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Abstract. The hepatitis B virus X (HBX) protein, a regula-
tory protein of the hepatitis B virus (HBV), has been shown 
to generate reactive oxygen species (ROS) in human liver cell 
lines; however, the mechanism by which cells protect them-
selves under this oxidative stress is poorly understood. Here, 
we show that HBX induces the up-regulation of Forkhead box 
class O 4 (Foxo4) not only in Chang cells stably expressing 
HBX (Chang-HBX) but also in primary hepatic tissues 
from HBX-transgenic mice. HBX also increased ROS, but 
reduction of the abundance of ROS using N-acetylcystein 
(NAC) diminished the levels of Foxo4. Elevated Foxo4 was 
also detected in nuclei of Chang-HBX cells but not in Chang 
cells stably expressing the vector (Chang-Vec), suggesting that 
HBX activates the transcriptional activity of Foxo4. When we 
examined whether HBX bypasses JNK signaling that targets 
Foxo4, we found that the activity of JNK but not of ERK is 
required for the up-regulation of Foxo4 even in the presence of 
HBX. Furthermore, the reduction of Foxo4 levels using siRNA 
or a JNK inhibitor rendered Chang-HBX cells sensitive to 
apoptosis under oxidative stress, suggesting that up-regulation 
of Foxo4 mediated by HBX enhances resistances to oxidative 
stress-induced cell death. Accordingly, we propose that Foxo4 

may be a useful target for suppression in the treatment of 
HBV-associated hepatocellular carcinoma cells.

Introduction

The human hepatitis  B virus (HBV) induces acute and 
chronic hepatitis and is closely associated with the incidence 
of human liver cancer (1,2). Among the four proteins that are 
derived from the HBV genome, the hepatitis B virus X (HBX) 
protein is involved in multiple signaling pathways associated 
with cell survival and proliferation. Cell signal transduction 
pathways that are activated by HBX include the Jak1/Stat3, 
PI-3 kinase pathways (3-6) and the Ras/Raf/MAPK signaling 
cascade which leads to NF-κB activation (7,8). In addition, 
HBX expression increases reactive oxygen species (ROS) via 
calcium signaling and cellular kinases, which results in the 
activation of the transcription factors NF-κB and Stat3 (3). 
Further studies have revealed that HBV-induced oxidative 
stress also stimulates the translocation of Raf-1. Src inhibitors 
or a dominant negative PAK mutant abolishes Raf-1 mito-
chondrial translocation mediated by HBX (9).

The Forkhead box class O (Foxo) subfamily proteins 
consist of the functionally related proteins, Foxo1, Foxo3a, 
Foxo4 and Foxo6 (10). Growth factors negatively regulate Foxo 
transcriptional activity by phosphorylation-mediated nuclear 
exclusion (11,12) through Akt kinase signaling. This pathway 
is evolutionarily conserved from Caenorhabditis elegans 
to humans. However, nutrient deficiency or oxidative stress 
induce Foxo activity, which respectively activate the gene 
expression of pyruvate dehydrogenase kinase 4 and of Mn 
superoxide dismutase (SOD) (13-15). This seems to suggest 
that Foxo plays a protective role against stress and is vital 
for cell survival. Conversely, there is evidence to show that 
increased Foxo activity induces apoptosis through a Foxo-
mediated regulation of various pro-apoptotic genes, including 
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Fas ligand, and Bim (11,16,17). Sustained inhibition of Foxo 
activity is emerging as a critical event in tumor cells, suggesting 
that Foxo may act as a tumor suppressor (18). Recent studies 
have also reported that Foxo is involved in the up-regulation of 
multi-drug resistance in leukemia cells (19).

The goal of the present study was to explore the pathways 
linking HBX expression with the protection of cells under 
oxidative stress. We herein report that the Foxo4 transcrip-
tional factor plays a crucial role in protecting a human liver 
cell line from oxidative stress-induced cell death. On the 
basis of this result, we propose that suppression of Foxo4 
may provide an effective therapeutic regimen for treatment of 
HBV-associated hepatocellular carcinoma cells.

Materials and methods

Cell cultures and transgenic mice. Parental Chang cells and 
Chang cells stably expressing vector (Chang-Vec) or HBX 
(Chang-HBX) were cultured in DMEM supplemented with 
10% FBS and 1% penicillin and streptomycin. HBX transgenic 
mice (C57BL/6) described previously (20) were maintained 
under an SPF barrier area in the Korea Research Institute of 
Bioscience and Biotechnology (KRIBB). The HBX transgenic 
mice were sacrificed at 24 weeks after birth and age-matched 
non-transgenic mice (C57BL/6) were used as a negative 
control. Animal care and procedures were performed in 
compliance with the policy of the KRIBB Animal Care and 
Use Committee.

