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mitochondria, was significantly reduced in JFH1-Huh7 cells
compared with Huh7 cells (Figure 6F). Therefore, HCV
infection clearly suppressed mitophagosome formation.

In agreement with suppressed mitophagosome formation,
the LC3-I/I ratio was significantly lower after CCCP
treatment in JEH1-Huh7 cells compared with Huh7 cells
(Figure 7A), although the LC3-II/I ratio itself increased after
CCCP treatment regardless of HCV infection. LC3 has been
shown to be present in both complete autophagosomes and
elongating isolation membranes that contain mitochondria
ubiquitinated by Parkin. The present results indicate that
Parkin colocalized with LC3 after CCCP treatment in Huh7
cells, whereas colocalization of Parkin and LC3 was
significantly reduced in JFHI1-Huh7 cells (Figure 7B).
In vivo, FL-N/35-transgenic mice and HCV-infected
chimeric mice also showed significantly reduced expres-
sion levels of LC3 mRNA in the liver compared with the
control mice (Figure 7C), in agreement with reduced
expression of Parkin in the mitochondrial fraction. These
results may seem to be inconsistent with increased protein
level of LC3-1I after CCCP treatment in vitro. However, the
lower LC3-II/1 ratio after CCCP treatment in HCV-infected
cells than in noninfected cells may reflect reduced expres-
sion levels of LC3 mRNA in FL-N/35-transgenic mice and
HCV-infected chimeric mice. Further studies are required to
clarify the mechanisms.

Several previous studies have proposed that autophago-
some accumulation is enhanced on HCV infection and in
HCV replicon cell lines.”*™* Our findings of a decreased
LC3-I/1 ratio in JFHI1-Huh7 cells, FL-N/35-transgenic
mice, and HCV-infected chimeric mice seemingly contra-
dict these previous reports. To clarify whether the decrease
in LC3-II/T ratio observed in the present study indicated that
macroautophagy (generally referred to as autophagy) or
mitophagy was inhibited, we investigated LC3-II/ ratio in
JFH1-Huh7 and Huh7 cells using Earle’s balanced salt so-
lution (EBSS) as a macroautophagy inducer (via amino acid
starvation).”” Interestingly, JFHI1-Huh7 cells showed
significantly increased LC3-II/I ratio compared with Huh7
cells after incubation with EBSS for 1 hour (Figure SA),
suggesting that HCV infection promoted autophagy under
macroautophagy-inducible conditions. In agreement with
increased LC3-II/T ratio, electron microscopy revealed that
the number of autophagosomes was significantly greater
after EBSS treatment in JFH1-Huh7 cells than in Huh7
cells (Figure £B). Taken together with these results, the
decrease in LC3-II/T ratio observed after CCCP treatment
in JFH1-Huh7 cells likely represents a consequence of
mitophagy inhibition, but not autophagy inhibition by
HCYV infection.

Suppression of Autophagic Degradation

The autophagic adaptor p62 can both aggregate ubiquiti-
nated proteins by polymerizing with other p62 molecules
and recruit ubiquitinated cargo into mitophagosomes by
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Figure 8 Effect of HCV infection on LC3-II expression and autopha-
gosome formation after culture with Earle’s balanced salt solution (EBSS).
A: Immunoblots for LC3-II using Huh7 and JFH1-Huh7 cells before (—) and
after (+) culture with EBSS (n = 6). The LC3-II and LC3-I expression level
was normalized to B-actin. Electron microscopy of Huh7 (B) and JFH1-Huh7
(C and D) cells after EBSS treatment. The arrows indicate autophagosomes;
arrowheads, HCV core protein. E: The number of autophagosomes per
100 x 100 pm? was calculated for five randomly selected views. *P < 0.05,
**P < 0.01.

binding to LC3-IL'* Therefore, p62 accumulation can be
attributed to a deficit in autophagic degradation activity.
After a 1- or 2-hour CCCP treatment, there was a smaller
decrease in p62 in JFH1-Huh7 cells compared with Huh7
cells (Figure 9A). In vivo, FL-N/35-transgenic mice and
HCV-infected chimeric mice also showed p62 accumulation
in the liver compared with the control mice (Figure 9B).
These results suggest that the degradation of damaged
mitochondria was suppressed in the presence of HCV
infection.

Finally, we assessed the change in VDACI1 content after
CCCP treatment to obtain additional evidence as to whether
mitophagy itself was suppressed by HCV infection. After a
2-hour CCCP treatment, a decrease in cellular content of
VDAC1 was significantly smaller in JFH1-Huh7 cells
than in Huh7 cells (Figire 9C). We also found that
CCCP-induced increase in ROS production was greater in
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Figure 9

Effect of HCV infection on cellular p62 and VDAC1 expression after carbonyl cyanide m-chlorophenylhydrazone (CCCP) treatment and reactive

oxygen species (ROS) production. A: Immunoblots for p62 using whole cell lysates of Huh7 and JFH1-Huh7 cells before and after a 1- and a 2-hour CCCP
treatment (n = 5). B: Immunoblots for p62 using the liver from non-transgenic (non-TgM) and TgM (n = 5) mice and from chimeric mice without or with HCV
infection (n = 5). The p62 expression level was normalized to B-actin. C: Immunoblots for VDAC1 using whole cell lysates of Huh7 and JFH1-Huh7 cells before
and after a 1- and a 2-hour CCCP treatment (n = 5). The VDAC1 expression level was normalized to B-actin. D: Changes in cellular ROS production after a
1-hour CCCP treatment in Huh7 and JFH1-Huh7 cells (n = 5). *P < 0.05, **P < 0.01,

JFH1-Huh7 cells than in Huh7 cells (Figure 8D). These
results were consistent with a previous study that showed an
essential role of mitophagy in reducing mitochondrial ROS
production®’ and, therefore, may reflect the suppressed
mitophagy in the presence of HCV infection.

Discussion

Mitophagy may likely be induced in HCV-JFH1—infected
cells in the context of mitochondrial depolarization, and in
transgenic mice expressing the HCV polyprotein or in
HCV-infected chimeric mice, both of which showed the
decreased mitochondrial GSH content. Our results suggest
that the HCV core protein inhibits mitophagy during
HCV infection and that the molecular mechanisms by
which this suppression occurs include the interaction of the
HCV core protein with Parkin and the inhibition of Parkin
translocation to the mitochondria. This inhibition leads to
the failure of mitochondrial ubiquitination, mitophagosome
formation, and autophagic degradation (Figure 10). Because

Suppression of Mitochondrial
Ubiquitination

Suppression of Recruitment of
Parkin to Mitochondria

—
Parkin m
1-215

Impaired Mitochondria

Parkin 1 to 215 contains one of the critical amino acids
required for mitochondrial localization, the specific inter-
action of Parkin 1 to 215 with the HCV core protein
strongly suggests that the core protein represses mitophagy
by inhibiting Parkin translocation to the mitochondria. We
know that PINK1 accumulates in the mitochondria and
phosphorylates Parkin after CCCP treatment and that the
suppression of the mitochondrial Parkin signal occurs by
blocking PINK1 via siRNA. Therefore, we could exclude
the possibility that PINK1 plays a role in suppressing the
recruitment of Parkin to the mitochondria. To our knowl-
edge, this is the first report to demonstrate a suppressive
effect of a viral protein on mitophagy via an interaction with
Parkin. Interestingly, silencing Parkin via siRNA inhibited
HCV core expression, which was consistent with the results
of a recent study.28 These results suggest that HCV poten-
tially uses Parkin for its replication through the interaction
between the HCV core protein and Parkin. Parkin may be
post-transcriptionally involved in HCV replication, because
Parkin silencing did not affect HCV core mRNA levels.

