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Abstract. Hepatocellular carcinoma (HCC) is one of the
most common malignant tumors. Most patients with HCC die
within one year after diagnosis largely because of frequent
tumor recurrence and metastasis. The tumor suppressor
gene PTEN (phosphatase and tensin homolog deleted on
chromosome 10) is one of the most commonly lost or mutated
genes in a variety of human cancers, including HCC. PTEN
antagonizes phosphoinositide-3-kinase (PI3K)/ATP-dependent
tyrosine kinase (Akt) signaling, thereby negatively regulating
a multitude of biological aggressive tumor behaviors. However,
the direct role and mechanism of PTEN in the regulation of
invasion and invasion-related gene expression in HCC
remain to be elucidated. In this study, we introduced wild-type
PTEN or phosphatase-dead PTEN into HepG2 cells that have
low expression of PTEN. We found that overexpression of
PTEN inhibits HepG2 cell growth via cell cycle arrest without
inducing apoptosis. Matrigel invasion and scratch assays
indicated that PTEN significantly inhibits HepG2 cell
migration and invasion in vitro. On the molecular level,
overexpression of PTEN suppressed expression of matrix
metalloproteinase (MMP)-2 and -9 in HepG2 cells. Similarly,
treatment of HepG2 cells with the PI3K/Akt pharmacological
inhibitor, LY294002, potently suppressed cell migration
and invasion as well as expression of MMPs. However, the
phosphatase-dead PTEN mutant did not exert the same
effects. Our data show that PTEN not only inhibits HepG2
cell growth via cell cycle arrest, but also suppresses cell
invasion in a PI3K/Akt/MMP-dependent manner, which
suggests that loss or mutation of PTEN may contribute to
increased cell invasion and facilitates HCC progression.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most frequently
diagnosed malignant tumors and is responsible for >600,000
deaths annually (1). Despite improvements in treatment
modalities during the past few decades, most patients with
HCC die within one year of diagnosis, largely because of the
aggressive biological characteristics of the tumors, including
rapid tumor growth, frequent tumor recurrence and metastasis.
Clearly, there is an urgent need for further insights into the
molecular mechanisms responsible for the aggressive
biological behavior of HCC.

Tumor invasion and metastasis are complex, multistage
processes by which cancer cells undergo genetic alternations
that result in the acquisition of their ability to degrade and
migrate through the extracellular matrix (ECM) (2,3). Matrix
metalloproteinases (MMPs) are a family of zinc-dependent
endopeptidases that are capable of degrading all essential
components of the ECM, including type IV collagen, laminin,
entactin, proteoglycans and glycosaminoglycans (4,5).
MMP-2 and MMP-9 are particularly effective at degrading
the basement membrane and have been previously shown to
facilitate tumor invasion and metastasis (4,6-9). Recent reports
from clinical pathological studies have demonstrated that
upregulation of MMP-2 and MMP-9 mRNA levels correlates
with later TNM staging and metastasis in HCC (10) and their
expression may be helpful in predicting poor prognosis in
HCC patients after live transplantation (11). In addition,
recent anti-metastasis experiments, such as NF-kB inhibition
(12), treatment with pravastatin (13) and Spred-1 over-
expression (14), have suggested that the invasive and
metastatic abilities of HCC are suppressed by decreased
expression of MMP-2 and MMP-9. These results suggest that
MMP-2 and MMP-9 play an important role in HCC invasion
and metastasis. However, the mechanism by which MMP
expression is controlled in HCC remains unclear.

PTEN (phosphatase and tensin homolog deleted on
chromosome 10) has been described as a tumor suppressor
gene due to its frequent loss or mutation in a variety of human
cancers, including HCC (15,16). In mice, liver-specific loss
of PTEN leads to the development of HCC by 74 weeks of
age (17). In human patients, the degree of PTEN expression
in HCC is linked to tumor differentiation, invasion, metastasis
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and patient survival (18), indicating that PTEN has potentially
suppressive effects on HCC progression (19). Growing
evidence suggests that PTEN regulates a multitude of
biological aggressive tumor behaviors, such as growth, self-
renewal and metastasis (20-22). Specifically, it has been
proposed that PTEN regulates these tumor behaviors through
its lipid phosphatase activity, which mediates the dephos-
phorylation of phosphatidylinositol 3.4,5-trisphosphate and
its conversion to phosphatidylinositol-4,5-bisphosphate,
thereby opposing the activity of phosphoinositide-3-kinase
(PI3K)/ATP-dependent tyrosine kinase (Akt). Activation of the
PI3K/Akt pathway may potentiate cell survival, proliferation,
apoptosis and migration (23,24).

