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transformation produced 4.0-5.0 X 10° clones, we finally screened
4.30 ¢ 10° colonies after 10 transformations. The cDNA-containing
plasmids were recovered from the antibiotic-resistant and lacZ-positive
clones, and the sequences of the cDNA ingerts were verified, using the
pTRG forward primer (5'-CAGCCTGAAGTGAAA -3

pTRG reverse primer (5’-ATTCGTCGCCCGCCATAA-3"), by a PRISM
310 or 3100 autosequencer. For the construction of the N-terminal
Myec-tag fusion protein expression vector, a synthetic oligonucleotide
containing the Mye-tag sequence, followed by HindlII, Neol, BamHI,
Notl, and EcoRI sites as multicloning sites, was lgated into peDNA3
digested with HindIII and EcoRI to yield the plasmid peDNA/Myc. The
ecDNAs of the candidate positive clones were amplified by PCR with the
pTRG forward and reverse primers, digested with BamHI, Notl, or
EeoRI for the 5'-junction and Xhol for the 3'-junction, and then sub-
cloned into the corresponding sites of pcDNA3/Mye.

GST Pull-down Assay—The Myc-lagged protein encoded by the
cloned cDNA was synthesized by the TNT Quick Coupled Transcription/
Translation Systems (Promega) with unlabeled methionine. To con-
struct the plasmids pGEX-hIRI-3AN1-3, pGEX-hIRI-3 was digested
with Scal, Mscl, or Bglll, blunt-ended with the Klenow enzyme, and
then digested with Sacll. The 938-bp Scal-Sacll fragment, the 608-bp
Mscl-Sacll fragment, and the 350-bp Bglll-Sacll fragment were excised
and subcloned into the blunt-ended Neol site and the Sacll sile of the
pGEX-hIRF-3 plasmid, respectively. To construet pGEX-hIRF-3AC1,
the 5925-bp BgllI-Notl fragment of pGEX-hIRF-3 was blunt-ended with
the Klenow enzyme, and then self-ligated. To construet pGEX-hIRIE-
3AC2 and -ACS3, the 724-bp Neol-Mscl fragment und the 394-bp Neol-
Scal fragment were excised from pGEX-hIRF-3 and then subcloned into
the blunt-ended NotI site and the Neol site of the pGEX-hIRF-3 plas-
mid, respectively. To create a PPlase-defective mutant of CypB, both
the arginine at the 96th position and the phenylalanine at the 101lst
position of CypB were substituled by alanine, using the QuikChange
site-directed mutagenesis kit (Stratagene). To construct the Myc-cyclo-
philin A (CypA) expression plasmid, the CypA ¢cDNA was amplified by
RT-PCR using PfuUltra™ DNA polymerase and the gene-specific prim-
ers (forward 5-CGGAATTCGGCACCAGGCCATGUTCAACCCCACC-
GTGTTC-3" and reverse §-GCCGCTCGAGTCAAACTTATTCGAGTT-
GTCCACAG-3") with an amplificalion cycle of 95 C/30 s, 62 *C/30 5 and
72 °C/60 s for 25 cycles. The amplified ¢cDNA was digested with EcoRI
and Xhol, and was subcloned into the corresponding sites of
peDNA3-Mye-CypB. E. coli strain TGl was transformed with each
plasmid construct, and was grown in LB medinm to an Ago, = 0.4. After
3 h of culture tn the presence of 2 mM IPTG, for the induction of Tusi
protein synthesis, the cells were harvested by cenlrifugation, resus-
pended in one-twelfth volume of PBS(-) containing 0.5 mM phenylmethyl-
sulfony]l fluoride, and sonicated. The amount, of prolein used was ad-
justed on the basis of an SDS-PAGE analysig. The cleared lysates were
mixed with 20 pl of glutathione-Sepharoese beads for 1 h at 4°C and
subsequently were washed 3 times with DBT-0.1 dilulion buffec with
Triton X) (20 my Hepes-KOH (pH 7.9), 0.6 mm EDTA, 1 mm dithio-
threitol, 20% glycerol, 0.2% Triton X-100, 100 mym KCI. The affinity
beads were incubated with 150 pul of precleared in vitro translated
protein for 2 h at 4 °C. After washing the beads 3 times with DBT-0.4
(20 mM Hepes-KOH (pH 7.9), 0.5 mM EDTA, 1 M dithiothreitol, 20%
glycerol, 0.2% Triton X-100, 400 mM KCl), the proteins relained on the
beads were extracted in 20 pl of SDS-PAGE sample buffer and were
separated on 4-20% S5DS gradient gels (Daiichi Chemicals, Tokyo,
Japan). Proteins were detected by Western blotting with a rabbit poly-
clonal anti-Myc antibody (Cell Signaling Technology).

Immunoprecipitation—To delect the association of endogenous IRI-3
and CypB, we performed the immunoprecipitation experiment using
the human fibrosarcoma cell line, HT1080. The aliquet of cells was
pelleted by centrifugation and infected with NDV for 10 min at 37 °C,
and then a whole cell extract was prepared. An aliquot of each extract
was incubated with 5 pg of goat IgG or goal polyclonal anti-IRF-3
antibody (C-20, Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h at
4 °C. After this incubation, the protein G beads were added to the
mixture and incubated for 4 h at 4 "C. The following procedures were
the same as those used for the GS'T' pull-down described above. Proleins
were detected by Western blotling with a goat polyclonal anti-IRF-3
antibody (C-20) aud a rabbil polyclonal anti-cyclophilin B aulibody
(Affinity BioReagents. Inc.).

