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A
�

bstract. There is a strong epidemiologic relationship between chronic hepatitis C virus (HCV) infect
	
ion and

t
	
he development of hepatocellular carcinoma, although the cellular and molecular mechanisms of tumor formation

remain to be firmly established. Clearly, HCV is associated with the development of chronic hepatitis and
c
 irrhosis, so it may contribute to hepatocarcinogenesis as a consequence of its central r� ole in the appearance and
p� rogression of necroinflammatory liver disease. There is also increasing evidence for a direct contribution of
several HCV gene products to the development of the transformed phenotype, although none of t

	
he putative

mechanisms involved in tumor formation have been strongly supported by in vivo evidence. Even if HCV is not
shown to be a complete carcinogen, it may act as a co-carcinogen with underlying (serologically negative)
hepatitis B virus infection, in the context of alcoholic cirrhosis, and in patients with long
  term exposure to
c
 hemical hepatocarcinogens such as aflatoxin B1.
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Introduction

Hepatitis C virus (HCV) is a major etiologic agent
o� f post-transfusion hepatitis29. Although this was sus-
p� ected during the 1970s and 1980s by transmission ex-
p� eriments of “non-A, non-B hepatitis”  to chimps2

�
, 114,

t
	
he partial cloning of the HCV genome in 198918, fol-

l
�
owed by the rapid development of serological assays

t
	
o detect infection in blood6

�
3, have reduced the in-

c
 idence of HCV transmission by more than 85%. In the

U
�

nited States alone, HCV infections declined from an
a� nnual incidence of roughly 180 000 in 1985 to 28 000
a�  decade later4. The risk of acquiring HCV now is be-
t

	
ween 0.01–0.001% per unit transfused108. Among the

r� emaining major risk factors for the transmission of
HCV, the sharing of needles among intravenous drug
u� sers, reuse of improperly sterilized glass syringes by
p� hysicians in poorer countries, and occupational or do-
mestic exposure to contaminated blood or body fluids
c
 ontinue to spread HCV at significant rates4. Anti-HCV

Abbreviations used: ALT – alanine aminotransferase, CLD – chronic liver disease, CPE – cytopathic effect, CTL – cytotoxic T lym-
p� hocyte, eIF2α�  – eukaryotic initiation factor 2α� , E2 – hepatitis C virus-encoded envelope protein 2, Grb2 – growth factor receptor bound
p� rotein 2, HBV – hepatitis B virus, HCV – hepatitis C virus, HCC – hepatocellular carcinoma, IFN-γ�  – interferon γ� ,�  PKR – interferon-
-induced protein kinase, NS5A – hepatitis C virus nonstructural protein 5A, PCNA – proliferating cell nuclear antigen, RT/PCR – reverse
t
�
ranscriptase/polymerase chain reaction, TNF-α�  – tumor necrosis factor α� , SH3 – src homology domain 3.
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h
�
as also been detected in 10–20% of hemodialysis pa-

t
	
ients82. The increased frequency of anti-HCV with

t
	
ime in such patients suggests that HCV transmission

o� ccurs through shared supplies and dialysis machines82.
As a consequence of these risk factors, an estimated
1.8% of the U. S. population has detectable anti-HCV,
w� hich translates into approximately 4 million infected
individuals who are at risk for the development of
c
 hronic liver diseases (CLD), including cirrhosis and
h

�
epatocellular carcinoma (HCC)4. Hence, considerable

HCV transmission occurs, and infection remains as an
important public health problem.

P
�

athogenesis of HCV Infection

Acute exposure to HCV results in two major out-
c
 omes. In most patients, acute infection results in the
a� ppearance of HCV in the blood by 1–2 weeks postex-
p� osure5

�
, 27. In these cases, HCV is detected by reverse

t
	
ranscriptase/polymerase chain reaction (RT/PCR) of

its RNA genome3
�

9, 50. By 7 weeks postexposure, up to
30% of infected patients develop clinical symptoms,
w� hile the rest are subclinical, although nearly all have
e levated alanine aminotransferase (ALT) levels, which
i

!
s a biochemical marker in blood reflecting liver cell
d

"
amage. Anti-HCV usually develops during the peak of

ALT and persists for many years. Acute hepatitis
u� sually resolves in 2–12 weeks and is signaled by clear-
a� nce of HCV RNA from blood, the return of ALT to
normal levels, and the disappearance of symptoms48.
U

�
nfortunately, the resolution of acute infection occurs

in only about 15% of cases.
In up to 85% of acutely infected patients, the ALT

levels remain elevated and the HCV RNA persists in
b

#
lood3

�
, 27, 73. In acutely symptomatic patients, symp-

t
	
oms usually resolve, but liver disease often progresses

a� nd becomes more severe with the passage of time.
Most patients remain asymptomatic for 10–30 years,
e ven though they have persistenly elevated ALT levels
a� nd moderate or severe CLD48, 109. For this reason,
c
 hronic HCV infection has been dubbed the “silent
e pidemic”6

�
4. Interestingly, up to 1/3 of chronically in-

f
$
ected patients with persistent viremia have consistently

normal ALT levels, while ALT levels in others are
intermittently elevated6

�
, 23. Among chronically infected

p� atients with elevated ALT who become symptomatic,
u� p to 35% develop cirrhosis by year 20 after infection,
w� hile almost a quarter of chronically infected patients
d

"
evelop HCC by year 305

�
9, 109, 122. These observations

u� nderscore the variability in the natural history of in-

f
$
ection and highlight the difficulties in assessing the

risk that chronically infected patients will develop liver
c
 ancer.

A
�

ssociation of HCV with HCC

The association between HCV and HCC predates
t

	
he discovery of the virus, since early on it had been

shown that there was a close relationship between non-A,
non-B hepatitis virus infection and the development of
H

%
CC5

�
7–59, 103. However, once HCV was discovered18

a� nd serological assays became available for its detec-
t

	
ion6

�
3, a close association was established between anti-

-HCV and HCC all over the world12, 22, 43, 56, 102, 112, 125,

128. In southern Europe and Japan, for example, more
t

	
han half of the reported HCC has been associated with

H
%

CV12, 22. On the other hand, the prevalence of anti-
-HCV in Alaskan patients with HCC is nearly zero.
I

&
ntermediate frequencies of anti-HCV have been re-

p� orted in patients from Greece, Austria, and Taiwan8,

4
'

0, 53, indicating geographic variation in this association.
W

(
orldwide, there are an estimated 170 million people

w� ho are chronically infected with HCV, and the annual
incidence rate of newly diagnosed HCC cases assoc-
i

!
ated with HCV infection ranges from 1–7% in differ-

e nt populations26. This high incidence, however, does
not uniformly take into account the contribution of
o� ther important risk factors, such as age, gender, alco-
h

�
ol intake, long term aflatoxin consumption, and coin-

fection with HBV. In addition, most of these observa-
t

	
ions were made at about 20 years postinfection,

suggesting that they do not represent the true in-
c
 idence of HCV-associated HCC in chronically in-
fected patients, nor the contribution of HCV to the
d

"
evelopment of this tumor.

Putative Indirect Mechanisms Whereby HCV
Contributes to HCC

Most HCV-associated HCCs arise from a back-
g
 round of cirrhosis. This implies that chronic HCV in-
fection may contribute importantly to HCC by stimu-
lating a long-term necroinflammatory response that
p� romotes the development of fibrosis and cirrhosis11, 43,

5
�

7, 59. In one study, for example, between 5 and 28% of
c
 hronically infected patients with cirrhosis also had
H

%
CC24. This suggests that HCV contributes indirectly

t
	
o the development of HCC. While the mechanisms of
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c
 hronicity are not firmly established, HCV is highly
immunogenic, since both humoral and cell-mediated
immune responses have been detected against most of
t

	
he virus antigens in chronically infected patients16, 62, 111.
However, the specificities and duration of cytotoxic
T lymphocyte (CTL) responses are often modest and
v) ariable in chronic infections, while they are stronger
a� nd more consistently present in patients that resolve
a� cute infections16, 89. Further, there do not appear to be
c
 lear immunodominant epitopes in chronic infection6

�
2,

suggesting that the virus fails to reproducibly present
c
 onsistent targets and/or trigger immune recognition. In
c
 hronic infection, it is likely that HCV survives im-
mune elimination by developing “escape”  mutants87.
Such infections are characterized by the presence of
v) irus particles in the blood that have slightly different
sequences, known as quasispecies87. Immunological re-
sponses generated against dominant quasispecies result
i

!
n the clearance of virus particles encoded by these

q* uasispecies from blood, as well as the removal of he-
p� atocytes infected with the corresponding quasispecies.
F

+
ollowing acute exposure to HCV, quasispecies diver-

sity decreased among those that recovered, remained
stable in those who developed mild CLD, and increased
i

!
n those who developed severe CLD2

�
8, 47, suggesting

a�  correlation between quasispecies diversity and out-
c
 ome. These quasispecies may arise, in part, due to the
lack of proofreading function in the virus-encoded
p� olymerase during replication7

,
8. The dominant sequen-

c
 es observed at any time is likely to results from im-
m- unological selection. Hence, chronicity is promoted
b

#
y the genetic heterogeneity of the virus, combined

w� ith the likelihood that this heterogeneity keeps the
v) irus one or more steps ahead of the host immunologi-
c
 al responses aimed at the elimination of HCV and
resolution of CLD.

