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Until now the effect of LPL on HCV was reported by two groups
(Thomssen and Bonk, 2002; Andréo et al., 2007). Thomssen and Bonk
(2002) treated HCV-positive human sera with LPL derived from
Pseudomonas spp. (LPL-Ps) and measured HCV RNA titer afterward.
They observed destruction of HCV RNA by this treatment, which was
blocked by the presence of RNase inhibitors. Because this destruction
was dependent on catalytic activity of LPL-Ps, the authors suggested
that direct disruption of HCV by this enzyme activity, most likely lysis
of virus membranous components, made viral RNA sensitive for RNase
present in the reaction mixture. On the other hand, Andréo et al.
(2007) reported the effect of bovine LPL on HCV infectivity. They
observed that bovine LPL reduced HCV infectivity through its bridging
effect between HCV-associated lipoprotein and cells. They described
that HCV infectivity was suppressed after association with cellular
components followed by subsequent cell entry of HCV, suggesting
that LPL-mediated inactivation of HCV required cell interaction.

The former study (Thomssen and Bonk, 2002} focused on the
physical change of HCV structure by LPL from Pseudormonas spp. that is
phylogenetically different from mammals and, thus, it is not clear if
the LPL-Ps is physiologically relevant to mammalian LPL. In the latter
(Andréo et al., 2007), bovine LPL was shown to reduce HCV infectivity
through its bridging effect between HCV-associated lipoprotein and
cells. However, the mechanism to reduce HCV infectivity through the
interaction with cells in the presence of bovine LPL remains elusive.
Thus, so far, the effects of lipolysis of HCV-associated lipoprotein by
LPL on HCV infectivity are unclear. Taking account of the studies
demonstrating that HCV is associated with lipoproteins, lypolysis
activity of LPL and/or HTGL may have direct effects on the property
and the infectivity of HCV. Here, we examined the effects of bovine LPL
and endogenous human HTGL on the physiological characteristics of
HCV-associated lipoproteins and further evaluated the role of
lipoproteins on HCV infectivity. We found that LPL and HTGL directly
altered the physiological characteristics as well as the infectivity of
HCV through their catalytic activities.

Results
HCV infectivity was reduced by bovine LPL treatment

In order to evaluate the association of HCV with lipoproteins and
its role in HCV infectivity, we analyzed HCV for sensitivity to LPL.
Culture medium of HuH7.5 cells bearing HCV JFH1 genome replication
was used as the virus source for this study. The HCV-bearing medium
was incubated with bovine LPL (Sigma) and the infectivity was
evaluated by adding the LPL-treated medium to naive HuH7.5 cells,
The percentage of HCV-positive cells was dramatically reduced in an
LPL dose-dependent manner when HuH7.5 cells were exposed to LPL-
treated HCV-bearing medium (Fig. 1a), while treatment with heated
LPL, which lost enzymatic activity (Fig. 1b), did not show significant
reduction in infectivity (Fig. 1a). Anti-LPL antibody inhibited the
reduction in HCV infectivity (Suppl. Fig. 1), indicating that this
reduction mainly resulted from LPL itself.

Since enzymatic activity of LPL is shown to inhibit the establish-
ment of HCV infection in cultured cells after virus entry (Andréo et al,,
2007), it is possible that our observation results from the same effect
of LPL through interaction with cells after virus entry as previously
reported. To address the question whether LPL acts on the HCV
infectivity through enzymatic effect on the HCV-bearing medium or
not, LPL activity was confined to the HCV-bearing medium by using
orlistat (Sigma), which inhibits enzymatic activity of LPL (Fig. 1c).
When the HCV-bearing medium was treated with orlistat-inactivated
LPL, a reduction in infectivity was not observed (Fig. 1d). After
treatment of HCV-bearing medium with LPL, we added orlistat to the
medium to suppress LPL activity and subsequently inoculated the
medium containing inactivated LPL into HuH7.5 cells. Under this
condition, LPL-induced reduction in HCV infectivity through interac-

tion with cells, if any, should be suppressed. Therefore, we are able to
evaluate the effect of LPL activity on the HCV-bearing medium itself.
Significant reduction of HCV infectivity was observed even suppres-
sing LPL activity through interaction with cells (Fig. 1e). These results
indicated that LPL could reduce infectivity of HCV which was
independent of cellular interaction.

LPL, at the concentration used in this study to reduce HCV
infectivity, did not alter the infectivity of Sendai virus (SeV) (Fig. 1f).
Therefore, the effects of LPL were likely limited to certain viruses such
as HCV due to the nature of LVP. The LPL-induced reduction in HCV
infectivity likely results from the lipolytic alteration of a lipoprotein-
like structure associating or integrating with HCV. From these results,
it is strongly suggested that LPL reduce HCV infectivity through its
lipolytic effect on lipoproteins associated with HCV.

Experiments using an MTP inhibitor indicate dependence of HCV
release from culture cells on the production of lipoprotein such as
VLDL (Huang et al,, 2007; Gastaminza et al., 2008). We demonstrated
that hydrolysis of HCV-associated lipoprotein by LPL led to a reduction
of HCV infectivity. These results imply that HCV could be released
from cells as a complex with lipoprotein and that their association
could be required for not only their release but also HCV infectivity.

LPL treatment shifted HCV to higher densities

Since the size and buoyant density of VLDL is altered by lipolysis,
we speculated that LPL treatment might shift HCV to a higher buoyant
density. To examine this possibility, the HCV-bearing medium treated
with LPL was ultracentrifuged through iodixanol gradients. Thirty
fractions were collected. Core, HCV RNA, and infectivity in each
fraction were quantified (Figs. 2a to c). The Core peak shifted from
1.118 toward 1.128 g/ml due to LPL treatment with a dose-dependent
manner (Fig. 2a). Fractions with densities from 1.107 to 1.115 g/ml of
the undigested HCV sample showed significantly higher infectivity
than all other fractions of higher density from the same sample
(Fig. 2b). All the LPL-treated fractions showed no infectivity or
infectivity lower than that of the untreated fractions (Fig. 2b).

