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significant difference in the population of bi-
nucleated cells compared with control cells (see
Supplementary Data, Figure S1). Together, these
observations indicate that the overexpression of
HCV NS5A is correlated with an increase in the
number of cells with mitotic spindles and centro-
somes rather than unsuccessful cytokinesis and
binucleation.

Next, we compared the expression profiles of
mitotic marker proteins, such as phospho-H3,
Aurora A, Cyclin A, Cyclin Bl, and BubRl, in
control Huh? and Huh7-NS5A cells. Huh7 and
Huh7-NS5A cells were cultured in the presence of
nocodazole, and cell extracts were prepared at the
indicated time-points and resolved by gel electro-
phoresis at equal loading quantities. Levels of
the indicated proteins were assessed by
immunoblotting using anti-HA, anti-phospho-H3,

anti-Aurora A, anti-Cyclin A, anti-Cyclin Bl, anti-
BubR1, anti-Cdhl and anti-Actin antibodies
(Figure 4). In control Huh7 cells, phosphorylation
of histone M3 was induced at 12 h after nocoda-
zole treatment, peaked at 30h, and then rapidly
decreased (Figure 4(a)), whereas in NS5A-expres-
sing cells, histone H3 phosphorylation was
induced at 6h and maintained for up to 42h
after nocodazole treatment (Figure 4(a)). Because
histone H3 phosphorylation occurs during mitosis
and is required for proper chromosome conden-
sation and segregation, this result confirms that
INS5A protein expression increases the population
of cells aberrantly arrested in mitosis. In addition,
we examined the expressions of Cyclin A, Cyclin
Bl, and Aurora A, which play important roles in
initiating and maintaining mitotic cell cycle
control via their specifically timed expressions
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Figure 4. Cells expressing NS5A remained in mitotic arrest for an extended duration. (a) and (b) Huh? and Huh?-
INSBA cells were cultured in the presence of nocodazole (0.1 pg/ml). Cell extracts were prepared at the indicated time-
points and were resolved by gel electrophoresis at equal loadings. Levels of the indicated proteins were assessed by
immunoblotting using anti-HA, anti-phospho-H3, anti-Aurora A, anti-Cyclin A, anti-Cyclin B1, anti-BubR1, ant-Cdhl,
or anti-Actin antibodies. Profiles of BubR1 phosphorylation status in Huh7 and Huh7-NS5A cells are presented as
relative gel densities (b). Gel densities of hyperphosphorylated BubR1 (upper asrowhead) and hypophosphorylated
BubR1 (lower arrowhead) were quantified by densitometry, and values were obtained by dividing the gel densities of
hyperphosphorylated BubR1 by those of hypophosphorylated BubR1.
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and degradations (Figure 4(a)). In particular,
Cyclin A is destabilized when cells enter mitosis,
and is almost completely degraded before the
metaphase to anaphase transition.>* Moreover,
Cyclin Bl degradation is required for the tran-
sitton from metaphase into anaphase.®* We
found that Cyclin A levels began to decrease
30 h after nocodazole treatment in Huh?7 cells, but
remained stable for up to 48h in Huh7-NS5A
cells, whereas Cyclin Bl levels decreased at 36 h
after nocodazole treatment in Huh7 cells, but
accumulated in Huh7-NS5A cells over the entire
experimental time course (up to 48h). On the
other hand, Aurora A levels decreased consist-
ently from 36h after nocodazole treatment in
Huh?7 cells, but were maintained in Huh7-NS5A
cells. Finally, we compared the phosphorylation
status of BubRl protein, because the hyper-
phosphorylation of BubRl is known to be a
prerequisite of exit from mitotic arrest.® In control
cells, the hyperphosphorylated form of BubR1
increased from 12h after nocodazole treatment,
peaked at 24h, and then rapidly decreased
(Figure 4(b)}). However, in cells expressing NSbA,
hyperphosphorylation of BubR1 was detectable
from 6h after treatment and was maintained for
up to 42 h (Figure 4(b)). These results collectively
indicate that cells expressing NS5A cause aberrant
elevations of these mitotic marker proteins and
thus perturb the normal timing of the mitotic cell
cycle.

Overexpression of HCV NS5A protein induces
chromosome aneuploidy

Following prolonged mitotic arrest in response
to spindle damage, even cells possessing a
competent mitotic checkpoint eventually exit
mitosis and undergo apoptosis. However, cells
with a persistent mitotic abnormality, such as
mutational inactivation of a mitotic checkpoint
gene, tend to escape agoptosis and continue cell
cycle progression.?!?6-3% Therefore, we questioned
whether the aberrant mitotic arrest and mitotic
abniormalities induced by NS5A expression could
contribute to chromosome missegregation and
subsequent aneuploidy. Thus, we treated asyn-
chronized conirol Huh? and Huh7-N55A cells
with a microtubule inhibitor (nocodazole) and
harvested the cells at various time-points
(Figure 5(a)). Interestingly, whereas control Huh7
cells showed marked increases in apoptotic cell
populations, Huh7-NS5A cells showed significant
increases in aneuploid cells, and these increases
were seemingly correlated with duration of
exposure to the microtubule inhibitor. In contrast,
Huh7-NS5B cells showed reduced apoptosis and
increased numbers of cells arrested in the G2/M
phases, but no significant accumulation of aneu-
ploid cells {(data not shown). To confirm these
results, we performed parallel experiments in
conirol Chang-HA and Chang-NS5A cells. As
expected, flow cytometric analysis revealed that

{a) Huh7
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Figure 5. Exogenous expression of HCV NS5A protein
induces chromosome aneuploidy. {a) Asynchronized
control Huh? and Huh7-NS5A and {b) Chang-HA and
Chang-NS5A cells were treated with nocodazole (0.1 pg/
ml). At the indicated time-points, cells were harvested,
stained with propidium iodide, and analyzed for DNA
content by flow cytometry.

Chang-N55A cells showed significant accumu-
lations of aneuploid cells compared with control
Chang-HA cells (Figure 5(b)). Collectively, our
results demonstrate that the expression of HCV
NS5A protein induces aneuploidy, and that this
appears to be associated with mitotic abnormal-
ities, such as delayed mitotic exit and multi-polar
spindle formation.

HCYV infection may be directly associated with
chromosomal instability

It has been shown that array-based comparative
genomic hybridization (CGH} can detect the
chromosome aberrations characteristic of human
tumors.”” Here, tumor tissues and adjacent non-
tumor tissues were obtained from five HCV-
infected patients, all of whom were positive for
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Figure 6. Detection of chromosome aberrations in HCV-associated HCC tumors using CGH arrays. Genomic DNA

was Isolated from frozen HCV-associated (left panels) and adjacent non-tumor (right parels) tissues from five patients
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and subjected to whole genome CGH array analysis with fluorescent in situ hybridization (see Materials and Methods).
The measured log; ratios of the Cy3/Cy5 fluorescence intensities of spots ranged from +0.2 to —0.2. Threshold levels for
logz ratio gains and losses were set at +0.2 and --0.2, respectively. The y-axis indicates the log; ratio of quadruplicate
measurements per chromosome, and shows chromosome gains or losses. Chromosomes are shown on the x-axis, in
order from 1p to Xq/Yq. A blinded CGH array study revealed widespread chromosomal aberrations in three of five cases

((b). (c) and {e}}.

anti-HCV antibody (HCV-Ab) and HCV RNA, but
negative for hepatitis B surface antigen (HBs-Ag).
The CGH profiles of these samples are shown in
Figure 6. Interestingly, three of the five HCV-
associated HCC tumors ((b), (¢) and {(e)) showed
marked chromosome instability, as indicated by
widespread chromosome copy number abnormal-
ities. In contrast, no significant indication of wide-
spread genomic alterations was evident in the five
adjacent non-tumor tissue samples. Consistent with
speculations in previous studies,'®*** these obser-
vations provide evidence that HCV infection may
be directly associated with chromosomal instability.

