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Abstract

Hepatocellular carcinoma (HCC) is the third leading fatal cancer worldwide and its incidence
continues to increase. Chronic viral hepatitis involving either hepatitis B virus (HBV) or hepatitis
C virus (HCV) infection is the leading etiology for HCC, making HCC prevention a major goal of
antiviral therapy. While recent clinical observations and translational research have enhanced our
understanding of the molecular mechanisms driving the initiation and progression of HCC, much
remains unknown. Current data indicates that HCC tumaors are highly complex and heterogeneous
resulting from the aberrant function of multiple molecular pathways. This complex biology is
responsible, at least in part, for the absence of highly efficient target-directed therapies for this
deadly cancer. Additionally, the direct or indirect effect of HBV and HCV infection on the
development of HCC is still a contentious issue. Thus, the question remains whether viral
hepatitis-associated HCC stems from virus-specific factors, and/or from a general mechanism
involving inflammation and tissue regeneration. In this review we summarize general mechanisms
implicated in HCC, emphasizing data generated by new technologies available today. We also
highlight specific pathways by which HBV and HCV could be involved in HCC pathogenesis.
However, improvements to current in vitro and in vivo systems for both viruses will be needed to
rigorously define the temporal sequence and specific pathway dysregulations that drive the strong
clinical link between chronic hepatitis virus infection and HCC.
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1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common human cancers, being the fifth
most prevalent tumor type and the third leading cause of cancer-related deaths worldwide [1,
2]. Chronic infection with hepatitis B virus (HBV) and hepatitis C virus (HCV), especially
in the setting of established cirrhosis or advanced fibrosis, are the leading causes of HCC
worldwide, and the incidence of HCC correlates with the geographic distribution of these
infections [3]. Conversely, suppression of HBV replication [4, 5] and a sustained viral
response (SVR) in the treatment of HCV [6], are associated with a reduction in HCC among
treated populations. Men are more susceptible to HCC, most probably because the major
risk factors for HCC, including chronic viral hepatitis as well as alcohol consumption and
non-alcoholic fatty liver disease (NAFLD) [7, 8] are more common in males. However,
there is substantial evidence for gender-related differences in cellular pathways associated
with HCC that might make men more susceptible to HCC than women [9, 10]. Early
diagnosis is crucial for potentially successful curative treatment. Therefore, continuous HCC
surveillance is recommended for high-risk patients, including those with cirrhosis of any
etiology, chronic HCV patients with advanced liver disease and chronic HBV patients even
without cirrhosis [11]. Unfortunately, despite efforts aimed at early detection of HCC, a
substantial number of patients are diagnosed only when their disease is at an advanced stage.
These patients are usually not amenable for potentially curative treatment modalities, such
as partial liver resection, liver transplantation or radiofrequency ablation (RFA) [11], but are
rather offered non-curative alternatives such as transarterial chemoembolization (TACE)
and/or drug therapy with Sorafenib [12]. Although associated with only a modest increase in
patient survival [12], the multi-kinase inhibitor Sorafenib is the first target-directed drug
therapy for liver cancer, and was developed based on understanding major intracellular and
extracellular signaling pathways involved in HCC pathogenesis [13]. However, despite the
progress in elucidating the general mechanism(s) of HCC as well as advances in the study of
HBYV and HCV virology, there is still a substantial gap in our ability to mechanistically link
chronic viral hepatitis with liver carcinogenesis.

2. Pathways in HCC implicated by genomic studies

Recent advances in genetic technologies, particularly decreasing costs of sequencing have
led to many studies interrogating genetic alterations in HCCs. The main pathways involved
in HCC initiation or progression can be divided into several categories including cell
proliferation and differentiation, inflammation, and angiogenesis, the latter being a central
theme associated with this highly vascularized tumor (reviewed in [14]).