Suppression of Autophagic
Degradation

Suppression of
Mitophagosomal Formation

Sequestered Mitochondrion by
Isolation Membrane

Figure 10 A schematic diagram depicting the mechanisms underlying mitophagy suppression by the HCV core protein. The HCV core protein interacts with
the Parkin N-terminal fragment containing the RINGO domain (designated Parkin 1 to 215) and inhibits Parkin translocation to the mitochondria, which leads
to the failure of mitochondrial ubiguitination, autophagosome formation, and autophagic degradation. Ub, ubiquitin.
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Further studies are required to clarify the mechanisms un-
derlying this speculation.

Two types of autophagy have been identified: nonselec-
tive and selective. For nonselective autophagy related to
HCYV infection, previous studies have reported the enhanced
accumulation of autophagosomcs without any effect on
autophagic protein degradation,” the requirement of LC3
for efficient HCV replication,™ and the occurrence of
HCV RNA replication on autophagosomal membranes.™
Mitophagy is selective and is induced by mitochondrial
membrane depolarization, followed by Parkin recruitment to
the mitochondria.”'® Herein, mitophagosome accumula-
tion was suppressed because of mitophagy inhibition,
whereas HCV infection enhanced the expression of LC3-II
and autophagosome accumulation under nonselective
autophagy-inducible conditions. Therefore, the present re-
sults are consistent with the previously characterized HCV-
induced nonselective autophagic response.™*>** However,
a recent report has shown that HCV induces the mito-
chondrial translocation of Parkin and subsequent mitoph-
agy,”™ which contrasts with the present results, except for
the inhibitory effect of Parkin silencing on HCV replication.

One of the significant differences in the method between the .

two studies was the presence or absence of CCCP treatment.
Whether HCV-induced mitophagy was preceded by mito-
chondrial depolarization was unknown because AW was not
measured in the previous report of HCV-induced mitoph-
agy.”® However, we need to be careful that the mitochon-
drial depolarization by CCCP treatment is not a
pathophysiological condition observed in HCV infection
and that CCCP causes the depolarization of the entire
mitochondrial network.*’ It is currently unknown whether
CCCP treatment caused paradoxical results on mitophagy i m
HCV-infected cells between our study and a previous one.”
Although suppressed mitophagy was also found in FL-N/
35-transgenic mice and HCV-infected chimeric mice
without any treatment, these mice may not be simply
compared with HCV-JFH1—infected cells in terms of
extremely low levels of viral proteins in FL-N/35-transgenic
mice or spontaneous oxidized mitochondrial glutathione in
both mice. Another difference between two studies was
postinfection time from infection to assessment of mitoph-
agy in HCV-JFH1—infected cells (21 versus 3 days).
However, further studies are required to clarify whether
postinfection time of HCV-JFH1—infected cells affects the
interaction of HCV with Parkin. Oxidative stress and/or
hepatocellular mitochondrial alterations are present in
chronic hepatitis C to a greater degree than in other in-
flammatory liver diseases,“ and mitophagy is important for
maintaining mitochondrial quality by eliminating damaged
mitochondria. Therefore, our results that the HCV core
protein suppresses mitophagy appear reasonable in the
context of what is known about the pathophysiological
characteristics of chronic hepatitis C.

HCV-induced mitochondrial injury, ROS production, and
subsequent oxidative stress contribute to HCC development

3038

in FL-N/35-transgenic mice that receive modest iron sup-
plementation.®* The relatively long period (12 months)
required for HCC development suggests that mitochondrial
injury, as a source of oxidative stress, must continue for a
prolonged period. Mitochondrial DNA mutations are also
relevant to HCC development in patients with chronic HCV
infections.*” Indeed, mitophagy plays an essential role in
reducing mitochondrial ROS production and mitochondrial
DNA mutations in yeast*® and eliminating oxidative
damaged mitochondria.*” In addition to the directly induced
generation of ROS by HCV proteins, the suppression of
mitophagy by the HCV core protein has the potential to
generate an additional long-lasting ROS burden and may
offset or overwhelm the physiological antioxidative activity
in mitochondria. Therefore, the suppressive effect of the
HCV core protein on mitophagy may be an important
mechanism of HCV-induced hepatocarcinogenesis.

In conclusion, results indicate that HCV core protein
suppresses mitophagy by inhibiting Parkin translocation to
the mitochondria via a direct interaction with Parkin in the
context of mitochondrial depolarization. These findings
have implications for the amplification and sustainability of
mitochondria-induced oxidative stress observed in patients
with HCV-related chronic liver disease and an increased risk
of hepatocarcinogenesis.
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Using our recently developed assay system for full-genome-length hepatitis C virus (HCV) RNA replica-
tion in human hepatoma-derived Li23 cells (ORL8), we identified 4-(1,1,1,3,3,3-hexafluoro-2-hydroxy-
2-propyl)aniline analog 1a as a novel HCV inhibitor. Structural modifications of 1a provided a series of
sulfonamides 7 with much more potent HCV RNA replication-inhibitory activity than ribavirin. Com-
pound 7a showed an additive anti-HCV effect in combination with standard anti-HCV therapy (IFN-o plus
ribavirin). Since 7a generated reactive oxygen species (ROS) in the ORL8 system and its anti-HCV activity
was blocked by vitamin E, its anti-HCV activity may be mediated at least in part by ROS.

© 2014 Elsevier Ltd. All rights reserved.

Hepatitis C virus (HCV), an enveloped, single-stranded RNA
virus, is a major cause of human hepatitis. It is estimated that ca.
150 million people worldwide are chronically infected with this
virus, and more than 350,000 people die every year from hepatitis
C-related liver disease.! Most infections become persistent and
about 60% of cases progress to chronic liver disease, which in turn
can lead to cirrhosis, hepatocellular carcinoma, and liver failure.
Currently, no anti-HCV vaccine is available, and the standard treat-
ment for chronic hepatitis C consists of pegylated interferon (IFN)-
o in combination with the classical anti-HCV agent ribavirin.
Recently, telaprevir, boceprevir and simeprevir, which are mem-
bers of a new class of HCV NS3-4A serine-protease inhibitors, have
been approved for hepatitis C treatment as combination therapy
with pegylated IFN-o and ribavirin for patients with HCV genotype
*=+x1a or 1b. Although these new therapies have increased cure
rates for both previously untreated people and prior non-respond-
ers, there are still non-responders to these treatments. Also, seri-
ous adverse reactions such as skin reaction may require
discontinuation of the combination therapy. Thus, new anti-HCV
agents are still required, not only to extend the coverage of current

* Corresponding authors.
E-mail address: snatz@pharmuokayama-tac s (K Matsuno).

bt/ ldwdotorg/ 10107 mch 201407019
0960-894X/© 2014 Elsevier Ltd. All rights reserved.

therapy, but also because of the high mutation and replication
rates of HCV.