T
.

he persistence of HCV during chronic infection is
not only important for the appearance and progression
o� f CLD, but also for the development of HCC. Indeed,
HCV RNA has been detected in both tumor and sur-
rounding non-tumor liver tissue of patients with HCC2

�
5,

3
�

7, 42. Although the levels of HCV RNA in tumor tissue
i

!
s generally lower than surrounding non-tumor liver118,

t
	
umor cells appear to support virus replication, since

b
#
oth plus- and minus-strand RNA were observed in

HCC4
'

9. In addition, HCV gene expression has been
d

"
etected in HCC cells124, further suggesting an associ-

a� tion between virus and tumor. However, the HCV
g
 enome does not seem to be integrated into the host
DNA25, 31, so that the mechanism(s) which support(s)
p� ersistence of the viral genome in cells during chronic
infection remain(s) to be worked out.

P
�

utative Direct Mechanims Whereby HCV
Contributes to HCC

H
%

CV has a number of properties similar to that of
flaviviruses9

/
9, 115, and since flaviviruses cause cytopa-

t
	
hic effects (CPE), it is possible that the pathogenesis

o� f HCV infection involves the direct injury or destruc-
t

	
ion of the infected cells by the virus. In this context,

some chronically infected patients with CLD who are
i

!
mmunosuppressed develop a rapid and severe exacer-

b
#
ation of CLD, followed by liver failure and death2

�
1,

implying CPE as contributing significantly to this out-
c
 ome. The development of hepatitis in some transgenic
mice expressing HCV envelope and core antigens46

suggests that the expression of these proteins can be
d

"
irectly cytopathic. The development of steatosis in

HCV core transgenic mice81 is also consistent with a di-
rect alteration of cellular metabolism by core protein.
H

%
owever, other studies have shown that HCV trans-

g
 enic mice expressing virus structural proteins develop
n0 o liver pathology6

�
0, 66, 90, suggesting that the core and

e nvelope proteins are not directly cytopathic. The dif-
ferences that distinguish these results remain to be
sorted out.

I
&
n the context of pathogenesis, most evidence is

c
 onsistent with the hypothesis that the development and
p� rogression of HCV-associated CLD and HCC is medi-
a� ted by immune responses against virus-infected cells.
For example, in chronic HCV, there is a correlation
b

#
etween intrahepatic lymphoid aggregates and the se-

v) erity of CLD6
�
5. CD8+1  T cells dominate HCV-associ-

a� ted hepatitis and they are capable of lysing a variety
o� f target cells in vitro6

�
2, 111. In addition, CD4+ T cells

have been shown to proliferate in response to HCV
p� roteins in vitro6

�
7, 89. HCV infection is also associated

w� ith increased levels of inflammatory cytokines (e.g.
T

.
NF-α and IFN-γ2 )

3
 that may contribute to hepatocellu-

lar injury10, 61, 89, 111. All of these lines of evidence are
c
 onsistent with an immune-mediated pathogenesis for
HCC. The finding of no correlation between ALT and
v) irus levels in the blood17, 85, 100, and that some chroni-
c
 ally infected HCV patients with virus in blood have
r� eportedly normal transaminases2

�
3, also suggest that

HCV is not cytopathic. This is further supported by the
f

$
inding that more than half of infectious volunteer

b
#
lood donors have normal transaminases7

,
5. In ex-

p� erimental systems, transgenic mice replicating HCV
d

"
o not develop any pathology, suggesting that HCV is

n0 ot directly cytopathic7
,
2. Conditional expression of

HCV proteins in transgenic mice, followed by the de-
v) elopment of T cell-dependent liver disease126, is also
c
 onsistent with the immune-mediated nature of the as-

M. Feitelson: Hepatitis C Virus and Hepatocellular Carcinoma S67



sociated liver disease. The role of virus-specific CTL
has also been demonstrated in HLA-A2.1 transgenic
mice by immunization of these mice with the appropri-
a� te HCV epitopes107, 127. Hence, there is both clinical
a� nd experimental evidence suggesting that the pa-
t

	
hogenesis of chronic HCV-infection, which is import-

a� nt for the development of HCC, is immune mediated.
In addition to triggering anti-viral immune respon-

ses, the action of HCV-encoded gene products may also
c
 ontribute directly to the pathogenesis of CLD and
HCC. For example, the HCV core protein sensitizes the
human hepatoblastoma cell line, HepG2, to anti-Fas-
a� nd TNF-α-mediated apoptosis101, 130. In addition, HCV
c
 ore protein has been shown to bind to and stimulate
t

	
he t4 rans-activation properties of the tumor suppressor

p� 53, which also promotes apoptosis6
�

9. If this occurs in
t

	
he chronically infected liver, it would promote hepato-

c
 ellular turnover and the accumulation of mutations in
r� apidly regenerating cells that have limited time for
lesion recognition and repair. Expression of HCV core
p� rotein in human cervical epithelial cells, however, in-
h

�
ibited cisplatin-mediated apoptosis9

/
4. Independent ob-

servations have also shown that HCV core protein has
a� ntiapoptotic properties7

,
1, 95. If this occurs in infected

l
�
iver, it would help to sustain the survival of infected

hepatocytes replicating HCV, thereby promoting
c
 hronic infection. These observations also point out that
t

	
he function of HCV core protein may depend upon the

c
 ell type or the state of the cell in which it is expressed,
a� nd perhaps whether core protein is expressed in the
c
 ontext of HCV replication or independent of it.

The finding that HCV core protein may alter the
r� esponse of cells to apoptotic stimuli suggests a direct
role for HCV in the development of HCC. This is fur-
t

	
her supported by the finding that HCV core protein

a� ctivates the human c-m5 yc promoter9
/

3. Interestingly,
c
 -m5 yc gene amplification has also been detected during
t

	
umor progression1, suggesting that the sustained elev-

a� tion of m5 yc expression may be an important compo-
nent in the pathogenesis of HCC. This is further sup-
p� orted by the finding that overexpression of c-m5 yc and
t

	
ransforming growth factor α in transgenic mice results

i
!
n a major enhancement of tumor development105, 106.
HCV core protein also transforms the rat embryo fibro-
b

#
last cell line, Rat-115. HCV core protein also appears

t
	
o cooperate with an activated ras oncogene in trans-

formation of rat embryo fibroblasts9
/

2, although this ob-
servation as not been confirmed15. Strikingly, at least
o� ne strain of transgenic mice overexpressing the HCV
c
 ore antigen develops HCC in the absence of inflam-
m- atory liver disease80. This not only underscores the
p� otentially direct contribution of high levels of HCV

c
 ore protein to the development of HCC, but also sug-
g
 ests that necroinflammatory liver disease and hepato-
c
 ellular turnover are not absolute requirements for the
p� athogenesis of this tumor.

