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Hepatitis B virus X stimulates redox signaling through 
activation of ataxia telangiectasia mutated kinase
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Abstract: Hepatitis B virus X (HBX) protein plays a crucial role in carcinogenesis, but its mechanism is unclear. The 
involvement of ataxia telangiectasia mutated (ATM) kinase in the enhanced redox system was investigated by ex-
amining the phosphorylation level of ATM in HBX gene-transfected cells and in transgenic mice following redox sys-
tem manipulation by treatment with hydrogen peroxide (H2O2) or antioxidant. Western blotting and immunostaining 
showed that phospho-ATM was significantly increased by HBX both in vitro (3.2-fold; p<0.05) and in vivo (4-fold; 
p<0.05), and this effect was abrogated by antioxidant treatment. The level of PKC-δ in HBX-expressing cells was 
increased 3.5-fold compared to controls. Nuclear localized NF-E2-related factor 2 (Nrf2) was increased in HBX-
expressing cells exposed to H2O2, but remained at lower levels after the treatment with rottlerin, KU55933, or 
caffeine. The levels of anti-oxidant molecules were increased in HBX expressing cells and in transgenic mice, in-
dicating that HBX stimulates the Nrf2-mediated redox system. The levels of intracellular reactive oxygen species 
(ROS) were significantly increased in HBX-expressing cells treated with hydrogen peroxide in the presence of ATM 
inhibitor KU55933 or caffeine. Treatment of HBX-expressing cells with KU55933 or caffeine before the exposure 
to H2O2 increased the ratio of cell apoptosis to 33 ± 4% (p<0.05) and 22 ± 4% (p<0.05), respectively. Collectively, 
HBX stimulates the ATM-mediated PKC-δ/Nrf2 pathway, and maintains the enhanced activity of the redox system. 
Therefore, manipulating ATM kinase activity might be a useful strategy for treating HBX-induced carcinogenesis.
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Introduction

Hepatocellular carcinoma (HCC) is one of the 
most lethal cancers worldwide [1, 2]. Many 
cases of HCC arise in individuals with chronic 
liver diseases related to hepatitis B virus (HBV), 
hepatitis C virus (HCV), alcohol abuse, non-
alcoholic steatohepatitis (NASH), and hemo-
chromatosis. The etiology of HCC is diverse: 
HCV-related HCC is prevalent in industrial coun-
tries and NASH has now been regarded as a 
new threat for cancer development in Europe 
and Unites States. In contrast, HBV infection is 
more prevalent in Asia, Africa, and the South 
Pacific Islands and has remains an important 
risk factor for HCC development in these areas 
[1-4].

Among the different etiologies of HCC, HBV is a 
unique causative agent as many studies have 
implicated this virus as a direct inducer of can-
cer development. Clinical evidence has shown 
that HCC arises in some individuals with occult 
HBV infection without evident chronic liver dam-
age [1, 5]. More importantly, a large number of 
HBV-related HCCs represent the integration of 
the HBV-encoding HBV X (HBX) gene, which has 
been identified as a critical mediator of cancer 
development. HBX-transgenic mice develop 
HCC without any signs of chronic hepatitis or 
cirrhosis [6, 7], which supports the hypothesis 
that HBX is the main underlying cause of HBV 
oncogenesis. Previous studies have reported 
that HBX constitutively stimulates many onco-
genic signaling pathways including Ras/Mito- 
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gen-activated Protein Kinase (MAPK) signaling 
and others involved in DNA damage repair, cell 
growth, apoptosis, and cell cycle regulation 
[8-10]. HBX-transduced cells acquire a greater 
ability for survival and proliferation concomi-
tantly with increased DNA damage [11, 12]; 
therefore, integration of the HBX gene in the 
host genome might be the ultimate cause of 
cell transformation.

