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Hepatitis C virus (HCV) infection is a major cause of chronic liver
disease, which can lead to the development of liver cirrhosis and
hepatocellular carcinoma. Current therapy of patients with chronic
HCV infection includes treatment with IFN« in combination with
ribavirin. Because most treated patients do not resolve the infec-
tion, alternative treatment is essential. RNA interference (RNAI) is
a recently discovered antiviral mechanism present in plants and
animals that induces double-stranded RNA degradation. Using a
selectable subgenomic HCV replicon cell culture system, we have
shown that RNAI can specifically inhibit HCV RNA replication and
protein expression in Huh-7 cells that stably replicate the HCV
genome, and that this antiviral effect is independent of IFN. These
results suggest that RNAi may represent a new approach for the
treatment of persistent HCV infection.

H epatitis C virus (HCV), a member of the Flaviviridae family
of viruses, is a major cause of chronic hepatitis and hepa-
tocellular carcinoma (1, 2). Viral clearance during acute HCV
infection is usually associated with a multispecific CD4* and
CD8* T cell response, which is weak or undetectable in subjects
who do not control the infection (3-5). Importantly, most
chronically infected patients fail to resolve HCV infection after
combination therapy with IFN and ribavirin (6-8).

The HCV genome is a positive-stranded ~9.6-kb RNA mol-
ecule consisting of a single ORF, which is flanked by 5" and 3’
UTR. The HCV 5’ UTR contains a highly structured internal
ribosome entry site (8—13). The HCV ORF encodes a single
polyprotein that is 3,008-3,037 aa in length and is posttransla-
tionally modified to produce at least ten different proteins: core,
envelope proteins E1 and E2, p7, and nonstructural proteins
NS2, NS3, NS4A, NS4B, NS5A, and NS5B (1, 13, 14). Despite
considerable advances in the understanding of the function of
these proteins, the basic mechanism(s) of HCV replication still
remain unclear because of the absence of a tissue culture system
that can sustain productive virus infection (1). The recent
development of subgenomic and full-length HCV replicons that
replicate and express HCV proteins in stably transfected human
hepatoma cell-derived Huh-7 cells has facilitated the analysis of
the role of cellular pathways required in HCV replication and the
efficacy of antiviral drugs (15-19). For example, by using HCV
replicons, the antiviral effects of IFN«a and IFN+y have been
clearly demonstrated (20-23). Although IFN treatment can
efficiently inhibit HCV replication in cultured Huh-7 cells,
>60% of patients treated with IFN do not eliminate the virus
(24-28). This suggests that HCV may be able to induce a state
of IFN resistance in the infected liver. In keeping with this
notion, HCV E2 and NS5A proteins have been demonstrated to
interfere with the IFN-induced signaling pathway by interacting
with protein kinase R (PKR) and inhibiting its kinase activity
(29-32). Thus, alternative approaches to the treatment of
chronic HCV infection seem to be warranted.

Double-stranded RNA (dsRNA), an intermediate in the
replication of many viruses, induces a multifaceted response in
higher eukaryotes, including the production of IFN «/B (33).
Another antiviral mechanism, RNA interference (RNAi), orig-
inally discovered in plants, Caenorhabditis elegans, and Drosoph-
ila, is also induced by dsRNA (34-36). In this process, dSRNA
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is cleaved into 21-23 nucleotide dsRNA molecules (known as
short interfering RNA or siRNA) by an RNase III-like enzyme
known as Dicer (33, 37-40). These siRNA molecules associate
with a multiprotein complex known as the RNA-induced silenc-
ing complex and targets homologous mRNA for degradation
(33, 37-40). RNAI, which can function independently of IFN-
induced pathways, is also effective in mammalian cells (33,
41-43). This suggests that plants and animals share a conserved
antiviral mechanism leading to specific destruction of nonself
dsRNA (44, 45). RNAI interferes with the replication of a
number of animal viruses including HIV-1, flock house virus
(FHV), Rous sarcoma virus, dengue virus, and poliovirus (46—
56). As an RNA virus, HCV is a prime candidate for RNAI.
Indeed, it has been demonstrated recently that HCV-specific
siRNA can inhibit levels of a fusion NS5B-luciferase reporter
transcript when the siRNA and the target were cotransfected
hydrodynamically into mice (57). Although these results illus-
trate an important principle, the experimental design did not
permit the analysis of the effects of RNAi on HCV replication,
as they demonstrated the ability of HCV-specific siRNA to
inhibit the accumulation of an HCV-containing fusion tran-
script, not the down-regulation of a preexisting HCV transcript
such as those that are present in infected cells. In the current
study, we wanted to determine whether RNAi could inhibit ongoing
HCYV replication using a stably transfected HCV replicon system as
a surrogate for HCV-infected hepatocytes. Our results demonstrate
that HCV RNA replication and protein expression are efficiently
inhibited in Huh-7 cells that stably replicate the HCV replicon and
that this effect is independent of IFN.

