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INTRODUCTION

Chronic hepatitis C is a necroinflammatory disease of the liver that
is caused by infection with hepatitis C virus (HCV) (1). Uniquely
adapted to establish persistent infections within the human liver, the
major pathologic hallmark of this flavivirus infection is the insidious
progression of hepatic fibrosis and loss of functioning hepatocyte mass
(2-4). Typically, this occurs against a background of chronic hepatic
inflammation and associated macro- and microvesicular steatosis. A
significant proportion of infected persons ultimately develop cirrhosis,
hepatic failure, or hepatocellular carcinoma (HCC) (5-7). These lethal
manifestations of hepatitis C are currently thought to result in approx-
imately 8,000-10,000 deaths annually among the 3.9 million Ameri-
cans infected with this virus (8). This makes hepatitis C the single
most common cause of clinically significant liver disease in the United
States today. Despite this, little is known about the molecular mech-
anisms underlying the chronic hepatic changes that are associated
with this viral infection. However, it is generally believed that most if
not all of the pathologic consequences of hepatitis C arise as a result of
the cellular immune response to the infection, and that the infection
itself is likely to be noncytopathic.

Existing therapies for chronic hepatitis C include recombinant hu-
man interferon, either alone or in combination with ribavirin (9,10).
These antiviral therapies are only partially effective, leading to the
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resolution of infection in no more than about 40% of treated persons.
They are also accompanied by a high incidence of adverse side effects.
Thus, there is an urgent need to develop safer and more effective
therapeutics for treatment of hepatitis C. However, drug discovery has
been stymied by two overwhelming technical deficiencies. These in-
clude, first, the absence of a cell culture system that is permissive for
efficient HCV replication and, second, the lack of small animal models
that either support replication of HCV or mimic aspects of the patho-
genesis of chronic hepatitis C in humans. The chimpanzee (Pan trog-
lodytes) is the only animal species that has been shown clearly to be
permissive for HCV infection, and infected chimpanzees typically de-
velop little evidence of liver disease as a result of infection with the
virus (11,12).

Here, we present a preliminary report of studies aimed at addressing
the second of these technical deficiencies, the lack of readily available
animal models of hepatitis C. These studies involve the development
and characterization of transgenic mice that express HCV proteins
and/or viral RNAs in a liver-specific fashion. Some of these transgenic
lineages appear to develop hepatic pathology similar to that observed
in human disease, and thus may be useful in unraveling the complex
pathobiology of this disease. These animals may also offer unique
opportunities for preclinical studies of novel therapies for chronic
hepatitis C.

MATERIALS AND METHODS
Construction of HCV transgenes and development of trans-

genic mice. We established multiple independent lineages of trans-
genic mice that harbor as a transgene cDNA corresponding to the
full-length open reading frame (ORF) of a Japanese genotype lb virus,
HCV-N (13). The sequence of this transgene was derived from the
plasmid pMN2-lG (14). The expressed HCV RNA segment is approx-
imately 9 kb in length, and encodes a polyprotein of just over 3000
amino acids that is proteolytically processed into 10 distinct viral
proteins by both host cell and viral proteinases acting both in cis and
in trans (15). To provide liver-specific expression, the transgene was
placed under the control of the murine albumin promoter-enhancer
(16), and immediately upstream of the poly(A) intron of SV40 virus.
The vector used for construction of the transgene was pGEMAlbSVPA.
Transgenic mice were created using standard techniques within a
C3H/C57BL6 genetic background. Founder animals (FO) were identi-
fied by Southern blotting of DNA isolated from tail biopsies using an
HCV-specific cDNA probe.
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Breeding capacity. Fo founder animals were crossed with normal
C57BL/6 mice to produce F1 offspring in order to evaluate breeding
potential as well as the level ofHCV gene expression. The frequency of
transgene transmission to offspring was determined by Southern blot-
ting or PCR amplification of DNA extracted from tail biopsy speci-
mens.
RNA transcription. RNA transcription was evaluated in F1 off-

