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Fig. 2. CsA reduced internalized HBV. (A) HepaRG cells were treated with or without various concentrations of CsA (0.5, 1, 2, and 4 uM) as
shown in Fig. 1A. HBV infection was monitored by HBs and HBe secretion. (B) HBV DNA in core particles was detected by southern blot analysis
of DNA extracts from HepAD38 cells treated for 6 days with or without tetracycline 0.5 ug/mL and lamivudine 1 uM. (C) Upper scheme indi-
cates the treatment schedule of HepaRG cells with compounds and HBV. HepaRG cells were infected with HBV for 16 hours. After washing out
the input virus, cells were cultured in the absence of compounds for 8 days. The cells were then cultured with compounds (lamivudine 1 pM,
entecavir 1 uM, IFN-o 100 1U/mL, or heparin 25 U/mL) for 4 days and recovered for detection of HBV DNA. Black and dotted boxes indicate
the periods with and without treatment, respectively. Lower graph shows the quantified relative HBV DNA level in cells treated according to the
above scheme. (D) Upper scheme shows the experimental procedure for examining the attached and internalized HBV. (a) The cells were pre-
treated with compounds (heparin 25 U/mL, lamivudine 1 uM, or CsA 4 M) at 4°C for 2 hours and then treated together with HBV at 4°C for 3
hours to allow HBV attachment to the cells. After washing out the free virus, cell surface HBY DNA was extracted and quantified by real-time
PCR. (b) After attachment of HBV at 4°C for 3 hours and the following wash, the cells were cultured in the presence or absence of compounds
at 37°C for 16 hours to allow the cells to internalize bound HBVY. The cells were then trypsinized and extensively washed prior to quantifying the
cellular HBY DNA. The lower graphs show the level of HBV DNA attached to the cells (a) and internalized inside the cells (b). "Background" in
(b) indicates the signal from cells incubated at 4°C, instead of 37°C, for 16 hours after washing out the virus in (b), which shows the back-
ground signal level of the assay. (E) The upper scheme shows the procedure for the time of addition experiment. Compounds (CsA 4 uM, anti-
HBs antibody 10 pg/mL, or heparin 25 U/mL) were applied beginning 2 hours prior to HBV infection (a), beginning during HBV infection (b), or
beginning immediately after HBV infection (c) until 24 hours postinfection. HBs and HBe protein secretion were measured at 12 days postinfec-
tion. Middle and lower graphs indicate HBs and HBe secretion, respectively, from the cells treated according to the above scheme. (F) Preincuba-
tion of HBV with compounds. HBV was preincubated with the indicated compounds for 30 minutes at 37°C. Compounds were then removed by
ultrafiltration. The recovered compound-treated HBV was used to infect HepaRG cells (16 hours incubation), and HBV infection was monitored
with HBs antigen secreted into the medium at 12 days postinfection. *P < 0.05, **P < 0.01, N.S., not significant.
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Fig. 3. CsA showed a pan-genotypic anti-HBV effect. (A) PHHs were
treated with compounds (CsA 4 uM or heparin 25 U/mL) according to
the scheme in Fig. 1A with different genotypes of HBV inoculum, and
either HBs protein in the medium or HBV DNA in the cells at 12 days
postinfection was quantified. (B) CsA did not affect the entry of HCV.
Huh-7.5.1 cells were pretreated with the indicated compounds for 1
hour and then infected with HCVpp for 4 hours. At 72 hours postinfec-
tion, intracellular luciferase activity was measured. *P < 0.05,
**P < 0.01, N.S., not significant.

(Fig. 2D-a). In contrast, CsA caused a significant
reduction of HBV DNA in the internalization assay
(Fig. 2D-b). In the time of addition assay as shown in
Fig. 2E, treatment with CsA during HBV infection
decreased HBs and HBe production (Fig. 2E-b), while
CsA did not have an anti-HBV effect when delivered
after HBV infection (Fig. 2E-c). Thus, CsA appears to
primarily block the entry step including internaliza-
tion. To examine whether CsA targeted HBV particles
or host cells, we preincubated HBV with CsA and
then purified the CsA from the HBV inoculum, fol-
lowed by measurement of the HBV infectivity using
HepaRG cells (Fig. 2F). Preincubation with CsA did
not affect HBV infectivity, in contrast to the antago-
nizing effect of heparin to HBV particles (Fig. 2F),
suggesting that CsA did not affect HBV particles but
rather targeted host cells.

Cyclosporin A Showed a Pan-Genotypic Anti-HBV
Effect. We examined the ant-HBV effect of CsA on
the infecton of different genotypes of HBV into
PHHs. As shown in Fig. 3A, CsA reduced the infection
of HBV genotype A, C, or D, which differ in sequences

from the virus strain used in all of the other figures.
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However, CsA did not affect the entry of HCV, in con-
trast to the inhibition of HCV entry by heparin, bafilo-
mycin Al, or an anti-HCV E2 antbody (Fig. 3B).
Effect of Immunosuppressants on HBV Infec-
tion. CsA is used clinically as an immunosuppressant,
such as in patients following liver transplantation.'
We therefore investigated the activity of other immu-
nosuppressants on HBV infection. Among the addi-
tional immunosuppressive drugs examined, only
FK506 was able to suppress HBV infection (Fig. 4A).
CsA is known to have three major cellular targets: cel-
lular cyclophilins (CyPs), calcineurin (CN), and trans-
porters including MDRs and MRPs.'® Although both
CsA and FK506 can inhibit CN (Fig. 4B), this activity
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Fig. 4. Effect of immunosuppressants on HBY infection. (A,C) Hep-
aRG cells were treated with or without the indicated compounds at 2
1M (FK506 4 uM) in (A), and CsA (2 and 4 M) and PSC833 (2 and
4 pM) in (C), according to the scheme in Fig. 1A. HBs (A,C) and HBe
(C) secretion was determined. (B) Effect of compounds on the activity
of the calcineurin/NF-AT pathway. Jurkat cells transfected with pNF-AT-
luc and pRL-TK were stimulated with PMA and ionomygin in the pres-
ence or absence of CsA, FK506, and PSC833 for 24 hours to mea-
sure the luciferase activity. (D) Cyclophilin binding activity of CsA,
FK506, and PSC833 was determined in a competitive binding assay
as described in the Materials and Methods using a CsA-derived fluo-
rescent probe. ICs0s (M) for the inhibition of probe binding to CyPA,
CyPB, and CyPD are shown. *P < 0.05, **P < 0.01.
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was dispensable for the anti-HBV effect, as PSC833, a
CsA derivative inactive for CN inhibition (Fig. 4B),'®
could still inhibit HBV infection (Fig. 4C). As
PSC833 and FK506 did not bind to the active site of
CyPs (Fig. 4D), CyP inhibition is not likely to be
responsible for the ant-HBV activity.

CsA Blocked HBV Infection Through Targeting
NTCP. Recently, NTCP was reported as a candidate
entry recepror for HBV.?> A transporter activity assay
showed that CsA inhibited the activity of NTCP both
in 293 (Fig. 5A) and HepG2 cells (Fig. 5B) engineered
to stably overexpress NTCP, as previously reported.‘35
CsA was also suggested to bind to NTCP on the
membrane in a ligand binding assay using HepG2-
NTCP cells (Fig. S2).

NTCP messenger RNA (mRNA) was expressed in
HepaRG cells and PHH, which are HBV-susceptible,
while little to no expression was detected in HBV-
nonsusceptible cell lines including HepG2, Huh-7,
FLC4, and nonhepatocyte Hela cells (Fig. 5C). In con-
trast, CyPA and CyPB were expressed in all of these cell
lines, irrespective of infection susceptibility. Intriguingly,
we found that the inhibition of NTCP transporter
activity correlated with antd-HBV entry actvity (Figs.
5A, 4A,B). These results suggest the possibility that
compounds targeting NTCP have the potential to block
HBV infection. To test this prediction, we treated Hep-
aRG cells with compounds known to inhibit NTCB
including ursodeoxycholate, cholic acid, propranolol,
progesterone, and bosentan®>>® to investigate the effect
on HBV entry using the protocol in Fig. 1A. As shown
in Fig. 5D, these compounds inhibited HBV infection.
Thus, inhibition of NTCP blocked HBV infection. We
also showed that HepG2 cells overexpressing NTCP
were susceptible to HBV infection (Fig. 5E), as reported
recently.*> Treatment with CsA also reduced HBs and
HBe secretion when these cells were infected with
HBV (Fig. 5E), suggesting that CsA inhibited NTCP-
mediated HBV infection.

