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Abstract

Background Tension homology deleted on chromosome
ten (PTEN) is important in liver fibrosis.

Aims The purpose of this study was to evaluate the PTEN
gene effects and mechanism of action on hepatic stellate
cells (HSCs).

Methods The rat primary HSCs and human LX-2 cells
were transfected by an adenovirus containing cDNA con-
structs encoding the wild-type PTEN (Ad-PTEN), the
PTEN mutant G129E gene (Ad-G129E) and RNA inter-
ference targeting the PTEN sequence PTEN short hairpin
RNA (PTEN shRNA), to up-regulate and down-regulate
PTEN expression, respectively. The HSCs were assayed
with a fluorescent microscope, real time PCR, Western
blot, MTT, flow cytometry and Terminal-deoxynu-
cleoitidyl transferase mediated nick end labeling. In addi-
tion, the CCl, induced rat hepatic fibrosis model was also
established to check the in vivo effects of the recombinant
adenovirus with various levels of PTEN expression.
Results The data have shown that the over-expressed
PTEN gene led to reduced HSCs activation and viability,
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caspase-3 activity and cell cycle arrest in the Go/G; and G,/
M phases, as well as negative regulation of the PI3K/Akt
and FAK/ERK signaling pathways in vitro. The over-ex-
pressed PTEN gene improved liver function, inhibited
proliferation and promoted apoptosis of HSCs both in vitro
and in vivo.

Conclusions These data have shown that gene therapy
using the recombinant adenovirus encoding wild-type
PTEN inhibits proliferation and induces apoptosis of
HSCs, which is a potential treatment option for hepatic
fibrosis.
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Abbreviations

HSCs Hepatic stellate cells

ECM Extracellular matrix

o-SMA  Alpha-smooth muscle actin

PTEN Tension homology deleted on chromosome ten
BDL Bile duct ligation

shRNA  Short hairpin RNA

GFP Green fluorescent protein

EGFP Enhanced green fluorescent protein

H&E Hematoxylin and eosin

MT Masson’s trichrome

TUNEL Terminal-deoxynucleoitidyl transferase
mediated nick end labeling

FCM Flow cytometry

FAK Focal adhesion kinase

ERK Extracellular signal-regulated kinase

PI3K Phosphoinositol-3-kinase

Akt Serine—threonine protein kinase B
ALT Alanine aminotransferase
AST Aspartate aminotransferase
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Introduction

Hepatic fibrosis results from chronic liver injury and is
considered to be reversible; however, the resulting end
stage cirrhosis is irreversible and can cause additional
complications, as well as high mortality [1, 2]. Hepatic
stellate cells (HSCs) activate and proliferate under fibro-
genic conditions and are believed to be the major source of
resident myofibroblasts in the fibrotic liver [3—5]. With the
appearance of characteristic activation marker alpha-
smooth muscle actin (¢-SMA), the HSCs become active
and increase the synthesis and deposition of ECM com-
ponents in the liver [6]. Therefore, HSCs are an attractive
target for anti-fibrotic therapy [7, 8].

Phosphatase and tension homolog deleted on chromo-
some ten (PTEN), the first tumor-suppressing gene found
to have dual protein/lipid phosphatase activity, negatively
regulates the cell cycle, decreases cell proliferation and
promotes apoptosis of tumor cells [9-12]. Earlier PTEN
studies have focused on non-tumor diseases and have
shown that PTEN inhibits proliferation and induces apop-
tosis of lung fibroblasts in vitro [13, 14], while the lower
expression of PTEN can also cause renal fibrosis [15]. The
absence of PTEN in specific hepatic cells may result not
only in hepatocellular carcinoma, but also in nonalcoholic
steatohepatitis, which has been found to be closely asso-
ciated with hepatic fibrosis [16].

Our previous study has shown that PTEN expression
decreased in fibrotic rat hepatic tissues induced by bile duct
ligation (BDL) [17]. During the reversal of liver fibrosis
pretreated by CCly, the PTEN mRNA and protein expres-
sion returned to almost normal levels, showing a connec-
tion between PTEN and the stage of rat hepatic fibrosis
[18]. However, the mechanism of PTEN gene effects on
proliferation and apoptosis of primary HSCs remains
unclear.

This study was designed to investigate the effects of
over-expressed PTEN on proliferation, apoptosis and cell
cycle of HSCs in vitro and in vivo, which may provide a
new strategy for prevention and treatment of liver fibrosis.

Materials and Methods
Animals

Adult male Wistar rats, 8 weeks old and weighing
350-400 g, were obtained from the Experimental Animal
Center of the Hebei Medical University. The whole
experiment was performed in compliance with the national
ethical guidelines for the care and use of laboratory ani-
mals, following internationally accepted principles of
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laboratory animal use and care defined in US guidelines
(NIH publication #85-23, revised in 1985).

Rat Primary HSCs Isolation and Cell Culture

Rat primary HSCs were isolated from normal healthy male
Wistar rats using in situ recirculating perfusion technology,
as described [19]. The cells were then cultured in DMEM
with 10 % FBS. The first medium change was performed at
24 h post-isolation. The cells were passaged at days 15 and
25 post-isolation and the second passage was used for
transfection. The purification degree of primary HSCs at
passage 2 was higher than 95 %.

Human LX-2 cells were obtained from the Mount Sinai
School of Medicine.

Recombinant Adenovirus and Transfection

The adenovirus containing cDNA constructs encoding
wild-type PTEN (Ad-PTEN) with a green fluorescent
protein (GFP), the PTEN mutant G129E gene (Ad-G129E)
with GFP and the empty virus control (Ad-GFP) were
provided by Prof. Junshan Zhu from the Third Military
Medical University in China. The RNA interference tar-
geting PTEN sequence, and the PTEN short hairpin RNA
(shRNA) with enhanced green fluorescent protein (EGFP)
was established by Wuhan Genesil Biotechnology Co., Ltd
(Wuhan, China). The transfection was performed as
described [20] and confirmed by demonstrating GFP
expression in rat primary HSCs. The infection efficiency of
the adenovirus was determined using fluorescence micro-
scopy and flow cytometry (data not shown). For optimal
transfection, we used the MOI 50 for 72 h (rat primary
HSCs infection efficiency: 94.46 %; human LX-2 cells
infection efficiency: 89.89 %).

