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Gene expression profile of Li23, a new human hepatoma
cell line that enables robust hepatitis C virus replication:
Comparison with HuH-7 and other hepatic cell lines
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Sciences, Okayama, Japan

Aim: Human hepatoma cell line HuH-7-derived cells are cur-
rently the only cell culture system used for robust hepatitis C
virus (HCV) replication. We recently found a new human
hepatoma cell line, Li23, that enables robust HCV replication.
Although both cell lines had similar liver-specific expression
profiles, the overall profile of Li23 seemed to differ consider-
ably from that of HuH-7. To understand this difference, the
expression profile of Li23 cells was further characterized by a
comparison with that of HuUH-7 cells.

Methods: cDNA microarray analysis using Li23 and HuH-7
cells was performed. Li23-derived ORL8c cells and HuH-7-
derived RSc cells, in which HCV could infect and efficiently
replicate, were also used for the microarray analysis. For the
comparative analysis by reverse transcription polymerase
chain reaction (RT-PCR), human hepatoma cell lines (HuH-6,
HepG2, HLE, HLF and PLC/PRF/5) and immortalized hepatocyte
cell line (PH5CH8) were also used.

Results: Microarray analysis of Li23 versus HuH-7 cells
selected 80 probes to represent highly expressed genes that
have ratios of more than 30 (Li23/HuH-7) or 20 (HuH-7/Li23).
Among them, 17 known genes were picked up for further
analysis. The expression levels of most of these genes in Li23
and HuH-7 cells were retained in ORL8c and RSc cells, respec-
tively. Comparative analysis by RT-PCR using several other
hepatic cell lines resulted in the classification of 17 genes into
three types, and identified three genes showing Li23-specific
expression profiles.

Conclusion: Li23 is a new hepatoma cell line whose expres-

sion profile is distinct from those of frequently used hepatic
cell lines.

Key words: hepatitis C virus, hepatoma cell line, HuH-7,
Li23, microarray

INTRODUCTION

UH-7, A HUMAN hepatoma cell line,' is fre-

quently used in the research of hepatitis C virus
(HCV), since an HCV replicon system enabling HCV
subgenomic RNA replication was developed using
HuH-7 cells.” Even with the use of an efficient HCV
production system developed in 2005, HuH-7-derived
cells are still used as the only cell line for persistent HCV
production systems.
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We previously developed HCV replicon systems*®
and an HCV production system® using HuH-7-derived
cells. Furthermore, we recently found a new human
hepatoma cell line, Li23, that enables robust HCV RNA
replication and persistent HCV production.” In that
study, using microarray analysis, we excluded the possi-
bility that the obtained Li23-derived cells were derived
from contamination of HuH-7-derived cells used for
HCV replication.” In addition, we noticed that the gene
expression profile of Li23 cells seemed considerably dif-
ferent from that of HuH-7 cells. Therefore, we assumed
that the Li23 cell line possesses a unique expression
profile among widely used human hepatoma cell lines.
To evaluate this assumption, we further characterized
the expression profile of Li23 cells by comparing it with
those of other human hepatoma cell lines, including
HuH-7,' HuH-6,° HepG2,° HLE,' HLF® and PLC/
PRF/5."" Human immortalized hepatocyte cell line

© 2010 The Japan Society of Hepatology
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PH5CHB8'? was also used for the comparison. Here, we
show that the Li23 cell line possesses a distinct expres-
sion profile among hepatic cell lines.

METHODS

Cell culture

UH-7, HUH-6, HEPG2, HLE, HLF and PLC/PRF/5

cells were cultured in Dulbecco’s modified Eagle's
medijum supplemented with 10% fetal bovine serum.
Li23 and PH5CHS cells were maintained as described
previously.” Cured cells (Li23-derived ORL8c and HuH-
7-derived RSc), from which the HCV RNA had been
eliminated by interferon (IFN) treatment, were also
maintained as described previously.”

cDNA microarray analysis

Li23, ORL8c, HuH-7 and RSc cells (1 x 10° each) were
plated onto 10-cm diameter dishes and cultured for
2 days. Total RNA from these cells were prepared using
the RNeasy extraction kit (QIAGEN, Hilden, Germany).
¢DNA microarray analysis was performed according
to the methods described previously.” Differentially
expressed genes were selected by comparing the arrays
from Li23 and HuH-7 cells. The selected genes were
further compared with the array from ORL8c or RSc
cells.

Reverse transcription polymerase
chain reaction

Reverse transcription polymerase chain reaction (RT-
PCR) was performed to detect cellular mRNA as

Genetic characterization of Li23 cell line 1249

described previously.”” Briefly, total RNA (2 pg) was
reverse-transcribed with M-MLV reverse transcriptase
(Invitrogen, San Diego, CA, USA) using an oligo dT
primer (Invitrogen) according to the manufacturer’s
protocol. One-tenth of the synthesized cDNA was used
for PCR. The primers arranged for this study are listed in
Table 1. In addition, we used primer sets for New York
esophageal squamous cell carcinoma 1 (NY-ESO-1),
B-defensin-1 (DEFB1), lectin, galactoside-binding,
soluble 3 (LGALS3)/Galectin-3, melanoma-specific
antigen family A6 (MAGEAG), UDP glycosyltransferase
2 family polypeptide B4 (UGT2B4), transmembrane 4
superfamily member 3 (TM4SF3), insulin-like growth
factor binding protein 2 (IGFBP2), arylacetamide
deacetylase (AADAC), albumin and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), as described
previously.”

RESULTS

Genes showing pronounced differences in
gene expression between Li23- and
HuH-7-derived cells

E RECENTLY ESTABLISHED several Li23-derived

cell lines showing robust HCV RNA replication.”
In convenient microarray analysis using these cell lines,
we noticed that the gene expression profile of Li23
cells differed considerably from that of HuH-7 cells, and
that several genes, including cancer antigens such as
NY-ESO-1 and MAGEAG, were highly expressed in Li23
cells but were not expressed in HuH-7 cells.” However, it

Table 1 Primers used for reverse transcription polymerase chain reaction analysis

Gene (accession no.) Direction Nucdleotide sequence (5"-3") Products (bp)
Cancer antigen 45, A5 Forward TGGAGATGACCTAGAATGCAG 218
(CT45A5); NM_001007551 Reverse CTCGTCTCATACATCTITGCTG
Four-and-a-half LIM domain 1 Forward GGAATCACTTACCAGGATCAG 243
(FHL1; NM_001449) Reverse TITGCAGTGGAAGCAGTAGTC

