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Hepatocellular carcinoma (HCC) is one of the most frequent tumor types
worldwide, with more than an estimated 250,000 new cases annually [1].
There are multiple etiological agents associated with the development of
HCC; the most frequent being chronic hepatitis B virus (HBV) and hepatitis
C virus (HCV) infections, and long-term exposure to the mycotoxin,
aflatoxin B1 (AFBI1). HCC is also a common complication of alcoholic
cirrhosis, although ethanol appears to not be directly carcinogenic [2]. HCC
is also reportedly associated with various genetic conditions, such as
hereditary tyrosinemia, ol-antitrypsin deficiency, and idiopathic hemato-
chromatosis. There is also evidence that HCC may be associated with oral
contraceptives and anabolic steroids. Together, these data show that there
are many causes of HCC [3,4]. Given that the majority of HCCs are
associated with chronic HBV infections, this article presents mechanisms
whereby HBV contributes to the development of HCC. It also discusses some
of the early genetic changes that contribute importantly to HCC, and how
biochemical alterations brought about by the virus and by mutations lead to
tumor formation. Elucidation of the changes that cause tumors, in contrast
to ones that arise as a consequence of tumor formation (and that contribute
to tumor progression), may provide early markers of hepatocarcinogenesis
that will be useful in identifying HBV carriers that are progressing toward
tumor development. In addition, these early biochemical changes, some of
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which are reversible, are likely to provide meaningful targets for drug
discovery and intervention before the appearance of multinodular HCC,
which is much more difficult to treat than a single tumor. Moreover,
elucidation of the early steps in hepatocarcinogenesis will help to decide
when and how to treat patients using some of the approaches outlined in the
forthcoming articles.

The incidence of HCC is geographically variable, with the highest
frequencies observed in sub-Saharan Africa and in the Far East among
countries where HBV is endemic, and in regions where alflatoxin-con-
taminated peanuts are consumed. HCC is also predominantly male as-
sociated, with male:female ratios of up to 2:1 [5]. HCC is rapidly fatal, with
a life expectancy of about 6 months from time of diagnosis, and a <3%
survival rate for untreated cancer over 5 years. Death is often due to liver
failure associated with cirrhosis or rapid tumor growth. Although early HCC
is cured by surgical resection, the fact that many tumors are asymptomatic
means that most patients at risk are not diagnosed in time. These patients
often present with inoperable HCC, which usually reflects the presence of
large or multiple HCC nodules. Despite the high incidence and mortality, the
development of an effective vaccine for HBV, combined with its universal
administration to newborns in endemic countries, will significantly lower the
incidence of HCC within the next generation. Despite these advances, it will
be crucial to identify those among the estimated 350 million carriers of HBV
worldwide who are at highest risk for tumor development.

Multistep hepatocarcinogenesis

HCC develops some 30 to 50 years after infection with HBV, suggesting
that the pathogenesis of this disease has multiple steps. Some of these steps
have a genetic basis, resulting in point mutations, microdeletions, genetic
rearrangements, and loss of heterozygosity (LOH) in critical growth reg-
ulatory genes. These mutations accumulate over time, in that preneoplastic
liver from chronically infected patients have few genetic aberrations, whereas
HCC nodules from the same patients have many. Some of these accu-
mulating steps include inactivating mutations in the tumor suppressors p53
and Rb, which normally negatively regulate cell growth [6,7], and other steps
involve upregulated expression of the cell cycle protein, cyclin D1, and the
oncogene, c-myc, which stimulate hepatocellular growth [8,9]. LOH
involving multiple chromosomes in single tumors also strongly suggests
multistep carcinogenesis [10,11]. The finding that HCC appears within the
context of chronic hepatitis or cirrhosis within regions of liver cell dysplasia
or adenomatous hyperplasia [12] also suggests that tumors develop from
a series of histologically identifiable lesions that precede tumor development.
This is not only true of human HCC, but also in mouse models of this tumor
[13-15]. HCC also appears to evolve from adenomas in HBV-encoded X
antigen (HBxAg) transgenic mice [16], and from similar lesions in c-myc,
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c-myc/transforming growth factor alpha (TGFa), and c-myc/TGFBI trans-
genic mice [17,18]. A major problem in the interpretation of these and other
events is identifying whether they occur in sequence during the pathogenesis
of disease. In addition, it is not known which events are associated with the
cause or consequences of tumor formation, and which steps are virus
dependent or independent [19]. As outlined below, there are an increasing
number of studies in which dozens to hundreds of genes are differentially
expressed in HCC compared with nontumor or uninfected liver. Although
the results of these investigations are provocative, they present pieces of the
puzzle that remain to be assembled into a comprehensive picture of what
constitutes HCC at the cellular and molecular levels.

