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Fig. 1. LPL treatment reduced infectivity of the HCV-bearing medium in a dose-dependent manner. a. The HCV-bearing medium was pretreated with bovine LPL (1) or heat-
inactivated LPL (0) (Fig. 2b) at 37 °C for 1 h before inoculation with HuH7.5 cells. Cells were fixed at 24 h post-inoculation and subjected to immunofluorescence staining. The
mean percentage of HCV-positive cells relative to LPL-untreated medium is shown with the standard deviation (n=3). Statistically significant differences (p<0.001) are
indicated by asterisks (Student's r-test): NS (not significant, p>0.01). b. Activities of LPL and inactivated LPL by heating at 100 °C for 5 min were determined. The mean value
and standard deviation are shown {n==3). c. Activities of LPL on incubation with orlistat were determined. LPL (10 pg/ml) and orlistat (25 ug/mi) were mixed and subjected to
determine lipase activity. Orlistat completely inhibited LPL activity. The mean value and standard deviation are shown (n=3). d. The HCV-bearing medium was pretreated with
LPL (10 pg/ml) and orlistat (25 pg/ml) at 37 °C for 1 h before inoculation. Cells were subjected to immunofluorescence staining at 24 h post-inoculation. The mean percentage
of HCV-positive cells relative to LPL-untreated medium is shown with the standard deviation (n=3). There was no statistically significant difference observed (Student's t-
test): NS p>0.01. e. Orlistat (25 pg/ml) was added just before HUH7.5 cells were inoculated with the HCV-bearing medium pretreated with LPL (10 pg/ml). Cells were subjected
to immunofluorescence staining at 24 h post-inoculation. The mean percentage of HCV-positive cells relative to LPL-untreated medium is shown with the standard deviation
(n=3). Statistically significant differences are indicated by asterisks (Student's t-test): *p<0.001. f. SeV, whose genome contains the gene coding Green Fluorescent Protein
(GFP), was pretreated with-bovine LPL (#) or heat-inactivated LPL () (Fig. 2b) at 37 °C for 1 h before inoculation with Hela cells. Expression of GFP in infected cells was
observed under microscope at 24 h post-inoculation. The mean percentage of SeV-positive cells relative to LPL-untreated medium is shown with the standard deviation (n=3).

LPL did not significantly affect the infectivity of SeV (p>0.01).
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of HCV RNA in the complex associating with ApoE from LPL-treated
sample was remarkably reduced (Fig. 2e). Thus, it is indicated that HCV
is associated with both ApoB and ApoE but that the association with
ApoE is more closely related to HCV infectivity than that with ApoB.

The ratio of HCV RNA in the complex associating with ApoE to the
total HCV RNA was dramatically lower in LPL-treated samples than in
PBS-treated samples (Fig. 2f). HCV with the same buoyant density
showed a different ratio of the association with ApoE between LPL-
treated and -untreated samples (Fig. 2f). It is indicated that HCV with
the same buoyant density might have heterogeneous characteristics,
especially in the association with ApoE. Though LPL affects the
buoyant density of HCV, buoyant density may not become a direct
indicator of HCV infectivity.

LPL and HTGL reduced HCV infectivity

Generally, two successive lipolytic steps, sequentially catalyzed by
LPL and HTGL, convert VLDL through IDL to LDL (Braun and Severson,
1992; Connelly, 1999; Mead et al, 2002; S.-Fojo et al, 2004).
Hepatocytes produce HTGL but not LPL (Braun and Severson, 1992;
Connelly, 1999). If HuH7.5 cells produce HTGL into culture medium,
addition of LPL to the HCV-bearing medium from HuH7.5 cells would
lead to two successive lipolytic actions by exogenous LPL and
endogeneous HTGL. To analyze this possibility, we examined HTGL
expression in HuH7.5 cells. Expression of LPL mRNA in hepatocyte-
derived cell lines, HuH7.5 and HepG2, was lower compared to that in
the 293T cell line derived from kidney (Fig. 3a). We observed higher
expression of HTGL mRNA in HuH7.5 and HepG than in 293T (Fig. 3a).
HTGL activity was detected in medium from HuH7.5 cells, which was
higher than that in medium from 293T cells (Fig. 3b) and showed
good agreement to the level of mRNA (Fig. 3a), though HTGL activity
was not detected in medium from HepG2 cells.

Then, to evaluate the role of HTGL on LPL-induced reduction of HCV
infectivity, the HCV-bearing medium was incubated with LPL in the
presence of a neutralizing antibody against HTGL and infectivity was
measured. Since LPL activity itself was not affected by the anti-HTGL
antibody treatment (data not shown), we expected that HCV-
associated lipoprotein should be protected against HTGL in the
presence of the anti-HTGL antibody. In fact, LPL-induced reduction in
HCV infectivity was partly suppressed by the presence of the anti-
HTGL antibody (Fig. 3c). The infectivity was not fully restored after
treatment with the anti-HTGL antibody from the LPL-induced
suppressive status, which indicates that HTGL plays a partial role in
the LPL effect but that LPL also plays a role. This result implied that two
lipases could reduce HCV infectivity through changing the lipoprotein-
like structure and that, conversely, infectivity of HCV was regulated by
the lipoprotein-like structure that associated with HCV.

HTGL reduced HCV infectivity through its catalytic activity, irrespective
of LPL activity

To confirm the reductive effect of HTGL on HCV infectivity, the
endogenous expression of HTGL was suppressed by siRNA specific to

Fig. 2. Shift of buoyant density of HCV as well as detachment of ApoE by LPL treatment. The
HCV-bearing medium treated with PBS or LPL was subjected to centrifugation in an
iodixanol gradient. After ultracentrifugation, aliquots of 30 consecutive fractions were
collected and analyzed for (a) Core, (b) infectivity, (¢) HCV RNA, and HCVRNAin (d) ApoB-
associated and (e) ApoE-associated complexes. For a and b, PBS (O), 5 (4), 50 (M), and
500 (x) pg/mi of LPL-treated samples, and for c-f, PBS (O) and 500 (x) pg/mli of LPL-
treated samples were subjected. a. Core in each fraction was measured by ELISA (Ortho
Clinical Diagnostics). b. HuH7.5 cells were inoculated with aliquots of each fraction for 2 h.
Core ELISA of the culture medium was performed at 24 h post-inoculation. c. RNA was
extracted from each fraction and subjected to cDNA synthesis followed by quantitative
PCR. d. Measurement of HCVRNA in the ¢ fated with ApoB.e.

of HCV RNA in the complexes associated with ApoE. f. Ratio of HCV RNA in the complexes
associated with ApoE versus the total HCV RNA in each fraction. The values were obtained
by dividing the amounts of RNA of Fig. 3e by those of Fig. 3c.




156 Y. Shimizu et al. / Virology 407 (2010) 152-159

a 5 .

o

g 4

<

T 3

ks mLPL

g 2

2 DOHTGL

£t

293T HepG2 HuH7.5

= 400

G O 293T
2>c

$E 300
e = HepG2
2c 200

7a == HuH7.5
S8 100

E!

=2

0
0 20 40 60

Reaction time (min)

Infectivity (%)

PBS LPL LPL
+ + +
19G gG  oHTGL

Fig. 3. Treatment of the HCV-bearing medium with exogenous LPL led to subsequent
digestion by endogenously produced HTGL, resulting in loss of HCV infectivity.
a. Expression of LPL and HTGL in HuH7.5, HepG2 and 293T cells. The mean of LPL mRNA
expression level in 293T cells relative to the level in HuH7.5 cells is shown with
standard deviation (n==3) and vice versa for HTGL (n==3). b. Validation of HTGL
activity. The culture medium from HuH7.5, HepG2 and 293T cells was concentrated to
20 times using centricon YM-30 (Millipore), and was analyzed for HTGL activity. The
mean and standard deviation are shown (n=3). c. The HCV-bearing medium was
incubated with anti-HTGL antibody before LPL treatment. HuH7.5 cells were inoculated
with the medium and then subjected to immunofluorescence staining at 24 h post-
inoculation. The mean percentage of HCV-positive cells relative to medium incubated
with PBS and 1gG is shown with the standard deviation (n= 13). Statistically significant
differences are indicated by asterisks {Student's -test): "p<0.001.

HTGL (Fig. 4a). The level of HTGL mRNA in cells transfected with
siRNA targeting HTGL was lower than one 6th of the control cells
transfected with non-target siRNA (Fig. 4a). The activity of secreted
HTGL was slightly lower in HTGL knockdown cells than the control
(Fir. 4b). It may be because HTGL is so stable at protein level that its
activity remains 48 h after transfection of siRNA. The presence of
infectious HCV in the cells as well as the amounts of Core secreted into
the culture medium was not significantly different between HTGL
knockdown cells and the control (Fig. 4a). ApoB and ApoE were
secreted at the same level from HTGL knockdown cells and the control
cells (Fig. 4c). These results indicate that HTGL knockdown did not
affect the production of either HCV or lipoproteins. Interestingly, the
infectivity of the culture medium was about 2 folds higher than that in

culture medium from control cells (Fig. 4a). The HCV-bearing medium
from HTGL knockdown cells was ultracentrifuged through iodixanol
gradients. We collected 80 fractions from the gradients and analyzed
for Core. The Core peak was shifted to a lower buoyant density in the
medium from HTGL knockdown cells compared to the control
(Fig. 4d). Thus, HTGL could hydrolyze HCV-associated lipoproteins
in the medium derived from HuH7.5 cells irrespective of LPL, leading
to a reduction of infectivity.

Discussion

Our results indicate that bovine LPL reduced HCV infectivity
through its catalytic activity. Since the same doses of LPL did not
impair the infectivity of SeV (Fig. 1f), it is likely that HCV-associated
lipoprotein is targeted by the LPL and that the lipoprotein associating
with HCV plays a pivotal role in HCV infectivity. Previously, it was
shown that LPL-Ps disrupted HCV (Thomssen and Bonk, 2002) and
that bovine LPL suppressed HCV infectivity through uncertain
mechanisms within cells after bridging HCV with cells by bovine LPL
(Andréo et al., 2007). We detected Core and HCV RNA from the LPL-
treated HCV-bearing medium almost at the same level as the
untreated medium (Figs. 2a and c). Thus, bovine LPL at the
concentration used in this study did not destroy the HCV structure
as reported by LPL-Ps (Thomssen and Bonk, 2002). LPL seems to have
at least two distinct functions to reduce HCV infectivity; one is
through its de-lipidation activity observed here and another is its
suppressive activity observed after being associated with cells
(Andréo et al., 2007). We used an LPL inhibitor, orlistat, to delineate
these two suppressive functions of LPL on HCV. After incubation of the
HCV-bearing medium with LPL at a concentration of 10 pg/ml, orlistat
was added so that catalytic activity of LPL could be suppressed upon
contact of HCV with cells. HCV infectivity was significantly reduced
even under this condition (Fig. 1e). This result indicates that de-
lipidation by LPL is a major cause of HCV inactivation. However, it is
worth mentioning that the residual infectivity was higher than that
observed in the conditions of infection assay conducted without
orlistat (Fig. Te, compare the lane with the same dose (10 pug/ml) of
LPL in Fig. 1a), which indicates the presence of another inactivating
mechanism suggested by Andréo et al. (2007) though the contribu-
tion is not as high.

The experiments using neutralizing antibody against HTGL
(Fig. 3¢) indicated that both LPL and HTGL have some roles in LPL-
induced reduction in HCV infectivity. Knockdown of HTGL resulted in
HCV with higher infectivity and a lower density in the medium
(Figs. 4a and d). HTGL is the predominant enzyme in the lipolysis of
IDL, but also hydrolyzes TG in all lipoproteins to some extent
(Connelly, 1999). Thus, it is suggested that endogenous HTGL has
lipolytic activity on HCV-associated lipoprotein irrespective to LPL
functions. Taking account of the effect of LPL and HTGL on HCV
infectivity, their expression is disadvantageous for HCV. There were
not much differences in expressions of LPL and HTGL between
HuH7.5 cells and HepG2 cells (Fig. 3a), suggesting that expression of
lipases does not explain HuH7.5 as an excellent cell line for HCV.

Our study shows that LPL and/or HTGL change(s) the nature of
HCV-associated lipoproteins, leading to reduced HCV infectivity. This
indicates that the association of HCV with certain lipoprotein-like
VLDL is important for HCV infectivity. Recently, ApoE was shown to be
important for HCV infectivity as a ligand of the HCV receptor (Owen
et al., 2009). It is conceivable that the reduction of ApoE in accordance
to lipolysis of HCV associating lipoproteins is a direct cause of the
reduction of HCV infectivity.

We used bovine LPL at 2-20 pg/ml to reduce HCV infectivity
(Fig. 1a). It is expected that the same doses of human LPL could
reduce HCV infectivity. However, heparin-treated human plasma
contains around 100ng/ml of LPL; most of LPL is bound to
heparan sulfate proteoglycan (HSPG) at the cell surface and
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Fig. 4. HCV with higher infectivity and a lower buoyant density in the medium from HTGL knockdewn cells. a. HTGL mRNA, infectivity of HCV within cells, extracellular Core and
infectivity of HCV in the medium are shown. The mean percentages relative to control cells are shown with the standard deviation (mRNA, Core; n= 3, infectivity; n=>5). Statistically
significant differences in HTGL mRNA level and extracellular infectivity are indicated by asterisks (Student's t-test): *p<0.001. There was no statistically significant difference in
intracellular infectivity and extracellular core (Student's t-test): NS p>0.01. b. Activities of HTGL were determined. After secretion, most of the HTGL is bound to heparan sulfate
proteoglycans (HSPG) at the cell surface (Connelly, 1999; S.-Fojo et al., 2004). Both HTGLs bound and unbound to HSPG are expected to act on lipoproteins in the medium. Thus, in
order to evaluate activities of HTGL acting on lipoproteins in the medium, heparin (10 U/ml) was added to the medium to release HTGL bound to HSPG at 24 h post-transfection of
SiRNA. The medium was harvested at 48 h post-transfection, passed through 0.45 pum filter (iwaki) to eliminate cell debris and used for the assay. Statistically significant difference in
HTGL activity at 60 min is indicated by asterisks (Student’s t-test): *p<0.001. c. Detection of apolipoproteins (ApoB and ApoE) and a-1 antitrypsin as standard secreted in culture
medium from HTGL knockdown celis and control cells. d. Buoyant density of HCV produced from HTGL knockdown cells. The HCV-bearing medium from HTGL knockdown cells was
subjected to centrifugation in an iodixanol gradient. After ultracentrifugation, aliquots of 80 consecutive fractions were collected and analyzed for Core by ELISA. The data are
presented from 25 fractions around Core peak from a single representative experiment of three experiments. There was a significant difference in the buoyant density of the Core

peak between HTGL knockdown cells and the control (Student's ¢-test, p<0.001).

heparin leads to a release of LPL bound to HSPG (Kern et al., 1990).
Therefore, it is conceivable that HCV infectivity could be reduced
through activities of LPL in the circulation at a lesser efficiency
than observed in this work. Here, we demonstrated that the
hydrolyzing activity of HTGL as well as LPL affects HCV infectivity.
Considering this lipase-induced reduction in HCV infectivity in the
circulation, it is important for virus to infect the proximal
hepatocytes before entering circulation. In other words, the
activities of LPL and/or HTGL may be one host mechanism to
resist invasion and spread of HCV.

Materials and methods
Cell culture

HuH7.5, Hela, 293T and HepG2 cells were maintained in DMEM
supplemented with 10% FBS, 100 U/ml penicillin and 100 pg/ml
streptomycin.

Virus source

HuH7.5 cells were transfected with HCV 2a strain, JFH1 RNA
genome and maintained in DMEM supplemented with 10% FBS,

100 U/ml penicillin and 100 pg/ml streptomycin. Three days before
harvest, medium was replaced with Opti-Pro (Invitrogen) supple-
mented with 0.1% BSA. Culture medium was filtered with 0.45 pm
filter (Iwaki) and used as virus source {the HCV-bearing medium).

HCV infectivity

To determine HCV infectivity in the medium, HuH7.5 cells were
inoculated with the HCV-bearing medium (MOl of 0.5) at 37 °Cfor 2 h.
Cells were washed with PBS and incubated in DMEM supplemented
with 10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin. Cells
were fixed at 24 h post-inoculation and subjected to immunofluores-
cence staining using serum from a HCV-positive individual to detect
HCV-infected cells. Three to five fields under microscope were
randomly selected. Cells in a field were counted and the percentage
of HCV-positive cells to total cells (around 500-1000) was calculated.

