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Hepatitis C virus (HCV) infection is frequently associated with the development of hepatocellular carcino-
mas and non-Hodgkin’s B-cell lymphomas. Previously, we reported that HCV infection causes cellular DNA
damage and mutations, which are mediated by nitric oxide (NO). NO often damages mitochondria, leading to
induction of double-stranded DNA breaks (DSBs) and accumulation of oxidative DNA damage. Here we report
that HCYV infection causes production of reactive oxygen species (ROS) and lowering of mitochondrial trans-
membrane potential (AW ) in in vitro HCV-infected cell cultures. The changes in membrane potential could
be inhibited by BCL-2. Furthermore, an inhibitor of ROS production, antioxidant N-acetyl-L-cysteine (NAC),
or an inhibitor of NO, 1400W, prevented the alterations of AW, . The HCV-induced DSB was also abolished
by a combination of NO and ROS inhibitors. These results indicated that the mitochondrial damage and DSBs
in HCV-infected cells were mediated by both NO and ROS. Among the HCV proteins, core, E1, and NS3 are
potent ROS inducers: their expression led to DNA damage and activation of STAT3. Correspondingly,
core-protein-transgenic mice showed elevated levels of lipid peroxidation and oxidatively damaged DNA. These
HCYV studies thus identified ROS, along with the previously identified NO, as the primary inducers of DSBs

and mitochondrial damage in HCV-infected cells.

Chronic liver injury by hepatitis C virus (HCV) leads to
inflammation and liver regeneration over a period of time and
induces cirrhosis, thus paving the way for events proceeding to
liver neoplasia (5). Oxidative stress, imposed either directly by
the virus or by the host-immune response, is a potentially
important pathogenic mechanism in hepatitis C virus disease
as well as other chronic liver diseases to initiate and promote
multistage carcinogenesis (9, 28). Oxidants not only kill target
cells but may also overwhelm cellular antioxidant defenses
of neighboring cells, leading to damage of DNA, producing
8-0x0-7,8-dihydro-2'-deoxyguanosine (8-oxodG), which is a
typical form of oxidatively damaged DNA (27). Indeed, ele-
vated levels of 8-oxodG has been reported in chronic hepatitis
C patients (22). Liver tissues from HCV-infected patients show
evidence of lipid peroxidase-protein adducts (19), and antiox-
idant therapy alleviates the extent of liver injury in chronic
hepatitis C (17). Patients with chronic hepatitis C often exhibit
increased production of tumor necrosis factor-a (TNF-a), a
cytokine that can produce oxidative stress by stimulating the
release of reactive oxygen species (ROS), such as superoxide
radical and hydrogen peroxide (24). In addition, HCV uses the
host endoplasmic reticulum (ER) as the primary site of enve-
lope glycoprotein biogenesis and may thus induce the ER
stress response (1). Mild ER stress inhibits the initiation of
protein synthesis and slows cell growth, while extreme or pro-
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longed ER stress can lead to apoptosis (23). Therefore, HCV
may induce liver damage and hepatocellular carcinoma by a
combination of mitochondrial damage and ER damage through
ROS production.

Previously, we reported that HCV infection, through the
core and NS3 proteins, induced NO, which, in turn, caused
double-stranded DNA breaks (DSBs) (30). NO inactivates the
mitochondrial respiratory chain enzymes and triggers blockade
of the electron transfer chain and disruption of the mitochon-
drial transmembrane potential (14, 33). It may also increase
electron leakage, followed by hypergeneration of endogenous
ROS, leading to subsequent activation of caspases and apop-
tosis (33, 43). NS3 has been reported to induce ROS through
NADPH oxidase (4, 41). Viral proteins may also directly acti-
vate ROS production without being mediated through NO, as
we have shown that HCV E1 protein does not induce NO, but
causes DSBs, presumably through the production of ROS (30).
These combined effects of viral proteins may synergistically
induce ROS. ROS play an important role, both as regulators of
transcription factors and inhibitors of protein tyrosine phospha-
tases (10), as oxidative stress can trigger STAT3 tyrosine phos-
phorylation and its nuclear translocation (2, 6). We reasoned
that HCV-induced ROS might participate in oxidative DNA/
lipid damage and their downstream signal transduction path-
ways, leading to cancer.