In HCC, deregulation of this signaling pathway has been
clearly shown to promote cell cycle progression and cancer
formation (19). Several recent studies have shown that
activation of the PI3K/Akt signaling pathway correlates with
increased expression of MMP-2 and MMP-9 and promotes
cancer cell invasion (25). In addition, it has been shown that
inhibition of Akt activation by using shRNA or a pharmaco-
logical inhibitor significantly decreases the invasive ability of
cancer cells by downregulating the expression of MMP-2 and
MMP-9 (26,27). Hence, we hypothesize that activation of
PI3K/Akt signaling, in the absence of PTEN, can increase
HCC cell migration and invasion and the expression of
MMPs.

In the present study, we introduced wild-type PTEN or
phosphatase-dead PTEN mutant into PTEN-deficient HepG2
cells and used a PI3K/Akt pharmacological inhibitor,
LY294002, to test our hypothesis. In addition, to understand
the molecular mechanisms underlying the suppressive effects
of PTEN, we examined the levels of MMP-2 and MMP-9
mRNA and protein expression. Furthermore, we analyzed the
levels of Akt phosphorylation with respect to the invasive
activity of HepG2 cells.

Materials and methods

Cell culture and transfection. HCC cell lines HepG2, Bel-
7402 and SMMC-7721 were cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS) in 5% CO,
at 37°C. The HCC cell line MHCC97 and the normal hepatic
cell line LO2 were cultured in a humidified 5% CO,/95% air
atmosphere in DMEM medium supplemented with 10% FBS.

The wild-type PTEN plasmid (PTEN) and phosphotase-
dead PTEN mutant plasmid (PTEN.C124S), which harbors a
cysteine to serine mutation at position 124, as previously
described (28), were gifts from Professor Yuxin Yin
(Columbia University, NY, USA). Stable transfection of the
cells with PTEN, PTEN.C124S, or pcDNA3.1 empty plasmid
(Invitrogen, CA, USA) was performed with Lipofectamine™
2000 (Invitrogen) reagent according to the manufacturer's
guidelines. After transfection for 24 h, cells were diluted 1:20
and selected in media supplemented with 500 ug/ml of
hygromycin (Sigma, MO, USA) for 1-2 months. Stable trans-
fectants were confirmed by Western blotting and maintained
in media supplemented with 250 zg/ml hygromycin.

Cell proliferation assay. Cells were seeded into 96-well
plates (5,000 cells/well). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
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diphenyltetrazolium bromide (MTT, Sigma) were added at 1,
2,3,4,5, 6,7 days after seeding. After 4 h of incubation at
37°C, 150 ul dimethyl sulfoxide (DMSO, Sigma) were added
into each well and the absorbance was measured at 492 nm
on a Multifunction microplate reader (PolarStar Optima
BMG, Germany).

Cell cycle assay. Cells were harvested, fixed in ice-cold 70%
ethanol for 30 min and stained with propidium iodide (PI,
Sigma) for 30 min at room temperature. Cell cycle progression
was assessed by flow cytometry (FACSCalibur BD, USA).

Cell apoptosis assay. Cells were harvested and resuspended
in binding buffer. After addition of annexin V-FITC and PI
(Jingmei Biotech Co., Ltd., Shenzhen, China), the cells were
incubated for 30 min at room temperature and then analyzed
by flow cytometry (FACSCalibur). Apoptotic cells were
defined as being annexin V*/PI.

