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ABSTRACT Persistent infection with hepatitis B virus
(HBV) is a leading cause of human liver disease and is strongly
associated with hepatocellular carcinoma, one of the most
prevalent forms of human cancer. Apoptosis (programmed
cell death) is an important mediator of chronic liver disease
caused by HBV infection. It is demonstrated that the HBV HBx
protein acutely sensitizes cells to apoptotic killing when
expressed during viral replication in cultured cells and in
transfected cells independently of other HBV genes. Cells that
were resistant to apoptotic killing by high doses of tumor
necrosis factor a (TNFa), a cytokine associated with liver
damage during HBV infection, were made sensitive to very low
doses of TNFa by HBx. HBx induced apoptosis by prolonged
stimulation of N-Myc and the stress-mediated mitogen-
activated-protein kinase kinase 1 (MEKK1) pathway but not
by up-regulating TNF receptors. Cell killing was blocked by
inhibiting HBx stimulation of N-Myc or mitogen-activated-
protein kinase kinase 1 using dominant-interfering forms or
by retargeting HBx from the cytoplasm to the nucleus, which
prevents HBx activation of cytoplasmic signal transduction
cascades. Treatment of cells with a mitogenic growth factor
produced by many virus-induced tumors impaired induction
of apoptosis by HBx and TNFa. These results indicate that
HBx might be involved in HBV pathogenesis (liver disease)
during virus infection and that enhanced apoptotic killing by
HBx and TNFa might select for neoplastic hepatocytes that
survive by synthesizing mitogenic growth factors.

Hepatitis B virus (HBV) and woodchuck hepatitis B virus
(WHV, a model for human HBV infection) are small hepa-
totropic para-retroviruses (hepadnaviruses) that replicate by
reverse transcription and strongly promote liver disease and
development of hepatocellular carcinoma (1, 2). Pathogenesis
and carcinogenesis by HBV and WHV are poorly understood
processes that occur over years of chronic infection and are
associated with a process of hepatocyte death and liver regen-
eration. Death of liver cells is facilitated by the inflammatory
response, including elaboration of tumor necrosis factor a
(TNFa) (1, 3). Regeneration of liver involves production of
mitogenic growth factors, often from preneoplastic cells as
disease ensues (4). There is some evidence that the HBx
protein of HBV might play an indirect role in liver disease and
development of carcinoma during virus infection (5). The HBx
protein is highly conserved in mammalian hepadnaviruses and
is essential for virus infection in mammals (6, 7). HBx weakly
promotes tumorigenesis in certain transgenic mouse lineages
(8) and deregulates cell cycle checkpoint controls (9). HBx is
therefore an essential viral protein that might be a cofactor in
development of hepatocellular carcinoma during chronic he-
padnavirus infection.

HBx is a multifunctional protein with a number of reported
activities that might participate in viral pathogenesis and
carcinogenesis. Several activities of HBx that are relevant to
disease include activation of the Ras-Raf-mitogen-activated
protein (MAP) kinase and protein kinase C signal transduc-
tion pathways (10–13), prolonged stimulation of the MEKK1y
JNK stress-mediated signaling pathway (14–16), stimulation of
transcription by RNA polymerases II and III (17–19), and
binding and activation of several transcription factors (20–23).
Additionally, HBx stimulates quiescent cells in culture to cycle
by deregulating cell cycle control checkpoints (9), binds in vitro
to p53 protein (24) and a DNA repair factor (25), and can
activate endogenous c-Myc or N-Myc proto-oncogenes (26–
27). There are therefore a number of reported HBx activities
that might be expected to promote apoptotic destruction of
liver tissue during infection. In particular, inappropriate de-
regulation of cell cycle control checkpoints, prolonged stimu-
lation of the MEKK1 pathway, induction of Myc genes, and
enhanced DNA repair abnormalities could all play a role in
viral pathogenesis (28–31). The role of HBx in induction of
apoptosis was therefore investigated to determine whether it is
a likely cofactor in pathogenic liver disease during HBV
infection.