These observations led us to examine whether HCV infec-
tion induces ROS. We studied the formation of endogenous
ROS in HCV-infected B cells and the biological consequences
of ROS production. Our studies demonstrated that ROS play
a critical role in HCV pathogenesis.
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MATERIALS AND METHODS

Mice. Mice expressing the HCV core protein of genotype 1b under the control
of the human elongation factor (EF) 1a promoter were generated (29) and bred
at the USC transgenic mouse facility.

Establishment of NS3/4A inducible cell lines. TRNS3/4A cell, which expresses
HCV NS3/4A under an inducible Tet-On promoter, was established by transfec-
tion of pTRE-Tight-NS3/4A into U-2 OS cells and selected under G418 and
puromycin. A cDNA fragment comprising nucleotides 3417 to 5474 (correspond-
ing to amino acids 1027 to1711) of the HCV Conl strain (genotype 1b) was
amplified by PCR from pUC-Replicon (26) by using the sense primer 5'-GCA
CGAATTCACCATGGCGCCTATTACGGCCTACTCCCAACAGAC-3' (the
EcoRI site is underlined; the engineered translation initiation codon is double
underlined) and the reverse primer 5'-GCTGTCTAGATTAGCACTCTTCCA
TCTCATCGAACTCCCGGTAA-3" (the Xbal site is underlined; the engi-
neered ochre stop codon is double underlined). PCR products were cloned into
the EcoRI-Xbal sites of pTRE-Tight (CLONTECH) to yield the expression
construct pTRE-NS3-4A. This construct allows expression of the NS3-4A pro-
teins under the transcriptional control of a reverse tetracycline-controlled trans-
activator-dependent promoter. The constitutively reverse tetracycline-controlled
transactivator-expressing, U-2 OS (human osteosarcoma) Tet-On cell line (32)
(CLONTECH) was cotransfected with pTRE-NS3-4A and linearized puromycin
selection marker (CLONTECH). G418 and puromycin double-resistant clones
(TRNS3/4A cells) were isolated, screened for tightly regulated HCV NS3 gene
expression, and characterized by Western blot analysis in the absence and pres-
ence of doxycycline (Sigma). Cloned TRNS3/4A cells were cultured in McCoy’s
5A medium (Invitrogen) with 10% fetal bovine serum, 200 pg/ml G418, and 0.5
pg/ml of puromycin. To induce NS3 expression, the cell was treated with 1 pg/ml
of doxycycline (Sigma) and incubated for 48 h.

Cells and electroporation. Raji cells were obtained from ATCC and cloned
before uses. The cells were maintained in RPMI medium 1640 (Invitrogen). The
HCV (genotype 2B) used for Raji cell infection in this study was obtained from
the supernatant of an HCV-producing B-cell line (SB cells) established from an
HCV-infected splenic tumor (39). Typically, the supernatant (5 ml culture fluid)
contained 1 X 10° viral RNA copies and was used for infection of Raji cells at a
multiplicity of infection of 1. Approximately 80% of cells could be infected under
this condition (37). For experiments involving BCL-2 overexpression, the empty
vector or BCL-2 expression vector (kindly provided by Brian Lever from
McMaster University) was transfected into Raji cells by electroporation using a
Bio-Rad Gene Pulser at 300 V and 0.975 wF. After electroporation, the cells
were allowed to recover in the complete medium and cultured for 2 days. Then,
the transfected cells were selected in the presence of G418 (GIBCO BRL) at
2 mg/ml.

Detection of ROS and mitochondrial membrane potential. Cells were labeled
simultaneously with dihydroethidium (HE; Molecular Probes), which is oxidized
by ROS to become ethidium (Eth) and emits red fluorescence, and 3,3’'-dihexyl-
oxacarbocyanine iodide [DiOCg(3), Molecular Probes], which is incorporated
into mitochondria in nonlinear dependence on mitochondrial membrane poten-
tial (AW,,) and emits within the spectrum of green light. Conversion of HE to
ethidium is carried out by superoxide anions. Once oxidized, ethidium is free to
intercalate into DNA in the nucleus, where it emits fluorescence at 605 nm. The
cells were labeled with both HE and DiOCg(3) for 15 min and analyzed imme-
diately by fluorescence-activated cell sorter.