Thymosin B4, X-linked Forward ACCAGACTTCGCTCGTACTC 179
(TMSB4X; NM_021109) Reverse TCGCCTGCITGCITCTCCTG

Lectin, galactoside-binding, soluble 1 Forward CAACACCATCGTGTGCAACAG 253
(LGALS1; NM_002305) Reverse CAGCTGCCATGTAGTTGATGG
Interferon-induced transmembrane protein 2 Forward CCTCITCATGAACACCTGCTG 184
(IFITM2; NM_006435) Reverse CACTGGGATGATGATGAGCAG
Apolipoproteins Al Forward ACTGTGTACGTGGATGTGCTC 273
(APOA1; X02162) Reverse CITCTTCTGGAAGTCGTCCAG
o-2-HS-glycoprotein Forward AACCGAACTGCGATGATCCAG 248
(AHSG; NM_001622) Reverse TTCGACAGCATGCTCCITCAG

Gap junction protein-a 1 Forward CATCITCATGCTGGTGGTGTC 253
(GJA1; NM_000165) Reverse GTTTCTGTCGCCAGTAACCAG

© 2010 The Japan Society of Hepatology
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Figure 1 Genes showing pronounced differences in gene expression between Li23 and HuH-7 cells. The probes showing expression
levels of more than 2000 and ratios of more than 30 (Li23/HuH-7) or 20 (HuH-7/Li23) are presented.

is unclear whether the expression profiles of these genes
are characteristics of Li23 cells.

To clarify this point, comprehensive microarray analy-
sis using Li23 and HuH-7 cells was performed. This
revealed 4119 and 3570 probes whose expression levels
were upregulated and downregulated at ratios of more
than 2 and less than 0.5 in Li23 versus HuH-7 cells,
respectively. From among these probes, we selected
those showing ratios of more than 30 (Li23/HuH-7)
and 20 (HuH-7/Li23), and further selected the probes
showing expression levels of more than 2000 (actual
value of measurement). By these selections, 80 probes
were assigned (Fig. 1). The most distinguishing charac-
teristic of the comparison is that the cancer antigen
family (18 probes) was highly expressed in Li23 cells
but was not highly expressed in HuH-7 cells (Fig. 1).
From these probes, 14 known genes showing expression
levels above 10 000 (#1-10 and #14-17 in Fig. 1) and
three additional known genes (#11-13 in Fig. 1) were
chosen as representative genes for further analysis.

Regarding the total of 17 genes, the expression levels
in Li23 versus ORL8c or HuH-7 versus RSc were com-
pared. The expression levels of most of the 17 genes
were maintained between Li23 and ORLS8c cells or
between HuH-7 and RSc cells (Table 2). These results
indicate that ORL8c and RSc cells retained the charac-

© 2010 The Japan Society of Hepatology

teristics of parent Li23 and HuH-7 cells, respectively.
However, it was notable that the expression levels
of apolipoprotein Al (APOA1), o-2-HS-glycoprotein
(AHSG), and albumin were significantly higher in
ORLS8c cells than in Li23 cells, suggesting that ORL8c is
selected as a specific clone from Li23 cell populations.

Expression profiles of representative genes
whose expression levels showed drastic
differences between Li23 and HuH-7 cells
among human hepatic cell lines

Regarding the 17 genes selected above, we performed
comparative analyses by RT-PCR using Li23, HuH-7,
HuH-6, HepG2, HLE, HLF, PLC/PRF/5 and PH5CHS8
cells in order to clarify whether or not these genes
exhibit Li23-specific expression profiles. The results of
the RT-PCR performed after optimization of PCR con-
ditions in each gene resulted in the classification of the
17 genes into three types (A, B and C in Fig. 2).
NY-ESO-1 and DEFB1 (high expression in Li23 only),
and LGALS3/Galectin-3 (no expression in Li23 only)
belonged to type A, which showed a Li23-specific
feature. Type B showed that the expression levels in
Li23, HLE, HLF, PLC/PRF/5 and/or PH5CHS cells were
greatly higher or lower than those in HuH-7, HuH-6 and
HepG2 cells. Type B consisted of cancer antigen 45, A5
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Table 2 Representative genes showing pronounced differences in gene expression between Li23 and HuH-7 cells

Gene Accession no. Li23 Li23-derived HuH-7 HuH-7-
ORL8c derived RSc
Cancer antigen 45, A5 (CT45A5) NM_001007551 15857t 10508 8 23
Cancer testis antigen 1A (NY-ESO-1/CTAG1A) us7459 9 005 5503 5 8
B-Defensin-1 (DEFB1) U73945 18311 8326 31 7
Melanoma-specific antigen family A6 (MAGEAG) u10691 15168 17050 42 35
Four-and-a-half LIM domain 1 (FHL1) NM_001449 21851 13428 77 79
Insulin-like growth factor binding protein 2 (IGFBP2) NM_000597 17 429 8931 117 13
Lectin, galactoside-binding, soluble 1 (LGALS1) NM_002305 26694 27098 379 11
Thymosin 4, X-linked (TMSB4X) NM_021109 34273 26199 648 307
IFN-induced transmembrane protein 2 (IFITM2) NM_006435 20762 9 645 595 637
Lectin, galactoside-binding, soluble 3 (LGALS3/Galectin 3)  BC001120 41 70 10973 6020
UDP glycosyltransferase 2 family polypeptide B4 (UGT2B4) NM_021139 40 57 2863 7546
Arylacetamide deacetylase (AADAC) NM_001086 57 73 2282 4746
Transmembrane 4 superfamily member 3 (TM4SF3) NM_004616 95 51 3220 1265
Gap junction protein-o 43 KDa (GJA1) NM_000165 951 2 19090 19485
Apolipoprotein Al (APOA1) X02162 673 7230 16920 15202
a-2-HS-glycoprotein (AHSG) NM_001622 308 6373 18 436 26 000
Albumin AF116645 4304 30111 30234 33140
D16931 1387 23615 30 668 39 144

tSignal intensity in human genome U133 Plus 2.0 array.

(CT45A5), MAGEAG, four-and-a-half LIM domains 1
(FHL1), Thymosin B4, X-linked (TMSB4X), lectin,
galactoside-binding, soluble 1 (LGALS1) and IFN-
induced transmembrane protein 2 (IFITM2) - all of
which were highly expressed in Li23 cells - and APOA1,
AHSG and UGT2B4, which were highly expressed in
HuH-7 cells. The remaining five genes were assigned to
type C and showed more complex expression profiles
(Fig. 2). For instance, Gap junction protein-a. 43 kDa
(GJA1) expression was observed in HuH-7, HLE, HLF,
PLC/PRE/5 and PH5CHS8 cell lines, but not in Li23,
HuH-6 or HepG2 cell lines. In addition, IGFBP2 expres-
sion was observed in Li23, HuH-6 and PH5CHS cell
lines, but not in the other cell lines. Together, these
results indicate that the Li23 cell line possesses a distinct
expression profile among frequently used hepatic cell
lines.