Discussion

Here, we provide novel evidence that indicates
that cells expressing HCV polyproteins induce
chromosomal instability. Furthermore, our findings
demonstrate that cells expressing NS5A protein
show delayed mitotic exit and mitotic apparatus
abnormalities (i.e. multi-polar spindles), which
enable cells with unbalanced sets of chromatids
segregated at multiple spindle poles to progress to
anaphase and telophase. Importantly, we observed
similar phenotypes in human primary cells, lung

L132 cells, and amniocytes (A139 cell line), by
monitoring the ectopic expression of NS5A using a
recombinant adenovirus (see Supplementary Data,
Figure 52). Thus, repeated failure of balanced
chromatids segregation due to persistent HCV
protein expression appears to cause widespread
chromosome instability and aneuploidy in hepato-
cytes. During prolonged mitotic arrest, mitotic
checkpoint compoenents have been shown to inhibit
APC/C, and to prevent it from targeting Cyclin B1
and Securin for degradation.*” In the present work,
we found that NS5A-expressing cells showed
increased fractions of mitotic cells and reduced
populations of G1 cells, and reduced degradations
of APC/C substrates, Cyclin Bl (Figure 4) and
Securin (data not shown). These observations
indicate that NS5A may be involved in the
unscheduled activation of APC/C, and thus, the
development of aneuploidy. However, additional
study is required to identify the cellular factors
targeted by NS5A in this context.

It is widely believed that cells with miiotic
abnormalities produce a “wait signal” to delay the
onset of anaphase, and that a “fail-safe” mechanism
exists 1o trigger apoptosis in cells that breach the
mitotic checkpoint, thus avoiding aneuploidy.
However, our results indicate that cells expressing
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HCV non-structural proteins somehow adapt to
aneuploidy and return to the cell cycle following a
sustained mitotic delay. Recent studies have
suggested that NSHA exerts an anti-apoptotic effect,
and thus confers a viral multiplicative potential in
infected cells. In addition, it has been reported that
NS5A activates NF-kB by inducing oxidative stress
in cells.*' Moreover, liver tissues from chronic
hepatitis C patients displayed elevated levels of
NE-kB* and NE-kB was shown to induce the
expressions of anti-apoptotic factors, such as IAP
and Bcl-2.** Therefore, it is likely that the persistent
expression of NS5A triggers or maintains the
expressions of genes that provide protection against
apoptotic stimuli, perhaps even during the acute
phase of liver disease associated with HCV
infection. Consistent with this notion, we observed
that cells expressing HCV NS5A and NS5B showed
caspase-3 activation inhibition following nocoda-
zole treatment, whereas control cells showed
activation of the apoptotic pathway upstream of
caspase-9, which sequentially activates caspase-3
{data not shown). Thus, it appears that HCV NS5A
interferes with “gatekeeper” cellular functions by
blocking apoptotic pathways, thereby enabling cells
with mitotic abnormalities and aneuploidy to
continue c¢ycling.

HCC tumors are associated with high incidences
of genetic alterations, which increase during the
carcinogenic process. Moreover, it is known that
chronic liver injury caused by HCV infection
eventually leads to necrosis, inflammation, and
liver regeneration, and that it is frequently associ-
ated with an accumulation of genetic alterations,
such as, loss of p53 function.” ¢ Cells lacking
functional p53 undergo normal mitotic arrest in
response to spindle damage, but then subsequently
avoid the checkpoint, enter S phase, and endo-
reduplicate DNA, resulting in aneuploidy.* Thus,
p53 protein appears to be required to protect
normal cells from adaptation to chromosomal
instability. In addition, a variety of other genetic
and epigenetic aberrations at various stages may
collaborate to allow adaptation and aneuploidy. For
example, the overexpression of Aurora A (a
centrosome-associated serine/threonine kinase)
has been implicated in chromosome segregation
abnormalities and aneuploidy in many cancer cell
types.*® Smith et al."* found that Aurora A was up-
regulated in about 85% of HCV-associated hepato-
cellular carcinoma tumor samples, and further, the
overexpression of Aurora A has been reported fo
override the mitotic checkpoint and to lead to the
premature mitotic exit of cells with inappropriately
aligned chromosomes.” In the present work, we
found that N55A-expressing cells offered resistance
to the normal mitotic cell cycle-dependent destabi-
lization of Aurora A (see Supplementary Data). This
suggests that the deregulation of cellular factors,
such as Aurora A, acts in concert with HCV non-
structural proteins to induce mitotic abnormalities
and aneuploidy. However, a previous study pro-
vided important evidence that the non-structural

proteins of HCV may contribute to hepatic carcino-
genesis, whereas structural proteins are a risk factor
for the development of steatosis but not liver
cancer,” which seems to suggest that HCV non-
structural proteins are associated with chromo-
somal instability. In the present study, the frequency
and extent of chromosome instability in NS5A-
expressing cells was abnormally high even in the
absence of a mitotic cell cycle-deregulating stimulus
{i.e. nocodazole) (Figure 4), which implies that HCV
NS5A protein directly interferes with the normal
timing of the mitotic process in vitro. However, it
should be noted that levels of HCV proteins are
very low in vivo, i.e. they are not easily detected by
routine immunchistochemical assays of HCV-
infected liver samples. Thus, NS5A alone may not
be sufficient to trigger mitotic abnormalities /1 vivo
and other factors may be required to facilitate
NS5A-induced aneuploidy. In agreement with a
previous report,” we also found that NSGB triggers
cell cycle arrest in G2, although this aberrant cell
cycle arrest was not linked to a mitotic abnormality
or chromosomal instability. Thus, our findings
suggest that NS5B may help extend the aberrant
cell cycle arrest required for adaptation. Moreover,
NS5A has been shown to interact functionally with
NS5B,”"? thus indicating that this non-structural
protein may cooperate in HCV-induced mitotic
impairments. However, additional work is required
to establish a functional link between NS5A and
NS5B with respect to hepatocyte mitotic behavior.

The present study demonstrates for the first time
that HCV proteins interrupt the normal timing of
the mitotic cell cycle and induce the chromosome
instability that is frequenily observed in malignant
turmors. These findings provide important new
insights into HICV-associated hepatocarcinogenesis,
and may provide a basis for future therapeutic
strategies.

Materials and Methods

Generation of cell lines

Human hepatoma-derived cell lines constitutively
expressing full-length (Iep394) or fragments of the
HCV open reading frame (Hep352 and Hep3294) were
generated as described.”® To generate liver cell lines
expressing HA-tagged NSS5A and NS5B, HCV genotype
ib cDNAs encoding NS5A and NS5B were inserted into
the pCMV-HA vector,” and Huh-7 and Chang liver cells
were transfected with the constructs or with empty vector
(control). Colonies resistant to G418 (GIBCO BRL) were
clonally isolated and screened for expression of INS5A or
NS5B, using immunoblot and immunofluorescence
assays with an anti-HA antibody (Roche).

