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Fig. 1. Correlation between the amount of HCV core antigen and
the amount of HCV RNA at the start of PEG-1FN/RBV combina-
tion therapy. There was a significant positive correlation (r =
0.648, p=0.0002. y = 4.48x + 1,470),
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Fig. 3. Amount of HCV core antigen during PEG-1EN/RBV com-
bination therapy. =S5VR;---=PR;- - ----=NR.*p<
0.05, SVR vs. PR; ** p < 0.05, SVR vs. NR, and *** p < 0.05, NR
vs. PR.

Four weeks after the start of therapy, the following re-
ductions in the amount of HCV core antigen were ob-
served: a 1-log reduction in 20% (2/10) of the NR group,
in 91% (10/11) of the PR group and in 88.9% (16/18) of the
SVR group, and a 2-log reduction in 0% (0/10) of the NR
group,in 63.6% (7/11) of the PR group and in 55.6% (10/18)
of the SVR group (table 2).
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Fig. 2. Time course of HCV RNA eradication during PEG-1FN/
RBV combination therapy. No significant difference was ob-
served between SVR ( Jand PR (- - -).

Discussion

HCV core antigen, first detected in the circulation of
HCV-infected hosts by EIA-based methods [13], had
some limitations, in that levels under 20 fmol/l of HCV
RNA could not be detected. Consequently, the methods
were limited to the monitoring of late events during and
after antiviral treatment. A modified version of the EIA
developed for HCV core antigen [11] easily exposes the
epitope of HCV core antigen, and the binding by anti-
HCV core antibody in the serum can be reduced by incu-
bation with three types of detergents. Since the modified
EIA requires only one pretreatment step, it is simpler
than the first-generation versions; moreover, it is 100-fold
more sensitive. The second-generation EIA for HCV core
antigen is useful in the diagnosis of acute and chronic
hepatitis C and in predicting and monitoring the effect of
IFN treatment [14].

Recently, a new IRM assay-based test for detecting
HCV core antigen, a further modification of the EIA
method of Aoyagi et al. [11], overcomes the effects of the
serological HCV genotype group at the level of HCV core
antigen detectable by EIA in serum. The sensitivity and
specificity of the IRM assay are 96.4 and 100%, respec-
tively. The sensitivity is similar between HCV serotype [
(HCV genotypes 1a and 1b; 97.6%) and HCV serotype I1
(HCV genotypes 2a and 2b; 94.0%) [12).

Furthermore, the cost of the IRM assay kit is less than
one third of the RT-PCR assay. Thus, this new IRM assay
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Table 1. Host-dependent, virus-related profile

NR PR SVR P
Gender, males/females 6/4 714 949 NS
Age, years 598%+99 63573 555194 NS
HCV RNA level, KIU/ml 1,185+ 1,154 2,093 % 1,355 1,328 % 1,321 NS
HCV core antigen, fmol/| 12,781+ 18444  7875+3418 5.809%5919 NS
Body weight, kg 61.2%112 60.8% 14.5 57.5%9.6 NS
Treatment history (rétreatment/naive) 6/4 47 711 NS
Body mass index 237237 227%37 224196 NS
FO-1/F2-3 3/6 /e 14/3 0,003

is an economically valuable option for monitoring the
amount of HCV in patients with chronic HCV infection,
Indeed, in our study, there was a strong correlation be-
tween the amount of HCV core antigen in serum by the
IRM assay and the amount of HCV RNA in serum mea-
sured by quantitation RT-PCR (r? = 0.648).

Although some studies have suggested that quantita-
tive HCV RNA determinations allow earlier assessment
of treatment response, the assays were not generally avail-
able commercially, and they were not standardized.
Therefore, we used the IRM assay to predict virological
response during PEG-IFN/RBV therapy in patients with
HCV-1b =100 KIU/ml.

To be able to assess whether long-term response is at-
tainable as early as possible during the treatment course,
and to have the option of discontinuing treatment in cas-
es where virological response is not expected, is desirable.
This strategy has the potential of making a trial more
appealing to patients by providing a limited ‘test’ period
of treatment before committing to a full course of thera-
py [6].

The accuracy of the degree of viral inhibition, during
the early weeks of treatment (early virological response:
EVR) with PEG-IFNa-2b/RBV, has been examined to
identify patients who would not respond to therapy. The
best definition of EVR is a reduction in HCV RNA by at
least 2 log after the first 12 weeks of treatment compared
with baseline. Depending on the treatment regimen, be-
tween 69 and 76% of patients have achieved this thresh-
old, with SVR attained in 67-80% [15].

The importance of EVR has been emphasized in pre-
dicting SVR and non-SVR: patients who do not reach
EVR are not responsive to further therapy. Discontinua-
tion of treatment in patients not reaching EVR would re-
duce drug costs by >20%; consequently, early confirma-

A New IRM Assay Predictive of Outcome

Table 2. Reduction in the amount of HCV RNA 4 weeks after the
start of PEG-IFN/RBV therapy

Reduction NR PR SVR
1 log 20% (2/10) 91% (10/11) B88.9% (16/18)
2log 0% (0/10) 63.6% (7/11)  55.6% (10/18)

tion of viral reduction after initiating antiviral therapy
for chronic hepatitis C is worthwhile [16].

Treatment with IFN results in a decline in HCV RNA
levels, which can be resolved mathematically into two
phases. The first-phase decline is usually measured at 24
or 48 h, and probably reflects direct inhibition of intra-
cellular HCV production and release [17], with IFN effi-
cacy ranging from about 70% (approximately 0.7 log
units) for standard IFN given three times a week to more
than 90% (1 log units) for high daily doses of standard
IFN or PEG-IFN once a week (18, 19]. The second-phase
decline begins after 24-48 h, is slower and more variable
than the first phase, and is thought to reflect continued
inhibition of replication and the gradual elimination of
virus-infected cells [17]. The decay correlates less with the
IFN dose than the first phase, but is more rapid with
PEG-IFN as compared with standard IFN preparations
[16].

Lowering HCV RNA during the first phase is essential
for efficient elimination of HCV during the second phase.
Decreases in HCV RNA titers within the first 24-48 h
after the start of IFN, therefore, would be dependable es-
timates of antiviral efficacy [18, 19].

As observed with the first phase, RBV does not appear
to influence second-phase kinetics [16]. Four weeks after
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the start of therapy, a 1-log reduction was observed in
20% (2/10) of NR patients, 91% (10/11) of PR and 88.9%
(16/18) of SVR, and a 2-log reduction in 0% (0/10) of NR,
63.6% (7/11) of PR and 55.6% (10/18) of SVR patients.
These results indicate that the reduction of 1 and 2 log in
the amount of HCV core antigen 4 weeks after therapy is
not a defining condition for PR and SVR. There are two
kinds of non-SVR (PR and NR): PR is defined as HCV
RNA undetectable at the end of treatment and positive 24
weeks after the discontinuation of therapy; NR is defined
as HCV RNA detectable at the end of treatment,

At all points of time, a significant difference was ob-
served in the amount of HCV core antigen between SVR
and NR. Accordingly, SVR can easily be differentiated
from NR by IRM assay during therapy. With regard to
the time course of HCV RNA eradication, however, there
is no difference between PR and SVR. The prediction of
SVR and PR by the earliest possible use of the IRM assay
is desirable.

