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Abstract

AIM: To investigate the role of hepatitis B virus X-protein
(HBx)-induced reactive oxygen species (ROS) on liver
carcinogenesis in HBx transgenic mice and HepG2-HBx
cells.

METHODS: Cell growth rate was analyzed, and through
western blotting, mitogenic signaling was observed.
Endogenous ROS from wild and HBx transgenic mice
and HepG2-Mock and HBx cells were assayed by FACS-
calibur. Identification of oxidized and reduced phospha-
tase and tensin homolog (PTEN) was analyzed through
N-ethylmaleimide alkylation, nonreducing electrophore-
sis.

RESULTS: We observed that the cell-proliferation-related
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phosphoinositide 3-kinase/Akt pathway is activated by
HBx /n vivo and /n vitro. Increased ROS were detected
by HBx. Tumor suppressor PTEN, via dephosphorylation
of Akt, was oxidized and inactivated by increased ROS.
Increased oxidized PTEN activated the mitogenic path-
way through over-activated Akt. However, treatment
with ROS scavenger N-acetyl cysteine can reverse PTEN
to a reduced form. Endogenously produced ROS also
stimulated HBx expression.

CONCLUSION: HBx induced ROS promoted Akt path-
ways via oxidized inactive PTEN. HBx and ROS main-
tained a positive regulatory loop, which aggravated
carcinogenesis.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the fifth most common
cancer wortldwide and the third most common cause of
cancer mortality. Among other risk factors (including alco-
hol abuse, cirthosis, and aflatoxin B1), chronic hepatitis B
virus (HBV) infection plays a central role in the etiology of
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HCC™. About 53% of HCC cases are related to HBV, and
the risk of HCC in chronic HBV carriers is approximately
100 times greater than in uninfected individuals”. Among
the four proteins encoded by the HBV genome, X protein
(HBx) is a multifunctional regulatory protein that is closely
linked to HCC, but its role in tumor growth has not been
fully clarified. Prior work from this laboratory has shown
that HBx induces liver cancer in transgenic mice”. HBx
does not bind directly to DNA, but affects transcriptional
activation through interaction with nuclear transcription
factors and by cytoplasmic modulation of signal transduc-
tion pathwaysm. HBx also mediates the activation of the
Ras/Raf/extracellular signal-regulated kinase and mitogen-
activated protein kinase kinase kinase-1/c-Jun NHz-terminal
kinase cascades, which leads to the induction of activator
protein-1 and nuclear factor kKB, One of the most well-
known pathways activated by HBx is phosphoinositide 3-ki-
nase (PI3K)/Akt, which is associated with anti-apoptotic
activity and cell proliferation””. Therefore, HBx is thought
to be associated with the development of human HCC, but
the precise function of HBx in the tumorigenic transforma-
tion of liver cells remains unclear.

Previous studies have indicated that HBx protein di-
rectly interacts with the membrane proteins of mitochon-
dria, the major site of reactive oxygen species (ROS) pro-
duction, and alters the mitochondrial membrane potential
in a hepatoma cell line. HBx also increases the level of
mitochondrial ROS and lipid peroxide production”. The
results of many previous studies have shown that normal
cells exposed to low levels of H20:2 can increase their
proliferationm. In this context, many types of cancer cells
manifest increased production of H202",

Protein tyrosine phosphatases (PTPs) are a group of
enzymes that remove phosphate groups from phosphory-
lated tyrosine residues on proteins. Together with tyrosine
kinases, PTPs regulate the phosphorylation state of many
important signaling molecules. They have been suggested
to be direct targets of H0:", In general, PTPs exert an
inhibitory effect on cancer signaling by opposing the tyro-
sine phosphorylation initiated by activated receptor kinases.
Cell stimulation induces the transient activation of class-