The integrity of the p6 53 gene and p53 protein func-
t

	
ion appear to be important in the pathogenesis of HCC,

since p53 mutations occur in high frequency during
t

	
umor progression7

,
7, 83, 86. As indicated above, the HCV

c
 ore gene appears to bind and stimulate the t4 rans-acti-
v) ating activity of p536

�
9, but contrasting evidence sug-

g
 ests that the HCV core protein transcriptionally re-
p� resses the p53 promoter9

/
6, suggesting decreased p53

e xpression. The levels of exogenous p53, combined
w� ith the use of different cell lines in these contrasting
studies, may account for the differences. HCV core pro-
t

	
ein has also been shown to repress the p6 21WAF1/CIP1/SDI1

p� romoter in several cell types in a p53 independent
manner9

/
7. Down-regulation of p6 21WAF1 expression may

p� erturb cell cycle checkpoint control at G1-S and con-
t

	
ribute to the escape of HCV-infected cells from senes-

c
 ence. Interestingly, it has also been reported that the
H

%
CV-encoded nonstructural protein 3 (NS3), also

b
#
inds to p535

�
2. Although the consequences of NS3/p53

c
 omplex formation is uncertain, NS3 has been shown
t

	
o transform NIH 3T3 cells104 and inhibit actinomycin

D-induced apoptosis (which is p53 dependent)3
�

2, sug-
g
 esting that NS3 may inactivate p53. However, in the
c
 ontext of the virus life cycle, NS3 acts as a serine
p� roteinase that is involved in the cleavage and matura-
t

	
ion of the HCV nonstructural proteins7

,
, and also acts

a� s a helicase and ATPase, which is likely to play an
important role in virus replication113. Since the transfor-
m- ation of NIH 3T3 cells mapped to the proteinase do-
main of NS3104, it is possible that NS3 activates on-
c
 ogene proteins or inactivates tumor suppressor
p� roteins by cleavage. Alternatively, or in addition, the
N

7
S3 helicase activity may promote genetic instability

in cellular DNA by stimulating DNA recombination115.
H

%
owever, the contribution of these mechanisms to the

d
"
evelopment and/or progression of HCC remain to be

e valuated.
Based upon genome sequence heterogeneity, HCV

c
 lones have been divided into more than 11 genotypes
(1, 2, 3, …), and heterogeneity within virus genotypes
f

$
urther subdivided into a total of more than 50 subtypes

(a, b, c, …)14, 110. Among these, HCV subtype 1b ap-
p� ears to be more commonly associated with HCC than
o� ther subtypes13, 44, 129. The enhanced oncogenicity of
subtype 1b compared to other subtypes is in doubt,
however, since 1b is the predominant subtype in many
i

!
nfected populations6

�
8, and not all studies see a close

a� ssociation between subtype 1b and HCC9
/

, 84, 98. The
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c
 orrelation between 1b infection and CLD may reflect
t

	
he increased propensity of subtype 1b to establish

c
 hronic infections13, 54 and to be associated with CLD13, 30.
H

%
owever, other work has shown no correlation between

subtype of infection and CLD9
/

, 41, suggesting that cir-
rhosis is the dominant risk factor for tumor develop-
m- ent120. These results suggest that the pathogenic
p� otential of HCV subtypes may be variable in different
p� opulations, and that other risk factors also contribute
t

	
o the development of HCC to varying extents

t
	
hroughout the world.

O
8

nly about 20–25% of chronically infected patients
w� ith HCV respond to IFN treatment, as measured by
c
 learance of viral RNA and normalization of transami-
n0 ases, within one year after the start of therapy117. Pro-
l

�
onged IFN therapy in responders with CLD7

,
4, 88, or

successful retreatment of partial responders123, has
shown a statistically significant decrease in the in-
c
 idence of HCC. Among non-responders, the most
c
 ommon HCV sequence found corresponds to genotype 17

,
0.

C
9

loser examination has shown that sequence variability
w� ithin the nonstructural protein 5A (NS5A) of HCV
subtype 1b correlates with IFN resistance13, 30. Further
w� ork has shown that NS5A of genotype 1 can directly
b

#
ind to and block the function of the IFN-induced pro-

t
	
ein kinase, PKR3

�
3, 35, which is an immediate early ef-

f
$
ector of the cellular antiviral response induced by

IFN3
�
3, 34. PKR phosphorylates eukaryotic initiation fac-

t
	
or 2α (eIF2α)

3
, thereby inhibiting viral mRNA transla-

t
	
ion and replication20. PKR has also been identified as

a�  tumor suppressor7
,

6 that regulates stress-induced
a� poptosis in dividing cells20. Independent observations
h

�
ave also shown that the HCV-encoded envelope

2 (E2) protein from most subtypes also inhibits PKR121,
so that the combined action of NS5A and E2 may result
in sustained virus replication and abrogation of negative
g
 rowth regulation. Sustained virus replication promotes
c
 hronicity, while the abrogation of negative growth
r� egulation may be an important step whereby HCV
c
 ontributes to the development of HCC. The inhibition
o� f IFN-mediated responses is also important in the con-
t

	
ext of virus replication, since without this inhibition

t
	
he double-stranded viral RNA formed during HCV re-

p� lication would otherwise strongly induce an IFN re-
sponse, which would sharply decrease the frequency
w� hereby acute HCV infection lapses into chronic.
Hence, inhibition of the IFN response appears to link
v) irus replication to chronicity and the development of
H

%
CC3

�
6. 

The role of NS5A in the biology of HCV is poorly
u� nderstood, although its presence in complexes with
o� ther HCV nonstructural proteins suggest that NS5A

m- ay be a cofactor in virus replication9
/

1. Removal of the
a� mino terminal one third of NS5A yields a truncated
p� olypeptide that has been shown to have t4 rans-activa-
t

	
ion activity19, 55, 119. Consistent with these roles is the

finding of full-length NS5A in the perinuclear cyto-
p� lasm, which is the site of virus replication, and of
a� mino-terminally truncated NS5A in the nucleus, where
it can act as a t4 rans-regulatory protein5

�
1, 79. It is thought

t
	
hat in infected cells the amino-terminal region of

N
7

S5A blocks the t4 rans-regulatory and nuclear localiz-
a� tion domains located in the carboxy-terminal 2/3 of
t

	
he molecule. A conformational change, promoted by

b
#
inding of NS5A to other proteins or by the phospho-

rylation of NS5A, may result in the nuclear transloca-
t

	
ion of a protein with t4 rans-regulatory activities9

/
1. The

t
	
ranslocation of NS5A to the nucleus may repress the

t
	
ranscription of the cyclin kinase inhibitor,

p� 21W
:

AF1/CIP1/SDI1 and stimulate the expression of polif-
e rating cell nuclear antigen (PCNA)3

�
8, resulting in

stimulated cellular growth. In addition, NS5A has re-
c
 ently been shown to interact with a cellular protein
c
 ontaining src homology (SH3) binding domains,
w� hich may be a tumor suppressor4

'
5. Further, NS5A ap-

p� ears to bind to growth factor receptor-bound protein
2

;
 (Grb2) adaptor protein, and may inhibit signal trans-

d
"
uction which normally regulates cell growth116. While

t
	
he functional consequences of these interactions re-

main to be studied, NS5A stimulates anchorage-inde-
p� endent growth of NIH3T3 cells in soft agar and pro-
motes tumor formation of these cells in nude mice3

�
8,

suggesting that NS5A may contribute to increased cel-
lular growth and to tumor formation. However, it is not
c
 lear whether the behavior of NS5A in NIH3T3 cells
a� ccurately reflects the effects of this protein upon he-
p� atocytes, nor whether any of the molecular based
mechanisms discussed above contribute to malignant
t

	
ransformation.

Conclusions

There appears to be a close correlation between
c
 hronic infection with HCV and the development of
HCC. Most of the time, HCC develops in the context
o� f cirrhosis, and it is likely that co-infection with HBV
a� nd/or chronic alcohol intake contribute importantly to
HCV-associated HCC because they also promote the
d

"
evelopment of cirrhosis. Beyond these epidemiologi-

c
 al associations, however, the mechanism(s) whereby
HCV brings about the development of HCC are not
k

<
nown. It is likely that the ability of HCV to establish

a� nd maintain chronic infections, often characterized by
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o� ngoing necroinflammatory liver disease, contributes
importantly to the development of HCC. In addition to
t

	
hese indirect mechanism(s), there is increasing evi-

d
"
ence that HCV may contribute directly to HCC by the

a� ction of one or more of its encoded gene products,
w� hich include NS3, NS5A, core and E2. The relative
c
 ontributions of these proteins to the development of
t

	
umor remain speculative, as does the idea that tumor

formation requires their combined action. The further
d

"
evelopment of cell culture systems that support virus

g
 ene expression and replication, as well as animal mod-
e ls of pathogenesis, will go far in dissecting the indirect
a� nd direct contributions of HCV to HCC. These sys-
t

	
ems will also permit evaluation of cofactors, such as

e thanol and HBV, in the appearance of this tumor type.

Acknowledgment. This work has been supported by NIH grants
C
=

A48656 and CA66971.

R
>

eferences

 1. AB
?

OU-EL
@

ELLA A., GR
A

AMLICH T., FR
A

ITSCH C. and GA
B

NSLER T.
(1996): c-myc amplication in hepatocellular carcinoma predicts
unfavorable prognosis. Mod. Pathol., 9, 95–98.

 2. ALTER H., HO
C

LLAND P., PU
D

RCELL R. and PO
C

PPER H. (1978):
Transmissible agent in non-A, non-B hepatitis. Lancet, 1

E
, 459–

463.
 3. ALTER H. J., PU

D
RCELL R. H., SHIH J. W., MELPOLDER J. C.,

HO
C

UGHTON M., CH
F

OO Q.-L. and KU
D

O G. (1989): Detection of
antibody to hepatitis C virus in prospectively followed transfu-
sion recipients with acute and chronic non-A, non-B hepatitis.
N. Engl. J. Med., 321, 1494–1500.