To determine HCV infectivity within cells, cells were collected by
trypsinization. After washing with PBS, cells were incubated with
water and passed through a 27-gauge needle (Terumo) at ten times.
After centrifugation, supernatant was passed through a 0.45 pm filter
(Iwaki) and inoculated to HuH7.5 cells. Immunofluorescence staining
was performed as mentioned above.
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Lipase activity

Total lipase test (Progen) and hepatic lipase select test (Progen)
were used to examine LPL activity and HTGL activity, respectively,
according to the manufacturer’s protocol.

lodixanol density gradients

The HCV-bearing medium was concentrated around 50 times
using amicon uitra-15 100k (Millipore) and treated with PBS or 5, 50,
or 500 pg/ml of LPL at 37 °C for 1 h. The samples were applied to the
top of a linear gradient formed from 17-37% iodixanol-containing PBS
and spun at 36,000 rpm for 18 h at 4°C using a SRP 41 Hitachi
Ultracentrifuge rotor. Aliquots of 30 consecutive fractions were
collected and used for analyses of Core, infectivity, HCV RNA, and
immunoprecipitation with anti-ApoB or anti-ApoE antibodies.

For analysis of the HCV-bearing medium from HTGL knockdown
cells, the concentrated samples were applied to the top of a gradient
from 14-54% iodixanol-containing PBS and spun at 34,000 rpm for
20 h at 4°C. A total of 80 consecutive fractions were collected and
used for analyses of Core.

Quantification of HCV RNA

RNA was extracted from fractions of the iodixanol gradient
using an RNeasy mini kit (Qiagen). Complementary DNA was
prepared by incubating RNA with SuperScript 1l (Invitrogen) and
737R primer, a reverse RNA primer of HCV genome (Sugiyama
et al, 2009). Quantitative PCR analysis was performed by 7500
Fast Real Time PCR System (Applied Biosystems). Tagman probe
and primers were as follows: probe 733FB (Sugiyama et al., 2009),
forward 5/-CCCTCCCGGGAGAGCCATAGTG-3/, reverse 5'-
GTCTCGCGGGGGCACGCCCAAAT-3. The copy number of HCV was
determined by the standard-curve method with serial dilutions of
the synthesized full-length HCV RNA.

Immunoprecipitation

Fractions from iodixanol gradient were incubated with anti-ApoB
antibody (Biodesign International) or anti-ApoE antibody (Chemicon
International) for 2 h at room temperature, Protein G sepharose (GE)
was added and the immunocomplex was collected by centrifugation.
The pellets were used for RNA extraction.

Expression of LPL and HTGL

RNA was extracted from cells using RNeasy mini kit (Qiagen).
Complementary DNA was prepared by incubating RNA with Super-
Script HI (Invitrogen) and oligo(dT) as an universal primer. Quanti-
tative PCR analysis was performed with primers specific for LPL
(Lindegaard et al,, 2005), for HTGL (Sirvent et al,, 2004), and for
GAPDH (Suzuki et al., 2008). The LPL and HTGL mRNA expression level
was calibrated with the level of GAPDH mRNA expression.

Neutralization of HTGL

The HCV-bearing medium was incubated with IgG rabbit (Santa
Cruz) or anti-HTGL antibody (sc-21007, Santa Cruz) at 4 °C overnight,
followed by PBS or LPL treatment at 37 °C for 1 h. HuH7.5 cells were
inoculated with the medium at 37°C for 2h and subjected to
immunofluorescence staining as explained above.

Knockdown of HTGL

sIRNA (siGENOME SMART pool M-008743-00-0005, Thermo) at a
final concentration of 40 nM was transfected with HuH7.5 cells using

siLentFect reagent (Bio-Rad). The HCV-bearing medium (MOI=0.5)
was inoculated with cells at 4 h post-transfection. Then, fresh medium
was replaced 2h later. At 24h post-transfection, medium was
replaced with Opti-pro (Invitrogen) supplemented with 0.1% BSA.
At 48 h post-transfection, culture medium and cells were used for
analyses of RNA, infectivity, Western blotting and buoyant density.

Western blotting

Western blotting was performed using anti-ApoB antibody
(Biodesign International), anti-ApoE antibody (Innogenetics) and
anti-a-1 antitrypsin antibody (Biodesign). Detection was carried out
using ECL plus reagent (GE).

Supplementary materials related to this article can be found online
at doi:10.1016/j.virol.2010.08.011.
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Hepatms o} vu'us (HCV) replxcatmn and mfecuon depend on the lipid components of the cell, and replication is

inh d by int s of spt elin t th

We found that sphmgomyelm bound to and acuvated
genotype 1b RNA-dependent RNA polymerase (RdRp) by

hindi

its g activity. §

also bound to la and JFH1 (genotype 2a) RdRps but did not activate them, Sphmgomyelm did not bind to or

activate J6CF (2a) RdRp. The sphi lin binding d

helix structure (residues 231 to 260), which was ti

(SBD) of HCV RdRp was mapped to the helix-turn-

I for sphi lin binding and activation. Helix structures

(residues 231 to 241 and 247 to 260) are important for RdRp actlv:mon, and 238S and 248E are 1mportant for
maintaining the helix structures for template binding and RdRp activation by sphingomyelin. 241Q in helix 1 and
the negatively charged 244D at the apex of the turn are important for sphmgomyelm bmdmg Both amino acids are
on the surface of the RdRp molecule. The polarity of the phosphocholine of yelin is important for HCV
RdRp activation. However, phosphocholine did not activate RdRp Twenty sphmgomyehn molecules activated one
RdRp molecule. The biochemical effect of sphi yelin on HCV RdRp activity was virologically confirmed by the
HCV replicon system. We also found that the SBD was the lipid raft membrane localization domain of HCV NS5B
because JFH1 (2a) replicon cells harboring NS5B with the mutation A242C/S244D moved to the lipid raft while the
wild type did not localize there. This agreed with the myriocin sensitivity of the mutant replicon. This sphingomyelin

interaction is a target for HCV infection because most HCV RdRps have 241Q.

Hepatitis C virus (IICV) has a positive-stranded RNA ge-
nome and belongs to the family Flaviviridae (21). 1ICV chron-
ically infects more than 130 million people worldwide (34), and
HCYV infection often induces liver cirrhosis and hepatocellular
carcinoma (19, 28). To date, pegylated interferon (PEG-IFN)
and ribavirin are the standard treatments for HCV infection.
However, many patients cannot tolerate their serious side ef-
[ects. Therefore, the development of new and safer therapeutic
methods with better efficacy is urgently nceded.

Lipids play important roles in HCV infection and replica-
tion. For example, the HCV core associates with lipid droplets
and recruits nonstructural proteins and replication complexes
to lipid droplet-associated membranes which are involved in
the production of infectious virus particles (24). HCV RNA
replication depends on viral protein association with raft mem-
branes (2, 30). The association of cholesterol and sphingolipid
with HCV particles is also important for virion maturation and
infectivity (3). The inhibitors of the sphingolipid biosynthetic
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pathway, ISP-1 and HPA-12, which specifically inhibit serine
palmitoyltransferase (SPT) (23) and ceramide trafficking from
the endoplasmic reticulum (ER) to the Golgi apparatus (37),
suppress HCV virus production in cell culture but not viral
RNA replication by the JFH1 replicon (3). Other serine SPT
inhibitors (myriocin and NA255) inhibit genotype 1b replica-
tion (4, 29, 33). Very-low-density lipoprotein (VLDL) also
interacts with the HCV virion (15).

Sakamoto et al. reported that sphingomyelin bound to HCV
RNA-dependent polymerase (RdRp) at the sphingomyelin
binding domain (SBD; amino acids 230 to 263 of RdRp) to
recruit HCV RdRp on the lipid rafts, where the HCV complex
assembles, and that NA255 suppressed HCV replication by
releasing HCV RdRp from the lipid rafts (29). In the present
study, we analyzed the effect of sphingomyelin on HCV RdRp
activity in vitro and found that sphingomyelin activated HCV
RdRp activity in a genotype-specific manner. We also deter-
mined the sphingomyelin activation domain and the activation
mechanism. Finally, we confirmed our biochemical data by a
HCYV replicon system.

MATERIALS AND METHODS

HCV RNA polymerase. A C-terminal 21-amino-acid deletion was made 1o the
HCV RdRps of strains FICR6 (genotype 1b) (36), NN (1b) (35), Con1 (1b) (5),
JFH1 (2a) (36), J6CF (2a) (25), H77 (1a) (7), and RMT (1a), and the mutants
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were purified from bacteria as described previously (36). HCRG (1b) RdRp with
the mutation L245A [RARp(L245A)] or 1253A [RARp(I253A)] or the double
mutation L245A and 1253A [RARp(L.245A/1253A)]: JFH1 (2a) RdRp with
the mutation(s) A242C/S244D, A242, S244D, or T251Q; J6CF (22) RdRp
with the mutation(s) R241Q, S244D, or R241Q/S244D; and H77 (la)
RARp(A2385/Q248E) were introduced using an in vitro mutagenesis kit
{Stratagence) and the oligonucleotides listed in Table S1 in the supplemental
material. HCRG6 (1b) Hise-tagged RARp(L245A/1253A) was removed from
PET21b/KM (36) and cloned into the BamHI/Xhol site of pGEX-6P-3 (GE),
resulting in pPGEXHCVHCRGRARp(L245A/I253A).

In vitro HCV transcription. /n vitro HCV transcription was performed as
described previously (36). Briefly, following 30 min of preincubation without
ATP, CTP, or UTP, 100 nM HCV RdRp was incubated in 50 mM Tris-HCl (pH
8.0), 200 mM monopotassium glutamate, 3.5 mM MnCl,, 1 mM dithiothreitol
(DTT), 0.5 mM GTP, 50 uM AP, 50 wM CTP, 5 uM [a-32PJUTP, 200 nM RNA
template (SL12-18), 100 U/ml human placental RNase inhibitor, and the lipid
(amount indicated below) at 29°C for 90 min. 3*P-labeled RNA products were
subjected 1o 6% polyacrylamide gel cl ph is (PAGE) ining 8 M
urea. The resulting autoradiograph was analyzed with a Typhoon Trio plus image
analyzer (GE).

RNA fiiter binding assay. An RNA filter binding assay was performed as
described previously (36). Briefly, 100 nM HCV RdRp and 100 nM 3P-labeled
RNA template (SL12-18) were incubated with or without (.01 mg/ml egg yolk
sphingomyelin in 25 wl of 50 mM Tris-HCI (pH 7.5), 200 mM monopotassium
glutamate, 3.5 mM MnCl,, and 1 mM DT at 29°C for 30 min. After incubation,
the solutions were diluted with 0.5 ml of TE (50 mM Tris-HCI [pH 7.5], 1 mM
EDTA) buffer and filtered through nitrocellulose membranes (0.45-um pore
size; Millipore). The filter was washed five times with TE buffer, and the bound
radioisotope was analyzed by Typhoon Trio plus after being dried.

Enzyme-linked immunosorbent assay (ELISA). Ninety-six-well microtiter
plates (Corning) were coated with 250 ng of egg yolk sphingomyelin in ethanol
by evaporation at room temperature. After the wells were blocked with phos-
phate-buffered saline (PBS) and 3% bovine serum albumin (BSA), they were
incubated with 1 pmol of the HCV RdRp of FICR6 (1b) wild type (wt) or L245A,
1253A, or L245A/1253A mutant; NN (1b); H77 (1a); RMT (la); J6CF (2a): or
JFH1 (2a) wt or A242C/S244D, A242, $244D, or T251Q mutant in Tris-bultered
saline (50 mM Tris-HCI [pH 7.5] and 150 mM NaCl) for 1.5 h ai room temper-
ature. After being blocked with 3% BSA, the bound HCV RdRp was detected by
adding rabbit anti-HCV RdRp serum (1:5,000) (see Fig. S1 in the supplemental
material) (17) before incubation with a horseradish peroxidase (HRP)-conju-
galed anti-rabbit IgG antibody (1:5,000; Southern Biotech). The optical density
at 450 nm (ODys0) was measured with a Spectra Max 190 spectrophotometer
(Molecular Devices) using a TMB (3,3',5,5’-tetramethylbenzidine) Liquid Sub-
strate System (Sigma).

HCY subgenomic replicon. A D244S mutation was introduced into the HCV
strain NN (lb) subgenomic replicon pLMH14 (35), resulling in
PLMH(NN)5B(DD244S) [where SB(1D244S) is the NS5B protein with the mutation
D244S]. The A242C/S244D mutation was introduced into the HCV JFHI (2a)
replicon, pSGR-JFH /luc (25), resulling in pSGR-JFH 1/lucSB(A242C/5244D). The
Hpal and Xbal fragment of pSGR-JFH1 (18) was replaced with that of pSGR-
JFH1/ucSB(A242C/S244D), resulting in  pSGR-JFHISB(A242C/S244D). The
A238S/Q248E mutation was introduced into HCV H77 (la) replicon
pHCVrep13(S22041)/Neo (7) after the neomycin gene was replaced by the firefly
luciferase gene [pH77(T)/luc] by insertion of AT and Ascl sites (see Table S1 in the
supplemental material), resulting in pH77(1)lucSB(A2388/Q248E). Subgenomic
replicon RNA was transcribed in vitro by T7 RNA polymerase using MegaScript
(Ambion) after the replicon plasmids were linearized by Xbal (strain NN and JFH1
replicons) or Hpal (strain H77 replicon). Subgenomic replicon RNA was stored at
—80°C after being purified by phenol-chioroform extraction and cthanol precipita-
tion.

Replicon assay with myriocin. Huh7.5.1 cells were kindly provided by F.
Chisari and were maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco) with 10% fetal bovine serum (FBS; Gibco) (38). HCV replicon RNA (10
pg) was transfected into 4 X 10° Huh7.5.1 cells (1 X 107/ml) in OptiMEM [
(Gibco) by clectroporation (GenePulser Xcell; Bio-Rad) at 270 V, 100 Q, and
950 wF. After transfection, the cells were plated in 12-well plates incubated in
DMEM-10% FBS. At 6 h after transfection, cells were treated with 0, 5, and 50
nM myriocin, At 4, 54, and 78 h after transfection (48 and 72 h after myriocin
treatment), the cells were harvested, and luciferase activity was measured using
a Dual-Glo luciferase assay kit and a GloMax 96 Microplate Luminometer
(Promega). Luciferasc activity was normalized against the activity at 4 h after
transfection (26).

J. VIroL.

HCV JFH1 wt and NS5B(A242C/S244D) replicon cells. Huh7/scr cells were
kindly provided by F. Chisari of the Scripps Research Institute and were main-
tained in Dulbecco’s modified Eagle’s medium (Gibeo) with 10% fetal bovine
serum (Gibco). RNA (10 pg each) from SGR-JFH1 and SGR-JFH1 with the
mutations A242C/S244D in NS5B [NSSB(A242C/5244D) was transfected into 4
X 10% Huh7/scr cells (1 x 107/ml) in OptiMEM I (GIBCO) by electroporation
{GenePulser Xcell: Bio-Rad) at 270 V, 100 Q, and 950 wF. Aflter transfection,
the cells were plated in 10-cm dishes and incubated in DMEM-10% FBS with 1.0
and 0.5 mg/ml G418 (Gibco). JFH1 wt and NSSB(A242C/S244D) replicon cells
were maintained in DMEM~10% FBS and 0.5 mg/ml G418,

Membrane floating assay. JFH1 wt and NSSB(A242C/S244D) replicon cells
were suspended in two packed cell volumes of hypotonic buffer (10 mM HEPES-
NaOH [pH 7.6], 10 mM KCl, 1.5 mM MgCl,, 2 mM DTT, and 1 tablet/25 mi of
EDTA-free protease inhibitor cocktail tablets {Roche]) and disrupted by 30
strokes of hc ization in a Dounce izer using a tight-fitting pestle
at 4°C. After nuclei were removed by centrifugation at 2,000 rpm for 10 min at
4°C, the supernatant (postnuclear supernatant {PNS]) was treated with 1%
Triton X-100 in TNE buffer (25 mM Tris-HCl {pH 7.6] 150 mM NaCl, 1 mM
EDTA) for 30 min on ice. The lysates were supplemented with 40% sucrose and
centrifuged at 38,000 rpm in a Beckman SW41 Ti rotor (Beckman Coulter)
overlaid with 30% and 10% sucrose in TNE buffer at 4°C for 14 h.

Western blotting. Western blotting using anti-HCV RdRp (17), rabbit anti-
NS3 (32), anti-NSSA (16) and anti-caveolin-2 was performed as previously pub-
lished (17).

Reagent. Egg yolk sphingomyelin, cholesterol phosphocholine, myriocin, and
rabbit anti-caveolin-2 antibodies were purchased from Sigma. Hexanoyl sphin-
gomyelin, Cg-ceramide, Cg-B-p-glucosyl ceramide, and Cyg-B-D-lactosyl ceramide
were purchased from Avanti Polar Lipids. [a-**P)UTP was purchased from New
England Nuclear.

Statistical analysis. Significant differences were evaluated using P values cal-
culated from a Student’s ¢ test.

number. The seqy of HCV RMT has been
deposited in the GenBank under accession number AB520610.