Immunoblotting. Exponentially growing cells were harvested using a lysis
buffer containing 50 mM Tris-HCI (pH 8), 150 mM NaCl, 2 mM phenylmethyl-
sulfonyl fluoride, 1% Nonidet P-40 plus a recommended dose of complete
protease inhibitor mixture tablets (Roche Diagnostics). Proteins were resolved
by electrophoresis in sodium dodecyl sulfate-polyacrylamide gels (Invitrogen)
and transferred onto nitrocellulose membranes (Immobulon-P; Millipore). The
following primary antibodies were used for immunoblotting procedures: mono-
clonal anti-human BCL-2 (Santa Cruz Biotechnology) and anti-STAT3 and
anti-STAT3 phosphotyrosine-705 (Cell Signaling Technology). The proteins
were detected using peroxidase-conjugated anti-mouse or anti-rabbit immuno-
globulin antibodies. Immunoreactivity was visualized by an enhanced chemilu-
minescence detection system (Amersham).

Ligation-mediated PCR. Ligation-mediated PCR was performed as previously
described (31) in the presence or absence of ROS inhibitor (NAC or superoxide
dismutase [SOD]), nitric oxide inhibitor (1400W), or irreversible inhibitor for
caspase-3, caspase-7, and caspase-10 (Z-Asp[methyl ester {OME}]-Glu[OME]-
Val[OME]-Asp[OME]-fluoromethylketone [Z-DEVD-FMK]; MP Biomedicals,
Irvine, CA].

J. VIROL.

Immunostaining. STAT3 localization was determined by staining with anti-
STAT3 monoclonal antibody, followed by detection with an appropriate fluo-
rescein isothiocyanate-conjugated secondary antibody.

Transfection and luciferase assay. The STAT3 reporter gene construct
pLucTKS3, containing the human C-reactive-protein gene acute-phase response
element (CAPRE), which includes seven copies of the STAT3-binding site, and
a luciferase reporter gene, was a generous gift from Richard Jove of H. Lee
Moffitt Cancer Center and Research Institute, University of South Florida Col-
lege of Medicine (Tampa Bay, Florida) (42). Huh7 cells were grown on six-well
plates and transfected with pLucTKS3, pRL, a Renilla luciferase expression
plasmid, and dominant-negative STAT3 mutants. Transfection was performed
using FuGENE 6 transfection reagent (Roche Diagnostics) or Gene Pulser II
(Bio-Rad). After 48 h, cells were lysed and assayed for luciferase activities using
a dual luciferase reporter assay system (Promega). Firefly luciferase activities
were normalized to the internal control Renilla luciferase activity.

Measurement of lipid peroxidation products. Appropriate amounts of cell
culture (2 X 107 to 4 X 107 cells) or tissue homogenates (200 mg liver tissue)
were prepared by sonication and stored at —70°C with 5 mM butylated hydroxy-
toluene (Sigma). For cells expressing viral proteins, cell lysates were prepared at
72 h after transfection. 4-Hydroxyalkenals and malondialdehyde were measured
in the homogenates using a commercial assay (LPO-586; OXIS International
Inc., Portland, OR). Protein concentration was determined by the Bradford assay
(Bio-Rad).

Detection of 8-0oxodG. Cell or tissue lysates (100 pl) were incubated with 100
pg/ml hyaluronidase for 1 h at 37°C. The samples were then heated to 95°C for
5 min, cooled rapidly on ice, and digested for 2 h with 10 U of nuclease P1
(United States Biological, Swampscott, MA) at 37°C, followed by incubation with
2 U of alkaline phosphatase at 37°C for 1 h. The prepared samples were assayed
using a commercial 8-oxodG-specific competitive enzyme-linked immunosorbent
assay kit (OXIS Research).

Statistical analysis. Statistical analysis of the data was performed by x test.
P values of <0.05 were considered to be statistically significant.