 4. AL
@

TER M. J. (1997): Epidemiology of hepatitis C. Hepatology,
26, 62S–65S.

 5. AL
@

TER M. J., HA
B

DLER S. C., JU
D

DSON F. N., MA
B

RES A., AL
@

EX-

ANDER J., HU
D  P. Y., MILLER J. K., MO

C
YER L. A., FIELDS H. A.

and BRADLEY D. W. (1990): Risk factors for acute non-A, non-B
hepatitis in the United States and association with hepatitis
C virus infection. JAMA, 2

G
64, 2231–2235.

 6. BARRERA J. M., BRUGUERA M., GU
D

ADALUE-ERCILLA M., GIL C.,
CELIS R., GIL M. P., del VALLE ON

H
ORATO M., RO

C
DES J. and

OR
A

DINAS A. (1995): Persistent hepatitis C viremia after acute
self-limiting posttransfusion hepatitis C. Hepatology, 21, 639–
644.

 7. BARTENSCHLAGER R., AHLBORN-LAAKE L., MO
C

US J. and
JA

B
COBSON H. (1993): Nonstructural protein 3 of the hepatitis

C virus encodes a serine-type proteinase required for cleavage
at the NS3/4 and NS4/5 junctions. J. Virol., 67, 3835–3844.

 8. BAUR M., HAY U., NO
C

VACEK G., DITTRICH C. and FERENCI

P. (1992): Prevalence of antibodies to hepatitis C virus in pa-
tients with hepatocellular carcinoma in Austria. Arch. Virol.,
4,�  76–80.

 9. BENVEGNU L. and ALBERTI A. (1996): Risk factors and preven-
tion of hepatocellular carcinoma in HCV infection. Dig. Dis.
Sci., 41, 49S–55S.

10. BERTOLETTI A., D’ELIOS M. M., BO
C

NI C. C., DECARLI M., ZIG-

N
H

EGO A. L., DU
D

RAZZO M., MI
I
SSALE G., PE

J
NNA A., FI

I
ACCADORI F.,

PRETE G. D. and FERRARI C. (1997): Different cytokine
p� rofiles of intrahepatic T cells in chronic hepatitis B and he-
p� atitis C virus infections. Gastroenterology, 112, 193–199.

11. BO
C

OTH J. C. L. (1998): Chronic hepatitis C: the virus, its dis-
cK overy and the natural history of the disease. J. Viral Hepatitis,
5
L
, 213–222.

12. BRUIX J., BARRERA J. M., CALVET X., ERCILLA G., CO
C

STA J.,
S
M

ANCHEZ-TAPIAS J. M., VENTURA M., VALL M., BRUGUERA

M
N

. and BR
A

U C. (1989): Prevalence of antibodies to hepatitis
C
=

 virus in Spanish patients with hepatocellular carcinoma and
h
O
epatic cirrhosis. Lancet, 2, 1004–1006.

13 BRUNO S., SILINI E., CROSIGNANI A., BO
C

RZIO F., LEANDRO G.,
B
P

O
C

NO F., AS
Q

TI M., RO
C

SSI S., LA
B

RGHI A., CE
J

RINO A., PO
C

DDA

M. and MO
C

NDELLI M. U. (1997): Hepatitis C virus genotypes
aR nd risk of hepatocellular carcinoma in cirrhosis: a prospective
sS tudy. Hepatology, 25, 754–758.

14. BU
D

KH J., MILLER R. H. and PU
D

RCELL R. H. (1995): Genetic
h
O
eterogeneity of hepatitis C virus: quasispecies and genotypes.

S
M

emin. Liver Dis., 15, 41–63.
15. CHANG J., YANG S.-H., CHO Y.-G., HW

:
ANG S. B., HAHN Y. S.

aR nd SU
D

NG Y. C. (1998): Hepatitis C virus core from two differ-
eT nt genotypes has an oncogenic potential but is not sufficient
for transforming primary rat embryo fibroblasts in cooperation
wU ith the H-ras oncogene. J. Virol., 72, 3060–3065.

16. CHANG K.-M., REHERMANN B. and CHISARI F. V. (1997): Im-
mV unopathology of hepatitis C. Springer Semin. Immunopathol.,
19,�  57–68.

17. CH
F

EN D. S. (1995): Hepatitis C virus in chronic liver disease
aR nd hepatocellular carcinoma. Princess Takamatsu Symp., 25,
27–32.

18. CH
F

OO Q. L., KU
D

O G., WE
J

INER A. J., OV
W

ERBY L. R., BR
A

ADLEY

D
X

. W. and HO
C

UGHTON M. (1989): Isolation of a cDNA clone
d
Y
erived from a blood-borne non-A, non-B viral hepatitis

gZ enome. Science, 244, 359–362.
19. CH

F
UNG K. M., SO

C
NG O. K. and JA

B
NG S. K. (1997): Hepatitis

C
=

 virus nonstructural protein 5A contains potential transcrip-
t
�
ional activator domains. Mol. Cell. Biol., 7, 661–667.

20. CLEMENS M. J. and ELIA A. (1997): The double-stranded
R
[

NA-dependent protein kinase PKR: structure and function.
J
�
. Interferon Cytokine Res., 17, 503–524.

21. CO
C

LLIER J. and HE
J

ATHCOTE J. (1998): Hepatitis C viral infec-
t
�
ion in the immunosuppressed patient. Hepatology, 27, 2–6.

22. CO
C

LOMBO M., KU
D

O G., CHOO Q. L., DO
C

NATO M. F., DEL

N
\

I
I
NNO E., TO

C
MMASINI M. A., DI

I
OGUARDI N. and HO

C
UGHTON

M
N

. (1989): Prevalence of antibodies to hepatitis C virus in Ita-
lian patients with hepatocellular carcinoma. Lancet, 2, 1006–
1008.

23. CO
C

NRY-CA
B

NTILENA C., VA
B

N RA
B

DEN M., GI
I
BBLE J., ME

J
LPOLDER

J
�
., SHAKIL A. O., VILADOMIU L., CHEUNG L., DIBISCEGLIE A.,

H
]

O
C

OFNAGLE J. and SH
F

IH J. W. (1996): Routes of infection, vire-
mia, and liver disease in blood donors found to have hepatitis
C
=

 virus infection. N. Engl. J. Med., 3
^

34, 1691–1696.
24. CRAIG J. R., KLATT E. C. and YU

D  M. (1991): Role of cirrhosis
aR nd the development of HCC: evidence from histologic studies
aR nd large population studies. In TABOR E., DIBISCEGLIE A. M.
aR nd PU

D
RCELL R. H.: Etiology, pathology and treatment of hepa-

t
�
ocellular carcinoma in North America. Portfolio Publishing,

T
�

he Woodlands.
25. DIBISCEGLIE A. M. (1995): Hepatitis C and hepatocellular car-

cK inoma. Semin. Liver Dis., 15, 64–69.

S70 M. Feitelson: Hepatitis C Virus and Hepatocellular Carcinoma



2
_
6. DI

I B
P

I
I
SCEGLIE A. M. (1997): Hepatitis C and hepatocellular car-

cinoma. Hepatology, 26, 34S–38S.
2
_
7. FA

B
RCI P., AL

@
TER H. J., WO

C
NG D., M I

I
LLER R. H., SH

F
IH J. W.,

JETT B. and PU
D

RCELL R. H. (1991): A long-term study of he-
patitis C virus replication in non-A, non-B hepatitis. N. Engl.
J. Med., 325, 98–104.

28. FARCI P., MELPOLDER J. C., SHIMODA A., PEDDIS G., STRAZ-

ZERA A., MU
D

NOZ S. and PU
D

RCELL R. H. (1996): Studies of
HCV quasispecies in patients with acute resolving hepatitis
compared to those who progress to chronic hepatitis. Hepato-
logy, 24, 350A.

2
_
9. FE

J
INSTONE S. M., KA

B
PIKIAN A. Z., PU

D
RCELL R. H., AL

@
TER H. J.

and HO
C

LLAND P. V. (1975): Transfusion-associated hepatitis
not due to viral hepatitis type A or B. N. Engl. J. Med., 292,�
767–770.

3
`
0. FE

J
RNADEZ I., CA

B
STELLANO G., DO

C
MINGO M. J., FU

D
ERTES A.,

CO
C

LINA F., GANGA F., DELAC
=

RUZ F. J., DELAC
=

AMARA A. G.
and SO

C
LIS J. A. (1997): Influence of viral genotype and the

level of viremia on the severity of liver injury and the response
to interferon therapy. Scand. J. Gastroenterol., 32, 70–76.