In vitro scratch assay. Cell migration was assessed by using
an ‘in vitro scratch assay’. Briefly, cells were cultured in 6-well
plates and grown into a monolayer. A pipette was used to
scrape the cell monolayer in a straight line in order to create
a scratch. In addition, the medium was replaced. For
transfection experiments, transfected cells were cultured in
fresh RPMI-1640 medium supplemented with 10% FBS. For
pharmacological inhibition assays, HepG2 cells were cultured
in RPMI-1640 medium supplemented with 10% FBS and
either the PI3K/Akt inhibitor LY294002 (10 or 20 xM, Sigma)
or DMSO (control). At initial time points (0 h) and at 24 h time
points, scratches were observed using an inverted microscope
(AE31, Motic, China) and the distance from one side of the
scratch to the other was measured at different intervals using
Image Pro-Plus 6.0 software (Media Cybernetics, USA).

Matrigel invasion assay. The invasion assay was performed
using a Millicell invasion chamber (8-um pore size, Millipore,
MA, USA). Cells were resuspended in RPMI-1640 medium
supplemented with 1% FBS and seeded into the upper well
coated with Matrigel (Sigma). Simultaneously, RPMI-1640
medium supplemented with 10% FBS was placed in the lower
well of the chamber. For transfection experiments, 10,000
cells were seeded into each chamber. For pharmacological
inhibition assays, 10,000 cells were seeded into each chamber
in the presence (10 or 20 xM LY294002) or absence (DMSO)
of inhibitor. The cells were allowed to invade the Matrigel
for 24 h at 37°C. After removal of cells from the upper
surface of the chambers, the membranes were stained with
crystal violet and observed using an inverted microscope
(AE31). The number of invading cells per field was assessed
by counting 10 random fields at x200 magnification.

Western blotting. Whole cell lysates were prepared in cell lysis
buffer (40 mmol/l Tris-HCI pH 7.4, 10% glycerol, 50 mmol/l
BGP, 5 mmol/l EGTA, 2 mmol/l EDTA, 0.35 mmol/l
vanadate, 10 mmol/l NaF, and 0.3% Triton X-100) supple-
mented with protease inhibitors (Roche, Penzberg, Germany).
Equivalent amounts of protein were loaded onto SDS-PAGE
gels and transferred onto Immobilon membranes (Millipore).
Membranes were incubated with the following primary
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Figure 1. HepG2 cells stably express exogenous PTEN and its mutant. (A) Western blot analysis of PTEN expression in 4 hepatocellular carcinoma cell lines
and 1 normal hepatic cell line. B-actin was used as an internal control. (B) Western blot analysis of PTEN expression after transfection of the cells with
different plasmids. (C) Cells were fixed on coverslips and immunostained with anti-PTEN antibody, FITC-conjugated anti-mouse IgG (green) and PI (red).

Scale bars: 75 ym.

antibodies: anti-PTEN (1:250), anti-Akt1/2 (1:500), anti-
MMP-2 (1:200), anti-MMP-9 (1:200) and anti-B-actin
(1:800, all purchased from Santa Cruz Biotechnology, Santa
Cruz, CA, USA) and anti-phospho-Akt (Ser473) (1:500;
purchased from Cell Signaling, MA, USA). Proteins were
visualised with horseradish peroxidase-conjugated secondary
antibody (1:5,000; purchased from Santa Cruz Biotechnology)
followed by ECL reaction (Millipore).

Quantification of MMP-2 and MMP-9. Cells were seeded at
a density of 1x10° cells/ml into 6-well plates a day before the
experiment. Transfected cells were cultured in fresh RPMI-
1640 medium supplemented with 1% FBS and parental
HepG?2 cells were cultured in fresh RPMI-1640 medium
supplemented with 1% FBS with or without LY294002 (10 or
20 uM). After 48 h of incubation, cell supernatants were
collected and MMP-2 and MMP-9 concentrations were
quantified using the ELISA kits (Shanghai Westang Bio-Tech
Co., Ltd., Shanghai, China).

RT-PCR. Total mRNA was extracted using TRIzol reagent
(Invitrogen). The cDNA synthesis was conducted using
Takara RT-PCR kit (Dalian, China) according to the manu-
facturer's instructions. The PCR products were amplified
with 35 cycles (30 sec at 95°C; 30 sec at 60°C; 1 min at 72°C).
The PCR primer sequences and the conditions are shown in
Table I.