The rat primary HSCs and human LX-2 cells were
divided into five groups: (1) the control group, antibiotics-
free DMEM,; (2) the Ad-GFP group, with Ad-GFP trans-
fection; (3) the Ad-PTEN group, with Ad-PTEN transfec-
tion; (4) the Ad-GI29E group, with Ad-GI129E
transfection; and (5) the PTEN shRNA group, with PTEN
shRNA transfection.

Real Time PCR

Real time PCR was performed as previously described [18,
21]. Primer Express 5.0 was used to design the following
primers: PTEN (rat) Forward 5-GGA AAG GAC GGA
CTG GTG TA-3, Reverse 5'-GGA AAG GAC GGA CTG
GTG TA-3’; PTEN (human) Forward 5-ACC GCC AAA
TTT AAT TGC AG-3/, Reverse 5-GGG TCC TGA ATT
GGA GGA AT-3’; PI3K (rat) Forward 5-ACT TTG TGA
CCT TCG GCT TT-3, Reverse 5-TAC ATT CCT GAT



Dig Dis Sci (2016) 61:1107-1120

1109

CTT CCT CG-3'; PI3K (human) Forward 5'-TGC CTC
CAC GAC CAT CAT CA-3/, Reverse 5-TTC ACA CAC
TGG CAT GCC GA-3'; Akt (rat) Forward 5'-GAG GAG
CGG GAA GAG TG-3/, Reverse 5'-GAG ACA GGT GGA
AGA AGA GC-3'; Akt (human) Forward 5’-CAT CAC
ACC ACC TGA CCA AG-3’, Reverse 5-CTC AAA TGC
ACC CGA GAA AT-3; FAK (rat) Forward 5-ACT TGG
ACG CTG TAT TGG AG-3’, Reverse 5-CTG TTG CCT
GTC TTC TGG AT-3’; FAK (human) Forward 5'-GCG
TCT AAT CCG ACA GCA-3', Reverse 5'-GCC GAC TTC
CTT CAC CAT-3; ERKI1 (rat) Forward 5-TCA TAG
GCA TCC GAG ACA TC-3/, Reverse 5'-TGG TAG AGG
AAG TAG CAG ATG-3’; ERK1 (human) Forward 5'-GAT
GGG GCA GTA CAA GGA GA-3/, Reverse 5'-TGC AGT
GGA TAG AGC ACC AG-3'; Rat collagen a1 (T) Forward:
5'-CAG GCT GGT GTG ATG GGA TT-3/, Reverse 5'-
CCA AGG TCT CCA GGA ACA CC-3’; GAPDH (rat)
Forward 5-GGC AAG TTC AAC GGC ACA G-3/, Rev-
erse 5'-CGC CAG TAG ACT CCA CGA CAT-3'; GAPDH
(human) Forward 5-ACT TTG GTA TCG TGG AAG
GAC T-3’, Reverse 5-GTA GAG GCA GGG ATG ATG
TTC T-3'. The primers were synthesized by SBS Genetech
Co., Ltd (Beijing, China). Relative mRNA expression was

measured according to the method of fold increase
(z—AACt)'

Western Blot Assay

Total protein was isolated either from the HSCs at 72 h
post-infection or from the liver tissue of sacrificed rats.
Western blotting was performed as previously described
[17]. The anti-PTEN (Santa Cruz, USA), anti-Bcl-2 (Santa
Cruz, USA), anti-Bax (Santa Cruz, USA), anti-CyclinD1
(Santa Cruz, USA), anti-CDK4 (Santa Cruz, USA), anti-
p27kip! (eBioscience, USA), anti-Akt (eBioscience, USA),
anti-p-AktThr308 (eBioscience, USA), anti-FAK (Santa
Cruz, USA), anti-pFAK™™%7 (Santa Cruz, USA), anti-
ERKI1 (Santa Cruz, USA), anti-pERK1 (Santa Cruz, USA)
(1:200) and anti-GAPDH antibodies (Santa Cruz, USA)
(1:500) were used as primary antibodies. The blots were
developed using enhanced chemiluminescene (ECL).

The results were analyzed with Kodak 1D digital
imaging software (Kodak, USA) and reported as the optical
density ratio of the target protein to GAPDH.

Cell Proliferation Assay with MTT

The MTT assay was performed as described previously
[21]. Briefly, the HSCs were seeded into a 96-well plate at
a density of 3 x 10*/mL x 200 pL/well. Adenoviral gene
transfection was performed as described above. At 24, 48
and 72 h post-infection, the MTT solution of 5 mg/
mL x 20 pL/well was added to the wells. The cells were

allowed to grow for 4 h and then the medium was replaced
with 150 pL dimethylsulfoxide (DMSO). The absorbance
(A), measured at 490 nm, was used to calculate the inhi-
bition rate of proliferation
Acontrol x 100 %]

[(Acontrol - Aexperimental)/

Apoptosis Assay by FAC and TUNEL

The cultured HSCs were analyzed by FAC and terminal-
deoxynucleoitidyl transferase mediated nick end labeling
(TUNEL) analysis to assay apoptosis, as previously
described [21]. The double immunofluorescent staining of
TUNEL and o-SMA was also done to study the apoptotic
index of activated HSCs in vitro and in vivo [18].