[ PI3K, and the subsequent production of PI 3,4,5-tri-
sphosphate (PIPs) which is important for the activation of
a variety of downstream signaling molecules, including the
protein kinase Akt, that mediate promotion of cell pro-
liferation and survival'”. The reaction catalyzed by PI3K
is reversed by phosphatase and tensin homolog (PTEN),
which functions as a PIP3 3-phosphatase. Indeed, by nega-
tively modulating the PI3K signaling pathway, PTEN acts
as a tumor suppressor. PTEN is also a member of the PTP
family. It has been previously demonstrated that Cys-124
in the catalytic site of human PTEN is readily oxidized by
exogenous H202 to form a disulfide with Cys-71",

In the present study, we attempted to determine the
effect of HBx on the activated Akt pathways. We showed
that HBx-produced H202 induces reversible inactivation of
PTEN and activation of Akt. We suggest that scavenging
H202 could be a therapeutic target for abnormal cell signal-
ing to reactivate PTEN.
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MATERIALS AND METHODS

Transgenic mice

The production of HBx transgenic mice used in this study
has been reported previously”. HBx homozygous (+/+)
transgenic mice were produced by mating HBx heterozy-
gous transgenic mice with each other. To generate HBx
homozygous transgenic mice on a mixed background of
C57BL/6 and CBA strains, HBx homozygous mice with
C57BL/6 backgrounds were crossed with CBA wild-
type mice. The heterozygous transgenic offspring with a
mixed background of C57BL/6 and CBA strains were
cross mated. Among their offspring, HBx homozygous
transgenic mice wete selected by genotyping the next gen-
eration. Selected mice were then crossed up to F12, which
is applicable for the study as an inbred strain with a mixed
genetic background (C57BL/6 and CBA). In the curtrent
study, these F12 mice were used for 7z vivo analyses. HBx
(+/+) transgenic mice were vetified by polymerase chain
reaction (PCR) analysis. The PCR primers used were as
follows: one set was sense primer 5'-TTCTCATCTGCC-
GGTCCGTG-3' and antisense primer 5-GGGTCAAT-
GTCCATGCCCCA-3', and another set was sense primer
5'-GAAAACACACTCACTGTTCAGAG-3' and anti-
sense primer 5-GTAAGCCGCTTTCTCTTATGCAG-3".
The wild-type mice were derived from littermates between
HBx heterozygous transgenic male and female mice, with
a mixed genetic background (C57BL/6 and CBA). Mice
were housed in a specific pathogen-free environment.
Mice were maintained in accordance with the guidelines
of the Institutional Animal Care and Use Committee at
the Korea Research Institute of Bioscience and Biotech-
nology (Daejeon, Korea).

Cell lines and cell culture conditions

HepG2-HBx cells derived from HepG2 cells were stably
transfected and expressed HBx. HepG2 cells were grown
in an atmosphere that contained 5% COz at 37°C in Dul-
becco’s Modified Eagle’s Medium supplemented with 10%
fetal bovine serum, 100 U/mL penicillin and 100 U/mL
streptomycin.

Proliferation assay
Cell proliferation was determined by the crystal violet
staining method, as described previously'”.

Western blotting analysis

Proteins (20 ug/sample) were separated on 12% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to nitrocellulose membranes (Mil-
lipore, Bedford, MA, USA). The membranes were blotted
at 4°C overnight with primary antibodies. The membranes
were washed five imes with 10 mmol/L Tris-HCI (pH 7.5)
plus 150 mmol/L NaCl (Tris-buffered saline; TBS) that
contained 0.2% Tween-20, and incubated with horseradish
peroxidase (HRP)-conjugated IgG. After the removal of
excess antibodies by washing with TBS, specific binding
was detected using a chemiluminescence detection system
(Amersham, Berks, UK) according to the manufacturer’s in-
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structions. Mouse monoclonal antibody to PTEN was from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit
polyclonal antibodies to phospho-Akt (Ser-473), Akt, and
monoclonal antibodies to cyclin D1, were purchased from
Cell Signaling Technology (Beverly, MA, USA). Rabbit
polyclonal antibodies to GAPDH were from Lab Frontier
(Seoul, Korea), and HRP-conjugated goat antibodies to
mouse of rabbit IgG were from Amersham and Sigma.

