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a b s t r a c t

Hepatitis C virus (HCV) is a major human pathogen that causes many serious diseases, including acute
and chronic hepatitis, cirrhosis and hepatocellular carcinoma. Treatments for this virus are inadequate,
and improved antiviral therapies are necessary. Although the precise mechanisms regulating HCV entry
into hepatic cells are still unknown, the low-density lipoprotein receptor (LDLR) has been shown to be
essential for entry of infectious HCV particles. Liver X receptors (LXR) were recently reported to control
LDLR expression through the regulation of the expression of the Idol (inducible degrader of the LDLR) pro-
tein, which could trigger the ubiquitination and degradation of LDLR. In this study, we analyzed the anti-
viral effect of Idol in vitro. The results demonstrated that Huh7.5.1 cells that exogenously expressed Idol
were resistant to HCV infection. Next, the treatment of HCV-infected Huh7.5.1 cells with either synthetic
LXR agonists (GW3965 or T0901317) or the natural LXR ligand 24(S),25-epoxycholesterol inhibited HCV
infection in a dose-dependent manner. Furthermore, a combination of LXR agonists and HCV RNA repli-
cation inhibitors exerted additive effects against HCV, as revealed by isobologram analysis. In conclusion,
our data indicate that molecules such as LXR agonists, which could stimulate the expression of Idol, rep-
resent a new class of potential anti-HCV compounds, and these compounds could be developed for ther-
apeutic use against HCV infection, either as a monotherapy, or in combination with other anti-HCV drugs.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Approximately 170 million people worldwide are estimated to
be infected with hepatitis C virus (HCV), which is a leading cause
of chronic hepatitis, cirrhosis, and hepatocellular carcinoma (Lauer
and Walker, 2001). No vaccines to date have been effective in pre-
venting HCV infection, and HCV vaccines will continue to be diffi-
cult to develop because of the different genotypes of the virus and
its ability to change, or mutate, during infection. The current stan-
dard of care for HCV patients is a combination of pegylated inter-
feron plus ribavirin, and recently boceprevir and telaprevir,
which are HCV protease inhibitors, were approved for the treat-
ment of chronic hepatitis C genotype 1 infection. Sustained viro-
logical response (SVR) rates approaching 75% can now be
expected for genotype 1 patients who take the combination ther-
apy of pegylated interferon, ribavirin and an HCV protease inhibi-
tor (Nelson, 2011). However, despite several pharmaceuticals
targeting the viral nonstructural proteins NS3/4A and NS5B that
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are in clinical trials or in clinical use (Manns et al., 2007), concerns
remain regarding the toxicity of these compounds and the devel-
opment of antiviral resistance to these drugs (Shimakami et al.,
2009; Susser et al., 2011). Hence, new therapeutic strategies are ur-
gently required to develop more new drugs acting on different tar-
gets and to treat patients who do not respond to the current
standard of care.

The rapidly increasing understanding of the HCV entry process
has led to a growing appreciation for the potential of HCV entry
as a target for further antiviral therapies. However, the initial steps
of HCV infection within target cells, primarily human hepatocytes,
are not completely understood. Several cellular proteins have been
identified as potential candidates for HCV entry receptors, including
the low-density lipoprotein receptor (LDLR) (Agnello et al., 1999;
Monazahian et al., 1999), the scavenger receptor B type I (SR-B I)
(Scarselli et al., 2002), CD81 (Pileri et al., 1998), claudin-1(Evans
et al., 2007), occludin (Liu et al., 2009), the C-type lectins L-SIGN
and DC-SIGN (Lozach et al., 2004; Pöhlmann et al., 2003), heparin
sulfate (Barth et al., 2003), and the asialoglycoprotein receptor
(Saunier et al., 2003). Recently, a few cellular factors, including
phospholipid scramblase 1 (Gong et al., 2011), cholesterol-uptake
receptor Niemann-Pick C1-like 1 (NPC1L1) (Ray, 2012), epidermal
growth factor receptor (EGFR) and Ephrin receptor A2 (EphA2)
(Lupberger et al., 2011), were identified as novel HCV co-receptors.
Among those factors, expression of human CD81 and occludin is
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sufficient to allow HCV infection of fully immunocompetent inbred
mice (Dorner et al., 2011).

The HCV particle is known be complex with very low-density
lipoproteins (VLDL). This association with VLDL allows the virus
to bind hepatocyte via the lipoprotein receptor-LDLR (Agnello
et al., 1999). Nascent VLDL particles released into plasma are not
ligands for LDLR. However, the VLDL can be converted to interme-
diate density lipoproteins (IDL) upon processing by lipoprotein li-
pase which can inhibit HCV infection in vitro (Andréo et al.,
2007). The IDL can be further converted to LDL (low density lipo-
proteins) by hepatic lipase. The IDL and LDL associated forms of
HCV particles can be taken up by LDLR in hepatic cells (Chappell
and Medh, 1998). An anti-LDLR antibody inhibited the binding
and/or internalization of HCV from infected sera by at least 60%
(Germi et al., 2002). In addition, an excess of LDL, also inhibited
the binding and/or internalization of HCV to the same extent. In
agreement with these results, HCV RNA in highly infectious serum
was predominantly found in fractions with low density (1.06 g/
mL), which represent densities of VLDL/LDL, whereas HCV RNA in
less infectious plasma was found in fractions with higher density
(1.17 g/mL), which represent densities of lipoprotein-free particles
(Nielsen et al., 2006; Petit et al., 2005). Since LDLR controls the up-
take of circulating cholesterol principally through the internaliza-
tion of lipoproteins, LDLR has significant implications as a co-
receptor for HCV entry.