MATERIALS AND METHODS

Transfection of Cells and Quantitation of Killing. Chang
cells were cotransfected by calcium phosphate precipitation
for 20 h with 10 mg of HBx, HBxo, HBx-SLN, or HBx-NLS
expression plasmid DNAs per 5 3 105 cells ('20% conflu-
ency). Some experiments were performed with or without an
equal amount of the E1B-19k protein or dominant-interfering
plasmid DNA for MEKK-1 or Myc with or without treatment
of cells 20 h posttransfection for 16 h with 1.0 ngyml TNFa.
Cells were grown in DMEM containing 10% (volyvol) calf
serum. Transfection of infectious pregenomic cDNAs of WHV
were carried out using Chang cells and a wild-type WHV
pregenomic cDNA controlled by the CMV promoter (pWHV)
or a mutant that expresses nonfunctional, C-terminal, trun-
cated HBx (pCWHV) (7). Cells were transfected, maintained
in DMEM plus 10% calf serum, and passaged when confluent.
The amount of cell killing was determined by counting the
fraction of cells stained with trypan blue or by Hoechst-stained
condensed nuclei. Results represent the average from four
independent experiments from which SE were calculated.

Estimate of HBx Protein Number. Chang cells (40–50%)
expressed HBx from transfected pCMV-X based on in situ
immunofluorescence staining of fixed cells with anti-HBx-Flag
antibodies (IBI) as described (12) and are shown in Fig. 1D. To
estimate the number of HBx molecules per cell, 5 3 106 cells
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were labeled for 5 h with 400 mCi (1 Ci 5 37 GBq) of
[35S]-methionine to 4 3 105 cpmymg protein. HBx was cleared
from 130 3 106 cpm by immunoprecipitation with anti-Flag
antibodies and resolved by SDSygel electrophoresis, and the
HBx band was located by phosphorimaging, excised, and
quantitated by liquid scintillation counting at 80% efficiency.
The number of HBx molecules per cell was calculated from the
cpm per band: ('200) 4 mean protein specific activity [HBx
contains 2% methionine, close to the 1.7% average] 4 mg
weight of HBx [2.8] 10214] 4 number of HBx-expressing cells
[2 3 106]. If one to three methionines of HBx are labeled, a
transfected Chang cell was calculated to contain 8000–24,000
HBx proteins.

Indirect Immuofluorescence. Chang or HepG2 cells were
grown on coverslips and transfected as above, washed in PBS
after transfection or infection with replication-defective re-
combinant adenovirus (Ad) vectors, then fixedypermeabilized
with fresh 70% acetoney30% methanol at 220°C for 7 min as
described (14). Cells were incubated with primary antibodies
to HBsAg (Dako) or HBx-Flag (IBI), washed, and then
incubated with fluorescein isothiocyanate-conjugated second-
ary antibody as described (14). Stained cells were examined
and photographed using a Zeiss Axiophot fluorescence mi-
croscope.

Immunoblot Analysis. Equal amounts of whole cell protein
extracts were resolved by SDSy10% PAGE, transferred to
nitrocellulose, and immunoblotted with antibodies (Upstate
Biotechnology, Lake Placid, NY) to c-myc, N-myc, or c-Jun as
described (15). Immunecomplexes were visualized with the
enhanced chemiluminescence system (Amersham). Results
were quantitated by densitometry, and experiments were
repeated at least three times.

Assay of JNK Activity. JNK activity was measured by the
solid-phase kinase assay (32) using glutathione S-transferase–
c-Jun (1–223 amino acids) as both ligand and substrate as
described (15). Phosphorylated glutathione S-transferase–c-
Jun was detected by SDSy12.5% PAGE and then visualized
and quantitated by PhosphorImager (Molecular Dynamics)
analysis. Results typical of three independent experiments are
shown.

RESULTS AND DISCUSSION

HBx Sensitizes Cells to TNFa Killing During Transfection.
The level of HBx protein in HBV- and WHV-infected cells is
not known with certainty although it is thought to be moderate
(10,000–80,000 molecules) (33). We estimate the level of HBx
expressed in transfected Chang cells studied here to be 8000–
24,000 copies, although direct comparison with HBx levels
during infection is not possible given the different methodol-
ogies that were used (see Materials and Methods). Many of the
quantitative studies presented were carried out in Chang cells
despite the fact that they retain few hepatocyte characteristics
because they transfect at high efficiency ('50%). Key exper-
iments are also presented in a qualitative fashion in HepG2
cells, a differentiated hepatocyte line that transfects poorly. In
transfected Chang cells, HBx alone did not induce detectable

