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A number of novel phenanthridinone derivatives were examined for their inhibitory effect on hepatitis C
virus (HCV) replication in Huh-7 cells harboring self-replicating subgenomic viral RNA replicons with a
luciferase reporter (LucNeo#2). The activity of compounds was further confirmed by inhibition of viral
RNA copy number in different subgenomic and full-genomic replicon cells using real-time reverse tran-

Keyv_\/f{rds.' scription polymerase chain reaction. Among the compounds, 4-butyl-11-(1,1,1,3,3,3-hexafluoro-2-
Flavivirus hydroxypropan-2-yl)-7-methoxy-[1,3]dioxolo[4,5-c]phenanthridin-5(4H)-one (HA-719) was found to
glf;anthri dinone be the most active with a 50% effective concentration of 0.063 + 0.010 uM in LucNeo#2 cells. The com-

Replicon cell pound did not show apparent cytotoxicity to the host cells at concentrations up to 40 uM. Western blot
JFH1 analysis demonstrated that HA-719 reduced the levels of NS3 and NS5A proteins in a dose-dependent
fashion in the replicon cells. Interestingly, the phenanthridinone derivatives including HA-719 were less
potent inhibitors of JFH1 strain (genobtype 2a HCV) in cell-free virus infection assay. Although biochem-
ical assays revealed that HA-719 proved not to inhibit NS3 protease or NS5B RNA polymerase activity at
the concentrations capable of inhibiting viral replication, their molecular target (mechanism of inhibi-
tion) remains unknown. Considering the fact that most of the anti-HCV agents currently approved or
under clinical trials are protease and polymerase inhibitors, the phenanthridinone derivatives are worth
pursuing for their mechanism of action and potential as novel anti-HCV agents.
© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Hepatitic C virus (HCV) infection is a worldwide problem. More
than 130 million individuals are infected with this virus, and 3-4
million are newly infected every year. In general, HCV infection
proceeds to chronic infection [1], which often induces liver cirrho-
sis and hepatocellular carcinoma [2] liver transplantation is the
only way to rescue patients with the end-stage liver disorders
caused by HCV infection {3]. Protective vaccines are not available
so far, and pegylated interferon (PEG-IFN) and the nucleoside ana-
log ribavirin are the standard treatment for HCV infection [4-6].
However, many patients cannot tolerate the serious side effects
of PEG-IFN and ribavirin. Therefore, the development of novel
agents with better efficacy and tolerability is still mandatory.

* Corresponding author. Fax: +81 99 275 5932.
E-mail address: m-baba@m?2.kufm.kagoshima-u.ac.jp (M. Baba).
! Present address: School of Pharmacy, Tokyo University of Pharmacy and Life
Sciences, Tokyo 192-0392, Japan.

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.10.153

HCV is an enveloped virus belonging to the hepacivirus genus of
the family Flaviviridae [7,8]. The viral genome consists of positive
sense single RNA coding a polyprotein cleaved by viral and host
proteases into four structural and six non-structural proteins.
Non-structural proteins are involved in the replication of HCV gen-
ome [9]. The discovery of effective anti-HCV agents was greatly
hampered by the lack of cell culture systems that allowed robust
propagation of HCV in laboratories. However, the development of
HCV RNA replicon systems [10] and recent success in propagating
infectious virus particles in vitro have provided efficient tools for
screening new antiviral agents against HCV replication [11,12].
Furthermore, replicons containing a reporter gene, such as lucifer-
ase and green fluorescence protein, have provided fast and repro-
ducible screening of a large number of compounds for their
antiviral activity [13-15].

Currently, two NS3 protease inhibitors, teraprevir and bocepre-
vir, have been licensed and a considerable number of novel anti-
HCV agents are under clinical trials [16,17]. Most of them are directly
acting inhibitors of NS3 protease or NS5B polymerase. However, the
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emergence of HCV mutants resistant to most of these agents has also
beenreported [18]. To circumvent the drug-resistance, it seems nec-
essary to use more than two directly acting drugs targeting different
molecules for inhibition of viral replication [19]. Thus, in addition to
the protease and polymerase inhibitors, novel compounds withaun-
ique mechanism of action are highly desired.

