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under the following conditions: 48 °C for 30 min, 95 °C for 10
min, 50 cycles of 95 °C for 15 s, and 60 °C for 1 min. Standard
curves were constructed on a 1:5 serial dilution of the RNA
template. The results were normalized to GAPDH mRNA
levels.

Determination of Protein Stability—HuH-7 cells were
infected with HCV JFH-1 at a m.o.i. of 2. Six hours after infec-
tion, the cells were either treated with KIF or transfected with
EDEM1 siRNA. Forty hours later, culture medium was replaced
with 100 pg/ml cycloheximide (CHX). Cells, including floating
cells, were harvested at different time points after CHX addi-
tion, and immunoblotting was performed to determine the
amount of HCV E2.

Plasmid Trausfection and Immunoprecipitation—HuH-7 or
293T cells were seeded in 6-well cell culture plates at 3 X 10°
cells/well and cultured overnight. Plasmid DNA was trans-
fected into cells using TranIT-LT1 transfection reagent (Mirus,
Madison, WI). Cells were harvested at 48 h after transfection,
washed once with 1 ml of PBS, and lysed in 200 pl of lysis buffer
(20 mm Tris-HCL, pH 7.4, 135 mm NaCl, 1% Triton X-100, and
10% glycerol supplemented with 50 mm NaF, 5 mm Na,VO,,
and protease inhibitor mixture tablets (Roche Diagnostics).
Cell lysates were sonicated at 4 °C for 10 min, incubated for 30
min at 4 °C, and centrifuged at 14,000 X g for 5 min at 4 °C.
After preclearing for 2 h, the supernatants were immunopre-
cipitated overnight by rotating with 1.5 pl of anti-HA monoclo-
nal antibody (16B12) or anti-HCV E2 monoclonal antibody
(clone 8D10-3) at 4-°C. The immunocomplexes were then cap-
tured on protein G-agarose beads (Invitrogen) by rotation-in-
cubation at 4 °C for 3 h. Beads were subsequently precipitated
by centrifugation at 800 X g for 1 min and washed five times
with lysis buffer. Finally, proteins bound to the beads were
boiled in 40 pl of SDS sample buffer and subjected to
SDS-PAGE.

Western Blotting—Proteins resolved by SDS-PAGE were
transferred onto PVDF membranes (Immobilon; Millipore).
After blocking in 2% skim milk, the membranes were probed
with primary antibodies followed by exposure to peroxidase-
conjugated secondary antibodies and visualization with an ECL
Plus Western blotting detection system (GE Healthcare). The
intensity of the bands was measured using a computerized
imaging system (Image] software; National Institutes of
Health).

Small Interfering RNA (siRNA) Transfection—HuH-7 cells
were transfected with duplex siRNAs at a final concentration of
10 nm using Lipofectamine RNAIMAX (Invitrogen). Three
siRNAs for each gene were examined for knock-down effi-
ciency and cytotoxic effects. The siRNA with best performance
was selected for further experiments. Target sequences of the
siRNAs which exhibited the best knock-down efficiencies were
as follows: EDEM1 (sense) 5'-CAUAUCCUCGGGUGAAU-
CUtt-3', EDEM2 (sense) 5'-GAAUGUCUCAGAAUUC-
CAAtt-3', EDEM3 (sense) 5'-CAUGAGACUACAAAUC-
UUALtt-3', IRE1 (sense) 5'-GGACGUGAGCGACAGAAUALt-
3'. 5'-GGUGUCCUUACCAUACUAALtt-3" served as a
negative control. The lowercase letters denote overhanging
deoxyribonucleotides.
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Quantification of HCV Core and RNA—HCYV core was quan-
tified using an enzyme immunoassay (Ortho HCV antigen
ELISA kit; Ortho Clinical Diagnostics, Tokyo, Japan). HCV
RNA was quantified as described (17).

Statistical Analysis—Student’s ¢ test was employed to calcu-
late the statistical significance of the results. p < 0.05 was con-
sidered significant.

RESULTS

HCV Infection Induces XBP1 mRNA Splicing and EDEM
Expression—XBP1 plays a key role in activating the ERAD path-
way, which mediates unfolded protein response in the ER.
Under conditions of ER stress, XBP1 mRNA is processed by
unconventional splicing and translated into functional XBP1,
which in turn mediates transcriptional up-regulation of a vari-
ety of ER stress-dependent genes. The resultant activation of
downstream pathways boosts the efficiency of ERAD, which
coincides with elevated transcription of EDEMs. To validate
our method for detecting activation of the ERAD pathway, we
exposed HuH-7.5.1 cells to TM, which is a typical ER stress
inducer, and performed an assay to quantify spliced XBP1
mRNA, as described under “Experimental Procedures,” at dif-
ferent time points after treatment. The spliced form of XBP1
mRNA started accumulating within these cells as early as 2 h
after exposure to TM (Fig. 14), and levels remained elevated
until atleast 12 h after treatment. Quantitative RT-PCR showed
that mRNA levels of EDEM1, EDEM2, and EDEM3 were ele-
vated in TM-treated cells whereas ER Manl, which is not an ER
stress-responsive gene, did not show any up-regulation (Fig.
1B). To examine involvement of the ERAD pathway in the HCV
life cycle, we infected HuH-7.5.1 cells with JFH-1 at m.o.i. of 5
and analyzed XBP1 mRNA splicing and EDEM up-regulation.
Upon infection, the fragment corresponding to spliced XBP1
mRNA, was detectable 8 h after infection, and the difference in
splicing between mock- and HCV-infected cells became more
pronounced at 48 h after infection and then persisted (Fig. 1C).
Increased levels of XBP1 mRNA splicing were dependent on
the m.o.i. (supplemental Fig. 1A4), suggesting that expression of
active XBP1 was induced by HCV infection. A small amount of
spliced XBP1 was detected in mock-infected cells, presumably
because of some intrinsic stress. A 3.1-fold increase in the level
of EDEM1 mRNA was observed at 3— 4 days after infection (p <
0.05). Increases in EDEM2 and EDEM3 mRNA levels were
moderate and reached ~1.5-fold, whereas ER Manl mRNA
exhibited no change after infection (Fig. 1D). Expression of
EDEMs, particularly EDEMI, was up-regulated in accordance
with HCV infection titers (supplemental Fig. 1B). Knocking
down the IRE1 gene (Fig. 1E) effectively reversed the accumu-
lation of spliced XBP1, as well as the transcriptional up-regula-
tion of EDEM1 (Fig. 1F), thus confirming that HCV infection
induces ERAD through the IRE1-XBP1 pathway.

To enable a comprehensive investigation of the transcrip-
tional changes that occur, up- and down-regulation of the tran-
scriptome was examined in HCV-infected cells and in
TM-treated cells. The results were compared with those of
mock-transfected cells at each time point. A range of genes
involved in ER stress was found to be regulated in HCV-in-
fected and in TM-treated cells (Fig. 24). EDEM1 was signifi-

QTN

VOLUME 286+ NUMBER 43+ OCTOBER 28, 2011

- 361 -



HCV Glycoproteins Are Targets of the ERAD Pathway

A

Mock Tunicamycin C Mock JFH-1
h 2 4 6 12242 4 6 12 24 h: 8 24 48 72 96 8 24 48 72 96
XBP1-S XBP1S
XBP1- u XBP1- u
co —~ M — @ © W N — N~ © 0 © o D W
SiUrato < © © < < ®© v N SiUratio = o X < < 0 g N~ O ©
o O O O O O - O O o O O C) O O O O = e
B Mock Tunicamycin D Mock JFH-1
= 12 1 —o— EDEMT ¢
® 10| -0 EDEM1 3 10 z bl EBERD
o —— EDEM2 S 3| o 3
L s L g =< EDEM3
g - EDEM3 9 e —& ER Manl
5 6 —&— ERManl 5 6 o 2 2
he) © he)
o i | bt
1 1
2 2
%2 4 6 1224 ° 12 24 (h) 078 24 a8 72 96 O & 24 48 72 96 (n)
E F Mock infection JFH-1+Ctrl sSiRNA  JFH-1+IRE1siRNA

8 24 48 72 96

824 48 72 96 8 24 48 72 96

h:
IRES Z‘ XBP1-S -
Actin E XBP1-U - T e e e

25

2 2
15
0

8 24 48 72 96(h) '8 24 48 72 96(h) 8 24 48 72 96 (h)

FIGURE 1. Splicing of XBP1 mRNA and induction of ERAD gene expression in HCV JFH-1-infected cells. A, splicing of XBP1 mRNA analyzed in mock- and
TM (5 pg/ml)-treated HuH-7.5.1 cells at different time points after treatment. The upper and lower bands represent spliced and unspliced RNA, respectively. The
numbers at the bottom of the panelindicate the density ratios of bands corresponding to spliced and unspliced XBP1. B, graphs showing the -fold induction of
EDEM1, EDEM2, EDEM3, and ER Man1 mRNA in HuH-7.5.1 cells treated or untreated with TM. Data are normalized to GAPDH expression levels, The mean =+ S.D.
(error bars) of three independent experiments are shown. G, splicing of XBP1T mRNA analyzed in mock- and HCV JFH-1-infected HuH-7.5.1 cells (m.o.i. 5) at
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real-time PCRanalysis of EDEM1, EDEM2, EDEM3, and ER Manl mRNA induction in mock- and HCV-infected cells, Data are normalized to GAPDH expression. The
mean * S.D. of three independent experiments are shown. Note that a reduction in the level of GAPDH mRNA within infected cells was not observed until 96 h
after infection when a slight decrease was observed. This led us to use GAPDH as a housekeeping gene in our experiments. £, Western blotting of IRE1 in cells
transfected with mock or gene-specific siRNA of IRE1. F, splicing of XBP1 mRNA and induction of EDEM1 in HCV-infected cells after knocking down of the IRE1
gene.HuH-7.5.1 cells infected with JFH-1 ata m.o.i. of 5 were transfected with mock (center) or IRE1-specific sSiRNA (right) 48 h after infection, after which splicing
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independent experiments are shown.

cantly up-regulated upon HCV infection, whereas expression
levels of EDEM2 and EDEM3 remained unchanged. Although
transcriptional changes caused by HCV infection in many of
the genes listed are analogous to those that occur in cells treated
with TM, up-regulation of two ER chaperone proteins, GRP78
and GRP94, was induced by TM treatment but not by HCV
infection. This differential induction was confirmed by a
reporter assay for GRP78 promoter and GRP94 promoter activ-
ities (Fig. 2B). These results are in agreement with a previously
described finding that GRP78 and GRP94 are not responsive to
HCV infection in hepatoma cells (18). It remains likely that
HCV infection interferes with transcriptional activation of
some ER chaperone proteins; however, the mechanism by
which this occurs remains to be elucidated.