FIG. 1. Induction of apoptosis by expression of HBV HBx protein
in TNFa-treated cells. (A) Phase-contrast microscopic examination of
apoptosis induced by transfected HBx plus TNFa treatment. Chang
cells were photographed at 36 h posttransfection (16 h post-TNFa) by
phase-contrast microscopy (magnification, 3100). (B) Titration of
TNFa sensitization. Chang cells were transfected for 20 h with HBx
plasmids and treated for 16 h with TNFa, and cell death was
quantitated by trypan blue exclusion. Results are the mean of four
independent experiments. (C) Apoptotic DNA fragmentation in
HBx-expressing Chang cells treated with TNFa. Cells were transfected
with plasmids as above with or without 1.0 ngyml TNFa and with or

without 5 mgyml cycloheximide for 16 h, and DNA fragmentation was
determined. (D) Immunofluorescence photomicrograph (magnifica-
tion, 3600) of HBxFlag (14) transfected plus TNFa-treated Chang
cells costained with Hoechst 33258 and fluorescein isothiocyanate-
conjugated M2 anti-Flag antibodies to visualize HBx. HBx control was
not treated with TNFa. Apoptotic cells with condensed nuclei are
indicated by open arrows; normal cells are indicated by filled arrows.
(E) Immunofluorescence photomicrograph (magnification, 3600) of
Ad-HBx- and Ad-HBxo-infected HepG2 cells. HepG2 cells were
treated with TNFa and then stained with Hoechst 33258 and anti-Flag
antibodies. (F) Apoptotic DNA fragmentation in HBx-expressing
HepG2 cells treated with TNFa.

Medical Sciences: Su and Schneider Proc. Natl. Acad. Sci. USA 94 (1997) 8745



cell killing (Fig. 1 A). To determine whether HBx might instead
sensitize cells to induction of apoptosis, cells transfected with
a HBx expression plasmid were treated with TNFa, a cytokine
mediator of apoptosis that is produced in response to HBV
infection (34). Although many tumor cell lines are sensitive to
TNFa-mediated killing, nontransformed fibroblasts are typi-
cally resistant but can be sensitized by certain viral regulatory
proteins (31). Chang cells are normally resistant to TNFa-
mediated killing, even when exposed to high levels of the
cytokine (Fig. 1B). However, expression of HBx induced
sensitivity to killing by very low levels of TNFa (Fig. 1B).
Treatment of HBx-transfected Chang cells with 1.0 ngyml
TNFa for 16 h induced killing only in cell cultures transfected
with HBx (Fig. 1 A), involving '40–50% of cells, the same
proportion that was transfected (shown in Figs. 1D and 3D).
TNFa treatment of control cells was associated with a rounder
cell morphology but no detectable increase in killing. Cell
death mediated by HBx plus TNFa displayed typical charac-
teristics of apoptosis, such as generation of DNA cleavage
ladders (Fig. 1C). Only transfected cells expressing HBx were
sensitized to TNFa-mediated killing (Fig. 1D). HBx protein
(which contains the Flag epitope) was stained with anti-Flag
antibodies and colocalized to the same cells that contained
condensed and fragmented nuclei, as observed by Hoechst
33258 staining, which is indicative of apoptosis. The poor
imaging of HBx in apoptotic cells was due to the severe
morphological changes associated with apoptosis. These re-
sults demonstrate that expression of HBx protein acutely
sensitizes cells to apoptotic killing by TNFa.

HBx also sensitized HepG2 cells, a differentiated hepato-
cyte cell line, to apoptotic killing by TNFa. It was not possible
to perform HepG2 cell killing studies by transfection of HBx
plasmids because the efficiency of transfection was very low.
Instead, HBx and HBxo genes were introduced on replication-
defective recombinant Ad vectors by infecting HepG2 cells at
low multiplicity, as described (9, 12, 14). The Ad vectors were
previously shown to express only the HBx trans-gene during
the limited time frame of these types of studies (12). Cells were
infected for 6 h with Ad vectors expressing HBx or HBxo genes.
Treatment of cells for 16 h with 1.0 ngyml TNFa induced
apoptosis only in HepG2 cells expressing HBx, but not in those
expressing HBxo, as shown by condensed and fragmented
nuclei (Fig. 1E) and generation of a DNA cleavage ladder (Fig.
1F). Expression of HBx in the absence of TNFa treatment did
not induce significant cell killing or DNA cleavage. TNFa
induced morphological alterations in control HepG2 cells
(rounding) but no measurable increase in apoptosis. Nonin-
fected HepG2 cells were identical to HBxo-expressing cells
(data not shown). Thus, both a hepatocyte cell line (HepG2
cells) and liver-derived fibroblasts (Chang cells) were sensi-
tized to apoptotic killing by TNFa during HBx expression.