RESULTS

HCYV induces ROS and reduces mitochondrial membrane
potential. To understand the mechanism of HCV-induced cell
damage, we measured mitochondrial membrane potential and
ROS production, since HCV infection induces nitric oxide
(NO) production (30), which in turn may disrupt electron
transport in mitochondria and damages mitochondria, leading
to an outburst of ROS (7). For this purpose, Raji cells were
infected with HCV or UV-inactivated HCV; mitochondrial
membrane potential and ROS levels were determined by using
DiOCq(3) and HE, respectively, at 12 days postinfection. The
results showed that HCV infection caused a significant in-
crease in ROS levels in the cells (Fig. 1A, top panel). Simul-
taneously, the mitochondrial membrane potential (AW, ) de-
creased in the HCV-infected cells (Fig. 1A, upper left
quadrants). To understand the mechanism of ROS induction
and the decrease of AW , in the HCV-infected cells, we first
used an inhibitor of executor of apoptosis, BCL-2, during HCV
infection. BCL-2 substantially reduced the extents of reduction
of AW, and increase of ROS in HCV-infected cells (Fig. 1A),
which is consistent with the previous reports that BCL-2 ex-
pression normalizes A¥,, and ROS production (38, 40). The
expression of BCL-2 was confirmed by immunoblotting (Fig.
1B). Significantly, treatment with an ROS inhibitor (NAC) or
an inducible nitric oxide synthase (iNOS) inhibitor (1400W)
also prevented the production of ROS and reduction of mito-
chondrial membrane potential in HCV-infected cells (Fig. 1A).
These results indicated that HCV infection reduces mitochon-
drial membrane potential through the production of both ROS
and NO.

Core, E1, and NS3 induce ROS. We have previously shown
that HCV-induced NO production was mediated through core
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FIG. 1. (A) HCV-induced changes in mitochondrial membrane po-
tential AW, and ROS production in Raji cells. To measure mitochon-
drial membrane potential and ROS production, cells were incubated
with DiOC,(3) and HE, respectively, at 37°C for 15 min. An experi-
ment representative of four experiments is shown. In some experi-
ments, the cells were treated with different inhibitors during virus
infection as indicated. For BCL-2 expression, the cells were stably
transfected with the BCL-2 expression plasmids before HCV infection.
The numbers in each quadrant represent percentages of total cell
population. (B) BCL-2 expression was confirmed by immunoblotting.
B-Actin served as a loading control.

and NS3 proteins (30). To determine which viral gene products
are responsible for ROS production, we examined ROS levels
in Raji cells expressing individual viral proteins by transiently
transfecting with an individual-protein-expressing plasmid.
The results showed that, among all the viral proteins examined,
core, E1, and NS3 proteins induced enhanced ROS production
(Fig. 2A, upper panels, and B). Correspondingly, mitochon-
drial membrane potential was also reduced by the expression
of these three proteins. The expression of these viral proteins
was confirmed by immunoblotting (data not shown; see refer-
ence 30). The ROS inhibitor NAC substantially reduced viral-
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protein-induced ROS production (Fig. 2A, lower panels, and
B) and restored mitochondrial membrane potential (Fig. 2A).
These results indicated that intracellular expression of HCV
core, E1, and NS3 proteins induces ROS and causes mitochon-
drial damage. Significantly, the reductions of AW, induced
by core and NS3 were only partially restored by NAC, con-
sistent with the findings that these two proteins also induced
NO (30), which may independently contribute to the dam-
age of mitochondrial membrane. In contrast, the El-in-
duced AW, reduction was almost completely reversed by the
NAC treatment. Previously, we showed that E1 did not induce
NO production (30).

HCV-induced ROS generate DSBs. Previously, we demon-
strated that HCV infection induces DSBs by excessive NO
production induced by core and NS3 (30). Interestingly, E1
protein did not induce NO, and yet it caused DSBs (30). The
finding that E1 induced ROS production (Fig. 2) suggested
that ROS production may contribute to HCV-induced DSBs.
Furthermore, ROS have been reported to induce DNA dam-
age directly (44). We therefore analyzed the effects of the ROS
inhibitor NAC on the extent of DSBs in HCV-infected cells.
When HCV-infected cells were treated with NAC, there was a
significant decrease in DSB formation (Fig. 3A), suggesting
that HCV-induced ROS induce DSBs (Fig. 3A). Similarly,
DSBs induced by a combination of various cytokines (TNF-a,
gamma interferon, and interleukin-1p [IL-1B]) was also inhib-
ited by NAC, as previously reported (30). These results indi-
cated that HCV-induced DSBs were largely caused by ROS.