Chromosocme spreading analysis

For cytogenetic analysis of metaphase chromosomes,
established cells were incubated with colcemid (0.04 mg/
ml) for 4h, treated with 0.56% (w/v) KCl for 5 min
and fixed with methanol/glacial acetic acid (3:1 (v/v)).
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Chromosomes were visualized by Giemsa staining and
Microscopy.

Cell cycle analysis

For flow cytometric analysis of cell cycle profiles, 10°
cells were plated in 10cm dishes and cultured in the
presence of 0.1ug/ml nocodazole (Sigma). At the
indicated times, cells were harvested, fixed in 70% (v/v)
ethanol, washed in phosphate-buffered saline (PBS), and
stained with 40 pg/ml propidium iodide (PI) in the
presence of 50 pug/ml RNase A for 30 min at room
temperature. Samples of 10,000 cells were then analyzed
on a Becton Dickinson FACScan flow cytometer (BD
Biosciences) and the data were analyzed with the
CellQuest software (BD Biosciences). To generate syn-
chronized populations, established clones were arrested
at the G1/5 boundary by a double thymidine block®* and
then released. At various time-points after release, cells
were harvested and analyzed.

For determination of the mitotic index of each
population, cells were harvested, resuspended in Cyto-
fix/Cytoperm™ solution (BD Biosciences Pharmingen),
washed with Perm/Wash™ buffer (BD Biosciences
Pharmingen), and stained with an anti-MPM2 antibody
{Dako) in the presence of PI (10 pg/ml final concen-
tration). Samples of 10,000 cells were then subjected to
flow cytometric analysis on a FACScan (as above).

Immunoblot analysis

For immunoblot analysis, cells were cultured as
described above and then harvested and lysed at the
indicated times. Equal amounts of whole cell proteins
were resolved by SD5-PAGE, fransferred to a nitrocellu-
lose membrane, blocked, and analyzed with anti-phos-
pho-Histone H3 (Upstate Biotechnology), anti-Aurora A
(Abcam}, anti-Cyclin A (Santa Cruz Biotechnology), anti-
Cyclin Bl (Santa Cruz Biotechnology), anti-BubR1 (BD>
Biosciences Pharmingen), anti-Cdhl (Oncogene Research
Products), or anti-Actin (Sigma) antibodies.

Live celi imaging

To estimate the duration of mitosis, live cells were
imaged in AT 0.15 mm dishes (IWAKI) in CO,-indepen-
dent medium (GIBCO BRL) supplemented with 10% FBS
at 37°C. Every 2min for 6h, 055 exposures were
acquired using a 20X NAO0.75 objective on an LSM 500
META confocal microscope (Carl Zeiss).

Immunofluorescence

Cells were cultured on 18 mun cover-slips, fixed in 5%
(v/ v} formaldehyde for 10 min, and permeabilized in PBS
confaining 0.1% Triton X-100 for 5 min. For examination
of the sub-cellular localization of HA-tagged NS5A and
NS55B, cells were incubated with anti-HA antibedy at
room temperature for 2h followed by a further incu-
bation with anti-mouse IgG conjugated with Alexa Fluor
488 (Molecular Probes) for 1 h. To visualize centrosomes
and mitotic spindles, cells were incubated with anti-a-
tubulin-FITC (Sigma) and anti-y-tubulin-Cy3 (Sigma) or
pericentrin  {Abcam) antibodies, respectively, at rcom
temperature for 1 h. Finally, cells were washed, exposed
to Hoechst dye for visualization of DNA, and then
viewed under an LSM 500 META confocal microscope.

Liver tissue samples and comparative genomic
hybridization (CGH})

Surgically dissected materials were collected from
patients at the National Cancer Center (NCC), Korea.
Informed consent was obtained and specimens were used
in accordance with the guidelines of the NCC Tumor
Bank Review Committee. Tumor and adjacent non-tumor
tissues were sampled from five patients subsequently
found to be positive for the anti-HCV antibody (HCV-Ab;
LG Biotech) and HCV RNA (Biosewoom), but negative
for the hepatitis B surface antigen (HBs-Ag, Bayer).

Tissues were frozen and genomic DNA was isolated
with the PUREGENE DNA isolation kit {Gentra). Probes
were directly labeled with Cy3-conjugated dUTP and
Cy5-conjugated dUTP for the test and reference DNA
samples, respectively, using random prime labeling
(Invitrogen). Labeled probes were purified and eluted
with spin columns (Qiagen), and then hybridized to an
array consisting of 1440 BAC clones (350 cancer-related
genes and unique STSs with cytelogical locations
confirmed by FISH; GenomArray™, Macrogeni}. The
hybridization, washing, scanning and analysis were
performed according to the GenomArray™ user’s
manual. Ten simultaneous hybridizations of HCV-associ-
ated tumor specimens versus the neighboring non-tumor
tissues were performed to define the log; ratio.
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Abstract

We show that a dicistronic hepatitis C virus (HCV) genome of genotype 1b supports the production and secretion of infectious HCV particles
in two independent three-dimensional (3D) cullure systems, the radial-flow bioreactor and the thermoreversible gelation polymer (TGP), but not in
monoiayer cultures. Iimmunoreactive enveleped particles, which are 50—60 nm in dimmneter and are surrounded by membrane-iike structures, are
observed in the culture medium as well as at the endoplasmic reticulum membranes and in dilated cytoplasmic cisternae in spheroids of Huh-7
cells. Infection of HC'V particles is neutralized by anti-E2 antibody or patient sera that interfere with E2 binding to hurnan cells. Finally, the utility
of the 3D-TGP culture system for the evaluation of antiviral drugs is shown. We conclude that the replicen-based 3D culture system allows the
production of infectious FICV particles. This system is a valuable tool in studies of HCV morphogenesis in a natural host cell environment.

© 20006 Elsevier Inc. All rights reserved.

Kevieords, Hepasitis C virus; Replication; Three-dimensional culture: Virus particle

infection are interferon alpha (IFN-g) in combination with
ribavirin (RBV) or, more recently, a polyethylene glycel-
Infection with hepatitis C virus {HCV?} currently represents a modified form of [FN-a; however, sustained response is seen