3
`
1. FO

C
NG T., SHINDO M., FEINSTONE S. M., HO

C
OFNAGLE J. H. and

DIBISCEGLIE A. M. (1991): Detection of replicative intermedi-
ates of hepatitis C viral RNA in liver and serum of patients with
chronic hepatitis C. J. Clin. Invest., 88, 1058–1060.

3
`
2. FU

D
JITA T., ISQ HIDO S., MU

D
RAMATSU S., IT

a
OH M. and HO

C
TTA

H. (1996): Suppression of actinomycin D-induced apoptosis by
the NS3 protein of hepatitis C virus. Biochem. Biophys. Res.
Commun., 229, 825–831.

3
`
3. GA

B
LE M. Jb R.c , BL

@
AKELY C. M., KW

:
IECISZEWSKI B., TA

B
N S.-L.,

DO
C

SSETT M., KO
C

RTH M. J., PO
C

LYAK S. J., GRETCH D. R. and
KATZE M. G. (1998): Control of PKR protein kinase by he-
patitis C virus nonstructural 5A protein: molecular mechanisms
of kinase regulation. Mol. Cell. Biol., 1

E
8, 5208–5212.

3
`
4. GALE M. J

b
R.c , KO

C
RTH M. J. and KATZE M. G. (1998): Repres-

sion of the PKR protein kinase by hepatitis C virus: a potential
mechanism for interferon resistance. Clin. Diagn. Virol., 1

E
0,�

157–162.
3
`
5. GA

B
LE M. Jb R., KO

C
RTH M. J., TA

B
NG N. M., TA

B
N S.-L., HO

C
PKINS

D. A., DEVER T. E., PO
C

LYAK S. J., GRETCH D. R. and KATZE

M. G. (1997): Evidence that hepatitis C virus resistance to in-
terferon is mediated through repression of the PKR protein
kinase by the nonstructural 5A protein. Virology, 2

G
30, 217–

227.
3
`
6. GALE M. Jb R.c , KW

:
IECISZEWSKI B., DO

C
SSETT M., NAKAO H. and

KA
B

TZE M. G. (1999): Antiapoptotic and oncogenic potentials of
hepatitis C virus are linked to interferon resistance by viral
repression of the PKR protein kinase. J. Virol., 73, 6506–6516.

3
`
7. GERBER M. A., SHIEH Y. S. C., SHIM K.-S., THUNG S. N.,

DE
J

METRIS A. J., SC
d

HWARTZ M., AK
e

YOL G. and DA
B

SH S. (1992):
Detection of replicative hepatitis C virus sequences in hepato-
cellular carcinoma. Am. J. Pathol., 1

E
41, 1271–1277.

3
`
8. GHOSH A. K., STEELE R., MEYER K., RAY R. and RAY R. B.

(1999): Hepatitis C virus NS5A protein modulates cell cycle
regulatory genes and promotes cell growth. J. Gen. Virol., 8

f
0,�

1179–1183.
3
`
9. G

g
RETCH D. R., DELA RO

C
SA C., CARITHERS R. L., WILSON R. A.,

WILLIAMS B. and CO
C

REY L. (1995): Assessment of hepatitis
C viremia using molecular amplification technologies: Correla-
tions and clinical implications. Ann. Int. Med., 123,�  321–329.

40. HADZIYANNIS S. J., GIANNOULIS G., HADIZIYANNIS E., KAKLA-

MANI E., ALEXOPOULOU A., DO
C

URAKIS S. and TRICHOPOULOS

D
X

. (1993): Hepatitis C virus infection in Greece and its role in
cK hronic liver disease and hepatocellular carcinoma. J. Hepatol.,
1
E

7, S72–S77.
41. HAN C. J., LEE H. S., KIM H. S., CHOE J. H. and KIM C. Y.

(
h
1997): Hepatitis C virus genotypes in Korea and their relation-

sS hip to clinical outcome in type C chronic liver diseases. Kore-
aR n J. Intern. Med., 12,�  21–27.

42. HARUNA Y., HAYASHI N., KAMADA T., HYTIROGLOU P., THUNG

S
M

. N. and GERBER M. A. (1994): Expression of hepatitis
C
=

 virus in hepatocellular carcinoma. Cancer, 73, 2253–2258.
43. HASAN F., JEFFERS L. J., DEMEDINA M., REDDY K. R., PARKER

T
�

., SC
d

HIFF E. R., HO
C

UGHTON M., CH
F

OO Q. and KU
D

O G. (1990):
Hepatitis C-associated hepatocellular carcinoma. Hepatology,
1
E

2, 589–591.
44. HATZAKIS A., KATSOULIDOU A., KAKLAMANI E., TO

C
ULOMULI

G
g

., KO
C

URMANTAKI Y., TA
B

SSOPOULOS N. C., KA
B

RVOUNTZIS G.,
G
g

IOUSTOZI A., HADZIYANNIS S. and TRICHOPOULOS D. (1996):
Hepatitic C virus 1b is the dominant genotype in HCV-related
cK arcinogenesis: a case control study. Int. J. Cancer, 6

i
8,�  51–53.

45. HERION D. W., MALAYAMAN N., HO
C

OFNAGLE J. H. and LIANG

T. J. (1998): Interaction of hepatitis C virus (HCV) NS5A with
aR  cellular signaling protein involved in receptor tyrosine kinase
mV itogenic pathway. Proc. 5tj h International Meeting on Hepatitis
C
=

 Virus and Related Viruses, June 25–28, 1998, Venice, Italy.
46. HO

C
NDA A., AR

A
AI Y., HI

I
ROTA N., SA

B
TO T., IKe EGAKI J., KO

C
IZUMI

T., HATANO M., KO
C

HARA M., MO
C

RIYAMA T., IMAWARI M.,
S
M

H
F

IMOTOHNO K. and TO
C

KUHISA T. (1999): Hepatitis C virus
sS tructural proteins induce liver cell injury in transgenic mice.
J
�
. Med. Virol., 59, 281–289.

47. HO
C

NDA M., KANEKO S., SAKAI A., UN
H

OURA M., MU
D

RAKAMI

S
M

. and KO
C

BAYASHI K. (1994): Degree of diversity of hepatitis
C
=

 quasispecies and progression of liver disease Hepatology, 2
G

0,
1144–1151.

48. HO
C

OFNAGLE J. H. (1997): HEPATITIS C: The clinical spectrum
o� f disease. Hepatology, 26, 15S–20S.

49. HO
C

RIIKE N., NO
C

NAKA T., KU
D

MAMOTO J., KA
B

JINO K., ON
H

JI

M. and OHTA Y. (1993): Hepatitis C virus plus and minus
sS trand RNA in hepatocellular carcinoma and adjoining nontu-
mourous liver. J. Med. Virol., 41, 312–315.

50. HO
C

UGHTON M., WE
J

INER A., HA
B

N J., KU
D

O G. and CH
F

OO

Q
k

. L. (1991): Molecular biology of the hepatitis C virus: impli-
cK ations for diagnosis, development and control of disease. He-
p� atology, 14,�  381–388.

51. IDE Y., ZHANG L., CHEN M., INH CHAUSPE G., BAHL C., SASAGU-

R
A

I Y. and PA
B

DMANABHAN R. (1996): Characterization of the
nl uclear localization signal and subcellular distribution of he-
p� atitis C virus nonstructural protein NS5A. Gene, 182, 203–211.

52. ISQ HIDO S. and HO
C

TTA H. (1998): Complex formation of the
nl onstructural protein 3 of hepatitis C virus with the p53 tumor
sS uppressor. FEBS Lett., 438,�  258–262.

53. JE
J

NG J.-E. and TS
Q

AI J. F. (1991): Hepatitis C virus antibody in
hepatocellular carcinoma in Taiwan. J. Med. Virol., 3

^
4, 74–77.

54. KA
B

O J. H., LA
B

I M. Y., CH
F

EN P. J., HW
:

ANG L. H. and CH
F

EN

D. S. (1996): Serum hepatitis C virus titers in the progression
o� f type C chronic liver disease with special emphasis on pa-
t
�
ients with type 1b infection. J. Clin Gastroenterol., 23, 280–
283.

55. KA
B

TO N., LA
B

N K. H., ON
H

O-NI
I
TA S. K., SH

F
IRATORI Y. and

O
m

M
n

ATA M. (1997): Hepatitis C virus nonstructural region 5A
p� rotein is a potent trancriptional activator. J. Virol., 71,�  8856–
8
o
859.

M. Feitelson: Hepatitis C Virus and Hepatocellular Carcinoma S71



5
p
6. KE

J
W M. C., HO

C
UGHTON M., CH

F
OO Q. L. and KU

D
O G. (1990):

Hepatitis C virus antibodies in southern African blacks with
hepatocellular carcinoma. Lancet, 3

^
35, 873–874.