The liver X receptors, LXRa and LXRb, belong to the super family
of nuclear hormone receptors, and they are ligand-activated tran-
scription factors by binding to the LXR elements of target genes
(Lewis and Rader, 2005). Recently, a newly identified transcrip-
tional target of the liver X receptors (LXR), the E3 ubiquitin ligase
Idol (inducible degrader of the LDLR), has been demonstrated to
post-transcriptionally regulate the LDLR expression level (Zelcer
et al., 2009). Idol, also known as Mir or Mylip, was originally iden-
tified as a protein with a FERM (4.1 band, ezrin, radixin and moe-
sin) homology domain at the N-terminus and a RING Zinc finger
ubiquitin ligase domain at the C-terminus (Bretscher et al.,
2002). Idol triggers the ubiquitination of the LDLR on its cytoplas-
mic domain, which targets it for degradation. LXRs are involved in
the regulation of cholesterol and lipid metabolism, and target
genes such as ATP binding cassette transporter A1 (ABCA1) and
ABCG1 promote the efflux of cellular cholesterol and maintain
whole body sterol homeostasis (Costet et al., 2000; Sabol et al.,
2005). Oxidized cholesterol derivatives (oxysterols) were identified
as natural LXR agonists (Janowski et al., 1996). Several synthetic
agonists have also been reported, such as (3-{3-[(2-chloro-3-tri-
fluoromethyl-benzyl)-(2,2-diphenyl-ethyl)-amino]-propoxy}-phe-
nyl)-acetic acid (GW3965) and N-(2,2,2-trifluoro-ethyl)-N-[4-
(2,2,2-trifluoro-1-hydroxy-1-trifluoromethyl-ethyl)-phe-nyl]-ben-
zenesulfonamide (T0901317).

In the current study, we demonstrated that the stimulation of
Idol expression via an eukaryotic expression vector in susceptible
Huh7.5.1 cells blocks infection by the HCV strain JFH1. Further-
more, both synthetic and natural LXR agonists exert a potent
Idol-dependent inhibitory effect on HCV entry. These results sug-
gest that the LXR-Idol-LDLR pathway may be amenable for inter-
ventions and serve as a novel target for anti-HCV drug
development.
2. Materials and methods

2.1. Cell culture

Huh7.5.1 human liver cells (kindly provided by Dr. F.V. Chisari)
were cultured in Dulbecco’s modified Eagle’s media (DMEM, GIB-
CO/BRL) supplemented with 10% fetal bovine serum (FBS, Gibco).
The SGR-JFH1-Luc-5AGFP stable replicon cell line (derived from
Huh7.5.1 cells) was maintained in DMEM supplemented with
10% FBS and 500 lg/mL of geneticin (G418, Calbiochem). All cells
were grown at 37 �C in 5% CO2.

2.2. Agents, antibodies and plasmids

The synthetic LXR agonists (GW3965 and T0901917), cyclospor-
ine A (CsA) and MK-7009 were purchased from Sigma–Aldrich. The
endogenous LXR agonist 24(S),25-epoxycholesterol (24,25EC) was
purchased from Enzo Life Sciences. The antibodies used in this
study were rabbit polyclonal antibodies against mylip (Abcam),
LDLR (Caymam), SR-B1 (Novus) and mouse monoclonal antibodies
against NS3 (kindly provided by Prof. Chenyang Li), CD81 (BD
Pharmingen), Flag (Sigma and Beyotime), and GAPDH (Thermo).
The eukaryotic expression plasmid pFLAG-CMV2-Idol was
generated to express Idol with an N-terminal flag tag. The cDNA
fragment containing the Idol open reading frame was amplified
with the following primers: 50-CGAAGCTTATGCTGTGTTATGTGAC
GAG-30 (forward), 50-CCCGAATTCTTAGATTACAGTCAGATTGAG-30

(reverse). The cDNA fragment was amplified by PCR from
Huh7.5.1 cDNA and then cloned into the HindIII and EcoRI sites
of the pFLAG-CMV2 plasmid (Sigma).

2.3. HCV RNA synthesis, transfection, and preparation of HCV viral
stock

Infectious HCV virus was produced in hepatocytes as previously
described (Wu et al., 2011). Briefly, the linearized plasmids pJFH1
(a kind gift from Takaji Wakita) and pJFH1-Luc-5AGFP (Wu et al.,
2011) were used as templates for in vitro RNA transcription using
a MEGAscript™ T7 kit (Ambion) according to the manufacturer’s
protocol. Huh7.5.1 cells were electroporated with the synthesized
HCV RNA (10 lg), and virus containing supernatants were col-
lected when an obvious cytopathic effect was observed. The multi-
plicity of infection (MOI) was calculated on the basis of virus titer
as measured by focus forming U/mL.