Perturbations in the epidermal growth factor (EGF) signaling pathway exemplify how cell
proliferation pathways can contribute to HCC. Several studies have shown that certain
polymorphisms in the EGF gene can either promote or protect from HCC [15-17], and
blocking the EGF receptor has been shown to inhibit the growth of HCC cells both in vitro
and in vivo [18, 19]. The ubiquitous activation of Ras and Jak/STAT signaling in HCC
provide additional examples of pathways involved in cell proliferation and differentiation,
that when altered, affect HCC pathogenesis. Activation of these pathways is associated with
DNA hyper methylation and hence silencing of their cellular inhibitors, especially in the
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setting of cirrhosis [20]. The PI3K-Akt pathway, intimately involved in both cell
proliferation and cellular metabolism, is also activated in a significant portion of HCC
samples [21]. This pathway might link metabolic alterations in the liver, such as fat
accumulation to the development of liver cancer [22]. Recently, genomic analyses of HCC
samples from patients with aggressive tumors and poor prognosis revealed over-expression
of the fetal oncoprotein SALL4. SALL4 normally co-represses the tumor suppressor PTEN,
resulting in activation of the PI3K-Akt pathway. Importantly, blocking SALL4 function with
a synthetic peptide has been shown to release PTEN from co-repression, resulting in de-
phosphorylation and reduced activation of Akt, accompanied by a significant shrinkage of
tumors in vivo [23]. The wnt/B-catenin signaling pathway, important in cell differentiation
and proliferation, is also frequently mutated in the tumorous tissue of HCC patients [21].
Unlike in colon cancer where mutations are frequently found in the tumor suppressor gene
adenomatous polyposis coli (APC) resulting in p-catenin activation, they are rarely found in
HCC tumor tissue. In contrast, other mechanisms for B-catenin activation, such as promoter
over-activation [24] or mutations in AXIN1 [25] are found.

Inflammation is the hallmark of chronic hepatitis of various etiologies and is thought to be a
major trigger for liver carcinogenesis. NF-xB, a major player in the cellular inflammatory
cascade, promotes liver cancer in the Mdr2 knockout mouse model, suggesting a link
between inflammation and cancer [26].

Angiogenesis also plays a key role in HCC development and invasive potential. A major
pro-angiogenesis factor, VEGF, is elevated in the sera of HCC patients, and its serum level,
as well as certain VEGF polymorphisms, appear to correlate with prognosis [27, 28]. In
addition, metastatic tumor antigen 1 (MTAL), a stabilizer of the angiogenesis mediator
hypoxia-inducible factor-1 (HIF-1), has been found to closely correlate with post-operative
recurrence of HCC and poor survival rates, especially among HBV positive HCC patients
[29]. Therefore, the current evidence strongly implicates angiogenesis in HCC pathogenesis,
providing clear a rationale for targeting VEGF pathways in anti-HCC therapy.

3. Hepatitis B virus is a risk factor for HCC

3.1 Epidemiology and molecular biology of HBV infection

HBV is a small DNA virus, a member of the hepadnaviridae family (reviewed in [30-32]).
Transmission can occur by exposure to contaminated blood products, or alternatively by
sexual or other modes of intimate contact [32]. In adults, acute infection usually resolves
spontaneously, however, in newborns or small children, chronic infection is common and
often leads to chronic hepatitis, cirrhosis and HCC [31].

The virus 3.2kb genome contains four major open reading frames organized in a compact
over-lapping gene structure (Fig 1A). HBV gene products include the polymerase (pol),
which has a reverse transcriptase activity and that drives viral replication, core that forms
the viral nucleocapsid and that is also cleaved to form the secreted e antigen (HBeAqg),
Surface (small, middle and large) proteins that are embedded in the virus envelope and are
also secreted in the form of “empty” sub-viral particles and X, encoding a protein essential
for viral replication. Recently, the bile acid pump sodium taurocholate co transporting
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polypeptide 1 (NTCP1) has been shown to be a receptor for HBV infection [33]. Following
binding to its receptor and entry into the cell, the viral nucleocapsid releases the viral DNA,
that is transferred to the nucleus where it is converted into a covalently closed circular DNA
(cccDNA) minichromosome (reviewed in [34] and Fig 1B). The cccDNA serves as a
template for viral transcription. This step in the virus life cycle is highly regulated and
dependent on the presence of transcription factors, some of them are liver-enriched.
Transcription is driven by distinct promoters controlled by two enhancers (Enhancer | and
Enhancer Il), resulting in a repertoire of viral transcripts that are capped with a common
poly adenylation site. The 3.5kb pre-genomic RNA (pgRNA) serves as a template for
reverse-transcription, mediated by the viral polymerase, followed by the formation of a
complementary (plus) strand to create a relaxed circular form of viral DNA (rcDNA). The
rcDNA, bound to the viral polymerase, is packaged to form a new progeny virus. The
current view is that a portion of the newly synthesized DNA is not exported from the cell as
an infectious virus but rather is imported back to the nucleus to amplify the cccDNA pool
[35] (Fig 1B). This unique mechanism ensures cccDNA amplification and maintenance
without integration into the host genome. Nevertheless, portions of the viral genome tend to
integrate into the host’s genome, especially upon prolonged infection.