5
p
7. KIYOSAWA K., AKAHANE Y., NAGATA A. and FU

D
RUTA S.

(1984): Hepatocellular carcinoma after non-A, non-B posttrans-
fusion hepatitis. Am. J. Gastroenterol., 7

q
9,�  777–781.

5
p
8. KIYOSAWA K., AKAHANE Y., NAGATA A., KO

C
IKE Y. and FU

D
RU-

TA S. (1982): The significance of blood transfusion in non-A,
non-B chronic liver disease in Japan. Vox Sang, 43,�  45–52.

5
p
9. KI

I
YOSAWA K., SO

C
DEYAMA T., TA

B
NAKA E., GI

I
BO Y., YO

C
SHIZA-

W
:

A K., NAKANO Y., FU
D

RUTA S., AKAHANE Y., NISHIOKA K. and
PU

D
RCELL R. H. (1990): Interrelationship of blood transfusion,

non-A, non-B hepatitis and hepatocellular carcinoma: analysis
by detection of antibody to hepatitis C virus. Hepatology, 12,�
671–675.

6
r
0. KO

C
IKE K., MO

C
RIYA K., ISQ HIBASHI K., MA

B
TSUURA Y., SU

D
ZUKI T.,

SAITO I., IINO S., KU
D

ROKAWA K. and M IYAMURA T. (1995):
Expression of hepatitis C virus envelope proteins in transgenic
mice. J. Gen. Virol., 76, 3031–3038.

6
r
1. KO

C
ZIEL M. J., DU

D
DLEY D., AFDHAL N., GRAKOUI A., RICE

C. M., CHOO Q. L., HO
C

UGHTON M. and WALKER B. D. (1995):
HLA class I-restricted cytotoxic T lymphocytes specific for he-
patitis C virus. Identification of multiple-epitopes and charac-
terization of patterns of cytokine release. J. Clin. Invest., 96,�
2311–2321.

6
r
2. KO

C
ZIEL M. J. and WALKER B. D. (1997): Characteristics of the

intrahepatic cytotoxic T lymphocyte response in chronic he-
patitis C virus infection. Springer Semin. Immunopathol., 19,�
69–83.

6
r
3. KU

D
O G., CHOO Q. L., ALTER H. J., GITNICK G. L., REDECKER

A. G., PU
D

RCELL R. H., MIYAMURA T., DIENSTAG J. L., ALTER

M. J. and ST
a

EVENS C. E. (1989): An assay for circulating anti-
bodies to a major etiologic virus of human non-A, non-B he-
patitis. Science, 244,�  362–364.

6
r
4. LEE W. M. (1993): The silent epidemic of hepatitis C. Ga-

stroenterology, 104,�  661–662.
6
r
5. LEFKOWITCH J. H., SC

d
HIFF E. R., DAVIS G. L., PERRILLO R. P.,

LI
I
NDSAY K., BO

C
DENHEIMER H. C. Jb R.c , BA

B
LART L. A., OR

A
TEGO

T. J., PAYNE J., DIENSTAG J. L., GIBAS A., JACOBSON I. M. and
the Hepatitis Interventional Therapy Group. (1993): Pathologi-
cal diagnosis of chronic hepatitis C: A multicenter comparative
study with chronic hepatitis B. Gastroenterology, 1

E
04,�  595–

603.
6
r
6. LIANG T. J. (1997): Transgenic expression of hepatitis C virus

structural proteins in the mouse. Hepatology, 2
G

5,�  1014–1021.
6
r
7. LI

I
AW Y.-F., LE

J
E C.-S., TS

Q
AI S.-L., LI

I
AW B.-W., CH

F
EN T.-C.,

SHEEN I.-S. and CHU C.-M. (1995): T cell mediated autologous
hepatocytotoxicity in patients with chronic hepatitis C virus in-
fection. Hepatology, 2

G
2, 1368–1373.

6
r
8. LO

C
PEZ-LABRADOR F. X., AMPURDANES S., FO

C
RNS X., CASTELLS

A., SA
B

IZ J. C., CO
C

STA J., BR
A

UIX J., SA
B

NCHEZ TA
B

PIAS J. M.,
JIMENEZ DE AN

H
TA M. T. and RO

C
DES J. (1997): Hepatitis C virus

(HCV) genotypes in Spanish patients with HCV infection: rela-
tionship between HCV genotype 1b, cirrhosis and hepatocellu-
lar carcinoma. J. Hepatol., 27, 959–965.

6
r
9. LU

D  W., LO
C  S. Y., CHEN M., WU

D  K. J., FU
D

NG Y. K. T. and OU
D

J. H. (1999): Activation of p53 tumor suppressor by hepatitis
C virus core protein. Virology, 264,�  134–141.

7
s
0. MA

B
RTINOT-PE

J
IGNOUX M., MA

B
RCELLIN P., PO

C
UTEAU M., CA

B
S-

TELNAU C., BO
C

YER N., PO
C

LIQUIN M., DEGOTT C., DESCOMBES I.,
LEBRETON V.,, MILOTOVA V., BENHAMOU J. P. and ERLINGER

S
M

. (1995): Pretreatment serum hepatitis C virus RNA levels and
hepatitis C virus genotype are the main and independent prog-
nl ostic factors of sustained response to interferon alfa therapy in
cK hronic hepatitis C. Hepatology, 22, 1050–1056.

71. MARUSAWA H., HIJIKATA M., CHIBA T. and SHIMOTOHNO K.
(
h
1999): Hepatitis C virus core protein inhibits Fas- and tumor

necrosis factor alpha-mediated apoptosis via NF-κB activation.
J
�
. Virol., 73, 4713–4720.

72. MATSUDA J., SU
D

ZUKI M., NO
C

ZAKI C., SHINYA N., TASHIRO K.,
M
N

I
I
ZUNO K., UC

d
HINUNO Y. and YA

B
MAMURA K. (1998): Trans-

gZ enic mouse expressing a full-length hepatitis C virus cDNA.
J
�
pn. J. Cancer Res., 89, 150–158.

73. MATTSSON L., SO
C

NNERBORG A. and WEILAND O. (1993): Out-
cK ome of acute symptomatic non-A, non-B hepatitis: a 13 year
follow-up study of hepatitis C virus markers. Liver, 13,�  274–
2
_
78.

74. MAZZELIA G., AC
d

COGLI E., SO
C

TTILI S., FESTI D., ORSINI M.,
S
M

ALZETTA A., NO
C

VELLI V., CIPOLLA A., FABBRI C., PEZZOLI A.
aR nd RO

C
DA E. (1996): Alpha interferon treatment may prevent

hepatocellular carcinoma in HCV related liver cirrhosis. J. He-
p� atol., 24, 141–147.

75. MC
d G

g
U

D
INNESS P. H., BISHOP G. A., LIEN A., WILEY B., PAR-

S
Q

ONS C. and MC
d C

=
A

B
UGHAN G. W. (1993): Detection of serum

hepatitis C virus RNA in HCV antibody-seropositive volunteer
b
t
lood donors. Hepatology, 1

E
8, 485–490.

76. MEURS E. F., GALABRU J., BARBER G. N., KATZE M. G. and
H
]

O
C

VANESSIAN A. G. (1993): Tumor suppressor function of the
interferon-induced double stranded RNA activated protein ki-
nl ase. Proc. Natl. Acad. Sci. USA, 90, 232–236.

77. MISHIDA N., FU
D

KUDA Y., KO
C

KURYU H., TO
C

GUCHIDA J., YAN-

DELL D. W., IKENEGA M., IMURA H. and IS
Q

HIZAKI K. (1993):
R
[

ole and mutational heterogeneity of the pu 53 gene in hepato-
cK ellular carcinoma. Cancer Res., 5

L
3, 368–372.

78. MIZOKAMI M., GO
C

JOBORI T. and LAU J. Y. N. (1994): Molecu-
lar evolutionary virology: Its application to hepatitis C virus.
G
g

astroenterology, 107, 1181–1182.
79. MO

C
RADPOUR D., KARY P., RICE C. M. and BLUM H. E. (1998):

C
=

ontinuous human cell lines inducibly expressing hepatitis
C
=

 virus structural and nonstructural proteins. Hepatology, 28,
192–201.

80. MO
C

RIYA K., FU
D

JIE H., SHINTANI Y., YO
C

TSUYANAGI H., TS
Q

UTSU-

M
n

I T., ISQ HIBASHI K., MA
B

TSUURA Y., KI
I
MURA S., MI

I
YAMURA T.

aR nd KO
C

IKE K. (1998): The core protein of hepatitis C virus
induces hepatocellular carcinoma in transgenic mice. Nat.
M
N

ed., 4
�
, 1065–1067.