RESULTS

Sphingomyelin activation of HCV RNA polymerases of var-
ious genotypes. There are several sequence variations in the
sphingomyelin binding domain (SBD; amino acids 231 to 260
of IICV RdRp) among HCV genotypes (sce Fig. 7A). In order
to compare the RdRps of different genotypes of HCV, we
purified RdRp from genotypes 1b (strains HCR6, NN, and
Conl), 1a (I177 and MRT), and 2a (JFH1 and J6CF) (sce Fig.
S2 in the supplemental material). First, the effect of ethanol on
HCV HCRG6 (1b) RdRp transcription was examined because
lipids were suspended in ethanol before they were added to the
HCV transcription reaction mixture. We found that 2% eth-
anol did not inhibit HCV transcription (sce Fig. S3 in the
supplemental material); therefore, all subsequent experiments
were performed using less than 2% ethanol.

The kinetics of sphingomyelin activation were analyzed us-
ing egg yolk sphingomyelin for FICR6 (1b) RdRp wt (Fig. 1A)
and subtype 2a (JFH1 and J6CF) RdRps (Fig. 1B), and
N-hexanoyl-p-erythro-sphingosylphosphorylcholine  (hexa-
noyl sphingomyelin) was used for HICRG (1b) RdRp wt (Fig.
1C) and subtype 1a (F177 and RMT) RdRps (Fig. 1D). The egg
yolk sphingomyelin activation curve of HCR6 (1b) RdRp wt at
low concentrations (<0.01 mg/ml) was sigmoid. The transcrip-
tion activity of HCR6 (1b) RdRp wt increased in a dose-
dependent manner. It was activated 11-fold at 0.01 mg/ml and
then platcaued (14-fold activation) at 0.1 mg/ml. However,
JFH1 (2a) and J6CF (2a) RdRps were activated 2.5-fold and
2.2-fold, respectively, at 0.01 mg/ml sphingomyelin, at which
point they plateaued.

Egg yolk sphingomyelin is a mixture. In order to obtain the
optimal molar ratio for sphingomyelin activation of HCRG6 (1b)
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A 1 B s Qlnee o than the wt (P < 0.001) but lower binding than the R241Q
}g m + 25 18" Z mutant. However, $244D showed higher RdRp activation than
1 K 1 2 A R241Q (P < 0.005), while the RdRp activation ratio of the
8 H 1.5 | 3 double mutant (R241Q/$244D) was lower than that of $244D
E % 1 g § 32 or R241Q, although all of them activated RdRp with sphingo-
2 s e om o o 0.5 — - — JECFwt g myelin (7 < 0.005) (Fig. 2A and C and Tabic 1). For JFH1,
o o o o ") ° \ ) g9 when the JFH1 RdRp SBD was modificd (A242C/S244D) to
) : ' ' ' ° 0008 0.01 0018 002 18 == A allow it to bind with more sphingomyelin than the wt (P <
£ Egg yolk SM (mg? mi) Egg yolk SM (mg/ mi) g8 z 0.005), the mutant JFH1 RARp(A242C/S244D) was activated
;§ 14 I N . i 9o more than the wt by sphingomyelin (P < 0.005) (Fig. 2A and
g c 24 * + M M D e ﬁ o % C; Table 1). The sphingomyelin binding activity of JFHI
] 10 8 P S v RARp(T251Q) was 80.7% of that of HCRG (1b), and its acti-
g g i —7.1494x-1.5398 2 P A . S E § z 2z vation ratio was 1.8-fold. These results agree that SBD is both
£ 4L }rl‘f;d.9978 ’ 1= = eI a the sphingomyelin activation and binding domain and that the
2 2 — -G Ai 3 domains for these two activities are somehow diflerent.
s 0 ' 0 - g J% 0= We determined which amino acid, 242C or 244D, en-
é 0 § 10 15 2 U A A 41w 3|® hanced sphingomyelin binding by comparing HCR6 (1b)
£ SM C8 (uM) SM C6 (uM) EAE & and JFH1 (2a) RdRps. Sphingomyelin binding of HICRG
2 “ § s & § e o (1b) RARp(D244S) was 79% of ‘Lhat of the wt (P < 0.005) (Fig.
E  lsmcs 2 uM) 3 H 2181 @ 2A and Table 1), and its activation by sphingomyelin was only
10 5[5 ol «w © 3.6-fold (Fig. 2C and Table 1). The sphingomyelin binding of
8 E |z TlRY « JFIIT (2a) RARp(A242C) and RARp(S244D) incrcased to
6 ESE = 75.5% and 93.1%, respectively, of HCRG6 (1b) RdRp wt (Fig.
M s|3 glad 4 2A and Table 1). This was significantly higher than that of
: . A 2| o1 JFH1 (2a) RARp wt (P < 0.005), and the sphingomyelin acti-
RMT  HORS NN Coni  JFHI  J6CF 5% g - vation 05 {l?)xplgza)dl{adllif(ﬁz“zc) 11{1(111{((11[}[;(%233?))(\;’?5
16 23 % 1819 e increased 1.0-fold and 3.1-fold, respectively I ig.
FIG. 1. Sphingomyelin activation of HCV RNA polymerases. (A) Activation kinetics of HCV HCRG6 (1b) RdRp wt by egg yolk sphingomyelin 2 g‘ S| & * 2C and Table 1). From these mutation analyses of the J(’C_:F
(SM). The inset shows activation produced by 0 to 0.02 mg/mi egg yolk sphingomyelin. Activation kinetics of HCV 2a (JFH1 and J6CF) RdRps SlE8ls= < and JFH1 RdRps, we concluded that 244D enhanced sphin-
by egg yolk sphingomyelin (B) and of HICV HCRG6 (1b) RARp wt by hexanoyl sphingomyelin (SM C6) (C). In panel C, the first order of the graph B 5 = gomyelin binding and RARp activation.
\l;'as ﬁllc;.l h);1 lincar rclgress';(:m; Ath:, c;:!culatﬁd <l:qu[alli10n is mldicahl?d in thc; graphI I(lg\)//}:(ljxl\galw)? k(i]n%licgs of HlCV laI(II—(I:U ?{n(;jRI{lv(l;l(‘])OR(;‘R)ps l;y g Z; s~ HCV 1a RdRps were not activated even though sphingomy-
icxanoyt sphingomyelin, (E ctivation cllect ol cxanoyl sphingomyeiin on I Of various genol ¢S, Il n was <] R N " P ’
incubal}:ﬁd xE')ilh ﬁr wi);‘liout g ;ZM SM C6. The names of the l{dR[:-»s agc in{licatcd below the gra];h. Mean * s%andayr[c)l deviation of thg activation ratio % 5 E } EX S : % cl'm bound Lf) them (Fig. ll.i “md 2A a'n d T.dble 1).' We lh(%n
was calculated from three independent experiments. z s — mc@ 1(‘) elucidate the doma_m.s m?ponsnb!e for sphingomyelin
1B 50, 151, 84,270, 372, 33, 436,466 457, and 40 e
= = , 131, 184, 270, 272, 329, 430, 464, 487, an unigue to
) ) o - 5 Z ’ s|z2 o gen.olypc.la I'{fil{p in the ‘rcgion of rcsiduc§ 1to 579 and two
RdRp wi, its activation kinetics were calculated using hexanoyl peptide were mutated (o A, sphingomyelin binding activity was ; Z £ z amino acid diflerences unique to la RdRp in SBD, i.c., 238A
sphingomyelin (Fig. 1C, SM C6). The cquation for the first-  lost (29). We introduced the same mutations in HCV HCR6 g ¢lne o g and 248Q (scc Fig. 6A). Initially, we focused on the SBD and
order ratio of hexanoyl sphingomyelin activation according to (1b) RdRp and purified HCRG6 (1b) RdRp with mutations £ QpEe 8 introduced the A238S and Q248E mutations into the H77 (2a)
lincar regression fitting was as follows: y = 7.149%4x — 1.5398, L245A, 1253A, and L245A/1253A. Because the C-terminal His- 3 < g RdRp SBD (Fig. 2A and D and Table 1). The sphingomyelin
where y is the activation ratio and x is the sphingomyelin tagged HCRG6 RARp(L245A/1253A) was not soluble, it was ~ g - o binding activity of 177 (2a) RARp(A238S/Q248E) was similar
concentration (P = 0.9978). RARp activation had almost pla-  solubilized by tagging of glutathione S-transferase (GST) se- A = § “ % Z i to that of H77 (2a) RdRp wt. The sphingomyelin activation
teaued at 2 wM hexanoyl sphingomyelin. The activation kinet- quence at the N terminus but lost polymerase activity. As the % é’ 2 ratio of H77 (2a) RARp(A2385/Q248E) was increased 8.1-fold,
ics of JFI1 (2a) and J6CF (2a) RdRps in egg yolk sphingo- L.245A/1253A mutant had lost its polymerase activity, polymer- o é <l s g leading us to conclude that these mutations are essential to
myelin were biphasic and platcaued at 0.01 mg/ml. Those of  asc activation was tested only for L245A and 1253A (Fig. 2B Zlg|= i‘ ~ g sphingomyelin activation.
RMT (la) and H77 (1a) RdRps in hexanoyl sphingomyclin and Table 1). These results confirmed that SBD located in the Il R hed By 3 Effect of lipids on HCV RNA polymerase activity. In order
were also biphasic and plateaued at 2 pM. The curve of the finger domain (residues 230E to 263G) successfully achieved g m?,g < 23 3 Lo clucidate the structure of the lipids involved in activation
first order was fitted by lincar regression. The molar ratio of  sphingomyelin binding in HCV RdRp and that sphingomyelin Jl8g o g §§ g of HCV RdRp, p-lactosyl--1,1'-N-octanoyl-np-erythro-sphin-
RdRp to hexanoyl sphingomyelin at its platcau was calculated did not bind to the SBD when the helix-turn-helix stzuc;ure B ; ) 3 g gosin:lz [Cg-lzlactosyl(B) E?:rargidc]l, D»glulcosyl-ﬁl(-jl;—I\ll\;ohclanoy:~
as 1:20. had been destroyed by the L245A or 1253A mutation (29). Eloda< selH p-erythro-sphingosine (Cg-B-bD-glucosyl ceramide), N-hexanol-
Because RdARp activation had almost plateaued at 2 pM The sphingomyelin binding activitics of genotype 1a and 2a =TT ;_;Eig p-erythro-sphingosine  (Cg-ceramide), and cholesterol were
hexanoyl sphingomyelin, we compared the effect of sphingo- RdRps were also tested (Fig. 2 and Table 1). Both JFH1 and » 2 2398 tested for their abilities to activate RdRp. The relative poly-
myelin on 100 M concentrations of RNA polymerases of the JOCF were tested for genotype 2a because J6CF (2a) RdRp £ E,g 5 £ merase activitics of 100 nM HCV HCRG6 (1b) RdRp activated
HCV 1a, 1b, and 2a genotypes using 2 pM hexanoyl sphingo- had an additional amino acid difference at position 241 in the - g 2 g g%‘g with 0.01 mg/ml egg yolk sphingomyelin, 2 uM hexanoy! sphin-
myelin (Fig. 1E and Table 1). SBD, and its sphingomyelin binding activity was very low (Fig. 2 4;5\—2 Z =34 gomyelin, 8 pM Cg-lactosyl(B) ceramide, 12 pM Cg-B-D-glu-
Helix-turn-helix structure for sphingomyelin binding and  2A and 7A; Table 1). J6CF (2a) RARp(R241Q) showed the g RE 2 | 52EE cosyl ceramide, 12 wM Cg-ceramide, and 0.02 mg/ml choles-
activation. Sphingomyelin binds to the SBD peptide (see HCV same sphingomyelin binding activity as HCR6 (1b) RARp wt, £ 2 g = g = BT terol were 11.2, 13.0, 5.66, 4.19, 1.12, and 2.25 of that without
SBD in Fig. 7) (29). Initially, we tested whether SBD was the indicating that 241Q was the critical amino acid for sphingo- EEkE 'E 5% ;% lipids, respectively (Fig. 3A). The amount of lipids that gave
sphingomyelin binding site in HCV RdRp by ELISA (Fig. 2A  myelin binding. J6CF (2a) RdRp(5244D) and RARp(R2410Q/ ; % 5% &|FEER the maximum activation was calculated from the kinetics of the
and Table 1). When the L245 and 1253 residues of the SBD $244D) also showed higher sphingomyelin binding activity nd < lipids bound to HCRG (1b) and JFH1 (2a) RdRps (Fig. 3B and



VoL. 84, 2010

SPHINGOMYELIN ACTIVATION OF HCV RdRp 11765

Relative polymerase activity (fold)

HCRS (1b)

HCR6 (1b)  H77 (1a)

JECF (2a) JFHT (2a)

FIG. 2. Sphingomyelin binding and activation of HCV RNA polymerase sphingomyelin binding domain mutants. Names of RdRps are
indicated below the graphs. (A) Egg yolk sphingomyelin (SM) binding activity relative to that of HCR6 (1b) RdRp wt. Mean * standard deviation
of the binding was calculated from three independent experiments. (B) Egg yolk sphingomyelin activation of HCR6 (1b) RdRps. RdRps (100 nM)
were incubated with or without 0.01 mg/ml egg yolk sphingomyelin. (C) Hexanoy! sphingomyelin activation of the RdRps (RdRp names arc
indicated below the graphs). HCV RdRps (100 nM) were incubated with or without 2 pM hexanoyl sphingomyelin. The mean * standard deviation
of the activation ratio was calculated (rom three independent experiments. %, P < 0.005; #* P < 0.001.

C). Cy-lactosyl(B) ceramide and Cg-B-D-glucosyl ccramide ac-
tivated HCRG6 (1b) RdRp compared with the linear regression
kinetics of the reaction with hexanoyl sphingomyelin as it pla-
teaued (Fig. 1C and 3B). Cholesterol activated HCR6 (1b)
RdRp slightly but did not activate JFH1 (2a) RdRp (Fig. 3C).
We therefore concluded that the phosphocholine of sphingo-
myclin bound to the SBD of HCV RdRp because the order of
HCV RdRp activation was hexanoyl sphingomyelin > Cg-lac-
tosyl(B) ceramide > Cg-B-p-glucosyl ceramide, and Cg-cer-
amide did not activate HCV HCRG (1b) RdRp. The polarity of
the phosphocholine of sphingomyelin is important for HCV
RdRp activation (see Fig. 85 in the supplemental material).
In order to test whether phosphocholine activated HCV
RdRp (Fig. 3D), HCR6 (1b) RdRp was incubated with 0.4, 2,
20, 100, and 400 pg and 2, 4, 11, 54, and 100 mg of phospho-
choline. Up to 400 pg of phosphocholine did not allect RARp
activity, but more than 2 mg of phosphocholine inhibited
RdRp activity.
Effect of sphing

yelin on the template RNA binding of

" HCV RNA polymerase. The mechanism of HCV RdRp activa-

tion was analyzed. RNA polymerase changes its conformation
throughout the different transcription steps, and template
binding is the first step of transcription (9). Therefore, the
cffect of sphingomyelin on template RNA binding activity was
tested (Fig. 4A and Table 1). Sphingomyelin enhanced the
template RNA binding of HCRG (1b) RdRp wt but not that of
JFH1 (2a), H6CF (2a), or H77 (1a) wt RdRp. When the

A2385/Q248E mutation was introduced into H77 (1a) RdRp,
the RNA binding was enhanced. J6CF (2a) RdRp R241Q and
$244D mutants showed similar enhancement of RNA binding,
but the R241Q/S244D double mutant did not. The activation
effect of RNA binding of HHCR6 (1b) RdRp mutants L245A,
1253A, and D244S was lower than that of RdRp wt. JFH1 (2a)
RdARp wt and RdRp(A242C/S244D) showed similar RNA
binding activation levels. Based on a comparison of the sphin-
gomyelin activation of HCR6 (1b) RdRp wt and its mutants
which lost sphingomyelin binding with J6CF (2a) RdRp wt and
the R241Q and $244D mutants and 77 (1a) RARp wt and the
A2385/Q248E mutant, we concluded that polymerase activa-
tion by sphingomyelin was induced mainly via activation of the
template RNA binding of RdRp. RNA binding activity of
JFH1 (2a) RARp wt and RARp(A242C/S244D) was almost
saturated because RNA binding of these RdRps was not acti-
vated by sphingomyelin (see Fig. $4 in the supplemental ma-
terial).

HCV RdRp has to be bound with sphingomyelin before or
at the same time as it binds to template RNA. After RdRp had
bound to the template RNA, sphingomyelin did not enhance
template RNA binding strongly (Fig. 4B).