HBYV infection is not cytopathic for hepatocytes, a property that may contribute to the
delayed response of the immune system following HBV infection. Controversy exists
regarding the role of the innate immune response in sensing and reacting to the virus
(reviewed in [36]). However, cytotoxic T cells that recognize viral antigens presented on the
infected cells play a major role in clearing HBV-infected cells [37]. This mechanism is
responsible for complete viral clearance and clinical cure in about 95% of acutely infected
adults. However, in 5% of infected adults and in a much higher proportion of newborns or
small children, acute infection becomes chronic, possibly due to failure of the adaptive
immune system to efficiently clear HBV infected cells. This may result from T-cell
exhaustion by high antigen concentrations, promoting T-cell dysfunction [38]. Nevertheless,
about 5% of chronically infected patients clear the virus spontaneously each year entering an
inactive state with undetectable viremia. Those patients are usually not treated with anti-
viral drugs and have a good prognosis. On the other hand, those who present with
consistently high viremia and active replication are the major target population for anti-viral
treatment since they are at increased risk of developing chronic liver disease and its
complications.

Currently, HBV is treated with either pegylated-interferon a-2a or with reverse transcriptase
(RT) inhibitors (reviewed in [39]). While these drugs effectively inhibit viral replication,
they rarely lead to cure of the patient. Therefore, lifelong treatment with the RT inhibitors is
usually required, especially for HBeAg negative patients [40], and preventive treatment
must be initiated in silent carriers who undergo immune suppressive therapy, in order to
avoid a potentially lethal HBV reactivation [41, 42]. In recent years a major advance has
been made with the introduction of new generation of RT inhibitors, exemplified by
Entecavir and Tenofovir, which combine excellent potency with a high resistance barrier
[43, 44], making them ideal for long-term anti HBV therapy.
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3.2 A strong association between chronic HBV infection and HCC

Older studies suggested chronic HBV infection might increase the risk of HCC by up to 200
fold over non-HBV carriers [45], although more recent cohort and case controlled studies
indicate 10-100 fold elevated relative risk [46]. In Africa and East Asia, about two-thirds of
HCC cases are attributed to HBV; in Western countries only one-fifth of HCC cases are
HBYV related. This difference is explained, at least in part, by the different modes of
transmission (vertical versus horizontal, respectively) and more importantly, by the
existence of an effective vaccine for HBV [47] and the implementation of HBV vaccination
programs in most western countries. Indeed, adopting a universal pediatric vaccination
program in Taiwan has led to a sharp decrease in the incidence of HCC [48].

In the classic REVEAL study, serum HBV DNA level was found to be a strong predictor for
HCC, irrespective of HBeAg status, liver cirrhosis, or ALT levels [4]. Other risk factors for
HCC among HBV patients include family history of HCC [49], the presence of advanced
liver disease [50] as well as older age and male sex [4]. Interestingly, in contrast to chronic
HCV infection, where HCC is usually associated with advanced fibrosis or cirrhosis, HBV
patients can develop HCC with minimal liver damage. Thus, chronic HBV carriers who are
Asian males older than 40 years or females older than 50, or those with a family history of
HCC must undergo biannual ultrasound surveillance even in the absence of established
cirrhosis, according to official AASLD guidelines. This recommendation is based on their
calculated annual risk of developing HCC, which is greater than 0.2%, the threshold for cost
effectiveness [11].

3.3 HBV and HCC- general mechanisms or virus specific factors?

HBYV infection results in liver damage including inflammation, fibrosis and ultimately
cirrhosis, which are all potential triggers of oncogenic transformation even without direct
viral-specific mechanisms. Especially compelling is a study from Chisari and colleagues
showing that HBV transgenic mice, after adoptive transfer of HBV-specific CTLs,
developed HCC. Since these mice do not express the HBV X protein (HBx) and lack
aberrant viral genome integration, it is likely that tumors in those animals were caused by
immune-mediated liver inflammation per-se, and did not result from viral transactivation of
oncogenic genes or from insertional mutagenesis, two mechanisms believed to underlie
some HBV-associated HCC [51].

However, as stated previously, HBV carrier state itself is a risk factor for HCC, even in the
absence of advanced liver disease and cirrhosis. This observation, as well as differences in
HCC susceptibility across different HBV genotypes (genotype C conferring the greatest risk
for HCC) [4, 52] and specific viral mutations associated with increased risk for HCC [53,
54], strongly imply a direct viral effect on HCC development.

A prominent obstacle in our understanding of HBV biology and the link between the virus
and HCC is the lack of robust in vitro and in vivo systems that reliably mimic human HBV
infection. Most in vitro studies have utilized either transiently or stably transfected hepatoma
cell lines [55] that overexpress viral proteins, and are themselves transformed cells and a
priori defective in many genes and growth promoting pathways, independent of virus
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influence. While avian and mammalian HBV-related viruses have been identified, making it
possible to study their biology in natural hosts, the relevance and predictive value of these
models to HBV infected humans is not always obvious (reviewed in [56]). The development
of mouse models for HBV replication and infection, including HBV transgenic mice [57]
and human liver chimeric mice [58, 59], respectively, have been significant, but these
models are still suboptimal for unraveling HBV associated pathologies, particularly HCC
(reviewed in [60]).