EDEMs Cause Ubiquitylation of HCV Glycoproteins and
Enhance Their Degradation—Because EDEMs have been
reported to enhance proteasomal degradation of ERAD sub-
strates through direct binding, we investigated the interaction
of EDEMs with HCV glycoproteins in 293T cells by co-trans-
fecting the expression plasmids for E1dTM or E2dTM together
with plasmids carrying either EDEM or ER Manl genes. Immu-
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noprecipitation and immunoblotting demonstrated that each
EDEM, but not ER Manl, was capable of interacting with E2
(Fig. 3A) and E1 (supplemental Fig. S2). HCV glycoproteins
displayed enhanced mobility when co-expressed with EDEM1,
EDEMS3, or ER Manl, which could be due to the mannosidase
activity of these proteins, which is lacking in EDEM2 (6). HCV
primarily replicates in hepatocytes so we examined the interac-
tion of EDEMs with E2dTM in HuH-7 cells as well, which
yielded similar results (data not shown). E2dTM lacks the
transmembrane domain, which could affect its folding and ER
retention and thus modulate the ability of this protein to inter-
actwith EDEMs and ER Manl. Second, E1 and E2 glycoproteins
assemble as noncovalent heterodimers to make functional
complexes, which may alter the interaction of these proteins
with EDEMs. To address these issues, we co-transfected HuH-7
cells with plasmids carrying full-length E1E2 glycoproteins
together with plasmids carrying either EDEMs or ER Manl.
Similar phenotypes were produced following transfection full-
length E1E2 proteins (supplemental Fig. S3A4), demonstrating
that functional complexes of HCV glycoproteins bind with
EDEMs. Recently, we have reported on the development of a
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packaging system of HCV subgenomic replicon sequences
through the provision of viral core NS2 proteins in trans (19).
Transcomplementation with core NS2 proteins resulted in suc-
cessful packaging of the viral sequences; therefore, plasmids
carrying these proteins are a valid construct by which to exam-
ine the interaction of envelope proteins with ERAD machinery.
Thus, we performed an immunoprecipitation assay of HuH-7
cells co-transfected with core NS2 and EDEMs. In agreement
with our previous results, EDEMs, but not ER Manl, were
observed to bind to HCV E2 protein (supplemental Fig. S3B).
To examine the functional importance of this interaction, we
analyzed the ubiquitylation of HCV E2 protein in cells co-trans-
fected with HCV E2 and EDEM proteins. An immunoprecipi-
tation assay revealed that overexpression of EDEM1 and
EDEMS3, but not of EDEM2 and ER Manl, dramatically
increased the ubiquitylation of HCV glycoprotein (Fig. 3B). In
mammals, the ER membrane ubiquitin-ligase complex
involved in the dislocation of ERAD substrates, and their ubiq-
uitylation contains the ER membrane adaptor SEL1L. It has
recently been shown that SEL1L interacts with EDEM1 in cells
and functions as a cargo receptor for ERAD substrates (20);
however, it is unknown whether SELIL interacts with other
EDEMs. We therefore assessed whether SEL1L interacts with
EDEM1, EDEM2, EDEM3, and ER Manl in cells (Fig. 3C). Inter-
estingly, endogenous SEL1L co-precipitated with EDEM1 and
EDEM3, whereas little to no interaction was observed with
EDEM2 and ER Manl. Collectively, it is likely that, although all
EDEMs can recognize HCV E1 and E2, EDEM1 and EDEM3 are
involved in the ubiquitylation of HCV glycoproteins by deliver-
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ing them to SEL1L-containing ubiquitin-ligase complexes. To
investigate further the role of EDEMs in quality control of HCV
glycoproteins, we measured the steady-state level of HCV E2
protein after EDEM knockdown. Transfection of HCV-infected
cells with siRNAs against EDEM1, EDEM2, or EDEM3 caused a
60— 80% reduction in mRNA levels of the respective genes (Fig.
3D) with no cytotoxic effects observed (data not shown).
Immunoblotting showed a considerable increase in the steady-
state level of viral E2 in EDEM1 siRNA-treated cells (Fig. 3D).
We subsequently examined the turnover of E2 in cells with and
without EDEM1 knockdown. In CHX half-life experiments, E2
protein was moderately unstable in control-infected cells, pre-
sumably via proteasomal degradation (Fig. 3E). Treatment with
MG132, a proteasome inhibitor, blocked its destabilization
(data not shown). In contrast, E2 was completely stable in
EDEM1-knockdown cells during the chase period of time"
tested (Fig. 3E). Together, these results strongly suggest that
EDEM1 and EDEM3, particularly EDEM]I, are involved in the
post-translational control of HCV glycoproteins.

Involvement of EDEMI in the Production of Infectious
HCV—Given the involvement of EDEMs in the turnover of
HCV glycoproteins, we investigated whether EDEMs affect the
replication and production of infectious virus particles. EDEMs
were knocked down in HCV-infected HuH-7 cells by siRNA
transfection, and the production of infectious particles was
then monitored by measuring the extracellular infectivity titer.
Knocking down of EDEM1 and EDEMS3 in the infected cells
resulted in ~3.1-fold (p < 0.05) and ~2.3-fold increases in virus
production, respectively, compared with control cells. No effect
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FIGURE 3. EDEMs are involved in the degradation of HCV glycoproteins. A, binding of EDEMs and ER Manl with HCV E2. 293T cells were seeded in 6-well
plates at a density of 3 X 10° cells/well. After overnight incubation, cells were co-transfected with plasmids carrying HCV E2-myc (1 ug) and EDEM1-HA,
EDEM2-HA, EDEM3-HA, or ER Manl-HA proteins (1 g each). Forty-eight hours later, cells were harvested, immunoprecipitated (IP) with anti-HA antibodies, and
Western blotting (/B) was performed with the indicated antibodies. B, ubiquitylation of HCV E2 protein in cells co-transfected with HCV E2 and EDEM plasmids.
293T cells were seeded in 6-well plates at a density of 3 X 10 cells/well. Twenty-four hours later, the cells were co-transfected with plasmids carrying HCV
E2-myc (1 pg) and EDEM1-HA, EDEM2-HA, EDEM3-HA, or ER Manl-HA genes (1 j1g each). Forty-eight hours later, the cells were harvested and immunoprecipi-
tated with anti-E2 antibodies, and Western blotting was performed with the indicated antibodies. Arrow, HCV E2; open arrowhead, immunoglobulin heavy
chain. C, binding of EDEMs and ER Manl with endogenous SEL1L in cells. D, steady-state level of HCV E2 in HCV-infected HuH-7 cells after EDEM knockdown
(upper). The knockdown efficiencies of the respective siRNAs are shown in the lower panel. Values are normalized to GAPDH expression levels, and normalized
values in negative control cells have been arbitrarily set at 100%. E, stability of HCV E2 protein in EDEM1 knockdown cells. HCV-infected HuH-7 cells were
transfected with control or EDEM1 siRNA. Forty hours later, the cells were exposed to CHX (100 pg/ml) for 0, 12, 24, and 48 h, followed by immunoblotting.
Specific signals were quantified by densitometry, and the percent of HCV E2 remaining was compared with initial levels. The mean = S.D. (error bars) of two
independent experiments are shown.

on virus production was observed following EDEM2 gene
silencing (Fig. 44). On the other hand, no significant differ-
ences were observed with regard to intracellular HCV core pro-
tein levels among mock- and EDEM siRNA-transfected cells
(Fig. 4B), which indicates that replication of the viral genome is
not affected by EDEM proteins. To examine further whether
this effect on virus production was due to turnover of HCV
envelope proteins, we performed loss-of-EDEM-function
experiments in HuH-7 cells carrying HCV subgenomic repli-
cons. Because the replicons do not require envelope proteins,
they should be insensitive to the expression levels of
genes involved in the ERAD pathway. As expected,
siRNA-mediated knockdown of EDEMs resulted in little to
no change in genome replication (supplemental Fig. S4A4).
To investigate further the participation of EDEMs in the
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HCV life cycle, HCV-infected cells were examined 48 h after
transfection with an expression plasmid for either EDEMI,
EDEM2, or EDEM3. As expected, exogenous expression of
EDEMI1 in the infected cells led to a 2.4-fold decrease in virus
production compared with mock-transfected cells (p < 0.05)
(Fig. 4C). A moderate decrease of 1.7-fold was observed in
the cells overexpressing EDEM3 protein. Ectopic expression
of EDEMs and ER Manl did not cause any change in intra-
cellular HCV core protein levels (Fig. 4D). Similarly, little or
no change was observed in genome replication when plas-
mids carrying EDEMs were introduced into HCV sub-
genomic replicon cells (supplemental Fig, S4B). These
results indicate that EDEM1 and EDEMS3, particularly
EDEM1, regulate virus production, possibly through post-
translational control of HCV glycoproteins.
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FIGURE 4. Role of EDEMs in HCV replication and production of infectious virus particles. A, HCV production in HuH-7 cells transfected with EDEM siRNAs.
Cells were infected with JFH-1 at a m.o.i. of 1. Twenty-four hours later, the cells were transfected with the indicated siRNAs at a final concentration of 10 nm. The
culture medium was harvested 48 h later and was used to infect naive HuH-7.5.1 cells seeded in a 96-well plate. Immunostaining using anti-HCV core antibodies
was performed at 72 h after infection, and focus-forming units were counted. B, siRNA-transfected and HCV-infected cells described in A harvested at 48 h after
infection. Intracellular HCV core protein was measured. The values were normalized to total protein in the cell lysate samples. C, HCV production in HuH-7 cells
transfected with plasmids carrying EDEM1-HA, EDEM2-HA, EDEM3-HA, or ER Manl-HA genes. D, intracellular HCV core protein within the cells described in C.
Expression levels of the EDEMs and ER Manl were determined by anti-HA immunoblotting. The mean = S.D. (error bars) of three independent experiments are

shown in all of the panels.