To exclude the possibility that bovine LPL disrupted HCV RNA
structure, we quantified HCV RNA in each fraction from untreated and
LPL-treated (500 pg/ml) HCV samples. The amount of Core and HCV
RNA from all the fractions was not changed by LPL treatment {Figs. 2a
and c), indicating that the amount of HCV nucleocapsid estimated by
the amount of Core and HCV RNA was not affected by treatment with
LPL used in this study. The peak of HCV RNA was observed at a density
of the 1.115 g/ml in the untreated control sample, whereas the peak
shifted to a density of 1.128 g/ml in the LPL treatment (Fig. 2c). This
peak shift in HCV RNA distribution coincided to the shift in peak of
Core. Therefore, we suggest that LPL hydrolyzes lipid components
from HCV-associated lipoproteins, which results in shifting HCV to
higher buoyant densities without substantial changes to the HCV
nucleocapsid.

LPL treatment reduced association of HCV with ApoE

To further clarify the effect of LPL on the structure of HCV-associated
lipoprotein, we analyzed the association of HCV with ApoB and ApoE.
Each fraction of the density gradient centrifugation of LPL-untreated
and -treated HCV was subjected to immunoprecipitation using
polyclonal antibodies specific for ApoB or ApoE. Subsequently, the
immunocomplexes were subjected to RNA extraction followed by
quantitative real-time RT-PCR (qRT-PCR). Complexes containing HCV
RNAs co-immunoprecipitated with anti-ApoB and anti-ApoE antibodies
from LPL-untreated HCV distributed from densities of 1.105 to 1.13,
having a peak at 1.115 (Figs. 2d and e), while those from LPL-treated
HCV were found in fraction with higher densities (Figs. 2d and e).

LPL affected the association between HCV and ApoB-positive
lipoprotein to some extent (Fig. 2d), while it is noticed that the amount
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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 t-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 pg/ml) were mixed and subjected 1o
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 ¢-test): “p<0.001, f. SeV, whose genome contains the gene coding Green Fluorescent Protein
(GFP), was pretreated with bovine LPL (1) or heat-inactivated LPL (1) (Fig. 2h) at 37 °C for 1h 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 thatin
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, (c) HCVRNA, and HCV RNA in (d ) ApoB-
assaciated and (e) ApoE-associated complexes, For a and b, PBS (O). 5 (A), 50 (W), and
500 {x) pg/ml of LPL-treated samples, and for c—f, PBS (O} and 500 (x) pg/ml 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.
Caore ELISA of the culture medium was performed at 24 h post-inoculation. ¢. RNA was
extracted from each fraction and subjected to cDNA synthesis followed by quantitative
PCR. d. Measurement of HCV RNA in the complexes associated with ApoB, e, Measurement
of HCV RNA in the complexes associaled with ApoE. f. Ratio of HCV RNA in the complexes
associated with ApoE versus Lhe Lotal HCV RNA in each fraction. The values were obtained
by dividing the amounts of RNA of Fig. 3e by those of Fig. 3c,
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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 = 3). Statistically significant
differences are indicated by asterisks (Student's t-test): "‘p<0.001.

HTGL (Fig. 4a). The level of HTGL mRNA in cells transfected with
siRNA targeting HTGL was lower than one Gth 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 thatin

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. 1e, compare the lane with the same dose (10 pg/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
HuH?7.5 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
etal., 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 100 ng/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 knockdown 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 pm 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 «-1 antitrypsin as standard secreted in culture
medium from HTGL knockdown cells 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 t-test, p<0.001).

heparin leads to a release of LPL bound to HSPG (Kern et al., 1990). 100 U/ml penicillin and 100 ug/ml streptomycin. Three days before
Therefore, it is conceivable that HCV infectivity could be reduced harvest, medium was replaced with Opti-Pro (Invitrogen) supple-
through activities of LPL in the circulation at a lesser efficiency mented with 0.1% BSA. Culture medium was filtered with 0.45 pm
than observed in this work. Here, we demonstrated that the filter (Iwaki) and used as virus source (the HCV-bearing medium).
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 HCV infectivity

hepatocytes before entering circulation. In other words, the

activities of LPL and/or HTGL may be one host mechanism to To determine HCV infectivity in the medium, HuH7.5 cells were
resist invasion and spread of HCV. inoculated with the HCV-bearing medium (MOl of 0.5) at 37 °C for 2 h.
Cells were washed with PBS and incubated in DMEM supplemented
Materials and methods with 10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin. Cells
were fixed at 24 h post-inoculation and subjected to immunofluores-
Cell culture cence staining using serum from a HCV-positive individual to detect

HCV-infected cells. Three to five fields under microscope were
HuH7.5, Hela, 293T and HepG2 cells were maintained in DMEM randomly selected. Cells in a field were counted and the percentage
supplemented with 10% FBS, 100 U/ml penicillin and 100 pg/ml of HCV-positive cells to total cells (around 500-1000) was calculated.

streptomycin. To determine HCV infectivity within cells, cells were collected by
trypsinization. After washing with PBS, cells were incubated with
Virus source water and passed through a 27-gauge needle (Terumo) at ten times.