DISCUSSION

N THIS STUDY, we assigned 17 known genes that

showed drastic differences between Li23 and HuH-7
cells, and classified the expression profiles of these genes
into at least three types among frequently used hepatic
cell lines. Three genes (NY-ESO-1, DEFB1 and LGALS3/
Galectin-3) were identified as the representative
showing Li23-specific expression.

NY-ESO-1 is a well-characterized cancer-testis antigen
(CTAG) that appears to be the most immunogenic
CTAG known to date. NY-ESO-1 is expressed in
malignant tumors such as melanoma, lung carcinoma
and bladder cancer, which are called “CTAG-rich”
tumor types, but are expressed solely in the testis
among normal adult tissues.”” Because a spontaneous
immune response to NY-ESO-1 is frequently observed
in patients with malignant tumors including hepato-
cellular carcinoma,’® cancer vaccine trials based on
NY-ESO-1 are currently underway.'> However, the bio-
logical role of NY-ESO-1 in both tumors and testis
remains poorly understood. Accordingly, the Li23 cell
line may be useful for the study of the biological role of
NY-ESO-1.

Human defensins, which are small cationic peptides
produced by neutrophils and epithelial cells, form
two genetically distinct subfamilies, o-defensin and
B-defensin. DEFB1, identified in this study, is one of six
members belonging to B-defensins and appears to be
involved in the antimicrobial defense of the epithelia
of surfaces.'®!” Although o-defensins consisting of six
members are known to be expressed in a variety of
tumors, DEFB1 is downregulated in some tumor types
in which it could behave as a tumor suppressor pro-
tein.’® Our study revealed that except DEFB1 in Li23
cells, no - or B-defensin members were expressed in the

© 2010 The Japan Society of Hepatology



1252 K Moiri et al.

Hepatology Research 2010; 40: 1248-1253

Cycle
A o ¥ Q6 &
2 XX AR EAAS Numbers
bp M NC ¥ & & & € e m inpeR
Li23 > others { 200 ge
Liz3-specif et 00 [ e o BN
400
Li23
(PH5CHS) ep
e e 0 s i IR, 2"
: 300
e e O e e U R
PLC/PRF/5 HepG2 200 22
300
Type C 300
200
200
AADA

Figure 2 Expression profiles of representative genes, whose expression levels showed drastic differences between Li23 and HuH-7
cells, among human hepatic cell lines. Reverse transcription polymerase chain reaction (RT-PCR) analysis was performed as
described in Methods. PCR products were detected by staining with ethidium bromide after separation by electrophoresis on 3%

agarose gels.

hepatic cell lines tested in this study (data not shown).
Because the molecular mechanism underlying DEFB1
expression or its role in oncogenesis remains to be clari-
fied, Li23 cells may be useful for a study like that.
LGALS3/Galectin-3 is the most studied member of
the galectin family, which is characterized by specific
binding of B-galactosides through the carbohydrate-
recognition domain.'”” LGALS3/Galectin-3 is ubiqui-
tously expressed in numerous cell and tissue types; it is
located in both nuclei and cytoplasm, and is secreted
through a non-classical pathway. To date, LGALS3/
Galectin-3 was found to be involved in many regula-
tions including development, immune reaction,
tumorigenesis, and tumor growth and metastasis.'**
Indeed, the overexpression of LGALS3/Galectin-3 in cir-
rhotic and hepatocellular carcinoma has also been
reported.”’ In such situations, the absence of LGALS3/

© 2010 The Japan Society of Hepatology

Galectin-3 expression in the Li23 cell line is a unique
feature among hepatic cell lines, which show high
expression levels. Accordingly, the Li23 cell line might
be useful as a LGALS3/Galectin-3-null cell line for
various studies including those on tumor growth and
metastasis.

Although we identified Li23-specific genes showing
distinct expression levels among hepatic cell lines exam-
ined, microarray analysis revealed that the expression
profiles of Li23 and HuH-7 cells, both of which possess
an environment for robust HCV replication, differed
considerably. Accordingly, such differences may affect
the properties or multiplications of HCV, such as sus-
ceptibility to anti-HCV reagents, the mutation rate of the
HCV genome and the efficiency of HCV replication.
Further comparative analysis using Li23 and HuH-7
cells will help to resolve these uncertain subjects.
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Abstract

Background: Studies on patients with hepatitis C virus (HCV) of genotype 1b
have suggested that amino acids (aa) 70 and/or 91 of the HCV core protein
affect the outcome of interferon (IFN)-o and ribavirin (RBV) therapy,
although there are no clear supporting data in vitro. Aims: This study was
designed to determine the differences among the antiviral activities of HCV
core proteins with various substitutions at aa70 and/or aa91. Methods: The
retroviral vectors expressing the HCV core proteins with substitutions of
arginine/leucine, arginine/methionine, glutamine/leucine or glutamine/
methionine at aa70/aa91 were transiently transfected or stably transducted
into an immortalized hepatocyte line (PH5CHS), hepatoma cell lines and an
HCV-RNA replicating cell line (sOR) to evaluate antiviral responses to IFN-o
or IFN-0/RBV. Sequence analysis was performed using genome-length HCV-
RNA replicating cells (OR6 and AH1) to evaluate HCV core mutations during
IFN-o treatment. Results: The promoter activity levels of IFN-stimulated
genes in the transiently transfected cells or the mRNA levels of 2'-5'-
oligoadenylate synthetase in the stably transducted PH5CHS cells were not
associated with the HCV core aa70 and/or aa91 substitutions during IFN-o
treatment. Antiviral responses to IFN-o. or IFN-0/RBV treatment were
enhanced in sOR cells stably transducted with the HCV core, although there
were no differences in antiviral responses among the cells expressing different
core types. Sequence analysis showed no aa mutations after IFN-o treatment.
Conclusions: Antiviral activities were enhanced by HCV core transduction,
but they were not associated with the HCV core aa70 and/or aa91 substitu-
tions by in vitro analysis.