Immunofluorescence analysis. Cells were seeded onto glass
slides at 1x105 cells/ml. The next day, cells were fixed with
4% paraformaldehyde for 30 min, permeabilized with 0.1%
Triton X-100 for 10 min and blocked with 5% bovine serum
albumin for 1 h. The cells were then stained with anti-PTEN
antibody (1:100) at 4°C overnight, followed by staining with
FITC-conjugated anti-mouse immunoglobulin for 2 h and PI
for 15 min. Immunofluorescence was visualized with a laser
scanning confocal microscope (TCS SP2, Leica, Germany).

Statistical analysis. All data are shown as the mean =+
standard deviation and analyzed using SPSS 13.0 software
(SPSS Inc., IL, USA). Statistical significance was analyzed
using the one-way ANOVA test. P<0.05 was considered
statistically significant.

Results

Expression and cellular localization of PTEN protein after
transfection. To analyze PTEN expression in different HCC
cells, we evaluated a panel of 4 human HCC lines (HepG2,
Bel-7402, SMMC-7721 and MHCC97) and one normal hepatic
cell line (LO2 as positive control). As shown in Fig. 1A, the
abundance of PTEN varied between the different cell lines,
with HepG2 having relatively low levels of the protein, as
previously reported (29,30). Therefore, we used the HepG2
cell line to carry out subsequent experiments. The expression
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Figure 2. PTEN inhibits cell proliferation via G1 cell cycle arrest without
inducing apoptosis. (A) Cells were seeded into 96-well plates in RPMI-1640
medium supplemented with 10% FBS and were cultured for different
periods of time. Cells were quantified by performing an MTT assay at the
indicated time points. Points, mean (n=3); bars, SD; “P<0.05; “P<0.01
compared to pcDNA3.1 controls. (B) Cells were harvested after 48 h and
stained with PI. Cell cycle distribution was assessed by flow cytometry.
Columns, mean (n=3); bars, SD; "P<0.05 compared to pcDNA3.1 controls.
(C) Cells were harvested after 48 h and were stained with annexin V and PI.
Apoptotic cells were defined as being annexin V*/PI" and were assessed by
flow cytometry. Columns, mean (n=3); bars, SD.

and cellular localization of PTEN protein following
transfection was confirmed by Western blot and immuno-
fluorescence analysis, respectively. While cells transfected
with wild-type PTEN produced significant levels of PTEN
protein and suppressed Akt phosphorylation at Ser473, cells
transfected with the phosphatase-dead PTEN.C124S mutant
produced PTEN protein at similar levels but did not affect
Akt phosphorylation (Figs. 1B and 4E). Immunofluorescence
analysis revealed that, similar to normal hepatic LO2 cells,
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PTEN was predominantly expressed in the cytosol and nucleus
of HepG2 cells transfected with either PTEN or PTEN.C124S
(Fig. 1C). Therefore, we succeeded in obtaining cells stably
expressing exogenous PTEN and its mutant, mimicking
endogenous PTEN expression and cellular localization.

Overexpression of PTEN inhibits growth of HepG2 cells. MTT
assay was performed to evaluate the effect of PTEN inhibition
on cell growth. The results showed that HepG2 cells trans-
fected with PTEN grew slower than those transfected with
empty plasmid (Fig. 2A). After 7 days of culture, but not on
the first days of culture, different growth rates were observed
in HepG2 cells transfected with PTEN when compared to
cells transfected with the other plasmid (Fig. 2A). In contrast,
HepG2 cells expressing PTEN.C124S did not exhibit a
decrease in growth rate within 7 days of culture. Upon analysis
of cell cycle distribution by flow cytometry, we found that
overexpression of wild-type PTEN markedly increased the
number of cells in the GO/G1 phase and resulted in a G1-
phase cell cycle arrest (Fig. 2B). However, we did not find a
difference in the number of cells in the S or G2/M phase
between the transfected cells.

