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Fig. 2. Comparative analysis of protein and mRNA expression profiles between HCC and non-HCC. {A) The HCC/non-HCC ratios of averaged protein
expression levels for 93 proteins were plotted against those of mRNA. Proteins related to metabolic pathways were indicated in closed circles and were
shown again in (B). Proteins related to the other biochemical pathways were indicated in open circles and shown in (C). Proteins listed in Table 3 were

indicated in (B) and (C). All graphs were depicted in log, scale.

Table 3

Proteins whose expression changes between HCC and non-HCC show poor correlation to mRNA expression changes

Spot Protein name Refseq ID  Theoretical Spot* Av. Spot p Protein Micro array Av. Micro array p
1D ol MW Ratio value ratio ratio value
(kDa)
564 Transferrin NP_001054 6.8 79.3 223 0.035 1.61 0.45 3.3E-06
565 1.87 0.079
566 228 0.13
605 0.73 0.098
1489 Albumin NP_000468 59 713 — 0.63 1.25 0.47 23E-03
1941 Carbonic anhydrase 1 NP 001729 6.6 289 — 335E-03 0.47 1.25 0.39
2290 Peptidylprolyl NP 066953 7.7 18.1 — S.0E-01 1.07 229 1.1E-01
isomerase A
4 Since transferrin was detected in multiple spots, averaged ratio and spot p value of each spot is shown.
Table 4
Multi-spoticd proteins showing spot-lo-spot differences in expression level between non-HCC and HCC
Spot ID Spot Av. ratio Spot p value Protein name Refseq 1D Theoretical Protein* ratio
p! MW (kDa)
436 1.92 5.3E-04 Tumor rejection antigen {gp96) NP_003290 4.8 92.7 1.2
537 0.79 0.16
504 2.23 0.035 Transferrin NP_001054 0.8 79.3 1.61
565 1.87 0.079
566 2.28 0.13
603 0.73 0.098
1257 1.02 0.92 Fumarate hydratase NP_000134 8.8 54.8 0.8
1261 0.6 1.3E-03

* HCC/non-HCC protein ratios were calculated using integrated spot abundances.

gene expression was done with BRB-ArrayTools (http://
linus.nci.nil.gov/BRB-ArrayTools.him). The filtered data
were log-transferred, normalized, centered, and applied
to the average linkage clustering with centered correla-
tion. BRB-ArrayTools contains a class comparison tool
based on univariate F tests to find genes differentially
expressed between predefined clinical groups. The permu-
tation distribution of the F statistic, based on 2000 ran-
dom permutations, was also used to confirm statistical

significance. A p value of less than 0.05 for differences
in HCC/non-HCC gene expression ratio was considered
significant.

The average HCC/non-HCC expression ratios of the 93
proteins were plotted apainst the mRNA ratios in Fig. 2,
where a positive value indicates increased expression in
HCC and a negalive ratio indicates reduced expression.
The overall expression ratio of HCC/non-HCC indicated

noticeable correlation between protein and mRNA
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(Fig. 2A), and the Pearson’s correlation coefficient for this
data set (93 proteins/genes) was 0.73. Next, we divided 93
proteins into those related to metabolism and others bio-
logical processes. The HCC/non-HCC ratios of protein
expression for metabolism-related proteins showed sub-
stantial correlation with those of mRNA (Fig. 2B,
r=10.9), whereas those of other proteins were poorly corre-
lated (Fig. 2C, r = 0.36). Extreme care must be taken in a
direct comparison of proteomic data with transcriptome

A #436
“d
- -

#436

(8 D
1.5F  #436 5 ]
s, 5 ] L[ o7
88t g ]
vs 1 ¢ 3 g
© O L ]
2 Sost 8§ 1 1f 1
53t 1} ]
n® of 8 e B
non non
Hce HCC Hce Hee

G 1o 2261.98
80 [512-530]
& FQSSHHPTDITSLDQYVER
g 6o (2259.056)
< 40 i
: T
20 R AT L i
oY v L"'""" Vs ik bt
02050 2200 2350 2500 2650 2800
H 100
80 2260.53
"g 60 2340.10
8
2% e
= i (RIARE A |
20 {udit i ‘5”‘1}",‘?(%&'?,;._: {
!‘% *?:‘Jl} '1'}“ i by 4 h"ﬂl’\f.\"\‘?ig-ﬁ'\'-{!}ﬁ‘:?‘f\-’;“-“’n”e"',-fl}l'u“,_,*_
02050 2200 2350 2500 2650 2800
Mass (m/z)

because of multiple layers of discrepancies caused by the
distinct sensitivities of ¢cDNA array hybridization and 2-
DE, the inability of a cDNA array to distinguish mRNA
isoforms and post-translational modifications of proteins.
Nevertheless, our results suggest that the expression of con-
siderable portion of proteins with metabolic function listed
here is regulated at transcriptional level. On the other
hand, post-transcriptional and/or post-translational pro-
cesses seem to be involved in the regulation of expression
level for proteins with other cellular functions as a whole.
Four proteins (albumin, transferrin, peptidylproryl isomer-
ase A, and carbonic anhydrase 1) showed apparent poor
correlation in protein and mRNA expression profiles
(Table 3 and Fig. 2). Transcriptional control might have lit-
tle effect on the expression changes of these proteins
between HCC and non-HCC.

A number of proteins were expressed as multiple spots
on 2-DE gels and most multi-spotted proteins showed little
spot-to-spot variations in the averaged HCC/non-HCC
ratio. Although we do not know how these multiple spots
were generated, many of them might be due to the confor-
mational equilibrium of proteins under electrophoresis
rather than to any post-translational modifications [28].
On the other hand, the HCC/non-HCC expression ratios
of several multi-spotted proteins varied from spot to spot,
and three proteins (transferrin, fumarate hydratase, and
tumor rejection antigen gp96) were categorized as these
multi-spotted proteins (Table 4).

For example, gp96 was detected in two spots (spot #436
and 537) with distinct molecular mass and p/ and they
showed different  HCC/non-HCC  expression ratio
(Fig. 3A and B and Table 4). The expression of these two
isoforms was observed to change in the opposite direction
between non-HCC and HCC: #436 was up-regulated in
HCC (HCC/non-HCC ratio: 1.96) while #537 was down-
regulated (HCC/non-HCC ratio: 0.79) (Table 4 and
Fig. 3C and D). Gp96 is a glycoprotein present in endo-
plasmic reticulum and is supposed to function as a molec-

<

Fig. 3. Comparison of expression profiles of two gp96 spots between HCC
and non-HCC. The expression profile and phosphorylation of tumor
rejection antigen gp96 in HCC and non-HCC was investigated. Magnified
gel images and 3D views of two gp96 spots in non-HCC (A) and HCC (B)
were shown. Differences in expression level of two gp96 spots. #436 (C)
and #537 (D), between non-HCC and HCC were shown. The open circle
indicates the standardized abundance of the individual spot in each
sample. The closed square represents the averaged abundance of each
£p96 spot. Magnified gel images of non-HCC (E) and HCC (F) stained
with ProQ. The #436 spot was positively stained with ProQ. while
unambiguous staining of the #537 spot was not observed. Tryptic peptides
prepared from the spot #4360 were analyzed by MALDI-TOF mass-
spectrometry in the positive ion mode (G) and the negative ion mode (H).
A peak of 2261.98 detected in positive ion mode corresponds to the amino
acid sequence from 512 to 530. In addition to the original peak (1m/=:
2260.53), a peak mass shifted by +80 Da was detected in the negative ion
mode. A predicted phosphorylation consensus motif for protein kinase
CK2 is indicated in italics (G).
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ular chaperone and intracellular Ca® regulator [29,30].