Effect of the sphingomyelin binding d mutations for
HCYV replicon activity with myriocin, In order to confirm
sphingomyelin activation of HCV polymerase activity in a viral
replication system, HCV replicon activity of the loss-of-func-
tion mutant HCV NN (1b) NS5B(D244S) and the gain-of-
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FIG. 4. Sphingomyelin activation of the RNA binding activity of
HCV RNA polymerase. (A) Sphingomyelin activation of RNA filter
binding of HCV RdRps (RdRp names are indicated below the graph).
RdRps and *?P-labeled RNA template (SL12-1S) were incubated with
or without egg yolk sphingomyelin (SM), before filtration. (B) Effect of
the order of sphingomyelin treatment. Numbers below the graph in-
dicate the order in which the reagents were added. The graph repre-
senls the ratio to RNA binding withoul sphingomyelin. The mean +
standard deviation of the activation ratio was calculated from three
independent experiments. *, P < 0.01.

function mutants 177 (1a) NS5B(A238S/Q248E) and JFH1
(2a) NS5B(A242C/S244D) were compared with 5 and 50 nM
myriocin treatment for 72 h (Fig. 5).

First, IICV replicon activity was compared as the relative
luciferase activity (Fig. 5A). Both JFH1 (2a) wt and
NS5B(A242C/8244D) replicons showed similar and strong rep-
licon activity (133 X 10* = 12 X 10% and 138 X 10> + 8.5 X 10?,
respectively). JFH1 (2a) wt replicon was resistant to myriocin
treatment, as reported by Aizaki et al. using other SPT inhib-
itors (3). The JFI1 (2a) NS5B(A242C/S244D) replicon be-
came sensitive to myriocin but still showed higher replicon
activity than NN (1b) or H77 (1a) replicons even at 50 nM
myriocin.

To analyze the effect of mutations precisely, the replicon
activity relative to cach wt strain was compared (Fig. 5B). The
JFH1 (2a) wt replicon with 50 nM myriocin showed the same
luciferase activity as the wt without myriocin (102% * 9.6%).
JFH1 (2a) NS5B(A242C/S244D) replicon activity was the
same as that of the wt without myriocin (103% * 12%); with
S nM myriocin it was 84.1% = 6.6% of the wt level, but with 50
nM myriocin it was 70.3% =+ 5.3% of the wt level, which was
significantly lower (P < 0.01). NN (1b) wt replicon activity was
45.3% * 6.6% with 5 nM myriocin and 21.7% =+ 2.9% with 50
nM myriocin relative to the wt level without myriocin. NN (1b)
NS5B(D244S) replicon activity was 72.2% =+ 12% without
myriocin (P < 0.05), 44.0% * 7.4% with 5 nM myriocin, and
38.1% = 4.2% with 50 nM myriocin relative to wt level without
myriocin, which was significantly higher (P < 0.01). Thus, NN
(1b) NS5B(1>244S) showed lower replicon activity than the wt
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and was less sensitive o myriocin than the wt. H77 (la) wt
replicon activity was 59.9% = 4.2% with 5 nM myriocin and
492% * 6.4% with 50 nM myriocin relative to the wt level
without myriocin. 1177 (1a) NS5B(A2388/Q248E) replicon ac-
tivity was 123% * 7.1% without myriocin (2 < 0.01), 66.1% =
6.3% with 5 nM myriocin, and 38.0% * 4.1% with S0 nM
myriocin relative to wt level without myriocin. Both H77 (1a)
wt and NS5B(A2385/Q248E) replicons were sensitive (o myrio-
cin, and the replicon activity of NS5B(A238S/Q248E) was
higher than that of the wt.

JFH1 (2a) RARp(A242C/S244D) localized in the DRM frac-
tions. Myriocin sensitivity of JFH1 (2a) NS5B(A242C/S244D)
replicon indicates the importance of 244D in JFIT NS5B for
sphingomyelin binding. To further confirm the role of 244D for
recruitment of TICV RdRp to the detergent-resistant mem-
brane (DRM), where the HCV replication complex exists, we
compared the distribution of NS5A and NS5B of JFH1 (2a) wt
and NS5B(A242C/$244D) in their replicon cells by sucrose
density gradient centrifugation of the DRM (Fig. 6). NS5A
proteins of both JFII1 (2a) wt and NS5B(A242C/S244D) rep-
licons localized in the DRM fraction where caveolin-2 was
present (11, 27), but most of NS5B wt localized in the Triton-
soluble fractions. NS5B of JFIT1 (2a) NS5B(A242C/S244D)
replicon was shifted to the DRM [raction from the soluble
fraction. The shift of NS5B(A242C/S244D) localization into
the DRM demonstrated that SBD was the DRM localization
domain of NS5B and that residuc 2441 was important for this
localization.

DISCUSSION

Hepatitis C virus is an envelope virus, and the lipid compo-
nents of the virion play important roles in HCV infectivity and
virion assembly (3, 15, 20, 24). HCV replication complexes
localize in lipid raft structures/DRMs in the membrane [rac-

wit
NS58
A242CS244D
wit
NS5A
A242CS244D
wi
Caveolin-2
A2420S244D

DRM

FIG. 6. Membranc floaling assay of JFH1 wt and NS5B(A242C/
$244D) replicon cells. The PNS fractions of HCV JFI1 (2a) wt and
NS5B(A242C/S244D) replicon cells were treated with 1% Triton
X-100 in 'TNE bulfler for 30 min at 4°C and subjected to 10 to 40%
sucrose gradient centrifugation in TNE bufler. Each [raction was sub-
jecled to 10% SDS-PAGL, followed by Western blotting with anti-
NSS5A, -NS5B, and -caveolin-2 antibodies. Fractions are numbered as
indicaled at the top of the pancl. The DRM [ractions (fractions 1 to 3)
are indicated.
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F1G. 7. Sphingomyelin binding domain (SBD) of HHCV RNA polymerase. (A) The SBDs (231N to 260L) of HCV RdRps are aligned together
with their sccondary structure predicted by the Chou-Fasman program (10). The predicted sccondary structure is indicated below the sequence
as follows: H, «-helix; E, B-sheet; and C, coil. The a-helix structures of HCV Conl (1b) RdRp and JFI1 (2a) RdRp are boxed in red. Residues
241Q and 244D are indicated in red and green, respectively. The 238A and 248 of the 1177 and RMT (1a) RdRps are indicated in purple.
GenBank accession numbers of HCV genotypes 3a, 4a, 5a, and 6a are GU814263 (12), GU8S14265 (12), Y13184 (), and Y12083 (1), respectively.
(B) Comparison ol the SBDs of HCV Conl (1b) (yellow) and JEH1 (2a) RdRps (magenta). The starting and ending amino acids of HI and H2
are indicated. The sphingomyelin binding site, 241Q, is indicated in red, and 244D of Conl (1b) and 244S of JFHI1 (2a) RdRp are indicated in
green. {C) Surface model of HCV Conl (1b) RdRp. SBD is indicated in yellow, and 241Q and 244D arc indicated in red and green, respectively.
The structures of the Conl and JITI1 RdRps were constructed by PyMOL, version 1.1.1 (http:/Awww.pymol.org/). PDB numbers of Conl (1b)

RdRp and JFH1 (2a) RdRp are 3FQL (14) and 315K (31), respectively.

tions of subgenomic replicon cells (30). Lipid rafts are com-
posed mainly of sphingomyclin, cholesterol, and glycosphingo-
lipids. Most reports regarding the relationship between lipids
and HCV have cxamined virion assembly, infectivity, and the
localization of HCV, but their biochemical interactions have
not been reported. Our findings clearly demonstrate that
sphingomyelin plays an important role not only in I1CV rep-
lication complex formation and its localization but also in HCV
RdRp activity.

The helix-turn-helix structure of the SBD (residues 230 to
263), which is located between RNA polymerase motifs A and
B, has been proposed as the sphingomyelin binding domain of
HCV RdRp (29). We compared the SBD of Con1 (1b) (Pro-
tein Data Bank [PDB] 3FQL) (14) and JFH1 (2a) (PDB 3I5K)
(31) and the sccondary structure of the amino acids (201 to
290) in the SBD predicted by the Chou-Fasman program (10)
(Fig. 7; sce also Fig. 85 in the supplemental material) because
the helix structures of the SBD of Con1 (helix 1 [H1], 231N to
241Q; helix 2 [H2], 247A to 260L) and JFH1 (H1, 231R to
242A; H2, 246P to 260L) RdRp fit with those predicted by the
Chou-Fasman program. The structures contributing to sphin-
gomyelin binding and activation arc M1 and 12 and the junc-
tion (turn) between the two helix structures that are similar to
the human immunodeficiency virus (HIV) gp120 V3 domain,

prion protcin (PrP), and B-amyloid peptide (13, 22). Although
Conl (1b) RdRp has a shorter helix structure than JFHI (2a)
RdRp (Fig. 6B), the structures of their SBDs are very similar
(Fig. 7; sce also Fig. S5). When the helix-turn-helix structure of
the SBD was destroyed (IICR6 genotype 1b RdRp mutants
L245A and 1253A), the RdRp lost sphingomyelin binding ac-
tivity and lost its activation (Fig. 2).

In order to study the structure-function relationship of the
SBD and sphingomyclin, we compared the SBD of genotype
1a, 1b and 2a RdARps and particularly focused on residue 244D
in the turn and residues 241Q and 238S/248E in the helix
domains. The polar amino acid 241Q and the ncgatively
charged 244D of Con1 (1b) RdRp located on the surface of the
RdRp molecule bind and interact with the positively charged
choline residue of sphingomyclin (Fig. 7C; see also Fig. S5 in
the supplemental material). The positively charged 241R re-
pels the choline residue of sphingomyelin, and as a result,
J6CF (a) RARp wt did not bind to sphingomyelin. JOCF (2a)
RARp(R241Q) showed almost the same sphingomyelin bind-
ing activity as TICR6 (1b) RdRp wt. This ionic interaction
between SBD and sphingomyelin agrees with the activation of
lipids with diffcrent sphingosine structurcs and fatty acid
chains (Fig. 3A). JFIT1 (2a) RdRp does not interact well with
sphingomyelin because it docs not have the negatively charged
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amino acids at the tip of its turn structure. Once its 244S was
changed to DD, more sphingomyelin bound to JFH1 (2a) RdRp
and activated the RdRp (Fig. 2A and C). The reason for the
low activation of J6CF (2a) RARp(R241Q/S244D) is not clear.
Sometimes mutations affect the entire conformation of the
molecule. In conclusion, from the comparison of sphingomy-
clin binding and activation of HCR6 (1b), J6CF (2a), and
JFH1 (2a) RdRp SBD mutants, 241Q is the essential amino
acid for sphingomyelin binding in the SBD. Amino acid 244D
cnhanced both binding and RdRp activation.

The in vitro sphingomyelin binding and RdRp activation
experiments indicale that sphingomyelin binding and its RdRp
activation are diflerent biochemical reactions because we
found controversial activation rates for sphingomyelin binding
and RdRp activation among J6CF (2a) RdRp mutants (Fig. 2).
The relationship between sphingomyelin binding and the acti-
vation ol polymerase activity was studied by comparing geno-
type 1b and 1a RdRps, both of which bind to sphingomyelin
(Fig. 2). However, 1a RdRp is not activated by sphingomyclin
because both of the helix structures of 1a RdRp are probably
terminated at 238A and 248Q, making its helix structures
shorter than those of 1b RdRp (Fig. 6A). The length of the
helix structure may be cssential for sphingomyelin activation
because RdRp changes its structurc to bind to template RNA
when sphingomyelin binds to SBD (Fig. 4).

HCV RdRp changes its conformations at the carly stages of
transcription initiation, including the templatc RNA binding
step (6, 9). Sphingomyelin binding is likely to change the con-
formation of 1b RdRp to recruit template RNA and initiate
transcription efficiently. Comparison of the activation ratio of
RNA binding and polymerase activity of 1b RdRp, J6CF (2a)
RdRp wt and R241Q and S244D mutants, and JFH1 (2a)
RdRp wt and mutant A242C/S244D suggests that steps other
than RNA binding are also likely to be activated by sphingo-
myelin.

From a kinetic analysis of sphingomyclin activation (Fig. 1C
and D), 20 sphingomyelin molecules are estimated o interact
with the SBD of RdRp and activate it because sphingomyelin
activation platcaued at 20 sphingomyelin molecules per 1ICV
RdRp molecule. It is not clear whether 20 sphingomyelin mole-
cules form a micelle or a layer structure. However, the structure
of sphingomyelin is important for the activation of HCV RdRp
because phosphocholine did not activate the RdRp (Fig. 3D).

To confirm these biochemical findings in HCV replication,
we tested the effect of SBD mutations in HCV replicon systems
with the SPT inhibitor myriocin (Fig. 5) (4, 33) because NA255
was not available. The loss-of-function mutant, HHCV NN (1b)
NS5B(ID2448), showed lower replicon activity than NN (1b) wt
and more resistance to 50 nM myriocin, which did not aflect
the viability of cells (4, 33), than the wt. The gain-of-function
mutant, H77 (1a) NS5B(A238S/Q248E), showed higher repli-
con activity than H77 wt and retained myriocin sensitivity be-
causc it had the sphingomyelin binding sitcs 241Q and 244D.
At 50 nM myriocin, another gain-of-function mutant, JFH1
(2a) NS5B(A242C/S244D), was inhibited although its activity
was the same as that of JFH1 (2a) wt without myriocin because
the JFH1 wt replicon had high replicon activity without myrio-
cin (Fig. 5A). The JFH1 replicon activity may be maximal in
the system; therefore, the JFH1 (2a) NS5B(A242C/S244D)
replicon did not show higher activity than JFH1 (2a) wt with-
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out myriocin while H77 (1a) NS5B(A238S/Q248E) showed
higher replicon activity than 177 wt.

The binding and RdRp activation activity of the amino acid
244 mutants by sphingomyclin did not difler greatly from the
wt in vitro. However, the myriocin sensitivity of JFH1 (2a)
NS5B(5244D) was demonstrated clearly. That of H77 (1a)
NS5B(A2388/Q0248E) indicated that sphingomyelin binding
was the target of myriocin inhibition, not the sphingomyelin
activation of RdRp. These data confirm the importance of
241Q, 244D, and the helix structure in SBD for FICV replica-
tion in the cells.

Sphingomyelin is the major component of the lipid raft
structure/DRM where the HCV genome replicates. To confirm
that the $BD is the membrane binding site of ICV RdRp, we
analyzed the localization of NS5B of JFH1 (2a) wt and
NS5B(A242C/S244D) replicons by membrane floating assay
(Fig. 6). JFH1 (2a) NS5B wt did not localize in the DRM.
However, the localization of NS5B of the JFH1 (2a)
NS5B(A242C/S244D) replicon shifted to the DRM from the
soluble fractions. Previously, HHCV NS5B was believed to lo-
calize in the DRM by its C-terminal hydrophobic sequences
(21). However, our data demonstrate that the SBD is the
membrane localization domain of HCV NS5B, which agrees
with the myriocin sensitivity of JFH1 (2a) NS5B(A242C/
$244D) replicons (Fig. 5) and the release of HCV 1b NS5B
from the DRM by another SPT inhibitor, NA255 (29).

