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Abstract

Persistent infection with the hepatitis C virus (HCV) is a major
global health problem. Around 2-3% of the world’s popula-
tion are chronically infected, and infected individuals are at
high risk of developing steatosis, fibrosis, and liver cirrhosis.
The latteris a major predisposing factor for the development
of hepatocellular carcinoma (HCQ). It is generally accepted
that an inflammatory response triggered by persistent HCV
infection leads to increased cell proliferation and fibrogen-
esis that in turn promotes cirrhosis and ultimately HCC de-
velopment. This indirect mechanism of tumor induction
would explain the long incubation period from primary HCV
infection to HCC and the requirement for additional cofac-
tors such as toxins or drugs (most notably alcohol), meta-
bolic liver diseases, steatosis, nonalcoholic liver disease, or
diabetes. With the advent of adequate cell culture systems
for HCV it is, however, becoming increasingly clear that the
virus also contributes directly to HCC formation. Examples
are the continuous induction of stress response or the mas-
sive accumulation of intracellular lipids. Moreover, viral pro-
teins can bind to and sequester cell cycle control factors
such as the retinoblastoma protein or the tumor suppressor
DDX3. Thus, HCV-associated liver cancer is most likely pro-

moted by the combined action of long-term chronic inflam-
mation and targeted perturbations of cellular key pathways
involved in metabolic homeostasis as well as cell cycle con-
trol. Copyright © 2012 S. Karger AG, Basel

Introduction

Persistent infection with the hepatitis C virus (HCV)
is a major global health problem. Around 170 million
people are infected with this virus, corresponding to
~3% of the world’s population. These people are at high
risk of developing serious liver damage; ~20% develop
liver cirrhosis within 20-30 years after infection and peo-
ple with HCV-associated cirrhosis develop hepatocellular
carcinoma (HCC) in 1-6% of cases per year. Although for
many types of cancer the incidence rates are stable or
even declining, in liver cancer they are rising. In fact,
HCC, which accounts for 70-85% of liver cancers [1], is
the most frequently diagnosed cancer worldwide in men
and the second most frequent cause of cancer death. In
women, it is the seventh most commonly diagnosed can-
cer and the sixth leading cause of cancer death [2]. Re-
markably, HCV infection accounts for a large proportion
of these liver cancers. The prognosis of patients with
HCC is poor and the 1-year survival remains less than
50% in the USA [3].
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In the absence of adequate in vivo/animal models,
analyses of HCV-induced pathogenesis are difficult.
Thus, most studies are based on the use of engineered in
vitro culture systems that are inherently prone to arti-
facts caused, for example, by ectopic overexpression of
single HCV proteins. Moreover, in many studies heter-
ologous cell systems of nonhepatic or nonhuman origin
have been used. Some of these limitations have been over-
come with the implementation of more authentic cell cul-
ture systems recapitulating the HCV life cycle in parts
(e.g. the replicon system) or in total [reviewed in 4]. The
latter is based primarily on a particular HCV isolate, des-
ignated JFH1 (an acronym derived from Japanese fulmi-
nant hepatitis), that replicates to exceptionally high levels
in the human hepatoma cell line Huh7. Importantly,
HCV particles produced in these cells are infectious in
vivo (i.e. immunodeficient transgenic mice with human
liver xenografts) and particles isolated from these in vivo
samples are infectious for Huh7 cells [5]. While these are
important achievements, the primary restriction to Huh7
human hepatoma cells is a serious limitation.

Chronic inflammation induced by viral infection ap-
pears to be a major predisposing condition for liver can-
cer. In the case of hepatitis C it is assumed that a persis-
tently activated immune reaction targeting infected liver
cellsleads to increased cell proliferation and fibrogenesis,
thus enhancing cirrhosis and HCC development [6, 7].
This indirect mechanism of tumor induction by HCV in-
fection could explain why tumors most often develop
only 10-30 years after primary infection and require ad-
ditional risk factors such as alcohol consumption, meta-
bolic liver diseases, or diabetes [6]. Nevertheless, there is
increasing evidence that HCV itself, or specific viral pro-
teins, contribute directly to HCC formation. In the fol-
lowing sections, we will focus on some of the possible
direct contributions of HCV to the development of HCC
and the molecular mechanisms underlying this process.