Analysis of apoptosis by annexin V-FITC/PI staining
revealed that only a small number of HepG2 cells expressing
wild-type PTEN underwent apoptosis (Fig. 2C), indicating
that, rather than inducing apoptosis, PTEN inhibits cell
growth by blocking the progression of cells from the G1 to
the S phase of the cell cycle. To determine whether PTEN-
mediated growth inhibition was attributed to the antagonizing
activity of Akt signaling, we used HepG2 cells expressing
PTEN.C124S and performed similar MTT assays. As shown
in Fig. 2, PTEN.C124S-expressing HepG2 cells did not exhibit
growth inhibition, cell cycle arrest or apoptosis. These findings
suggest that PTEN inhibits the growth of HepG2 cells via
PI3K/Akt-mediated cell cycle arrest.

PTEN inhibits HepG2 cell migration and invasion through
the PI3K/Akt pathway. To determine whether PTEN inhibits
migration and invasion of HepG2 cells, we analyzed the ability
of transfected cells to respond to 10% FBS by performing a
Matrigel invasion assay. The results demonstrate that PTEN
virtually suppresses cell invasion through the Matrigel
(Fig. 3A). The mean invasiveness values were 57.8+11.12
cells/field and 129.6+19.47 cells/field for PTEN- or empty
plasmid-transfected HepG2 cells, respectively (P<0.01,
Fig. 3B). However, the invasiveness of HepG2 cells expressing
PTEN.C124S was not significantly different (P>0.05, Fig. 3B)
from cells transfected with empty plasmid.

The highly specific PI3K/Akt inhibitor LY294002 was
used to assess the role of the PI3K/Akt pathway in invasion.
As shown in Fig. 4E, PTEN and LY294002 inhibited Akt
phosphorylation, but the levels of total Akt protein remained
unchanged. We also found that LY294002 suppressed Akt
phosphorylation in a concentration-dependent manner
(Fig. 4E). Treatment of the cells with 10 xuM LY294002
completely abolished Akt phosphorylation to the same extent
as observed with expression of PTEN only (Fig. 4E). PTEN
inhibited the ability of HepG2 cells to invade the Matrigel by
55% (Fig. 3B) and 10 M LY?294002 inhibited invasion
by 64% (Fig. 3D). In addition, treatment of HepG2 cells
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Gene Primers Annealing Product
temperature ("C) size (bp)
MMP-2 5'-TGGCAAGTACGGCTTCTGTC-3' 60 180
5S“TTCTTGTCGCGGTCGTAGTC-3'
MMP-9 5'-TGGTCCTGGTGCTCCTGGTG-3' 60 111
5-GCTGCCTGTCGGTGAGATTGG-3'
GAPDH 5-ACCACAGTCCATGCCATCAC-3' 60 452

5-TCCACCACCCTGTTGCTGTA-3'
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Figure 3. Overexpression of PTEN inhibits the migratory and invasive ability of HepG2 cells. The upper wells of the transwell chambers were coated with
Matrigel and seeded with HepG2 cells transfected with various expression plasmids (A and B) or cells treated with LY294002 (C and D) in RPMI-1640
medium supplemented with 1% FBS. Cell invasion was assayed after 24 h. After removal of cells from the upper surface of the chambers, the membranes
were stained with crystal violet. Invading cells were quantified by counting cells in 10 random fields at x200 magnification. Columns, mean (n=10); bars, SD;
“P<0.01; "P<0.01 compared to pcDNA3.1 or HepG2 controls, respectively. (E) Images of initial time point controls and 24 h time points show the effects of
PTEN or LY294002 on the ability of cells to recover from the scratch. Red lines delineate the sides of the scratch. The numbers under each image indicate the
difference between intervals at two time points.
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Figure 4. PTEN suppresses MMP-2 and MMP-9 expression through the
PI3K/Akt pathway. MMP-2 concentrations in the various cell supernatants
from HepG2 cells transfected with various expression plasmids (A) or
treated with LY294002 (B) were analyzed by ELISA. Columns, mean
(n=3); bars, SD; ""P<0.01; "P<0.01 compared to pcDNA3.1 or HepG2
controls, respectively. MMP-9 concentrations in the various cell super-
natants from HepG2 cells transfected with various expression plasmids (C)
or treated with LY294002 (D) were analyzed by ELISA. Columns, mean
(n=3); bars, SD; “"P<0.01; ""P<0.01 compared to pcDNA3.1 or HepG2
controls, respectively. (E) Expression of MMP-2 and MMP-9 in HepG2
cells transfected with various expression plasmids or treated with L'Y294002
was analyzed by Western blotting. -actin was used as an internal control.
(F) RT-PCR analysis of MMP-2 and MMP-9 mRNA expression in HepG2
cells transfected with various expression plasmids or treated with LY294002.
GAPDH was used as an internal control.

with LY294002 resulted in a significant and concentration-
dependent decrease in the ability of these cells to invade
through the Matrigel (Fig. 3C and D).