After centrifugation, supernatant was passed through a 0.45 um filter
HuH7.5 cells were transfected with HCV 2a strain, JFH1 RNA (Ilwaki) and inoculated to HuH7.5 cells. Immunofluorescence staining
genome and maintained in DMEM supplemented with 10% FBS, 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 ultra-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
20h 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 111 (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 1l (Invitregen) 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 (Suzukiet 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 (MOl =0.5)
was inoculated with cells at 4 h post-transfection. Then, fresh medium
was replaced 2h later. At 24 h 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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Hepatitis C virns (HCV) replication and infection depend on the lipid components of the cell, and replication is
inhibited by inhibitors of sphingomyelin biosynthesis. We found that sphingomyelin bound to and activated
genotype 1b RNA-dependent RNA polymerase (RdRp) by enhancing its template binding activity, Sphingomyelin
also bound to 1a and JFH1 (genotype 2a) RdRps but did not activate them. Sphingomyelin did not bind to or
activate J6CF (2a) RdRp. The sphingomyelin binding domain (SBD) of HCV RdRp was mapped to the helix-turn-
helix structure (residues 231 to 260), which was essential for sphingomyelin binding and activation. Helix structures
(residues 231 to 241 and 247 to 260) are important for RARp activation, and 238S and 248E are important 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 sphingomyelin binding. Both amino acids are
on the surface of the RARp molecule. The polarity of the phosphocholine of sphingomyelin is important for HCV
RdRp activation. However, phosphocholine did not activate RdRp. Twenty sphingomyelin molecules activated one
RdRp molecule. The biochemical effect of sphingomyelin on HCV RdRp activity was virologically confirmed by the
HCYV 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 (HCV) has a positive-stranded RNA ge-
nome and belongs to the family Flaviviridae (21). HCV 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-
fects. Therefore, the development of new and safer therapeutic
methods with better efficacy is urgently needed.

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 JFHI replicon (3). Other serine SPT
inhibitors (myriocin and NA255) inhibit genotype 1b replica-
tion (4, 29, 33). Very-low-density lipoprotein (VLLDL) 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 to the
HCV RdRps of strains HCR6 (genotype 1b) (36), NN (1b) (35), Conl (1b) (5),
JFH1 (2a) (36). J6CF (2a) (25), H77 (la} (7), and RMT (la), and the mutants
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were purified from bacteria as described previously (36). HCR6 (1b) RdRp with
the mutation L245A [RdRp(L245A)] or 1253A [RARp(1253A)] or the double
mutation L245A and 1253A [RdARp(L245A/1253A)]; JFH1 (2a) RdRp with
the mutation(s) A242C/8§244D, A242, S244D, or T251Q; J6CF (2a) RdRp
with the mutation(s) R241Q. S244D. or R241Q/S244D; and H77 (la)
RARp(A2385/Q248E) were introduced using an in vitro mutagenesis kit
(Stratagene) and the oligonucleotides listed in Table S1 in the supplemental
material. HCR6 (1b) His-tagged RARp(L245A/1253A) was removed from
pET21b/KM (36) and ¢loned into the BamHLI/Xhol site of pGEX-6P-3 (GE),
resulting in pGEXHCVHCRGORdIRp(L245A/T253A).

In vitro HCV transcription. /n viro 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 ATP, 50 uM CTP, § uM [a->P]JUTP, 200 1M RNA
template (SL12-1S), 100 U/ml human placental RNase inhibitor, and the lipid
(amount indicated below) at 29°C for 90 min. *2P-labeled RNA products were
subjected 10 6% polyacrylamide gel electrophoresis (PAGE) containing 8 M
urea. The resulting autoradiograph was analyzed with a Typhoon Trio plus image
analyzer (GE).

RNA filter binding assav. An RNA filter binding assay was performed as
described previously (36). Briefly, 100 nM HCV RdRp and 100 nM *?P-labeled
RNA template (SL12-15) were incubated with or without 0.01 mg/ml egg yolk
sphingomyelin in 25 pl of 50 mM Tris-HCI (pH 7.5), 200 mM monopotassium
glutamate, 3.5 mM MnCl,. and 1 mM DTT 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 i bent assay (ELISA). Ninety-six-well microtiter
plates (Comning) 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 HCR6 (1b) wild type (wt) or L245A,
1253A, or L245A/1253A mutant; NN (1b): H77 (la); RMT (la); J6CF (2a); or
JFH1 (2a) wt or A242C/S244D, A242, $244D, or T251Q mutant in Tris-buffered
saline (50 mM Tris-HCI [pH 7.5] and 150 mM NaCl) for 1.5 h at 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-
gated anti-rabbit IgG antibody (1:5,000: Southern Biotech). The optical density
at 450 nm (ODy;,) was measured with a Spectra Max 190 spectrophotometer
(Molecular Devices) using a TMB (3.3',5,5"-tetramethylbenzidine) Liquid Sub-
strate System (Sigma).

HCYV subgenomic replicon. A D244S mutation was introduced into the HCV
strain - NN  (lb) subgenomic replicon pLMHI4 (35), resulting in
PLMH(NN)5B(D244S) [where SB(D244S) is the NS5B protein with the mutation
D244S]. The A242C/S244D mutation was introduced into the HCV JFH1 (2a)
replicon, pSGR-JFH1/luc (25), resulting in pSGR-JFH1/lucSB(A242C/8244D). The
Hpal and Xbal fragment of pSGR-JFHI1 (18) was replaced with that of pSGR-
JFHINucSB(A242C/S244D), resulting in  pSGR-JFHISB(A242C/5244D). 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(I)luc] by inserticn of AfIIl and Ascl sites (see Table S1 in the
supplemental material), resulting in pH77(I)/luc5B(A238S/Q248E). Subgenomic
replicon RNA was transcribed in vitro by T7 RNA polymerase using MegaScript
(Ambion) after the replicon plasmids were lincarized 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-chloroform extraction and ethanol 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
ug) was transfected into 4 X 10° Huh7.5.1 cells (1 X 107/ml) in OptiMEM I
(Gibco) by electroporation (GenePulser Xcell: Bio-Rad) at 270 V, 100 €2, 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 30
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). Luciferase activity was normalized against the activity at 4 h after
transfection (26).