BNA Interference—Human fibrosarcoma H'T1080 cells were main-
tained in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, 100 pg/ml penicillin, and 50 pg/inl streplomycin
in a 37 °C incubator with 5% CO, and 100% humidily. The sense and
antisense strands of the siRNAs for CypB (5'-GGUGGAGAGCAC-
CAAGACATT-3', 5'-UGUCUUGGUGCUCUCCACCTT-3") and for
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the control (5’-ACAGAACCACGAGAGGUGGTT-3', 5'-CCACCUCU-
CGUGGUUCUGUTT-3’) were annealed according to the provider's
instructions, respectively (JBioS, Tokyo, Japan). Cells were transfected
with siRNAs using Lipofectamine 2000 (Invitrogen). In brief, 1.0 x 10°
cells/well were seeded in a 6-well tissue culture plate. After 24 h of
incubation, the medium was replaced by culture medivm without anti-
biotics. To allow the siRNA-liposome complexes to form, 5 pl of sSiRNAs
(20 pm) and 5 pul of Lipofectamine 2000 reagent were combined in 500 pul
of Opti-MEM medium and incubated at room temperature for 20 min.
This mixture was added to the cells and incubated for 24 h. The cells
were then washed twice with dilution medium (Dulbecco’s modified
Eagle’s medium containing 10% bovine serum albumin) and infected
with NDV by the addition of 100 pl of allantoic fluid from NDV-infected
chicken eggs (1000 hemagglutinin units/ml) for 1.5 h. After washing
twice with complete medium (Dulbeceo’s modified Eagle’s medium sup-
plemenied with 10% fetal bovine serum, 100 pg/ml penicillin, and 50
1g/ml streptomycin), the cells were further incubated in complete me-
dium for 10.5 h before harvesting for extract preparation.

Preparation of Whole Cell Extracts—The cells were washed with
ice-cold phosphate-buffered saline(—) and then scraped and suspended
in 400 l of cell lysis buffer (50 mM Tris-HC1 (pH 8.0), 120 mM NaCl,
0.5% Novidet P-40, 10% glycerol, 2 mm NazVO,, 10 mM NaF, 0.2 mM
phenylmethylsulfonyl fluoride). The cells were lysed by vortexing
briefly, and the lysates were incubated on ice for 10 min. The whole cell
extracts were recovered after centrifugation at 15,000 rpm for 10 min at
4°C.

Western Blotting—The procedures were the same as those used in
the GST pull-down experiiment described above. The antibodies used
were the goat polyclonal anti-IRF-3 antibody (C-20), the mouse mono-
clonal anti-IRF-3 Ser(P)-396 antibody (HIS5133, a gift provided by Drs.
J. Hiscott and M. Servant, McGill University), the rabbit polyclonal
anti-cyclophilin B antibody, and the mouse monoclonal anti-actin anti-
body (Chemicon).

Native PAGE Assay—The native PAGE assay was performed by
using 7.5% polyacrylamide gels (Daiichi Chemicals). The gel was pre-
run in a running buffer containing 25 mM Tris and 192 mM glycine, with
and without 1% deoxycholate in the cathode and anode chambers,
respeclively, for 30 min at 40 mA. Aliquots of whole cell extracts were
diluted in native sample buffer (62.5 M Tris-HC1 (pH 6.8), 15% glyc-
erol, and 1% deoxycholate), applied to the gel, and electrophoresed for
60 min at 25 mA. Immunoblotting was performed as described above.
Proteins weve detected by Western blotting with. a goat polyclonal
anli-IRF-3 antibody (C-20) or a rabbil polyclonal anti-IRF-3 Ser(P)386
antibody (IBL).

Electrophoretic Mobility Shift Assay—To examine the binding of
TRF-3 to the IFN-B promotor, an electrophoretic mobility shift assay
wag performed using whole cell extracts from siRNA-transfected and
NDV-infected or -uninfected HT1080 cells. The extracts were incubated
in a veaction buffer (26 mM Tris-HCU (pH 8.0), 60 mM NaCl, 0.25%
Nonidet P-40, 5% glycerol, 1 mM NazVO,, 5 mm Nal, 1 mm dithiothre-
itol, 100 mg/ml poly(dIl-dC)). After a 30-min incubation on ice, ~10,000
epm of a 32P-labeled double-stranded cligonucleotide containing the
ISRE sequence of the 1SG15 gene (6-GGGAAAGGGAAACCGAAACT-
GAA-3") were added to the reactions, which were then incubated for an
additional 30 min at 25 °C. The reactions were further incubated with
an anti-IRF-3 antibody (C-20) or an anti-CBP antibody (A-22X) (Santa
Cruz Biotechnelogy) for 30 min at 25 °C. The binding reactions were
mixed with 1 ul of loading buffer (0.1% bromphenol blue in the same
buffer used for the binding reactions) and then were electrophoresed on
a nondenaturing 4% polyacrylamide gel with 0.5 X TBE (Tris borate-
EDTA) at 200 V for 2 h. The gel was dried and analyzed by an image
analyzer, BAS5000 (Fuji, Tokyo).

