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TABLE 1. Oligonucleotides used for RT-PCR and RACE of the JFH-1 genome

Method or segment Oligonucleotide

Sequences (5'-3")

5'RACE RT
45-nt RNA adapter
5'RACEouter-S
5'"RACEouter-R
5'RACEinner-S
5S'RACEinner-R

GTACCCCATGAGGTCGGCAAAG
GCUGAUGGCGAUGAAUGAACACUGCGUUUGCUGGCUUUGAUGAAA
GCTGATGGCGATGAATGAACACTG

GACCGCTCCGAAGTTTTCCTTG

GAACACTGCGTTTGCTGGCTITTGATG
CGCCCTATCAGGCAGTACCACAAG

3'RACE CAC-T35 CACTTTTTTTITITTTTTTTITTTTITTITTTITITTITTITTT
3X-10S ATCTTAGCCCTAGTCACGGC

nt 129-2367 44S (1st PCR) CTGTGAGGAACTACTGTCTT
2445R TCCACGATGTTCTGGTGAAG
17S (2nd PCR) CGGGAGAGCCATAGTGG
2367R CATTCCGTGGTAGAGTGCA

nt 2285-4665 2099S (1st PCR) ACGGACTGTTTTAGGAAGCA
4706R TTGCAGTCGATCACGGAGTC
2285S (2nd PCR) AACTTCACTCGTGGGGATCG
4665R TCGGTGGCGACGACCAC

nt 4574-7002 4547S (1st PCR) AAGTGTGACGAGCTCGCGG

nt 6949-9634

7027R
4594S (2nd PCR)
7003R

6881S (1st PCR)
3X-75R
6950S (2nd PCR)
3X-54R

CATGAACAGGTTGGCATCCACCAT

CGGGGTATGGGCTTGAACGC
GTGGTGCAGGTGGCTCGCA

ATTGATGTCCATGCTAACAG
TACGGCACTCTCTGCAGTCA
GAGCTCCTCAGTGAGCCAG

GCGGCTCACGGACCTTTCAC

using a Zeiss confocal laser scanning microscope LSM 510 (Carl Zeiss,
Oberkochen, Germany).

Luciferase assay. Huh7.5.1 cells were seeded onto a 24-well cell culture plate
at a density of 3 X 10* cells/well 24 h prior to inoculation with 100 wl of
supernatant from the transfected cells. The cells were incubated for 72 h, fol-
lowed by lysis with 100 pl of lysis buffer. The luciferase activity of the cells was
determined by using a luciferase assay system (Promega). All luciferase assays
were done at least in triplicate. For the neutralization experiments, a mouse
monoclonal anti-CD81 antibody (JS-81; BD Pharmingen, Franklin Lakes, NJ)
and a mouse monoclonal anti-FLAG antibody (Sigma-Aldrich) were used.

Flow cytometric analysis. Cells detached by treatment with trypsin were incu-
bated in PBS containing 1% (vol/vol) formaldehyde for 15 min. A total of 5 X 10°
cells were resuspended in PBS and treated with or without 0.75 pg of anti-CD81
antibody for 30 min at 4°C. After being washed with PBS, the cells were incu-
bated with an Alexa Fluor 488-conjugated anti-mouse secondary antibody (In-
vitrogen) at 1:200 for 30 min at 4°C, washed repeatedly, and resuspended in PBS.
Analyses were performed by using FACSCalibur system (Becton Dickinson,
Franklin Lakes, NI).

RESULTS

Analysis of the 5’ and 3’ ends of HCV RNA sequences
generated from Pol I-driven plasmids. To examine whether
the HCV transcripts generated from Pol I-driven plasmids had
correct nucleotides at the 5’ and 3’ ends, we extracted RNA
from Huh-7 cells transfected with pHHJFH1, which carries a
genome-length HCV cDNA with a Pol I promoter/terminator,
as well as from the culture supernatants. After this, the nucle-
otide sequences at both ends were determined using RACE
and sequence analysis. A 328-nt fragment corresponding to
c¢DNA from the 5’ end of HCV RNA was detected in the cell
samples (Fig. 1A). Cloning of amplified fragments confirmed
that the HCV transcripts were initiated from the first position
of the viral genome in all of the clones sequenced (Fig. 1B).
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Similarly, a 127-nt amplification fragment was detected in each
sample by 3'RACE (Fig. 1C), and the same 3’-end nucleotide
sequence was observed in all clones derived from the culture
supernatant (Fig. 1D, left). An additional two nucleotides
(CC) were found at the 3’ end of the HCV transcript in a
limited number of sequences (1 of 11 clones) derived from the
cell sample (Fig. 1D, right), which were possibly derived from
the Pol I terminator sequence by incorrect termination. These
results indicate that most HCV transcripts generated from the
Pol I-based HCV c¢DNA expression system are faithfully pro-
cessed, although it is not determined whether the 5’ terminus
of the viral RNA generated from Pol I system is triphosphate
or monophosphate. It can be speculated that viral RNA lack-
ing modifications at the 5’ and 3’ ends is preferentially pack-
aged and secreted into the culture supernatant.

Production of HCV RNA, proteins, and virions from cells
transiently transfected with Pol I-driven plasmids. To examine
HCV RNA replication and protein expression in cells transfected
with pHHJFH1, pHHJFH1/GND, or virion production-defective
mutants, pHHIJFHI1/AE and pHHIFHI1/R783A/R785A, which
possess an in-frame deletion of E1/E2 region and substitutions
in the p7 region, respectively (19, 42, 49), RPA and Western
blotting were performed 5 days p.t. (Fig. 2A, B, and D). Pos-
itive-strand HCV RNA sequences were more abundant than
negative-strand RNA sequences in these cells. Positive-strand
RNA, but not negative-strand RNA, was detected in cells
transfected with the replication-defective mutant pHHJFH1/
GND (Fig. 2A and B). Northern blotting showed that ge-
nome-length RNA was generated in pHHJFH1-transfected
cells but not in pHHJFH1/GND-transfected cells (Fig. 2C).
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FIG. 1. Determination of the nucleotide sequences at the 5'-and 3’ ends of HCV RNA produced by the Pol I system. (A and B) 5’RACE
and sequence analysis. A synthesized RNA adapter was ligated to RNA extracted from cells transfected with pHHJFH1. The positive-strand
HCV RNA was reverse transcribed, and the resulting cDNA was amplified by nested PCR. The amplified 5’-end cDNA was separated by
agarose gel electrophoresis (A), cloned, and sequenced (B). (C and D) 3'RACE and sequence analysis. RNA extracted from pHHJFH1-
transfected cells, the culture supernatant of transfected cells, and the culture supernatant of H751JFH1/Zeo cells were polyadenylated,
reverse transcribed, and amplified by PCR. The amplified 3'-end ¢cDNA was separated by agarose gel electrophoresis (C), cloned, and

sequenced (D).