The mechanism of increased DNA damage in 
HBX-positive cells is unknown, but HBV induces 
the generation of reactive oxygen species (ROS) 
through endoplasmic reticulum stress [13] and 
many of the HBX-mediated signaling pathways 
are closely correlated with intracellular ROS lev-
els. Stimulation of HBX by ROS oscillation 
causes constitutive activation of nuclear factor-
kappa B (NF-kappa B), signal transducer and 
activator of transcription 3 (STAT-3) [14], and 
Akt/protein kinase B signaling [7]. Intriguingly, 
HBX induces acquired resistance to oxidative 
cell death, possibly through enhancement of 
redox system functions [15, 16]. The ROS level 
is regulated by the balance between oxidant 
and antioxidant molecules under physiological 
conditions. The antioxidant/electrophile res- 
ponse element (ARE) pathway mediated by 
nuclear factor erythroid 2-related factor (Nrf2) 
is one of the main regulators of redox signaling. 
Activation of ARE stimulates the production of 
phase II detoxifying enzymes with antioxidant 
enzymes that protect cells from oxidative dam-
age. HBV has recently been reported to induce 
a strong activation of Nrf2/ARE-regulated 
genes through HBX [15], which suggests that 
HBX-mediated Nrf2 signaling might be the key 
to the enhanced cell survival observed in the 
presence of oxidative stress. At present, the 
mechanism of HBX-mediated redox signaling is 
unknown. Investigation of the molecules 
involved in the protective mechanism prevent-
ing oxidative cell damage might be of value for 
the development of therapies for HBX-induced 
carcinogenesis.

One critical mediator of antioxidant responses 
has recently been identified as the ataxia telan-
giectasia mutated (ATM) kinase. This kinase, 
originally identified as a DNA damage sensor, 
has been reported to enhance Nrf2 signaling 
through protein kinase C (PKC)-δ activation 
[17]. ATM functions in the defense against oxi-
dative stress induced by oxidized low-density 
lipoprotein [18], and promotes an antioxidant 
response by regulating the pentose phosphate 

pathway [19]. HBX has been implicated in the 
oxidative DNA damage occurring in host cells; 
therefore, examining whether ATM plays a role 
in HBX-mediated redox regulation should pro-
vide valuable information. The aim of the pres-
ent study was to investigate the potential 
involvement of ATM in HBX-mediated antioxi-
dant signaling, and to examine whether manip-
ulation of ATM kinase activity would be an 
effective strategy for preventing HBX-mediated 
carcinogenesis.

Materials and methods

Reagents

For in vitro experiment, KU55933 (a specific 
ATM inhibitor) (Calbiochem, Gibbstown, NJ, 
USA) and rottlerin (a PKC-δ inhibitor) 
(Calbiochem) were dissolved in dimethyl sulfox-
ide and used at 10 μM and 5 μM, respectively. 
Caffeine (a prototype of an ATM inhibitor) 
(Latoxan, Rosans, France) was diluted with cul-
ture medium and used at 5 mM. N-acetyl-L-
cysteine (NAC) (LKT Laboratories, St. Paul, MN, 
USA) was freshly prepared by dissolving in 
water at pH 7.4 and used at 5 mM. For western 
blotting, polyclonal antibodies against phos-
pho-ATM (Ser1981), phospho-Chk2 (Thr68), 
PKC-δ and heme oxygenase-1 (HO-1) were 
obtained from Cell Signaling Technology 
(Beverly, MA, USA), and anti-NAD(P)H:quinone 
oxidoreductase 1 (Nqo1) antibody was from 
OriGene (Rockville, MD, USA). Antibodies spe-
cific for FLAG M2 and β-actin were from Sigma 
Chemical Co. (St. Louis, MO, USA).

Cell culture

Human hepatoma cell lines HepG2 cells 
(American Type Culture Collection, Manassas, 
VA, USA) were cultured in Dulbecco’s modified 
Eagle’s (DME) medium containing 10% heat-
inactivated fetal bovine serum (FBS) at 37°C in 
a humidified atmosphere containing 5% CO2. In 
all experiments, the chemical inhibitors were 
added to the culture medium 1 h before the 
addition of hydrogen peroxide (H2O2) at 100 
μM.

