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Hepatitis C virus (HCV) is a positive-stranded RNA virus that causes severe liver diseases,
such as cirrhosis and hepatocellular carcinoma. HCV uses an RNA-dependent RNA poly-
merase to replicate its genome and an internal ribosomal entry site to translate its proteins.
HCV infection is characterized by an increase in the concentrations of reactive oxygen
species (ROS), the effect of which on HCV replication has yet to be determined. In this
report, we investigated the effect of ROS on HCV replication, using a bicistronic subgenomic
RNA replicon and a genomic RNA that can replicate in human hepatoma cells. The treat-
ment with peroxide at concentrations that did not deplete intracellular glutathione or induce
cell death resulted in significant decreases in the HCV RNA level in the cells. This response
could be partially reversed by the antioxidant N-acetylcysteine. Further studies indicated
that such a suppressive response to ROS was not due to the suppression of HCV protein
synthesis or the destabilization of HCV RNA. Rather, it occurred rapidly at the level of RNA
replication. ROS appeared to disrupt active HCV replication complexes, as they reduced the
amount of NS3 and NS5A in the subcellular fraction where active HCV RNA replication
complexes were found. In conclusion, our results show that ROS can rapidly inhibit HCV
RNA replication in human hepatoma cells. The increased ROS levels in hepatitis C patients
may therefore play an important role in the suppression of HCV replication. (HEPATOLOGY

2004;39:81–89.)

Hepatitis C virus (HCV) is a positive-sensed, sin-
gle-stranded RNA virus of the Flaviviridae fam-
ily.1 Currently, it is estimated that there are

more than 170 million people who are infected by HCV
worldwide.2 About 80% of HCV infection results in
chronic infection that can lead to severe liver diseases such
as cirrhosis and hepatocellular carcinoma.. HCV genome
is about 9.6 kilobase (kb) in length and consists of the 5�

untranslated region (UTR), the structural (C, E1, E2), and
the nonstructural (NS) (p7, NS2, NS3, NS4A/B, NS5A/B)
protein-coding regions, and the 3� UTR. Translation is me-
diated by the internal ribosomal entry site (IRES), located at
the 5� end of the genome, and it produces a polyprotein that
is subsequently cleaved by viral and host proteases to generate
individual viral proteins. Some of the HCV proteins can also
be synthesized from alternate reading frames through ribo-
somal frameshift.3–6

HCV infection is associated with elevated levels of cir-
culating reactive oxygen species (ROS) in patients.7–14

ROS are normal products of cell metabolism,15 and their
syntheses can be heightened during inflammation.16 Re-
cent studies have revealed a complex relationship between
redox chemistry and various viral infections. For example,
ROS can negatively regulate hepatitis B virus replication
in liver cells without affecting the cell metabolism17 but
enhance the replication of human immunodeficiency vi-
rus by activating nuclear factor kappa B.18 Viral proteins
such as hepatitis B virus X protein and human immuno-
deficiency virus tat protein have also been shown to reg-
ulate the cellular redox status.19–22 HCV NS3 protein can
also activate the ROS generation by activating NADPH
oxidase of monocytes.23 In addition, HCV core and
NS5A proteins have been found to induce oxidative stress
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in cells.24,25 Interestingly, transgenic mice carrying the
HCV core protein gene show signs of increased oxidative
stress in the absence of inflammation.26 Such elevated
ROS concentrations are thought to play an important
role in the pathogenesis of HCV.26 In spite of these ob-
servations, the effect of ROS on HCV replication has yet
to be determined.

In this report, we have used a subgenomic HCV RNA
replicon as well as a self-replicating HCV genomic RNA
to investigate the effect of ROS on HCV RNA replica-
tion. Our results indicate that ROS, at concentrations
that do not affect cell viability, significantly decreased
both subgenomic and genomic HCV RNA levels. This
decrease occurred rapidly at the level of RNA replication
and was associated with a disappearance of NS5A from
the subcellular fraction that contained the HCV replica-
tion complex.