Chromatin Immunoprecipitation Assay—HT1080 cells were mock- or
NDV-infected for 12 h and then treated with formaldehyde to cross-link
the proteins bound Lo DNA. The cross-linked proteins were purified and
immunoprecipitated with the anti-IRF-3 antibody (C-20). After reversal
of the cross-linking, the DNA was amplified using primers for the
I8G15 promoler (5"-TTTTCCCTGTCTTTCGGTCATTCG-3', 5'-TAT-
TATAAGCCTGAGGCACACACG-3") with an amplification cycle of
94 °C/| roin, 55 *C/1 min, and 72 °C/2 min for 30 cycles.

Enzyme-linked Immunosorbent Assay for IFN-—The amounts of
human IFN-8 in the culture medium supernatants before and after
NDV infection were quantified with a human interferon- enzyme-
linked immunosorbent assay kil (R&D Systems). Data are expressed as
the mean = 8.D. Differences among groups were examined for stabis-
tical significance using one-factor analysis of variance (Bonferroni/
Dunn). A p value < 0.05 denoted the presence of a statistically signif-
icant difference.
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RESULTS

Isolation of Putative IRF-3-binding Proteins by the Bacterial
Two-hybrid Screening—To isolate the protein(s) that associate
with IRF-8, we performed a screening by a bacterial two-hybrid
system (16, 17). The bait was fused to the full-length bacteri-
ophage A repressor protein (Ael), whereas the corresponding
target protein was fused to the N-terminal domain of the e-sub-
unit of RNA polymerase. When the bait and target interact,
they recruit and stabilize the binding of RNA polymerase at the
promoter and activate the transcription of reporter genes, the
carbenicillin-resistance and the g-galactosidase genes. In addi-
tion, this system offers the ability to detect an interaction
between a pair of protein domains with an equilibrium disso-
ciation constant in the high nanomolar range. In the present
study, we used IRF-3 as the bait and a human HeLa cell cDNA
library as the target. We obtained 272 antibiotic-resistant and
lacZ-positive clones from 4.30 X 10° sereened clones. To iden-
tify the protein encoded hy the candidate positive clones, the
nucleotide sequence of each clone was determined. Among the
clones obtained, only 25 clones encoded in-frame fusion pro-
teins to the Ael repressor. These clones were used in a search
for homology in the NCBI data base. The ¢cDNA fragments of
the positive clones were subcloned into an expression vector to
produce N-terminally Myc-tagged fusion proteins. However, we
obtained in vitro coupled transcription/translation products
from only 13 of 25 clones. For these 13 clones, we performed a
GST pull-down assay to confirm their binding activities to
IRF-3. Only clone A25 (cyclophilin B) showed specific hinding
to IRP-3 (data not shown). Therefore, we concentrated our
efforts on the interaction between IRF-3 and CypB.

Mapping the IRF-3 and Cyclophilin B Interaction Do-
mains—To confirm the specificity of the interaction between
IRF-3 and CypB, we examined which region of TRF-3 is impor-
tant for binding to CypB. A GST pull-down assay was per-
formed with a series of IRF-3 deletion mutants fused to GST
and in vitro translated full-length CypB (Fig. 14). As men-
tioned above, CypB bound to GST-IRF-8 but not to GST alone
(Fig. 1B, lanes 8 and 2). The deletion of the N-terminal DNA-
binding domain somehow enhanced the binding of CypB (Fig.
1B, lane 4), whereas further removal of the nuclear export
signal and the proline-rich region reduced the affinity to CypB
(lane 5). Unexpectedly, the deletion of the TAD restored the
interaction potential of IRI-3 to CypB (Fig. 1B, lane 6). When
we removed the C-terminal 296 residues from 1RF-3, the inter-
action with CypB was not detected (Fig. 1B, lane 9). It is
noteworthy that the mutants AN3 and AC1 do not share any
regions of TRF-3 but still exhibited the CypB binding, suggest-
ing that TRF-8 has multiple sites for CypB binding. Further-
more, the JAD seems to have an inhibitory effect on the bind-
ing, as the binding of AN2 is weaker than that of ANS, the
construct lacking two thirds of the JAD from AN2. We did not
perform a GST pull-down analysis with GST-CypB to detect the
binding with IRF-3, because the GST-CypB expression plasmid
failed to produce a detection level of the protein in E. cofi.

Next, we examined the regions of CypB required for the
interaction with IRF-3. Because CypB is a rather small protein
(208 amino acids), even a small deletion drastically destabi-
lized the mutant. forms of the protein (data not shown). Thus,
we tested whether the PPlase activity of CypB, a well known
biological activity of the protein, was required for the binding to
IRF-3. For this purpose, arginine 96 and phenylalanine 101 in
the PPlase domain of CypB were substituted with alanines by
site-directed mutagenesis (Pig. 1C). As shown in Fig. 1D, the
PPIase mutant, did not bind to IRF-3 (lane 9). In addition, we
found that cyclophilin A (CypA), the most abundant eyclophilin
in vivo, could not bind to IREF-3 (lane 3).
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I'ig. 1. Mapping the interaction domains of IRF-3 and CypB. A,