HBX-expressing plasmid

HBX expression plasmid pCAG-FLAG-HBX 
(pHBX) was derived from a plasmid containing 
the CAG (cytomegalovirus enhancer-chicken 
β-actin hybrid) promoter. The NotI-BglII frag-
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ment containing the FLAG-tagged HBX encod-
ing sequence was obtained from pNK-FLAG-
HBx (kind gift from Dr. Murakami, Kanazawa 
University, Japan), and was inserted into the 
EcoRI site downstream of the CAG promoter in 
pCAG-IRES-Puro (kind gift from Dr. Jun-ichi 
Miyazaki of Osaka University Graduate School 
of Medicine). After the verification of DNA 
sequence, HepG2 cells were transfected with 
mock plasmid pCAG-IRES-Puro or pCAG-FLAG-
HBx using FuGENE6 (Roche Diagnostics, 
Indianapolis, IN, USA) with MA lipofection 
enhancer (IBA, St. Louis, MO, USA). Stable 
transfected cells were established by transfec-
tion with the linearized pCAG-IRES-Puro or 
pCAG-FLAG-HBx, and selected using 2 μg/ml 
puromycin (Cayla, Toulouse, France).

Annexin V assay

Cells were maintained in serum-free media 
overnight, and exposed to H2O2 (100 μM) for 24 
h. The percentage of apoptotic cells was evalu-
ated using an Annexin V FITC Kit (Invitrogen, 
Karlsruhe, Germany), according to the manu-
facturer’s instructions. Fluorescence was visu-
alized with a fluorescence microscope (BZ-
9000; Keyence, Osaka, Japan). To assess the 
annexin V-positive apoptotic cells, 300 cells 
were counted in a given microscopic field. The 
results were obtained from three independent 
experiments.

Evaluation of intracellular ROS production

Cells were cultured in pyruvate-free DMEM con-
taining 1% charcoal-stripped FBS overnight, 
and treated with H2O2 (100 μM) for 15 min fol-
lowed by an incubation with a fluorescent probe 
5-(and-6)-chloromethyl-2’,7’-dichlorodihydroflu-
orescein diacetate, acetyl ester (CM-H2DCFDA) 
(Invitrogen, Carlsbad, CA, USA). Intracellular 
ROS generation was visualized using a fluores-
cence microscope (BZ-9000; Keyence). Quan- 
tification of fluorescence intensity changes 
reflecting ROS levels was performed by a lumi-
nometer (Fluoroskan Ascent Microplate Fluo- 
rometer, Labsystems, Helsinki, Finland) using 
an excitation wavelength of 485 nm and an 
emission wavelength of 530 nm.

Immunofluorescence

Cells were cultured on coverslips with or with-
out the treatment with H2O2 (20 μM) for 20 min. 

Cells were fixed in 4% paraformaldehyde, react-
ed with an anti-phospho-ATM (Ser1981) anti-
body (Abgent, San Diego, CA, USA) or anti-Nrf2 
antibody (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) at 4°C overnight, and incubated 
with Alexa Fluor 488-conjugated goat anti-rab-
bit IgG (Molecular Probes, Carlsbad, CA, USA). 
Fluorescence images were visualized with a 
fluorescence microscope (BZ-9000; Keyence, 
Osaka, Japan) and 300 cells were counted in a 
given microscopic field. The results were 
obtained from three independent experiments.

Animal model

Male HBX transgenic mouse model at the age 
of 6 months [6] and age-matched control wild 
mice of same strain were maintained in a 
pathogen-free facility at the Niigata University. 
Liver tissue samples were obtained from the 
animals and processed for western blotting 
and immunohistochemical analysis. NAC (Sig- 
ma) dissolved in phosphate buffer saline (PBS) 
(pH 7.4) was administered to mice intraperito-
neally at 100 mg/kg of body weight for 5 days 
as previously described [20]. For control, the 
same number of mice were administered PBS 
(5 wild mice, 5 NAC-treated wild mice, 5 HBX 
mice and 5 NAC-treated HBX mice). All the 
experimental protocols were approved by the 
Institutional Animal Care and Use Committee of 
Niigata University and performed in accordance 
with the National Institute of Health Guidelines.