Reagent and antibodies. PD98059, SP600125 and SB202190 
were used to inhibit the activation of MAPK including ERK, 
JNK and p38, respectively, and were added to cells at different 
concentrations for 12 h. N-acetylcysteine (NAC) was used to 
reduce ROS concentration, and PP2 and wortmannin were 
used to inhibit Src and PI3 kinase activity, respectively. All 
inhibitors were purchased from Calbiochem (San Diego, CA) 
For immunoblotting, anti-Foxo4, MnSOD and β-tubulin anti-
bodies were obtained from Santa Cruz Biotechnology (Santa 
Cruz, CA). Akt, its phospho-specific antibody (Ser-705), and 
anti-PARP antibody were purchased from Cell Signaling 
(Danvers, MA).

siRNA transfection. Cells were trypsinized and incubated 
overnight to achieve 60-70% confluency before siRNA trans-
fection. Foxo4 siRNA [60 nM, 5'-UCUCACCUCUUCCCAU 
UCC(dTdT)-3' as sense and 5'-GGAAUGGGAAGAGGUG 
AGA(dTdT)-3' as antisense] (Bioneer Corp., Korea) described 
elsewhere (21) or control siRNA (22) were mixed with 
Lipofectamine 2000 (Invitrogen). The cells were incubated 
with the transfection mixture for 6 h and then rinsed with 
DMEM containing 10% serum. The cells were incubated for 
48 h before harvesting.

Western blot assays. Cells were harvested and lysed with lysis 
buffer [150 mM NaCl, 1% NP-40, 50 mM Tris-HCl (pH 7.5)] 
containing 0.1 mM Na2VO3, 1 mM NaF and protease inhibitors 
(Sigma, St. Louis, MO). For immunoblotting, proteins from 
whole cell lysates were resolved by 10 or 12% SDS-PAGE and 
then transferred to nitrocellulose membranes. Primary anti-
bodies were used at 1:1,000 or 1:2,000 dilutions, and secondary 

antibodies conjugated with horseradish peroxidase were used 
at 1:2,000 dilutions in 5% nonfat dry milk. After final washing, 
nitrocellulose membranes were exposed for enhanced chemilu-
minescence assays using the LAS 3000 (Fuji, Japan).

Cellular fractionation. Cells cultured in 60 mm plates were 
harvested with ice-cold PBS and cell pellets were lysed with 
400 µl of TTN buffer [20 mM Tris-HCl (pH 7.4), 0.05% 
Triton X-100, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 10% 
glycerol, 0.5 mM PMSF, and 1X cocktail protease inhibitor] 
on ice for 20 min followed by centrifugation at 10,000 x g for 
15 min. The supernatants served as the cytosol fractions, and 
the pellets as the insoluble fractions which were subsequently 
solubilized in 400  µl of RIPA buffer [50  mM Tris-HCl 
(pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 1% NP-40, 
0.5% deoxycholic acid, 0.1% SDS, 10% glycerol, 0.5 mM 
PMSF, and 1X cocktail protease inhibitor] on ice for 30 min 
and were centrifuged at 12,000 x g for 15 min. Thereafter, the 
supernatants were used as the nuclear extracts.

Measurement of ROS. As described elsewhere (23), intracellular 
ROS levels were determined by using an oxidative-sensitive 
fluorescence dye, 2',7'-dichlorodihydrofluorescein diacetate 
(DCF, Molecular Probes, Eugene, OR). Cells were treated with 
20 µM DCF for 30 min, harvested after addition of 0.25% 
trypsin-EDTA, and extensively washed with PBS. The fluo-
rescence intensities of the cells were measured at 485 nm for 
excitation and at 530 nm for emission (Victor3, Perkin-Elmer, 
MA).

Immunofluorescence. Cells were fixed with 4% paraformal-
dehyde for 15 min, permeabilized with cold acetone for 
15 min, blocked with 10% goat serum for 30 min, and reacted 
with a 1:100 dilution of the primary antibody for 30 min at 
room temperature. After incubation, the cells were extensively 
washed with PBS, incubated with a 1:500-diluted Alexa 
Fluor 680-conjugated rabbit anti-goat IgG antibody (Molecular 
Probes) in PBS for 30 min at room temperature and washed 
three times with PBS. For nuclear staining, a Hoechst 33258 
staining solution (4 µg/ml) (Sigma) was added for 30 min. The 
stained cells were mounted with PBS containing 10% glycerol 
and photographed with a confocal microscope (LSM 510, 
Zeiss, Germany).