2.4. Effect of the expression of an exogenous human Idol gene on HCV
infection in Huh7.5.1 and on HCV replication in SGR-JFH1-Luc-5AGFP
cells

Huh7.5.1 cells were transfected with the pFLAG-Idol plasmid
using lipofectamine™ 2000, with the pFLAG-CMV2 plasmid serv-
ing as a control. At 48 h post-transfection (hpt), cells were infected
with either the HCV virus JFH1-Luc-5AGFP or JFH1 at an MOI of 0.2.
At 8 h post-infection (hpi), the medium was replaced with fresh
complete DMEM, and the cells were maintained for 3 days before
being used for the measurements. To measure the production of
infectious virions, supernatants from cells infected with JFH1-
Luc-5AGFP were used to re-infect the naïve Huh7.5.1 cells. At 72
hpi, the cells were subjected to a luciferase assay. A similar proce-
dure was used for the SGR-JFH1-Luc-5AGFP cells. The cells were
transfected with different concentrations of the pFLAG-Idol plas-
mid, and the pFLAG-CMV2 plasmid served as a control. At 48
hpt, cells were processed for fluorescence microcopy analysis,
luciferase assays and Western blotting analysis.

2.5. Effect of the treatment of LXR agonists on HCV infection in
Huh7.5.1 and on HCV replication in SGR-JFH1-Luc-5AGFP cells

Huh7.5.1 cells were treated with the specified concentrations of
LXR agonists (GW3965, T0901917 or 24,25EC) for 4 h and then in-
fected with either the JFH1-Luc-5AGFP or JFH1 virus at an MOI of
0.2. At eight hpi, cells were incubated in fresh complete DMEM
containing the same concentration of agents as the pretreatment
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group, and the cells were used for measurements at 72 hpi. To
measure the production of infectious viruses, the diluted superna-
tants of those cells infected with JFH1-Luc-5AGFP were used to re-
infect naïve Huh7.5.1 cells. At 4 hpi, fresh medium was supplied.
The cells were then subjected to a luciferase assay at 72 hpi. To test
the inhibitory effects of LXR agonists on the HCV replicon system,
SGR-JFH1-Luc-5AGFP cells were incubated with the specified con-
centrations of LXR agonists for 48 h and then subjected to
detection.

2.6. Western blotting

The cells were lysed in RIPA lysis buffer and boiled for 10 min
before separation by SDS–PAGE. The resolved proteins were elec-
trotransferred to immobilon-P polyvinylidene difluoride mem-
branes (Millipore). The membranes were blocked for 1 h in Tris-
buffered saline (TBS)–5% skim milk, followed by incubation with
primary antibodies overnight at 4 �C. The membranes were then
washed with TBS-0.1% Tween-20 and incubated with HRP-conju-
gated goat anti-mouse or anti-rabbit antibodies (Thermo). The sig-
nals were detected using the Super signal West Pico
chemiluminescent substrate (Pierce) and an AlphaEase FC Imaging
System (Alpha Innotech Corporation).

2.7. Flow cytometry analysis

After trypsinzation, transfected Huh7.5.1 cells were fixed with
Formalin Solution (formaldehyde 4%, Sigma) and blocked with
paraformaldehyde in phosphate-buffered saline (PBS, pH 7.4)–3%
BSA. Cells were then incubated 1 h at 4 �C with antibodies. After
rinsing with PBS, cells were incubated with FITC labeled secondary
antibody for 45 min at 4 �C, then washed with PBS. Cells stained
only with the secondary antibody were used as negative control.
Labeled cells were analyzed using a FACS Beckman EPICS ALTRA2.

2.8. Fluorescence microcopy analysis

Cells were fixed with 4% paraformaldehyde in PBS at room tem-
perature for 20 min, permeabilized with 0.3% Triton X-100 in PBS
for 30 min and stained with 1 lg/mL of diamidino-2-phenylindole
(DAPI, Sigma–Aldrich). Cells were washed twice, and the fluores-
cence was detected by an inverted fluorescence microscope (Zeiss
Axio Observer A1).

2.9. Indirect immunofluorescence assay

Cells were washed with PBS and fixed with 4% paraformalde-
hyde for 20 min at room temperature. After being washed three
times with PBS, cells were incubated in blocking buffer (PBS con-
taining 3% BSA, 0.3% Triton X-100 and 10%FCS) for at least
30 min and then in binding buffer (PBS containing 3% BSA and
0.3% Triton X-100) with MAbs against Flag (Beyotime) at a dilution
of 1:100 for 1 h at room temperature. After three washes with PBS,
cells were incubated with TRITC-conjugated goat anti-mouse IgG
at a 1:100 dilution with binding buffer for 1 h at room tempera-
ture. Cell nuclei were stained by DAPI. Stained samples were then
examined with a Leica TCS SPII confocal microscope.