This is the first report of RNA polymerase activation by
lipids. Twenty sphingomyelin molecules interact with SBD,
particularly with residues 241Q and 244D of HCV (1b) RdRp,
and change the conformation of the RdRp in order to recruit
RNA templates. At the same time, HCV RdRp molecules may
be aligned on the sphingomyelin layer formed via interactions
between the hydrocarbon chains of sphingosine and fatty acids
via placement of their SBD into the layer (Fig. 7C). Consistent
with previous research (3, 23, 37), our findings explain why the
inhibitors of the sphingolipid biosynthetic pathway influence
subgenomic replicons derived from HICV genotypes 1a and 1b
but not those derived from JFH1 (2a) (Fig. 5). Most HCV
isolates have 241Q in NS5B, and some of them also have 244D
(Fig. 7A). These sphingomyelin interactions are new targets
for the treatment of HICV.
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The aim of the study was to identify a predictive
marker for the virological response in hepatitis C
virus 1b {HCV-1b}-infected patients treated
with pegylated interferon plus ribavirin therapy.
A total of 139 patients with chronic hepatitis C
who received therapy for 48 weeks were enrolled.
The secondary structure of the 120 residues of the
amino-terminal HCV-1b non-structural region 3
{NS3) deduced from the amino acid sequence
was classified into two major groups: A and B.
The association between HCV NS3 protein poly-
morphism and virological response was ana-
lyzed in patients infected with group A {(n=28)
and B (n =40) isolates who had good adherence
to both pegylated interferon and ribavirin
administration {>95% of the scheduled dosage)
for 48 weeks. A sustained virological response
(SVR) representing successful HCV eradication
occurred in 33 (49%) in the 68 patients. Of the
28 patients infected with the group A isolate,
18 (64%) were SVR, whereas of the 40 patients
infected with the group B isolate only 15 (38%)
were SVR. The proportion of virological
responses differed significantly between the
two groups (P < 0.05). These results suggest that
polymorphism in the secondary structure of the
HCV-1b NS3 amino-terminal region influences
the virological response to pegylated interferon
plus ribavirin therapy, and that virus grouping
based on this polymorphism can contribute to
prediction of the outcome ofthistherapy. J. Med.
Virol. 82:1364-1370, 2010. © 2010 Wiley-Liss,

Inc.
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INTRODUCTION

Hepatitis C virus (HCV) is the major pathogen that
causes chronic liver diseases with a risk of progression to
cirrhosis and hepatocellular carcinoma. Currently, the
standard treatment for chronic hepatitis C is antiviral
therapy using pegylated interferon (Peg-IFN) plus
ribavirin (RBV), and this approach is most effective for
eradication of HCV viremia. However, even with the
widely used treatment regimen of 48 weeks, the rate of
sustained virological response (SVR), which indicates
eradication of viremia, is still approximately 50% for
patients infected with the therapy-resistant HCV
genotype 1b (HCV-1b) with a high viral load [Manns
et al., 2001; Bruno et al., 2004; Hadziyannis et al., 2004].
It would be useful to predict the virological response to
this therapy and to identify patients who would obtain
beneficial therapeutic effects before treatment, in order
to avoid any serious side effect and to eliminate those
who would not be helped by the treatment. In the future
it will be important to establish a protocol of tailor-made
medicine for chronic hepatitis C.
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HCV NS3 Polymorphism and PegIFN/RBV Therapy

Both the HCV genotype and pre-treatment viral load
are major viral factors that influence the response to
IFN-based antiviral therapy, but IFN resistance is also
partly due to variation of the amino acid sequence
encoded by HCV itself. Enomoto et al. [1996] proposed
that variation of 40 amino acids within the NS5A
region (aa 2,209-2,248), which is referred to as the
IFN sensitivity-determining region (ISDR), is well
correlated with IFN responsiveness. ISDR and its
adjacent sequence bind and inhibit the enzymatic
activity of a double-stranded RNA-activated protein
kinase (PKR), which can have an antiviral effect, and
therefore the combined region is referred to as the PKR-
binding domain (PKR-BD) [Gale et al., 1997, 1998]. A
correlation between sequence variation in the PKR-BD
and IFN responsiveness has been reported [Nousbaum
et al, 2000], and some reports show a correlation
between IFN responsiveness and the sequence diversity
of variable region 3 (V3) (aa 2,356-2,379) or surround-
ing regions near the carboxy terminus of NS5A [Murphy
et al., 2002; Sarrazin et al., 2002; Puig-Basagoiti et al.,
2005]. Ahigh degree of amino acid substitution in the V3
and pre-V3 regions (aa 2,334-2,355) of NS5A, which is
referred to as the IFN/RBV resistance-determining
region IRRDR) (aa 2,334~2,379), has been associated
with SVR in Peg-IFN/RBV combination therapy for
patients infected with HCV-1b [El-Shamy et al., 2007,
2008]. In addition to these findings in non-structural
proteins of the virus, amino acid substitution in a
structural region of HCV has been reported to be a
predictive viral marker for the virological response to
PegIFN/RBV therapy. Amino acid polymorphisms in the
HCV core region (Arg70 vs. GIn70 and Leu91 vs. Met91)
correlate with virological outcome and on-treatment
viral kinetics in Peg-IFN/RBV therapy [Akuta et al.,
2006, 2007, and a double wild-type HCV core (Arg70
and Leu91) may be a significant predictor of SVR in
Peg-IFN/RBV therapy [Akuta et al., 2007].

Interactions between viral and host proteins in
infected cells may influence therapeutic effects and
the natural history of infection, since the HCV NS3
region has a significant effect on immunity. The amino-
terminal part of this region encodes a serine protease,
for which the minimum activity has been mapped to a
region between aa 1,059 and 1,204 [Yamada et al., 1998].
The serine protease inactivates Cardif, a caspase
recruitment domain (CARD)-containing adaptor pro-
tein that interacts with the RNA helicase retinoic
acid inducible gene 1 (RIG-1)-dependent antiviral path-
way in infected cells [Foy et al., 2003; Meylan et al.,
2005; Evans and Seeger, 2006]. This action inhibits
phosphorylation and subsequent heterodimerization of
interferon regulatory factor-3 (IRF-3), which is essential
for activation of IFN signaling through translocation of
IRF-3 heterodimers into the nucleus, and eventually
blocks IFN-beta production. In addition, inactivation of
IRF-3 is postulated to influence the therapeutic effect
of IFN-based antiviral therapy, because the IRF-3
heterodimer translocates into the nucleus to bind to
the IFN-stimulated response element that produces
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many antiviral proteins, including 2',5'-oligoadenylate
synthetase and PKR [Nakaya et al., 2001; Grandvaux
et al., 2002]. Collectively, these findings suggest that
polymorphisms in HCV NS3 structure deduced from
sequence variation may influence IFN-related signaling
and the antiviral effect of IFN-based anti-HCV therapy.

We have focused on polymorphisms in the secondary
structure of the viral polyprotein that interacts
with host proteins involved in immunity, with the aim
of identification of predictive viral markers for the
response to Peg-IFN/RBV therapy. In this study, we
examined the potential correlation between polymor-
phisms in the secondary structure of the HCV NS3
amino-terminal region and virological responses to Peg-
IFN/RBV therapy in patientsinfected with HCV-1b with
a high viral load.

PATIENTS AND METHODS

Patients and Treatment Regimen With
Peg-IFN Plus Ribavirin

A total of 139 consecutive patients diagnosed with
chronic hepatitis C were enrolled in the study from
December 2004 to March 2007. These patients included
81 men and 58 women, and were aged from 31 to 75 years
old (mean =+ 8D, 56.8 8.7 years old). All patients were
infected with HCV-1b with a high viral load of over
100KIU/m], and all received Peg-IFN/RBV therapy.
Patients with alcoholic liver injury, autoimmune liver
disease, and those who had symptoms of decompensated
cirrhosis including ascites were excluded. Briefly, all
patients were treated with a combination of Peg-IFN-
alpha 2b (Pegintron™; Schering-Plough, Kenilworth,
NJ) and RBV (Rebetol™; Schering-Plough) for 48 weeks.
Peg-IFN was administered subcutaneously once a week
and RBV was given orally twice a day for the total dose.
The dosages were determined on the basis of body
weight according to the Japanese standard prescription
information supplied by the Japanese Ministry of
Health, Labour and Welfare, and there was a limit for
calculating the optimized dose: patients with body
weights of 356-45, 46-60, 61-75, and 7690 kg were
given Peg-IFN at doses of 60, 80, 100, and 120 ug,
respectively, and those with body weights of <60, 60—80,
and >80kg were given RBV at doses of 600, 800, and
1,000 mg, respectively. The dose of Peg-IFN or RBV was
reduced according to the Japanese standard criteria
based on the white blood cell count, neutrophil
count, hemoglobin concentration and platelet count
[Hiramatsu et al., 2008].

Virological Tests and Response to
Peg-IFN Plus Ribavirin

Virological responses were evaluated at 12 weeks
after the start of treatment with an early depletion of
viremia referred to as an early virological response
(EVR), at the end of treatment with depletion of viremia
referred to as an end of treatment virological response
(ETR), and at 24 weeks after completion of treatment,
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with a clinical outcome of a sustained virological
response (SVR) representing successful HCV eradica-
tion. All patients were negative for hepatitis B surface
antigen. Quantification of serum HCV RNA was
performed using an RT-PCR-based commercial kit
(Amplicor HCV monitor test, ver. 2.0, Roche Dia-
gnostics, Tokyo, Japan). This Amplicor HCV RNA assay
has a lower limit of detection of 50IU/ml. SVR
was determined by monitering negativity for HCV
RNA monthly for 6 months. The real-time PCR assay
kit (COBAS TagMan HCV Auto, Roche Diagnostics) for
more precise quantitation of HCV viremia has
recently become available and pre-treatment viral titers
were re-evaluated using preserved serum samples. This
real-time PCR assay has a lower limit of detection of
15 IU/ml. The study protocol was approved by the Ethics
Committee of Yamagata University Hospital. Informed
consent was obtained from all patients.

PCR Amplification of the
Amino-Terminal Region of NS3

RNA was extracted from 50pl of serum using an
RNeasy Mini kit (Qiagen, Tokyo, Japan). To amplify the
region of the HCV genome encoding the amino-terminal
region of NS3 (1,027-1,206), a one-step PCR was
performed in a tube using the Superscript One-Step
RT-PCR kit with Platinum Taq (Gibco-BRL, Tokyo,
Japan) and an outer set of primers: NS3-F1 (sense
primer; 5-ACA CCG CGG CGT GTG GGG ACA T-3;
nucleotides 3,295-3,316) and NS3-AS2 (antisense pri-
mer; 5-GCT CTT GCC GCT GCC AGT GGG A-3;
nucleotides 4,040—4,019), as reported previously [Ogata
et al., 2002a, 2003]. PCR was initially performed at 45°C
for 30 min at RT and then at 94°C for 2min, followed by
the first-round PCR for forty 3-min cycles at 94°, 55°, and
72°C for 1min each. The second-round PCR was
performed with Pfu DNA polymerase (Promega, Tokyo,
Japan) and an inner set of primers: NS3-F3 (sense
primer; 5-CAG GGG TGG CGG CTC CTT-3; nucleo-
tides 38,390-3,407) and NS3-AS1 (antisense primer;
5-GCC ACT TGG AAT GTT TGC GGT A-3'; nucleotides
4,006-3,985). The second-round PCR was performed for
35 cycles, with each cycle consisting of 1 min at 94°C,
1.5min at 55°C, and 3min at 72°C. This method allowed
amplification of the corresponding portion of the HCV
genome from HCV-1b RNA-positive samples. The
amplified fragments were purified with a QIAquick
PCR purification kit (Qiagen) and directly sequenced
(without being subcloned) in both directions using a
dRhodamine Terminator Cycle Sequencing Ready Reac-
tion kit and an ABI 377 sequencer (Applied Biosystems,
Tokyo, Japan).

Classification of the Secondary Structure of
the HCV-1b NS3 Amino-Terminal Region

The secondary structure of the amino-terminal region
of HCV NS3 was predicted by computer-assisted Robson
analysis [Garnier et al., 1978] with Genetyx-Mac
software (ver.10.1; Software Development Co., Tokyo,
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Fig. 1. Secondary structure of the 120 amino-terminal residues of
HCV-1b nonstructural 3 (NS3) region classified into two major groups:
A and B. The looped, zigzag, straight, and bent lines represent o-helix,
B-sheet, coil, and turn structures, respectively. The numbers indicate
amino acid positions. A: Group A, (B) Group B.

Japan). Previously, the full-length secondary structure
of the HCV-1b NS3 region was analyzed, and this
showed that the secondary structure deduced from the
carboxy-terminal 60 residues was well conserved in
terms of linear structure, without any turn structure
[Ogata et al., 2002a]. We have shown that the secondary
structure of the 120 residues in the amino-terminal
region of HCV-1b NS3 can be classified into two major
groups: A and B (Fig. 1) [Ogata et al., 2002a, 2003].
Briefly, the criteria for this classification are as follows:
in group A isolates, the carboxy-terminal 20 residues (aa
1,125-1,146) are oriented leftward relative to a domain
composed of the remaining amino-terminal region;
whereas in group B isolates, the same 20 residues are
oriented rightward relative to the rest of the amino-
terminal domain.

Analysis of Amino Acid Substitutions in
the Core Region

To amplify a region of the HCV genome encoding the
core region including positions 70 and 91, reverse
transcription and the first-round PCR were performed
in a tube by the Superscript One-Step RT-PCR kit
with Platinum Taq (Gibco-BRL) and an outer set of
primers, followed by second-round PCR with an
inner set of primers in accordance with procedures
reported previously [Ogata et al., 2002b]. The sequences
of the amplified fragments were determined by direct
sequencing.

Statistical Analysis

Data were analyzed by a #? test for independence
with a two-by-two contingency table and a Student
t-test. A P-value <0.05 was considered significant.

RESULTS

Virological Response and Adherence to the
Peg-IFN Plus Ribavirin Regimen

Rates of virological responses in patients treated with
PegIFN/RBV combination therapy for 48 weeks are
shown in Figure 2. Of the 139 patients enrolled in the
study, SVR, non-SVR and cessation of therapy occurred
in58(42%), 62 (45%), and 19 (14%), respectively. Serious

HCV NS3 Polymorphism and PegIFN/RBV Therapy

Virological
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60
n=38 n=37
n=58 n=62
40
20
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Fig. 2. Virological response in patients treated with peginterferon
plus ribavirin for 48 weeks. The results are shown for all 139
subjects (open bars) and for 75 cases with good adherence of >80% of
the scheduled dosages (closed bars). SVR, sustained virological
response.

adverse events that necessitated discontinuation of this
therapy were depression in one patient, thyroid function
disorder in 2, general itching in 2, infection in 2,
anorexia in 2, occurrence of hepatocellular carcinoma
in 2, and a decreased neutrophil count in 2. Six patients
also terminated this therapy at their own request. Ofthe
139 patients, 75 (54%) received >80% of the scheduled
dosage of Peg-IFN and RBV designated before treat-
ment, and of these 75 cases SVR and non-SVR occurred
in 38 (51%) and 37 (49%), respectively.

Prevalence of Types of Secondary Structure of
the Amino-Terminal Region of HCV NS3

The prevalence of the types of secondary structure of
HCV NS3 in the 139 subjects is shown in Table I. Among
these subjects, 43 (31%), 70 (50%), and 26 (19%) were
classified into groups A, B, and others, including 3 of
mixed type (A plus B) and 23 of non-A, non-B type. Of the
75 cases with good adherence to administration of >80%
of the scheduled dosage, 28 (37%), 40 (563%) and 7 (9%)
were classified into groups A, B, and others. The
amino acid data of group A and B in the cases with
good adherence to administration are available in the
DDBJ/EMBL/GenBank databases with the accession
numbers AB548070-AB548137. Our analysis revealed
no specific correlations between amino acid sequences

TABLE 1. Prevalence of the HCV NS3 Secondary Structure
Type

GroupA  GroupB  Others
(%) (%) %)

Enrolled cases (n = 139) 43 (31) 70 (50) 26 (19)
Adherent cases (n="175) 28 (37) 40 (53) 7(9)
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and the secondary structure deduced by the Robson
method, as we have reported previously [Ogata et al.,
2003].

Characteristics of Adherent Patients Based on
Different HCV NS3 Structure Types

The virological responses to Peg-IFN/RBV combina-
tion therapy for patients infected with group A and B
isolates were assessed in the 68 subjects with good
adherence to the scheduled dosage of Peg-IFN and RBV.
The characteristics of patients infected with group A
and B isolates are shown in Table II. Age, gender, pre-
treatment level of serum HCV RNA and ALT, and
frequency of fibrosis stage did not differ significantly
between the two groups. Peg-IFN/RBV combination
therapy was completed in all the patients, and the total
administered dosages of Peg-IFN and RBV was >95% of
the scheduled dosage in both groups.

Relationship Between Virological
Responses and Polymorphisms in the
HCV NS3 Amino-Terminal Region

Inthe 68 patients who received >95% of the scheduled
doses of Peg-IFN and RBV for 48 weeks, SVR and non-
SVR occurred in 33 (49%) and 35 (51%), respectively.
The EVR, ETR, and SVR rates in patients infected with
group A and B isolates are shown in Table III. There was
a significant difference in the rates of EVR between
subjects infected with group A and B isolates: EVR
was achieved in 19 of 28 (68%) patients with group A
infection, compared to 17 of 40 (43%) with group B
infection (P <0.05). The final outcome also differed
significantly between subjects infected with group A and
B isolates: SVR was achieved in 18 of 28 (64%) patients
with group A infection, compared to 15 of 40 (38%) with
group B infection (P < 0.05).

Polymorphisms in Core Amino Acids 70/91 and
in the HCV NS3 Secondary Structure

The wild-type core sequence (Arg70, Leu91) has been
associated with SVR in Peg-IFN/RBV combination
therapy, while the non-double wild-type containing
one or two substitutions at positions 70 and/or 91 was
associated with non-SVR [Akuta et al., 2007)]. Therefore,
we examined substitutions at positions 70 and 91 in the
HCV core region in pre-treatment serum samples of
44 cases that were available for testing. The double
wild-type 70/91 sequence was found in 22 of the 44 cases
(50%), of which 12 were SVR and 10 were non-SVR.
Combination analysis of polymorphisms of the HCV core
70/91 positions and the NS3 amino-terminal region
showed that 10 (83%) of the 12 SVR cases and only 3
(30%) of the 10 non-SVR cases with the double wild-
type core had a group A polymorphism in HCV NS3
(Table IV). Thus, combination analysis of the core and
NS3 regions may improve prediction of the outcome of
Peg-IFN/RBV therapy.