Chemical Inhibition of the ERAD Pathway Increases HCV
Production—XKIF, a potent inhibitor of ER mannosidase, is
reported to inhibit the ERAD pathway. When HCV-infected
cells were treated with KIF, virus production increased in the
culture medium in a dose-dependent manner (Fig. 54, left), and
the steady-state level of E2 in the cells increased accordingly
(Fig. 5A, right). No change was observed in intracellular HCV
core protein levels after KIF treatment (Fig. 54, center). Kinetic
analyses showed that E2 was stabilized dramatically in KIF-
treated cells (Fig. 5B), whereas the fate of HCV core protein, a
nonglycoprotein, was not affected by KIF treatment (supple-
mental Fig. §5). No effect on virus replication was observed
when the cells harboring JFH-1 subgenomic replicons were
treated with KIF (data not shown).

On the basis of these findings, one may hypothesize that KIF
contributes to the stabilization of HCV glycoprotein(s) by
interfering with the interaction between (i) EDEMs and viral
proteins, or (ii) EDEMs and SELI1L. To address this, HCV E2
was co-expressed in 2937 cells with EDEM1, EDEM2, EDEMS3,
or ER Manl in the presence or absence of KIF, followed by
immunoprecipitation (Fig. 5C). E2 was shown to interact with
EDEMI1, EDEM2, and EDEM3, analogous to the data shown in
Fig. 34, and KIF did not block the interactions. Decreased elec-
trophoretic mobility of E2 was detected in KIF-treated cells,
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possibly due to a change in glycan composition caused by inhi-
bition of mannosidase activity. These findings led us to investi-
gate whether the glycans on HCV glycoproteins are required for
binding to EDEMs. We generated E1 and E2 mutants by replac-
ing their N-glycosylation sites with glutamine residues and ana-
lyzed their interaction with EDEMs. Removal of the glycans did
not inhibit the binding of E1 and E2 proteins to EDEM, dem-
onstrating that N-glycans on the surface of viral proteins are not
indispensible for an interaction between EDEMs and HCV gly-
coproteins to occur (supplemental Fig. S6). The effect of KIF on
the association of EDEMs with downstream ERAD machinery
was examined further. In cells co-expressing E2 and EDEMs,
the interaction of SEL1L with EDEM1 and EDEM3 was signif-
icantly reduced in the presence of KIF (p < 0.05) (Fig. 5C).
Consistent with these results, KIF abrogated the EDEM1- and
EDEM3-mediated ubiquitylation of HCV E2 protein (Fig. 5D).
This inhibitory effect of KIF on the SELIL-EDEM interaction
was also observed in HuH-7 cells (supplemental Fig. S7). These
results suggest that KIF stabilizes HCV glycoproteins by inter-
fering with the SEL1L-EDEM interaction and thus leads to an
increase in virus production.

Role of ERAD in the Life Cycle of JEV—This study demon-
strates involvement of the ERAD pathway in HCV production.
However, the role of this pathway in the production of other

AC VN

VOLUME 286-NUMBER 43 OCTOBER 28,2011

- 365 —



HCV Glycoproteins Are Targets of the ERAD Pathway

A §T
25 e
ap
" 28
53 20 3% o HCY B2 | ergastsiisihannand
;g 15 =2
o |
= (Ol =]
25 TE
2 10 53 5
£X SE Actin - -
& EES
[V e
" £X 4 0 01 1 10 50 100
0 01 1 10 50 100 = 0 01 1 10 50 100 KIF (M)
KIF (M) KIF (uM)
B No drug KIF 100 yM Hpy
125

" - -« GHEHED @D
HCV E2 | aneha g 100 P<0.05

Actin ——’—-”.--.1 50
25

h: 0 12 24 48 0 12 24 48 0 0 6 12 24(h)

% of Start
~
o

0 D epemiHA

“ b e o= e e e
EDEM1-HA -+ + = = - - - - EDEM2-HA - - = + + =~ = = =
EDEM2HA - - - + + - - - - EDEM3HA - - = - - + + - -
EDEM3-HA = MO ovE e o w ERManl-HA - - - - - - -~ + +
ER Manl-HA — it Y oy R b JFHIE2dTM-myc + + + + + + + + +
JFHIE2dTM-myc = + + 4+ + 4 + + & KIF (100pm) - - + - + = + - +
KIF (100 uM) bl s At oA A . 18 iB:
— e, WD, anti-E2 . anti-ubiquitin
IP: anti-
HA @ —— - anti-SEL1L P ¥
| s - anti-HCV E2
IR oni-HA anti-HA
LI anti-E2
Input
_ b“ anti-HCV E2
o o ot G e guy @ amw @ ANG-SELIL
201 p<0.05 o 2.5
o =
g 15 p<005 §20
<15
$10 z
5 w 1.0
o 0.5 éo.s
0.0 0.0
R R R
N PN Y S N N
G N L oF & KL K oF
SFEFE L ST FE S
S CL T § L
& & & ¢ & &

FIGURE 5. Effect of KIF on HCV production and stability of E2. A, extracellular HCV titer, intracellular HCV core protein expression, and steady-state
level of HCV E2 in HuH-7 cells treated with different concentrations of KIF. B, CHX-based HCV protein stability assay of HCV E2 protein in KIF-treated cells
as described in Fig. 3E. E2 protein levels normalized to actin levels are shown in the graph on the right. The open and filled circles indicate KIF-treated and
nontreated cells, respectively. The mean = S.D. (error bars) of two independent experiments are shown. C, binding of EDEMs and ER Manl with HCV E2
and SEL1L in 293T cells in the absence or presence of KIF. 293T cells were seeded in 6-well plates at a density of 3 X 10° cells/well. After overnight
incubation, the cells were co-transfected with plasmids carrying HCV E2-myc (1 p.g) and EDEM1-HA, EDEM2-HA, EDEM3-HA, or ER Mani-HA proteins (1
g each). After 6 h, the culture medium was replaced with fresh or KIF-containing medium (100 um). Forty-eight hours later, the cells were harvested and
immunoprecipitated (/P) with anti-HA antibodies, after which Western blotting (/B) was performed with the indicated antibodies. Specific signals were
quantified by densitometry, and the ratio between HCV E2 and HA (right graph) and between SEL1L and HA (left graph) in the same lanes is plotted on
the graphs. The mean = S.D. of three independent experiments are shown. D, EDEM protein-mediated ubiquitylation of HCV E2 protein in 293T cells in
the absence or presence of KIF. The experimental procedure was the same as that described in Fig. 5C, except thatimmunoprecipitation was performed
with anti-HCV E2 antibodies.

viruses is still unknown. To this end, we examined its roleinthe  piscussiON
life cycle of JEV, another member of the Flaviviridae family. In
contrast to HCV, KIF treatment had little effect on JEV produc-
tion in infected cells (Fig. 6A) or the steady-state level of viral E
glycoprotein (Fig. 6B). Interaction of EDEMs with JEV E was
analyzed further. Neither EDEMs nor ER Manl was found to viruses and infectious diseases remains poorly understood.
interact with JEV E in cells (Fig. 6C), indicating no significant Until recently, an experimental HCV cell culture infection sys-
role of the ERAD pathway in the JEV life cycle. Altogether, these ~ tem has been lacking such that studies evaluating the effect of
results strongly suggest that the ERAD pathway is involved in  HCV infection on the ERAD pathway were performed by either
the quality control of glycoproteins of specific viruses, possible ~ using HCV subgenomic replicons which lack structural pro-
through an interaction with EDEM(s), and subsequent regula-  teins or by ectopic expression of one or multiple structural pro-
tion of virus production. teins (21, 22). However, this problem was solved by identifica-

Accumulating evidence points to arole of the ERAD pathway
in the pathogenesis of different genetic and degenerative dis-
eases. However, the involvement of ERAD in the life cycle of
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FIGURE 6. Binding of JEV envelope glycoprotein with EDEMs and effect of
KIF on JEV production. A, JEV production in HuH-7 cells treated with KIF. The
mean * S.D. (error bars) of three independent experiments are shown. B,
effect of KIF on the steady-state level of JEV envelope protein. C, binding of
EDEMSs with the JEV envelope.

tion of an HCV clone, JFH-1, capable of replicating and
assembling infectious virus particles in cultured hepatocytes
(15). In the present study, we used JFH-1 to examine the effect
of HCV infection on activation of the ERAD pathway and its
role in the virus life cycle. Our results show that the ERAD
pathway is activated in HCV-infected cells, as evidenced by the
maturation of XBP1 mRNA to its active form and up-regulation
of EDEMI (Fig. 1, A-D). Knocking down IRE1 reversed the
induction of EDEM1, indicating that HCV infection-induced
activation of the ERAD pathway is mediated through IRE1 (Fig.
1F). Loss- and gain-of-function analyses indicated that EDEM1
and EDEMS3, particularly EDEMI, are involved in the post-
translational control of HCV glycoproteins by which viral pro-
duction is down-regulated (Figs. 3, D and E, and 44). Our
results suggest that EDEM1 and EDEMS3 play a role in delivery
of viral glycoproteins to the SEL1L-containing ubiquitin-ligase
complex. It has recently been reported that coronavirus infec-
tion causes an accumulation of EDEM1 in membrane vesicles
which are sites of viral replication, but that EDEM1 is not
required for coronavirus replication (23). To our knowledge,
the present study is the first to demonstrate regulation of the
viral life cycle by ERAD machinery through interaction of
EDEMs with viral glycoproteins.

