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ing protein within the cytoplasm. Importin-o contains an NLS-
binding site(s), and importin-B docks importin-cargo
complexes to the cytoplasmic filaments of a nuclear pore com-
plex, after which translocation occurs through the nuclear
pore. Thus, importin-a functions as an adaptor between the
bona fide import receptor and the NLS-containing protein.

We further characterized the NLS of the core protein and
found that each of the NLS motifs of the core protein is able
to bind to importin-a and that at least two NLS motifs are
required for efficient nuclear distribution of the core protein in
cells. It appears that double mutations among three NLS mo-
tifs decrease the ability of the core protein to bind importin-a.
These observations suggest that the binding of the double
mutants with importin-a leads to no or little active transloca-
tion of the core protein into the nucleus. The double mutations
may also block subsequent interactions with importin-g1,
GTPase Ran, and/or NTF2/p10, which are required for trans-
location through the nuclear pore complexes.

The findings obtained in this study suggest that HCV core
protein NLS motifs have a bipartite function. Crystallographic
studies of monopartite (e.g., simian virus 40 large T antigen)
and bipartite (e.g., nucleoplasmin) NLSs show that the basic
residue clusters of bipartite NLSs occupy separate binding sites
on importin-a. In contrast, while monopartite NLSs can bind
to the same sites as bipartate NLSs on importin-a, they mainly
bind to the N-terminal binding site, which is referred to as the
major binding site on importin-o (9, 11). A recent report de-
scribes an importin-a variant with a mutation in the major site
which results in decreased ability to bind both monopartite and
bipartite NLSs. Another variant with a mutation in the minor
site exhibits decreased binding only to bipartite NLS-contain-
ing proteins, making importin-a nonfunctional in vivo (22).
Thus, we favor a model in which the core protein bipartite
NLS, composed of any two of the three basic clusters, occupies
both major and minor binding sites on importin-, resulting in
efficient nuclear translocation. Importin-a may be equally ac-
cessible to all clusters, given their close proximity to one an-
other, as well as the distinct conformational flexibility of the
~70-residue N-terminal region of the core protein,

With regard to the molecular mechanisms participating in
nuclear localization of the core protein, Moriishi et al. found
that PA28y is involved in nuclear localization of the core pro-
tein. Interaction of the core protein with PA28y plays an im-
portant role in retention of the core protein in the nucleus
(33). Furthermore, in yeast cells, nuclear transport of the core
protein requires the activity of the small GTPase Ran/Gsplp
and is mediated by Kap123p, but neither importin-a nor im-
portin-B is involved (20). Differences in nucleocytoplasmic
transport between yeast and mammalian cells might explain
the inconsistencies observed in the present study. Further ex-
periments are required to characterize the exact nature of the
interaction between the core protein and components of the
nuclear import machinery, particularly in cells where HCV is
replicating.

In conclusion, the mature HCV core protein has an internal
41-amino-acid sequence mediating association of the viral pro-
tein with the ER and mitochondria. We also provide evidence
for a novel class of bipartite NLS contained within the core
protein, which comprises two of three basic motifs, thus en-
abling efficient nuclear targeting. Multiple functional domains
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influence the subcellular localization of the core protein, which
ultimately depends on the balance of the respective signals.
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Introduction

infection are interferon alpha (IFN-a) in combination with
ribavirin (RBV) or, more recently, a polyethylene glycol-

Infection with hepatitis C virus (HCV) currently represents a . modified form of IFN-o; however, sustained response is seen
major medical and socioeconomic problem. HCV is a main in only ~50% of treated patients (Davis et al., 2003; Mamns et
causative agent of chronic hepatitis, cirthosis, and hepatocellular  al,, 2001). Further development of new anti-HCV drugs and
carcinoma, and there are an eslimated 170 million HCV carriers  vaccines has been obstructed by the lack of either a small animal
worldwide (Choo ctal., 1989). The standard treatments for HCV  model or a robust cell culture system capable of supporting v1ral
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replication and the production of infectious progeny.
HCV is a small enveloped RNA vitus belonging to the family
Flaviviridae and harboring a single-stranded RNA. genome with
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positive polarity. A precursor polyprotein of ~3000 amino acids
(aa) is encoded by a large open reading frame. This polyprotein
is cleaved by cellular and viral proteases to give risc to a series
of structural and nonstructural proteins (Choo et al, 1991;
Grakoui et al., 1993; Hijikata et al., 1991). The establishment of

selectable dicistronic HCV RNAs that are capable of autono-

mous replication in human hepatoma Hub-7 cells was a
significant breakthrough in HCV research (Blight et al., 2000;
Lohmann et al., 1999) and has provided an important tool for
the study of HCV replication mechanisms and for screening
antiviral drugs (Frese et al, 2001; Guo et al, 2001), This
replicon system was first developed to replicate only viral
subgenomic RNAs but has been further expanded to enable the
replication of genome-length dicistronic RNAs (Tkeda et al.,
2002; Pietschmann et al., 2002). Although the viral genome
replicates and all HCV proteins are properly processed in this
system, virus particle production has not yet been achieved. A
number of researchers (Date et al., 2004; Kato et al,, 2001,
2003) have developed an HCV genotype 2a replicon (JFH-1)
that efficiently replicates in a variety of human cells. Recently, it
has been demonstrated that the full-length JFH-1 genome or a
chimeric genome using JFH-1 and J6, a related genotype 2a
strain, produces infectious particles in cell cultures (Lindenbach
et al., 2005; Wakita et al., 2005; Zhong et al.,, 2005). More
recently, production of infectious genotype la virus (Hutchs
jnson strain) using similar experimental systems has beet’
described (Yi et al, 2006). These complete HCV ¢
systems produce robust levels of infectious virus and provides a
powerful tool for HCV research. However, to { ;
applications have not been extended to construe
strains of genotype 1b, which is highly prevale

We previously demonstrated that diffi
hepatoma FLC4 cells transfected with in

HCV genomic RNA can produce and secrete infectious
particles in three-dimensional (3D) radial-flow bioreactor
(RFB) cultwre (Aizaki et al, 2003), This RFB system was
initially aimed to develop artificial liver tissue, and the
bioreactor column consists of a vertically extended cylindrical
matrix through which liquid medium flows continuously from
the periphery toward the center of the reactor (Kawada et al,,
1998). In RFB culture, human hepgtocellular carcinoma-
derived cells can grow spherically of<¢ubigilly, and they retain
liver functions such as albumin wada et al., 1998;
Matsuura et al.,, 1998) and dru

CV genome derived from
ate that these 3D culture systems

are useful fo i-HCV drugs.