Hepatitis C virus (HCV) infection causes chronic hepa-
titis, and may progress to cirrhosis and hepatocellular
carcinoma. More than 170 million people worldwide are
infected with HCV, creating a serious global health
problem (1, 2). Interferon (IFN)-a is widely used in the
treatment of patients with chronic hepatitis C, and the
current combination treatment with pegylated IFN-o
and ribavirin (RBV) has improved the sustained virolo-
gical response, and has a success rate of more than 50%
(3). Despite this therapeutic success rate, however, there
are still non-viral responders (NVR) to IFN-o treatment.
High viral load and genotype 1 of HCV are major viral
causes of IFN-o resistance. For patients with HCV
genotype 1, variations in the amino acid (aa) sequence
of the IFN sensitivity-determining region (ISDR) (4) and
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IFN/RBYV resistance-determining region (IRRDR) (5) in
the non-structural 5A region have also been reported as
important predictors of therapeutic outcomes.

Recent studies on the virological features of HCV
patients that are most predictive of NVR to IFN-o/RBV
therapy (6, 7) proposed that HCV core protein aa70 and/
or aa91 substitutions were independent and significant
factors for therapeutic outcomes. In particular, substitu-
tions of arginine by glutamine at aa70 and/or of leucine
by methionine at aa91 were common in NVR. Patients
with the HCV core aa70 substitutions often had a slow or
no decrease in HCV-RNA levels during the early phase of
IFN-o treatment (6-9). A previous report evaluating
HCV dynamics during IFN-o therapy described a bipha-
sic kinetic pattern of HCV-RNA decline, and the viral
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decrease in the first phase was believed to be dependent
on the direct effect of IFN-o on infected targets (10). We
hypothesized that the types of HCV core proteins might
alter the antiviral environment in the infected hepato-
cytes, and thus the aim of this study was to determine the
difference in antiviral effects between HCV core proteins
with various aa70 and aa91 substitutions.

Methods
Cell cultures

A non-neoplastic immortalized human hepatocyte line
(PH5CHS) and hepatoma cell lines (HepG2, HuH-7 and
Li23} were used to evaluate antiviral response, as de-
scribed previously (11-13). We also used sOR cells
harbouring subgenomic HCV-RNA derived from an
HCV-O strain (genotype 1b) with Neo and Renilla
luciferase genes (14). A schematic of the gene organiza-
tion of sOR cells is shown in Figure 1a. All the cell lines
used in this study were reported to possess the normal
IFN signalling pathway (13-16). The cells were cultured
in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, penicillin, streptomycin
and 0.3 mg/ml of G418 (Geneticin; Invitrogen, Carlsbad,
CA, USA).

Plasmid constructions

Four retrovirus pCX4bsr vectors (17) expressing HCV
core proteins were constructed, whose aa sequences were
identical to the consensus sequences of the HCV core
protein from the HCV-O strain encoding aal-191,
except for arginine at aa70/leucine at aa9l for Cor-
eR70L91, glutamine at aa70/leucine at aa9l for Cor-
eQ70L91, glutamine at aa70/methionine at aa%l for
CoreQ70M91 and arginine at aa70/methionine at aa91

(a) oz WSaA )

i Neo | ——EHEY Jlnsa HS4E |NSta | NStB }———L
(b) [T a9t
ComeRTOLE"

Core QLS
CorgQTANE
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et e e mFreerr e es e a ey -

Fig. 1. Schema of subgenomic hepatitis C virus {(HCV) RNA and
partial aa sequences of the HCV core in the constructed retroviral
vectors. (a) A schematic of the gene organization of subgenomic
HCV replicon RNA. RL, Renilla luciferase; Neo, neomycin
phosphotransferase; EMCV IRES, encephalomyocarditis virus
internal ribosome entry site. (b) The partial aa sequences of the HCV
core protein encoded in the constructed vectors. Four retrovirus
pCX4bsr vectors expressing HCV core proteins were constructed,
whose aa sequences were identical to the consensus sequences of
the HCV core from HCV-O strain encoding aa1-191, except for
arginine at aa70/leucine at aa91 for CoreR70L91, glutamine at
aa70/leucine at aad1 for CoreQ70L91, glutamine at aa70/
methionine at aa91 for CoreQ70M31 and arginine at aa70/
methionine at aa91 for CoreR70M91.
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for CoreR70M91, as shown in Figure 1b. The two types of
HCV core protein, CoreQ70L91 and CoreR70L91, were
obtained from cells infected with serum HCV-O in a
study of the dynamics of HCV populations during
culture (18). CoreQ70M91 and CoreR70M91 were con-
structed from CoreQ70L91 and CoreR70L91, respec-
tively, by PCR mutagenesis with primers containing base
alterations. The sequences of these inserts were con-
firmed by Big Dye termination cycle sequencing using
an ABI Prism 310 genetic analyzer (Applied Biosystems,
Foster City, CA, USA).

Preparation of PH5CHS cells and sOR cells stably
expressing hepatitis C virus core proteins

PH5CHS cells and sOR cells were infected with retrovirus
vectors encoding different types of HCV core proteins, as
described previously (19, 20). At 2 days post-infection,
the culture medium was exchanged for a fresh medium
containing blasticidin (20 ug/ml) for PH5CHS cells or
blasticidin (20 pg/ml) and G418 (0.3 mg/ml) for sOR
cells. The culture was continued for 3 weeks so0 as to select
the cells stably expressing the core proteins.

Quantitative reverse transcription-polymerase chain
reaction analysis

Total cellular RNA was extracted using an Isogen extrac-
tion kit according to the manufacturer’s protocol (Nip-
pon Gene, Tokyo, Japan). The quantitative reverse
transcription-polymerase chain reaction (RT-PCR) ana-
lysis was performed by real-time PCR using a Light
Cycler (Roche Diagnostics, Mannheim, Germany) as
described previously (20-22).

