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The largest HBV transcript, the pregenomic RNA (pgRNA), is
also the template for viral replication and is reverse transcribed by
the viral pol, similar to the replication of retroviruses (114). However, in contrast to that of conventional retroviruses, reversetranscribed HBV DNA is not integrated into the host cell genome
as a requisite step in the viral life cycle. Instead, an intermediate
in the replication reaction, a partially double-stranded viral DNA
genome, is encapsidated within the mature viral particle (Fig. 1).
Viral pgRNA is encapsidated in cytoplasmic viral particles comprised of core protein, known as core particles, within which
reverse transcription and DNA replication occur. As the virus
replicates, it buds into the endoplasmic reticulum by envelopment
within the viral HBsAg proteins and is eventually secreted from
the infected cell (39). While all hepadnaviruses can establish persistent infections in their respective hosts, only chronic infection
by mammalian hepadnaviruses is associated with significant development of HCC (39). As avian viruses either lack the HBx
gene or, at best, encode a highly divergent form, the potential role
of HBx in the development of HCC in mammals has been an area
of intense interest for research (21).

HBV

GENERAL FEATURES OF HBx

HBV is a member of the Hepadnaviridae family of viruses. The
natural host for HBV is humans (39), although similar viruses
have been isolated from apes, woodchucks (woodchuck hepatitis
virus [WHV]), squirrels (ground squirrel hepatitis virus [GSHV]),
herons (heron hepatitis B virus), ducks (duck hepatitis B virus),
geese (goose hepatitis B virus), and cranes (crane hepatitis B
virus). The hepadnavirus genome is a partially double-stranded
circular DNA structure that is encapsidated within the enveloped
viral particle (115). Upon infection of hepatocytes, viral DNA is
transported to the nucleus, where it is converted to a covalently
closed, circular, double-stranded DNA (cccDNA). The cccDNA
is essentially an episome that does not replicate but functions
solely as the template for all viral transcription (115). The HBV
genome is highly compact, such that over 50% of the coding
capacity lies in at least two open reading frames (Fig. 1). Genomic
and subgenomic viral transcripts, all of which utilize the same
polyadenylation signal, are all transcribed from cccDNA. Viral
mRNAs encode the viral core (HBcAg), envelope (HBsAgs),
polymerase/reverse-transcriptase (pol), and HBx polypeptides.
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HBx is encoded by the smallest open reading frame of mammalian hepadnaviruses and translated from a small mRNA
controlled by the HBx promoter (41, 113). The designation X
gene/protein originally reflected its unknown function and lack
of homology with known proteins. An HBx mRNA has been
detected in the livers of WHV-infected woodchucks and in
HBV-infected human liver tissue, and antibodies to HBx have
been detected in some infected individuals (31, 49, 66). Studies
suggest that the WHV HBx protein (also referred to as WHx)
accumulates to 10,000 to 50,000 copies per cell (31).
HBx is 154 amino acids in size, with a molecular mass of
approximately 17.5 kDa. Due to a lack of results from X-ray
crystallography (HBx has defied high-resolution crystallization) and nuclear magnetic resonance, little is known of HBx
three-dimensional structure. Comparative analyses of HBx gene
sequences from mammalian hepadnaviruses of different species
revealed areas of high conservation, including presumptive helical
domains located in the amino- and carboxy-terminal regions, and
a potential coiled-coil motif (28, 56). There is some evidence that
disulfide bonds may link cysteine residues in the N terminus of
HBx with cysteine residues in the C terminus (67, 127). Several
groups have also reported that HBx can be phosphorylated when
expressed both in insect cells and HepG2 cells, a human hepatoblastoma cell line (98, 127), although other studies have failed to
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With an estimate of 350 million people chronically infected
with the hepatitis B virus (HBV) worldwide, it is critically
important to understand how persistent HBV infection is
maintained and linked to chronic hepatitis, cirrhosis, and development of liver cancer (hepatocellular carcinoma [HCC])
(39). This review will focus on the HBV nonstructural X protein (HBx), a key regulatory protein of the virus that is at the
intersection of HBV infection, replication, pathogenesis, and
possibly carcinogenesis. The exact role of HBx in viral replication has yet to be established, and its link to the progression
of HCC remains controversial. Moreover, it is still unclear
whether development of HCC associated with chronic infection by HBV involves a viral protein, is solely the consequence
of a continual inflammatory response to infection, or requires
both. Understanding the role of HBx in HBV replication and
its effect on hepatocyte biology may help resolve this issue.
This review describes key studies and activities of HBx, often
interpreted within the context of the viral life cycle. The reader
is referred to several comprehensive reviews on the reported
biological properties of HBx (3, 78, 137).