2.10. Luciferase assay

Cells were harvested and subjected to a luciferase assay using
the Renilla luciferase assay system (Promega) according to the
manufacturer’s instructions. Briefly, cells were washed twice with
PBS and then lysed with 1� luciferase cell culture lysis buffer in
each culture vessel (20 lL/well for a 96 well plate or 100 lL/well
for a 24 well plate). Aliquots of cell lysates (20 lL) were mixed
with 100 lL of luciferase assay reagent, and the luciferase activity
was determined using the GloMax�20/20 detection system
(Promega).

2.11. Cytotoxicity assay

The Huh7.5.1 cells were plated in 96-well plates at a density of
8 � 103 cells/well. Twenty-four hours later, the culture were re-
placed with complete DMEM containing serially diluted com-
pounds and then maintained for 72 h. Cytotoxicity was evaluated
using the CellTiter-Glo luminescent cell viability assay (Promega).
CellTiter-Glo (100 ll) reagent was added to the cells and incubated
for 10 min at room temperature. The luminescent signal was re-
corded using an EnVision (Perkin-Elmer) microplate reader.

2.12. Drug combination studies

The combination study between LXR agonists and HCV RNA
replication inhibitors (MK-7009 or CsA) was evaluated by lucifer-
ase assay as described above. Exponentially growing cells were
seeded in 96 well plates at densities of 8 � 103 cells/well and al-
lowed to attach for 24 h. Cells were exposed to serially diluted con-
centrations (three replicates) of HCV RNA replication inhibitors
(MK-7009 or CsA) and GW3965 either alone or in combination.
Four hours after treatment with the agents, cells were infected
with the reporter virus JFH1-Luc-5AGFP and incubated for 72 h.
The extent of the effect of the combination treatment was analyzed
by the isobole method (Berenbaum, 1989). Fractional inhibitory
concentrations (FICs) are calculated by dividing the EC50 of drug
A with a fixed overlay of drug B by the EC50 of drug A alone (the
x-coordinate). The y-coordinate is the fixed concentration of drug
B divided by the EC50 of drug B alone. The FIC index is the sum
of a pair of FICs. Conventions have been adopted that define a
FIC index of 60.5 as synergy, a FIC index of P4.0 as antagonism,
and a FIC index between 0.5 and 4.0 as an additive effect (Odds,
2003).
3. Results

3.1. Over-expression of Idol decreases the LDLR expression level in
Huh7.5.1 cells

We initially verified whether the addition of exogenous Idol
expression would reduce LDLR expression in Huh7.5.1 cells, which
are highly permissive cells for HCV infection. To introduce exoge-
nous Idol, an expression vector for N-terminally flag tagged Idol
was transfected into Huh7.5.1 cells. As shown in Fig. 1, the LDLR
protein level was reduced in a dose-dependent manner in correla-
tion with the increase of expression of either the Idol-FLAG fusion
protein or total intracellular Idol. To examine whether the effect of
Idol was selective on LDLR, we analyzed the expression levels of
another HCV co-receptor SR-B I. Similar to LDLR, SR-B I is also in-
volved in cholesterol transportation. Hepatic SR-B I is essential
for the delivery of cholesterol esters from HDL to hepatocytes.
There was no visible loss of SR-B I expression in the Idol expressing
cells compared with cells transfected with the control vector
(Fig. 1A). The expression levels of the two tight junction proteins
claudin-1 and occludin, which are also HCV co-receptors, were also
not affected by the over-expression of Idol in Huh7.5.1 cells (data
not shown). We further examined the effect of idol expression on
LDLR cell surface expression levels. FACS analysis revealed that
there was an obvious loss of LDLR in idol transfected cells when
compared with cells transfected with the control vector. Whereas,
the expression of both cell surface SR-B I and CD81 were not af-
fected by the over-expression of Idol (Fig. 1B). In sum, our data
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Fig. 1. Over-expression of Idol decreases LDLR expression level in Huh7.5.1 cells. (A) Huh7.5.1 cells were transfected with increasing amounts (0, 0.125, 0.25, 0.5 lg) of a
plasmid expressing exogenous Idol tagged with flag. Forty-eight hpt, cells were harvested for Western blot analysis. Both the exogenous Idol and the intracellular Idol were
detected using an anti-flag monoclonal antibody or anti-Idol polyclonal antibody, respectively. These are representative data of at least three independent experiments. (B)
Huh7.5.1 cells were transfected with plasmid expressing exogenous Idol tagged with flag or control vector. Forty-eight hpt, cells were used for FACS analysis. Cell surface
expression of LDLR, SR-B I and CD81 was analyzed by FACS using antibodies against LDLR, SR-B I and CD81, and secondary antibody conjugated with FITC. These are
representative data of three independent experiments.
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indicate that Idol specifically down-regulates the expression level
of the key receptor LDLR that is necessary for productive HCV
infection in Huh7.5.1 cells.