As shown in Fig. 2D, the intracellular expression of core and
NS5B proteins was comparable among cells transfected with
pHHJFH1, pHHIJFH1/AE, and pHHJFH1/R783A/R785A.
Neither viral protein was detected in pHHIFH1/GND-trans-
fected cells, suggesting that the level of viral RNA generated
transiently from the DNA plasmid does not produce enough
HCYV proteins for detection and that ongoing amplification of
the HCV RNA by the HCV NS5B polymerase allows a high
enough level of viral RNA to produce detectable levels of
HCV proteins.

To assess the release of HCV particles from cells trans-
fected with Pol I-driven plasmids, core protein was quanti-
fied in culture supernatant by enzyme-linked immunosor-
bent assay (ELISA) or sucrose density gradient centrifugation.
Core protein secreted from pHHIFHI-transfected cells was
first detectable 2 days p.t., with levels increasing up to ~4
pmol/liter on day 6 (Fig. 3A). This core protein level was 4-
to 6-fold higher than that in the culture supernatant of
pHHIFHI/AE- or pHHIJFH1/R783A/R785A-transfected cells,
despite comparable intracellular core protein levels (Fig. 2D).
Core protein was not secreted from cells transfected with
pHHIFH1/GND (Fig. 3A). In another experiment, a plasmid
expressing the secreted form of human placental alkaline phos-
phatase (SEAP) was cotransfected with each Pol I-driven plas-
mid. SEAP activity in culture supernatant was similar among
all transfection groups, indicating comparable efficiencies of
transfection (data not shown). Sucrose density gradient anal-
ysis of the concentrated supernatant of pHHJFH1-transfected
cells indicated that the distribution of core protein levels
peaked in the fraction of 1.17 g/ml density, while the peak of
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infectious titer was observed in the fraction of 1.12 g/ml density
(Fig. 3B), which is consistent with the results of previous stud-
ies based on JFH-1-RNA transfection (23).

‘We next compared the kinetics of HCV particle secretion in
the Pol I-driven system and RNA transfection system. Huh-7
cells, which have limited permissiveness for HCV infection (2),
were transfected with either pHHJFH1 or JFH-1 RNA, and
then cultured by passaging every 2 or 3 days. As shown in Fig.
3C, both methods of transfection demonstrated similar kinetics
of core protein levels until 9 days p.t., after which levels grad-
ually fell. However, significantly greater levels of core protein
were detected in the culture of pHHJFHI-transfected cells
compared to the RNA-transfected cells on day 12 and 15 p.t.
This is likely due to an ongoing production of positive-strand
viral RNA from transfected plasmids since RNA degradation
generally occurs more quickly than that of circular DNA.

Establishment of stable cell lines constitutively producing
HCYV virion. To establish cell lines with constitutive HCV pro-
duction, pHHJFH1/Zeo carrying HCV genomic ¢cDNA and
the Zeocin resistance gene were transfected into Huh7.5.1
cells. After approximately 3 weeks of culture with zeocin at a
concentration of 0.4 mg/ml, cell colonies producing HCV core
protein were screened by ELISA, and three clones were
identified that constitutively produced the viral protein
(H751JFH1/Zeo cells). Core protein levels within the culture
supernatant of selected clones (H751-1, H751-6, and H751-50)
were 2.0 X 10%, 2.7 X 10% and 1.4 X 10° fmol/liter, respec-
tively. Clone H751-1 was further analyzed. Indirect immuno-
fluorescence with an anti-NS5A antibody showed fluorescent
staining of NS5A in the cytoplasm of almost all H751JFH1/
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FIG. 2. HCV RNA replication and protein expression in cells transfected with Pol I-driven plasmids. (A and B) Assessment of HCV RNA
replication by RPA. Pol I-driven HCV-expression plasmids were transfected into Huh-7 cells. Total RNA was extracted from the cells on day 5 p.t.
and positive (A)- and negative (B)-strand HCV RNA levels were determined by RPA as described in Materials and Methods. In the RNase (—)
lanes, yeast RNA mixed with RNA probes for HCV and human $-actin were loaded without RNase A/T1 treatment. In the yeast RNA lanes, yeast
RNA mixed with RNA probes for HCV and human B-actin were loaded in the presence of RNase A/T1. (C) Northern blotting of total RNAs
prepared from the transfected cells. Huh-7 cells transfected with pHHIFH1 or pHHIFH1/GND were harvested for RNA extraction through days
1 to 4 p.t. Control RNA, given numbers of synthetic HCV RNA; Huh-7, RNA extracted from naive cells. Arrows indicate full-length HCV RNA
and B-actin RNA. (D) HCV protein expression in the transfected cells. Pol I-driven HCV-expression plasmids were transfected into Huh-7 cells,
harvested, and lysed on day 6 p.t. The expression of NS5B, core, and GAPDH was analyzed by Western blotting as described in Materials and

Methods. The asterisk indicates nonspecific bands.

Zeo cells (Fig. 4A), whereas no signal was detected in parental
Huh7.5.1 cells (Fig. 4B). To determine where HCV RNA rep-
licates in H751JFH1/Zeo cells, labeling of de novo-synthesized
HCV RNA was performed. After interfering with mRNA pro-
duction by exposure to actinomycin D, BrUTP-incorporated de
novo-synthesized HCV RNA was detected in the cytoplasm of
H751JFH1/Zeo cells (Fig. 4D) colocalized with NS5A in the
perinuclear area (Fig. 4E and F).