RNA isolation and quantitative-PCR analysis

Total RNA was isolated from the HepG2-HBx cells, or
liver tissues from HBx transgenic mice, using TRIzol
reagent (Invitrogen, Seoul, Korea) according to the manu-
facturer’s specifications. The concentration of total RNA
in the final elutes was determined by nano-drop. Total
RNA was converted into single-strand cDNA using a
cDNA synthesis kit (Fermentas, Glen Burnie, MD, USA).
Amplification of the target genes by real-time reverse
transcriptase (RT)-PCR was conducted using SYBR Green
(Takara, Otsu, Shiga, Japan) followed by analysis using the
ExicycletTM 96 Real-Time Quantitative Thermal block
(Bioneer, Daejeon, Korea). Relative gene expression was
calculated using the comparative Ct (2-AACt) method.

Identification of reduced and oxidized PTEN by
immunoblot analysis

Cells wete harvested, washed once with PBS, and resus-
pended in 0.2 mI. 100 mmol/L Tris-HCl (pH 6.8) that
contained 2% SDS and 40 mmol/L N-ethylmaleimide
(Sigma). Protein (20 pg/sample) was loaded and sub-
jected to SDS-PAGE under nonreducing conditions. The
separated proteins were then transferred to nitrocellulose
membranes and immunoblotted with a mouse anti-PTEN
antibody. Binding was detected by an HRP-conjugated
anti-mouse Ig (1:10000, Sigma) and enhanced chemilumi-
nescence reagents (Pierce, Rockford, IL, USA).

Isolation of primary hepatocytes
Hepatocytes were isolated using the same methods as
previously reported"”.

ROS detection

Cells treated with 500 pmol/L H202 and 10 mmol/L
N-acetylcysteine (NAC) were stained for 15 min with
5 pmol/ L HzOz-sensitive fluorescent dye dichlorofluores-
cein diacetate (DCFDA, FL-1; Molecular Probes, Eugene,
OR, USA) at 37°C in the dark, washed three times with
PBS, and subsequently assayed by FACSCalibur (BD Bio-
sciences, San Jose, CA, USA).

Statistical analysis

Comparisons were analyzed for statistical significance by
unpaired or paired Student’s # test using Microsoft Excel
software. P < 0.001 was considered as significant. All data
are reported as mean £ SD.

RESULTS

HBx promotes tumor formation
The HBx protein is considered to be closely associated
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Figure 1 Effect of hepatitis B virus X-protein on induction of aberrant cell
growth. A: Cell growth analysis by crystal violet staining and Assonm detection.
10* cells were seeded, and Stained at 1, 5, 6, 7 and 8 d after seeding. Values
represent mean + SD (n = 3). °P < 0.001 compared with mock transfectants; B:
Morphology of the cells was observed by optical microscopy. HBx: Hepatitis B
virus X-protein.

with the development of HCC. HBx transgenic mice, pre-
viously developed in this laboratory", developed dysplasia
around 4 wk of age, and hepatic tumors developed from
6 mo of age"”. Several studies have shown that HBx stim-
ulates cell proliferation and growth through the activation
of signal transduction pathways such as Akt. To study the
role of the HBx protein in cancer generation at the cellu-
lar level, HepG2-HBx cells were obtained by stably trans-
fecting HepG2 cells with an HBx expression plasmid. The
growth rate of the HepG2-HBx cells was approximately
double that of the HepG2 control cells (Figure 1A and B).
There were differences not only in cell growth, but also
in morphology. HepG2-HBx cells showed aberrant actin
bundling, Taken together, these results show that HBx has
a role in the development of the liver tumor by activating
proliferation and changing cell characteristics.