Materials and Methods

Tissue Culture and Generation of Stable HCV Subgenomic Replicon Cell
Line. The S11791 HCV subgenomic replicon (genotype 1b) was
obtained from Charles Rice (The Rockefeller University, New
York) and passaged as described (18, 20). Huh-7 cells were
transfected with HCV subgenomic replicon RNA and main-
tained as described (18, 20). An Huh-7 cell line that stably
replicated HCV RNA replication (called S1179I herein) was
used in all experiments.

Generation and Transfection of siRNA. Target sequences for the
siRNAs were determined by using the Ambion web-based
criteria, followed by generation of the HCV- and human
GAPDH-specific siRNAs using the Silencer siRNA construction
kit (Ambion, Austin, TX). Seven HCV-specific siRNAs, based
on the prototype sequence present in the HCV replicon (see Fig.
1A for their respective locations in the HCV replicon), were
originally tested by using real-time RT-PCR. We selected two
siRNAs, NS3-1948 and NS5B-6133 (named on the basis of their
location and nucleotide start site in the HCV subgenome), as
they had the greatest specific effect on HCV RNA replication.
The primers used to generate the HCV-specific siRNAs were
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NS3-1948 5'-AAGACAGTCCAACACACGCCACCTGT-
CTC-3' (sense) and 5'-AATGGCGTGTGTTGGACTGTCCC-
TGTCTC-3’ (antisense) and NS5B-6133 5'-AACAGTCTGTC-
AAAGGTGACCCCTGTCTC-3' (sense) and 5'-AAGGTCAC-
CTTTGACAGACTGCCTGTCTC-3' (antisense). The scram-
bled siRNA (scr) was obtained from Qiagen—-Xeregon
(Germantown, MD). Briefly, 7-8.5 X 10* S11791 cells were
plated in 12-well cluster plates. The following day, 1.25 ug of
siRNA was transfected by using Oligofectamine reagent (In-
vitrogen). Total RNA was harvested at various times posttrans-
fection by using TRIZOL reagent (Life Technologies, Grand
Island, NY). For experiments using IFNa (PBL Biomedical
Laboratories, Piscataway, NJ), S11791 cells were treated with
IFN« at a final concentration of 100 units/ml, and total RNA
was harvested 2 days later as discussed above.