J. VIROL.

HCV JFH1 wt and NS5B(A242C/5244D) 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 109% fetal bovine
serum (Gibco). RNA (10 g each) from SGR-JFHI and SGR-JFHI with the
mutations A242C/5244D in NSSB [NS5B(A242C/S244D) was transfected into 4
x 10" Huh7/scr cells (1 x 107/ml) in OptiMEM 1 (GIBCO) by electroporation
(GenePulser Xcell; Bio-Rad) at 270 V. 100 €2, and 950 pF. After transfection,
the cells were plated in 10-cm dishes and incubated in DMEM-10% FBS with 1.0
and 0.5 mg/ml G418 (Gibeo). JFH1 wt and NSSB(A242C/$244D) replicon cells
were maintained in DMEM-10% FBS and 0.5 mg/ml G418.

Membrane floating assay. JFH1 wt and NSSB(A242C/5244D) replicon cells
were suspended in two packed cell velumes of hypotonic buffer (10 mM HEPES-
NaOH [pH 7.6]. 10 mM KCl, 1.5 mM MgCl,, 2 mM DTT, and 1 tablet/25 ml of
EDTA-free protease inhibitor cocktail tablets [Roche]) and disrupted by 30
strokes of homogenization in a Dounce homogenizer 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-HCI [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 sphingemyelin, cholesterol phosphocholine, myriocin, and
rabbit anti-caveolin-2 antibodies were purchased from Sigma. Hexanoyl sphin-
gomyelin, C,-ceramide, Cy-B-p-glucosyl ceramide, and Cy-B-D-lactosyl ceramide
were purchased from Avanti Polar Lipids, [a-**P]JUTP was purchased from New
England Nuclear.

Statistical analysis. Significam differences were evalvated using P values cal-
culated from a Student’s 7 test.

Nucleotide sequence accession number. The sequence 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 HCV RdRp) among HCV genotypes (see 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 (H77 and MRT), and 2a (JFH1 and J6CF) (see Fig.
S2 in the supplemental material). First, the effect of ethanol on
HCV HCRS (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 (see 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 HCR6 (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 HCR6 (1b) RdRp wt (Fig.
1C) and subtype 1a (H77 and RMT) RdRps (Fig. 1D). The cgg
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 plateaued (14-fold activation) at 0. mg/ml. However,
JFHI1 (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 HCR6 (1b)
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FIG. 1. Sphingomyelin activation of HCV RNA polymerases. (A) Activation kinetics of HCV HCR6 (1b) RdRp wt by egg yolk sphingomyelin
(SM). The inset shows activation produced by 0 to 0.02 mg/ml egg yolk sphingomyelin. Activation kinetics of HCV 2a (JFHI and J6CF) RdRps
by egg yolk sphingomyelin (B) and of HCV HCRG6 (1b) RdRp wt by hexanoyl sphingomyelin (SM C6) (C). In panel C, the first order of the graph
was fitted by linear regression; the calculated equation is indicated in the graph. (D) Activation kinetics of HCV 1a (H77 and RMT) RdRps by
hexanoyl sphingomyelin. (E) Activation effect of hexanoyl sphingomyelin on HCV RdRp of various genotypes. HCV RdRp (100 nM) was
incubated with or without 2 pM SM C6. The names of the RdRps are indicated below the graph. Mean * standard deviation of the activation ratio

was calculated from three independent experiments.

RdRp wt, its activation kinetics were calculated using hexanoyl
sphingomyelin (Fig. 1C, SM C6). The equation for the first-
order ratio of hexanoyl sphingomyelin activation according to
linear regression fitting was as follows: y = 7.1494x — 1.5398,
where y is the activation ratio and x is the sphingomyelin
concentration (* = 0.9978). RdRp activation had almost pla-
teaued at 2 pM hexanoyl sphingomyelin. The activation kinet-
ics of JFH1 (2a) and J6CF (2a) RdRps in egg yolk sphingo-
myelin were biphasic and plateaued at 0.01 mg/ml. Those of
RMT (la) and H77 (la) RdRps in hexanoyl sphingomyelin
were also biphasic and plateaued at 2 pM. The curve of the
first order was fitted by linear regression. The molar ratio of
RdRp to hexanoyl sphingomyelin at its plateau was calculated
as 1:20.

Because RdRp activation had almost plateaued at 2 pM
hexanoyl sphingomyelin, we compared the effect of sphingo-
myelin on 100 M concentrations of RNA polymerases of the
HCV la, 1b, and 2a genotypes using 2 M hexanoyl sphingo-
myelin (Fig. 1E and Table 1).

Helix-turn-helix structure for sphingomyelin binding and
activation. Sphingomyelin binds to the SBD peptide (see HCV
SBD in Fig. 7) (29). Initially, we tested whether SBD was the
sphingomyelin binding site in HCV RdRp by ELISA (Fig. 2A
and Table 1). When the 1245 and 1253 residues of the SBD