Steps leading to tumor formation

The appearance of HCC in children suggests that there is a genetic
predisposition to this tumor type [20], although the inability to identify most
of the predisposing genes has made it difficult to identify the rate-limiting
steps in hepatocarcinogenesis. There are several molecular changes, however,
that occur in high frequency before tumor appearance and that likely
represent early changes in tumor development. For example, mice that are
deficient in poly(ADP-ribose) polymerase (PARP) and heterozygous for
Ku80 (a subunit of the DNA-protein kinase complex), develop HCC [21,22].
Both PARP and Ku80 are tumor suppressors that maintain chromosome
stability by promoting DNA repair. The fact that HCC is observed only
when deficiencies are observed in both genes suggests that the inactivation of
multiple negative growth regulatory (tumor suppressor) pathways are
required for tumor formation, and that any major compromise in DNA
repair may be a major risk factor for tumor development. Although it is not
clear whether the loci containing these genes are lost in human HCC, LOH
has been detected in chromosomes 1q (where PARP-1 is found) or 2q (where
Ku80 is found) in some HCCs, suggesting that these may be cancer sus-
ceptibility genes [23-26]. Another cancer susceptibility gene is Lkbl, where
germline mutations are associated with an increased risk for cancer
development [27]. In this case, mice that are heterozygous for the Lkbl
gene, which induces angiogenesis, suppresses growth, and triggers apoptosis
[28,29], develop HCC at greater than 50 weeks of age [15]. Ongoing work
with mouse models of HCC will help to identify additional genetic changes
that predispose to tumor development, and if these changes also occur in
populations at high risk for HCC, they will undoubtedly become targets in
studies aimed at the chemoprevention of this tumor type.

Contribution of HBxAg to early stages of tumor formation

The HBV encoded X antigen, HBxAg, which contributes importantly to
liver cell transformation in vitro and to the development of HCC [30,31],
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binds to many cellular proteins or alters the expression of many cellular genes
that are likely to contribute to hepatocarcinogenesis. For example, HBxAg
binds to the DDBI1 subunit of a UV-damaged DNA binding protein [32,33],
the latter of which appears to be important for maintaining the integrity of
DNA repair [34,35]. Initially, a partial correlation was observed between the
reduction of repair activity in cells expressing HBxAg and the ability of
HBxAg to bind to DDBI [33]. HBxAg has also been shown to bind to and
functionally inactivate p53 [16,36,37], and it is thought that this also disrupts
pS3/ERCC3 complexes, which are important in mediating transcription-
coupled repair [38,39]. The finding that the frequency of spontaneous
mutations is not any higher in X transgenic compared with control mice [40]
suggests that HBxAg does not promote the development of mutations in the
absence of chronic liver disease (CLD) and hepatocellular turnover. The fact
that CLD is immune mediated [41], however, and thus accompanied by the
generation of cytotoxic cytokines and reactive oxygen intermediates (ROI),
suggests that if HBxAg inhibits DNA repair in vivo, it may permit the
accumulation of mutations. Oxidative stress also precedes the development
of HCC in transgenic mice that overproduce and accumulate intracellular
HBsAg [42,43], and in genetic diseases characterized by intrahepatic
accumulation of a cellular protein (such as ay-antitrypsin deficiency). In
fact, the central role of ROI in the initiation and progression of multistage
carcinogenesis [44,45] may be one of the ways whereby HBxAg contributes to
this process. In this context, ROI stimulates HBxAg trans-activation activity
[46], which may promote alterations in host gene expression that contribute
to hepatocarcinogenesis. If this is true, it may help explain why CLD in HBV
carriers is a major risk factor for the development of HCC [5].