Western blotting

Cultured cells were lysed in a modified radioim-
munoprecipitation assay buffer supplemented 
with complete protease inhibitor. Tissue sam- 
ples were homogenized with the same lysis 
buffer on ice using Tissue Ruptor (Qiagen, 
Tokyo, Japan). Aliquots of protein samples (20 
μg) were electrophoresed on 5-20% SDS-polya- 
crylamide gels and transferred onto polyvinyli-
dene difluoride membranes. The membranes 
were probed with appropriate primary antibod-
ies and with horseradish peroxidase-conjugat-
ed secondary antibodies, and reacted with an 
enhanced ECL western blotting detection sys-
tem GE Healthcare, (Uppsala, Sweden). Protein 
band intensity was normalized by the β-actin 
band, and was quantified using image analysis 
software (Image-J, ver. 1.44; NIH, Bethesda, 
MD).
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Immunohistochemistry

Tissue sections were reacted with antibodies 
against phospho-ATM (Ser1981) (Abgent, San 
Diego, CA, USA; 1:100) or phospho-Chk2 
(Thr68) (Abnova, Taipei, Taiwan) overnight at 
4°C using a Vector Elite ABC kit (Vector 
Laboratories, Burlingame, CA, USA). The immu-
nohistochemical staining was evaluated by two 
independent observers and evaluated the 
labeling indices by counting 200 cells at three 
different microscopic fields.

Statistical analysis

Data were analyzed using SPSS software 
(Statistical Product and Service Solutions 11.5 
for Windows; SPSS Inc., Chicago, IL), and are 
presented as the means ± SD of individual trip-
licate experiments. For data comparisons 
between the groups, Student’s t-test and two-
way analysis of variance (ANOVA) with the 
Bonferroni’s correction was used. Differences 
were considered significant for values of p< 
0.05.

Results

ATM is activated by HBX 

Western blotting of cultured cells showed that 
the phosphorylation levels were increased for 
ATM in transiently transfected HBX cells in par-
allel with the level of gene transduction. 
Phospho-ATM was also increased 3.2-fold in 
the stably transfected cells (p<0.05) (Figure 
1A). The immunostaining results confirmed the 
western blotting findings, as the percentage of 
phospho-ATM-positive cells showed a signifi-
cant increase (60 ± 7%) compared to the con-
trol cells (5 ± 3%, p<0.05) (Figure 1B). Western 
blotting also showed that the levels of phos-
pho-ATM were increased 4-fold in the liver of 
HBX-transgenic mice compared to wild type 
mice (Figure 1C). Immunohistochemical stain-
ing showed that phospho-ATM was expressed 
in non-parenchymal cells in the liver of both 
wild type and transgenic mice (Figure 1D, 
arrows). The transgenic mice showed expres-
sion of phospho-ATM in 47 ± 6% of the hepato-
cytes, compared to 5 ± 3% in the wild type 
(p<0.05). Expression was predominantly nucle-
ar (Figure 1D).

Phospho-ATM is induced through ROS genera-
tion

Sensitization to H202 increased the levels of 
phospho-ATM 4.8- and 7.9-fold in the control 
and HBX-transfected cells, respectively. Incre- 
ased levels of phospho-Chk2, a down-stream-
ing signaling molecule of ATM, were also detect-
ed in H2O2 treated cells (Figure 2A). In contrast, 
treatment of HBX-transfected cells with the 
antioxidant NAC significantly decreased phos-
phorylation levels of both ATM and Chk2 
(p<0.05, p<0.05, respectively, vs. HBX-trans- 
fected cells) (Figure 2B). Immunohistochemical 
analysis showed considerable expression of 
phospho-ATM and Chk2 in hepatocytes of the 
HBX transgenic mice, both mainly in the nuclei. 
Administration of NAC to these animals caused 
significant decreases in the numbers of phos-
pho-ATM and phospho-Chk2-positive hepato-
cytes (phospho-ATM; 48 ± 4% vs. 31 ± 4%, 
p<0.05) (Figure 2C).

ATM regulates PKC-δ/Nrf2 signaling pathway 
in HBX-transduced cells

The regulation of PKC-δ/Nrf2 signaling by HBX 
induced ATM activity was then examined by 
western blotting. The level of PKC-δ in HBX-
expressing cells was increased 3.5-fold com-
pared to the controls (Figure 3A). Treatment of 
HBX-expressing cells with KU55933 or caffeine 
decreased the levels of phospho-Chk2 to one 
third of the level seen in non-treated cells, indi-
cating that these reagents effectively sup-
pressed the ATM kinase activity at the supplied 
doses. The KU55933- or caffeine-treated HBX-
expressing cells showed decreased expression 
of PKC-δ compared to non-treated controls 
(0.3- and 0.8-fold, respectively) (Figure 3A). 
Immunostaining revealed Nrf2 expression in 
the nuclei of 10 ± 4% of the HBX-expressing 
cells, suggesting that Nrf2 is constitutively acti-
vated in some percentage of HBX-positive cells. 
Increased expression of nuclear localized Nrf2 
was detected immediately after the H2O2 treat-
ment, but remained at 1.5-, 0.9-, and 1.2-fold 
of the control levels in cells treated with rot-
tlerin, KU55933, and caffeine, respectively 
(Figure 3B).