schematic representalion of IRF-3 deletion mutants. Structures of wild
type (lop) and deletion mutants (AN1-3 and AC1--3) of IRF-3 are shown,
Locations of functional domains are indicated. DBD, DNA-binding do-
main; NES, nuclear egport signal; Pro, proline-rich region; IAD, inler-
feron-associated domain. B, GST pull-down assay between IRF-3
mutants and CypB. Input, 5% of in vitro translated Mye-tagged CypB
was included in the binding reactions. GS7, GST protein only (not
3ST fusion of IRF-3 truncated 131 residnes from the N terminus;
ANZ, GST fusion of IRF-3 truncated 241 residues from the N termi-
nus; AN3, GST fusion of IRF-3 truncated 328 residues from the N
terminus; ACI, GST fusion of IRF-3 truncated 99 residues from the C
terminus; AC2, GST fusion of TRF-3 truncated 186 residues from the
C terminus; AC3, GST Tusion of TRF-3 truncated 296 residues from
the C terminus. C, schematie representation of cyclophilin B PPlase
mutants. The wild type CypB structare (fop) is shown. The amino acid
sequence of the wild type CypB and the mutated residues are shown.
CsA, Cyclosporin A. D, GST pull-down assay between CypB, CypB
PPlase mutant, or CypA and wild type IRF-3. Imput, 6% of in vitro
translated Mye-tagged CypB, Mye-tagged CypB PPlase mutant, or
Mye-tagged CypA was included in the binding reactions, respectively.
GST, GST protein only (not fused with IRF-3);, IRF-3, GST-fusion of
wild type IR¥-3 protein. The solid and empty arrowheads indicate CypB
and CypA, respectively. E, eo-immunoprecipitation assay to deteel an
endogenous associalion between TRF-3 and CypB in vivo. Whole cell
lysates prepared from cells, either mock-infected or NDV-infected for 10
min, were used as theinputl. IgG, lysates incubated with goat [gQ (lanes
1 and 3) IP, lysates incubated with goat. polyclonal anti-IRF-3 antibody
(C2-20) (Janes 2 and 4). IB, immunoblot. The data are representative of
three independent experiments.

Then, we examined the interaction between IRF-3 and CypB
in vivo. The viation of endogenous IRF-3 and CypB was
detected when an anti-TRF-3 antibody was used for the precip-
itation of an extract prepared 10 min after NDV infection (Fig.
1E, lane 4) but not 30 min after the infection (data not shown).
On the other hand, the available anti-CypB antibodies could

—143—



18358
NDV - -+
alRNA = it CypB. — caeat Cy

PARF.3
(90008} 57

i 2 3 4 6 6

Fic. 2. Cyclophilin B knockdown inhibits virus-induced IRF-3
phosphorylation. HT1080 cells were mock-transfected (Janes 1 and 4)
or transfected with control siRNA (lanes 2 and 5) or CypB siRNA (lanes
3 and 6), respectively, followed by mock infection (anes 1-3) or infection
with NDV for 12 h (lanes 4-6). Whole cell extracts were prepared and
subjected to immunoblotting using the anti-IRF-3 (C-20) antibody (first
panel), the anti-IRF-3 Ser(P)-396 antibody (second panel), the anti-
CypB antibody (third panel), or the anti-actin antibody (fowrth panel).
The solid and empty arrowheads indicate the phosphorylated IRF-3 and
the unphosphorylated {RF-3, respectively. The dala are representative
of three independent experiments.

not precipitate the endogenous IRF-3 with CypB, even 10 min
after the infection. We also tried to characterize the binding
domains of IRI-3 with CypB by using mutant IRF-3 expression
plasmids. Unfortunately, the IRF-3 expression was inhibited
when the CypB plasmid was introeduced simultaneously. This is
consistent with previous reports that CypB may participate in
inducing the degradation of exogenously introduced DNA (18,
19).

Cyclophilin B Is Required for Virus-induced Phosphorylation
of IRI-3—To examine the physiological roles of CypB in the
IRI-3 function, we performed RNA interference experiments to
knock down CypB in vive and then examined the biochemical
activities of TRF-3 after NDV infection. As shown in Fig. 2, the
expression of CypB was almost completely suppressed by the
specific siRNA interference (lunes 2 and 6, third panel). NDV
infection in the mock- or control siRNA-transfected cells re-
sulted in a mobility shift of IRF-3, which reflected the C-
terminal phosphorylation of IRF-3 (Fig. 2, lanes 4 and 5, first
panel) (9, 20). However, IRF-3 showed an intermediate mobil-
ity in. CypB siRNA-transfected/NDV-infected cells (Fig. 2, lane
6, first panel). When the same blot was reprobed with an
antibody that specifically recognized a phosphorylated form of
TRF-3 (21), we found that the amounts of phosphorylated TRF-3
(phosphorylated Ser-896) were reduced in the CypB siRNA-
transfected cells, as compared with the mock- or control siRNA-
transfected cells (Fig. 2, compare {anes 6 with lanes 4 and 5,
second panel). These resulls strongly suggest that the knock-
down of CypB resulted in the defect in IRI-3 phosphorylation
by virus infection.