A central feature of chronic infection is the integration of HBV DNA
fragments into the host DNA. It turns out that HBV DNA integration into
HepG?2 cells or into the host chromosomes of transgenic mice results in
chromosomal instability [47,48], which may contribute to LOH at many sites
during chronic infection. This is consistent with observations of widespread
LOH in tumors derived from HBV carriers compared with HBV negative
patients [49]. Integration of HBV DNA into chromosomal DNA has also
been shown to be in or near the cyclin A gene [50], the retinoic acid receptor
gene [51], and other genes that are known to regulate cell viability and growth
[52] in a few cases, suggesting that HBV may act as an insertional mutagen in
a small fraction of patients with HCC [53]. The great majority of HBV DNA
integration events, however, are random with respect to the sites within host
DNA. Many of these events result in the integration of the X gene, which is
positioned at the end of the virus genome where recombination with host
DNA occurs [54]. This usually results in the abundant production of X
mRNA [55,56] and protein [57-59] in the livers of patients with chronic liver
disease. Closer examination of the HBxAg polypeptide made by these
integrants has shown that it is often truncated at the carboxy-terminus [60].
Some of these truncated mutants behave differently from full-length HBxAg
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in their abilities to mediate trans-activation, regulate apoptosis, stimulate cell
growth, and promote tumorigenesis [61-64]. Hence, the place within host
DNA that HBV integrates may not be nearly as important for trans-
formation as the products of the integrated viral DNA fragments and their
levels of expression.

In chronic HBV infection, HBxAg blocks a number of negative growth
regulatory, tumor suppressor, or senescence related pathways that may
contribute importantly to the early stages of hepatocarcinogenesis. For
example, HBxAg binds to and functionally inactivates p53 [16,36,37,65] and
the senescence related factor, p55°", by cytoplasmic sequestration [66,67]. In
addition, there is a direct correlation between cytoplasmic sequestration of
wild type p53 and the development of altered foci, adenomas, and HCC in
HBxAg transgenic mice [16]. HBxAg also transcriptionally downregulates
the expression of the translation initiation factor, suil, as well as the
senescence factor and cyclin dependent kinase inhibitor, p21VAF!/CIP/SDIL
both of which inhibit hepatocellular growth [66]. Functional inactivation of
the retinoblastoma (Rb) tumor suppressor by hyperphosphorylation has also
been observed in HbxAg-positive cells, resulting in the activation of E2F1
and stimulation of the cell cycle [63]. The finding that these steps occur in
nontumor liver cells implies that the inactivation of these pathways represent
important early steps in hepatocarcinogenesis.

HBxAg also activates growth stimulatory pathways. For example,
HBxAg upregulates the expression of insulin-like growth factor 2 (IGF2)
in premalignant proliferative nodules [68] and IGFg; in hepatoma cell lines
[6], implying that HBxAg may set up an autocrine loop [69] that enhances cell
growth independent of other serum growth factors. Further, HBxAg stim-
ulated cell growth is associated with constitutive activation of the ras/raf/
mitogen activated protein kinase (MAPK) and nuclear factor kappa-f
(NFx-B) signal transduction pathways [70,71]. In this context, the finding of
upregulated dynein expression in HCC [72], whose antiapoptotic effects may
be associated with its binding to and inactivation of the NF«-B inhibitor,
IxB, highlights a possible role for NFk-B signal transduction in tumor
development. In addition, upregulated expression of rhoB has been reported
in some HCCs [72]. RhoB is in the ras gene family, is associated with cell
transformation, and may be a common denominator to both viral and
nonviral hepatocarcinogenesis. HBxAg activation of NFk-B also results in
the stimulated expression of a unique, upregulated gene 7 (URG7) that
mediates the resistance of HBxAg expressing liver cells to Fas-triggered
apoptosis, the latter of which is a major mechanism whereby the immune
system eliminates virus-infected cells during a bout of CLD [73]. Other
HbxAg-upregulated genes that have not been identified may confer a cellular
phenotype that is resistant to cytokine-mediated apoptosis [61]. The latter
would protect virus-infected cells with accumulating mutations against
immune elimination. HBxAg also upregulates the expression of two
additional genes that have properties of oncoproteins [74,75]. Hence, both
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upregulated expression of growth promoting genes and downregulated
expression of negative growth regulatory genes are operative before tumor
development.