spring by northern analysis and by a reverse-transcription polymerase
chain reaction (RT-PCR) followed by Southern hybridization of the
amplified products. For RT-PCR, stringent controls ensured that the
PCR amplification ofHCV sequence was from RNA transcripts and not
the cDNA transgene itself. Total RNA extracted from mouse liver was
purified by two cycles of RQ1 DNase digestion, each followed by LiCl
precipitation of RNA. Parallel, no-reverse transcriptase control reac-
tions were included in each assay to document that the template for
amplification products was RNA and not DNA.
HCV protein expression. A variety of standard techniques were

used for the detection of HCV proteins within the livers of transgenic
mice, including indirect immunofluorescence with rabbit polyclonal
antibodies to the viral core protein and the hypervariable region of the
E2 protein of HCV. We also attempted immunoblot detection of the
core protein using murine monoclonal antibodies to these proteins,
following immunoprecipitation from mouse liver extracts with rabbit
polyclonal antibodies specific for core.

RESULTS
HCV transgenic mice with liver-specific expression of the

HCV ORF. A total of 15 Fo founder animals were shown by Southern
analysis to harbor as a transgene the full-length ORF of genotype lb
HCV (FL-N transgene) (data not shown). However, the F1 offspring
from these lineages were uniformly negative when tested by northern
analysis for the presence of HCV RNA transcripts within the liver. It
is likely that the absence of founder animals with efficient transcrip-
tion of the transgene is due to the length of the expected transcript
(about 9 kb), as this may be associated with difficulties in nuclear
export of the RNA. Nonetheless, livers from 4 of these 15 FL-N trans-
genic lineages contained HCV-specific RNA transcripts that were de-
tectable by RT-PCR (Fig. 1). These transcripts were only detected
when reverse transcription was carried out on the extracted RNA
samples prior to PCR, demonstrating that the product obtained in
these reactions was derived from RNA. Moreover, RNA transcripts in
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FEn., 1. Southern VhNbi-icdiz tion of PCR reaction products obtained with total RNA
frt-omi-i liver of an FL-N/35 mouse (top panels) or a nontransgenic mouse (bottom panels).
Lanes 1-4 contain pr-odutcts amiplified with PCR primers spanning the core-El region,
and lanes 5-8 with primiiers spanning NS3-NS4B. RNA in lanes 3, 4, 7, 8 was subjected
to two cycles of Dnase tfollowed by LiCl precipitation, while RNA in lanes 1, 2, 5, 6 was
niot. Products arise fr-omi the contaminating cDNA transgene in the latter, but not the
formner. Lanes 1, 3, 5, anid 71 contain products amplified following reverse transcription,
while lanes 2, 4, 6 and S ar-e 'rT() )eaction controls.

the FL-N/35 lineage were detected with multiple PCR primer sets
amplFIying overlapping segments that span the entire HCV polypro-
tein from the corepr-otein to NS5B (data not shown). With each primer
set, there were only single PCR amplimers of the expected size. These
results suggest that the entire ORF is expressed without nuclear
splicing of the RNA. This is important, since splicing has been noted
with other transgenes derived from HCV genomic sequences (C. Pas-
quinelli, personal communication).
Of the 4 transgenic lineages with detectable HCV transcripts, only

one FL-N/35) has been bred successfully in large numbers (see below).
The frequency of transgene transmission in this lineage approximates
50%, consistent with the heterozygous nature of the transgene and the
results of Southern blotting which suggest a single transgene integra-
tion site.
HCV protein expression. Evidence of HCV core and E2 protein

expression was sought in the livers of mice from the FL-N/35 lineage.
Despite the fact that these mice were reproducibly positive for viral
RNA in the RT-PCR assays described above, we were unable to detect
these proteins by indirect immunofluorescence or immunoprecipita-
tion followed by immunoblotting. Positive controls for these experi-
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ments included stably transformed Chinese hamster ovary (CHO) cells
that constitutively express these HCV proteins (M. Honda et al., in
preparation), as well as liver taken from other, more recently estab-
lished transgenic mouse lineages that express the segment of the viral
genome that encodes the structural proteins of the virus (unpublished
data). The absence of detectable protein expression in the FL-N/35
lineage is consistent with the low level of RNA transcription that is
evident in these mice. However, it is worth noting that HCV proteins
are extraordinarily difficult to identify in liver biopsies from most
patients with chronic hepatitis C, and that RT-PCR is routinely re-
quired to detect the low levels ofRNA transcripts that patients harbor.
Disease phenotypes expressed by HCV transgenic mice. The

