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a b s t r a c t

Hepatitis C virus (HCV) is a major causative agent of hepatocellular carcinoma. Although various classes
of anti-HCV agents have been under clinical development, most of these agents target RNA replication in
the HCV life cycle. To achieve a more effective multidrug treatment, the development of new, less expen-
sive anti-HCV agents that target a different step in the HCV life cycle is needed. We prepared an in-house
natural product library consisting of compounds derived from fungal strains isolated from seaweeds,
mosses, and other plants. A cell-based functional screening of the library identified sulochrin as a com-
pound that decreased HCV infectivity in a multi-round HCV infection assay. Sulochrin inhibited HCV
infection in a dose-dependent manner without any apparent cytotoxicity up to 50 lM. HCV pseudopar-
ticle and trans-complemented particle assays suggested that this compound inhibited the entry step in
the HCV life cycle. Sulochrin showed anti-HCV activities to multiple HCV genotypes 1a, 1b, and 2a. Co-
treatment of sulochrin with interferon or a protease inhibitor telaprevir synergistically augmented their
anti-HCV effects. Derivative analysis revealed anti-HCV compounds with higher potencies (IC50 < 5 lM).
This is the first report showing an antiviral activity of methoxybenzoate derivatives. Thus, sulochrin
derivatives are anti-HCV lead compounds with a new mode of action.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

Hepatitis C virus (HCV) infection is a major causative agent of
chronic liver diseases such as liver cirrhosis and hepatocellular car-
cinoma [1]. The standard anti-HCV therapy has been a co-treat-
ment with pegylated-interferon (IFN)a and ribavirin, but this
therapy is limited by less efficacy to certain HCV genotypes, poor
tolerability, serious side effects, and high cost [2,3]. In addition to
the newly approved protease inhibitors, telaprevir and boceprevir,
a variety of anti-HCV candidates are under clinical development.
Although these drugs improve the virological response rate, the
emergence of drug-resistant virus is expected to be a significant
problem. Moreover, these compounds are expensive due to their
complex structure and the many steps required for their total syn-

thesis. To overcome the drug-resistant virus and achieve a long-
term antiviral effect, multidrug treatment is essential. Thus, the
development of drugs targeting a different step in the HCV life cy-
cle and presumably requiring low cost is urgently needed.

HCV propagates in hepatocytes through its viral life cycle
including: attachment and entry (defined as the early step in this
study); translation, polyprotein processing, and RNA replication
(the middle step); and assembly, trafficking, budding, and release
(the late step) (Supplementary Fig. S1). The middle step has been
extensively analysed, especially after the establishment of the
HCV replicon system [4]. The early step can be analysed with
HCV pseudoparticle (HCVpp) [5,6], which is a murine leukemia
virus- or human immunodeficiency virus-based pseudovirus carry-
ing HCV E1 and E2 as envelope proteins. The HCV-producing cell
culture system (HCVcc) is used for analyzing the whole life cycle
[7–9]. In addition, the HCV trans-complemented particle (HCVtcp)
system carrying an HCV subgenomic replicon RNA packaged in
HCV E1 and E2-containing particles can evaluate the life cycle from
the early to the middle step [10]. The majority of anti-HCV agents
currently under clinical development, such as inhibitors of
protease, polymerase, NS5A, and cellular cyclophilin, inhibit poly-
protein processing and/or RNA replication. A desirable approach
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to achieving efficient multidrug therapy is to identify new antiviral
drugs targeting different steps in the viral life cycle. A combination
of drugs with different targets can greatly decrease the emergence
of drug-resistant virus.

Natural products generally contain more characteristics of high
chemical diversity than combinatorial chemical collections, and
therefore have a wider range of physiological activities [11,12].
They offer major opportunities for finding novel lead structures
that are active in a biological assay. Moreover, biologically active
natural products are generally small molecules with drug-like
properties, and thus development costs of producing orally active
agents tend to be lower than that derived from combinatorial
chemistry [13]. In addition, there is a wide variety of natural com-
pounds reported to possess antiviral activity [14,15]. In the present
study, we have taken advantage of the potential of natural prod-
ucts by screening a natural product library derived from fungal ex-
tracts with a cell-based assay that supports the whole life cycle of
HCV.

2. Materials and methods

2.1. Cell culture

Huh-7.5.1 [8] and HepaRG cells [16] were cultured as described
previously.

2.2. Natural product library and reagents

Natural products were extracted essentially as previously de-
scribed [17]. Culture broths of fungal strains isolated from sea-
weeds, mosses, and other plants were extracted with CH2Cl2. The
crude extracts were separated by silica gel column chromatogra-
phy to purify compounds. The chemical structure of each com-
pound was determined by NMR and mass spectrometry analyses.
Thus, we prepared an in-house natural product library consisting
of approximately 300 isolated compounds.