In our study, 1 and 7 days after the start of therapy,
there was a significant difference in the amount of HCV
core antigen between SVR and PR. Our finding that SVR
and PR could be differentiated by the IRM assay during
the first and second phases is very useful for clinicians
engaged in the treatment of C-type hepatitis, because PR
patients should be treated for 72 weeks in order to maxi-
mize the probability of SVR (20, 21].
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We have previously reported on the ubiquitylation and degradation of hepatitis C virus core protein. Here we
demonstrate that proteasomal degradation of the core protein is mediated by two distinct mechanisms. One leads
to polyubiquitylation, in which lysine residues in the N-terminal region are preferential ubiquitylation sites. The
other is independent of the presence of ubiguitin, Gain- and loss-of-function analyses using Iysineless mutants
substantiate the hypothesis that the proteasome activator PA28vy, a binding partner of the core, is involved in the
ubiquitin-independent degradation of the core protein, Our results suggesl that Iurnmer of this multifunctional

viral protein can be tightly controlled via dual ubiquitin-d

Hepatitis C virus (HCV) core protein, whose amino acid
sequence is highly conserved among different HCV strains, not
only is involved in the formation of the HCV virion but also has
a number of regulatory functions, including modulation of
signaling pathways, cellular and viral gene expression, cell
transformation, apoptosis, and lipid metabolism (reviewed in
references 9 and 15). We have previously reported that the
E6AP E3 ubiquitin (Ub) ligase binds to the core protein and
plays an important role in polyubiquitylation and proteasomal
degradation of the core protein (22). Another study from our
group identified the proteasome activator PA28y/REG-v as an
HCV core-binding partner, demonstrating degradation of the
core protein via a PA28y-dependent pathway (16, 17). In this
work, we further investigated the molecular mechanisms un-
derlying proteasomal degradation of the core protein and
found that in addition to regulation by the Ub-mediated path-
way, the turnover of the core protein is also regulated by
PA28y in a Ub-independent manner,

Although ubiquitylation of substrates gencrally requires at
least one Lys residue to serve as a Ub acceptor site (5), there
is no consensus as to the specificity of the Lys targeted by Ub
(4, 8). To determine the sites of Ub conjugation in the core
protein, we used site-directed mutagenesis to replace individ-
ual Lys residues or clusters of Lys residues with Arg residues in
the N-terminal 152 amino acids (aa) of the core (C152), within
which is contained all seven Lys residues (Fig. 1A). Plasmids
expressing a variety of mutated core proteins were generated
by PCR and inserted into the pCAGGS (18). Each core-ex-
pressing construct was transfected into human embryonic kid-
ney 293T cells along with the pMTI107 (25) encoding a Ub

* Corresponding author. Mailing address: Department of Virology
11, National Institute of Infectious Diseases, 1-23-1 Toyama, Shinjuku-
ku, Tokyo 162-8640, Japan. Phone: 81-3-5285-1111. Fax: 81-3-5285-
1161, E-mail: tesuzuki@ nih.gojp.
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moiety tagged with six His residues (Hisg). Transfected cells
were treated with the proteasome inhibitor MG132 for 14 h to
maximize the level of Ub-conjugated core intermediates by
blocking the proteasome pathway and were harvested 48 h
posttransfection. His,-tagged proteins were purified from the
extracts by Ni*'-chelation chromatography. Eluted protein
and whole lysates of transfected cells before purification were
analyzed by Western blotting using anticore antibodies (Fig.
1B). Mutations replacing one or two Lys residues with Arg in
the core protein did not affect the efficiency of ubiquitylation:
detection of multiple Ub-conjugated core intermediates was
observed in the mutant core proteins comparable to the results
seen with the wild-type core protein as previously reported
(23). In contrast, a substitution of four N-terminal Lys residues
(C152K6-23R) caused a significant reduction in ubiquitylation
(Fig. 1B, lane 9). Multiple Ub-conjugated core intermediates
were not detected in the Lys-less mutant (C152KR), in which
all seven Lys residues were replaced with Arg (Fig. 1B, lane
11). These results suggest that there is not a particular Lys
residue in the core protein to act as the Ub acceptor but that
more than one Lys located in its N-terminal region can serve as
the preferential ubiquitylation site. In rare cases, Ub is known
to be conjugated to the N terminus of proteins; however, these
results indicate that this does not occur within the core protein.

To investigate how polyubiquitylation correlates with pro-
teasome degradation of the core protein, we performed kinetic
analysis of the wild-type and mutated core proteins by use of
the Ub protein reference (UPR) technique, which can com-
pensate for data scatter of sample-to-sample variations such as
levels of expression (10, 24). Fusion proteins expressed from
UPR-hased constructs (Fig. 2A) were cotranslationally cleaved
by deubiquitylating enzymes, thereby generating equimolar
quantities of the core proteins and the reference protein, di-
hydrofolate reductase-hemagglutinin (DHFR-HA) tag-modi-
fied Ub, in which the Lys at aa 48 was replaced by Arg to
prevent its polyubiquitylation (Ub™*). After 24 h of transfec-
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FIG. 1. In vivo ubiquitylation of HCV core protein. (A) The HCV
core protein (N-terminal 152 aa) is represented on the top. The posi-
tions of the amino acid residues of the core protein are indicated above
the bold lines. The positions of the seven Lys residues in the core are
marked by vertical ticks. Substitution of Lys with Arg (R) is schemat-
ically depicted. (B) Detection of ubiquitylated forms of the core pro-
teins. The transfected cells with core expression plasmids and pMT107
were treated with the proteasome inhibitor MG 132 and harvested 48 h
after transfection. His,-tagged proteins were purified and subsequently
analyzed by Western blot analysis using anticore antibody (upper
panel). Core proteins conjugated to @ number of His,-Ub are denoted
with asterisks. Whole lysates of transfected cells before purification
were dlso analyzed (lower panel). Lanes 1 to 11, C152 to CI52KR, as
indicated for pancl A, Lane 12; empty vector

tion with UPR constructs, cells were treated with cyclohexi-
mide and the amounts of core proteins and DHFR-HA-Ub™*
at the indicated time points were determined by Western blot
analysis using anticore and anti-HA antibodies. The mature
form of the core protein, aa 1 to 173 (C173) (13, 20), and C152
were degraded with first-order kinetics (Fig. 2B and D).
MG 132 completely blocked the degradation of C173 and C152
(Fig. 2B), and CI152K6-23R and CI52ZKR were markedly sta-
bilized (Fig. 2C). The half-lives of C173 and C152 were calcu-
lated to be 5 to 6 h, whereas those of C152K6-23R and
C152KR were calculated to be 22 to 24 h (Fig. 2D), confirming
that the Ub plays an important role in regulating degradation
of the core protein. Nevertheless, these results also suggest
possible involvement of the Ub-independent pathway in the
turnover of the core protein, as C152KR is more destabilized
than the reference protein (Fig. 2C and 2D).