Statistical analysis. ROS measurement and cell proliferation 
assay were performed in triplicate. Data are represented as the 
means + standard deviations. The student's t-test was used for 
the statistical analyses, with P<0.05 defined as significant.

Results and Discussion

HBX expression induces intracellular oxidative stress, 
leading to up-regulation of Foxo4 protein level. Since expres-
sion of HBX, a regulatory HBV protein generates ROS in 
human liver cell lines (24), we wished to determine how 
these cells are able to protect themselves from this induced 
oxidative stress. We found that Chang-HBX produce more 
ROS than Chang-Vec (Fig. 1A), consistent with a previous 
study (24). Since the Foxo4 transcription factor is known to be 
involved in increasing cell survival under oxidative stress (13), 
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the protein levels of Foxo4 in Chang-HBX and Chang-Vec 
cells were compared. The stable expression of HBX induced 
a large increase in the levels of Foxo4 compared to that of 
Chang-Vec cells (Fig. 1B). We also observed an up-regulation 
of MnSOD, which was correlated with the enhanced level of 
Foxo4 (Fig. 1B). Furthermore, when we examined the Foxo4 
level in HBX-expressing transgenic mice, Foxo proteins were 
found more abundantly in the primary hepatic tissues of 
HBX-transgenic mice compared to the control mice (Fig. 1D). 
Conversely, when we reduced endogenous ROS with NAC, 
we found that the level of Foxo4 decreased in Chang-Vec 
and especially Chang-HBX cells relative to the untreated 
control cells (Fig. 1E). This result suggests that the level of 
endogenous ROS dictates the abundance of Foxo4. To address 
directly whether ROS plays a key role in the up-regulation of 
Foxo4, we added H2O2 to Chang-Vec cells and found that H2O2 
induced the expression of Foxo4 (Fig. 1F). Taken together, 
these results support the idea that the elevated ROS induced by 
HBX up-regulates the expression of Foxo4.

HBX expression induces translocation of Foxo4 into the 
nucleus. Moreover, when we examined the localization of 
Foxo4, a significant fraction of the over-expressed Foxo4 
protein was found in the nuclear fraction in Chang-HBX 
cells, similar to the nuclear-cytoplasmic ratio of Foxo4 seen 
in Chang-Vec cells despite the low level of Foxo4 in these 
cells (Fig. 2A). We confirmed that the Foxo4 protein was 
partially translocated into the nuclei of Chang-HBX cells 
using a confocal microscopy (Fig. 2B). The Foxo4 protein was 
barely detectable in the cytoplasm of Chang-Vec cells, while 

Figure 1. HBX-mediated oxidative stress induces up-regulation of Foxo4. (A) Chang-Vec and Chang-HBX cells were treated with 2',7'-dichlorodihydrofluo-
rescin diacetate (DCF) fluorescence dye (20 µM) for 30 min and harvested for measurement of DCF fluorescence dye at 485 nm for excitation and at 530 nm 
for emission, after extensive washings. Error bars indicate standard deviation. *P<0.05. (B) The expression of Foxo4, MnSOD and tubulin in Chang-Vec 
and Chang-HBX cells were examined by immunoblotting using the corresponding antibody. (C) Chang cells were transfected with HBX expression vector 
(0.5 or 1 µg) or empty vector as a control in the presence of c-Myc tagged Foxo4 vector (0.5 µg). At 48 h post-transfection, the expression of Foxo and HBX 
were examined by immunoblotting using anti-myc and anti-HBX antibodies, respectively. (D) The cell lysates of hepatic tissues from control (24-week-old, 
C57BL6, n=2) and HBX-transgenic mice (24-week-old, C57BL6, n=2) were prepared. After proteins from the cell lysates were separated on 10 or 15% 
SDS-PAGE, Foxo4, HBX and tubulin were detected by immunoblotting using the corresponding antibody. (E) Chang-Vec and Chang-HBX cells were treated 
with N-acetylcystein (NAC; 20 mM) for 12 h and harvested for immunoblotting to detect the level of Foxo4. (F) Chang-Vec cells were treated with H2O2 and 
harvested for immunoblotting to detect the level of Foxo4.