HCV Replication Cycle

Understanding the molecular mechanisms underly-
ing the development of HCV-associated HCC requires
detailed knowledge of the viral replication cycle and the
interaction of HCV with its host cell. With the advent
of robust culture models and molecular biological ap-
proaches, the principles by which HCV replicates have
been unraveled (fig. 1) [8-12]. The virus enters the host
cell, which is primarily the hepatocyte, via receptor-me-
diated endocytosis. It is achieved by interactions between
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the virus particle and numerous host cell molecules pre-
sumably in a consecutive manner. Virus particles are
probably trapped on the surface of the hepatocyte by in-
teraction with glycosaminoglycans and low-density li-
poprotein (LDL) receptors that likely interact with the
lipoprotein moiety of the HCV particle. Subsequent in-
teractions involve CD81, scavenger receptor Bl (SR-BI),
claudin-1 and occludin. The efficiency of entry is en-
hanced by direct or indirect interaction between HCV
and the Niemann-Pick Cl-like 1 (NPC1L1) cholesterol
uptake receptor and the epidermal growth factor receptor
(EGFR), respectively [11, 13, 14]. Upon HCV entry, the
viral genome is released into the cytoplasm. This plus-
strand RNA has a length of ~9,600 nucleotides and con-
tains one long open reading frame that is flanked by two
terminal nontranslated regions that form higher-order
RNA structures. The 5’ nontranslated region contains an
internal ribosome entry site (IRES) mediating the trans-
lation of the RNA genome and giving rise to a polyprotein
that is cleaved by host proteases and two viral proteases
into 10 different products. The N-terminal region of the
polyprotein is composed of the structural protein core,
envelope glycoprotein 1 (E1) and E2. These proteins are
the major building blocks of the virus particle. The fol-
lowing two auxiliary proteins are required for the assem-
bly of infectious HCV particles, but it is unclear whether
they are also part of the virus particle: p7, a small hydro-
phobic protein that may act as an ion channel, and non-
structural protein 2 (NS2), that appears to contribute to
some step of virus formation. The remainder of the NS
proteins is sufficient for replication of the viral genome
[15]. NS3 contains in its N-terminal domain a serine-type
protease that is tightly associated with and activated by
NS4A. The C-terminal NS3 domain contains NTPase/
helicase activity. NS4B is a protein inducing the forma-
tion of the so-called membranous web that probably har-
bors the replicase complex. NS5A is an important regula-
tor of RNA replication and virus assembly and NS5B is
the RNA-dependent RNA polymerase (RdRp), the key
enzyme of viral genome amplification.

HCV RNA is amplified via a minus-strand RNA tem-
plate and the newly synthesized plus-strand RNA is ei-
ther used for RNA translation and replication or pack-
aged into progeny HCV particles. Viral replication oc-
curs exclusively in the cytoplasm and leads to massive
rearrangements of intracellular membranes mostly in-
duced by NS4B. The assembly and release process of
progeny virus is closely associated with the lipid metabo-
lism of the cell [reviewed in 9]. As a result, infectious
HCV particles have a unique composition and contain, in
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Fig. 1. Schematic of the HCV replication
cycle. Numbers refer to the individual
steps of the cycle. For details, see text.
MW = Membranous web.

addition to E1 and E2, components of the ‘very LDL’
(VLDL) system, most notably apolipoprotein E (ApoE).
Moreover, HCV particles have a unique lipid composition
that is very distinct from all other viruses analyzed so far
and from the human liver cells in which the virus repli-
cates.