Several previous reports have shown that gp96 is glycosyl-
ated and phosphorylated, and exists as heterogeneous
molecular entities with various molecular weights [31]. In
order to know whether gp96 spots were phosphorylated
or not, we stained the 2-DE gels with ProQ Diamond
which is a dye specific to proteins phosphorylated on ser-
ine, threonine or tyrosine residues [32], and has been used
successfully to visualize phosphoproteins [33]. We found
that the spot #436 was positively stained with ProQ
(Fig. 3E and F). We further tried to detect possible phos-
phorylated peptides in the tryptic digests prepared from
#436 by MALDI-TOF-MS according to Nabetani et al.
[21]. Searching for those peaks that had relatively stronger
intensities in negative ion mode than in positive ion mode,
we found two peaks as candidates for acidically modified
peptides. They were assigned to the peptides SILFVPT-
SAPR (amino acid sequence: 385-395, data not shown)
and FQSSHHPTDITSLDQYVER (aa512-530). Fig. 3G
and H show the unmodified peak and the acidically modi-
fied peak (mass shifted by +80 Da in negative ion mode) of
the latter peptide, respectively. This peptide contained a
predicted phosphorylation consensus motif, [Ser or Thr}
X-X-[Asp or Glu], for protein kinase CK2 (Fig. 3G) which
was suggested to phosphorylate gp96 [34]. These results
together with ProQ staining indicated that at least one
gp96 isoform was phosphorylated and was up-regulated
in HCC. Over-expression ol gp96 in HCC has been
reported previously [35], though the reports that showed
over-expression of its phosphorylated form are rare. Fur-
ther investigation into biological meaning of gp96 phos-
phorylation may provide us important information about
HCC development.
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Hepatitis C virus (HCV) core protein forms the nucleocapsid of the HCV particle. Although many functions
of core protein have been reported, how the HCV particle is assembled is not well understood. Here we show
that the nucleocapsid-like particle of HCV is composed of a disulfide-bonded core protein complex (dbc-
complex). We also found that the disulfide-bonded dimer of the core protein (dbd-core) is formed at the
endoplasmic reticulum (ER), where the core protein is initially produced and processed. Mutational analysis
revealed that the cysteine residue at amino acid position 128 (Cys128) of the core protein, a highly conserved
residue among almost all reported isolates, is responsible for dbd-core formation and virus-like particle
production but has no effect on the replication of the HCV RNA genome or the several known functions of the
core protein, including RNA binding ability and localization to the lipid droplet. The Cys128 mutant core
protein showed a dominant negative effect in terms of HCV-like particle production. These results suggest that
this disulfide bond is critical for the HCV virion. We also obtained the results that the dbc-complex in the
nucleocapsid-like structure was sensitive to proteinase K but not trypsin digestion, suggesting that the capsid
is built up of a tightly packed structure of the core protein, with its amino (N)-terminal arginine-rich region

being concealed inside.

Hepatitis C virus (HCV) infection is a major cause of
chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma,
affecting approximately 200 million people worldwide (13, 29,
44). Current treatment strategies, including interferon coupled
with ribavirin, are not effective for all patients infected with
HCV. An error-prone replication strategy allows HCV to un-
dergo rapid mutational evolution in response to immune pres-
sure and thus evade adaptive immune responses (10). New
approaches to HCV therapy include the development of spe-
cifically targeted antiviral therapies for hepatitis C (STAT-Cs)
which target such HCV proteins as the nonstructural 3/4A
(NS3/4A), serine protease, and RNA-dependent RNA poly-
merase NS5B proteins (3). Despite the potent antiviral activ-
ities of some of these approaches, many resistant HCV strains
have been reported after treatment with existing STAT-Cs (23,
48, 51). Therefore, identification of new targets that are com-
mon to all HCV strains and that are associated with low mu-
tation rates is an area of active research.

HCV has a 9.6-kb, plus-strand RNA genome composed of a
5’ untranslated region (UTR), an open reading frame that
encodes a single polyprotein of about 3,000 amino acids, and a
3" UTR. The polyprotein is processed by host and viral pro-
teases to produce three structural proteins (the core, envelope
1 [El], and E2 proteins) and seven nonstructural proteins (the
p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B proteins) (14,
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16, 17, 22, 49). The HCV core protein is produced cotransla-
tionally via carboxyl (C)-terminal cleavage to generate an im-
mature core protein, 191 amino acids in length, on the endo-
plasmic reticulum (ER) (16). This protein consists of three
predicted domains: the N-terminal hydrophilic domain (D1),
the C-terminal hydrophobic domain (D2), and the tail domain
(33), which serves as a signal peptide for the El protein. D1
includes a number of positively charged amino acids responsi-
ble for viral RNA binding (amino acids 1 to 75) (43) and the
region involved in multimerization of the core protein via ho-
motypic interactions (amino acids 36 to 91 and 82 to 102) (32,
40) (see Fig. SI in the supplemental material). Hydrophobic
D2 includes the region responsible for core protein associ-
ation with lipid droplets (LDs; amino acids 125 to 144) (7,
18, 37), which accumulate in response to core protein pro-
duction (1, 6).

Many functions of the core protein have been reported (13,
38, 50), yet because infectious HCV particles cannot be appro-
priately produced in currently available experimental systems,
HCV particle assembly has not been elucidated to date. A cell
culture system that reproduces the complete life cycle of HCV
in vitro was developed by Wakita et al. using a cloned HCV
genome (JFH1) (53). Using this system, the assembly of infec-
tious HCV particles was found to occur near LDs and ER-
derived LD-associated membranes (36, 47). Neither the struc-
tures nor the functions of the virus proteins involved in virus
particle assembly are known, however. To elucidate this point,
we have analyzed the biochemical characteristics of the pro-
teins within the fraction containing the HCV particle and
found a disulfide-bonded core protein complex (dbe-complex).
We revealed that the disulfide-bonded dimer of core protein
(dbd-core) was formed by a single cysteine residue at amino
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acid position 128 on the ER. The roles of the disulfide bond of
the core protein in virus-like particle formation are discussed
in this paper.

MATERIALS AND METHODS

Cell culture. Cells of the HuH-7 and HuH-7.5 human hepatoma cel} lines were
grown in Dulbecco’s modified Eagle’s medium (Nacalai Tesque, Kyoto, Japan)
supplemented with 10% fetal bovine serum. 100 U/ml nonessential amino acids
(Invitrogen, Carlsbad. CA). and 100 ug/ml each penicillin and streptomycin
sulfate (Invitrogen).

Antibodies. The antibodies used for immunoblotting and indirect immunofiu-
orescence analysis were specific for core protein (antibody 32-1), FLAG M2
(Sigma-Aldrich, St. Louis, MO), c-myc (Sigma-Aldrich), NS5A protein (CL1),
adipocyte differentiation-related protein (ADRP; StressGen, Victoria, British,
Columbia, Canada), calnexin (Calnexin-NT; StressGen), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; Chemicon, Temecula, CA). Antibodies
specific for core protein (antibody 32-1) were a gift from M. Kohara (The Tokyo
Metropolitan Institute of Medical Science, Tokyo, Japan). Rabbit polyclonal
anti-NS5A protein CL1 antibodies have been described previously (36).

Plasmid construction. All plasmids were generated by inserting PCR-ampli-
fied fragments into expression plasmids. The plasmids, primer sequences, tem-
plates for the PCRs, and restriction enzyme sites used 1o construct the plasmids
are listed in Table S1 in the supplemental material. Plasmids pJFHIF#! (ep.
coding the full-length HCV genome with the FLAG epitope in the E2 hyper-
variable region), pJFHI**** (encoding a NSSA mutant of JFHI"*"_ resulting
in noninfectious HCV particles). pJFHI"PA (encoding a core protein mutant
of JFHI"?! which allows replication in cells but prevents HCV particle pro-
duction). and pcDNA3-core™" (an expression plasmid encoding the full-length
core protein of JFH1) have been described previously (36). Plasmid pl6/JFH1,
which contains the full-length HCV genome encoding structural proteins from
the J6 strain and nonstructural proteins from the JFH1 strain. was kindly pro-
vided by Charles M. Rice (The Rockefeller University, New York. NY).

In vitro transcription. RNA for transfection was synthesized as described
previously (36). In brief, plasmids carrying the HCV RNA sequence were lin-
earized with Xbal and used as templates for in vitro transcription with MEGA-
script T7 (Ambion, Austin, TX).

Transfection. Ten micrograms of JFHIEF.  JFHICI2A JEHCISA,
JEHICINA JEHITPA, or JFHAMY and J6/IFHI or J6/JFHIAMY RNAs
were transfected into HuH-7 and HuH-7.5 cells (1.0 X 107 cells) by electropo-
ration (260 V, 0.95 uF) using a Gene Pulser I1 system (Bio-Rad, Hercules, CA).
Core prolein expression plasmids were transfected into HuH-7 cells using Lipo-
fectamine LTX (Invitrogen). according to the manufacturer's protocol.

HCV particle precipitation. Culture medium from HCV RNA-transfected
cells were concentrated using Amicon Ultra-15 centrifugal filters with Ultracell-
100 membranes (Miltipore, Billerica, MA) and mixed with sucrose solution in
phosphate-buffered saline (PBS) 1o a final sucrose concentration of 2%. This
mixture was ultracentrifuged (100,000 X g, 4°C for 2 h), and the HCV particles
were obtained as a pellet. The pellet was then suspended in culture medium for
infection experiments or PBS for immunoblot analysis.

Indirect immunofluorescence analysis. Indirect immunofluorescence analyses
of HCV infection and the cellular localization of the HCV proteins were per-
formed as described previously (36).

Protease protection assay. Concentrated culture medium from JFH1™1-
RNA-transfected HuH-7 cells was fractionated using 20 to 50% sucrose density
gradients, and the HCV RNA titer was measured in quantitative reverse Lran-
scription-PCRs (RT-PCRs) as described below. Fractions with high HCV RNA
titers were collected. and JFH1"*"!" particles were obtained as a pellet after
ultracentrifugation (100,000 x g. 4°C for 2 h). The pellet was suspended in PBS
and treated with 10 pg/ml trypsin or 5 pg/ml proteinase K in the presence or
absence of 1% Nonidet P-40 (NP-40) at 37°C for 15 min, unless otherwise
indicated. The reaction was quenched by the addition of protease inhibitor
cocktail (Nacalai Tesque), followed by SDS-PAGE under nonreducing condi-
tions and immunoblotting specific for core protein.

