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Fig. 1. Anti-HCV activity of RBV detected in the ORL8 and ORL11 system. (A) RBV sensitivities on genome-length HCV RNA replication in ORL8, ORL11, and OR6. The ORLS,
ORL11 and ORS cells were treated with RBV for 72 h, and then an RL assay (bold line in the upper panel) was performed. The relative luciferase activity (RLU) (%) calculated
at each point, when the level of luciferase activity in non-treated cells was assigned to be 100% is presented here. The cell number (dotted line in the upper panel) at each
concentration was determined as described in Section 2. Western blot analysis of RBV-treated ORL8, ORL11, and ORS6 cells for HCV proteins, Core and NS5B, was also performed
(lower panel). (B) Time-dependent anti-HCV activity of RBV. The ORL8, ORL11, and ORG6 cells were treated with RBY, and an RL assay was performed at 24, 48, and 72 h after
the treatment. The RLU (%) calculated at each time point, when the luciferase activity of non-treated cells at 24 h was assigned to be 100%, is shown. (C) Anti-HCV activity
of RBV was observed in Li23-derived replicon assay systems (SORL8 and sORL11), but not in HuH-7-derived replicon assay system (sOR). RBV treatment and RL assay were

performed as described for panel A.

two parts (6.0 kb covering 5-UTR to NS3 and 6.1 kb covering NS3 to
NS5B) and the two PCR products were subcloned for the sequence
analysis as described above.

2.9. RNA interference and quantitative RT-PCR

SiRNA duplexes targeting the coding regions of human IMPDH1
(Dhamacon; catalog no. M-009687-01) and IMPDH2 (Dharmacon;
catalog no. M-004330-02) were chemically synthesized. SiRNA
duplex non-targeting (Dharmacon; catalog no. D-001206-13) was

also used as a control. ORL8 cells were transfected with the indi-
cated siRNA duplexes using Oligofectamine (Invitrogen) (Dansako
et al., 2007). Extraction of total RNA and quantitative RT-PCR anal-
ysis for HCV RNA were performed by real-time LightCycler PCR as
described previously (Ikeda et al., 2005).

2.10. Statistical analysis

Statistical comparison of the luciferase activities between the
treatment groups and controls was performed using the Student’s
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t-test. P values of less than 0.05 were considered statistically sig-
nificant.

3. Results

3.1. Anti-HCV activity of RBV was clearly observed in the
Li23-derived assay systems, but not in the HuH-7-derived assay
system

Recently we demonstrated that Li23-derived assay systems
(ORL8 and ORL11), in which genome-length HCV RNA (O strain
of genotype 1b) encoding RL robustly replicates, were frequently
more sensitive to anti-HCV reagents such as IFNs and statins than
the corresponding HuH-7-derived assay system (OR6) (Kato et al,,
2009). Since we had observed a marginal anti-HCV activity of RBV
in ORG6 system, we assumed that the anti-HCV activity of RBV might
also be illuminated by ORL8 or ORL11 system. Indeed, marked
differences were observed between OR6 and both of the other
assay systems: RBV at clinically achievable concentrations effec-
tively inhibited HCV RNA replication in both ORL8 and ORL11, but
not in ORG6 (Fig. 1A). The ECsq values of RBV in ORL8, ORL11, and
OR6 were 8.7, 15.9, and >100 pM, respectively, without suppres-
sion of cell growth (upper panels in Fig. 1A). These pronounced
differences in the anti-HCV activity of RBV were confirmed by
Western blot analysis (lower panels in Fig. 1A). In addition, time
course assays revealed that the anti-HCV activity of RBV was dose-
and time-dependent in ORL8 and ORL11, but not in OR6 (Fig. 1B).
We next examined the activity of RBV using polyclonal cell-based
assay systems (sORLS, sORL11, and sOR (Ikeda et al., 2005)) har-
boring HCV replicon RNA. The results revealed that the ECsg values
of RBV in sORL8 and sORL11 were 14.3 and 29.9 wM, respectively,
whereas RBV showed no anti-HCV activity in sOR (Fig. 1C), suggest-
ing that the anti-HCV activity of RBV was not either a clone-specific
or genome-length HCV RNA-specific phenomenon. Moreover, we
demonstrated by Western blot (upper panel of Fig. 2) and quanti-
tative RT-PCR (lower panel of Fig. 2) analyses that RBV suppressed
HCV RNA replication in HCV-JFH1-infected ORLSc cells, but not in
HCV-JFH1-infected RSc cells, which HCV could infect and efficiently
replicate within (Ariumi et al., 2007; Kato et al., 2009). These results
alsoindicate that only the Li23-derived assay system can illuminate
the anti-HCV activity of RBV.

3.2. An ENT inhibitor cancelled anti-HCV activity of RBV

As one possible explanation for the pronounced differences
in RBV activity between the Li23- and HuH-7-derived assay sys-
tems, we considered that the efficiencies in the cellular uptake
of RBV might have differed between the two types of cells. To
date, two families of nucleoside transporter proteins have been
identified: the ENT family (ENT1, ENT2, and ENT3) and the con-
centrative nucleotide transporter (CNT) family (CNT1, CNT2, and
CNT3)(Pastor-Anglada etal., 2005). Two recent reports showed that
ENT1 and CNT3 might be responsible for RBV uptake in HuH-7 cells
(Ibarra and Pfeiffer, 2009), and that ENT1, but not ENT2 or CNTs, is
a major RBV uptake transporter in human hepatocytes (Fukuchi
et al,, 2010). To test these points, we first examined the effects of
an ENT inhibitor, NBMPR, and a CNT inhibitor, phloridzin dihydrate,
on the anti-HCV activity of RBV (50 uM; 90% effective concentra-
tion [ECgg]) in ORL8 system. The results revealed that 5 uM NBMPR
partially attenuated the anti-HCV activity of RBV in ORLS (Fig. 3A).
The marginal activity of RBV was also not changed in OR6 system
treated with these transporter inhibitors (data not shown). A sig-
nificant dose-dependency of the cancellation by NBMPR was also
observed in ORL8 (Fig. 3B). Since we observed a lack of expres-
sion of CNT family members in ORLS cells (data not shown), these
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Fig. 2. RBV inhibited HCV production in JFH1-infected ORL8c cells, but not in JFH1-
infected RSc cells. JFH1-infected ORL8c and RSc cells were treated with RBV for
72h, and subjected to Western blot analysis using anti-Core or B-actin antibody
(upper panel), and to quantitative RT-PCR analysis (lower panel). Asterisks indi-
cate significant differences compared to the control treatment. **P<0.01; NS, not
significant.

results suggest that cellular uptake of RBV is mediated by ENT mem-
ber(s). Accordingly, we next examined the levels of ENT mRNAs in
ORLS8 and ORG6 cells. However, the expression levels of ENT1, ENT2,
and ENT3 mRNAs were comparable between ORL8 and OR6 cells
(Fig. 3C). In addition, sequence analysis of ENT1, ENT2, and ENT3
mRNAs (data not shown)and Western blot analysis of ENT1 protein
(Fig. 3D) revealed no differences between the two cell lines. These
results suggest that the expression levels of ENT members are not
associated with the differences in RBV activity.

3.3. RBV did not act as a mutagen in HCV RNA replication

Since the suppressive effect of RBV on HCV RNA replication
was clearly observed in ORL8 system, we expected that ORLS cells
would be suitable for analysis of the anti-HCV mechanism of RBV. In
regard to the anti-HCV mechanism of RBV, several groups have pro-
posed that RBV (50-400 M) acts as an RNA mutagen and induces
error catastrophe in HCV RNA replication (Contreras et al., 2002;
Zhou et al.,, 2003). Therefore, we first examined whether or not
error catastrophe theory is involved in the anti-HCV activity of RBV
observed in ORL8 system. To test the mutagenic effect of RBV, ORLS
cells were treated with or without RBV (50 wM; ECgq level in ORLS
system) for 72 h, and then genome-length HCV RNA from the ORL8
cells was amplified by RT-PCR. We performed HCV quasispecies
analysis by sequencing of RL to the NeoR, NS5A, and NS5B regions
using at least 10 independent clones for each region. To estimate
the mutation rate, the total number of mutations and the ratio of
nonsynonymous to synonymous mutations in each region were
determined by comparison with the parental HCV sequences (Kato
et al., 2009). The results revealed that the overall mutation rate
and the ratio of nonsynonymous to synonymous mutations in each
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Fig. 3. An ENT inhibitor abolished anti-HCV activity of RBV. (A) An ENT inhibitor, NBMPR, canceled the anti-HCV activity of RBV in ORL8. ORL8 cells were pretreated with
NBMPR and/or phloridzin dihydrate for 30 min, and then treated with RBV for 72 h, after which an RL assay was performed. Asterisks indicate significant differences compared
to the control treatment. **P<0.01. (B) Dose-dependent cancellation by NBMPR of the activity of RBV. ORL8 cells were pretreated with NBMPR for 30 min, and then treated
with RBV for 72 h, after which an RL assay was performed. Asterisks indicate significant differences compared to the control treatment. *P<0.05; **P<0.01.(C) RT-PCR analysis
of ENTs. Total RNAs prepared from ORL8 and OR6 cells were subjected to RT-PCR using the primer sets for ENT1, ENT2, ENT3, and GAPDH as described in Section 2. RT-PCR
products were detected by staining with ethidium bromide after 3% agarose gel electrophoresis. (D) Western blot analysis of ORL8 and OR6 cells for ENT1. The primary
antibody used was ENT1. B-actin was used as a control for the amount of protein loaded per lane.

region were not increased irrespective of the presence or absence
of RBV treatment (Table 1). To confirm that mutation frequencies
given in Table 1 are overwhelmingly above the error level associ-
ated with the PCR, we sequenced independent five clones (6.0 kb
covering 5'-UTR to NS3 and 6.1 kb covering NS3 to NS5B) obtained
by PCR using KOD-plus DNA polymerase and a plasmid contain-
ing the parental HCV sequences (Kato et al., 2009) as a template.
No mutations were detected in these sequenced clones, indicating
that KOD-plus DNA polymerase possesses extremely high fidelity,
and suggesting that the mutations obtained in the present study
are not produced by the errors associated with the PCR. There-
fore, these results indicate that RBV does not act as a mutagen
in HCV RNA replication in ORL8 cells, and suggest that the anti-
HCV activity of RBV (ECsg; 8.7 wM) observed in ORL8 system is
not due to the induction of error catastrophe in the HCV RNA
genome.