The HCV genome consists of 9,600 bases encoding three struc-
tural and seven non-structural proteins.” So far, drug discovery
programs for anti-HCV agents have focused on NS3 protease and
NS5B polymerase as targets to block HCV replication. Convention-
ally, HCV replication assay has generally been conducted with sub-
genomic HCV replicon systems encoding minimum sequences for
autonomous HCV replication, that is, HCV replicase proteins NS3
to NS5B, with firefly luciferase as the reporter gene.” However,
we recently developed new screening systems to identify HCV
inhibitors, namely a reporter gene assay system with Renilla
luciferase for replication of genome-length HCV RNA in human
hepatoma-derived HuH-7 cells (OR6)* and in human hepatoma-
derived Li23 cells (ORL8).” Figure 1 shows a schematic representation
of the gene organization in the genome-length HCV RNA in
ORLS. These full-genomic systems are considered to be superior
to the conventional sub-genomic systems, and are suitable for
use in chemical-biological approaches to detect different types
of HCV inhibitors due to the different genetic backgrounds of
HuH-7 and Li23 cells.® By use of these assays, we identified
N-{4-(1,1,1,3,3,3-hexafluoro-2-hydroxy-2-propyl)phenyl}-N-methylb-
enzamide (1a) as a novel HCV inhibitor (Fig. 2). Compound 1a is a
much more potent inhibitor of HCV RNA replication (ECsp 0.32 pM)
than ribavirin (ECso 8.7 uM). Interestingly, the ORL8 assay system
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Figure 1. Schematic illustration of the gene organization in HCV genome-length in ORL8. Abbreviations: RLuc, Renilla luciferase gene; NeoR, neomycin phosphotransferase;

EMCV-IRES, encephalomyocarditis virus internal ribosomal entry site.
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Figure 2. Structure of 1a and HCV RNA replication-inhibitory activity in the ORL8
and ORG assay systems.

was more sensitive to 1a than the ORG system. Herein, we describe
the synthesis of 1a and its derivatives modified at both phenyl rings,
as well as at the hexafluoroisopropanol group and the amide moiety.
The structure-activity relationship of these compounds for HCV RNA
replication was examined, and the mechanism of action is discussed.

The synthetic procedures are outlined in S¢hieme 1. Briefly, con-
densation of (1,1,1,3,3,3-hexafluoro-2-hydroxy-2-propyl)-aniline
3a with acyl chloride, sulfonyl chloride or isocyanate provided
amides (1a-1u), sulfonamides (7a-7i) or urea (8), respectively.
Compound 3a was obtained as the major product by alkylation
of aniline 2 with hexafluoroacetone trihydrate under acidic
conditions.” Compound 3b was also formed as a minor product,
so the regioisomer of the hexafluoroisopropanol group (4) was

synthesized from 3b by benzoylation. Incorporation of substituents
on phenyl rings and phenyl ring replacement were achieved by
using the corresponding commercially available aniline 2, acyl
chloride or sulfonyl chloride. 1,1,1,3,3,3-Hexafluoro-2-(2-hydroxy-
ethoxy)propyl analog 6 was synthesized from THP-protected 5,
which was obtained by alkylation of 1a with commercially avail-
able 2-(2-bromoethoxy)tetrahydro-2H-pyran. The aminomethyl-
ene analog 9 was synthesized by direct incorporation of a
hexafluoroisopropanol moiety into N-benzyl-N-methylaniline.

All synthetic analogs were assayed for anti-HCV RNA replication
activity in the ORL8 system and ECso values were determined
(Tables 1 and 2). The values of 50% cytotoxic concentration
(CCsp) for Li23 cells were determined by conventional WST-1
assay, and the values of selectivity index (SI), that is CCso/ECs5q,
were calculated. All assays were conducted in triplicate.

The results of modifications at both phenyl rings and at the
hexafluoroisopropanol group are summarized in Table 1. The
incorporation of Me on the left phenyl ring (1b, 1c) reduced anti-
HCV RNA replication activity, and the 3-Me analog was completely
inactive. Methylation of the right phenyl ring (1d-1f) also
decreased anti-HCV activity. Among compounds with replacement
of the right phenyl! ring (1g-1q), alkyl analogs showed moderate
activity. Extension of the alkyl chain increased the activity (1g-
1i) and the cyclohexyl analog 1j was as potent as the parent 1a,
with an adequate SI value. Bulky 1-adamantyl analog 1k was a
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Scheme 1. Synthesis of 4-(1,1,1,3,3,3-hexafluoro-2-hydroxy-2-propyl)aniline analogs. Reagents and conditions: (a) hexafluoro-acetone trihydrate, pTsOH hydrate, toluene,
reflux, 71-93%: (b) R%-COCl, EtsN, toluene or CHCls, 22-93%; (c) R%-S0,Cl, EtsN, CH,Cl,, quant.; (d) PhNCO, toluene, quant.; (e) THPOCH,CH;Br, Cs,C03, DMF, 79%; (f) pTsOH

hydrate, iPrOH, H,0, quant.
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Values of HCV RNA replication-inhibitory activity, cytotoxicity and safety index of 1a-1q, 4 and 6 in ORL8 assay

3
R' 2 ﬁ FSC
FsC = o HO \/I:,C
HO O
CF3
1a-1q

Compd no R! R? R3 ECso (M) CCso (M) SI¢
1a H Ph Me 0.32 65 203
1b 2-Me Ph Me 1.7 9.0 5.3
ic 3-Me Ph Me >100 87 ND*
1d H 2-Me-Ph Me 17 38 2.2
1e H 3-Me-Ph Me 5.8 20 34
1f H 4-Me-Ph Me 10 26 2.6
1g H Me Me 14 40 29
1h H nPr Me 3.8 >100 ND¥
1i H nBu Me 23 26 11
1j H cHex Me 0.23 20 87
1k H 1-Adamantyl Me 1.0 17 17
11 H CH,Ph Me >100 27 ND®
1m H 2-pyridyl Me >100 >100 ND"
in H 3-pyridyl Me 45 63 1.4
10 H 4-pyridyl Me 8.2 40 4.9
1p H 2-thienyl Me 26 33 13
1q H 3-thienyl Me 17 44 2.6
6 1 >20 ND*
4 >20 >20 ND*

2 Selectivity index (CCso/ECsp).
b Not determined.

Table 2
Values of HCV RNA replication-inhibitory activity, cytotoxicity and safety index of 1r-
1u, 7a-7i, 8 and 9 in ORLS8 assay

R3
)
N, -R% z=co (trtu)
FiC Z=S0, (7a-Ti)
o Z=CONH (8)
CFs Z=CH, (9)

Compd no R2 R® ECso (UM) CCso (M) SI
ir Ph H 4.1 12 2.9
1s Ph Et 0.78 19 24
1t Ph nPr 3.5 15 43
Tu Ph Bn 2.9 7.5 2.6
7a Ph Me 0.19 16 84
7b 2-Cl-Ph Me 0.17 15 88
7c 2-Br-Ph Me 0.50 9.1 18
7d 2-Me-Ph Me 0.36 12 33
e 3-F-Ph Me 0.36 19 53
7f 3-Me-Ph Me 035 11 31
7g 4-Me-Ph Me 0.44 15 34
7h 3-MeO-Ph Me 2.1 13 6.2
7i 4-MeO-Ph Me 14 79 5.6
8 Ph Me 5.7 >20 ND?
9 Ph Me 3.0 13 43

2 Selectivity index (CCso/ECsg).
Y Not determined.

moderately active HCV inhibitor, while the benzyl analog 11 was
inactive. This result suggests the importance of the orientation of
the hydrophobic moiety (vide infra). Suggestively, 2-pyridyl analog
1m, whose hydrophilic N atom is located at the most proximal
position to the amide moiety, was completely inactive, The
conformation of the two aromatic rings could differ from those
of other pyridyl analogs (1n-10) at low pH values, such as that
in endosomes of cells (vide infra).® Bioisosteric replacement of
the phenyl ring with thiophene (1p-1q) decreased the activity.