Immunoblot analysis. Samples were subjected to SDS-PAGE in sample buffer
(625 mM Tris-HCI [pH 7.8], 1% SDS, 10% glycerol) with or without 5%
B-mercaptoethanol (B-ME) or 50 mM dithiothreitol (DTT) for reducing and
nonreducing conditions, respectively. N-Ethylmaleimide (NEM; Nacalai Tesque)
was added to the sample buffer 1o a final concentration of 5 mM for the indicated
samples. Proteins were transferred 10 a polyvinylidenc difluoride membrane and
blocked in blocking buffer for 1 h at room temperature with gentle agitation.
After incubation with primary antibodies overnight at 4°C, the membrane was
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washed three times for 5 min in washing buffer a1 room temperature with gentle
agitation. The membrane was then incubated with horseradish peroxidase
{HRP)-conjugated secondary antibodies for 1 h at room temperature. After
three washes in washing buffer. proteins were detected using Western Lightning
reagent (PerkinElmer. Waltham, MA) or ECL Advance (GE Healthcare, Buck-
inghamshire, England) and Kodak MXJB Plus medical X-ray film (Kodak, Roch-
ester, NY) or an LAS-4000 system (Fujifilm, Tokyo, Japan).

Preparation of LDs. LDs were prepared as described previously (36).

Preparation of MMFs. Microsomal membrane fractions (MMFs) were col-
lected as described previously (15) with some modifications. In brief, cells were
collected in homogenization buffer (20 mM Tris-HCl [pH 7.8}, 250 mM sucrose,
and 0.1% ethanol supplemented with protease inhibitor cacktail) and homoge-
nized on ice using 40 strokes of a Dounce homogenizer. The samples were then
centrifuged at 1.000 X g for 10 min at 4°C. The supernatant was collected in a
new tube and centrifuged again at 16.000 X g for 20 min at 4°C. The supernatant
was further centrifuged at 100,000 X g for 1 h at 4°C. The MMF precipitate was
homogenized in lysis buffer (1% NP-40, 0.1% SDS, 20 mM Tris-HCl [pH 8.0}
150 mM NaCl, 1 mM EDTA. and 10% glycerol supplemented with protease
inhibitor cockuail) using a2 Dounce homogenizer.

qRT-PCR analysis. Quantitative RT-PCR (qRT-PCR) analysis for determi-
nation of the HCV RNA titer was performed as described previously (36).

ELISA specific for core protein. The core prolein in culture medium was
quantified using an enzyme-linked immunosorbent assay (ELISA; HCV antigen
ELISA; Ortho-Clinical Diagnostics, Raritan, NJ), according to the manufactur-
er'’s protocol.

RNA-protein binding precipitation assay. Core™" or core”2*A was translated
in virro from pcDNA3-core™" and pcDNA3-core”'2¥A, respectively, using a
TNT-coupled rabbit reticulocyte lysate system (Promega, Madison, W1), accord-
ing to the manufacturer’s protocol. These proteins were incubated with poly(U)
agarose {Sigma) in binding buffer (50 mM HEPES (pH 7.4)-100 mM NaCl-0.1%
NP-40-20 U RNase inhibitor) at 4°C for 2 h with or without RNase A. Afier five
washes. the resin-bound core proteins were immunoblotied.

RESULTS

The HCYV particle contains core protein complex formed by
a disulfide bond. To analyze the core protein of the HCV
particle, we first subjected the concentrated culture medium of
HuH-7 cells transfected with in vitro-transcribed JFH1E2"-
RNA to ultracentrifugation. Alter the resulting pellet was re-
suspended in culture medium, we confirmed the presence of
infectious HCV particles on the basis of the infectivity of HuH-
7.5 cells (Fig. 1a). The infectious JFH1%“*"" particle-containing
pellet was separated by SDS-PAGE under nonreducing con-
ditions, and immunoblot analysis showed the presence of a
core antibody-reactive protein that was approximately twice
the size of the core protein (38 kDa), in addition to the ex-
pected 19-kDa core protein (Fig. b, lane 1). Because treat-
ment with DTT eliminated the larger core protein antibody-
reactive band while the levels of the core protein monomer
increased (Fig. 1b, lanes 2 to 6), the larger protein likely rep-
resented a dbc-complex. This complex was also found in J6/
JFH1-derived particles (see Fig. S2 in the supplemental mate-
rial), indicating that the complex was not specific for
JFH1%M

To determine whether the dbc-complex is a component of
the HCV particle, a protease protection assay was performed
using RNase-resistant HCV particles fractionated on the basis
of their buoyant densities. Concentrated culture medium from
HuH-7 cells transfected with in vitro-transcribed JFH1E241-
RNA was fractionated using a 20 to 50% sucrose density gra-
dient; and JFH1**" particles, which were presumed to con-
tain both infectious and noninfectious particles, were collected
from fractions with high HCV RNA titers using ultracentrifu-
gation (Fig. 2a, fractions'8 to 13). The core protein from the
collected fractions was analyzed by immunoblotting after SDS-
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FIG. 1. The HCV-like particle consists of a core complex formed
by a disulfide bond. (a) The infectivity of the pellet fraction collected
from concentrated culture medium from JFH1""" RNA-transfected
HuH-7 cells was analyzed as described in Materials and Methods.
Input indicates the same volume of concentrated culture medium used
to pellet the virus-like particles. (b) Immunoblot analysis of the core
protein in pellets containing JFHI""" virus particles treated with
various levels of DTT (lanes 1, 2, 3,4, 5, and 6, 0, 1.56, 3.13, 6.25, 12.5,
and 25 mM DTT, respectively). (c) Immunoblot analysis of the core
protein in JFH1"" particles collected from sucrose density gradient
fractions with high HCV RNA titers (particle) (Fig. 2a, fractions 8 to
13) and treated with 5 pg/ml proteinase K at 37°C for 15 min in the
presence or absence of 1% NP-40 (right panel). As a positive control,
WCL prepared from JFH1"?'"" RNA-transfected HuH-7 cells in lysis
buffer was treated with 5 pg/ml proteinase K at 37°C for 15 min (left
panel). Data are representative of three independent experiments.

PAGE under nonreducing conditions and showed only the
dbc-complex (Fig. 1c, right panel).

To examine whether the complex contributes to the infec-
tivity of the particles, we analyzed the dbc-complex in the
fractions containing infectious and noninfectious HCV parti-
cles (fractions 9 and 11 of Fig. 2a, filled and open arrowheads,
respectively). Both the infectious and noninfectious HCV par-
ticle-containing fractions contained the dbc-complex (Fig. 2b).
To confirm this further, a pellet containing particles of mutant
JFH1M—a mutant of JFH1"?"™" that primarily produces
noninfectious particles (36)—was analyzed in a similar man-
ner. These dbe-complexes were found in pelleted particles of
both JFHIMAY and J6/IFHIMAYYwhich was a mutant J6/
JFHI with a similar substitution to JFHIMAY (see Fig. S2 in
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FIG. 2. HCV nucleocapsid-like particle consists of core complex.
(a) HCV RNA titer in culture medium separated on a 20 to 50%
sucrose density gradient. Concentrated culture medium  from
JFH1"?"" RNA-transfected HuH-7 cells were treated with RNase and
separated on a 20 to 50% sucrose density gradient. Fractions 1 to 16
were obtained from the bottom to the top of the tube, respectively. The
HCV RNA titer and infectivity of each fraction were analyzed by
real-time gRT-PCR (for fractions 1 to 16) and counting the number of
cells infected with HCV-like particle detected by immunofluorescence
(for fractions 3 to 14), respectively, as described in Materials and
Methods. In brief, each fraction was diluted with 1x PBS and HCV-
like particles were collected by ultracentrifugation, and then the pellets
were suspended in culture medium and used for infection. (b) HCV-
like particle collected from the infectious HCV peak (from panel a,
filled arrowhead) and the HCV RNA peak (from panel a, open ar-
rowhead) were collected by ultracentrifugation, subjected to nonre-
ducing SDS-PAGE, and detected by immunoblotting against the core
protein. (¢) HCV-like particles collected from fractions 8 to 13 (a)
were subjected to nonreducing SDS-PAGE in the presence (lane +) or
absence (lane —) of 5 mM NEM and analyzed by immunoblotting
against the core protein. Dala are representative of two (a, infectivity
of fractions) or three independent experiments.

the supplemental material). These results indicated that the
dbe-complex was present in both the infectious and noninfec-
tious HCV-like particles.