The Cyclophilin B Knockdown Inhibited Virus-induced
IRF-3 Dimerization—1It is known that the phosphorylation of
IRF-3 is prerequisite for the dimerization of IRF-3 (7, 20). We
thus examined the virus-induced dimerization of IRF-3 in
siRNA-transfected cells. To do this, we used the native PAGE
assay that sensitively detects the difference between the mon-
omer and dimer forms of TRF-3 (22). IRF-3 existed as a mono-
mer in the mock-, control siIRNA-, and CypB siRNA-transfected
cells in the absence of NDV infection (Fig. 3, lunes 1-3). Upon
viral infection, the monomer signals were reduced, but newly
formed dimer signals were detected in the mock- and control
siBNA-transfected cells (Fig. 3, lanes 4 and 5). However, sig-
nificant amounts of the IRF-3 monomer still remained in the
CypB siRNA-transfected/NDV-infected cells (Fig. 3, lane 6).
These results clearly ndicated that the specific knockdown of
CypB by RNA interference inhibited the TRF-3 dimer formation
induced by viral infection. The importance of CypB was again
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FiG. 3. Cyclophilin B knockdown inhibits viras-induced IRF-3
dimerization. Whole cell extracts were prepared as described in Fig. 2
and were analyzed by native PAGE followed by immunoblotting with
the anti-IRF-3 (C-20) antibody (upper panel) and the anti-IRF-3 Ser(P)-
386 antibody (lower panel). The solid and empty arrowheads indicate
the monomer and the dimer of IRI-3, respectively. The data are repre-
sentative of three independent experiments.

demonstrated in the phosphorylation of Ser-386, which is the
critical residue in IRF-3 activation (23). CypB siRNA-trans-
fected/NDV-infected cells failed to phosphorylate Ser-386 (Fig.
3, panel 2, lune 6).

The Cyclophilin B Knockdown Inhibited IRF-3 Binding to the
ISRE and Association with CBP—Phosphorylated IRF-3 un-
dergoes homodimerization (6, 7) and associates with the coac-
tivators CBP/p300 (6, 9). The holocomplex has the ability to
specifically recognize the target DNA sequence, called the
ISRE (5, 8, 9). We examined the effects of CypB on IRF-3 in
terms of the DNA binding to the ISRE and the assaciation with
the CBP/p300 coactivator, using electromobility shift assay. In
the absence of NDV infection, no DNA-protein complex was
observed in the mock-, control siRNA-, and CypB siRNA-trans-
fected cells (Fig. 4, lanes 1, 6, and 11). NDV infection induced
the formation of a DNA-protein complex bound to the ISRE of
the ISG15 gene in the mock- and control siRNA-transfected cell
extracts (Fig. 4, lunes 2 and 7). The addition of specific anti-
bodies against IRF-3 to the binding reactions reduced the
amount of the complex band and the induction of supershifted
bands, indicating that the complex contained IRF-3 (Fig. 4,
lanes 3 and 8). The addition of specific antibodies against CBP
to the binding reactions reduced the amount of the complex but
did not induce the formation of supershifted bands, indicating
that complex formation was partly blocked by the antibody
(Fig. 4, lunes 4 and 9). This is consistent with the previous
result that CBP/p300 is involved in the holocomplex of IRF-3
(6-9). However, the knockdown of CypB severely impaired the
DNA binding activity of IRF-3 (Fig. 4, lane 12). Thus, the
inhibition of CypB also resutted in reduced holocomplex forma-
tion, which is required for the target gene activation by IRF-3.
A chromatin immuneprecipitation analysis showed the in vive
binding of IRF-3 to the I8G15 promoter in NDV-infected cells
(Fig. 4B, lane 8) but not in uninfected cells (Fig. 4B, lane 2).
When NDV-infected cells were pretreated with CypB siRNA,
the binding was significantly reduced, and no band was de-
tected after 30 PCR cycles (Fig. 4B, lane 12), although a band
was visible after 40 cycles (data not shown). The control siRNA
could not reduce the binding (Fig. 4B, lane 10).

The Cyclophilin B Knockdown Reduced IFN-B Production by
Newcastle Disease Virus Infection—Finally, we examined the
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T1G. 4. Cyclophilin B knockdown inhibits IRF-3 binding to the
ISRE and association with CBP. A, whole cell extracts were pre-
pared as described in Fig. 2, and were subjected to electromobility shift
assay, using the ISRE of the ISG15 gene as a probe, in the absence
(lanes 1,2; 6,7, 11, and 12) or presence of the anti-IRF-3 (C-20) antibody
(lanes 3, 8, and 13), the anti-CBP antibody (Ab) (lane 4, 9, and 14), or
control (cont) IgG (lanes 5, 10, and 15). The arrowhead indicates the
{RF-3-containing complex. The asterisk indicates the bands super-
shifted by the anti-IRF-3 antibody. B, chromatin immunoprecipitation
assay to assess the amounts of IRF-3 bound to [SG15 promoter. M,
marker; P, positive control of genomic DNA. Whole cell extracts pre-
pared as described in Fig. 2 were snbjected to the assay, using the
promoter region of the ISG15 gene as primers. Tach extract was im-
munoprecipitated with the control IgG (C) (lanes 1,3, 5, 7, 9, and 11) or
the anti-IRF-3 (C-20) antibody (anes 2, 4, 6, 8, 10, and 12). The data are
representative of three independent experiments.

effect of CypB on the regulation of IFN-8 production. The
amount of IFN-8 in the culture medium was assayed by en-
zyme-linked immunosorbent assay, before and after NDV in-
fection. The virus infection induced a more than 25-fold acti-
vation of JFN-8 in the moeck- and the control siRNA-transfected
cells. The CypB-siRNA treatment caused a severe defect in the
viral-dependent activation of IFN-8. (Fig. 5). These results
indicate that CypB is required for the efficient activation of
IFN-8 production upon viral infection.