Cytoplasmic HBx Sensitizes Cells to TNFa Killing by
Inducing MEKK1yJNK and N-Myc. Studies performed with
HBx variants containing a functional nuclear localization
signal (HBx-NLS) that targets HBx exclusively to the nucleus
or a mutated signal that does not (HBx-SLN) previously
showed that HBx functions in the cytoplasm to activate the
Ras-Raf-mitogen-activated protein kinase cascade (14–16).
Here it was found that targeting HBx exclusively to the nucleus
(HBx-NLS) blocked sensitization of cells to TNFa killing,
suggesting activation of cytoplasmic signal transduction in
induction of apoptosis by HBx. Cotransfection of HBx with
dominant-interfering forms of MEKK1 or Myc also impaired
HBx sensitization of Chang cells to TNFa-mediated killing
(Fig. 2A). Cotransfection of the Ad E1B-19k gene, a strong
inhibitor of apoptosis, with HBx blocked TNFa-induced cell
killing (Fig. 2 A), further confirming that cell death occurred
apoptotically. Collectively, these data and those of Fig. 1
indicate that HBx sensitizes cells to induction of apoptosis by

TNFa through a pathway that involves activation of MEKK1y
JNK and Myc proteins.

It was previously demonstrated that HBx induces activation
of MEKK1yJNK and Myc in different cell lines including
Chang and HepG2 cells (15, 26, 28). These components also
contribute to induction of apoptosis in a variety of systems,
particularly sustained activation of the MEKK1yJNK signaling
pathway (30) and activation of Myc proto-oncogenes that
sensitizes cells to TNFa-mediated cell killing (29, 35). Studies
therefore were conducted to further examine the contribution
of MEKK1 signaling and Myc activities in sensitization of cells
to apoptosis by HBx. The activity and duration of JNK activity
were assayed as a measure of stress-induced signaling in cells
transfected with HBx or HBxo expression plasmids and were
treated for various times with a subapoptotic dose (1.0 ngyml)
of TNFa (Fig. 2B). Activation of JNK was measured by binding
and phosphorylation of the N terminus of c-Jun–glutathione
S-transferase protein. In cells treated with TNFa, HBx but not
HBxo induced prolonged activation of JNK. HBx but not HBxo
also induced the sustained accumulation of endogenous c-Jun,
further demonstrating that HBx mediated physiologically sig-
nificant activation of JNK, which could be blocked by cotrans-
fection with a dominant-negative MEKK1 (Fig. 2C). HBx
therefore induced strong and prolonged activation of
MEKK1yJNK that was not observed by TNFa treatment of
control HBxo-expressing cells. HBx was shown previously to
induce sustained activation of MEKK1yJNK in HepG2 cells
(15). These results show that HBx sensitized cells to killing by
TNFa, in part by activating the MEKK1yJNK signaling path-
way. Induction and nuclear accumulation of Myc also pro-
motes TNFa-mediated apoptosis (36), and HBx induces c-Myc
or N-Myc genes (26–27, this report). The nuclear accumula-
tion of Myc proteins therefore was examined in cells trans-
fected with HBx plasmids and treated with TNFa (Fig. 2D).
HBx induced strong ('5–10 fold) and persistent accumulation
of the endogenous N-Myc protein. Expression of the HBxo
gene during TNFa treatment did not induce N-Myc. HBx only
weakly and briefly induced the endogenous c-Myc gene in
Chang cells (Fig. 2D). The significant increase by HBx of
N-Myc levels and MEKK1 signaling is consistent with sensi-
tization of cells to TNFa-mediated killing. It is not known why
HBx strongly induced N-Myc and not c-Myc in Chang cells
although reports indicate that expression of the different Myc
family members is probably related to stages of cell differen-
tiation and lineage (37).