We propose that the mechanisms described here are impor-
tant during the early stages of establishing persistent HCV
infection. ER stress caused by high levels of HCV infection du-
ing the acute phase presumably results in activation of the
ERAD pathway. Induced EDEMSs enhance the degradation of
HCV envelope proteins, thereby reducing virus production.
Maintenance of moderately low levels of HCV in the infected
liver may contribute to the persistence of HCV infection, often
associated with a lengthy asymptomatic phase that can last for
decades. A range of viruses, including flaviviruses such as JEV,
dengue virus, and West Nile virus, have been reported to induce
XBP1 mRNA splicing triggered by ER stress (2, 3, 24). However,
we demonstrate here that, in contrast to HCV, the envelope
protein of JEV, which causes acute encephalitis, is not recog-
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nized by EDEMs, and the ERAD pathway does not control JEV
production.

N-Linked glycoproteins displaying the glycan precursor
Gle1Man9GleNAc2 bind ER chaperones, such as calnexin or
calreticulin, which facilitates protein folding. Removal of the
terminal Glc from glycans disrupts this interaction with chap-
erones leading to Man trimming and delivery to ERAD machin-
ery. A glucosyltransferase can transfer the terminal Man-linked
Glc back to glycans, thereby allowing the “calnexin cycle” to
continue until the glycoproteins are properly tolded {for review,
see Ref. 25). During this cycle, the decision of when to abandon
additional folding attempts for immature polypeptides and to
direct them instead toward the degradation pathway appears to
be a crucial element of protein quality control. The basis by
which this occurs, however, is not fully understood. Here, we
demonstrate that stabilization of HCV envelope proteins and
increased virus production occurs with KIF treatment (Fig. 5, 4
and B) and with gene silencing of either EDEM1 or EDEM3
(Figs. 3, D and E, and 44). It is generally accepted that ERAD
functions to eliminate proteins that are unable to adopt their
native structure after translocation into the ER. From our
results, however, one could argue that, during the HCV life
cycle, at least a fraction of the competently folded viral glyco-
protein intermediates may be released from the calnexin cycle
before maturation and thereby be recognized as ERAD sub-
strates. As suggested previously, the processes of protein fold-
ing and ERAD compete to some extent for newly synthesized
polypeptides (26, 27). Under conditions in which high concen-
trations of ERAD-related factors are found in the ER due to
induction of ER stress by viral infection, activated ERAD
machinery may efficiently capture protein intermediates with
folding/refolding capacity and cause premature termination of
chaperone-assisted protein folding.

EDEMI1 has recently been found to bind SEL1L, which is
involved in the translocation of ERAD substrates from the ER to
the cytoplasm (20). Our results demonstrate efficient binding of
EDEMI1 and EDEM3 to SEL1L, whereas EDEM2 exhibits only
residual binding. In agreement with these results, increased
ubiquitylation of HCV E2 protein was observed in cells overex-
pressing EDEM1 and EDEMS, but not in cells overexpressing
the EDEM2 ortholog (Fig. 3B). Furthermore, KIF inhibited the
binding of EDEMI and EDEM3 with SEL1L, thus abrogating
the ubiquitylation and enhancing the stability of HCV E2 pro-
tein (Fig. 5, B and D). It has been reported that KIF inhibits the
interaction between EDEM1 and SEL1L, thus stabilizing ERAD
substrates (4). Therefore, our vesults confirm previous findings
and show that, along with EDEM1, KIF inhibits the binding of
SEL1L to EDEMS3. Furthermore, we have been the first to show
that HCV E2 is a virus-derived ERAD substrate that can be used
to analyze the mechanisms of this pathway. Taken together, our
results indicate that EDEM1 and EDEMS3, but not EDEM?2,
might be involved in targeting ERAD substrates to the translo-
cation machinery, which may partly explain the difterent roles
of the three EDEMs in HCV production. Although both
EDEM1 and EDEMS3 bind SEL1L and HCV envelope proteins,
EDEMI appears to have a larger role in regulation of HCV pro-
duction than EDEMS3. This is supported further by the finding
that enhanced ubiquitylation of HCV E2 occurs in the presence
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of EDEM1 overexpression (Figs. 3B and 5D). In EDEM3-knock-
down cells, EDEM1 may take over the function of delivering
ERAD substrates to the translocation machinery. We also spec-
ulate that EDEM1 may function as a helper for EDEM3, This is
supported by the observation that EDEM1 and EDEM3 syner-
gistically increase HCV production when knocked down
together (data not shown). HCV glycoproteins are a suitable
means by which to investigate differences and redundancies
pertaining to the role of EDEMs in the ERAD pathway.

HCV-infected and TM-treated cells demonstrated the great-
est activation of EDEM1 transcript production among EDEMs
(Fig. 1, C and D, and supplemental Fig. S1). Although it is
known that XBP1 binds to specific ER stress-responsive cis-
acting elements to induce EDEMs (28, 29), the exact mecha-
nism of transcriptional regulation is not fully understood. It will
be interesting to examine regulatory mechanism(s) specific to
individual EDEM homologs in an ER stress-dependent or -in-
dependent manner.

These findings highlight the crucial role of the ERAD path-
way in the HCV life cycle. Further studies are needed to clarify
the details of this complex pathway. The data generated in this
work, however, further contribute to our understanding of the
mechanisms that govern the maturation and fate of viral glyco-
proteins in the ER.
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Nonstructural protein SA (NS5A) of hepatitis C virus (HCV) plays multiple and diverse roles in the viral
lifecycle, and is currently recognized as a novel target for anti-viral therapy. To establish an HCV cell cul-
ture system with NS5A of various strains, recombinant viruses were generated by replacing NS5A of
strain JFH-1 with those of strains of genotypes 1 (H77; 1a and Conl; 1b) and 2 (J6CF; 2a and MA; 2b).
All these recombinant viruses were capable of replication and infectious virus production. The replace-
si55 A isiidbitor n'1ent of JFH-1 NS5A with tl1o§e of genotype 1 strains resu..llted in similar. or slightly r-educed virus produc-
Wius assermbily tion, whereas replacement with those of genotype 2 stranqs enhanced virus production as compared with
JFH-1 JFH-1 wild-type. A single cycle virus production assay with a CD81-negative cell line revealed that the
efficient virus production elicited by replacement with genotype 2 strains depended on enhanced viral
assembly, and that substitutions in the C-terminus of NS5A were responsible for this phenotype.
Pulse-chase assays revealed that these substitutions in the C-terminus of NS5A were possibly associated
with accelerated cleavage kinetics at the NS5A-NSS5B site. Using this cell culture system with NS5A-
substituted recombinant viruses, the anti-viral effects of an NS5A inhibitor were then examined. A
300- to 1000-fold difference in susceptibility to the inhibitor was found between strains of genotypes
1 and 2. This system will facilitate not only a better understanding of strain-specific roles of NS5A in
the HCV lifecycle, but also enable the evaluation of genotype and strain dependency of NS5A inhibitors.

© 2011 Elsevier Inc. All rights reserved,

Keywords:
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1. Introduction system with strain JFH-1 has enabled the study of the viral lifecycle

and research into anti-viral compounds [1]. However, the available

Approximately 3% of the world’s population is persistently in-
fected with hepatitis C virus (HCV) and at increased risk of fatal
chronic liver diseases such as decompensated liver cirrhosis and
hepatocellular carcinoma. HCV have significant diversity in their
genome and are grouped into six major genotypes. Among these
genotypes, genotypes 1 and 2 are distributed worldwide and are
predominant in Japan. The genotype is an important viral factor
to predict the outcome of interferon (IFN)-based therapy. Because
the efficacy of current therapy with pegylated IFN and ribavirin is
insufficient, there is great interest in the development of novel
HCV-specific inhibitors. The development of an HCV cell culture

* Corresponding author. Address: Department of Virology I, National Institute of
Infectious Diseases, 1-23-1 Toyama, Shinjuku-ku, Tokyo 162-8640, Japan. Fax: +81
35285 1161.

E-mail address: takato@nih.go.jp (T. Kato).

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.05.144

strains used in the HCV cell culture system are still limited to JFH-1
(genotype 2a) and H77S (genotype 1a) [2]. Thus, JFH-1 based re-
combinant viruses harboring specific regions of other strains
would be useful to assess the genotype or strain-specific sensitivity
to novel anti-HCV compounds.