We have shown that PA28y specifically binds to the core
protein and is involved in its degradation (16, 17). Recent
studies demonstrated that PA28y is responsible for Ub-inde-
pendent degradation of the steroid receptor coactivator SRC-3
and cell eycle inhibitors such as p21 (3, 11, 12). Thus, we next
investigated the possibility of PA28y involvement in the deg-
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FI1G. 2. Kinetic analysis of degradation of HCY core protems. (A) The
fusion constructs used in the UPR technique. Open boxes indicate the
DHFR sequence, which i extended at the C terminus by a sequence con-
taining the HA epitope (hatched boxes). Ub™** moicties bearing the Lys-Arg
substitution at aa 48 are represented by open ellipses. Bold lines mdicate the
regions of the core protein, The amino acid positions of the core protein are
indicated above the bold lines. The arrows indicate the sites of in vivo cleay-
age by deubiquitdlating enzymes. (B and C) Tumnover of the core proteins.
After a 24-h transfection with cach UPR construct, cells were treated with 50
g of cycdoheximide/ml in the presence or absence of 10 WM MGI32 for the
different time periods indieated. Cells were lysed at the different time points
indicated, followed by evaluation via sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and Western blot analysis using antibodies against the
core protein and HA. (D) Quantitation of the data shown in panels B and C.
At each time point, the ratio of band intensity of the core protein relative
the reference DHFR-HA-Ub™ was determined by densitometry and &
plotted as a percentage of the ratio at time zero,

radation of either C152KR or C152. Since C152KR carries two
amino acid substitutions in the PA28y-binding region (aa 44 to
71) (17), we tested the influence of the mutations of C152KR
on the interaction with PA28y by use of a coimmunoprecipi-
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tation assay. When Flag-tagged PA28y (F-PA28y) was ex-
pressed in cells along with C152 or C152KR, F-PA28y precip-
itated along with both C152 and CI52KR, indicating that
PA28y interacts with both core proteins (Fig. 3A). Figure 3B
reveals the effect of exogenous expression of F-PA28y on the
steady-state levels of C152 and C152KR. Consistent with pre-
vious data (17), the expression level of C152 was decreased to
a nearly undetectable level in the presence of PA28y (Fig. 3B,
lanes 1 and 3). Interestingly, exogenous expression of PA28y
led to a marked reduction in the amount of C152KR expressed
(Fig. 3B, lanes 5 and 7). Treatment with MG 132 increased the
steady-state level of the C152KR in the presence of F-PA28y
as well as the level of C152 (Fig. 3B, lanes 4 and 8).

We further investigated whether PA28y affects the turnover
of Lys-less core protein through time course experiments,
C152KR was rapidly destabilized and almost completely de-
graded in a 3-h chase experiment using cells overexpressing
F-PA28v (Fig. 3C, left pancls). A similar result was obtained
using an analogous Lys-less mutant of the full-length core
protein C191KR (Fig. 3C, right panels), thus demonstrating
that the Lys-less core protein undergoes proteasomal degra-
dation in a PA28y-dependent manner. These results suggest
that PA28y may play a role in accelerating the turnover of the
HCV core protein that is independent of ubiquitylation.

Finally, we examined gain- and loss-of-function of PA28y
with respect to degradation of full-length wild-type (C191) and
mutated (C191KR) core proteins in human hepatoma Huh-7
cells. As expected, exogenous expression of PA28y or E6AP
caused a decrease in the C191 steady-state levels (Fig. 4A). In
contrast, the CI91KR level was decreased with expression of
PA28y but not of EGAP. We further used RNA interference to
inhibit expression of PA28y or E6AP. An increase in the abun-
dance of C191KR was observed with PA28y small interfering
RNA (siRNA) but not with E6AP siRNA (Fig. 4B). An in-
crease in the C191 level caused by the activity of siRNA against
PA28y or E6GAP was confirmed as well.

Taking these results together. we conclude that turnover of
the core protein is regulated by both Ub-dependent and Ub-
independent pathways and that PA28y is possibly involved in
Ub-independent proteasomal degradation of the core protein.
PA28 is known to specifically bind and activate the 208 pro-
teasome (19). Thus, PA28y may function by facilitating the
delivery of the core protein to the proteasome in a Ub-inde-
pendent manner.

Accumulating evidence suggests the existence of protea-
some-dependent but Ub-independent pathways for protein
degradation, and several important molecules, such as p33,
p73. Rb, SRC-3, and the hepatitis B virus X protein, have two
distinct degradation pathways that function in a Ub-dependent
and Ub-independent manner (1, 2, 6, 7, 14, 21, 27). Recently,
critical roles for PA28y in the Ub-independent pathway have
been demonstrated; SRC-3 and p21 can be recognized by the
208 proteasome independently of ubiquitylation through their
interaction with PA28y (3, 11, 12). It has also been reported
that phosphorylation-dependent ubiquitylation mediated by
GSK3 and SCF is important for SRC-3 turnover (26). Never-
theless, the precise mechanisms underlying turnover of most of
the proteasome substrates that are regulated in both Ub-de-
pendent and Ub-independent manners are not well under-
stood. To our knowledge, the HCV core protein is the first
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FIG. 3. PA2Sy-dependent degradation of the core protein. (A) In-
teraction of the core protein with PA28y. Cells were cotransfected with
the wild-type (C152) or Lys-less (C152KR) core expression plasmid in
the presence of a Flag-PA28y (F-PA28y) expression plasmid or an
empty vector. The transfected cells were treated with MG132. After
48 h, the cell lysates were immunoprecipitated with anti-Flag antibody
and visualized by Western blotting with anticore antibodics. Western
blot analysis of whole cell lysates was also performed. (B) Degradation
of the wild-type and Lys-less core proteins via the PA28y-dependent
pathway. Cells were transfected with the UPR construct with or with-
out F-PA28y. In some cases, cells were treated with 10 pM MG132 for
14 h before harvesting. Western blot analysis was performed using
anticare, anti-HA, and anti-Flag antibodies. (C) After 24 h of trans-
fection with UPR-C152KR and UPR-C191KR with or without F-
PA28y (an empty vector), cells were treated with 50 pg of cyclohexi-
mide/ml for different nme pertods as indicated (chase time). Western
blot analysis was performed using anticore and anti-HA antibodies
The precursor core protein and the core that was processed, presum-
ably by signal peptide peptidase, are denoted by open and closed
triangles, respectively.
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FIG. 4. Ub-d fent and Ub-ind lent degradation of the

full-length core protein in hepatic cells. (A) Hub-7 cells were cotrans-
fected with plasmuds for the full-length core protein (CI191) or its
Lys-less mutant (C191KR) in the presence of F-PAZ8y or HA-tagged-
E6AP expression plasmid (HA-E6AP). After 48 h, cells were lvsed and
Western blot analysis was performed using anticore, anti-HA, anti-
Flag, or anti-GAPDH. (B) Huh-7 cells were cotransfected with core
expression plasmids along with sSiIRNA against PA28y or E6AP or with
negative control SIRNA. Cells were harvested 72 h after transfection
and subjected 1o Western blot analysis.

viral protein studied that has led o identification of key cellu-
lar factors responsible for proteasomal degradation via dual
distinct mechanisms. Although the question remains whether
there is a physiological significance of the Ub-dependent and
Ub-independent degradation of the core protein, it is reason-
able to consider that tight control over cellular levels of the
core protein, which is multifunctional and essential for viral
replication, maturation, and pathogenesis, may play an impor-
tant role in representing the potential for its functional activity.
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The efficient production of infectious HCV from the JFH-1 strain is restricted to the Huh7 cell line and its
derivatives. However, the factors involved in this restriction are unknown, In this study, we examined the pro-
duction of infectious HCV from other liver-derived cell lines, and characterized the produced viruses, Clones

of the Huh7, HepG2, and IMY-N9, harboring the JFH-1 full-genomic replicon, were obtained. The supernatant
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of each cell clone exhibited infectivity for naive Huh?. Each infectious superatant was then characterized by
sucrose density gradient. For all of the cell lines, the main peak of the HCV-core protein and RNA exhibited at
approximately 1.15g/mL of buoyant density. However, the supernatant from the IMY-N9 differed from that of
Huh7 in the ratio of core:RNA at 115 g/ml. and significant peaks were also observed at lower density. The virus
particles produced from the different cell lines may have different characteristics.

© 2008 Elsevier Inc. All rights reserved.

