epithelial tissue voltohmmeter. As shown in
Fig. 4, incubation of cells with decitabine resulted in a substan-
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Figure 6. Involvement of the PI3K/Akt pathway in decitabine-induced inhibi-
tion of cell motility in AGS cells. (A and B) Cells were treated with 20 yuM
decitabine for the indicated times (A) or treated with the indicated concentra-
tions of LPS for 48 h (B). The cells were sampled and lysed, and the cellular
proteins (50 pg) were separated by electrophoresis on SDS-polyacrylamide
gels. Western blotting was then performed using anti-p-Akt and anti-Akt
antibodies and an ECL detection system. ERK was used as an internal
control. (C and D) Cells were treated with 20 uM decitabine for 2 h before
LPS treatment (2 pg/ml) for 48 h. (C) Cell lysates were then prepared, and
Western blotting was performed using antibodies specific for p-Akt and Akt.
(D) Cells were grown to confluency on 30-mm cell culture dishes; a scratch
was then made through the cell layer using a pipette tip. After the cells were
washed with PBS, serum-free media (to prevent cell proliferation) containing
decitabine (20 uM) alone or decitabine (20 M) plus LPS (2 ug/ml) was
added for 48 h. Photographs of the wounded area were taken to evaluate cell
movement into the wounded area.
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tial concentration-dependent increase in their TER values.
The data indicated that decitabine induced an increase in
TJs function in AGS cells, associated with inhibition of cell
invasion.

Modulation of TJ-related factors by decitabine in AGS cells.
To elucidate the mechanism by which decitabine enhances TJs
activity and reduces invasive activity in AGS cells, we deter-
mined the levels of claudins, TJ components, using RT-PCR
and western blot analysis. As shown in Fig. 5, the transcrip-
tional and translational levels of claudins (claudin-2, -3 and -4),
the most important components of TJs, but not claudin-1, were
markedly downregulated in decitabine-treated cells in a dose-
dependent manner, suggesting this modulation contributed to
TIJs tightening.

Decitabine-induced anti-invasive activity is associated with
dephosphorylation of AKT. Recent studies have implicated
phosphoinositide 3-kinase (PI3K)/Akt in regulating MMPs
and TJs, which are involved in a number of cellular functions,
including cell survival, adhesion, and metastasis (28,29).
Therefore, the effects of decitabine on the phosphorylated
status of Akt in AGS cells were assessed. Immunoblotting data
demonstrated that decitabine treatment markedly decreased
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Figure 7. Inhibition of LPS-induced cell invasion by decitabine in AGS cells.
(A and B) Cells treated with 20 M decitabine for 2 h before being incubated
with LPS for 6 h were plated onto the apical side of Matrigel-coated filters
in serum-free medium containing decitabine (20 M) alone or decitabine
(20 uM) plus LPS (2 pg/ml). Matrigel invasion assays were used to assess
the ability of AGS cells to penetrate the ECM as described in Fig. 2. (C)
Cells were treated with 20 yM decitabine for 2 h before LPS treatment
(2 pug/ml) for 48 h, and TER values were measured. Results are shown as the
mean + SD of three independent experiments. Significance was determined
using a Student's t-test ("P<0.05 vs. untreated control or LPS treated cells).

the phosphorylation of Akt in a concentration-dependent
manner (Fig. 6A). To confirm the involvement of the PI3K/Akt
signaling pathway in decitabine-induced anti-invasive activity
of AGS cells, we used lipopolysaccharide (LPS) to activate
Akt and increase the cell invasion. As shown in Fig. 6B,
simulation of AGS cells with LPS led to a concentration-
dependent marked increase in the amount of phosphorylated
Akt. Consistent with those results, cell motility and invasive
activity were partly increased by treatment with LPS. However,
the LPS-accentuated increase in Akt phosphorylation, cell
motility, and invasive activity was significantly suppressed by
decitabine (Figs. 6C and D, and 7A and B). On the contrary,
although the TER values in LPS-treated AGS cells were not
significantly different from those of the controls, the values
were markedly increased in response to decitabine (Fig. 7C).

Discussion

Because cancer cell invasion and migration are critical steps
during metastasis, inhibiting tumor cell migration and invasion
are important mechanisms in the anti-metastatic properties
of anticancer drugs. The aim of this study was to investigate
whether decitabine has potent anti-invasion and anti-metas-
tasis activity in human gastric adenocarcinoma AGS cells.
We found that decitabine markedly inhibited cell motility and
invasive activity through tightening TJs, and decreasing MMP
activity and the Akt signaling pathway.
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MMPs are important proteolytic enzymes during organ
development and tissue regeneration; however, they also play
important roles in cancer invasion and metastasis. Above all,
MMP-2 and MMP-9 play the most important roles in tumor
invasion and angiogenesis; therefore, tumor metastasis can
be inhibited by blocking MMP synthesis and activity (30,31).
MMP activity is tightly controlled by transcriptional activation,
by a complex proteolytic activation cascade, and by an endog-
enous system of TIMPs. TIMPs inhibit MMPs by forming 1:1
stoichiometric complexes to regulate matrix turnover (32,33).
Because treatment with less than 20 M of decitabine, which
was not cytotoxic as determined with the MTT assay, mark-
edly inhibited the cell motility and invasive activity in AGS
cells (Figs. 1B and 2), we investigated whether the inhibitory
effects of decitabine were associated with the modulation of
TIMPs and MMPs expression or their activities. Our results
indicated that decitabine induced inhibition of MMP-2 and
-9 mRNA and protein levels as well as their enzymatic activi-
ties in a concentration-dependent manner but not MMP-9
levels. However, the transcriptional and translational levels
of TIMP-1 and TIMP-2 were concentration-dependently
upregulated in response to decitabine treatment (Fig. 3). The
present data demonstrated that the decitabine-induced inhibi-
tion of cell motility and invasion is related to downregulation
of MMP-2 and -9 activities through the elevation of TIMP
expression. Therefore, our results showed that decitabine
may increase the TIMPs/MMPs ratio, as a key factor in
regulating the anti-metastatic process, which subsequently
blocks the degradation of the ECM and leads to inhibition of
cell invasion.