We have recently identified some compounds with a novel phe-
nanthridinone structure as moderate inhibitors of HCV replication
[20]. This prompted us to synthesize a number of phenanthridi-
none derivatives and investigate their anti-HCV activity. After opti-
mization of chemical structures, we have obtained the compounds
that exert anti-HCV activity in the nanomolar range. Interestingly,
these compounds did not inhibit the enzymatic activity of NS3 pro-
tease or NS5B RNA polymerase at the concentrations capable of
inhibiting HCV replication in replicon cells.

2. Materials and methods
2.1. Compounds

More than 100 phenanthridinone derivatives were synthesized
and used in this study. The synthesis of these compounds has been
described previously [20,21]. Cyclosporin A (CsA) was purchased
from Sigma-Aldrish. All compounds were dissolved in dimethyl
sulfoxide (DMSO) (Nacalai Tesque) at a concentration of 20 mM
or higher to exclude the cytotoxicity of DMSO and stored at
—20 °C until use.

2.2. Cells

Huh-7 cells were grown and cultured in Dulbecco’s modified
Eagle medium with high glucose (Gibco/BRL) supplemented with
10% heat-inactivated fetal bovine serum (Gibco/BRL), 100 U/ml
penicillin G, and 100 pg/ml streptomycin. Huh-7 cells containing
self-replicating subgenomic HCV replicons with a luciferase repor-
ter, LucNeo#2 [22], were maintained in culture medium containing
1 mg/ml G418 (Nakarai Tesque). The subgenomic replicon cells
without reporter #50-1 and the full-genomic replicon cells
NNC#2 [23] were kindly provided by Dr. Hijikata (Kyoto Univer-
sity, Kyoto, Japan). These cells were also maintained in culture
medium containing 1 mg/m! G418.

2.3. Anti-HCV assays

The anti-HCV activity of the test compounds was determined in
LucNeo#2 cells by the previously described method with some
modifications [24]. Briefly, the cells (5 x 10 cells/well) were cul-
tured in a 96-well plate in the absence of G418 and in the presence
of various concentrations of the compounds. After incubation at
37 °C for 3 days, the culture medium was removed, and the cells
were washed twice with phosphate-buffered saline (PBS). Lysis
buffer was added to each well, and the lysate was transferred to
the corresponding well of a non-transparent 96-well plate. The
luciferase activity was measured by addition of the luciferase re-
agent in a luciferase assay system kit (Promega) using a lumino-
meter with automatic injectors (Berthold Technologies).

The activity of the test compounds was also determined by the
inhibition of HCV RNA synthesis in LucNeo#2, #50-1, and NNC#2
cells [23,25]. The cells (5 x 103 cells/well) were cultured in a 96-
well plate in the absence of G418 and in the presence of various
concentrations of the compounds. After incubation at 37 °C for
3 days, the cells were washed with PBS, treated with lysis buffer
in TagMan® Gene Expression Cell-to-CT™ kit (Applied Biosystems),
and the lysate was subjected to real-time reverse transcription
polymerase chain reaction (RT-PCR), according to the

manufacturer’s instructions. The 5-untranslated region of HCV
RNA was quantified using the sense primer 5-CGGGAGAGCCA-
TAGTGG-3', the antisense primer 5-AGTACCACAAGGCCTTTCG-3',
and the fluorescence probe 5-CTGCGGAACCGGTGAGTACAC-3'
(Applied Biosystems).

The inhibitory effect of the test compounds on the replication of
a genotype 2a strain was evaluated by the infection of Huh-7.5.1
cells, kindly provided by Dr. Chisari at Scripps Institute, with
cell-free JFH-1 virus, as previously described [11]. At 48 h after
virus infection, the cells were treated with SideStep Lysis and Sta-
bilization Buffer (Agilent Technologies), and the lysate was sub-
jected to real-time RT-PCR for quantification of HCV RNA [25].

2.4. Cytotoxicity assay

Huh-7 cells (5 x 10 cells/well) were cultured in a 96-well plate
in the presence of various concentrations of the test compounds.
After incubation at 37 °C for 3 days, the number of viable cells
was determined by a dye method using the water soluble tetrazo-
lium Tetracolor One® (Seikagaku Corporation), according to the
manufacturer's instructions. The cytotoxicity of the compounds
was also evaluated by the inhibition of host cellular mRNA synthe-
sis. The cells were treated with lysis buffer in the kit, as described
above, and the cell lysate was subjected to real-time RT-PCR for
amplification of a part of glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) RNA using a TagMan® RNA control reagent (Applied
Biosystems).