The binding of the HBV large envelope protein
(LHBs) to NTCP was reported to be important for
HBV entry.””> Thus, one mechanism by which com-
pounds that directly inhibit NTCP activity may block
HBV entry is interruption of the binding between
NTCP and LHBs. To test this possibility, we established
an AlphaScreen assay to evaluate LHBs-NTCP binding
in vitro as described in the Materials and Methods. Iz
vitro synthesized NTCP and LHBs were at least partially
functional, as NTCP bound to its substrate TCA (Fig.
S3A) and LHBs could neutralize HBV infection into
HepaRG cells (Fig. S3B). As shown in Fig. 5F incuba-
tion of recombinant NTCP with LHBs but not middle
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(MHBs) and small envelope protein (SHBs) produced a
significant AlphaScreen signal (Fig. 5F-a, left) indicative
of a direct protein-protein interaction. In contrast to
NTCP, recombinant GST or other nonrelevant proteins,
LCK and FYN,? did not produce a binding signal
when incubated with LHBs (Fig. 5F-a), suggesting that
our AlphaScreen assay produced a specific signal for the
interaction of NTCP with LHBs. Consistent with the
report that the pre-S1 region of LHBs was important
for the binding to NTCP?* the signal was decreased in a
dose-dependent manner by the addition of pre-S1 lipo-
peptide HBVpreS/2-48™",> (Fig. 5F-b) but not of an
inactive mutant of pre-S1 (Fig. S3C), indicating a com-
petition of pre-S1 with LHBs for NTCP binding. In
this assay, CsA as well as FK506 and a CsA derivative,
SCYX1454139 (see the next section), were shown to
reduce the signal for LHBs-NTCP binding in a dose-
dependent manner (Fig. 5F-c,d,e). These results suggest
that CsA targets NTCP and thereby inhibits the interac-
tion between LHBs and NTCP.

Identification of CsA Analogs Possessing a Higher
Anti-HBV Potential. Considering CsA as a lead
compound, we tested CsA analogs for anti-HBV activ-
ity. As shown in Fig. 6A, SCYX618806 reduced HBs
secretion after HBV infection, while a related analog
SCYX1774198 did not have a significant anti-HBV
effect (Fig. 6A,C). Additional analogs, SCYX827830
and SCYX1454139, had significant anti-HBV activities
(Fig. 6A,C). Alisporivir (Debio 025), an ant-HCV
drug candidate,®® also decreased HBV infection to the
equivalent level to CsA (Fig. 6B). Figure 6D shows a
dose-dependent reduction of HBs secretion by treat-
ment with SCYX618806, SCYX827830, and
SCYX1454139, all of which had more potent anti-
HBV activities than CsA (compare Fig. 6D with Fig.
2A). These results indicate that anti-HBV activity is
not disrupted by at least some changes to the 3-
glycine, 4-leucine, and 8-alanine residues of CsA,
although additional analogs will need to be evaluated
for a full understanding of the structure-activity rela-
tionships. Notably, SCYX618806 and alisporivir bear
modifications on the 4-leucine residue of the CsA
backbone that prevent CN binding and immunosup-
pressive activity (Table S1), further confirming that
anti-HBV activity does not require immunosuppressive
activity. Notably, SCYX1454139 showed the strongest
anti-HBV entry activity among 50 CsA derivatives
examined (data not shown and Fig. 6E). The median
inhibitory concentrations (ICss) for anti-HBV activity
as well as CCsqs determined by an MTT-based cell
viability assay are shown in Fig. 6E. The ICs, and
CCso of SCYX1454139 were 0.17 £0.02 and >10
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Fig. 5. NTCP inhibitors blocked HBV infection. (A) NTCP transporter activity was examined following CsA, FK506, rapamycin, and PSC833
treatment of 293 cells overexpressing NTCP, as described in the Materials and Methods. Dose-response curves and [Cses for inhibition of NTCP
transporter activity are shown. (B) NTCP transporter activity was measured in HepG2-NTCP cells treated with or without CsA 10 uM or taurourso-
deoxycholic acid (TUDCA) 10 M as a positive control. (C) Expression of mRNAs for NTCR CyPA, CyPB, and GAPDH in HepaRG, PHHs, HepG2,
Huh-7, Hela, and FLC4 cells was determined by RT-PCR. (D) HepaRG cells were treated with or without CsA 4 uM, ursodeoxycholate 100 uM,
cholic acid 100 uM, propranolol 100 uM, progesterone 40 uM, bosentan 100 xM, and heparin 25 U/mL according to the scheme in Fig. 1A.
Secretion of HBs and HBe was quantified. (E) HepG2 cells overexpressing NTCP {HepG2-NTCP) and the parental HepG2 cells were pretreated
with or without CsA or heparin for 2 hours, then treated with HBV for 16 hours. HBV infection was monitored with HBs and HBe secreted from
the cells. (F) AlphaScreen assay to evaluate the binding between NTCP and large envelope protein (LHBs) as described in the Materials and
Methods. (a) Left, His-tagged GST (white bars) or NTCP (black bars) are incubated with large (LHBs), middle (MHBs), or small envelope protein
(SHBs). Right, His-tagged NTCP and other nonrelevant proteins, LCK and FYN, and GST were incubated with LHBs, MHBs, and GST. (b-e) His-
tagged GST (white bars) or NTCP (black bars) were incubated with LHBs in the presence of varying amounts of pre-S1 lipopeptide HBVpreS/2-
48™" (b; 0, 7.7, 15.3, 30.7, and 61.3 uM), CsA (c; 0, 37.5, 75, 150, and 300 uM), FK506 (d; 31, 63, 125, 250, and 500 uM), and
SCYX1454139 (e; 0, 37.5, 75, 150, and 300 uM), respectively. *P < 0.05, **P < 0.01.

UM, respectively, a profile superior to that of CsA SCYX1454139 was also observed in PHHs, in which
(ICsy and CCsq of 1.17 £ 0.22 and >10 uM, respec- also the anti-HBV effect of SCYX1454139 was more
tively). Inhibition of HBV infection by treatment with remarkable than that of CsA (Fig. 6F). These results
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Fig. 6. Analysis of CsA analogs. (A,B) Anti-HBV activity of CsA analogs. HepaRG cells were treated with or without dimethy! sulfoxide (DMS0),
heparin 10 U/mL, lamivudine 1 uM, CsA 4 uM, or its analogs, SCYX618806, SCYX1774198, SCYX827830, and SCYX1454139 (A) or alisporivir
(B) at 4 uM, as shown in Fig. 1A to measure HBs and HBe secretion level. (C) Chemical structures of CsA and its derivatives. (D) Dose-
response curves for CsA analogs. HepaRG cells were treated with or without various concentrations of SCYX618806, SCYX827830, or
SCYX1454139 (0.25, 0.5, 1, 2, and 4 uM) as shown in Fig. 1A. (E) ICs0s (uM) for CsA and its analogs in blocking HBV infection are shown.
CCs08 (M) determined by the MTT cell viability assay are also shown. (F) PHHs were treated with CsA and its derivatives at 4 uM or left
untreated according to the protocol in Fig. 1A, and HBV infection was monitored by HBs protein secretion. *P < 0.05, **P < 0.01.

clearly indicate that analogs of CsA may include com-
pounds with greater anti-HBV potency than that of
CsA itself.

Discussion

Previous reports have demonstrated that CsA sup-

presses the replication of a variety of viruses including
bl

human immunodeficiency virus, HCV, influenza virus,

severe acute respiratory syndrome coronavirus, human
papillomavirus, flaviviruses, vesicular stomatitis virus,
and vaccinia virus."®**® Virological analyses using
CsA further demonstrate that CyPs are involved in the
replication of these viruses. In this study, we showed
that CsA inhibited the entry of HBV but in an appa-
rent CyP-independent manner. It was previously
reported that CsA suppressed HBV replication in a cell
culture system carrying an HBV transgene,47 However,
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this antireplication effect is not likely to be responsible
for the anti-HBV activity observed in this study, based
on several observations. First, the experimental system
mainly used in this study (Fig. 1A) is likely to evaluate
the early phase of HBV infection but not HBV repli-
cation. Second, the suppression of HBV replication by
CsA reported previously was mediated by blocking the
mitochondrial permeability transition pore possibly
through binding to mitochondrial CyPD.*"* The
anti-HBV activity shown in this study, however, had
no correlation with binding to CyPs, suggesting that
the inhibition of HBV infection in HepaRG cells and
PHHs is not from the result of suppression of HBV
replication. Rather, CsA inhibited NTCP transporter
activity and disrupted the binding between NTCP and
LHBs in vitro. Moreover, inhibition of HIBV infection
could be observed by treatment with other compounds
having the capacity to inhibit NTCP. These results
suggest that targeting NTCP blocks HBV infection.
The current anti-HBV agents are mainly comprised
of nucleos(t)ide analogs and IFNs. Development of
anti-HBV agents targeting different molecules is greatly
needed for achieving improved treatment of HBV
infection, especially to combat drug-resistant virus.
HBV cell entry mechanisms have been poorly defined.
At the initial stage, HBV attaches to target cells with
low affinity through binding involving cellular factors
including heparan sulfate proteoglycans.*®* For the
subsequent entry mechanism, it has recently been
reported that NTCP is essential for HBV-specific
entry.”” Although the precise mechanism for entry and
internalization is as yet incompletely understood, inter-
ference with this step has emerged as an attractive
approach for development of novel therapeutics. For
example, Gripon et al.” demonstrated that a peptide
mimicking the pre-S1 region of large envelope protein
prevented HBV infection in a mouse model. These
results suggest that inhibition of virus cell entry could
be an effective strategy for preventing HBV infection
to achieve clinical outcomes such as for postexposure
prophylaxis, blockage of vertical transmission, and pre-
vention of HBV recurrence after liver transplantation.
Given that HBV reactivation generally occurs under
immunosuppressive conditions,*”® it is uncertain
whether clinically relevant doses of CsA or FK506
could be helpful in preventing HBV reactivation after
liver transplantation. It remains also unknown in gen-
eral whether entry inhibitors could be effective in elim-
inating chronic HBV infection. Future studies should
evaluate whether inhibition of HBV entry by CsA or
its derivatives can reduce persistent HBV infection,
especially in combination with nucleos(t)ide analogs or
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interferons. In this study, we obtained nonimmunosup-
pressive CsA derivatives that could inhibit HBV entry
(Fig. 6). Moreover, a small-scale analog analysis identi-
fied a CsA derivative exhibiting more potent inhibition
of HBV infection, with an ICsy of 0.1-0.2 uM (Fig.