3.4 The role of HBV integration in the pathogenesis of HCC

The realization that in chronic infection, HBV DNA is maintained in the infected hepatocyte
not only as episomal nuclear cccDNA but also integrated in the host’s genome [61] led to
attempts to identify specific integration “hot spots” that might correlate with oncogenic
transformation.

The most striking association between genomic integration and HCC was initially found in
woodchuck hepatitis virus (WHV)-associated tumors, in which a high proportion of the
tumors have viral insertions near N-myc, the proto-oncogene, resulting in its activation by
the viral enhancer [62, 63]. However, although there was initially evidence for the existence
of an active HBV enhancer in many HCC-associated viral integrations [64], few consistent
genomic integration hot spots were identified [65, 66], and their significance in HCC
pathogenesis is still debated.

More recently, next generation sequencing (NGS) has enabled large scale, highly sensitive
analyses of large numbers of HCC samples. In one study, analyzing 81 tissue samples from
HBV-positive HCC in parallel with HBV negative HCC and normal liver tissues, HBV
integration was found in more than 80% of HBV positive cases [67]. Integration in tumor
tissue was found to be more extensive and distinct from surrounding non-tumor tissue.
Analysis integration breakpoints revealed that 40% of them were restricted to an 1800 bp
region of the HBV genome that includes the viral enhancer, the X gene, and a portion of the
core region. These specific and strategic viral break points may promote the creation of
chimeric virus/human fusion gene variants upon integration, activate in-cis cellular
oncogenes (specifically by the HBx) or simply disrupt tumor suppressor genes. Most
importantly, three cancer-associated genes were found as frequent integration sites in HBV
positive tumors: telomerase reverse transcriptase (TERT), MLL4 and CCNEL, accounting
for about 40% of tumor samples with HBV integration. These integrations were
accompanied by increased expression of the corresponding genes, irrespective of whether
integration occurred in the promoter, exonic or intronic regions. Another important finding
was that copy number variations (CNVs) were significantly higher in HBV breakpoint
locations, most probably a reflection of increased genomic instability following HBV
integration(s). This suggests yet another mechanistic link between HBV integration and liver
carcinogenesis. In another study [68] that sequenced HBV related tumor and adjacent
normal tissues using massive anchored parallel sequencing (MAPS), recurrent HBV
integrations were found in 8 host genes, including TERT and FN1. For TERT, HBV
integration increased expression of the gene product. Interestingly, integrations were more
frequent in transcript coding units. Less diverse integration sites were found in cancer as

Semin Cancer Biol. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Shlomai et al.

Page 7

compared to cancer-adjacent tissues, possibly as a result of post-integration clonal expansion
of HCC tissue. Another analysis of HCC samples from HBV and HCV patients [69] found
frequent mutations in chromatin regulator genes such as ARID1A, ARID1B, ARID2, MLL
and MLL3. As seen in other studies, more frequent HBV integration was found upstream of
the TERT gene, while no clonal integrations were found in the non-cancerous tissue.

These and other earlier studies [66, 70] suggest that the TERT gene locus is a common “hot
spot” for HBV integration associated with HCC. Given that HBV integration is an early
event in the development of HBV-associated HCC, integration at the TERT locus and the
resulting overexpression of this gene may confer a clonal advantage to transformed cells and
pave the way for further tumor development.

Most of these NGS-based studies confirm prior observations regarding the high frequency of
breakpoints within the HBV genome downstream of the HBXx region, resulting in a C-
terminally truncated HBX protein [71]. These observations support the hypothesis that
mutant forms of HBx may possess gain of function activities that promote carcinogenesis.

Thus, HBV integration may promote tumorgenesis via three distinct mechanisms: Genomic
destabilization; cis-activation of oncogenes or altered tumor suppressor activity; and
production of mutant HBV proteins with tumor-promoting potential.

3.5 The role of HBx in the pathogenesis of HCC

HBx is a 154 amino acid viral protein [72, 73] with crucial roles in HBV infection,
replication [74, 75] and links to liver carcinogenesis (reviewed in [76]). Initial studies
showed that HBx can transform normal murine cells in vitro [77, 78], and promote the
development of liver tumors in HBXx transgenic mice [79, 80].

Four mechanisms have been invoked to explain HBx oncogenic potential. These include
transactivation/repression of genes implicated in cell survival and proliferation, interaction
with proteins implicated in cellular response to oncogenic stress, activation of cell survival
signaling pathways, and epigenetic changes, such as DNA methylation, histone modification
and microRNA expression.

