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Abstract: Background/Aims: Hepatitis C virus (HCV) infection is a
significant global public health problem. In clinical studies, zinc has been
closely related to the pathogenesis of chromnic hepatitis C. However, the role
of zinc in both viral replication and the expression of viral proteins remains
unclear. We aimed to clarify the effect of zinc on the replication of HCV

in vitro. Methods: We incubated subgenomic HCV replicon cells (sO) and
genome-length HCV RNA-replicating cells (O) treated with several chemicals
including trace elements. Total RNAs were collected and subjected to real-
time reverse-transcriptase polymerase chain reaction in order to examine the
level of HCV RNA replication, and Western blotting was performed to
confirm the expression of viral proteins. Resu/ts: lron salts and interferon-o
suppressed HCV RNA replication and protein expression in both sO and O
cells. Zinc salts effectively reduced the viral replication in the genome-length
HCV RNA replication system but not in the subgenomic HCV replicon
system. Conclusions: We demonstrated that zinc may play an important role
as a negative regulator of HCV replication in genome-length HCV RNA-
replicating cells. Zinc supplementation thus appears to offer a novel approach
to the development of future strategies for the treatment of intractable
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chronic hepatitis C.

Hepatitis C virus (HCV) infection is a significant
global public health problem. Persistent HCV
infection eventually develops into liver cirrhosis
or hepatocellular carcinoma (1). A sustained viral
response (SVR) to anti-HCV therapy has been
demonstrated to prevent the progression of liver
disease and even to promote the regression of
pathologic changes (2). Peginterferon plus oral

ribavirin, currently the most powerful therapy for .

chronic hepatitis C, has successfully induced SVR
in about half of treated patients of genotype 1b
with high viral load (3, 4). However, there are still
a number of non-responders to interferon (IFN)-
based therapy. As a result, the treatment efficacy
still needs to be improved.

HCV is a positive-polarity, single-stranded
RNA virus, a member of the Hepacivirus genus
of the Flaviviridae family (5). The HCV genome
consists of an ~ 9.6kb RNA molecule contain-
ing a large open reading frame flanked by struc-
tured 5'- and 3'-non-translated regions (NTR).
Located within the 5’-NTR is an internal ribo-
some entry site (IRES) directing the translation of
an approximately 3000-amino-acid polyprotein
that is co- and posttranslationally cleaved by
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cellular and viral proteases into the following 10
products (listed from the N to the C termini):
core, envelope protein 1 (El), E2, p7, nonstruc-
tural protein 2 (NS2), NS3, NS4A, NS4B, NS5A,
and NS5B. The NS2-NS3 cleavage is performed
by NS2, and the remaining processing of the
NS3-NS4A-NS4B-NS5A-NS5B fragment de-
pends on the NS3/NS4A protease, which is simi-
lar to chymotrypsin-like serine protease (6).
Zinc is an essential nutrient for a broad range
of biological activities and for cell proliferation
(7) and it also functions as an antioxidant (8). It
also plays an important role in the function and
maintenance of the crystal structures of such
HCV proteins as NS2-NS3 (9-11) and NS5A
(12, 13). The virus-encoded NS2-NS3 protease
that is responsible for autocatalytic cleavage at
the NS2-NS3 site is stimulated by ZnCl, (9, 10).
The NS3 protease domain contains a zinc atom
(11). These observations have led researchers to
propose that zinc plays an important role in the
NS2-NS3 protease activity. Several studies have
examined the direct inhibitory effects of zinc on
viruses, such as human immunodeficiency virus
(14), rhinovirus (15), herpes simplex virus (16),
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and respiratory syncytial virus (17} in vitro. How-
ever, the direct effect of zinc on the replication of
HCV in vitro has never been previously reported:

Despite the clinical significance of HCV, mo-
lecular investigations of the virus have been
hampered due to the lack of cell culture systems
that efficiently support HCV replication,
although a reproducible HCV proliferation sys-
tem in cell culture has very recently been reported
(18). In 1999, the situation changed for the better
when a subgenomic HCV replicon cell culture
system was introduced (19). The replicon RNA is
composed of the HCV 5-NTR containing an
HCV IRES, a neomycin phosphotransferase
(Neo) gene, and the HCV NS3 through NS5B
under the control of an encephalomyocarditis
virus (EMCYV) IRES, followed by the HCV 3'-
NTR. The Neo gene is expressed under the
control of the HCV IRES, thereby inducing G-
418 resistance to cells that contain replicon RNA.
As the replicon RNA proliferates autonomously
in cultured cells, this replicon system is thus
considered to be a powerful tool for the analysis
of molecular mechanisms underlying HCV repli-
cation and also for the screening of anti-HCV
reagents (20). However, the subgenomic HCV
replicon system may be insufficient because it
lacks HCV structural proteins. A genome-length
HCV RNA replication system may reflect the
phenomenon that the HCV-infected human liver
undergoes. To date, four genome-length HCV
RNA replication systems, using N, Con-1, H77,
and O strains, have so far been reported (21-24).

Clinical data suggest that the trace element
metabolism is tightly linked to the pathogenesis
of chronic hepatitis C (25, 26). We previously
showed zinc supplementation to increase the
therapeutic response of IFN-o for intractable
chronic hepatitis C with genotype 1b (27, 28).
However, it remains unclear as to whether or not
zinc interferes with viral replication or the ex-
pression of viral proteins. We therefore examined
the effect of zinc supplement on viral replication
using HuH-7 cells harboring subgenomic HCV
replicons (29) or genome-length HCV RNAs (24)
derived from the HCV-O strain. We herein
showed that zinc effectively suppressed the repli-
cation of genome-length HCV RNA but not that
of the subgenomic HCV replicon.

Materials and methods
Cell culture systems

We incubated sO (previously described as 1B-
2R1) cells (29) replicating the subgenomic HCV
replicon and O cells (24) replicating the genome-
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length HCV RNA in a real-time reverse-tran-
scriptase polymerase chain reaction (RT-PCR)
analysis. The sequences of HCV RNA replicating
in sO and O cells are derived from HCV RNA in
non-neoplastic human hepatocytes PH5CHS in-
oculated with HCV-O, and the basal replication
levels of both O and sO cells were almost the same
as those described previously (24, 29). In a
luciferase reporter assay system, we incubated
ORN/3-5B/KE cells supporting the subgenomic
HCV replicon encoding the luciferase reporter
gene, and ORN/C-5B/KE cells supporting gen-
ome-length HCV-RNA encoding the luciferase
reporter gene (24). The cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM;
Gibco-BRL, Invitrogen Life Technology, Carls-
bad, CA) supplemented with 10% fetal calf
serum, penicillin, and streptomycin (complete
DMEM) and maintained in the presence of
G418 (300 pg/ml; Geneticin, Invitrogen). We pas-
saged these cells twice a week at a 5:1 split ratio
and used them within six to 10 passages for the
experiments in this study.

Reagents

Iron sulfate (FeSO,), iron chloride (FeCls), zinc
sulfate (ZnSQOy), and zinc chloride (ZnCl,) were
purchased from Wako Pure Chemical Industries
(Osaka, Japan). The purities of both reagents
exceeded 99%. Purified human lymphoblast
IFN-a (OIF) was kindly provided by the Otsuka
Pharmaceutical Co. (Tokushima, Japan).

Cell viability

As it has been reported that the proliferation of
the HCV subgenomic replicon is dependent on
host-cell growth (30), we examined the cytotoxi-
cities of ZnSO,4 and ZnCl; to sO or O cells. In
brief, the cells were seeded at a density of 4 x 10°
cells per dish onto dishes with a diameter of
95 mm. After a 24-h culture, the cells were treated
with or without zinc salts at final concentrations
of 50, 100, and 150 pM for 72 h in the absence of
G418, Next, the number of viable cells was
counted using an improved Neubauer-type he-
matocytometer after trypan blue dye (Invitrogen)
treatment. The effect of zinc salts was calculated
as a percentage of the number of control cells to
which no reagent was added. All assays were
conducted more than three times.

