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ABSTRACT We have reported previously that the hepa-
titis B virus oncoprotein, HBx, can bind to the C terminus of
p53 and inhibit several critical p53-mediated cellular pro-
cesses, including DNA sequence-specific binding, transcrip-
tional transactivation, and apoptosis. Recognizing the impor-
tance of p53-mediated apoptosis for maintaining homeostasis
and preventing neoplastic transformation, here we further
examine the physical interaction between HBx and p53 as well
as the functional consequences of this association. In vitro
binding studies indicate that the ayw and adr viral subtypes of
HBx bind similar amounts of glutathione S-transferase-p53
with the distal C terminus of HBx (from residues 111 to 154)
being critical for this interaction. Using a microinjection
technique, we show that this same C-terminal region of HBx
is necessary for sequestering p53 in the cytoplasm and abro-
gating p53-mediated apoptosis. The transcriptional transac-
tivation domain of HBx also maps to its C terminus; however,
a comparison of the ability of full-length and truncated HBx
protein to abrogate p53-induced apoptosis versus transacti-
vate simian virus 40- or human nitric oxide synthase-2
promoter-driven reporter constructs indicates that these two
functional properties are distinct and thus may contribute to
hepatocarcinogenesis differently. Collectively, our data indi-
cate that the distal C-terminal domain of HBx, independent of
its transactivation activity, complexes with p53 in the cyto-
plasm, partially preventing its nuclear entry and ability to
induce apoptosis. These pathobiological effects of HBx may
contribute to the early stages of hepatocellular carcinogenesis.

Hepatitis B virus (HBV) is a major risk factor associated with
the development of hepatocellular carcinoma (HCC) (re-
viewed in ref. 1), with the HBV X ORF being frequently
integrated and expressed (2-4). Whereas HBx is capable of
neoplastically transforming rodent cells (5, 6) and causing
HCCs in transgenic mice (7, 8), its oncogenic mechanism is
unclear.

The p53 tumor suppressor protein is involved in numerous
cellular processes that are critical for maintaining the genomic
integrity of cells (reviewed in refs. 9-12). p53 is functionally
inactivated by structural mutations, viral proteins, and endog-
enous cellular mechanisms in the majority of human cancers.
Although the molecular pathogenesis of human HCC can
involve the somatic mutational inactivation of the p53 gene,
especially in geographic areas where dietary aflatoxin B;
exposure is a liver cancer risk (13-15), the absence of p53
mutations in the majority of HCC cases (13, 14, 16, 17) suggests
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that its inactivation may be achieved by another mechanism(s).
Evidence is now accumulating to indicate that HBx may
contribute to hepatocarcinogenesis by blocking p53 function
(18-21). In this study, we present data consistent with the
hypothesis that HBx, via its distal C-terminal domain, binds to
and partially sequesters p53 in the cytoplasm, resulting in the
abrogation of p53-mediated apoptosis.

MATERIALS AND METHODS

Plasmids. The plasmid constructs encoding GST-WTp53
and full-length HBx of the adr subtype (pSPX46) have been
described previously (19). The following plasmids under con-
trol of the T3 or T7 promoter were used for in vitro translation
of HBx of the ayw subtype: SK1-154x, encoding full-length
HBx; SK1-110x, encoding the first 110 amino acids of the HBx
ORF; and SK61-154x, encoding amino acids 61-154 of HBx.
For microinjection and transfection studies, the following
cytomegalovirus (CMV)-driven expression vectors were used:
CMV-x1, encoding full-length HBx of the adr subtype (19, 21);
CMV-1-154X, encoding full-length HBx (ayw subtype); CMV-
30-154X, encoding amino acids 30—154 of HBx (ayw subtype);
and CMV-61-154X, encoding amino acids 61-154 of HBx (ayw
subtype). pactBgal, a gift of J. Yuan (Harvard University),
encodes a B-galactosidase (B-gal) gene under the control of
chicken B-actin promoter (22). pGreen-Lantern was obtained
from Gibco/BRL. For transcriptional transactivation assays,
an SV40 promoter-driven luciferase construct, pGL2 (Pro-
mega), and a human NOS2 promoter-driven luciferase re-
porter construct, pNOS2(3.8)luc (23), were used.