The observation that HBxAg stimulates the expression of TGF1 [76], the
latter of which promotes fibrogenesis and HCC development in transgenic
mice [17], provides an additional mechanism whereby HBxAg may
contribute to the early stages of tumor formation. Upregulated expression
of TGFp1 by tumor cells may inhibit the growth of surrounding nontumor
cells, thereby favoring tumor growth, or by inhibiting antitumor immune
responses [77]. The finding that o3-integrin expression is upregulated in
tumor compared with nontumor cells, and that TGFB1 stimulates o3-
integrin [78], suggests a mechanism whereby TGFB1 positively stimulates
tumor growth. Hence, TGFB1 appears to play important roles in HCC
development and progression.

Microarray analysis

An increasing number of studies have used microarray analysis to
distinguish differentially expressed genes in tumor compared with nontumor
liver. This approach has shown constitutive upregulation of the MAPK
pathway, as well as many genes associated with an activated cell cycle [79-81],
in HCC. Interestingly, HBxAg also stimulates MAPK signaling and activates
the cell cycle [70,82], suggesting that some of the changes observed by
microarray analysis may be virus mediated. These observations were
associated with the high incidence of chromosomal instability observed in
these tumors. This analysis also showed an upregulated expression of several
hepatocyte nuclear factors (eg, HNF-1, -3B, 4o, and 4y) as well as
components involved in protein translation (eg, ribosomal and poly[A]
binding proteins), suggesting that both transcriptional and translational
changes distinguish tumor from nontumor. In this context, the upregulated
expression of the ribosomal protein, S15a (Zhaorui Lian, MD, PhD, et al,
unpublished data, 2002), and downregulated expression of the translation
initiation factor, suil, by HBxAg [83], suggest that the virus also contributes
to transformation post-transcriptionally. Independent work has also shown
upregulated expression of a locus that maps to chromosome 6p21-22, which
encodes (among other things) a ubiquitin-like protein (SMT3B) that may
accelerate the catabolism of selected proteins [72]. The latter suggests post-
translational differences in gene expression at the level of protein stability.
When downregulated genes were examined, the majority encoded hepatocyte
specific gene products (eg, complement components, albumin, and amyloid)
and detoxification enzymes (eg, cytochrome P-450), suggesting a less
differentiated phenotype [79,81]. Downregulated genes also included several
involved in retinoid metabolism (LY6E and RBPI), whose expression is
associated with retinoid-induced differentiation. The independent finding
that several downregulated genes in HCC were effectors of liver-enriched
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transcription factors, which are important in liver development and
differentiation, also suggests that differentiation is altered during hepato-
carcinogenesis [80]. These molecular changes are consistent with histopath-
ological changes whereby early, differentiated HCC slowly gives rise to the
moderately differentiated or undifferentiated tumors that characterize late
tumors. HBV-infected tumor cells also had decreased levels of proteins (such
as glutathione peroxidase) that detoxify chemical carcinogens, suggesting
that tumor cells have an increased sensitivity to the mutagenic effects of
chemical carcinogens. These observations are consistent with the possibility
that HBV compromises DNA repair, as discussed above. Although other
similar microarray and differential display-PCR studies have been reported
[84], the actual roles of up- or downregulated genes in HCC in the
development and progression or tumor remain to be studied in most cases.
In addition, these studies do not readily distinguish which steps are early
versus late, or virus dependent versus independent in the pathogenic pathway,
although strides are being made in this direction in a recent study comparing
the gene expression patterns in primary tumors compared with intrahepatic
metastatic tumors in individual patients [85].