Figure 2. Presence of HBX induces translocation of Foxo4 into the nucleus. 
(A) The cytosolic and nuclear fractions from Chang-Vec and Chang-HBX 
cells were separated and the level of Foxo4 was examined by immunoblot-
ting. The cytosol and nuclear fraction were confirmed with tubulin and sp-1, 
respectively. (B) Chang-Vec and Chang-HBX cells were incubated on the 
chamber slide followed by fixation and permeabilization. The cells were 
stained with a goat anti-Foxo4 antibody followed by an Alexa Fluor 680-con-
jugated rabbit anti-goat IgG antibody. For nuclear staining, Hoechst staining 
solution was added before glycerol mounting. Immunofluorescence was 
detected with a Zeiss confocal microscope.
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the Foxo4 protein was clearly detected in the nucleus as well 
as the cytoplasm of Chang-HBX cells. These results suggest 
that HBX expression induces a large up-regulation of Foxo4, 
accompanied by the translocation of Foxo4 into the nucleus 
where it is then available for transcriptional activity.

JNK inhibition sensitizes ROS-mediated cell death by down-
regulation of Foxo4. Although it has been reported that the 
activation of Foxo4 is dependent on JNK (25), we wanted to 
determine whether HBX expression provides an alternative 
signaling pathway that is independent of JNK activity for 
up-regulation of Foxo4. To test this hypothesis, we treated 
Chang-Vec and Chang-HBX cells with SP600125, a JNK 
inhibitor. In addition, we separately treated the cells with 
PD98059 or SB202190 to examine whether other MAPK 
kinases (ERK or p38 MAPK) are required for the up-regula-
tion of Foxo4 even in the presence of HBX. The MAPK kinase 

inhibitors suppressed phosphorylation of their specific kinases 
(data not shown). The inhibition of ERK did not affect Foxo4 
expression levels in Chang-Vec or Chang-HBX cells, while 
inhibition of JNK and p38 MAPK, which are both involved in 
stress signaling pathways, reduced Foxo4 expression in both 
cell lines (Fig. 3). These results suggest that up-regulation 
of Foxo4 requires JNK or p38 MAPK activity even in the 
presence of HBX. Since it has been shown that activated Raf-1 
is involved in translocation of HBX into the mitochondria 
during oxidative stress (9), Chang-HBX cells were treated 
with PP2, a Src inhibitor, to block Raf-1 activation. Although 
blockage of Raf-1 activation was observed in the presence 
of this Src inhibitor (data not shown) (9) this administration 
was not accompanied by a reduction in Foxo4 levels (Fig. 3), 
suggesting that Foxo4 expression is not directly dependent 
on Raf-1 activity. On the other hand, multiple studies have 
argued that JNK is associated with cell proliferation. This 
is supported by the fact that higher activities of JNK have 
been associated with hepatocyte growth and regeneration 
(26). Furthermore, deletion of MKK4, an upstream kinase of 
JNK, has been shown to reduce JNK activity and to impair 
liver development in mice (27). Therefore, the biological role 
of JNK was examined in our model by treating Chang-HBX 
cells with the JNK inhibitor SP600125, and subsequently 
adding H2O2 to the cells. The Chang-HBX cells treated with 
SP600125 displayed reduced cell density and evidence of 
apoptotic cell death (cleaved PARP) under oxidative stress 
compared to H2O2-treated or mock-treated Chang-HBX cells 
(Fig. 4). In contrast, ERK inhibition did not enhance the 
sensitivity to oxidative stress in Chang-HBX cells (Fig. 4). 
These results confirmed that the up-regulation of Foxo4 
by HBX-mediated JNK activation protects the cells from 
oxidative stress-induced apoptosis. Therefore, we identified a 
novel protective role of JNK in hepatic cell survival via Foxo4 
under oxidative stress.

Figure 3. JNK activity is required for up-regulation of Foxo4 during oxida-
tive stress even in the presence of HBX. Chang-Vec and Chang-HBX cells 
were treated with PD98059 (PD; 30 µM), SP600125 (SP; 20 µM), SB202190 
(SB; 20 µM), or PP2 (20 µM) inhibitors and harvested at 24 h post-infection. 
Foxo4 and tubulin were examined by immunoblotting using the respective 
antibodies.