Pathogenesis of Chronic Hepatitis C: Implications
for HCC Development

Since HCV replicates exclusively in the cytoplasm
without integration of the viral genome into the host cell
chromosome, persistence can only be achieved by con-
tinuous viral replication. HCV also triggers an immune
response that is, however, inefficient; it does not clear the
virus, but sustains a chronic inflammation. This is exem-
plified, among other things, by: (i) the correlation be-
tween the strength of the immune response and clinical
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manifestation of hepatitis C, (ii) the lack of correlation
between the level of viremia and the course of diseases,
and (iii) the observation that patients treated with ribavi-
rin monotherapy normalize liver histology even though
viremia is not affected. Thus, an inefficient immune re-
sponse unable to eradicate HCV appears to sustain a
chronic inflammation (fig. 2). This in turn likely increas-
es cell turnover and thus the chance for manifestation of
alterations affecting the control of cell growth. Such al-
terations are promoted by various conditions including
risk factors of DNA damage (e.g. aflatoxins), cirrhosis
(e.g. alcohol consumption), or steatosis (e.g. diabetes) [for
detailed reviews, see 16-19]. Apart from these indirect
and host-determined effects, it is becoming increasingly
clear that the virus itself also contributes to tumor pro-
gression (fig. 2, table 1). For instance, it has been shown
that the core protein binds to and sequesters the tumor
suppressor protein DDX3 [20]. Along the same lines, it
has been convincingly demonstrated that nonstructural
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Fig. 2. Schematic representation of the dif-
ferent conditions promoting the develop-
ment of HCV-associated liver cancer. Pro-
liferation of hepatocytes is affected by
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protein 5B (NS5B), which is the RNA-dependent RNA
polymerase, binds to and sequesters the retinoblastoma
protein (Rb) [21]. Although experimental proof so far is
missing, it is tempting to speculate that DDX3 or Rb se-
questration by core protein or NS5B, respectively, might
affect cell cycle control and thus contribute rather direct-
ly to tumor progression.

Another viral protein that received much attention in
this context is NS5A. It is a highly phosphorylated protein
required for HCV RNA (table 1) replication and virus
production. NS5A is composed of an amino-terminal
amphipathic a-helix that tethers the protein to intracel-
lular membranes, an RNA-binding domain 1 that forms
homodimers, and two natively unfolded protein domains
that can form multiple complexes with host cell proteins
[22]. It is this structural property of domains 2 and 3 that
explains why so many NS5A-interacting host cell factors
have been identified, in most cases, in rather artificial
systems such as the yeast-two-hybrid system. Moreover,
in several cases artificially truncated NS5A variants have
been used that display biochemical properties not found
with the authentic full-length proteins. Thus, even though
some of the cellular NS5A interactants have been con-
firmed in more authentic cell-based replication systems,
in most instances this is not the case and, therefore, the
physiological relevance of NS5A for alterations of cellular
homeostasis and the contribution of this protein to tumor
formation remain to be determined.

With the advent of authentic cell culture systems it is
becoming clear that, apart from individual viral proteins,
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HCYV infection and replication per se induces numerous
cellular and metabolic alterations that likely contribute to
tumor progression. Examples are the induction of oxida-
tive and ER stress, the enhanced production and secre-
tion of TGF-f3, and the enhanced accumulation of lipids.
Two of these alterations will be described below. The
reader interested in more details is referred to excellent
recent reviews [16, 17, 23, 24].

Induction of Stress Response and Impact on Viral
Persistence and Cell Survival

It is known that HCV infection triggers various stress
responses [reviewed in 23, 25]. Recently, we were able to
show that in cells treated with interferon (IFN)-a, HCV
potently induces the highly dynamic assembly and disas-
sembly of cytoplasmic stress granules (SGs). These struc-
tures represent sites of polyA+ mRNA sorting and stor-
age. Unlike P-bodies, mRNAs in SGs are not degraded
but rather stabilized (‘stored”) within this compartment
[26]. By employing live-cell imaging techniques we char-
acterized the mechanism by which HCV triggers SG for-
mation and dynamics and found that SG assembly and
disassembly correlates with phases of stalled and active
RNA translation, respectively. Importantly, SG forma-
tion correlates with delayed cell division and prolonged
cell survival, suggesting that oscillation of HCV-induced
stress response contributes to persistence by suppressing
cell death [48]. While it is likely that this strategy facili-
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Table 1. HCV proteins and their possible contribution to pathogenicity and liver cancer development