Cyclosporin A was purchased from Sigma. Bafilomycin A1 and
chlorpromazine were purchased from Wako. Heparin was obtained
from Mochida Pharmaceutical. IFNa was purchased from Schering-
Plough.

2.3. Compound screening

Huh-7.5.1 cells were treated with HCV J6/JFH1 at a multiplicity
of infection (MOI) of 0.15 for 4 h. The cells were washed and then
cultured with growth medium treated with 10 lM of each com-
pound for 72 h. The infectivity of HCV in the medium was quanti-
fied. Cell viability at 72 h post-treatment was simultaneously
measured. Compounds that decreased the cell viability to less than
50% of that without treatment were eliminated for further evalua-
tions. Normalised infectivity was calculated as HCV infectivity di-
vided by cell viability. Compounds reducing the normalised
infectivity to less than 40% were selected as initial hits. The initial
hits were further evaluated for data reproduction and dose-
dependency.

2.4. HCVcc assay

HCVcc was recovered from the medium of Huh-7.5.1 cells
transfected with HCV J6/JFH-1 RNA as described [7]. HCVcc was in-
fected into Huh-7.5.1 cells at 0.15 MOI for 4 h. After washing out
the inoculated virus, the cells were cultured with normal growth
medium in the presence or absence of compounds for 72 h. The
infectivity of HCV and the amount of HCV core protein in the med-
ium were quantified by infectious focus formation assay and

chemiluminescent enzyme immunoassay (Lumipulse II HCV core
assay, ortho clinical diagnostics), respectively [7,18].

2.5. Immunoblot analysis

Immunoblot analysis was performed as described previously
[19]. The anti-HCV core antibody (2H9) was used as a primary anti-
body with 1:1000 dilution [7].

2.6. MTT assay

The viability of cells was quantified by using a Cell Proliferation
Kit II XTT (Roche Diagnostics) as described previously [20].

2.7. HCV replicon assay

Huh-7.5.1 cells were transfected with an HCV subgenome repli-
con RNA (SGR–JFH1/Luc) for 4 h and then incubated with or with-
out compounds for 48 h [21]. The cells were lysed with 1xPLB
(Promega), and the luciferase activity was determined with a lucif-
erase assay system (Promega) according to the manufacturer’s pro-
tocol [22].

2.8. HCVpp assay

HCVpp was recovered from the medium of 293T cells transfec-
ted with expression plasmids for HCV JFH-1 E1E2, MLV Gag-Pol,
and luciferase, which were kindly provided from Dr. Francois-Loic
Cosset at Universite de Lyon [5]. Vesicular stomatitis virus pseudo-
particles (VSVpp) was similarly recovered with transfection by
replacing HCV E1E2 with VSV G.

Huh-7.5.1 cells were preincubated with compounds for 3 h and
were then infected with HCVpp in the presence of compounds for
4 h. After washing out virus and compounds, cells were incubated
for an additional 72 h before recovering the cell lysates and quan-
tifying the luciferase activity.

2.9. HCVtcp assay

The HCVtcp assay was essentially performed as described [10].
Briefly, Huh-7 cells were transfected with expression plasmids for
the HCV subgenomic replicon carrying the luciferase gene and for
HCV core-NS2 based on genotype 1a (RMT) (kindly provided by
Dr. Michinori Kohara at Tokyo Metropolitan Institute of Medical
Science), 1b (Con1), and 2a (JFH-1) [4,10,23] to recover HCVtcp.
HCVtcp can reproduce RNA replication as well as HCV-mediated
entry into the cells [10].

2.10. Synergy analysis

To determine whether the effect of the drug combination was
synergistic, additive, or antagonistic, MacSynergy (kindly provided
by Mark Prichard), a mathematical model based on the Bliss inde-
pendence theory, was used to analyse the experimental data
shown in Fig. 3A. In this model, a theoretical additive effect with
any given concentrations can be calculated by Z = X + Y(1�X),
where X and Y represent the inhibition produced by each drug
alone, and Z represents the effect produced by the combination
of two compounds if they were additive. The theoretical additive
effects were compared to the actual experimental effects at various
concentrations of the two compounds and were plotted as a three-
dimensional differential surface that would appear as a horizontal
plane at 0 if the combination were additive. Any peak above this
plane (positive values) indicates synergy, whereas any depression
below the plane (negative values) indicates antagonism. The 95%
confidence interval of the experimental dose–response was consid-
ered to reveal only effects that were statistically significant.
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