peptide were mutated to A, sphingomyelin binding activity was
lost (29). We introduced the same mutations in HCV HCR6
(1b) RdRp and purified HCR6 (1b) RdRp with mutations
1.245A, 1253A, and 1.245A/1253A. Because the C-terminal His-
tagged HCR6 RARp(L245A/1253A) was not soluble, it was
solubilized by tagging of glutathione S-transferase (GST) se-
quence at the N terminus but lost polymerase activity. As the
1.245A/1253 A mutant had lost its polymerase activity, polymer-
ase activation was tested only for L245A and 1253A (Fig. 2B
and Table 1). These results confirmed that SBD located in the
finger domain (residues 230E to 263G) successfully achieved
sphingomyelin binding in HCV RdRp and that sphingomyelin
did not bind to the SBD when the helix-turn-helix structure
had been destroyed by the L245A or 1253A mutation (29).
The sphingomyelin binding activities of genotype la and 2a
RdRps were also tested (Fig. 2 and Table 1). Both JFHI and
J6CF were tested for genotype 2a because J6CF (2a) RdRp
had an additional amino acid difference at position 241 in the
SBD, and its sphingomyelin binding activity was very low (Fig.
2A and 7A; Table 1). J6CF (2a) RdRp(R241Q) showed the
same sphingomyelin binding activity as HCR6 (1b) RdRp wt,
indicating that 241Q was the critical amino acid for sphingo-
myelin binding. J6CF (2a) RdRp(S244D) and RdRp(R241Q/
S244D) also showed higher sphingomyelin binding activity
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than the wt (P < 0.001) but lower binding than the R241Q

O~
418 - :% mutant. However, S244D showed higher RdRp activation than
~ R241Q (P < 0.005), while the RdRp activation ratio of the
g double mutant (R241Q/S244D) was lower than that of S244D
& ;.' = = or R241Q, although all of them activated RdRp with sphingo-
S myelin (P < 0.005) (Fig. 2A and C and Table 1). For JFHI,
E < when the JFH1 RdRp SBD was modified (A242C/S244D) to
= % o g = allow it to bind with more sphingomyelin than the wt (P <
g z 0.005), the mutant JFH1 RdRp(A242C/S244D) was activated
8lue A more than the wt by sphingomyelin (P < 0.005) (Fig. 2A and
Slw—= = C; Table 1). The sphingomyelin binding activity of JFHI1
- < v e - RdARp(T251Q) was 80.7% of that of HCR6 (1b), and its acti-
o ER =R - vation ratio was 1.8-fold. These results agree that SBD is both
- the sphingomyelin activation and binding domain and that the
3 domains for these two activities are somchow different.
%’ %fﬁ; = We determined which amino acid, 242C or 244D, en-
2 2 5 hanced sphingomyelin binding by comparing HCR6 (1b)
E § & and JFH1 (2a) RdRps. Sphingomyelin binding of HCR6
§ é & g qe o (1b) RdRp(D244S) was 79% of that of the wt (P < 0.005) (Fig.
2 | & Sla|ae 2A and Table 1), and its activation by sphingomyelin was only
5| g ol o o 3.6-fold (Fig. 2C and Table 1). The sphingomyelin binding of
E |2 Tl les JFH1 (2a) RdRp(A242C) and RdRp(S244D) increased to
EA R =T 75.5% and 93.1%, respectively, of HCR6 (1b) RdRp wt (Fig.
<Zt g 5 é:, o 2A and Table 1). This was significantly higher than that of
27 ?___” i JFHI1 (2a) RdRp wt (P < 0.005), and the sphingomyelin acti-
a ] E vation of JFHI (2a) RdRp(A242C) and RdRp(S244D) was
T % o|lozs < increased 1.0-fold and 3.1-fold, respectively (P < 0.003) (Fig.
e 'g N g 2C and Table 1). From these mutation analyses of the J6CF
,§ R e and JFH1 RdRps, we concluded that 244D enhanced sphin-
Ea R e - gomyelin binding and RdRp activation.
Bls dE HCV la RdRps were not activated even though sphingomy-
.8 ; E sl S n elin bound to them (Fig. 1E and 2A and Table 1). We then
é’n % ~ 2 ~ tried to elucidate the domains responsible for sphingomyelin
S| = 2o o activation. There are 14 amino acids (residues 19, 25, 81, 111,
£1” §lz|=" = 120, 131, 184, 270, 272, 329, 436, 464, 487, and 540) unique to
2:' zlo|=a A genotype la RdRp in the region of residues 1 to 570 and two
© z|z|g"~ =z amino acid differences unique to la RdRp in SBD, i.e., 238A
g 2 lone o P and 248Q (see Fig. 6A). Initially, we focused on the SBD and
g alg. - S introduced the A238S and Q248E mutations into the H77 (2a)
3 « S RdRp SBD (Fig. 2A and D and Table 1). The sphingomyelin
- e - % binding activity of H77 (2a) RARp(A238S/Q248E) was similar
a - = 3% % p to that of H77 (2a) RdRp wt. The sphingomyelin activation
o - b 5 ratio of H77 (2a) RARp(A2385/Q248E) was increased 8.1-fold,
= é : . % leading us to conclude that these mutations are essential to
> pl f ~ Z sphingomyelin activation.
= | e g o Effect of lipids on HCV RNA polymerase activity. In order
Sleoe o 2 g ¢ to elucidate the structure of the lipids involved in activation
§ g o ko) é? g of HCV RdRp, p-lactosyl-B-1,1'-N-octanoyl-p-erythro-sphin-
3. E5 Z = gosine [Cg-lactosyl(B) ceramide], p-glucosyl-p1-17-N-octanoyl-
Zlg ; it _g ; &) D-erythro-sphingosine (Cg-B-p-glucosyl ceramide), N-hexanol-
=< B o §§ p-erythro-sphingosine (Cg-ceramide), and cholesterol were
. 2 £ 5@5 tested for their abilities to activate RdRp. The relative poly-
Z E ?DT‘—T 2 B merase activities of 100 nM HCV HCR6 (1b) RdRp activated
g ; E z g g with 0.01 mg/ml egg yolk sphingomyelin, 2 uM hexanoyl sphin-
g s B 7 s 22D gomyelin, 8 M Cg-lactosyl(B) ceramide, 12 pM Cg-B-p-glu-
g Mo Ef §§§—; cosyl ceramide, 12 pM C,-ceramide, and 0.02 mg/ml choles-
£ Ef 2 ey 2 e E% B terol were 11.2, 13.0, 5.66, 4.19, 1.12, and 2.25 of that without
E .f:: % g Eo £282> lipids, respectively (Fig. 3A). The amount of lipids that gave
2.2 E/é E/ ? Ez,“ﬁ 530 the maximum activation was calculated from the kinetics of the
=370 Il h lipids bound to HCR6 (1b) and JFH1 (2a) RdRps (Fig. 3B and
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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) Hexanoyl sphingomyelin activation of the RdRps (RdRp names are
indicated below the graphs). HCV RdRps (100 nM) were incubated with or without 2 uM hexanoyl sphingomyelin. The mean =+ standard deviation
of the activation ratio was calculated from three independent experiments. *, P < 0.005; =+ P < 0.001.