FL-N/35 lineage is the only transgenic line for which we have extensive
data concerning the frequency ofliver injury associated with transgene
expression. Importantly, there was no cellular inflammatory infiltrate
present evident within the livers of either these transgenic animals or
their nontransgenic littermates. The absence of inflammation is con-
sistent with the prenatal expression of transgenic proteins that are
placed under control of the mouse albumin promoter, and the likeli-
hood that these mice are thus immunologically tolerant to the HCV
proteins they express. However, animals from the FL-N/35 lineage do
show age- and gender-related microvesicular steatosis, as well as an
increased frequency of HCC. Although we do not have reliable data on
the frequency of these pathologies in other transgenic lineages, we
have observed both hepatocellular carcinoma and steatosis among the
small numbers of animals we have necropsied thus far from other
FL-N transgenic lineages. This strongly suggests that the findings in
the FL-N/35 lineage are not due to disruption of a critical mouse gene
by fortuitous integration of the transgene.
Microvesicular Steatosis. Histopathological analysis demon-

strated a profound microvesicular steatosis in livers from older mice in
the FL-N/35 lineage. Similar pathology was present in animals from an
independently-derived transgenic mouse line expressing the same
transgene, FL-N/986. Milder steatosis was seen in normal mice of the
same age. Fig. 2 demonstrates the findings. Fig. 2A shows liver taken
from a normal, 10-month old nontransgenic male, while Fig. 2B dem-
onstrates microvesicular steatosis in an FL-N/35 transgenic male of
similar age. In the transgenic animal, steatosis is present exclusively
in a pericentral distribution involving zones 2 and 3. There is no
involvement of the periportal zone 1. The steatosis is predominantly
microvesicular in nature, but some larger lipid droplets are also evi-
dent at higher magnification.
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We quantified the degree of steatosis by staining frozen sections with
oil red 0 and using a digital image analysis program to measure the
percent area occupied by the fat droplets in 3 separate fields from each
microscopic tissue section. Transgenic animals were compared with
nontransgenic animals in the colony. These experiments demonstrated
that transgenic mice aged 9-15 months had greater steatosis than
age-matched, non-transgenic controls. Steatosis was more severe in
older animals, especially males. In contrast, steatosis was present, but
both less common and milder in transgenic females. A lesser degree of
steatosis was also present in older nontransgenic males but, impor-
tantly, no steatosis was ever observed in nontransgenic females. The
steatosis in the FL/N transgenic animals mimics the steatosis observed
in HCV-infected humans (17-19), and suggests that this manifestation
of hepatitis C may be caused directly by the expression of one or more
HCV proteins.
Hepatocellular carcinoma (HCC). Well-differentiated HCC were

found in approximately one third of F1 FL-N/35 animals undergoing
necropsy at greater than 12 months of age. Some tumors were large,
greater than 1 cm in diameter, and demonstrated distinct compression
of adjacent nontumor tissue (Fig. 2C). We have not necropsied suffi-
cient numbers of animals to know the frequency of HCC in the other
FL-N transgenic lineages. However, we have documented the occur-
rence of well-differentiated HCC in one older mouse derived from
another, independent FL-N lineage (FL-N/984). HCC occurred exclu-
sively among male transgenic animals, and was never present in
transgenic animals less than 13 months of age, or in nontransgenic
littermates of any age. As with steatosis, these observations suggest a
direct or indirect effect ofHCV protein expression on the development
of liver cancer independent of the liver inflammation that typifies
chronic hepatitis C.