Hepatitis C virus (HCV) 1s an enveloped virus that belongs to
the Hepacivirus genus of the Flaviviridee family. HCV is a human
pathogen and HCV infection is a major cause of chronic hepatitis,
liver cirrhosis and hepatic carcinoma. The main therapy for HCV
is treatment with pegylated-interferon and rivabirin. However,
these agents show little effect for patients that have a high titer of
HCV-RNA, genotype 1. Thus, it is necessary to develop new, more
effective therapies and preventive treatments to counteract HCV
infection. It was discovered that a genotype 2a strain of HCV, JFH-1,
can efficiently replicate in the Huh7 cell line [ 1], and an in vitro cul-
ture mode! of infectious HCV has also been successfully developed
using the JFH-1 genome [2-4]. Recently, it has become possible to
produce various chimeric HCV by replacement of the JFH-1 struc-
tural protein region with that of other strains. The HCV particles
produced from such chimera are expected to lead to the develop-
ment of a HCV vaccine, and new anti-HCV pharmaceuticals.

The infectious HCV-derived JFH-1 genome was developed using
the human hepatoma Huh?7 cell line [5]. Although the sub-geno-
mic replicon RNA of JFH-1 can autonomously replicate, not only
in Huh7 cells, but in other human liver [6], non-hepatic |7], and
mouse [8] cells, infectious HCV production has been restricted
to Huh7-derived cells. In this study, we undertook a compara-
tive study of infectious HCV particles produced from different cell
lines including Huh7. Infectious HCV particles were successfully
produced into the culture media and characterized.

" Corresponding author. Fax: +81 3 5285 1161,
E-mail address: wakita@nih.gojp (T. Wakita)

0006-291X/% - see front matter © 2008 Elsevier Inc. All nights reserved.
doi: 10,1016/, bbrc. 2008.10,063
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Materials and methods

Cell culture. Huh7, Huh7.5.1 {|3], a generous gift from Dr. Francis
V. Chisari), HepG2, and IMY-N9 cells were cultured at 37°C in 5%
CO,. The HepG2 cells were cultured in modified Eagle's medium
containing 10% fetal bovine serum. All of the other cells were cul-
tured in Dulbecco’s modified Eagle's medium containing 10% fetal
bovine serum, as described previously [6].

Plasmids. The pFGR-JFH1 and pFGR-JFH1/deltak12 plasmids,
encoding the full-genomic replicon, and envelope-deleted repli-
cons, respectively, were generated as previously described [9].

RNA synthesis. RNA synthesis was performed as described pre-
viously [2]. Briefly, the pFGR-JFH1 plasmid was digested with Xbal
and then treated with Mung Bean nuclease (New England Biolabs,
Beverly, MA). The digested plasmid DNA fragment was then puri-
fied and used as a template for RNA synthesis. HCV-RNA was syn-
thesized in vitro using a MEGAscript™ T7 kit (Ambion, Austin, TX).
The synthesized RNA was treated with DNasel, followed by acid
phenol extraction to remove any remaining template DNA.

Establishment of replicon cells. Cell lines harboring FGR-JFH1
replicons were produced as described previously [9]. Briefly, tryp-
sinized cells were washed with Opti-MEM I™ reduced-serum
medium (Invitrogen, Carlsbad, CA) and resuspended at 7.5 x 108
cells/mL with Cytomix buffer [1]. RNA (10 ug), synthesized from
pFGR-JFH1, was mixed with 400 uL of cell suspension and trans-
ferred to an electroparation cuvette (Precision Universal Cuvettes,
Thermo Hybrid, Middlesex, UK). The cells were then pulsed at
260V and 950 pF with the Gene Pulser II™ apparatus (Bio-Rad,
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Hercules, CA). Transfected cells were immediately transferred to
10-cm culture dishes, each containing 8 mL of culture medium.
G418 (0.8-1.0 mg/mL) (Nacalai Tesque, Kyoto, Japan) was added to
the culture medium at 16-24 h after transfection. Culture medium,
supplemented with G418, was replaced twice per week. Three
weeks after transfection, sparsely grown G418-resistant colo-
nies were independently isolated using a cloning cylinder (Asahi
Techno Glass Co., Tokyo, Japan), and were expanded.

Preparation of supernatants from FGR-JFH] replicon cells. Culture
media was collected from Huh7, IMY-N9, and HepG2 cell lines har-
boring the FGR-JFH1 replicon and was passed through a 0.45-pm
filter. Filtrated culture media was then pooled and concentrated
50-fold using Amicon Ultra-15 (100,000 Molecular weight cut off;
Millipore, Bedford, MA), and stored at —80°C until use.

Assay of infection of naive Huh? cells. Infection of naive Huh7 cells
were assayed by immunofluorescence and colony formation assays.
For the immunofluorescence assay naive Huh7.5.1 cells were seeded
at 1= 10* cells/well in an 8-well chamber slide (Becton Dickinson,
Franklin Lakes, NJ), cultured overnight and then inoculated with
diluted culture media containing infectious HCV particles (1 x 10°
HCV-RNA copies). At 72h after inoculation, the cells were fixed in
acetone/methanol (1:1) for 10min at —20°C, and the infected foci
were visualized by immunofluorescence as follows.

An anti-core HCV protein monoclonal antibody 2H9 [2] was
added ro the cells at 50ug/mL in BlockAce (Dainippon Sumitomo
Pharma, Osaka, Japan). After incubation for 1h at room tempera-
ture, the cells were washed and incubated with a 1:400 dilution
of AlexaFluor 488-conjugated anti-mouse 1gG (Molecular Probes,
Eugene, OR) diluted in BlockAce. The cells were then washed,
treated with DAPI solution (Sigma, Saint Louis, MO) at 0.1 g/
mL and examined by Biozero fluorescence microscopy (Keyence,
Osaka, Japan).

Colony formation assays were performed as described previ-
ously [9]. Briefly, naive Huh7 cells were inoculated with culture
supernatants from replicon-expressing cell lines for 2h, and then
cultured with complete medium. Inoculated cells were cultured
for 3 weeks in medium supplemented with G418 (0.3 mg/mL). Cell
survival was assessed by staining with crystal violet.

Titrarion of infecriviry. The infectivity titer of the culture super-
natants was determined on Huh7.5.1 cells by end point dilution
and immunofluorescence as described above. Briefly, each sam-
ple was serially diluted 10-fold in DMEM-10% FBS and 100 pL was
used to inoculate Huh7.5.1 cells. Infection was examined 72h
post-inoculation by immunofluorescence using a mouse mono-
clonal anti-core antibody and secondary anti-mouse lgG-Alexa
488 conjugated antibodies. Infectious foci were counted and the
titer was calculated and expressed as focus forming units per mL
(FFU/mL).

Sucrose density gradient analysis. Concentrated cell supernatants
were layered on top of a preformed continuous 10-60% sucrose
gradient in TNE buffer containing 10mM Tris, pH7.5, 150 mM Nacl,
and 0.1 mM EDTA. Gradients were centrifuged in an SW41 rotor
(Beckman Coulter, Fullerton, CA) at 35,000 rpm for 16h at 4°C, and
fractions (400 uL each) were collected from the bottom of the tube,
The density of each fraction was estimated by weighing a 100plL
drop from each fraction following a gradient run.

Quantification of HCV-core protein and RNA. The level of the
HCV-core protein in culture supernatants or sucrose density gra-
dient fractions, was assayed using an immunoassay as described
elsewhere |10]. Viral RNA was isolated from harvested culture
media, or sucrose density gradient fractions, using the QiaAmp
Viral RNA Extraction kit (Qiagen, Tokyo, Japan). The copy num-
ber of HCV RNA was determined by real-time detection reverse
transcription-polymerase chain reaction (RTD-PCR), using an ABI
Prism 7500fast sequence detector system (Applied Biosystems,
Tokyo, Japan) [ 11].