Binding Assay. Preparation of fusion protein, in vitro trans-
lation of 3*S-labeled proteins, and binding assays were carried
out as described previously (19). To reference input for
binding, aliquots representing 20% the volume of the different
in vitro translated HBx used for the binding studies were
immunoprecipitated by anti-HBx polyclonal antibody (19).
Each construct was tested in at least three independent binding
assays. Mean percent binding of the different HBx constructs
is presented relative to full-length HBx of the ayw subtype
(SK1-154X). Student’s # test was performed to assess statistical
significance.

Cell Culture and Microinjection. Low passage primary
normal human fibroblasts (GMO7532) were obtained and
cultured as previously described (21). Normal human hepato-
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cytes were isolated from nontransplantable liver tissue from a
4-year-old male (donor 1) and a 36-year-old-male (donor 2)
(Clonetics, San Diego). The cells were seeded directly onto
grids and then microinjected within 48 h of plating. Plasmids,
at 100 wg/ml in PBS, were injected into nuclei of cells using a
glass microcapillary needle. For the mapping studies, each
plasmid combination was microinjected into at least 50 cells
per experiment, analyzed 24 h after microinjection, and tested
in at least three independent experiments. Only those exper-
iments with greater than 10 immunopositive cells present per
condition were included in the analysis. The human liver
cancer cell line, HepG2, was obtained from American Type
Culture Collection and cultured in Eagle’s minimal essential
medium supplemented with 10% fetal bovine serum.

Immunocytochemical Analysis of p53 and HBx. Cells were
fixed and immunostained as previously described (21) using
anti-p53 polyclonal CM-1 antibody (1:200 dilution; Signet
Laboratories, Dedham, MA) followed by Texas red-
conjugated antirabbit IgG (1:200; Vector Laboratories),
and/or 1:10 diluted 146x and 227x HBx monoclonal antibodies
followed by FITC-conjugated antimouse Ig antibody (1:200
dilution; Vector Laboratories). Cellular localization of p53 and
full-length HBx was evaluated in fibroblasts using an MRC 600
confocal microscope (Bio-Rad). B-gal was visualized using
1:50 diluted B-gal monoclonal antibody (Oncogene Science)
followed by FITC-conjugated anti-mouse Ig antibody (1:200
dilution; Vector Laboratories). Nuclei were stained with 4',6-
diamidino-2-phenylindole (Sigma).

Transient Transcriptional Transactivation Assay. HepG2
cells were seeded and transfected as previously described (23).
Each 60-mm plate of cells, tested in triplicate, was cotrans-
fected with 0.5-7.5 g of expression vector encoding either
full-length or truncated HBx and 500 ng of either pGL2 or
pNOS2(3.8)luc reporter constructs. All dishes within an ex-
periment were transfected with the same total amount of DNA
by the addition of CMVneo (B. Vogelstein, Johns Hopkins
Oncology Center). Preparation of cell extracts, measurement
of resonance light units, and determination of total protein
were carried out as described previously (23). Data are pre-
sented as fold activation by HBx relative to the neomycin
control vector. The reported dose-response results reflect
representative data from a single experiment, whereas the
comparison of the transactivation activity of the different HBx
deletion mutants represents data from three separate trans-
fections.