2.5. Immunoblotting

LucNeo#2 cells (5 x 10° cells/well) were cultured in a 96-well
plate in the presence of various concentrations of the test com-
pounds. After incubation at 37 °C for 4 days, the culture medium
was removed, and the cells were washed with PBS and treated with
lysis buffer (RIPA Buffer®, Funakoshi). The protein concentration of
the lysate was measured by Bradford protein assay method (Bio-
Rad). Then, the lysate was subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). The primary anti-
bodies used for protein detection were anti-NS3 (Thermo Scien-
tific), anti-NS5A (Acris Antibodies), and anti-GAPDH (Santa Cruz
Biotechnology) mouse monoclonal antibodies.

2.6. Protease and polymerase inhibition assays

The effect of the test compounds on NS3 protease activity was
determined by a fluorescence resonance energy transfer-based as-
say using SensoLyte® 520 HCV Assay Kit (AnaSpec), according to
the manufacturer’s instructions. The inhibition assay for NS5B
polymerase was performed at 37 °C for 60 min in a 384-well plate.
A reaction mixture (30 ul/well) contains 20 mM Tris-HCl (pH 7.6),
10 mM MgCl,, 20 mM NacCl, 1 mM dithiothreitol, 0.05% Tween 20,
0.05% pluronic F127, 1 uM [®H]GTP (0.1 uCi/well) plus cold GTP,
5nM poly(rC), 62.5nM biotinylated dG;;, 45 nM recombinant
NS3 protease, and various concentrations of the compounds. The
reaction was stopped by streatavidin scintillation proximity assay
beads in 0.5M ethylenediaminetetraacetic acid. The plate was
counted with a microbeta reader on the following day.

3. Results

When a number of phenanthridinone derivatives were examined
for their antiviral activity in LucNeo#2 cells, three phenanthridinone
derivatives, 5-butyl-2-(1,1,1,3,3,3-hexafluoro-2-hydroxypropan-2-
y1)-3,8-dimethoxyphenanthridin-6(5H)-one (KZ-16), 4-butyl-11-
(1,1,1,3,3,3-hexafluoro-2-hydroxypropan-2-yl)-[1,3]dioxolo[4,5-c]
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phenanthridin-5(4H)-one (HA-718), and 4-butyl-11-(1,1,1,3,3,
3-hexafluoro-2-hydroxypropan-2-yl)-[1,3]dioxolo[4,5-c]phenan-
thridin-5(4H)-one (HA-718), and 4-butyl-11-(1,1,1,3,3,3-hexa-
fluoro-2-hydroxypropan-2-yl)-7-methoxy-[1,3]dioxolo[4,5-c]
phenanthridin-5(4H)-one (HA-719) (Fig. 1) proved to be highly
potent and selective inhibitors of HCV (genotype 1b) replication.
KZ-16, HA-718, and HA-719 reduced luciferase activity and viral
RNA copy number in LucNeo#2 cells in a dose-dependent fashion
(Fig. 2A—C). However, they did not affect the viability of Huh-7.5.1
cells at concentrations up to 40 uM (Fig. 2D). When the cytotoxicity
of the compounds was evaluated by the copy number of GAPDH
mRNA in the host cells, a similar result was obtained (data not
shown).

Table 1 summarizes the anti-HCV activity of KZ-16, HA-718, and
HA-719 in different (genotype 1b) replicon cells and in Huh-7 cells
infected with cell-free JFH1 (genotype 2a) virus. The highest activity
was achieved by HA-719 followed by KZ-16 and HA-718. The ECsq of
KZ-16, HA-718, and HA-719 were 0.13+0.04, 0.23 £0.06, and
0.063 = 0.010 uM, respectively, in LucNeo#2 cells, when determined
by the luciferase reporter activity. The 50% cytotoxic concentrations
(CCsp) of all compounds were >40 uM. Therefore, the selectivity indi-
ces (SI), based on the ratio of CCso to ECsg, 0of KZ-16, HA-718, and HA-
719 were >307,>173, and >634, respectively. The anti-HCV activity
of these compounds was confirmed by reduction of the viral RNA
copy number in different replicon cells. However, they were less po-
tent inhibitors of genotype 2a HCV (JFH1) replication in cell-free
virus infection assay. Furthermore, the phenanthridinone deriva-
tives were much less active in Huh-7 cells transfected with JFH1 rep-
licons than in genotype 1b replicon cells (data not shown).