Caspase-3 Activity Assay

We used the caspase activity assay kit from Beyotime
Institute of Biotechnology (China) to measure caspase-3
activity, according to manufacturer’s instructions. Briefly,
5 x 10* HSCs/mL were seeded into each well in a 6-well
plate and infected by the corresponding virus. The cells
were harvested and lysed for 15 min on ice in a ratio of
200,000 cells to 100 pL of the lysis buffer. Protein con-
centration was measured using the Bradford assay kit to
determine the suitable amount of protein for the next step.
In a 96-well plate, 80 pL. of detection buffer + 10 pL
sample + 10 pL. Ac-DEVD-pNA was added into each well
at 37 °C for 4 h. Then A405 was measured to determine
caspase-3 activity.

Cell Cycle Assay by FAC

A total of 5 x 10* HSCs/mL were seeded into each well in
a 6-well plate and infected by the virus. The cells were
harvested and adjusted to 1 x 10%mL using 1 x PBS.
Then, 100 pL of this cell solution were added to 1 mL of
the PI buffer in the dark, at 4 °C, for 30 min. The cell
solution was filtered before acquiring the data. Chicken
erythrocytes also underwent the same process. The data
was analyzed using Expo 32 ADC and Muticycle AV.

Animal Model

CCly-induced rat hepatic fibrosis was established as
described previously [18]. Recombinant adenovirus
(2 x 10° pfu/100 pL/rat) was introduced by injecting the
tail vein of the rats once per week, starting at the fourth
week post-administration of CCl, and lasting for 4 weeks.
Recombinant adenoviruses used in the in vivo experiment
were Ad-GFP, Ad-PTEN, Ad-G129E and PTEN shRNA;
the CCl, only-treated rats were used as the control.
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Pathology, Immunohistochemical
and Immunofluorescent Staining of the Liver Tissue

Postmortem, the liver was removed and liver sections were
processed routinely. Hematoxylin-eosin (H&E) staining
was performed to assess the degree of inflammation and
Masson’s trichrome (MT) staining was performed to assess
collagen deposition. Histopathological scores of the liver
were assigned in a blinding manner by two well-trained
pathologists—inflammation was graded according to the
histology activity index (HAI-Knodell score) as Knodell
[22]; fibrosis in the liver was analyzed by the Masson-
stained area as percentage of the total area using ImageJ 2,
as previously described [23]. To check the expression
changes of PTEN in the liver tissue and HSCs in vivo,
immunofluorescent staining was also performed on frozen
liver sections, as described [18].

Statistical Analysis

The data were presented as the mean + SD and analyzed
with SPSS 18.0 software. One-way ANOVA, the Student—
Newman—Keulsthe (SNK-q) test and the Student’s ¢ test
were performed. P < 0.05 was considered to indicate a
statistically significant difference.

Results

Effect of the PTEN Gene Expression
on Proliferation of HSCs

The MTT results have shown that the wild-type PTEN and
G129E genes were able to significantly inhibit the prolif-
eration and viability of both rat primary HSCs (74.71 %)
and human LX-2 cells (50.43 %) (Fig. 1a), while PTEN
shRNA significantly enhanced the viability (118.26 vs
142.15 %) in comparison to the control group, P < 0.01
(Fig. 1a).

The BrdU assay was also used to check HSCs prolif-
eration. At 72 h post-transfection, the DNA synthesis of
primary HSCs and human LX-2 cells was significantly
reduced in Ad-PTEN (63.32 vs 42.38 %) and Ad-G129E
(74.75 vs 56.65 %) groups, compared to the Ad-GFP group
(P < 0.01); whereas PTEN shRNA enhanced the DNA
synthesis of rat primary HSCs by 35.36 %, P < 0.01, and
human LX-2 cells by 57.13 %, P < 0.01 (Table 1).

Effect of PTEN Gene Expression on Apoptosis
of HSCs

To further assess the regulation of the PTEN gene on
HSCs, flow cytometry was performed using combined
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Fig. 1 Proliferation and apoptosis of HSCs detected at 72 h post-
infection. a The MTT was used to detect the cell viabilities of rat
primary HSCs and human LX-2 cells. At 72 h post-transfection, the
viabilities of rat primary HSCs and human LX-2 cells were
significantly reduced to 74.71 and 50.43 %, respectively, in compar-
ison to the control group (100 %), P < 0.01, while PTEN shRNA
significantly enhanced the viability to 118.26 and 142.15 % compared
to the control group (100 %), P < 0.01. b Annexin-V/PE staining via
FAC was used to check the apoptotic rate of HSCs, and find that the
apoptotic rates of rat primary HSCs and human LX-2 cells in the Ad-
PTEN group (34.85 &+ 2.11 vs 41.76 + 1.98 %) and the Ad-G129E
group (25.18 £ 1.34 vs 37.18 £ 2.13 %) were significantly higher
than the control group (3.12 & 0.15 vs 5.68 & 1.15 %) and the Ad-
GFP group (4.21 £ 0.35 vs 7.21 + 1.25 %), P < 0.01; while signif-
icantly lower apoptotic rates were found in the PTEN shRNA group
(1.24 £ 0.08 vs 2.25 £ 1.18 %) as compared to the control group
and Ad-GFP, P < 0.01. ¢ TUNEL was also used to observe the
apoptosis of HSCs, and results were observed under light microscope
where the nuclei of apoptotic HSCs yielded a brown-colored positive
reaction to show similar results as Annexin-V staining by flow
cytometry. d, e Western blot was used to check the apoptosis-related
protein expression for bcl-2 and bax. Bcl-2 protein expression
significantly decreased in the Ad-PTEN and Ad-G129E groups while
bax significantly increased compared to the control and Ad-GFP
groups, P < 0.01, leading to an enhanced ratio of Bax/Bcl-2. The
PTEN shRNA showed a completely opposite effect on Bcl-2 and Bax.
#P < 0.01, compared to the control group. *P < 0.01, compared to
the Ad-GFP group SP < 0.05, compared to the Ad-PTEN group

marked Annexin-V/PE to check the apoptosis of rat pri-
mary HSCs and human LX-2 cells. At 72 h post-transfec-
tion, significantly higher apoptotic rates of rat primary
HSCs and human LX-2 cells were found in the Ad-PTEN
(3485 £2.11 vs 41.76 £ 198 %) and Ad-G129E
(25.18 £ 1.34 vs 37.18 + 2.13 %) groups in comparison
to the control (3.12 £ 0.15 vs 5.68 & 1.15 %) and Ad-
GFP (421 £ 035 vs 7.21 &£ 1.25 %) groups, with
P < 0.01. In addition, significantly lower apoptotic rates
were found in the PTEN shRNA group (1.24 + 0.08 vs
2.25 £ 1.18 %) in comparison to the control and Ad-GFP
groups, P < 0.01 (Fig. 1b). Additionally, TUNEL was also
performed to double check the apoptosis of HSCs; similar
results were found as in the case of Annexin-V staining
assessed by flow cytometry (Fig. 1c).