Luciferase reporter assay

For the dual luciferase assay, we used firefly luciferase
reporter vectors encoding the 2'-5'-oligoadenylate
synthetase (2'5'0AS) promoter, IFN-induced double-
stranded RNA-activated protein kinase (PKR) promoter,
IFN-stimulated response element (ISRE), and pRL-CMV,
which expressed Renilla luciferase as described previously
(15, 16). Plasmids were transiently transfected into the
cells (2.0 x 10 cells/well in 24-well plates) using the
FuGene6 transfection reagent (Roche Diagnostics) and
cultured for 48 h. The cells were treated with human IFN-
o {Sigma, St Louis, MO, USA) and/or RBV at the
indicated doses for 6h before harvest. The RBV was
kindly provided by Yamasa (Chiba, Japan) (23). A whole
cell lysate was prepared and assayed for firefly and Renilla
luciferase activities according to the manufacturer’s pro-
tocol (Promega, Madison, WI, USA). A Lumat LB9507
luminometer (Berthold, Bad Wildbad, Germany) was
used to detect luciferase activity. The relative luciferase
activity was normalized to the activity of Renilla lucifer-
ase. The data represent the means of the normalized
luciferase activities of triplicate assays. The protocol for
the Renilla luciferase assay to quantify HCV replicon
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RNA was described previously (14). Briefly, 2.0 x 10*
cells were plated onto 24-well plates in triplicate and
were cultured for 12 h. The cells were treated with human
IFN-a and/or RBV at the indicated doses for 48 h, and
then harvested with Renilla lysis reagent (Promega) and
subjected to a luciferase reporter assay according to the
manufacturer’s protocol. All the luciferase assays were
repeated at least three times.

Western blot analysis

Preparations of cell lysates, sodium dodecyl sulphatepo-
lyacrylamide gel electrophoresis (SDS-PAGE) and im-
munoblotting were performed as described previously
(15, 16). The antibodies used in this study were those
against Core (CP-11; Institute of Immunology, Tokyo,
Japan), NS3 (Novocastra Laboratories, Newcastle, UK)
and B-actin (AC-15; Sigma). Immuno-complexes were
detected using the Renaissance enhanced chemilumines-
cence assay (PerkinElmer Life Science, Boston, MA,
USA).

Cell proliferation analysis

The PH5CHS cells (5.0 x 10> cells/well) or the sOR cells
(2.5 x 10 cells/well) stably expressing HCV core proteins
were plated onto 96-well plates, cultured for 24, 48
or 72h and subjected to the colorimetric 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT) assay according to the manufacturer’s instruc-
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tions (cell proliferation kit I; Roche) as described pre-
viously (24).

Results

No changes in the levels of interferon-stimulated genes
were detected in response to the substitutions at hepatitis
C virus core amino acid 70 and/or amino acid91 in
transiently transfected cells

The constructed plasmids with the four different combi-
nations of HCV core aa70 and aa91 substitutions were
transiently transfected into PH5CHS8, HepG2, HuH-7
and Li23 cells with lipofection. The levels of 2'5'0OAS
promoter activities were calculated as the luciferase
activities at 48 h after transfection. As shown in Figure 2,
the different types of HCV core proteins did not show
clear differences in basal levels or enhanced levels with
IFN-o stimulation, although the levels of CoreR70L91
transfection were slightly higher than the transfection
levels for the other core proteins in PH5CHS cells. As
for PH5CHS cells, we also evaluated the expression of
HCV core proteins with Western blot analysis, and
there were no obvious differences as shown in Figure 3.
There were no differences either in the levels of the
PKR promoter or in ISRE activities (data not shown).
These results indicate that the levels of IFN-stimulated
genes might not be affected by substitutions of the HCV
core proteins at aa70 and/or aa9l in transiently trans-
fected cells.
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Fig. 2. 2'5oligoadenylate synthetase (OAS) promoter activity of cells transiently transfected with the hepatitis C virus (HCV) core. The
constructed plasmids with the four different types of HCV core aa70 and aa91 were transiently transfected into the cells (2.0 x 10% cells/well in
24-well plates) with lipofection. The cells were treated with IFN-a: (20 1U/ml) for 6 h before harvest. The levels of 2’5'OAS promoter activities
were calculated as the luciferase activities at 48 h after transfection. The figures show the results using PH5CHS (a), HepG2 (b), HuH-7 (c) and

Li23 cells (d).
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Fig. 3. The expression of hepatitis C virus (HCV) core proteins in the
cells transiently transfected with the HCV core. The expressions of
HCV core proteins were evaluated with Western blot analysis for
PH5CHS. The constructed plasmids with the four different types of
HCV core aa70 and aa91 were transiently transfected into the cells
(2.0 x 10° cells/well in six-well plates) with lipofection. The cells were
collected at 48 h after transfection.

The intracellular antiviral activities were augmented by
hepatitis C virus core transduction, although they might
not be affected by the amino acid 70 and/or amino acid
91 substitutions in the hepatitis C virus core stably
transducted cells

To evaluate the interaction between the stable expression
of HCV core proteins and intracellular antiviral activity,
we prepared PH5CHS cells that stably expressed HCV core
proteins with retroviral transduction. The 2’5’ OAS mRNA
levels were measured with real-time LightCycler PCR and
normalized with B-actin mRNA levels. As shown in Figure
4a, there were no clear differences in the basal levels or
IFN-a-enhanced levels among the four transducted cell
lines and the mock-transducted cells, although the expres-
sion levels of HCV core protein stably transducted cells
were slightly higher than that of mock-induced cells.
Western blot analysis showed that all these cell lines had
similar levels of HCV core proteins (data not shown).
Next, we monitored the association between the stable
expression of HCV core proteins and RNA replication in
an HCV replicon system. As we considered that a small
difference of antiviral activity might be difficult to detect
with real-time PCR, sOR cells were used for the monitor-
ing. These cells are subgenomic HCV-RNA replicating cells
with Renilla luciferase genes, and the replicon RNA can be
quantified as luciferase activity. Measurement of luciferase
activity is a useful and accurate means of quantifying the
replicon RNA, because its sensitivity is much better than
that of real-time PCR (14). We prepared the sOR cells
expressing the HCV core proteins with retroviral transduc-
tion and stimulated the cells with IFN-o for 48 h. The level
of antiviral activity, which was calculated as the median
effective concentration (ECsy) of IFN-o,, demonstrated
that the cells transducted with the HCV core proteins
showed a better response to IFN-o stimulation, but there
was no difference in response among the cells expressing
the different types of HCV core proteins, which is con-
sistent with the results for the transient transfection of
HCV core proteins (Fig. 4b). Western blot analysis
demonstrated that the expressions of the HCV core and
NS3 proteins did not show a clear difference among the
sOR cells, irrespective of the types of HCV core proteins
(Fig. 4c). As shown in Figure 4d, the results of the MTT
assay demonstrated that the expressions of different types
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of HCV core proteins were not associated with cell
proliferation in PH5CHS cells or sOR cells. These results
indicate that the intracellular antiviral activities are aug-
mented in the presence of HCV core proteins, but they are
not altered by the different substitutions at HCV core aa70
and/or aa9l in the cells stably expressing the HCV core.