Results
Production of infectious HCV from human liver-derived cell lines

We first determined if it was possible to produce infectious
HCV from cell lines other than Huh7, We selected the HepG2 and
IMY-N9 cell lines to establish human liver-derived cell lines that
enable replication of the JFH-1 genome [6]. Since full-genomic
JFH-1 did not transiently replicate in these cells (data not shown),
we established FGR-JFH1 replicon cells that stably replicate the
JFH-1 genome. In the culture media obtained from these full-geno-
mic replicon cells, HCV-RNA titers were detected by RTD-PCR. The
titer of HCV-RNA was highest in the supernatant from an IMY-N9
cell clone and lowest from a HepG2 cell clone (Table 1). When
naive Huh?7.5.1 cells were inoculated with culture supernatants
from the replicon cells, infected cells could be detected by immu-
nofluarescence using an anti-HCV-core protein antibody (Fig. 1A).
These data suggested that HepG2 and IMY-N9 cells are able to pro-
duce infectious HCV.

We then compared the specific infectivity of the replicon con-
taining culture supernatants from the different cells, Specific infec-
tivity was calculated by dividing the infectious titer, calculated by
immunofluorescence of infectious foci, of the culture media by the
titer obtained for HCV-RNA, Using these calculations the culture
media from Huh7 and HepG2 cells showed almost the same spe-
cific infectivity whereas that from IMY-N9 cell was relatively higher
(Table 1), Thus the infectious HCV in the culture media might differ
according to the cell line from which it was obtained.

To clarify the differences observed in specific infectivity, we
next examined the ability of the various cellular supernatants to
induce colony formation. For this assay naive Huh7 cells were inoc-
ulated with culture media of the same HCV-RNA titer as that of the
FGR-JFH1 virus and were cultured in G418-containing medium.
Cell survival was assayed by staining with crystal violet, and the
number of colonies formed was counted. Consistent with the spe-
cific infectivity results, the supernatant of the IMY-N9 replicon cell
showed higher colony formation compared with that of Huh7 and
HepG2 replicon cells (Fig. 1B and C). Thus IMY-N9 cells produce
infectious HCV with a relatively higher infectivity than the other
cell lines suggesting that the supernatant derived from the differ-
ent replicon producing cells may differ.

Characterization of the FGR-JFH 1 virus from different liver-derived
cells

To further characterize potential differences between the
viruses produced by the different cell lines we next character-
ized the FGR-JFH1 virus in the media of the different cell lines
by sucrose density gradient analysis. Concentrated cell super-
natants were layered on top of a preformed continuous 10-60%
sucrose gradient and centrifuged. Twenty-four fractions were
collected and the HCV-core protein and RNA was assayed in each
fraction. The peak fraction of the HCV-core protein and that of
the RNA coincided at a density of 1.15g/mL in all supernatants.
However, the supernatant of the IMY-N9 cells showed differ-
ent profiles for both the HCV-core protein and RNA compared
to those of Huh7. Thus the IMY-N9 cells had a different ratio of

Table 1
Infectivity of the supernatant of replicon cefl lines.

Producing cell  HOV-RNA [copies/ml)  Infectious titer Specific infectivity
(FFU/mL) {FFU/RNA copy|
Huh? 1.36£0.02 < 10" 1302032« 10° 956« 10°*
IMY-N9 280+0.04 » 10° 3754038 % 100 134107
Hepl2 8.80£0.75 > 107 1704141 = 1Y 796x 1077
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Fig. 1. Naive Huh7 cell infection assay of [FH-1 full-genomic replicon cell culture supernatants. (A JFH-1 full-genomic replicon (FGR-JFH 1) cells were established in Huh7,
HepG2, and IMY-N9 cell lines, Supernatants derived from Huh7 (left), HepG2 (middle ), and IMY-N9 (right) cells (1 = 10" HOV-RNA copies ) were inoculated into naive H_uh?_!':.l
cells (1= 10%) for 48 h, and infected cells were then detected by immunofluorescence using an anti-core antibody (clone 2H9) (green ). (B) Naive Huh7 cells (3 = 107) were
inoculated with mock, Huh?, HepG2, and IMY-N9-derived supematants (10% HOV-RNA copies per 10-cm dish) of FGR-|FH1 cells for 2h. Inoculated cells were cultured for
3 weeks in complete medium supplemented with G418 (0.3 mg/mL), and G418-resistant cells were stained using crystal violet. (C) The number of G418-resistant colonies
obtained in [B) was calculated when 10° or 10% copies of HOV-RNA were tested. Mean values of colony number were indicated in duplicate experiment. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article, )

HCV-core protein and RNA at a density of 1.15g/mL (RNA/Core
ratio; Huh7: 511, IMY-N9: 133 copies/fmol) and also showed a
secondary peak at lower density (approximately 1.05g/mL). For
all supernatants the peak of infectivity exhibited at a density of
110 g/mL that was slightly lower than that of the HCV-core pro-
tein and RNA peaks. Furthermore infectivity was barely detect-
able in the lower density fractions (Fig. 2) suggesting that the
HCV-core protein and RNA that was detected at lower density
was irrelevant for infectivity of the different supernatants.

We considered the possibility that the core protein and RNA
in the lighter fractions may be due to cellular debris containing
a replication complex. To determine if this might be the case we
therefore analyzed the supernatants from Huh7 and IMY-N9 enve-
lope-deleted replicon cells (FGR-]JFH1/deltaE12). The HCV-core
protein and RNA were detected in the supernatants of these cells
although the titers were very low. These supernatants were not
infective for naive Huh7 cells (data not shown). Furthermore, anal-
ysis of the concentrated supernatants of these cell lines by sucrose
density gradient analysis detected both the HCV-core protein and
RNA, and the major peaks of HCV-RNA were detected in the lower
density (approximately 1.10g/mL) fractions (Fig. 3). However, the
profiles of HCV-core protein and RNA did not coincide for either
cell line.

Discussion

Infectious HCV can be produced in cell culture by using the
JFH-1 genome. This system permits investigation of various aspects
of the HCV life cycle such as the steps of entry into cells, replica-
tion, and secretion. Infectious HCV derived from JFH-1 is robustly
produced in Huh7 cell lines |2.3], and the infectious particles have
been characterized. However the difficulty in robustly producing
infectious HCV from other cell lines prevents a comparative study

of HCV production among different cell lines. In this study, we
compared infectious HCV production in Huh7 with that of other
cell lines, and characterized the viruses produced.

First, we established Huh7, IMY-N9, and HepG2 FGR-JFH1 rep-
licon cells. These cell lines were able to replicate the |[FH-1 sub-
genomic replicon [6]. The HCV-core protein and RNA were detected
in all of the supernatants and all of these supernatants showed
infectivity for naive Huh7. Infectivity was evaluated by transient
infection and colony formation assays. These assays indicated that
the infectious supernatant from IMY-N9 cell had higher infectivity
than the other cell lines for naive Huh7 cells.