12726

MINIREVIEW

J. VIROL.

other group reported that HBx shuttles between the nucleus
and the cytoplasm through a Crm-1-dependent nuclear export
pathway. HBx shuttling may serve to sequester Crm-1 in the
cytoplasm and enhance NF-B localization to the nucleus, with
subsequent activation of NF-B-dependent transcription (38).
HBx IS IMPORTANT FOR THE MAMMALIAN
HEPADNAVIRUS LIFE CYCLE

detect phosphorylation (115). Acetylation of HBx was observed
when it was expressed in insect cells (127). The significance of
phosphorylation or acetylation of HBx for its reported activities is
currently unknown. HBx amino acids 52 to 148 are essential for its
various reported activities (reviewed in reference 137). Interestingly, deletion of the amino-terminal 1 to 50-amino-acid fragment
up-regulates HBx transcriptional functions, suggesting that it may
be a negative regulatory element (79). Higher-order structures of
HBx are not well established, but there is some evidence that the
protein may form dimers (reviewed in reference 39). HBx from
both HBV and WHV displays a bimodal half-life that is influenced by the intracellular location of the protein; HBx associated
with the cytoskeleton and nuclear framework has a longer halflife (⬃3 h) than the cytosolic soluble protein (15 to 20 min) (30,
98). The significance of a differential half-life for HBx function is
unclear but could indicate that HBx protein associated with the
cytoskeleton has a more-sustained activity.
Most studies have found HBx to be located largely in the
cytoplasm of cells but certainly detectable in the nucleus (30,
31, 34, 44, 45, 104, 133). Similar patterns of distribution have
been observed in cells transfected with HBx expression vectors
and during HBV and WHV infections. A few studies have
found HBx largely in the nucleus in some cell lines (46, 102).
More recently, it has been reported that HBx is predominantly
nuclear when expressed in cells at very low levels but becomes
largely cytoplasmic as its expression level increases (44, 52).
Although these studies involved HBx expression in the absence
of HBV, a dynamic distribution of HBx could be important,
considering the multiple functions of HBx during the HBV life
cycle, and could influence its effects on transcriptional activation in the nucleus and viral replication in the cytoplasm. An-

HBx IS A MODEST TRANSCRIPTIONAL ACTIVATOR
Work from many laboratories has demonstrated that the X
proteins of HBV, WHV, and GSHV can moderately stimulate
transcription of many different viral and cellular transcription
elements (137). Promoters and enhancers stimulated by HBx
typically contain DNA binding sites for NF-B, AP-1, AP-2,
c-EBP, ATF/CREB, or the calcium-activated factor NF-AT
(36, 59, 65, 70, 74, 75, 135). Biochemical evidence for activation
of the DNA binding activity of NF-B, AP-1, ATF/CREB, and
NF-AT by HBx has also been demonstrated (6, 10, 24, 59, 74,
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FIG. 1. A diagrammatic representation of the HBV genome. The
inner circle represents the virion genomic DNA that is packaged within
viral particles in the cytoplasm of infected cells, and the dashes indicate
the region of the genome which is incompletely synthesized. The thick
arrows represent open reading frames corresponding to core, envelope
(surface antigen), polymerase (pol), and HBx proteins. The thin lines
represent HBV RNAs.

Two different laboratories have demonstrated that HBx is
essential for WHV infection of woodchucks (22, 142). Wildtype WHV genomic DNA can be directly injected into the
livers of young woodchucks, establishing a WHV infection and
viremia. However, if WHx expression is abolished by mutating
the WHx gene without altering the overlying polymerase reading frame, neither viral infection nor viremia is detectable. This
finding is consistent with colocalization of WHx in active centers of WHV replication in the livers of chronically infected
woodchucks (31). Using a similar approach, another group found
that the WHx mutant WHV produced a low level of viremia after
an extended period of time, indicative of infection or replication (139). However, all WHVs that emerged in these woodchucks were found to be wild-type WHx revertants. While these
results were interpreted as indicating that HBx is not essential
for viral infection or replication because only viral revertants
were recovered, we believe that these data actually support the
importance of HBx in viral infection rather than negate it.
Evidence for the importance of HBx in HBV replication has
not been found in transgenic mice expressing the entire HBV
genome as a liver transgene (96, 136). In these mice, HBx
mutants replicate identically to wild-type HBV. It is possible
that replication of HBV as a transgene inserted into the mouse
chromosome or selection for mice that tolerate HBV and HBx
expression (which may be cytotoxic) could select for viruses
with HBx independence. Indeed, transcomplementation experiments carried out by crossing HBx-expressing mice with HBVexpressing mice suggest that HBx can augment HBV replication and persistence of infection in the hybrid animals (136).
An important but nonessential role for HBx in human HBV
replication has been demonstrated in HepG2 cells in tissue
culture (17, 77). However, cell culture replication of HBV in
the human hepatoma cell line Huh7 is not obviously influenced
by HBx expression (13). Consequently, additional studies need
to explore the requirement for HBx in HBV replication in
primary human (and mouse) hepatocytes in culture. Collectively, studies indicate that HBx in mammalian hepadnaviruses
performs several important but perhaps not absolute functions
in viral infection and replication.
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HBx STIMULATES CYTOPLASMIC SIGNAL
TRANSDUCTION PATHWAYS
Many groups have reported that the predominant location
of HBx is in the cytoplasm of cells (30, 31, 34, 44, 45, 59, 104,
111). Moreover, the inability of HBx to activate NF-B- or
AP-1-dependent transcription when targeted to the nucleus
and the wide variety of transcription factors and/or elements
stimulated by HBx led many investigators to analyze its potential to stimulate cytoplasmic signaling pathways. Numerous
HBx studies have probed pathways by using dominant-inhibiting mutant signaling proteins, and some have used biochemical
analyses. It has been established that HBx can stimulate various cytoplasmic signal transduction pathways (Fig. 2). HBx was
shown to activate the extracellular signal-regulated kinases
(ERKs), the stress-activated protein kinases/NH2-terminal-Jun
kinases (SAPK/JNKs), and the p38 kinase (10, 118–120). This
activity has been demonstrated in a variety of cell lines, including those of liver origin, and requires HBx to be located in the
cytoplasm, although the extent of activation and its longevity
can vary in different cells (34, 118–120). Moreover, HBx acti-
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FIG. 2. Targets of HBx activity. Arrows indicate pathways and targets of HBx activity. Filled arrows represent more-certain primary
targets or activities of HBx, whereas dotted arrows are likely secondary
targets or have not been widely validated. HBx likely binds directly to
the transcription factor CREB and possibly to transcription factors
TFIIB, TFIIH, and the RNA polymerase II-associated protein RPB5,
but the latter might interact with HBx via secondary interactions with
CREB. HBx-CREB transcription complexes have been shown to stimulate transcription. HBx is thought to act on the mitochondria, causing
calcium release, in turn activating the Pyk2/FAK and Src kinase families, leading to stimulation of a variety of cytoplasmic signal transduction pathways. HBx activation of signaling pathways can stimulate
phosphorylation and activation of transcription factors, as indicated, as
well as viral replication. Interaction of HBx with the UV-DDB proteins
(1 and/or 2) is implicated in stimulation of viral replication. HBx interaction with the proteasome is also reported to stimulate HBV replication.