Immunoblot analysis was conducted to confirm that phenanth-
ridinone derivatives were inhibitory to the expression of NS3 and
NS5A proteins of HCV. As shown in Fig. 3, HA-719 strongly inhibited
NS3 and NS5A expression in LucNeo#2 cells in a dose dependent
fashion without affecting the expression of the host cellular protein
GAPDH. The compound achieved 93% and 86% inhibition of NS3 and

HA-719

Fig. 1. Chemical structures of phenanthridinone derivatives.

NS5A, respectively, at a concentration of 0.5 pM, indicating that
HA-719 is a potent inhibitor of HCV protein expression as well as
viral RNA synthesis. Immunoblot analysis was also conducted for
another phenanthridinone derivative, 2-(2-benzyloxy-1,1,1,3,3,3-
hexafluoropropan-2-y1)-5-butyl-3-methoxyphenanthridin-6(5H)-one
(KZ-37), of which anti-HCV activity was weaker than HA-719. KZ-37
also proved inhibitory to NS3 and NS5A expression in a dose-
dependent fashion (data not shown).

In our attempt to elucidate the mechanism of action of the com-
pounds, HA-719 was examined for their ability to inhibit the enzy-
matic activity of genotype 1b NS3 protease and NS5B polymerase
in cell-free assay systems. Little, if any, inhibition of NS3 protease
activity was observed for HA-719. Its 50% inhibitory concentration
(ICsq) for the protease was 5.7 pM (data not shown), which was
much higher than its ECso for HCV replication in replicon cells
(0.063-0.44 uM). HA-719 did not show any inhibitory effect on
NS5B polymerase activity at concentrations up to 20 pM (data
not shown). Furthermore, KZ-37, of which ECsq for HCV replication
was 2.1-4.8 uM, was inactive against these two enzymes at a con-
centration of 20 pM (data not shown). Thus, it is unlikely that the
phenanthridinone derivatives suppress HCV replication by inhibit-
ing the activity of either NS3 protease or NS5B polymerase.

4. Discussion

In this study, we have demonstrated that novel phenanthridi-
none derivatives are potent and selective inhibitors of HCV replica-
tion in vitro. Our previous study on the synthesis and antiviral
activity of phenanthridinone derivatives demonstrated that some
of them exhibited selective but moderate activity against HCV rep-
lication in replicon cells [20,21]. After optimization of chemical
structures, we succeeded in obtaining a series of potent and selec-
tive derivatives (Fig. 1). Among them, the most active one was HA-
719, a novel phenanthridinone derivative with a dioxole structure.

Previous studies of HCV replicon cell systems indicated that most
replicons had cell culture-adaptive mutations, which arose during
the selection process with G418 and enhanced replication efficiency
[26-29]. Self-replicating subgenomic RNA replicons could be elimi-
nated from Huh-7 cells by prolonged treatment with IFN, and a high-
er frequency of cured cells could support the replication of
subgenomic and full-genomic replicons [30]. The replication effi-
ciency decreased with increasing amounts of transfected replicon
RNA, indicating that viral RNA or proteins are cytopathic or that host
cell factors in Huh-7 cells limit RNA amplification [31]. Therefore,
both viral and cellular factors are considered to be important deter-
minants for the efficiency of HCV replication in cell cultures, which
may be able to explain the difference in ECsq values of the
compounds among the subgenomic replicon cells used in this study
(Table 1). Similarly, the difference in EC5q values in subgenomic and
full-genomic replicon cells might be due to the difference of HCV
RNA length or the difference of the host cells [32]. In fact, shorter
RNA is known to replicate more efficiently than longer one [33].

The activity of phenanthridinone derivatives against the geno-
type 2a strain JFH1 was weaker than that against genotype 1b (Ta-
ble 1). Although the assay systems were not the same (replicon cell
assay for genotype 1b versus cell-free virus infection assay for
genotype 2b), the compounds were much less active against geno-
type 2a (Table 1 and data not shown). Such difference in drug-sen-
sitivity between genotype 1b and genotype 2a was previously
reported and attributed to the genetic heterogeneity within the
HCV genome [23]. In addition, the anti-HCV activity of compounds
had been optimized in the genotype 1b replicon cells. HCV is clas-
sified into 6 genotypes that are further separated into a series of
subtypes [34,35]. Among the genotypes, genotype 1b virus is epi-
demiologically predominant in Japan, and 65 and 17% of the cases
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Fig. 2. Inhibitory effect of phenanthridinone derivatives on the replication HCV RNA replicons in LucNeo#2 cells and the proliferation of Huh-7 cells. LucNeo#2 cells were
cultured in the presence of various concentrations of (A) KZ-16, (B) HA-718, or (C) HA-719. After incubation for 3 days, the cells were subjected to luciferase assay (closed
diamond) and real-time RT-PCR (open diamond) to measure replicon-associated luciferase activity and RNA copy number, respectively, as parameters of HCV replication. (D)
For the cell proliferation assay, Huh-7 cells were cultured in the presence of various concentrations of KZ-16 (closed diamond), HA-718 (open diamond), or HA-719 (closed
square). After incubation for 3 days, the number of viable cells was determined by a tetrazolium dye method. Data represent means +SD for triplicates experiments.