DISCUSSION
Our work has focused on the development of transgenic mice that

constitutively express HCV proteins in a liver-specific fashion. Other

Fig. 2. Histopathology of liver sections from transgenic and normal, nontransgenic
animals in the mouse colony. (A) A 10-month old nontransgenic male mouse showing
normal liver histology. (B) A similarly aged FL-N/35 male animal showing extensive
microvesicular steatosis involving exclusively Rapoport zones 2 and 3. There is no
cellular infiltrate or other evidence of inflammation or cellular necrosis. (C) A well
differentiated hepatocellular carcinoma with compression ofnormal adjacent liver tissue
in a 13 month old male from the FL-N/35 lineage.
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investigators have also developed HCV transgenic animals (20-23),
but our efforts are unique in that they have begun to reveal the
histological characteristics of animals that constitutively express low
levels of HCV transcripts encoding the complete viral polyprotein. We
have found increased micro- and macrovesicular hepatic steatosis and
an increased incidence of HCC in male transgenic mice (FL-N/35
lineage). These are common histologic features of hepatitis C in hu-
mans (19). The absence of inflammation in our transgenic animals is
consistent with the likelihood that these animals are immunologically
tolerant to the HCV proteins they express, as the transgene is under
the transcriptional control of the albumin promoter and thus likely to
be expressed during fetal development. The lack of hepatic inflamma-
tion clearly distinguishes these animals from most humans with
chronic hepatitis C. Thus, an important conclusion from these studies
is that both steatosis and cancer may develop as a direct or indirect
result of the expression of one or more HCV proteins within the liver.
These manifestations of hepatitis C may not arise strictly as a result of
immune-mediated inflammation, as often assumed, especially for hep-
atocellular carcinoma.
As in humans, we found liver cancer to be much more frequent in

transgenic males than in females. Koike and colleagues (21,24) have
also described steatosis and HCC in older male HCV transgenic mice.
However, their findings differ from ours in several important respects.
First, their transgenic animals expressed only the core protein ofHCV,
not the entire polyprotein. Furthermore, they appear to express this
protein at a very high abundance (readily detectable in immunoblots)
compared with the level of expression apparent in our FL-N/35 lineage.
In addition, HCC developed at a somewhat older age in these mice
than those in our FL-N/35 lineage. Interestingly, two other groups of
investigators, Kawamura et al. (22) and Pasquinelli et al. (23) have
found no pathology in transgenic mice expressing the core or E2
proteins of HCV. The reasons underlying these differences are un-
known, but they cannot be explained by insufficient levels of expres-
sion or the specific genotype of HCV (la vs. lb) in these mice. The most
interesting lead is that our transgenic mice and those developed by
Koike's group (21,24) are in a C57BL/6 genetic background, while this
was not the case for those studied by Kawamura et al. (22) or Pas-
quinelli et al. (23). Thus, genetic background might be an important
factor in determining disease expression in HCV transgenic mice. If so,
further study of these differences might ultimately provide some clues
as to why some infected humans develop severe liver disease, while
others do not.
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While we do not know which HCV proteins (structural vs. nonstruc-
tural) are responsible for steatosis and HCC in our FL-N transgenic
lineages, it is likely that the core protein is involved since steatosis and
cancer were both observed by Moriya et al. in transgenic mice express-
ing only this protein (21,24). Two hypotheses can be envisioned as to
how core might cause such pathology. Barba et al. (25) suggested that
the HCV core protein physically associates with lipid-laden vesicles
and that this alters normal lipid metabolism and/or transport leading
to steatosis. An alternative hypothesis is suggested by the observation
that core protein interacts with the cytoplasmic extension of the tumor
necrosis factor receptor 1 (TNFR-1) and related members of this re-
ceptor family (26,27). In vitro studies investigating the potential bio-
logic consequences of this interaction have led to conflicting results
(28-31). However, in the transgenic mouse as well as the liver of
infected humans, this interaction could constitutively activate pro-
apoptotic signaling, leading to upstream caspase activation, a mito-
chondrial permeability transition, uncoupling of oxidative phosphory-
lation, the accumulation of free radicals, oxidative stress and lipid
peroxidation. While speculative, the centrilobular (zone 3) microve-
sicular steatosis in our mice is very consistent with mitochondrial
injury and makes this an attractive hypothesis. Further studies will be
needed to document whether or not this is the case.
The specific mechanism of carcinogenesis in these transgenic ani-

mals is also unknown. It could relate to a transforming action of the
core protein, as suggested by some in vitro studies (32). Dysregulation
of cell growth could also be due to the interaction of core with TNFR-1,
as antiapoptotic regulatory mechanisms could be activated by consti-
tutive signaling through the receptor. Roles in cellular carcinogenesis
have also been suggested for both the HCV NS3 and NS5A proteins
(33,34), however, and all of these proteins are likely to be expressed at
low levels in our transgenic mice. Alternatively, chronic oxidative
stress may set the stage for carcinogenesis in these mice by promoting
conditions for chromosomal DNA damage.