The core protein monomer observed in the pellet samples
(Fig. 1b) may be from the secreted core protein or the debris
of apoptotic cells, because the core protein is known to be
secreted from cells expressing this protein under particular
conditions (42) and strain JFHI is known to cause apoptosis
(45). The dbe-complex-specific signals in the HCV particles
seem to be increased in the NP-40-treated samples for some
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FIG. 3. The core complex is formed at the LD and ER. (a) The LD
fraction and WCL were collected from JFH1"2"" RNA-transfected
HuH-7 cells on day 5 posttransfection. (upper panel) Immunoblot
analysis of the LD marker ADRP and the ER marker calnexin in the
LD fraction; (lower panel) immunoblot analysis of the core protein in
the LD fraction treated or not treated with 50 mM DTT. (b) Immu-
noblot analysis of the core protein in the MMF and WCL collected
from JFH1"?""-producing HuH-7 cells on day 5 posttransfection in the
presence or absence of 5% B-ME. Data are representative of those
from three independent experiments.

unknown reason (Fig. 1c, lanes 1 and 2). Although the inter-
molecular disulfide bond is known to be artificially formed in
denaturing SDS-PAGE in the absence of reducing agents, the
dbc-complex was still observed even in the presence of NEM,
which is the alkylating agent for free sulfhydryls, during sample
preparation (Fig. 2¢), indicating that the dbc-complex was nat-
urally present in the virus-like particles.

The HCV nucleocapsid is covered with lipid membranes and
El and E2 proteins, making it resistant to proteases. As ex-
pected, in the absence of NP-40, the dbc-complex was resistant
to proteinase K (Fig. Ic, lane 3), whereas proteinase K was
able to digest core protein in whole-cell lysates (WCLs) col-
lected from JFH1%*""-transfected HuH-7 cells (Fig. Ic, left
panel). Disrupting the envelope structure with NP-40 made the
dbc-complex susceptible to proteinase K treatment (Fig. Ic,
lane 4), indicating that the dbc-complex was indeed a compo-
nent of the HCV particle.

The dbc-complex forms on the ER. To investigate the sub-
cellular site at which the dbc-complex forms, LDs and MMFs
from JFH1"*"" replicating HuH-7 cells were analyzed by im-
munoblotting. We first analyzed the dbc-complex in LDs, be-
cause LDs are involved in infectious HCV particle formation
(36, 47). The purity of the LD fraction was determined using
immunoblot analysis of calnexin and ADRP, ER and LD
marker proteins, respectively (Fig. 3a, upper panel). The core
protein was then analyzed in the LD fraction. As shown in Fig.
3a (lower panel), the dbc-complex was observed in the LD
fraction from JFH1“*"'- RNA-transfected HuH-7 cells. We
next analyzed the core protein in the ER-containing MMF,
because the core protein is first translated and processed on
the ER (16). As shown in Fig. 3b, the dbc-complex was ob-
served in the MMF from JFH1%?""- RNA-transfected HuH-7
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FIG. 4. The core complex consists of a core dimer. (a) Schematic of
wild-type, FLAG-tagged (FLAG-core), and Myc-tagged (Myc-core)
core proteins. (b) Immunoblot analysis of the core protein in the MMF
collected from HuH-7 cells transfected with combinations of pcDNA3
(vector) and/or core expression plasmids (e.g., encoding core™7,
FLAG-core, and Myc-core), as indicated. The experiment was per-
formed under nonreducing conditions. The lower bands represent core
monomer (marked on the right with a brace). White arrowheads,
bands corresponding to dbd-core; black arrowheads, positions of the
intermediately sized core complex formed by core™" and the tagged
core. Data are representative of those from three independent exper-
iments.

cells. These results suggest that the dbc-complex is first formed
at the ER. To assess the possibility that dbc-complex-contain-
ing HCV particles were also assembled on the ER, the sensi-
tivity of the dbc-complex to protease treatment was analyzed.
The dbc-complex in the MMF was susceptible to protease
treatment in the absence of NP-40, indicating that the dbc-
complex on the ER was not yet part of a HCV particle (data
not shown).

dbc-complex is most likely a disulfide-bonded dimer form of
the core. In order to examine whether the core protein itself
has the potential to form a dbc-complex, we analyzed the
dbc-complex formation of the full-length wild-type core pro-
tein (core™") expressed from pcDNA3-core™! (36), the ex-
pression plasmid encoding the 191-amino-acid full-length core
protein of JFHI strain. We used this expression plasmid be-
cause the core protein from this plasmid was likely to be
processed correctly enough to produce infectious HCV parti-
cles when it was cotransfected with the RNA of JFH193, which
is a core protein deletion mutant of JFH1 (36). As a result, the
dbc-complex formation was observed from the MMF of
core™!-expressing cells both in the absence and in the pres-
ence of NEM (Fig. 4b; lane 2 and data not shown, respec-
tively). We next investigated the effect of the amino acid region
of El on the production of the dbc-complex, because it has
been reported that the efficient processing of core protein is
dependent on the presence of some E1 sequence to ensure the
insertion of the signal sequence for E1 in the translocon/mem-
brane machinery (34). The dbc-complex was also observed
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when the core protein was expressed from pcDNA3-C-E1/25,
which encodes the full-length core protein followed by the
N-terminal 25-amino-acid sequence of El to ensure that the
core protein is processed properly (see Fig. S3a in the supple-
mental material). These data showed that the dbc-complex was
formed by expression of the core protein only in the cells.

Next, we examined the structural components of the dbe-
complex. Because the dbc-complex was twice the size of the
core protein monomer, it was likely dbd-core. So, we investi-
galed whether the core protein molecules with different tags
were able to form the dbd-core. We first generated expression
plasmids encoding core protein with the N-terminal FLAG and
Myc tags (pcDNA3-FLAG-core and pcDNA3-Myc-core, re-
spectively; Fig. 4a). The tagged core proteins were expressed or
coexpressed with core™" in HuH-7 cells, and the MMF was
analyzed by immunoblotting. The FLAG or Myc tag shifted
the positions of the monomer and the complex bands (Fig. 4b,
lanes 3 and 4) compared with the position of core™" (Fig. 4b,
lane 2). When core™" was coexpressed with FLAG-core or
Myc-core, the core protein complex of an intermediate size
was observed, in addition to the bands obtained when the
constructs were independently expressed (Fig. 4b, lanes 5 and
6, filled arrowheads); the intermediate-sized band disappeared
after treatment with -ME (see Fig. S3b, lanes 11 and 12, filled
arrows, in the supplemental material), indicating that core™"
and tagged core protein formed a heteromeric disulfide-
bonded dimer. These results demonstrated that the dbc-com-
plex on the ER is a dbd-core. Although we tried to detect the
hetero- or homodimer consisting of the tagged core protein by
using anti-FLAG or anti-Myc antibodies, these dimers were
not detected, possibly because of the lower levels of sensitivity
and specificity of the antibodies compared to those of the
anti-core protein antibody that we used, especially against
epitopes in the dbd-core. The results presented above, coupled
with the similarities of the molecular sizes and sensitivities to
B-ME and DTT, suggested that the dbc-complex in the HCV
particle is most likely a dbd-core.

Core protein Cys128 mediates dbd-core formation. Our re-
sults showed that core protein from JFH1%"" forms a disul-
fide-bonded dimer on the ER. A search for cysteine residues in
the JFH1E2"" core protein identified amino acid positions 128
(Cys128) and 184 (Cys184) (see Fig. S1 in the supplemental
material). These residues are highly conserved in core proteins
from the approximately 2,000 reported HCV strains (HCVdb,
http://www.hcvdb.org/, Hepatitis C Virus Database; http:
//s2as02.genes.nig.ac.jp/). To determine which cysteine residue
mediated disulfide bond formation, we generated point muta-
tions in JEHI%'™ that replaced Cys128 and/or Cysl184 with
alanine (Ala) (C128A, C184A, and C128/184A in JFHI<'**4,
JFHIC™A and JFHIC!™A L regpectively; Fig. 5a). As
shown in Fig. 5b, the core proteins from JFH1'**" and JFH1¢"2¥
1saa failed to form a dbd-core under nonreducing condition,
whereas the core protein from JFH1S"™ formed the dimer,
indicating that Cys128 was the residue responsible. Similar
results were observed when Cys was replaced by serine (Ser)
instead of Ala (see Fig. S5c¢ in the supplemental material).
Recently, Majeau et al. reported that the core protein of the
J6/JFHI strain with Cys128 replacements by Ala or Ser were
unstable in both Pichia pastoris and human hepatoma cell line
HuH-7.5 (31), although we did not detect any noticeable deg-
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radation of the mutant core proteins of strain JFH1 (Fig. 5b;
see also Fig. S5c¢ in the supplemental material). This difference
may have resulted from the difference in sample preparation
methods, as we used the full-length genome of JFH 1" strain
bearing the strain JFH1 core protein and HuH-7 cells instead
of a core protein-expressing plasmid for the J6 strain and
HuH-7.5 cells.