f ngth HCV RNAs in FLC4 cells. However, no G418-
resiglant colonies were observed, indicating that FLC4 cells do
ot support replication of these HCV RNAs (data not shown).
erefore, subsequent experiments were carried out with a
stable Huh-7 cell line, RCYMI, which supports full-length
HCV RNA replication and which was developed by transfec-
tion of the cells with genome-length dicistronic RNA derived
from the Conl clone 1389neo/core-3'/NK 5.1 (genotype 1b)
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Fig. 1. Sucrose density gradient analysis of culture supernatants of RCYMI cells. Culture media collected from radial-flow bioreactor (RFB)-cultured RCYM1 (closed
circles), monolayer-cultured RCYM1 {open squares), and RFB-cultared 515 cells (open triarigles) were fractionated as deseribed in Materials and methods, (A) HCV
RNA in each fraction was nzeasured by real-time reverse transcriptase-polymerase chain reaction (RT-PCR). Mean values of duplicates were plotted against the density
of the corresponding fraction. (B) HCV core protein in each fraction was determined by enzyme-linked immunosorbent assay (ELISA). Mean values of duplicates
were plotted against the density. (C) Cultwe medium of RFB-cultwed RCMI cells were treated with 0.2% NP40 (open circles), followed by centrifugation in a sucrose

gradient, Each fiaction was tested for HCV RNA by real-time RT-PCR. (D, E) Electron microscopy analysis. Samples were prepared from the 1.18 g/ml fraction of

culture media collected from REB-cultured (D) or monolayer-cultured (E) RCYM] cells.
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(Pietschmann et al,, 2002), The HCV RNA level in RCYM1
cells was approximately 5 x 10° copies/ug total RNA as
determined by real-time reverse transcriptase-polymerase chain
reaction (RT-PCR). The expression and subcellular localization
of HCV protein were confirmed by Western blotting and
immunofluorescence analysis (data not shown). To develop 3D
RFB cultures, first we loaded RCYMI cells onto an RFB
column by flowing cell suspension, after which the cells were
attached to carrier beads. Cells proliferated within the 3D
matrix, and culture medium was circulated radially through the
column,

In order to investigate whether HCV-like patticles (HCV-
LPs) were secreted from RCYM1 cells in the RFB culture
system, we fractionated culture fluid collected after 5-10 days
of culture by continuous 10-60% (wt/vol) sucrose density
gradient centrifugation. HCV RNA and core protein were
predominantly detected in the 1.15-1,20 g/ml fractions, with
maximal detection in the 1,18 g/ml fraction (Figs. 1A and B).
In the same experiment using 5-15 cells, in which a
subgenomic HCV replicon replicates, no peak similar to
that observed in RCYMLI cells corresponding to HCV RNA
was detected. In both RCYM! cells and 5-15 cells in the
RFB culture system, a substantial amount of HCV RNA was
detected in the 1.03-1.07 g/ml fractions (Fig. 1A). Consisten
with a previous report by Pietschmann et al. (2002), the
RNAs released from cells with a subgenomic replicon did'#o
correspond to virus particles. When an equivalent nug
RCYMI cells were cultured in a monolayer cultur

in the culture supernatant (Figs. 1A and B).

The mature HCV virion is thought to ha
and an outer envelope composed of a lipid x
envelope glycoproteins. Culture fluids wex

density of 1.22 g/mi rather than 1.18 g/ml (Fig. 1C), indicating
that the density of HCV particles became higher due to de-
envclopment. Transmission electron microscopy (TEM) of the
1.18 g/ml fraction, which was subjected to negative staining
after concentration, revealed particle structures with diameters
of 30-60 nm and a major particle size of 50 nm (Fig. 1D). No
similar particle-like structures were, observed in the same
densily fraction of the RCYMI1 mopslayer culture (Fig. 1E) or
in the 1.23 g/ml fraction of the R “RFB culture (data not
shown). These results indicatesthat he RFB system, the
possible with a

ypothesized that morphological changes
“Gulture, such as polarity formation, promote
in the assembly of viral proteins, particle
id extracellular sceretion. To examine whether
mena could be observed in other 3D culture
mvestigated HCV.LP expression using a 3D

is a biocompatible polymer made from conjugates of
olyethyleneglycol and poly-N-isopropylacrylamide, which is a
thermoresponsive polymer composed of N-isopropylacrylamide

' and n-butylmethacrylate. The TGP solution possesses sol-gel

transition properties; it is water soluble (sol phase) at
lemperatures below the (ransition temperature, and it is
insoluble (gel phase) above it. It is possible to manipulate the
transition temperatures through molecular engineering, The
transition temperature for TGP in the present experiments was
approximately 20 °C,

Fig. 2. Huh-7 and RCYM1 cells form spheroids in thermoreversible gelation polymer (TGP). Scanning electron microscopy (A and al) and transmission electron
microscopy (B and b1) of RCYM1 cells cultured in TGP for & days. Open arrowhead, microvilli; closed arrowheads, bile canaliculi-like structures.
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RCYMI1 cells, which were seeded into the TGP, formed
three-dimensional compacted aggregates called spheroids after
3 days of culture, and numerous spheroids with diameters of
approximately 1 mm were observed after 7-10 days of culture.
After 8 days of culture, the spheroids were fixed and examined
by scanning electron microscopy (Figs. 2A and al) and ulrathin
sections were examined by TEM (Figs. 2B and bl)., Well-
developed microvilli, a feature of polarized epithelium, were
observed on the cell surface (Figs. 2A and al). Bile canaliculi-
like structures were also observed within intercellular spaces,
and they appeared to be connected via tight junctions (Figs, 2B
and bl). This cytomorphology, similar to that observed in the
RFB culture (Kawada et al,, 1998; Matsuura et al,, 1998),
correlated well with the features of mature liver tissue.

It is known that the replication of HCV replicons in Huh-7
cells depends on host cell growth, We found that the growth of
RCYMI! cells in the TGP culture system was significantly
slower than that of cells in monolayer culture (Fig. 3A).
Accordingly, the expression of HCV proteins (Fig. 3B) in the

RCYMI spheroids was apparently lower cotupared to those
observed in the monolayer cells. The viral RNA copy number in
the spheroids was approximately one tenth of that in the
monolayer culture (data not shown), The results of sucrose
density gradient analysis of culture supematant demonstrated
co-sedimentation of HCV RNAs and core proteins at a density
of 1.15-1.20 g/ml, with a peak at 1,18 g/l (Figs. 3C and D).
This distribution was consistent withgie pattern obtained in
RFB culture (Figs. 1A and B), It sho oted that in these
experiments, lower cell numbers _in the 3D cultures
than in the monolayer cultures mlower growth of 207
cells. As estimated from the qu '

5:0.1-1 copies of HCV 209
nd assgmbled into viral particles in

TEM analysis+
staining showed
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Fig. 3. Expression of HCV proteins in RCYMI cells and secretion of viral particles in TGP culture. (A) Cell growth curves of the TGP (closed circles) and monolayer
(open circles) culture of RCYM I cells. Cells were harvested at duys 0, 3, 6, and 9 postinoculation and cell numbers were determined. (B) Wester blotting of HCV core
and NSS5A proteins in RCYMI cells and control Huh-7 cells. (C, D) Sucrose density gradient analysis of culture supematants of RCYMI cells. The culture
supernatants were fiactionated as described in Materials and methods. HCV RNA (C) and core protein (D) in each fraction were determined by ELISA and real-time
RT-PCR, respectively. Representative data from three independent experiments ave shown. Closed circles, TGP culture; open circles, monolayer culture. (E—H)
Electron microscopy of HCV-like particles (HCV-LPs) in the supernatants of TGP-cultured RCYMI cells. (E) Negative staining of HCV-LPs in the 1.18 g/ml density
fraction. There was no spherical structare in 1.05 g/ml density fiaclion, as shown in panel H. (F) Ultiathin section of HCV-LPs. Precipitated HCV-LP samples were
prepared from the 1.18 g/ml faction as described in Materials and methods. (G) Immunogold labeling of HCV-LPs with an anti-E2 antibody in the 1.18 g/ml density
fraction. Gold particles, 5 nm; scale bars, 50 nm.
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216 width of approximately S nm (Fig. 3F). Immunoelectron 235
217 microscopic study using anti-E2 antibody revealed HCV 236
218 envelope protein(s) on the particle surface (Fig. 3G). Substantial 237
219 amounts of HCV RNA were detected in the 1.03-1.05 g/ml; 238
220 fractions of the supernatant (Fig. 3C); however, HCV- ' 239

structures were not observed in these fractions (Fig. 3H). T R(‘ YMl ccllq in monolayel culturc ot in subgenomic replicon 240

5 in cells in TGP culture (data not shown). 241

In order to determine whether the virus-like particles 242
observed by conventional TEM in the present experiment 243
were HCV-LPs, we conducted immunoclectron microscopic 244
analysis with anti-core antibody and anti-El antibody. Double- 245
labeling experiments showed that the virus-like particles 246
associated with the ER membrane exhibited immunoreactivity 247
for both HCV proteins, and that the E1 protein surrounded the 248
core proteins (Fig. 5A). To the best of our knowledge, this is the 249
first report to clearly demonstrate that the viral envelope protein 250
surrounds the core protein in HCV particle formation. As a 251
negative control, thin sections prepared from subgenomic RNA 252
“hm) were observed containing 5—15 cells were stained with these antibodies and  25:
m (ER) membrane (Fig. were found to exhibit negligible levels of background 254
¢ of the ER (Fig. 4B). In immunostaining (data not shown).