Reverse Transcription and Real-Time PCR Analysis. One microgram
of total RNA was incubated with DNase 1 by using the DNA-free
kit (Ambion). cDNA was generated by using the TagMan reverse
transcription reagents kit (Applied Biosystems) according to
manufacturer recommendations. Reactions with no reverse tran-
scriptase enzyme added were performed in parallel with most
experiments and yielded no PCR products. Real-time PCR
(iCycler, Bio-Rad) was performed as described (58) with the
following exceptions. Briefly, reactions were carried out in 25-ul
volumes containing either 5 ul (when assessing HCV cDNA copy
number) or 2 ul [when assessing human PKR, RNase L, MxA,
and 2',5'-oligoadenylate synthetase (OAS) cDNA copy number]|
of RT product. To quantitate HCV transcript levels, dilutions of
plasmids containing the HCV subgenomic ORF or the human
GAPDH gene were always run in parallel with cDNA from the
S11791 cells for use as standard curves (dilutions ranged from 108
to 10° copies of each plasmid). The PCR primers for GAPDH
are based on the human GAPDH mRNA sequence (GenBank
accession no. NMX002046), and spans introns two and three of
the GAPDH gene (base pairs 1,457-3,412). The PCR primers for
quantitative real-time PCR were HCV 5'-ATGGCGTTAG-
TATGAGTGTC-3' (sense) and 5'-GGCATTGAGCGGGTT-
GATC-3' (antisense) and GAPDH 5'-GAAGGTGAAG-
GTCGGAGTC-3" (sense) and 5'-GAAGATGGTGATG-
GGATTTC-3' (antisense). To perform analysis of relative ex-
pression of IFN-induced genes using real-time PCR, we used the
27AACT method (59), by normalizing to GAPDH expression
levels. The PCR primers used were PKR 5'-CAAGAGGTTT-
GGCATGGATT-3" (sense) and 5-GCTCCGCCTTCTCGT-
TATTA-3" (antisense); RNase L 5'-AGGCATCTACCT-
GGGGTCT-3" (sense) and 5'-GACTGTTCTCTCGG-
CTGCTT-3’ (antisense); 2,5 OAS 5'-GCACCATCTTGGAAT-
GTCCT-3" (sense) and 5'-TTTGTTGGGCTGGAGAAA-3’
(antisense); and MxA 5'-ACAGGACCATCGGAATCTTG-3’
(sense) and 5'-CCCTTCTTCAGGTGGAACAC-3' (antisense).
As levels of OAS transcripts from mock- or siRNA-transfected
S11791 cells were undetectable by real-time PCR, the PCR
products were run on a 1.5% agarose gel to compare relative
inductions of OAS levels (see Fig. 4B).

Northern and Western Blot Analysis. Total RNA was extracted from
transfected cells at days 2, 4, and 6 posttransfection, and 5 ug of
total RNA was loaded onto the gel. A minus stranded HCV
probe was generated from a Bg/II fragment (base pairs 6,275—
7,320) of the HCV replicon by using the MAXIscript In vitro
transcription kit (Ambion). Probing for the GAPDH transcript
was performed as described (60). Both probes were purified by
using MicroSpin G-50 columns (Amersham Pharmacia). Blots
were visualized and quantitated as described (61). Western blot
analysis was performed on total lysates from mock- or siRNA-
transfected S11791 cells as described (62). The gels were trans-
ferred to Hybond-N membranes (Amersham Pharmacia),
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blocked, and incubated with antibodies to NS3 and NS5B (M5
and M15 rabbit polyclonal antibodies, which were gifts from
Darius Moradpour, University of Freiburg, Freiburg, Germany)
and GAPDH (Novus Biologicals, Littleton, CO), followed by
incubation with a horseradish peroxidase-conjugated goat anti-
rabbit antibody (Pierce). The blots were developed with Super-
Signal West Pico chemiluminescent substrate (Pierce).

Immunofluorescence Analysis of $11791 Cells. Approximately 1.8 X
10* S11791 cells were seeded in Lab-Tek eight-chamber cover-
glasses (Nalge). The siRNA was labeled with Cy3 by using the
Silencer siRNA labeling kit (Ambion). The next day, 1.25 pg of
Cy3-labeled siRNA was transfected by using the procedure
described above. At specific days posttransfection, the cells were
washed three times with PBS and fixed with 4% paraformalde-
hyde at room temperature for 10 min. Cells were washed and
incubated with PBS containing 3% BSA, 0.3% Triton X, and
10% FCS for at least 30 min. Cells were then incubated with a
monoclonal antibody to HCV NS5B protein (clone 12B7, ob-
tained from Darius Moradpour) at a final dilution of 1:100,
washed three times with PBS, and incubated with an anti-mouse
antibody conjugated to CyS5 at a dilution of 1:500. The cells were
then incubated with bisbenzimide (0.5 ng/ml) to stain the nuclei
blue and then analyzed on a DeltaVision deconvolution micro-
scope using SOFTWORX 2.5 software. Specific deconvolved images
were volume-viewed to observe more detailed relationships
between various labeled components.

Statistical Analyses. All statistical analyses were performed by
using Microsoft EXCEL software. All graphs represent the
mean = SEM. P values for real-time PCR data were determined
by using paired ¢ test.