6). This 1Csq is equivalent to the anti-HCV replication

activities of alisporivir or SCY-635 (0.22 uM and 0.08
UM, respectively), drugs which have been shown to
reduce HCV viral load in infected patients during clin-
ical trials.”® Further analog analysis using CsA as a
platform may identify more potent anti-HBV
compounds.

In general, antiviral drugs targeting a cellular factor
select drug-resistant viruses at a lower frequency than
do direct-acting antiviral agents. Cellular targets rele-
vant for anti-HBV drug development have been poorly
defined to date. This study has demonstrated that
small molecules targeting NTCP can inhibit HBV
infection. Further study of NTCP inhibitors and CsA
derivatives may provide a new anti-HBV strategy tar-
geting a cellular factor, which is less likely to foster
emergence of drug-resistant viruses.
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ABSTRACT

Hepatitis C virus (HCV) exploits host membrane cholesterol and its metabolism for progeny virus production. Here, we exam-
ined the impact of targeting cellular squalene synthase (SQS), the first committed enzyme for cholesterol biosynthesis, on HCV
production. By using the HCV JFH-1 strain and human hepatoma Huh-7.5.1-derived cells, we found that the SQS inhibitors YM-
53601 and zaragozic acid A decreased viral RNA, protein, and progeny production in HCV-infected cells without affecting cell
viability. Similarly, small interfering RNA (siRNA)-mediated knockdown of SQS led to significantly reduced HCV production,
confirming the enzyme as an antiviral target. A metabolic labeling study demonstrated that YM-53601 suppressed the biosynthe-
sis of cholesterol and cholesteryl esters at antiviral concentrations. Unlike YM-53601, the cholesterol esterification inhibitor San-
doz 58-035 did not exhibit an antiviral effect, suggesting that biosynthesis of cholesterol is more important than that of choles-
teryl esters for HCV production. YM-53601 inhibited transient replication of a JFH-1 subgenomic replicon and entry of JFH-1
pseudoparticles, suggesting that at least suppression of viral RNA replication and entry contributes to the antiviral effect of the
drug. Collectively, our findings highlight the importance of the cholesterol biosynthetic pathway in HCV production and impli-
cate SQS as a potential target for antiviral strategies against HCV.

IMPORTANCE

Hepatitis C virus (HCV) is known to be closely associated with host cholesterol and its metabolism throughout the viral life cy-
cle. However, the impact of targeting cholesterol biosynthetic enzymes on HCV production is not fully understood. We found
that squalene synthase, the first committed enzyme for cholesterol biosynthesis, is important for HCV production, and we pro-
pose this enzyme as a potential anti-HCV target. We provide evidence that synthesis of free cholesterol is more important than
that of esterified cholesterol for HCV production, highlighting a marked free cholesterol dependency of HCV production. Our
findings also offer a new insight into a role of the intracellular cholesterol pool that is coupled to its biosynthesis in the HCV life

cycle.

patitis C virus (HCV) is a causative agent of acute and
hronic hepatitis, which can eventually lead to cirrhosis and
hepatocellular carcinoma. HCV infection is recognized as a major
threat to global public health, with 130 to 150 million people
worldwide being infected with the virus (1). Over the last decade,
the standard therapy for chronic HCV infection has been a com-
bination of pegylated interferon alpha and ribavirin (2), but that
has greatly changed after the emergence of first direct-acting an-
tivirals that selectively target HCV, i.e., telaprevir and boceprevir
(3, 4). These drugs, both used in combination with pegylated in-
terferon and ribavirin, have brought significant benefits to pa-
tients who did not respond to the conventional therapy. In addi-
tion, recent clinical data on the newly approved direct-acting
antivirals simeprevir and sofosbuvir have provided novel insights
on combination therapies with inhibitors of multiple targets (5).
However, direct-acting antivirals are frequently associated with
the emergence of drug-resistant HCV variants, likely leading to
treatment failure (6). Thus, development of host-targeted agents,
which are expected to have a high genetic barrier to resistance,
should be encouraged to expand treatment options for chronic
hepatitis C.

HCV is an enveloped, positive-sense, single-stranded RNA vi-
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rus belonging to the Hepacivirus genus of the Flaviviridae family.
The HCV genome is 9.6 kb in length and contains a single open
reading frame encoding a large polyprotein of approximately
3,000 amino acids. Translation of the polyprotein is directed by an
internal ribosome entry site (IRES) located mostly in the highly
conserved 5' untranslated region (7). The polyprotein is co- and
posttranslationally processed into three structural proteins (core,
El, and E2), a small ion channel protein (p7), and six nonstruc-
tural proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) by cel-
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lular and viral proteases (8-10). The nonstructural proteins as-
semble on the endoplasmic reticulum (ER)-derived membranes
and recruit the viral genome into an RNA replication complex
(11, 12).

Several lines of evidence suggest that HCV is closely associated
with cholesterol and its metabolism throughout the viral life cycle
in hepatocytes (13). In a previous study using a cholesterol-ex-
tracting drug, methyl-B-cyclodextrin, HCV entry was found to be
in part dependent on the host membrane cholesterol content (14).
Biochemical studies suggest that HCV RNA replication takes place
on lipid rafts (15-17), ie., detergent-resistant membrane mi-
crodomains enriched in cholesterol and sphingolipids (18). Lipid
rafts also appear to be involved in HCV virion assembly because
the viral structural proteins are associated with them (19, 20).
Virion assembly occurs at the ER membranes immediately adja-
cent to the lipid droplet (21, 22), a major storage organelle for
cholesteryl esters and triglycerides. Subsequent maturation and
release of viral particles are tightly linked to the very-low-density
lipoprotein (VLDL) secretion pathway (reference 22 and refer-
ences therein; 23). Indeed, the lipid composition of secreted viral
particles resembles that of VLDLs and low-density lipoproteins
(LDLs), with a large amount of cholesteryl esters (24). The viral
particles are also enriched in cholesterol and sphingomyelin, both
of which are important for particle maturation and infectivity
(19).

Cholesterol is synthesized from acetyl coenzyme A (acetyl-
CoA) via a series of enzymatic reactions shown in Fig. 1. The
rate-limiting enzyme of the cholesterol biosynthetic pathway is
3-hydroxy-3-methylglutaryl (HMG)-CoA reductase, which cata-
lyzes the synthesis of mevalonate (25). Previous studies have
shown that HMG-CoA reductase inhibitors or statins (26) block
viral RNA replication in HCV genotype 1b replicon cells (27-29).
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Squalene Synthase as a Potential Anti-HCV Target

Although statins are widely used as cholesterol-lowering drugs
(30), their anti-HCV effect has been attributed not to a decrease in
cholesterol content but rather to decreases of the nonsterol iso-
prenoids geranylgeranyl lipids (27, 28), the biosynthetic pathway
of which shares early steps with that of cholesterol (Fig. 1). Al-
though recent studies have shown that downstream enzymes in
the cholesterol biosynthetic pathway, such as oxidosqualene cy-
clase, lanosterol C,,-demethylase, 24-dehydrocholesterol reduc-
tase, and 7-dehydrocholesterol reductase, are required for HCV
production (31-33), the role of the committed steps of cholesterol
biosynthesis in the HCV life cycle is not fully understood.

In this study, we focused on squalene synthase (SQS), which is
the first committed enzyme in cholesterol biosynthesis (34) (Fig.
1). We examined the impact of SQS inhibition on HCV produc-
tion by using an HCV cell culture system with human hepatoma
Huh-7.5.1-derived cells and an HCV genotype 2a isolate, JFH-1
(35-37). We present data showing that SQS-mediated cholesterol
biosynthesis is important for viral production, and we propose
that SQS is a potential anti-HCV target.

MATERIALS AND METHODS

Reagents. YM-53601 (38), zaragozic acid A (39), and Sandoz 58-035 (40)
were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA) and
dissolved in dimethyl sulfoxide (DMSO). A Stealth RNA interference
(RNAI) small interfering RNA (siRNA) for human SQS, HSS103617
(siSQS), and a Stealth RNAI negative-control low-GC duplex (siCONT)
were purchased from Life Technologies Corp. (Carlsbad, CA, USA). Hu-
man low-density lipoprotein was purchased from Biomedical Technolo-
gies, Inc. (Stoughton, MA, USA). [methyl-"H]acetate was purchased from
Moravek Biochemicals, Inc. (Brea, CA, USA).

Cell culture. A highly HCV-permissive subclonal cell line derived
from Huh-7.5.1 cells (36), Huh-7.5.1-8 (37), was maintained at 37°C and
5% CO, in Dulbecco’s modified Eagle’s medium that contained 10% fetal
bovine serum, 0.1 mM nonessential amino acids, 100 units/ml penicillin
G, and 100 pg/ml streptomycin sulfate (referred to as “complete me-
dium”). Serum-free culture was performed as described previously (41)
with slight modifications: Huh-7.5.1-8 cells were incubated at 37°C and
5% CO, in Dulbecco’s modified Eagle’s medium that contained 1% Nu-
tridoma-SP (Roche Applied Science, Penzberg, Upper Bavaria, Germany)
and 25 pg/ml gentamicin (referred to as “serum-free medium™).