Although NS5A is an essential and involved in HCV RNA replica-
tion and virus assembly [3,4], it has been reported to be tolerable
for trans-complementation in replication-defective mutants due
to critical mutations in NS5A [5]. We hypothesized that the NS5A
of strain JFH-1 could be replaced with those of other strains. In
the present study, we developed a cell culture system with JFH-1
based intra- and inter-genotypic recombinant HCV harboring
NS5A of strains H77 (genotype 1a) [6], Conl (genotype 1b) [7],
J6CF (genotype 2a) [8], and MA (genotype 2b) [9]. Through the
use of these recombinant viruses, we evaluated the effects of
NS5A replacement on the HCV lifecycle and susceptibility to the
NS5A inhibitor BMS-790052.
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2. Materials and methods
2.1, Cell culture

The human hepatoma cell line, HuH-7, and derivative cell lines,
Huh7.5.1 [10] and Huh7-25 [11], were cultured in complete
growth medium as described previously [1,11].

2.2. Plasmid construction

Plasmids containing the full-genome of HCV strain JFH-1
(pJFH1) and of a replication defective mutant (p]JFH1/GND) have
been described previously [1]. The construction of the NS5A re-
placed recombinant viruses and subgenomic reporter replicons
was described in Supplementary materials.

2.3. In vitro RNA synthesis and RNA transfection

In vitro synthesis of HCV RNA and RNA transfection were per-
formed as described elsewhere [1].

2.4. Quantification of HCV core protein, luciferase activity, and extra-
and intra-cellular infectivity

Quantification of these values was described in Supplementary
materials.

2.5. Inhibition of HCV production by a specific NS5A inhibitor

Huh7.5.1 cells (3 x 10°) were electroporated with 3 pg of syn-
thetic HCV RNA, suspended in 15 mL complete growth medium,
and seeded into 24-well plates. At 4 h after electroporation, the
culture medium was replaced with medium containing 0.1% di-
methyl sulfoxide (DMSO) with or without various concentrations
of the specific NS5A inhibitor BMS-790052 (provided from Bris-
tol-Myers Squibb Company, Plainsboro, NJ) [12]. After 44 h incuba-
tion, cells were harvested and HCV core protein was quantified.

2.6. Statistical analysis

Unpaired 2-tailed t-test was performed to evaluate the signifi-
cance of results, and p < 0.05 was considered significant.

3. Results
3.1. Development of recombinant HCV with NS5A of genotypes 1 and 2

To establish an HCV cell culture system with NS5A of various
strains, we generated recombinant viruses by replacing NS5A of
strain JFH-1 with those of genotypes 1 and 2 strains. By transfec-
tion of in vitro transcribed RNA, efficient production of HCV core
protein was detected in JFH-1 wild-type (JFH1/wt) and other re-
combinant viruses, but not in the replication defective mutant
JFH1/GND (Fig. 1A). When compared between JFH1/wt and other
recombinant viruses, intracellular core protein levels were compa-
rable at days 2 and 3 after transfection, while extracellular core
protein levels were very different. The extracellular core protein le-
vel of JFH1/wt-transfected cells increased exponentially up to
23,515+ 1790 fmol/L at day 3. Similar kinetics was observed in
JFH1/5A-H77-transfected cells. However, the extracellular core
protein level of JFH1/5A-Con1-transfected cells was approximately
2.5-fold lower than that of JFH1/wt at days 2 and 3. Interestingly,
the extracellular core protein levels of intra-genotypic recombi-
nant viruses, JFH1/5A-J6CF and 5A-MA, were 2.5- to 3.5-fold higher
than that of JFH1/wt at days 2 and 3. To evaluate the effect of these

NS5A replacements on HCV replication, we used recombinant sub-
genomic reporter replicons, SGR-JFH1/RLuc/wt, 5A-H77, 5A-Con1,
5A-]J6CF, and 5A-MA. The Renilla luciferase activities of these re-
combinant subgenomic replicons were comparable to that of
SGR-JFH1/Rluc/wt, suggesting similar levels of replication effi-
ciency (Fig. 1B).

To further assess whether NS5A replacement affected other
steps of the viral lifecycle, we used a single cycle virus production
assay with Huh7-25 cells, a HuH-7-derived cell line lacking CD81
expression on the cell surface [11]. This cell line can support repli-
cation and infectious virus production upon transfection of HCV
genomic RNA, but cannot be reinfected by produced HCV, therefore
allowing the observation of a single cycle of infectious viral pro-
duction without the confounding effects of reinfection [13]. As
shown in Fig. 1C, JFH1/wt yielded an extracellular infectivity titer
of 1585 +436 FFU/well at day 2 after transfection. JFH1/5A-H77
and 5A-Conl showed significantly lower titers, while JFH1/5A-
J6CF and 5A-MA showed significantly higher intracellular infectiv-
ity titers compared to JFH1/wt (p < 0.05). These data were consis-
tent with the extracellular core protein levels of JFH1/wt and
recombinant viruses (Fig. 1A). A similar tendency was observed
in the intracellular infectivity titers of JFH1/wt and recombinant
viruses (Fig. 1C). To estimate the efficiency of viral particle assem-
bly, we determined the intracellular specific infectivity by calculat-
ing the ratio of the intracellular infectivity titer over the
intraceltular HCV core protein level. The intracellular specific infec-
tivities of JFH1/5A-H77 and 5A-Con1 were 2.5- and 8-fold lower
than that of JFH1/wt, respectively, while JFH1/5A-J6CF and 5A-
MA showed 12- and 4-fold higher infectivities compared to JFH1/
wt, respectively, suggesting a low assembly efficiency of JFH1/
5A-H77 and 5A-Conl, and a high assembly efficiency of JFH1/5A-
J6CF and 5A-MA (Fig. 1D). Taken together, all recombinant viruses
could replicate and yielded infectious virus. Intra-genotypic re-
combinant viruses, JFH1/5A-J6CF and 5A-MA, had a higher ability
to produce infectious virus than JFH1/wt in cultured cells.

3.2. The C-terminus of NS5A is responsible for enhanced viral assembly

The efficient infectious virus production of intra-genotypic re-
combinant viruses was unexpected. This prompted us to search
for causes of the enhancement. To analyze the enhanced virus
assembly of JFH1/5A~J6CF and 5A-MA, we focused on the C-termi-
nus of NS5A of these strains, because this region influence the
cleavage between NS5A and NS5B, and the cleavage is reported
to be involved in virus assembly [14]. We generated recombinant
JFH-1 viruses harboring 10 amino acids of the C-terminus of
NS5A of J6CF and MA (JFH1/5Ac]6 and 5AcMA, respectively), and
investigated replication and infectious virus production. In these
10 amino acids of the C-terminus of NS5A, JFH1/5AcJ6 and 5AcMA
contain 2 and 6 substitutions, respectively, as compared with [FH1/
wt, and 2 of them, T2438S and T2439V, are common (Fig. 2A). As
shown in Fig. 2B, the extracellular core protein level of JFH1/
5Ac]6-transfected cells was higher than those of JFH1/wt- and
5A-J6CF-transfected cells at the examined time points. A similar
tendency was observed between JFH1/5AcMA and JFH1/wt or 5A-
MA (Fig. 2C). In contrast to the extracellular core protein levels,
the intracellular core protein levels were comparable for all NS5A
recombinants at the examined time points.

We next assessed the replication of recombinant subgenomic
luciferase reporter replicons on the basis of JFH1/5Ac]6 and 5AcMA
(Fig. 2D). JFH1/5Ac]6 and 5AcMA showed similar levels of replica-
tion to JFH1/wt at day 2 after transfection. To investigate the ef-
fects of substitutions at the C-terminus of NS5A on infectious
viral particle assembly, we determined the extra- and intracellular
infectivity with the single cycle virus production assay with Huh7-
25 cells. As shown in Fig. 2E, extra- and intracellular infectivities of
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Fig. 1. Production and replication of recombinant viruses with NSSA of strains of genotypes 1 and 2. (A) Huh7.5.1 cells were transfected with in vitro synthesized RNA of JFH1/
wt and indicated recombinants. The amount of extracellular (line graph) and intracellular (bar graph) HCV core protein was determined at the indicated time points. Assays
were performed in triplicate, and means * standard deviation are plotted. (B) Huh7.5.1 cells were transfected with subgenomic replicon RNA of JFH1/wt and indicated
recombinants. Luciferase activity at day 2 was measured. Replication levels of JFH1/wt and indicated recombinants were calculated as fold increases at 4 h and are expressed
as percentages of JFH1/wt. (C) Huh7-25 cells were transfected with RNA of JFH1/wt and recombinants. Forty-eight hours after transfection, extra- and intracellular
infectivities were determined by inoculating into naive Huh7.5.1 cells. (D) Intracellular specific infectivity of JFH1/wt and indicated recombinants.
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Fig. 2. C-terminal amino acids in NS5A were responsible for the enhanced virus production of recombinant viruses with NS5A of genotype 2 strains. (A) Alignment of C-
terminal amino acids in NS5A of JFH-1, J6CF, and MA. Identical amino acids are indicated by asterisks. The indicated number represents the position of the amino acid in the
entire polyprotein of JFH-1. (B) Huh7.5.1 cells were transfected with RNA of JFH1/wt, 5A-J6CF, and 5Ac]6. The amount of extracellular (line graph) and intraceflular (bar graph)
core proteins were quantified at the indicated time points. (C) Huh7.5.1 cells were transfected with RNA of JFH1/wt, 5SA-MA, and 5AcMA. The amount of extracellular (line
graph) and intracellular (bar graph) core proteins were quantified at the indicated time points. (D) Huh7.5.1 cells were transfected with subgenomic replicon RNA of JFH1/wt
and indicated recombinants. Luciferase activity at day 2 was measured. Replication levels of JFH1/wt and indicated recombinants were calculated as the fold increase at 4 h
and are expressed as percentages of JFH1/wt. (E) Huh7-25 cells were transfected with RNA of JFH1/wt and recombinant viruses. Forty-eight hours after transfection, extra-
and intracellular infectivities were determined by inoculating into naive Huh7.5.1 cells. (F) Intracellular specific infectivities of JFH1/wt and indicated recombinants.
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JFH1/5Ac]6 and 5AcMA were approximately 20-fold higher than
that of the JFH1/wt (p < 0.05), and were slightly higher than those
of JFH1/5A-]J6CF and 5A-MA. We also determined the specific intra-
cellular infectivity of each recombinant virus to assess virus assem-
bly (Fig. 2F). As with extra- and intracellular infectivities, the
specific intracellular infectivities of JFH1/5AcJ6 and 5AcMA were
more than 10-fold higher than that of the JFH1/wt (p < 0.05), and
were slightly higher than those of JFH1/5A-[6CF and 5A-MA. These
results suggest that these C-terminal amino acids of NS5A are
responsible for enhanced assembly of intra-genotypic recombinant
viruses JFH1/5A-JGCF and 5A-MA.