Low mutation frequency of the viral genome in a long-term
culture of H751JFH1/Zeo cells. The production level of infec-
tious HCV from H751JFH1/Zeo cells at a concentration of
~10% TCID;,/ml was maintained over 1 year of culture (data
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not shown). It has been shown that both virus and host cells
may adapt during persistent HCV infection in cell cultures,
such that cells become resistant to infection due to reduced
expression of the viral coreceptor CD81 (54). As shown in Fig.
5, we analyzed the cell surface expression of CDS81 on the
established cell lines by flow cytometry and observed markedly
reduced expression on H751JFH1/Zeo cells compared to pa-
rental Huh7.5.1 cells. It is therefore possible that only a small
proportion of HCV particles generated from H751JFH1/Zeo
cells enter and propagate within the cells. The H751JFH1/Zeo
system is thought to result in virtually a single cycle of HCV
production from the chromosomally integrated gene and thus
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FIG. 3. HCV released from cells transfected with Pol I-driven plas-
mids. (A) HCV particle secretion from the transfected cells. The culture
supernatant of Huh-7 cells transfected with Pol I-driven plasmids contain-
ing wild-type or mutated HCV genome were harvested on days 2, 4, and
6 and assayed for HCV core protein levels. The data for each experiment
are averages of triplicate values with error bars showing standard devia-
tions. (B) Sucrose density gradient analysis of the culture supernatant of
pHHIFHI1-transfected cells. Culture supernatant collected on day 5 p.t.
was cleared by low-speed centrifugation, passed through a 0.45-pm-pore-
size filter, and concentrated ~30-fold by ultrafiltration. After fractionating
by sucrose density gradient centrifugation, the core protein level and viral
infectious titer of each fraction were measured. (C) Kinetics of core
protein secretion from cells transfected with pHHIFH1 or with JFH-1
genomic RNA. A total of 10® Huh-7 cells were transfected with 3 g of
pHHJFHI1 or the same amount of in vitro-transcribed JFH-1 RNA by
electroporation. The cells were passaged every 2 to 3 days before reaching
confluence. Culture supernatant collected on the indicated days was used
for core protein measurement. The level of secreted core protein (pmol/
liter) is expressed on a logarithmic scale. The data for each experiment are
averages of triplicate values with error bars showing standard deviations.

may yield a virus population with low mutation frequencies. To
further examine this, we compared HCV genome mutation
rates following production from H751JFH1/Zeo cells com-
pared to cells constitutively infected with HCV after serial
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passages. RNAs were extracted from the supernatant of
H751JFH1/Zeo cells cultured for 120 days, and cDNA se-
quences were amplified by nested PCR with four sets of prim-
ers encompassing almost the entire HCV genome (Table 1).
PCR products with expected sizes of 2 to 2.5 kb were obtained
[Fig. 6A, RT(+)] and subjected to direct sequencing. No am-
plified product was detected in samples without reverse tran-
scription [Fig. 6A, RT(—)], suggesting no DNA contamination
in culture supernatants or extracted RNA solutions. As shown
in Fig. 5B (upper panel), three nucleotide mutations, including
two substitutions in the E1 (nt 1218) and E2 (nt 1581) regions,
and one deletion in the 3’ UTR (nt 9525) were found within
the HCV genome with the mutation rate calculated at 9.6 X
10™* base substitutions/site/year. These mutations were not
detected in the chromosomally integrated HCV ¢cDNA (data
not shown). The present results also indicate that no splicing of
the viral RNA occurred in the Pol I-based HCV JFH-1 expres-
sion system. The HCV genome sequence produced by JFH-1
virus-infected Huh7.5.1 cells was analyzed in the same way
using culture supernatant 36 days after RNA transfection. As
shown in Fig. 6B (lower panel), 10 mutations, including five
substitutions throughout the open reading frame and five de-
letions in the 3'UTR, were detected, and the mutation rate was
calculated at 1.1 X 1072 base substitutions/site/year.

Effects of glycosylation inhibitors on HCV production. It is
known that N-linked glycosylation and oligosaccharide trim-
ming of a variety of viral envelope proteins including HCV E1
and E2 play key roles in the viral maturation and virion pro-
duction. To evaluate the usefulness of the established cell line
for antiviral testing, we determined the effects of glycosylation
inhibitors, which have little to no cytotoxicity at the concen-
trations used, on HCV production in a three day assay using
H751JFH1/Zeo cells. The compounds tested are known to
inhibit the endoplasmic reticulum (ER), Golgi-resident gluco-
sidases, or mannosidases that trim glucose or mannose resi-
dues from N-linked glycans. Some are reported to be involved
in proteasome-dependent or -independent degradation of mis-
folded or unassembled glycoproteins to maintain protein in-
tegrity (4, 8, 27, 35).

As shown in Fig. 7A and B, treatment of H751JFH1/Zeo
cells with increasing concentrations of NN-DNJ, which is an
inhibitor of ER a-glucosidases, resulted in a dose-dependent
reduction in secreted core protein. NN-DNJ was observed to
have an ICs, (i.e., the concentration inhibiting 50% of core
protein secretion) of ~20 pM. In contrast, KIF, which is an ER
a-mannosidase inhibitor, resulted in a 1.5- to 2-fold increase in
secreted core protein compared to control levels. The other
five compounds did not significantly change core protein levels.
We further determined the effects of NN-DNJ and KIF on the
production of infectious HCV (Fig. 7C). As expected, NN-
DNIJ reduced the production of infectious virus in a dose-
dependent manner, while production increased in the presence
of KIF at 10 to 100 wM. Since NN-DNJ and KIF did not
significantly influence viral RNA replication, as determined
using the subgenomic replicon {data not shown), the present
results suggest that some step(s), such as virion assembly, in-
tracellular trafficking, and secretion, may be up- or downregu-
lated depending on glycan modifications of HCV envelope
proteins within the ER. Inhibitory effect of NN-DNJ was re-
producibly observed using the cell line after 1 year of culturing
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FIG. 4. Indirect immunofluorescence analysis of H751JFH1/Zeo cells. (A and B) H751JFH1/Zeo cells (A) and parental Huh7.5.1 cells (B) were
immunostained with an anti-NS5A antibody. (C to F) The subcellular colocalization of de novo-synthesized HCV RNA and NSSA in H751JFH1/
Zeo cells was analyzed. The cells were stained with DAPI (C), an anti-bromodeoxyuridine antibody (D), and an anti-NS5A antibody (E). The

merge panel is shown in panel F.