Virus stock and infection. HCV JFH-1 was prepared from culture
supernatants of Huh-7.5.1-8 cells that had been transfected with in vitro-
transcribed JFH-1 RNA as previously described (35). After serial passages
of the JFH-1 virus in naive Huh-7.5.1-8 cells, infectious culture superna-
tants were collected and used as viral stocks in this study. Virus titers were
determined by fluorescent-focus assays as previously described (42). For
infection, cells were incubated with the virus at a multiplicity of infection
of 4 fluorescent-focus-forming units/cell in complete medium for 2 h at
37°C.

Immunoblotting. Cells were lysed in NuPAGE lithium dodecyl sul-
fate (LDS) sample buffer (Life Technologies Corp.) that contained 0.05 M
dithiothreitol (DTT) and then heated at 95°C for 5 min. The resultant
lysates were subjected to SDS-polyacrylamide gel electrophoresis on Nu-
PAGE 4 to 12% Bis-Tris gels (Life Technologies Corp.) and then trans-
ferred to Immun-Blot polyvinylidene difluoride membranes (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) according to the manufacturer’s
protocols. After being blocked with 5% (wt/vol) skim milk in TBS-T (0.05
M Tris-HCl [pH 7.6], 0.15 M NaCl, 0.1% [vol/vol] Tween 20), the mem-
branes were probed with 1:5,000 dilutions of anti-HCV core monoclonal
antibody (B2; Anogen, Yes Biotech Laboratories, Ltd., Mississauga, On-
tario, Canada) or anti-HCV NS3 monoclonal antibody (8G-2; Abcam,
Plc., Cambridge, United Kingdom) or with a 1:10,000 dilution of anti-
glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) monoclonal
antibody (6C5; Abcam, Plc.), followed by a 1:5,000 dilution of horseradish
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peroxidase-conjugated AffiniPure goat anti-mouse IgG(H+L) (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA) in TBS-T
that contained 2% (wt/vol) skim milk. For detection of SQS, the mem-
branes were probed with a 1:5,000 dilution of anti-SQS polyclonal anti-
body (BO1; Abnova Corp., Taipei City, Taiwan) followed by a 1:5,000
dilution of horseradish peroxidase-conjugated AffiniPure goat anti-rab-
bit IgG(H+L) (Jackson ImmunoResearch Laboratories, Inc.). Each pro-
tein band complexed with the antibody on the membrane was visualized
with an enhanced chemiluminescence immunoblotting detection system
(GE Healthcare, UK Ltd., Little Chalfont, United Kingdom; Merck Milli-
pore, Billerica, USA) and quantified using Image J 1.440 software (Na-
tional Institutes of Health, Bethesda, MD, USA).

RT-qPCR analysis. Total RNA was isolated from cells by using an
RNeasy Plus minikit (Qiagen, GmbH, Hilden, Germany) and reverse
transcribed by random hexamer primers using a Transcriptor first-strand
cDNA synthesis kit (Roche Applied Science) according to the manufac-
turer’s protocols. Quantitative reverse transcription-PCR (RT-qPCR)
was carried out on the LightCycler system (Roche Applied Science) using
LightCycler FastStart DNA Master SYBR green I (Roche Applied Science)
and specific primers for the core sequence (5'-CGCAACGTGGGTAAAG
TCATCG-3" and 5'-CGGGTAGGTTCCCTGTTGCATAA-3"), the NS5B
sequence (5'-CAAGGGTCAAACCTGCGGTTACA-3' and 5'-TGACTA
CTAGGTCATCGCCGCATAC-3’), or the human GAPDH sequence
(Search-LC, GmbH, Heidelberg, Germany). The relative amounts of viral
RNA were calculated by dividing the copy number of a viral transcript by
that of a GAPDH transcript in the same sample.

Metabolic labeling of lipids with radioactive acetate and TLC. Cells
were plated at 1 X 10° cells per well of a 6-well plate 1 day before labeling
and then incubated with [*H]acetate (1.85 MBg/well) in serum-free me-
dium for various periods. The cells were washed and harvested with phos-
phate-buffered saline (PBS), and a lipid fraction was extracted from the
cells according to the method of Bligh and Dyer (43). The lipid fraction
was spotted on a silica gel 60 plate (Merck Millipore) and separated by
thin-layer chromatography (TLC) using hexane-diethyl ether-acetate (70:
30:1, vol/vol/vol). The incorporation of H radioactivity into each lipid
was quantified using a BAS-1800 Bio-Image Analyzer (Fujifilm Corp.) or
a Typhoon FLA 7000 biomolecular imager (GE Healthcare, UK Ltd.) and
then normalized with the protein levels.

Determination of cholesterol and cholesteryl ester contents. Cells
were disrupted in PBS by sonication. The lipid fraction was extracted from
the cells as described above. The content of cholesterol in the lipid fraction
was determined by an enzymatic colorimetric method using the Wako
free cholesterol E test (Wako Pure Chemical Industries, Ltd., Osaka, Ja-
pan) according to the manufacturer’s protocol and then normalized with
the protein levels. The content of cholesteryl esters in the lipid fraction was
determined by a direct measurement method for the enzymatic determi-
nation of cholesteryl esters as described elsewhere (44) and then normal-
ized with the protein levels.

siRNA transfection. Cells were plated at 3 X 10* cells per well in
24-well plates 2 days before transfection and grown in complete medium.
siRNA was complexed with Lipofectamine RNAIMAX transfection re-
agent (Life Technologies Corp.) according to the manufacturer’s protocol
and then added to the cells at a final concentration of 5 nM. After 5 h of
incubation, the cells were washed and then placed in serum-free medium.

Subgenomic replicon plasmids. The HCV subgenomic replicon plas-
mids used in this study contain the T7 promoter followed by a bicistronic
replicon sequence; the first is a part of the core region fused to either the
luciferase (luc) gene of the firefly Photinus pyralis or the neomycin phos-
photransferase (neo) gene translated under the control of the HCV IRES,
and the second is the N§3-NS5B-coding region translated under the con-
trol of the encephalomyocarditis virus (EMCV) IRES. Subgenomic repli-
con plasmids of the JFH-1 strain, pSGR-JFH1/Luc and pSGR-JFH1/Luc-
GND (45), carry the luc gene; the latter contains a GDD-to-GND
mutation in NS5B, which abolishes RNA polymerase activity. Sub-
genomic replicon plasmids of the Con-1 strain (genotype 1b), pFK-
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I3goLuci/NS3-3'/NK5.1 and pFK-I35oneo/NS3-3'/NK5.1/AGDD (46),
were kindly provided by Ralf Bartenschlager (University of Heidelberg,
Germany) and carry the luc gene and the neo gene, respectively; the latter
contains a deletion in the GDD active site of NS5B that abolishes RNA
polymerase activity. A replication-incompetent mutant of pFK-I;ggLuci/
NS3-3'/NK5.1 was prepared by replacing an AscI-Pmel fragment that
codes for the neo gene of pFK-I;g,ne0/NS3-3'/NK5.1/AGDD with the
corresponding fragment that codes for the luc gene from pFK-I g,Luci/
NS3-3'/NK5.1 (referred to as pFK-I54,/Luci/NS3-3’/NK5.1/AGDD).

Invitro transcription of RNA. Linearization of plasmids, in vitro tran-
scription with T7 RNA polymerase, and RNA purification were per-
formed as previously described (47) except that the AmpliScribe T7 high-
yield transcription kit (Epicentre Biotechnologies Corp., Madison, W1,
USA) was used.

Transfection with in vitro-transcribed RNA. Electroporation was
performed as described previously (48) with slight modifications. Cells
(1 X 107 to 2 X 107) were mixed with 20 to 25 g of in vitro-transcribed
RNA in K-PBS (30 mM NaCl, 120 mM KCl, 8 mM Na,HPO,, 1.5 mM
KH,PO,, and 5 mM MgCl,, pH 7.9) and then pulsed at 975 wF and 290 V
in a cuvette with a gap width of 0.4 cm by using a Gene Pulser Xcell system
(Bio-Rad Laboratories, Inc.). For lipofection, cells were plated at 3 X 10*
cells per well in a 24-well plate 2 days before transfection. The cells were
then transfected with 0.5 g of in vitro-transcribed RNA for 3 h using the
TransMessenger transfection reagent (Qiagen, GmbH) according to the
manufacturer’s protocol.

Luciferase assay. Cells were lysed with cell culture lysis reagent (Pro-
mega Corp., Madison, WI, USA). Five microliters of the lysate was mixed
with 25 pl of luciferase assay reagent (Promega Corp.), and then luciferase
activity in the lysate was measured by using a Luminescencer-PSN lumi-
nometer (Atto Corp., Tokyo, Japan).

Preparation of HA-tagged NS4B-expressing cells. An expression
plasmid that encodes NS4B protein N-terminally fused to a hemaggluti-
nin (HA) tag sequence followed by a tobacco etch virus (TEV) protease
cleavage site, pCXN2/HA-TEV-NS4B, was previously described (49).
Huh-7.5.1-8 cells were transfected with pCXN2/HA-TEV-NS4B using
FuGENE 6 transfection reagent (Roche Applied Science) and grown in the
presence of 500 wg/ml of G418. G418-resistant cells were cloned by lim-
iting dilution, and expression of HA-tagged NS4B protein in each clone
was confirmed by immunoblotting with a rat anti-HA monoclonal anti-
body (clone 3F10; Roche Applied Science). Similarly, Huh-7.5.1-8 cells
were transfected with a backbone plasmid, a modified version of pCXN2
(50, 51). The resultant G418-resistant cells were cloned and used as a
negative control.