vation of mitogen-activated protein kinases (MAPKs) and
JNKs was demonstrated in intact mouse liver (85). No direct
interaction has been found between HBx and any of these
protein kinases, directing attention to the upstream activators.
In this regard, HBx-dependent activation of transcription factor AP-1, as well as RNA pol I- and pol III-dependent transcription, is blocked by dominant-inhibiting forms of Ras and
the kinase Raf, an effector of the Ras-Raf-MAP kinase signal
transduction pathway (8, 29, 83, 84, 128). Moreover, HBx stimulates Ras-Raf-MAP kinase signal transduction when expressed in the context of replicating HBV or WHV in hepatoma cells and when expressed in primary mouse hepatocytes
in culture (54, 55, 85).
Activation of Ras by HBx is indirect, as HBx does not associate with Ras, Ras-GAP, the GTP exchange factor Sos, or Ras
adapter proteins Grb2 or Shc (10, 55). It has now been established that HBx activates Ras, JNK, and the JAK-STAT signaling pathway by activating nonreceptor tyrosine kinases of
the Src family, which are upstream activators of Ras GTPases
(55, 64, 120). HBx constitutively activates Src kinases when
expressed from WHV or HBV genomes (replicons) during viral replication in cultured hepatoma cells and when expressed
independently of the viral genome (54, 55). Inhibition of Src
kinases prevents HBx activation of transcription by AP-1 and
STAT3, as well as viral replication (as described later) (54, 55,
120). HBx activation of Src family kinases also promotes alteration of cellular adherens junctions, another activity associated
with HBx expression in liver cell lines (60). No direct interaction between Src kinases and HBx has been observed (54).
Clues to how HBx activates Src kinases and the Ras-RafMAPK pathway came from work by Lopez-Cabrera’s group,
when they demonstrated that HBx activates the nuclear fac-
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83, 108, 133, 135). HBx can also stimulate RNA pol I- and pol
III-dependent promoters, demonstrating pleitropy in its effects
(4, 58, 128–130).
HBx does not directly bind DNA, and its ability to activate
transcription likely involves several different properties, including direct interaction with nuclear transcription components and activation of cytosolic signal transduction pathways.
Through interaction and cloning approaches, it was shown that
HBx associates with several components of the basal transcriptional machinery, including TFIIB, TFIIH, the RPB5 subunit
of RNA polymerases, and the TATA-binding protein (TBP)
(23, 43, 68, 80, 92). HBx also directly interacts in vitro and in
vivo with CREB, a member of the basic leucine zipper (b-Zip)
family of transcription factors. Interaction likely occurs via the
b-Zip region of CREB, which is involved in its DNA binding
activity, and a predicted coiled-coil motif in HBx. This interaction increases CREB affinity for its DNA binding site by an
order of magnitude, enhances in vitro occupation of the HBV
enhancer I ATF/CREB binding site, and correlates with in vivo
CREB-dependent transcriptional activation by HBx (74, 135).
A similar mechanism of action was described for HBx interaction with c/EBP␣, another b-Zip transcription factor (27). However, all studies demonstrating in vivo interaction between
HBx and transcriptional components were performed with significant overexpression of both proteins and in the absence of
viral infection. To date there has been no demonstration of an
in vivo interaction between HBx expressed in the context of
replicating HBV and members of the endogenous transcription machinery. Nevertheless, support for the importance of
nuclear transcription functions of HBx and its interaction with
the transcriptional machinery is also derived from studies in
which HBx protein was engineered to contain a nuclear localization signal (NLS), resulting in extensive nuclear accumulation. Results from these studies demonstrate that an NLS-HBx
protein more strongly stimulates transcription from HBV
enhancer I and other elements than wild-type HBx protein
but no longer activates transcription dependent upon NF-B
and AP-1 (34, 119).
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MOLECULAR FUNCTIONS OF HBx IN THE
VIRAL LIFE CYCLE
Apart from studies demonstrating an essential requirement
for HBx in WHV infection in woodchucks, the molecular function of HBx in the viral life cycle in animals and humans has
not been well investigated. However, studies have examined
the function of HBx in WHV and HBV replication in cultured
hepatocytic cells. While it has been unequivocally established
that HBx stimulates transcription, the effect of HBx on HBV,
WHV, and GSHV transcription is modest in most experimental systems, increasing viral transcription from three- to eightfold (17, 28, 54, 142). It is possible during whole animal infection that HBx might stimulate viral transcription much more
strongly than in cultured cells, but presently, little evidence
supports this contention. Transgenic mice that specifically express HBx in the liver, when crossed with mice that express a
reporter gene controlled by the human immunodeficiency virus
long-terminal repeat, increase its expression by only three- to