HBXx can trans-activate cellular, as well as viral genes, by enhancing the activity of the basal
transcription machinery and by binding, stabilizing and enhancing the activity of various
transcription factors [72]. HBx trans-activates promoters of CREB response element (CRE)-
containing genes, including the oncogene Yes-associated protein (YAP) [81], which is
frequently overexpressed in HCC. In addition, HBx can alter the DNA specificity of CREB
and ATF-2, resulting in binding and activation of the HBV enhancer, which contains a CRE-
like rather than a perfect CRE consensus sequence [82]. Recently, Chan et al have shown
HBx also modulates the DNA binding specificity of the p53 tumor suppressor, resulting in
altered expression of its target genes [83]. Interestingly, p53 has been shown to repress HBV
transcription [84] and HBX acts as a co-repressor of the p53 promoter [85]. Obviously, this
altered activity of the “guardian of the genome” mediated by HBx may provide a
mechanistic explanation for HBx induced liver carcinogenesis. However, the extent to which
HBX is able to modulate the expression of cellular genes is unclear and needs to be
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interpreted with caution given the recently published study showing that HBx trans-activates
genes exclusively from the (viral) episomal DNA, but not from chromosomal genomic loci
[86].

HBx may also promote liver cell transformation via interactions with proteins implicated in
the DNA damage response. One example is the UV-damage DNA-binding factor UV-
DDBL1. HBx interaction with UV-DDB1 stimulates viral genome replication [87, 88] but
results in impaired cell viability [89]. UV-DDBL1, an essential component of the first step in
DNA damage repair, binds to damaged DNA. This led Becker et al to hypothesize that HBx-
UV-DDBLI interaction might compromise the normal cellular response to DNA damage
leading to cell transformation [90]. Alternatively, Martin-Lluesma and co-workers suggested
that HBx binding to UV-DDBL interferes with S-phase progression, leading to genomic
instability and to cell transformation [91].

HBXx has been reported to interact with the tumor suppressor p53, resulting in inhibition of
p53 target gene expression though the mechanism for this repression is not clear. While one
report suggests a direct sequestration of p53 in the cytoplasm by HBXx to prevent p53 nuclear
entry and target gene activation [92], another report shows that HBx-p53 interaction does
not prevent p53 entry into the nucleus nor does it prevent p53 binding to the promoters of its
target genes. Rather, its interaction with p53 enables HBx “hijacking” of p53 to its DNA
binding sites where HBx directly co-represses genes by interaction with the basal
transcription machinery, thereby overcoming p53 activity [93].

Another potential mechanism for HBx-mediated carcinogenesis is its ability to disrupt/
activate cellular signaling pathways implicated in cell survival. This is exemplified by
multiple reports of activation of the inflammation-associated NF-kB and STAT-3 pathways
[94-96], the Ras-Raf-MAPK pathway (through activation of the Ras-GTP complex) [97],
the PI3K-Akt pathway [98] and the Src-dependent pathway [99]. This latter pathway is
potentially most important for HBV replication [100] and involves calcium release from
mitochondria [74]. In addition, HBx can activate the wnt/B-catenin pathway [101], which is
frequently mutated in HCC. One possible mechanism for this activation is interaction with
the APC protein, resulting in displacement of 3-catenin from its degradation complex [102].
Alternatively, ERK activation by HBx can result in phosphorylation and inactivation of
GSK-3p, and up-regulation B-catenin [103].

At the current time, we are left with conflicting views as to whether HBx expression
enhances cell survival or promotes apoptosis. These discrepancies may be due to differences
in cell culture conditions, the use of cancerous cell lines or overexpression of HBX.
Development of more reliable infection systems in primary cells will hopefully help
decipher these unsolved questions.

A different mechanism for HBx-induced HCC concerns epigenetic changes induced by this
protein (reviewed in [104]). These changes include hypermethylation or hypomethylation of
tumor suppressor and tumor promoting genes, respectively [105-107]. In addition, HBXx has
been shown to promote histone acetylation and de-acetylation in tumor related genes, and to
alter the expression of certain microRNAs implicated in HCC. For example, HBx
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upregulates the expression of miR-602, miR-143, miR-29a and miR-148a, all known
regulators of genes implicated in tumorogenesis and metastasis [108-111]. Conversely, HBx
downregulates the expression of other miRNAs important for cell-cell adhesion, cell
migration and metastasis [104]. A recent report found that HBx suppresses transcription of
the abundant liver-specific miR-122 through PPAR-y [112]. This, together with emerging
evidence of an anti-tumorigenic role for miR-122 [113], suggests a possible role of the HBx-
miR-122 axis in the pathogenesis of HBV-associated HCC.