Tumorigenesis in HBx transgenic mice and HepG2-HBx
cells through activation of the Akt pathway

The PI3K/Akt signaling pathway is crucial to many as-
pects of cell growth and survival. To determine whether
HBx-associated HCC is also accompanied by activation
of the Akt pathway, lysates from the mouse liver tissue
and cells transfected with HBx or an empty vector were
used. As expected, the livers of HBx transgenic mice and
HepG2-HBx cells displayed an activated Akt pathway. Ac-
cumulated B-catenin, phosphorylated Akt, and increased
cyclin D1 were detected (Figure 2A). Even though cancer
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Figure 2 Effect of hepatitis B virus X-protein on activation of the Akt pathway. A: Activation of Akt pathway was examined by Western blotting with liver tissue
extracts from 6-, 11- and 13-mo-old hepatitis B virus X-protein (HBx) transgenic and wild-type mice; B: Western blotting was also performed on extracts from stable

HepG2-Mock and HBx cell lines.
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Figure 3 Effect of hepatitis B virus X-protein-induced endogenous reactive oxygen species and phosphatase and tensin homolog oxidation. Endogenous reac-
tive oxygen species (ROS) level was examined by flow cytometry. A, B: Increased production of ROS in hepatitis B virus X-protein (HBx) primary hepatocytes compared to
the wild-type hepatocytes and HepG2-HBx compared to the Mock cells. Oxidized phosphatase and tensin homolog (PTEN) was detected by N-ethylmaleimide alkylation,
and non-reducing sodium dodecyl sulfate polyacrylamide gel electrophoresis; C: In the upper panel, 20 g protein was loaded, and for the lower panel, 50 ug was loaded; D:
Parallel experiments were performed with extracts from HepG2-Mock and HBx cell lines.

cell lines might have activated Akt, total Akt per p-Akt of
HepG2 HBx cells was increased 1.4-fold compared with
the HepG2 control cells (Figure 2B).

HBx-induced endogenous ROS cause PTEN inactivation
via cysteine oxidation

Peroxides are known to modify PTPs by oxidation. PTEN
is also known to be inactivated through H2Oz-mediated
oxidation™. FACS analysis was used to verify HBx-in-
duced ROS in mice and HepG2 cells. Primary hepatocytes
were isolated from HBx transgenic and wild-type mice at
the same age. ROS levels were significantly increased in
HBx transgenic hepatocytes and HepG2-HBx cells com-
pared to controls (Figure 3A and B). HBx expression was
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also associated with decreased mitochondrial membrane
potential (data not shown). To examine the effect of HBx-
induced ROS on PTEN inactivation, a PTEN oxidation
assay was performed. HBx-expressing cells had higher
ROS levels, and showed higher levels of oxidized PTEN
when evaluated in primary hepatocytes and in HepG2
cells. HBx-induced ROS inactivated PTEN by promoting
oxidation of cysteine residues within PTEN, thereby inac-
tivating PTEN and promoting the function of Akt.

Inactivated PTEN correlates with upregulation of the PI3
kinase/ Akt pathway

To investigate the activation of Akt in the presence of
ROS-inactivated PTEN, we examined the Akt pathway
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Figure 4 Effect of reactive oxygen species on phosphatase and tensin homolog oxidation, Akt pathway and hepatitis B virus X-protein expression. A, B:
H20: treatment induced phosphatase and tensin homolog (PTEN) oxidation and activation of Akt pathway (increased relative p-Akt/total Akt ratio, cyclin D1 expression).
Reactive oxygen species (ROS) scavenging through N-acetylcysteine (NAC) treatment reduced PTEN oxidation and Akt pathway; C: ROS effect on hepatitis B virus
X-protein (HBx) expression, by quantitative reverse transcriptase polymerase chain reaction; D: Proposed scheme for ROS effect for activating Akt pathway via PTEN

oxidation in HBx-induced hepatocarcinogenesis.

activity, which was detected in 0 and 500 pmol/L H20x.
Increases in oxidized PTEN were associated with a higher
p-Akt/total Akt ratio and increased cyclin D1 expression.
To investigate further whether induced ROS is required
for activation of the Akt pathway, HepG2 cells were
treated with H20z2 in the presence or absence of NAC,
a ROS quencher. Scavenging ROS through NAC were
able to block the Akt pathway (Figure 4A and B). These
observations are consistent with the hypothesis that HBx-
mediated generation of ROS inactivates PTEN, thereby
activating the Akt pathway in carcinogenesis. In addition,
elevated ROS was also associated with elevated levels of
HBx (Figure 4C).