To further investigate the mechanism of PTEN-induced
HSCs apoptosis, we used Western blotting to check the
expression of apoptosis-associated proteins and found that
the expression of the Bcl-2 protein was decreased signifi-
cantly in comparison to the control and Ad-GFP groups
(P < 0.01). On the contrary, Bax protein expression sig-
nificantly increased compared to the control and Ad-GFP
groups (P < 0.01) by over-expression of the wild-type
PTEN gene or G129E gene in rat primary HSCs and human
LX-2 cells, with an enhanced ratio of Bax/Bcl-2 as well.
Down-regulated PTEN expression in the PTEN shRNA
group showed a completely opposite effect on Bcl-2 and
Bax (Fig. 1d, e).
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Table 1 The effects of PTEN on DNA synthesis of primary rat HSCs
and LX-2 cells by BrdU assay (mean &+ SD, n = 6)

Groups DNA synthesis (%)

Rat primary HSCs LX-2
Control 101.65 £+ 1.34 100.34 £ 2.35
Ad-GFP 100.00 £ 0.00 100.00 £ 0.00
Ad-PTEN 63.32 £ 2.58* 42.38 £+ 1.05"
Ad-G129E 74.75 £ 1.56* 56.65 £+ 2.19*
PTEN shRNA 135.36 + 4.65" 157.13 £ 5.32%

The DNA synthesis of rat primary HSCs and human LX-2 cells was
significantly reduced in Ad-PTEN and Ad-G129E groups compared
to the Ad-GFP group, whereas PTEN shRNA enhanced the DNA
synthesis of rat primary HSCs and human LX-2 cells

4 P < 0.01, in comparison to the control and Ad-GFP groups

Effect of PTEN Gene Expression on Caspase-3
Activity in HSCs

Over-expression of the wild-type PTEN gene and G129E
gene significantly promoted the activity of caspase-3 in rat
primary HSCs (2.16- vs 1.73-fold), P < 0.01, while, on the
contrary, PTEN shRNA inhibited the activity of caspase-3
compared to the Ad-GFP group (P < 0.05). Similar results
were also found in human LX-2 cells (Table 2).

Modulation of Cell Cycle by PTEN Gene Expression

Flow cytometry was used to check the cell cycles of rat
primary HSCs and human LX-2 cells. A significantly
greater number of cells was found in the Gy/G; phase in the
Ad-PTEN (70.56 = 4.05 vs 71.84 £ 2.15 %) and Ad-
G129E (67.42 £ 2.15 vs 64.12 £ 1.25 %) groups, in
comparison to the Ad-GFP group (58.78 £ 1.11 vs

Table 2 Over-expression of wild type PTEN gene increases caspase-
3 activity in rat primary HSCs and human LX2 cells (mean £+ SD,
n=3)

Groups Caspase-3 activity (unit)

Primary rat HSCs LX2
Control 345 £ 1.14 275 +1.23
Ad-GFP 337 £ 1.29 2.82 + 1.02
Ad-PTEN 7.27 £ 2.18* 7.13 £ 2.37*
Ad-G129E 5.83 + 1.25° 5.53 £ 1.37*
PTEN shRNA 1.28 4+ 0.67° 0.81 4 0.42°

Over-expression of wild-type PTEN and G129E genes significantly
promoted the activity of caspase-3 while PTEN shRNA inhibited the
activity of caspase-3 compared to the Ad-GFP group in both rat
primary HSCs and human LX-2 cells

? P < 0.01, compared to the control and Ad-GFP groups
® p<0.05, compared to control, Ad-GFP, and Ad-PTEN groups

@ Springer

56.37 £ 1.12 %), P < 0.01; while a significantly lower
number of cells was found in the PTEN shRNA group
(35.46 £ 3.05 vs 37.98 & 2.13 %), P <0.01. In the S
phase, in comparison to the Ad-GFP group, significantly
lower numbers of rat primary HSCs and human LX-2 cells
were found in the Ad-PTEN (10.25 £ 1.04 vs
10.56 £ 1.15 %) and Ad-GI29E (12.11 &£ 1.05 s
13.12 &+ 3.12 %) groups in comparison to the Ad-GFP
group (15.55 & 1.74 vs 16.21 £ 2.13 %), P < 0.01; while
a significantly lower number of cells was observed in the
PTEN shRNA group (21.17 & 2.94 vs 33.34 £ 2.15 %),
P < 0.01. Cells in the G,/M phase were also studied and
found to be similar as cells in the S phase (Fig. 2a). These
data indicated that both rat primary HSCs and human LX-2
cells were arrested in the Go/G; and G»/M phase by wild-
type PTEN gene and G129E gene, while the PTEN shRNA
acted as a promoter in this phase of the cell cycle.

To further investigate the mechanism of PTEN gene
modulation on HSCs cell cycles, we detected several cell
cycle-related protein expressions in rat primary HSCs and
human LX-2 cells. We found significantly down-regulated
CyclinD1 (29.07 vs 15.12, 38.79 vs 19.31 %) and CDK4
(42.96 vs 34.51, 33.67 vs 27.55 %) expression in the Ad-
PTEN and Ad-G129E groups and significantly up-regu-
lated P275P! expression (63.16 vs 38.10, 67.37 vs 45.26 %)
compared to Ad-GFP group (P < 0.01), while the PTEN
shRNA had an opposite effect (Fig. 2b, c).