p-catenin signaling

Another important early event involves the mutation of p-catenin,
resulting in the constitutive upregulated expression of B-catenin target genes,
which include c-myc, c-jun, cyclin D1, fibronectin, the connective tissue
growth factor WISP, and matrix metalloproteinases [86]. In normal liver, B-
catenin is a submembranous protein associated with E-cadherin, and
participates in cell-cell adhesion. Its phosphorylation results in ubiquitination
and proteasome-mediated degradation. Mutation of selected serine residues
in B-catenin makes it resistant to phosphorylation and degradation, resulting
in the cytoplasmic and nuclear accumulation of B-catenin, which is
characteristic of constitutive B-catenin signaling. This is often accompanied
by reduced or undetectable expression of E-cadherin [87]. The finding of
mutated B-catenin in early stages of human HCC [88-90] and in adenomas of
c-myc transgenic mice [86], but not in metastatic HCC [91], suggests that
mutation results in alterations in normal cell-cell interactions that occur
during tumor formation. In addition, the stimulated expression of ex-
tracellular matrix (ECM) protein genes by mutant B-catenin suggests that it
may play a significant role in the development of fibrosis and cirrhosis, which
precede the development of HCC. Further, transgenic mice expressing an
oncogenic (mutated) form of B-catenin rapidly develop hepatomegaly [92],
demonstrating that constitutively activated B-catenin strongly stimulates
hepatocellular growth in vivo. Interestingly, the inhibition of the proteasome
by HBxAg [93-95] may block the normal degradation of wild type B-catenin,
resulting in its stabilization and accumulation at the early stages of tumor
development, although there are presently no data to support this mechanism.
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Matrix metalloproteinases

Early nodules of HCC are often small, well differentiated, and are
surrounded by a fibrotic capsule that originally formed during the
development of cirrhosis. In this context, the success of tumor growth
depends upon the invasion of the tumor into the neighboring portal tracts in
the liver. This process is accompanied by upregulated expression of matrix
metalloproteinase-1 (MMP-1) and -7 (MMP-7) [96,97], which break down
ECM, thereby permitting outgrowth of tumor. Elevated MMP-1 expression
has been detected in early, differentiated HCC, but is absent from moderately
or poorly differentiated tumor cells in late HCC. This suggests that early
HCCs grow by destroying ECM, whereas late HCCs grow by virtue of a very
high proliferative rate, and that MMP-1 expression correlates with the state
of cell differentiation. MMP-7 expression is also upregulated in early,
differentiated tumor cells, promoting angiogenesis and the intrahepatic
spread of tumor. The finding that B-catenin and the Ets oncoprotein
stimulate MMP-7 expression [97], and that HBxAg frans-activation maps to
Ets binding sites on cellular genes [98], implies that HBxAg may modulate
the outgrowth of early HCC by defining the integrity of the ECM during
chronic infection.

Early mutations involving loss of heterozygosity

LOH occurs at a number of sites early in hepatocarcinogenesis. For
example, several studies have reported that LOH at 1p [99], 4q [100-102], 6q
[101,103], and 8p [104] occur early in prencoplastic liver or in small,
differentiated tumors [105]. Most of these losses have been mapped to tumor
suppressor genes that normally limit hepatocellular growth and survival,
although LOH may also include genes involved in DNA repair or in
carcinogen metabolism, or that protect against oxidative damage. For
example, LOH at chromosome 1p includes many putative tumor-suppressor
genes [106], including the p53 relative, p73, which is an imprinted gene that
maps to 1p36. The findings that p73 mutations in HCC are infrequent [107],
and that p73 expression is upregulated in HCC [108], however, suggest that
p73 is not the target of LOH at 1p. Independent evidence has documented
LOH at 1p36-p34 not only in HCCs, but also in cirrhotic and dysplastic
nodules, indicating the presence of one or more tumor suppressors that are
lost before tumor development [109]. One gene (designed RIZ), located
within 1p36.13-p36.23, appears to be a tumor suppressor that is frequently
deleted in HCC [110], verifying that commonly deleted regions encode
negative regulators of hepatocellular growth. LOH at 6q26-27 often involves
loss of the mannose 6-phosphate/IGF2 receptor [103], which is also an
imprinted gene. This gene has been implicated as a tumor suppressor due to
its ability to activate TGF-B1 signaling (which triggers apoptosis) and to
degrade IGF2 (which promotes hepatocellular growth). Mutations in the
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M6P/IGF2R have been detected in the majority of dysplastic liver lesions,
suggesting that it occurs early in hepatocarcinogenesis [103]; however,
mutations in the M6P/IGF2R have been observed rarely [111] or not at all in
other studies [112]. LOH at chromosome 4q has been reported in several
tumor types, although putative tumor suppressor loci within 4q have not
been identified [105,106]. Allelic imbalance in 4q has been observed in
cirrhotic nodules [102], confirming the early nature of these changes to tumor
development. LOH at 8p has been observed in several tumor types [106], and
in HCC, a putative tumor suppressor gene has been identified at 8p21.3-22
[113]. The latter encodes a protein with 80% homology to rat pI122RhoGAP,
which maintains the organization of the actin stress fibers within microfila-
ments that are important for cell-cell contact. Its loss may contribute to the
disorganization of the cytoskeleton, which is characteristic of tumor cells.
Independent observations have also pointed to the existence of multiple
putative tumor suppressor genes within chromosome 8p [105,114,115]. The
recent report of allelic imbalance in 8p in cirrhotic nodules [102] underscores
that these genetic changes occur before tumor development. Hence, it is
likely that multiple steps cooperate in the appearance of tumor, and that
integrated HBV DNA as well as HBxAg may contribute to the development
of some of these steps.