CONCLUSIONS
The extent to which the mechanism of carcinogenesis in these ani-

mals relates to the development of liver cancer in infected humans
remains to be established. It is very likely that chronic inflammation
plays an important role in the development ofHCC in chronic hepatitis
C, as it does in chronic hepatitis B. However, the results described here
strongly suggest that the intrahepatic expression of one or more HCV
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proteins significantly enhances the risk of cancer, even in the absence
of an immunologically mediated inflammatory response to the infec-
tion.
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DISCUSSION
WILLIAMS, Albequerque: This is a really interesting model that you have developed

and I wonder if these mice have any auto antibodies or whether there is any cryoglobulin
produced? Do transgenic mice have an abnormal immune system?
LEMON: We are just beginning to look at that. An interesting question would be

whether these mice have difficulty eliminating an adenoviral infection from their liver.
We don't understand why hepatitis C virus persists. However, I would doubt that they
have cryoglobulins because that is usually associated with an anti-envelope antibody
response. We haven't measured that in these animals, but we would not expect to find
that.
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BLOOMER, Birmingham: In the human with HCV infection there seems to be a poor
correlation, if any, between the level of viral replication and hepatocellular damage
assessed by light microscopy. Yet when there is active viral replication, it is presumed
you are making more of these proteins that you are studying in your animal. I wonder
how you would explain that in human disease?
LEMON: Well, there are several ways to look at that. One is that when we talk about

viral levels we are talking about viremia. We are measuring virus in the blood and not
virus in the liver, which is where the virus load really is. The amount ofvirus in the blood
is probably determined in part by how much anti-envelope antibody is present and how
rapidly it is being cleared. We really don't understand those kinetics very well. One
would also have to look at the amount of virus that one finds in the blood as well as the
liver as a result of a balance between replication and the immune response to it. If the
immune response is playing a primary or important role, certainly a contributing role to
pathogenesis, then you would not expect a direct correlation between virus in the blood
and damage in the liver.
STEVENSON, Stanford: This is becoming a perinatal problem as well. Not much is

known about that yet in terms of transmission, but one of the questions that might relate
to the work that you are doing and that I have is this: as experience is gained,
unfortunately, are people beginning to look at the time of onset of tumor in the perina-
tally exposed and infected individuals compared to the individuals that get it later? Are
there clues there as to what might be going on in terms of the mechanism, independent
of the aging of the individual?
LEMON: A short answer is, no, no one is studying that. I think hepatitis C in the

pediatric population is something that really needs to be studied much more than is the
case. It is apparent that in Japan cancer is a much more common form of death than
cirrhosis. In this country it seems to be just the opposite. We don't understand the basis
of that at all, but it is probably not strictly genetic. There are more questions than
answers for sure.
MADDREY, Dallas: Stan, you have presented very interesting findings in that you

did not observe much inflammation and you have shown a relatively quick onset of
tumor. In man, almost every case of hepatitis C-related cancer occurs in a patient who
has cirrhosis. A further observation that has come from Japan is that even in patients
with cirrhosis, a modest amount of Interferon for a long period of time is anti-carcino-
genic. It seems to me that your model will not only lend itself to looking at the
dissociation between inflammation and progression to cirrhosis and carcinogenesis, but
also offer a possible other model for looking at some of the effects of interferon, such as
the possible anti-angiogenesis effect in preventing tumor.
LEMON: I would agree with all those statements, Willis. Interferon clearly does have

a protective effect against the development of cancer in these patients and the Japanese
were first to note that. We don't understand the mechanism, however. Interferon
probably is acting via a primary anti-viral effect which would reduce protein expression.
It is also clearly moderating inflammation. These features of the interferon response
may or may not be related.

As to the statement that these animals are developing tumors rapidly, I don't think
that is quite the case. We are looking at tumors at 13 to 18 months of age in these
animals, which is at least half the life span of the mouse.
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