RESULTS

The Distal C-Terminal Region of HBx Is Necessary for
Efficient In Vitro Binding to GST-p53. Consistent with our
previous report (19), full-length HBx of the adr subtype
(pSPX46) binds specifically to GST-p53 (Fig. 1 A and C). We
further show in Fig. 1 that HBx of the ayw subtype (SK1-154x)
binds a similar level of GST-p53 as the adr subtype. When two
deletion mutants derived from HBx of the ayw subtype were
analyzed, we found that an N-terminal deletion mutant, SK61—
154x, retained on average 48% of the full-length HBx binding
(P <0.001), whereas a C-terminal deletion mutant, SK1-110x,
consistently exhibited significantly lower levels of binding
compared with both full-length HBx (18%; P < 0.001) and the
N-terminal deletion mutant (P < 0.002). Similar levels of the
different in vitro translated HBx proteins were used within
each binding study (Fig. 1B) with their specificity being
demonstrated by lack of binding to glutathione S-transferase
(GST) (Fig. 14, lanes 1, 3, 5, 7).

The Distal C-Terminal Domain of HBx Is Critical for
Inhibition of p53-Mediated Apoptosis. A microinjection strat-
egy was employed using normal human fibroblasts to map the
region of HBx necessary for abrogating pS3-mediated apopto-
sis. Twenty-four hours after microinjection of a CMV-driven
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Fi6. 1. The C-terminal domain of HBx is critical for in vitro
association with GST-p53. (4) In vitro translated full-length HBx
protein (lanes 1-4) and HBx deletion mutants (lanes 5-8) were
incubated with glutathione-Sepharose beads loaded with either GST-
p53 (lanes 2, 4, 6, 8) or GST (lanes 1, 3, 5, 7). Lanes 1-4 and 5-8, along
with their respective binding input, are representative data from two
independent assays. (B) To reference input for binding, 20% of the
volume of the various in vitro translated HBx proteins used for binding
were immunoprecipitated by anti-HBx antibody. (C) Schematic rep-
resentation of full-length and truncated HBx, as described in Materials
and Methods, along with a summary of their binding to p53. Percent
binding represents the mean = SD from at least three independent
binding assays with values made relative to SK1-154x.

p53 expression vector into the nuclei of fibroblasts, 26% of the
pS3-immunopositive cells were apoptotic as measured by
morphological criteria of 4’,6-diamidino-2-phenylindole-
stained nuclei (Table 1). AnnexinV staining was used as a
confirmatory assay for apoptosis (data not shown). Consistent
with our recently published data (21), coinjection of p53 and
full-length HBx genes of two different viral subtypes (CMVx1,
adr; CMV-1-154X, ayw) resulted in significant abrogation of
p53-induced apoptosis (Table 1). The adr subtype was more
efficient at blocking p53-mediated apoptosis with 7% of the
cells being apoptotic, whereas 14% of the cells coexpressing
p53 and the ayw subtype of HBx were apoptotic. This differ-
ential protective effect is not likely due to dissimilar levels of

Table 1. The C-terminal domain of the hepatitis B viral X gene is
critical for inhibition of p53-mediated apoptosis

Microinjected

expression vector(s) Percent apoptotic cells* nt
— 0.09 1,150
B-gal 1x1 140
p53 2617 912
p53 + CMV=x1 (adr) 7x2 (P<0.0001) 289
p53 + CMV-1-154X (ayw) 14 =3 (P <0.004) 569
p53 + CMV-30-154X (ayw) 12+2 (P <0.001) 277
p53 + CMV-61-154X (ayw) 13 +2 (P <0.003) 264
p53 + CMV-1-110X (ayw) 197 (P> 0.100) 674
p53 + CMV-1-97X (ayw) 20 = 11 (P > 0.100) 406

*Fibroblasts with condensed and fragmented nuclei as well as cyto-
plasmic blebbing characteristic of cells undergoing apoptosis. Values
represent mean * SD. P values are for Student’s ¢ test comparing
p53-mediated apoptosis in the presence versus absence of the dif-
ferent HBx constructs.

n, number of p53 immunopositive cells scored following microinjec-
tion of the various expression vector combinations.



Medical Sciences: Elmore et al.