Intreduction

major medical and socioeconomic problemn. HCV is a main in only ~50% of treated patients (D o ni e
causative agent of chronic hepatitis. cirrhosis, and hepatocellular 00 ). Further development of new anti-HCV drugs and
carcinoma, and there are an estimated 170 miliion HCV carriers vaceines has been obstructed by the lack of either a small animal
worldwide (C hoe ¢! J89). The standard treatments for HCV. model or a robust cell cultre system capable of supporting viral

replication and the production of infectious progeny.
e (.:(‘m't:s_pondmg_ author. Fax: 481 3 5385 1161 HCV is a small enveloped RNA virus belonging to the family
E-mail addrass. tesuzukienih.zodp (T Suzuki). Flaviviridae and harboring a single-stranded RNA genome with
0042-6822/8 - see front matier © 2006 Elsevier Inc. All nights reserved.
doi:t0 016: virel 206 07 B35
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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 rise to 2 series
of structural and nonstructural proteins (Choo =t al.. 1991:
Grakoui et al., 1993; Hijikata ef al,, 1941}, The establishment of
selectable dicistronic HCV RNAs that are capable of autono-
mous replication in human hepatoma Huh-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-lengih dicistronic RNAs (Tkeda et al,,
2002: Pietschmann et al, 2002). Although the viral genome
replicates and ail HCV proteins are properly processed in this
system, virus particle production has not vet 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 wsing 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 ia virus (Hutch-
inson strain} using similar experimental systems has been
descnibed (Yi et al, 3006). These complete HCV culture
systems produce robust levels of infectious virus and provides a
powerful tool for HCV ressarch. However, to date their
applications have not been extended to constructs based on
strains of genotype 1b, which is highly prevalent worldwide.
We previously demonstrated that differentiated human
hepatoma FLC4 cells transfected with in vitro transcribed

A B

HCV genomic RNA can produce and secrete infecticus
particles in three-dimensional (3D) radial-fiow bioreactor
(RFB) culture {Aizaki et al., 2003). This RFB system was
initially aimed to develop artificial liver tissue, and the
bioreactor columm: consists of 2 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 hepatocellular carcinoma-
derived cells can grow spherically or cubically, and they retain
liver functions such as albumin synthesis (Kawada et al., 1998;
Matsuura et al., 1998) and drug-metabolizing activity mediated
by cytochrome P450 3A4 (Iwahmi et al., 2003).

In the present study, two kinds of 3D culture techniques, the
REB and the thermoreversible gelation polymer (TGP), were
used for the production and secretion of infectious HCV
particles by using a dicistronic HCV genome derived from
genotype 1b. We aiso demonstrate that these 3D culture systems
are useful for evaluating anti-HCV drugs.

Resulis

Secretion of HCV-LPs from RCYMI carrving genome-length
dicistronic HCV RNA cultured in RFB culture

We first assessed the replicative capacity of selectable
genome-length HCV RNAs in FLC4 cells. However, no G418-
resistant colonies were observed, indicating that FL.C4 cells do
not support replication of these HCV RINAs (data not shown}.
Therefore, subsequent experiments were carried out with a
staple Huh-7 cell Iine, RCYMI, which supports full-length
HCV RNA replication and which was developed by iransfec-
tion of the cells with genome-length dicistronic RNA derived
from the Conl clone 138%9neo/core-3'/NK 5.1 (genotype 1b)
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{Pietschmann et al., 2002). The HCV RNA level in RCYM31
cells was apploxxmately 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 Westerm blotting and
immunofluorescence analysis (data not shown). To develop 3D
RFB cultures, first we loaded RCYMI1 cells onto an RFB
column by flowing cell suspension, after which the cells were
attached to camier beads. Cells proliferated within the 3D
matrix, and culture medium was circulated radially through the
column.

In order to investigate whether HCV-like particles (HCV-
LPs) were secreted from RCYM1 celis 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/mi fractions, with
maximal detection in the 1.18 g/ml fraction (Figs. |A and B).
In the same experiment using 5-15 ceils, in which a
subgenomic HCV replicon replicates, no peak similar to
that observed in RCYM] cells corresponding to HCV RNA
was detected. In both RCYMI cells and 315 cells in the
RFB culture system, a substantial amount of HCV RNA was
detected in the 1.03-1.07 g/ml fractions (Fig. iA). Consistent
with a previous report by Pietschmann et al. (2002), these
RNAs released from cells with a subgenomic repticon did not
correspand to virus pariicles. When an eguivalent number of
RCYMI cells were cultured in a monolayer culture system,
Himited amounts of HCV RNA and core protein were detected
in the culture supernatant (Figs, 1A and B).

The mature HCV virien is thought to have a nucleccapsid
and an outer envelope composed of a lipid membrane with viral
envelope glycoproteins. Culture fluids were treated with NP40
in order to solubilize lipids and were then subjected to sucrose
density gradient centrifugation. HCV RNA sedimented to a

(¥
2]
[P

density of 1.22 g/ml rather than 1.18 g/ml (Fig. 1C), indicating
that the density of HCV particles became higher due to de-
envelopment. 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
density fraction of the RCYM]! monolayer culture (Fig. 1E) or
in the 1.23 g/ml fraction of the RCYM1-RFB culture (data not
shown). These results indicate that, in the RFB system, the
production and secretion of HCV-LPs is possible with a
selectable dicistronic HCV genome.

Production and secretion of HCV-LPs from spheroid culture of
RCYMI cells using TGP

In the 3D RFB culture system for RCYMI cells, extracel-
lular secretion of HCV-LPs was observed. Based on this
observation, we hypothesized that morphological changes
occurring in 3D culture, such as polarity fonnation, promote
advantageous in the assembly of viral proteins, particle
formation, and extracellular secretion. To examine whether
similar phenomena could be observed in other 3D culture
systems, we investigated HCV-LP expression using a 3D
culture system with TGP as a canier.

TGP is a biccompatible polymer made from conjugates of
polyethyleneglycol and poly-N-isopropylacrylamide, which is a
thermoresponsive pelymer composed of N-isopropylacrylamide
and n-butylmethacrylate. The TGP solution possesses sol-gel
transition properties; it is water soluble {so]l phase) at

temperatures below the transition temperature, and it is
insoluble (gel phase) abeve 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 RCYM} cells form spheroids in thermoreversible gelation polymer (TGP). Scanning electron microscopy {A and al) and transmission electron
microscopy (B and b1} of RCYMT cells culiured in TGP for 8 days. Open arrowhead, microvilli; closed ammowhzads, bile canaliculi-like structures.
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RCYM]I celis, which were seeded into the TGP, formed
three-dimensional compacted aggregates called spheroids after
3 days of culture, and mumerous spheroids with diameters of
approximately | 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 ultrathin
sections were examined by TEM (Figs. 2B and bi}. 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 blj. 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 compared 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 cunlture supernatant 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/ml (Figs. 3C and D).
This distribution was consistent with the pattern obtained in
RFB culture (Figs. 1A and B). It should be noted that in these
experiments, lower cell numbers were used in the 3D cultures
than in the monolayer cultures because of the slower growth of
cells. As estimmated from the quantitative data of the 1.15-1.20
g/ml fractions of the culture supemnatants, 0.1-1 copies of HCV
RNA/cell/day are produced and assembled into viral particles in
the TGP-cuitured RCYM1 cells.