Co-stimulation of interferon-a with ribavirin did not
alter the association of hepatitis C virus core proteins
with intracellular antiviral activity

Next, we hypothesized that co-stimulation of RBV might
modulate the antiviral activity of the cells with different
types of HCV core proteins. As shown in Figure 5, we
evaluated the antiviral activity by quantifying HCV
replicon RNA and 2'5'0AS promoter activity in the
presence of IFN-o and RBV. The dose of RBV (20 uM)
was determined based on the clinically used dose and the
cell reactivity to RBV in our previous report (23). The
HCV replications were suppressed (Fig. 5a), and the levels
of 2'5'OAS promoter activities were enhanced (Fig. 5b
and ¢) with a smaller dose of IFN-o, compared with IFN-
o stimulation alone, indicating that RBV exerted an
additive effect. Interestingly, the stimulation with RBV
alone did not show any enhancement of 2'5'OAS promo-
ter activity. These results indicate that the intracellular
antiviral activities are augmented by costimulation with
[FN-o with RBV, and that they are not altered by changes
in the HCV core aa70 and/or aa91 substitutions.

Specific amino acid substitutions of hepatitis C virus core
proteins were not detected in response to interferon-o
treatment in the genome-length hepatitis C virus-RNA
replicating cells

Next, we hypothesized that specific mutations in the
HCV core region occur during IFN-o treatment. The
two kinds of genome-length HCV-RNA replicating cells
with different core aa70 and aa91 substitutions were
cultured for 3 weeks with low-dose IFN-o stimulation,
and then the core sequences were compared. We used
OR6 and AHI1 cells, both of which are genome-length
HCV-RNA replicating cells (25, 26). OR6 cells have core
proteins with glutamine at aa70 and leucine at aa9l,
corresponding to CoreQ70L91. AH1 cells have core
proteins with arginine at aa70 and leucine at aa9l,
corresponding to CoreR70L91. After 3 weeks of culture
with 12.51U/ml of IFN-a, several IFN-a- and G418-
resistant colonies were obtained. We cultured them
further without IFN-a stimulation and spread the colo-
nies individually on 24-well plates. To examine the aa
sequences of the core proteins in the colonies derived
from OR6 and AH1 cells, RT-PCR was performed for the
region encoding the HCV core protein, and the obtained
PCR products were cloned into pBlueScript II, as de-
scribed previously (27). The plasmid inserts of 10 clones
each were sequenced. The results revealed that there were
no specific changes of the aa sequence of HCV core
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Fig. 4. Antiviral activity of cells stably transducted with hepatitis C virus (HCV) core proteins. The antiviral activity of PH5CHS cells stably
transducted with the HCV core were evaluated by 2'5/oligoadenylate synthetase (OAS) mRNA levels (a). The cells (2.0 x 10°/well in six-well
plates) were cultured for 48 h, and treated with IFN-a (20 1U/ml) for 6 h before harvest. 2'5’OAS mRNA levels were measured with real-time
LightCycler PCR and normalized with B-actin mRNA levels. The sOR cells stably expressing the different types of HCV core (2.0 x 10* cellsiwell
in 24-well plates) were stimulated with IFN-o for 48 h, and the HCV RNA levels of the cells were calculated as the percent relative Renilla
luciferase activity [relative RL activity (%)] and compared by evaluating the ECso of IFN-a (b). sOR cells stably transducted with the HCV core
(2.0 x 10°well in six-well plates) were cultured for 48 h, and prepared for Western blot analysis with anti-core, anti-NS3 or anti-p-actin
antibody (c). The PHSCHS cells (5.0 x 10 cells/well) or the sOR cells (2.5 x 10 cells/well) stably expressing HCV core proteins were plated onto
96-well plates, cultured for 24, 48 or 72 h and subjected to MTT assay. The results for PHSCH8 cells are shown in the upper panel of Figure 4d

and those for sOR cells are shown in the lower panel.

proteins from that of the original cells. The OR6 cells
retained glutamine at aa70 and leucine at aa91, while the
AH]1 cells retained arginine at aa70 and leucine at aa9l.
These results suggest that the aa at positions 70 and 91
are stable during IFN-o treatment.

Discussion

Recent studies on HCV-infected patients have suggested
that HCV core proteins with substitutions at aa70 and/or
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aa91 may be significantly associated with NVR to IFN-o/
RBYV therapy, and that patients with aa70 substitutions of
arginine to glutamine often have slow or no decrease in
HCV-RNA levels during the early phase of IFN-a treat-
ment (6-9). However, the associations between HCV
core aa70 and/or aa9l substitutions and the level of
antiviral activity have not been determined in vitro. We
hypothesized that the aa at the HCV core positions 70
and/or 91 would be associated with the intracellular
antiviral environment in HCV-infected cells, and
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Fig. 5. Antiviral activity with stimulation of interferon (IFN)-o. in combination with ribavirin (RBV). The sOR cells (2.0 x 10 cellsiwell in 24-well
plates) stably expressing the different types of HCV core were stimulated with the indicated doses of IFN-o and 20 pM of RBV for 48 h, and the
hepatitis C virus (HCV) RNA levels of the cells were calculated as the percent relative Renilla luciferase activity [relative RL activity (%)]. The ECsg
of IFN-o was calculated as shown in (a). HuH-7 cells and Li23 cells were seeded (2.0 x 10 cells/well in 24-well plates), and the different types of
HCV core were transiently transfected into the cells with lipofection. The transfected cells were treated with 20 1U/ml of IFN-o and 20 uM of
RBV for 6 h before harvest. The levels of 2’'5’cligoadenylate synthetase promoter activities were calculated as the luciferase activities after 48 h
of transfection. The figures show the results using HuH-7 cells (b) and Li23 cells (c).

evaluated the differences in IFN-a-induced antiviral
activities according to the aa at these positions. Our
results suggest that differences in the aa at HCV core
positions 70 and/or 91 are not associated with the
intracellular antiviral activity in HCV-infected cells.