Materials and Methods

Subgenomic and Genomic HCV Replicon Con-
structs. The HCV subgenomic replicon of genotype 1b27

(Genbank accession No. AJ242652) was constructed by
serial ligation of DNA oligonucleotides and by polymer-
ase chain reaction (PCR). HindIII/NotI and ScaI/XbaI
sites were engineered at the 5� and 3�ends of the sub-
genomic replicon sequence for cloning into a pUC19-
derived plasmid vector that contained a modified T7
promoter. This replicon carried an S1179I adaptive mu-
tation in the NS5A region that enhanced HCV RNA
replication in cell culture.28 The final sequences were con-
firmed by DNA sequencing.

The hybrid genomic HCV replicon was produced by
fusing nucleotides (NT) 1–3092 of the H77c sequence29

to NT 1839–7990 of the subgenomic replicon sequence
via StuI (NT 1839) site within the NS3 region. This
fusion creates a 1a/1b hybrid HCV genome. The NS3
sequence of this hybrid differs from the subgenomic rep-
licon sequence by a single serine-to-alanine substitution at
the eighth amino acid. This hybrid sequence was cloned
into the modified pUC19 plasmid, as mentioned above.
The replicon RNAs were synthesized as described previ-
ously by others.27 The hybrid genomic plasmid and
pH77c were linearized with XbaI prior to RNA synthesis.

Electroporation and Cell Culture. About 5 � 106

Huh7 human hepatoma cells were rinsed with Dulbecco’s
Modified Eagle’s Medium (DMEM) without serum,
mixed briefly with 5 �g of the subgenomic replicon RNA
in 0.4 mL of this medium, and then electroporated at 220
V and 975 microfarads (�F). Cell colonies were selected
with DMEM containing 0.7 mg/mL G418. Two pooled
cell clones (Sg-PC1 and 2) were obtained and subse-

quently maintained in DMEM containing 0.5 mg/mL of
G418. For most of the experiments, G418 was removed
from the medium one day prior to cell treatments. For
transient replication experiments, 1 � 107 Huh7 cells
were electroporated with 10–40 �g of subgenomic, hy-
brid, or H77c RNA. Then, 1 million cells were seeded
onto 60-mm cell culture dishes in DMEM containing
10% fetal bovine serum. Cells were collected at different
time points, as indicated in Results.

Northern Blot Analysis. Total RNA was extracted
from cells, using Trizol reagent (Invitrogen, Carlsbad,
CA), following the manufacturer’s protocol. Four to 15
�g RNA were then subjected to Northern blot analysis
using a 32P-labeled double-stranded DNA probe, pre-
pared from NT 3669 to 6016 of the subgenomic replicon
or NT 279 to 3092 of H77c. The latter was used to detect
the hybrid and H77c RNA. For the detection of the neg-
ative strand RNA, a sense riboprobe, containing the 5�
UTR and the neomycin region of the subgenomic repli-
con construct, was used. For these and all other experi-
ments, RNA and protein bands were quantified by
densitometry, using SigmaScan (Jandel Scientific, San
Rafael, CA). The intensities of the bands of interest were
normalized against the control glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) RNA.

Real-Time PCR. HCV RNA was quantified by real-
time reverse transcription (RT) PCR, as described by Lan-
ford et al.,30 except the reverse primer sequence was 5�
CGGGTTGATCCAAGAAAGGA 3� (NT 210 to 191)
and the fluorogenic probe, labeled with 6-FAM and
BHQ-1 (Biosearch Technologies, Novato, CA). ABI
7900 Sequence Detector and Taqman Gold RT-PCR Kit
(Applied Biosystems, Foster City, CA) were used. For the
analysis of negative-stranded HCV RNA, reverse tran-
scription was carried out with the forward primer prior to
the PCR amplification.