Table 1
Mutation frequencies in RL-NeoR, NS5A, and NS5B regions.

3.4. RBV did not activate the IFN-signaling pathway

Regarding HCV, Liu et al. (Liu et al., 2007) have reported that
RBV (40-500 p.M) enhances the [FN-signaling pathway in in vitro
cell culture systems. Furthermore, a recent report showed that RBV
improved early responses to PEG-IFN through enhanced IFN sig-
naling in the treatment of patients with chronic hepatitis (Feld
et al., 2010). In that study, it was shown that the RBV concen-
tration in patients at day 3 was correlated with IP-10 induction
at 12h, but only in patients with an adequate first phase viral
decline (Feld et al., 2010). Therefore, we expected that RBV would
enhance the IFN-signaling pathway in our new cell culture system.
Accordingly, we first examined the effect of RBV in combination
with IFN-a on HCV RNA replication using ORL8 system. OR6 sys-
tem was also used for purpose of comparison. The results showed
that RBV had an additive effect in decreasing HCV RNA replica-

Region Condition Total no. of clones Total no. of mutations Nonsynonymous/synonymous
substitutions (ratio)
RL-NeoR (1953 nts) Control 12 59 39/20(1.95)
RBV (50 wM) 12 49 31/18(1.72)
NS5A (1341 nts) Control 10 35 24/11(2.18)
RBV (50 M) 10 36 24/12 (2.00)
NS5B (1773 nts) Control 10 10 3/7(043)
RBV (50 wM) 10 9 2[7(0.29)
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Fig.4. RBV did not activate the IFN-signaling pathway in ORLS cells. (A) Additive effect of RBV in combination with IFN-c.. ORL8 and OR6 cells were treated with a combination
of IFN-a and RBV for 72 h, after which the RL assay was performed. (B) Time course assay of the anti-HCV activity of RBV or IFN-a.. ORLS cells were treated with RBV or IFN-q,
and an RL assay was performed at 3, 6, 9, 12, 15, and 24 h after treatment. Presented here is the RLU (%) calculated at each point, when the RL activity of non-treated cells
at 3 h was assigned to be 100%. (C) ISGs were not induced by RBV treatment. ORLS cells were treated with IFN-o or RBV for 6 h, and then the total RNAs extracted from the
cells were subjected to RT-PCR using the primer sets for ISG15, IRF7, IP-10, and GAPDH as described in Section 2. RT-PCR products were detected by staining with ethidium
bromide after 3% agarose gel electrophoresis. (D) Phosphorylation of STAT1 was not induced by RBV treatment. ORL8 cells were treated with IFN-o or RBV for 30 min, and
subjected to Western blot analysis using anti-STAT1, anti-phospho-STAT1(Y701), and anti-B-actin antibodjies.

tion in both assay systems, but its activity was greater in ORL8
than in OR6 (Fig. 4A). A comparative time course assay using RBV
or IFN-a demonstrated that RBV- and IFN-a-treated ORL8 cells
had the same anti-HCV kinetics, leading to decreased RL activ-
ity at 9h after treatment (Fig. 4B). These results suggest that RBV
induces some anti-HCV signaling pathway, such as an IFN-signaling
pathway, rather than inducing IFN or directly inhibiting RNA
replication.

We next examined the ability of RBV to activate ISGs. RT-
PCR analysis revealed that RBV treatment (6h) did not cause
an induction of representative ISGs, ISG15, IRF7, and IP-10, in
ORL8 cells, although even treatment (6h) with 11U/ml (ISG15

and IRF7) or 101U/ml (IP-10) of IFN-a could induce these ISGs
(Fig. 4C). Similar results were also obtained in OR6 cells and
Huh7.5 cells (data not shown). In addition, enhancement of
these ISGs was also not observed in the ORL8 cells co-treated
with IFN-oe and RBV (data not shown). Furthermore, we exam-
ined the phosphorylation status of STAT1 after RBV treatment.
The results revealed that RBV treatment (up to 100 uM for
30min) did not induce the phosphorylation of STAT1 in ORLS
cells, although phosphorylation of STAT1 was observed even after
the treatment with 101U/ml of IFN-« (Fig. 4D). Together, these
results indicate that RBV does not activate the IFN-signaling
pathway.
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Fig.5. The anti-HCV activity of RBV was not canceled by addition of VE. (A) Effects of
VE on IFN-a, RBV, and CsA at the ECgp. ORLS cells were treated with control medium
(—), IFN-c, RBV, or CsA in either the absence or presence of VE for 72h, and then
an RL assay was performed. (B) The ratio of RL activity in the presence of VE to the
RL activity in the absence of VE. The above ratio was calculated from the data of
panel A. The horizontal line indicates the promotive effect of VE alone on HCV RNA
replication as a baseline.

3.5. RBV did not induce the oxidative stress or subsequent
anti-HCV status

Recently we reported that the antioxidant VE negated the antivi-
ral activities of a broad range of anti-HCV reagents, including CsA,
and demonstrated the involvement of the MEK-ERK1/2-signaling
pathway in the anti-HCV status induced by oxidative stress (Yano
et al., 2007, 2009). Therefore, we next expected that RBV induces
oxidative stress. Accordingly, we examined the effect of VE on
RBV, IFN-q, or CsA at the ECgg level in ORL8 system. Although the
anti-HCV activity of CsA was canceled to a significant level by VE,
the inhibitory effects of RBV and IFN-« were hardly influenced by
co-treatment with VE (Fig. 5A). We normalized these results by
dividing the RL value obtained in the presence of VE by that in the
absence of VE as described previously (Yano et al., 2007) (Fig. 5B).
The value of RBV was almost the same as that of IFN-a or control,
although the value of CsA was somewhat higher (7.3) which was
consistent with previous findings (Yano et al., 2007). These results
suggest that induction of oxidative stress is not associated with the
activity of RBV detected in ORL8 system.

3.6. Guanosine dose-dependently attenuated the anti-HCV
activity of RBV

Previously, using a qualitative colony-forming efficiency (CFE)
assay of an HCV RNA replicon, Zhou et al. (2003) showed that RBV
(50 M) reduced the CFE by 2-fold in HuH-7 cells, although 10 pM
RBV did not resultin a significant change in CFE. In that study, when
exogenous guanosine, but not adenosine, which would replenish
GTP pools via the salvage pathway, was co-administered with RBV,
the RBV-induced CFE reduction was partially cancelled (Zhou et al.,
2003). From this result, the authors suggested that IMPDH inhi-
bition and subsequent lowering of GTP pools contribute to the
observed reduction in CFE. However, they failed to observe the
any suppressive effects of the IMPDH inhibitors MPA and Merime-
podib (MMPD)/VX-497 on HCV RNA replication (Zhou et al., 2003).
Conversely, Henry et al. showed that MPA exerted anti-HCV activ-
ity on HCV RNA replication in HuH-7-derived cells (Henry et al.,
2006). Therefore, in order to resolve these controversial results, we
initially examined the anti-HCV activity of MPA in ORL8 and OR6
systems. The results revealed that MPA strongly inhibited HCV RNA
replication in both systems without suppression of cell growth. The
ECsp values of MPA in the ORL8 and OR6 were 0.29 and 0.57 p.M,
respectively (Fig. 6A). Dose-dependent cancellation by guanosine,
but not by adenosine, of the activity of MPA, was observed in both
systems (Fig. 6B and data not shown for OR6 system). These results
suggest that the depression of GTP induced by inhibition of IMPDH
decreases the level of HCV RNA replication. From these results, we
expected that anti-HCV activity of RBV observed in ORL8 might
also have been associated with the inhibition of IMPDH. Indeed,
significant dose-dependent cancellation by guanosine, but not by
adenosine, of the anti-HCV activity of RBV (10 uM) was observed in
ORLS (Fig. 6C). ORL11 also showed a similar cancellation by guano-
sine (data not shown). The suppressive effect of guanosine on the
activity of RBV in ORL8 was confirmed by Western blot analysis
(Fig. 6D). These results suggest that the anti-HCV activity of RBV at
clinically achievable concentrations in ORL8 is mediated through
the inhibition of IMPDH by RBV.