The HCV core protein has been reported to exert an
effect on a variety of cellular functions, including apop-
tosis, RNA metabolic processes, inflammation, cholester-
ol metabolism and protein catabolism (1, 28-32), and is
currently considered to play important roles in persistent
infection. In terms of a direct interaction between the
HCYV core protein and antiviral activity, Naganuma et al.
(15) reported that 2'5’OAS promoter activity was acti-
vated in PH5CHS cells when the cells were transiently
transfected with the HCV core protein, and their deletion
mutant analysis indicated that HCV core aa70 and/or
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aa91 substitutions were not associated with activated
2'5'0OAS promoter activity, which is consistent with our
present results that the antiviral activities were not
associated with the aa at the core position 70 or 91 in
the transiently transfected cells. Furthermore, we evalu-
ated the antiviral activity in cells stably transducted with
the HCV core protein by precisely measuring the levels of
HCV replicon RNA based on luciferase activity. For this
purpose, we used sOR cells, which are subgenomic HCV-
RNA-replicating cells. The sOR cells facilitates the mon-
itoring of HCV replication, although it lacks the steps of
budding or HCV re-infection to other cells. Future
studies will be required to assess these steps according to
the different substitutions at HCV core aa70 and/or aa9l,
and infectious HCV production systems from the HCV
genotype 1b strain will be required for this purpose.
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It is not clear whether the aa at the core positions 70 or
91 can be changed through IFN-o therapy or disease
progression. Our results revealed that the aa at the core
positions 70 or 91 in the cells with monoclonal HCV
replication were not substituted after 3 weeks of IFN-a
treatment. The substitution of arginine to glutamine at
aa70, or of leucine to methionine at aa91 might not occur
in the infected cells, but rather through a change in the
dominant virus, such as through resistance to IFN-o
therapy or during disease progression.

In conclusion, the antiviral activities in response to
IFN-a or IFN-a/RBV treatment were augmented by
HCV core transduction. However, the levels of these
activities were not associated with changes in the aa
at HCV core positions 70 or 91 by in vitro analysis
with immortalized hepatocytes or HCV-RNA replicating
cells.
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Abstract Hepatitis C virus (HCV) is the main causative
agent of chronic liver disease, which may develop into
liver cirrhosis and hepatocellular carcinoma. By using a
recently developed reporter assay system in which gen-
ome-length HCV RNA replicates efficiently, we found
that hydroxyurea (HU), a DNA synthesis inhibitor,
inhibited HCV RNA replication. Moreover, we demon-
strated that the anti-HCV activity of the combination of
IFN-alpha and HU was higher than that of IFN-alpha
alone. These results suggest that HU may be an effective
anti-HCV reagent that can be used not only singly but
also in combination with IFN-alpha to treat chronic
hepatitis C.
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Introduction

Hepatitis C virus (HCV) is the main causative agent of
chronic hepatitis C (CHC), which can develop into liver
cirrhosis and hepatocellular carcinoma [4, 12, 19]. HCV
infection is a global health problem, with over 170 million
people being infected with the virus [24]. HCV genotype 1
is the major genotype found in Japan, the United States,
and many other countries. Unfortunately, less than 50% of
the patients infected with HCV of this genotype respond to
the standard combination therapy of pegylated interferon
(IFN) and ribavirin [6, 15]. In order to develop a more
effective therapy especially for these patients, we recently
developed a genome-length HCV RNA (strain O of
genotype 1b) replication reporter system (OR6), which has
been an effective screening tool [9, 17]. By using this
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system, we found that statins inhibited HCV RNA repli-
cation [10, 11]. Moreover, Bader et al. [2] conducted a
clinical study on the basis of our previous findings and
reported that fluvastatin also exhibited anti-HCV activity in
CHC patients. In this study, we used this system to screen a
series of drugs that have not yet been used against HCV.
We particularly focused on the compounds that have been
found to be effective in the case of other viruses. Of these
compounds, we found that hydroxyurea (HU), a DNA
synthesis inhibitor, inhibited HCV RNA replication.

We used ORG6 cells to evaluate whether HU alone could
inhibit the replication of genome-length HCV RNA
because these cells are considered to constitute a reliable

system for monitoring HCV RNA replication. The OR6
cell line was cloned from HuH-7 cells with replicating
ORN/C-5B/KE (strain O of genotype 1b) RNA (Fig. 1a),
as described previously [9]. We used cyclosporin A (CsA),
a cyclophilin inhibitor, as the positive control, as reported
previously [25, 26]. In order to monitor the antiviral effect
of HU, IFN-alpha, and CsA, OR6 cells were plated onto
24-well plates (1.5 x 10* cells per well) and cultured for
24 h. Subsequently, the cells were treated with several
concentrations of human [FN-alpha, HU, and CsA or their
combination for 72 h. After treatment, luciferase activity
was measured using the Renilla luciferase (RL) assay
system (Promega, USA) as described previously [9].
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Fig. 1 a Schematic representation of the gene organization during
replication of genome-length hepatitis C virus (HCV) RNA in OR6
cells. The position of the adaptive mutation K1609E is indicated by a
black triangle b Hydroxyurea (HU) alone inhibits HCV RNA
replication in OR6 cells. OR6 cells were treated with HU (0, 50,
and 100 umol/L) for 24, 48, or 72 h. Subsequently, the Renilla
luciferase (RL) assay was performed. Luciferase activities were
compared statistically using Student’s ¢ test, and the values are
represented as the mean [standard deviation (SD)] (n = 3). ¢ Dose—
response curve of HU. The ECso of HU was found to be
approximately 60 pmol/L. Cell viability after HU treatment was also
determined. OR6 cells were cultured for 72 h in the presence or
absence of HU (50, 100, and 150 pmol/L), and the number of viable

Q_) Springer

cells was determined. The relative number of viable cells (%)
determined for each concentration is presented. The values were
compared statistically using Student’s ¢ test and are represented as the
mean (SD) (n = 3). d Cyclosporin A (CsA) alone inhibited HCV
RNA replication in OR6 cells. OR6 cells were treated with CsA (0,
50, and 100 pumol/L) for 24, 48, or 72 h. Subsequently, the RL assay
was performed. Luciferase activities were compared statistically
using Student’s 7 test, and the values are represented as the mean (SD)
(n = 3). e Dose-response curve of CsA. The ECsq of CsA was
calculated to be approximately 0.54 pumol/L. The relative number of
viable cells (%) determined for each concentration is presented. The
values were compared statistically using Student’s ¢ test and are
represented as the mean (SD) (n = 3)
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Luciferase activity was detected using a manual Monolight
3010 luminometer (Becton-Dickinson, USA). HU, which
was over 98% pure, human IFN-alpha, and CsA were
purchased from Sigma-Aldrich, USA.

In this study, we found that HU alone inhibited the
replication of genome-length HCV RNA in ORG6 cells
(Fig. 1b). According to the dose-response curve obtained
after 72 h treatment with HU (up to 150 pmol/L), the
median effective concentration (ECsq) of HU was calcu-
lated as 60 pmol/L (Fig. Ic).