HBx protein expression, as a quantitative comparison of the
HBx immunostaining intensity in fibroblasts microinjected
with either CMV=x1 (adr subtype) or CMV-1-154X (ayw
subtype) showed no significant difference (data not shown).
When HBx deletion mutants, missing either the first 29
(CMV-30-154X) or 60 (CMV-61-154X) amino acids, were
coinjected with p53, efficient abrogation of apoptosis relative
to full-length HBx of the ayw subtype (CMV-1-154X) was
observed (Table 1). In contrast, cells coexpressing p53 and
HBx deletion mutants lacking either the last 44 (CMV-1-
110X) or 57 (CMV-1-97X) amino acids exhibited high levels
of apoptosis (19 and 20%, respectively), which were not
significantly different than the percent of apoptotic cells
following microinjection of p53 expression vector alone. Only
very low levels of apoptosis were observed in uninjected
fibroblasts or those microinjected with B-gal expression vector
(Table 1). Twenty-four hours after the microinjection of an
expression vector encoding full-length HBx of the ayw subtype
(CMV-1-154X), we observed only a background level of
apoptosis, which was assessed by the percent of apoptotic
fibroblasts 24 h after microinjection of a B-gal expression
vector (data not shown).

HBx Abrogates p53-Mediated Apoptosis in Normal Human
Hepatocytes. To evaluate the impact of HBx expression upon
pS3-induced apoptosis in liver, primary human hepatocytes
isolated from nontransplantable liver from two donors were
microinjected with wild-type p53 expression vector alone or
together with an expression vector encoding full-length HBx.
Overexpression of p53 induced apoptosis in hepatocytes from
both donors; however, donor 2 hepatocytes were more sensi-
tive than donor 1 hepatocytes, with percentage values of 51 and
18, respectively. Consistent with our findings in normal human
fibroblasts, HBx inhibited p53-mediated apoptosis in primary
human hepatocytes from the two donors (Fig. 24). To assess
the background level of apoptosis, pGreen-Lantern expression
vector was injected into hepatocytes isolated from donor 1.
When a total of 46 green lantern-expressing hepatocytes were
analyzed, we saw no evidence of apoptosis.

HBx via Its Distal C-Terminal Region May Sequester p53 in
the Cytoplasm. As previously described (21), microinjection of
wild-type p53 expression vector into primary human fibro-
blasts results in elevated p53 levels accumulating predomi-
nantly in the nucleus or in both the nucleus and cytoplasm
(data not shown). When observed, p53 cytoplasmic immuno-
staining was typically diffuse in appearance and always asso-
ciated with intense nuclear p53 immunostaining (data not
shown). Following the coinjection of p53 and full-length HBx
expression vectors, pS3 immunostaining was observed pre-
dominantly in both the nucleus and cytoplasm of fibroblasts,
with the cytoplasmic staining being more intense and punctate
in appearance (Fig. 34). Fibroblasts with exclusively cytoplas-
mic p53 and HBx immunostaining also were occasionally
observed (Fig. 3B Lower). As shown in Fig. 3, p53 colocalizes
with HBx in the cytoplasm of fibroblasts coexpressing p53 and
full-length HBx proteins. In contrast, pS3 does not associate
with HBx in cells coexpressing p53 and the C-terminal HBx
deletion mutant encoded by CMV-1-110X (Fig. 34). As with
fibroblasts, p53 protein was predominantly nuclear in hepato-
cytes overexpressing only wild-type p53, whereas it tended to
be more cytoplasmic when overexpressed with HBx (Fig. 2B).
Moreover, many coinjected hepatocytes exhibited very similar
cytoplasmic staining patterns for p53 and HBx proteins, sug-
gesting an in vivo association (Fig. 2B).