Signaling Transduction Mechanisms of PTEN
in Behavior Regulation of HSCs

Western blotting has shown that, in rat primary HSCs, both
PI3K and p-Akt™3% protein expression significantly
decreased in the Ad-PTEN group (0.49 £ 0.02 vs
0.28 £ 0.02), in comparison with the Ad-G129E (0.75 +
0.06 vs 0.48 £ 0.03), control (0.82 £ 0.07 vs 0.50 £ 0.02)
and Ad-GFP (0.79 £0.03 vs 0.52 & 0.05) groups
(P < 0.01), while both of them showed opposite expres-
sions in the PTEN shRNA group (1.12 & 0.14 vs
0.62 + 0.03) (Fig. 3a, b). A similar tendency was also
found in experiments with human LX-2 cells (Fig. 3a, c).
Real-time PCR was also used to check the changes in
mRNA in primary HSCs. Expression of the control group
was arbitrarily assigned a value of 1; then the PI3K mRNA
relative expression levels in Ad-GFP, Ad-PTEN, Ad-
G129E and PTEN shRNA groups were calculated to be
0.979-, 0.716-, 0.962- and 1.223-fold, respectively
(Fig. 3d). Similar results were found in human LX-2 cells
(Fig. 3e); however, no significant differences were found in
the Akt mRNA expressions (Fig. 3d, e). The data indicated
that PTEN may regulate HSCs behavior via the PI3K/Akt
signaling pathway.
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Fig. 2 The mechanism of recombinant adenovirus effects on cell
cycles of HSCs at 72 h post-transfection. a Flow cytometry was used
to check the cell cycles. At 72 h post-transfection, a significantly
higher number of rat primary HSCs and human LX-2 cells was found
in the Gy/G; phase in the Ad-PTEN (70.56 4+ 4.05 vs 71.84 £
2.15 %) and Ad-G129E groups (67.42 £ 2.15 vs 64.12 £ 1.25 %)
than in the Ad-GFP group (58.78 & 1.11 vs 56.37 £ 1.12 %),
P < 0.01, and a significantly lower cell number was found in the
PTEN shRNA group (35.46 £ 3.05 vs 37.98 £ 2.13 %) in compar-
ison to the Ad-GFP group, P < 0.01. In the S phase, a significantly
lower number of rat primary HSCs and human LX-2 cells was found
in the Ad-PTEN (10.25 £ 1.04 vs 10.56 £ 1.15 %) and Ad-G129E
groups (12.11 £ 1.05 vs 13.12 &+ 3.12 %) in comparison to the Ad-
GFP group (15.55 + 1.74 vs 16.21 £ 2.13 %), P <0.01, and

We then found that both p-FAK™™°7 and p-ERK protein
expression in rat primary HSCs significantly decreased in the
Ad-PTEN (0.42 £ 0.05 vs 0.25 £+ 0.02) and Ad-GI129E
(0.49 £ 0.07 vs 0.28 £ 0.07) groups in comparison with the
control (0.80 & 0.09 vs 0.54 £ 0.07) and Ad-GFP
(0.78 &+ 0.05 vs 0.52 £ 0.06) groups (P < 0.01), while it
significantly increased in the PTEN shRNA group
(0.92 £ 0.07 vs 0.70 £ 0.05), P <0.01 (Fig. 3a, b). A
similar tendency was also found in experiments with human
LX-2 cells (Fig. 3a, c). However, no significant differences
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significantly increased number of cells was observed in the PTEN
shRNA group (21.17 &+ 2.94 vs 33.34 &+ 2.15 %) in comparison to
the Ad-GFP group, P < 0.01. Cells in the G,/M phase were also
studied and found to be similar as cells in the S phase. b, ¢ Western
blot was used to check the cell cycle-associated protein expression for
CyclinD1, CDK4 and P275P!. The results have shown that CyclinD1
(29.07 vs 15.12, 38.79 vs 19.31 %) and CDK4 (42.96 vs 34.51, 33.67
vs 27.55 %) protein expressions were significantly down-regulated in
the Ad-PTEN and Ad-G129E groups in comparison to the Ad-GFP
group (P < 0.01), while the P275P! protein expression was signifi-
cantly up-regulated (63.16 vs 38.10, 67.37 vs 45.26 %) in comparison
to the Ad-GFP group (P < 0.01). The situation with PTEN shRNA
was opposite

were found in mRNA expressions of FAK and ERK (Fig. 3d,
e). The data indicated that PTEN may regulate HSCs
behavior via the FAK/ERK signaling pathway.

The Role of PTEN on CCl,-Induced Rat Liver
Fibrosis and the Activation of HSCs In Vivo

With the overexpressed PTEN gene in the Ad-PTEN and

Ad-G129E groups, biochemical index analyses have shown
that the over-expression of the PTEN gene in the Ad-PTEN
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Fig. 3 The mechanisms of recombinant adenovirus on cell signaling
transduction pathways in HSCs at 72 h post-transfection. a,
b Western blot analysis has shown that, in rat primary HSCs, PI3K
and p-Akt (Thr308), protein expression significantly decreased in the
Ad-PTEN group (0.49 £ 0.02 vs 0.28 £ 0.02), in comparison with
the Ad-G129E (0.75 £ 0.06 vs 0.48 & 0.03), control (0.82 + 0.07 vs
0.50 £ 0.02) and Ad-GFP groups (0.79 & 0.03 vs 0.52 &£ 0.05),
P < 0.01, while it significantly increased in the PTEN shRNA group
(1.12 £ 0.14 vs 0.62 + 0.03) in comparison to the Ad-G129E and
control groups (P < 0.01). Moreover, both p-FAK (Tyr397) and
p-ERK; protein expression in rat primary HSCs significantly
decreased in the Ad-PTEN (0.42 £ 0.05 vs 0.25 £ 0.02) and Ad-
G129E groups (0.49 % 0.07 vs 0.28 & 0.07) in comparison with the
control (0.80 & 0.09 vs 0.54 & 0.07) and Ad-GFP groups
(0.78 £ 0.05 vs 0.52 +0.06), P <0.01, while it significantly