Immunofluorescence analysis. Cells grown on collagen-coated cov-
erslips (Asahi Glass Co., Ltd., Japan) were fixed with 4% paraformalde-
hyde phosphate buffer solution (Wako Pure Chemical Industries, Ltd.)
for 15 min at room temperature. After being washed with 30 mM glycine
in PBS, the cells were permeabilized with 0.2% Triton X-100 in PBS for 10
min at room temperature and then blocked with 3% (wt/vol) bovine
serum albumin (BSA) in PBS. The cells were incubated with the anti-HA
rat monoclonal antibody diluted 1:500 with 1% (wt/vol) BSA in PBS fol-
lowed by an Alexa Fluor 488 goat anti-rat IgG(H+L) antibody (Life Tech-
nologies Corp.) diluted 1:300 with the same solution. The cells were
mounted with ProLong Diamond antifade mountant with 4',6-di-
amidino-2-phenylindole (DAPI) (Life Technologies Corp.) and observed
using a confocal microscope (LSM 700; Carl Zeiss Microscopy, GmbH,
Jena, Germany) equipped with an oil immersion objective lens (Plan-
Apochromat 40X/1.4 oil DIC M27; Carl Zeiss Microscopy, GmbH).

Preparation of and infection with HCVpp. HCV pseudoparticles
(HCVpp) were prepared as described previously (52, 53) with slight mod-
ifications. Briefly, HEK293T cells were transfected with a Gag-Pol pack-
aging plasmid (Gag-Pol 5349), a reporter (luciferase) plasmid (Luc 126),
and a pcDNA3.1(+) (Life Technologies Corp.)-based expression plasmid
that encodes HCV envelope proteins (E1 and E2) of the JFH-1 strain
(genotype 2a) or the TH strain (54) (genotype 1b) for 24 h using the
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A Days post-infection X-treme Gene HP DNA transfection reagent (Roche Applied Science),

01 2 3 4 5 6 and then the medium was replaced with serum-free medium that con-
tained 0.1 mM nonessential amino acids. HCVpp-containing medium
was collected after additional 24 to 36 h of culture and used as HCVpp
stock. In parallel, HEK293T cells were similarly transfected, except
that the envelope protein-expressing plasmid was replaced with
pcDNA3.1(-+), and their culture medium was used as a negative control.
For infection, Huh-7.5.1-8 cells were plated at 6 X 10* cells per well of a
48-well plate and grown in serum-free medium for 2 days. The cells were
then infected with HCVpp for 6 h at 37°C. After being washed, the cells
were grown in complete medium for an additional 3 days and assayed for
luciferase activity.

. 2 Other methods, Protein concentrations were measured using the bi-
- 20 cinchoninic acid (BCA) protein assay reagent (Thermo Fisher Scientific,
= Inc., Waltham, MA, USA) with BSA as a standard. The amount of viral
g 15+ core protein in a culture supernatant, which is the hallmark of the secreted
. virus level, was quantified using the Ortho HCV antigen enzyme-linked
g 107 immunosorbent assay (ELISA) (Ortho-Clinical Diagnostics, Inc., Rari-
O 5. tan, NJ, USA). Cell viability was determined by using the XTT cell prolif-
eration kit II (Roche Applied Science). The 50% inhibitory concentration

04 (ICsy) was calculated by using the equation “log (inhibitor) versus nor-
01 2 3 4 5 6 malized response” of the nonlinear regression model included in Graph-

Days post-infection Pad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). Statistical
. p 5 .

FIG 2 HCV production in Huh-7.5.1-8 cells grown under serum-free condi- anal}lsxs was per _formed by S.tudent s ¢ test using the Grap hp?d calculat'or

tions. Huh-7.5.1-8 cells were infected with HCV JFH-1 and then cultured in (QuickCales); differences with a P value of <0.05 were considered statis-

serum-free medium. (A) The cells were harvested at the indicated time points. tically significant.
Each cell lysate (15 g of protein) was subjected to immunoblotting for core,
NS3, and GAPDH proteins. (B) Culture supernatants were harvested at the ~ RESULTS

indicated time points. The amount of secreted viral particles in each superna- A pti-HCV effect of YM-53601. We b egan to explore the role of
tant was determined by measuring the amount of core protein by ELISA. The the cholesterol biosynthetic pathway in the HCV life cycle by using

results from one of two independent experiments with similar results are ARSI R
shown. ) P P an SQS inhibitor, YM-53601. We first examined whether HCV
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FIG 3 YM-53601 inhibits HCV production without affecting cell viability. Huh-7.5.1-8 cells were infected with HCV JFH-1 and then treated with increasing
concentrations of YM-53601 (0 to 1.5 M) in serum-free medium. The cells and culture supernatants were harvested on the fifth day postinfection. (A and B)
An equal portion of each cell lysate was subjected to immunoblotting for core, NS3, and GAPDH proteins. The results from one representative experiment
performed in triplicate are shown. Similar results were obtained in four independent experiments. For panel A, samples were run on two blots and are partially
redundant. (C) Total RNA fractions were prepared from cells, and then viral and GAPDH RNAs were quantified by RT-qPCR analysis using specific primers for
the core and GAPDH sequences, respectively. The amounts of viral RNA relative to that of GAPDH mRNA are expressed as a percentage of the control value and
plotted as a function of the drug concentration. (D) The amount of secreted viral particles in each culture supernatant was determined by ELISA for the core
protein and plotted as in panel C. (E) Cell viability was determined by XTT assay and expressed and plotted as in panel C. The data in each graph are means +
standard deviations (SD) for triplicate samples from one representative experiment. Similar results were obtained in two or more independent experiments.
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FIG 4 YM-53601 inhibits de novo synthesis of cholesterol and cholesteryl esters. (A to C) Huh-7.5.1-8 cells were pretreated with 1 uM YM-53601 (white bars)
or its vehicle, DMSO (black bars), in serum-free medium for 24 h. The cells were subsequently labeled using [*H]acetate in the same medium as for the
pretreatment for the indicated periods of time. The lipid fractions were extracted from the cells and analyzed by TLC. The incorporation of [*H]acetate into
cholesterol (A), cholesteryl esters (B), and triglycerides (C) was quantified and expressed as photostimulated luminescence (PSL) values per pg cellular protein.
(D and E) Huh-7.5.1-8 cells were treated with 1 pM YM-53601 (white bars) or DMSO (black bars) for 7 days in serum-free medium. The lipid fraction was
extracted from the cells, and the contents of cholesterol (D) and cholesteryl esters (E) were determined. The values for cholesteryl esters (E) are expressed as the
cholesterol content in the fraction. Data are means * SD for triplicate samples from one representative experiment. Similar results were obtained in two

independent experiments. *, P < 0.05; **, P < 0.01; ¥**, P < 0.001.

JFH-1 can replicate efficiently in Huh-7.5.1-8 cells grown under
serum-free conditions where cellular cholesterol requirements are
met only through de novo synthesis. The amounts of viral core and
NS3 proteins in JFH-1-infected cells clearly increased from the fourth
to sixth day postinfection, compared with that of GAPDH protein
(Fig. 2A). Similarly, the amount of secreted viral particles increased
during the time course (Fig. 2B). These results indicate that the virus
replicates efficiently under the serum-free conditions.

We next examined the effect of YM-53601 on JFH-1 virus pro-
duction in Huh-7.5.1-8 cells grown under serum-free conditions.
The amounts of core (Fig. 3A) and NS3 (Fig. 3B) proteins relative
to that of GAPDH protein in infected cells were decreased by the
drug treatment in a dose-dependent manner and nearly reached
the background level at =1 pwM. Similarly, the relative amount of
intracellular viral RNA (Fig. 3C) and the amount of secreted viral
particles (Fig. 3D) were decreased by the drug treatment. The ICg,
for virus secretion calculated from multiple experiments was
0.16 = 0.10 uM (n = 4). In contrast, cell viability was not affected
by the drug at up to 1.5 pM (Fig. 3E). These results indicate that
YM-53601 inhibits HCV production in Huh-7.5.1-8 cells without
affecting cell viability. The drug also inhibited HCV production
from Huh-7.5.1-8 cells grown in serum-containing medium (data
not shown) with a slightly higher value of IC; (0.57 = 0.66 uM;
n=4).

To evaluate the effect of YM-53601 on the infectivity of prog-
eny virus, we inoculated naive Huh-7.5.1-8 cells with culture su-
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pernatants that contained viral particles secreted from drug-
treated (1 wM) and untreated cells. When the inoculum dose was
adjusted to contain an equal amount of core protein, these super-
natants yielded almost the same amount of progeny viral particles
(data not shown), indicating that the drug does not alter the in-
fectivity of progeny virus.

YM-53601 inhibits cholesterol biosynthesis. To test whether
YM-53601 inhibits de novo synthesis of cholesterol, we pretreated
Huh-7.5.1-8 cellswitha 1 pM concentration of the drugin serum-
free medium for 24 h and then labeled them with [*H]acetate for
up to 18 h in the same medium. The drug treatment led to a 40 to
60% reduction in the incorporation of [*H]acetate into cellular
cholesterol (Fig. 4A) and its major metabolites, cholesteryl esters
(Fig. 4B), compared with the control treatment. In contrast, the
incorporation into triglycerides was not affected by the drug (Fig.
4C), indicating a specific effect of YM-53601 on cholesterol bio-
synthesis. We also determined the cellular contents of cholesterol
and cholesteryl esters in Huh-7.5.1-8 cells treated with 1 uM YM-
53601 in serum-free medium. The contents of cholesterol (Fig.
4D) and cholesteryl esters (Fig. 4E) in the drug-treated cells were
significantly decreased to 93.5% and 38.0%, respectively, of those
in the untreated cells. Collectively, these results confirm that YM-
53601 inhibits de novo cholesterol biosynthesis at the antiviral
concentrations.