Experiments were repeated at least twice, and a representative result is shown.

Table 1
Anti-HCV activity of phenanthridinone derivatives.
Compound ECso (1M) CCso (HM)
Virus genotype 1b 2a
Cell LucNeo#2 #50-1 NNC#2 Huh-7.5.1 Huh-7
Assay Luciferase Real-time RT-PCR Tetrazolium
KZ-16 0.13 £0.04 0.28 £ 0.01 0.40+0.12 040:0.14 26+0.9 >40
HA-718 0.23+0.06 0.68 +£0.02 0.97 £0.56 0.90 + 0.44 14+5 >40
HA-719 0.063 +0.010 0.14 £0.01 0.25+0.05 0.44 +0.20 4922 >40
CsA 0.24+0.05 0.16 £0.01 0.18£0.03 N.D. 0.58+0.01 12£3

ECs0: 50% effective concentration; CCsq: 50% cytotoxic concentration. N.D.: not determined.
Antiviral assay against the genotype 2a HCV was evaluated by the infection of Huh-7.5.1 cells with cell-free JFH-1 virus (see Section 2).
Except for the results in NNC#2 cells, all data represent means +SD for three independent experiments. The data in NNC#2 cells represent means * ranges for two

independent experiments.

of HCV-related chronic hepatitis were caused by genotype 1b and
genotype 2b, respectively [36].

At present, the target molecule of our phenanthridinone deriv-
atives for inhibition of HCV replication remains unknown.
Although it cannot be completely excluded that the compounds
are inhibitors of NS3 protease or NS5B polymerase, biochemical as-
says revealed that HA-719 proved not to inhibit the activity of
these enzymes at the concentrations capable of inhibiting viral
replication. Therefore, the compounds may interact with another
non-structural protein essential for viral replication, such as NS3

helicase and NS5A. In fact, a highly active inhibitor targeting
NS5A has recently been identified [37]. Alternatively, the phe-
nanthridinone derivatives may inhibit HCV replication through
the interaction with host cellular factors deeply involved in HCV
replication process [38—-40]. It was reported that PJ34, a phenanth-
ridinone derivative, had immunomodulatory activities and was
protective against autoimmune diabetes [41], liver cancer [42],
and stroke [43]. These studies suggested that the effects of P]34
were attributed to the inhibition of poly(ADP-ribose) polymerase
(PARP). Therefore, HA-719 was tested for its inhibitory effect on
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Fig. 3. Inhibitory effect of HA-719 on the expression of HCV proteins in LucNeo#2
cells. The cells were cultured in the presence of various concentrations of the
compound. After incubation for 4 days, the cells were subjected to electrophoresis
and immunoblot analysis for expression of (A) NS3 and (B) NS5A proteins. The band
images were quantified by an image scanner and densitometer. Experiments were
repeated at least twice, and a representative result is shown.

PARP activity and found to be inactive (data not shown). It was re-
ported that some phenanthridinone derivatives had anti-human
immunodeficiency virus (HIV) activity through the inhibition of
viral integrase [44]. However, our compounds did not show selec-
tive inhibition of HIV replication in cell cultures (data not shown).
Further studies, including the establishment of drug-resistant rep-
licons, are in progress to determine the mechanism of action of the
phenanthridinone derivatives.

In conclusion, our results clearly demonstrate that the novel
phenanthridinone derivatives, especially HA-719, are highly potent
and selective inhibitors of HCV replication in vitro. Although fur-
ther studies, such as determination of their target molecule and
pharmacological properties in vivo, are required, this class of com-
pounds should be pursued for their clinical potential in the treat-
ment of HCV infection.
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