3.2. Over-expression of Idol inhibits HCV infection in the HCVcc system

Since exogenous Idol expression leads to decreased expression
of LDLR, we determined whether the over-expression of Idol inhib-
its HCV infection in vitro. Huh7.5.1 cells that were transfected with
either the Idol expression vector or the control plasmid pFLAG-
CMV were infected with the HCV dual reporter virus JFH1-Luc-
5AGFP (Wu et al., 2011) at an MOI of 0.2. Because the dual reporter
gene expression levels of this virus were correlated with the viral
replication level, we detected both GFP fluorescence intensity
and hRluc activity 3 dpi to evaluate the level of HCV replication.
As shown in Fig. 2A, the GFP fluorescence intensity was detected
to visualize viral replication in situ. The expression of Idol was
detected by indirect immunofluorescence assay. The foci of
NS5A-GFP dramatically reduced in the cells transfected with
Idol-expressing plasmid compared with cells transfected with the
control plasmid. Actually at the dosage of the transfection (0.5 lg
Idol-expressing plasmid) we used, almost all of the cells expressing
Idol had no foci expressing NS5A-GFP, indicating that HCV infec-
tion is almost completely inhibited specifically in cells that overex-
press Idol. As shown in Fig. 2B, the level of hRLuc activity was
decreased in a dose-dependent manner in correlation with the in-
crease of Idol expression, indicating that the over-expression of
Idol severely disrupted viral replication. No significant changes in
cell proliferation were observed when cells were transfected with
different ratios of the Idol expression vector and the control vector,
suggesting that the inhibitory effect was not a result of cytotoxicity
caused by the over-expression of Idol. The supernatants from the
transfected Huh7.5.1 cells were analyzed by infecting naïve
Huh7.5.1 cells to determine the production of infectious viruses.
Idol expression strongly impeded the secretion or infectivity of
HCV JFH1-Luc-5AGFP particles in a dose-dependent manner
(Fig. 2C). Next, we confirmed the finding that Idol inhibits HCV
infection of the wild-type JFH1 virus. As shown in Fig. 2D, the lev-
els of the non-structural HCV protein NS3 were decreased in a
dose-dependent manner in JFH1-infected Huh7.5.1 cells that ex-
pressed exogenous Idol compared with cells transfected with the
empty vector. These results suggest that the over-expression of
Idol strongly inhibits HCV infection in the HCVcc system.

3.3. Over-expression of Idol does not affect HCV RNA replication in the
replicon system

To investigate whether Idol expression plays a role in regulating
HCV replication by a mechanism other than inhibiting entry, HCV
replication was examined using the SGR-JFH1-Luc-5AGFP stable
replicon cell line established by our laboratory (unpublished).
The cell line was derived from the Huh7.5.1 cell line by transfecting
the cells with a subgenomic replicon of HCV containing the HCV
non-structural proteins (from NS3 to NS5B) and two reporter
genes. One of the reporter genes is a humanized Renilla luciferase
gene (hRluc), which is inserted downstream of the HCV 50 NTR, and
the other is enhanced green fluorescent protein gene (EGFP), which
is fused to the NS5A protein, and both reporters facilitate the
detection of HCV replication. The SGR-JFH1-Luc-5AGFP cells were
transfected with increasing concentrations of the Idol expression
vector, and then, the intracellular levels of HCV replication were
measured at 2 dpt. Both the hRluc activity and GFP fluorescence
intensity were not significant altered by increased Idol expression
(Fig. 3A and Supplementary Fig. 1). Western blot analysis
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confirmed these observations by showing that NS3 levels were not
altered by increased Idol expression after normalization of the pro-
teins with the levels of GAPDH (Fig. 3B). These results suggest that
Idol expression does not affect HCV RNA replication in this replicon
system.

3.4. Synthetic LXR agonists decrease LDLR expression in Huh7.5.1 cells

GW3965 and T0901317 (Fig. 4A) are two non-steroid synthetic
LXR agonists that are commonly used in experimental studies.
T0901317 activates both LXRa and LXRb, but GW3965 has a great-
er affinity for LXRb than for LXRa. Peter Tontonoz et al. demon-
strated that synthetic LXR agonists (GW3965 and T0901317)
decreased the levels of the LDLR protein in HepG2 cells by binding
to the LXR elements in the Idol gene promoters and inducing the
transcription of Idol (Zelcer et al., 2009). We tested the ability of
LXRs to modulate the LDLR protein levels in Huh7.5.1 cells, the sus-
ceptible cell line for HCV infection. The cells were treated with
GW3965 or T0901317 at the specified doses for 12 h, and then,
the Huh7.5.1 cells were harvested for Western blot analysis. As
shown in Fig. 4B, levels of the Idol protein were increased after
treatment with LXR agonists. There was also a reduction of the
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HCV receptor LDLR in a dose-dependent manner. Notably, the level
of LDLR was reduced to an almost undetectable level when
T0901317 was used at a concentration of 1 lM. However, the
LXR agonists had no significant effects on the expression of SR-B
I, CD81, claudin-1 and occludin, which suggested that the effect
on LDLR is specific. Treatment of the Huh7.5.1 cells with both
GW3965 and T0901317 showed no toxicity at doses used in this
study (Fig. 4C).