3.3. Amino acid substitutions at the C-terminus of NS5A accelerate
cleavage kinetics between NS5A and NS5B

To investigate whether substitution of the C-terminus of NS5A
affects the cleavage kinetics between NSS5A and NS5B, we per-
formed pulse-chase assays using a T7-based expression system.
Immunoprecipitations were performed with an NS5B-specific anti-
body and immunocomplexes were analyzed on a 7.5% SDS-PAGE
(Supplementary Fig. A). Fully processed NS5B and an uncleaved
NS5A~-NS5B precursor with a size of approximately 130 kDa could
be detected for JFH1/wt and recombinant constructs JFH1/5Ac]6
and 5AcMA. In the case of JFH1/wt, the amount of uncleaved pre-
cursor was gradually decreased but still detectable at 4 h of the
chase period. On the other hand, in the case of the recombinant
constructs, JFH1/5AcJ6 and 5AcMA, the amounts of precursor were
reduced more rapidly and were undetectable by 4 h of chase. To as-
sess the kinetics of the cleavage, the percentages of uncleaved
NS5A-NS5B precursor at the examined time points were plotted
and analyzed using nonlinear regression (Supplementary Fig. B).
Rapid cleavage kinetics was observed in JFH1/5Ac]6 and 5AcMA
transfected cells as compared with JFH1/wt. These observations
suggest that substitutions at the C-terminus of NS5A of these re-
combinant viruses are responsible for the accelerated cleavage
kinetics between NS5A and NS5B, and might be associated with
enhanced infectious viral particle assembly.

3.4. Susceptibility of recombinant HCV to the NS5A inhibitor BMS-
790052

Using developed JFH-1 based inter- and intra-genotypic recom-
binant viruses, we assessed their susceptibility to the NS5A inhib-
itor BMS-790052 [12]. After transfection with synthesized HCV
RNA, cells were treated with different concentrations of BMS-
790052 for 2 days and intracellular HCV core protein levels were

3

Intracellular core
(log % of untreated]

14 13l

SEN W

determined. No cytopathic effects were observed at the concentra-
tions used (data not shown). As shown in Fig. 3, the intracellular
core protein levels of JFH1/wt and recombinant viruses were inhib-
ited to different extents. Recombinant viruses with NS5A of geno-
type 1, JFH1/5A-H77 and 5A-Con1, showed higher susceptibility to
BMS-790052 as compared with JFH1/wt, while JFH1/5A-J6CF and
5A-MA showed much lower susceptibility. To compare the suscep-
tibilities, the effective concentrations required to inhibit 50% of
intracellular core protein level (ECsq) were determined, because
the intracellular core protein levels of these recombinant viruses
were at almost the same level at day 2 after transfection
(Fig. 1A). The ECsq of JFH1/wt and recombinant viruses with
NS5A of genotype 1, JFH1/5A-H77 and 5A-Conl, were 6.4, 3.1,
and 1.4 pM, respectively, and do not conflict with results using rep-
licon systems reported previously [12]. In contrast, recombinant
viruses with NS5A of genotype 2, JFH1/5A-]6CF and 5A-MA, were
more resistant to BMS-790052, and ECsg values were 1.5 and
>5nM, respectively. Collectively, the anti-HCV effect of the specific
NSSA inhibitor BMS-790052 showed strain and genotype depen-
dency. In particular, the NS5A of genotype 2 strains, J6CF and
MA, excepting JFH-1, showed 300- to 1000-fold lower susceptibil-
ity to BMS-790052 compared with the NS5A of genotype 1 strains,
H77 and Con1.

4. Discussion

HCV NS5A is essential for replication and infectious virus pro-
duction, similar to other nonstructural proteins possessing enzy-
matic activities, including NS3 (a serine protease) and NS5B (an
RNA-dependent RNA polymerase). Currently, these nonstructural
proteins are being targeted to establish anti-viral compounds to
improve the outcome of therapy for chronic HCV infection, and
several inhibitors for these proteins are entering into clinical trials.
A great deal of interest has also been shown in the development of
NS5A inhibitors, and one potent inhibitor, BMS-790052, has re-
cently been described [12]. In this study, to assess strain and geno-
type dependent susceptibility for this inhibitor, we generated
recombinant HCV with NS5A from strains other than JFH-1, be-
cause a limited number of strains are available in the HCV cell cul-
ture system. We replaced NS5A of JFH-1 with those of genotype 1
and 2 strains, and observed efficient replication and infectious
virus production in cell culture.

The replication efficiencies of these NS5A recombinant viruses
were almost the same, whereas virus production levels into the
culture medium were very different from JFH1/wt (Fig. 1A and

wi
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SA-MA
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Fig. 3. Susceptibility of JFH1/wt and recombinant viruses to the NS5A inhibitor. Huh7.5.1 cells were transfected with RNA of JFH1/wt and recombinant viruses and treated
with serially diluted BMS-790052 for 48 h. The amounts of intracellular HCV core protein were quantified and normalized against untreated control set to 100%.
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Table 1
Amino acid substitutions in NS5A of strains used, and reported resistant mutations to BMS-790052.
AA* Strains used in this study Reported resistant mutations” Ref.
Entire NS5A JFH1 H77 Conl J6CF MA la 1b 2a
2004 28 F M L F L T (683) T (20} - [20]
2006 30 K Q R K K E (24,933) E (6) - [20]
K (24,317)
H (1450)
R (1217)
2007 31 L L L M M M (350) F(5) M (170) [12.20]
V (3350) M (3)
V(23)
2008 32 P P P P P L(233) L(17) - |20}
2068 93 A A C C C - - E (150) [12]
2069 93 Y Y Y Y Y C (1850) H(19) H (130-1400) [12,20]
H (5367) N (28)
N (47,017)

* AA, amino acid position which are according to entire polyprotein (Entire) and NSSA of JFH1.

" Fold resistance as compared with parental amino acid is indicated in parentheses.

B). Enhanced virus production was detected in recombinant
viruses replaced with NS5A of genotype 2 strains, while reduced
virus production was observed in recombinant viruses replaced
with NS5A of genotype 1 strains (Fig. 1A). The single cycle virus
production assay revealed that this enhanced virus production
with NS5A of genotype 2 was due to efficient viral particle assem-
bly (Fig. 1D). To analyze the mechanism of efficient virus assembly
by NS5A of strains J6CF and MA, we focused on the cleavage be-
tween NS5A and NS5B. Several reports have shown that amino
acids in the C-terminus of NS5A influence the cleavage [15,16].
Thus, we used recombinant JFH-1 viruses harboring amino acids
of [6CF and MA in the C-terminus of JFH-1 NS5A, and assessed rep-
lication and infectious virus production. We found that both of
these recombinant viruses, JFH1/5AcJ6 and 5AcMA, showed more
enhanced virus assembly (Fig. 2F), and reasoned that the amino
acid substitutions T2438S and T2439V were responsible for the en-
hanced infectious virus production. In pulse-chase assays for the
cleavage of NS5A and NS5B, accelerated cleavage was observed
in recombinant viruses J[FH1/5Ac]6 and 5AcMA. Uncleaved NS5A-
NSS5B disappeared earlier in JFH1/5AcJ6- and 5AcMA-transfected
cells than in JFH1/wt-transfected cells (Supplementary Fig. A). Ta-
ken together, the enhanced virus assembly observed with JFH1/5A-
J6CF and 5A-MA depended on the C-terminal amino acid substitu-
tions in NS5A, possibly through accelerated cleavage kinetics be-
tween NS5A and NSS5B. The reason for the correlation between
accelerated cleavage and enhanced virus assembly is still un-
known. Accelerated cleavage may lead to an increased amount of
mature NS5A used for virus assembly or affect the interaction with
the core protein, which has been reported to be important for
infectious virus assembly [17]. Another possibility is the interac-
tion between the C-terminus of NS5A and some host factor(s) in-
volved in virus particle assembly, such as apolipoprotein E [18].
Amino acid substitutions at this region may alter the potency of
this interaction directly. A previous report has also shown that an-
other mutation in this region, V2440L, is associated with delayed
cleavage kinetics between NS5A and NS5B, but enhanced virus
assembly [14]. Further investigation will be necessary to clarify
this mechanism and to solve the discrepancy.