TEM analysis of the 1.18 g/ml fraction after negative
staining showed particle structures with a diameter of 3060 nm
and spike-like projections (Fig. 3E). Observation of ultrathin
sections indicated a lipid bilayer-like membrane structure with a
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Fig. 3. Expression of HCV proteins in RCYMI cells and secretion of viral particles in TGP culwre. (A) Ceil growth curves of the TGP {closed circles) and monolaver
{open circies) culture of RCY M cells, Cells were harvested at days €. 3. 6. and 9 postineculation and cell numbers were determined. (B) Western blonting of HCV core
and NS3A proteins in RCYMI cells and contrel Hub-7 cells. {C, D) Sucrose density gnudient analysis of culture supernatanis of RCYM 1 eells, The culture
supernatams were fractionated as described in Materials and metheds. HCV RNA (C) and core protein (D) in eacl fraction were determined by ELISA and real-time
RT-PCR, respectively, Representative data from three independent experiments are shown. Closed circles, TGP eulture; open cireles. monclayer culture, (E-H)
Electron microscopy of HCV-like particies (HCV-LPs) ins the supematants of TGP-cultured RCYM| cells, (E) Negative staining of HCV-LPs in the | 18 g/m] density
fraction. There was no spherical structure in 1.05 g/ml density fraction, as shown in panel H, (F) Ulirathin section of HCV-LPs. Precipitated HCV-LP samples were
prepared from the | 18 a/ml fraction as described in Materials and methods. (G) Immanogeld labeling of HCV-LPs with an anti-E2 antibody in the 1 18 g/ml desity

fraction. Geld particles, 5 nm,; scale bars. 50 nm.
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Fig. 4. Electron microscepy of nltrathin sections of RCYM1 cells grown in TGP HCV-LPs in TGP-cultured RCYM] cells. Spherical virus-like particles 30-60 nm in
diameter (arrowheads) were observed at the ER membranes (A, B) and in the cytoplasmic vesicles (C).

width of approximately 5 nm (Fig. 3F). Immunoelectron
microscopic study using anti-E2 antibody revealed HCV
envelope protein(s) on the particle surface (Fig. 3G). Substantial
amounts of HCV RNA were detected in the 1.03-1.05 g/nl
fractions of the supematant (Fig. 3C); however, HCV-LP
structures were not observed in these fractions (Fig. 3H). These
results were consistent with those from the RFB system, as
shown above. The efficacy of 3D cell culture systems in virion
formation was thus demonstrated in both the RFB and TGP
culture systems using human liver-derived cefls.

Ultrastructural localization of HCV-LPs in TGP-cultured
spheroids of RCYM! cells

We next determined the intracellular localization of HCV-LPs
produced in RCYM 1-TGP culture at the ultrastructural level by
electron microscopic (EM) analysis of ultrathin sections.
Spherical particles having membrane-iike structures with short
surface projections (diameter, 50-60 nm) were observed
primarily at the endoplasmic reticulum (ER) membrane (Fig.
4A) as well as in the dilated cisternae of the ER (Fig. 4B). In

vesicles, these virus-like particles were frequently associated
with amerphous materials (Fig. 4C). In a previous study,
Shimizu et al. {(1996) report that virus-like particles with similar
morphology and size were observed in human B cells infected
with HCV. No similar particle-like structures were observed in
RCYMI cells in monolayer culture or in subgenomic replicon
5—15 in cells in TGP culture (data not shown).

In order to deftermine whether the virus-like particles
observed by conventional TEM in the present experiment
were HCV-LPs, we conducted immunoelectron microscopic
analysis with anti-core antibody and anti-E1 antibody. Double-
labeling experiments showed that the virus-like particles
associated with the ER membrane exhibited immunaereactivity
for both HCV proteins, and that the El protein surrounded the
core proteins {Fig. 5A). To the best of our knowledge, this is the
first report to clearly demonstrate that the viral envelope protein
surrounds the core protein in HCV particle formation. As a
negative control, thin sections prepared from subgenomic RNA
containing 5—15 cells were stained with these antibodies and
were found to exhibit negligible levels of background
inmmunostaining (data not shown).

» ’ ”’M‘i J
; Pt Bt o

Fig. 5. Immuncelectron microscopy of ullrathin sections ol TGP-cultured RCYMI cells. (A) Double immunostaining with anti-E1 and anti-core monoclenal
antibadies. Core protein-specific gold particles (16 nm in diameter) and E1 protein-specific gold particles {5 nm in diameter) formed roseues on the surface of the ER
membrane, (B and C} Silver-intensified immunoegold staining with anti-core (B} and anti-E § (C) antibodies. The second antibody conjugated with gold particles 1.4 om
in diameter was applied. foliowed by enlargement of the particles by the silver enlancement reagent. Arrowheads indicate virus-like particles seacting with anti-core

and/ar anti-E1 antibodies.



It is generally difficult to visualize intraceliular microstruc-
tures and perform antigenic protein localizations using
immunogold electron microscopy due to the low resolution
and contrast of micrographs. Tn order to overcome this
difficulty, we applied a silver-intensified immunogold labeling
method in our experiment (Figs, 513 and C). Using this methad,
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
membranes; however, no such immunolabeling was observed
when normal mouse serum was used as a first antibody (data not
shown). These results confirm the ultrastructural observations
of conventional TEM and suggest that the formation 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 detenmine whether HCV-LPs released from RCYM1 cells
cuttured in the TGP system are infectious, we inoculated naive
Huh-7.5.1 cells (Zhong et al., 2005), which are HCV-negative
Hub-7.5 (Blight et al., 2002)-derived cells, with a culture
supematant of RCYMI spheroids. HCV RNAs in the cells at
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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 afier 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/ug of celtular RNA at days 1-7. Inimmunofluorescence
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 supematant
sample obtained from 5 to 15 cell cultured in TGP was used to
inoculate Huh-7.5.1 cells {data not shown). These results
suggest that HCV-LPs released from TGP-cultured RCYMI
cells are infectious.

To further determine whether viral envelope proteins mediate
infection by HCV-LPs, we preincubated HCV-LPs with the
anti-E2 monoclonal antibody AP33, which demonsirates potent
neutralization of infectivity against HCV pseudoparticles
carrying El and E2 proteins representative of the major
genotypes | through 6 (Owsianka et al., 2003), or with patient
sera with high titers of HCV neutralization of binding (NOB)
antibodies (Ishii et al., 1998), or with anti-FLAG antibody (Fig.
6C). NOB antibodies have the ability to neutralize the binding
of E2 protein to human cells (Rosa et al.. 1996), and NOB3 and
NOB4 were sera obtained from patients who recovered
naturally from chronic hepatitis C {Ishii et al.. 1998).
Intracellular HCV RNA levels were decreased by 43%, 28%,
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Fig. 0. Infectivity of HCV-LPs secreted from V'GP-cwltured RCY M1 cells and newralization of the infection. (A} Kinetics of HCV RNA after the infection of HCV-
LPs. Huh-7.5.1 celis were infected with HCW-LPs and harvested at days 0, 1. 2. 3. and 7. HCV RNAs in the celis were determmed by reai-time RT-PCR. (B} Huh-7.5.1
cells infecred with HCV-LPs {upper pznel} or without infection (lower panel} were celtured for 4 days. followed by immunestaining with anti-NS3A antibody. Nuglei
were counterstained with 4°,6-diamidino-2-phenylindole (DAPI). (C) Huh-7.5.1 cells were infected with HCV-LPs afier pretreatment with anti-E2 amtibody AP33.
neutralization of binding (NOB) antibodies, or anti-FLAG amibody. Anti-human CDE! antibody was preincubated with Heh-7.5.1 cells prier to the infection. Hui-
7.5.1 cells were infected with HCV-LPs derived from TGP-cultured RCYM I cells or JFHI virus and incubated for 4 days: HOV RNAs in the cells were delermined by
reai-time RT-PCR. The inhibition rate is given as the percentage of the no-treatment controls, Average values with standard deviations in triplicate samples are shown.
Closed bars, HCV-LPs secreted from TGP-cultured RCY M1 cells; shaded bars, IFH T 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 resuits suggest that viral envelope proteins play a
crucial role in the infectivity of HCV-LPs produced by RCYM]
cells cultured in TGP, We further tested anti-CD&} antibody for
inhibition of the virus infection in our system. As showa in Fig,
6C, pretreatment of the cells with the anti-CD8! antibody
resulted in no inhibition of the intracellular 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-I
molecular clone as previously described (Wakita ct al., 20053;
Zhong et al., 2005), suggesting that CD81 has no or little, if any,
need for the infection of HCV produced in our system.