81. MO
C

RIYA K., YO
C

TSUYANAGI H., SH
F

INTANI Y., FU
D

JIE H., ISQ HIBA-

S
Q

HI K., MATSUURA Y., M IYAMURA T. and KO
C

IKE K. (1997):
Hepatitis C virus core protein induces hepatic steatosis in trans-
gZ enic mice. J. Gen. Virol., 7

q
8, 1527–1531.

82. MO
C

YER L. A. and ALTER M. J. (1994): Hepatitis C virus in the
h
O
emodialysis setting: a review with recommendations for con-

t
�
rol. Sem. Dial., 7, 124–127.

83. MU
D

RAKAMI Y., HA
B

YASHI K., HI
I
ROHASHI S. and SE

J
KIYA T.

(
h
1991): Aberations of the tumor suppressor p53 and retinoblas-

t
�
oma genes in human hepatocellular carcinomas. Cancer Res.,

5
L

1,�  5520–5525.
84. NAOUMOV N. V., CHOKSHI S., METIVIER E., MAERTENS G.,

J
�
O

C
HNSON P. J. and WI

I
LLIAMS R. (1997): Hepatitis C virus in-

f
v
ection in the development of hepaticellular carcinoma in cir-

rhosis. J. Hepatol., 27, 331–336.
85. NEGRO F., PACCHIONI D., SHIMIZU Y., MILLER R. H., BU

D
SSOLA-

S72 M. Feitelson: Hepatitis C Virus and Hepatocellular Carcinoma



T
a

I G., PU
D

RCELL R. H. and BO
C

NINO F. (1992): Detection of in-
trahepatic replication of hepatitis C virus RNA by i

w
n situ hy-

bridization and comparison with histopathology. Proc. Natl.
Acad. Sci. USA, 8

f
9,�  2247–2251.

 86. NO
C

SE H., IMAZEKI F., OHTO M. and OMATA M. (1993): pu 53
gene mutations and 17p allelic deletions in hepatocellular car-
cinoma from Japan. Cancer, 72, 355–360.

 87. OG
x

ATA N., ALTER H. J., MILLER R. H. and PU
D

RCELL R. H.
(1991): Nucleotide sequence and mutation rate of the H strain
of hepatitis C virus. Proc. Natl. Acad. Sci. USA, 88, 3392–
3396.

 88. ON
H

ODERA H., UK
e

AI K., SU
D

ZUKI M. and M I
I
NAMI Y. (1997):

Incidence of hepatocellular carcinoma after interferon therapy
in patients with chronic hepatitis C. Tohoku J. Exp. Med., 1

E
8,�

275–283.
 89. PA

B
PE G. R., GE

J
RLACH T. J., DI

I
EPOLDER H. M., GR

A
UNER N.,

JU
D

NG M.-C. and SANTANTONIO T. (1999): Role of the specific
T-cell response for clearance and control of hepatitis C virus.
J. Viral Hepatitis, 6

i
 (suppl. 1), 36–40.

 90. PASQUINELLI C., SHOENBERGER J. M., CHUNG J., CHANG K. M.,
GU

D
IDOTTI L. G., SELBY M., BERGER K., LESNIEWSKI R.,

HO
C

UGHTON M. and CHISARI F. V. (1997): Hepatitis C virus
core and E2 protein expression in transgenic mice. Hepato-
logy, 25,�  719–727.

 91. PA
B

WLOTSKY J. M. and GE
J

RMANIDIS G. (1999): The non-struc-
tural 5A protein of hepatitis C. J. Viral Hepatitis, 6, 343–356.

 92. RA
B

Y R. B., LA
B

GGING L. M., ME
J

YER K. and RA
B

Y R. (1996):
Hepatitis C virus core protein cooperates with ras and trans-
forms primary rat embryo fibroblasts to tumorigenic pheno-
type. J. Virol., 70, 4438–4443.

 93. RAY R. B., LAGGING L. M., MEYER K. STEELE R. and RAY

R. (1995): Transcriptional regulation of cellular and viral pro-
moters by the hepatitis C virus core protein. Virus Res., 3

^
7,�

209–220.
 94. RAY R. B., MEYER K. and RAY R. (1996): Suppression of

apoptotic cell death by hepatitis C virus core protein. Viro-
logy, 226, 176–182.

 95. RA
B

Y R. B., ME
J

YER K., ST
a

EELE R., SH
F

RIVASTAVA A., AG
x

GAR-

W
:

AL B. B. and RAY R. (1998): Inhibition of tumor necrosis
factor alpha (TNFα� )

y
-mediated apoptosis by hepatitis C virus

core protein. J. Biol. Chem., 273, 2256–2259.
 96. RA

B
Y R. B., ST

a
EELE R., ME

J
YER K. and RA

B
Y R. (1997): Tran-

scriptional repression of p53 promoter by hepatitis C core pro-
tein. J. Biol. Chem., 272, 10983–10986.

 97. RA
B

Y R. B., ST
a

EELE R., ME
J

YER K. and RA
B

Y R. (1998): He-
patitis C virus core protein represses pu 21WAF1/CIP1/SDI1 p� ro-
moter activity. Gene, 208, 331–336.

 98. REID A. E., KO
C

ZIEL M. J., AIZA I., JEFFERS L., REDDY R.,
SC

d
HIFF E., LA

B
U J. Y., DI

I
ENSTAG J. L. and LI

I
ANG T. J. (1999):

Hepatitis C virus genotypes and viremia and hepatocellular
carcinoma. Am. J. Gastrenterol., 94,�  1619–1626.

 99. RICE C. M., LENCHES E. M., EDDY S. R., SHIN S. J., SHEETS

R. L. and ST
a

RAUSS J. H. (1985): Nucleotide sequence of yel-
low fever virus: implication for flavivirus gene expression and
evolution. Science, 2

G
29,�  726–735.

100. RO
C

MEO R., CO
C

LOMBO M., RU
D

MI M., SO
C

FFREDINI R., DEL

NINNO E., DO
C

NATO F. F., RU
D

SSO A. and SIMMONDS P. (1996):
Lack of association between type of hepatitis C virus, serum
load and severity of liver disease. J. Viral Hepatitis, 3

^
, 183–

190.
101. RU

D
GGIERI A., HARADA T., MATSUURA Y. and MIYAMURA T.

(1997): Sensitization to Fas-mediated apoptosis by hepatitis
C virus core protein. Virology, 229,�  68–76.

102. S
M

A
B

ITO I., MI
I
YAMURA T., OH

F
BAYASHI A., HA

B
RADA H., KA

B
-

TAYAMA T., KIKUCHI S., WATANABE Y., KO
C

I S., ON
H

JI M. and
OHTA Y. (1990): Hepatitis C virus infection is associated with
the development of hepatocellular carcinoma. Proc. Natl.
Acad. Sci. USA, 87, 6547–6549.

103. S
M

AKAMOTO M., HIROHASHI S., TS
Q

UDA H., INH O Y., SHIMOSATO Y.,
YAMASAKI S., MAKUUCHI M., HASEGAWA H., TERADA M. and
HO

C
SODA Y. (1988): Increasing incidence of hepatocellular car-

cinoma possibly associated with non-A, non-B hepatitis in
Japan, disclosed by hepatitis B virus DNA analysis of surgi-
cally resected cases. Cancer Res., 48, 7294–7297.

104. SA
B

KAMURO D., FU
D

RUKAWA T. and TA
B

KEGAMI T. (1995): He-
patitis C virus nonstructural protein NS3 transforms NIH3T3
cells. J. Virol., 6

i
9,�  3893–3896.

105. SANTONI-RU
D

GIU E., JENSEN M. R., FACTOR V. M. and THOR-

G
x

EIRSSON S. S. (1999): Acceleration of c-myc induced hepato-
carcinogenesis by coexpression of transforming growth factor
(TGF)-α�  in transgenic mice is associated with TGF-β

z
1 signal-

ing disruption. Am. J. Pathol., 154, 1693–1700.
106. SANTONI-RU

D
GIU E., NAGY P., JENSEN M. R., FACTOR V. M.

and TH
F

ORGEIRSSON S. S. (1996): Evolution of neoplastic de-
velopment in the liver of transgenic mice coexpressing c-m{ yc
and transforming growth factor α� .c  Am. J. Pathol., 149,�  407–
428.