and Ad-G129E groups could improve liver function by
significantly reducing the serum levels of serum alanine
aminotransferase (ALT) and aspartate aminotransferase
(AST), in comparison to the CCl, group, control group and
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increased in the PTEN shRNA group (0.92 &+ 0.07 vs 0.70 £ 0.05)
in comparison with the Ad-G129E and control groups, P < 0.01.
There were no significant differences between the Ad-G129E, control
and Ad-GFP groups, P > 0.05. ¢ A similar tendency was also found
in experiments with human LX-2 cells. d, e Real time PCR was also
used to check for mRNA changes in primary HSCs. Expression in the
control group was arbitrarily assigned a value of 1; relative to this
value, the PI3K mRNA expression levels in the Ad-GFP, Ad-PTEN,
Ad-G129E and PTEN shRNA groups were 0.979-, 0.716-, 0.962- and
1.223-fold, respectively; however, no significant differences were
found in mRNA expression levels of Akt, FAK and ERK. Similar
results were observed in human LX-2 cells. *P < 0.01, in comparison
to the control group. *P < 0.01, compared to the Ad-GFP group
8P < 0.05, compared to the Ad-PTEN group

Ad-GFP group. However, the PTEN shRNA had the
opposite effect (Table 3).

The hematoxylin and eosin (H&E) stain and the Mas-
son’s trichrome (MT) stain confirmed that the over-
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Table 3 Impact of adenovirus-mediated PTEN gene therapy on AST
and ALT in CCl-induced liver fibrosis at different time points
(mean 4+ SD, n = 3)

Groups ALT(U/L) AST(U/L)

Tre 1 week
Control 57.78 + 8.23 146.78 + 12.23
CCly 684.32 4+ 78.34 840.32 £ 32.25
Ad-GFP 645.65 + 34.26 832.12 £ 40.32
Ad-PTEN 384.98 + 36.23" 398.43 + 43.23"
Ad-G129E 495.34 + 45.12°% 546.32 4+ 32.12°
PTEN shRNA 2030.31 + 112.34° 1730.54 + 87.34°

Tre 2 weeks
Control 57.46 £ 3.58 142.34 £+ 10.24
CCly 712.34 4+ 34.54 843.23 £ 54.32
Ad-GFP 697.45 + 45.76 876.34 + 33.32
Ad-PTEN 338.12 £ 12.34% 407.34 + 32.12%
Ad-G129E 364.32 £+ 34.56* 408.67 + 23.78%
PTEN shRNA 2040.21 + 126.32° 1860.32 4 210.32°

Tre 3 weeks
Control 58.54 + 6.58 148.45 + 13.27
CCly 1892.32 + 113.12 2018.32 4+ 123.45
Ad-GFP 1746.32 4+ 98.23 1879.23 + 119.34
Ad-PTEN 524.35 + 34.12% 690.35 4+ 54.23%
Ad-G129E 576.23 + 43.21°* 820.43 + 67.32%
PTEN shRNA 1937.56 + 32.21° 2390.32 & 112.23°

Tre 4 weeks
Control 62.31 £ 8.12 155.37 +£ 13.27
CCly 594.39 4+ 32.18 1110.32 + 89.34
Ad-GFP 576.45 £+ 23.43 886.43 + 45.67
Ad-PTEN 490.32 + 32.23% 528.34 4+ 32.12%
Ad-G129E 530.23 + 22.56* 628.43 + 45.34*
PTEN shRNA 1148.32 + 54.32° 1270.34 + 121.28°

4 P < 0.01 versus CCl,, Ad-GFP

® P <0.05 versus CCl,, Ad-GFP, Ad-PTEN

expressed PTEN gene in the Ad-PTEN and Ad-G129E
groups reduced the hepatic cell necrosis, as well as liver
inflammation (Fig. 4a, b) and also decreased collagen
deposition in liver tissue (Fig. 4a, c). The mRNA of col-
lagen ol (I) was further checked by real-time PCR and has
shown a similar tendency (Fig. 4d). To explore whether
improved pathology was due to the changes in PTEN
expression, we performed immunofluorescent staining for
PTEN in green and o-SMA in red; the yellow color from
the co-localization showed that the PTENTHSCs, which
mainly existed in the cytoplasm of activated HSCs, and the
activated HSCs expressing PTEN, accounted for a
decreasing percentage of total activated HSCs. This
observation indicated that the over-expression of PTEN
induced by exogenous wild-type PTEN and G129E genes

can significantly inhibit the a-SMA expression in com-
parison with the Ad-GFP and CCl, groups (Fig. 4). We
found that PTEN expression significantly decreased with
administration of the Ad-PTEN and Ad-G129E recombi-
nant adenovirus, which confirmed successful infection and
was evident through improved pathology (Fig. 4a).

We isolated the total protein from liver tissues in each
group and performed Western blot analysis to further check
the protein expressions of PTEN and o-SMA. Consistent
with our previous studies, the PTEN protein expression
decreased significantly due to CCl; whereas a-SMA pro-
tein expression increased significantly due to CCl, [18].
The PTEN protein expression increased significantly by
1.96-, 3.20-, 3.33- and 5.64-fold in the Tre 1 week, Tre 2
weeks, Tre 3 weeks and Tre 4 weeks (P < 0.01) in rats
treated by Ad-PTEN (Fig. 5a). The a-SMA protein chan-
ges had an opposite effect in comparison to PTEN
(Fig. 5b).