226 Ultrastructural localization of HCV-LP,
227 spheroids of RCYMI cells

231 Spherical particles having
232 surface projections (di

Fig. 5. Immunoclectron microscopy of ultrathin sections of TGP-cultured RCYM1 cells. (A) Pouble immunostaining with anti-El and anti-core monoclonal
antibodies. Core protein-specific gold particles (10 nm in diameter) and E1 protein-specific gold particles (5 nm in diameter) formed roscites on the surface of the ER
membrane. (B and C) Silver-intensified immunogold staining with anti-core (B) and anti-B1 (C) antibodies. The second antibody conjugated with gold particles 1.4 nm
in diameter was applied, followed by enlargement of the particles by the silver enhancement reagent. Arrowheads indicate virs-like paticles reacting with anti-core
and/or anti-E1 antibodies.
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It is generally difficult to visualize intracellular microstruc-
tures and perform antigenic protein localizations using
jrmmunogold electron microscopy due to the low resolution
and coulrast of micrographs. In order to overcome this
difficulty, we applied a silver-intensified immunogold labeling
method in our experiment (Figs, 5B and C). Using this method,
antigen-reactive immunogold particles approximately 20 nm in
diameter were observed. Specific immunolabeling of core and
El protein was detected in the ER or on the ER membranes.
Intense immunopositive reactions were also seen on the virus-
like particles observed in cytoplasmic vesicles and on ER
mentbranes; however, no such immunolabeling was observed
when normal mouse serum was used as a first antibody (data not
shown). These tesults counfirm the ultrastructural observations
of conventional TEM and suggest that the formalion of HCV
particles is achieved by budding of the putative core particles at
the ER membrane.

Infectivity of HCV-LPs depends on E2 glycoprotein

To determine whether HCV-LPs released from RCYMI cells
cultured in the TGP system are infectious, we inoculated naive
Huh-7.5.1 cells (Zhong et al., 2005), which are HCV-negalive
Huh-7.5 (Blight et al., 2002)-derived cells, with a culture
supernatant of RCYMI spheroids. HCV RNAs in the cells a
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days 0, 1, 2, 3, and 7 postinoculation were determined by real-
time RT-PCR. Fig. 6A shows the kinetics of HCV RNA after the
inoculation of HCV-LPs. HCV RNA levels in the infected Huh-
7.5.1 cells fluctuated at the indicated times, reaching 10°-10*
copies/jig of cellular RNA at days 1-7. Immunofluorescence
staining 4 days postinoculation revealed that approximately 1%
of cells were positive for NS5A protein (Fig, 6B). In contrast, no
NS5A-positive cells were detected when the cell supernatant
sample obtained from 5 to 15 cell cu ' iir TGP was used to
inoculate Huh-7.5.1 cells (data
suggest that HCV-LPs releas
cells are infectious.

infection by HCV-LPs,
anti-E2 monoclonal afiih
neutralization o
carrying El aw

against HCV pseudoparticles
W representative of the major
(Owgianka et al., 2005), or with patient
; £ HCV neutralization of binding (NOB)
antibodies (Ishii ef alg.1998), or with anti-FLAG antibody (Fig.
aitibodies have the ability to neutralize the binding

no-treat
anti-E2
NOB38
NOB 4
ant-FLAG
ant-CD81
no-treat
anti-CD8e1

TGP-RGYM1 JFH-1

Fig. 6. Infectivily of HCV-LPs secreled from TGP-cultured RCYMI cells and neutrafization of the infection. (A) Kinetics of HCV RNA after the infection of HCV-
LPs. Huh-7.5.1 cells were infected with HICV-LPs and harvested at days 0, 1,2, 3, and 7. HCV RNAs in the cells were determined by real-time RT-PCR. (B) Huh-7.5.1
cells infected with HOV-LPs (upper panel) or without infection (lower panel) were cultured for 4 days, followed by inuunostaining with anti-NS5A. antibody. Nuclei
were counterstained with 4/,6-diamidine-2-phenylindole {DAPI). (C) Huh-7.5.1 cells were infected with HCV-LPs after pretreatment with anti-E2 antibody AP33,
neutralization of binding (NOB) antibodics, or anti-FLAG antibody. Anti-human CD81 antibody was preincubated with Huh-7.5.1 cells prior to the mfection. Huh-
7.5.1 cells were infected with [ICV-LPs derived from TGP-cultured RCYM fcells or JEH1 viras and incubated for 4 days; HCV RNAs in the cells were detenmined by
real-time RT-PCR. The inhibition rate is given as the percentage of the no-reatment controls. Average values with standard deviations in triplicate samples are shown.
Closed bars, HCV-LPs secreted from TGP-cultured RCYM] cells; shaded bars, JEH] virus.
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and 26% in the presence of AP33, NOB3, and NOB4,
respectively. No reduction of viral RNA in infected cells was
observed following treatment with anti-FLAG antibody. Thus,
the present results suggest that viral envelope proteins play a
crucial role in the infectivity of HCV-LPs produced by RCYM 1
cells cultured in TGP. We further tested anti-CD81 antibody for
inhibition of the virus infection in our system. As shown in Fig,
6C, pretreatment of the cells with the anti-CD81 antibody
resulted in no inhibition of the mtracellular HCV RNA level in
the infected cells. In contrast, under the same condition of
treatment, the antibody efficiently inhibited the infection of
JFH-1 virus, which was produced from the HCV JFH-1
molecular clone as previously described (Wakita et al., 2005;
Zhong et al,, 2005), suggesting that CD81 has no or little, it any,
need for the infection of HCV produced in our system.

Potential use of the TGP culture system for HCV production
and evaluation of antiviral agents

In a recent report, Lindenbach et al. (2005) found that a cell
culture system supporting complete replication of an HCV
genotype 2a clone is useful for the evaluation of antiviral drugs.

However, to date this complete HCV culture system has not

been extended to genotype 1b, which is more frequentl
detected in patients with hepatitis C and is the most difficult
treat.