3.7. IMPDH is required for HCV RNA replication

To confirm the involvement of IMPDH on HCV RNA replica-
tion, the endogenous expression of IMPDH was suppressed by
siRNA specific to IMPDH. Since IMPDH has two isoforms, IMPDH1
and IMPDH2, which share 84% amino-acid homology (Wang et al.,
2008), we prepared IMPDH1- and/or IMPDH2-knockdown ORL8
cells. The effective knockdown of IMPDH1 and/or IMPDH2 in ORL8
cells was confirmed by quantitative RT-PCR (Fig. 7A). We observed
that the levels of HCV RNA replication in these knockdown cells
were notably reduced compared with the control cells without sup-
pression of cell growth (Fig. 7B). These results suggest that IMPDH is
crucial for the maintenance of HCV RNA replication. Taken together,
these results indicate that the inhibitory activity of RBV on HCVRNA
replication in Li23-derived cells is mediated through the inhibition
of IMPDH by RBV.

4. Discussion

In this study, using novel Li23-derived cell culture assay sys-
tems, we demonstrated for the first time that RBV at clinically
achievable concentrations efficiently inhibited HCV RNA replica-
tion, and clarified that its anti-HCV activity was mediated by the
inhibition of IMPDH.

To date, several mechanisms as described above have been pro-
posed based on the results of studies using an HuH-7-derived cell
culture system (Feld and Hoofnagle, 2005; Feld et al, 2010; Lau
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Fig. 6. Guanosine canceled the anti-HCV activity of RBV in ORL8 system. (A) Anti-HCV activity of MPA in ORL8 and OR6. The ORL8 and OR6 cells were treated with MPA
for 72 h, and then RL assay was performed. (B) Effect of guanosine or adenosine on MPA in ORLS system. ORLS cells were treated with MPA alone or in combination with
guanosine or adenosine for 72 h, and then RL assay was performed. Asterisk indicates a significant difference compared to the control treatment. *P<0.05. (C) Effect of
guanosine or adenosine on RBV in ORL8 system, ORLS cells were treated with RBV alone or in combination with guanosine or adenosine for 72 h, and then the RL assay was
performed. Asterisks indicate significant differences compared to the control treatment. *P<0.05; **P<0.01. (D) Effect of guanosine on RBV in ORLS8 system, ORLS cells were
treated with RBV alone or in combination with guanosine for 72 h, and subjected to Western blot analysis using anti-Core and B-actin antibodies.

et al,, 2002; Thomas et al, 2011; Zhou et al,, 2003). Although
the effective concentrations (50-1000 M) of RBV in those stud-
ies were much higher than the clinically achievable concentrations
(5-14 uM) (Feld et al., 2010; Pawlotsky et al., 2004; Tanabe et al.,
2004), the effective concentration of RBV in this study was close to
the clinically achievable concentrations. Furthermore, it is note-
worthy that the replication of a different HCV strain (JFH1 of
genotype 2a) in the Li23-derived cell culture system, but not in
the HuH-7-derived cell culture system, was also suppressed with
RBV at the concentration of 10 wM (Fig. 1C). These results demon-
strate that the Li23 cell-derived assay system is a more sensitive
biosensor of RBV than the HuH-7 cell-derived assay system.

The finding that RBV remarkably inhibited HCV RNA replication
in our new assay systems led us to analyze the anti-HCV mecha-
nism of RBV. In this study, we evaluated several possible anti-HCV
mechanisms of RBV, as described above. Regarding the induction of
error catastrophe by RBV, we obtained no evidence that RBV (even
at 50 uM) acted as a mutagen in HCV RNA replication. Therefore,
we could not explain the mechanism underlying the suppression
of HCV RNA replication by RBV according to the theory of error
catastrophe. In addition, no increasing mutation rate of HCV RNA
in patients receiving RBV monotherapy or a combination of RBV
plus IFN-a was observed in a previous clinical study (Chevaliez

and Pawlotsky, 2007). In consideration of all these findings, we
suggest that the clinically achievable concentrations of RBV do
not act as a mutagen in HCV RNA replication. Indeed, our previ-
ous study using the replicon cell culture system demonstrated that
RBV treatment (6 months at 5 and 25 wM) did not accelerate the
mutation rate or increase the genetic diversity of the HCV replicon
(Kato et al., 2005). In regard to the effect of RBV on the IFN system,
we obtained no evidence that RBV (even at 50 uM) induced ISGs
(ISG15, IRF7, and IP-10) or phosphorylation of STAT1 even in the
cells co-treated with IFN-a and RBV (data not shown). On the other
hand, very recently Thomas et al. (Thomas et al.,2011) reported that
RBV treatment (500 wM) resulted in the induction of a distinct set
of ISGs including ISG15, IRF7, and IRF9, using HuH-7-derived cell
line Huh7.5.1. In that study, they demonstrated that the induction
of these ISGs was mediated by a novel mechanism different from
those associated with IFN signaling and double stranded RNA sens-
ing pathway, and concluded that the effect of RBV on ISG regulation
is IFN-independent. However, in our cell culture system, which is
highly sensitive to RBV, the induction of ISG15 and IRF7 by RBV
was not observed (Fig. 4C). This kind of controversial results may
be dependent on the difference of cell lines used in both studies,
since recent microarray analysis revealed that the expression pro-
files of Li23 and HuH-7 cells, both of which possess an environment
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Fig. 7. IMPDH is required for HCV RNA replication. (A) Inhibition of IMPDH1 and
IMPDH2 expression by siRNA in ORL8 cells. ORL8 cells were transfected with 8nM
siRNA targeting for IMPDH1 and/or IMPDH2. After 72 h, the expression levels of
IMPDH1 and IMPDH2 mRNAs were determined by the quantitative RT-PCR. Exper-
iments were done in triplicate. (B) Suppression of HCV RNA replication in IMPDH1-
and/or IMPDH2-knockdown ORLS cells. The RLU (%) calculated, when the luciferase
activity of the cells treated with control siRNA was assigned to be 100%, is shown.
The cell viability was determined as described in Section 2.

for robust HCV replication, differed considerably (Kato et al., 2009;
Mori et al., 2010). However, Thomas et al. (2011) observed that the
addition of guanosine to the medium could block RBV-induced ISGs
induction. Therefore, further additional studies would be needed to
resolve the differences of results obtained from both studies.

The highlight in this study is that a Li23-derived cell culture
system clearly demonstrated an association between the suppres-
sion of HCV RNA replication by RBV and IMPDH inhibition by
RBV. Although RBV is known to be an IMPDH inhibitor (Lau et al.,
2002), it had been considered that such inhibitory activity would
not contribute to the anti-HCV activity of RBV, because of the
marginal antiviral effect of RBV in HuH-7-derived HCV RNA repli-
cating cells (Naka et al.,, 2005; Tanabe et al,, 2004; Zhou et al,,
2003). Although Zhou et al. (2003) previously showed that exoge-

nous guanosine cancelled the RBV-induced CFE reduction using an
HuH-7-based HCV replicon system, they did not observe any dose-
dependent reversion of the adverse effect of RBV by the addition
of guanosine. However, in our Li23-based HCV replication assay
system, we observed a near complete cancellation of the activity
of RBV in the dose-dependent manner of guanosine (Fig. 6C). This
finding indicated that anti-HCV activity of RBV might be medi-
ated through the inhibition of IMPDH by RBV. Indeed, we could
demonstrate that HCV RNA replication was notably suppressed
in IMPDH-knockdown ORL8 cells (Fig. 7B). Taken together, these
results revealed that the Li23-derived assay system was superior
to HuH-7-derived assay system in order to clarify the anti-HCV
mechanism of RBV.

The remarkable effect of RBV observed in this study was con-
sidered to be due to the difference in the cell lines used, because
Li23-derived cells possessed rather different gene expression pro-
files from those in HuH-7-derived cells (Kato et al., 2009; Mori
et al., 2010). As one of the possibilities, we examined the expres-
sion status of nucleoside transporters (ENT family) involved in
cellular uptake of RBV or ATP-binding cassette transporters, includ-
ing multidrug resistance 1, which is involved in cellular excretion.
However, the mRNA levels of these transporters were almost the
same in both types of cells (Fig. 3C). Although unfortunately we
failed to clarify the mechanism underlying the remarkable differ-
ences in the activity of RBV in both types of cells, we observed that
the anti-HCV activity of RBV was completely canceled by NBMPR,
an ENT inhibitor, suggesting that RBV is taken by ENT member(s) at
least in ORLS cells. This finding supports the recent report describ-
ing the involvement of ENT1 on cellular uptake of RBV (Fukuchi
et al,, 2010; Ibarra and Pfeiffer, 2009). Therefore, a comparative
analysis regarding the functions of ENT member(s) derived from
both types of cells will be needed. As the other possibility, the dif-
ferences of activities or expression levels of IMPDH in OR6 and ORL8
cells may contribute to the remarkable effect of RBV observed in
ORLS celis.