DISCUSSION

We have described a novel interaction between IR[-3 and
CypB. The present in vitro analysis suggests that autoinhibi-
tion domain of IRF-3 and the catalytic domain bearing the
peptidyl-prolyl isomerase activity of CypB are required for the
interaction.

CypB, a member of the cyclophilins, possesses a cis-trans
peptidyl-prolyl isomerase activity (15). Via their PPlase activ-
ity, eyclophiling facilitate protein folding and have beent shown
to contribute to the maturation and trafficking of several pro-
teins (24). Furthermore, cyclophilins regulate signal transdue-
tion cascades, as revealed by their modulation of transforming
growth factor-$ signaling and the transactivation of c-myh and
IRF-4 (25, 26). Among the c¢yclophilins, CypB is distinguished
from the others by the presence of an endoplasmic reticulum-
directed signal sequence (15). However, CypB is found not only
in the endoplasmic reticulum but also in the extracellular space
and the nuecleus (15). CypB has been reported to interact with
prolactin. The proximal action of prolactin is mediated by its
cell surface receptor. PRL activity, however, is also associated
with the internalization and translocation of this hormone into
the nucleus. To retrotransport it to the nucleus, and to poten-
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Fi. 5. Cyclophilin B knockdown reduces IFN-8 production by
Newcastle Disease Virus infection. HT'1080 cells were mock-trans-
fected, or transfected with control siRNA or CypB siRNA. After 24 h,
the cells were infected with NDV for 12 h. The supernatants before and
after NDV infection were analyzed by an IFN-3 enzyme-linked immu-
nosorbent assay. The results shown are the averages of three independ-
ent experiments, with 5.. bars. The asterisk indicates a p value < 0.05.

cont

tiate prolactin-induced proliferation, the interaction with CypB
with its PPlase activity is essential (27, 28). Similar to the
interaction with prolactin, the PPLase domain of CypB is re-
quired for IRF-3 binding in a GST pull-down assay. We also
found that retaining either one of the autoinhibition domains of
IRF-3 is required for the binding. Previously, Mamane et al.
(29) reported the interaction between IRF-4, a member of the
IRFs, and FKBP52, another member of the immunophilins.
They demonstrated that TRF-4 would not co-immunoprecipi-
tate with FKBP52 unless the C-terminal autoinhibition do-
main of IRF-4 was removed. This observation raises the possi-
bility that the interactions of immunophiling with IRIF family
proteins are sengitive to the conformations or the ternary strue-
tures of [RFs.

As demonstrated by our RNA interference analysis, the spe-
cific knockdown of CypB in vive resulted in the inhibition of
virus-induced IRF-3 activation. This was confirmed at multiple
steps, including phosphorylation, dimerization, DNA binding,
coactivator binding, and IFN-g-induction. If the phosphoryla-
tion of TRF-3 is a prevequisite for the following events after the
virus-induced activation of IRIP-3, then it is likely that CypB is
involved in the phosphorylation reaction of IRF-3. The early
involvement of CypRB is supported by the notion that the in vivo
association of CypB with IRF-3 was only detected 10 min after
the infection but not after 30 min. At present, it has been
reported that the C-terminal phosphorylation of TRF-3 is me-
diated by I«B kinase-e and TANK-binding kinase 1 (10, 11).
The mutagenesis of IRF-3 revealed key residues for virus-
tnduced activation. Substitutions of the serine residues at 385
or 386 to alanine, glutamic acid, or aspartic acid made the
molecule unresponsive to stimuli (7, 21). Substitutions of other
serine/threonine residues, present at positions 396, 398, 402,
404, and 405, to aspartic acid made IRF-3 constitutively active
(20). Recently, Servant et al. (21) identified Ser-396 and Ser-
398 as the minimal phosphorylation sites critical for activation,
based on their observation thal S396D and S3961/S398D) are
constitutively active. More recently, Mori et al. (23) identified
Ser-386 as the target of IRF-3, using an antibody that specifically
detects the phosphorylation of Ser-386. As protein kinases are
often associated with, in addition to their regulators, molecular
chaperones that sometimes need to exert their specificity for the
substrates, it is interesting to speculate that CypB associates
with the IRF-3 kinases, IxB kinase-e and TANK-binding kinase
1, in a similar manner. Although it will be important in the
future to determine whether it is the CypB binding, catalytic
activity, or hoth that is responsible for its effect on IRF-3, our
results indicate that CypB plays a significant role in modulating
[I"N-B gene expression via its interaction with IRF-3.
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Hepatitis C virus (HCV) genomic sequences are known to vary widely among HCV strains, but to
date there have been few reports on the genetic variations and dynamics of HCV in an experimental
system of HCV replication. In this study, a genetic analysis of HCV replicons obtained in long-term
culture of two HCYV replicon cells (50-1 and 1B-2R1), which were established from two HCV
strains, 1B-1 and 1B-2, respectively, was performed. One person cultured 50-1 cells for

18 months, and two people independently cultured 50-1 cells for 12 months. 1B-2R1 cells were
also cultured for 12 months. The whole nucleotide sequences of the three independent replicon
RNA clones obtained at several time points were determined. It was observed that genetic
mutations in both replicons accumulated in a time-dependent manner, and that the mutation rates of
both replicons were approximately 3-0 x 10”° base substitutions/site/year. The genetic diversity of
both replicons was also enlarged in a time-dependent manner. The colony formation assay by
transfection of total RNAs isolated from both replicon cells at different time points into naive HuH-7
cells revealed that the genetic mutations accumulating with timeé in both replicons apparently
improved colony formation efficiency. Taken together, these results suggest that the HCV replicon
system is useful for the analysis of evolutionary dynamics and variations of HCV. Using this replicon
cell culture system, it was demonstrated further that neither ribavirin nor its derivative mizoribine
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accelerated the mutation rate or the increase in the genetic diversity of HCV replicon.