To exclude the possibility that mutation of Cys128 inhibited
dbd-core formation by creating a conformational change,
T127A and G129A core protein mutants (JFH1''?* and
JHF19129A respectively) were created and examined for their
effects on dbd-core formation and infectious virus particle pro-
duction. These mutants formed dbd-core, and infectious HCV
particles were detected in the culture medium (see Fig. Sda to
¢ in the supplemental material), supporting an essential role
for Cys128 in dbd-core and particle formation.

dbd-core contributes to HCV particle production. To exam-
ine the functional roles of dbd-core, infectious HCV particle
production, HCV replication efficiency, colocalization of the
core protein and LDs, and RNA binding of mutant and wild-
type (JFH12'™) core protein were evaluated. Culture medium
from HuH-7 cells transfected with JFH1<'2** or JFH1¢12¥1%4A
RNA contained significantly fewer infectious HCV particles
compared with the numbers obtained with JFH1"?'"" or
JFH1¢"™" RNA (Fig. 5c). We also found significant decreases
in the levels of HCV RNA and core protein in the culture
medium of HuH-7 cells transfected with JFHIC'*** or
JFH1C12¥184A RNA (Fig. 5d and ¢). Similar results were ob-
served with J6/JFH1 C128A or the C128/184A mutant strain
(data not shown). To investigate whether these results were
due to suppressed HCV replication, the HCV RNA and pro-
tein levels in cells transfected with mutant RNA were analyzed
using QRT-PCR and immunoblot analyses, respectively. Com-
pared with the results obtained with JFH1"?"™", no significant
changes in the cellular HCV RNA titer at days 1, 3, and 5
posttransfection or in the expression of HCV nonstructural
protein NSSA were observed (Fig. 6a and b). This indicated
that substitution of Cys128 did not significantly affect HCV
RNA genome replication or viral protein production, demon-
strating that the dbd-core functions during HCV particle pro-
duction rather than HCV genome replication. Similar results
were observed using RNA of JFH1 mutant strain JFH1<"2%,
in which the cysteine at position 128 was replaced by Ser
instead of Ala (see Fig. S5a, b, and d in the supplemental
material).

The subcellular localizations of the core protein and NS5A
protein in HuH-7 cells transfected with HCV RNA were in-
vestigated using indirect immunofluorescence and confocal mi-
croscopy, because recruiting HCV proteins to LDs is an im-
portant step in infectious HCV particle production (36, 47)
and core trafficking to LDs is dependent on signal peptide
peptidase (SPP)-mediated cleavage of the tail region (34, 41).
JFH1¢"2%A mutant core protein and NS5A protein were effi-
ciently trafficked to LDs, as was observed with wild-type
JHF12'"" (Fig. 6¢), suggesting that SPP cleavage and core
protein maturation were not affected by the C128A mutation.
Similar results were obtained with the core proteins derived
from JFH1C"™ and JFH1C2VI™A (see Fig. S6 in the supple-
mental material) and also Ser mutant JFH1<'* (see Fig. 5¢ in
the supplemental material).
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FIG. 5. The core dimer is formed via a bond between cysteine residues at amino acid position 128. (a) Site-directed mutagenesis of JFH1"2"T-,
(b) Immunoblot analysis of the core protein in MMFs collected from HuH-7 cells under nonreducing conditions 3 days post-transfection with
JFHI'2" (WT), JFHIC'*A (C128A), JEH1C184A (C184A), or JFHI"¥™A (C128/184A) RNA. (c) Infectivity of culture medium collected and
concentrated on day 5 posttransfection from HuH-7 cells transfected with WT, C128A, C184A, or C128/184A RNA. (d) Real-time gRT-PCR
analysis of HCV RNA titers in culture medium collected at the indicated time points from HuH-7 cells transfected with WT, C128A, C184A,
CI28/184A, or PP/AA (JFH1""**) RNA. (e) ELISAs of core protein levels in culture medium collected at the indicated time points from HuH-7
cells transfected with WT or C128A RNA. Data are representative of those from three independent experiments (b and ¢) or are the means +

standard deviations from three independent experiments (d and e).

Because HCV core protein can bind to RNA, including the
HCV genome, during viral particle assembly (43), we analyzed
RNA binding by the core protein using in vitro-translated
core“'?* core™", and poly(U) agarose resin. Core€'2* and
core™" bound similarly to the poly(U) resin (Fig. 6d).

dbd-core is important for HCV particle assembly. The mu-
tational analysis of the core protein indicated that core® 28"
and core™" similarly localize to LDs, recruit NS proteins to the
LD, and bind to RNA. Moreover, this mutation did not mark-
edly affect HCV genome replication. How does core<'284 4f.
fect the production of HCV particles? An important function
of the core protein is multimerization, which is followed by
capsid construction and packaging of the RNA genome in the
viral particles. We therefore determined whether core€'24
had a dominant negative effect on virus-like particle produc-
tion. Wild-type JFH1"*"" RNA and different amounts of
JFH1“"*%* RNA were cotransfected into HuH-7 cells, and the
HCV RNA titer and infectivity of the virus-like particles in the
culture medium were analyzed. As expected, the HCV RNA
titer in the cells increased with higher levels of transfected
RNA (sce Fig. S7a in the supplemental material). In contrast,
the HCV RNA titer and infectivity in the culture medium

decreased in a JFHI“'*** RNA dose-dependent manner when
this mutant RNA was cotransfected with wild-type RNA (Fig.
7a, b). This suppressive effect was not observed when either
wild-type RNA or core deletion mutant JFH19* RNA was
used instead of mutant RNA in a similar experiment (see Fig.
S7b to ¢ in the supplemental material), indicating that higher
levels of HCV RNA alone did not inhibit HCV particle pro-
duction. Thus, core“'*** had a dominant negative effect on
HCYV particle production. Together, these results suggest that
dbd-core is involved in the assembly of HCV particles.

The nucleocapsid-like particle of HCV was resistant to tryp-
sin treatment. To further investigate the structure of the HCV
nucleocapsid-like particle most likely formed by dbd-core, we
examined the sensitivity of the particle to trypsin, which cleaves
polypeptides at the C-terminal end of basic residues. Whereas
trypsin digested the core protein in the whole-cell lysates (Fig.
8a, left panel), dbd-core from buoyant density-fractionated
JFHI"" particles was resistant to digestion, despite NP-40
treatment (Fig. 8a, right panel), although it was sensitive to
proteinase K, which has a broad specificity (Fig. 1¢). The N-
terminal hydrophilic domain of the core protein (from residues
6 to 121) contains a number of trypsin cleavage sites (25 sites
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FIG. 6. Site-directed mutagenesis has no effect on HCV replication. (a) Real-time qRT-PCR analysis of the HCV RNA titer using total
cellular RNA collected at the indicated time points from cells transfected with JFH1"*"" (WT), JFH1'*** (C128A), JFH1'** (C184A),
JFH1C2IA (C128/184A), or JFHI"AN (PP/AA) RNA. (b) Immunoblot analysis of NS5A protein and GAPDH in whole-cell lysate
collected from cells transfected with WT, C128A, C184A, or C128/184A RNA at day 3 posttransfection. (c) Confocal microscopy of the
subcellular localization of the LD (green), core (blue), NSSA protein (red), and nucleus (4',6-diamidino-2-phenylindole [DAPI]) (gray) in
WT and C128A replicating cells on day 3 posttransfection. Bars, 10 wm. (d) An RNA-protein binding precipitation assay was performed with
in vitro-translated core™" and core“'*" using poly(U) agarose as the resin. + RNase and —RNase, samples with and without RNase
treatment, respectively, as described in Materials and Methods. Input indicates that 1/40 of the amount of translated product was used in
this assay. Data represent the means * standard deviations from three independent experiments (a) or are representative of those from three

independent experiments (b to d).

in strain JHF1) (see Fig. S1 in the supplemental material),
suggesting that the N-terminal domain faces inward and/or
that the conformation prevents protease access. To address
this idea, buoyant density-fractionated JFH1"?"" particles
were treated with trypsin under stricter conditions in the
presence of NP-40. Cleavage of dbd-core by various levels of
trypsin correlated with the appearance of a shorter molecule
(Fig. 8b, white arrowhead). The shorter molecule was pre-
sumed to be partially digested dbd-core with an intact N-
terminal region because it was recognized by anti-core pro-
tein antibodies, which bind to an epitope located from
amino acids 20 to 40 of the core protein (M. Kohara, The
Tokyo Metropolitan Institute of Medical Science, personal
communication). These results suggest that dbd-core is as-
sembled into the nucleocapsid-like particle such that most
of the N-terminal domain is inside.