On the other hand, it has been known that rapid reduction of the
intracellular level of GTP occurs when RBV inhibits IMPDH (Feld
and Hoofnagle, 2005). Therefore, it is assumed that the decrease
of GTP would lead to a suppression of HCV replication. To date,
several studies (Lohmann et al., 1999; Luo et al., 2000; Simister
et al., 2009) have shown that high concentration of GTP (approx-
imately 500 wM corresponding to the intracellular concentration)
is required for the efficient de novo initiation of RNA synthesis by
HCV NS5B RdRp. In addition, Simister et al. (2009) showed that
change from 500 uM to 100 pM of GTP concentration decreased
a log of the NS5B RdRp activity. From these studies, we expect
that the inhibition of IMPDH by RBV may cause rapid decrease of
intracellular GTP concentration, resulting in the suppression of de
novo RNA synthesis by NS5B. Before our assumption, MMPD/VX-
497 has developed as an inhibitor of IMPDH, and it has been shown
to exert anti-HCV activity (ECsg; 0.39 M) in an HCV replicon sys-
tem (Marcellinetal.,2007). However, MMPD/VX-497 monotherapy
of patients with chronic hepatitis C had no effect on HCV RNA levels
(Marcellin et al., 2007) just as, in another study, RBV monotherapy
had no effect on HCV RNA levels in patients with chronic hepati-
tis C (Di Bisceglie et al., 1995). Although we showed that the ECsg
value of RBV in this study was equivalent to the clinically achiev-
able concentrations (Feld et al., 2010; Pawlotsky et al.,2004; Tanabe
et al., 2004), we considered that the effective concentration for a
reduction of HCV RNA levels in monotherapy would be less than the
ECqq value. However, an IMPDH inhibitor at ECsg would be effec-
tive in combination with IFN-a as an adjuvant. Indeed, combination
therapy with IFN-a and MMPD/VX-497 was effective in previously
untreated patients with chronic hepatitis C (McHutchison et al.,
2005). However, a recent study (Rustgi et al., 2009) showed that
the addition of MMPD/VX-497 to PEG-IFN-a and RBV combination
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therapy in patients who had been nonrespondent to PEG-IFN-«
and RBV combination therapy did not increase the proportion of
patients who achieved an SVR. Since we showed that RBV also acted
as an IMPDH inhibitor in the present study, it would seem to be
a reasonable result that MMPD/VX-497 had no significant effect
on patients who were nonresponsive to combination therapy with
PEG-IFN-a and RBV.

In conclusion, we clarified the anti-HCV mechanism of RBV in a
new HCV cell culture system. The fact that anti-HCV activity of RBV
was mediated by the inhibition of IMPDH would provide a clue to
the mechanism of the increase of SVR by the current standard com-
bination therapy with PEG-IFN-a and RBV. In addition, our findings
should also be useful for the screening and development of new
anti-HCV drugs, which inhibit IMPDH, with reduced side effects,
including anemia.
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The microRNA miR-122 and DDX6/Rck/p54, a microRNA effector, have been implicated in hepatitis C virus
(HCV) replication. In this study, we demonstrated for the first time that HCV-JFH1 infection disrupted
processing (P)-body formation of the microRNA effectors DDX6, Lsm1, Xrnl, PATLI1, and Ago2, but not the
decapping enzyme DCP2, and dynamically redistributed these microRNA effectors to the HCV production
factory around lipid droplets in HuH-7-derived RSc cells. Notably, HCV-JFH1 infection also redistributed the
stress granule components GTPase-activating protein (SH3 domain)-binding protein 1 (G3BP1), ataxin-2
(ATX2), and poly(A)-binding protein 1 (PABP1) to the HCV production factory. In this regard, we found that
the P-body formation of DDX6 began to be disrupted at 36 h postinfection. Consistently, G3BP1 transiently
formed stress granules at 36 h postinfection. We then observed the ringlike formation of DDX6 or G3BP1 and
colocalization with HCV core after 48 h postinfection, suggesting that the disruption of P-body formation and
the hijacking of P-body and stress granule components occur at a late step of HCV infection. Furthermore,
HCYV infection could suppress stress granule formation in response to heat shock or treatment with arsenite.
Importantly, we demonstrate that the accumulation of HCV RNA was significantly suppressed in DDX6, Lsm1,
ATX2, and PABP1 knockdown cells after the inoculation of HCV-JFH1, suggesting that the P-body and the
stress granule components are required for the HCV life cycle. Altogether, HCV seems to hijack the P-body and

the stress granule components for HCV replication.

Hepatitis C virus (HCV) is the causative agent of chronic
hepatitis, which progresses to liver cirrhosis and hepatocellular
carcinoma. HCV is an enveloped virus with a positive single-
stranded 9.6-kb RNA genome, which encodes a large polypro-
tein precursor of approximately 3,000 amino acid (aa) residues.
This polyprotein is cleaved by a combination of the host and
viral proteases into at least 10 proteins in the following order:
core, envelope 1 (E1), E2, p7, nonstructural 2 (NS2), NS3,
NS4A, NS4B, NS5A, and NS5B (12, 13, 21). The HCV core
protein, a nucleocapsid, is targeted to lipid droplets (LDs), and
the dimerization of the core protein by a disulfide bond is
essential for the production of infectious virus (24). Recently,
LDs have been found to be involved in an important cytoplas-
mic organelle for HCV production (26). Budding is an essen-
tial step in the life cycle of enveloped viruses. The endosomal
sorting complex required for transport (ESCRT) system has
been involved in such enveloped virus budding machineries,
including that of HCV (5).

DEAD-box RNA helicases with ATP-dependent RNA-un-
winding activities have been implicated in various RNA met-
abolic processes, including transcription, translation, RNA
splicing, RNA transport, and RNA degradation (32). Previ-
ously, DDX3 was identified as an HCV core-interacting pro-
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tein by yeast two-hybrid screening (25, 29, 43). Indeed, DDX3
is required for HCV RNA replication (3, 31). DDX6 (Rck/
p54) is also required for HCV replication (16, 33). DDX6
interacts with an initiation factor, eukaryotic initiation factor
4E (elF-4E), to repress the translational activity of mRNP
(38). Furthermore, DDXG6 regulates the activity of the decap-
ping enzymes DCP1 and DCP2 and interacts directly with
Argonaute-1 (Agol) and Ago2 in the microRNA (miRNA)-
induced silencing complex (miRISC) and is involved in RNA
silencing. DDX6 localizes predominantly in the discrete cyto-
plasmic foci termed the processing (P) body. Thus, the P body
seems to be an aggregate of translationally repressed mRNPs
associated with the translation repression and mRNA decay
machinery.

In addition to the P body, eukaryotic cells contain another
type of RNA granule termed the stress granule (SG) (1, 6, 22,
30). SGs are aggregates of untranslating mRNAs in conjunc-
tion with a subset of translation initiation factors (eIF4E, eIF3,
elF4A, elFG, and poly(A)-binding protein [PABP]), the 40S
ribosomal subunits, and several RNA-binding proteins, includ-
ing PABP, T cell intracellular antigen 1 (TTIA-1), TIA-1-related
protein (TIAR), and GTPase-activating protein (SH3 do-
main)-binding protein 1 (G3BP1). SGs regulate mRNA trans-
lation and decay as well as proteins involved in various aspects
of mRNA metabolisms. SGs are cytoplasmic phase-dense
structures that occur in eukaryotic cells exposed to various
environmental stress, including heat, arsenite, viral infection,
oxidative conditions, UV irradiation, and hypoxia. Impor-
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tantly, several viruses target SGs and stress granule compo-
nents for viral replication (10, 11, 34, 39). Recent studies sug-
gest that SGs and the P body physically interact and that
mRNAs may move between the two compartments (1, 6, 22,
28, 30).

miRNAs are a class of small noncoding RNA molecules ~21
to 22 nucleotides (nt) in length. miRNAs usually interact with
3'-untranslated regions (UTRs) of target mRNAs, leading to
the downregulation of mRNA expression. Notably, the liver-
specific and abundant miR-122 interacts with the 5’-UTR of
the HCV RNA genome and facilitates HCV replication (15,
17, 19, 20, 31). Ago2 is at least required for the efficient miR-
122 regulation of HCV RNA accumulation and translation
(40). However, the molecular mechanism(s) for how DDX6
and miR-122 as well as DDX3 positively regulate HCV repli-
cation is not fully understood. Therefore, we investigated the
potential role of P-body and stress granule components in
HCYV replication.

MATERIALS AND METHODS

Cell culture. 293FT cells were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM; Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine
serum (FBS). HuH-7-derived RSc cured cells, in which cell culture-generated
HCV-JFHI1 (JFH1 strain of genotype 2a) (37) could infect and effectively rep-
licate, were cultured in DMEM with 10% FBS as described previously (3-5, 23).

Plasmid construction. To construct pcDNA3-FLAG-DDX6, a DNA fragment
encoding DDX6 was amplified from total RNAs derived from RSc cells by
reverse transcription (RT)-PCR using KOD-Plus DNA polymerase (Toyobo)
and the following pairs of primers: 5'-CGGGATCCAAGATGAGCACGGCC
AGAACAGAGAACCCTGTT-3' (forward) and 5'-CCGCTCGAGTTAAGGT
TTCTCATCTTCTACAGGCTCGCT-3’ (reverse). The obtained DNA frag-
ments were subcloned into either BamHI-Xhol site of the pcDNA3-FLAG
vector (2), and the nucleotide sequences were determined by BigDye termination
cycle sequencing using an ABI Prism 310 genetic analyzer (Applied Biosystems,
Foster City, CA).