(Fig. 7D). Under the same condition, the core protein secre-
tion was inhibited by 28 and 58% with 10 and 100 nM BILN
2061, an NS3 protease inhibitor, respectively (Fig. 7D).
Replicon frans-packaging system. Recently, ourselves and
others have developed a packaging system for HCV sub-
genomic replicon RNA sequences by providing trans viral core-
NS2 proteins (1, 17, 41). Since viral structural proteins are not
encoded by the subgenomic replicon, progeny virus cannot be
produced after transfection. Thus, the single-round infectious
HCV-like particle (HCV-LP) generated by this system poten-
tially improves the safety of viral transduction. Here, in order
to make the #rans-packaging system easier to manipulate, we

used a Pol I-driven plasmid to develop a transient two-plasmid
expression system for the production of HCV-LP. pHH/SGR-
Luc, which carries a bicistronic subgenomic reporter replicon
with a Pol I promoter/terminator, or its replication-defective
mutant, were cotransfected with or without a core-NS2 expres-
sion plasmid (Fig. 8A). The culture supernatant was then col-
lected between days 2 and 5 p.t. and used to inoculate naive
Huh7.5.1 cells. Reporter luciferase activity, as a quantitative
measure of infectious virus production, was assessed in the
cells 3 days postinoculation. As shown in Fig. 8B, reporter
replication activity was easily detectable in cells inoculated
with culture supernatant from cells cotransfected with pHH/
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FIG. 5. Loss of CD81 expression in H751JFH1/Zeo cells. The cell surface expression of CD81 on Huh7.5.1 cells (A), H751JFH1/Zeo clone
H751-1 (B), and clone H751-50 (C) was analyzed by flow cytometry after being stained with anti-CD81 antibody.
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FIG. 6. Genome mutations of HCV secreted from H751JFH1/Zeo cells. (A) RT-PCR of HCV genome extracted from the culture supernatant
of H751JFH1/Zeo cells. Viral RNA sequences were reverse transcribed [RT (+)] or not [RT (—)], followed by amplification with primer pairs
encompassing the specified HCV genome regions. (B) Comparison of the genome mutations of HCV secreted from H751JFH1/Zeo cells cultured
for 120 days (upper panel) and JFH-1 RNA-transfected cells cultured for 36 days (lower panel). The positions of original (wild-type) and mutated
(day 120, day 36) nucleotides are indicated under the schematic diagram of the HCV genome. Amino acid residues and their positions are marked

in parentheses. Del, deletion.

SGR-Luc and pCAG/C-NS2, with an ~10-fold increase in ac-
tivity observed at 2 to 5 days p.t. In contrast, luciferase signal
in the Huh7.5.1 cells inoculated from supernatant of cells
transfected with pHH/SGR-Luc with polymerase-deficient mu-
tation (GND) showed background levels. There was a faint
luciferase signal in the cells inoculated from supernatant of
cells transfected with pHH/SGR-Luc in the absence of pCAG/
C-NS2, suggesting carryover of a low level of cells with the
supernatants. Transfer of supernatant from infected cells to
naive Huh7.5.1 cells did not result in infection, as judged by
undetectable luciferase activity (data not shown). To examine
whether NS2 is important for HCV production as previously
demonstrated (17-19, 52), we compared the expression of
core-NS2 versus core-p7 in the packaged cells (Fig. 8C). The
reporter activity in cells inoculated with virus trans-packaged
by core-p7 was ~100-fold lower than the virus trans-packaged
by core-NS2, indicating that NS2 needs to be expressed with
the structural proteins for efficient assembly and/or infectivity.
 CD81-dependent infection of HCV-LP was further confirmed
by demonstrating reduced reporter activity in the presence of
anti-CD81 antibody (Fig. 8D). Thus, we developed a simple
trans-encapsidation system based on transient two-plasmid
transfection, which permits experimental separation of HCV
genome replication and virion assembly.
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DISCUSSION

Here, we exploited Pol I-derived vectors for expression of
the HCV genome, a strategy that generates viral RNAs from
the Pol I promoter and terminator. We demonstrated that the
HCV JFH-1 RNA produced using this system is unspliced with
precise sequences at both ends and that it is replicated in the
cytoplasm of transfected cells to produce infectious particles.
This approach was used to establish a replicon trans-packaging
system based on transient two-plasmid transfection and en-
ables the production of a stable cell line capable of constitutive
HCV production. The cell line produced using this method can
be used to screen a large number of potential antiviral agents
by assessing their ability to interfere with HCV replication
and/or virion formation. The Pol I-mediated transcription sys-
tem was originally developed to perform reverse genetics on
influenza A viruses (12, 29) which replicate in the nucleus. This
system has also been shown useful in the development of
reverse genetics for negative-strand RNA viruses having a cy-
toplasmic replication cycle (3, 10, 11, 31). The results of the
present study suggest that the Pol I system can also be used to
perform reverse genetics on a cytoplasmically replicating pos-
itive-strand RNA virus.

Although viral RNA transfection by electroporation is the
most commonly used method to perform reverse genetics on
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FIG. 7. Effects of glycosylation inhibitors on HCV production from H751JFH1/Zeo cells. (A and B) Effects of glycosylation inhibitors on the
secretion of HCV core protein. H751JFH1/Zeo cells were seeded at a density of 1 X 10* cells/well in a 96-well culture plate (A) or 3 X 10 cells/well
in a 12-well cell culture plate (B). One day later, each compound was added to the cell culture supernatant at the indicated concentrations. The
culture supernatant was collected after a further 3-day culture and processed by core protein-specific ELISA. The control represents an untreated
cell culture. The level of secreted core protein was normalized by setting the control value at 100%. The data for each experiment are averages
of triplicate values with error bars showing standard deviations. (C) Effects of NN-DNJ and KIF on infectious HCV production. The culture
supernatant obtained in panel B was used to infect naive Huh7.5.1 cells. At 72 h after infection, the inoculated cells were fixed and immunostained
as described in Materials and Methods for titration of virus infectivity. The infectious titer was normalized by setting the control value at 100%.
Cells were treated with INF-a at 100 IU/ml as a positive control. The data for each experiment are averages of triplicate values with error bars
showing standard deviations. The control represents an untreated cell culture. (D) After 1 year of culturing H751JFH1/Zeo cells, antiviral effects
of NN-DNJ and BILN 2061 were evaluated. H751JFH1/Zeo cells were seeded at a density of 3 X 10* cells/well in a 12-well cell culture plate. One
day later, each compound was added to the cell culture supernatant at the indicated concentrations. The culture supernatant was collected after
a further 3-day culture and processed by core protein-specific ELISA. The control represents an untreated cell culture. The level of secreted core
protein was normalized by setting the control value at 100%. The data for each experiment are averages of triplicate values with error bars showing
standard deviations.