3H Labeling of Newly Synthesized HCV RNA. One
million Huh7 or Sg-PC2 cells were labeled with 100 �Ci
of 3H-uridine (35–50 Ci/mmol; ICN, Costa Mesa, CA) ei-
ther in the presence or absence of 200 �g/ml actinomycin
D (SigmaAldrich, St. Louis, MO) for 5–6 hours and then
lysed for the RNA isolation. RNA was analyzed on a 1%
formaldehyde agarose gel, which was then treated with
1M sodium salicylate for 20–30 minutes for fluorogra-
phy. To analyze the effect of hydrogen peroxide (H2O2)
on nascent HCV RNA, cells were treated with 0, 20, 50,
or 100 �M H2O2 for the duration of 3H-labeling. To
investigate the effect of H2O2 on HCV RNA stability,
cells were pulse-labeled with 3H-uridine for 5–6 hours as
described above, rinsed twice with phosphate-buffered sa-
line (PBS), and chased with a hundredfold excess of non-
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labeled uridine (0.1 mmol/L) with either 0 or 100 �M
H2O2 for 3 or 6 hours.

Subcellular Membrane Fractionation. Four 100-mm
dishes of Sg-PC2 cells with or without the H2O2 treat-
ment were rinsed with PBS and then with the hypotonic
buffer (25 mmol/L HEPES, pH7, 0.2 M sucrose) twice.
Cells were scraped off the plate in 0.5 mL hypotonic
buffer, sat on ice for 10 minutes and lysed by passing
through a 26-gauge needle four times. The cell lysates
were centrifuged at 16,000 xg for two minutes, and the
cytoplasmic supernatants were then fractionated on a dis-
continuous sucrose gradient, which contained 1.5 mL 2
M sucrose, 3.4 mL 1.3 M sucrose, 3.4 mL 1 M sucrose,
and 2.2 mL 0.6 M sucrose in 25 mmol/L HEPES, pH 7,
at 40K rpm for two hours using a Beckman SW40Ti rotor
following our previous procedures.31,32 The interface be-
tween 2 and 1.3 M sucrose solutions, which contained
Golgi membranes, and that between 1 and 0.6 M sucrose
solutions, which contained the membranes derived from
the rough endoplasmic reticulum (RER), were isolated
(approximately 1 mL each), treated with Nonidet P-40 to
a final concentration of 0.2%, diluted with 1 mL of 25
mmol/L HEPES, pH 7, and then concentrated with Cen-
tricon (Amicon Corp., Billerica, MA). The samples were
then analyzed by Western blot using mouse anti-NS5A
(Biodesign, Saco, ME), mouse anti-NS3 (Austral Biologi-
cals, San Ramon, CA), goat anti-GRP78 (Santa Cruz Bio-
technology, Santa Cruz, CA), and rabbit anti-human
albumin primary antibodies (Boehringer-Mannheim
Biochemicals, Indianapolis, IN). The horseradish perox-
idase-conjugated wheat germ agglutinin (WGA) (ICN
ImmunoBiologicals, Costa Mesa, CA) was also used to
analyze the proteins associated with the Golgi mem-
branes.

For the analysis of the HCV RNA replication complex,
the membranes isolated from the interfaces were dialyzed
at 4oC twice against 25 mmol/L HEPES, pH7 and pel-
leted at 16,000 xg for 30 minutes. The membrane pellet
was then resuspended in 50 �L of the following reaction
mixture: 50 mmol/L HEPES, pH7, 5 mmol/L MgCl2,
0.5 mmol/L MnCl2, 10 mmol/L KCl, 1 mmol/L each of
adenosine triphosphate, guanosine triphosphate and uri-
dine triphosphate, 10 �M cytidine triphosphate (CTP), 5
�g actinomycin D, and 30 �Ci �-32P-CTP; it was then
incubated at 30oC for 90 minutes.33 The reaction was
stopped by extraction with phenol and chloroform, and
the 32P-labeled HCV RNA was precipitated with ethanol
in the presence of transfer RNA carrier and analyzed by
gel electrophoresis and autoradiography.