HBX increases antioxidant molecules

Western blots showed 2.8- and 6.2-fold inc- 
reases in the levels of HO-1 and Nqo1, respec-
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Figure 1. ATM is activated by HBX both in vitro and in vivo. (A) Western blot analyses showing up-regulation of phos-
pho-ATM (p-ATM) in HepG2 cells transfected stably with or transiently with increasing amounts of HBX-expressing 
plasmid (pHBX). M2, anti-FLAG M2 antibody; mock, cells transfected empty vector; pHBX, cells transfected pHBX. 
(B) Immunofluorescent staining of p-ATM (green) in HepG2 cells stably transfected with pHBX. Nuclei were stained 
with DAPI (blue). (C) Western blot analysis showing increased p-ATM expression in livers from wild (WT) and HBX 
gene transgenic (TG) mice. W1-3, wild mice; X1-3, transgenic mice. (D) Immunohistochemical staining of p-ATM in 
livers. Arrows indicate p-ATM-positive non-parenchymal cells (magnification x 40). Columns in (A and C) show rela-
tive band intensities expressed as the fold changes of control cells or wild mice. Columns in (B and D) represent 
p-ATM labeling indices. Data are expressed as mean ± SD of three independent experiments (A and B, *p<0.05 vs. 
control plasmid transfected cells; C and D, *p<0.05 vs. wild mice).
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Figure 2. Phosphorylation of ATM is oxidant-dependent. (A and B) Cells were treated with H2O2 (100 μM) for 30 min 
or with antioxidant NAC (5 mM) for 2 h. Levels of phospho-ATM (p-ATM) and phospho-Chk2 (p-Chk2) were deter-
mined by western blotting. Columns represent relative band intensities normalized against β-actin expressed as fold 
changes relative to control plasmid-transfected cells (a*, p<0.05 vs. mock plasmid transfected cells; b*, p<0.05 vs. 
pHBX-transfected cells). (C) Immunohistochemical staining of p-ATM and p-Chk2 in livers. Arrows indicate p-ATM- or 
p-Chk2-positive non-parenchymal cells (magnification x 40). Columns show labeling indices in hepatocytes. Data 
are expressed as mean ± SD of three independent experiments (a*, p<0.05 vs. wild mice; b*, p<0.05 vs. HBX 
transgenic mice).
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tively, in HBX-expressing cells compared with 
controls (Figure 4A). Treatment with KU55933 
effectively decreased the expression of these 
antioxidant molecules. Similar increases in the 
levels of antioxidant molecules were also 

observed in the livers of mice expressing the 
HBX transgene (a 3.2-fold increase in HO-1 
expression and a 8.0-fold increase in Nqo1 
expression, compared to wild type mice) (Figure 
4B).

Figure 3. ATM regulates PKC-δ/Nrf2 signaling in HBX-
expressing cells. A: Western blot analyses showing the 
increased level of PKC-δ expression in pHBX-transfect-
ed cells, which was attenuated by KU55933 and caf-
feine. B: Immunofluorescence staining of Nrf2 (green) 
in HBX-expressing cells treated with H2O2 with or with-
out the treatment with rottlerin (RO), KU55933 (KU) 
and caffeine (CF). Scale bars represent 20 μm. Upper 
panel, Nrf2; middle panel, DAPI; bottom panel, merge 
images. Columns represent the data expressed as 
mean ± SD of triplicate experiments (a*, p<0.05, vs. 
mock-transfected cells; b*, p<0.05 vs. HBX-expressing 
cells).
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ATM acts as an antioxidant in HBX-expressing 
cells

The H2DCFDA fluorescence staining revealed 
no apparent differences in the levels of ROS 
generation between control and HBX-trans- 
fected cells. In contrast, ROS generation was 
increased in HBX-transfected cells treated with 
the ATM inhibitors KU55933 and caffeine 
(Figure 5A). Fluorescence measurements in 
HBX-expressing cells indicated 1.6 and 1.4-fold 

increases in relative absorbance after the treat-
ment with KU55933 or caffeine, respectively 
(p<0.05, p<0.05, vs. non-treated HBX-expres- 
sing cells) (Figure 5B). 