Transcriptional Transactivation Activity of HBx Is Not
Correlated with Abrogation of p53-Mediated Apoptosis. The
adr and ayw subtypes of full-length HBx were compared
regarding their ability to transcriptionally transactivate an
SV40 promoter-driven luciferase reporter construct in human
liver cells. Whereas the adr subtype more efficiently abrogated
p53-mediated apoptosis (Table 1), the ayw subtype of HBx was
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F1G. 2. Effects of HBx expression on p53-mediated apoptosis and
on p53 localization in normal human hepatocytes. Primary hepato-
cytes were microinjected with a pS3 expression vector or coinjected
with p53 and HBx (adr and ayw subtypes for donor 1; adr subtype for
donor 2) expression vectors. (4) After 24 h, cells were immunostained
for p53 and scored for apoptosis as described in Materials and Methods.
Bar values represent the percentage of apoptotic hepatocytes from one
to three individual experiments. The total number of p53 immunopo-
sitive cells scored for donors 1 and 2 were 108 and 119, respectively.
ND, not determined. *, Fisher’s exact test comparing the levels of
p53-mediated apoptosis in the absence versus presence of HBx ex-
pression, P = 0.036. In the case of p53 = HBx (adr) with donor 2, a
x> test was performed because greater than 100 cells were analyzed,
P = 0.046. (B) Twenty-four hours after microinjection with p53
expression vector alone (Upper Left) or coinjection with p53 and
full-length HBx expression vectors (Upper Right and Lower), hepato-
cytes were simultaneously immunostained for p53 (Texas red) and
HBx (FITC) as described in Materials and Methods. Yellow regions
(Lower Right) reflect overlapping areas of p53 and HBx immunostain-
ing in a single hepatocyte also shown (Upper Right and Lower Left).

a more potent transcriptional transactivator than the adr
subtype over a wide range of DNA concentrations in HepG2
cells (P = 0.003; Fig. 44), as well as in two other human liver
cell lines, Hep3B and AKN-1 (data not shown). Although
full-length HBx transcriptionally transactivates both reporter
constructs, all of the HBx deletion mutants exhibited signifi-
cantly lower transactivational activity than full-length HBx
(P = 0.016, SV40; P = 0.005, NOS2) (Fig. 4B). Particularly
noteworthy are mutants 30-154 and 61-154, which despite
their weak transcriptional transactivating potential, efficiently
blocked p53-mediated apoptosis (Table 1).



14710  Medical Sciences: Elmore et al.
HBX
A.
&~
CMV1-154x
CMV1-110x
FiG. 3.

Proc. Natl. Acad. Sci. USA 94 (1997)

HBx via its distal C-terminal region sequesters p53 to the cytoplasm. (4) Normal human fibroblasts were microinjected with a p53

expression vector and either full-length HBx (CMV-1-154X) or a deletion mutant missing the last 44 amino acids (CMV-1-110X) followed by
incubation for 24 h. Immunostaining was performed as described in Materials and Methods. (B) Confocal microscopic analysis of normal human
fibroblasts coinjected with p53 and full-length HBx expression vectors. Yellow regions represent areas of colocalization. (Upper) Representative
example of the degree of cytoplasmic sequestration typically observed in fibroblasts overexpressing p53 and HBx. (Lower) Fibroblast with all

detectable p53 colocalizing with HBx in the cytoplasm.

DISCUSSION

Data are accumulating to indicate that HBx may contribute to
hepatocarcinogenesis by binding to p53 and inhibiting several
pS3-mediated cellular processes critical for maintaining the
genomic integrity of cells. In this study, in vitro binding data
indicate that the distal 44 C-terminal amino acids of HBx are
necessary for efficient binding to p53. Even though GST-p53
fusion protein behaves like wild-type p53 in terms of its
sequence-specific DNA binding (data not shown), we cannot
be certain whether the binding of full-length and truncated
HBx protein to GST-p53 is the same as native p53. Comple-
menting our in vitro binding data, however, are recent far-
Western blotting results, indicating that pS3 binds to HBx
between amino acids 102 and 136 (51), as well as our finding
in this study that p53 colocalizes in the cytoplasm of human
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fibroblasts with full-length HBx but not with an HBx deletion
mutant missing the distal 44 amino acids.