As for hexafluoroisopropanol modifications, 2-hydroxyethoxy ana-
log 6 was a weak HCV inhibitor. This result suggests that the acid-
ity of OH might be important for anti-HCV activity (calculated pK,®
of OH group: 7.7 for 1a, 14.4 for 6, respectively). The position of the
hexafluoroisopropanol group appears to be critical, since regio-
isomer 4 was inactive.

Inhibitory activities of the amide-modified analogs on HCV RNA
replication are listed in Tabie Z. Among them, sulfonamide analog
7a showed potent anti-HCV activity. In contrast to the amide ser-
ies, substituents on the right phenyl ring (7b-7g) had little detri-
mental effect, except for OMe analogs (7h-7i), which showed
>10-fold weaker activity and low SI values. Both deletion of the
Me group on the amide moiety (1r) and extension of the alkyl
group (1s-1u) decreased the anti-HCV activity. Insertion of NH
(urea analog 8) and carba replacement of the amide carbonyl (ami-
nomethylene analog 9) also reduced the anti-HCV activity by about
10-fold compared with 1a. It is generally accepted that benzanilide
takes transoid conformation, whereas N-methylated benzanilide
uniquely takes cisoid conformation in aqueous solution.'® We spec-
ulate that adequate proximity of the right phenyl ring (or hydro-
phobic group such as cHex) to the left phenyl ring, namely cisoid
conformation of amide, is favorable for potent inhibition of HCV
RNA replication. This would be consistent with the inactivity of
the 2-pyridyl analog (1m), which would adopt transoid conforma-
tion at low pH.? Also, this is also supported by the following spec-
ulations; the moderate inhibitor urea 8 takes similar conformation
of 1a, namely cisoid (at ~-NMeCO-)~transoid (at -CONH-) confor-
mation,!* whereas the inactive benzyl analog 11 might take
complete cofacial conformation of the two phenyl ring due to the
-7 stacking interaction.

Next, the effect of adding 7a to current standard HCV therapy
(IFN-a plus ribavirin) was evaluated (¥ig. 3). In our ORLS8 assay sys-
tem, HCV RNA replication was dose-dependently reduced both by
IFN-a alone and by IFN-o plus ribavirin. Addition of 7a dose-
dependently enhanced the inhibition of HCV RNA replication by
these agents. Also, addition of 7a to IFN-a plus ribavirin was more
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Figure 4. Effect of vitamin E on anti-HCV activity of 7a. 1-4: in the absence of 7a,
5-8: in the presence of 5uM 7a (60% inhibitory concentration for HCV RNA
replication), Assays were conducted in triplicate.

effective than addition to IFN-o alone at the same concentration of
[FN-o.. These observations indicate that combination of 7a with the
current standard therapy might improve the cure rate of HCV
infection.

Finally, the effect of vitamin E on the anti-HCV activity of 7a
was evaluated. As we pr ev1ously reported, vitamin E strongly
enhances HCV RNA replication.’* Here, we examined the effect of
vitamin E at various concentrations on HCV RNA replication in
the presence of 7a at the 60% inhibitory concentration level. As
shown in Figure 4, vitamin E enhanced HCV RNA replication and
dose-dependently blocked the anti-HCV activity of 7a. We specu-
late that the 4-(1,1,1,3,3,3-hexafluoro-2-hydroxy-2-propyl)aniline
analogs synthesized in this study have nuclear receptor-modulat-
ing activity, since structurally similar T0901317 is known to be a
modulator of multiple nuclear receptors (NRs), including liver X
receptor (LXR),** retinoic acid receptor-related orphan receptor
gamma (RORy)** and farnesoid X receptor (FXR).** Modulation of
NRs produces reactive oxygen species (ROS) in various cells.'®?
Indeed, 7a dose-dependently produced ROS in the ORLS8 assay sys-
tem as determined by FACS analysis (data not shown). Therefore,
we speculated that the mechanism of the anti-HCV activity of 7a
involves inhibition of HCV RNA replication by ROS produced via
modulation of unknown NR(s). Indeed, scavenging of ROS by the
antioxidant vitamin E blocked the anti-HCV activity of 7a. Detailed
studies on the mechanism of action of 7a are ongoing.

In conclusion, N-{4-(1,1,1,3,3,3-hexafluoro-2-hydroxy-2-
propyl)phenyl}-N-methylbenzamide (1a) was identified as a novel
HCV inhibitor by use of our recently developed assay system for
full-genome-length HCV RNA replication in Li23 cells (ORLS).
Structural modifications of 1a provided a series of sulfonamides
7 that showed potent inhibition of HCV RNA replication. Com-
pound 7a showed an additive anti-HCV effect in combination with
standard HCV therapy (IFN-a plus ribavirin). The anti-HCV action
of 7a may be mediated by ROS production, since it was abrogated
by vitamin E.
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to LDs.

During persistent infection of HCV, the HCV core protein (HCV-JFH-1 strain of genotype 2a) is recruited
to lipid droplets (LDs) for viral assembly, but the mechanism of recruitment of the HCV core protein is
uncertain. Here, we demonstrated that one of the Ras-related small GTPases, Rab18, was required for
trafficking of the core protein around LDs. The knockdown of Rab18 reduced intracellular and
extracellular viral infectivity, but not intracellular viral replication in HCV-JFH-1-infected RSc cells {(an
HuH-7-derived cell line). Exogenous expression of Rab18 increased extracellular viral infectivity almost
two-fold. Furthermore, Rab18 was co-localized with the core protein in HCV-JFH-1-infected RSc cells,
and the knockdown of Rab18 blocked recruitment of the HCV-JFH-1 core protein to LDs. These results
suggest that Rab18 has an important role in viral assembly through the trafficking of the core protein

® 2014 Elsevier Inc. All rights reserved.

Introduction

Hepatitis C virus (HCV) is an enveloped positive single-
stranded RNA virus belonging to the Flaviviridae family (Choo
et al, 1989). The HCV genome encodes a large polyprotein
precursor of approximately 3000 amino acid (aa) residues, which
is cleaved co- and post-translationally into at least ten proteins in
the following order: core, envelope 1 (E1), E2, p7, nonstructural
protein 2 (NS2), NS3, NS4A, NS4B, NS5A, and NS5B (Kaio, 2001).
Persistent HCV infection in the liver causes chronic hepatitis, and
then highly progresses to liver cirrhosis and hepatocellular carci-
noma (Ofikoshi et al., 1990). Therefore, the elimination of HCV RNA
by the anti-HCV reagents such as interferon is necessary to block
the progression of liver diseases such as liver cirrhosis and
hepatocellular carcinoma. To date, the HCV-JFH-1 strain (genotype
2a) has mainly been used to study the complete life cycle of HCV
worldwide. In HCV-JFH-1-infected human hepatoma HuH-7 cells,
viral replication intermediate, double-stranded RNA, is detected
adjacent to the membranes of the endoplasmic reticulum (ER)
(Targett-Adams et al, 2008). In addition, the HCV replication
complex is formed on a detergent-resistant membrane (5hi et al.,
2003). These results suggest that HCV RNA replication occurs on

* Corresponding author. Fax +81 86 2357392,
E-mail address: sikatod j

Kdolorg/ 110 y
0042 -6822/© 2014 Elsevier Inc. All rlghts reserved

lipid rafts and the membranous web at the cytosolic side of the ER.
Following viral replication, the HCV core protein matures through
the translation of a large polyprotein precursor from HCV RNA and
then the processing by signal peptide peptidase. The matured
HCV-JFH-1 core protein has been shown to be trafficked to lipid
droplets (LDs) for viral assembly (Mivanari et al., 2007).