The involvement of the redox role of ATM in cell 
survival was examined in cells exposed to H2O2. 
Control cells exposed to H2O2 showed cell apop-
tosis rates of 22 ± 4% as assessed by Annexin 
V assay (p<0.01) (Figure 5C). The HBX-expres- 
sing cells showed lower rates of apoptosis (13 

Figure 4. Antioxidant molecules are induced by HBX. A: Western blot analyses showing up-regulation of HO-1 and 
Nqo1 in HBX-expressing cells (a*, p<0.05, vs. mock-transfected cells; b*, p<0.05 vs. HBX-expressing cells). B: West-
ern blot analysis showing increased expression of HO-1 and Nqo1 in livers from wild (WT) and HBX gene transgenic 
(TG) mice. W1 and W2, wild mice; X1 and X2, transgenic mice (*p<0.05).
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± 3%, p<0.05) in response to H2O2 treatment. 
Pretreatment of HBX-expressing cells with 
KU55933 or caffeine before H2O2 exposure 
increased the rate of cell apoptosis to 33 ± 4% 
and 22 ± 4%, respectively (p<0.05, p<0.05 vs. 

control plasmid transfected 
cells and H2O2-treated HBX-
expressing cells) (Figure 5C).

Discussion 

This study showed constitu-
tive activation of serine/thre-
onine kinase ATM by HBX 
both in vitro and in vivo. ATM 
is a widely recognized DNA 
damage sensor that responds 
to stimuli such as ionized 
radiation. It cooperates with 
Rad3-related (ATR) and is 
recruited to damaged DNA 
sites, where it is activated by 
phosphorylation to stimulate 
its down-stream signaling 
molecules [11]. No clear rela-
tionship between HBX and 
ATM has yet been reported, 
but previous studies indicate 
that HBX is involved in the 
function of several DNA dam-
age response factors. For 
example, HBX binds and inac-
tivates the tumor suppressor 
p53, rendering cells suscep-
tible to increased DNA dam-
age [21-23]. HBX interacts 
with DNA damage-binding 
(DDR) proteins, which might 
explain the increased DNA 
damage seen in HBV-infected 
cells [24]. HBX also inhibits 
the intra-S-phase checkpoint 
through the ATR-Chk1 path-
way [25]. However, drawing a 
simple picture of the role of 
HBX in DNA damage is diffi-
cult because the functional 
role of DNA damage response 
proteins is diverse and differs 
according to the type of DNA 
damage [11]. Nevertheless, 
the available evidence, toge- 
ther with the data provided in 
the present study, strongly 

Figure 5. ATM acts as a redox regulator in HBX-expressing cells. A: Represen-
tative images of CM-H2DCFDA fluorescence (green) in cells analyzed in B. 
Nuclei were stained with DAPI (blue). Scale bars represent 20 μm. B: Rela-
tive fluorescence intensities reflecting the ROS production. Data representing 
the fold changes of mock plasmid-transfected cells are expressed as mean ± 
SD of triplicate experiments (*p<0.05, vs. untreated pHBX-transfected cells). 
C: The percentages of annexin V-positive apoptotic cells treated with H2O2 
(100 μM) in serum-free culture media. The data represent the means ± SD of 
triplicate experiments (a*, p<0.05 vs. control plasmid transfected cells; b*, 
p<0.05 vs. H2O2-treated pHBX-transfected cells). KU, KU55933; CF, caffeine.

suggests that HBX directly regulates elements 
of the DNA damage response.