Results and Discussion
Sg-PC1 and Sg-PC2 were two different pooled cell

clones that contained HCV subgenomic RNA replicon.
As shown in Figures 1A and 1B, both positive- and neg-
ative-stranded HCV RNAs of approximately 8 kb were
readily detected by Northern blot analysis in these two cell
lines. The HCV RNA could be labeled by 3H-uridine in
the presence of actinomycin D, indicating that its synthe-
sis was independent of the host RNA transcription (Fig.
1C).

To test the effect of ROS on HCV replication, one of
the pooled cell clones, Sg-PC2, was treated with various
concentrations of H2O2, t-butylhydroperoxide (tBOOH),
or 2-tert-butyl(1,4)hydroquinone (TBHQ) for 24 hours,
and the HCV RNA was analyzed by Northern blot. H2O2

exposure induced significant decreases in the HCV RNA
level (Fig. 2A). The results were confirmed by real-time

Fig. 1. Replication of HCV subgenomic RNA
in Huh7 cells. (A) and (B) Northern blot analyses
of total RNA from Sg-PC1 and Sg-PC2 cells using
(A) 32P-labeled, double-stranded HCV comple-
mentary DNA probe and (B) the minus strand-
specific riboprobe. (C) 3H-uridine incorporation
assay. Naı̈ve Huh7 cells and Sg-PC2 were la-
beled with 3H-uridine in the presence of actino-
mycin D for 5–6 hours. RNA samples were
isolated and separated on a 1% agarose gel.
3H-RNA bands were visualized by autoradiogra-
phy.
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RT-PCR for both positive and negative stranded HCV
RNAs (Fig. 2B), and these changes in the viral RNA level
were accompanied by similar decreases in the HCV pro-
tein level (Fig. 2C). The tBOOH induced similar reduc-
tion of the viral RNA level (Fig. 2A). The TBHQ is a
redox-cycling hydroquinone, which generates a low level
of ROS in cells.34 It also decreased the HCV RNA level in
these cells (Fig. 2A). These results indicated that ROS
could reduce HCV RNA levels in Sg-PC2 cells. The neg-
ative effects of ROS could be reversed by N-acetylcysteine
(NAC), a thiol antioxidant compound, as the concurrent
treatment of Sg-PC2 cells with NAC partially alleviated
the negative effect of H2O2 on the HCV RNA level (Fig.
2D).

In all of the experiments shown in Figure 2, the expres-
sion levels of the GAPDH RNA were not affected, indi-
cating that the effect of ROS on HCV RNA was not
caused by the nonspecific cytotoxicity of ROS. The lack
of cytotoxicity of ROS at the concentrations used was
further confirmed by the trypan blue exclusion assay, by
the lack of any increase in the amount of lactate dehydro-
genase released into the medium, and by the lack of
changes of the intracellular redox status based on the glu-
tathione levels (data not shown).

Studies using the subgenomic replicons shown in Fig-
ure 2 are limited because the translation of the HCV
nonstructural proteins is driven by the encephalomyocar-
ditis virus IRES instead of the HCV IRES and because

Fig. 2. Peroxide-induced suppression of the HCV subgenomic RNA level in Sg-PC2 cells. (A), (B), and (C) Sg-PC2 cells were treated with various
concentrations of H2O2, tBOOH, or TBHQ for 24 hours. Then, the HCV RNA level was analyzed by Northern blot (A) or real-time RT-PCR (B), and NS5A
by Western blot (C). GAPDH messenger RNA and �-actin were also analyzed in (A) and (C), respectively, to serve as the controls. *Statistically
significant difference from the control (P � 0.05). (D) Sg-PC2 cells were treated with 0, 1 or 10 mmol/L NAC either in the presence or absence of
200 �M H2O2 for 24 hours. The RNA and protein bands were quantified by densitometry. mM, millimole.
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none of the structural protein genes are present. There-
fore, we sought to determine the effect of H2O2 on the
genomic HCV RNA replication. The H77c sequence, an
infectious HCV clone,29 from the beginning of the NS3
coding sequence to the 3� end, was replaced with the
corresponding sequence of the subgenomic replicon se-
quence to generate a full-length, hybrid HCV sequence
(Fig. 3A). This hybrid RNA was synthesized in vitro and
electroporated into Huh7 cells. The total cellular RNA
was then isolated at different time points and analyzed by
Northern blot for HCV RNA.