3.5. Synthetic LXR agonists block HCV entry but do not interfere with
HCV RNA replication

In addition to its effect on LDLR degradation by increasing Idol
expression, LXRs control the expression of some other genes in-
volved in the pathways of cholesterol and fatty acid metabolism
(Beltowski, 2008). As the elements of the cholesterol and fatty-
acid-biosynthetic pathways are required for HCV RNA replication
(Kapadia and Chisari, 2005), LXR agonists might have a different
activity (inhibitory/stimulatory) on distinct phases of the viral rep-
lication cycle. To determine whether treatment with LXR agonists
would interfere with HCV infection, Huh7.5.1 cells were first inoc-
ulated with the dual reporter virus JFH1-Luc-5AGFP at an MOI of 0.2
in the presence of GW3965 or T0901317. At seventy-two hpi, the
cells were used for measurements. As shown in Fig. 5A, treatment
of the cells with LXR agonists decreased intracellular hRLuc activity
in a dose-dependent manner. The foci of NS5A-GFP were also de-
creased after GW3965 or T0901317 treatment (Supplementary
Fig. 2). Furthermore, the infectious virus that was released from
the cells was assayed by re-infection of naïve Huh7.5.1 cells with
the supernatants, and a dose-dependent inhibition of infection
was observed (Fig. 5B). The EC50 value of the GW3965 inhibition
of HCV infection was 121 nM and the CC50 was 39.3 lM, resulting
in a selective index of 325. The values of EC50 and the CC50 of
T0901317 were 164 nM and 18.9 lM, respectively, resulting in a
selective index of 115. To exclude the possibility that the reporter
genes may interfere with the antiviral responses to the drug treat-
ment, the two LXR agonists were tested on Huh7.5.1 cells infected
with the wild-type JFH1 virus, and a dose-dependent reduction of
NS3 protein expression was observed by immunoblot analysis.
Thus, our data strongly demonstrate that the synthetic LXR agonists
GW3965 and T0901317 significantly decrease HCV infectivity.

The decrease of HCV infectivity after LXR agonist pretreatment
could be due to an effect either on JFH1 RNA replication or on JFH1
viral entry since the stimulation of the LXR pathway can activate
multiple elements which could affect the HCV infection cycle. To
exclude the possibility that the synthetic LXR agonists might affect
HCV RNA replication, the SGR-JFH1-Luc-5AGFP cells were treated
with different doses of GW3965 or T0901317, and the intracellular
levels of HCV replication were measured 2 days post-treatment.
Compared with interferon-alpha, which inhibits HCV RNA replica-
tion as measured by luciferase assay (Fig. 6A), both GW39655 and
T0901317 showed no effects on HCV RNA replication (Fig. 6A and
B). Our data are consistent with previous findings that T0901317
had no effect on HCV RNA replication (Kapadia and Chisari,
2005). To further confirm the inhibition of virus entry by LXR ago-
nists, we administered GW3965 and T0901317 at different time
intervals during the early phase of infection. As shown in Fig. 6C,
LXR agonists are only effective when used shortly before (�4 to
0 h), or during infection (0–4 h) in decreasing HCV infectivity. After
the cell is fully infected (4–24 h after infection), as predicted, appli-
cation of the LXR agonists have no effects. Taken together, these re-
sults suggest that LXR agonists only affect the entry process.
Notably, addition of the drug shortly before the infection followed
by withdrawl exactly before the inoculation, the virus infectivity
was decreased, suggesting that LXR agonists act on the cell rather
than the virion.
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In sum, these results suggest that synthetic LXR agonists im-
pede HCV infection primarily through an inhibition of viral entry.
The agonists inhibit HCV viral entry via a signaling-dependent
down-regulation of LDLR expression. However, the synthetic LXR
agonists do not interfere with other processes of HCV lifecycle.
3.6. The natural LXR agonist 24(S),25-epoxycholesterol inhibits HCV
infection

Oxysterols are thought to be natural ligands for LXR. There is
now compelling evidence that endogenous 24(S),25-epoxycholes-
terol (24,25EC) that is produced in a shunt of the same mevalonate
pathway that produces cholesterol is a bona fide LXR ligand (Wong
et al., 2008). Therefore, we tested whether the natural LXR agonist
24,25EC could also inhibit the infectivity of HCV. As expected,
24,25EC caused a dose-dependent inhibition of HCV replication
and the infectivity (Fig. 7B). The EC50 of 24,25EC on HCV infection
was 233 nM. There was no obvious cell toxicity when Huh7.5.1
cells were treated with 24,25EC at concentrations up to 10 lM
(data not shown), resulting in a selective index over 43. This result
strengthens our conclusion that the stimulation of the liver X
receptors leads to an inhibition of HCV infection.
3.7. LXR agonists have an additive effect on HCV infection in
combination with MK-7009 and CsA