ATM appears to have an additional role in ROS 
regulation, independent of its originally pro-
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posed role as a DNA damage sensor [26, 27]. 
In the present study, H2O2 treatment increased 
the phosphorylation of ATM in both HBX-
negative and positive cells, and this increase 
was strongly suppressed by NAC. Levels of 
phospho-ATM were also decreased by NAC in 
the livers of transgenic HBX mice, suggesting 
that the phosphorylation status of ATM might 
reflect HBX-induced oxidative stress rather 
than DNA damage. The H2DCFDA assay indi-
cated no appreciable differences in the endog-
enous intracellular ROS levels in HBX-
expressing cells and control cells, but the ROS 
levels were significantly elevated in the pres-
ence of ATM inhibitors. The HBX-expressing 
cells showed a relatively better cell survival 
against oxidative stress, which was abrogated 
by ATM inhibitors. These lines of evidence sup-
port the idea that ATM is a critical regulator of 
ROS generation in HBX-expressing cells, and 
that ATM activity might be tightly controlled to 
maintain homeostasis during oxidative stress 
through adaptations of the redox system.

Among several regulatory pathway known to 
control ROS production, the PKC-δ-mediated 
Nrf2 pathway is a master regulator of redox sig-
naling. PKC-δ is a unique PKC subtype that con-
tributes to ROS homeostasis by operating 
through intermediate pathways such as 
p38MAPK. PKC-δ plays a crucial role in the 
phosphorylation of the oxidative stress sensor 
Nrf2 at serine40, which causes the dissocia-
tion of Nrf2 from an adaptor protein Keap1 
(INrf2) [28, 29]. The nuclear localized Nrf2 
binds with an antioxidant response element 
(ARE), leading to the induction of antioxidant 
defensive molecules such as HO-1 and Nqo1 
and resulting ultimately in protection of the 
cells from oxidative stress [30]. In our study, 
total amount of PKC-δ was significantly 
increased in HBX-expressing cells. ATM inhibi-
tors attenuated the induction of PKC-δ, indicat-
ing that HBX regulates PKC-δ through ATM 
activity. Although there have been only a few 
studies of the correlation of ATM and PKC-δ, 
previous study may support our obtained data, 
showing that PKC-δ expression is decreased in 
ATM gene deleted osteoblasts [17]. Because 
PKC-δ plays diverse roles depending on the site 
of phosphorylation [31-33], investigating the 
phosphorylation sites of PKC-δ may help to 
understand the regulatory mechanism of HBX/
ATM/PKC-δ signaling pathway.

Our immunostaining showed that Nrf2 is local-
ized in the nuclei of a small number of HBX-
expressing cells, suggesting that Nrf2 might be 
constitutively activated by HBX-induced oxida-
tive stress in some sets of these cells. Exposure 
to H2O2 resulted in a significant increase in the 
nuclear sequestration of Nrf2 in HBX-expressing 
cells, which was abrogated either by a PKC-δ 
inhibitor or by ATM inhibitors. We therefore sur-
mise that constitutively activated ATM might 
play a part in the activation of the PKC-δ/Nrf2 
pathway in HBX-expressing cells. The observa-
tion that defense molecules such as HO-1 and 
Nqo1 were considerably increased in HBX-
positive cells, both in vitro and in vivo, supports 
this idea.

In summary, we investigated the molecular 
mechanism of HBX-mediated redox system and 
found that ATM might be a critical mediator that 
balances the increased oxidative stress and 
activation of the redox system. HBX might acti-
vate ATM through ROS generation, while acti-
vated ATM might play an adaptive defense role 
in HBX-induced ROS generation through the 
PKC-δ/Nrf2 pathway. Our findings suggest that 
manipulating ATM kinase activity might be 
effective for controlling the HBX-mediated 
enhancement of redox activity that promotes 
cell survival in the presence of oxidative DNA 
damage. Confirmation of the potential for ATM 
to regulate HBX-induced carcinogenesis would 
require further studies on the protective effect 
of ATM inhibitors in HBX transgenic mice and/or 
HBV-positive individuals. In this regard, recent 
study has shown that a blockade of ATM results 
in a decrease in immature tumor vessels via 
increased ROS generation, suggesting that 
ATM-mediated oxidative defense might be an 
important target for treating neovascular dis-
eases [34]. Further understanding the molecu-
lar mechanism of HBV-related hepatocarcino-
genesis will require more extensive investiga-
tion of the potential of ATM as a redox 
mediator.
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