Increasing evidence indicates that suppressing the malig-
nant phenotype of cells in tumorigenesis is an additional and
important function of the TJs (34). Moreover, it is becoming
increasingly clear that the development of human cancer is
frequently associated with the failure of epithelial cells to
form TJs and to establish correct apicobasal polarity (35)
suggesting that changes in permeability properties and loss
of cell polarity are hallmarks of epithelial cell tumorigen-
esis. Thus, TJs, the structures critical for maintaining these
functions in epithelial cells, are modulated in a number of
epithelial cancers, including gastric cancer (3,4). These obser-
vations indicated that disruption of TJs and dysregulation of
their composite proteins play critical roles in cancer progres-
sion, invasion, and metastasis. Indeed, early studies have
demonstrated that TJ structures are altered in many epithelial
cancers. For example, Soler er al (3) first demonstrated that
the TER of colon carcinoma tissue was significantly lower
than that of normal colon tissues but showed higher transepi-
thelial paracellular permeability, which confirmed the loss of
the TJs. Previous studies have shown many anticancer agents
inhibit motility and invasiveness, and act by enhancing
transepithelial paracellular permeability (36-41). Therefore,
we examined the changes in the TER values to investigate
the relationship between the anti-invasive activity and TJs
in response to decitabine treatment. Our results clearly
showed that treatment with decitabine increased the TER
values of AGS cells in a dose-dependent manner, an effect
associated with inhibition of motility and invasiveness.
These results indicate that decitabine may prevent or
reverse TJ leakiness.
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Since TJ leakiness is associated with cancer progression
and invasion, TJ tightening may have anti-metastatic activity
(42); the anti-invasive activity of decitabine may be due, in
part, to its ability to enhance TJ activity. The TJ structure
represents the conglomerate of molecules that constitute,
associate with, or regulate TJs, and a number of proteins, as
components of TJs, were identified. Among these, 24 members
of the claudin family, transmembrane proteins with extracel-
lular domains, were identified. Claudins interact with other
claudins to form homodimers or heterodimers to produce
paired strands between cells to regulate paracellular perme-
ability (6). Many previous studies indicate that disruption
of TJs, with concomitant dysregulation of TJ proteins, is an
early event in cancer cell invasion and metastasis, and the
nature of the dysregulation is highly cancer type specific.
For example, claudin-1 and claudin-7 are downregulated in
invasive ductal carcinomas of the breast, as well as in most
established breast cancer cell lines (43). However, claudin-3
and -4 are overexpressed in breast cancers (43-45), and other
cancers, including gastric (46), ovarian (7), and pancreatic
cancer (47). Conversely, ‘knockdown’ of these two claudins
(claudin-3 and -4) inhibited the invasiveness of cancer cells
(11). We also recently showed that claudin-1 played a causal
role in acquiring invasive capacity in human liver cells,
which was associated with increased expression of MMP-2.
However, small interfering RNA targeting of claudin-1 in
invasive hepatocellular carcinoma cells completely inhibited
cell invasion (13). These observations indicate that claudins
are dysregulated in many types of cancers, and may prove
to be useful biomarkers for detecting and diagnosing certain
cancers. Interestingly, Miyamori et al (48) reported claudin
promotes activation of pro-MMP-2 mediated by membrane-
type MMPs. Agarwal er al (11)reported the overexpression of
claudin-3 and -4 proteins is associated with increased MMP-2
activity. Recently, Ip et al (49) also showed downregulation of
claudin-10 reduced MMP activity in human hepatocarcinoma
cells. These reports imply a close relationship between MMP
activity, overexpression of claudin, and metastasis of cancer
cells. Therefore, we investigated the effects of decitabine on
the level of claudin family members, and the data showed that
decitabine significantly inhibited expression of claudin proteins
such as claudin-2, -3, and -4 at the transcriptional and transla-
tion levels (Fig. 5). The data suggested that the anti-invasive
activity of decitabine was associated with the tightening of TJs
through downregulation of claudin family members.

In addition, many reports have demonstrated that PI3K/Akt
plays an important role in tumor development and progression
through induction of epithelial-mesenchymal transition and
achievement of invasive properties (50-53). In addition, MMP-2
and -9 expression has been critically associated with the PI3K/
Akt pathway (54). Therefore, we tested the effect of decitabine
on the activities of the PI3K/Akt signaling pathway. The
results demonstrated that decitabine inhibited phosphorylation
of Akt after 12-h treatment guessing that the anti-invasive
effects of decitabine were associated with downregulation
of Akt phosphorylation (Fig. 6A). Furthermore, decitabine
treatment resulted in significant blockage of LPS-induced Akt
phosphorylation, cell motility, and invasion (Figs. 6 and 7).
The data indicated that LPS-induced invasiveness mediated by
suppressing the PI3K/Akt pathway, and anti-invasive effects
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by decitabine were mediated at least in part by the inactivation
of the PI3K/Akt pathway, associated with TJs tightening.

In this study, although additional in vivo studies are needed

to establish the role of decitabine as an anti-metastatic agent
for treating cancer, we confirmed that decitabine inhibits cell
motility and invasion of AGS human gastric cancer cells by
increasing TJ activity and downregulation of MMP activity
via inactivation of the PI3K/AKT signaling pathway.
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