SQS is an anti-HCV target. To further test whether cellular
SQS is important for HCV production, we first investigated the
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FIG 5 Anti-HCV effect of another SQS inhibitor, zaragozic acid A. Huh-
7.5.1-8 cells were infected with HCV JFH-1 and then treated with 0 to 60 jrg/ml
of zaragozic acid A for 4 days. In this experiment, drug treatment was per-
formed in complete medium because the drug was toxic to cells in serum-free
medium. (A) The amount of secreted viral particles in each culture superna-
tant was determined by ELISA for the core protein. (B) Cell viability was
determined by XTT assay. Data in each graph are expressed as a percentage of
the control value (without the drug) and are means % SD for triplicate samples
from one representative experiment. Similar results were obtained in two in-
dependent experiments, Some error bars are not visible due to their small sizes.

effects of another SQS inhibitor, zaragozic acid A (squalestatin
S$1), on HCV production. The drug decreased the amounts of core
and NS3 proteins and viral RNA (data not shown) and progeny
virus production (Fig. 5A) without affecting cell viability (Fig. 5B),
indicating that zaragozic acid A inhibits HCV production as well
as YM-53601.

We next investigated the effect of siRNA-mediated knockdown
of SQS on HCV production. Huh-7.5.1-8 cells were infected with
HCV JFH-1 and then transfected with either an siRNA against
SQS (siSQS) or a control siRNA (siCONT). Transfection with
$1SQS resulted in almost complete depletion of cellular SQS com-
pared with transfection with siCONT (Fig. 6A, bottom row). The
amounts of core and NS3 proteins relative to GAPDH protein in
the siSQS-transfected cells were markedly lower than those in the
control cells (Fig. 6A, compare lanes 4 to 6 with lanes I to 3). The
relative amounts of intracellular viral RNA (Fig. 6B, left pair of
bars) and secreted viral particles (Fig. 6C, left pair of bars) were
also decreased in the siSQS-transfected cells. A similar antiviral
effect was observed with another siRNA for SQS (a Stealth RNAi
siRNA, HSS103616) (data not shown). These results indicate that
siRNA-mediated knockdown of SQS leads to reduced HCV pro-
duction.

A metabolic labeling experiment with [*H]acetate confirmed
that transfection with siSQS causes a specific decrease in choles-
terol biosynthesis (Fig. 6D). To rescue the defective cholesterol
biosynthesis, we added LDL (final concentrations, 5 and 10 g/
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FIG 6 Anti-HCV effect of siRNA-mediated knockdown of SQS and its rever-
sal by the addition of LDL. (A to C) Huh-~7.5.1-8 cells were infected with HCV
JFH-1 and then incubated in complete medium. On the first day postinfection,
the cells were transfected with an siRNA for SQS (siSQS) or a control siRNA
(siCONT), and then they were further incubated in serum-free medium that
contained 0, 5, and 10 pg/ml of LDL for 4 days. (A) An equal portion of each
cell Iysate was subjected to immunoblotting for core, NS3, GAPDH, and SQS
proteins. The results from one representative experiment performed in tripli-
cate are shown. Similar results were obtained in two independent experiments.
(B) Total RNA fractions were isolated from siSQS-transfected (white bars) or
siCONT-transfected (black bars) cells, and then HCV RNA was quantified by
RT-gPCR analysis using specific primers for the NS5B sequence. The amount
of viral RNA relative to that of GAPDH mRNA is expressed as a percentage of
the control value (siCONT without LDL) and plotted as a function of the LDL
concentration. (C) The amount of secreted viral particles in each culture su-
pernatant was determined by ELISA for the core protein. The concentration of
core protein is expressed and plotted as in panel B. (D) Huh-7.5.1-8 cells were
transfected with siSQS (white bars) or siCONT (black bars) and subsequently
labeled using [*H]acetate in serum-free medium for 18 h. The lipid fractions
were extracted from the cells and analyzed by TLC. The incorporation of
[Hl]acetate into cholesterol (Chol), cholesteryl esters (CE), and triglycerides
(TG) was quantified and expressed as a percentage of the control value. Note
that the value for cholesteryl esters of siSQS-transfected cells includes in part
the incorporation of unidentified metabolites located immediately below the
cholesteryl esters on a TLC plate. These metabolites accumulated only in
siSQS-transfected cells for unknown reasons. The data in panels B, C, and D
are means * SD for triplicate samples from one representative experiment.
Similar results were obtained in at least two independent experiments. *, P <
0.05; ***, P < 0.001.

ml) to the medium of HCV-infected cells after siSQS transfection.
The inhibition of virus production by siSQS was reversed by the
addition of LDL (Fig. 6A to C), suggesting that the antiviral effect
is attributable to a decrease in cellular contents of cholesterol
and/or cholesteryl esters. Consistent with this, the inhibition of
virus production by YM-53601 was also reversed significantly by
the addition of LDL as judged by intracellular viral protein levels
(Fig. 7).

Collectively, these results demonstrate that SQS is a potential
target for anti-HCV strategies.

An ACAT inhibitor does not show an anti-HCV effect. The
degree of decrease in the cholesteryl ester content after treatment
with YM-53601 (Fig. 4E) was substantially higher than that in the
cholesterol content (Fig. 4D), raising the possibility that biosyn-
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FIG 7 The anti-HCV effect of YM-53601 is significantly reversed by LDL.
Huh-7.5.1-8 cells were infected with HCV JFH-1 and then treated with 1 pM
YM-53601 or DMSO in serum-free medium that contained 0 to 100 pg/ml of
LDL for 5 days. An equal portion of each cell lysate was subjected to immuno-
blotting for core, NS3, and GAPDH proteins. The results from one represen-
tative experiment performed in triplicates are shown. Similar results were ob-
tained in two independent experiments.

thesis of cholesteryl esters is more important for HCV production
than that of cholesterol. To test this possibility, we examined the
effect of Sandoz 58-035, an inhibitor of acyl-CoA:cholesterol acyl-
transferase (ACAT) that catalyzes the biosynthesis of cholesteryl
esters from cholesterol and fatty acyl-CoA, on HCV production. A
metabolic labeling experiment with [*H]acetate verified that
treatment with 30 wM Sandoz 58-035 inhibits cholesteryl ester
synthesis but not cholesterol and triglyceride syntheses in Huh-
7.5.1-8 cells grown in serum-free medium (Fig. 8A). When Huh-
7.5.1-8 cells were infected with HCV JFH-1 and then treated with
either 30 uM Sandoz 58-035 or DMSO (control) in serum-free
medium, virus secretion from the drug-treated cells was similar to
that from the control cells (Fig. 8B). Taken together with the re-
sults shown in Fig. 3 and 4, these results suggest that biosynthesis
of cholesterol, but not that of cholesteryl esters, is important for
HCV production.

YM-53601 inhibits RNA replication of HCV JFH-1. To inves-
tigate which stages of the HCV life cycle are targeted by YM-53601,
we conducted a transient-replication assay using a subgenomic
replicon, SGR-JFH1/Luc (45). When cells are transfected with this
replicon RNA, the self-encoded viral RNA replicase (NS3-NS5B)
is expressed under the control of the EMCV IRES and then amplifies
the replicon in the cells. The replicon also encodes luciferase trans-
lated under HCV IRES control, thereby allowing quantitation of viral
RNA replication and translation activities via luciferase expression.
Paralle] transfection with a replication-incompetent mutant replicon,
SGR-JFH1/Luc-GND (45), enables estimation of the level of replica-
tion-independent luciferase expression from the input replicon. As
shown in Fig. 9A, luciferase activity in the wild-type replicon-trans-
fected cells reached its peak at 47 h posttransfection and then de-
clined. In the presence of YM-53601, the peak activity was decreased
to approximately half of that in the control cells. The mutant replicon
yielded very low luciferase activity irrespective of the drug treatment,
confirming that the activity yielded by the wild-type replicon at 23 to
71 h posttransfection was dependent on viral RNA replication. Mul-
tiple experiments showed that the drug treatment lowered the lucif-
erase activity at 46 to 50 h posttransfection to 52.6% = 11.3% (mean *+
standard error of the mean [SEM]; n = 5) of the control activity.