ROS induced by core, E1, and NS3 contribute to DSBs.
Since core and NS3 induced NO (30), while core, E1, and NS3
induced ROS (Fig. 2), we next examined the relative contri-
butions of these viral proteins to DSBs. We transiently ex-
pressed individual viral proteins into Raji cells in the presence
or absence of ROS inhibitor. Among all of the HCV proteins,
core, E1, and NS3 expression induced DSBs in Raji cells (Fig.
3B), in agreement with the finding that all three proteins in-
duced ROS (Fig. 2). The presence of NAC completely inhib-
ited DSBs induced by E1 but only partially reduced DSBs
induced by core and NS3 (Fig. 3B). In addition, free radical
scavenger SOD gave a similar pattern of inhibition (Fig. 3C),
indicating that El-induced DSBs was mediated entirely by
ROS, but the core- and NS3-induced DSBs were only partially
dependent on ROS. When both ROS and iNOS inhibitors
(NAC and 1400W) were used, the core- and NS3-induced
DSBs were completely blocked (Fig. 3D). These results were
consistent with our previous report that the core- and NS3-
induced NO contributed to DSBs (30). Therefore, E1-induced
DSBs were caused by ROS alone, whereas core- and NS3-
induced DSBs were caused by a combination of NO and ROS.

Caspase inhibitor did not significantly inhibit HCV-induced
DSBs. Since DSBs can also be generated by cellular apoptosis,
we performed the virus infection in the presence of a caspase
inhibitor (Z-DEVD-FMK). The results showed that the caspase
inhibitor had only a very minor inhibitory effect on the DSBs
associated with virus infection (Fig. 3E). Furthermore, the
El-induced DSBs were only partially inhibited by the caspase
inhibitor. In contrast, caspase inhibitor did not inhibit core- or
NS3-induced DSBs (Fig. 3F and G). These results indicated
that the HCV-induced ROS contributed to the cascade of
events leading to DSB generation independently of caspase
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FIG. 2. (A) HCV core, E1, and NS3 induce ROS. Raji cells were transfected with plasmids expressing the individual viral proteins in the
presence or absence of NAC and analyzed as explained in the legend to Fig. 1. (B) Quantitative measurement of viral-protein-induced ROS in

the presence or absence of NAC from panel A. vec, vector.

activation. These results indicate that core- and NS3-induced
DSBs were not mediated through caspase activation, but E1-
induced DSBs were partially mediated through caspase acti-
vation.

HCY induces tyrosine phosphorylation and nuclear trans-
location of STAT3. To understand the mechanism of DSB
formation caused by HCV-induced ROS, we studied the cas-
cade of events following HCV infection. We first examined the
status of STAT3 tyrosine phosphorylation in HCV-infected
cells, since ROS have been reported to activate STAT3 (2, 6).
Nuclear lysates were immunoprecipitated with a polyclonal
anti-STAT3 antibody and then immunoblotted with an an-
tiphosphotyrosine antibody, since following activation, STAT3
is phosphorylated at tyrosine residue 705 and translocated into
the nucleus, where it binds cognate DNA sequences as dimers
(37). Furthermore, ROS have been reported to prevent de-
phosphorylation of STAT3 (13). We found that HCV infection
induced an enhanced level of phosphorylated STAT3, similar
to the H,O, treatment, in Raji cells (Fig. 4A). Similarly, the
expression of core, E1, and NS3 activated STAT3 phosphory-
lation (Fig. 4B). The overall STAT3 level remained unchanged.
In addition, an HEK293 cell line stably expressing HCV core
protein also has an elevated level of phosphorylated STAT3 pro-
tein (data not shown). All of the induced STAT3 phosphorylation
was abolished by treatment with the ROS inhibitor NAC (Fig. 4A
and B).

To determine whether ROS-induced STAT3 phosphoryla-
tion affected subcellular localization of STAT3, we immuno-
stained STAT3 in HCV-infected cells and cells expressing the
various viral proteins. Most of STAT3 was found to be local-