Additionally, it has been reported that the proliferation
of the HCV replicon is dependent on host cell growth [18].
However, it remained unclear whether the inhibitory
effects of HU on HCV RNA replication are attributable to
its cytotoxic effects. In order to examine this possibility,
we assessed the cytotoxic effects of HU on OR6 cells. The
cells were treated without HU or with HU at final con-
centrations of 50, 100, and 150 pmol/L for 72 h in the
absence of G418. After staining with trypan blue dye
(Invitrogen, USA), the number of viable cells was deter-
mined using an improved Neubauer hemocytometer.
Moderate cytotoxic effects were observed at 150 pmol/L
HU but not at concentrations below 100 umol/L (Fig. 1c).
The same experiment was performed for CsA (Fig. 1d).

Fig. 2 Anti-HCV activity of
HU in AHI cells showing HCV
RNA replication. a Schematic
representation of the gene
organization of the genome-
length HCV RNA in AHI cells.
The positions of the adaptive
mutations P1115L, L1262S,
V1897A, and V2360A are
indicated by black triangles.

b AHI cells were treated with
HU for 72 h. The extracted total
RNAs and cell lysates were
subjected to real-time
quantitative polymerase chain
reaction (RT-qPCR) and
Western blot analysis for the
detection of the HCV 5'-
untranslated region (UTR)
(upper panel) and non-structural
(NS3) protein (lower panel),
respectively. Relative HCV
RNA levels were compared
statistically using a linear
regression analysis, and the
values are represented as the
mean (SD) (n = 3)
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The ECsy of CsA was 0.54 umol/L, and the cytotoxic
effect of CsA was found to be similar (Fig. le).

Next, we used a reporter assay in which cured OR6
(OR6e) cells were transfected with plasmids encoding RL
driven by the internal ribosome entry site (IRES) of
encephalomyocarditis virus (EMCV) (pEMCV-RL). The
cells were then treated with HU as described previously
[10]. This assay revealed that HU did not inhibit RL
activity and the IRES of EMCV, suggesting that HU can
independently inhibit HCV RNA replication (data not
shown).

We previously reported a novel RNA replication
system comprising a hepatitis C virus strain (AHI)
derived from a patient with acute hepatitis C [16]. In
order to exclude the possibility that the anti-HCV activity
is overestimated by using the OR6 system, we used AH1
cells as the second HCV replicon system. Consequently, a
single cloned AHI1 cell line that supported the efficient
replication of genome-length HCV RNA was obtained
from the OR6¢c cells (Fig. 2a). We performed both
RT-qPCR and Western blot analysis using AHI1 cells as
reported previously [16]. HU inhibited not only HCV
RNA replication but also NS3 synthesis in a dose-
dependent manner (Fig. 2b).
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Fig. 3 HU enhances the inhibitory effect of interferon (IFN)-alpha on
HCV RNA replication. a OR6 cells were cotreated with IFN-alpha (0,
0.5, 1,2, and 4 TU/mL) and HU (0, 25, and 50 pmol/L) for 72 h, after
which the RL assay was performed. Luciferase activities were
compared statistically using linear regression analysis, and the values
are represented as the mean (SD) (n = 3). b An isobologram showing
the synergistic inhibitory effect of HU and IFN-alpha on HCV RNA
replication

Furthermore, we examined the inhibitory effects of the
IFN-alpha and HU combination on genome-length HCV
RNA replication. The ECs, of IFN-alpha was found to be
1.2 IU/mL (Fig. 3a). Dose-response curves of IFN-alpha
were obtained for each of the following concentrations of
HU: 0, 25, and 50 pmol/L. The curves shifted to the left
with increasing concentrations of HU (Fig. 3a), indicating
that the co-treatment was more effective than treatment
with IFN-alpha alone. Isobologram analysis revealed a
synergistic anti-HCV activity of the IFN-alpha and HU
combination (Fig. 3b). These results suggest that HU can
be used as an anti-HCV reagent when in combination with
IFN-alpha.

@ Springer

In this study, we found that HU, a DNA synthesis
inhibitor, inhibited genome-length HCV RNA replication.
The ECs, of HU determined in this study (60 pmol/L) was
lower than that of rivabirin (ECsy = 76-26 umol/L),
which was determined in previous studies [17, 22].
Moreover, the maximal tolerated dose (MTD) of HU in
humans was estimated as 800 mg/m? when administered
orally every 4 h, and the mean plasma peak concentration
increased to 2,480 pmol/L [3]. This is substantially higher
than the EC5y determined in this study. Thus, HU may be
used alone for clinical applications. Furthermore, we
demonstrated that the combination of IFN-alpha and HU
exhibited greater anti-HCV activity than IFN-alpha alone.
HU has been successfully combined with IFN-alpha to
improve the efficiency of IFN therapy for leukemia [8, 23];
hence, HU is considered to be of potential use in combi-
nation with IFN-alpha.

Although HU is primarily used in patients with chronic
leukemia, melanoma, and other solid tumors [1], the
activity of HU against viruses such as human immuno-
deficiency virus (HIV) and herpes simplex virus (HSV)
has been reported recently [13, 20]. Several clinical trials
of HU in combination with a protease inhibitor have been
performed on HIV-infected patients [14]. These reports
state that the underlying mechanism may involve the
inhibition of viral DNA synthesis. Moreover, another
mechanism, prevention of G1/S transition by HU, may
play an important role in HIV inhibition [5, 7]. As shown
in Fig. 1b, HU showed antiviral activity 48-72 h after
administration. These findings indicate that the mecha-
nism underlying the direct inhibitory effect of HU
involves an effect of HU on the cell cycle. Recently,
cyclophilin B (CyPB), a host factor, was identified as a
critical factor for efficient HCV genome replication [26];
other non-identified host factors could also be crucial for
efficient replication. Therefore, HU may inhibit HCV
RNA replication by interacting with these important host
factors. Drugs that target such host cell factors instead of
the virus itself are less likely to induce drug resistance.
Another possible mechanism involves the enhancement of
the antiviral activity of IFN via the upregulation of the
IFN receptor. Tamura et al. [21] reported that the
expression of IFN receptor was upregulated in HU-treated
leukemia cell lines; however, HU did not upregulate the
expression of IFN regulatory factor (IRF) in the absence
of IFN-alpha. Both mechanisms are necessary to explain
the synergistic anti-HCV activity of the IFN-alpha and
HU combination. Further analysis is required to clarify
these points. On the other hand, both HU and IFN-alpha
have hematological side effects in the clinical setting.
Therefore, careful examination is necessary before com-
bination therapy with these two compounds can be
initiated.