HCV (23, 49, 53), it is comparatively difficult to manipulate. rect transcripts compared to our Pol I system. In fact, there is
RNA electroporation requires high-quality in vitro-synthesized evidence to suggest that a mouse Pol I terminator is signifi-
RNA and a large quantity of exponential-growth-phase cells, cantly more effective than an HDV ribozyme in generating

which may be hard to provide when a number of different RNA precise 3’ ends of RNA, as demonstrated in a plasmid-based
constructs are being examined in the same experiment. In influenza virus rescue system (9). Recently, it has been dem-
addition to the Pol I system, other DNA expression systems onstrated that Pol I-catalyzed rRNA transcription is activated
have been examined with regard to HCV particle production in Huh-7 cells following infection with JFH-1 or transfection
(5, 15, 21). These systems require ribozyme sequences to be with a subgenomic HCV replicon (34). HCV NS5A has been
inserted at either end of the HCV genomic cDNA sequence in shown to upregulate the transcription of Pol I, but not Pol II,
order to generate appropriately processed viral RNA. How- through phosphorylation of an upstream binding factor, a Pol
ever, Heller et al. have reported that the HCV RNA generated I DNA binding transcription factor. These observations indi-
by in vitro transcription of a HCV-ribozyme plasmid contains cate that a Pol I-mediated expression system is suitable for
uncleaved or prematurely terminated forms of HCV RNA. efficient production of infectious HCV by DNA transfection.

These authors have also demonstrated that HCV RNA from We established a stable cell line, H751JFH1/Zeo, that con-
the culture supernatant of HCV-ribozyme plasmid-transfected stitutively and efficiently produced infectious HCV particles by
cells possesses nucleotide changes at the 5" and 3’ ends (15), introducing a Pol I-driven plasmid containing a selection
suggesting that the ribozyme is less reliable at generating cor- marker into Huh7.5.1 cells. Interestingly, the established cell
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FIG. 8. Establishment of a trans-packaging system involving two-plasmid transfection. (A) Schematic representation of the plasmids used for
the production of HCV-LP. HCV polyproteins are indicated by the open boxes. Bold lines indicate the HCV UTR. EMCV IRES is denoted by
gray bars. The firefly luciferase gene (F Luc) is depicted as a gray box. CAG, CAG promoter; Pol I P, Pol I promoter; dC, 5’ region of Core gene;
Pol I T, Pol I terminator. (B) Luciferase activity in Huh7.5.1 cells inoculated with culture supernatant from cells transfected with the indicated
plasmids. Luciferase activity is expressed in terms of relative luciferase units (RLU). The data for each experiment are averages of triplicate values
with error bars showing standard deviations. (C) Culture supernatant from cells cotransfected with pHH/SGR-Luc and the indicated plasmids were
collected 4 days p.t. The luciferase activity in Huh7.5.1 cells inoculated with culture supernatant was determined 3 days postinoculation and
expressed as relative luciferase units (RLU). The RLU was normalized according to the luciferase activity observed in the pCAG/C-NS2-
transfected sample (C-NS2), which was set at 100%. The data for each experiment are averages of triplicate values with error bars showing standard
deviations. (D) Huh7.5.1 cells were inoculated with HCVLP in the absence (—) or presence of 5 pg of anti-CD81 or anti-FLAG antibody/ml. The
luciferase activity was determined 72 h postinoculation and is expressed as relative luciferase units (RLU). The RLU was normalized to the level
of luciferase activity observed in the antibody-untreated sample (—), which was set at 100%. The data for each experiment are averages of triplicate
values with error bars showing standard deviations.

clones exhibited little to no surface expression of CD81,one of  two nonsynonymous mutations in the E1 (V293A) and E2
the key features of HCV glycoprotein-mediated infection (Fig. (I414T) regions identified in the culture supernatant of
5). Defective expression of receptor molecules might be ad- H751JFH1/Zeo cells after 4 months of passages (Fig. 6). A
vantageous in generating stable cell lines for robust production I414T mutation has also been reported after long-term prop-
of HCV. HCV-induced cytotoxicity has been reported (7, 45, agation of HCV in culture after JFH-1-RNA transfection (54).
54). Persistent HCV infection was established after electropo- This mutation is located between the hypervariable regions 1
ration of JFH-1 genomic RNA, and a variable cytopathic effect and 2 within the N terminus of E2 (51). Adaptive mutations in
was observed at the peak of acute HCV infection, as well as this region have been shown to enhance virus expansion, pre-
during the persistent phase of infection (54). A recent study sumably by enabling more efficient virus entry (6, 36, 54). A
has demonstrated that the cytopathic effect triggered by HCV possible CD81-independent mechanism for cell-to-cell trans-
RNA transfection and viral infection is characterized by mas- mission of HCV has been proposed (48, 50). However, the
sive apoptotic cell death with expression of several ER stress mechanisms governing cell-to-cell spread of HCV are not well
markers, such as GRP78 and phosphorylated elF2-a (39). understood. Further investigation into the importance of en-
Therefore, in the present study, it is likely that selective forces velope protein mutations in HCV transmission independent of
to evade cell death during high levels of HCV replication CDS81 provide a better understanding of the complex interac-
produced cell populations resistant to virus infection. As a tions required for HCV infection.
consequence, H751JFH1/Zeo cells maintained robust produc- In the present study we assessed the effects of N-linked
tion of infectious HCV particles over a long period of time glycosylation inhibitors on HCV production using H751JFH1/
without gross cytopathic effects or changes in cell morphology. Zeo (Fig. 7) and found that an a-glucosidase inhibitor NN-
Substantial evidence demonstrates that the mutation rate of =~ DNJ inhibits the production of infectious HCV, which has also
the HCV genome produced in H751JFH1/Zeo was low (Fig. 6) been observed in previous studies (43, 47). In contrast, HCV
presumably because of consistent expression of wild-type HCV production is increased in the presence of an ER a-mannosi-
RNA from the chromosomally integrated gene. Nevertheless, dase inhibitor KIF, but not in the presence of the Golgi a-man-
a considerable proportion of the genome was mutated, with nosidase inhibitors DMJ, DIM, and SWN. KIF inhibits a-man-
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nosidase I, which primarily functions to remove the middle
mannose branch from MangGlcNAc, to form MangGlcNAc,
after the removal of glucose residues by glucosidases I and II
(8, 24). Experiments to elucidate the role of mannose trimming
of N-glycans in the HCV life cycle are currently under way.