ized in the nucleus of HCV-infected cells, while most of it was
formed in the cytoplasm of the mock-infected cells (Fig. 4C,
top two panels). In the infected cells treated with NAC, STAT3
was found predominantly in the cytoplasm. In Huh7 cells tran-
siently expressing core or E1, STAT3 was also localized mainly
in the nucleus. However, in the NS3-expressing cells, some of
STAT3 was found in the cytoplasm. One possibility is that the
expression level of NS3 was too low. Another possibility is that
NS3 protein caused substantial effects on other signaling path-
ways (12) which may affect the STAT3 nuclear translocation.
In Huh7 cells harboring a subgenomic HCV replicon, which
expresses HCV nonstructural proteins (NS3 through NS5B),
STAT3 was also predominantly in the nucleus (Fig. 4C). In
contrast, in Huh7 cells expressing the neomycin resistance or
HCV NS4B protein or transfected with the vector plasmid,
STATS3 was localized mainly in the cytoplasm (Fig. 4C). In the
HEK?293 cell line stably expressing the core protein, STAT3
was also found predominantly localized in the nucleus, in con-
trast to cells expressing the neomycin resistance gene. These
results combined demonstrate that HCV infection constitu-
tively activated STAT3, resulting in its nuclear transloca-
tion. This activation was mediated by core, E1, and NS3
proteins. When these cells were treated with NAC, most of
STATS3 reverted back to the cytoplasm. Therefore, we con-
cluded that the nuclear translocation of STAT3 induced by
HCYV proteins was mediated by ROS.

HCV-activated STAT3 enhances transcriptional activities of
STAT3-regulated genes. We next attempted to demonstrate
that ROS induced by HCV infection or viral proteins can
enhance the transcription of cellular genes regulated by STAT3.
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FIG. 3. (A) HCV- or (B) HCV protein-induced DSBs. DSBs were
detected by linker-ligation PCR as previously reported (31). HCV-in-
fected cells were analyzed 12 days after infection. The viral-protein-expressing
cells were analyzed 5 days after transfection. Some experiments were per-
formed in the presence of ROS and NO inhibitors, respectively. The
positive and negative controls used are indicated. Cytokines (TNF-a,
gamma interferon, and IL-1B) were used as positive controls for double-
stranded DNA breaks. HCV+, HCV; HCV—, UV-inactivated HCV.
(B) ROS inhibitor (NAC) prevented viral-protein-induced ROS. (C) NAC or
SOD treatment completely inhibited El-induced DSBs, but partially inhib-
ited core or NS3-induced DSBs. (D) NAC and iNOS inhibitor (1400W)
together completely inhibited viral-protein-induced DSBs. (E to G) Caspase
inhibitor (Z-DEVD-FMK) did not inhibit viral-protein-induced DSBs.
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We performed a luciferase reporter assay using a STAT3-regu-
lated reporter plasmid DNA in Huh7 and Raji cells expressing
the various HCV proteins. The results showed that core, E1,
and NS3 enhanced the luciferase activities by two- to fourfold
in Huh7 cells, while none of the other viral proteins caused any
increase (Fig. 4D). The amounts of the viral proteins expressed
in the transfected cells were determined by immunoblotting
(data not shown; see also reference 30). As a control, inter-
leukin-6 (IL-6) treatment enhanced the STAT3-regulated lu-
ciferase activity by sixfold. When the cells were treated with
NAC, the luciferase activity regulated by the STAT3-respon-
sive element was reduced. In contrast, the IL-6-induced en-
hancement of the STAT3-regulated transcription activities was
not inhibited by the NAC treatment (Fig. 4D and E), consis-
tent with the previous report (45). The enhancement of lucif-
erase activity was similarly observed in stable cell lines express-
ing core protein (Fig. 4F) or NS3 protein (Fig. 4G), or harboring
an HCV subgenomic replicon (data not shown). These results
further support the conclusion that HCV core, E1 and NS3 acti-
vate STAT3 through the production of ROS.

HCYV enhanced lipid peroxidation. ROS are known to cause
lipid peroxidation (25), and HCV core protein has been shown
to increase lipid peroxidation products in the cells (35). To
determine whether the HCV-induced ROS production could
lead to enhanced lipid peroxidation, we measured the total
lipid peroxidation products in extracts from HCV-infected Raji
cells. The results showed that HCV-infected cells had a signif-
icantly higher level of lipid peroxides than that in the unin-
fected counterpart (Fig. 5A). The expression of core, E1, and
NS3 alone also resulted in a significant increase in the amounts
of lipid peroxide products in Huh7 and HepG2 cells (Fig. 5B
and data not shown). The ROS inhibitor NAC reduced the
oxidation of lipids. These results suggest that core, E1, and
NS3 protein expression can cause oxidative injury in both Raji
and hepatocyte cell lines.