To test whether YM-53601 inhibits HCV IRES-dependent
translation, we transfected drug-pretreated Huh-7.5.1-8 cells with
the replication-incompetent mutant replicon SGR-JFH1/Luc-
GND and then monitored luciferase expression in the presence of
the drug for up to 21 h. Because the replicon cannot be replicated,
luciferase activity yielded by the mutant replicon is attributable
exclusively to HCV IRES-dependent translation and reflects the
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FIG 8 An ACAT inhibitor, Sandoz 58-035, does not exhibit an anti-HCV
effect. (A) Huh-7.5.1-8 cells were pretreated with 30 pM Sandoz 58-035 or its
vehicle, DMSO, in serum-free medium for 24 h. The cells were subsequently
labeled using [*H]acetate in the same medium as for the pretreatment for 18 h.
The lipid fractions were extracted from cells and separated by TLC. The incor-
poration of [*H]acetate into cholesterol (Chol), cholesteryl esters (CE), and
triglycerides (TG) was quantified and expressed as a percentage of the control
value. (B) Huh-7.5.1-8 cells were infected with HCV JFH-1 and then treated
with Sandoz 58-035 or DMSO (control) under the same conditions as de-
scribed above. The culture supernatants were harvested on the fifth day postin-
fection. The amount of secreted viral particles in each culture supernatant was
determined by ELISA for the core protein and is expressed as a percentage of
the control value. Data in each graph are means * SD for triplicate samples
from one representative experiment. Similar results were obtained in two in-
dependent experiments. *, P < 0.05; ***, P < 0.001.

residual amount of the input replicon RNA. As shown in Fig. 9B,
luciferase activity in the drug-treated cells and untreated control
cells reached its peak at 3 h posttransfection and then declined.
During the time course, the activity in the drug-treated cells was
not lower, but rather was higher, than the activity in the control
cells. Furthermore, the level of NS3 protein that was expressed
from the mutant replicon changed similarly in the drug-treated
and control cells, reaching its peak at 3 to 6 h posttransfection (Fig.
9C). Thus, it appears unlikely that YM-53601 impairs HCV IRES-
dependent translation or viral RNA and NS protein stability.

Taken together, these results suggest that YM-53601 inhibits
the RNA replication of HCV JFH-1.

YM-53601 does not affect the cellular distribution of NS4B
protein. It is possible that YM-53601 alters the formation of the
HCV-specific ultrastructure termed the membranous web, which
serves as a scaffold for the viral RNA replication complex (55, 56),
thereby inhibiting viral RNA replication. To test this possibility,
we treated Huh-7.5.1-8 cells stably expressing HA-tagged NS4B
protein with YM-53601 for 3 days in serum-free medium. It has
been shown that the membranous web is induced by NS4B pro-
tein alone (55, 57) and appears as NS4B-accumulating foci or dots
under fluorescence microscopy (58, 59). We found small intense
foci that were detected with an anti-HA antibody in non-drug-
treated cells (Fig. 10C) and are similar to the NS4B foci previously
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FIG 9 YM-53601 inhibits HCV RNA replication of HCV JFH-1. (A) Transient-replication assay using JFH-1 subgenomic replicons. Huh-7.5.1-8 cells were
transfected with SGR-JFH1/Luc (closed symbols) or SGR-JFH1/Luc-GND (open symbols) RNAs by electroporation and then placed in serum-free medium. At
5 h posttransfection, YM-53601 (final concentration, 1.5 uM) (squares and dashed line) or DMSO (circles and solid line) was added to the medium. The cells
were harvested at the indicated time points (posttransfection) and assayed for luciferase activity. (B and C) Huh-7.5.1-8 cells were pretreated with 1.5 WM
YM-53601 or DMSO in serum-free medium for 42 h and then transfected with SGR-JFH1/Luc-GND RNA by lipofection. After transfection, the cells were further
treated in the same medium and harvested at the indicated time points. (B) The cells were lysed and assayed for luciferase activity. (C) An equal amount of protein
(10 pg/lane) in each cell lysate was subjected to immunoblotting for NS3 and GAPDH proteins, and each protein band was quantified. The relative amount of
NS3 protein was calculated by dividing its intensity by that of GAPDH protein in the same lane. Data are expressed as a percentage of the relative amount at 9 h
posttransfection. The value at 9 h posttransfection was not significantly different between the drug-treated and untreated cells (data not shown). Data in each
graph are means = SD for triplicate samples from one representative experiment. Similar results were obtained in at least two independent experiments.

Statistical analysis was performed between drug-treated and control cells harboring the same replicon. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

reported (58, 60, 61). The foci were not detected in Huh-7.5.1-8
cells transfected with a backbone plasmid (Fig. 10A and B). Drug
treatment resulted in no apparent alteration in NS4B foci (Fig.
10D) or the expression level of NS4B protein (data not shown),
suggesting that the drug does not grossly alter the formation of the
membranous web by NS4B protein.

RNA replication of HCV genotype 1b is not inhibited by YM-
53601. To examine whether YM-53601 is able to inhibit viral RNA
replication of HCV strains other than the JFH-1 strain (genotype
2a), we performed a transient-replication assay using a sub-
genomic replicon of the Con-1 strain (genotype 1b), FK-I;5,Luci/
NS3-3'/NK5.1 (46), and its replication-incompetent mutant, FK-
1550/Luci/NS3-3'/NK5.1/AGDD. Consistent with the previous
report (46), time-dependent luciferase expression in the Con-1
replicon-transfected cells exhibited a downward-sloping pattern:
luciferase activity at early time points (2.5 to 7 h posttransfection)
was higher than the activity at later time points (Fig. 11A). At the
early time points, the activity in the wild-type replicon-transfected
cells was lower than the activity in the mutant replicon-transfected
cells, indicating that RNA replication is too low to be detected at
these early points. Afterwards, the activity in the wild-type repli-
con-transfected cells stayed higher than the activity in the mutant
replicon-transfected cells, indicating that the difference between
these activities was attributed to viral RNA replication. Unlike in
the case of the JFH-1 replicon, treatment with YM-53601 did not
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lower RNA replication-dependent luciferase expression but rather
enhanced it. From multiple experiments, the luciferase activity in
the drug-treated cells at 46 to 50 h posttransfection was 284% *
62% (mean = SEM; n = 4) of the control activity.

To increase the impact of YM-53601, we performed a similar
transient-replication assay using Huh-7.5.1-8 cells pretreated with
the drug in serum-free medium for 2 days. Unexpectedly, serum-
free preculture before transfection led to an overall decrease of two
orders of magnitude in luciferase expression (Fig. 11B). In un-
treated control cells, RNA replication-dependent luciferase ex-
pression (i.e., the difference between the activity yielded by the
wild-type replicon and that yielded by the mutant replicon) was
not clearly found until 47 h posttransfection (compare black bars
with hatched bars). However, RNA replication-dependent lucif-
erase expression in drug-treated cells was found at and after 7 h
posttransfection (compare gray bars with white bars) and was
slightly higher than that in the untreated cells. Thus, the RNA
replication-dependent luciferase expression does not appear to be
inhibited by even a prolonged drug treatment.

Taken together, these results suggest that RNA replication of
the Con-1 strain is not inhibited by YM-53601.

Entry of HCVpp of genotype 2a but not genotype 1b is
blocked by YM-53601. To further investigate how YM-53601
blocks HCV production, we conducted an entry assay for HCV
pseudoparticles (HCVpp), which enter cells by using HCV enve-
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FIG 10 YM-53601 does not affect NS4B foci in Huh-7.5.1-8 cells. Huh-7.5.1-8 cells that were stably transfected with modified pCXN2 (A and B) or pCXN2/
HA-TEV-NS4B (C and D) were grown on coverslips and treated with 1.5 pM YM-53601 (B and D) or DMSO (A and C) in serum-free medium for 3 days. The
cells were fixed and subjected to immunofluorescence analysis using confocal microscopy. HA-tagged NS4B protein was detected with a rat anti-HA antibody
followed by an Alexa Fluor 488-conjugated anti-rat antibody (green), and the nucleus was stained with DAPI (blue). Scale bars represent 20 pm.

lope protein but replicate via a retroviral system (52). Although
YM-53601 was added to cells after infection (Fig. 3 and 7), a block
at the step of entry of progeny virus is possible because more than
one round of infection can occur under our experimental condi-
tions. Huh-7.5.1-8 cells were preincubated with YM-53601 in se-
rum-free medium for 2 days and then infected in the presence of
the drug with HCVpp harboring envelope glycoproteins from the
JFH-1 strain. The cells were thereafter incubated in the absence of
the drug for 3 days, and luciferase activity, reflecting the degree of
HCVpp entry into host cells, was measured. Treatment with YM-
53601 reduced luciferase activity to less than 50% of the activity in
untreated cells (Fig. 12, left two bars). Infection with mock
HCVpp prepared without envelope glycoproteins did not yield
luciferase activity (<3 relative light units [RLU]/pg protein), con-
firming that luciferase expression is dependent on the envelope
glycoproteins (data not shown). When the drug was added only at
HCVpp infection, no reduction in the luciferase expression was
found (Fig. 12, third bar from left), suggesting that the drug tar-
gets cells but not HCVpp. These results are consistent with the
previous report showing partial cholesterol dependency of HCV
entry (14). Similarly, we tested the effect of the drug on HCVpp
harboring envelope glycoproteins from genotype 1b HCV
(strain TH). Drug treatment before and during infection or
only during infection did not significantly alter luciferase ex-
pression (Fig. 12, right three bars). Taken together, these re-
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sults suggest that YM-53601 blocks entry of HCV genotype 2a
but not that of genotype 1b.