DISCUSSION

In the present study, we have shown that the nucleocapsid-
like particle of HCV most likely contains a dimer of core
protein that is stabilized by a disulfide bond. Mutational anal-
ysis revealed that Cys128 forms a disulfide bond between core
monomers. Several reports have shown that disulfide bonds in
the capsid proteins of some viruses are involved in virus par-
ticle assembly and stabilization of the viral capsid structure (4,
21, 27, 28, 57); these viruses are characterized by icosahedral
nucleocapsids. Because, like these viruses, the HCV virion is
spherical (2, 20), it has been suggested that HCV may contain
a nucleocapsid with a similar structure (20). We found the
dbc-complex, which is most likely to be the dbd-core in
JFH1"2"" virus-like particles (Fig. Ic and 8a). The dbd-core in
the capsid structure was digested by proteinase K but not
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FIG. 7. JFHI“"*" core inhibits JFH1""" particle assembly. A
competitive inhibitory assay was performed with JFH1"'"" (WT) and
JFH1C"3¥A (C128A). (a) Real-time qRT-PCR analysis of the HCV
RNA titer in HuH-7 cell culture medium 3 days after the cells were
transfected with the indicated ratio of WT and C128A RNA. (b) The
infectivity of culture medium collected from HuH-7 cells that had been
transfected with the indicated ratio of WT and C128A RNA was
analyzed as described in Materials and Methods. Data represent the
means * standard deviations from three independent experiments (a)
or are representative of those from three independent experiments (b).

trypsin in the presence of NP-40 (Fig. 1c and 8a, lane 4). The
resistance to trypsin suggested a tight conformation for dbd-
core in the capsid and no exposed trypsin cleavage sites. The
truncated form of dbd-core that was observed under certain
trypsin treatment conditions likely resulted from cleavage in
the C-terminal portion of the protein (e.g., arginine residues at
positions 149 and 156) (see Fig. S1 in the supplemental mate-
rial), although it is possible that the truncation of dbd-core was
due to nonspecific cleavage by trypsin. These results imply that
dbd-core is configured such that the N- and C-terminal ends
are located at the inner and outer surfaces of the capsid,
respectively. Because the N-terminal region of the core protein
includes the RNA binding domain (43), the HCV RNA ge-
nome likely interacts with the core protein as it is packed in the
nucleocapsid. On the other hand, the C-terminal hydrophobic
domain probably faces the lipid membranes to form the enve-
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FIG. 8. The nucleocapsid-like particle of JFH1"?*" is assembled
with the C-terminal region of the core protein on the outer surface. (a)
Immunoblot analysis of the core protein in JFH1"'™ particles col-
lected from sucrose density gradient fractions with high HCV RNA
titers (particle) (Fig. 2a, fractions 8 to 13). The fractions were treated
with 10 pg/ml trypsin at 37°C for 15 min in the presence or absence of
1% NP-40 (right panel). As a positive control, WCL prepared from
JFH1""" RNA-transfected HuH-7 cells in lysis buffer was treated with
10 pg/ml trypsin at 37°C for 15 min (left panel). (b) Immunoblot
analysis of the core protein in JFHI™ particles collected from su-
crose density gradient fractions with high HCV RNA titers (Fig. 2a,
fractions 8 to 13). The fractions were treated with the indicated con-
centrations of trypsin at 37°C for 10 min in the presence of 1% NP-40.
Open and filled arrows indicate the positions of dbd-core and the
trypsin-digested fragment, respectively. Data are representative of
those from three independent experiments.

lope structure. Only part of the N-terminal hydrophilic region
of the core protein has been structurally examined using X-ray
crystal structural analysis (35) and structural bioinformatics
and nuclear magnetic resonance analysis (11). Although the
C-terminal half of the core protein has been structurally inves-
tigated by the use of bioinformatics (8), the three-dimensional
structure containing the Cys128 residue is unknown. Thus,
determination of the structure of the core protein in the nu-
cleocapsid containing the Cys128 residue should be required
for understanding the whole structure of this protein in the
virus particles.

Because cotransfection of JFH1"2* RNA with wild-type
JFHI"*'™ RNA inhibited particle production in a mutant
RNA dose-dependent manner (Fig. 7a and b), the C128A core
variant clearly inhibited HCV particle formation by wild-type
core protein. CysI28 was also previously reported to be a
residue included in the region important for the production of
infectious HCV (39). This residue is located near the N-ter-
minal end of the hydrophobic region of the core (amino acids
122 to 177) and belongs to the hydrophilic side of an amphi-
pathic helix expected to interact in the plane of the membrane
interface (7). Therefore, it is possible to think that dbd-core
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formation via Cys128 can stabilize the interaction between the
core protein and the membranes. The N-terminal half of the
core protein (amino acids 1 to 124) reportedly assembles into
nucleocapsid-like particles in the presence of the 5" UTR from
HCV RNA (24), suggesting that some nucleocapsid-like par-
ticles may assemble via only homotypic interactions from the
core protein. In addition to weak homotypic interactions, the
HCV core protein forms a disulfide bond to stabilize the capsid
structure, thus making dbd-core indispensable in the stable
virus-like particle. We observed that culture medium from
JFH1C"2#A or JFH1<"2*S_ransfected cells included slight in-
fectivity (Fig. Sc; see also Fig. S5d in the supplemental mate-
rial). This made us speculate that this mutant may produce
some infective particle-like structure formed by a homotypic
interaction of the core. Such a slight infectivity may have re-
flected the optimized in vitro culture conditions compared with
the in vivo conditions, allowing relatively unstable virus parti-
cles to survive.

A nucleocapsid must be resistant to environmental degrada-
tion yet still be able to disassemble after infection. Disulfide
bonds could help with this process by switching between a
stable and unstable virus capsid on the basis of different intra-
cellular and extracellular oxidation conditions (12, 30). During
the virus life cycle, the disulfide bond strengthens the viral
capsid structure and protects the viral genome from oxidative
conditions and cellular nucleases when virus particles are
formed. Upon infection, the disulfide bond may be cleaved
under cytoplasmic reducing conditions, thereby releasing the
viral genome into the cell for replication. HCV may utilize the
core protein disulfide bond in this way as HCV enters the host
cell via clathrin-mediated endocytosis (5) into a low-pH, en-
dosomal compartment (25, 52); this is presumably followed by
endosomal membrane fusion and release of the viral capsid
into the cytoplasm (38).

Treatment of HCV infection with pegylated interferon in
combination with ribavirin is not effective for all patients. Re-
cently, drugs targeting viral proteins NS3/4A and NSSB have
been examined in clinical trials. Although these drugs are rel-
atively specific, resulting in fewer side effects and potent anti-
viral activity, monotherapy can be complicated by rapidly
emerging resistant variants carrying mutations that reduce
drug efficacy, perhaps due to conformational changes in the
target (23, 48, 51). Therefore, viral proteins that are highly
conserved among strains and those characterized by low mu-
tation rates may be better targets for drug development. Be-
cause the core protein is the most conserved HCV protein and
Cys128 is conserved among almost all HCV strains examined,
drugs that interact with Cys128 and/or the region around or
near this residue will likely show broad-spectrum efficacy to
block stable infectious particle formation. Structural analysis of
dbd-core should aid with the development of new STAT-Cs
that target Cys128 by direct interaction with the sulfide group
and/or region around this residue. Until now and still, the
mechanism of disulfide bond formation of the core protein on
the ER is unknown. Dimerization of the capsid protein by
disulfide bond has been reported in some enveloped viruses (9,
19, 54, 56), although some were shown not to be important for
virus particle formation (26, 55). Unlike vaccinia virus (46), no
redox system of its own has been reported for these viruses.
Therefore, further investigations addressing the mechanisms

J. VirROL.

underlying dbd-core formation on the ER may reveal a new
mechanism for disulfide bond formation of viral proteins in
infected cells.
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Strain-Dependent Viral Dynamics and Virus-Cell
Interactions in a Novel In Vitro System Supporting the
Life Cycle of Blood-Borne Hepatitis C Virus

Hussein Hassan Aly,"* Yue Qi,* Kimie Atsuzawa,’ Nobuteru Usuda,* Yasutsugu Takada,> Masashi Mizokami,®
Kunitada Shimotohno,” and Makoto Hijikata'-?