We show here the potential utility of the TGP o
RCYML cells for evaluating anti-HCV drugs. (Bi
Intracellular HCV RNA levels in TGP-cultured R€
spheroids were reduced by 90% after 3 days of ci
UMl of IFN-o (Fig. 7A). Likewise, the
particle level, which was calculated using §
number of the 1,18 g/ml supernatant fragti
89% by IFN-w treatiment (Fig. 7B), M
HCV particles was inhibited by treatnié
the same degree (85%) as intrag@ltul
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The level of HCV RNA delected in the 1.04 g/ml fraction of the
culture supernatant of the untreated group was approximately
one fourteenth of that in the 1.18 g/ml fraction, and the level
increased with the addition of IFN-a or RBV (Fig. 7B).
Although the mechanism underlying this increase is unknown, a
simjlar phenomenon was observed when several highly
cytotoxic agents were evaluated using TGP-RCYMI cultures
(data not shown). It is thereforeslikely that some cellular
proteins associated with HCV RN, reteased into the culture
supernatant as a result of celladeath™caused by the moderate
cytotoxic cffects of IFN and RI

drugs.

Discussion

report, we describe that HCV-LPs are
sed from Huh-7 cells harboring a dicistronic

pernatant have a buoyant density of approximately
1.18%g/ml, which is much higher than that of putative HCV
tticles isolated from patient sera reported previously (Andre et
al., 2002; Kanto et al., 1994; Nakajima et al., 1996; Trestard et
al., 1998) and slightly higher than the average density of virus
particles produced with the JFH-1 isolate (Wakita ct al., 2005).
One possible explanation is that the HCV particles are highly
bound to lipids and low-density lipoproteins in patient sera. In
agreement with a recent report (Wakita et al., 2005), our EM
cxamination demonstrated that HCV-LPs are 50-60 nm in
diameter and are composed of core-like particles with a diameter
of approximately 30 nm that are surrounded by ER-derived E1/

Ll HFHI

L LB ubetd

|33 HHH[t

118 g/ml 1.04 g/mi

Culture medium

Fig. 7. Inhibition of HCV-LP production by IFN and RBV. TGP-cultared RCYM1 cells were treated with 100 IU/ml IFN-e or 100 uM RBV, and HCV RNAg in the
cells (A) and in the culture media (B) were then deterntined. Cultwre media from each sample were fractionated by sucrose pradient centrifogation and HCV-LP
positive (1.18 g/ml) and negative (1.04 g/ml) fractions were assayed. Average values with standard deviations in triplicate samples are shown. Closed bars, no-
treatment control; shaded bars, IFN-a; open bars, RBV.
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E2 proteins. These particles are observed at the ER membranes
and in dilated cisternae of the ER, suggesting that the interaction
of the ER membrane containing HCV envelope proteins with the
viral core protein drives the budding process of HCV particles
into the ER lumen.

Although studies on the ultrastructure and morphogenesis of
HCV-LPs have been conducted using recombinant viral vectors
carrying HCV structural prolein genes (Baumert et al., 1998,
Blanchard et al., 2002, 2003), the present study provides the
first visual evidence of assembly and budding of HCV particles
in a heterologous expression system in which a full-length viral
genome is replicating and the viral particles are secreted into the
culture medium. We also demonstrated that the HCV-LPs
produced in our 3D culture system are infectious and that their
infection is prevented by the monoclonal antibody AP33
directed against B2 (Owsianka et al., 2005) as well as by
NOB antibodies (Ishii et al., 1998), which are sera of patients
paturally resolving from chronic hepatitis C and exhibiting
neutralizing activity. This result is consistent with the recent
demonstration that E2 is required for the infectivity of JFH-1
virus (Wakita et al, 2005). It has been shown that CD8l
interacts with F2 (Pileri et al, 1998) and that anti-CD81
antibodies or a soluble CD81 fragment block the infection of
Huh-7 cells with either pseudotyped retroviral particles, JFH-1
virus or J6/JFH1 chimera (Lindenbach et al., 2005; Netski et al. &
2005; Wakita et al., 2005; Zhong et al., 2005). Inconsistent
these studies, however, we found that anti-CD81 antibody

by the anti-CD81 antibody (Sasaki et al.

In a previous report (Aizaki et al.,
production and release of 1nlect1oub
human hepatocellular carcinoma
RFB culture in two experiment!
infectious plasma from an H
with viral RNA transcribe
genotype la, which is
findings prompted us to

f ceJ,,l with
nsfootlon of cells
ength ¢cDNA of

genome-length dicistronic
d to produce vixal particles

RCYMI cells, where< rus plOduCllOIl was not obsexved in
the conventional monolayer culture of RCYMI cells. The
presence of the viral envelope protein(s) on the HCV-LPs
obtained in the RFB culture was strongly suggested from their
density analysis with and without NP40 treatment.

We also created another 3D environment supportive of
RCYMI culture using TGP, a chemically synthesized biocom-
patible polymer which has a sol-gel transition temperature, thus
enabling us to culture cells three-dimensionally in the gel phase
at 37 °C and to harvest them in the sol phase at 4 °C, without
enzyme digestion (Yoshioka et al,, 1994). In contrast to other
matrix gels made from conventional natural polymers and

developed for 3D culture, including matrige] (Kleinman et al.,
1986), collagen gel (Lawler et al., 1983), and soft agar, TGP has
several advantages that allow us to investigate the functional
characteristics of epithelial cells, their tissue-like morphology,
and their potential clinical applications. The use of 3D culture
materials other than TGP requires treatment with appropriate
digestive enzymes or heating to collect cells grown as spheroids
from the culture media, and the maipices may damage the
cultured cells to some extent. Thu icult to keep the
viable cells in a functionally and strugty intact. In addition,
because matrigel and collagen:gel arelmadg:from animal or

tified factors might influ
In the present study, we
formed an organiz
culture in TGP, and
from RCYM1
ruled out that:
TGP culture suj

cells beg i

“were assembled and released
gerved in RFB culture, It can be
NA, and core protein detected in the

ells harboring the genome-length dicistronic HCV
‘efficiently in the 3D cultures than in the monolayer
owever, this might be related to the fact that
tional protein transport in hepatocytes occurs more readily
in 3D culture. EM examination demonstrated that, in the RFB
ind TGP culture systems, human hepatoma cells, such as Huh-
, FLC4, and FLC5 cells, self-assemble into spheroids with
possible polarized morphology in which microvilli develop on
the cell surface and channels resembling bile canaliculi and
junction structures are created in the intercellular spaces (Aizaki
et al., 2003; Iwahori et al., 2003). In contrast, human hepatoma
cells adhere when grown on a plastic surface, growing as a flat
monolayer without exhibiting the characteristics of polarized
epithelium. In general, the interaction of viruses with polarized
epithelia in the host is one of the key steps in the viral life cycle.
A variety of viruses, especially enveloped viruses, mature and
bud from distinct membrane domains of the host cells
(Compans, 1995; Garoff et al, 1998; Schmitt and Lamb,
2004; Takimoto and Portner, 2004). For example, several
respiratory viruses, such as influenza virus, parainfluenza virus,
rhinovirus, and respiratory syncytial virus, are released
preferentially from the apical surface. Conversely, other viruses
egress from the basolateral membrane; these include vesicular
stomalitis virus, Semliki Forest virus, vaccinia virus, and certain
retroviruses. Thus, it is likely that more organized intracellular
rafficking pathways exist in the 3D culture of Huh-7-derived
cells, thereby driving the assembly and release of HCV.