Interestingly, HBx has been recently suggested to down regulate the tumor suppressor miR
15a/miR16 cluster by sequestering those miRNAs to a binding site on its mMRNA [114, 115].
This “sponge” mechanism, whereby a virus down regulates specific cellular miRNASs by its
sequestering, may be common to other viruses, as well (see discussion below regarding
HCV).

4. Hepatitis C virus infection is a risk factor for HCC

HCV is a blood-borne virus that was identified as the causative agent for non-A non-B
hepatitis in 1989 [116]. It is a member of the Flaviviridae family of positive stranded RNA
viruses and can establish a chronic infection in 50-80% of exposed individuals. HCV
infection largely follows a subclinical course and can, typically after decades of infection,
result in liver fibrosis and cirrhosis in a subset of those infected. Depending on the era and
geographical area, it has spread largely through iatrogenic practices and intravenous drug
use, resulting in approximately 170 million chronically infected people worldwide. After
HBV, HCV infection is the most significant risk factor for HCC development, accounting
for 10-20% of HCC cases globally [117]. Epidemiological support for an etiological link
was the striking correlation between HCV spread and HCC incidence in Japan. HCV
initially spread through injection treatments for schistosomiasis in the 1920s [118]. After
World War Il HCV incidence peaked with the burst of the parenteral amphetamine use and
the paid blood donation, and significantly decreased between the 1950s to the 1960s upon
establishment of a voluntary blood donation system and adopting a penalties policy against
amphetamine use. HCC incidence followed this pattern but lagged for about 40 years, with
its peak incidence detected between the years 1986 to 2000, followed by a sharp decrease
beginning at the year 2000. Notably, these changes in HCC incidence were attributed solely
to HCV-associated HCC and not to HCC from other etiologies, the rate of which remained
steady [119]. Because HCV spread more recently in the United States, the number of HCC
cases is still rising in this country [120].

In contrast to HBV, HCV-associated HCCs develop primarily on a background of advanced
fibrosis or cirrhosis. However, in the prospective HALT-C trial of chronically infected
patients in the United States, 17% of HCCs were found in the absence of advanced fibrosis
[121]. Contrary to a previous report from Japan [122], this did not correlate with occult,
anti-HBc positive, HBsAg negative, HBV infection [123]. These findings suggest that
advanced fibrosis may not be an absolute prerequisite for HCC carcinogenesis in HCV
monoinfection.
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Several observations implicate HCV infection and associated inflammation as contributing
to the risk of developing HCC. First, the risk of developing HCC is greater in the setting of
HCV infection than other, non-viral risk factors [124, 125]. Second, there are a humber of
reports showing that elevated levels of transaminases, a marker for liver inflammation,
correlate with HCC risk among HCV patients independently of fibrosis stage [126-128].
This is further supported by the findings from several groups that even in patients with
advanced fibrosis, HCV eradication decreases the risk of HCC to 21% of that observed in
patients failing therapy [129-131]. However, none of these observations distinguishes
between a direct role attributed to HCV replication/gene expression in HCC development
versus an indirect role for HCV through general mechanisms such as HCV-induced
inflammation (for reviews on inflammation and HCC see [132, 133]). Nonetheless, there is
general agreement that ongoing inflammation resulting from HCV infection appears to
contribute significantly to the risk of developing HCC independently of hepatic fibrosis.
This has been an important impetus for HCV eradication, as it would lower peak incidence
of the still rising number of HCC cases in the United States. Recent and future approval of
well-tolerated highly effective antiviral drug regimens for HCV holds great promise for
achieving this goal [134], especially if they can be implemented on a global scale.

4.1 Hepatitis C virus models for the study of HCC pathogenesis

Hepatitis C virus positive stranded RNA genome of 9.6kb is translated into a long
polyprotein, which is subsequently processed by host and viral proteases into 10 proteins:
three structural proteins, core, envelope (E) 1 and E2, and seven non-structural (NS) proteins
p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B (Fig 3). Similar to HBV, only limited tools
are available to study HCV infection in large part because the authentic HCV life cycle is
believed to be restricted to human hepatocytes. Most early in vitro work was limited to RNA
replicons, i.e. selectable (sub)genomic viral RNAs that replicate but do not produce virus
[135] or, more recently, cell-culture infectious virus (HCVcc) [136, 137] based on a limited
number of genomes, the most widely used being Japanese fulminant hepatitis-1 (JFH-1)
[138-141]. In addition to obvious constraints of working in vitro, these systems have the
additional limitation that they almost exclusively use Huh7 hepatoma derived cell lines for
HCV replication. Even with these limitations, the replicon and HCVcc systems have proven
enormously useful in studying many aspects of the HCV life cycle [142], including
pathways that may be important in HCC carcinogenesis.