DISCUSSION

One of the HBV-encoded proteins, HBx, is considered
to be a major risk factor for HCC. It is well known that
HBx activates cell signal transduction pathways, such as
PI3K. Mutations or inactivation of the tumor suppressor,
PTEN, regulates Akt activation”". This is considered one
of the reasons for activation of Akt signaling in cancer.
For example, endogenously produced H20:2 has been
shown to inactivate PTEN in a macrophage cell line and
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cancer cell lines"**. In this study, HBx-triggered ROS
were associated with the oxidation and functional inactiva-
tion of PTEN. Although quantification of the extent of
PTEN oxidation in the cells was not possible, the level of
oxidized, inactivated PTEN was associated with several
factors, such as Akt activation and accelerated HepG2
cell growth, and thus might be associated with hepatocar-
cinogenesis in HBx transgenic mice. Both cell growth and
abnormal actin filaments were observed in HepG2-HBx
cells. It has been reported that reorganization of actin
filaments can cause loss of focal adhesions and cell-cell
contact, which leads to an epithelial-mesenchymal transi-
tion that consequently disrupts monolayer integritym].
The HBx-induced ROS appear to stimulate HBx expres-
sion further, which suggests the existence of a positive
feedback loop. Such feedback would be expected to cause
a rapid increase in the abundance of H20x. This localized
H202 accumulation would be expected to result in the
oxidation of only those PTEN molecules located nearby,
possibly explaining the small proportion of PTEN mol-
ecules that undergo oxidative inactivation in HepG2-HBx
cells and mouse livers.

The scheme presented in Figure 4D represents the
HBx-induced generation of H2O2. H202 participates in
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intracellular signaling by targeting PTEN, and regulation
of HBx gene expression, depending on the concentration.
The results of the present study suggest that the HBx-
mediated activation of Akt is regulated, at least in part, by
the effects of HBx-induced ROS upon PTEN.

In summary, these studies further strengthen the
case for a close relationship between oxidative stress and
tumorigenesis. The studies reported herein have shown
that HBx-induced generation of ROS can promote cel-
lular transformation signaling by altering the function
of PTEN. H202-oxidized PTEN leads to the activation
of Akt. This is significant from a mechanistic as well as
therapeutic point of view. Hence, drugs that scavenge
endogenous ROS might slow down progression to HBx-
induced liver cancet.
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COMMENTS

Background

Hepatocellular carcinoma (HCC) is one of the most common cancers in the
world. HCC is closely associated with hepatitis B virus (HBV) infection, espe-
cially in Asia. Among the HBV-encoding proteins, X protein (HBx) is a potential
candidate for involvement in HBV-related HCC. One of the best-known path-
ways activated by HBx is phosphoinositide 3-kinase (PI3K)/Akt, which is associ-
ated with anti-apoptotic activity and cell proliferation. The reaction catalyzed by
PI3K is reversed by phosphatase and tensin homolog (PTEN), which functions
as a Pl 3,4,5-trisphosphate 3-phosphatase. Indeed, by negatively modulating
the PI3K signaling pathway, PTEN acts as a tumor suppressor.

Research frontiers

HCC is one of the cancers with poor prognosis. HBV carriers are approximately
100 times greater than in uninfected individuals. Finding a diagnostic marker
and preventing severe liver damage are important areas in liver cancer re-
search.

Innovations and breakthroughs

There have been several studies about HBx-induced reactive oxygen species
(ROS). However, most of the studies have used in vitro models. This is believed
to be the first study of HBx-induced ROS in mice and HepG2 cells, and the
increased ROS promoted Akt pathways via oxidized inactive PTEN.

Applications

The suggestions in this study are significant not only from a mechanistic point of
view - HBx-induced ROS activate the Akt pathway - but also from a therapeutic point
of view - prevention of overactivation of the Akt pathway by scavenging ROS.

Peer review

In this experimental study, the molecular pathway of HBx-associated HCC
tumorigenesis via PI3K/Akt was addressed. The authors demonstrated an im-
portant role for ROS as HBx-dependent tumorigenesis mediators. This paper is
well written and concise.
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