As shown in the left panel of Figure 3B, the sub-
genomic HCV RNA replicated transiently in Huh7 hep-
atoma cells, as previously demonstrated by others. The
RNA level dropped transiently at about 16 hours and rose
at 24 hours, indicating initial degradation of the input
RNA, followed by the active HCV RNA replication.35

The RNA concentration peaked at around 48 hours and
then gradually decreased. The full-length genomic H77c
RNA did not replicate, as expected,28 and served as a
negative control (Fig. 3B, middle panel). The H77c/rep-
licon genomic hybrid replicated transiently in cell culture
(Fig. 3B, right panel). Its RNA level once again dropped

transiently at 16 hours, started increasing at 24 hours, and
peaked at around 72 hours. The NS5A and core protein
were also detected in cells that were transfected with the
hybrid RNA four days after the transfection (data not
shown).

To examine whether H2O2 could also decrease the full-
length HCV RNA level, Huh7 cells were transiently
transfected with the hybrid HCV genomic RNA. After 48
hours, these cells were treated with various concentrations
of H2O2, and the amount of the HCV RNA was analyzed
after 24 hours. The H2O2 at 50 or 100 �M significantly
reduced the genomic HCV RNA level to the undetectable
level (Fig. 4).

To determine the mechanism by which peroxide de-
creased the HCV RNA level in hepatoma cells, Sg-PC2
cells were incubated with 3H-uridine and actinomycin D
(see Fig. 1C) with and without H2O2 for 5–6 hours. As
shown in Figure 5A, H2O2 dose-dependently decreased
the amount of the HCV RNA that was synthesized during
this time. The viral RNA fell to an almost undetectable
level with 100 and 200 �M H2O2 treatments. The 3H-
labeling of ribosomal RNA was not affected (Fig. 5A, left
panel), again indicating the specificity of this suppression.

Fig. 3. Replication of the HCV genomic hybrid in Huh7 cells. (A) Schematic diagram of the full-length, HCV hybrid RNA. Shaded area represents
the H77c sequence, and the white area, the subgenomic replicon sequence. The location of the S1179I adaptive mutation is indicated. (B) Huh7
cells were transiently transfected with the in vitro synthesized subgenomic replicon RNA (left panel), the H77c RNA (middle panel), or the full-length
HCV hybrid RNA (right panel). RNA samples were collected at different time points and analyzed for their HCV RNA and GAPDH mRNA by Northern
blot.
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Next, we examined whether this suppression, observed
within 5–6 hours of H2O2 exposure, occurred at the level
of RNA stability. The HCV RNA was labeled for 5–6
hours with 3H-uridine in the presence of actinomycin D
and then chased with a hundredfold excess of nonlabeled
uridine in the presence of 0 or 100 �M H2O2 for 3 or 6
hours. There was no appreciable decline in the control
(i.e., 0 �M H2O2) HCV RNA signal after 3 hours of
chase, although some reduction was observed after 6
hours (Fig. 5B). Most importantly, however, there was no
apparent change in the 3H-RNA signal with 100 �M
H2O2 treatment (Fig. 5B). Therefore, the rapid decline in

Fig. 4. Reduction of the HCV genomic RNA level in Huh7 cells by
peroxide. Huh7 cells were transiently transfected with the HCV genomic
hybrid RNA and treated with 0, 50 �M or 100 �M of H2O2 for 24 hours.
GADPH mRNA and the HCV genomic RNA levels were analyzed by
Northern blot.