Animal models of HCC development have the potential to overcome some of the limitations
of invitro systems. The only natural host beyond humans able to support HCV infection is
the chimpanzee Pan troglodytes, and HCV infection in chimpanzees recapitulates most
features of human infection. Despite their widespread use in the early days HCV research,
infection associated HCC is rare. Recently, one animal was reported that developed
multifocal HCC in the setting of chronic HCV, but notably with only minimal portal fibrosis
[143]. Even though chimpanzees are undoubtedly the most relevant animal model for HCV
infection, high costs, ethical concerns and low incidence of HCC have limited their use. For
this reason, over twenty different HCV transgenic mice have been created that express one
or several viral proteins, or the entire polyprotein under the control of a variety of liver-
specific and other promoters. These have been extensively studied for HCC development.
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However, transgenic models have several inherent limitations. These include central
immune tolerance to the transgene and subsequent lack of virus-specific adaptive immunity,
random insertion of the transgene cassette, which can be particularly problematic when
studying carcinogenesis, and protein expression levels that do not recapitulate those of a
natural infection. In addition, depending upon the HCV proteins expressed, the type of
promoter, and the genetic background of the mice, different phenotypes have been observed
[144].

Nevertheless, this vast body of transgenic animal literature has found several altered
pathways that suggest a possible direct role for HCV proteins in HCC carcinogenesis (for
review see [145]). For example, HCV core overexpression resulted in bile duct damage,
steatosis and lymphoid aggregates in the liver [146], and the frequency of HCC was
increased by concomitant inflammation [147] or iron overload [148]. Such findings mimic
observations in patients, and argue for the relevance of HCV transgenic mice as models for
the study of HCC carcinogenesis.

A different approach to study HCV in small animal models is through the use of human
hepatocyte xenografted mice. These models share some form of mouse hepatocyte injury to
allow the human hepatocytes to proliferate, and lack mouse T and B lymphocytes to prevent
graft rejection. The best-studied models are immunodeficient urokinase plasminogen
activator transgenic mice expressed under an albumin promoter (alb-uPA) [149] and
immunodeficient fumaryl actetoacetate hydrolase mice [58]. These models support infection
of several HCV genotypes, and have been used for a variety of virologic and therapeutic
investigations. One recent report showed that HCV infection could cause oxidative stress
and induce pro-apoptotic signals in uPA mice [150], pathways that have previously been
implicated in HCC carcinogenesis in vitro as well as in transgenic mice. A different liver
injury model that was transplanted with both human hepatocytes and human lymphocytes
showed some fibrosis [151], but to date HCC has not been reported in any xenograft-based
model.

In summary, HCV studies have largely been limited to in vitro systems in HCC cell lines
and animals transgenic for viral proteins. Several pathways have been implicated from these
model systems and will be discussed below.

4.2 Evidence for a direct role of HCV in the pathogenesis of HCC

The epidemiological link between HCV and HCC cannot distinguish direct oncogenic
effects by viral proteins from the inflammation that is elicited by its replication. For
example, although HCV RNA can be detected both in HCC and in surrounding non-tumor
tissue [152, 153], it remains controversial whether viral quasispecies enriched in the tumor
have a direct role in HCC carcinogenesis. Moreover, and similar to the case of HBV, data
implicating specific viral proteins is often conflicting and depends on the experimental
system in which it was generated. Given these caveats, both HCV structural and non-
structural proteins have been implicated in pro- and anti-apoptotic effects, in eliciting
inflammation as well as in a variety of tumor pathways. The best studied pathways will be
highlighted here (see Fig 3); for a more in-depth review of these pathways see [154].
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Most people infected with HCV have hepatitis, which typically comprises a mixed
lymphocyte infiltrate. In addition to a role for infiltrating T lymphocytes and NK cells [155],
hepatocytes sense HCV RNA motifs through RIG-I and TLR-3, leading to activation of the
NF-xB pathway and generation of interferon and other pro-inflammatory cytokines.
Furthermore the viral polymerase NS5B has been shown to directly activate the
inflammatory cascade through NF-«xB in a MAVS and TBK-1 dependent manner, resulting
in secretion of IL-6 and type | interferon [156]. Given the likely importance of inflammation
in the pathogenesis of hepatic carcinogenesis (see previous sections), events possibly
mediated by the viral genetic material and by at least one of its functional proteins might be
a substantial trigger for hepatic transformation.

Oxidative stress is another potential trigger for oncogenic transformation via induction of
DNA mutagenesis. The HCV core protein has been shown to promote formation of
intracellular reactive oxygen species (ROS), both in vitro [157] and in vivo [158], possibly
through its localization to the mitochondria and inhibition of electron transport [158].