We also conducted a scratch assay to determine whether
PTEN inhibits migration of HepG2 cells in vitro. After 24 h,
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the migratory potential of PTEN-expressing HepG2 cells was
significantly reduced compared to that of cells transfected
with empty plasmid (Fig. 3E). In contrast, the migratory ability
of PTEN.C124S-expressing HepG2 cells was not affected
(Fig. 3E). We also observed that LY294002 significantly
decreased the ability of HepG2 cells to recover from the
scratch in a concentration-dependent manner (Fig. 3E). These
experiments support the hypothesis that PTEN inhibits
migration and invasion of HepG2 cells in vitro via the PI3K/
Akt pathway.

PTEN downregulates MMP-2 and MMP-9 expression through
the PI3K/Akt pathway. MMPs, particularly MMP-2 and
MMP-9, degrade the ECM and are strongly implicated in
invasion and metastasis of malignant tumor cells (4,6). In light
of this, we hypothesized that PTEN could inhibit HepG2
migration and invasion by suppressing the expression of
MMP-2 and MMP-9. Analysis of cell supernatants by ELISA
revealed that HepG2 cells transfected with empty plasmid
secreted 313.52+7.38 pg/ml/10° cells of MMP-2 and
70.05+1.75 pg/ml/10° cells of MMP-9 (Fig. 4A and C). PTEN
expression in HepG2 cells significantly reduced MMP-2
levels to 234.50+6.49 pg/ml/10° cells (P<0.01, Fig. 4A) and
MMP-9 levels to 46.38+1.81 pg/ml/10° cells (P<0.01, Fig. 4C).
These results were confirmed by Western blotting (Fig. 4E). To
determine whether PTEN suppresses expression of MMP-2
and MMP-9 at the mRNA level, RT-PCR analysis was
performed. Consistent with previous results, PTEN-expressing
HepG?2 cells exhibited decreased MMP-2 and MMP-9 mRNA
levels (Fig. 4F). However, the expression of PTEN.C124S
did not suppress the expression of MMP-2 and MMP-9
protein or mRNA (Figs. 4A and C, 4E and F).

To further define the point in the PI3K/Akt pathway at
which PTEN regulates the expression of MMP-2 and MMP-9,
we treated HepG2 cells with LY294002 and analyzed the
expression of protein and mRNA for these two molecules.
Analysis of supernatants from LY294002-treated and control-
treated HepG2 cells by ELISA revealed that LY294002
significantly decreased the levels of secreted MMP-2 and
MMP-9 in a concentration-dependent manner (Fig. 4B and D).
These results were confirmed by Western blot and RT-PCR
analysis (Fig. 4E and F). It is worth noting that decreased
expression of MMP-2 and MMP-9 correlated with the
inhibition of Akt phosphorylation caused by overexpression
of PTEN or treatment of HepG2 cells with LY294002 (Fig. 4).
These results and the results of our invasion assays indicate
that PTEN inhibits invasion of HepG2 cells primarily by
suppressing MMP-2 and MMP-9 expression. In addition, our
results demonstrate that the PI3K/Akt pathway is essential
for promoting the invasive behavior of HepG2 cells.

Discussion

HCC cells utilize multiple molecular signaling pathways to
proliferate, invade and metastasize during the course of
tumor progression. Among several independent signaling
pathways, activation of the PI3K/Akt pathway is particularly
important (31). Loss of PTEN, phosphorylation of Akt and
activation of downstream targets coordinate complex events
that initiate and sustain the malignant phenotype of tumor
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on of HCC and the mechanisms involved in this
process have not been previously reported. In this study, we
provide the first evidence that PTEN not only inhibits the
growth of HepG2 cells but also suppresses the invasion of
these cells by inactivating the PI3K/Akt pathway.