107. SA
B

ROBE P., PE
J

NDLETON C. D., AK
e

ATSUKA T., LA
B

U D., EN
H

GEL-

HARD V. H., FEINSTONE S. M. and BERZOFSKY J. A. (1998):
Enhanced i

w
n vitro potency and in vivo immunogenicity of

a CTL epitope from hepatitis C virus core protein following
amino acid replacement at secondary HLA-A2.1 binding po-
sitions. J. Clin. Invest., 102,�  1239–1248.

108. SC
d

HREIBER G. B., BU
D

SCH M. P., KL
@

EINMAN S. H. and KO
C

RE-

LITZ J. J. (1996): The risk of transfusion transmitted viral in-
fections. N. Engl. J. Med., 3

^
34, 1685–1690.

109. SH
F

ARARA A. I. (1997): Chronic hepatitis C. South. Med. J.,
90, 872–877.

110. SI
I
MMONDS P. (1998): Variability of the hepatitis C virus

genome. Curr. Stud. Hematol. Blood Transfus., 62,�  38–63.
111. SP

|
ENGLER U., LE

J
CHMANN M., IRA RGANG B., DU

D
MOULIN F. L.

and SAUERBRUCH T. (1996): Immune responses in hepatitic
C virus infection. J. Hepatol., 24 (suppl. 2), 20–25.

112. SU
D

LAIMAN H. A., NO
C

ER H. M., EN
H

DARDJO S. and HO
C

YARAN-

DA E. (1991): The prevalence of antibody to hepatitis C virus
(anti-HCV) in patients with acute and chronic liver diseases in
Jakarta, Indonesia. Gastroenterol. Jpn., 26, 179–183.

113. SU
D

ZICH J. A., TAMURA J. K., PALMER-HILL F., WARRENER P.,
GRAKOUI A., RICE C. M., FEINSTONE S. M. and CO

C
LLETT M. S.

(1993): Hepatitis C virus NS3 polynucleotide-stimulated nu-
cleoside triphosphatase and comparison with the related pesti-
virus and flavivirus enzymes. J. Virol., 67, 6152–6158.

114. TABOR E., GERETY R. J., DRUCKER J. A., SEEFF L. B., HO
C

OF-

N
H

AGLE J. H., JA
B

CKSON D. R., AP
|

RIL M., BA
B

RKER L. F. and
PINEDA-TAMONDONG G. (1978): Transmission of non-A, non-B
hepatitis from man to chimpanzee. Lancet, 1

E
,�  463–466.

115. TAKAMISAWA A., MO
C

RI C., FU
D

KE L., MANABE S., MU
D

RAKAMI S.,
FU

D
JITA J., ON

H
ISHI E., AN

H
DOH T., YO

C
SHIDA I. and OKAYAMA H.

(1991): Structure and organization of the hepatitis C virus
genome isolated from human carriers. J. Virol., 65, 1105–
1113.

116. TAN S. L., NAKAO H., HE Y. P., VIJAYSRI S., NEDDERMANN P.,

M. Feitelson: Hepatitis C Virus and Hepatocellular Carcinoma S73



JA
B

COBS B. L., MA
B

YER B. J. and KA
B

TZE M. G. (1999): NS5A,
a nonstructural protein of hepatitis C virus, binds growth fac-
tor receptor-bound protein 2 adaptor protein in a Src homo-
logy 3 domain/ligand-dependent manner and perturbs mi-
togenic signaling. Proc. Natl. Acad. Sci. USA, 96, 5533–5538.

117. TA
B

NAKA K., SA
B

TA M., UC
d

HIMURA Y., SU
D

ZUKI H. and TA
B

NKKA-

W
:

A K. (1988): Long-term evaluation of interferon therapy in
hepatitis C virus-associated cirrhosis: does IFN prevent devel-
opment of hepatocellular carcinoma? Oncol. Rep., 5

L
, 205–

208.
118. TANG L., TANAKA Y., EN

H
OMOTO N., MARUMO F. and SATO C.

(1995): Detection of hepatitis C virus RNA in hepatocellular
carcinoma by in situ hybridization. Cancer, 76,�  2211–2216.

119. TA
B

NIMOTO A., ID} E Y., AR
A

IMA N., SA
B

SAGURI Y. and PA
B

DMANAB-

HAN R. (1997): The amino terminal deletion mutants of he-
patitis C virus nonstructural proteins NS5A function as tran-
scriptional activators in yeast. Biochem. Biophys. Res.
Commun., 236, 360–364.

120. TA
B

RAO K., RI
I
NO Y., OH

F
KAWA S., SH

F
IMIZU A., TA

B
MAI S.,

MIYAKAWA K., AO
C

KI H., IMADA T., SHINDO K., OKAMOTO N. and
TO

C
TSUKA S. (1999): Association between high serum alanine

aminotransferase levels and more rapid development and
higher rate of incidence of hepatocellular carcinoma in pa-
tients with hepatitis C virus-associated cirrhosis. Cancer, 86,�
589–595.

121. TAYLOR D. R., SHI S. T., RO
C

MANO P. R., BARBER G. N. and
LA

B
I M. M. C. (1999): Inhibition of the interferon-inducible

protein kinase PKR by HCV E2 protein. Science, 285,�  107–
109.

122. TO
C

NG M. J., EL-FARRA N. S., REIKES A. R. and CO
C  R. L.

(1995): Clinical outcomes after transfusion associated he-
patitis C. N. Engl. J. Med., 332,�  1463–1466.

123. TO
C

YODA H., KU
D

MADA T., NA
B

KANO S., TA
B

KEDA I., SU
D

GIYAMA

K., KIRIYAMA S., SO
C

NE Y. and HISANAGA Y. (2000): The ef-
fect of retreatment with interferon-alpha on the incidence of
hepatocellular carcinoma in patients with chronic hepatitis
C. Cancer, 88,�  58–65.

124. UC
d

HIDA T., SH
F

IKATA T., TA
B

NAKA E. and KI
I
YOSAWA K.

(
h
1994): Immunoperoxidase staining of hepatitis C virus in for-

malin-fixed, paraffin-embedded needle liver biopsies. Virc-
h
O
ows Arch., 424,�  465–469.

125. VARGAS V., CASTELLS L. and ES
Q

TEBAN J. I. (1990): High fre-
q~ uency of antibodies to the hepatitis C virus among patients
wU ith hepatocellular carcinoma. Ann. Intern. Med., 1

E
12, 232–

233.
126. WAKITA T., TAYA C., KATSUME A., KATO J., YO

C
NEKAWA H.,

KANEGAE Y., SAITO I., HAYASHI Y., KO
C

IKE M. and KO
C

HARA

M
N

. (1998): Efficient conditional transgene expression in he-
p� atitis C virus cDNA transgenic mice mediated by the
C
=

re/loxP system. J. Biol. Chem., 2
G

73, 9001–9006.
127. WENTWORTH P. A., SETTE A., CELIS E., SIDNEY J., SO

C
UTH-

W
:

OOD S., CR
A

IMI C., ST
a

ITELY S., KE
J

OGH E., WO
C

NG N. C., LI
I
V-

INGSTON B., ALAZARD D., VITIELLO A., GREY H. M., CHISARI

F
�

. V., CH
F

ESNUT R. W. and FI
I
KES J. (1996): Identification of

A2-restricted hepatitis C virus-specific cytotoxic T lympho-
cK yte epitopes from conserved regions of the viral genome. Int.
I
�
mmunol., 8,�  651–659.

128. YU
D  M. C., TO

C
NG M. J., CO

C
URSAGET P., RO

C
SS R. K., GO

C
VINDA-

RAJAN S. and HENDERSON B. E. (1990): Prevalence of he-
p� atitis B and C viral markers in black and white patients with
h
O
epatocellular carcinoma in the United States. J. Natl. Cancer

Inst., 8
f

2,�  1038–1041.
129. ZE

J
IN N. N., PO

C
TERUCHA J. J., GR

A
OSS J. B. Jb R., WI

I
ESNER R. H.,

THERNEAU T. M., GO
C

SSARD A. A., WENDT N. K., MITCHELL

P
�

. S., GE
J

RMER J. J. and PE
J

RSING D. H. (1996): Increased risk
o� f hepatocellular carcinoma in patients infected with hepatitis
C
=

 genotype 1b. Am. J. Gastroenterol., 9
�
1, 2560–2562.

130. ZHU N., KHOSHNAN A., SC
d

HNEIDER R., MATSUMOTO M., DEN-

N
H

ERT G., WARE C. and LAI M. M. (1998): Hepatitis C virus
cK ore protein binds to the cytoplasmic domain of tumor ne-
cK rosis factor (TNF) receptor 1 and enhances TNF-induced
aR poptosis. J. Virol., 72, 3691–3697.

Received in March 2000
Accepted in April 2000

S74 M. Feitelson: Hepatitis C Virus and Hepatocellular Carcinoma