Core protein induces oxidative DNA damage in a murine
model. To determine whether the core protein can induce
ROS and increase oxidative DNA damage in whole animal, we
measured a hepatic oxidative DNA damage product (8-0xodG)
in transgenic mice expressing HCV core protein. The 8-oxodG
is thought to arise via hydroxyl-radical attack in the C-8 posi-
tion of deoxyguanosine and is thus a specific marker for oxi-
dative damage (20, 21). Livers of core-transgenic mice at the
age of 12 months, even in the absence of adenoma or hepato-
cellular carcinoma (HCC), had a higher level of 8-oxodG (34 +
11 [n = 9] versus 12 = 4 fmol/ng of DNA [nontransgenic
littermates, n = 14]). In the liver of transgenic mice with
adenoma or HCC at age of 12 months, the 8-oxodG level was
even higher (65 = 20 fmol/ug of DNA [n = 4]), almost fivefold
higher than that in nontransgenic mice (Fig. 6A). These results
indicate that oxidative DNA damage was significantly higher in
HCV core transgenic mice.

To determine whether the increased production of 8-oxodG
was due to the expression of core or merely reflected an age-
associated accumulation, 8-oxodG levels in the liver at differ-
ent age groups of transgenic and nontransgenic mice were
examined. The results showed that 8-oxodG levels remained
almost the same at different ages of nontransgenic mice (Fig.
6B). In contrast, the 8-oxodG level in the livers of core-trans-
genic animals increased with age (Fig. 6B), corresponding to
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FIG. 5. (A) HCV infection induces lipid peroxidation. Total cellu-
lar lipid peroxidation products 4-hydroxyalkenals and malondialde-
hyde were determined by colorimetric lipid peroxidation assay from
cellular extracts of HCV-infected and uninfected Raji cells. HCV+,
HCV; HCV —, UV-inactivated HCV; mock, mock infected. (B) Huh7
cells transfected with individual-viral-protein expression constructs
were analyzed for lipid peroxides at 48 h posttransfection.

the increased liver pathology (data not shown). These results
indicate that the increases in 8-oxodG concentrations in the
core-transgenic mice were not merely due to aging process, but
more likely reflected the pathological changes of the liver.

DISCUSSION

Our present study provides evidence that HCV alters mito-
chondrial AW, and increases ROS production. Treatment of
the HCV-infected cells with ROS inhibitors effectively pre-
vented mitochondrial damage and production of ROS. The
production of ROS leads to oxidative DNA damage and lipid
peroxidation in the HCV-infected cells. In addition, we showed
that HCV-induced ROS activated STAT3, which may lead to

Transcriptional activation of STAT3 by individual HCV proteins in
the absence of NAC (D) or in the presence of NAC (E) by using
a luciferase reporter assay under the STAT3-regulated promoter.
Huh7 cells were transfected with a STAT3 reporter gene construct
(pLucTKS3), an internal control plasmid (pRL-null), and various viral-
protein constructs. To serve as a control, a control plasmid (pLucTK)
(vector) was used instead of the reporter gene construct. Forty-eight
hours after transfection, cells were lysed and analyzed for luciferase
activity. Vertical bars represent standard deviations (n = 4). GFP,
green fluorescent protein. (F) Core stable transformants (HepG2 and
HEK293 cells) versus neomycin resistance gene-transfected (Neo)
cells in the luciferase assay. (G) Inducible (by doxycycline [Dox])
expression of NS3 in a stable transformant NS3 expression was con-
firmed by Western blotting using an anti-NS3 antibody (inset). Doxy-
cycline was added in the culture supernatant of the cell line.
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FIG. 6. (A) Oxidative DNA damage in HCV core transgenic mice.
The 8-0xodG in the livers of the core-transgenic (Core Tg) mice and
age-matched nontransgenic littermates at 12 months of age with or
without evidence of adenoma or HCC was measured. (B) Oxidative
DNA damage as a function of age (n = 15). DNA was isolated from
livers of transgenic mice or age-matched nontransgenic controls from
3 to 24 months of age.

the downstream proliferative responses, as STAT3 has been
reported as an oncogene (2). Therefore, ROS, together with
the previously reported NO (30), directly or indirectly play
important roles in HCV pathogenesis. The multiple effects
mediated through ROS may account for steatosis (through
lipid peroxides) and oncogenesis (through DNA mutations and
STAT3 activation) associated with HCV. Also, they can ex-
plain the acute hepatocyte damage (through the production of
STATS3) induced by HCV. The cascade of these events is
presented in Fig. 7.