It has recently been demonstrated that subgenomic repli-
cons or defective genomes of HCV that have the potential of
translation and self-replication can be encapsidated into infec-
tious viruslike particles by frans-complementation of the viral
structural proteins (1, 17, 32, 41, 44). In these studies, the viral
RNAs were generally generated by in vifro transcription from
linearized corresponding plasmids, followed by electroporation
into the cells. Structural proteins or Core to NS2 proteins were
then provided by DNA or RNA transfection, viral-vector-
based transduction, or stable packaging cell lines established.
Here, we achieved the replicon trans-encapsidation via tran-
sient cotransfection with two DNA plasmids. This system,
which is apparently easier to manipulate and allows production
of trans-encapsidated materials more rapidly compared to the
systems published, can be applied to the study for understand-
ing phenomenon and biological significance of a variety of
naturally occurring HCV subgenomic deletion variants that
possibly circulate in hepatitis C patients.

In summary, we have established a Pol I-based reverse-
genetics system for the efficient production of infectious HCV.
This methodology can be applied to develop (i) a stable HCV-
producing cell line with a low mutation frequency of the viral
genome and (ii) a simple trans-encapsidation system with the
flexibility of genome packaging and improved biosafety. This
may be useful for antiviral screening and may assist in the
development of a live-attenuated HCV vaccine.
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IS R FERFZERT 7 4 )V A 55 5
* AT | IERER KR I R S

IS X DF 7 2 ERIIHR L 2 b DD, CEFLEY AV A (HCV) * % TIEEHELZT TH 200
TNEEI, Fx) THroORIETH, BHFE»L OFEEL, EFARILR, Sktitazdz
FHEIEELRETH S, HCVAFROSBEOMHEELZ D F LNV THLPIITH I EITLD,
IBREREOTDOF 125 FREOPRB NS, HCV 7/ 2BEEBHEICOWTIE, fF, HHES
EOVEIRIERT DS, BRFEHE T 24 2REERFIFREINTVS, 51, ATPEALL

E 7 creatine kinase B

(CKB) #*HCVHEEICFEE5 T 52 2 Al L7z, CKB I3 NS4A EAHAEfE

BLTHEROEN) 70— SNIAVF—MGICHFSTHUREZR L. Zof, RFERETRE
CTEEREAHRLOME L ERED Py 7 A% AT 5.

L BHIC

FFo, FFREZ, FSAOEZEZFEREFTH B CHFFR
7 A VA (HCV) &, #9.6 kb D—AK$HD 75 A54 RNA
I LEL, 79594 VAR (Flaviviridae) O~I%Y
% A4 WV AB (Hepacivirus) 1233 SN TWA, #3010 7
IS HHEREEAED, NNURICHEET AV TS
VNRTFF =X T FNRTF FRTF 55—, RO
ANVABENI-FTE 28O0 T7—EIlkoTT
Oty v %3, A VAKF2RETAEEEDE
(Core, El, E2) LA NAKFICE TN WIFEEEN
B (NS2, NS3, NS4A, NS4B, NS5A, NS5B) 25fEH
5. E2 0 C FKmANIE p7 TR BN DFHFET 505,
AN AKFICEEINDPIEIAETH S ),

1999 4E, ¥EEEMINLTHCV Y74/ 4 RNA 2 HEHE R
THELTY IV RTLAPRESN, 7 AEEBEOM
ZEITEES RS, E515, 20054, EUERTLBRE DS HEE

ARG
T 431-3192
ERT R X HIL 1-20-1
RN ER R AR F IR G AE 77 I
TEL: 053-435-2336
FAX: 053-435-2337
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ENJz JFHA#RD T/ 2 RNA 0 S IERG R F D3R & <
EEINDZEHPRB SN, HCV OEEREKIZET 55
FHEYFEMEI TR L & o7z,

HCV 57/ L8

CZOWEOHIZL T AV AT A F o BN
HCV O 7 7 AEBEBEICOWTE L OMRIES R,
HCV L 7Y o RNADPEETZMBOEREBE,LS,
Membranous web & FFIEN B /NatEEE T HCV 77/ 248
OB LEEINT 0L W, —F, EFH@RE»S,
NP-40 % Triton X-100 7 & DI A F > P FH & L
TARBEMEE 2 25 E (DRM £) 12 HCV 8IS 2
BENLZEIFENL® gL 2aFo— VAKEERR
A7 4 v IREERBEER T B @iz 06, HCV O
7 LAEELNIIRE 7 7 MRIEEED ST A L R
THHMBANEREINT WS L3239 —§# 1213 Membranous
web IZ/NEAHREZZ SN, IBET 7 MI/NBREICERE
LweahaZenrtb, HCVEREDES L % 5 EHEED
MRZHESPIZT A 70120, BICEHMLBITPLETH
L. WTFNIZLTS, DRMAEIZIEY A VA5 4 RNA
BHERE Lo T A FAEIMELN, EHIENLLTT
A48 RNA AR ENLERIHERET . £ LTI OBES
213, NS3 ~ NS6B o 5 fE#fH o HCV SEEEEE K U
FHBERRT > 5 2 2 HEEEGEPFLET LI VRS
NTw53228) (F1).