LDs are important organelles for lipid metabolism. LDs are
covered by a phospholipid monolayer, and accumulate excessive
neutral lipids such as triglycerides. A proteomics analysis revealed
that a number of host factors are associated with LDs (Brasaemie
et al, 2004). These host factors are required for acquisition, storage,
lipolysis, transport and/or release of lipids, respectively. The first of
these LD-associated factors to be identified were members of the
PAT family of proteins, including perilipin (PLIN), ADRP (adipose
differentiation-related protein; also named adipophilin or PLIN2),
and TIP47 (also named PLIN3). PLIN is expressed only in adipocytes
and steroidogenic cells, whereas ADRP and TIP47 are expressed in
various cell types. ADRP and TIP47 have similar sequences and
three-dimensional structures (Hickenbottom et al,, 2004), but their
intracellular distributions in HuH-7 cells are different (Ghisaki et al,
2006). ADRP localizes exclusively to the surface of LDs in HuH-7
cells, whereas only some of total TIP47 localizes to the LD surface in
this cell line. During viral assembly, the core protein is trafficked to
ADRP on LDs (Counihan et al, 2011). ADRP is displaced from the
surface of LDs to the cytoplasm by the core protein, and then
subjected to degradation (Boutdant et al, 2008). These displacements
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of ADRP also cause the redistribution of LDs around the nucleus
(Boutant et al, 2008). These observations imply that the core
protein may increase the probability of an interaction between
the sites of viral replication at the ER and viral assembly at the LDs.
However, the precise mechanism of intracellular trafficking of the
core protein to ADRP on LDs is still uncertain.

A family of Ras-related small GTPases plays an important role in
the membrane trafficking between organelles such as the ER, Golgi,
early/late endosomes, 1Ds, and so on (Fhutagaiung and Novick, 2011).
One of the Ras-related small GTPases, Rab18, is required for membrane
trafficking between the ER and Golgi (Deigaard et al, 2008). On the
other hand, Rab18 is an ILD-associated protein, and the ectopic
expression of Rab18 induces the close apposition of LDs to ER
membranes through the reduction of ADRP (Ozeki e al, 20115), These
observations imply that Rab18 may be required for membrane
trafficking through the redistribution of LDs around the ER. Recently,
Salloum et al. reported that Rab18 bound HCV-JFH-1 NS5A and may
have promoted the interaction between sites of viral replication and
LDs in HCV-Jcl-infected Huh7.5.1 cells (Satiount et al, 2013). However,
HCV-Jc1 is an intragenotypic recombinant encading core to NS2 from
the HCV-J6 strain (genotype 2a) in the context of HCV-JFH-1, and does
not exist in nature. In addition, although HCV-Jc1 was shown to be
more robust in the release of viral particles than HCV-JFH-1, the HCV-
J6 core protein did not associate with LDs (Shavirnsiaya et al, 2007).
On the other hand, the HCV-JFH-1 core protein does associate with
LDs, and LD-associated core proteins recruit HCV NS protein from the
ER to LDs (ityanari et al, 2007). These results imply that HCV-Jc1 may
release viral particles via an intracellular organelle distinct from the
LDs. Therefore, we hypothesized that Rab18 first trafficked the
HCV-JFH-1 core protein and subsequently NS5A to LD. To prove
this hypothesis, we examined the association of the HCV-JFH-1 core
protein with LDs and the levels of viral assembly in Rabl8-
knockdown celis.

Here, we show that Rab18 is required for trafficking of the HCV-
JFH-1 core protein to LDs and the subsequent assembly of HCV.
Rab18 may be involved in the maturation of viral particles through
membrane trafficking of the HCV-JFH-1 core protein from the sites
of viral replication at the ER to viral assembly at the LDs in human
hepatocytes.

Results
RSc cells show higher viral productivity than Huh?7.5 cells

To date, human hepatoma HuH-7 cells have mainly been used
to study the complete life cycle of HCV in studies worldwide. One
of the sublines of HuH-7 cells, Huh7.5, is used in many laboratories
for its high susceptibility to infection with the HCV-JFH-1 strain
(genotype 2a). On the other hand, we have previously established
several types of HCV RNA-replicating cells (genotype 1b, O strain),
such as sO cells (Kato et al, 2683, sub-genomic HCV RNA), O cells
(Ikeda e al, 2005, genome-length HCV RNA), and OR6 cells (fkeda
et al, 20086, genome-length HCV RNA-encoding renilla luciferase)
derived from HuH-7 cells, and their “cured” cells (sOc (Kato ¢t al.,
2003), Oc (tkeds et al, 2008), OR6c (lkeda et al, 2008), respec-
tively) by the elimination of HCV RNA (Fig. 1A). The cured cell lines
have been reported to increase the permissiveness of HCV (Blight
ef al, 2002). We also previously reported that Oc cells showed
higher permissiveness of HCV than sOc cells (Abe =t al., 2607). RSc
cells are one of our cured cell lines derive from OR6c cells, and
have mainly been used to study the complete life cycle of HCV in
our laboratory (Ariumi et al, 2007, 2008; Kato et al, 2008).
However, we have no information on viral susceptibility of our
cured cell lines to HCV-JFH-1 infection. To identify which of
our cured cell lines would be most useful for the infection with

HCV-JFH-1, we first compared the amounts of LDs by two
methods, i.e,, a confocal microscope and flow cytometry. The LDs
were stained with BODIPY493/503 and observed under a confocal
microscope. In our cured cells (sOc, Oc, OR6¢, and RSc cells), the
numbers rather than the sizes of LDs have increased compared to
HuH-7 cells (Fig. 1B). In addition, the mean fluorescence intensity
of BODIPY493/503-stained cells has increased by the enhance-
ments of the numbers of LDs (Fig, 1C). These qualitative and
quantitative analyses revealed that our cured cells (sOc, Oc, OR6c,
and RSc cells) formed higher levels of LDs than HuH-7 and Huh7.5
cells (Fig. 1B and C). Interestingly, irrespective of the quantitative
difference of LDs, the levels of viral replication at 72 h after the
viral inoculation of HCV-JFH-1 were comparable between each of
our cured cell lines and Huh7.5 cells, but not between each of the
cured cell lines and HuH-7 cells (Fig. 1D). Moreover, the time-
course analysis showed that the capacities of HCV RNA replication
were almost comparable between RSc and Huh7.5 cells (¥ig. 1E).
These results suggest that the levels of HCV RNA replication do not
depend on the amount of LDs. Next, to compare the levels of viral
assembly and viral productivity between RSc and Huh7.5 cells, we
examined the infectivity of the cell lysates (intracellular infectiv-
ity) and the supernatants (extracellular infectivity) derived from
both lines of HCV-JFH-1-infected cells. The intracellular and
extracellular infectivities of HCV-JFH-1-infected RSc cells were
significantly higher than those of HCV-JFH-1-infected Huh7.5 cells
(Fig. TF). These results suggest that RSc cells possess higher viral
productivity in response to infection with HCV-JFH-1 than
Huh7.5 cells.