Results

RNAi Inhibits HCV Replication in Cultured Huh-7 Cells. To determine
whether siRNA specific to the HCV subgenomic replicon se-
quence could inhibit HCV replication, we screened the activity
of seven HCV-specific siRNA molecules by real-time RT-PCR
of HCV RNA, and three of the seven siRNAs inhibited HCV
replication at least 10-fold. We used two of them, NS3-1948 and
NS5B-6133 (named on the basis of their nucleotide location in
the subgenomic replicon, Fig. 14), as they had the greatest
specific inhibition of HCV RNA replication (data not shown).
We performed Northern blot analysis to determine the kinetics
of RNAI using a single strand RNA probe to detect positive
strand HCV transcripts (Fig. 1B). Huh-7 cells stably replicating
the HCV subgenomic replicon were transfected with scrambled
(scr), GAPDH-specific, or HCV-specific (NS3-1948 and NS5B-
6133) siRNAs. NS3-1948 and NS5B-6133 significantly inhibited
HCV transcript levels as compared with either mock- or scr
siRNA-transfected S11791I cells (Fig. 1B). No HCV RNA cleav-
age intermediates were detected in RNA samples from NS3-
1948 and NS5B-6133-treated cells (data not shown). Maximal
inhibition of HCV transcript levels was detected on day 2
posttransfection (5.7- and 8.3-fold for NS3-1948 and NS5B-6133,
respectively; Fig. 1B). No significant inhibition of HCV tran-
script levels was detected in cells transfected with the negative
control scr siRNA (P = 0.4927, Fig. 1B). In addition, the
GAPDH siRNA specifically down-regulated the GAPDH tran-
script without affecting HCV RNA levels 2 and 4 days post-
transfection. These data demonstrate that RNAI can efficiently
and specifically down-regulate HCV RNA levels in S11791 cells.

To more accurately quantitate the levels of HCV RNA, we
performed real-time RT-PCR by using primers specific to HCV
(Fig. 14) and GAPDH. Quantitative analysis revealed that HCV
transcript levels were decreased ~21-fold (P = 0.0012) and
~23-fold (P = 0.00044) in cells transfected with NS3-1948 and
NS5B-6133, respectively, on day 2 posttransfection (Fig. 1C).
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Fig. 1. (A) Schematic representing the HCV plus stranded subgenomic

replicon. The ribonucleotide sequences represent the siRNA target sequences
for NS3-1948 and NS5B-6133 siRNAs. Other HCV-specific siRNAs tested are also
shown. The primers for real-time PCR of HCV RNA are denoted by arrows in the
5" UTR. (B) Northern blot analysis of the effect of various siRNAs on HCV and
GAPDH RNA transcript levels. Total RNA was isolated from S1179I cells that
were transfected with siRNA specific for NS3, NS5B, GAPDH, or an irrelevant
scrambled (scr) siRNA 2, 4, and 6 days previously. Real-time RT-PCR analysis of
HCV (C) and GAPDH (D) RNA content was performed on similar RNA samples
and compared with mock-transfected S11791 cells. Representative data
(mean = SEM) from at least three independent experiments are shown.

HCV transcript levels were not significantly changed in S11791
cells transfected with GAPDH-specific (P = 0.1766) or scr (P =
0.4927) siRNAs (Fig. 1C). In addition, the GAPDH-specific
siRNA down-regulated the GAPDH transcript ~16- and ~63-
fold on days 2 and 4, respectively, without affecting HCV RNA
levels (P = 0.032, Fig. 1D). These results demonstrate that
(i) RNAI can effectively inhibit HCV replication in cultured
Huh-7 cells, (if) the down-regulation in HCV levels is sequence-
specific, and (iii) the RNAI effect is effective at least 6 days
posttransfection in cultured cells.