sixfold (5). However, one study reported a strong increase in
HBV core promoter activity by HBx when HBV and HBx
transgenic mice were crossed (97). It is therefore entirely possible that the importance of HBx for stimulation of HBV
transcription has simply not been adequately recapitulated in
existing experimental systems. The importance of HBx activation of transcription for establishment of virus infection and
replication therefore remains to be fully investigated in more
representative models, including replicon delivery to primary
rodent and human hepatocytes in culture. As it stands, very few
activities of HBx, including its role in the viral life cycle, have
been examined in primary hepatocyte systems which are amenable to many of the types of studies that have been conducted
in hepatoma cell lines.
Using cell culture systems and an HBV replicon, the activation of Src kinases by HBx protein was found to stimulate HBV
and WHV replication in established liver cell lines by 5- to
20-fold in an Src-dependent/Pyk2-dependent, but Ras-independent, manner (17, 54). In this system, abolishment of HBx
expression impaired HBV and WHV replication by 5- to 20fold. Inhibition of Src kinases impaired HBV and WHV replication by 10- to 15-fold, and a similar effect on HBV replication was observed when Pyk2 kinases were inhibited (17, 54).
Other studies have confirmed the lack of requirement for Ras
activation for HBV replication (140). Analysis of viral RNAs
and the activity of viral polymerase in cell extracts suggested
that loss of HBx expression or inhibition of Src/Pyk2 kinases
negatively regulates HBV replication at the level of either
pgRNA encapsidation, DNA replication, or both, as RNA
levels were only slightly decreased in this system. However, it is
not known whether HBx stimulates Pyk2 or Src kinases during
infection in animals or whether Pyk2 or Src kinases are involved in viral replication in animals. Importantly, activation of
Pyk2 or Src kinases cannot account for the entire function of
HBx in viral replication, even in cultured cells, since a constitutively activated form of Src only partially replaces HBx function (54).
MOLECULAR TARGETS AND MECHANISM
OF HBx ACTION
The biochemical and molecular bases for HBx activity and
its direct cellular targets have been only partially explored.
There have been many attempts to identify HBx binding partners, using yeast two-hybrid studies or systems in which HBx
and putative interacting proteins were overexpressed. These
studies have contributed to the large number of cellular proteins reported to interact with HBx. Unfortunately, none of
these studies have identified cellular proteins that interact with
HBx under conditions that recapitulate HBV infection in
hepatocytes; evaluation of these putative interactions in biologically relevant systems is still needed. Cellular factors that
were reported to interact with HBx include a number of transcriptional components, such as transcription factors (ATF/
CREB, ATF3, ICERII␥, c/EBP, NF-IL-6, Egr1, Ets, Oct1,
RXR receptor, SMAD4, and IB␣, among others) and components of the basal transcription machinery (RPB5, TFIIB,
TBP, and TFIIH, among others) (see reference 39 for a complete list and more references). Other reported interaction
partners include the proteosome subunit protein C7, cell cycle
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tor of activated T cells, NF-AT (59). Activation of this protein
is strongly regulated by cytosolic calcium signaling, another
known regulator of Src kinases (reviewed in reference 95). This
finding led to studies which showed that HBx activates another
nonreceptor tyrosine kinase family, consisting of focal adhesion kinase (FAK) and the proline-rich tyrosine kinase (Pyk2)
(17). Moreover, the ability of HBx to activate FAK/Pyk2 kinases is dependent on cytosolic calcium modulation and is
linked to downstream activation of Src family kinases. HBx
activation of Pyk2 and Src kinases is blocked by a dominantinhibiting mutant of Pyk2, the intracytosolic calcium chelator
BAPTA-AM, as well as by inhibitors of the mitochondrial
transition pore, such as cyclosporine A and its nonimmunosuppressive derivative, SDZ NIM 811 (16, 17). Notably, a retrospective evaluation of many (but certainly not all) of the
activities ascribed to the expression of HBx can be explained by
invoking pathways known to be regulated by cytosolic calcium
modulation. Recent work from the Andrisani group has confirmed the importance of calcium signaling in HBx activation
of STAT3 and MAPK p38, an HBx activity that this group also