Rab18 is required for viral production, but not viral RNA replication

As the first step of viral assembly, the HCV-JFH-1 core protein
displaces ADRP from the surface of LDs to the cytoplasm (Boulant
ot al,, 2008, Counihan et al, 2011). In the present study, we tried to
clarify how the core protein is trafficked to LDs by using RSc
and Huh7.5 cells. It has been reported that Rab18, one of the
Ras-related small GTPase family members, induces the close apposi-
tion of LDs to ER membranes through the reduction of ADRP ({3zeki et
al. 2005). Based on these previous findings, we hypothesized that
Rab18 is required for trafficking of the HCV-JFH-1 core protein to LDs.
To prove this hypothesis, we first examined the expression levels of
Rab18 in RSc and Huh75 cells. The expression levels of Rab18 were
almost comparable between RSc cells and Huh75 cells at both the
transcript (Fig. 2A) and protein levels (¥ig. ZB). Two other members of
the Ras-related small GTPases, Rab5 and Rab7, were also present at
almost the same levels in RSc and Huh7.5 cells. We next examined the
effect of the knockdown of Rab18 against HCV replication in RSc cells.
The knockdown of Rab18 (¥ig. 2C) had no effect on the RNA replication
step (Fig. 2D). Rab18-knockdown Huh7.5 cells and genome-length
HCV RNA-replicating O cells (Kate et al, 2009) also showed similar
results (Fig. 2E and F, Supplemental ¥ig. S1A and B). However, we
found that the knockdown of Rab18 caused a significant decrease in
viral productivity in both RSc and Huh7.5 cells (Fig. 2G). In addition,
the knockdown of ADRP (Supplemental Fig. $24) also decreased viral
productivity rather than HCV RNA replication (Supplemental ¥ig, $2B).
Furthermore, we demonstrated that the overexpression of Rab18
(Fig. 2H) recovered the viral productivity (¥ig. 2I) rather than viral
RNA replication (¥ig, 2J). From these results, we conclude that Rab18 is
required for viral production of HCV.

Rab18 is required for viral assembly through the trafficking of the
HCV-JFH-1 core protein to LDs

To clarify whether Rab18 is required for the viral assembly step,
we first examined the localization of Rab18 and the HCV core
protein in HCV-JFH-1-infected cells. The results revealed that Rab18
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Genome-length HCV ANA-encoding renilla luciferase
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I
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Fig. 1. RSc cells possess higher viral productivity in response to the infection with HCV-JFH-1 than Huh7.5 cells. (A) Outline for the establishment of our HCV RNA-replicating
cells and their “cured” cells. Our HCV RNA-replicating cells (sO, O, and OR6 cells) are independently established by the transfection of HCV RNA into HuH-7 or cured cells (sOc
or Oc cells) as previously reported (Jkeda et al, 2045, 2008; Kate af al, 2003). To prepare the cured cells, HCV RNA was eliminated from HCV RNA-replicating cells by the
interferon treatment. RSc cells are one of the sublines of OR6c cells. The arrows with solid and dashed lines show the transfection of HCV RNA and the interferon treatment,
respectively. (B) Visualization of LD under a confocal microscope. The panels show the fluorescence of LD by staining with BODIPY493/503. Bars, 20 pum. (C) Measurement of
the mean fluorescence intensity of BODIPY493/503-stained cells by a flow cytometer. These levels were calculated relative to the level in HuH-7 cells, which was set at 1.
(D) Quantitative RT-PCR analysis of HCV RNA in our cured cells 72 h after infection with HCV-JFH-1. Total RNA extracted from the cells was subjected to quantitative RT-PCR
analysis. The experiments were performed in at least triplicate. (E) Time-course analysis of HCV RNA in RSc and Huh7.5 cells after infection with HCV-JFH-1. Total RNA was
extracted from HCV-JFH-1-infected cells at each time point. (F) Quantitative RT-PCR analysis of HCV RNA in Huh7.5 cells 72 h after infection with intracellular (left panel) and
extracellular (right panel) HCV-JFH-1. As intracellular or extracellular HCV-JFH-1, the lysate or the supernatant was recovered from RSc cells (designated J-RSc in the figure)
and Huh7.5 cells (designated J-Huh7.5) 24 h after infection with HCV-JFH-1.
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Fig. 1. (continued)

was co-localized with the core protein in HCV-JFH-1-infected RSc
and Huh7.5 cells (Fig. 3A). We previously reported that the core
protein was not recruited to LDs in O cells, from which no infectious
virus was produced (data not shown). In fact, in contrast to HCV-
JFH-1-infected RSc and Huh7.5 cells, co-localization of Rab18 and
the core protein was not observed in O cells (Fig. 3B), although the
expression of Rab18 were almost comparable levels among these
cell lines (Supplemental ¥ig, $1(). We next examined the infectivity
of intracellular viral particles in HCV-JFH-1-infected RSc siRab18
cells. The results revealed that the knockdown of Rab18 inhibited
90% of the production of intracellular viral particles (¥ig. %C) and the
recruitment of the core protein to LDs (Fig. 3D). However, the
knockdown of Rab4 (early endosome marker), other Ras-related
small GTPase family member, inhibited only 40% of the production
of intracellular viral particles (Supplemental Fig. S3C). These results
suggest that Rab18 is particularly required for viral assembly
through the trafficking of the core protein to LDs. Rab18 may be
involved in the maturation of viral particles through membrane
trafficking of the core protein from the ER to LDs.

Discussion

Previous proteomics analysis showed that a number of host
factors were associated with LDs (Brasaemie ot al., 2004). These
LD-associated proteins may be required for the life cycle of HCV as
well as the metabolism of lipids. During viral production, the HCV
core protein is recruited to LDs in HCV-JFH-1-infected cells
(Mivanart et ab, 2007). In the present study, we suggest that one
of the LD-associated proteins, Rab18, is required for trafficking of
the HCV core protein to LDs and subsequent viral assembly.

The HCV core protein consists of three domains (domains 1, 2,
and 3). Domain 2 (aa 118-173) contains two proline residues at aa
positions 138 and 143, and a YATG sequence ranging from aa
positions 164-167 that is essential for the association with LDs

(Hope et al, 2002). These are conserved in both the JFH-1 strain
(genotype 2a) and O strain (genotype 1b). However, the core
protein was associated with LDs in HCV-JFH-1-infected RSc cells
(¥iz. 3D), but not in genome-length HCV RNA-replicating O cells
(Kato et al, 2009). Matto et al. found that there were two
morphologically distinct populations of the core protein (the
ring-like and the dot-like pattern) in genome-length HCV RNA
(genotype 1b)-replicating cells (Matto et ak, 2004). The ring-like
core protein was associated with LDs, and the dot-like core protein
was associated with the detergent-resistant membranes and the
lipid rafts essential for viral replication (Matto et al, 2004). We
previously demonstrated that the core protein of the O strain
showed a dot-like pattern (Kato et al, 2009), and that infectious
virus was not produced from O cells (data not shown). In contrast
to the core protein of the JFH-1 strain, the core protein of the O
strain was not trafficked to LDs, and may have remained at the
detergent-resistant membranes and the lipid rafts.