J. Med. Virol. DOI 10.1002/jmv
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TABLE II. Characteristics of Adherent Patients Infected With HCV Group A and B Isolates

Group A (n=28)

Group B (n=40) P

Age (years)
Sex (men/women)
Pre-treatment HCV RNA (KIU/ml)
Alanine aminotransferase level (U/L)
Stage of liver fibrosis
F1or F2/F3 or F4
Drug adherence dosage (%)
Pegylated interferon
Ribavirin

55.5+9.5 55.5+8.9 NS$®
18/10 21/19 Ns®
1,635+ 930 2,087+ 1,422 NS?
80 £ 62 T1+£47 Ns?
19/9 28/12 Ns®
97.745.2 95.2+7.3 Ns®
96.8+ 6.4 95.3+7.7 NS?

NS, not significant.
t-test.
b2 test.

Re-Evaluation of Pre-Treatment HCV Viremia
Status Using Real-Time PCR

Since the viral titer before treatment is a major
predictive marker of the outcome of Peg-IFN/RBV
therapy, we re-evaluated the pre-treatment viral titers
more precisely using preserved serum samples taken
within 1 month before treatment, using a real-time
PCR assay. The pre-treatment viral titers did not
differ significantly between sera with group A and B
isolates (5.98 4+ 0.94 vs. 6.25 £ 0.62 loglU/ml) (Table V).
The secondary structure polymorphisms of HCV NS3
were independent of the pre-treatment viral titers.

DISCUSSION

Antiviral therapy with Peg-IFN/RBV for 48 weeks
fails to eradicate HCV in about half of patients infected
with a high titer of HCV genotype 1b, and the severe
adverse events and high costs associated with this
therapy require outcome prediction to allow targeted
treatment for chronic hepatitis C. The pre-treatment
viral titer, viral factors that influence the virological
response to IFN-based anti-HCV therapy have been
widely investigated. Viral kinetics showing prompt
seronegativity after the start of treatment is a critical
factor for achieving SVR, and thus the possible correla-
tion between an early virological response and genetic
sequence variation of the HCV has been studied. In
particular, amino acid substitutions in the HCV core
region at positions 70 and 91 or multiple mutations
detected in the IRRDR of the HCV NS5A region are
useful markers for predicting EVR and subsequent SVR.

TABLE III. Virological Responses in Subjects With Different
Polymorphisms in the Secondary Structure of HCV NS3

EVR* ETR** SVR*
Group A (n=28) 19 (68%) 23 (82%) 18 (64%)
Group B (n=40) 17 (43%) 25 (63%) 15 (38%)

EVR: early virological response at 12 weeks after the start of treatment.
ETR: virological response at the end of treatment.

SVR: sustained virological response 24 weeks after completion of
treatment. .

“P<005.

**P =0.08; ;° test.

J. Med. Virol. DOI 10.1002/jmv

To date, the influence of several single amino acid
substitutions and accumulation of these changes in the
viral genome on the effect of IFN-based anti-HCV
therapy has been examined. Since interactions between
host and viral proteins in infected cells may influence
the therapeutic effect of an antiviral agent, we focused
on the association of structural polymorphism of a viral
protein with the effect of Peg-IFN/RBV combination
therapy in this study. Our results suggest that poly-
morphism analysis of secondary structure deduced from
sequence variations in the HCV NS3 amino-terminal
region can be used to predict viral responses to this
therapy.

Amino acid sequences of the HCV NS3 amino-
terminal region, which encodes a serine protease, vary
greatly among HCV isolates. Interactions between HCV
NS3 and host proteins may influence both oncogenesis
and immunity, and thus elucidation of the biological
significance of these interactions could result in a new
prognostic marker for HCC or a predictive marker
for anti-HCV therapy. First, HCV NS3 interacts with
the p53 tumor suppressor to suppress p53-dependent
apoptosis or p2l transcriptional activity [Ishido
and Hotta, 1998; Kwun et al., 2001; Deng et al., 2006].
Transfection of a plasmid expressing the amino-termi-
nal portion of HCV NS3 induces cell transformation
in vitro, and transplanted cells proliferate with sar-
coma-like features in vivo [Sakamuro et al., 1995]. These
findings suggest that NS3 may be involved in the
oncogenic pathway in HCV infection. We have shown
that the secondary structure of the 120-residue amino-
terminal region of NS3 (1,027-1,146) is classifiable into
two major groups: A and B. This region encodes a serine
protease and also includes p53-binding sites. Our

TABLE IV. Treatment Outcome of Cases With a Double
Wild-Type Core Region and Different HCV NS3 Structural

Polymorphism
Group A (%) GroupB (%) P
SVR (n=12) 10 (83) 2(17) 0.02"
Non-SVR (n=10) 3(30) 7(70)
SVR, tained virological resp

2 test.

HCV NS3 Polymorphism and PegIFN/RBV Therapy

TABLE V. Pre-Treatment HCV RNA Levels Measured by
Real-Time PCR for Subjects With Different HCV NS3
Structural Polymorphism

Group A Group B P
SVR (n=33) 5.78+1.05 6.1340.71 N§*
Non-SVR (n =35) 6.3340.59 6.32+:0.55 Ns®
Total (n=68) 5.98+0.94 6.25:+0.62 NS

SVR, sustained virological response. NS, not significant.
"t test.

previous cross-sectional studies revealed that the
prevalence of group B infection is significantly higher
in HCC cases than innon-HCC cases [Ogataet al., 2003],
and that the group B infection is an independent risk
factor for development of HCC in patients with chronic
HCV infection [Nishise et al, 2007]. Second, NS3
interacts with host proteins associated with IFN signal-
ing and thus influences cellular immunity. Since the
serine protease encoded by the amino-terminal region of
NS3 inhibits the IFN-signaling pathway, polymorphism
of this region is likely to influence the effect of Peg-IFN/
RBV combination therapy.

Several factors associated with the virological
response to this therapy are well known, with adherence
to both IFN and RBV strongly influencing outcome
[Pearlman, 2004; Arase et al.,, 2005; Yamada et al.,
2008]. In this study, we analyzed 75 cases in which
>80% of the scheduled dosage of both drugs was
administered. Of these cases, 28 (37%) and 40 (53%)
were infected with group A and B isolates, respectively,
which were similar rates to those for the 139 cases in the
overall study. Age, gender, viral load before treatment,
ALT level, proportion of fibrosis stage and adherence to
Peg-IFN and RBV did not differ between the group A and
B cases. However, the frequencies of SVR and EVR were
significantly higher in group A, and those for non-EVR
and non-SVR were significantly higher in group B. The
results suggest that infection with the group B isolate,
which correlates with a higher rate of HCC, is resistant
to Peg-IFN/RBV therapy. The pre-treatment viremia
status in the 68 cases with group A or B isolates showed
no significant differences between the two groups of
patients. Therefore, these results suggest that
the secondary structure of the HCV NS3 amino-
terminal region may be useful for prediction of the
outcome of Peg-IFN/RBV combination therapy. In this
initial study setting, the relationship of these poly-
morphisms to the frequency of rapid viral response at
4 weeks after the start of treatment was not evaluated. It
will be important to assess this relationship in a future
study.

The polymorphism in HCV core region (Arg70/Leu91)
is a useful predictive marker for virological responses in
Peg-IFN/RBV therapy [Akuta et al., 2007]. Interest-
ingly, a combined analysis of polymorphisms of the core
region (which encodes a structural protein) and HCV
NS3 (a nonstructural protein) improved the prediction
rate. Therefore, analysis of NS3 polymorphism in
combination with the core structural polymorphism
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appears to improve prediction of the outcome of Peg-
IFN/RBV therapy. A larger, multi-center prospective
study would be necessary to validate the present
results. In conclusion, the results of this study suggest
that secondary structure polymorphism in the amino-
terminal region of HCV NS3 is a useful predictive
marker of the effect of Peg-IFN/RBV combination
therapy for chronic hepatitis C. Although the present
findings are clinically important, and will be helpful
for predicting the outcome of Peg-IFN/RBV therapy,
further in vitro studies will be needed to elucidate
the molecular mechanism underlying the association of
HCV NS3polymorphisms with clinical outcome.
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17 p-estradiol inhibits the production of infectious particles

of hepatitis C virus
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ABSTRACT

Persistent infection with hepatitis C virus causes serious liver diseases, such as chronic hepatitis, hepatic
cirrhosis and hepatocellular carcinoma. The male gender is one of the critical factors in progression of
hepatic fibrosis due to chronic HCV infection; thus female hormones may play a role in delaying the
progression of hepatic fibrosis. It has also been reported that women are more likely than men to clear
HCYV in the acute phase of infection. These observations lead the present authors to the question: do
female hormones inhibit HCV infection? In this study using HCV J6/JFH1 and Huh-7.5 cells, the possible
inhibitory effect(s) of female hormones such as 178-estradiol (the most potent physiological estrogen)
and progesterone on HCV RNA replication, HCV protein synthesis and production of HCV infectious
particles (virions) were analyzed. It was found that E;, but not Py, significantly inhibited production
of the HCV virion without inhibiting HCV RNA replication or HCV protein synthesis. E,-mediated
inhibition of HCV virion production was abolished by a nuclear estrogen receptor (ER) antagonist
ICI182780. Moreover, treatment with the ERa-selective agonist 4, 4', 4”- (4-propyl-[1H]-pyrazole-1, 3,
5-triyl)trisphenol (PPT), but not with the ERB-selective agonist 2, 3-bis (4-hydroxyphenyl)-propionitrile
(DPN) or the G protein-coupled receptor 30 (GPR30)-selective agonist 1-(4-[6-bromobenzo 1, 3 dioxol-
5-yl]-3a, 4, 5, 9b-tetrahydro-3H-cyclopenta [c] quinolin-8-yl)-ethanone (G-1), significantly inhibited
HCYV virion production. Taken together, the present results suggest that the most potent physiological
estrogen, E,, inhibits the production of HCV infectious particles in an ERe—dependent manner.

Key words 17p-estradiol, estrogen receptor, hepatitis C virus, sex difference.

HCV, an enveloped RNA virus which belongs to the genus
Hepacivirus within the family Flaviviridae, prevails in
most parts of the world with an estimated number of
about 170 million carriers; hence HCV infection is a ma-
jor global health-care problem (1). Persistent infection
with HCV causes serious liver diseases, such as chronic
hepatitis, hepatic cirrhosis and hepatocellular carcinoma

Correspondence

(2, 3). In the USA, the prevalence of anti-HCV antibodies
is twice as high in men as in women (4). The male gender
is thought to be one of the critical factors in progression
of hepatic fibrosis in chronic HCV infection (5, 6). It has
also been reported that progression of hepatic fibrosis is
faster in postmenopausal than in premenopausal women,
and that hormone replacement therapy with estrogen and
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17 -estradiol inhibits HCV virion production

progesterone significantly delays progression of hepatic
fibrosis in postmenopausal women (6, 7). This poten-
tial innate resistance of premenopausal women to hepatic
fibrosis may be attributed to female hormones, such as
estrogens and progesterone. In fact, E;, the most potent
physiological estrogen, has been reported to suppress the
progression of liver fibrosis and hepatocarcinogenesis (8,
9). Moreover, women are more likely than men to clear
HCV in the acute phase of infection, even within a few
months after infection (10). These observations imply the
possibility that female hormones inhibit HCV infection,
either at the level(s) of virus attachment/entry, virus RNA
replication, virus protein synthesis or production of in-
fectious virus particles (virions).

Estrogens utilize three kinds of ER; ERa, ERA and
GPR30 (11-15). Specific agonists and antagonists of ER
are available and widely used to examine the roles of es-
trogens. In the present study, we examined the possible
effects of female hormones, especially E; and P4, on HCV
RNA replication, protein synthesis and virion production
in cultured cells.

MATERIALS AND METHODS

Cell culture and virus infection

A human hepatoma-derived cell line, Huh-7.5, which
is highly permissive to HCV RNA replication (16), was
kindly provided by Dr. C. M. Rice (The Rockefeller Uni-
versity, New York, NY, USA). The cells were maintained
in phenol red-free DMEM (Sigma-Aldrich, St Louis,
MO, USA) supplemented with 10% heat-inactivated and
charcoal-stripped FBS (Israel Beit Haemek, Haemek, Is-
rael), 0.1 mM non-essential amino acids (Invitrogen,
Carlsbad, CA, USA), 100 IU/mL penicillin and 100 £g/mL
streptomycin (Invitrogen).

The pFL-J6/JFH1 plasmid that encodes the entire viral
genome of a chimeric strain of HCV-2a, J6/JFH1 (17) was
kindly provided by Dr. C. M. Rice. A cell culture-adapted
mutant derived from J6/JFH1 (P-47 strain) (18, 19) was
used for infection experiments. The virus was inoculated
into Huh-7.5 cells at a multiplicity of infection of 1.0 and
incubated for 2 hr. After the residual virus had been re-
moved by washing, the cells were cultured in the presence
or absence of female hormones, and agonists and an an-
tagonist of estrogen receptors (see below). Culture super-
natants were collected at 0, 1, 2 and 3 days postinfection
and virus titers were determined, as described below.

Virus titration

Culture supernatants containing HCV were serially di-
luted 10-fold in DMEM and inoculated into Huh-7.5 cells

© 2010 The Societies and Blackwell Publishing Asia Pty Ltd

(2 x 10° cells per well in a 24-well plate). After incubation
at 37°C for 6 hr, the cells were fed with fresh DMEM.
At 24 hr postinfection, the cells were fixed with ice-cold
methanol, blocked with 5% goat serum in PBS and sub-
jected to immunofluorescence analysis using mouse mon-
oclonal antibody against the HCV core protein (2H9) and
Alexa Fluor 488-conjugated goat anti-mouse IgG (H+L,
Molecular Probes, Eugene, OR, USA). Hoechst 33342
(Molecular Probes) was used for counterstaining of the
nuclei. HCV-positive foci were counted under a fluores-
cent microscope (BX51; Olympus, Tokyo, Japan) and virus
titers were expressed as focus-forming units per ml, as re-
ported previously (18, 19).

Chemicals

E; and P; were purchased from Sigma-Aldrich (St
Louis, MO, USA). ICI182780 (an antagonist of ERa and
ERA), PPT (an ERa-selective agonist) (20) and DPN (an
ERpB-selective agonist) (21) were purchased from Tocris
Bioscience (Bristol, UK). G-1 (a GPR30-selective ago-
nist) (22) was purchased from Calbiochem (Darmstadt,
Germany). DMSO, which was used as a solvent, was
obtained from Wako Pure Chemical Industries (Osaka,
Japan). The concentrations of E; and P4 used in this
study were 0.4 uM and 3 M, respectively, which cor-
respond to the estimated highest concentrations in the
sera of pregnant women. ICI182780 was used ata concen-
tration of 1 tM, PPT and DPN at 0.1, I and 10 M, and
G-1at0.1and 1 tM. As G-1 has been reported to lose its
GPR30-binding specificity at concentrations over 1 M,
a concentration of 10 uM for G-1 was not tested. The
final concentration of DMSO as a control never exceeded
0.01%.

Cell viability assay

Cells plated on 96-well microtiter plates (2.0 x 10*
cells/well) were inoculated with HCV and treated with
Ejy, P4 or DMSO. The cell viability in each well was deter-
mined by WST-1 assay (Roche Diagnostics, Mannheim,
Germany) until 3 days postinfection.

Real-time quantitative RT-PCR

Total cellular RNA was isolated using the RNAiso reagent
(Takara Bio, Kyoto, Japan) and cDNA was generated us-
ing the QuantiTect Reverse Transcription system (Qiagen,
Valencia, CA, USA). Real-time quantitative PCR was per-
formed on a SYBR Premix Ex Taq (Takara Bio) using SYBR
green chemistry in ABI PRISM 7000 (Applied Biosystems,
Foster, CA, USA). Primer sets used in this study are shown
below: HCV NS5B, 5'-ACCAAGCTCAAACTCACTCCA-
3 and 5-AGCGGGGTCGGGCAC GAGACA-3 (23);
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Fig. 1. Effects of E; and P, on HCV virion
production and cell growth. (a) HCV virion
production. Huh-7.5 cells were inoculated with
HCV at a multiplicity of infection of 1.0,
incubated for 2 hr, and cultured for 0, 1, 2 and

3 days after virus infection. The HCV-infected
cells were treated with E; (0.4 uM), P4 (3 M) or
DMSO (control) from 2 hr postinfection to
sampling time (days 1, 2 and 3). The culture
supernatants of HCV-infected cells were assayed
for virus infectivity. Data are shown as

mean + SEM. (b} Cell growth. HCV-infected cells
were treated with E;, P4 or DMSO {control) from

Days post infection

B-actin, 5'-GCGGGAAATCGTGCGTGACATT-3" and 5'-
GATGGAGTTGAAGGTAGTTTCGTG-3'.