Quantification of HCV RNA by real-time RT-PCR

The subgenomic HCV replicon (29) and replié-
able genome-length HCV RNA (24) are both well
known to be highly sensitive to IFN-« and
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recently iron has been reported to suppress the
subgenomic HCV replicon (31). To confirm that
our subgenomic HCV replicon and genome-
length HCV RNA replication system are useful
for evaluating antiviral reagents, we examined
the established inhibitory effects of IFN-« and
iron on the replication of the subgenomic HCV
replicon and genome-length HCV RNA using sO
and O cells. Next, the effect of zinc salts on the
replication of subgenomic HCV replicon and the
genome-length HCV RNA was observed by real-
time RT-PCR. In brief, sO or O cells seeded on
six-well plates (1 x 10° cells per well) were treated
with IFN-a, FeSO,, FeCls, ZnSO,, or ZnCl, at
several concentrations. The total RNAs from
cells were harvested at different time points using
ISOGEN extraction kits (Nippon Gene Co.,
Tokyo, Japan) and subjected to a real-time
RT-PCR analysis. The 5'-NTR of HCV genomic
RNA was quantified using the ABI PRISM
7900 sequence detector (Applied Biosystems,
Foster City, CA) as described previously (32),
using the 5-CGGGAG-AGCCATAGTGG-3’
(forward) and 5-AGTACCACAAGGCCTTT
CG-3’ (reverse) primers and the fluorogenic
probe 5-CTGCG-GAACCGGTGAGTACAC-
3’. As an internal control, the level of human
GAPDH mRNA was quantified using TagMan
hGAPDH reagents (Applied Biosystems). All
experiments were conducted more than three
times.

Western blot analysis

The cell lysates and sodium dodecyl! sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) were
prepared, and an immunoblotting analysis with
a polyvinylidene difluoride membrane was per-
formed as described previously (33). The antibo-
dies used in this study were those against NS3
(Novocastra Laboratories, Newcastie, UK) and
NS5B (a generous gift from M. Kohara, Tokyo
Metropolitan Institute of Medical Science). Anti-
f-actin antibody (Sigma-Aldrich, Tokyo, Japan)
was also used to detect B-actin as the internal
control. The immunocomplexes on the mem-
branes were detected by an enhanced chemilumi-
nescence assay (Amersham Co., Tokyo, Japan).
Image scanning was analyzed using the Scion
Image software program (Beta 4.0.2., Scion Cor-
poration, NIH, Frederick, MD).

Luciferase reporter assay

To confirm the effect of zinc salts on the replica-
tion of HCV RNA by the different assay system,
we performed the experiment while utilizing the
luciferase reporter assay system using ORN/3-5B/

Zinc regulates HCV RNA replication

KE cells and ORN/C-5B/KE cells with or with-
out zinc salt. In brief, the cells were plated onto
24-well plates (1.5 x 10* cells per well) and cul-
tured for 24h. Next, the cells were treated with
ZnSO,4 or ZnCl, at several concentrations for
24h, and then the cells were subjected to the
luciferase reporter assay using the Renilla lucifer-
ase assay system (Promega, Madison, MI) (24).
Briefly, after removing the medium, the cells were
washed twice with phosphate-buffered saline. The
cells were extracted with 100 pl of Renilla lysis
reagent, and the relative luciferase unit value in
10 il of lysates was measured by adding 50 ul of
Renilla luciferase assay reagent according to
the manufacturer’s protocol. Flash’'n Glow LB
955 luminometer (EG&G Berthold, Bad Wild-
bad, Germany) was used to detect the luciferase
activity.

Statistical analysis

All data were expressed as the mean =+ standard
deviation. The differences between groups were
evaluated with Student’s ¢-test or one-way analy-
sis of variance P<0.01 was considered to be
significant.