We also demonstrated that the core protein was co-localized
with Rab18 in HCV-JFH-1-infected RSc cells, but not in O cells
(¥ig. 3B). In addition, we demonstrated that the knockdown of
Rab18 did not inhibit HCV RNA replication in O cells as well as
HCV-JFH-1-infected RSc cells (Supplemental figs. S8 and S3B).
However, in contrast to our results, Salloum et al. have previously
observed that the knockdown of Rab18 inhibited HCV RNA
replication in OR6 cells (Sailowm et al, 2013). From these results,
we speculate the clonality of HuH-7 cells as one of causes of this
discrepancy. On the other hand, it also remains the possibility that
the induction of IFN-B by shRNA reduced HCV RNA replication.
Kenworthy et al. has previously reported that the introduction of
shRNA by lentiviral vector may induce IFN-§ (Kenworthy et al,
2008). Rab18 knockdown cells in the Salloum's paper were
generated by the introduction of shRNA using lentiviral vector. In
addition, Rab18 overexpression did not enhance HCV RNA replica-
tion in ORG cells (Sailoum et al. 2073). Another proteomic analysis
suggested that Rab18 is upregulated in the lipid raft fraction of
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Fig. 2. Rab18 is required for viral production, but not viral RNA replication. (A) Quantitative RT-PCR analysis of Rab18, Rab5, and Rab7 mRNA in RSc and Huh7.5 cells. These levels
were calculated relative to the level in RSc cells, which was set at 1. (B) Western blot analysis of Rab18, Rab5, and Rab7 in RSc¢ and Huh7.5 cells. p-actin was included as a loading
control. (C) Western blot analysis of Rab18 expression in RSc cells transfected with Rab18-specific (designated RSc siRab18 in the figure) or control (designated RSc siCont) siRNA.
Cell lysates were prepared from RSc cells 120 h after transfection with Rab18-specific or control siRNA. (D) Quantitative RT-PCR analysis of HCV RNA in RSc siRab18 cells 24 h after
infection with HCV-JFH-1. Transfection was performed 96 h before infection with HCV-JFH-1. NS: no significance. (E) Western blot analysis of Rab18 expression in Huh7.5 cells
transfected with Rab18-specific (designated Huh7.5 siRab18) or control (designated Huh7.5 siCont) siRNA. (F) Quantitative RT-PCR analysis of HCV RNA in Huh7.5 siRab18 and
siCont cells 24 h after infection with HCV-JFH-1. (G) Quantitative RT-PCR analysis of HCV RNA in Huh7.5 cells 72 h after infection with extracellular HCV-JFH-1. (Left panel)
As extracellular HCV-JFH-1, the supernatant was recovered from RSc siCont cells (designated J-RSc siCont) or RSc siRab18 cells (designated J-RSc siRab18) 24 h after infection with
HCV-JFH-1. (Right panel) The supernatant was also recovered from Huh7.5 siRab18 cells (designated J-Huh7.5 siRab18) and Huh7.5 siCont cells (designated J-Huh7.5 siCont) 24 h
after infection with HCV-JFH-1. (H) Western blot analysis of Rab18 expression in Huh7.5 cells stably expressing Myc-tagged Rab18 (designated Huh7.5 Myc-Rab18). The arrow and
arrowhead indicate exogenous (Myc-tagged) and endogenous Rab18, respectively. (I) Quantitative RT-PCR analysis of HCV RNA in Huh7.5 cells 72 h after infection with extracellular
HCV-JFH-1. As extracellular HCV-JFH-1, the supernatant was recovered from Huh7.5 Cont (designated J-Huh7.5 Cont) or Huh7.5 Myc-Rab18 (designated J-Huh7.5 Myc-Rab18) 24 h
after infection with HCV-JFH-1. (J) Quantitative RT-PCR analysis of HCV RNA in Huh7.5 Myc-Rab18 cells 24 h after infection with HCV-JFH-1.
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genome-length HCV RNA (genotype 1b)-replicating cells
(Mannova et al., 2008). These results may suggest that Rab18 also
remained at the detergent-resistant membranes and the lipid rafts
in the genome-length HCV RNA (genotype 1b)-replicating cells
such as O cells. In addition, the gene silencing of Rab18 (Rab18-
knockdown JFH-1-infected RSc cells) blocked localization of the
HCV-JFH-1 core protein to LDs (Fig. 3D). Interestingly, the morphol-
ogy of the population of HCV-JFH-1 core proteins was changed from a
ring-like pattern to a dot-like pattern by the gene silencing of Rab18
(Fig. 3D). The HCV replication complex is formed on detergent-
resistant membranes of the ER lumen (Shi et al, 2003). The ectopic
expression of Rabl18 induces the close apposition of LD to ER
membranes through the reduction of ADRP (Ozeiki et al. 2005).
Rab18 may be one of the key host factors for the switch from the
viral replication step to the viral assembly step through the close
apposition of the detergent-resistant membranes to LDs. Rab18 may

A

Core

JFH1-RSc

JFH1-ASc

JFHT-Huh7 .5

Rabig

be an important target for the development of more effective anti-HCV
reagents.

Materials and methods
Cell culture, reagents, and plasmids

Human hepatoma Huh7.5 cells were provided by Apath LLC
(Brooklyn, NY). Huh7.5 cells, HuH-7 cells, and our established
HuH-7-derived cells (sOC, Oc, OR6¢, and RSc cells) were cultured
in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum. Blasticidin (2 pg/ml)
was used for the selection of Huh7.5 cells exogenously expressing
Myc-Rab18. G418 (0.3 mg/ml) was also used for the selection of
genome-length HCV RNA-replicating O cells.

Merge

Fig. 3. Rab18 is required for viral assembly through the trafficking of HCV-JFH-1 core protein on LDs. (A) Visualization of the HCV-JFH-1 core protein (red) and Rab18 (green)
under a confocal microscope. The panels show RSc or Huh7.5 cells 72 h after infection with HCV-JFH-1. Bars, 10 pm. (B) Visualization of the core protein (red) and Rab18
(green) in O cells. Bars, 10 pm. (C) Quantitative RT-PCR analysis of HCV RNA in Huh7.5 cells 72 h after infection with intracellular HCV-JFH-1. As intracellular HCV-JFH-1, the
lysate was prepared from RSc siRab18 cells (designated J-RSc siRab18) and RSc siCont cells (designated J-RSc siCont) 24 h after infection with HCV-JFH-1. (D) Visualization of
the HCV-JFH-1 core protein (red) and LD (green) under a confocal microscope. The panels show RSc siRab18 and siCont cells 72 h after infection with HCV-JFH-1. Bars, 10 pm.
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Fig. 3. (continued)

Immunofluorescence analysis

The LDs were stained with BODIPY493/503 (Invitrogen), and
then photographed under a confocal microscope. Anti-Core anti-
body (CP11; Institute of Immunology, Tokyo, Japan) and anti-
Rab18 antibody (Sigma, St. Louis, MO) were used as the primary
antibodies. AlexaFluor 488-conjugated goat anti-rabbit antibody
and AlexaFluor 594-conjugated goat anti-mouse antibody (Invi-
trogen) were used as the secondary antibodies. The intracellular
localizations of HCV core protein and Rab18 were visualized and
photographed under a confocal microscope as previously reported
(Dransako et al, 2008). 4'-6-diamino-2-phenylindole (DAPI; Sigma)
was used for visualization of the nucleus.

Flow cytometric analysis

The LDs were stained with BODIPY493/503 and then their
mean fluorescence intensity was measured by a flow cytometer.
The levels of LDs were calculated relative to the level in HuH-7
cells, which was set at 1.

Infection with HCV-JFH-1

The cells were infected with HCV-JFH1 (genotype 2a) for the
appropriate time at a multiplicity of infection (MOI) of 1, and then
the samples were prepared for the Western blot analysis, immu-
nofluorescence analysis, and quantitative reverse transcription
(RT)-PCR. Cell lysates and supernatants were prepared from the
HCV-JFH-1-infected cells to monitor intracellular and extracellular
infectivity. Intracellular HCV-JFH-1 was prepared from HCV-JFH-1~-
infected cells by repeated freeze-thaw cycles.