C). Cq-lactosyl(B) ceramide and Cg-B-p-glucosyl ceramide ac-
tivated HCR6 (1b) RdRp compared with the linear regression
kinetics of the reaction with hexanoyl sphingomyelin as it pla-
teaved (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-
myelin bound to the SBD of HCV RdRp because the order of
HCV RdRp activation was hexanoyl sphingomyelin > Cg-lac-
tosyl(B) ceramide > Cg-B-pD-glucosyl ceramide, and Cg-cer-
amide did not activate HCV HCR6 (1b) RdRp. The polarity of
the phosphocholine of sphingomyelin is important for HCV
RdRp activation (see Fig. S5 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 affect RdRp
activity, but more than 2 mg of phosphocholine inhibited
RdRp activity.

Effect of sphingomyelin on the template RNA binding of
HCYV 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
effect of sphingomyelin on template RNA binding activity was
tested (Fig. 4A and Table 1). Sphingomyelin enhanced the
template RNA binding of HCR6 (1b) RdRp wt but not that of
JFH1 (2a), H6CF (2a), or H77 (la) wt RdRp. When the

A238S/Q248E mutation was introduced into H77 (1a) RdRp,
the RNA binding was enhanced. J6CF (2a) RdRp R241Q and
S244D mutants showed similar enhancement of RNA binding,
but the R241Q/S244D double mutant did not. The activation
effect of RNA binding of HCR6 (1b) RdRp mutants L245A,
1253A, and D244S was lower than that of RdRp wt. JFH1 (2a)
RdRp wt and RdARp(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 S244D mutants and H77 (1a) RdRp wt and the
A238S/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
JFHI1 (2a) RdRp wt and RdRp(A242C/S244D) was almost
saturated because RNA binding of these RdRps was not acti-
vated by sphingomyelin (see Fig. S4 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 domain mutations for
HCV 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. 3. HCV RNA polymerase activation effect of lipids. (A) Lipid activation of HCR6 (1b) RdRp wt. HCV HCR6 (1b) RdRp wt (100 nM)
was incubated with or without (control [CTL]) 0.01 mg/ml egg yolk sphingomyelin (SM), 2 pM hexanoyl sphingomyelin (SM C6), 8 uM
Cg-lactosyl(B) ceramide (Lac Cer), 12 uM Cg-B-D-glucosyl ceramide (Gle Cer), 12 uM Cq-ceramide (C6 Cer), or 0.02 mg/ml cholesterol (chol).
(B) Activation kinetics of Cg-lactosyl(B) ceramide (Lac Cer) and Cg-B-D-glucosyl ceramide (Gle Cer) on HCR6 (1) RdRp. (C) Activation kinetics
of cholesterol on HCR6 (1b) and JFH1 (12a) RdRps. (D) The effect of phosphocholine on HCR6 (1b) RdRp. The mean * standard deviation
of the activation ratio was calculated from three independent experiments.
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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-
sents the ratio to RNA binding without sphingomyelin. The mean *
standard deviation of the activation ratio was calculated from three
independent experiments. *, P < 0.01.

function mutants H77 (1a) NS5B(A238S/Q248E) and JFHI
(2a) NS5B(A242C/S244D) were compared with 5 and 50 nM
myriocin treatment for 72 h (Fig. 5).

First, HCV replicon activity was compared as the relative
luciferase activity (Fig. 5A). Both JFH1 (2a) wt and
NS5B(A242C/S244D) replicons showed similar and strong rep-
licon activity (133 X 10° = 12 X 10° and 138 x 10° = 8.5 X 107,
respectively). JFHI (2a) wt replicon was resistant to myriocin
treatment, as reported by Aizaki et al. using other SPT inhib-
itors (3). The JFH1 (2a) NS5B(A242C/S244D) replicon be-
came sensitive to myriocin but still showed higher replicon
activity than NN (1b) or H77 (la) replicons even at 50 nM
myriocin.

To analyze the effect of mutations precisely, the replicon
activity relative to each wt strain was compared (Fig. 5B). The
JFHI (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
5 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(D244S) showed lower replicon activity than the wt
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FIG. 5. Myriocin inhibition of HCV replicon activity. Huh7.5.1 cells were incubated with myriocin after transfection with the HCV replicons indicated
below the graphs. Means * standard deviations of the relative luciferase activity at 72 h after myriocin treatment compared to activity at 4 h after
transfection (A) and to that of each wt without myriocin (B) were calculated from three independent measurements. *, P < 0.05; % P < 0.0L.

and was less sensitive to myriocin than the wt. H77 (1a) wt
replicon activity was 59.9% = 4.2% with 5 nM myriocin and
49.2% =+ 6.4% with 50 nM myriocin relative to the wt level
without myriocin. H77 (1a) NS5B(A238S/Q248E) replicon ac-
tivity was 123% = 7.1% without myriocin (P < 0.01), 66.1% *+
6.3% with 5 nM myriocin, and 38.0% = 4.1% with 50 nM
myriocin relative to wt level without myriocin. Both H77 (1a)
wt and NS5B(A238S/Q248E) replicons were sensitive to myrio-
cin, and the replicon activity of NS5B(A2385/Q248E) was
higher than that of the wt.