Cell Killing by HBx Is Suppressed by Mitogenic Growth
Factors. Mitogenic growth factors can suppress induction of
apoptosis in cells that receive conflicting proliferative signals
or sustain an unregulated loss of cell cycle checkpoint controls
(31). The majority of hepatocellular carcinomas derived from
mammalian hepadnavirus infection express growth factors,
particularly insulin-like growth factor II (IGF-II) in WHV and
some HBV-derived tumors. IGF-II suppresses apoptotic kill-
ing by overexpression of N-myc during WHV infection of
cultured cells (28, 38). To determine whether mitogens could
suppress apoptotic killing induced by HBx, Chang cells trans-
fected with HBx or HBxo expression plasmids were treated
with TNFa alone or in combination with human IGF-II at 20 h
after transfection (Fig. 3A). Condensed, Hoechst-stained nu-
clei indicative of apoptosis were evident only in TNFa-treated
cells expressing wild-type HBx. Cotreatment of cells with
IGF-II blocked cell killing by HBx and TNFa by '90% (Fig.
3A). These findings indicate that a mitogenic growth factor
strongly associated with WHV tumors can impair the induction
of apoptosis by HBx.

HBx Sensitizes Cells to TNFa Killing During Virus Repli-
cation in Chang Cells. The effect of HBx on cell killing during
WHV replication of cultured cells was studied. We have found
that WHV and HBV replicate well in Chang cells in a manner
dependent in HBx protein, in contrast to poor replication in
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HepG2 cells, which are only slightly stimulated by HBx (ref. 7;
N.K. and R.J.S., unpublished work). Chang cells were trans-
fected with a replication-competent cDNA of WHV that
expresses the wild-type HBx gene (wtWHV) or a replication-
impaired cDNA that expresses a C-terminally deleted (inac-
tive) HBx mutant (CWHV). Treatment of 3-day, wtWHV-
transfected cells with 1.0 ngyml TNFa for 16 h induced
significant apoptotic cell killing, evident by Hoechst nuclei
staining (Fig. 3 B and C). Killing was not observed in the
CWHV(HBx)-transfected cultures after TNFa treatment. The
extent of apoptotic cell death ('45%) correlated with the
fraction of cells containing replicating wtWHV, as determined
by indirect immunofluorescence staining of the WHV enve-
lope proteins (HBsAg) (Fig. 3B). Important to note, only
HBsAg-stained cells that contained wtWHV and expressed
HBx showed evidence of apoptotic killing, determined by
Hoechst staining of condensed fragmented nuclei (Fig. 3B,
filled arrows). HBsAg antibodies did not stain cells in the
absence of WHV transfection or when apoptosis was induced
in control cells by TNFa and cycloheximide (data not shown).
Addition of IGF-II to TNFa-treated cells containing replicat-

ing wtWHV blocked cell killing by '60% (Fig. 3C). The
inability to fully suppress apoptosis with IGF-II might indicate
that HBx is more toxic when expressed during wtWHV
replication or that the high level of WHV replication promoted
by HBx is itself somewhat toxic. Nevertheless, it is clear that
HBx sensitizes cells to TNFa-mediated killing in the context of
WHV replication in cultured cells, which is partially blocked by
a mitogenic growth factor expressed by virus-induced tumors.

CONCLUSIONS

Previous work has demonstrated that the apoptotic death of
hepatocytes in HBV and WHV infection, which is driven by
cell-mediated immune responses, underlies liver damage and
viral pathogenesis that occurs during viral infection (1). The
results presented here demonstrate that the viral HBx protein
might be a significant cofactor in HBV pathogenesis. HBx
might participate in destruction of liver tissue during HBV
infection in mammals by inducing Myc protein accumulation
and by stimulating MEKK1yJNK signaling pathways. Four
features of the study presented here validate the likelihood that