Using this cell culture system with NS5A recombinant viruses,
we assessed strain and genotype dependent susceptibility to the
novel NS5A inhibitor, BMS-790052. This potent inhibitor success-
fully inhibited replication of JFH1/wt and recombinant viruses with
NS5A of genotype 1 strains (Fig. 3). However, it showed limited
effectiveness on recombinant viruses with NS5A of genotype 2
strains. This high efficacy for genotype 1 strains makes sense be-
cause this inhibitor and its lead compound were identified using
genotype 1a and 1b subgenomic replicons [19].

During preparation of this paper, another study was published
describing an HCV cell culture system with NS5A-substituted re-
combinant viruses [20]. That study used a J6/JFH-1 chimeric virus
that is known to have high virus production efficiency, but not nat-
ural viruses, and established nine recombinant viruses with NS5A
from strains of eight different subtypes. They found that recombi-
nant viruses with NS5A of strains of genotypes 1a, 1b, 4a, 5a, and
6a were sensitive, and strains of genotypes 2a and 3a were resis-
tant to the NS5A inhibitor, data that are consistent with our own
observations. In addition, we found that recombinant virus with
NS5A of genotype 2b, which is the one of the predominant geno-
types in Japan, was also resistant to the compound. Resistant
mutations to BMS-790052 have been reported and are frequently
observed in the N-terminus of NS5A, suggesting inhibition of mem-
brane localization and dimerization of NS5A (Table 1) [12,20].
Among these reported mutations, one of the most potent, 2006E/
K/H/R (amino acid position (AA) 30 in NS5A), is found in all strains
but H77, and another potent resistant mutation, 2007F/M/V (AA 31
in NS5A), is also found in J6CF and MA. Thus, the lower susceptibil-
ities of recombinant viruses JFH1/5A-J6CF and 5A-MA, as com-
pared with JFH1/wt, might be due to the latter mutation. Based
on an analysis of the database of submitted strains (Hepatitis Virus
Database; http://s2as02.genes.nig.ac.jp/index.html), this resistant
mutation, 2007M, is detected in 84.2% and 79.0% of genotype 2a
and 2b strains, respectively, whereas it is observed in only 0.2%
of genotype 1a and 3.8% of genotype 1b strains [20,21]. From these
observations, most of genotype 2a and 2b strains may be resistant
to BMS-790052, although these are known to be sensitive to inter-
feron [22].

In conclusion, we established JFH-1 based recombinant viruses
by replacement of NS5A with those from strains of genotypes 1 and
2. All the generated recombinant viruses could replicate and pro-
duce infectious viruses in cell culture, and were useful to assess
the genotype and strain dependency to a novel NS5A inhibitor.
The strategy of using recombinant virus will facilitate not only a
better understanding of the strain-specific roles of NS5A in the
HCV lifecycle, but also aid in developing and testing specific inhib-
itors against NS5A from different genotypes and strains.
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Our earlier study has demonstrated that hepatitis C virus (HCV)-associated cholesterol plays a
key role in virus infectivity. In this study, the structural requirement of sterols for infectivity, buoyant
density and apolipoprotein association of HCV was investigated further. We removed cholesterol
from virions with methy! f-cyclodextrin, followed by replenishment with 10 exogenous cholesterol
analogues. Among the sterols tested, dihydrocholesterol and coprostanol maintained the buoyant

density of HCV and its infectivity, and 7-dehydrocholesterol restored the physical appearance
of HGV, but suppressed its infectivity. Other sterol variants with a 3f-hydroxyl group or with
an aliphatic side chain did not restore density or infectivity. We also provide evidence that
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virion-associated cholesterol contributes to the interaction between HCV particles and apolipoprotein
E. The molecular basis for the effects of different sterols on HCV infectivity is discussed.

Hepatitis C virus (HCV) is a major cause of liver diseases,
and is an enveloped, plus-strand RNA virus of the genus
Hepacivirus of the family Flaviviridae. The mature HCV
virion is considered to consist of a nucleocapsid, an outer
envelope composed of the viral E1 and E2 proteins and a
lipid membrane. Production and infection of several
enveloped viruses, such as human immunodeficiency virus
type 1 (HIV-1), hepatitis B virus and varicella-zoster virus
(Bremer et al, 2009; Campbell et al., 2001; Graham et al.,
2003; Hambleton et al., 2007), are dependent on choles-
terol associated with virions. However, except for HIV-1
(Campbell er al., 2002, 2004), there is limited information
about the effects of replacing cholesterol with sterol
analogues on the virus life cycle. We demonstrated the
higher cholesterol content of HCV particles compared with
host-cell membranes, and that HCV-associated cholesterol
plays a key role in virion maturation and infectivity {Aizaki
et al., 2008). Recently, by using mass spectrometry, Merz
et al. {2011) identified cholesteryl esters, cholesterol,

A supplementary table and figure are available with the online version of
this paper.

phosphatidylcholine and sphingomyelin as major lipids
of purified HCV particles.

To investigate further the effect of the structural require-
ment for cholesterol on the infectivity, buoyant density and
apolipoprotein association of HCV, depletion of virion-
associated cholesterol and substitution of endogenous
cholesterol with structural analogues (Fig. 1a) was used
in this study. HCVec (HCV grown in cell culture) of the
JFH-1 isolate (Wakita er al,, 2005), prepared as described
previously (Aizaki et al, 2008), was treated with 1 mM
methyl f-cyclodextrin (B-CD), which extracts cholesterol
from biological membranes, for 1h at 37 °C. The
cholesterol-depleted virus was then incubated with exo-
genous cholesterol or cholesterol analogues at various
concentrations for 1 h. After removal of B-CD and free
sterols by centrifugation at 38000 r.p.m. (178000 g) for
2.5h, the treated particles were used to infect Huh7 cells,
kindly provided by Dr Francis V. Chisari (The Scripps
Research Institute, La Jolla, CA, USA), and their infectivity
was determined by quantifying the viral core protein in
cells using an enzyme immunoassay (Ortho-Clinical
Diagnostics) at 3 days post-infection (p.i.). Virus infectiv-
ity, which fell to <20% after B-CD treatment, was
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Fig. 1. Role of virion-associated cholesterol analogues in virus infection. (a) Structures of sterols used in this study. Variations in
the 3f-hydroxyl group (lower left), aliphatic side chain (upper right) or ring structure (lower right) of cholesterol are shown. (i-x)
Compounds studied in (b) and (c). (b) Effect of replenishment with sterols on HCV infectivity. Intracellular HCV core levels were
determined at 72 h p.i. as the indicator of infectivity, which is represented as a percentage of the untreated HCVce level (NT).
(c) Effects of virion-associated sterols on virus internalization. HCV RNA copies in cells after virus internalization were quantified
and are shown as percentages of the untreated HCVcc level (NT). (b, ¢) Means +5sD of four samples are shown. *P<0.05;
**P<0.01, compared with B-CD-treated virus (unpaired Student's t-test). Data are representative of at least two experiments.

recovered by addition of cholesterol at 0.01-1 mM in a
dose-dependent manner (Fig. 1b). Among the cholesterol
analogues tested, variants with a 3f-hydroxyl group (4-
cholestenone, cholesteryl acetate, cholesteryl methyl ether
and 5a-cholestane) or variants with an aliphatic side chain
[25-hydroxycholesterol (25-HC), sitosterol and ergosterol]
exhibited no or little effect on the recovery of infectivity of
B-CD-treated HCV (Fig. 1b, lanes i-vii). In contrast,
addition of variants in the structure of the sterol rings
[coprostanol or dihydrocholesterol (DHC)] at 1 mM
restored infectivity to around 50 % compared with non-
treated virus control (Fig. 1b, lanes viii and ix). Other
variants in the ring structure [7-dehydrocholesterol (7-
DHC) and ergosterol, which is also a variant with an
aliphatic side chain as indicated above] did not show any
increase in the infectivity of B-CD-treated virus (Fig. 1b,
lanes x and vii).

We demonstrated previously that HCV-associated choles-
terol plays an important role in the internalization step of
the virus, but not in cell attachment during virus entry
(Aizaki et al., 2008). The effect of virion-associated
cholesterol analogues on virus attachment to cells and

following internalization was determined. HCVcc, treated
with B-CD with or without subsequent replenishment with
sterols, was incubated with Huh7-25-CD81 cells, which
stably express CD81 (Akazawa et al., 2007), for 1 hat4 °C.
As an internalization assay, the incubation temperature was
shifted to 37 °C post-binding procedure and maintained
for 2 h. The cells were then treated with 0.25 % trypsin for
10 min at 37 °C, by which >90 % of HCV bound to the
cell surface was removed (data not shown; Aizaki er al,
2008). Internalized HCV was quantified by measuring the
viral RNA in cell lysates by real-time RT-PCR (Takeuchi
et al, 1999). B-CD treatment or supplementation with
sterols of B-CD-treated HCV had little or no effect on virus
attachment to the cell surface (data not shown). Regarding
virus internalization (Fig. 1c), treatment of HCVcc with
1 mM B-CD resulted in approximately 70 % reduction of
viral RNA. The reduced level of the internalized HCV
recovered markedly to approximately 80% of the
untreated HCVcc level by replenishment with 1 mM
cholesterol. In agreement with the results shown in Fig.
1(b), addition of coprostanol or DHC to the B-CD-treated
virus caused a significant recovery of virus internalization,
suggesting that coprostanol and DHC associated with the

http://vir.sgmjournals.org

2083

- 376 -



M. Yamamoto and others

virion have the ability to play a role in HCV internalization
into cells, in a manner comparable to cholesterol (Fig. lc,
lanes viii and ix). No or only a little recovery of virus
internalization was observed by loading with other choles-
terol analogues, such as 4-cholestenone, 5x-cholestane, 25-
HC or 7-DHC (Fig. lc, lanes i, iv, v and x).