Resuits

Inhibitory effects of IFN-o on HCV RNA replication in
sO and O cells

IFN-o efficiently inhibited the replication of the
subgenomic HCV replicon and genome-length
HCV RNA in a dose-dependent manner (Fig.
1). Based on the dose-response curve, the
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Fig. [. Inhibition of hepatitis C virus (HCV) RNA replication in
sO and O cells treated with interferon-oo (IFN-o). 1IFN-z
sensitivity of HCV RNA replication in sO (black bars) and O
cells (white bars). Real-time reverse-transcriptase polymerase
chain reaction was performed as described in the Materials and
methods. sO and O cells were treated for 48 h with IFN-« (0, 1,
2, 10, 50, and 100 IU/ml). The replication level of HCV RNA of
the respective non-treated cells was assigned as 100%. The
replication level of HCV RNA was normalized to the respective
GAPDH mRNA expression levels. The data indicate the
mean + SD of triplicates from three independent experiments.
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concentrations of IFN-o required for a 50%
reduction (ICsg) of the subgenomic HCV replicon
and genome-length HCV RNA were calculated to
be almost equal (0.7 IU/ml). These values were
comparable to the previous findings obtained
using another HCV-strain-derived subgenomic
HCYV replicon system (34) or an O-strain-derived
HCV RNA replication system (35).

Inhibitory effects of iron salts on HCV RNA replication in
sO and O cells

FeSO4 or FeCl, significantly suppressed the re-
plication of genome-length HCV RNA to the
same extent as the subgenomic HCV replicon in
a dose-dependent manner (Fig. 2). We demon-
strated for the first time the inhibitory effect of
iron via a genome-length HCV replication sys-
tem. Both IFN-a and iron salts inhibited HCV
RNA replication in sO and O cells in a dose-
dependent manner, thus suggesting that our sub-
genomic HCV replicon and genome-length HCV
RNA replication systems are useful for the eva-
luation of anti-HCV reagents.

Cytotoxicity of zinc salts to sO and O cells

Although 150 uM and higher of ZnSO,4 or ZnCl,
was cytotoxic to sO and O.cells, ZnSO4 or ZnCl,
at a concentration of 100 uM or lower had no
significant cytotoxic effect on both cells in this
assay (Fig. 3A and B). We therefore examined the
inhibitory effects of zinc salts at a concentration
of 100 uM or lower.
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Fig. 2. Inhibition of hepatitis C virus (HCV) RNA replication in
sO and O cells treated with iron. Iron inhibition of HCV RNA
replication in sO (black bars) and O cells (white bars). sO and O
cells were treated for 48 h with iron sulfate (100 and 500 uM) or
iron chloride (100 and 500 uM). The control cells without iron
salts (0 uM) were treated similarly. The quantification of HCV
RNA was performed as described in Fig. 1. The data indicate
the mean & SD of triplicates from three independent experi-
ments. The asterisk (*) indicates a significant inhibition of HCV
RNA replication by iron sulfate or iron chloride (P<0.01).
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Fig. 3. Cytotoxicity of zinc salts to sO and O cells. (A) sO and O
cells were cultured in the absence or presence of zinc sulfate (30,
100, and 150 uM each) for 72 h, and then the cell number was
determined as described under the Materials and methods. The
relative cell number (% control) calculated at each point, when
the cell number of non-treated cells was assigned to be 100%, is
presented herein. The data indicate the mean £ SD of three
independent experiments. (B) sO and O celis were cultured in the
absence or presence of zinc chloride as described in (A). The
asterisk (*) indicates significant cytotoxicity by zinc sulfate or
zinc chioride (P <0.01).

Different effects of zinc salts on the HCV RNA replication
between sO and O cells

ZnSO,4 or ZnCl, significantly suppressed the
genome-length HCV RINA replication in a dose-
dependent manner. The ICsy values of ZnSOy
and ZnCl, were calculated to be 76 and 89 uM,
respectively. In contrast, only slight inhibitory
effects on the subgenomic HCV replicon were
observed in sO cells by 100 uM ZnSO, and ZnCl,
(Fig. 4A and B). Zinc salts reduced the replication
of the genome-length HCV RNA more markedly
than that of the subgenomic HCV replicon. To
determine whether the inhibitory effect of zinc on
the genome-length HCV RNA replication is time
dependent or not, O cells were incubated with
100 uM ZnSO,4 or ZnCl, and harvested at three
different time points (24, 48, and 72h) after
treatment. The maximum inhibitory effect of
zinc salts in O cells occurred at 48 h after treat-
ment (Fig. 4C).