The consequences of LOH may be seen as it affects the degree of ploidy
among hepatocytes, which increases with the extent of hepatocellular
turnover [116]. Increased polyploidy in cirrhotic livers may translate into
impaired regeneration, increased apoptosis, and liver failure, whereas the
appearance of aneuploidy, resulting from LOH, provides advantages in
growth and survival that contribute importantly to tumor formation. Hence,
LOH is a risk factor for HCC, in that it permits hepatocytes to escape normal
apoptosis and senescence, which are characteristics commonly associated
with the transformed phenotype.

Summary

Although the overview above provides a partial molecular picture of the
early stages of stepwise hepatocarcinogenesis, it should be emphasized that
tumor and nontumor liver contain multiple changes, and that there is
variability in their profile among different patients even within single studies.
Variability in the number and types of genetic changes has also been
observed geographically, and may be dependent upon the etiology of the
tumor (viral, chemical or both) [117]. Interestingly, HBxAg inactivates tumor
suppressors (such as p53 [by direct binding] and Rb [by stimulating its
phosphorylation]) early in carcinogenesis that are mutated later during
tumor progression. HBxAg also constitutively activates signal transduction
pathways, such as those involving c-jun and ras, and activates oncogenes,
such as c-myc, that are otherwise activated by B-catenin mutations. These
findings suggest common molecular targets in hepatocarcinogenesis, despite



348 M.A. Feitelson et al | Surg Clin N Am 84 (2004) 339-354

different mechanisms of activation or inactivation. These observations need
to be exploited in future drug discovery and in the development of new
therapeutics.

Heterogeneity in the mechanisms of tumor development, evidenced by the
differences in the up- and downregulated genes reported in microarray
analyses, as well as in the genetic loci that undergo mutation or LOH in
different reports, has now been well documented. This suggests that there are
multiple pathways to HCC, and that there is redundancy in the pathways
that regulate cell growth and survival. These findings also reflect that,
although hepatocarcinogenesis is multistep, the molecular changes that
underpin histopathological changes in tumor development are likely to be
different or only partially overlapping in individual tumors. Overall, the
consequences of these changes suggest that the pathogenesis of HCC is
accompanied by a progressive loss of differentiation, loss of normal cell
adhesion, loss of the ECM, and constitutive activation of selected signal
transduction pathways that promote cell growth and survival. Although
mechanisms are important, attention also has to be paid to the target genes
whose altered expression actually mediate the neoplastic phenotype.

Other key avenues of work need to be explored. For example, it will be
important to try to identify germline mutations in HBV-infected patients that
are passed on to their children, resulting in the development of HCC in
childhood [20]. Clinical materials will also be important for the validation of
new markers with diagnostic or prognostic potential. In this context, there is
an urgent need to establish simple and low-cost tests based upon molecular
changes that are hallmarks of HCC development. Identification of patients
with early HCC will also significantly increase survival through its impact
upon treatment. The discovery and validation of HCC markers may permit
accurate staging of lesions, determine the proximity of such lesions to
malignancy, and determine whether lesions with a particular genetic profile
are still capable of remodeling through appropriate therapeutic intervention
[118]. The efficient reintroduction of the relevant tumor suppressors, or the
inhibition of oncogene expression by siRNA, provide just some of the
additional opportunities that will ultimately be useful in patient treatment.
Together, these approaches will go far in reducing the very high morbidity
and mortality associated with HCC.
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