FIG. 2. Characterization of HBx protein-induced apoptosis. (A) HBx sensitization of cells to TNFa-mediated cell killing. Chang cells were
transfected with HBx plasmids with or without Ad E1B-19k protein or transfected with dominant-interfering forms of MEKK1dn or Myc for 48 h
followed by TNFa treatment at 1.0 ngyml for 16 h. HBx-NLS contains an N-terminal SV40 nuclear localization sequence, which is mutated and
nonfunctional in the HBx-SLN control (14). (B) Time course for HBx activation of JNK. Chang cells were transfected with HBx plasmids, extracts
were prepared, JNK activity was measured by in vitro kinase assay using g-32P-ATP, and an N-terminal c-Jun–glutathione S-transferase protein
was resolved by electrophoresis (15). Cells were treated with 1.0 ngyml TNFa at 10 h posttransfection for the remaining 7 h or at 23 h after
transfection for an additional 20 h as indicated. (C) HBx induces prolonged activation of MEKK1yJNK. Chang cells were transfected with wild-type
MEKK-1 or a dominant-interfering mutant (MEKKdn) and HBx plasmids, and then endogenous c-Jun levels were determined by gel electrophoresis
and immunoblot analysis (15). (D) HBx induces prolonged activation of endogenous N-Myc. Chang cells were transfected with HBx plasmids for
36 or 48 h with or without treatment with TNFa for the last 16 or 24 h as indicated and resolved by SDSygel electrophoresis, and proteins were
immunoblotted with an antisera to N-Myc or c-Myc.
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HBx might participate in hepadnavirus pathogenesis during
authentic infection of animals and humans: (i) Expression of
low levels of HBx in Chang and HepG2 cells sensitized them
to killing by low levels of TNFa. (ii) Production of TNFa is
often part of the repertoire of immune responses directed
against HBV- and WHV-infected liver (1, 3). (iii) HBx sen-
sitized cells to TNFa killing by an established mechanism,
activation of Myc, and the stress-mediated MEKK1 signaling
pathway (29–31, 35), which also are previously reported prop-
erties of HBx protein (15, 26). (iv) HBx sensitized cells to
TNFa-mediated killing when expressed during WHV replica-
tion in cultured cells. Thus, the sensitization of cells to killing
by TNFa occurs at levels of HBx protein that may be physi-

ologically relevant. The molecular contribution by TNFa to
cell killing was not directly examined in this study.

The ability of HBx to promote apoptotic cell killing by TNFa
must be considered within the context of authentic infection of
animals and humans by the mammalian hepadnaviruses. In
particular, elegant studies by Guidotti et al. (39), using a
transgenic mouse model, have shown that HBV replication can
be inhibited by the combined exposure of cells to interferon-g
and TNFa secreted by cytotoxic T lymphocytes without de-
struction of infected hepatocytes. Destruction of virus-
infected liver may therefore be a pathogenic response unre-
lated to viral clearance by the immune system, particularly
because most hepatocytes can be infected although only a
fraction are normally killed (39). The results of Guidotti et al.
are not inconsistent with the findings presented in this report,
for two reasons. First, in the transgenic mouse model, HBx
protein either is not expressed or is only expressed at extremely
low levels (39). On the other hand, our studies indicate that, in
the transfected cells examined here, HBx protein may be
expressed at physiologically relevant levels. Second, although
HBV can be cleared from infected liver without the require-
ment of tissue destruction, there is still a significant pathogenic
killing of hepatocytes that varies significantly in magnitude in
different individuals (1). It is plausible that the balance and
levels of INFg and TNFa presented to infected hepatocytes, as
well as the level of HBx protein expressed, are important
determinants of viral clearance or pathogenesis.

The potential role of HBx in HBV pathogenesis is in seeming
contradiction to its established role in replication of the virus
and a possible role in carcinogenesis. However, these activities
may not represent a paradox. We note that myc proteins can
participate in both cell transformation and apoptosis (40). In
addition, transgenic mice that coexpressed HBx and c-myc
displayed both enhanced hepatocyte apoptosis and progres-
sion to carcinoma compared with expression of either gene
alone (41). Finally, liver cancer in humans and rats display
excessive hepatocyte apoptotic death rates as well as replica-
tion rates at all stages of transformation, indicative of a
consistent species-independent mechanism in hepatocellular
carcinoma (42). Furthermore, increased cell death rates can
select for survival growth factors that in turn lead to enhanced
malignancy. A key question that needs to be addressed is the
possible role that enhanced hepatocyte turnover by HBx might
play during natural infection. It is possible that, by increasing
hepatocyte death rates, induction of liver cell growth factors
may be enhanced. This in turn could enhance liver regenera-
tion, creating a larger reservoir of new uninfected hepatocytes
to propagate the viral infection.
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