Next, we characterized each supernatant by sucrose density
gradient analysis, which revealed both similarities and differences
among the infectious supernatants. All samples showed typical
peaks at 115g/mL buoyant density for HCV-core protein and RNA,
and infectious fractions showed an almost identical buoyant density
of 1.10g/mL. However, the supernatant from the IMY-N9 cells
showed a difference in the core/RNA ratio at a density of 1.15gfmL
and higher secondary peak of HCV-core protein and RNA at a lower
density (approximately 1.05g/mL), Since the fractions at lower den-
sity did not correlate with infectivity, it is believed that the compo-
nent at lower density does not contain infectious HCV particles but
rather cellular debris that contains HCV proteins, RNA, and lipids
[12]. HCV can associate with lipoprotein [ 13,14], and is secreted with
VLDL [15], Thus, the observed differences in the HCV-producing cells
may derive from differences in lipoprotein synthesis. However, it is
also possible that the components migrating at lower density con-
tain virus particles. The deletion mutant of FGR-]JFH1 (FGR-JFH1/del-
tak12) did replicate in Huh7 and IMY-N9 cells, and these replicon
cells secreted the HCV-core protein into the culture media, although
at low levels. HCV-RNA was also detected in the same culture
medium, and the profile of this HCV-RNA differed from that of the
HCV-core protein in sucrose density gradient analysis. Thus, the
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Fig. Z. Density gradient analysis of infectious HOV denved from Huh7 and IMY-N9
cells, Concentrated supernatants of Huh7 cells (A} and IMY-N9 cells (B) were lay-
ered on top of a preformed continuous 10-60% sucrose gradient in TNE buffer, The
gradients were centrifuged in a SW41 rotor at 35,000 rpm for 16h at 4°C. and frac-
tions {400 L each) were collected from the bottom of the tube. The buoyant density
(closed circles). HCV-core protein (closed diamonds), HOV-RNA (open diamonds)
and infectivity for nalve Huh7.5.1 cells (shown in gray ) was detected in each fraction
as described in Materials and merhods.

peak fractions containing the HCV-core protein and RNA from the
supernatant of FGR-JFH1/deltaE12 cells were different from the peak
fractions from that of FGR-JFH1 cells. Therefore it is possible that all
of the peaks of HCV-core protein and RNA observed in the superna-
tant of FGR-JFH1 replicon cells may correlate to virus particles with
different densities. However, the reason why they centrifuge at dif-
ferent densities is unclear. Interestingly, the supernatants from cells
transfected with envelope-deleted replicon RNA exhibit non-identi-
cal HCV-core protein and RNA profiles on a sucrose density gradient.
Envelope-deleted replicon RNA may have a decreased ability to form
nucleocapsids although a detailed examination is necessary to estab-
lish this point.

We previously developed a method for infectious HCV pro-
duction using the FGR-JFH1 [9], and have now succeeded in
producing infectious HCV in the supernatant of cultured liver-
derived cell lines harboring FGR-JFH1 RNA. Infectious HCV
particles are useful for vaccine production and are considered good
antigens for the generation of useful antibodies, Selection of an
appropriate cell line is important for the production of HCV particles
for vaccine development. The technique used in this study seemed to
be appropriate for producing infectious HCV in various cell lines [8].

A second advantage of using HepG2 and IMY-N9 cells for the
production of virus particles is that these parental cell lines,
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Fig. 3. Density gradient analysis of supermatants derived from Huh7 and IMY-N9 cells
rransfected with FGR-IFH1 /delraE12 RNA. Concentrated supernatants from Huh7 (A)
ardd IMY-NS (B cells were analyzed by sucrose density gradient as described in the
legend to Fig. 2. The buoyant density (closed circles), HOV-core protein (closed dia-
mands) and HCV-RNA (open diamonds ) was analyzed in each fraction.

unlike the Huh7 cell line, do not express the CD81 molecule on
the cell surface, however, the expression on cell clones used in
this study was not confirmed. This means that the FGR-JFH1 rep-
licon of these cell lines may have a single cycle of HCV production,
encompassing replication, assembly, budding and secretion, and
do not show HCV permissiveness, These cells should therefore be
useful for the discovery of drugs targeted against HCV assembly
and secretion,
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While hepatocytes are the major site of hepatitis C virus (HCV) infection, a number of studies
have suggested that HCV can replicate in lymphocytes. However, in vitro culture systems to
investigate replication of HCV in lymphocytic cells are severely limited. Robust HCV culture
systems have been established using the HCV JFH-1 strain and Huh-7 cells, To gain more
insights into the tissue tropism of HCV, we investigated the infection, replication, internal
ribosome entry site (IRES)-dependent translation and polyprotein processing of the HCV JFH-1
strain in nine lymphocytic cell lines, HCV JFH-1 failed to infect lymphocytes and replicate, but
exhibited efficient polyprotein processing and IRES-dependent translation in lymphocytes as well
as in Huh-7 cells. Our results suggest that lymphocytic cells can support HCV JFH-1 translation
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and polyprotein processing, but may lack some host factors essential for HCV JFH-1 infection

Hepatitis C virus (HCV) is a major cause of chronic
hepatitis, liver cirrhosis and hepatocellular carcinoma
(Choo et al, 1989; Saito et al, 1990). Infection with
HCV is frequently associated with B-cell-related diseases,
such as mixed cryoglobulinaemia and non-Hodgkin's
lymphoma (Hausfater er al, 2000). A number of studies
have suggested that HCV can replicate not only in
hepatocytes, but also in lymphocytes (Ducoulombier et
al., 2004; Karavattathayyil et al, 2000, Lerat et al, 1998),
whereas the determinants of HCV tropism are still
unknown. The development of HCV strain JFH-1, which
generates infectious HCV in culture, has made an
important contribution to the study of the HCV life cycle
(Lindenbach et al., 2005; Wakita et al., 2005; Zhong et al,
2005). The HCV life cycle is divided into several steps.
After entry into the cell and uncoating, the HCV life cycle
leads to translation, polyprotein processing, RNA replica-
tion, virion assembly, transport and release. The JFH-1
subgenomic replicon can replicate in non-hepatic cell lines,
such as Hela cells and 293 cells, suggesting that the host
factors required for HCV replication are not hepatocyte-
specific (Kato et al, 2005b). The SB strain of HCV
(genotype 2b strain) was isolated from an HCV-infected
non-Hodgkin's B-cell lymphoma and has been reported to
infect B and T cells (Kondo et al., 2007; Sung et al, 2003).
The virus titres of the SB strain in lymphocytes were,
however, lower than those of JFH-1 in Huh-7 cells and the
expression of HCV proteins was not confirmed (Kondo er
al., 2007). It is unknown whether HCV JFH-1 can infect

and replicate in lymphocytes. To gain more insight into the
tissue tropism of HCV infection, we investigated the
infection, replication, IRES-dependent translation and
polyprotein processing of the JFH-1 strain in nine
lymphocytic cell lines.