directly linked to stimulation of Src kinases (120), and two
groups have directly measured modulation of cellular calcium
by HBx (20, 86). Further investigation is required to determine
the exact mechanism by which HBx influences cytosolic calcium levels.
A number of key issues regarding HBx activation of NF-B
remain unresolved or mired in claims and counterclaims. The
extent to which activation of cytoplasmic signal transduction
pathways is important for HBx activation of transcription factor NF-B and the mechanism for HBx activation of NF-B
are unresolved. It is also unclear whether HBx activation of
NF-B involves requisite activation of protein kinase C or Ras
(24, 34, 70, 80, 108). Whether HBx acts directly on NF-B
itself, its IB regulators, or predominantly on the upstream
signal transduction pathways of NF-B is also in dispute (24,
108, 133). These discrepancies may result from the fact that
NF-B consists of multiple related proteins that may be activated to different extents in different ways in different cells and
therefore could be significantly impacted by the experimental
systems in which HBx studies were conducted.
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mutagenesis during chronic HBV infection but is not itself a
primary mutagen. Among other reported functions of the
HBx-DDB interaction, one report found that HBx interaction
with DDB1 is important for WHV replication in woodchucks
(105). The interaction of HBx with DDB1, while correlative, is
likely important for WHV infection, as HBx mutants that abolish this interaction impair viral replication. The mechanism by
which HBx-DDB1 interaction promotes viral replication is not
known. Moreover, it is not known whether HBx interacts exclusively with DDB1 or DDB2 or what the consequence of this
for formation of the DDB1/2 complex may be, nor is it known
how this interaction impacts on HBx-associated activation of
cellular RNA-transcription pathways (14, 81, 134). One study
also indicated that the nuclear interaction of HBx with DDB1
and DDB2 is tightly regulated in hepatocytes, probably occurring predominantly during the late G1 phase of the cell cycle
(81). Consequently, HBx interaction with DDB1 and DDB2
might be involved in delay or inhibition of cell cycle progression beyond the G1/S phase border. This finding takes on particular significance, since HBV replicates very poorly in S
phase cells but replicates well in nondividing cells (87). However, as the same interaction of HBx with DDB1 was reported
by other groups to promote cell death, a role in promoting viral
replication is in conflict with a role in cell death (11, 14, 69).
Studies need to determine at a molecular level the functional
importance of HBx-DDB interaction and whether cell death
mediated by HBx interaction with DDB1 and DDB2 is an
artifact of cell culture systems.
HBx AND APOPTOSIS
Few areas of HBV biology have been as mired in opposing
results as the association of HBx expression with promotion or
inhibition of apoptosis. Indeed, HBx has been reported to
strongly mediate apoptosis, sensitize cells to proapoptotic
stimuli, prevent apoptosis, or have no impact on apoptosis
(reviewed in reference 39). Some studies found enhanced
apoptotic turnover of hepatocytes in mice expressing HBx
(122, 123), whereas others did not (72). HBx also failed to
promote cell death when expressed in mouse mammary epithelium (53). Equally perplexing are the opposing reports of
HBx apoptotic activity in cell lines in culture. HBx has been
reported to block cell death mediated by TNF, Fas, p53, or
TGF␤ (35, 88, 99). One report also found HBx in association
with a complex containing the antiapoptotic protein survivin,
which suppressed caspase action and apoptosis (76). In contrast, many other reports indicate that HBx promotes apoptosis in a variety of cells when expressed independently of virus
replication (25, 51, 52, 100, 101, 109, 110, 123). The recognition
that at least some fraction of HBx likely interacts with or acts
on the mitochondrial transition pore suggests a possible mechanism for HBx-induced modulation of apoptotic pathways, although this association in itself does not imply either a pro- or
antiapoptotic effect (94, 101). HBx has been shown to induce
mitochondrial aggregation and cytochrome c release, which is
indicative of induction of apoptosis through mitochondrial dysfunction (101, 117). However, aggregation of mitochondria by
HBx also suggests that the protein was strongly overexpressed
in some of these studies, as aggregation of mitochondria is not
observed during HBV replication in cultured cells or during