RNA interference. The following small interfering RNAs (siRNAs) were used:
human ATXN2/ATX2/ataxin-2 (siGENOME SMRT pool M-011772-01-005),
human PABP1/PABPCI (siGENOME SMRT pool M-019598-01-005), human
Lsml (siGENOME SMRT pool M-005124-01-005), human Xrnl (siGENOME
SMRT pool M-013754-01-005), human G3BP1 (ON-TARGETplus SMRT pool
L-012099-00-005), human PATL1 (siGENOME SMRT pool M-015591-00-005),
and siGENOME nontargeting siRNA pool 1 (D-001206-13-05) (Dharmacon,
Thermo Fisher Scientific, Waltham, MA), as a control. siRNAs (25 nM final
concentration) were transiently transfected into RSc cells (3-5, 23) using Oligo-
fectamine (Invitrogen) according to the manufacturer’s instructions. Oligonucleo-
tides with the following sense and antisense sequences were used for the cloning of
short hairpin RNA (shRNA)-encoding sequences targeted to DDX6 (DDX6i) as
well as the control nontargeting sShRNA (shCon) in a lentiviral vector: 5'-GATCC
CCGGAGGAACTAACTCTGAAGTTCAAGAGACTTCAGAGTTAGTTCCT
CCTTTTTGGAAA-3' (sense) and 5'-AGCTTTTCCAAAAAGGAGGAACTAA
CTCTGAAGTCTCITGAACTTCAGAGTTAGTTCCTCCGGG-3' (antisense)
for DDX6i and 5'-GATCCCCGAATCCAGAGGTAATCTACTTCAAGAGA
GTAGATTACCTCTGGATTCTITTTTGGAAA-3' (sense) and 5'-AGCTTTTC
CAAAAAGAATCCAGAGGTAATCTACTCTCTTGAAGTAGATTACCTC
TGGATTCGGG-3' (antisense) for shCon. The oligonucleotides described
above were annealed and subcloned into the BgllI-HindIII site, downstream
from an RNA polymerase III promoter of pSUPER (8), to generate pSUPER-
DDX6i and pSUPER-shCon, respectively. To construct pLV-DDXG6i and pLV-
shCon, the BamHI-Sall fragments of the corresponding pSUPER plasmids were
subcloned into the BamHI-Sall site of pRDI292, an HIV-1-derived self-inacti-
vating lentiviral vector containing a puromycin resistance marker allowing for the
selection of transduced cells (7). pLV-DDX3i, described previously (3), was
used.

Lentiviral vector production. The vesicular stomatitis virus G protein (VSV-
G)-pseudotyped HIV-1-based vector system was described previously (27, 44).
The lentiviral vector particles were produced by the transient transfection of the
second-generation packaging construct pCMV-AR8.91 (27, 44), the VSV-G-
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envelope-expressing plasmid pMDG2, as well as pRDI292 into 293FT cells with
FuGene6 reagent (Roche Diagnostics, Mannheim, Germany).

HCYV infection experiments. The supernatants were collected from cell cul-
ture-generated HCV-JFH1 (37)-infected RSc cells (3-5, 23) at 5 days postinfec-
tion and stored at —80°C after filtering through a 0.45-pm filter (Kurabo, Osaka,
Japan) until use. For infection experiments with HCV-JFH]1, RSc cells (1 X 10°
cells/well) were plated onto 6-well plates and cultured for 24 h. We then infected
the cells at a multiplicity of infection (MOI) of 1 or 4. The culture supernatants
were collected at 24 h postinfection, and the levels of the core protein were
determined by an enzyme-linked immunosorbent assay (ELISA) (Mitsubishi
Kagaku Bio-Clinical Laboratories, Tokyo, Japan). Total RNA was also isolated
from the infected cellular lysates by using an RNeasy minikit (Qiagen, Hilden,
Germany) for analysis of intracellular HCV RNA. The infectivity of HCV-JFH1
in the culture supernatants was determined by a focus-forming assay at 48 h
postinfection. HCV-JFH1-infected cells were detected by using anti-HCV core
(CP-9 and CP-11 mixture).

Quantitative RT-PCR analysis. The quantitative RT-PCR analysis of HCV
RNA was performed by real-time LightCycler PCR (Roche) as described pre-
viously (3-5, 14, 23). We used the following forward and reverse primer sets for
the real-time LightCycler PCR: 5'-ATGAGTCATGTGGCAGTGGA-3' (for-
ward) and 5'-GCTGGCTGTACTTCCTCCAC-3' (reverse) for DDX3, 5'-ATG
AGCACGGCCAGAACAGA-3' (forward) and 5'-TTGCTGTGTCTGTGTGC
CCC-3’ (reverse) for DDX6, 5'-TGACGGGGTCACCCACACTG-3' (forward)
and 5'-AAGCTGTAGCCGCGCTCGGT-3' (reverse) for B-actin, and 5'-AGA
GCCATAGTGGTCTGCGG-3" (forward) and 5'-CTTTCGCAACCCAACGC
TAC-3' (reverse) for HCV-JFHI.

Preparation of anti-PATLI antibody. The anti-PATL1 antiserum was raised in
rabbits using the glutathione S-transferase (GST)-fused PATL1 Ct (C-terminal
region of PATLI, aa 450 to 770) as an antigen, and immunoglobulins were
affinity purified by using the maltose-binding protein (MBP)-fused PATL1 Ct
that was immobilized on an N-hydroxysuccinimide (NHS) column (GE Health-
care Bio-Sciences AB, Uppsala, Sweden).

Preparation of LDs. Lipid droplets (LDs) were prepared as described previ-
ously (26). Cells were pelleted by centrifugation at 1,500 rpm. The pellet was
resuspended in hypotonic buffer (50 mM HEPES [pH 7.4], 1 mM EDTA, 2 mM
MgCl,) supplemented with a protease inhibitor cocktail (Nacalai Tesque, Kyoto,
Japan) and was incubated for 10 min at 4°C. The suspension was homogenized
with 30 strokes of a glass Dounce homogenizer using a tight-fitting pestle (Whea-
ton, Millville, NJ). A 1/10 volume of 10X isotonic buffer {0.2 M HEPES (pH 7.4),
1.2 M potassium acetate (KoAc), 40 mM magnesium acetate [Mg(0Ac),], and 50
mM dithiothreitol (DTT)} was added to the homogenate. The nuclei were
removed by centrifugation at 2,000 rpm for 10 min at 4°C. The supernatant was
collected and centrifuged at 16,000 X g for 10 min at 4°C. The supernatant was
mixed with an equal volume of 1.04 M sucrose in isotonic buffer (50 mM HEPES,
100 mM KCl, 2 mM MgCl,, and protease inhibitor cocktail). The solution was set
in a 13.2-ml Polyallomer centrifuge tube (Beckman Coulter, Brea, CA). One
milliliter of isotonic buffer was loaded onto the sucrose mixture. The tube was
centrifuged at 100,000 X g in an SW41Ti rotor (Beckman Coulter) for 1 h at 4°C.
After the centrifugation, the LD fraction on the top of the gradient solution was
recovered in phosphate-buffered saline (PBS). The collected LD fraction was
used for Western blot analysis.

Western blot analysis. Cells were lysed in a buffer containing 50 mM Tris-HCl
(pH 8.0), 150 mM NaCl, 4 mM EDTA, 1% Nonidet P-40, 0.1% sodium dodecyl
sulfate (SDS), 1 mM DTT, and 1 mM phenylmethylsulfonyl fluoride. Superna-
tants from these lysates were subjected to SDS-polyacrylamide gel electropho-
resis, followed by immunoblot analysis using anti-DDX3 (catalog no. 54257 [NT]
and 5428 [IN]; Anaspec, San Jose, CA), anti-DDX6 (A300-460A; Bethyl Labo-
ratories, Montgomery, TX), anti-adipose differentiation-related protein (ADFP;
GTX110204; GeneTex, San Antonio, TX), anti-calnexin (NT; Stressgen, Ann
Arbor, MI), anti-HCV core (CP-9 and CP-11; Institute of Immunology, Tokyo,
Japan), anti-B-actin antibody (A5441; Sigma, St. Louis, MO), anti-ATX2/SCA2
antibody (A302-033A; Bethyl), anti-PABP (s¢-32318 [10E10]; Santa Cruz Bio-
technology, Santa Cruz, CA), anti-PABP (ab21060; Abcam, Cambridge, United
Kingdom), anti-G3BP1 (611126; BD Transduction Laboratories, San Jose, CA),
anti-LSM1 (LS-C97364, Life Span Biosciences, Seattle, WA), anti-HSP70
(610607; BD), anti-XRN1 (A300-443A; Bethyl), or anti-PATL1 antibody.

Immunofluorescence and confocal microscopic analysis. Cells were fixed in
3.6% formaldehyde in PBS, permeabilized in 0.1% NP-40 in PBS at room
temperature, and incubated with anti-DDX3 antibody (54257 [NT] and 5428
[IN]; Anaspec), anti-DDX3X (LS-C64576; Life Span), anti-DDX6 (A300-460A;
Bethyl), anti-HCV core (CP-9 and CP-11), anti-ATX2/SCA2 antibody (A302-
033A; Bethyl), anti-ataxin-2 (611378; BD), anti-PABP (ab21060; Abcam), anti-
G3BP1 (A302-033A; Bethyl), anti-LSM1 (LS-C97364; Life Span), anti-XRN1
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(A300-443A; Bethyl), anti-Dcp2 (A302-597A; Bethyl), anti-human Ago2 (011-
22033; Wako, Osaka, Japan), or anti-PATL1 antibody at a 1:300 dilution in PBS
containing 3% bovine serum albumin (BSA) for 30 min at 37°C. The cells were
then stained with fluorescein isothiocyanate (FITC)-conjugated anti-rabbit anti-
body (Jackson ImmunoResearch, West Grove, PA) at a 1:300 dilution in PBS
containing BSA for 30 min at 37°C. Lipid droplets and nuclei were stained with
borondipyrromethene (BODIPY) 493/503 (Molecular Probes, Invitrogen) and
DAPI (4',6-diamidino-2-phenylindole), respectively, for 15 min at room temper-
ature. Following extensive washing in PBS, the cells were mounted onto slides
using a mounting medium of 90% glycerin-10% PBS with 0.01% p-phenylene-
diamine added to reduce fading. Samples were viewed under a confocal laser
scanning microscope (LSM510; Zeiss, Jena, Germany).