Since synthetic LXR agonists strongly inhibited HCV infectivity,
the LXR could be a potential target for anti-HCV drugs. Combina-
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tion therapy targeting HCV infection could delay the emergence of
drug-resistant virus. To test whether LXR agonists could be com-
bined with other antiviral compounds targeting HCV replication
in an interferon-free regimen, we tested the synthetic LXR agonists
with two established anti-HCV drugs. MK-7009 is a drug that di-
rectly targets the HCV protease (NS3/4A), and cyclosporine A
(CsA) inhibits RNA replication via the HCV host factor cyclophilin.
The combination study was conducted using a checkerboard setup
where dose–response curves were generated for the HCV RNA rep-
lication inhibitors (MK-7009 or CsA) either alone or in combination
with GW3965 (Fig. 8A) and were used to determine the EC50 values
for each drug alone or in the presence of the fixed concentration of
the second drug. Isobologram analysis (Berenbaum, 1989) and the
fractional inhibition concentration index (FIC index) (Odds, 2003)
were used to determine whether the combination of MK-
7009 + GW3965 and CsA + GW3965 exert a synergistic, additive
or antagonistic effect on the inhibition of HCV infection. As shown
in Fig. 8B, the x-axis and y-axis represent the fractional inhibitory
concentrations (FIC) of MK-7009 (or CsA) and GW3965, respec-
tively. The calculated effects of the combination therapy, shown
by closed five-point stars that are all located near the additive line,
or by the calculated FIC indexes that are all fit between 0.5 and 4,
indicate that both the MK-7009 + GW3965 and CsA + GW3965
combinations are additive effects on the inhibition of HCV infec-
tion. Another LXR agonist T0901317 worked in a similar pattern
as GW3965 in the combination treatment with MK-7009 or CsA
(Supplementary Fig. 3). It was speculated that MK-7009 +
T0901317 and CsA + T0901317 also exerted additive effects on
anti-HCV infection. These data indicate that synthetic LXR agonists
could efficiently be used in HCV combination therapy.
4. Discussion

Our study provides strong evidence that LXR is a promising tar-
get for anti-HCV drug development. The over-expression of Idol,
whose transcription is controlled by LXR, could significantly sup-
press HCV infection by down-regulating LDLR level without inter-
fering with HCV RNA replication. Furthermore, LXR agonists,
including synthetic ligands (GW3965 and T0901317) and the nat-
ural ligand (24,25EC), strongly interfere with HCV infection
through a mechanism of Idol triggered degradation of the LDLR.
Moreover, the LXR agonists could be efficiently used with HCV
RNA replication inhibitors in combination treatment.

Besides LDLR, Idol can induce the degradation of two other
members of LDLR family, VLDLR and ApoER2 (Hong et al., 2010).
Thus we cannot exclude the possibility that Idol may trigger ubiq-
uitination and degradation of HCV co-receptors other than LDLR,
which may also contribute to the inhibition of HCV entry.

Accumulating evidence suggests that HCV is associated with
lipoproteins, leading to the recognition of HCV as an LVP (lipo-
viro-particles) (André et al., 2002). LDLR has been implied to play
an indispensable role in HCV infection on the basis of the well-doc-
umented interaction between HCV particles and lipoproteins. The
involvement of the LDLR in HCV infection provides a new approach
to therapy in the future. Previous studies have explored the feasi-
bility of neutralizing HCV infection based on the use of anti-LDLR
antibodies or peptides (Molina et al., 2007). Since the depletion
of LDLR from Huh7.5.1 cells by Idol had a direct effect on the
susceptibility of the cells to infection by HCV (Fig. 2), the ubiquitin
ligase Idol has clearly entered the field of molecular medicine as a
possible anti-HCV molecule. Because Idol is a rather unstable
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protein, upregulation of Idol could be accomplished by increasing
its mRNA expression levels or enhancing protein stability in a
screen for small molecular compounds. However, purely increasing
Idol expression levels may lead to hypercholesterolemia as a result
of lower hepatic levels of LDLR. Thus, a combination therapy or a
kind of compound aimed at up-regulating Idol and concurrently
lowering the plasma cholesterol level might be appropriate. Fortu-
nately, the ligands of LXR could achieve this goal.

Because both the synthetic and natural LXR agonists could effi-
ciently suppress HCV entry by indirectly promoting LDLR degrada-
tion (Figs. 5 and 8), LXR agonists show strong potential as anti-HCV
drug targets. One would not need to worry about the accumulation
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of cholesterol in the plasma due to decreased hepatic LDLR. The
primary indication for LXR agonists is treatment of hypercholester-
olemia and atherosclerosis. The response to excess cellular
cholesterol is mediated by LXR via triggering various adaptive
mechanisms protecting the cell from cholesterol overload. LXR
agonists up-regulate the expression of transporters involved in
the cholesterol pathway, such as ABCA1 and ABCG1, that partici-
pate in the process of reverse cholesterol transport (the transport
of excess cholesterol from peripheral tissue to the liver). This
excess cholesterol in the liver is then excreted in the bile as
unchanged cholesterol or after conversion to bile acids (Jamroz-
Wisniewska et al., 2007; Wojcicka et al., 2007). In addition to
inducing reverse cholesterol transport, LXR could also limit the cel-
lular cholesterol content by increasing bile acid production and
inhibiting intestinal cholesterol absorption (Repa et al., 2000). Sev-
eral studies have shown that LXR agonists reduce atherosclerotic
lesions in animal models. One study has demonstrated that if mice
are injected with macrophages previously loaded with titrated
amounts of cholesterol, and then the mice are treated with
GW3965 for 10 days, fecal excretion of a cholesterol tracer is mark-
edly higher and excretion of titrated bile acids tends to be higher
than in vehicle-treated animals (Naik et al., 2006). These results
clearly indicate that LXR agonists would be ideal candidate targets
for HCV antiviral drug development, possibly without causing se-
vere side effects due to the degradation of LDLR.