The Role of PTEN on CCl,-Induced Rat Liver
Fibrosis and the Apoptosis of HSCs In Vivo

In our previous study, TUNEL was used to find that CCly
treatment can increase the levels of apoptotically activated
HSCs in comparison to normal rat liver tissue, where less
apoptotically activated HSCs were detected [18]. In this
experiment, the over-expression of the PTEN gene induced
by exogenous wild-type PTEN and GI129E genes can
induce the apoptosis of activated HSCs. The ratio of
apoptotically activated HSCs to total activated HSCs was
described as the apoptotic index. We found a significantly
increased apoptotic index in the Ad-PTEN group in Tre 1
week (65.12 £ 5.37 %), Tre 2 weeks (46.32 £+ 4.26 %),
Tre 3 weeks (30.16 £2.23 %) and Tre 4 weeks
(32.14 £ 1.35 %) groups, in comparison to CCl, and Ad-
GFP groups (P < 0.01); the PTEN shRNA induced down-
regulation of PTEN can caused significantly reduced
apoptotic index of HSCs, P < 0.05 (Table 4).

Discussion

Liver fibrosis is reversible, however, there is no effective
therapy to reverse hepatic fibrosis and stop the progression
to irreversible cirrhosis [1, 2]. An increased number of
myofibroblasts was found to be associated with the severity
of liver fibrosis in patients [3].

PTEN is involved in the pathogenesis of myocardial,
renal and lung fibrosis [14, 15, 24]. Our previous studies
have found that increased PTEN expression can reduce the
number of activated HSCs, negatively regulate fibrogenesis
in vivo [17, 18], and induce the apoptosis of activated
HSCs in vitro [20]. The activation and apoptosis of HSCs
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<«Fig. 4 Over-expression of PTEN ameliorated the CCly-induced rat
hepatic fibrosis and decreased activated HSCs in the liver tissues,
whereas down-regulation of PTEN by shRNA aggravated hepatic
fibrosis and increased activated HSCs in vivo. a, b The hematoxylin
and eosin (H&E) stain (x200) and (a, c¢) the Masson’s trichrome
(MT) stain (x200) showed less necrosis of hepatic cells and collagen
deposition in the liver tissue by an over-expressed PTEN gene in the
Ad-PTEN and Ad-G129E groups, as well as the mRNA changes of
collagen al (I) (d). a Immunofluorescent staining was also used for
PTEN in green and o-SMA in red. The yellow color from co-
localization showed the PTENTHSCs mainly existed in the cytoplasm
of activated HSCs. Activated HSCs expressing PTEN accounted for a
decreasing percentage of the total activated HSCs, which indicated
that the over-expression of PTEN induced by the exogenous wild-type
PTEN gene and G129E gene can significantly inhibit the o-SMA
expression compared with the Ad-GFP and CCl,; grous. PTEN
expression was significantly increased with the Ad-PTEN and Ad-
G129E recombinant adenovirus in the treatment group, which
confirmed successful infection, which was manifested through
improved pathology. *P < 0.01, compared to the control group.
#P < 0.01, compared to the Ad-GFP group

plays a key role in liver fibrogenesis [2], which shows that
PTEN is a potential target for reversing liver fibrosis.

To address this question, we first isolated and purified
rat primary HSCs and then performed transfection using
the PTEN over-expressing recombinant adenovirus Ad-
PTEN and Ad-GI129E. In addition, transfection was per-
formed with the PTEN under-expressing recombinant
adenovirus PTEN shRNA and a secondary cell line,

Human LX-2, was used. We found that PTEN expression
was up-regulated by Ad-PTEN and Ad-G129E and down-
regulated by PTEN shRNA. Increased PTEN expression
led to decreased activation of HSCs and increased apop-
tosis of both rat primary HSCs and human LX-2 cells,
which was consistent with previous findings [18, 20, 25].
This study additionally found that down-regulated PTEN
expression resulted in more pronounced liver fibrosis
in vivo, increased activated HSCs and decreased apoptot-
ically activated HSCs, which indicated a protective role of
PTEN in hepatic fibrosis.

The proliferation and migration of HSCs in the liver
play a critical role in fibrostenosis [1]. Increased PTEN
expression led to a reduction in the proliferation of HSCs
in vitro, and also improved the fibrotic phenotype in CCly-
treated rats, while a decreased expression of PTEN acted
oppositely. Activated HSCs rarely can return to a quiescent
condition; however, the induction of apoptosis of activated
HSCs is one of the major ways for liver to eliminate
activated HSCs [26]. In this study, increased PTEN
expression caused an increase in apoptotic HSCs, and
decreased PTEN expression resulted in decreased apoptotic
HSCs in both rat primary HSCs and human LX-2 cells,
pointing to a pro-apoptotic role of PTEN in HSCs. The
activation of caspase-3, sharing lots of typical character-
istics with the other caspase, is one of the signaling path-
ways in HSCs apoptosis [27, 28]. To further investigate the
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Fig. 5 PTEN and o-SMA protein expressions were changed by
transfection in vivo. a Western blot results showed that PTEN protein
expression in rats treated by Ad-PTEN increased by 1.96-, 3.20-,
3.33- and 5.64-fold in the treatment (Tre) 1 week, Tre 2 weeks, Tre 3
weeks and Tre 4 weeks in comparison to the CCl, groups (P < 0.01).
b o-SMA protein expression determined by Western blot was

Time

significantly decreased by Ad-PTEN to 56.98, 60.53, 63.86 and
63.35 % in Tre 1 week, Tre 2 weeks, Tre 3 weeks and Tre 4 weeks, in
comparison to the Ad-GFP group (P < 0.01), respectively.
#P < 0.01, compared to control group. *P < 0.01, compared to Ad-
GFP group
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Table 4 Effects of PTEN on