Statistical analysis. A statistical comparison of the infectivities of HCV in the
culture supernatants between the knockdown cells and the control cells was
performed by using the Student ¢ test. P values of less than 0.05 were considered
statistically significant. All error bars indicate standard deviations.

RESULTS

HCYV infection hijacks the P-body components. To investi-
gate the potential role of P-body components in the HCV life
cycle, we first examined the alteration of the subcellular local-
ization of DDX3 or DDX6 by HCV-JFH1 infection using
confocal laser scanning microscopy as previously described (2),
since both DDX3 and DDX6 were identified previously as
P-body components (6). For this, we used HuH-7-derived RSc
cells, in which cell culture-generated HCV-JFH1 (JFH1 strain
of genotype 2a) (37) can infect and effectively replicate (3, 4,
23). HCV-JFHI-infected RSc cells at 60 h postinfection were
stained with anti-HCV core antibody, anti-DDX3, and/or anti-
DDXe6. Lipid droplets (LDs) and nuclei were stained with
BODIPY 493/503 and DAPI (4',6-diamidino-2-phenylindole),
respectively. Samples were viewed under a confocal laser scan-
ning microscope. Although we observed that endogenous
DDX3 localized in faint cytoplasmic foci in uninfected RSc
cells, DDX3 relocalized, formed ringlike structures, and colo-
calized with the HCV core protein in response to HCV-JFH1
infection (Fig. 1A). On the other hand, endogenous DDX6 was
localized in the evident cytoplasmic foci termed P bodies in the
uninfected cells (Fig. 1A). DDX6 also relocalized, formed
ringlike structures, and colocalized with the core protein in
response to HCV-JFH1 infection (Fig. 1A). Although we
failed to observe that most of the P bodies of DDX6 perfectly
colocalized with DDX3 in uninfected RSc cells (Fig. 1B), we
observed a few P bodies of DDX6 colocalized with DDX3 in
the uninfected cells (Fig. 1B, arrowheads). Intriguingly, we
found that endogenous DDX3 colocalized with endogenous
DDX6 in HCV-JFH1-infected cells (Fig. 1B). To further con-
firm this finding, pHA-DDX3 (41) and pcDNA3-FLAG-
DDXG6 were cotransfected into 293FT cells. Consequently, we
observed that hemagglutinin (HA)-DDX3 colocalized with
FLAG-DDXG6 in 293FT cells coexpressing HA-DDX3 and
FLAG-DDXG6 (Fig. 1B), suggesting cross talk of DDX3 with
DDXG6. Recently, LDs have been found to be involved in an
important cytoplasmic organelle for HCV production (26).
Indeed, both DDX3 and DDX6 were recruited around LDs in
response to HCV infection, while these proteins did not colo-
calize with LDs in uninfected naive RSc cells (Fig. 1C). Fur-
thermore, both DDX3 and DDX6 accumulated in the LD
fraction of the HCV-JFH1-infected RSc cells; however, we
could not detect both proteins in the LD fraction from unin-
fected control cells (Fig. 1D), suggesting that DDX3 and
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DDXG6 are recruited around LDs in response to HCV infec-
tion.

These results suggest that HCV-JFH1 infection disrupts P-
body formation. Therefore, we further examined whether or
not HCV-JFH1 disrupts the P-body formations of other
microRNA effectors, including Ago2; the Sm-like protein
Lsm1, which is a subunit of heptameric-ring Lsm1-7, involved
in decapping; the 5'-to-3’ exonuclease Xrnl; the decapping
activator PATLI; and the decapping enzyme DCP2 (6, 21, 30).
As expected, HCV-JFH1 disrupted the P-body formations of
Ago2, Lsml, and Xrn1 as well as PATL1 (Fig. 2). Lsm1, Xrnl,
or PATLI relocalized, formed ringlike structures, and colocal-
ized with the HCV core protein in response to HCV-JFH1
infection, whereas they were localized predominantly in P bod-
ies in uninfected RSc cells (Fig. 2). In fact, we observed that
DDXG6 colocalized with Ago2, a P-body marker (Fig. 2). In
contrast, HCV-JFH1 failed to disrupt the P-body formation of
DCP2 (Fig. 2). Thus, these results suggest that HCV disrupts
P-body formation through the hijacking of P-body compo-
nents.

HCYV hijacks stress granule components. Since Nonhoff et
al. recently reported that DDX6 interacted with ataxin-2
(ATX2) (28), we examined the potential cross talk among
DDX6, ATX2, and HCV. Although ATX2 and G3BP1, a well-
known stress granule component (36), were dispersed in the
cytoplasm at 37°C, both proteins formed discrete aggregates
termed stress granules and colocalized with each other in re-
sponse to heat shock at 43°C for 45 min, indicating that ATX2
is also stress granule component (Fig. 3A). We did not observe
prominent colocalization between DDX6 and ATX2 at 37°C
(Fig. 3B). In contrast, we found that DDX6 was recruited,
juxtaposed, and partially colocalized with stress granules of
ATX?2 in response to heat shock at 43°C for 45 min in the
uninfected RSc cells (Fig. 3B). Notably, ATX2 was recruited,
formed the ring-like structures, and partially colocalized with
DDXG6 in response to HCV-JFH1 infection even at 37°C (Fig.
3B). Furthermore, we noticed that ATX2 was recruited around
LDs in HCV-JFH1-infected cells at 72 h postinfection, while
ATX?2 did not colocalize with LDs in uninfected cells (Fig. 3C),
suggesting the colocalization of ATX2 with the HCV core
protein in infected cells. Indeed, ATX2 colocalized with the
HCYV core protein in HCV-JFH1-infected RSc cells at 37°C
(Fig. 3D). Moreover, HCV-JFH1 infection induced the colo-
calization of the core protein with other stress granule com-
ponents, G3BP1 or PABP1 as well as ATX2 (Fig. 4 and 5). To
further confirm our findings, we examined the time course of
the redistribution of DDX6 and G3BP1 after inoculation with
HCV-JFHL. Consequently, we still detected the P-body forma-
tion of DDX6 and dispersed G3BP1 in the cytoplasm, and we
did not observe a colocalization between the HCV core protein
and DDXG6 at 12 and 24 h postinfection (Fig. 4). In contrast, we
found that the P-body formation of DDX6 began to be dis-
rupted at 36 h postinfection (Fig. 4). Consistently, G3BP1
formed stress granules at 36 h postinfection (Fig. 4). We then
noticed a ringlike formation of DDX6 or G3BP1 and colocal-
ization with the HCV core protein after 48 h postinfection
(Fig. 4), suggesting that the disruption of P-body formation
and the hijacking of P-body and stress granule components
occur in a late step of HCV infection.

We then examined whether or not HCV-JFH1 infection
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FIG. 1. Dynamic recruitment of DDX3 and DDX6 around lipid droplets (LDs) in response to HCV-JFH1 infection. (A) HCV-JFH1 disrupts
the P-body formation of DDX6. Cells were fixed at 60 h postinfection and were then examined by confocal laser scanning microscopy. Cells were
stained with anti-HCV core (CP-9 and CP-11 mixture) and either anti-DDX3 (54257 and 54258 mixture) or anti-DDX6 (A300-460A) antibody and
then visualized with FITC (DDX3 or DDX6) or Cy3 (core). Images were visualized by using confocal laser scanning microscopy. The two-color
overlay images are also exhibited (merged). Colocalization is shown in yellow. (B) HCV-JFH1 recruits DDX3 or DDX6 around LDs. Cells were
stained with either anti-DDX3 or anti-DDX6 antibody and were then visualized with Cy3 (red). Lipid droplets and nuclei were stained with
BODIPY 493/503 (green) and DAPI (blue), respectively. A high-magnification image is also shown. (C) Colocalization of DDX3 with DDX6.
HCV-JFH1-infected RSc cells at 60 h postinfection were stained with anti-DDX3X (LS-C64576) and anti-DDX6 (A300-460A) antibodies. 293FT
cells cotransfected with 100 ng of pcDNA3-FLAG-DDX6 and 100 ng of pHA-DDX3 (41) were stained with anti-FLAG-Cy3 and anti-HA-FITC
antibodies (Sigma). (D) Association of DDX3 and DDX6 with LDs in response to HCV-JFH1 infection. The LD fraction and whole-cell lysates
(WCL) were collected from uninfected RSc cells (control) or HCV-JFH1-infected RSc cells at 5 days postinfection. The results of Western blot
analyses of DDX3, DDX6, and the HCV core protein as well as the LD marker ADFP and the endoplasmic reticulum (ER) marker calnexin in
the LD fraction are shown.
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FIG. 2. HCV disrupts the P-body formation of microRNA effectors. Uninfected RSc cells and HCV-JFHI1-infected RSc cells at 72 h
postinfection were stained with anti-human AGO2 (011-22033) and anti-DDX6 (A300-460A) antibodies. The cells were also stained with
anti-HCV core and anti-Lsm1 (LS-C97364), anti-Xrn1 (A300-443A), anti-PATLI1, or anti-DCP2 (A302-597A) antibodies and were examined by

confocal laser scanning microscopy.

could affect the stress granule formation of G3BP1, ATX2, or
PABP1 in response to heat shock or treatment with arsenite.
These stress granule components dispersed in the cytoplasm at
37°C, whereas these proteins formed stress granules in re-
sponse to heat shock at 43°C for 45 min or treatment with 0.5
mM arsenite for 30 min (Fig. 5). In contrast, stress granules
were not formed in HCV-JFHI1-infected cells at 72 h postin-
fection in response to heat shock at 43°C for 45 min (Fig. 5),
suggesting that HCV-JFH1 infection suppresses stress granule
formation in response to heat shock or treatment with arsenite.