We developed an in vitro system that can be used for the study of the life cycle of a wide
variety of blood-borne hepatitis C viruses (HCV) from various patients using a three-
dimensional hollow fiber culture system and an immortalized primary human hepatocyte
(HuS-E/2) cell line. Unlike the conventional two-dimensional culture, this system not only
enhanced the infectivity of blood-borne HCV but also supported its long-term proliferation
and the production of infectious virus particles. Both sucrose gradient fractionation and
electron microscopy examination showed that the produced virus-like particles are within a
similar fraction and size range to those previously reported. Infection with different HCV
strains showed strain-dependent different patterns of HCV proliferation and particle pro-
duction. Fluctuation of virus proliferation and particle production was found during pro-
longed culture and was found to be associated with change in the major replicating virus
strain. Induction of cellular apoptosis was only found when strains of HCV-2a genotype
were used for infection. Interferon-alpha stimulation also varied among different strains of
HCV-1b genotypes tested in this study. Conclusion: These results suggest that this in vitro
infection system can reproduce strain-dependent events reflecting viral dynamics and virus-
cell interactions at the early phase of blood-borne HCV infection, and that this system can
allow the development of new anti-HCV strategies specific to various HCV strains.
(HEPATOLOGY 2009;50:689-696.)

epatitis C virus (HCV) is a serious problem ment of more effective and less toxic anti-HCV agents is
worldwide, with 3% of the world’s population  desired. The virological studies required to reach this goal
chronically infected.! Chronic infection with  need reproducible and efficient HCV proliferation in cell
HCV may lead to high rates of liver cirthosis and hepato-  culture. An in witro infection system using recombinant
cellular carcinoma.? Because the HCV standard therapy is  HCV-JFH1 was developed. In this system, HuH7 cells
still insufficient for treating many patients,? the develop-  transfected with ir vitro-synthesized JFH1-RNA were

Abbreviations: 2D, two-dimensional; 2D-HuS-E/2, HuS-E/2 cells cultured in two-dimensional condition; 3D, three-dimensional: 3DIHFE, 3D hollow fibers; 3D-
HuS-E/2, HuS-E12 cells cultured in three-dimensional condition in the hollow fibers; HCV, bepatitis C virus; IFN-at, interferon alpha; LDH, lactate debydrogenase: ..,
postinfection; REB, radial-flow bioreactor; RT-PCR, reverse transcription polymerase chain reaction.
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shown to secrete infectious viral particles.* This system,
however, requires the combination of HuH-7-derived cell
lines and JFH1-based constructs, limiting its usefulness
for studying other HCV strains. Because HuH-7 cells
cannot support the complete life cycle of blood-borne
HCV (bbHCV) derived from clinical samples,” this sys-
tem is insufficient for studying all the events related to
bbHCV infection.

Many researchers have attempted to develop an in vitro
system for bbHCV.%# These current systems, however,
are still insufficient due to their low efficiency for infec-
tivity and replication of bbHCV. Working toward this
same goal, we recently established immortalized primary
human hepatocyte cell lines by transducing them with E6
and E7 genes from the human papilloma virus 18.5 As
expected, we observed improved infection and replication
of bbHCYV especially in one of these cell lines (HuS-E/2
cells) that showed a similar expression profile to that of
human primary hepatocytes, but this strategy did not im-
prove production of infectious particles.

Recently, a hybrid artificial liver support system was
developed using animal hepatocytes cultured in a three-
dimensional hollow fiber (3D/HF) system. This bioarti-
ficial liver showed several characteristic features of liver
tissue for more than 4 months.'%'? By growing our HuS-
E/2 cells in a similar 3D culture® the gene expression
profile was improved to more closely match that of hu-
man primary hepatocytes. Because the 3D cell culture
condition more closely reproduces the 7n vivo environ-
ment of hepatocytes,'? culturing these cells in this manner
may support the entire HCV life cycle.

In this study we utilized this small 3D culture system
and showed it to be ideal for culturing HuS-E/2 cells for
the study of bbHCV infection. Using this system we are
now able to study the variable patterns of the life cycle of
different bbHCYV strains as well as HCV-related cellular

events.

Materials and Methods

Cell Culture. HuS-E/2 cells were cultured as previ-
ously described.> For the 3D/HF system, HuS-E/2 sus-
pension was injected into the lumen of HF (Toyobo,
Osaka, Japan) made from cellulose acetate and containing
pores for nutrients and waste exchange (Supporting Fig.
1). The bundles were centrifuged to induce organoid for-
mation. The cells in the fibers were cultured in 12-well
plates (two capillary bundles per well) with gentle rotation
using serum-free medium (Toyobo) in a CO; incubator
at 37°C. The number of cells was adjusted to 3 X 105
cells per two-capillary bundle at the start of each experi-
ment.

HEPATOLOGY, September 2009

RNA Experiments. Total RNA was extracted from
two-dimensional (2D) cultured cells, patient sera, or from
100 times concentrated culture medium as previously de-
scribed.®5 For cells cultured in the 3D/HF, sterile scissors
were used to cut each fiber into small pieces (1 mm? each),
which were then solubilized in Sepasol RNA-1 (Nacalai
Tesque, Kyoto, Japan). RNA was then extracted accord-
ing to the manufacturer’s protocol. Real-time reverse
transcription polymerase chain reaction (RT-PCR) was
performed as described.>

HCV Infection. HCV infection experiments were
carried out using sera from HCV patients. The amount of
each inoculum was adjusted so as to add similar amount
of HCV-RNA to the medium of the cells. After 24 hours,
the cells were washed three times with phosphate-buff-
ered saline (PBS) and cultured for the designated times.
To assess the passage of infectivity, 12 mL of culture me-
dium from the primary infected cells was collected, con-
centrated 100 times by filtration through Amicon Ultra-
15, Ultracel-10K filters (Millipore, Carrigtwohill, Cork,
Ireland), and 40 pL concentrated medium/well was used
to infect naive HuS-E/2 cells. All experiments were done
with approval of the Ethical Committee of Kyoto Univer-
sity. Informed consent from patients was required for this
approval.

Cloning and Sequencing. To amplify the comple-
mentary DNA (cDNA) fragment corresponding to hy-
pervariable region 1 (HVR-1),'* a nested RT-PCR was
performed using Superscript III (Invitrogen, Carlsbad,
CA) and PrimeSTAR HS DNA Polymerase (Takara, To-
kyo, Japan). Reaction conditions were adjusted according
to the manufacturer’s protocol. Primers used were previ-
ously described's and are shown in Supporting Table 1.
PCR products were then purified and cloned using the
Zero Blunt TOPO PCR Cloning Kit (Invitrogen). Ten
recombinant clones were randomly isolated for each PCR
product and sequenced as described.'®

Quantitative Detection of HCV Core and Inter-
feron alpha (IFN-a) Protein by Enzyme-Linked Im-
munosorbent Assay (ELISA). The culture medium of
infected cells was collected and concentrated 100 times as
previously mentioned for the detection of HCV-core, or
used directly for detection of IFN-a. HCV core protein
was quantified using the Trak-C Core ELISA (Ortho
Clinical Diagnostics, Neckargemiind, Germany). IFN-«
was quantified using the Human IFN-A ELISA kit (PBL
Biomedical Laboratories, Piscataway, NJ). Light absor-
bance was then measured using a Wallac 1420 multilabel
counter (PerkinElmer Life Science, Waltham, MA).

Cytotoxicity Assay. Culture medium was collected
from HCV-infected cells and used for measuring lactate
dehydrogenase (LDH) levels using an LDH cytotoxicity
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detection kit (Takara Biomedicals). Light absorbance was
then measured as described above.

Sucrose Density Gradient. The culture medium of
the infected cells was collected, concentrated 500 times,
and loaded onto a 20%-50% (wt/vol) sucrose gradient
containing 50 mM PBS, 100 mM NaCl, and 1 mM
EDTA, followed by centrifugation at 100,000¢ for 16
hours at 4°C in a SW41Ti rotor (Beckman, Fullerton,
CA). The gradient was fractionated into 31 fractions that
were used for HCV-RNA and core detection and HCV
infection into naive cells as described above.

Electron Microscopy. The 1.12 g/mL fraction ob-
tained by the sucrose density gradient showed the second-
ary infection activity as analyzed by transmission electron
microscopy. The fraction was ultracentrifuged and the
almost all supernatant was removed. The residual 10 puL
of the solution was directly applied to a formvar-carbon
grid for negative staining with 1% uranyl acetate solution
and observed with an electron microscope (JEOL1010,
JEOL, Tokyo, Japan).

Results

HuS-E/2 Cells Cultured in 3D/HF System Are
Highly Permissive for Infection and Proliferation of
bbHCV. We compared the ability of HuS-E/2 cells cul-
tured in the 3D/HF system (3D-HuS-E/2 cells) to those
cultured as a monolayer (2D-HuS/E2 cells) to reproduce
infection by HCV genotype 1b (HCV-RC6), derived
from patient serum (RC6). The HCV-RCG6 RNA levels in

Days after infection

the 3D-HuS/E2 cells were significantly higher at all time-
points (Fig. 1A), showing that the 3D/HF system greatly
improves the proliferation of bbHCV in HuS-E/2 cells.
We observed that both the early stages of infection and
the continuous replication of HCV-RC6 in HuS-E/2
cells was improved by 3D/HF culture when the culture
conditions were changed after the infection from 3D/HF
to 2D and vice versa (Supporting Fig. 2).

As reported,'” blocking CD81, an HCV-supposed en-
try receptor, during infection significantly impaired HCV
proliferation into 3D-HuS-E/2 cells (Supporting Fig. 3),
suggesting that CD81 is essential for HCV infectivity in
3D-HuS-E/2 cells. Although the expression level of
CD81 mRNA in 3D-HuS-E/2 cells was observed, no
significant change from 2D-HuS/E2 cells was found (data
not shown), indicating that the quantity of CD81, at
least, is not responsible for the improvement.