HCV protein

Role in the replication cycle

Possible role in pathogenicity

Core Nucleocapsid

Insulin resistance/steatosis/oxidative stress
Interference (direct or indirect) with p53, p73, and pRb
Interference with host cell signaling pathways

(NF-kB, Rafl/MAPK, Wnt/B-catenin)

Interference with TGF- signaling

Transcriptional activation of cellular genes

NS2 Protease/assembly

Modulation of apoptosis

NS3 Protease/helicase

Interference with innate immune response
Interference with NF-kB
Interference with p53

NS4B

Induction of ER stress

NS5A

Interference with protein ubiquitination

Inhibition of PKR activity

Induction of oxidative stress

Modulation of transcription of cellular genes
Activation of signaling pathways (STAT-3, NF-kB, etc.)
Activation of phosphatidyl inositol-4-kinase
Accumulation of B-catenin by indirect mechanisms

NS5B

Sequestration of Rb

tates persistent infection by HCV, it remains to be deter-
mined whether this indirect mechanism of suppression
of cell death plays a role in HCV-associated liver cancer.

Association of HCV Infection with Steatosis and
Development of Liver Cancer

One of the hallmarks of HCV infection is the induction
of steatosis, which is a condition that contributes to tumor
development. In fact, using the JFHI1-based cell culture
system we observed a ~3-fold higher amount of lipids in
HCV-infected Huh7 cells versus noninfected control cells.
This elevated lipid synthesis might be brought about,
among other things, by the induction of a massive ER
stress response that in turn could activate the SREBP (ste-
rol regulatory element-binding protein) pathway. SREBP
is an ER-resident inactive transcription factor that under
conditions of ER stress is transported to the Golgi. There
SREBP is cleaved by proteases liberating a cytosolic pro-
tein fragment that is transported into the nucleus and that
activates transcription of genes required for the synthesis
of cholesterol and for fatty acid homeostasis [27].

Why does HCV cause such profound alterations of in-
tracellular lipid pools? On one hand, enhanced lipid syn-
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thesis appears to promote viral RNA replication and
virus production; on the other hand, it might reflect a
‘collateral damage’ caused by viral exploitation of key en-
zymes involved in lipid synthesis and intracellular lipid
storage. With respect to the first scenario, one has to keep
in mind that HCV replication occurs on ER-derived
membranes. Thus, efficient assembly of viral replication
complexes requires the rearrangement of existing mem-
branes but probably also their novel synthesis. Early stud-
ies by Egger et al. [28] described that profound membrane
alterations are mainly induced by NS4B. Overexpression
of this highly hydrophobic protein induced the formation
of single membrane vesicles forming clusters and appear-
ing as a ‘membranous web’. Subsequent studies suggest
that this web is the site of HCV RNA replication [29]. Us-
ing electron microscopy and tomography in combination
with 3D reconstructions, we observed in HCV-infected
human hepatoma cells numerous membrane alterations
[Romero-Brey et al., unpubl. data]. Most prominent were
double membrane vesicles that were most abundant and
that might be sites of RNA replication. In addition, at late
stages after infection we detected multi-membrane vesi-
cles that probably reflect cellular stress-induced reactions
including autophagic responses.
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The interaction of the HCV core protein with lipid
droplets (LDs), which are intracellular storage organelles
for neutral lipids (mainly triacylglycerol and/or choles-
terol esters) [reviewed in 30-32], is another example il-
lustrating how this virus alters lipid homeostasis of the
cell. We and others could demonstrate that assembly of
HCV particles is tightly linked to LDs, which are sites
where structural and nonstructural proteins accumulate
during assembly [12, 33-35]. Importantly, HCV core pro-
tein impacts lipid metabolism in several ways: (i) by inhi-
bition of LD mobility, (ii) by decreasing the lipid turnover
in core-coated LDs, (iii) by inhibition of MTP (micro-
somal triglyceride transfer protein), (iv) by inhibition of
VLDL secretion, and (v) by inhibition of DGAT-1 (dia-
cylglycerol acyltransferase 1) [36-41]. These alterations
appear to play important roles in pathogenesis. For in-
stance, in an elegant recent study it was shown that mice
lacking DGAT-1 are protected from HCV core-induced
lipid accumulation [42]. This could be ascribed to a de-
crease in lipid turnover in core-coated LDs. Thus, HCV
promotes steatosis both by decreasing lipid mobilization
and by reducing lipid release via interference with VLDL
secretion.