Intriguingly, G3BP1, ATX2, or PABP1 still colocalized with
the HCV core protein even under the above-described stress
conditions (Fig. 5). Furthermore, Western blot analysis of cell
lysates of uninfected or HCV-JFH1-infected cells at 72 h
postinfection showed similar protein expression levels of
ATX2, PABP1, HSP70, DDX3, DDX6, and Lsml but not
G3BP1 (Fig. 6), suggesting that HCV-JFH1 infection does not
affect host mRNA translation.

P-body and stress granule components are required for
HCYV replication. Finally, we investigated the potential role of
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FIG. 3. Dynamic redistribution of ataxin-2 (ATX2) around LDs in response to HCV-JFH1 infection. (A) ATX2 is a stress granule component.
RSc cells were incubated at 37°C or 43°C for 45 min. Cells were stained with anti-G3BP1 (A302-033A) and anti-ATX2 (A93520) antibodies and
were examined by confocal laser scanning microscopy. (B) Dynamic redistribution of DDX6 and ATX2 in response to heat shock or HCV
infection. RSc cells after heat shock at 43°C for 45 min or 72 h after inoculation with HCV-JFH1 were stained with anti-DDX6 and anti-ATX2
(A93520) antibodies. (C) HCV relocalizes ataxin-2 to LDs. HCV-JFH1-infected RSc cells at 72 h postinfection were stained with anti-ATX2
(A93520) antibody and BODIPY 493/503. (D) ATX2 colocalizes with the HCV core protein. HCV-JFH1-infected RSc cells at 72 h postinfection
were stained with anti-ATX2/SCA2 (A301-118A) and anti-HCV core antibodies.

P-body and stress granule components in the HCV life cycle.
We first used lentiviral vector-mediated RNA interference to
stably knock down DDX6 as well as DDX3 in RSc cells. We
used puromycin-resistant pooled cells 10 days after lentiviral
transduction in all experiments. Real-time LightCycler RT-
PCR analysis of DDX3 or DDX6 demonstrated a very effective
knockdown of DDX3 or DDX6 in RSc cells transduced with
lentiviral vectors expressing the corresponding shRNAs (Fig.
7A). Importantly, shRNAs did not affect cell viabilities (data
not shown). We next examined the levels of HCV core and the
infectivity of HCV in the culture supernatants as well as the
level of intracellular HCV RNA in these knockdown cells 24 h
after HCV-JFH1 infection at an MOI of 4. The results showed
that the accumulation of HCV RNA was significantly sup-
pressed in DDX3 or DDX6 knockdown cells (Fig. 7B). In this
context, the release of the HCV core protein and the infectivity
of HCV in the culture supernatants were also significantly
suppressed in these knockdown cells (Fig. 7C and D). This
finding suggested that DDXG6 is required for HCV replication,
like DDX3. To further examine the potential role of other
P-body and stress granule components in HCV replication, we
used RSc cells transiently transfected with a pool of siRNAs
specific for ATX2, PABP1, Lsm1, Xrnl, G3BP1, and PATL1
as well as a pool of control siRNAs (siCon) following HCV-

JFH1 infection. In spite of the very effective knockdown of
each component (Fig. 7E), the siRNAs used in these experi-
ments did not affect cell viabilities (data not shown). Conse-
quently, the accumulation of HCV RNA was significantly sup-
pressed in ATX2, PABP1, or Lsm1 knockdown cells (Fig. 7F),
indicting that ATX2, PABP1, and Lsm1 are required for HCV
replication. In contrast, the level of HCV RNA was not af-
fected in Xrn1 knockdown cells (Fig. 7F), suggesting that Xrn1
is unrelated to HCV replication. Furthermore, we observed a
moderate effect of siG3BP1 and siPATL1 on HCV RNA rep-
lication (Fig. 7F). Altogether, HCV seems to hijack the P-body
and stress granule components around LDs for HCV replica-
tion.

DISCUSSION

So far, the P body and stress granules have been implicated
in mRNA translation, RNA silencing, and RNA degradation
as well as viral infection (1, 6, 22, 30). Host factors within the
P body and stress granules can enhance or limit viral infection,
and some viral RNAs and proteins accumulate in the P body
and/or stress granules. Indeed, the microRNA effectors
DDX6, GW182, Lsm1, and Xrnl negatively regulate HIV-1
gene expression by preventing the association of viral mRNA
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FIG. 4. Dynamic redistribution of DDX6 and G3BP1 in response to HCV-JFH1 infection. RSc cells at the indicated times (hours) after
inoculation with HCV-JFH1 were stained with anti-HCV core and either anti-DDX6 (A300-460A) or anti-G3BP1 (A302-033A) antibodies.

with polysomes (9). In contrast, miRNA effectors such as
DDX6, Lsml, PatL1, and Ago2 positively regulate HCV rep-
lication (Fig. 7B and F) (16, 31, 33). We have also found that
DDX3 and DDX6 are required for HCV RNA replication (3)
(Fig. 7B) and that DDX3 colocalized with DDX6 in HCV-
JFHI1-infected RSc cells (Fig. 1B), suggesting that DDX3 co-
modulates the DDX6 function in HCV RNA replication. In
this regard, the liver-specific miR-122 interacts with the 5'-
UTR of the HCV RNA genome and positively regulates HCV
replication (15, 17, 19, 20, 31). Since miRNAs usually interact
with DDX6 and Ago2 in miRISC and are involved in RNA
silencing, DDX6 and Ago2 may be required for miR-122-

dependent HCV replication. Indeed, quite recently, a study
showed that Ago2 is required for miR-122-dependent HCV
RNA replication and translation (40). However, little is known
regarding how miR-122 and DDX6 positively regulate HCV
replication. Accordingly, we have shown that these miRNA
effectors, including DDX6, Lsm1, Xrnl, and Ago2, accumu-
lated around LDs and the HCV production factory and colo-
calized with the HCV core protein in response to HCV infec-
tion (Fig. 1 and 2). However, the decapping enzyme DCP2 did
not accumulate and colocalize with the core protein (Fig. 2).
Consistent with this finding, Scheller et al. reported previously
that the depletion of DCP2 by siRNA did not affect HCV
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FIG. 5. HCV suppresses stress granule formation in response to
heat shock or treatment with arsenite. Naive RSc cells or HCV-JFH1-
infected RSc cells at 72 h postinfection were incubated at 37°C or 43°C
for 45 min. Cells were also treated with 0.5 mM arsenite for 30 min.
Cells were stained with anti-HCV core and anti-G3BP1 (A), anti-
ATX2 (B), or anti-PABP1 (ab21060) (C) antibodies and were exam-
ined by confocal laser scanning microscopy.
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FIG. 6. Host protein expression levels in response to HCV-JFH1
infection. The results of the Western blot analyses of cellular lysates
with anti-ATX2/SCA2 antibody (A301-118A), anti-PABP1 (ab21060),
anti-HSP70 (610607), anti-HCV core, anti-B-actin, anti-DDX3 (54257
[NT] and 5428 [IN] mixture), anti-DDX6 (A300-460A), anti-G3BP1
(611126), or anti-LSM1 (LS-C97364) antibody in HCV-JFH1-infected
RSc cells at 72 h postinfection as well as in naive RSc cells are shown.