Central tumor suppressor genes as well as a number of proto-oncogenes have been
suggested as direct targets for alteration by HCV proteins. For example, the retinoblastoma
tumor suppressor protein (Rb) has been shown to interact with the HCV NS5B protein,
resulting in its poly-ubiquitination and degradation, which promotes entry into S phase
[159]. Notably, this pro-oncogenic mechanism is quite common for DNA viruses, but HCV
is currently the only RNA virus that has been shown to manipulate cells in this fashion.

p53 is also a target for HCV and at least three viral proteins have been shown to interact
with this key tumor suppressor. Conflicting data on whether core interaction with p53 results
in activation or inhibition of p53 target genes may reflect differences in the level of core
expression [160]. In addition, NS3-p53 interaction can block apoptosis in vitro [161] and
NS5A interaction with p53 results in p53 redistribution to the peri-nuclear membrane [162].

The wnt/B-catenin pathway may also be altered directly by HCV. Initially, NS5A was shown
to promote B-catenin stabilization indirectly through inactivation of GSK3-f, which
normally promotes —catenin degradation [163, 164]. As mentioned previously, GSK3-f has
also been implicated as an HBx target to promote -catenin stabilization. However, there is
some evidence that NS5A directly interacts with and stabilizes B-catenin [165].

Evidence has also emerged for HCV proteins interacting with cellular pathways implicated
in liver response to damage. For example, the ataxia-telangiectasia mutated kinase (ATM) is
not only required for HCV replication [166] but also interacts with the HCV NS3-4A protein
complex, resulting in impaired DNA damage responses and enhanced sensitivity to ionizing
irradiation [167]. The resulting increased rate of double-stranded DNA breaks is a possible
direct viral role in tumorigenesis. Another example is the interaction of HCV with the TGF-
3 pathway, a central component of the liver proliferation and damage response. HCV NS5A
has been shown to block TGF-f signaling through direct interaction with its receptor, TGF-
receptor | (TPR-I) [168], thereby promoting liver damage, fibrosis and cancer. Also, core
quasispecies isolated from HCC but not from surrounding liver tissue were able to block
TGF- signaling through interactions with Smad3 [169].
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Finally, HCV requires liver-specific miR-122 for replication [170], as demonstrated by a
recent phase 2a clinical trial showing that sequestering miR-122 in patients leads to a dose-
dependent decrease in HCV viremia [171]. An association between miR-122 and HCC was
reported in two independent studies, showing high tumor incidence in mice lacking miR-122
[113, 172]. Little is known about how HCV replication affects miR-122 levels in the liver,
although some initial reports support the notion that miR-122 abundance is significantly
reduced in human liver with advanced fibrosis [173] and in patients who do not respond to
HCV therapy [174]. Recruitment of miR-122 to the HCV genome could result in a
functional depletion of this important liver-specific miR-122. As mentioned earlier with
regard to the anti-tumorigenic effect of miR-122, it is possible that miR-122 sequestration
by HCV might create a liver environment that ultimately contributes to HCC development.

Conclusions

Chronic HBV and HCV infections together plague more than half a billion people and are
the strongest risk factors for developing HCC. The solid clinical association between these
infections and HCC incidence has thus far eluded reliable mechanistic studies, in large part
because of the limited tools with which we can study these viruses. Recently, functional
genomics approaches have emerged that may reveal the importance of known tumor
promoting pathways and facilitate the discovery of new genes implicated in HCC (reviewed
in [175]). With these new technologies it will become even more important to distinguish
driver mutations from the multitude of passenger mutations that are found. Further
improvements in animal models to study these infections, e.g. human hepatocyte xenograft
mice that display inflammation and fibrosis, would potentially allow for the manipulation of
such driver mutations, and test to what extent they contribute to HCC pathogenesis. Until
the functional identification of such pathways becomes feasible, the search for much-needed
drugs for HCC will undoubtedly remain challenging.
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Fig 1. Gene structure and life cycle of HBV
A. An illustration of the small HBV genome with its unique overlapping gene structure. B.

Life cycle of HBV. See text for details (Enh-Enhancer, Pol-polymerase, S-Surface).
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Fig 2. General mechanisms for liver carcinogenesis and the role of viral factors in this process
Note that each mechanism implicated in liver carcinogenesis corresponds to the color of the

putative viral factor triggering this mechanism.
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Fig 3. The role of HCV gene products in liver carcinogenesis
(Upper) HCV is an RNA virus encoding for a polyprotein that is cleaved to individual

structural (blue) and non-structural (green) proteins, essential for viral propagation and
pathogenesis. (Lower) Putative mechanisms for carcinogenesis promoted by viral products
(upwards arrows=up-regulation downwards arrows=down-regulation).
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