HSCs apoptosis in rat liver Groups Apoptotic rates (%)

fibrosis, induced by CCly by CCly Ad-GFP Ad-PTEN Ad-G129E PTEN shRNA

TUNEL (mean + SD, n = 3)
Tre 1 week 3.95 + 0.03 6.11 + 0.05 65.12 + 5.37* 3524 4+ 0.11 0.65 £ 0.03°
Tre 2 weeks 2.76 + 0.05 5.23 + 0.16 46.32 + 4.26° 25.37 + 2.35% 0.43 £+ 0.01°
Tre 3 weeks 1.21 + 0.01 3.21 + 0.05 30.16 + 2.23* 17.21 + 1.56° 0.39 + 0.02°
Tre 4 weeks 0.75 + 0.03 2.56 + 0.23 32.14 + 1.35° 20.25 + 2.17° 0.24 + 0.06°

The apoptotic index increased in the Ad-PTEN and Ad-G129E groups in comparison to the CCl, and Ad-
GFP groups; the PTEN shRNA caused a significantly reduced apoptotic index in HSCs in comparison to the

CCly and Ad-GFP group

# P < 0.01, compared to the CCl, group, Ad-GFP group
> P <0.05, compared to the CCly, Ad-GFP, and Ad-PTEN groups

potential mechanism of PTEN in HSCs apoptosis, caspase-
3 activity was assessed. We found that increased PTEN
expression led to enhanced caspase-3 activity, which was
consistent with an increased apoptotic index in both rat
primary HSCs and human LX-2 cells treated by Ad-PTEN
and Ad-G129E. The PTEN shRNA reduced PTEN
expression and down-regulated the activity of caspase-3,
which was also consistent with the results that a decreased
expression of the PTEN gene resulted in less apoptotic
HSCs. Overall, our data have shown that PTEN can induce
HSCs apoptosis, probably by regulating caspase-3 activity.

The balance of apoptosis-associated genes Bcl-2 and
Bax plays an important role in cell apoptosis [29]. We
found that the anti-apoptosis factor Bcl-2 increased in
HSCs treated by PTEN shRNA and decreased in HSCs
treated by Ad-PTEN and Ad-G129E, while its inhibitor
Bax was decreased in PTEN shRNA treated HSCs and
increased in Ad-PTEN and Ad-G129E treated HSCs. It was
concluded that PTEN may regulate HSCs apoptosis
through Bax/Bcl-2 expression.

Earlier studies have found that PTEN negatively regu-
lates the cell cycle and inhibits the proliferation and dif-
ferentiation of tumor cells [30, 31]. The question remained
whether PTEN can regulate the cell cycle of HSCs based
on the inhibition of activation and proliferation of HSCs
from over-expressed PTEN [20]. The results have shown
that high PTEN expression can arrest the HSCs cell cycle
in the Go/G; phase probably due to inhibition of the G,/S
phase transformation. Moreover, the low expression of
PTEN can promote the transformation of the G,/S phase.
CyclinD1, a positive regulatory factor on the G;/S phase
transformation, as well as CDK4, a major regulator in the
cell cycle, were found to increase with down-regulation of
PTEN expression. This could partially explain the mech-
anism of PTEN on the arrest of Go/G; in HSCs. This
finding was consistent with the negative regulatory role of
PTEN on the cell cycle of tumor cells, through inhibition of
CyclinD1 and CDK4 protein expressions [32, 33]. P27"P!
binds specifically to CyclinD-CDK4(CDK6), CyclinA-
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CDK2 and CyclinE2-CDK2, which all have an important
role in the S phase. The lower level of P275P! cannot
efficiently inhibit the cell over-proliferation and tumor
progression [34]. In this study, the over-expressed PTEN
gene has been shown to enhance P27"P' expression, indi-
cating that PTEN may negatively regulate the HSCs cell
cycle through P275P!.

The behavior of HSCs is regulated by several signal
transduction pathways, such as focal adhesion kinase
(FAK)/extracellular signal-regulated kinasel/2 (ERK1/2),
phosphoinositol-3-kinase (PI3K)/serine—threonine protein
kinase B (Akt), Ras/Raf/MEK/ERK1/2, etc. [21, 35, 36].
The PTEN was found to be involved in signaling pathways
in HSCs and other types of cells [9, 10, 37-40], indicating a
potential relationship between the PTEN and behavior
regulation of HSCs.

The reduced expression of PTEN in this study was
found to promote p-Akt™™3*® expression through lipid
phosphatase activity in the HSCs and positively regulate
PI3K/Akt signaling, leading to increased activation and
decreased apoptosis of HSCs. The over-expression of
PTEN can inhibit PI3K/Akt signaling. FAK, the key point
in the integrin-mediated signal transduction pathway, was
recently found to play a vital role in the development of
fibrotic disorders [41]. We have previously shown that the
decrease in FAK expression using FAK shRNA inhibited
proliferation and induced the apoptosis of the rat HSCs cell
line [21]. In this study, we used PTEN shRNA to achieve
the reduced expression of PTEN in rat primary HSCs and
human LX-2 cells, and we found increased p-FAK™7
and p-ERK expressions. In addition, we also detected that
the over-expressed PTEN can negatively regulate the FAK/
ERK signaling pathway in HSCs through the protein
phosphatase activity, leading to decreased HSCs activation.

Gene therapy using the adenovirus vector is a potentially
novel method of transfection efficiency with a low number
of adverse effects [42—44]. In this study, the treatment of
rats with CCly-induced hepatic fibrosis with a recombinant
adenovirus carrying the highly expressed PTEN gene has
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been shown to improve liver function, inhibit activated
HSCs and induce apoptosis of active HSCs. The down-
regulated PTEN can worsen hepatic fibrosis in the CCly-
induced rat model.

In conclusion, these data demonstrate that PTEN can
regulate HSCs’ behavior both in vitro and in vivo, probably
through the FAK/ERK and PI3K/Akt signaling pathways
and also through its regulation on the HSCs cell cycle and
caspase-3 activity. Gene therapy using recombinant aden-
ovirus encoding the wild-type PTEN may be a novel
treatment option for hepatic fibrosis.
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