We first sought to determine whether HCV JFH-1 can
infect lymphocytic cell lines. We chose nine lymphocytic
cell lines derived from Burkitt’s lymphoma, the EBV-
immortalized human B cell line, lymphoblasts and acute T-
cell leukaemia. CIR, 1B4, Namalwa, P3HRI1 and Raji cells
were Epstein-Barr virus (EBV)-positive (Table 1).
Infectious HCV was generated from HCV JFH-1 RNA in
Huh-7 cells (Shirakura et al., 2007; Wakita et al., 2005) and
the calculation of the 50 % tissue culture infectious dose
(TCIDsy) was based on methods described previously
(Lindenbach ef al., 2005), These cell lines (1 x 107 cells per
well of a six-well plate) were incubated with 2 ml inoculum
(5% 10* or 5x10* TCIDs; ml ') for 3 h, washed three
times with PBS, and cultured in fresh medium. The culture
medium was changed every 2 days. Cells were harvested at
0 (3 h post-infection [p.i.]), 4 and 8 day p.i. HCV core
antigen within cells was quantified by immunoassay
(Ortho HCV-core ELISA kit; Ortho-Clinical Diagnostics).
As shown in Fig. 1(a), increasing the HCV titre of the
inoculum resulted in a 7.2-fold increase in the levels of
HCV core protein in Huh-7 cells at 3 h p.i. Increasing the
HCV titre of the inoculum resulted in a 1.5- to 3.2-fold
increase in the levels of the core protein in CIR, BL41,
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replicating cells, a reporter replicon plasmid was con-
structed as follows. The gene encoding green fluorescence
protein (GFP) was fused to the neomycin resistance gene
using an overlap PCR amplification technique and the
fusion product was inserted into pSGR-JFH1. The resultant
plasmid was pSGR-GFPneo-JFHI. This plasmid was
linearized with Xbal and used as a template for in vitro
transcription using an AmpliScribe T7 High Yield
Transcription kit (Epicentre Biotechnologies). RNA was
transfected with high transfection efficiency and low
cytotoxicity using the Nucleofector system (Amaxa
Biosystems) (Coughlin et al, 2004; Miyahara et al, 2005;
Van De Parre et al, 2005). The transfection efficiencies
ranged from 60 to 80 % after optimization of transfection
conditions (Table 1). GFP expression was monitored
periodically during the selection of HCV-replicon cells by
(G418 (Table 1). The GFP-expressing cells were detected at
day 3 post-transfection (p.t.) in Huh-7, P3HRI, Raji, CIR
and Namalwa cells. The rate of GFP expression in Huh-7
cells was more than 50 %. The rate of GFP-expression in
lymphocytic cell lines was less than 1%, despite the high
transfection efficiencies. After 3 weeks of G418 selection,
SGR-GFPneo-]FH] replicon cells were established in Huh-
7 cells, but not in lymphocytic cells. These data suggest that
JFH-1 subgenomic replicon RNA cannot replicate in the
lymphocytic cell lines.

To facilitate quantification of replication, we performed
luciferase assays using subgenomic replicon RNA (SGR-
JFH1/Luc) carrying firefly luciferase as a reporter. SGR-
JFH1/Luc RNA was in vitro-transcribed using the linearized
pSGR-JFHI/Luc (Kato et al, 2005a) as template DNA.
Cells were harvested at 4, 24, 48 and 72 h p.t. and luciferase
activities were assayed with luciferase assay reagent
(Promega). Assays were performed at least in triplicate.
There were significant differences in luciferase activities at
4 h p.t. among the cell lines, probably because there were
differences in transfection efficiencies and the doubling
time of the cell lines. Thus, the replication activity was
expressed relative to the reporter activity determined 4 h
p.t. for each cell line, which was set to 1 (Fig. 2a), HCV
subgenomic replicon RNA efficiently replicated in Huh-7
cells (Fig. 2a). Replication-deficient subgenomic replicon
RNA encoding a GDD to GND mutation in NS5B served as
a negative control in Huh-7 cells, The luciferase activities of
replication-deficient subgenomic replicon RNA in lym-
phocytic cell lines also decreased rapidly (data not shown).
As shown in Fig. 2(a), the luciferase activities of HCV
subgenomic replicon RNA in lymphocytic cell lines
decreased rapidly, suggesting that HCV subgenomic
replicon RNA did not replicate efficiently in lymphocytic
cell lines. Thus, these two different replicon assays
demonstrated that the HCV JFH-1 subgenomic replicon
failed to replicate in our lymphocytic cell lines,

To determine which steps of the HCV life cycle are
impaired, we further examined translation and polyprotein
processing. At first, we assessed HCV IRES-dependent
translational efficiencies in the lymphocytic cell lines. Cells

were co-transfected with the subgenomic replicon RNA
(SGR-JFH1/Luc) and a capped RNA encoding Renilla
luciferase (cap-luc). Cap-luc RNA was in vitro-transcribed
using a T7 mMessage mMachine kit (Ambion). The HCV
IRES activities in IB4, Namalwa and P3HRI1 cells were as
high as in Huh-7 cells. The HCV IRES activities in Jurkat
and Raji cells were about 50 % of those in Huh-7 cells, and
the HCV IRES activities in Bjab, BL41 and Ramos cells
were less than 25% of those in Huh-7 cells. On the other
hand, the HCV IRES activity in CIR cells was about
twofold higher than in Huh-7 cells (Fig. 2b). Replication-
deficient subgenomic replicon RNA encoding a GDD to
GND mutation in NS5B showed a luciferase activity level
similar to that of the wild-type, suggesting that the
luciferase activity at 4 h after transfection reflected
translational levels but not replication levels (data not
shown). Our data indicate high HCV IRES activities in all
cell lines, except in Bjab, BL41 and Ramos.

The HCV polyprotein is translated in subgenomic replicon
cells in an encephalomyocarditis virus (EMCV) IRES-
dependent manner. To rule out the possibility that the
EMCV IRES-dependent translation is impaired in lym-
phocytic cell lines, we assessed the EMCV IRES-dependent
translational efficiencies. We assayed EMCV IRES activity
using EMCV IRES-driven luciferase RNA (EMC-luc) and
Cap-luc RNA. The EMCV IRES activity was five- to tenfold
higher in CIR, Namalwa, IB4 and P3HRI than in Huh-7
cells (Fig. 2c). From these results, HCV IRES and EMCV
IRES exhibited sufficient translational activity in CIR,
Namalwa, P3HR] and Raji cells, suggesting that IRES-
dependent translation was not impaired in these lympho-
cytic cell lines.

To determine whether HCV polyprotein is properly
processed in lymphocytes, we examined the processing of
HCV non-structural (NS) proteins. The construct pSGR-
JFH1/Luc expresses the polyprotein NS3-NS4A-NS4B-
NSSA-NS5B. The HCV NS3/4A protease is responsible
for proteolytic processing at each cleavage site. We used the
eukaryotic transient-expression system based on a recom-
binant vaccinia virus carrying bacteriophage T7 RNA
polymerase (T7vac) (Fuerst et al,, 1989). To express the
SGR-JFH1/Luc encoding HCV NS proteins, 5x 10 cells
were transfected with 5 pg pSGR-JFH1/Luc and infected
with 2.5x 10" p.fu. T7vac, harvested at 24 h p.i, and
analysed by Western blotting. Completely processed NS3,
NS5A and NS5B proteins were detected in Bjab, Raji, 1B4
and Namalwa cells as well as in pSGR-JFH1/Luc-trans-
fected Huh-7 cells and HCV-JFH1-infected Huh-7 cells
(Fig. 2c). The unprocessed polyprotein was not detected by
immunoblotting in these lymphocytic cell lines (data not
shown). These results suggest that the HCV polyprotein is
efficiently processed in these lymphocytic cells.

In this study, we demonstrated that HCV JFH-1 failed to
infect and replicate in nine lymphocytic cell lines. In
contrast, HCV IRES-dependent translation and polypro-
tein processing by NS3/NS4A protease functioned properly

http://virsgmjournals.org
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Fig. 2. Replication, HCV |RES-dependent
translational efficiencies and polyprotein pro-
cessing. (a) Subgenomic replicon assay. JFH-
1 subgenomic replicon RNA was transfected
into several cell lines and harvested at 4, 24,
48 and 72 h p.t. The replication activity was
expressed relative to the reporter activity
determined 4 h p.t. for each cell line, which
was set to 1. RLU, Relative luciferase units;
Huh-7 nega, Huh-7 cells transfected with
SGR-JFH1/Luc GND, served as a negative
control, (b) HCV IRES-dependent translational
efficiency. To determine the HCV IRES activ-
ities, we co-transfected cells with SGR-JFH1/
Luc RNA and Cap-Renilla luciferase RNA. The
IRES activity of each cell line is expressed in
relation to Huh-7 IRES activity, that is, as the
ratic of HCV IRES-driven firefly luciferase
activity to cap-driven Renilla luciferase activity.
The difference in HCV IRES activity batween
Huh-7 cells and the lymphocytic cell line was
significant (", P<0.01, Student's (-test).
(c) EMCV IRES-dependent translational effi-
ciency. To determine the EMCV IRES activ-
ities, we co-transfected cells with EMCV-
firefly luciferase RNA and Cap-Renilla lucifer-
ase RNA. The IRES activity of each cell line is
expressed in relation to Huh-7 IRES activity,
that is, as the ratio of EMCV IRES-driven firefly
luciferase activity to cap-driven Renilla lucifer-
ase activity. The difference in EMCV IRES
activity between Huh-7 cell and the lympho-
cytic cell line was significant (*", P<0.01,