The efficient production of HCV in 3D cultures could also be
due to the reduction of HCV RNA replication and/or translation
in 3D cultures as compared to those in monolayer cultures. RNA
replication and/or translation of HCV replicons in Huh-7 cells
are highly dependent on host cell growth (Pietschmann et al.,
2001). In the present study, we found that the slow growth of
spheroids resulted in reduced expression of HCV protein and
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viral RNA in 3D-cultured RCYM1 cells compared to that in
monolayer cultures containing similar- cell numbers. The
doubling time of cells grown in TGP or RFB culture was
approximately twice that observed in monolayer culture,
Although it is possible that amino acid substitutions of culture-
adaptive mutations contribute to interference with virus

2 production, another possibility might be that in cases of certain

HCYV clones, higher expression of the viral proteins leads to their
misfolding, thereby precluding the formation of virus particles.
Complete cell culture systems for HCV have recently been
developed (Lindenbach et al., 2005; Wakita et al., 2005; Zhong
et al., 2005) using a genotype 2a isolate, JFH-1, obtained from a
Japanese patient with fulminant hepatitis (Date et al,, 2004,
Kato et al., 2001, 2003), Unlike many other HCV isolates, JFH-
1-based subgenomic replicons do not require culture-adaptive
mutations for efficient RNA replication (Kato et al.,, 2003).
Transfection of Huh-7 cells with the full-length JFH-1 genome
or a chimeric genome using JFH-1 and J6 results in the efficient
production of infectious HCV (Lindenbach et al., 2005; Wakita
et al., 2005, Zhong et al,, 2005), This newly established HCV
culture system is undoubtedly useful for a variety of HCV
studies; however, these systems rely on the JFH-1 replicase
(NS3 to 5B) and little is known about the reasons thal this
particular isolate permits efficient HCV production. Virus yield
in the 3D systems presented here is significantly lower than th
in systems based on JFH-1; it seems that 0.1-1 copies of HE
RNA/cell/day are generated and assembled into viral pd
The ratio of viral RNA to the core protein in these fra
approximately 10° RNA copies/l finol of the cor '
only moderate production of HCV particles is ¢
culture of RCYMI cells, this is the first study
production of infectious HCV particles de
1b, which is highly prevalent worldwi
present a higher risk of developing b
and/or cirrhosis than infections with ot
., 1997; Silini et al., 1996). Tl )
may also suggest that an extr
replication, such as that obseryvec
not needed to produce Hi
cells. Heller et al. (200
culture transfected with ™t
however, the infg

) étficiency of viral
¢ of JFH-1 isolate, is
cultures of Huh-7
virion production in a

s shown that chimeric HCV
_ of genotypes la, 1b, or 3a was
produced from he core to the p7 or NS2 region with
downstream nonstritétiiral regions of JFHL clone, bul that
intergenotypic chimeras frequently yielded lower tilers of
infectious HCV compared to JFHI . or J6/JFH1 chimera
(Pictschmann et al,, personal communication). The 3D culture
system described in the present study might be a helpful method
of increasing the efficiency of assembly and release of
intergenotypic chimeric HCV.

In summary, we found that the expression of dicistronic
genome-length Conl HCV RNA of genotype 1b in 3D-
cultured Huh-7 cells yields infectious virus particles, and we
demonstrated the usefulness for producing HCV particles of
two 3D culture systems based on RFB and TGP, in which

human hepatoma cells can assemble into spheroids with
potentially polarized morphology. HCV morphogenesis ocours
in a complex cellular environment in which host factors may
either enhance or reduce the assembly and budding process.
The culture system described here will allow us to further
study viral morphogenesis and the biophysical properties of
HCV particles, and it provides a new tool for the future
development of anti-HCV drugs,

Materials and methods

dicistronic H(,V RE
50 pgofthe RN
3'/NK5.1 (P i

7-derived cell line, 5—15, harboring a
licon (Lohmann ct al., 1999) was also used.

The REB system (Able, Japan) was manipulated as described
feviously (Aizaki et al,, 2003) with minor modifications.
Briefly, the RT'B column, being filled with 4 ml of porous carrier
beads made from polyvinyl alcohol, seeded with 1 x 107 of
RCYM1 or 5-15 colls. The cells were cultured in ASF104
medium (Ajinomoto, Japan) supplemented with 4 g/l of D-
glucose, 2% fetal calf serum, and 0.5 mg/ml of G418 (Promega).
TGP (Mebiol Gel MB-10; Mebiol, Japan) was supplied as a
lyophilized form and its aqueous solution was prepared before
use as previously described (Hishikawa et al., 2004; Nagaya et
al., 2004; Yoshioka et al.,, 1994). Briefly, TGP in a flask was
dissolved in 10 ml of the culture medium and was maintained at
4°C overnight. To prepare HCV particles, we suspended 5 x 106
cells of RCYMI in 10 ml of TGP solution and aliquots were
poured into a multi-well plate. Upon warming to 37 °C, the TGP
solution quickly turned into a gel form, and 3 volumes of the
culture medium were added to cover the gel. To recover spheroid
cells and the culture supernatant after cultivation, we subjected
the cultured plate to a temperature of 4 °C for 10 min to dissolve
the gel. In order 1o separate spheroid cells from the culture
medium, we subsequently centrifuged the TGP culture diluted
with the overlaid culture medium at 1000xg for 5 min.

Sucrose densily gradient centrifugation

The culture medium collected from the RFB or TGP was
centrifuged at 8000 x ¢ for 50 min to remove all cellular debris,
afier which the supernatant was centrifuged at 25,000 tpm at
4 °C for 4 h with an SW28 rotor (Beckman). The precipitant
was suspended in 1 ml of TNE buffer [10 mM Tris—HCl (pH
7.8), 1 mM EDTA, 100 mM NaCl] and was then layered on top
of continuous 10--60% (wt/vol) sucrose gradient in TNE buffer,
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followed by centrifugation at 35,000 rpm at 4 °C for 14 h with
an SW4IE rotor (Beckman). Fractions (1 ml each) were
collected from the top of the tube (12 fractions in total), The
density of each fraction was determined by the weight of 100 pud
of the fraction. For NP40 treatment, 0.5 ml of the TNE-
suspended sample as described above was supplemented with
10 pul of RNase inhibitor (Takara, Japan) and 5 pl of IM DTT,
which was diluted by adding NP40 solution to a final
concentration of 0.2%. Afier incubation at 4 °C for 20 min,
the sample was fractionated by discontinuous 10-60% sucrose
gradient centrifugation.

Quantitation of HCV RNA and core protein

Total RNA was extracted fom cells and from the culture
medium using TRIZOL (Invitrogen) and a QIAamp Viral RNA.
Mini spin column (Qiagen), respectively. Real-time RT-PCR
was performed using TagMan EZ RT-PCR Core Reagents (PE
Applied Biosystems), as described previously (Aizaki et al.,
2004; Suzuki et al,, 2005). HCV core antigen within cells and
culture medium was measured by immunoagsay (Ortho HCV-
Core ELISA Kit; Ortho-Clinical Diagnotics), following the
manufacturer’s instructions.

Western blot analysis

The protein concentration of cells recovered from monelayet
or 3D cultures was determined by BCA Protein Assay: Kit
(Pierce). Aliquots of samples were analyzed by sodiunido »
sulfate-polyacrylamide gel electrophoresis (SDS-- ‘
transferred to polyvinylidene difluoride membrane
lon; Millipore, Japan) using a semidry blotte;
incubation at 4 °C in blocking buffer (Daini

and anti-NS5A (Austral Blolog 3
followed by incubation with hors
anti-mouse immunoglobulin GG

Immunocytochemisty,

For NS5A staining. ed cells cultured on collagen-
coated coverslips W ed with phosphate buffered saline
(PBS) and fixed wi araformaldehyde at 4 °C for 30
min, followed by pennmbﬂlzatlon with PBS containing 0.2%
TritonX-100. After preincubation with BlockAce (Dainippon
Pharmaceuticals), the samples were stained using mouse anti-
NSSA antibody and rhodamine-conjugated goat anti-mouse
1gG (ICN Pharmaceuticals) as the first and second antibodies,
respectively.