DISCUSSION

The main aim of this study was to elucidate the importance of the
committed pathway of cholesterol biosynthesis in the HCV life
cycle. We have shown that three types of SQS inhibitor, YM-53601
(Fig. 3), zaragozic acid A (Fig. 5), and siSQS (Fig. 6), inhibited
HCV JFH-1 production in Huh-7.5.1-8 cells in a similar manner.
In particular, YM-53601 exerted an antiviral effect without re-
markable cell toxicity. The antiviral effect of SQS inhibition was
reversed by the addition of LDL (Fig. 6 and 7), indicating that the
effect is attributable to cellular cholesterol and/or cholesteryl ester
deficiencies (Fig. 4 and 6). Unlike YM-53601, no antiviral effect
was observed with the ACAT inhibitor Sandoz 58-035 (Fig. 8),
suggesting that synthesis of cholesterol rather than that of choles-
teryl esters is important for HCV production. From these findings,
we conclude that the committed pathway of cholesterol biosyn-
thesis that begins with squalene synthesis (Fig. 1) plays an impor-
tant role in the HCV life cycle. This conclusion is consistent with
recent studies showing that inhibition of oxidosqualene cyclase,
lanosterol C,,-demethylase, 24-dehydrocholesterol reductase,
7-dehydrocholesterol reductase, and SQS (discussed below) leads
to decreased HCV production (31-33, 62). Furthermore, we pro-
pose that SQS is a potential target for anti-HCV strategies because
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FIG 11 YM-53601 does not inhibit transient replication of Con-1 sub-
genomic replicons. (A) Huh-7.5.1-8 cells were transfected with FK-I,g,Luci/
NS3-3'/NK5.1 (Luc) (black and gray bars) or FK-I,g0/Luci/NS3-3'/NK5.1/
AGDD (AGDD) (hatched and white bars) RNAs by electroporation and then
placed in serum-free medium. At 4 h posttransfection, YM-53601 (YM) (final
concentration, 1.5 pM) (gray and white bars) or DMSO (black and hatched
bars) was added to the medium. The cells were harvested at the indicated time
points (posttransfection) and assayed for luciferase activity. (B) Huh-7.5.1-8
cells were pretreated with 1.5 pM YM-53601 or DMSO in serum-free medium
for 47 h. The cells were transfected with FK-I35,Luci/NS3-3'/NK5.1 or FK-1,40/
Luci/NS3-3'/NK5.1/AGDD RNAs and then further treated in the same me-
dium. The cells were harvested at the indicated time points (posttransfection)
and assayed for luciferase activity. Bars are as described for panel A. Data in
each graph are means = SD for triplicate samples from one representative
experiment and are presented on a logarithmic scale because of large range of
values. Some error bars are not visible due to their small sizes. Similar results
were obtained in at least two independent experiments. *, P < 0.05; **, P <
0.01; %%, P < 0.001.

all the SQS inhibitors tested in this study exerted anti-HCV effects.
It has been reported that the peak plasma concentration of YM-
53601 is 0.92 pg/ml (approximately 2.5 M) after oral adminis-
tration in rats at a dose with a cholesterol-lowering effect (38, 63).
This concentration is roughly close to the IC;, of YM-53601 for
HCV production in the presence of serum. Thus, YM-53601
might exert an anti-HCV effect in vivo.

Using a transient-replication assay (Fig. 9A) and the HCVpp
system (Fig. 12), we found that suppression of HCV RNA replica-
tion and entry is involved in the antiviral mechanism of YM-
53601 against JFH-1 virus. However, the degrees of suppression of
these processes were at most approximately 50% in our assays.
Accordingly, these mechanisms alone may not explain the more
severe inhibition of HCV production observed in the HCV cell
culture system (Fig. 3). Possibly, some steps in the HCV life cycle
other than RNA replication and entry might be sensitive to the
drug. Alternatively, some steps which are not reproduced in the
subgenomic replicon and HCVpp systems might be more sensi-
tive to the drug.
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FIG 12 YM-53601 blocks entry of genotype 2a, but not genotype 1b, HCVpp.
Huh-7.5.1-8 cells were grown in serum-free medium that contained 1.5 uM
YM-53601 (white bars) or DMSO (black and hatched bars) for 2 days and then
infected with HCVpp in the presence (white and hatched bars) or absence
(black bars) of the drug. The cells were further grown in complete medium
without the drug for 3 days and assayed for luciferase activity. Data are
means * SD for triplicate samples from one representative experiment. Sim-
ilar results were obtained in two independent experiments. *, P < 0.05.

YM-53601 inhibited transient RNA replication of the sub-
genomic reporter replicon from the JFH-1 strain (genotype 2a)
(Fig. 9A) but somewhat enhanced that of the subgenomic replicon
from the Con-1 strain (genotype 1b) (Fig. 11). Similarly, the drug
inhibited entry of genotype 2a, but not genotype 1b, HCVpp (Fig.
12). These findings raise the possibility that the cholesterol re-
quirement for HCV RNA replication and entry varies among virus
genotypes. Consistent with our results, previous studies have
shown that SQS inhibition by zaragozic acid A leads to an en-
hancement of genotype 1b RNA replication (28, 31). This effect
appears to be caused by an increase in geranylgeranyl pyrophos-
phate, which is required for geranylgeranylation of a viral host
factor, and elevated expression of HMG-CoA reductase (31). In
the case of genotype 2a, the effect might be overwhelmed by anti-
viral effect caused by cholesterol depletion. Interestingly, geno-
type-specific inhibition of HCV RNA replication was also ob-
served with inhibitors of sphingomyelin biosynthesis (19, 64, 65).
Thus, major components of lipid rafts, i.e., cholesterol and sphin-
gomyelin, appear to be similar in that they both contribute to
HCV RNA replication in a genotype-dependent manner.

During preparation of this paper, Park et al. reported that siR-
NAs against farnesyl-diphosphate farnesyltransferase 1 (another
name for SQS) and YM-53601 impair propagation of the HCV Jcl
strain (genotype 2a) in Huh-7.5 cells (62). They suggested that
these agents target viral RNA replication by using a luciferase-
encoding full genomic replicon of the JFH-1 strain and genotype
2a subgenomic replicon cells. These findings are consistent with
our results. However, their finding that the viral RNA level in
genotype 1b subgenomic replicon cells is decreased by SQS knock-
down appears to argue against our results, as we could not find any
antiviral effect of YM-53601 on genotype 1b RNA replication (Fig.
11). Although the reason for this discrepancy is currently un-
known, differences in the culture conditions (serum-containing
medium versus serum-free medium), replication assay (RT-qPCR
versus reporter), methods of SQS inhibition (siRNA versus drug),
and origin of the subgenomic replicon might be involved. In any
case, we should evaluate the effects of SQS inhibitors on the com-
plete life cycle of HCV genotype 1b when cell culture systems
capable of supporting its growth are developed.
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Our data suggest that biosynthesis of cholesterol, rather than
that of cholesteryl esters, is important for HCV production (Fig.
8). Treatment with YM-53601 led to only a slight reduction in
cholesterol levels (Fig. 4D) but severely impaired HCV produc-
tion, implying that the drug selectively decreases relatively minor
but specific pools of cellular cholesterol that are important for
HCV production. Given that lipid rafts may serve as sites for viral
RNA replication (15-17), assembly (19, 20), and virus entry (14,
19, 66), one scenario is that YM-53601 might selectively decrease
lipid raft-associated cholesterol, thereby perturbing these pro-
cesses. Consistent with this proposition, inhibition of SQS in pros-
tate cancer cells results in a decrease of raft-associated cholesterol
rather than nonraft cholesterol (67). On the other hand, a recent
study has shown that purified double-membrane vesicles contain-
ing active HCV RNA replication complexes are highly enriched
with cholesterol (68), although they originate from the ER, which
is poor in cholesterol (69). It has also been shown that cholesterol
depletion from the double-membrane vesicles decreases viral
RNA levels associated with them, suggesting that cholesterol is an
important structural component of HCV RNA replication com-
plexes. Cholesterol biosynthesis (70) and HCV RNA replication
(71, 72) both occur in the ER, and some cholesterol biosynthetic
enzymes, including SQS, are partially copurified with components
of HCV RNA replication complexes (73), implying that the cho-
lesterol biosynthetic machinery might be closely associated with
HCV RNA replication complexes in the ER. Thus, another sce-
nario is that YM-53601 might decrease newly synthesized ER cho-
lesterol pools, which might be preferentially used for structural
components of membrane-bound viral RNA replication com-
plexes. Preferential use of newly synthesized cholesterol in the
formation of envelope membranes of human immunodeficiency
virus has been found (74). Note that we could not detect any
impact of YM-53601 on the morphology of NS4B-induced foci,
which are considered scaffolds of viral RNA replication com-
plexes, under fluorescence microscopy (Fig. 10). Thus, alteration
in the structure of RNA replication complexes caused by YM-
53601, if any, might be found at the ultrastructural level.

Our data provide evidence that the committed pathway of cho-
lesterol biosynthesis is important for HCV production, consistent
with recent studies (31-33, 62). Moreover, we found that biosyn-
thesis of cholesterol, but not of cholesteryl esters, is important for
this process. The identity of the cholesterol pools required for
HCV production and the molecular mechanisms underlying the
cholesterol requirement should be elucidated in future studies.
Our data also provide concrete evidence that SQS is a potential
anti-HCV target. Further studies are required to ascertain the
anti-HCV activity of SQS inhibitors in vive. SQS inhibitors are
expected to exert fewer adverse effects on human cells than statins
because SQS inhibitors lower cholesterol without depleting non-
sterol isoprenoids (75, 76). For this reason, many compounds
targeting SQS have been developed in the past by the pharmaceu-
tical industry as potential cholesterol-lowering drugs for hyper-
cholesterolemia. Thus, reevaluation of these compounds for
potential anti-HCV activity might offer a time-saving and cost-
effective approach for developing anti-HCV drugs.
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