Student's t-test). (d) Polyprotein processing by
NS3/4A protease in lymphocytic cell lines.
pSGR-JFH1/Luc-transfected cells  were
infected with T7vac and harvested at 24 h
p.. HCV NS proteins, NS3, NS5A and NS5B
were detected by using anti-NS3 rabbit
polyclonal antibody (PAb), anti-NSSA rabbit

PAb and anti-NS5B rabbit PAb. Arrowheads

indicate the processed NS3, NS5A and NS5B

proteins, respectively.

in these cells. Moreover, subgenomic replicon RNA failed
to replicate in these cell lines. Our data suggest that
lymphocytic cell lines may lack some host factors required
for infection and replication of HCV-JFHI.

Viral entry often requires sequential interactions between
viral proteins and several cellular factors. Several molecules
(CD81, Claudin-1, Scavenger receptor class B member IR,
LDL-receptor and glycosaminoglycans) have been reported
to be involved in HCV binding and entry (Barth et al, 2003;
Evans er al,, 2007; Pileri et al., 1998; Scarselli et al., 2002).
Further investigation will be required to clarify HCV
binding and entry into lymphocytic cell lines.

HCV IRES and EMCV IRES exhibited sufficient trans-
lational activities in CIR, IB4, P3HRI1, Namalwa and Raji
cells. All these cell lines are EBV-positive. EBV-encoded
nuclear antigen (EBNA1) has been reported to support
HCV replication (Sugawara et al, 1999). Two small EBV-
encoded RNA species (EBERs) bind to the HCV IRES
region (Wood et al, 2001). These findings raise the
possibility that HCV IRES activities may be modified by
the EBV genome.

HCV JFH-1 subgenomic replicon RNA could not replicate
in all lymphocytes tested in this study. The HCV SB strain,
however, has been reported to infect Raji, Daudi, Molt-4
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and Jurkat cells (Kondo et al., 2007; Sung et al., 2003). Still
unknown is how hepatotropism and lymphotropism of
HCV are determined. The GB virus B (GBV-B) is most
closely related to HCV and the GBV-B infection of
tamarins has been proposed as a good surrogate model
for chronic hepatitis C (Bukh et al., 2001; Jacob et al., 2004;
Lanford er al., 2003; Martin et al,, 2003). A recent report
has shown that GBV can disseminate to not only liver but
also a variety of extrahepatic tissues such as haematolym-
phoid and genital tissues in tamarins (Ishii et al, 2007).
Viral RNA cloned from plasma and liver from the tamarins
showed no sequence heterogeneity, suggesting that host
factors determine the pleiotropism (Ishii er al, 2007). It
remains unclear how host factors and/or viral factors
determine the tissue tropism of HCV. Further studies will
be required to clarify the molecular mechanisms of HCV
tissue tropism.
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Nonstructural protein 5A (NS5A) of the hepatitis C virus (HCV) possesses multiple and diverse functions
in RNA replication, interferon resistance, and viral pathogenesis, Recent studies suggest that NS5A is involved
in the assembly and maturation of infectious viral particles; however, precisely how NSSA participates in virus
production has not been fully elucidated. In the present study, we demonstrate that NS5A is a prerequisite for
HCV particle production as a result of its interaction with the viral capsid protein (core protein), The efficiency
of virus production correlated well with the levels of interaction between NSSA and the core protein. Alanine
substitutions for the C-terminal serine cluster in domain III of NS5SA (amino acids 2428, 2430, and 2433)
impaired NS5A basal phosphorylation, leading to a marked decrease in NS5A-core interaction, disturbance of
the subcellular localization of NSSA, and disruption of virion production, Replacing the same serine cluster
with glutamic acid, which mimics the presence of phosphoserines, partially preserved the NS5A-core interac-
tion and virion production, suggesting that phosphorylation of these serine residues is important for virion
production. In addition, we found that the al substitutions in the serine cluster suppressed the associ-
ation of the core protein with viral genome RNA, possibly resulting in the inhibition of nucleocapsid assembly.
These results suggest that NSSA plays a Key role in regulating the early phase of HCV particle formation hy
interacting with core protein and that its C-terminal serine cluster is a determinant of the NS5A-core

interaction.

Hepatitis C virus (HCV) infection is a major public health
problem and is prevalent in about 200 million people world-
wide (27, 40, 42). Current protocols for treating HCV infection
fail to produce a sustained virological response in as many as
half of treated individuals, and many cases progress Lo chronic
liver disease, including chronic hepatitis, cirrhosis, and hepa-
tocellular carcinoma (15, 31, 35, 43).

HCV is a positive-strand RNA virus classified in the Hepa-
civirus genus within the Flavivindae family (55). Its approxi-
mately 9.6-kb genome is translated into a single polypeptide of
about 3,000 amino acids (aa), in which the structural proteins
core, El, and E2 reside in the N-terminal region. A crucial
function of core protein is assembly of the viral nucleocapsid.
The amino acid sequence of this protein is well conserved
among different HCV strains compared 1o other HCV pro-
teins. The nonstructural (NS) proteins NS3-NS5B are consid-
ered to assemble into a membrane-associated HCV RNA rep-
licase complex. NS3 possesses the enzymatic activities of serine
protease and RNA helicase, and NS4A serves as a cofactor for
NS3 protease, NS4B plays a role in the remodeling of host cell
membranes, probably to generate the site for the replicase
assembly. NS5B functions as the RNA-dependent RNA poly-
merase. NSSA is known to play an important but undefined
role in viral RNA replication.
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NS5A is a phosphoprotein that can be found in basally
phosphorylated (56 kDa) and hyperphosphorylated (58 kDa)
forms (49). Comparative sequence analyses and limited prote-
olysis of recombinant NSSA have demonstrated that NSSA s
composed of three domains (52), Domain [ is relatively con-
served among HCV genotypes compared to domains [1 and
1. Analysis of the crystal structure of the conserved domain |
that immediately follows the membrane-anchoring w-helix lo-
calized at the N terminus revealed a dimeric structure (53).
The interface between protein molecules is characterized by a
large, basic groove, which has been proposed as a site of RNA
binding. In fact, its RNA binding property has heen demon-
strated biochemically (17). Domains 11 and 111 of NS5A are far
less understood, Domain 11 contains a region referred to as the
interferon sensitivity determining region, and this region and
its C-terminal 26 residues have been shown to be essential for
interaction  with the interferon-induced, double-stranded
RNA-dependent protein kinase (6-10, 38, 39, 48). Domain 111
includes a number of potential phosphoacceptor sites and is
most likely involved in basal phosphorylation. This domain
tolerates insertion of large heterologous sequences such as
green fuorescent protein (GFP) and is not required for func-
tion of NS5A in HCV RNA replication (1, 34). However, a
study with the recently established productive HCV cell cul-
ture system using genotype 2a isolate JFH-1 (28, 56, 58) dem-
onstrated that while insertion of GFP within the NS5A region
does not affect RNA replication, it does produce marked de-
creases in the production of infectious virus particles (41). This
suggests that the C-terminal region of NS5A may affect virus
particle production independent of RNA replication, Re-
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