INTRODUCTION

Hepatitis C virus (HCV) infection frequently causes chronic
hepatitis (Choo er al, 1989; Kuo et al, 1989), which
progresses to liver cirrhosis and hepatocellular carcinoma
(Ohkoshi et al.,, 1990; Saito et al., 1990). HCV belongs to the
family Flaviviridae, whose genome consists of a positive-
stranded RNA molecule of 9-6 kb and encodes a large
polyprotein precursor of about 3000 aa residues (Kato et al.,
1990a; Tanaka et al., 1995). This polyprotein is processed by
a combination of the host and viral proteases into at least 10
proteins: the core, envelope 1 (E1), E2, p7, and non-
structural protein 2 (NS2), NS3, NS4A, NS4B, NS5A and
NS5B (Grakoui et al, 1993; Hijikata et al, 1991, 1993;
Mizushima et al, 1994). These HCV proteins not only
function in virus replication but may also affect a variety
of cellular functions, including gene expression, signal

Supplementary material is available in JGV Online.

transduction and apoptosis (Bartenschlager & Lohmann,
2000; Kato, 2001).

The most characteristic feature of the HCV genome is its
remarkable genetic diversity and variation. To date, more
than 50 HCV genotypes have been identified worldwide
(Bukh et al, 1995; Simmonds, 1995; Tokita et al., 1996).
Each of these genotypes shows more than 20 % difference at
the nucleotide level and more than 15 % difference at the
amino acid level compared with any of the other genotypes,
although the 5’ untranslated regions (5" UTRs) and core
protein-encoding regions are highly homologous among the
50 genotypes (homology of >90 %). Comparisons of HCV
genomes that belong to a single genotype have revealed
5-8 % diversity in nucleotide sequences and 4-5 % diversity
in amino acid sequences (Kato et al., 1990b; Kato, 2001). An
analysis of the genetic diversity among the HCV genomes in
an individual revealed that the diversity in nucleotide
sequences averaged 0'9%, and distributed throughout
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the genome except in the 5° UTR (Tanaka et al, 1992).
This so-called ‘quasispecies’ nature of the HCV genome
has generally been observed in a single patient with
chronic hepatitis C (Kato et al, 1992; Martell et al,
1992). This remarkable genetic diversity of the HCV genome
suggests that HCV frequently causes mutations of the viral
genome.

To date, two groups have estimated the mutation rate of the
HCV genome using specimens from a chimpanzee (interval
of 8 years) and a patient (interval of 13 years) infected with
HCV (Ogata et al, 1991; Okamoto et al, 1992). They
estimated that the mutation rate of the HCV genome was
1:4-1-9 x 107> base substitutions/site/year; however, it is
not clear whether this value indicates the actual mutation
rate of the HCV genome, because complicated quasispecies
are generally observed in patients or chimpanzees infected
with HCV in vivo. On the other hand, Major et al. (1999)
used chimpanzees that received intrahepatic inoculation
with a full-length HCV RNA, and they estimated that the
mutation rate of the HCV genome was 1-5x 10> base
substitutions/site/year. However, such experiments on HCV
replication in humans are ethically problematic. Thus, there
have been few reports on the genetic variations of HCV in an
experimental system of HCV replication because of the lack
of reproducible and efficient HCV proliferation in cell
culture (Kato & Shimotohno, 2000).

In 1999, an HCV replicon system carrying autonomously
replicating HCV subgenomic RNA containing the NS3-
NS5B regions derived from the strain Con-1 was first
established by using a human hepatoma cell line, HuH-7
(Lohmann et al, 1999). Since then, several additional
replicon systems have been established (Ali et al, 2004;
Blight et al., 2000, 2003; Ikeda et al., 2002; Kato et al., 2003a;
Pietschmann et al., 2002; Zhu et al, 2003). In these systems,
replicated HCV RNAs were detected by Northern blot
analysis and the HCV proteins, which were produced, were
detected by Western blot analysis. Therefore, HCV replicon
systems are thought to be useful for the analysis of genetic
variations and dynamics of HCV.

Recently, we also established two HCV replicons (50-1 and
1B-2R1) derived from two HCV strains, 1B-1 and 1B-2,
respectively, using HuH-7 cells (Kato et al., 2003b; Kishine
et al., 2002). The nucleotide sequences of the NS3-NS5B
regions in the 50-1 replicon showed differences of 8:1%
from those in the 1B-2R1 replicon (Kato et al, 2003b),
although both HCV strains belonged to genotype 1b. In
order to understand the genetic variations and dynamics of
HCV, we performed genetic analysis of HCV replicons
obtained in long-term culture of 50-1 and 1B-2R1 replicon
cells (termed 50-1 and 1B-2R1 cells, respectively). Here, we
show that the accumulation of genetic mutations and the
acquisition of the genetic diversity among HCV replicons
are time dependent. In addition, we evaluated the effect of
ribavirin and mizoribine on the genetic variations and
dynamics of HCV replicons.