Electron microscopy

To visualize HCV-LPs secreted into the medium, we
concentrated and adsorbed sucrose density fractions prepared
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as described above onto carbon-coated grids for 1 min, The
grids were stained with 1% uranyl acetate for | min and
examined under a Hitachi H-7600 transmission electron
microscope. To prepare thin sections of HCV-LPs, we prefixed
precipitated HCV-LPs in 2% glutaraldehyde—0.1 M cacodylate
buffer at 4 °C overnight, followed by three rounds of washing
with 0.1 M cacodylate buffer, The samples were then postfixed
in 2% osmium tetroxide at 4 °C for 2 ehydrated in a graded
series of ethanol solutions followe spylene oxide, and
embedded in a mixture of EPER odecenyl succinic
anbydride (DDSA), methyl nadig anhy¢ MNA), and 2,4,6-
tri (dimethylaminomethyl) he (DMPB:30) at 60 °C for 2
days. Thin sections (80 1) ™ pined with uranyl acetate
and lead citrate, For el'

with 0.1 M ¢
osmjum tetro

VAP samples were adsorbed on formvar-carbon grids
(hen {loated for 30 min on a drop of BlockAce. Diluted anti-

=12 mouse antibody was then applied for 1 h. After three rounds

washing, diluted anti-mouse IgG conjugated with 5-nm gold
particles was applied for 1 h, and the grids were then stained
with 1% uranyl acetate. In order to perform immuncelectron
microscopy of TGP cultures using silver-intensified immuno-
gold labeling, we fixed the cells in 4% paraformaldehyde—0.1%
glutaraldehyde with 0,15 M HEPES buffer at 4 °C, followed by
incubation with either anti-core rabbit antibody or anti-El
mouse antibody overnight. After several washings, anti-rabbit
ot anti-mouse secondary antibody coupled with 1.4-nm-
diameter gold particles (Nanoprobes) was applied overnight.
The samples were then washed and fixed in 2% glutaraldehyde
in 0.1 M sodium cacodylate buffer (pH 7.4) for 3 h, followed by
enlargement of the gold particles with an HQ-Silver Enhance-
ment Kit (Nanoprobes). For double staining with anti-El and
anti-core antibodies, the cells were fixed in 7% paraformalde-
hyde—0.25 M sucrose in 0.03% picric acid—0.05 M cacodylate
buffer at pH 7.4. Ten-npanometer gold particle-coupled anti-
rabbit and 5-nm gold particle-coupled anti-mouse antibodies
were used as secondary antibodies.

Assays for the infectivity of HCV-LPs and neutralization of the
infection

Cell supernatant from 3D-cultured RCYMI cells was centri-
fuged at 8000 x g for 50 min to remove all cellular debris, after
which the supernatant was centrifuged at 25,000 rpm at 4 °C for
4 h with an SW28 rotor. The precipitant was suspended in 0.2~
0.5 ml of ASF104 medium and the aliquot containing
approximately 1 x 10° HCV RNA copies was used as each
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inoculum. Huh-7.5.1 cells (provided by Dr. F. V. Chisari, The
Scripps Research Institute) {Zhong et al., 2005), which were
secded at a density of 107 cells/well in a 48-well plate 24
h before infection. The inocula were incubated for 3 h, followed
by 3 rounds of washing with PBS and the addition of complete
medium. For the kinetics assay, cells were harvested 0, 1, 2, 3,
and 7 days after infection and the amount of intracellular HCV
RNA was quantified as described above, Infection with HCV-
LP was determined afier 4 days by immunofluorescence
staining for HCV NSS5A. In the neutralization assay, the
HCV-LP samples were incubated with the anti-E2 antibody
AP33 (Owsianka et al., 2005) at 10 pg/ml (kindly provided by
Dr. A. H. Patel, University of Glasgow, UK), with the human
sera with high titers of NOB antibodies NOB3 and NOB4 (Ishii
et al., 1998), or with anti-FLAG antibody (Sigma) at 10 j1g/ml
for 1 h at 37 °C prior to infection. Anti-human CD81 antibody
(BD Pharmigen) at 10 jg/ml was preincubated with Huh-7.5.1
cells for 1 hat 37 °C, followed by being washed with PBS three
times. HCV-LP derived from TGP-cultured RCYMIlcells or
JFH1 virus was incubated with these cells, as mentioned above,
JFHI virus was prepared from pJFHL (Wakita et al.,, 2005),
which contains the full-length ¢cDNA of JFHI isolate and was
kindly provided by T. Wakita (Tokyo Metropolitan Institute for
Neuroscience, Japan), as described (Wakita et al.,
cells were harvested 4 days after infection and neutraliz
activity was assessed by quantifying the amount of mtraccll‘ ar
HCV RNA as described above.

Assay for anti-HCV-LP production

o thank Francis V. Chisari of The
Arvind H. Patel of the University
of Glasgow, and kita of Tokyo Metropolitan Institute
for Neuroscience Tor-providing Huh-7.5.1 cells, anti-E2
antibody, and pJFHI, respectively. We also thank Mami
Matsuda, Tetsu Shimoji, and Makiko Yahata for technical
assistance, and Tomoko Mizoguchi for her secretarial work,
This work was supported in part by a grant for Research on
Health Sciences focusing on Drug Innovation from the Japan
Health Sciences Foundation, by grants-in-aid from the
Ministry of Health, Labor and Welfare; by a Sasapawa
Scientific Research Grant from the Japan Science Society; and
by the program for Promotion of Fundamental Studies in
Health Sciences of the National Institute of Biomedical
Innovation (NIBIO), Japan.
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Abstract

In a previous study, we observed that hepatitis ¢ virus (HCV) core protein specifically inhibits translation initiated by an HCV intemnal
ribosome entry site (IRES). To investigate the mechanism by which down-regulation of HCV translation occurs, a series of mutations were
introduced into the IRES element, as well as the core protein, and their effect on IRES activity examined in this study. We found that expression of
the core protein inhibits HCV translation possibly by binding to a stem-loop IIId domain, particularly a GGG triplet within the hairpin loop
structure of the domain, within the IRES. Basic-residue clusters located at the N-terminus of the core protein have an inhibitory effect on HCV
translation, and at least one of three known clusters is required for inhibition. We propose a model in which competitive binding of the core protein

for the IRES and 40S ribosomal subunit regulates HCV translation.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Hepatitis C virus; Intermnal ribosome entry site; Translation; Core protein

Introduction

Hepatitis C virus (HCV) is a major causative agent of
chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma
(Altor and Seeff, 2000; Pawlotsky, 2004). HCV contains
approximately 9.6 kb of positive-strand RNA with one open
reading frame encoding a precursor polyprotein, which is
proteolytically cleaved to produce the mature structural and
non-structural proteins of HCV (Choo et al., 1991; Grakoui et
al., 1993; Hijikata et al, 1991; Takamizawa et al., 1991).
Although HCV exhibits considerable genctic diversity, the 5
untranslated region (5 UTR) of the viral genome is relatively
well conserved among all genotypes.

* Cormresponding authors. T. Shimoike is to be contacted at (ax: +81 42 S61
4729, T. Suzuki, fax: +81 3 5285 1161,
E-mail addresses: shimoike@nih.go jp (T. Shimoike), tesuzuki@nih.gi.jp
(T. Suzuki).