In vivo Studies on the Role of HCV in Promoting
Liver Cancer

Studies of the role of HCV in promoting liver cancer
development are limited by the lack of an HCV-permis-
sive and immunocompetent animal model. Apart from
humans, only chimpanzees are susceptible to HCV infec-
tions, but owing to ethical concerns and high costs their
useis virtually impossible. To overcome these limitations,
two alternative attempts are pursued: first, the generation
of transgenic animals expressing HCV protein(s), and
second, the development of an immunocompetent and
HCV-permissive mouse model. With respect to the first
approach, most studies have focused on transgenic mice
expressing constructs containing the core protein or
NS5A. It appears that, depending on the used mouse
strain, expression construct, or experimental conditions,
steatosis and occasionally HCC develop [reviewed in 16].
While these results support the notion that HCV proteins
can promote tumor development, with one exception,
only polyprotein fragments or isolated protein (core or
NS5A) have been expressed and tumors have only been
found in the C57BL/6 mouse background. Thus, the rel-
evance of these observations for infections in humans re-
mains to be determined.
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With respect to the second approach, in the last few
years several transgenic mouse models have been estab-
lished that are, however, immunodeficient and rely on the
transplantation of human liver xenografts [43-45]. The
first model, originally described by Kneteman and co-
workers used a upa/SCID mouse strain that expresses the
toxic urokinase plasminogen activator (upa) selectively in
the liver [43]. Soon after birth, the upa transgene is ex-
pressed and a high proportion of mouse hepatocytes are
destroyed. During this phase, animals can be rescued by
transfer of primary human hepatocytes that migrate into
the liver and form human liver cell ‘nests’ in an otherwise
murine liver architecture. Engrafted human hepatocytes
can be infected productively with HCV, but since these
animals are immunodeficient to avoid graft rejection,
this system is not useful for studies of HCV-associated
carcinogenesis. An improvement of this mouse model
was recently described by Washburn et al. [46]. They gen-
erated AFC8-hu HSC/Hep mice by co-transplanting hu-
man CD34" hematopoetic stem cells (HSC) and hepato-
cyte progenitors (Hep) into mice that were transgenic for
caspase 8 that was expressed under control of the albu-
min receptor promoter (ACF8). Expression of caspase 8
in liver cells is toxic, thus creating ‘space’ for transplanta-
tion of human liver cells. The authors could show that
these AFC8-hu HSC/Hep mice supported HCV infection
in the liver and mice developed an HCV-specific T cell
response that was, however, very weak [46].

More recently, Dorner et al. [47] established a geneti-
cally humanized mouse model. By adenoviral transfer of
the HCV entry factors CD81 and occludin into mouse
liver cells, the animals became infectable but did not sup-
port HCV replication to a directly detectable level. To
overcome this limitation, the authors made use of the
Rosa26-Fluc mouse strain that expresses an inactive lu-
ciferase reporter gene that can be activated upon expres-
sion of the CRE recombinase. Upon infection of these
animals with an engineered HCV expressing this recom-
binase, a small but detectable fraction of inoculated liver
cells started to fluoresce, indicating infection of the cells
and expression of the (HCV-encoded) CRE recombinase.
Although this mouse model is still very inefficient, for the
tirst time HCV replication in an inoculated immuno-
competent transgenic mouse was detected. It is obvious
that much more work will be required to improve this
mouse model to a level that supports the complete HCV
replication cycle, but only with the availability of such an
immunocompetent in vivo system will it become possible
to study the contribution of (persistent) HCV infection to
the development of liver cancer.

Biithler/Bartenschlager



>

»2

>3

>4

»s5

»6

»7

»9

»10

>11

»13

Acknowledgement

Workin the authors’ laboratory was supported by the Deutsche
Forschungsgemeinschaft (Transregio 77, TP1; FOR1202, TP1).