Generation of Rab18-knockdown cells

Small interfering RNAs (siRNAs) targeting Rab18 (Thermo Scientific;
M-010824-00-0005) were prepared to generate Rab18-knockdown
cells. siRNAs targeting Rab18 or non-targeting siRNAs (Thermo
Scientific; D-001206-13-20) were introduced into RSc or Huh7.5
cells by DharmaFECT transfection reagent (Thermo Fisher Scien-
tific, Waltham, MA). After transfection for the appropriate amount
of time, Rab18-knockdown cells were infected with HCV-JFH-1.

Quantitative RT-PCR analysis

Total cellular RNA was isolated from HCV-JFH-1-infected cells by
using an RNeasy mini kit (Qiagen, Hilden, Germany). RT was
performed as previously described (Dansako et al, 2004). A SYBR
Premix Ex Taq kit (TaKaRa Bio, Otsu, Japan) was used to measure the
RNA levels of Rab18, Rab5, Rab7, GAPDH, or HCV. We used the
following forward and reverse primer sets for quantitative PCR: for
Rab18, 5-GCGGAACGGGGTICAGGATGG-3 (forward) and 5-AAGAG
CAGGCTGGACTTGCCC-3' (reverse); for Rab5, 5-GCTTGCTGCGGTICT
CAGGTTICI-3" (forward) and 5-TGGCCCGTTGGGICITGTTGC-3
(reverse); for Rab7, 5-CTCATCCAGGCCAGTCCCCGA-3' (forward) and
5'-CCCGCTTTGTGGCCACTTGIC-3' (reverse); for HCV and GAPDH, the
primer sets are given in Dansake et al, 2012 and Dansako et al, 2003,
respectively. The levels of Rab18, Rab5, Rab7, and HCV were normal-
ized to the levels of GAPDH mRNA. The mRNA levels of Rab18,
Rab5, and Rab7 in Huh7.5 cells were calculated relative to the level
in RSc cells, which was set at 1. In vitro-transcribed HCV-JFH-1
RNA was used as the standard to calculate the amount of HCV RNA
in HCV-JFH-1-infected cells. Data are the means+SD from three
independent experiments.
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Fig. 3. (continued)

Western blot analysis (Millipore, Billerica, MA) by using a semi-dry transfer system:
Horize BLOT 2MR (ATTO, Tokyo, Japan). Anti-Core (CP11; Institute

Preparation of cell lysates, and SDS-polyacrylamide gel electro- of Immunology Co.), anti-Myc (PL14; Medical & Biological Labora-
phoresis were performed as previously described (Dansake ef al., tories, Nagoya, Japan), anti-Rab18 (Sigma), anti-Rab5 (S-19;
2005). Gel was transferred to an Immobilon PVDF membrane Santa Cruz Biotechnology. Santa Cruz, CA), anti-Rab7 (Sigma),
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and anti-B-actin antibody (AC-15; Sigma) were used in this study
as primary antibodies. HRP-conjugated anti-mouse-IgG or anti-
rabbit-IgG was used in this study as a secondary antibody (Cell
Signaling Technology, Beverly, MA). lmmunocomplexes were
detected as previously described (Dansako et al., 2007).

Statistical analysis

Determination of the significance of differences among groups
was assessed using the Student's t-test. P< 0.05 was considered
statistically significant.
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ABSTRACT

Persistent hepatitis C virus (HCV) infection causes chronic liver diseases and is a global health problem.
Although the sustained virologic response rate in the treatment of genotype 1 using new triple therapy
(pegylated-interferon, ribavirin, and telaprevir/boceprevir) has been improved by more than 70%, several
severe side effects such as skin rash/ageusia and advanced anemia have become a problem. Under these
circumstances, a new type of anti-HCV oral drug with few side effects is needed. Our recently developed
HCV drug assay systems, including the HuH-7 cell line-derived OR6 and AH1R, and the Li23 cell line-
derived ORL8 and ORL11, allow genome-length HCV RNAs (several strains of genotype 1b) encoding
renilla luciferase to replicate efficiently. Using these systems as anti-HCV candidates, we have identified
numerous existing medicines that can be used against HCV with few side effects, such as statins and tepr-
enon. To obtain additional anti-HCV candidates, we evaluated a number of oral health supplements, and
found that the capsule but not the liquid form of Cordyceps militaris (CM) (Ascomycotinanorth, North Chi-
nese caterpillar fungus), which is used as a Chinese herbal medicine, exhibited moderate anti-HCV activity.
In combination with interferon-o or ribavirin, CM exhibited an additive inhibitory effect. Among the main
components of CM, cordycepin, but not ergosterol, contributed to the anti-HCV activity of CM. In consid-
eration of all these results, we suggest that CM would be useful as an oral anti-HCV agent in combination

with interferon-o and/or ribavirin.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Hepatitis C virus (HCV) infection frequently causes chronic hep-
atitis, which often leads to liver cirrhosis and hepatocellular carci-
noma. Since approximately 170 million people are infected with
HCV worldwide, HCV infection is a serious global health problem
{11, HCV is an enveloped virus with a positive single-stranded
RNA of the Flaviviridae family. The HCV genome encodes a large
polyprotein precursor of approximately 3000 amino acids, which
is cleaved into 10 proteins in the following order: Core, envelope
1 (E1), E2, p7, non-structural 2 (NS2), NS3, NS4A, NS4B, NS5A,
and NS5B {231,

Recently, a new therapy for hepatitis C (genotype 1) with a
combination of pegylated-interferon (PEG-IFN), ribavirin (RBV),
and telaprevir/boceprevir (inhibitor of HCV NS3-4A protease) has
been started as a global standard therapy {4]. Although the sus-
tained virological response (SVR) in this therapy has improved
approximately 70-80% {5}, this therapy has several problems, such
as severe side effects (skin rash, ageusia, advanced anemia, etc.),
emergence of resistant viruses, and high treatment cost {5,561

* Corresponding author. Fax: +81 86 235 7392.
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hrpsffdsdotorg 10 1016/.50rc 2014.03,150
0006-291X/© 2014 Elsevier Inc. All rights reserved.

Although cells derived from the human hepatoma cell line
HuH-7 have been used as the preferred culture system for the
study of HCV life cycles and for the development of anti-HCV
drugs 7}, we previously found a new human hepatoma cell line,
Li23, that enables reproducibility of the HCV life cycle {8}. Using
the Li23 cell line, we developed Li23-derived drug assay systems
(ORL8 and ORL11) in which a genome-length HCV RNA (the O
strain of genotype 1b derived from an HCV-positive healthy car-
rier) encoding renilla luciferase (RL) replicates efficiently [},
based on a method previously reported in the development of a
HuH-7-derived drug assay system (OR6) {%]. Since we demon-
strated that the gene expression profile of Li23 cells was distinct
from that in HuH-7 cells {10}, and that the anti-HCV targets in
Li23-derived cells (ORL8 and ORL11) were distinct from those in
HuH-7-derived cells (OR6 and AH1R, which was developed using
the AH1 strain of genotype 1b) {11-14}, we considered that we
might find a new type of anti-HCV agent by conducting a search
using these two kinds of cell-based HCV RNA-replication assay
systems. Indeed, we recently found that the preclinical antimalar-
ial drugs N-89 and N-251 {15,161 exhibited potent anti-HCV
activities {17},

Here, we report the further discovery that an oral health
supplement used as a Chinese herbal medicine, Cordyceps militaris
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