0042-6822/$ - see front matier © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/4.vir0l.2005.10.013

HCV translation is initiated by a cap-independent mecha-
nism involving an internal ribosome entry site (IRES),
comprising ncarly the entire 5’UTR of the genome. There is
evidence to suggest that the first 12 to 30 nucleotides (nt) of the
coding sequence are also important for IRES activity (Hellen
and Pestova, 1999; Lu and Wimmer, 1996; Reynolds et al.,
1995). The proposcd secondary structure of the HCV S'UTR,
thought to contain four major domains (I to IV) (Fig. 1), may
be conserved among HCV and related flaviviruses and
pestiviruses (Brown et al,, 1992 Honda et al., 1999a, 1999b;
Zhao and Wimmer, 2001).

Recruitment of the 43S ribosomal complex, containing a
small 4085 ribosomal subunit, eukaryotic initiation factor (eIF)
3, and a tRNA-elF2—-GTP ternary complex, to mRNA
molecules is critical for initiation of eukaryotic protein
synthesis. The 408 subunit and elF3 can bind independently
to the HCV IRES (Buratti et al., 1998; Hellen and Pestova,
1999; Kicft et al., 2001; Sizova et al., 1998), However, it
appears that intcraction between IRES RNA and the 408
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Abstract

In a previous study, we observed that hepatitis C virus (HCV) core protein specifically inhibits translation initiated by an HCV internal
ribosome entry site (IRES). To investigate the mechanism by which down-regulation of HCV translation occurs, a series of mutations were
introduced into the IRES element, as well as the core protein, and their effect on [RES activity examined in this study. We found that expression of
the core protein inhibits HCV translation possibly by binding to a stem-loop I1Id domain, particularly a GGG triplet within the hairpin loop
stracture of the domain, within the IRES. Basic-residue clusters located at the N-terminus of the core protein have an inhibitory effect on HCV
translation, and at least one of three known clusters is required for inhibition. We propose a model in which competitive binding of the core protein

for the IRES and 408 ribosomal subunit regulates HCV translation.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Hepatitis C virus; Internal ribosome entry site; Translation; Core protein

Introduction

Hepatitis C virus (HCV) is a major causative agent of
chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma
(Alter and Seeff, 2000; Pawlotsky, 2004). HCV contains
approximately 9.6 kb of positive-strand RNA with one open
reading frame encoding a precursor polyprotein, which is
proteolytically cleaved to produce the mature structural and
non-structural proteins of HCV (Choo et al., 1991; Grakoui et
al,, 1993; Hijikata et al, 1991; Takamizawa et al, 1991).
Although HCV exhibits considerable genctic diversity, the 5
untranslated region (5UTR) of the viral genome is relatively
well conserved among all genotypes.

* Cormresponding authors. T. Shimoike is 1o be contacted at fax: +81 42 561
4729. T. Suzuki, fax: +81 3 5285 1161.
E-mail addresses: shimoike@nih.go.jp (T. Shimoike), tesnzuki@nih.gi.jp
(T. Suzuki).

0042-6822/3 - see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2005.10.013

HCV translation is initiated by a cap-independent mecha-
nism involving an internal ribosome entry site (IRES),
comprising ncarly the entire 5UTR of the geneme. There is
evidence to suggest that the first 12 to 30 nucleotides (nt) of the
coding sequence are also important for IRES activity (Hellen
and Pestova, 1999; Lu and Wimmer, 1996; Reynolds et al.,
1995). The proposed sccondary structure of the HCV 5'UTR,
thought to confain four major domains (I to IV) (Fig. 1), may
be conserved among HCV and related flaviviruses and
pestiviruses (Brown et al., 1992; Honda et al., 1999a, 1999b;
Zhao and Wimmer, 2001).

Recruitment of the 43S ribosomal complex, conlaining a
small 408 ribosomal subunit, eukaryotic initiation factor (eI}
3, and a tRNA-cIF2-GTP ternary complex, to mRNA
molecules is critical for initiation of eukaryotic protein
synthesis. The 408 subunit and elF3 can bind independently
to the HCV IRES (Buratti et al.,, 1998; Hellen and Pestova,
1999; Kicft ct al., 2001; Sizova ct al., 1998). However, it
appears that interaction between IRES RNA and the 408
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Fig. 1. Predicted secondary structure of the HCV S'UTR (Honda et al., 19994, 1999b). The stens-loop I, nt 2341, and stem-loop 111d domains are highlighted. The
initiator AUG codon is shown in the sequence of loop IV. Small numerals indicate the nucleotide positions from the ¥end.

subunit drives formation of the IRES-40S subunit—elF3
complex since HCV IRES RNA demonstrates similar affinity
for the 40S subunit and the 40S—¢lF complex (Kiett et al.,
2001). Other cellular factors such as La autoantigen (Al ct al.,
2000; Ali and Siddiqui, 1997; Isoyama et al., 1999),
heterogeneous ribonucleoprotein L (Halum et al., 1998), poly-
C binding protein (Fukushi et al, 2001; Spangberg and
Schwartz, 1999), and pyrimidine tract-binding protein (Ali
and Siddiqui, 1995; Anwar el al., 2000) also bind to the IRES
element and modulate translation.

HCYV core protein, which is located at the N-terminus of the
viral polyprotein, is a putative nucleocapsid protein given the

basic nature of its amino acid (aa) residues and the organization
of the HCV genome. HCV core protein can form multimeric
complexes, as well as heterodimer complexes with envelope
E1 protein (Lo et al., 1996). Physical interaction between the
core protein and viral genomic RNA is thought to occur during
nucleocapsid formation. The results of several Northwestern
analyses suggest that the core protein binds to the 5UTR of the
HCV genome, regardless of the specific RNA sequences
involved (Santolini el al., 1994; Hwang et al., 1995; Fan et
al., 1999). We previously used both in vivo and in vitro
systems to demonstrate that the core protein preferentially
binds to positive-stranded viral RNA containing the 5 UTR and
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part of the structural protein-coding region (Shimoike ct al,,
1999). In addition, the core protein has a high affinity for the
stem-loop HId domain of the SUTR (Tig. 1) and for (G)-rich
nucleotides (Tanaka et al., 2000).

In addition, evidence regarding the importance of the
interaction between HCV core protein and HCV RNA in
regulating viral translation is accumulating. We previously
reported that expression of the core protein down-regulates
HCV translation through interaction(s) involving 5’ regions of
the viral genome (Shimoike et al., 1999). Although some
evidence suggesting inhibition of HCV translation through
RNA-RNA interactions, rather than core~RNA interactions,
exists (Wang et al, 2000; Kim et al., 2003), several studies
indicate that the core protein modulates HCV translation.
Specifically, regions of the core protein corresponding to aa
34-44 (Zhang et al,, 2002) or aa 1-20 (Li el al, 2003) are
important for inhibition of HCV translation. The core protein
may down- or up-regulate HCV IRES activity in a dose-
dependent manner (Boni et al., 20053).

The aim of the present study was (1) to clarify the nature of
interaction between the HCV core protein and the viral IRES
element and (2) to gain insight into the relationship between
core protein-mediated inhibition of translation and core—IRES
interactions using a combination of techniques, including an in
vivo reporter assay and in vitro surface plasmon resonance
(SPR) analysis.