We then examined whether this system can be used for
proliferation of six different bbHCV samples, three of
which are HCV-1b (HCV-RC2, HCV-RC3, and HCV-
P27) and three HCV-2a genotypes (HCV-RC12, HCV-
P17, and HCV-P33) (Fig. 1B). Proliferation of HCV-
RNA in the cells was seen in all six cases, suggesting that
this system can be widely used for analysis of infection and
proliferation of bbHCV strains. HCV-RNA and HCV-
core were also detected in the culture medium (Fig. 1B).
Difterent HCV strains showed variable patterns of prolif-
eration and HCV-core secretion into the medium. Al-
though HCV-core was detected from day 3 onward when
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Fig. 2. Production of infectious virus-like particles from 3D-HuS-E/2 cells infected with different HCV strains. (A) The culture medium of
3D-HuS-E/2 cells infected with HCV-RC3 or HCV-RC6 was collected from days 5 to 7 p.i. and for HCV-RC12 from days 23 to 25 p.i. The culture
medium of 2D-HuS-E/2 cells infected with HCV-RC6 was also collected from days 5 to 7 p.i., and used to treat naive 3D-HuS-E/2 cells. The quantity
of HCV genomic RNA in 1 ug of total cellular RNA was determined as in Fig. 1. (B) The concentrated culture medium of 3D-HuS-E/2 cells infected
with HCV-RC3 was collected from days 5 to 7 p.i., and fractionated by ultracentrifugation with a 20%-50% sucrose density gradient. HCV-core protein
and the RNase A-resistant HCV-RNA in the different fractions were quantitatively analyzed using an HCV-core ELISA kit and real-time RT-PCR,
respectively. Data represent the mean =+ SD of three independent experiments. (C) Photomicrograph showing negatively stained virus-like particles
from the culture medium of HCV-RC3-infected 3D-HuS-E/2 cells (arrowheads, panels 1 and 2). The arrows indicate the spike-like structures found

on the surface of the virus-like particles (panel 2).

RC3, RC6, and RC12 were used for infection, it was
undetectable when RC2, P17, P27, and P33 sera were
used, similar to 2D-HuS-E/2 cells infected with HCV-
RCG (Fig. 1C).

Production of Infectious Particles from 3D-HusS-
E/2 Cells Infected with bbHCV. The culture media
from 2D or 3D-HuS/E2 cells infected with RC6 serum
(Fig. 1A) were collected from days 5 to 7 postinfection
(p.i.), concentrated, and inoculated into naive 3D-HuS-
E/2 cell culture media. HCV-RNA’s proliferation in the
infected cells was only detected when using the culture
medium from 3D-HuS-E/2 cells and not 2D-HuS-E/2
cells (Fig. 2A). Media collected from HCV-RC3 at days 5
to 7 and from HCV-RCI2 from days 23 to 25 p.i. were
also able to infect naive cells (Fig. 2A). These data sug-
gested the production and secretion of infectious virus-
like particles. To investigate this further, biophysical
analysis was performed. The culture medium of HCV-
RC3 infected 3D-HuS-E/2 cells at day 7 p.i. was fraction-
ated using a sucrose density gradient after RNase A
treatment. HCV core was detected in the 1.11 to 1.14
g/mL fractions; similarly, the nuclease-resistant HCV
RNA peaked in the 1.12 g/mL fraction (Fig. 2B). Fur-

thermore, only the 1.12 g/mL fraction was able to infect
naive cells as examined above (data not shown). This frac-
tion was pelleted by ultracentrifugation and examined by
electron microscopy with negative staining. We observed
33-nm to 45-nm diameter spherical particles (Fig. 2C,
panel 1) with spike-like structures from 7-9 nm in length
on the surface (Fig. 2C, panel 2), consistent with HCV
motphology reported previously in HCV patients.'®
These were detected in the sample collected from HCV-
RC3-treated but not mock-treated 3D-HuS-E/2 cells.
These data suggest that production of infectious virus-like
particles occurs in 3D-HuS-E/2 cells infected with some
bbHCYV strains. It is therefore likely that 3D-HuS-E/2
cells can be used to reproduce nearly all steps in the HCV
life cycle.

Prolonged Culture of HCV-Infected Cells in the 3D
Hollow Fiber System. For HCV-RCo6-infected cells
(Fig. 3A), the amount of HCV-RNA in the cells fluctu-
ated during the 30-day culture period. The levels of both
HCV-RNA and HCV-core in the medium showed a sim-
ilar pattern of fluctuations that peaked on days 5 and
20 p.i. Unlike RC6, the pattern of HCV-RNA levels in

the medium of RC12-infected cells showed a negative
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correlation with that detected in the cells. This was clearly
seen on day 10 p.i., when a sharp increase and decrease of
HCV-RNA in the medium and the cells, respectively, was
observed (Fig. 3B). Similarly, the amount of HCV-core
detected in the medium throughout the culture was not
correlated with RNA levels in the medium. Instead, core
levels were very low in the first 10 days, at which time
levels increased, reaching a peak on day 20 p.i. (Fig. 3B).
Culture media from cells infected with HCV-RC6 from
days 5 to 7 and 20 to 30 p.i. (Fig. 3A) and that from
HCV-RC12 from days 20 to 25 p.i. showed passage of
infectivity (Fig. 3B). All culture media showing infectivity
appeared to have a high amount of HCV-core protein.
Clonal Changes in HCV During Prolonged Cul-
ture. In order to perform a populational analysis to un-
derstand the fluctuating pattern seen during HCV
proliferation, two sera with limited HCV variants, HCV-
RC6 (two major strains) and -RC12 (single major strain)
from immunosuppressed liver transplantation patients
with recurrent HCV were used in the previous prolonged
infection experiment. The variants” composition was an-
alyzed by single-strand confirmation polymorphism anal-
ysis for HCV-HVR1 (Supporting Fig. 4). RC6 serum
(Fig. 4A) showed two different major sequences, HCV-

Days after infection

RC6-1 and -2 strains, which constituted 60% and 40%,
respectively, and shared 85% homology. In cells infected
with HCV-RC6 the nucleotide sequence of HVR1 on
day 5 showed 97% homology to HCV-RC6-1, and on
day 20 p.i. it showed 97% homology to HCV-RC6-2.
These data suggest selection of the dominant HCV strain
in the cells over time. For RC12 (Fig. 4B), the nucleotide
sequence on day 5 p.i. had only one nucleotide difference
from that of the HCV from the original serum. The se-
quence from day 20 p.i. was four nucleotides different
from that from the serum, and five different from the cells
on day 5 p.i. These data indicated that each peak of HCV-
RNA that appeared in the cells infected with RC12 serum
included primarily a single HCV strain with a slightly differ-
ent genomic sequence. This suggests that the periodic ap-
pearance of HCV-RNA peaks in the cells infected with a
particular HCV strain is a result of selection and/or mutation
of HCV strains during the prolonged culture period.
Cellular Response Induced by bbHCV Infection. At
day 10 p.i., HCV-RNA levels in the culture medium rose
and RNA levels in 3D-HuS-E/2 cells infected with HCV-
RC12 dropped (Figs. 1B, 3B). To determine if this was
caused by a cytotoxic effect of HCV infection, LDH levels
were measured in the culture medium of HCV-RC6- and
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HCV-RCl12-infected 3D-HuS-E/2 cells. LDH activity
showed a strong correlation with HCV-RNA levels in the
medium on day 10 p.i. in HCV-R12-infected cells (Fig.
3B), suggesting a cytotoxic effect of HCV-RC12 that was
not observed in the case of HCV-RCG (Fig. 3A,C). To
determine if this HCV infection-mediated cytotoxicity is
due to apoptosis, as with other viruses belonging to the
Flaviviridae family,'” the involvement of caspase was ex-
amined using the caspase inhibitor z-VAD-fmk. A signif-
icant dose-dependent reduction in HCV-RNA levels in
the medium and LDH activity (Fig. 5A,B) was found,
whereas no significant effect was observed on the viability
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Fig. 5. Cellular response of 3D-
HuS-E/2 cells infected with bbHCV.
3D-HuS-E/2 cells infected with HCV-
RC12 and mock-treated cells were
cultured for 10 days in the presence of 2
z-VAD-fimk (0, 10, and 20 uM). (A)

HCV RNA in medium {copies/m|)
s

additional nucleotides were found at the 5’-terminal end
of the E2 regions of all RC6 sequences. The major se-
quence present in the serum used for infection is shown in
the upper row in each panel. Dots represent the identical
nucleotides.

of noninfected cells (Fig. 5B) or intracellular HCV-RNA
levels (Fig. 5A). This suggested that the cytotoxic effect of
HCV infection is mediated by apoptosis. It is noteworthy
that HCV-induced cytopathicity was also found when
HCV-P17 and HCV-P33 samples were used for infection
(both are HCV-2a genotype) and was not reproduced in
any of the HCV-1b genotype samples used in this work
(Fig. 5C).

After infection with HCV-RCG, no cytotoxicity was
detected that might have inhibited HCV-RC6-1 prolifer-
ation in the cells. However, HCV-RCG6-2 RNA replaced
HCV-RC6-1 RNA during prolonged culture. To assess a
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