Recently, the stimulation of the LXR pathway has been reported
to also inhibit HIV-1 replication (Morrow et al., 2010). LXR agonists
suppressed HIV-1 replication in both cell types and inhibited HIV-1
replication in ex vivo cultured lymphoid tissue and in RAG-hu mice
infected in vivo. The mechanism of this effect of LXR agonists ap-
peared to be the stimulation of ABCA1 expression. Hence, the stim-
ulation of the LXR pathway could be employed as a new strategy to
discover broad-spectrum antiviral drugs for at least HCV, HIV-1, as
well as HCV/HIV-1 co-infection.

HCV infection is a complex disease. Drugs now are being devel-
oped for patients who have failed in the treatment with pegylated
interferon and ribavirin, such as specifically targeted antiviral ther-
apy (STAT) drugs for HCV enzymes and their host factors. Of these,
inhibitors of NS3/4A and NS5B and their co-factors are the most
promising therapeutic molecules since these enzymes play a
highly strategic role in the virus life. However, treatments with
antiviral molecules directed against NS3/4 or NS5B generally lead
to the emergence of mutants with reduced sensitivity to this treat-
ment though the new polymerase inhibitor PSI-7977 was reported
to have high barrier to resistance. Considering the inherent muta-
bility and the great intra-strain variability of HCV, the permanent
eradication of HCV will require creative and multipronged mea-
sures. Our study demonstrated that combination of LXR agonists
with HCV RNA inhibitors showed a strong additive inhibition on
HCV infection (Fig. 7 and Supplementary Fig. 3). The combined
use of two or more drugs with different mechanisms of action can-
not only potentially reduce the incidence of drug resistance but
also present other advantages, such as having potentially greater
potency, better clinical efficacy, dose-sparing, and less toxicity
and side effects.

The utility of LXR agonists as anti-HCV therapeutics might be
limited by the fact that stimulation of LXR also up-regulates the
sterol regulatory element-binding protein-1c (SREBP-1c), which
induces enhanced triglyceride synthesis in the liver, resulting in
hypertriglyceridemia (Chisholm et al., 2003). However, this prob-
lem could be resolved by using a selective LXR modulator that is
less involved or not at all involved in lipogenesis. Interestingly,
GW3965, is one such serviceable modulator, which could raise
HDL cholesterol without inducing hepatic steatosis and hypertri-
glyceridemia (Miao et al., 2004). Recently, another synthetic steroi-
dal LXR agonist N,N-dimethyl-3b-hydroxy-cholenamide (DMHCA)
has been reported to reduce atherosclerotic lesion formation in
apoE-null mice without increasing hepatic triglyceride levels
(Kratzer et al., 2009). Other than the selective synthetic LXR ago-
nists, the natural ligand, 24,25EC, could also solve this problem.
The stimulating effect on SREBP-1c expression via LXR is counter-
acted by suppressing the activation of SRBEP-1c by detaining the
SREBP precursor in the ER and preventing its activation in Golgi
(Rowe et al., 2003). Since the oral administration of 24,25EC is
not an option because it could be hydrolyzed in the stomach, inhib-
itors of OSC (2,3-oxidosqualene:lanosterol cyclase sterol), a micro-
somal enzyme in both the cholesterol biosynthetic pathway and
the alternative oxysterol synthetic pathway that could highly in-
crease 24,25EC synthesis in vivo (Rowe et al., 2003), might be used
as an anti-HCV drug in clinical therapy.

In conclusion, our results demonstrate a potent anti-HCV effect
of LXR agonists. These drugs affect HCV infection by blocking HCV
entry, the first and critical step of the HCV lifecycle, resulting in
significant suppression of HCV infection. This in vitro study also
emphasizes the essential role of Idol in the regulation of HCV infec-
tivity. And the stimulation or stabilization of Idol expression might
also be an effective approach to inhibit HCV entry.



Fig. 8. Additive inhibition of HCV infection by MK-7009 or CsA combined with the LXR agonist GW3965. Huh7.5.1 cells were treated with different concentrations of MK-
7009 or CsA, alone or in combination with GW3965 at different concentrations. Then, cells were inoculated with the JFH1-Luc-5AGFP reporter virus, maintained for 72 h and
subjected to the luciferase activity assay. (A) The dose-dependent curves of the combination of MK-7009 with GW3965 (left) and CsA with GW3965 (right) on HCV infection
inhibition are shown. A representative experiment from three independent repetitions with standard deviation of the mean is shown. (B) EC50 isobologram of the
combination of MK-7009 with GW3965 (left) or CsA with GW3965 (right) is shown. The oblique line indicates the expected additive line. The calculated combination effects,
shown by the closed five-point stars, are all located nearby the additive line. The FIC indexes fluctuated around 1, which is between the range of 0.5 and 4, indicating additive
inhibition of HCV infection by MK-7009 or CsA combined with GW3965.
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