References

Perz JF, Armstrong GL, Farrington LA, Hu-
tin YJ, Bell BP: The contributions of hepatitis
B virus and hepatitis C virus infections to
cirrhosis and primary liver cancer world-
wide. ] Hepatol 2006;45:529-538.

Jemal A, Bray F, Center MM, Ferlay J, Ward
E, Forman D: Global cancer statistics. CA
Cancer J Clin 2011;61:69-90.

Altekruse SF, McGlynn KA, Reichman ME:
Hepatocellular carcinoma incidence, mor-
tality, and survival trends in the United
States from 1975 to 2005. J Clin Oncol 2009;
27:1485-1491.

Bartenschlager R, Sparacio S: Hepatitis C vi-
rus molecular clones and their replication
capacity in vivo and in cell culture. Virus Res
2007;127:195-207.

Lindenbach BD, Meuleman P, Ploss A, Van-
wolleghem T, Syder AJ, McKeating JA, Lan-
ford RE, Feinstone SM, Major ME, Leroux-
Roels G, Rice CM: Cell culture-grown hepa-
titis C virus is infectious in vivo and can be
recultured in vitro. Proc Natl Acad Sci USA
20065103:3805-3809.

Levrero M: Viral hepatitis and liver cancer:
the case of hepatitis C. Oncogene 2006;25:
3834-3847.

Tan A, Yeh SH, Liu CJ, Cheung C, Chen PJ:
Viral hepatocarcinogenesis: from infection
to cancer. Liver Int 2008;28:175-188.

Rice CM: New insights into HCV replica-
tion: potential antiviral targets. Top Antivir
Med 2011;19:117-120.

Alvisi G, Madan V, Bartenschlager R: Hepa-
titis C virus and host cell lipids: an intimate
connection. RNA Biol 2011;8:258-269.
Poenisch M, Bartenschlager R: New insights
into structure and replication of the hepatitis
Cyvirus and clinical implications. Semin Liv-
er Dis 2010;30:333-347.

Zeisel MB, Fofana I, Fafi-Kremer S, Baumert
TF: Hepatitis C virus entry into hepatocytes:
molecular mechanisms and targets for anti-
viral therapies. ] Hepatol 2011;54:566-576.
Bartenschlager R, Penin F, Lohmann V, An-
dre P: Assembly of infectious hepatitis C virus
particles. Trends Microbiol 2011;19:95-103.
Sainz B, Jr,, Barretto N, Martin DN, Hiraga
N, Imamura M, Hussain S, Marsh KA, Yu X,
Chayama K, Alrefai WA, Uprichard SL:
Identification of the Niemann-Pick C1-like 1
cholesterol absorption receptor as a new hep-
atitis C virus entry factor. Nat Med 2012;18:
281-285.

Promotion of Hepatocellular Carcinoma
by HCV

> 14

»15

» 16

»17

»13

»19

»20

»21

»22

»23

»24

»25

Disclosure Statement

Lupberger ], Zeisel MB, Xiao F, Thumann C,
Fofana I, Zona L, Davis C, Mee CJ, Turek M,
Gorke S, Royer C, Fischer B, Zahid MN,
Lavillette D, Fresquet J, Cosset FL, Rothen-
berg SM, Pietschmann T, Patel AH, Pessaux
P, Doffoel M, Raffelsberger W, Poch O, Mc
Keating JA, Brino L, Baumert TF: EGFR and
EphA2 are host factors for hepatitis C virus
entry and possible targets for antiviral ther-
apy. Nat Med 2011;17:589-595.

Lohmann V, Kérner F, Koch JO, Herian U,
Theilmann L, Bartenschlager R: Replication
of subgenomic hepatitis C virus RNAs in a
hepatoma cell line. Science 1999;285:110-
113.

McGivern DR, Lemon SM: Virus-specific
mechanisms of carcinogenesis in hepatitis C
virus associated liver cancer. Oncogene 2011;
30:1969-1983.