RNAi Inhibits HCV Protein Expression in Cultured Huh-7 Cells. We then
examined the levels of HCV protein expression in siRNA-
transfected S11791 cells by Western blot analysis. As shown in
Fig. 2, levels of NS3 and NS5B proteins were unchanged at 2 days
posttransfection (Fig. 24), but they decreased on day 4 (Fig. 2B)
and day 6 (Fig. 2C) posttransfection in S11791I cells transfected
with NS3-1948 or NS5B-6133 compared with GAPDH-specific
and scr siRNAs. At all time points analyzed, HCV protein
expression in mock-transfected S11791 cells was not significantly
different compared with S11791 cells transfected with the scr
siRNA (data not shown).
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Fig.2. The effect of RNAi on HCV protein expression in $1179I cells. Western
blot analysis was performed on total cell lysates harvested from mock- or
siRNA-transfected S1179I cells at various days posttransfection by using NS3-
and NS5B-specific antibodies as described in Materials and Methods. Molec-
ular mass markers (in kilodaltons) are shown to the right of each gel. Shown
are representative data of three independent experiments.

To further characterize the system at a single cell level and
determine the presence of siRNA inside the cell, we transfected
S11791 cells with Cy3-labeled NS3-1948 or NS5B-6133 and
analyzed these cells for NS3 (data not shown) and NS5B (Fig. 3)
protein expression by immunofluorescence analysis. Granular
cytoplasmic NS5B staining was detected in untransfected (Fig.
3B) and scr-transfected S11791I cells (data not shown) but not in
parental Huh-7 cells (Fig. 34). On day 2, labeled NS5B-6133
siRNA could be detected in most S11791 cells as punctate
cytoplasmic foci in the cytoplasm adjacent to the nucleus (Fig.
3 C and E). Using the deconvolution microscope software to
rotate the image of the cell, we could demonstrate that the
Cy3-labeled siRNA was present inside the cell (Fig. 3F). Inter-
estingly, despite the presence of the siRNA, there was no
detectable decrease in the level of NS5B protein expression in
cells containing NS5B-6133 2 days after siRNA transfection (Fig.
3C), in keeping with the Western blot analysis (Fig. 24). On day
4 posttransfection, however, NS5B protein expression decreased
strongly in cells transfected with NS3-1948 and NS5B-6133 (Fig.
3D) as compared with mock- and scr-transfected cells (data not
shown), even though the labeled NS3-1948 and NS5B-6133
siRNA foci were barely detectable (Fig. 3D).

siRNA Transfection Does Not Activate Known IFN-Inducible Pathways
or Alter Huh-7 Cell Cycle Progression. To determine whether the
RNAi-mediated inhibition of HCV RNA replication in Huh-7 cells
could be explained by dsRNA-induced activation of the IFN
pathway, we compared levels of three well known IFN-induced
genes in IFN-treated S11791 cells and siRNA-transfected S11791
cells 2 days after administration and transfection, respectively.
IFNa treatment of cells induced an ~367- and ~6.4-fold increase
in levels of MxA (P = 0.038) and PKR (P = 0.0404), respectively,
compared with mock-transfected S11791 cells (Fig. 44). In contrast,
MxA and PKR mRNA expression was induced <2.7-fold (P =
0.156 and P = 0.187 for NS3-1948 and NS5B-6133, respectively)
relative to mock-transfected S11791 cells (Fig. 44). Because the
scr-transfected cells displayed the same low level of induction of
PKR and MxA (Fig. 44) in the face of normal levels of HCV RNA
(Fig. 1 B and C), we conclude that IFN induction does not explain
the decrease in HCV replication induced by NS3-1948 and NS5B-
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Fig. 3. HCV NS5B and siRNA localization and expression in S1179I cells. (A)
Parental Huh-7 cells were stained with an antibody to NS5B (red) and bisben-
zimide, a nuclear stain (blue). Note the absence of cytoplasmic NS5B staining
in these cells. (B) S1179I cells were stained with the anti-NS5B antibody and
bisbenzimide. Note the granular cytoplasmic NS5B-specific staining. (C) S11791
cells transfected with NS5B-6133 siRNA were stained 2 days posttransfection
with the anti-NS5B antibody. Note the perinuclear localization of the labeled
siRNA (green foci) and normal NS5B protein expression (red). (D) S11791 cells
transfected with Cy3-labeled NS5B-6133 were stained for NS5B protein ex-
pression 4 days posttransfection. Note the significant decrease in NS5B protein
expression and the lack of perinuclear staining of the siRNA compared with
that seen on day 2 posttransfection. (E) Magnification of the cell in the boxed
region from C. (F) Volume view of the cell shown in E to determine a more
detailed relationship between siRNA and localization in the cell. The arrows in
C and E represent localization of Cy3-labeled NS5B-6133. The arrows in F
represent the height of the cell. (Scale bars, 30-um distances.)