Fig. 5. Inhibition of HCV RNA replication by H2O2. (A) Sg-PC2 cells were labeled with 3H-uridine and treated with various concentrations of H2O2
in the presence (� act D) or absence (� act D) of actinomycin D for 5–6 hours. Then the RNA was isolated and analyzed on a 1% RNA gel. The
gel was stained with ethidium bromide to compare the amount of 18S rRNA present in each lane (lower panel), which served as the loading control.
The relative levels of 3H-HCV RNA and 3H-18S rRNA bands were quantified by densitometry and shown at the bottom of their respective gels. (B)
Sg-PC2 cells were pulse-labeled with 3H-uridine in the presence of actinomycin D for 5–6 hours and then chased with nonlabeled uridine for 3 or
6 hours. One hundred �M H2O2 was also added at the beginning of chase. RNA samples were then isolated and analyzed for the stability of the
3H-HCV RNA.
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the rate of 3H-RNA synthesis observed within 5–6 hours
of the 100 �M peroxide treatment shown in Figure 5A
was not due to an accelerated degradation of the viral
RNA. The HCV IRES activity was not affected by H2O2

(data not shown).
To further investigate whether H2O2 directly sup-

pressed HCV RNA synthesis, Sg-PC2 cells were first
treated with 100 �M H2O2 for 30 minutes, 3 hours, or 6
hours. Then, the cytoplasmic lysates were prepared, and
the RNA replication assay was carried out in vitro as de-
scribed by Ali et al.36 All peroxide-treated lysates showed a
reduction of the HCV RNA replication rate (Fig. 6, top
panel). This reduction was apparent as early as 30 minutes
after treatment. Neither the RNA loading, based on the
amount of 18S ribosomal RNA in each lane (Fig. 6, sec-
ond panel), nor the amount of the HCV RNA template,
present in the lysates immediately prior to the in vitro
RNA replication assay (Fig. 6, third panel), could account
for the rapid suppression of HCV RNA replication by
H2O2. There was also no change in the amount of NS5A
in each of the cell lysates prior to the assay up to six hours
of treatment (Fig. 6, bottom panel). Note that the NS5A
protein level did decrease at 24 hours after the peroxide
treatment (Fig. 2C). However, this decrease was most
likely a result of the decreased HCV RNA replication

rather than being the cause for the decreased replication.
Therefore, the suppressive response to H2O2 occurred
rapidly, at the level of RNA replication.

To further investigate the molecular mechanism of
suppression of HCV RNA replication by ROS, we exam-
ined whether the subcellular localization of HCV NS5A
protein was affected by the peroxide treatment. Sg-PC2
cells were treated with 100 �M H2O2 for 3 hours, and
then subjected to membrane fractionation experiments,
as previously described.31,32 In the control (untreated Sg-
PC2 cells), NS5A protein was detected both in Golgi and
RER fractions (Fig. 7A). The peroxide treatment signifi-
cantly reduced the amount of NS5A in the Golgi fraction
and altered the ratio of NS5A in Golgi and RER from
roughly 30:70 to about 4:96 (Fig. 7A). Similar changes
were observed with NS3 protein (Fig. 7A). In contrast,

Fig. 7. Subcellular membrane fractionation for analysis of HCV repli-
cation complex. Sg-PC2 cells were treated with 0 or 100 �M H2O2 for 3
hours. These and naı̈ve Huh7 cells were then subjected to membrane
fractionation experiments, as described in Materials and Methods. (A)
Western blot analysis for NS5A, NS3, albumin, GRP78, and proteins
containing complex-type glycans. T represents total cell lysates prior to
fractionation, and G and R represent the Golgi and RER fractions,
respectively. Proteins containing complex-type glycans were analyzed
using WGA. Each of the protein bands was quantified by densitometry.
(B) In vitro HCV RNA replication analysis. Golgi and RER membrane
fractions were subjected to in vitro HCV RNA replication assays as
described in Materials and Methods. 32P-labelled HCV transcripts were
analyzed by RNA gel electrophoresis and autoradiography.