Results

Effect of the core protein-coding sequence on HCV
IRES-initiated franslation

Since there is conflicting data regarding the effect of the
core protein or the core protein sequence on HCV IRES-
directed translation (Shimoike et al., 1999; Zhang et al., 2002;
Li et al.,, 2003; Boni et al., 2005), we sought to determine
whethier the RNA sequence of the core-coding region inhibits
HCV IRES activity in the present experiment. A single
substitution replacing A with U at nt 357 was introduced to
produce a stop codon near the 5 end of the region encoding
the core protein, as previously described (Wang ct al., 2000).
This mutant, known as pCAGFS, produces core protein RNA
with a single substitution, resulting in a core peptide, five
residues in length, encoded by the N-terminal. Western blot
analysis was then used to confirm that the core protein is not
expressed by HepG2 cells following transfection with
pCAGFS (Fig. 2C). RNA molecules transcribed in vitro from
two reporter plasmids, HCVLuc and RLuc, expressing firefly
luciferase (FL) controlled by the IRES of HCV genotype b
and Renilln luciferase (RL) controlled by a cap-dependent
mechanism, respectively, were cotransfected into cells after 48
h of transfection with pCAGFS39 or core-expressing
pCAGCI191 (Suzuki et al, 2001). Cell lysate samples were
prepared 6 h post-reporter transfection and assayed for
expression of both luciferases. As shown in Fig, 2A, the
translational activity of HCV IRES was reduced in cells
expressing the core protein, but not in cells transfected with
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Fig. 2. Effect of the core protein-coding sequence on the translation initiated by
HCV IRES. HepG2 cells transfected with pCAGC191 (lane 1), pCAGES (lane
2), or pCAGGS (lane 3) were cotransfected with reporter RNAs of HCVLue
and the capped RLuc. The activities of both FL {A) and RL (B) were measured
by a luminometer. The activitics of both FL and RL were determined in at Ieast.
three independent experiments, each of which conduced with triplicate samples.
(C) Weslern blol analysis of the core protein expressed in the infected cells.

pCAGTS, indicating that the HCV core protein, but not the
core-coding sequence, inhibits HCV IRES-directed transla-
tion. Transfection with neither core-expressing or non-
expressing constructs modulated cap-dependent translation
(Fig. 2B).

Effect of partial deletion of the HCV 5'UTR on inhibition of
viral IRES-mediated translation by the core protein

In previous studies, we demonstrated that purified HCV
core protein binds most efficiently and stably to the stem-loop
IId domain of the 5UTR of HCV RNA followed by the
stem-loop 1 domain and the region encoding nt 23-41 (Fig.
1; Tanaka et al,, 2000). In addition, we revealed that the core
protein expressed in HepG2 cells inhibits the IRES-dependent
translation of HCV (Shimoike cl al,, 1999). It can be
hypothesized that binding of the core protein to one or more
regions of the 5UTR might inhibit translation. To address
this issue, we constructed three reporter plasmids: AllLuc,
A23-41Lue, and ANIdLuc, with deletions of domain T (Al
22), nt 23-41, and domain 1Id (A254-278) of the HCV
5"UTR, respectively, also containing the FL gene (Tig. 3A).
RNA molecules transcribed from these reporter plasmids in
vitro were transfected into HepG2 cells, after which luciferase
activity within the cell lysate samples was analyzed.
Consistent with previous reports, deletions of domain 1
(Alluey (Luo et al, 2003; Fricbe et al, 2001) or IIId
(AllldLue) (Jubin et al., 2000) profoundly impaired IRES
activity, with a >95% reduction in activity (data not shown),
thus demonstrating the importance of these loop structures for
HCV translation. Therefore, in the following experiment, we
adjusted the dose of each reporter transcript to ensure a
consistent level of FL expression.

To investigate the effect of the core proiein on translation
mediated by wild-type or mutated HCV 5UTR as described
above, cells infected with a recombinant baculovirus carrying

—100—



T Shimoike et al. / Virology 345 (2006) 434445 437

(A)
HCVLuc
Alluc
A 23-41 Luc

Allld Lug

© =

RES activity {1079
o B

-
(=]

St
A 23-41 Alld

B

Reniiln
Lucifyrase 1 BuUTR 949

RLUGHCVLUG T e

RLuca | Luo r::jr—-———
RLuca 23-41 Lue L="}|,%

Firetly Lucherase
RLUCA Hlid Lug JT ey A ]

231

™
<

3

o

HOV Al Aza4l  Alld

3

IRES activity (%)
N
=3

RA23-41

RHCY Aal

A allld

Fig. 3. Effect of deletion mutations in HCV 5'UTR on inhibition of the viral IRES-mediated translation by the core protein. HepG2 cells infected with AcCA39 or
AcCAG at a multiplicity of infection of 20 were transfected with monocistronic wild-type (HCVLuc) or defetion mutants (AlLuc, A23-41Luc, AllldLuc) of reporter
RNAs together with the capped RLuc RNA or transfected with bicistronic wild-type (RLucHCVLuc) or deletion mutants (RLucAlLuc, RLucA23 —41Luc,
RLucAIldLuc) of reporter RNAs. The aclivities of both FL and RL were determined in at least three independent experiments, each of which conduced with
triplicate samples. Schematic representation of the monocistronic and bicistronic deletion mutants used in this study is shown in panels A and E, respectively. (B)
Western blot analysis of the core protein in each cell lysate in which the luciferase activities were measured. (C) Relative luciferase activities were normalized with
those of RLuc. (D) The activities of RLuc in cells cotransfected with RLuc and HCVLuc or deletion mutants are shown. (F) HCV IRES activily was determined by
calculating the abundance of Fluc relative to RLuc, with that of each reporter in the absence of the core protein normalized to 100%. Mean values with standard

deviations were indicated.

the entire HCV core gene (AcCA39; Shimoike et al,, 1999) or
an empty vector (AcCAG) were cultured for 2 days, followed
by transfection with reporter transcripts, either wild-type
HCVLuc (0.1 pg/well), AlLuc (6 pg/well), A23-41Luc
(0.2 pgfwell), or AllldLuc (6 pg/well), together with capped
RLuc RNA (0.08 pg/well). As indicated in Fig. 3C, expression
of the core protein inhibited HCV IRES-mediated transiation
from AlLuc and A23-41Luc, as well as from HCVLuc, by
more than 50%. In contrast, inhibition of translation by the core
protein was not observed in cells transfected with AllIdLuc. As
shown in Fig. 3D, the expression of neither the core protein nor
any of the IRES-directed reporters influenced cap-directed
translation. Thus, as previously demonstrated (Shimoike et al.,
1999), RL activity was used as an internal control to normalize
the efficiency of transfection in the following experiments
(Figs. 4 and 6). Western blotting was used to confirm that core
protein concentrations within the cell lysate of cells infected
with AcCA39 were comparable in the presence of each of the
reportet RNA molecules (Fig. 3B). We observed a similar

effect of the core protein on HCV IRES activity when equal
amounts (6 ug/well) of each HCVLuc, AllLuc, A23—41Luc, or
AlIlldLuc transcript were transfected (data not shown). These
results eliminate the possibility that there is no translational
inhibition because the core protein is destabilized in cells
transfected with AIlldLuc RNA. We also determined the effect
of the core protein on HCV translation initiated from
bicistronic reporters: RLucHCVLuc (wild-type), RLucAILuc
(deletion of domain I), RLucA23—41Luc (deletion of nt 23—
41), and RLucAllldLuc (deletion of domain HId) (Fig. 3E).
Consistent *with results obtained from the monocistronic
constructs, expression of the core protein showed an inhibitory
effect on HCV translation mediated by RLucHCVLuc,
RLucAlluc, or RLucA23-41Luc, but not by RLucAllldLuc
(Fig. 3F). The capped RL activity from each reporter was
similar and was not influenced by expression of the core
protein (data not shown). These results suggest that the stem-
loop IIId domain of the 5UTR is important for inhibition of
HCV translation by the core protein.
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