JFH1 (2a) RARp(A242C/S244D) localized in the DRM frac-
tions. Myriocin sensitivity of JFHI (2a) NS5B(A242C/S244D)
replicon indicates the importance of 244D in JFH1 NS5B for
sphingomyelin binding. To further confirm the role of 244D for
recruitment of HCV RdRp to the detergent-resistant mem-
brane (DRM), where the HCV replication complex exists, we
compared the distribution of NS5A and NSSB of JFH1 (2a) wt
and NS5B(A242C/S244D) in their replicon cells by sucrose
density gradient centrifugation of the DRM (Fig. 6). NS5A
proteins of both JFH1 (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 JFHI1 (2a) NS5B(A242C/S244D)
replicon was shifted to the DRM fraction 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 residue 244D 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 frac-

top » bottom
1 2 3 45 6 7 8 910
NS5B i -
A242CS244D | — ————
A24205244D R
Caveolin-2 .
A242CS244D |

DRM

FIG. 6. Membrane floating assay of JFH1 wt and NS5B(A242C/
$244D) replicon cells. The PNS fractions of HCV JFH1 (2a) wt and
NS5B(A242C/S244D) replicon cells were treated with 1% Triton
X-100 in TNE buffer for 30 min at 4°C and subjected to 10 to 40%
sucrose gradient centrifugation in TNE buffer. Each fraction was sub-
jected to 10% SDS-PAGE, followed by Western blotting with anti-
NS5A, -NS5B, and -caveolin-2 antibodies. Fractions are numbered as
indicated at the top of the panel. The DRM fractions (fractions 1 to 3)
are indicated.



11768 WENG ET AL.

A 231 : 260

231

[NDIRVEESIYJCCOLAPEARQAIRSLTERL)

1b Conl
CHE
SDIRVEESIYQCCOLAPEARQAIKSLTERL

HCR6

: HHHHHHHHEEEEEEEHHHHHHHHHHHHHHH
NN NDIRVEESIYQCCOLAPEAKLAIKSLTERL
CHHHHHHHEEEEEEEHHH HHHHHHH
SDIRTEEAIYOCCOLDPQARVAIKSLTERL
HHHHHHHHCCCCCCCCCCHHHHHHHHHHHH
SDIRTEEAIYQCCULDPQARVAIKSLTERL
H HHHHCCCCCCCCCCHHHHHHHHHHHH

la H77

RMT

2a JFH1

[RDIRTEESIYQACSI/PEEARTAIHSLTERL|

HHHCCCCCEEEEEEEHHHHHHHHHHHHHHH
RDIRTEESIYRACSLPEEAHTAIHSLTERL
HHHCCCCCEEEEEHHHHHHHHHHHHH 1H
3a QDIRVEEEIYQCCNLEPEARKVISSLTERL

HHHHHHHHEEEEEEEHHHHHHHHHHHHHHH
4a KDIRVEEEVYQCCOLEPEARKVITALTDRL
HHHHHHHHEEEEEEEHHHHHHEEEEEEEEE
S5a HDIMTEESIYQOSCOLQPEARVAIRSLTQRL

HHHHHHHCEEEEEEECCCEEEEEEEEEEEE
6a RDIRTENDIYQSCQLDPVARRVVSSLTERL

HHHCCCCCEEEEEEEEE .EEECCC -C

J6CF

J. VIROL.

FIG. 7. Sphingomyelin binding domain (SBD) of HCV RNA polymerase. (A) The SBDs (231N to 260L) of HCV RdRps are aligned together
with their secondary structure predicted by the Chou-Fasman program (10). The predicted secondary structure is indicated below the sequence
as follows: H, a-helix; E. B-sheet; and C, coil. The a-helix structures of HCV Conl (1b) RdRp and JFH1 (2a) RdRp are boxed in red. Residues
241Q and 244D are indicated in red and green, respectively. The 238A and 248E of the H77 and RMT (la) RdRps are indicated in purple.
GenBank accession numbers of HCV genotypes 3a, 4a, Sa, and 6a are GU814263 (12), GU814265 (12). Y13184 (8), and Y12083 (1), respectively.
(B) Comparison of the SBDs of HCV Conl (1b) (vellow) and JFHI (2a) RdRps (magenta). The starting and ending amino acids of H1 and H2
are indicated. The sphingomyelin binding site, 241Q. is indicated in red. and 244D of Conl (1b) and 244S of JFH1 (2a) RdRp are indicated in
green. (C) Surface model of HCV Conl (1b) RdRp. SBD is indicated in yellow, and 2410Q and 244D are indicated in red and green, respectively.
The structures of the Conl and JFH1 RdRps were constructed by PyMOL, version 1.1.1 (http:/www.pymol.org/). PDB numbers of Conl (1b)

RdRp and JFHI1 (2a) RdRp are 3FQL (14) and 3I5K (31). respectively.