It is known that the PI3K/Akt signaling pathway provides
cells with a survival signal that allows them to proliferate and
overcome apoptotic stimuli (24). Using tumor cell lines, many
studies have shown that PTEN inhibits cell growth and induces
cell cycle arrest and apoptosis through the PI3K/Akt pathway
(33,34). Our data clearly show that overexpression of PTEN
in HepG2 cells inhibits their growth and induces cell cycle
arrest at the G1 phase. The role of PTEN in the regulation
of apoptosis is an interesting finding. In contrast to previous
studies, our experiments show that PTEN does not induce
apoptosis of tumor cells. Similarly, other studies have shown
that exogenous PTEN suppresses cell growth and cell cycle
progression without inducing apoptosis (35,36). These findings
possibly implicate cell type species-differences in the
regulation of apoptosis by PTEN. Since the phosphatase-
dead PTEN mutant abolished the inhibition of cell growth
and cell cycle progression of HCC cells, we conclude that
PTEN exerts these effects through inhibition of the PI3K/Akt
pathway.

Our study also implicates PTEN in suppressing the
migration and invasion of HCC cells and provides evidence
that the phosphatase activity of PTEN is required for invasion.
Our conclusions are based on three major points: 1) highly
invasive HepG2 cells harbor deletions in PTEN and exhibit
high levels of Akt activity; 2) there was a positive correlation
between Akt phosphorylation and invasion; and 3) LY294002
suppressed the invasive properties of HepG2 cells, but
transfection of HepG2 cells with phosphatase-dead PTEN
did not efficiently inhibit invasion. In addition, we found
that transfection of HepG2 cells with wild-type PTEN,
PTEN.C124S or empty plasmid or their treatment with 10 xM
or 20 uM LY294002 did not significantly inhibit cell growth
during the 24 h period of the migration and invasion assays
(Fig. 1A and data not shown). Thus, we consider that the
inhibitory effect of PTEN on the growth of HepG2 cells does
not contribute to their migration and invasion.

It is currently accepted that degradation of the surrounding
ECM is one of the common features of the tumor invasion
process. MMPs secreted by invading tumor cells can degrade
all essential components of the ECM. Therefore, MMPs have
been proposed to play an important role in mediating the
invasion of many cancer cell types (2-4). The invasiveness of
aggressive cancer cells is in part determined by the proteolytic
activity of MMPs and reflects the capacity of these enzymes
to degrade the ECM (6-9). Accumulating evidence has shown
that PTEN reduces the expression of MMPs and inhibits cancer
cell invasion (25,37). In the present study, we found that PTEN
reduced MMP-2 and MMP-9 mRNA and protein levels, as
determined by RT-PCR, Western blotting and ELISA.
Therefore, the invasiveness of PTEN-expressing HepG2 cells
was attenuated, in part, due to decreased expression of MMP-2
and MMP-9.

Given that PTEN functions to antagonize PI3K/Akt
signaling and that activation of the PI3K/Akt pathway
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promotes the invasion of numerous tumor types, as observed
in prostate cancer (25), malignant glioma (38) and esophageal
cancer (39), we next sought to determine the relationship
between MMP expression and Akt activation caused by
phosphatase dead-PTEN expression or treatment with
LY294002. As expected, the phosphatase-dead PTEN mutant
did not affect Akt activation nor inhibited expression of
MMPs in HepG2 cells. In contrast, there was a significant,
concentration-dependent decrease in Akt phosphorylation
and MMP expression upon exposure of HepG2 cells to
LY294002. Previous studies support these findings and have
demonstrated that treatment of cancer cells with LY294002
results in decreased expression of MMPs (25,38). In addition,
the data from these studies suggest that PTEN suppresses
MMP-2 and MMP-9 expression at least in part by inhibiting
the PI3K/Akt pathway. However, future studies are required
to confirm these results in vivo.

In summary, our results demonstrate that PTEN not only
inhibits the growth of HepG2 cells via cell cycle arrest, but
also suppresses cell invasion in a PI3K/Akt/MMP-dependent
manner. Thus, we propose that the tumor suppressor gene
PTEN and its associated regulatory signaling pathways may
be effective candidates for therapeutic intervention in the
management of HCC.
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