Yamashita T, Honda M, Kaneko S: Molecu-
lar mechanisms of hepatocarcinogenesis in
chronic hepatitis C virus infection. ] Gastro-
enterol Hepatol 2011;26:960-964.

Seth D, Haber PS, Syn WK, Diehl AM, Day
CP: Pathogenesis of alcohol-induced liver
disease: classical concepts and recent ad-
vances. ] Gastroenterol Hepatol 2011;26:
1089-1105.

Hwang SJ, Lee SD: Hepatic steatosis and hep-
atitis C: still unhappy bedfellows? ] Gastro-
enterol Hepatol 2011;26(suppl 1):96-101.
Owsianka AM, Patel AH: Hepatitis C virus
core protein interacts with a human DEAD
box protein DDX3. Virology 1999;257:330-
340.

McGivern DR, Villanueva RA, Chinnaswa-
my S, Kao CC, Lemon SM: Impaired replica-
tion of hepatitis C virus containing muta-
tions in a conserved NS5B retinoblastoma
protein-binding motif.] Virol 2009;83:7422-
7433.

Appel N, Schaller T, Penin F, Bartenschlager
R: From structure to function: new insights
into hepatitis C virus RNA replication. ] Biol
Chem 2006;281:9833-9836.

Bartosch B, Thimme R, Blum HE, Zoulim F:
Hepatitis C virus-induced hepatocarcino-
genesis. ] Hepatol 2009;51:810-820.

FungJ, Lai CL, Yuen MF: Hepatitis B and C
virus-related carcinogenesis. Clin Microbiol
Infect 2009;15:964-970.

Banerjee A, Ray RB, Ray R: Oncogenic po-
tential of hepatitis C virus proteins. Viruses
2010;2:2108-2133.

»26

»27

»238

»29

»30
»31

»32

»33

>34

»35

»36

»37

The authors declare that no financial or other conflict of inter-
est exists in relation to the content of the article.

Beckham CJ, Parker R: P bodies, stress gran-
ules, and viral life cycles. Cell Host Microbe
2008;3:206-212.

Colgan SM, Hashimi AA, Austin RC: Endo-
plasmic reticulum stress and lipid dysregula-
tion. Expert Rev Mol Med 2011;13:e4.

Egger D, Wolk B, Gosert R, Bianchi L, Blum
HE, Moradpour D, Bienz K: Expression of
hepatitis C virus proteins induces distinct
membrane alterations including a candidate
viral replication complex. J Virol 2002;76:
5974-5984.

Gosert R, Egger D, Lohmann V, Barten-
schlager R, Blum HE, Bienz K, Moradpour
D: Identification of the hepatitis C virus
RNA replication complex in Huh-7 cells har-
boring subgenomic replicons. J Virol 2003;
77:5487-5492.

Thiele C, Spandl]: Cell biology of lipid drop-
lets. Curr Opin Cell Biol 2008;20:378-385.
Goodman JM: The gregarious lipid droplet.
] Biol Chem 2008;283:28005-28009.

Martin S, Parton RG: Lipid droplets: a uni-
fied view of a dynamic organelle. Nat Rev
Mol Cell Biol 2006;7:373-378.

Miyanari Y, Atsuzawa K, Usuda N, Watashi
K, Hishiki T, Zayas M, Bartenschlager R,
Wakita T, Hijikata M, Shimotohno K: The
lipid droplet is an important organelle for
hepatitis C virus production. Nat Cell Biol
2007;9:1089-1097.

Boulant S, Targett-Adams P, McLauchlan J:
Disrupting the association of hepatitis C vi-
rus core protein with lipid droplets correlates
with aloss in production of infectious virus.
J Gen Virol 2007;88:2204-2213.
Shavinskaya A, Boulant S, Penin F, Mc
Lauchlan J, Bartenschlager R: The lipid
droplet binding domain of hepatitis C virus
core protein is a major determinant for effi-
cient virus assembly. ] Biol Chem 2007;282:
37158-37169.