6133 siRNAs. This was confirmed by RT-PCR analysis of IFNa-
treated and siRNA-transfected cells for OAS mRNA content (Fig.
4B). We then compared the extent to which HCV RNA replication
was inhibited by RNAi and IFN treatment. As shown in Fig. 4C,
HCV RNA replication was inhibited ~12.5-fold (P = 0.0052) 2 days
after the addition of IFN«, whereas it was inhibited ~32-fold (P =
0.0046) and ~36-fold (0.0047) 2 days after transfection with NS3-
1948 and NS5B-6133 siRNA (Fig. 4C). Because replication of the
HCYV replicon is known to be cell cycle-dependent (17), we stained
S1179I cells with propidium iodide and performed flow cytometry
analysis to determine whether the siRNA had any effect on the cell
cycle. Cell cycle profiles of mock- or siRNA-transfected cells were
identical, demonstrating that the inhibition of HCV replication was
not due to an effect on cell cycle progression (data not shown).
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Fig. 4. (A) Effect of RNAi on IFN-induced genes. Real-time RT-PCR was used
to compare the content of PKR and MxA transcripts in $1179I cells transfected
with siRNA or incubated with IFNa. The relative fold induction of each
transcript normalized to that seen in mock-transfected S1179I cells is shown.
(B) Determination of expression of OAS and GAPDH mRNA by RT-PCR. (C)
Effect of IFN treatment and RNAi on HCV replication was assessed on day 2
after IFN treatment or siRNA transfection in S11791 cells, and compared with
mock-transfected S1179I cells. Representative data (mean = SEM) from two
independent experiments are shown.

Discussion

We have demonstrated that RNAi can block HCV replication in
stably transfected Huh-7 cells in vitro. From the seven HCV-specific
siRNAs tested, the greatest inhibition was detected by using the
NS3-1948 and NS5B-6133 siRNAs, which inhibited HCV replica-
tion in an IFN- and cell cycle-independent manner. The HCV- and
GAPDH-specific siRNAs were specific for their respective RNA
transcripts, whereas the scr siRNA did not affect either HCV or
GAPDH mRNA levels. By demonstrating that constitutively ex-
pressed viral and cellular transcripts can be efficiently suppressed by
RNAI in Huh-7 cells, these results suggest that RNAi can be used
as a tool in future experiments to study the ability of host genes to
regulate HCV replication in this system.

HCV RNA replication was inhibited within 2 days of siRNA
transfection, and the effect lasted at least 6 days. In contrast, the
inhibition of NS3 and NS5B was delayed to day 4 posttransfec-
tion, suggesting that these proteins have relatively long half lives.
The global decrease in HCV protein expression in all of the
transfected S11791 cells that we detected by immunofluores-
cence analysis suggests that either all of the cells were transfected
with the siRNA or that RNAI spreading may have occurred, as
demonstrated in plants and C. elegans (63, 64). Further exper-
iments are required to address this interesting possibility.
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Labeled HCV-specific siRNA could be detected in the cyto-
plasm of S11791 cells on day 2, consistent with previous data
demonstrating the perinuclear localization of siRNA (65). The
significance of this pattern of perinuclear localization and the
disappearance of these perinuclear foci by day 4 is still unknown,
but it may reflect the association of the siRNA with RNA-
induced silencing complexes and the relative instability of the
input labeled material. Additional experiments are needed to
understand the significance of these results.

Recently, many viruses have been shown to be susceptible to
inhibition by RNAI, suggesting that RNAi may play an adaptive
antiviral role in controlling these viral infections (46—48, 50, 51,
54, 55). In addition, some viruses have evolved mechanisms to
evade RNAI. For example, the FHV induces RNAi in Drosophila
cells, yet the FHV B2 protein suppresses this antiviral effect (49),
presumably reflecting an attempt to escape from this endoge-
nous antiviral host response. The mechanism for suppression of
RNAI by the FHV B2 protein is currently unknown. Further
studies analyzing the ability of RNAI to inhibit replication of a
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