To monitor the effect of cholesterol analogues on the
physical characteristics of HCV, we next investigated
buoyant-density profiles by using sucrose density-gradient
centrifugation, in which untreated, B-CD-treated and
sterol-replenished HCVcc were concentrated and layered
onto continuous 10-60% (w/v) sucrose density gradients,
followed by centrifugation at 35000 r.p.m. (151000 g) for
14 h. Fractions were collected and analysed for the core
protein. Fig. 2 shows that the virus density became higher
after treatment with B-CD and that cholesterol-replenished
virus shifted the density of B-CD-treated HCV to the non-
treated level. Consistent with the result shown in Fig. 1(b),
no effect on restoration of the buoyant densities of HCV
was observed using variants with modifications in either
the 38-hydroxyl group (4-cholestenone, cholesteryl acetate
and 5a-cholestane) or the aliphatic side chain (25-HC and
sitosterol). In contrast, variants in the sterol ring structure
(coprostanol, DHC and 7-DHC) had an ability to recover
the density of B-CD-treated virus to that of non-treated
virus.

Incorporation efficiency of the sterols into the cholesterol-
depleted HCVcc was further determined by gas chromato-
graphy with flame ionization detection (see Supplementary
Table S1, available in JGV Online). Under the experimental

conditions used, exogenously supplied cholesterol after
B-CD treatment was able to restore cholesterol content in
HCVcc almost to initial levels, When 4-cholestenone,
cholesteryl acetate, 25-HC, DHC or 7-DHC was added to
B-CD-treated HCVcc, virion-associated sterol levels were
146, 157, 68, 96 or 73 %, respectively, of that of the non-
treated control. The proportion of cholesterol analogues to
the total sterols incorporated was >30% when 4-
cholestenone, cholesteryl acetate, DHC or 7-DHC was
used; however, the proportion in the case of 25-HC was
only 3%. It may be that the hydrophilic modification of
the aliphatic side chain leads to poor association with
HCVcc,

Collectively, exogenous variants with the 3p-hydroxyl
group, such as 4-cholestenone and cholesteryl acetate,
can be incorporated into B-CD-treated HCVcc, but
resulted in no recovery of virus infectivity, indicating the
importance of the 3f-hydroxyl group of cholesterol
associated with the virus envelope in HCV infectivity. In
contrast, two variants with modification in their sterol ring
structures, coprostanol and DHC, have the ability to
substitute for cholesterol. However, 7-DHC, another
variant within the sterol ring, is incorporated readily into
the depleted virion and restores the virus density, HCV
replenished with 7-DHC is not infectious. These facts
suggest that reduced forms of the sterol ring (coprostanol
and DHC) in virion-associated cholesterol can be permit-
ted for maintaining virus infectivity. However, a molecule
with an additional double bond in the ring structure (7-
DHC) seems to fail to exhibit infectivity, presumably
because the change reduces structural flexibility in the
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sterol molecule and consequently in the virion structure.
Coprostanol and DHC are cis and trans isomers, which are
often known to have different physical properties. How-
ever, based on their molecular models, these two sterols, as
well as cholesterol, possibly have similar spatial arrange-
ments of the aliphatic side chain, the hydroxyl group and
four-ring region because of their structural flexibility. In
contrast, the spatial arrangement of 7-DHC does not seem
comparable to that of cholesterol. Campbell er al. (2004)
reported that replacement of HIV-1-associated cholesterol
with raft-inhibiting sterols, including coprostanol, sup-
presses HIV-1 infectivity, whereas replacement with raft-
promoting analogues such as DHC and 7-DHC (Megha
et al, 2006; Wang et al, 2004; Xu & London, 2000; Xu
et al, 2001) maintains infectivity, demonstrating the
importance of the raft-promoting properties of virion-
associated cholesterol in HIV-1 infectivity (Campbell et al.,
2004). It is therefore likely that HCV-associated cholesterol
is involved, at least in part, in virus infectivity via a
molecular basis independent of lipid-raft formation.

The density of blood-circulating HCV is heterogeneous,
ranging approximately from <1.06 to 1.25 g ml ™', and it is
proposed that low-density virus is associated with very-
low-density lipoprotein (VLDL) and/or low-density lipo-
protein (LDL) (André et al., 2002; Thomssen et al., 1993).
It has recently been demonstrated that the pathway for
VLDL assembly plays a role in assembly and maturation of
infectious HCVcc (Icard et al, 2009). HCVcc with low
density, which is presumably associated with VLDL or
VLDL-like lipoproteins, was found to possess higher
infectivity than that with high density (Lindenbach et al.,
2006). This study, as well as our earlier work, indicated that
removal of cholesterol from HCVcc by B-CD increased the
buoyant density of the virus and reduced its infectivity.
Thus, one may hypothesize that the virion-associated
cholesterol plays a role in the formation of a complex
with lipoproteins or apolipoproteins. To address this,
the interaction between apolipoproteins and HCVcc with
or without B-CD treatment was investigated by co-
immunoprecipitation (Co-IP kit; Thermo Scientific).
Virus samples were subjected separately to AminoLink
Plus coupling resin, which was conjugated with a mono-
clonal antibody (mAb) against apolipoprotein E (ApoE) or
apolipoprotein B (ApoB), and incubated at 4 °C for 4 h.
After washing, total RNAs were extracted from the result-
ing resin beads by using TRIzol reagent (Invitrogen),
followed by quantification of HCV RNA as described above
(Takeuchi et al, 1999). As indicated in Fig. 3(a), only a
fraction of HCVcc was precipitated with an anti-ApoB
mAb. In contrast, an anti-ApoE mAb was able to
coprecipitate a considerable amount of the virus. It is of
interest that B-CD-treated HCVcc hardly reacted with the
mAb; however, the cholesterol-replenished virus was found
to recover its reactivity, suggesting a role for virion-
associated cholesterol in the formation of the HCV-
lipoprotein/apolipoprotein complex. The results obtained
are consistent with findings indicating that HCVce can be

captured with anti-ApoE antibodies, but capture with anti-
ApoB antibodies is inefficient (Chang et al., 2007; Hishiki
et al., 2010; Huang et al., 2007; Jiang & Luo, 2009; Merz
et al., 2011; Nielsen ef al., 2006; Owen et al., 2009), as well
as with a recent model of structures of infectious HCV, in
which HCVcc looks like ApoE-positive and primarily
ApoB-negative lipoproteins (Bartenschlager et al, 2011).
We further tested the ApoE distribution in the density-
gradient fractions of HCVcc samples (see Supplementary
Fig. S1, available in JGV Online). With or without
cholesterol depletion, ApoE was detected at a wide range
of concentrations: 1.04 g ml™" (fraction 1) to 1.17 g ml ™"
(fraction 9). However, its level in the fractions at
1.10 g ml™" (fraction 5) to approximately 1.17 gml™"
was moderately decreased in the case of B-CD-treated
virus.
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Fig. 3. Effect of virion-associated sterols on HGV-apolipoprotein
interaction. (a) HCVcc samples with no treatment (NT), B-CD-
treated (B-CD) or replenished with cholesterol (chol) were
incubated with an amine-reactive resin coupling either an anti-
ApoB mAb (ApoB) or an anti-ApoE mAb (ApoE). Control resin that
is composed of the same material as above, but is not activated,
was used as a negative control [Ab (=) control]. (b) B-CD-treated
HCVcc was incubated with cholesterol (chol), DHC, 7-DHC or 4-
cholestenone, followed by immunoprecipitation with the resin
coupling with anti-ApoE mAb. (a, b) HCV RNAs in the
immunoprecipitates were quantified and are indicated as percen-
tages of the amount of input HCVce RNA. Means+sD of three
samples are shown. Data are representative of three experiments.
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Whether cholesterol analogues could have a comparable
role in HCV association with lipoprotein was examined
further (Fig. 3b). Addition of DHC or 7-DHC, but not 4-
cholestenone, to B-CD-treated HCVcc resulted in the
recovery of coprecipitation of the virus with anti-ApoE.
The results are correlated with the effect of sterols on the
restoration of the buoyant densities of lipid-modified
HCVcc (Fig. 2), suggesting that virion-associated choles-
terol variants with modification in the sterol rings, but not
in either the 3f-hydroxyl group or the aliphatic side chain,
may tolerate the interaction between HCV and ApoE-
positive lipoprotein.

Given that 7-DHC restored the association of HCV with
ApoE and virion buoyant density, but did not restore
infectivity, cholesterol and/or its analogues might affect
the ability of virion membranes to fuse with the cell,
independent of ApoE association. As cholesterol is an
important mediator of membrane fluidity, one may
hypothesize that HCV-associated cholesterol is involved
in infectivity through modulation of the membrane
fluidity. It has been reported that, in patients with
Smith-Lemli~Opitz syndrome, a disorder of the choles-
terol-synthesis pathway, cholesterol content decreases and
7-DHC increases in the cell membranes, leading to
alteration of phospholipid packing in the membrane and
abnormal membrane fluidity (Tulenko et al., 2006).

It is now accepted that maturation and release of infectious
HCV coincide with the pathway for producing VLDLs,
which export cholesterol and triglyceride from hepatocytes.
This study revealed roles for the structural basis of virion-
associated cholesterol in the infectivity, buoyant density
and apolipoprotein association of HCV. Although it was
shown that HCV virions in infected patients, so-called
lipo—viro particles, exhibited certain biochemical prop-
erties such as containing ApoB, ApoC and ApoE (Diaz
et al., 2006; Bartenschlager et al,, 2011), our studies provide
useful information and the basis for future investigations
toward a deeper understanding of the biogenesis pathway
of infectious HCV particles.
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