Moradpour D, Wakita T, Tokushige K, Carl-
son RI, Krawczynski K, Wands JR: Charac-
terization of three novel monoclonal anti-
bodies against hepatitis C virus core protein.
] Med Virol 1996;48:234-241.

Barba G, Harper F, Harada T, Kohara M,
Goulinet S, Matsuura Y, Eder G, Schaff Z,
Chapman M]J, Miyamura T, Brechot C: Hep-
atitis C virus core protein shows a cytoplas-
mic localization and associates to cellular
lipid storage droplets. Proc Natl Acad Sci
USA 1997;94:1200-1205.

Dig Dis 2012;30:445-452

451



»33

»39

» 40

»41

Domitrovich AM, Felmlee DJ, Siddiqui A: » 42 Harris C, Herker E, Farese RV Jr, Ott M: P45

Hepatitis C virus nonstructural proteins in-
hibit apolipoprotein B100 secretion. ] Biol
Chem 2005;280:39802-39808.

Boulant S, Douglas MW, Moody L, Bud-
kowska A, Targett-Adams P, McLauchlan J:
Hepatitis C virus core protein induces lipid
droplet redistribution in a microtubule- and
dynein-dependent manner. Traffic 2008;9:
1268-1282.

Angus AG, Dalrymple D, Boulant S, Mc-
Givern DR, Clayton RF, Scott MJ, Adair R,
Graham S, Owsianka AM, Targett-Adams P,
Li K, Wakita T, McLauchlan J, Lemon SM,
Patel AH: Requirement of cellular DDX3 for
hepatitis C virus replication is unrelated to
its interaction with the viral core protein. J
Gen Virol 2010;91:122-132.

Herker E, Harris C, Hernandez C, Carpen-
tier A, Kaehlcke K, Rosenberg AR, Farese RV
Jr, Ott M: Efficient hepatitis C virus particle
formation requires diacylglycerol acyltrans-
ferase-1. Nat Med 2010;16:1295-1298.

»43

> 44

Hepatitis C virus core protein decreases lipid
droplet turnover: a mechanism for core-
induced steatosis. ] Biol Chem 2011;286:
42615-42625.

Mercer DF, Schiller DE, Elliott JF, Douglas
DN, Hao C, Rinfret A, Addison WR, Fischer
KP, Churchill TA, Lakey JR, Tyrrell DL, Kne-
teman NM: Hepatitis C virus replication in
mice with chimeric human livers. Nat Med
2001;7:927-933.

Meuleman P, Libbrecht L, De Vos R, de
Hemptinne B, Gevaert K, Vandekerckhove J,
Roskams T, Leroux-Roels G: Morphological
and biochemical characterization of a hu-
man liver in a uPA-SCID mouse chimera.
Hepatology 2005;41:847-856.

452

Dig Dis 2012;30:445-452

» 46

»47

» 48

Bissig KD, Wieland SF, Tran P, Isogawa M,
Le TT, Chisari FV, Verma IM: Human liver
chimeric mice provide a model for hepatitis
Band Cvirus infection and treatment. J Clin
Invest 2010;120:924-930.

Washburn ML, Bility MT, Zhang L, Kovalev
GI, Buntzman A, Frelinger JA, Barry W,
Ploss A, Rice CM, Su L: A humanized mouse
model to study hepatitis C virus infection,
immune response, and liver disease. Gastro-
enterology 2011;140:1334-1344.

Dorner M, Horwitz JA, Robbins JB, Barry
WT, Feng Q, Mu K, Jones CT, Schoggins JW,
Catanese MT, Burton DR, Law M, Rice CM,
Ploss A: A genetically humanized mouse
model for hepatitis C virus infection. Nature
2011;474:208-211.

Ruggieri A, Dazert E, Metz P, Hofmann §,
Bergeest JP, Mazur J, Bankhead P, Hiet MS,
Kallis S, Alvisi G, Samuel CE, Lohmann V,
Kaderali L, Rohr K, Frese M, Stoecklin G,
Bartenschlager R: Dynamic oscillation of
translation and stress granule formation
mark the cellular response to virus infection.
Cell Host Microbe 2012;12:71-85.

Biithler/Bartenschlager