production (33). Since HCV harbors the internal ribosome
entry site (IRES) structure in the 5'-UTR of the HCV genome
instead of a cap structure, unlike HIV-1, DCP2 may not be
recruited on the HCV genome and utilized for HCV replica-
tion. Otherwise, DCP2 may determine whether or not DDX6
and miRNAs positively or negatively regulate target mRNA.
Furthermore, we have demonstrated that HCV infection
hijacks the P-body and stress granule components around LDs
(Fig. 1,2, 4, and 5). We have found that the P-body formation
of DDX6 began to be disrupted at 36 h postinfection (Fig. 4).
Consistently, G3BP1 formed stress granules at 36 h postinfec-
tion. We then observed the ringlike formation of DDX6 or
G3BP1 and colocalization with the HCV core protein after
48 h postinfection, suggesting that the disruption of P-body
formation and the hijacking of P-body and stress granule com-
ponents occur at a late step of HCV infection. Furthermore,
HCYV infection could suppress stress granule formation in re-
sponse to heat shock or treatment with arsenite (Fig. 5). In this
regard, West Nile virus and dengue virus, of the family Flavi-
viridae, interfere with stress granule formation and P-body
assembly through interactions with T cell intracellular antigen
1 (TIA-1)/TIAR (11). Moreover, PABP1 and G3BP1, stress
granule components, are known to be common viral targets for
the inhibition of host mRNA translation (34, 39). In fact,
HIV-1 and poliovirus proteases cleave PABP1 and/or G3BP1
and suppress stress granule formation during viral infection
(34, 39). On the other hand, HCV infection transiently induced
stress granules at 36 h postinfection (Fig. 4) and did not cleave
PABP1 (Fig. 6); however, HCV could suppress stress granule
formation in response to heat shock or treatment with arsenite
through hijacking their components around LDs, the HCV
production factory (Fig. 5). Consistently, Jones et al. showed
that HCV transiently induces stress granules of enhanced
green fluorescent protein (EGFP)-G3BP at 36 h after infection
with the cell culture-generated HCV (HCVcc) reporter virus
Jc1IFLAG2 (p7-nsGluc2A); however, those authors did not
show the recruitment of EGFP-G3BP to LDs (18). Although
we do not know the exact reason for this apparent discrepancy,
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FIG. 7. Requirement of P-body and stress granule components for HCV replication. (A) Inhibition of DDX3 or DDX6 mRNA expression by
the shRNA-producing lentiviral vector. Real-time LightCycler RT-PCR for DDX3 or DDX6 was also performed for B-actin mRNA in RSc cells
expressing shRNA targeted to DDX3 (DDX3i) or DDX6 (DDX6i) or the control nontargeting ShRNA (shCon) in triplicate. Each mRNA level
was calculated relative to the level in RSc cells transduced with the control nontargeting lentiviral vector (shCon), which was assigned as 100%.
Error bars in this panel and other panels indicate standard deviations. (B) Levels of intracellular genome-length HCV-JFH1 RNA in the cells at
24 h postinfection at an MOI of 4 were monitored by real-time LightCycler RT-PCR. Results from three independent experiments are shown. Each
HCV RNA level was calculated relative to the level in RSc cells transduced with a control lentiviral vector (shCon), which was assigned as 100%.
(C) The levels of HCV core in the culture supernatants from the stable knockdown RSc cells 24 h after inoculation of HCV-JFH1 at an MOI of
4 were determined by ELISA. Experiments were done in triplicate, and columns represent the mean core protein levels. (D) The infectivity of HCV
in the culture supernatants from stable-knockdown RSc cells 24 h after inoculation of HCV-JFH1 at an MOI of 4 was determined by a
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protein expression by 72 h after transient transfection of RSc cells with a pool of control nontargeting siRNA (siCon) or a pool of siRNAs specific
for ATX2, PABP1, Lsm1, Xrnl, G3BP1, or PATLI1 (25 nM), respectively. The results of Western blot analyses of cellular lysates with anti-ATX2,
anti-PABP1, anti-Lsm1, anti-Xrnl, anti-G3BP1, anti-PATL1, or anti-B-actin antibody are shown. (F) Levels of intracellular genome-length
HCV-JFH1 RNA in the cells at 48 h postinfection at an MOI of 1 were monitored by real-time LightCycler RT-PCR. RSc cells were transiently
transfected with a pool of control siRNA (siCon) or a pool of siRNAs specific for ATX2, PABP1, Lsm1, Xrnl, G3BP1, and PATL1 (25 nM). At
48 h after transfection, the cells were inoculated with HCV-JFH1 at an MOI of 1 and incubated for 2 h. The culture medium was then changed
and incubated for 22 h. Experiments were done in triplicate, and each HCV RNA level was calculated relative to the level in RSc cells transfected
with a control siRNA (siCon), which was assigned as 100%. Asterisks indicate significant differences compared to the control treatment (%, P <
0.01).
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several possible explanations can be offered. First, those au-
thors examined the localization of EGFP-G3BP within 48 h
postinfection, and we observed it at later times (Fig. 4). Sec-
ond, they used only EGFP-tagged G3BP instead of endoge-
nous G3BP1. Third, they used a Jc1IFLAG2 (p7-nsGluc2A)
clone, and an HCV-JFH1 clone could markedly induce the
recruitment of the core protein to LDs compared to that of
Jcl. Also, Jangra et al. failed to observe the recruitment of
DDXG6 to LDs at 2 days after infection with HJ3-5 virus (16).
Accordingly, we also observed that most of the DDXG6 still
formed intact P bodies at earlier times (12 h or 24 h postin-
fection). Importantly, we observed the recruitment of DDX6
to LDs 48 h later (Fig. 4). Furthermore, those authors did not
show the ringlike structure formation of the HJ3-5 core protein
around LDs, unlike the JFH1 core protein that we used in this
study. The interaction of the HCV core protein with DDX6
may explain the recruitment of P-body components to LDs.
However, we do not yet know whether the P-body function(s)
can be performed on LDs. At least, HCV infection did not
affect the translation of several host mRNAs with 5’ caps and
3’ poly(A) tails despite the disruption of P-body formation at
72 h postinfection (Fig. 6), suggesting that HCV does not affect
P-body function and that HCV recruits functional P bodies to
LDs.

We need to address the potential role of stress granule
components, such as PABP1, in HCV replication/translation,
since the HCV genome does not harbor the 3’ poly(A) tail.
Intriguingly, we have found that the accumulation of HCV
RNA was significantly suppressed in PABP1 knockdown RSc
cells (Fig. 7F). In this regard, Tingting et al. demonstrated
previously that G3BP1 and PABP1 as well as DDX1 were
identified as the HCV 3'-UTR RNA-binding proteins by pro-
teomic analysis and that G3BP1 was required for HCV RNA
replication (35). Yi et al. also reported that G3BP1 was asso-
ciated with HCV NS5B and that G3BP1 was required for HCV
RNA replication (42). We observed a moderate effect of
siG3BP1 on HCV RNA replication (Fig. 7F). In contrast, the
accumulation of HCV RNA was significantly suppressed in
ATX?2 and Lsm1 knockdown cells as well as in PABP1 knock-
down cells (Fig. 7F), suggesting that ATX2, Lsm1, and PABP1
are required for HCV replication.

Taking these results together, this study has demonstrated
for the first time that HCV hijacks P-body and stress granule
components around LDs. This hijacking may regulate HCV
RNA replication and translation. Indeed, we have found that
the accumulation of genome-length HCV-O (genotype 1b)
(14) RNA was markedly suppressed in DDX6 knockdown O
cells (data not shown). More importantly, these P-body and
stress granule components may be involved in the maintenance
of the HCV RNA genome without 5’ cap and 3’ poly(A) tail
structures in the cytoplasm for long periods, since the hijacking
of P-body and stress granule components by HCV occurred at
later times.
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Hepatitis C virus (HCV) infection frequently causes
persistent hepatitis and leads to cirrhosis and hepatocel-
lular carcinoma (HCC). Currently, the combination
therapy of pegylated interferon (IFN) with ribavirin is
available for patients with chronic hepatitis C (CH C)
and yields a sustained virological response rate of about
50% (1). However, about half of CH C patients are still
susceptible to the progression of the disease to fatal
cirrhosis and HCC. Therefore, the development of more
effective reagents for the treatment of HCV infection is

urgent.
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Abstract

Background: Previously we reported that 3-hydroxy-3-methylglutaryl coen-
zyme A reductase inhibitors, statins, inhibited hepatitis C virus (HCV) RNA
replication. Furthermore, recent reports revealed that the statins are associated
with a reduced risk of hepatocellular carcinoma and lower portal pressure in
patients with cirrhosis. The statins exhibited anti-HCV activity by inhibiting
geranylgeranylation of host proteins essential for HCV RNA replication.
Geranylgeranyl pyrophosphate (GGPP) is a substrate for geranylgeranyltrans-
ferase. Therefore, we examined the potential of geranyl compounds with
chemical structures similar to those of GGPP to inhibit HCV RNA replication.
Methods: We tested geranyl compounds [geranylgeraniol, geranylgeranoic
acid, vitamin K, and teprenone (Selbex)] for their effects on HCV RNA
replication using genome-length HCV RNA-replicating cells (the OR6 assay
system) and a JFH-1 infection cell culture system. Teprenone is the major
component of the anti-ulcer agent, Selbex. We also examined the anti-HCV
activities of the geranyl compounds in combination with interferon (IFN)-o
or statins. Results: Among the geranyl compounds tested, only teprenone
exhibited anti-HCV activity at a clinically achievable concentration. However,
other anti-ulcer agents tested had no inhibitory effect on HCV RNA replica-
tion. The combination of teprenone and IFN-a exhibited a strong inhibitory
effect on HCV RNA replication. Although teprenone alone did not inhibit
geranylgeranylation, surprisingly, statins’ inhibitory action against geranylger-
anylation was enhanced by cotreatment with teprenone. Conclusions: The
anti-ulcer agent teprenone inhibited HCV RNA replication and enhanced
statins’ inhibitory action against geranylgeranylation. This newly discovered
function of teprenone may improve the treatment of HCV-associated liver
diseases as an adjuvant to statins.

To overcome this problem, we developed a genome-
length HCV RNA (strain O of genotype 1b) replication
system (OR6) with luciferase as a reporter, which facili-
tated the prompt and precise monitoring of HCV RNA
replication in hepatoma cells (HuH-7-derived OR6 cells)
(2). Using this OR6 system, we recently reported that
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase inhibitors, statins, inhibited HCV RNA repli-
cation efficiently (3-5). Among five statins — fluvastatin
(FLV), atorvastatin (ATV), simvastatin (SIV), pravastatin
(PRV) and lovastatin (LOV) — FLV exhibited the stron-
gest anti-HCV activity, while PRV had no effect on HCV
RNA replication (3, 6). More recently, Bader et al. (7)
demonstrated that FLV inhibited HCV RNA replication
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