Using a microinjection mapping strategy, we have demon-
strated that in normal human fibroblasts, the same distal
C-terminal region critical for binding GST-p53 in vitro also is
essential for abrogating pS3-mediated apoptosis. Recognizing
that HBx functions by binding to other proteins, and that the
complement of proteins is likely different in different cell
types, we evaluated the effect of HBx expression on p53-
induced apoptosis in primary human hepatocytes. Our data
from two individual donors indicate that HBx also abrogates
p53-mediated apoptosis in hepatocytes. We (unpublished
data) and others (24) have demonstrated recently that pro-
longed overexpression of HBx induces apoptosis in normal
human fibroblasts. Our data indicate that HBx mediates
apoptosis at least in part via a p53-independent pathway and
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FiG. 4. Ability of full-length HBx (A4; adr versus ayw subtypes) and various HBx deletion mutants (B; ayw subtype) to transcriptionally
transactivate SV40- and/or human NOS2 promoter-driven luciferase reporter constructs in HepG2 cells. Thirty-six to 48 hours after transfection,
whole cell lysates were prepared, and resonance light units per pg protein were determined as described in Materials and Methods. (A)
Representative data from a single experiment testing each sample in triplicate (Student’s ¢ test; all data points, P < 0.003). (B) Bar values represent
the mean =+ SD of resonance light units per ug protein relative to the CMV-neomycin control vector from three independent experiments (Student’s
t test: all data points for SV40, P =< 0.016 and for NOS2, P = 0.005).
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with different kinetics than p53-mediated apoptosis (unpub-
lished data). Therefore, the ability of HBx to induce apoptosis
does not necessarily exclude its proposed involvement in the
abrogation of p53-mediated apoptosis.

The mechanism(s) for inhibition of p53-mediated apoptosis
by HBx is likely a complex issue. Based on our findings in both
normal human hepatocytes and fibroblasts, HBx may interfere
with p53-mediated apoptosis by sequestering p53 in the cyto-
plasm. As lower amounts of nuclear p53 seem to favor G1
arrest, whereas higher levels induce apoptosis (25), partial
cytoplasmic sequestration of p53 by HBx may sufficiently
reduce the concentration of nuclear p53, resulting in the
inhibition of apoptosis. Complementary to our model is a
recent report describing high levels of cytoplasmic HBx and
low levels of wild-type p53 in hepatocytes during chronic active
hepatitis, a condition associated with an increased risk of HCC
(26). Moreover, cytoplasmic sequestration of p53 by HBx has
been reported in hepatocytes of HBx transgenic mice (27). The
great majority of p53 staining in the livers of hepatocellular
carcinoma patients is located in the nuclei of tumor cells (26,
28, 29). However, in many of these cases, accumulation of
nuclear p53 correlates with a mutant p5S3 genotype, typically a
late event in hepatocarcinogenesis (30, 31). Nuclear p53 could
also be inactive, as recently demonstrated in teratocarcinoma
cells (32). Thus, nuclear p53 in hepatocellular carcinomas does
not necessarily exclude the possibility that HBx may sequester
pS3 in the cytoplasm early in the carcinogenic process.