Downloaded from http://jvi.asm.org/ on September 19, 2019 by guest

regulatory protein p53, the UV light-damaged DNA binding
protein complex UVDDB, and the mitochondrial voltage-dependent anion channel-3 protein (HVDAC3), a component of
the mitochondrial transition pore that regulates calcium flux
(37, 47, 94) (for other reported proteins that interact with HBx,
see reviews [references 3, 39, 78, and 137]).
Of the myriad components reported to interact with HBx,
investigation of just a few have suggested that they are primary
molecular targets. Certain observations, such as the direct interaction of HBx with p53 (37, 125, 132), have not been substantiated in more physiologically relevant systems (91, 112).
Moreover, while some studies suggest that p53 and HBx can
colocalize and that HBx may sequester p53 in the cytoplasm of
cells and potentially inhibit its activity (35, 37, 52, 116), others
have reported that HBx does not colocalize with p53 and does
not sequester it in the cytoplasm (112). Since HBx-associated
activities that are potentially linked to p53-dependent pathways can still be observed in the absence of p53, further analyses are required to determine whether there is a functional
consequence to putative interactions of HBx and p53 in the
context of viral replication in hepatocytes (40, 123).
A compelling group of molecular targets of HBx are the
b-ZIP transcription factors, such as CREB (3, 6, 74, 78, 135).
The b-ZIP factors are the only components involved in transcription that have been demonstrated to interact with HBx in
vitro and for which the interaction is functionally important for
activity (3, 6, 27, 74). HBx likely interacts with b-ZIP proteins
via a leucine-rich putative coiled-coil domain, which promotes
binding to and activation of the HBV enhancer II/pgRNA
promoter (6, 27). Notably, activated CREB or other b-ZIP
factors (ATF3, ICERII␥, or NF-IL-6) interact with the basal
transcription machinery through TFIID/hTAFII130, which in
turn can involve the RPB5 subunit of RNA polymerase II or
TFIIB (3). The reported interaction of HBx with components
of the basal transcriptional machinery might therefore reflect
weak secondary interactions arising from primary strong interactions with b-ZIP factors, which promote complex assembly
with basal transcription components (6). Nevertheless, this scenario cannot explain some of the other reported HBx interactions with transcription components or factors, which might
occur in vitro only or with strong overexpression in vivo.
Several studies concur that a fraction of HBx interacts in
vitro and in vivo with the DNA repair proteins DDB1 (127
kDa) and DDB2 (48 kDa) (7, 12, 105). Together, DDB1 and
DDB2 form a complex that binds tightly to DNA and transcription factor E2F1, implicating roles in both DNA repair
and cell cycle control (reviewed in reference 18). Several
groups have studied the interaction of HBx with DDB1. While
all agree that HBx and WHx proteins interact with DDB1,
there are conflicting results regarding the functional consequences of this interaction. Using essentially similar assay systems to measure excision repair fidelity and frequency, some
researchers observed a slight to moderate decrease upon expression of HBx, whereas others did not (7, 11, 40, 48). Perhaps most important, transgenic mice that express HBx in the
liver do not demonstrate an altered frequency of spontaneous
mutations (72). However, HBx does appear to slightly but
reproducibly increase the sensitivity of hepatocytes in animals
to effects of low levels of chemical mutagens (71, 141). Thus, it
is possible that HBx may subtly but importantly contribute to
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HBx AND THE CELL CYCLE
A number of researchers have focused on the impact of HBx
expression on the cell cycle (reviewed in reference 73). Studies
have been performed with established cell lines, primary
mouse liver cells, and HBx transgenic mice (9, 15, 57, 73, 107).
Some studies have shown that HBx can induce arrested cells to
exit G0 and reenter the cell cycle, acting through activation of
signal transduction factors such as Src kinases, MAPK, and
JNK (9, 15, 57). In one system, inactivation of Src kinases by its
negative regulator, Csk (c-terminal Src-kinase), prevented HBx
from inducing cell cycle progression (15). Whether HBx causes
cells to progress entirely through the cell cycle or to stall at the
border of G1 and S phases is dependent on the presence of
other factors. When growth-arrested cells transfected with HBx
were provided medium supplemented with serum, cells pro-