Immunoblotting

Cells were solubilized in lysis buffer as reported previ-
ously (18, 19). The cell lysates were subjected to 8%
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sisand transferred to polyvinylidene difluoride membrane
(Millipore, Billerica, MA, USA). The membranes were in-
cubated with mouse monoclonal antibodies against HCV
NS3 (Chemicon International, Temecula, CA, USA), fol-
lowed by incubation with peroxidase-conjugated goat
anti-mouse IgG (Medical & Biological Laboratories Co.
Ltd., Nagoya, Japan). The positive bands were visualized
by using ECL detection system (GE Healthcare UK, Buck-
inghamshire, UK).

Statistical analysis

Results were expressed as mean = SEM. Statistical signif-
icance was evaluated by one-way analyses of variances.

RESULTS

E; inhibits HCV virion production, but not
HCV RNA replication or HCV protein
synthesis

We first examined the effect of E; or P4 treatment on
HCV virion production. At 2 hrafter virus inoculation, the
HCV-infected Huh-7.5 cells were treated with E; (0.4 £M)
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Days post infection

2 3 2 hr to 3 days postinfection. Cell growth in each
culture was determined by WST-1 assay. Data are
shown as mean £ SEM.

or P4 (3 uM) for 3 days. Culture supernatants were col-
lected every day and titrated for viral infectivity. As shown
in Figure la, E, treatment significantly suppressed HCV
virion production at 2 and 3 days postinfection, whereas
treatment with P4 did not. The same treatment (E; or P4)
did not exert significant cytotoxicity (Fig. 1b). Next, we
examined the effect of E; on HCV RNA replication and
HCV protein synthesis under the same experimental con-
ditions. We found that HCV RNA replication and HCV
protein synthesis in both HCV-infected cells and HCV
RNA replicon-harboring cells (23) were all unaffected by
treatment with E, or P4 (Fig. 2a—c). Moreover, treatment
of the cells with E2 either prior to, or during, virus inocu-
lation did not significantly inhibit HCV virion production
(Fig. 3a). These results collectively suggest that E; inhibits
HCV virion production, but not at the level of virus entry,
RNA replication or protein synthesis. We also observed
that E; ~mediated inhibition of HCV virion production
occurs in a dose-dependent manner (Fig. 3b).

A nuclear estrogen receptor antagonist,
1C1182780, abolishes E;-mediated inhibition
of HCV virion production

We hypothesized that E; signaling through nuclear ER
(ERa and ERB) was involved in the E;~mediated inhibi-
tion of HCV virion production. To test this possibility,
we used IC1182780 (1 M), an antagonist of ERa and
ERB. The results clearly demonstrated that treatment of
cells with IC1182780 abolished E;—mediated inhibition of
HCV virion production (Fig. 4).
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Fig. 2. Effects of E, and P, on HCV RNA
replication and HCV protein synthesis. (a)
HCV RNA replication. Huh-7.5 cells were
inoculated with HCV at a multiplicity of infection
of 1.0, incubated for 2 hr, and cultured for 0, 1,
2 and 3 days after virus infection. The
HCV-infected cells were treated with E;

{0.4 12M) or DMSO (control) from 2 hr to
sampling time (days 1, 2 and 3). HCV RNA
replication levels were determined by real-time
quantitative RT-PCR and normalized with g-actin
mRNA levels. Data are shown as mean =+ SEM.
(b) Huh-7.5 cells harboring a full-genomic HCV
RNA replicon (23) were treated with E; (0.4 M)

Relative Expression

a HCV RMNA (JB/JFHT) b HCV RNA (Replicon)
3.5
k1
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£
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@
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Days post infection Days post treatment
¢ HCV protein
dpi 1 2 3

or DMSO, and HCV RNA replication levels
determined as in (a). (c) HCV protein synthesis.
HCV-infected cells were treated with E2 or

DMSO as in (a) and the amount of HCV protein HCV
synthesis determined by immunoblot analysis NS3
using anti-NS3 antibody. The degree of g-actin

expression as determined by anti-g-actin .
antibody served as a control. dpi, days B-Actin

postinfection.
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Fig. 3. Kinetic analysis of E;-mediated inhibition of HCV virion
production. (a) Time-of-addition experiment. Huh-7.5 cells were inoc-
ulated with HCV at a multiplicity of infection of 1.0, incubated for 2 hr,
and cultured up to 2 days after virus infection. Treatment of the cells
with E; (0.4 M) was performed before or during virus inoculation for
2 hr, or after virus inoculation until sampling time (day 2). The culture
supernatants of HCV-infected cells were assayed for viral infectivity. Data
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are shown as mean =% SEM. *P < 0.05, compared with DMSO control. (b)
Dose-dependency experiment. Huh-7.5 cells were inoculated with HCV
asin (a). The HCV-infected cells were treated with various concentrations
of E2 (0.4 nM to 0.4 ¢M]) from 2 hr postinfection to sampling time (day
2). The culture supernatants of HCV-infected cells were assayed for viral
infectivity. Data are shown as mean + SEM. *P < 0.05, compared with
DMSO control.
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Fig. 4. Effects of ER antagonist, 1C1182780, on HCV virion produc-
tion. Huh-7.5 cells were inoculated with HCV at a multiplicity of infection
of 1.0, incubated for 2 hr, and cultured for 0, 1, 2 and 3 days after virus
infection. The HCV-infected cells were treated with E; (0.4 ;«M) and/or
1C1182780 (1 M) or DMSO (control) from 2 hr postinfection to sam-
pling time (days 1, 2 and 3). The culture supernatants of HCV-infected
cells were assayed for virus infectivity. Data are shown as mean + SEM.
*P < 0.05, compared with DMSO control.

Estrogen receptor-a-selective agonist 4, 4,
4’- (4-propyl-[1H]-pyrazole-1, 3, 5-triyl)
trisphenol inhibits HCV virion production

To determine which estrogen receptor(s) is/are involved
in the E;-mediated down-regulation of HCV virion pro-
duction, we used receptor-specific agonists, such as PPT

5 | E-DMSO
—O- PN
i Gt
N = PPT 1 g
£ —O= PPT 10 ui
3 o
&= %
o4
g
=
= . oy
3 .
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£ 3
x
0
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Fig. 5. Effects of ER-specific agonists on HCV virion production.
Huh-7.5 cells were inoculated with HCV at a multiplicity of infection of
1.0, incubated for 2 hr, and cultured for 0, 1, 2 and 3 days after virus
infection. The HCV-infected cells were treated with PPT (ERa-selective
agonist; 1 and 10 xM), DPN (ERB-selective agonist; 10 ;M) or G-1
(GPR30-selective agonist; 1 M) from 2 hr postinfection to sampling time
(days 1, 2 and 3). The culture supernatants of HCV-infected cells were
assayed for viral infectivity. Data are shown as mean £ SEM. *P < 0.05,
compared with DMSO control.
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(an ERa-selective agonist) (20), DPN (an ERB-selective
agonist) (21) and G-1 (a GPR30-selective agonist) (22).
Treatment of cells with PPT (10 M), but not with DPN
(10 uM) or G-1 (1 M), significantly inhibited HCV
virion production (Fig. 5). PPT treatment at a concentra-
tion of 1 M also brought about a weak, but significant,
inhibition of HCV virion production at 2 days postin-
fection. On the other hand, PPT did not mediate signif-
icant cytotoxicity at the concentrations tested (data not
shown).

DISCUSSION

We have demonstrated in the present study that treatment
of Huh-7.5 cells with E, inhibits HCV virion production,
but not HCV RNA replication or HCV protein synthe-
sis (Figs 1 and 2). Treatment of the cells with E; either
prior to, or during, virus inoculation did not significantly
suppress HCV virion production (Fig. 3a). These results
collectively suggest that E; inhibits HCV infection at the
virion assembly/secretion level, but not at the level of virus
attachment/entry, virus RNA replication or virus protein
synthesis. E; has been reported to possess antioxidant and
anti-apoptotic activities in fibrotic liver and cultured hep-
atocytes (24, 25). It should be noted, however, that E;
did not exert anti-apoptotic or cytotoxic (pro-apoptotic)
effect under our experimental conditions (Fig. 1b). In
contrast to Ey, another female hormone, Py, did not sig-
nificantly affect HCV virion production (Fig. 1a).
E,-mediated inhibition of HCV virion production was
abolished by a nuclear ER (ERe and ERB) antagonist,
1CI182780 (Fig. 4), this result suggesting that suppression
of HCV virion production may be induced by ER signal
transduction. Three types of ER have been reported so
far; ERe, ERB and GPR30 (11-15). To determine which
ER is involved in the suppression of HCV virion pro-
duction, we used ER-specific agonists, PPT (for ERa)
(20), DPN (for ERB) (21) and G-1 (for GPR30) (22).
We found that PPT, but not DPN or G-1, inhibits the
production of HCV infectious particles (Fig. 5), suggest-
ing that ERa plays an important role in the inhibition of
HCYV virion production. It has been reported that, in hep-
atocytes, ERa constitutes a minor proportion of the total
ER, and that an estrogen-mediated anti-apoptotic effect
is mediated principally through ERB (26). However, the
importance of ERe~mediated signal transduction should
not be ignored. The rationale for this assertion is that ERr
is known to be involved in lipid metabolism (27), that
certain lipid metabolism disorder(s) possibly result(s) in
abnormal accumulation of lipid droplets, and that such an
accumulation is required for HCV virion maturation in
virus-infected cells (27), that certain lipid metabolism dis-
order(s) possibly result(s) in abnormal accumulation of
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lipid droplets, and that such an accumulation is required
for HCV virion maturation in virus-infected cells (28).
Also, we should not yet exclude the possible importance
of ERB and GPR30, because they may not be expressed at
a sufficient level in the Huh7.5 cell line maintained in our
laboratory.

Other relevant observations are that ER« interacts with
HCV NS5B, the viral RNA polymerase, and promotes
association of NS5B with the replication complex in hu-
man hepatoma-derived Huh-7 cells, and that tamoxifen,
a competitive inhibitor of estrogens, suppresses the ERa—
mediated association of NS5B with the replication com-
plex, thereby inhibiting HCV RNA replication (29). Sim-
ilarly, E; binding to ERa may abrogate its interaction
with NS5B. However, in our experiments we did not ob-
serve E,~mediated inhibition of HCV RNA replication
(Fig. 2a,b). We therefore assume that E; inhibits HCV
virion production through a mechanism other than E,—
ERe~NS5B interactions. Further study is needed to eluci-
date this issue.

In conclusion, the most potent physiological estrogen,
E, inhibits production of HCV infectious particles in
Huh-7.5 cell cultures in an ERe~dependent manner. This
may explain, at least in part, why the incidence of HCV-
associated liver disease is lower in premenopausal women
than in postmenopausal women and men.
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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

Kyoko Mori,* Masanori Ikeda, Yasuo Ariumi and Nobuyuki Kato*
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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 HuH-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 Hul-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
medium supplemented with 10% fetal bovine serum.
Li23 and PH5CHS cells were maintained as described
previously.” Cured cells (Li23-derived ORL8¢ and Hul-
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, ORL8¢, 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).
c¢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 ug) 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 (GAPDI), 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 MAGEAG6, were highly expressed in Li23
cells but were not expressed in Hul-7 cells.” However, it

Table 1 Primers used for reverse transcription polymerase chain reaction analysis

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

Thymosin 4, X-linked Forward ACCAGACITCGCTCGTACTC 179
(TMSB4X; NM_021109) Reverse TCGCCTGCTTGCITCTCCTG

Lectin, galactoside-binding, soluble 1 Forward CAACACCATCGTGTGCAACAG 253
(LGALS1; NM_002305) Reverse CAGCTGCCATGTAGTTGATGG
Interferon-induced transmembrane protein 2 Forward CCICITCATGAACACCTGCTG 184
(IFITM2; NM_006435) Reverse CACIGGGATGATGATGAGCAG
Apolipoproteins Al Forward ACTGTGTACGTGGATGTGCIC 273
(APOAT; X02162) Reverse CITCITCTGGAAGTCGTCCAG
o-2-HS-glycoprotein Forward AACCGAACTGCGATGATCCAG 248
(AHSG; NM_001622) Reverse TTCGACAGCATGCTCCTTCAG

Gap junction protein-o 1 Forward CATCITCATGCTGGTGGTGTC 253
(GJA1; NM_000165) Reverse GITICTGTCGCCAGTAACCAG

© 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/Hul1-7) or 20 (Ful-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 Hull-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 Hull-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 Iull-7 versus RSc were com-
pared. The expression levels of most of the 17 genes
were maintained between 1i23 and ORL8c cells or
between Hull-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
ORIL8c cells than in Li23 cells, suggesting that ORL8c is
selected as a specific clone from 1i23 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, Hull-7,
Hul-6, HepG2, HLE, HLF, PLC/PRF/5 and PH5CH38
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 Hul1-7, 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 Hul-7 cells

Gene Accession no. Li23 Li23-derived HuH-7 Hul-7-
ORL8c derived RSc
Cancer antigen 45, A5 {CT45A5) NM_001007551 15857t 10508 8 23
Cancer testis antigen 1A (NY-ESO-1/CIAG1A) U87459 9 005 5503 5 8
B-Defensin-1 (DEFB1) 73945 18 311 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 13 428 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 27 098 379 11
Thymosin B4, X-linked (TMSB4X) NM_021109 34273 26 199 648 307
IEN-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 19 485
Apolipoprotein A1 (APOAT) X02162 673 7230 16920 15202
a-2-HS-glycoprotein (AHSG) NM_001622 308 6373 18436 26 000
Albumin AF116645 4304 30111 30234 33140
D16931 1387 23615 30668 39144

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 IIN-
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-o. 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 Hull-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 “CIAG-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 a-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 o~ or B-defensin members were expressed in the

®© 2010 The Japan Society of Hepatology
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Figure 2 Expression profiles of representative genes, whose expression levels showed drastic differences between Li23 and HuHM-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 1i23 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 Huli-7
cells will help to resolve these uncertain subjects.

Hepatology Research 2010; 40: 1248-1253
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Introduction

Hepatitis C virus (HCV) is a causative agent of chronic
hepatitis, which progresses to liver cirrhosis and hepatocellular
carcinoma. HCV is an enveloped virus with a positive single
stranded 9.6 kb RNA genome, which encodes a large polyprotein
precursor of approximately 3,000 amino acid residues. This
polyprotein is cleaved by a combination of the host and viral
proteases into at least 10 proteins in the following order: Core,
envelope 1 (E1), E2, p7, nonstructural protein 2 (NS2), NS3,
NS4A, NS4B, NS5A, and NS5B [1]. HCV Core, a highly basic
RNA-binding protein, forms a viral capsid and is targeted to lipid
droplets [2-6]. The Core is essential for infectious virion produc-
tion [7]. N85A, a membrane-associated RNA-binding phospho-
protein, is also involved in the asscmbly and maturation of
infectious HCV particles [8,9]. Intriguingly, NSSA is a key
regulator of virion production through the phosphorylation by
casein kinase IT [9]. Recently, lipid droplets have been found to be
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involved in an important cytoplasmic organclle for HCV
production {4]. Indced, NS3A is known to colocalize with the
Corc on lipid droplets [5], and the interaction between NS5A and
the Core is eritical for the production of infectious HCV particles
[3]. However, the host factor involved in HCV assembly, budding,
and release remains poorly understood.

Budding is an essential step in the life cycle of enveloped viruses.
Endosomal sorting complex required for transport (ESCRT)
components and associated factors, such as tumor susceptibility gene
101 (TSG101, a component of ESCRT-I), charged multivesicular
body protein 4b (CHMP4b, a component of ESCRT-II), and
apoptosis-linked gene 2 interacting protein X (ALIX, a TSG101- and
CHMP4b-binding protein), have been found to be mvolved in
membrane remodeling events that accompany endosomal protein
sorting, cytokinesis, and the budding of several enveloped viruses,
such as human immunodeficiency virus type 1 (HIV-1) [10-12]. The
ESCRT complexes I, TI, and IIT are sequentially, or perhaps
concentrically recruited to the endosomal membrane to sequester
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cargo proteins and drive vesicularization into the endosome. Finally,
ESCRT-IIT recruits Vpst {two isoforms, VpstA and VpsdB), a
member of the AAA-family of ATPasc that disassembles and thereby
terminates and recycles the ESCRT machinery.

Since HCV is also an enveloped RNA virus, we hypothesized
that the ESCRT system might be required for HCV production.
To test this hypothesis, we examined the release of HCV Core into
culture supernatants from cells rendered defective for ESCRT
components by RNA interference. The results provide evidence
that the ESCRT system is required for HCV production.

Materials and Methods

Cell Culture

293FT cells (Invirogen, Carlsbad, CA) were cultured in
Dulbecco’s modified  Eagle’s medium  (DMEM;  Invitrogen)
supplemented with 10% fetal bovine serum (FBS). The HuH-7-
derived cell line, RSc cured cells that cell culture-gencrated HCV-

JFHI (JFHI strain of genotype 2a) [13] could infect and cflectively

replicate [14-16] and OR6c and OR6 cells harboring the
genome-length HCV-O RNA with luciferase as a reporter were
cultured in DMEM with 10% FBS as described previously [17,18].