Potential use of the TGP culture svstem for HCV production
and evaluation of antiviral agenis

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 lb, which is more frequently
detected in patients with hepatitis C and is the most difficult to
treat.

We show here thie potential utility of the TGP cuiture of
RCYMI cells for evaluating anti-HCV drugs (Fig. 7).
Intracellular HCV RNA levels in TGP-cultured RCYM1 cell
spheroids were reduced by 90% after 3 days of culture with 100
IU/ml of IFN-o (Fig. 7A). Likewise, the extracellular HCV
particle level, which was calculated using the HCV RNA copy
number of the 1.1§ g/ml supernatant fraction, was reduced by
89% by [FN-« treatment (Fig. 7B). Moreover, the production of
HCV particles was inhibited by treatment with 100 uM RBV o
the same degree {(85%) as intracellular HCV RNA (Fig. 7B},
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The level of HCV RNA detected 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 TFN-a or RBV (Fig. 7B).
Although the mechanism undertying this increase is unknown, a
similar phenomenon was observed when several highly
cytotoxic agents were evaluated using TGP-RCYMI cultures
{data not shown). It is therefore likely that some cellular
proteins associated with HCV RNA are released into the culture
supernatant as a result of cell death caused by the moderate
cytotoxic effects of JFN and RBV.

Collectively, these results demonstrate that the HCV
production model based on TGP culture is useful for evaluating
HCV particle production and the inhibitory effects of anti-HCV
drugs.

Discussion

In the present report, we describe that HCV-LPs are
assembled and released from Huh-7 cells harboring a dicistronic
genome-length Conl HCV RNA in two independent 3D culture
systems. The HCV-LPs closely resemble virus-like particles
detected in the sera of patients with hepatitis C in terms of both
particle size and morphology. The HCV-LPs released into the
culture supernatant have a buoyant density of approximately
1.18 g/ml, which is much higher than that of putative HCV
particles 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 et al., 2005).
One possible explanation is that the HCV particles are highly
bound to bipids and low-density lipoproteins in patient sera. In
agreement with a recent report {Wakita ct al., 2005}, our EM
examination demonstrated that HCV-LPs are 50-60 nm in
diameter and are composed of core-like particles with a diameter
of approximately 30 om that are surrounded by ER-derived EI/
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Culture medium

Fig. 7. Inhibition of HCV-LP production by IFN and RBV. TGP-cultured RCY M1 cells were treated with 100 1U/m} 1IFN-a or 100 M RBY, and HCV RNAs in the
cells {A) and in the culture media (B) were then determined. Culiure media from each sample were fractionated by sucrose gracient centrifugation and HCV-LP
positive {1.18 o/ml) and negative (1.04 g/ml) fractions were assayed. Average values with standard deviations in triplicate samples are shewn. Closed bars. no-

treatment control; shaded bars, IFN-«; 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 protein 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 E2 (Owsianka et al.. 2005) as well as by
NOB antibodies (Ishii et al., 1998), which are sera of patients
naturally 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-!
virus (Wakita et al.,, 2005). Tt has been shown that CDS1
interacts with E2 (Pileri et al., 1998} and that anti-CDgI
antibodies or a soluble CD8! fragment block the infection of
Huh-7 cells witl either pseudotyped retroviral particles, JFH-1
virus or JO/JFH1 chimera (Lindenbach et al.. 2003, Newski et al.,
2005; Wakita et al,, 2003; Zhong et al.. 2003). Inconsistent with
these studies, however, we found that anti-CD8] antibody did
not inhibit the virus infection in our system. Although CD81 is
considered fo represent an important component in HCV entry,
there are several other candidate cellutar receptors for HCV
(Bartosch and Cosset, 2006) and a study has demonstrated that
in vitro binding of HCV to hepatoma celi lines was not inhibited
by the anti-CD8} antibody (Sasaki «t al., 2003).

In a previous report (Aizaki et al., 2003), we describe the
production and release of infecttous HCV particles from a
human hepatocellular carcinoma-derived cell line, FLC4, using
RFB culture in two experiments: inoculation of cells with
infectious plasma from an HCV carrier and transfection of cells
with viral RNA transcribed from the fuil-length ¢cDNA of
genotype la, which is known to infect chimpanzees. These
findings prompted us to use the RFB system to create a cuiture
model of HCV production based on genome-length dicistronic
viral RNA, which has not been found to produce viral particles
in standard monolayer cultures. As expected, HCV-LPs were
produced and secreted into the medium during RFB culture of
RCYMI cells, whereas virus production was not observed in
the conventional monolayer culture of RCYM1 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 suppottive 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-dimensionaily 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 matrigel (Kleinman et al.,
1986), collagen gel (Lawler etal.. 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 matrices may damage the
cultured cells to some extent. Thus, it is difficult to keep the
viable cells in a functionally and structurally intact. In addition,
because matrigel and coliagen gel are made from animal or
tumor tissue, the possibility that certain pathogens or uniden-
tified factors might influence cell function cannot be excluded.
In the present study, we found that Huh-7 and RCYM! cells
formed an organized structure of spheroids after 7-10 days of
culture in TGP, and that HCV-LPs were assembled and releassd
from RCYM| spheroids, as observed in RFB culture, It can be
ruled out that HCV-LPs, RNA, and core protein detected in the
TGP culture supernatant are released by damaged and/or broken
cells because neither digestive enzymes nor heating is used in
the culture procedures and no cell damage has been observed in
the cultures.