gressed more rapidly through the cell cycle than cells without
HBx (9). However, in the absence of serum, HBx-expressing
cells exited G0 but stalled at the G1/S border (15). Importantly,
it is not known whether cell cycle progression is induced during
HBV replication or represents effects related to overexpression of HBx. Studies performed with HBx transgenic mouse
models have revealed a potentially more complicated influence
of HBx on cell cycle progression (71, 73). Results have ranged
from only a slight influence on cellular proliferation observed
in the transgenic mouse models that express HBx in the liver
and do not develop spontaneous tumors to a more dramatic
effect in some HBx models in which its expression in liver or
mammary epithelium results in spontaneous development of
tumors (53, 57, 71, 73).
In some established cell lines and in mouse primary hepatocyte cultures, HBx alters expression of p21 and p27 cell cycle
regulation genes, influencing cell cycle progression profiles in
these cells (1, 42, 61, 89, 93). However, there are no clear
answers as to whether HBx induces or inhibits expression of
p21 and p27, as conflicting reports have been published; these
differences may reflect influences of the experimental systems
or levels of HBx expression (61, 93). To some extent, different
interpretations of essentially similar data are responsible for
seeming discrepancies. For example, HBx expression that
causes cells to exit G0 and stall at the G1/S border has been
interpreted by some as inducing cells to progress into the cell
cycle from a state of quiescence but by others as inhibition of
cell cycle progression beyond this point, simply reflecting the
interest of a particular study (15, 103). In addition, different
cell lines can show different cycling profiles when HBx is expressed, as established by Andrisani and coworkers (62). Their
studies demonstrated that HBx differentially regulates cell cycle progression in differentiated and dedifferentiated hepatocytic cell lines derived from the same parental liver cell line.
These cells stably express HBx under an inducible tetracycline
promoter. The differentiated hepatocytes display HBx-dependent G1, S, and G2/M progression, induction of cyclin D1, A,
and B1, and induction of Cdc2. The dedifferentiated cells display HBx-dependent G1 and S phase entry only and pause
early in S phase. Furthermore, the dedifferentiated cells show
an HBx-induced expression of cyclin-dependent kinase inhibitor p21. HBx promotion of cell cycle progression in immortalized cells raises a possible connection to a role for HBx in
HBV oncogenesis. By inducing cell cycle progression of normally quiescent hepatocytes, HBx may render hepatocytes
more sensitive to other potentially carcinogenic signals which,
when combined with both an immune response to viral infection and the interaction of HBx with other cellular proteins,
could substantially impact hepatocytic transformation (15, 62,
71, 73). While this may ultimately be deleterious to the host,
the induction of cell cycle progression may be necessary to
induce cellular expansion of available deoxynucleoside triphosphates that are required for viral replication (15).
WHAT IS THE ROLE OF HBx IN HBV-MEDIATED
CARCINOGENESIS?
The study with the first transgenic mouse model to express
HBx in the liver reported development of liver tumors directly
related to HBx expression (50). These mice were generated
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natural infection. It is important that few studies have been
performed in the context of HBV replication. However, HBx
expressed from a replicating HBV genome in cells in culture
provides hypersensitivity to killing by tumor necrosis factor
(TNF); this hypersensitivity likely requires a particular set of
conditions involving HBx activation of c-Jun N-terminal kinase
and Myc (109, 110). In these studies, HBx expressed during
HBV replication did not directly promote apoptosis in the absence of proapoptotic stimuli but it did promote hypersensitivity to TNF-mediated cell death at levels well below that at
which cells are normally sensitive to TNF (109). This observation has recently been confirmed by another group (52). It is possible that the dueling influences of HBx on cell death or survival
are a result of its overexpression in different studies or the
inherently different cell systems that were used or that these
studies were conducted in the absence of HBV replication.
Equally problematic is discerning why there would be a viral
advantage for HBx promotion of pathogenesis and hepatocyte
death during the viral life cycle, assuming that HBx sensitizes
cells to proapoptotic stimuli. HBV has been generally thought
of as a noncytopathic virus, capable of replicating without
killing the infected hepatocyte in the absence of an inflammatory response (reviewed in reference 39). The proapoptotic
activity of HBx is reported to act through association with and
inactivation of c-FLIP, a protein which protects against TNF
and Fas-mediated apoptosis, and this association might produce yet another potential molecular explanation for HBx sensitization of hepatocytes to TNF apoptotic activity (52). Of
particular interest is the possibility that there is a physiological
significance to hypersensitization of hepatocytes to TNF; TNF
promotes growth and regeneration of hepatocytes during liver
injury (33). Hypersensitization of hepatocytes to TNF-mediated apoptosis could promote hepatocyte regeneration, providing a larger reservoir of cells for new HBV infection. The
important questions that now need to be addressed concern
whether HBx indeed sensitizes, blocks, or has no impact on the
effects of proinflammatory cytokines in the context of an
authentic, in vivo HBV infection. It needs to be determined
whether HBx sensitizes cells to proapoptotic stimuli, whether
there is a distinct advantage for the virus, or whether apoptosis
merely represents an unavoidable outcome linked to other
HBx activities that are necessary for HBV replication but
which predispose cells to apoptotic stimuli.
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tumors are productive. Of particular interest to the role of
HBV integration in associated HCC is the observation that,
while most HBV genes are not expressed in these tumors,
recent studies have suggested that HBx, or truncated versions
of HBx, may continue to be expressed (103, 126). Interestingly,
the truncated HBx proteins derived from integrated HBV sequences were incapable of promoting apoptosis but promoted
Myc plus Ras transformation in cell assays (126). It is therefore
possible that HBx has another role, other than that of sensitizing cells to mutagenic stimuli, in the development of HCC or
subsequent survival and proliferation of tumor cells. However,
as the truncated versions of HBx identified in these liver tumors have lost many of the activities often associated with
wild-type HBx expression, it is unclear how HBx may be influencing hepatocyte transformation. Taken together, these findings suggest that HBx likely plays a role in the development of
hepatocellular carcinoma but is probably not directly oncogenic when expressed in the context of an authentic infection.
SUMMARY