ROS are generated as a consequence of mitochondrial elec-
tron transport caused by a small proportion of the electron
flow interacting with oxygen molecules before reaching the
cytochrome oxidase complex. The biochemical mechanisms
behind the HCV-mediated mitochondrial damage remain to
be fully investigated. Our data showed that E1 protein, to-
gether with core and NS3, are responsible for the ROS pro-
duction in HCV-infected cells. Core and NS3 induce NO
production (30), which is expected to cause mitochondrial
membrane damage and decrease AW, due to the opening of
permeability transition pores followed by the depolarization of
the inner mitochondrial membrane and massive ROS produc-
tion (16). NO could also be activated by reacting with another
free radical, superoxide (O, ), to form strong oxidant per-
oxynitrite anions (ONOO "), which are potent oxidants irre-
versibly inhibiting multiple respiratory complexes (complexes
I, II, and IV) and aconitase, and activating proton leak and
permeability transition pore (3). Downregulation of complex
IV activity led to up-regulation of peroxynitrite anion, which
results in increases in O, and H,O,, which may contribute
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FIG. 7. Hypothetical pathways mediated by HCV-induced ROS.

to NO-induced cell death (3). We initially hypothesized that
HCV-induced NO disrupts mitochondrial electron transport,
leading to an outburst of ROS. Indeed, core and NS3 activated
the iNOS promoter, enhancing its expression (30). However,
our data presented here showed that NO is not enough to
account for the HCV-induced DNA damage, since the simul-
taneous application of inhibitors of both NO and ROS was
required for complete abolition of HCV-induced DNA dam-
age. Thus, core and NS3 proteins may activate other ROS
sources to amplify ROS generation cycle. In contrast, the E1-
induced lipid damage and DNA damage were mediated en-
tirely through ROS production. The mechanism of El-induced
ROS production is still not clear. One possibility is that E1
induces stress response since it is synthesized in the ER, thus,
leading to mitochondrial membrane damage. ER stress has
been reported to activate CHOP and caspase-12, leading to
apoptosis with activation of caspase (34, 46).

It should be noted that DNA damage could be an indirect
result of apoptosis induced by HCV. However, we previously
demonstrated that the HCV-infected cells devoid of apoptosis
also showed enhanced DSBs (31). Furthermore, in this study,
we showed that the caspase inhibitor Z-DEVD-FMK did not
prevent HCV-induced DSBs. Therefore, the ROS-induced
cascade of events are likely important for the pathogenesis and
oncogenesis associated with HCV infection.

The livers of transgenic mice expressing the core protein
display marked increases in lipid peroxides even before the
development of HCC. The 8-oxodG may cause mutations in
cellular DNA, resulting in increased mutation frequencies in
these mice. This is consistent with our model of HCV onco-
genesis, which proposes that the HCV-induced mutator phe-
notype (31) is at least partially responsible for tumor formation
(Fig. 7). The ROS-induced STAT3 activation is expected to
cause significant alteration of the cell growth properties, since
the activated STAT3 molecule has been shown to stimulate
cell growth (2). In addition, STAT3 is also the major inducer of
acute-phase pathology of liver disease (36), including acute
hepatitis associated with HCV infection. Constitutive activa-
tion of STAT3 has been shown to inhibit apoptosis (8), induce
transformation by oncoproteins (18), and cause B-cell differ-
entiation, particularly in the terminal differentiation of B cells
into antibody-secreting plasma cells (11, 15). Thus, the STAT3-
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induced dysregulation of cellular responses may explain high
incidence of hepatocellular carcinomas and lymphoprolifera-
tive diseases in hepatitis C patients.

In summary, the evidence presented here shows that HCV-
induced ROS play a critical role in the establishment of acute and
chronic liver diseases through the induction of DNA/lipid damage
and STATS3 activation. ROS and/or iNOS inhibitors may provide
therapeutic measures for HCV patients to protect the liver tissue
against oxidative stress and chromosomal damage.
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