It remains to be clarified why HCV particles were produced
from Huh-7 cells harboring the genome-length dicistronic HCV
RNA more efficiently in the 3D cultures than in the monolayer
cultures. However, this might be related to the fact that
directional protein fransport in hepatocytes occurs more readily
in 3D culture. EM examination demonstrated that, in the RFB
and TGP culture systemns, human hepatoma cells, such as Huh-
7. 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, hunan hepatoma
cells adhere when grown on a plastic surface, growing as a flat
monchayer 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; Schinitt and Lamb,
2004; Takmmoto and Portner, 2004). For example, several
respiratory viruses, such as influenza virus, parainfluenza virus,
thinovirus, and respiratory synecytial virus, are released
preferentially from the apical surface. Conversely. other viruses
egress from the basolateral membrane; these include vesicular
stomatitis virus, Semliki Forest virus, vaccinia virus, and certain
retroviruses. Thus, it is likely that more organized intracellular
trafficking pathways exist in the 3D culture of Hub-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 tranglation
in 3D cultures as compared to those in monolayer culmres. RNA
replication and/or translation of HCV replicons in Huh-7 cells
are highly dependent on host cell growth (Pistschmann 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 RCYMI cells compared to that in
monolayer cultures containing similar ceil 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
production, another possibility might be that in cases of certain
HCV 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., 2003). This newly established HCV
culture system is undoubtedly useful for a variety of HCV
studies; however, these systemns rely on the JFH-1 replicase
(NS3 to 5B) and little is known about the reasons that this
particular isolate permits efficient HCV preduction. Virus yield
in the 3D systems presented here is significantly lower than that
in systemns based on JFH-1; it seems that 0.1-1 copies of HCV
RNA/cell/day are generated and assembled into viral particles.
The ratio of viral RNA to the core protein in these fractions is
approximately 10 RNA copies/! fmol of the core. Although
only moderate production of HCV particles is observed in 3D
cuiture of RCYMI cells, this is the first study to demonstrate the
production of infectious HCV particles derived from genotype
th, which is highly prevalent worldwide and is thought to
present a higher risk of developing hepatocelluiar carcinoma
and/or cirrhosis than infections with other HC'V types (Bruno et
al., 1997; Silini et al., 1996). The findings of the present study
may also suggest that an extremely high efficiency of viral
replication, such as that observed in the case of JFH-1 isolate, is
not needed to produce HCV particles in 3D cultures of Huh-7
cells. Heller et al. {2003) report HCV virion production in a
culture transfected with the genomic ¢cDNA of genotype 1b;
however, the infectivity of the virus particles remains to be
determined. More recently, it was shown that chimeric HCV
contaiming structural proteins of genotypes la, Ib, or 3a was
produced from fusion of the core to the p7 or NS2 region with
downstream nonstructural regions of JFHI clone, bur that
intergenatypic chimeras frequently yielded lower tters of
infectious HCV commpared to JFH! or J6/IFH! chimera
(Pietschmann et al., personal communication). The 3D culture
system described in the present stady 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 yvields 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 merphogenesis occurs
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
Cell lines bearing dicistronic HCV RNAs

To generate a stable cell line harboring genome-length
dicistronic HCV RNA, we electroporated 107 Huh-7 cells with
50 g of the RNA transcribed from a plasmid pFK138%neo/core-
37/NKS5.1 (Pietschmana et at., 2002). The cells were maintained
in Dulbecco’s modified Eagle’s medium with 10% fetal bovine
serurn and 0.5 mg/mi G418 (Promega). After stringent selection
for 3 weeks, a fast-growing clone was isotated and designated as
RCYMI. A Huh-7-derived cell line, 5-15, harboring a
subgenomic replicon (Lohmann et al.. 1999) was also used.

3D cell cultures

The RFB system (Able, Japan) was manipulated as described
previously (Aizaki et al. 2003) with minor modifications.
Briefly. the RFB colwnn, being filled with 4 mi of porous carier
beads made from polyvinyl alcohol, seeded with | x 107 of
RCYMI1 or 5-15 cells. The cells were culrured in ASF104
medium (Ajinomoto, Japan) supplemented with 4 g/l of D-
glucose, 2% fetal calf serum, and 0.5 mg/mi 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 gvernight. To prepare HCV particles, we suspended 5 x 10%
cells of RCYMI in 10 ml of TGP solution and aliquots were
poured into a multi-weli plate. Upon warming to 37 °C, the TGP
solution quickly tumned into a gel fonn, and 3 volumes of the
culture medivm 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 dissoive
the gel. In order to 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 density gradient centrifugation

The culture medium collected from the RFB or TGP was
centrifuged at 8000 = g for 50 min to remove all ceflular debris,
after which the supernatant was centrifuged at 25,000 rpm at
4 °C for 4 h with an SW2§ rotor (Beckman). The precipitant
was suspended in 1 ml of TNE buffer [10 mM Tris—HCI (pH
7.8), 1 mM EDTA, 100 mM NaCl] and was then fayered 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 SW41E rotor (Beckman). Fractions (I 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 pi
of the fraction., For NP40 treatment, 0.5 mi of the TNE-
suspended sample as described above was supplemented with
10 ul of RNase inhibitor {Takara, Japan) and 5 ul of 1M 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 from cells and from the culwure
medium using TRIZOL {Invitrogen) and a QlAamp Viral RNA
Mini spin column {Qiagen), respectively. Real-time RT-PCR
was performed using TagMan EZ RT-PCR Core Reagents (PE
Applied Biosystemns), as described previously (Aizaki et al..
2004; Suzuki et al., 2005), HCV core antigen within cells and
culture medium was measured by immunoassay (Ortho HCV-
Core ELISA Kit; Ortho-Clinical Diagnotics), following the
manufacturer’s instructions.

Western blot analysis

The protein concentration of ceils recovered from monolayer
or 3D cultures was determined by BCA Protein Assay Kit
(Pierce). Aliquots of samples were analyzed by sodium dodecyt
sulfate~polyacrylamide gel electrophoresis (SDS--PAGE) and
transferred to polyvinylidene difluoride membranes (Immobi-
lon; Millipore, Japan) using a semidry blotter. After overnight
incubation at 4 °C in blocking buffer (Dainippon Pharmaceu-
ticals, Japan) with 0.2% Tween 20. the membranes were
incubated with appropriately diluted anti-HCV core (Anogen)
and anti-NS3A (Austral Biologicals) monoclonal antibody,
followed by incubation with horseradish peroxidase conjugated
anti-mouse immunoglobuilin G (Cell Signaling). The blots were
then washed and developed with enhanced SuperSignal West
Pico Chemiluminecent Substrate (Pierce).

Tmmunocytochemisiry

For NS5A staming, infected cells cultured on collagen-
coated coverslips were washed with phosphate buffered saline
(PBS) and fixed with 4% paraformaldehyde at 4 °C for 30
min, followed by permeabilization with PBS consaining 0.2%
TritonX-100. After preincubation with BlockAce (Dainippon
Pharmaceuticals), the samples were stained using mouse anti-
NS5A antibody and rhodamine-conjugated goat anti-mouse
lgG (ICN Pharmaceuticals) as the first and second antibodies,
respectively.

Electron niicroscopy

To wvisualize HCV-LPs secreted into the medium, we
concentrated and adsorbed sucrose density fractions prepared

as described above onto carbon-coated grids for 1 min. The
grids were stained with 1% uranyl acetate for I min and
examined under a Hitachi H-7600 fransmission 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 (.1 M cacodylate buffer. The samples were then postfixed
in 2% osmium tetroxide at 4 °C for 2 h, dehydrated in a graded
series of ethanol solutions followed by propylene oxide, and
embedded in a mixture of EPON 812, dodeceny] succinic
anhydride (DDSA), methyl nadic anhydrate (MNA), and 2,4.6-
trl (dimethylaminomethyl) phenol (DMP-30) at 60 °C for 2
days. Thin sections (80 nm) were stained with urany! acetate
and lead citrate. For electron microscopy of RCYMI cells
cultured in TGP, the ceils were prefixed in 2% glutaraldehyde—
0.1 M cacodylate buffer at 4 °C for 1 h and washed three times
with 0.1 M cacodylate buffer, followed by postfixation in 2%
osmiwm tetroxide for 3 h. After dehydration in a graded series of
ethanol solutions and propylene oxide, the cells were emnbedded
in a mixture of Epoxy 812, DDSA, MNA, and DMP-30 at 60 °C
for 2 days. Thin sections (60—80 nm) were stained with 2%
uranyl acetate.