Plasmid Construction

To construct pcDNA3-FLAG-Alix, a DNA [ragment encoding
Alix was amplified from total RNAs derived from RSc cells by
RT-PCR using the follwing pairs of primers: Forward 5'-CGGG-
ATCCAAGATGGCGACATTCATCTCGGT-3' and reverse 5'-
CCGGCGGCCGCTTACTGCTGTGGATAGTAAG-3".  The
obtained DNA  fragment was subcloned into BamHI-Nofl of
PeDNAS-FLAG vector [19], and the nucleotide sequences were
determined by Big Dye termination cycle sequencing using an ABI
Prism 310 genetic analyzer (Applied Biosystems, Foster City, CA,
USA). The plasmid of pJRN/3-5B was based on pJFH1 [13] and
was constructed as previously described [20].

RNA synthesis, RNA transfection, and Selection of G418-
resistant cells

Plasmid pJRN/3-5B were lincarized by Xbal and used for the
RNA synthesis with the T7 MEGAScript kit (Ambion, Austin,
TX). In vitro transcribed RNA was transfected into OR6¢ cells by
clectroporation [17,18]. The transfected cells were selected in
culture medium containing G418 (0.3 mg/ml) for 3 weeks. We
referred to them as OR6¢/JRN 3-5B cells.

Immunofluorescence and Confocal Microscopic Analysis

Cells were fixed in 3.6% formaldchyde in phosphate-buflered
saline (PBS) and permeabilized in 0.1% Nonidet P-40 (NP-40) in
PBS at room temperature as previously deseribed [21]. Cells were
incubated with anti-HCV Core antibody (CP-9 and CP-11
mixture; Institute of Immunology, Tokyo, Japan), anti-Myc-Tag
antibody (PL14; Medical & Biological Laboratorics, MBL,
Nagoya, Japan), anti-Alix antibody (Covalab, Villeurbanne,
France), and/or anti-FLAG polyclonal antibody (Sigma, St. Louis,
MO) at a 1:300 dilution in PBS containing 3% bovine serum
albumin (BSA) at 37°C for 30 min. Cells were then stained with
fluorescein isothiocyanate (FITC)-conjugated anti-rabbit antibody
(Jackson ImmunoResecarch, West Grove, PA) or anti-Cy3-
conjugated anti-mouse antibody {Jackson ImmunoRescarch) at a
1:300 dilution in PBS containing BSA at 37°C for 30 min. Lipid
droplets and nuclei were stained with BODIPY 493/503
(Molecular Probes, Invitrogen) and DAPI (4,6'-diamidino-2-
phenylindole), respectively. Following extensive washing in PBS,
cells were mounted on slides using a mounting media of 90%
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glycerin/10% PBS with 0.01% p-phenylenediamine added to
reduce fading. Samples were viewed under a confocal laser-
scanning microscope (LSM510; Zeiss, Jena, Germany).

RNA Interference

The following siRNAs were used: human TSG101 (IGEN-
OME SMARTpool M-003549-01-0005 and 5'-CCUCCAGU-
CUUCUCUCGUCUU-3" sense, 5'-GACGAGAGAAGACUG-
GAGGUU-3' antisense), human Alix/PDCD6IP (siGENOME
SMARTpool M-004233-02-0005), human Vps4B (SiIGENOME
SMARTpool M-013119-02-0005), human CHMP4b (siGEN-
OME SMARTpool M-018075-00-0005), and siGENOME Non-
Targeting  siRNA  Pool#1  (D-001206-13-05) (Dharmacon,
Thermo Tisher Scientific, Waltham, MA) as a control. siRNAs
(50 nM final concentration) were transiently transfected into cither
RSe cells [14-16] or OR6 cells [17,18] using Oligofectamine
(Invitrogen) according to the manufacturer’s instructions. Oligo-
nucleotides with the following sense and antisense sequences were
used for the cloning of short hairpin (sh) RNA-encoding sequences
against TSG101, Alix, VpsdB, or CHMP4b in lentiviral vector:
TSG101i, 5'-GATCCCC GGAGGAAATGGATCGTGCCTT-
CAAGAGAGGCACGATCCATTTCCTCCTTTTTGGAAA-3
(sensc), 5'-AGCTTTTCCAAAAAGGAGGAAATGGATCGTG-
CCTCTCTTGAAGGCACGATCCATTTCCTCCGGG-3' (an-
tisensc); Alixi, 5'-GATCCCC GGAGGTGTTCCCTGTCTTG-
TTCAAGAGACAAGACAGGGAACACCTCCTTTTTGGAA-
A-3' (sense), 5-AGCTTTTCCAAAAAGGAGGTGTTCCCTG-
TCTTGTCTCTTGAACAAGACAGGGAACACCTCCGGG-3
(antisense); VpsdBi, 5'-GATCCCC GGAGAATCTGATGATC-
CTGTTCAAGAGACAGGATCATCAGATTCTCCTTTTTG-
GAAA-3"  (sense), 5'-AGCTTTTCCAAAAAGGAGAATCT-
GATGATCCTGTCTCTTGAACAGGATCATCAGATTCTC-
CGGG-3" (antisense); CHMP4bi, 5-GATCCCC GAGGAG-
SACGACGACATGATTCAAGAGATCATGTCGTCGTCC-
TCCTCTTTTTGGAAA-3" (sensc), 5'-AGCTTTTCCAAAAA-
GAGGAGGACGACGACATGATCTCTTGAATCATGTCG-
TCGTCCTCCTCGGG-3' (antisense); Broxi, 5-GATCCCCG-
SATGACAGTACTAAACCCTTCAAGAGAGGGTTTAGTA-
CTGTCATCCTTTTTGGAAA-3"  (sense), 5'-AGCTTTTC-
CAAAAAGGATGACAGTACTAAACCCTCTCTTGAAGGG-
TTTAGTACTGTCATCCGGG-3' (antisense). The oligonucleo-
tides above were amnealed and subcloned into the BgfI-HindII1
site, downstream from an RNA polymerase III promoter of
pSUPER [22], to generate pSUPER-TSG101i, pSUPER-Alixi,
pSUPER-Vps4Bi, and pSUPER-CHMP4bi, respectively. To
construct pLV-TSG10H, pLV-Alixi, pLV-Vps4Bi, and pLV-
CHMP4bi, the BamHI-Sell [ragments of the corresponding
pSUPER plasmids were subcloned into the BamHI-Sall site of
PRIDI292 {23], an HIV-1-derived self-inactivating lentiviral vector
containing a puromyein resistant marker allowing for the selection
of transduced cells, respectively.

Lentiviral Vector Production

The vesicular stomatitis virus (VSV)-G-pscudotyped HIV-1-
based vector system has been described previously [24-26). The
lentiviral vector particles were produced by (ransient transfection
of the sccond-gencration packaging construct pCMV-AR8.91
[24-26] and the VSV-G-envelope-expressing plasmid pMDG2 as
well as pRDI292 into 293FT cells with FuGene6 (Roche
Diagnostics, Basel, Switzerland).

HCV Infection Experiments

The supernatants was collected from cell culture-generated
HCV-JFH1 [13]-infected RSc cells [14-16] at 5 days post-
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infection and stored at —80°C after filtering through a 0.45 pm
filter (Kurabo, Osaka, Japan) until use. For infection experiments
with HOV-JFH]1 virus, RSc cells (1x10° cells/well) were plated
onto 6-well plates and cultured for 24 hours (hrs). Then, we
infected the cells with 50 pl (cquivalent to a multiplicity of
infection [MOIT] of 0.1) of inoculum. The culture supernatants
were collected and the levels of HCV Core were determined by
enzyme-linked immunosorbent assay (ELISA) (Mitsubishi Kagaku
Bio-Clinical Laboratories, Tokyo, Japan). Total RNA was isolated
from the infected cellular lysates using RNeasy mini kit (Qiagen,
Hilden, Germany) for quantitative RT-PCR analysis of intracel-
lular HCV RNA. The mfectivity of HCV in the culture
supernatants was determined by a focus-forming assay at 48 hrs
post-infection, The HCV infected cells were detected using anti-
HCV Core antibody (CP-9 and CP-11). Intracellular HCV
infectivity was determined by a focus-forming assay at 48 hrs

" post-inoculation of lysates by repeated freeze and thaw cycles

(three times).

Quantitative RT-PCR Analysis

The quantitative RT-PCR analysis for HCV RNA was per-
formed by realtime LightCycler PCR (Roche) as described
previously [17,18]. We used the following forward and reverse
primer sets for the real-time LightCycler PCR: TSGI101, 5'-
ATGGCGGTGTCGGAGAGCCA-3 (forward), 5'-AACAGGTT-
TGAGATCTTTGT-3' (reverse); Alix, 5-ATGGCGACATT-
CATCTCGGT-3' (forward), 5-TACTGGGCCTGCTCTTCCC-
C-3' (reverse); VpsiB, 5'-ATGTCATCCACTTCGCCCAA-3 (for-
ward), 5'-ATACTGCACAGCATGCTGAT-3’ (reverse); CHMP4b,
5"-ATGTCGGTGTTCGGGAAGCT-3’ (forward), 5'-ATCTCTT-
CCGTGTCCCGCAG-3' (reverse); Brox, 5'-ATGACCCATTGG-
TTTCATAG-3’ (forward), 5'-CCTGGATGACCTCAAGTCAT-3
(reverse); B-actin, 5" TGACGGGGTCACCCACACTG-3’ (forward),
5"-AAGCTGTAGCCGCGCTCGGT-3' (reverse); and HCV-JFHI,
5"-AGAGCCATAGTGGTCTGCGG-3' (forward), 5'-CTTTCG-
CAACCCAACGCTAG-3' (reverse).

MTT Assay

Cells (5x10° cells/well) were plated onto 96-well plates and
cultured for 24, 48 or 72 hrs, then, subjected to the colorimetric 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromid (MTT)
assay according to the manufacturer’s instructions (Cell prolifer-
ation kit I, Roche). The absorbance was read using a microplate
reader (Multiskan FC, Thermo Fisher Scientific) at 550 nm with a
reference wavelength of 690 nm.

Renilla Luciferase (RL) Assay

OR6 cells (1.5%10" cells/well) [17,18] were plated onto 24-well
plates and cultured for 24 hrs. The cells were transfected with
siRNAs (50 nM) using Oligofectamine and incubated for 72 hrs,
then, subjected to the RL assay according to the manufacturer’s
instructions (Promega, Madison, WI). A lumat LB9507 luminom-
cter (Berthold, Bad Wildbad, Germany) was used to detect RL
activity.

Western Blot Analysis

Cells (2x10° cells/well) were plated onto 6-well plates and
cultured for 24 or 48 hrs. Cells were lysed in bulfer containing
50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 4 mM EDTA, 1%
NP-40, 0.1% sodium dodecyl sulfate (SDS), 1 mM dithiothreitol
(DTT) and 1 mM phenylmethylsulfonyl fluoride (PMSF). Super-
natants from these lysates were subjected to SDS-polyacrylamide
gel electrophoresis, followed by immunoblot analysis using anti-
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TSG101 antibody (BD Transduction Laboratories, San Jose, CA),
anti-Alix antibody, anti-Vps4B antibody (Abnova, Taipei, Taiwan)
(A302-078A; Bethyl Laboratorics, Montgomery, TX), anti-
CHMP4B antibody (s¢-82557; Santa Cruz Biotechnology, Santa
Cruz, CA), anti-HCV Core antibody, anti-B-actin antibody
(Sigma), anti-Myc-Tag antibody, ant-FLAG antibody (M2;
Sigma), anti-Chk2 antibody (DCS-273; MBL), anti-heat shock
protein (HSP) 70 antbody (BD), Living Colors A.v. monoclonal
antibody (JL-8; Clontech, Mountain View, CA), anti-HCV NS5A
monoclonal antibody (no. 8926; a generous gift from A Takami-
zawa, The Rescarch Foundation for Microbial Diseases of Osaka
University, Japan), or anti-HCV NS5A polyclonal antibody (a
generous gilt from K Shimotohno, Chiba Institute of Technology,
Chiba, Japan).

Immunoprecipitation Analysis

Cells were lysed in buffer containing 10 mM Tris-HCI (pH 8.0),
150 mM NaCl, 1% NP-40, 1 mM PMSF, and protease inhibitor
cocktail containing 104 pM 4-(2-aminocthyl)benzenesulfonyl fluo-
ride hydrochloride, 80 nM aprotinin, 2.1 uM leupeptin, 3.6 pM
bestatin, 1.5 pM pepstatin A, and 1.4 pM E-64 (Sigma). Lysates
were pre-cleaned with 30 ul of protein-G-Scpharose (GE Health-
care Bio-Sciences). Pre-cleaned supernatants were incubated with
5 pl of Living Colors A.v. monoclonal antibody or anti-FLAG
antibody at 4°C for 1 hr. Following absorption of the precipitates
on 30 ul of protein-G-Sepharose resin for 1 hr, the resin was
washed four times with 700 pl lysis buffer. Proteins were eluted by
boiling the resin for 5 min in 1x Laemmli sample buffer. The
proteins  were then  subjected to SDS-PAGE, followed by
immunoblotting analysis using cither anti-FLAG antibody, Living
Colors A.v. monoclonal antibody or anti-HCV Core antibody.

Statistical Analysis

Statistical comparison of the infectivity of HCV in the culture
supernatants hetween the knockdown cells and the control cells
was performed using the Student’s #test. Pvalues of less than 0.05
were considered statistically significant. All error bars indicate
standard deviation.

Resuits

The ESCRT system is required for HCV production

To investigate the potential role(s) of the ESCRT system i the
HCV life cycle, we first used lentiviral vector-mediated RNA
interference to stably knockdown the ESCRT components,
including TSG101, Alix, Vps4B, or CHMP4b in HuH-7-derived
RSc cured cells that cell-culture-generated HCGVee (HCV-JFHI1,
genotype 2a) [13] could infect and effectively replicate {14-16]. We
used puromycin-resistant pooled cells 10 days after the lentiviral
transduction in all experiments. Western blot and real-time
LightCycler RT-PCR analyses for TSG101, Alix, VpstB, or
CHMP4b demonstrated a very cffective knockdown of each
ESCRT component in RSc¢ cells transduced with lentiviral vectors
expressing the corresponding shRNAs (Fig, 1A-E). Importantly, we
noticed that the depletion of ESCRT components did not affect the
levels of several cellular proteins, including HSP70, Chk2, and b-
actin (Fig. 1A). To test the cell toxicity of cach shRNA, we examined
colorimetric MTT assay. In this context, we demonstrated that the
shRNAs did not affect the ccll viabilities (Fig. 1F). We next
examined the levels of HCV Core and the infectivity of HCV in the
culture supernatants as well as the level of HCV RNA in the
TSG101, Alix, Vps4B, or CHMP4b stable knockdown RSc cells
97 h after HCV<JFHI infection at an MOT of 0.1. The results
showed that the release of HCV Core into the culture superatants
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Figure 1. ESCRT components are required for the infectious HCV production. (A) Inhibition of TSG101, Alix, Vps4B, or CHMP4b protein
expression by shRNA-producing lentiviral vectors. The results of the Western blot analysis of cellular lysates with anti-TSG101, anti-Alix, anti-Vps4B, anti-
CHMP4b, anti-Chk2, anti-HSP70, or anti-f-actin antibody in RSc cells expressing shRNA targeted to TSG101 (TSG101i), Alix {Alixi), Vps4B (Vps4Bi), or CHMP4b
{CHMP4bi) as well as in RSc cells transduced with a control lentiviral vector (Con) are shown. Real-time LightCycler RT-PCR for TSG101 (B), Alix (C), Vps4B (D), or
CHMP4b mRNA (E) was performed as well as for -actin mRNA in triplicate. Each mRNA level was calculated relative to the level in RSc cells transduced with a
control lentiviral vector (Con) which was assigned as 100%. Error bars in this panel and other figures indicate standard deviations. (F) MTT assay of each
knockdown RSc cells at the indicated time. (G) The levels of HCV Core in the culture supematants from the stable knockdown RSc cells 97 h after inoculation of
HCV-JFH1 at an MOI of 0.1 were determined by ELISA. Experiments were done in triplicate and columns represent the mean Core protein levels. (H) The
infectivity of HCV in the culture supernatants from the stable knockdown RSc cells 97 hrs after inoculation of HCV-JFH1 at an MOI of 0.1 was determined by a
focus-forming assay at 48 hrs post-infection. Experiments were done in triplicate and each virus titer was calculated relative to the level in RSc cells transduced
with a control lentiviral vector {(Con) which was assigned as 100%. Asterisks indicate significant differences compared to the control treatment. *P<0.05;
*p<0.01. () The level of intraceliular genome-length HCV-JFH1 RNA in the cells at 97 hrs post-infection was monitored by real-time LightCycler RT-PCR. Results
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