HCV 7/ A8 ST 2EERFLLTE, ZhET
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NS3 NS4B NS5B
NS4A  NS5A
BHEEH
47/ L\RNA
H1 HOV 4/ LSO

BEXRF
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HIL-F I

Core

5/ HARNAD#EZY

FIER SN -G EHREEMRO Y FFURTF ¥ -8, Y TFARTF FRTF Y-V RO2HEO HCV Fa 57—+
124 > TEIBF & L%, NS3, NS4A, NS4B, NS5A, NS5B EHIBMEICEE, FABERAZIYAALE CHEEEAREE
BT 5. BEBGHRPELTEREELT 2L, VA VABHMOMEERSICL Y EEEOTISBI Y, DS EIIK
END. ZOB, YVRAIN/ITIAHET 7 L RNA DSV A F A (BB TR MELNE LTI AERNATERE N
Z. &N/ L RNA & NSSA BH & DEAERI Core BHLEB LR 2 LA F v 7Y FREA L.

|2 VAP, FKBP3, Hsp90, hBind-1, FBL2, Cyclophilin B 7% &
10 BFEOEADPRIE SN TS, VAP-A/B &1 SNARE
FREH 1 NSBA, NS5B kA L, HEESEEEICE <
YEZOND D BE, VAPBORAT T4 v 7N
7 b Tdh 5B VAP-C %5, VAP-A/B & NS5B & Ofs4 % 3
ARICHETE I LI o THCVEREZIH LI B Z &
bEEaNn, $7-, NS5A LHEEHT 5 FKBPS %
hBind-1 7% &® 2 3 v <0 ¥ 3% Hep90 Z HEIE S F~ER
CEAHCVEEICEETH S I LAVR S iz 30313637
Cyclophilin B DB 522w TiE, REINHF > 7 o2 xE
) v OFFOPLHCV G OE IR T 2 dd & LTS
e o4, FBL2E7 T 2V 7 = )L{k & 1T NS5A
LA LHEBEEAKICHYATNG O LarLids,
HCV BREESEROTERERE, Wik IO TERETFIC
REENTVWES EIZE 2B\ .

CKB : Fii-ICREHEh/-HCV EREERF

FITHRAIE, BB TOFF— LTI E T, HCVHE
I AR AR LA B I RBEERTFOEREIT
ofz. Thbb, BiRD X ICHCV 7/ AW EET 5
fa @ DRM 7 CTIHEEEEPRES LI b,
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T NV Ay kAT S Huh-7 ML K OSBRI 22 5
FNEFNDRM HZFEL, FSEHL VA THSEBT
kL, V7Y a a0 DRM THREESEE IS D -
REQEEYRAE LY. 2odicx, F Y vn
VR EEAF—VTA VSIE DAL O, L, EARA
OEEE, MEBRERERREFETNA TV ZhbH0
BEHHPERICHCV OBBICEE T 20 ) pERAL
B, BHFIT 5 siRNA # L 7)) a UHllia~EA LR
P HCV RNA LRV OZEIL % i L7k R, HCV &/ 4
HEHMATEICHM LS 2 HF & L T creatine kinase B
(CKB) 2 Y% F%E L7, CKBIcoWTlt, BEF/ vy

7 O, FHEA cyclocreatine DRI, FIF ¥ bAF T
4 THROEHIFEEICE o TH HCV S, By 4 V2

BEAENIE S NS Z %R L7, creatine kinase i,
IANF =% LEETD, HOINRFIZANVF—%EK
ICHBE LT DM TO ATP OfLFE, ATP LNV O MR
BEELBRTHY, BANVT—) VEEEAERHO/ LT
FU) VB S ADP Y YRR ERE L ATP ARKICE <.
ATP DX AN F -2 LB LT BENFRILRICBNT, 7
LTF ) YEEEHKICATP OFERE LTHIHINS.
CKB i& creatine kinase D74 V7 # — L DO—FTH ) Jf

14,
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(A)

HCV replicon cells
(© Replication complex)

< siRNA (CKB or NC)
2 days

<— (digitonin
siNC siCKB

) fal

<— CKB, ATP, pCr

4h

RNA extraction &
agarose gel electorophoresis

R 2 CKB (4 HCV replicase AN # L& €% ¥

<—— ATP, GTP, CTP, 32P-UTP,
phosphocreatine, act. D

89
(B)

CKB + - - + - + - +
ATP + - + + + + - -
pCr + - - - + + + -

Huh-7 Replicon cell
(C)

siRNA NC NC CKB CKB

CKB + - - 4+

Huh-7 Replicon cell

A EIA 57 b7 arviilaE FAv7z HCV replicase assay. (B) fE L7zt 3I 4 ¥ % 7 Mlllfg (Huh7 % 7213 Replicon
cell) \ZH5%LCKB, ATP, Z L 7F ) B (pCr) #HO & ) I0FEMLEEEEZH~72. (C) L7 U 3 Hlisc CKB I
95 siRNA T3 Ty ba— )V siRNA (NC) 28 ALABEIA 77 MELA, ZRFNICCKB 20 (72133

) LRRELEME R AT L 72,

B EOEH R TEIAL TS, BIRENT &I,
CKB 13 HCV DB 8U & > TEORBATET B R
Tt waAs, HCV L 7Y I »#l#3Cld DRM 4 IC enrich
ENBIEHRENLY, $bb, HCVZJ LAHEE
LTWAHBIZ BT, CKB 28EE0filar o micE%
THHEPHI Y S B EEZ N0, KiT, CKBAS
HCVZE\ L MEMERL, #hi2 L > T CKB2SDRM ~Y
II— R END LW EERHE T TRIETTo 72, RIE
ThIEIRAT O%E R, CKB I, HCVIEEEET O ) b NS4A
CHEERTAZ L, £OMEEHICIE CKB @ C Eimfll
L NS4A O F D EETHLILDNHL P EL 72 1),
NSAA Z 54 7 3 VEERENS 2 B R Y RTF KT, FOH
$EA LT NS3 LA L NS3 | v 75 7 —BiEk
@ cofactor & LTHEEEL TWA, T/, NERGEANIEE S
ST, C RIS NS5A 0E ) »EEbIcE b 2 a2 &
HEINTWA, CKB &L OEERICEE 7 NS4A FEi51E
NS3 &L OfFECHEbLBEBIGEET A EEZ NN, &
JEILREEDER, CKB I3 NS34A &% HETARTIE R
¢, CKB-NS4A-NS3 =ZZDEAKRITMEN D 5 Z L HTR
&7z F70, NSIA L OEAE % /3B L 72 CKB TiZ,
DRM 2 EBEMMET L, HCVEEAOMBEl v v &
NENB),