Immunoelectron microscopy

HCV-LP samples were adsorbed on formvar-carbon grids
and then floated for 30 min on a drop of BlockAce. Diluted anti-
E2 mouse antibody was then applied for I h. After three rounds
of washing, diluted anti-mouse IgG conjugated with 5-nm gold
particles was applied for { h, and the grids were then stained
with 1% uranyl acetate. In order to perform immunoelectron
microscopy of TGP cultures using silver-intensified inmmuno-
gold labeling, we fixed the cells in 4% paraformaidehyde—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 overmight., Afier several washings, anti-rabbit
or 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-Siiver Enhance-
ment Kit (Nanoprobes). For double staining with anti-E1 and
anti-core antibodies, the celis 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-nanometer gold particle-coupled anti-
rabbit and 5-nm gold particle-coupled anti-mouse antibodies
were used as secondary antibedies.

dssavs for the infectiviry of HCV-LPs and neutralization of the
infection

Cell supernatant from 3D-cultured RCYMT cells was centri-
fuged at 8000 » g for 30 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 0.2-0.3
mi of ASF104 mediwm and the aliquot containing approximately
1 % 10° HCV RNA copies was used as each inoculwn. Huh-7.5.1
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cells (provided by Dr. F. V. Chisari, The Scripps Research
Institute} (Zhong et al., 2003), which were seeded at a density of
10% cells/well in a 48-well piate 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 after 4 days by
immunofluorescence staining for HCV NS5A. In the neutraliza-
tion assay, the HCV-LP samples were incubated with the anti-E2
antibody AP33 (Owsianka et al.. 2003) at 10 pg/ml (kindly
provided by Dr. A. H. Patel, University of Glasgow, UK}, with the
hurman sera with high titers of NOB antibodies NOB3 and NOB4
(ishii et al., 1998), or with anti-FLAG antibody (Sigma) at 10 png/
ml for | hat 37 °C prior to infection. Anti-human CD81 antibody
(BD Pharmigen} at 10 pg/ml was preincubated with Huh-7.5.]
cells for 1 b at 37 °C, followed by being washed with PBS three
times. HCV-LP derived from TGP-cultured RCYMIlcells or JFH]1
virus was incubated with these cells, as mentioned above. JFHI
virus was prepared from pJFH1 (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 ¢t al., 2005). The
cells were harvested 4 days after infection and neutralizing
activity was assessed by quantifying the amount of intracellular
HCV RNA as described above.

Assay for anti-HCV-LP production

At the initiation of the 3D culture of RCYM] cells (5 x 10°
in { mi TGP), 100 1W/ml IFN-a (Sumiferon 300; Sumitomo
Pharmaceuticals, Japan), or 100 uM RBV (MP Biomedicals,
Germany) were added and the cells were culwred for 5 days.
Culture media were harvested and fractionated by sucrose
density centrifugation as described above. Total RNAs were
extracted from aliquots of 1.18 g/ml (HCV-LP positive) and
1.04 g/ml (HCV-LP-negative) fractions, followed by quantifi-
cation of viral RNA.
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Hepatitis C virus (HCV) core protein has been suggested to play crucial roles in the
pathogeneses of liver steatosis and hepatocellular carcinomas due to HCV infection.
Intracellular HCV core protein is localized mainly in lipid droplets, in which the core
protein should exert its significant biological/pathological functions. In this study, we
performed comparative proteomic analysis of lipid droplet proteins in core-expressing
and non-expressing hepatoma cell lines. We identified 38 proteins in the lipid droplet
fraction of core-expressing (Hep39) cells and 30 proteins in that of non-expressing
(Hepswx) cells by 1-D-SDS-PAGE/MALDI-TOF mass spectrometry (MS) or direct nano-
flow liquid chromatography-MS/MS. Interestingly, the lipid droplet fraction of Hep39
cells had an apparently lower content of adipose differentiation-related protein and a
much higher content of TIP47 than that of Hepswx cells, suggesting the participation of
the core protein in lipid droplet biogenesis in HCV-infected cells. Another distinet
feature is that proteins involved in RNA metabolism, particularly DEAD box protein 1
and DEAD box protein 3, were detected in the lipid droplet fraction of Hep39 cells.
These results suggest that lipid droplets containing HCV core protein may participate
in the RNA metabolism of the host and/or HCV, affecting the pathopoiesis and/or virus
replication/production in HCV-infected cells.

Key words: ADRYP, DEAD box protein, hepatitis C virus, lipid droplet, TIP47.

Abbreviations: HCV, hepatitis C virus; HCC, hepatocellular carcinoma; MS, mass spectrometry; DNLC,
direct nanoflow liquid chromatography; HRP, horseradish peroxidase; ADRP, adipose differentiation-related
protein; DDX1, DEAD box protein 1; DDX3, DEAD bex protein 3.

Hepatitis C virus (HCV) is a major causative agent of
chronic hepatitis {I, 2). Persistent HCV infection, which
occurs in more than 70% of infected patients, is strongly
associated with the development of liver steatosis, which
involves the accumulation of intracellular lipid droplets,
cirrhosis, and hepatocellutar carcinomas (HCC) (3, 4).
Since more than 170 million people in the world are cur-
rently infected with HCV (I}, and there is no cure that is
completely effective, understanding the mechanism by
which HCV induces serious liver diseases is one of the
most important global public health issues. HCV, a2 mem-
ber of the Flaviviridae family, possesses a single-stranded,
positive-sense RNA genome of ~9.6 kb (5). The HCV
genome has a single open reading frame that codes for a
large precursor polyprotein of ~3,000 amino acids that is
processed into at least 10 individual proteins by host and
viral proteases (G).

HCYV core protein, the product of the N-terminal portion
of the polyprotein, generated upon cleavage at the endo-
plasmic reticuluim by signai peptidase and signal peptide
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peptidase (7, 8), forms the nucleocapsid of an HCV
virion (9). Interestingly, in addition to its function as a
structural protein, the core protein exhibits activities lead-
ing host celis to lipogenic and malignant transformation in
vitro (10-12). Moreover, transgenic mnice expressing HCV
core protein developed liver steatosis and HCC (13, 14),
suggesting an important role of the core protein in these
diseases. Many studies have shown that HCV core protein
substantially affects various cellular regulatory processes,
such as gene transcription {15-17) and signal transduction
pathways (12, 18-23), and interacts with a variety of host
proteins (12, 18, 19, 22, 24-34), but it is not clear what
activities/molecules are practically relevant to the patho-
geneses of HCV (core)-derived liver steatosis and HCC.
Extensive screenings for genes/proteins exhibiting dif-
ferences in cellular expression by c¢DNA microarray
(35—40) or proteome analysis (41, 42) have also been
tried for HCV-related HCC. Although various genes/
proteins were identified, further studies are required to
identify the molecules eventually invelved in the patho-
genesis of HCV-related HCC.

In host ceils, BCV core protein is distributed mainly in
lipid droplets and the endoplasmic reticulum (7, 10, 45—46),
in which the core protein is predicted to exert its significant
biclogical/pathological functions, In this study, we
thus focused on HCV core protein and lipid droplets, and

921 © 2006 The Japanese Bicchemical Society.