tions of subgenomic replicon cells (30). Lipid rafts are com-
posed mainly of sphingomyelin, cholesterol, and glycosphingo-
lipids. Most reports regarding the relationship between lipids
and HCV have examined 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 HCV 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 Conl (1b) (Pro-
tein Data Bank [PDB] 3FQL) (14) and JFHI (2a) (PDB 315K)
(31) and the secondary structure of the amino acids (201 to
290) in the SBD predicted by the Chou-Fasman program (10)
(Fig. 7; see also Fig. S5 in the supplemental material) because
the helix structures of the SBD of Conl (helix 1 [H1], 231N to
2410Q; helix 2 [H2], 247A to 260L) and JFHI (HI, 231IR 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 are H1 and H2 and the junc-
tion (turn) between the two helix structures that are similar to
the human immunodeficiency virus (HIV) gp120 V3 domain,

prion protein (PrP), and p-amyloid peptide (13, 22). Although
Conl (1b) RdRp has a shorter helix structure than JFH1 (2a)
RdRp (Fig. 6B), the structures of their SBDs are very similar
(Fig. 7; see also Fig. S5). When the helix-turn-helix structure of
the SBD was destroyed (HCR6 genotype 1b RdRp mutants
[245A 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 sphingomyelin, we compared the SBD of genotype
la, 1b and 2a RdRps 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 negatively
charged 244D of Conl (1b) RdRp located on the surface of the
RdRp molecule bind and interact with the positively charged
choline residue of sphingomyelin (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) RdRp wt did not bind to sphingomyelin. JOCF (2a)
RdRp(R241Q) showed almost the same sphingomyelin bind-
ing activity as HCR6 (1b) RdRp wt. This ionic interaction
between SBD and sphingomyelin agrees with the activation of
lipids with different sphingosine structures and fatty acid
chains (Fig. 3A). JFH1 (2a) RdRp does not interact well with
sphingomyelin because it does not have the negatively charged
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amino acids at the tip of its turn structure. Once its 244S was
changed to D, 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/5244D) is not clear.
Sometimes mutations affect the entire conformation of the
molecule. In conclusion, from the comparison of sphingomy-
elin 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
enhanced both binding and RdRp activation.

The in vitro sphingomyelin binding and RdRp activation
experiments indicate that sphingomyelin binding and its RdRp
activation are different 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 of polymerase activity was studied by comparing geno-
type 1b and 1a RdRps, both of which bind to sphingomyelin
(Fig. 2). However, la RdRp is not activated by sphingomyelin
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 essential for sphingomyelin activation
because RdRp changes its structure to bind to template RNA
when sphingomyelin binds to SBD (Fig. 4).

HCV RdRp changes its conformations at the early stages of
transcription initiation, including the template 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 sphingomyelin activation (Fig. 1C
and D), 20 sphingomyelin molecules are estimated to interact
with the SBD of RdRp and activate it because sphingomyelin
activation plateaued at 20 sphingomyelin molecules per HCV
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, HCV NN (1b)
NS5B(D2448S), showed lower replicon activity than NN (1b) wt
and more resistance to 50 nM myriocin, which did not affect
the viability of cells (4, 33), than the wt. The gain-of-function
mutant, H77 (1a) NS5B(A2385/Q248E), showed higher repli-
con activity than H77 wt and retained myriocin sensitivity be-
cause it had the sphingomyelin binding sites 241Q and 244D.
At 50 nM myriocin, another gain-of-function mutant, JFH1
(2a) NS5B(A242C/8244D), was inhibited although its activity
was the same as that of JFH1 (2a) wt without myriocin because
the JFHI1 wt replicon had high replicon activity without myrio-
cin (Fig. 5A). The JFHI1 replicon activity may be maximal in
the system; therefore, the JFHI (2a) NS5B(A242C/S244D)
replicon did not show higher activity than JFHI (2a) wt with-
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out myriocin while H77 (la) NSSB(A238S/Q248E) showed
higher replicon activity than H77 wt.

The binding and RdRp activation activity of the amino acid
244 mutants by sphingomyelin did not differ greatly from the
wt in vitro. However, the myriocin sensitivity of JFH1 (2a)
NS5B(S244D) was demonstrated clearly. That of H77 (la)
NS5B(A238S/Q248E) 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 HCV 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 SBD is the membrane binding site of HCV RdRp, we
analyzed the localization of NS5B of JFHI (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 (Z2a)
NS5B(A242C/S244D) replicon shifted to the DRM from the
soluble fractions. Previously, HCV NS35B 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) NSSB(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 HCV genotypes 1a and 1b
but not those derived from JFHI (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 HCV.
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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 ofthe 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 ofthe outcome ofthis therapy. 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 chronicliver 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
eradieation of viremia, is still approximately 50% for
patients infected with the therapy-resistant HCV
genotype 1b (HCV-1b) with a high viral load [Manns
etal., 2001; Brunoet 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 PeglFN/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 NSbHA
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]. A high 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 polymorphismsin the
HCV coreregion (Arg70 vs. GIn70 and Leu81 vs. Met91)
correlate with virological outcome and on-treatment
viral kinetics in Peg-IFN/RBV therapy |Akuta et al.,
20086, 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 patients infected 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 + SD, 56.8 + 8.7 years old). All patients were
infected with HCV-1b with a high viral load of over
100 KIU/ml, 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 35—45, 46—-60, 61-75, and 76—-90kg were
given Peg-IFN at doses of 60, 80, 100, and 120 g,
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,

J. Med. Virol. DOI 10.1002/jmv
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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 Diagnosties) 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
151U/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 50l 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
etal., 2002a, 2003]. PCR was initially performed at 45"C
for 30 min at RT and then at 94"C for 2 min, 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 3,390-3,407) and NS3-AS1 (antisense primer;
5-GCCACT TGG AAT GTT TGC GGT A-3'; nucleotides
4,006-3,985). The second-round PCR was performed for
35 eycles, with each cycle consisting of 1min at 94°C,
1.5min at 55°C, and 3 min 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 z-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
transeription and the first-round PCR were performed
in a tube by the Superscript One-Step RT-PCR kit
with Platinum Tagq (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 ard Adherence to the
Peg-IFN Plus Ribavirin Regimen

Rates of virological responses in patients treated with
PegIlFN/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
in 58 (42%), 62 (45%), and 19 (14%), respectively. Serious