In addition to cytoplasmic sequestration, HBx may abrogate
p53-mediated apoptosis by influencing the transcriptional
transactivation activity of p53. Consistent with this possibility
are our previous data indicating that HBx reduces p53-
mediated p21¥#! expression (21), inhibits p53 sequence-
specific DNA binding (19), and blocks transcriptional trans-
activation by p53 of a reporter gene containing multiple
p53-responsive elements (19). It is unlikely, however, that HBx
abrogates p53-mediated apoptosis solely by inhibiting the
transcriptional transactivation activity of p53, as p5S3-mediated
apoptosis may not require the activation of downstream genes
(33-36), and overexpression of a number of pS3 downstream
effectors, including p21%2l, BAX, FAS, GADDA45, cyclin G,
and IGF-BP3, does not induce apoptosis (refs. 21, 33, 37 and
unpublished data). Alternatively, HBx may inhibit p53-
dependent apoptosis by disrupting protein—protein interac-
tions between p53 and other cellular factors in its apoptotic
pathway (33, 38) or by directly interacting with proteins
associated with DNA transcription and repair such as XPB and
XPD (ref. 38 and unpublished data).

Numerous studies indicate that the transcriptional transac-
tivation property of HBx contributes to hepatocarcinogenesis
(reviewed in refs. 1 and 3). Although capable of binding
single-stranded DNA (39), HBx seems to transcriptionally
transactivate through protein—protein interactions with cellu-
lar transcriptional factors or effectors of signal transduction
pathways (40-42). As abrogation of p53-mediated apoptosis
by HBx is dependent on its C-terminal region, we tested
whether this protective effect positively correlates with the
transcriptional transactivation activity of HBx, which is also
localized toward the C terminus (43, 44). Our observations that
(i) N-terminal deletion mutants only weakly transactivated
SV40- and NOS2 promoter-driven reporter constructs yet they
efficiently blocked p53-mediated apoptosis and (ii) full-length
HBx of the ayw viral subtype was consistently a stronger
cotransactivator in liver cells, whereas the adr subtype more
efficiently blocked p53-mediated apoptosis in fibroblasts, in-
dicate that these functional properties of HBx are distinct.
However, in the single case of hepatocytes in which both viral
subtypes were tested, the ayw subtype more efficiently abro-
gated p53-mediated apoptosis. It is presently unclear why the
adr subtype more efficiently blocks pS3-mediated apoptosis in
fibroblasts whereas the ayw subtype abrogates p53-mediated
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apoptosis better in hepatocytes. It is also unknown why
hepatocytes from the two different donors exhibited different
susceptibility to p53-mediated apoptosis. Two possible expla-
nations are differences in the age of the donor or the differ-
entiation state of the cells.

In this report, we demonstrate that the distal C-terminal
region of HBx is critical for in vitro binding to GST-p53,
sequestering p53 in the cytoplasm and abrogating p53-
mediated apoptosis. Because the HBx gene is frequently
integrated into the genome of HCC (2, 45), inhibition of
pS3-mediated apoptosis by HBx may provide a clonal selective
advantage for hepatocytes expressing this integrated viral gene
(21). In HBV-associated HCC, rearrangements or truncations
of the N- and C-terminal domains of HBx have been reported
(46-50). However, in the case of the C terminus, only small
deletions (i.e., 10 amino acids) in the poorly conserved extreme
distal region are affected presumably due to viral integration
(48-52). Considering the multistage pathogenesis of HCC and
the numerous biological properties of HBx, it is likely that this
viral protein has additional oncogenic mechanisms. Data in
the present study indicate that HBx may also contribute to
hepatocarcinogenesis by transcriptionally transactivating
NOS2, an enzyme that can produce consistent high levels of
the putative endogenous mutagen, nitric oxide (53-55). This
potentially novel oncogenic mechanism of HBx warrants fur-
ther investigation, considering chronic HBV infection is a
major risk factor associated with the development of HCC
(reviewed in ref. 1), HBx is expressed and exhibits cotransac-
tivation function in many HCCs (4, 45, 47), and NOS2 can be
induced in human and rodent hepatocytes (56-58).

We thank B. Vogelstein for the CMV-driven wild-type p53 and
neomycin expression vectors, J. Huibregtse for the GST-p53 vector, H.
Thoenen for the CMV-driven construct, and J. Yuan for the B-gal
expression vector. We are grateful to D. Dudek for the editorial
assistance.
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