Effects of zinc salts on NS3 and NSS5B protein expression

The expression levels of NS3 and NS5B proteins,
which are the essential proteins for HCV RNA
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Fig. 4. Different effect of zinc salts between subgenomic hepa-
titis C virus (HCV) replicon and genome-length HCV RNA
replication systems. (A) The sO and O cells were treated for 48h
with zinc sulfate (0, 10, 50, and 100 uM). The quantification of
HCV RNA was performed as described in Fig. 1. (B) sO and O
cells were treated for 48 h with zinc chloride (0, 10, 50, and
100 uM). The quantification of HCV RNA was performed as
described in Fig. 1. (C) Time—response curve of zinc salts. O cells
were treated with a fixed concentration (100 uM) of zinc sulfate
or zinc chloride for 24, 48. and 72h. Real-time reverse-tran-
scriptase polymerase chain reaction was performed as described
in the Materials and methods. We herein show the replication
level of HCV RNA (%) calculated at each point, when the
replication level of HCV RNA of the respective non-treated cells
at 0 h was assigned as 100%. The replication level of HCV RNA
was normalized by the level of GAPDH mRNA. The data
indicate the mean &= SD of triplicates findings from three
independent experiments. The asterisk (*) indicates a significant
inhibition of HCV RNA replication by zinc sulfate or zinc
chloride and a significant difference of the inhibitory effect of
zinc salts between sO and O cells (P<0.01).

replication, did not decrease in the sO cells
treated with ZnSO4 or ZnCl, (100 pM), whereas
the expression levels of NS3 and NS5B proteins
were clearly decreased in the sO cells treated with

Zinc regulates HCV RNA replication

FeSOy, FeCl; (100 or 500 uM), or IFN-u (Fig. SA
and B). However, the expression levels of the NS3
and NS5B proteins both significantly decreased in
the O cells treated with ZnSO4 or ZnCl, (100 uM)
as well as FeSO,4 or FeCl; (100 uM) (Fig. 5C and
D). These results were consistent with those of
the quantification analysis of HCV RNA as
described above.

Anti-HCV activity of zinc salts on luciferase reporter assay
system

Zinc salts significantly inhibited the Rernilla luci-
ferase activity in a dose-dependent manner but
the extents of the suppressive effects were found
to be rather weak depending on real-time RT-
PCR (Fig. 6A and B). Zinc salts tend to reduce
the replication of genome-length HCV RNA
more markedly than that of the subgenomic
HCV replicon even though the difference in
chemical sensitivity to zinc salts was not signifi-
cant.

Discussion

We demonstrated that zinc supplementation in-
hibited the replication of genome-length HCV
RNA in O cells without causing cell toxicity,
and the effects of zinc supplementation on HCV
replication were significantly different between
the genome-length HCV RNA replication system
and the subgenomic HCV replicon system. On
the other hand, IFN-«o and iron supplementation
suppressed the replication of HCV RNA almost
equally between the subgenomic HCV replicon
and genome-length HCV RNA replication sys-
tem. However, other divalent cations, such as
magnesium salts, did not suppress the replication
of genome-length HCV RNA (data not shown).
Therefore, the inhibition of the replication of
HCV RNA is not an ubiquitous phenomenon
caused by the divalent cations, but a specific
phenomenon caused by certain divalent cations
such as zinc and iron.

We showed the inhibitory effect of zinc salts in
real-time RT-PCR and Western blotting on gen-
ome-length HCV RNA systems. In real-time RT-
PCR, zinc inhibited the replication of HCV RNA
as strongly as that of iron salts, whereas in
Western blotting, the inhibitory effect of zinc
salts was weaker than that of iron salts. There
was a discrepancy in the inhibitory effects of zinc
salts on RNA replication and protein expression
in both systems. One possible reason is that zinc
may affect the function of NS3 proteins of HCV
through structural or NS2 proteins and conse-
quently inhibit the replication of genome-length

1115

_52_