The exact function of HBx during HBV replication and its
influence in HBV-associated hepatocellular carcinoma are still
undefined, but common themes are emerging. Most studies
agree that, if not absolutely essential for HBV infections, HBx
at the very least plays a critical role in viral replication. HBx
functions in the cytoplasm to activate various signaling pathways, many of which are controlled by modulation of cytosolic
calcium. A number of groups have now demonstrated that HBx
activities somehow involve modulation of cytosolic calcium,
although the exact molecular mechanism is undefined. In the
nucleus, HBx can regulate transcription through a direct interaction with different transcription factors and, in some cases,
enhance their binding to specific transcription elements.
Clearly, HBx can influence apoptotic and cell cycle regulatory
pathways, but the exact consequences of these activities of HBx
are likely affected by the cell types in which the studies have
been conducted. In this regard, it is interesting to note that
much of the seeming confusion or controversy regarding HBx
activities is likely the result of the different assays performed,
and the findings of different studies may ultimately be more
compatible than expected. In most experiments, HBx activities
have been analyzed based on the end product of what are long
and complex pathways. For example, transcriptional reporter
readout, apoptotic assays, cell cycle regulation, and mutagenic
studies are judged based on an analysis of the final product of
a given pathway without considering common effectors. HBx
may initiate overlapping and very similar effectors in all the
studies conducted, but the consequence of this will likely vary
depending on the specific cellular phenotype and the assay
involved. Moreover, the frequency or longevity of this stimulus
may vary depending on the amount of HBx present, which in
turn influences the results. Fluctuations in the frequency or
longevity of a HBx-induced stimulus, such as calcium signaling,
can have a dramatic influence on the final effect on a cell
(reviewed in reference 19). Equally interesting is the possibility
that HBx has different consequences for hepatocyte physiology
as HBV-infected cells are targeted by the immune system or as
hepatocytes in which HBx is expressed undergo transformation
and progression to HCC. Both these processes are dynamic,
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with an HBx expression vector that included the HBV X coding sequence as well as the HBV enhancer I region, the X gene
promoter, and the HBV polyadenylation signal (Fig. 1). Using
an identical expression construct, Yu et al. subsequently confirmed this observation in another lineage of HBx transgenic
mice (138). However, several other groups derived HBx transgenic mice in which the expression of HBx was controlled by
the human alpha-1-antitrypsin regulatory element or the human antithrombin gene regulatory sequence; none of these
studies supported a strong and direct connection between HBx
and tumorigenesis (31, 63, 106, 121). The reasons for these
discrepant results are unclear and may not simply reflect the
use of different expression vectors. Indeed, oncogenesis has
not been observed in HBV transgenic mice that contain the
entire HBV genome as a transgene and therefore presumably
express HBx that is controlled by authentic HBV elements. A
strong, direct role for HBx in liver carcinoma also does not
reflect the biology of HCC development, which involves decades of chronic HBV infection, often (although not always)
accompanied by a necro-inflammatory response resulting in
years of liver destruction and renewal which can be highly
mutagenic in its own right (reviewed in reference 26). However, subtle HBx-induced changes in cellular physiology may
eventually have detrimental consequences for hepatocytes.
Thus, if HBx plays a role in HBV oncogenesis, it would most
reasonably be as an assisting, weakly proto-oncogenic factor. In
this regard, several studies described such an effect in HBx
transgenic mice treated with low levels of carcinogenic agents
or in HBx transgenic mice coexpressing a constitutively activated Myc protein. The HBx mice display higher levels of early
neoplastic lesions and somewhat higher levels of tumor development (71, 106, 121). Exactly what HBx-associated activities
are involved in its cofactor role are unclear and will require a
better understanding of its in vivo role during authentic infections and subsequent characterization of the potential cofactor
role of these activities.
Integration of HBV genomic DNA into cellular chromosomes occurs during the viral life cycle and is observed in
approximately 85% of HBV-associated tumors (reviewed in
reference 39). HBV-integrated DNA is usually highly rearranged and, for human HBV, is more or less without specificity
(82, 124). However, while rare, some integration events may
place HBV enhancer or promoter sequences in the vicinity of
cellular genes and induce inappropriate expression of cellular
proteins. Conversely, integration may disrupt cellular genes.
Such human HBV integration events have been described as
rare, but interesting, and include examples such as fusions with
the retinoic acid receptor and cyclin A (32, 131). A recent
reinvestigation of HBV integration sites in cellular sequences
of 22 unselected HCC tumors suggests that integration-mediated mutagenesis that induces the expression of specific classes
of proteins may be more common than previously appreciated
(90). Of 22 tumors analyzed, more than half contained HBV
DNA integration sites in genes involved in cell cycle control,
signal transduction, and cell survival. However, these results do
not necessarily confirm preferential integration sites for HBV;
integration may be random, but it is possible that only integration events that confer a survival advantage will be identified in
tumors from HBV-associated HCC. It is not yet known
whether any of the integration events from the 22 analyzed
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and it is likely that cellular physiology is consequently altered.
The demonstration that different signaling pathways can be
activated based on the differentiation state of hepatocytes derived from the same parental cell line and suggestions that the
cellular status of p53, p21, and p27 can affect HBx-dependent
regulation of cell cycle control supports the notion that the
consequence of HBx expression may change as hepatocytes
become transformed (2, 62, 93). It remains to be determined
whether similar results will be observed in the context of an authentic HBV infection. Such observations will add to the complexity of identifying and understanding the precise molecular
mechanism of HBx activities during viral replication. However,
there is the exciting possibility that the end product of HBx
activities may change as the cell responds to the infection. Finally, studies of HBx activities during HBV replication should
help clarify the many properties that have been ascribed to HBx
expression, including those that are required for viral replication and those that may influence cellular transformation.
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