Figure 4. JNK activity is required for protection of Chang-HBX cells from oxidative stress-induced apoptosis. Chang-HBX cells were treated with PD98059 
(PD; 30 µM) or SP600125 (SP; 20 µM) for 12 h and followed by treatment with H2O2 for 36 h. Cells were observed by microscopy at 12, 24 and 36 h after 
H2O2 administration. The cells were harvested at 36 h post-treatment and apoptosis was detected by cleavage of PARP, a substrate of caspase 3 and 7.
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Suppression of Foxo4 sensitizes the resistance of Chang-HBX 
cells to oxidative stress-induced cell death. It has previously 
been reported that HBX expression can activate PI-3 kinase/ 
Akt-dependent signaling (28). Furthermore, Akt-mediated 
phosphorylation of Foxo has been shown in some systems to 
inhibit Foxo functions by promoting its interaction with 14-3-3 
proteins and its relocalization from the nucleus to the cytosol 
(29), thereby leading to its proteasomal degradation through 
polyubiquitination by E3 ubiquitin ligase Skp2 (30). However, 
this proposed pathway of Akt-dependent degradation of Foxo4 
is inconsistent with our observation of Foxo4 up-regulation, 
which evidently occurred even despite HBX-mediated consti-
tutive activation of Akt. To resolve this contradiction, we first 
introduced wortmannin to inhibit PI-3 kinase/Akt signaling. 
Contrary to the earlier models, we found that Akt inhibi-
tion actually down-regulated Foxo4 levels compared to the 
mock-treated Chang-HBX cells (Fig. 5A), while a significant 
change in Foxo4 levels could not be observed in Chang-Vec 
cells due to the low expression of Foxo4. Conversely, when 
we suppressed Foxo4 expression using siRNA and examined 
the Akt activity, we found that reduced Foxo4 expression was 
associated with a down-regulation of Akt activity (Fig. 5B). 
Based on these results, it appears that Foxo4 and Akt may 
positively regulate each other. These findings are in contrast 
to previous reports, which showed that Akt down-regulated 
Foxo proteins (29). However, in a recent study it was shown 
that prolonged Foxo3a activity promoted drug-resistance in 
leukemia by enhancing the expression of critical signal inter-
mediates that drive the activity of the PI-3 kinase/Akt signaling 
pathway (31), consistent with our data (Fig. 5A and B). We are 
currently conducting further experiments to determine how 
Foxo4 and Akt positively regulate one another. To determine 

the biological significance of the enhanced level of Foxo4 in 
the presence of HBX, we suppressed Foxo4 expression using 
siRNA and subsequently treated Chang-HBX with H2O2 to 
induce apoptosis. The Chang-HBX cells treated with Foxo4 
siRNA were more susceptible to H2O2 oxidative stress over 
the course of treatment compared to Chang-HBX cells treated 
with the control siRNA (Fig. 5C). Only 40% of Chang-HBX 
cells survived at 36 h after treatment with Foxo4 siRNA 
under H2O2-induced oxidative stress, whereas approximately 
95% of Chang-HBX cells survived 36 h after treatment with 
control siRNA under H2O2-induced oxidative stress (Fig. 5C). 
These results suggest that the Foxo4 transcription factor 
exerts a protective role against oxidative stress in hepatic cells 
expressing HBX.

In this study, we have shown that up-regulation of Foxo4 
mediated by HBX confers cellular resistance to oxidative 
stress-induced death. We thus speculate that up-regulation of 
Foxo4-induced by HBX contributes to the survival of virus-
infected liver cells under oxidative stress evoked by HBV 
replication or chemotherapy and thereby yields a long-term 
viral reservoir in HBV-infected patients. Moreover, the find-
ings presented in this study suggest that therapeutic strategies 
selectively disabling the pro-survival actions of Foxo4 may be 
desirable in HBX-expressing hepatic cells.
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Figure 5. Suppression of Foxo4 sensitizes Chang-HBX cells to oxidative stress-induced cell death. (A) Chang-Vec and Chang-HBX cells were treated with 
wortmannin (1 µM) to inhibit PI-3 kinase/Akt signaling and harvested at 24 h post-infection. The levels of Foxo4, phosphor-Akt, Akt and tubulin were 
examined by immunoblotting using the corresponding antibody. (B) Chang-HBX cells were transfected with Foxo siRNA (100 pmol) or control siRNA 
(100 pmol) and harvested at 48 h post-transfection. Foxo4, phosphor-Akt, Akt and tubulin were detected by immunoblotting using the corresponding anti-
body. (C) Chang-HBX cells were transfected with Foxo4 siRNA or control siRNA for 12 h, followed by treatment with H2O2 for 36 h. Cells were observed by 
microscopy and counted using Trypan Blue staining at 12, 24 and 36 h after H2O2 administration. Open and closed circle indicate the viable cell number of 
Chang-HBX cells treated with Foxo4 siRNA and control siRNA, respectively. Error bars indicate standard deviation. *P<0.01.
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