S B, HHEEEE~D CKB D4 ADSHCV replicase
EHCEENEIPEFELMIT L0, LI V52 b
L7 a2 #iBg % 4 o 77 replicase assay 247072, I
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& Miyanari 52 & o THRESNAFET, V7Y a VM
e VX v B LI A ¥ 7 FIREETHCV RNA
BELrE=_y— L, HEER T L7077 —¥, E
EHEAIIE: E OB EFTT 52 LD TEL B (K 24).
t3IAF 7 ML) a HIiBIC ATP #0125 & replicase
EHEO LD LN LD, TIANELITHECKB RO
JVvTF v v (Cr) 2RINY 5 & FNEHASHE T -
AETrZedbhrolz (W2B). T/, V7Y o fifar
LCKBZ /vy LTBWwWEEIAf Yy s MIRT
13 replicase IHEIIE T 575, #Z~CKB 2Nt s &
EEOEEIEBESI N (R 2C). replicase FHN 5 5,
NS3-4A 75§ 5 ATP A7 B9 I tE RNA helicase &
TH 5D, EBRICIOFEMED CKB, pCr iRl & - TIt#
¥ 5 Z & % in vitro helicase assay THESE L7213,

PiEoR#EE D, CKB %4 L7z HCV #HE 5 E~D ATP
HHE =Y A N ZADT ) MEEEREICES L T 5 L
D7z, CKBIINS4A L OfE%E L THCV EEE SR
ANy V— &R, HCV 7/ 2SR RE BT &
ZzHhi.

HCV RFHEEBICRE T2 RE0HRA

MR AR ERRE IS EREICH WV 5 N5 [REFE AT HCV 0%
JePEh TR EE 2 R % B¢ 28 2007 412 HE 2
ENTLR, HCV M FRROSFHEICET 20581%, IE
FREDNA A0y —, ) REHEAL EORRERE &



90

SHLD LD b TS, Pl i N SR & %
OB EHEEA L2 CMBBEATEN 2IREV 2 R
%, HCV #ififao b Tk, FRF#ELICHCV X7 L
FE X7V FEEERD Core ERDVRELTEY, B
EICHERE L2 El, B2 ZE - dREEERD, BRI
Core &H & OMEAEIC & » TIRIFEEE~NEST S, 2
D & 91 L TEREE HCV RO IE i B 8RE T
WMERICHEITTHEZELLNS D) S0 13 etk
& H NS5A HERE O BB TR T IER O LB 5T
HIEERELLD, BHEEAKTHESR YA VRS
/ 2 RNA % NS5A 28383 L72%%, NS5A @ C Kisai &
Core & DHENER % /LT, ¥/ & RNA-NS5A-Core 4
HAELN D, ZHIZE Y Core I2X B RNASy r—I >
THRREBEND, EWHETLVERBLE (1), HCV
BFTERUC BT 5 NSSA DIFENIMOBIFE SV — T 5 b
HESNTVRE L,

HCV BB OMPb Y 4 VA ISHELBE (8 1.05 2
5 1.25g/mL) 2RTETHMOLENTWE, KREBEEED
HCV R Fi&, 7H)RKEA2EH M) 7Y L) FICEAT
B EY) REQ VLDL X&E LA b THEETLLO
EHEIN, 0L ZEEENTFEISVEEEYETS
ZEWF IR T—, BB TOREERTRENTY
%6142 grma 3 HOVH FREO I L A5 10—
W, A7 4 Y TREPEEEICEETHL I ER L,
VLDL D#EHREFTH B 7 R) FEHAB (apoB) RUT7HE
VREHE (apoE) 2HCV R TERICES 35 L#MEX
NTHHSE0BB) Hoy oo No—SEHOMENN
D5 apoB Y REHO 7Y 7 ) —IKEL T W
%19, apoE lZDWTIREEF/ v 7 ¥ Y12k o THCV
DHFEA~NDORAHETE, 7/ 2EHEIREL I TRV 0D
Yt HCV OREEIIFEE IR T T 52 & 18, NS5A &4
BEEETAZ R ERRBENR TS, F7-, VLDL ®
EEZETEELIz0V—A ) 7Y ) FEEBEHMH
EHNC & o TG HCV AR A BIIMF S n 5 19,

3%, HCV Ik &1 120w T NS5A BIAkic NS3, NS2
SRR FORRICEETHIEPHREEINL TS,
NS3 @ C Kl helicase $BIEAML FER IR o> TnB L
ENTws D) NS2 122w T 3 mutagenesis BT 5 IEE
SR, C R ST ERCERRBEISRE I
TV p 1H192030) (g & RBEH).

EbhWic

AvF =70y L bSFEREO#EEIZLY,
FET VETHNTWS X 512 [CRIFRE L HEI R
DELA] EE->THIHREETRVOLD ALY, L2 L
3o, BATORBEITT 2 ERE, GBI TRICHE
BFHEBRT L7 — Ak LT, {LHEEEDERBEYN R
L DED, R, BRELREORL HHEA ECHET
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(vA VA #60%

L7z, 1ERERNOE L 5T 4 O HCV F D EIFAL
PEETHL. BE, HCVFur7—+E, K1) A7 —E,
NSSA 72 ENENE &L L7bEWH 5 iz 7 o AR
CHBERL LT L HOVEREEAORENEATVS.
ARTHEANLA2E 9IS, HCV 7/ SEBERECE {fE4
BERFPREE ST, BEENFRODFHELHEL 2
CENDODHBH. INLHIFRIHHCV ERFED /20D
BRSNS,
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