Fig. 6. Suppression of HCV RNA replication in vitro by H2O2. Sg-PC2
cells were treated with 100 �M H2O2 for 0, 0.5, 3, or 6 hours. Then, the
cytoplasmic lysates were prepared from these and naı̈ve Huh7 cells, and
the in vitro replication assays were carried out at 30°C for 1 hour with
�-32P-CTP as described by Ali et al.36 The RNA products were analyzed
on a 1% RNA gel, and the 32P-HCV RNA bands were visualized by
autoradiography (top panel). The gel was also stained with ethidium
bromide to assess the amount of 18S rRNA (second panel), which served
as the loading control. The amount of the HCV RNA template (third panel)
and the NS5A protein (bottom panel), present in each cytoplasmic
extract prior to the assay, was also determined by Northern blot and
Western blot analyses, respectively. Note that there was a slight reduc-
tion in the amount of HCV RNA template after 30 minutes of peroxide
treatment. This reduction was not observed in other experiments and
could not account for the fivefold decrease in the rate of HCV RNA
replication.
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peroxide did not affect the subcellular localization of al-
bumin. To ensure that this gradient faithfully separated
Golgi and RER membranes, each fraction was also ana-
lyzed with the anti-GRP78 antibody and WGA. GRP78
is an endoplasmic reticulum (ER)-associated protein and
WGA binds to proteins with complex-type glycans in the
trans-Golgi. As shown in the same figure, GRP78 was
found in the RER fraction while WGA was primarily
bound to proteins in the Golgi fraction.

To understand how the loss of NS5A and NS3 from
the Golgi fraction might affect HCV RNA replication,
each of the fractions in Figure 7A was subjected to in vitro
HCV replication assays. Although the majority of these
proteins were found in the ER fraction in these experi-
ments (Fig. 7A), HCV RNA replicating activity was
found mostly in the Golgi fraction (Fig. 7B). H2O2 treat-
ment suppressed the HCV RNA replication in this frac-
tion (Fig. 7B). As H2O2 also reduced the HCV protein
level in the Golgi fraction, the suppression of HCV RNA
replication by H2O2 in this fraction was likely due to the
loss of active HCV RNA replication complexes.

The finding that active HCV RNA replication com-
plexes were mostly identified in the Golgi fraction may be
due to the association of the HCV replication complexes
with the Golgi membranes as suggested by Serafino et
al.37 Alternatively, lipid rafts and membrane webs, which
have also been reported to contain HCV replication com-
plexes,38–40 might cosediment with the Golgi membranes
in our experiments. It should be noted that lipid rafts are
also known to form in the Golgi complex.41 The close
association of NS5A and NS3 with the HCV RNA repli-
cation activity is in support of the previous observations
that these proteins are important components of the
HCV replication complexes.42,43 The reduction in the
amount of NS5A/NS3 in the Golgi fraction indicates a
possible disruption of the replication complexes or the
perturbation of intracellular transport of these proteins by
ROS. If it is the latter, the effect was highly specific, as the
transport of albumin as well as proteins containing the
complex glycans was not affected (Fig. 7).

In this report, we showed that ROS, within the biolog-
ically relevant concentration range, could suppress HCV
RNA replication in Huh7 cells. The rapid response of
HCV RNA replication to ROS is suggestive of a mecha-
nism that involves signaling. ROS are known to affect
diverse signaling pathways.44 These signaling events could
either rapidly disrupt existing active HCV replication
complexes or suppress the formation of new complexes in
Huh7 cells, to result in a reduced amount of NS5A and
NS3 and, hence, HCV RNA replicating activity in the
Golgi fraction. It will be interesting to identify the molec-
ular targets of ROS that eventually affect HCV replica-

tion complexes. Finally, an important corollary to our
findings might be that the antioxidants, which are cur-
rently being investigated as potential adjunct therapy for
various liver diseases,45 might in fact facilitate HCV rep-
lication by counteracting ROS in these patients, as sug-
gested in Figure 2D. Due to the large number of HCV
patients, further investigation in this research area is war-
ranted.
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