METHODS

Cell cultures. 50-1 and 1B-2R1 cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum and 300 pg G418 (Geneticine; Invitrogen) mi~). The HCV
replicon cells were known to possess the G418-resistant phenotype,
because neomycin phosphotransferase (Neo®) was produced by the
efficient replication of HCV replicon in the cells. Therefore, when an
HCYV replicon is excluded from the cells or its level is decreased, the
cells are killed by the presence of G418. 50-1 cells were also cultured
in the presence of 5 or 25 uM ribavirin (Sigma) or 25 uM mizori-
bine (Sigma). In general, these replicon cells were passaged every
4 days.

Northern blot analysis. Total RNA from the cultured cells were
prepared using an RNeasy extraction kit (Qiagen). Total RNA
(3 ug) was used to detect the HCV replicon RNA and f-actin
mRNA. Northern blotting and hybridization were performed as
described previously (lkeda et al, 2002; Kato et al, 2003b). A
digoxigenin-labelled, negative-sense RNA probe complementary to
the NS5B region (positions 8935-9374 of the HCV genome) was
used for the detection of the replicon RNA. A f-actin specific
digoxigenin-labelled antisense RNA probe was used to check the
amount of RNA. The synthetic RNA transcribed from pNSS1IRZ2RU
(Kato et al, 2003b) (10° and 107 genome equivalents spiked
into normal cellular RNA) was used to compare the level of
replicon RNA. An RNA ladder (Invitrogen) was also used to mark
the molecular length.

Western blot analysis. The preparation of cell lysates, SDS-PAGE
and immunoblotting analysis with a PVDF membrane were per-
formed as described previously (Hijikata et al, 1993; Naganuma
et al, 2000). The antibodies used to examine the expression levels of
HCV proteins were those against NS3 (Novocastra Laboratories)
and NS5B (a generous gift from M. Kohara, Tokyo Metropolitan
Institate of Medical Science, Japan). Anti-f-actin antibody (AC-15;
Sigma) was also used to detect f-actin as an internal control.
Immunocomplexes on the membranes were detected by enhanced
chemiluminescence assay (Renaissance; Perkin-Elmer Life Sciences).

RT-PCR. To amplify HCV RNA RT-PCR was performed as
described previously (Kato et al, 2003b). Briefly, the total RNA
(2 pg) obtained from the replicon cells was used as a template for
reverse transcriptase using SuperScript II (Invitrogen). PCR using
proofreading KOD-plus DNA polymerase (Toyobo) was performed
separately in two parts; one part covered the 5° UTR to the amino
terminal of the NS3 region, and the other part covered the NS3
region to the NS5B region. The PCR yielded a 2033 bp fragment for
the former part and a 6107 bp fragment for the latter part.

C¢DNA cloning and sequencing. The PCR products were sub-
cloned into the Xbal site of pBR322MC (Kishine et al., 2002), which
was derived from pBR322 and contained the multiple cloning site of
pUCIY, as described previously (Kato et al, 2003b). Plasmid inserts
were sequenced in both the sense and antisense directions by using
Big Dye terminator cycle sequencing on an ABI PRISM 310 genetic
analyser (Applied Biosystems).

Molecular evolutionary analysis. Nucleotide sequences of the
clones obtained by RT-PCRs from 50-1 and 1B-2R1 cells were ana-
lysed by the neighbour-joining analysis using the program GENETYX-
MAC (Software Development).

RNA transfection and selection of G418-resistant cells. RNA
transfection into Huh-7 cells was performed by electroporation as
described previously (Lohmann er al, 1999). Briefly, total RNA
(80 pg) isolated from the replicon cells was electroporated into
5% 10° HuH-7 cells, and then 1 x10° or 3 x 10° cells were seeded
into a 10 cm diameter dish. After 48 h, G418 was added to
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0-3 mg ml~', and the medium was changed twice per week. After
3 weeks, the colonies obtained on the culture dish were stained with
Coomassie brilliant blue as described previously (Naganuma et al,
2004).

RESULTS

Efficient replication of HCV replicons is
maintained in long-term cell culture

In order to prepare the specimens for the genetic analysis of
50-1 and 1B-2R1 replicons, three people independently
cultured 50-1 cells; one person cultured for 18 months (M)
(K cell culture line; MK) and the two people cultured for
12 months (D and N cell culture lines; MD and MN), and
one person cultured 1B-2R1 cells for 12 months. Using the
specimens obtained at several time points (after 0, 4, 6, 12
and 18 months in culture), the levels of replicon RNAs and
HCV proteins were examined by Northern and Western blot
analyses, respectively. As shown in Fig. 1(a), replicon RNAs
approximately 8 kb long were detected in all specimens
except those from the cured cells, from which the replicons
had been eliminated from the replicon cells by treatment
with interferon-«. The number of copies of replicon RNAs
in total RNA (each 3 pg) extracted from the replicon cells
was estimated to be in the range of 107 to 10® by comparing
these replicon RNAs with replicon RNA synthesized in vitro.
The NS3 and NS5B were also detected in all specimens
except those from the cured cells (Fig. 1b). The expression

levels of replicon RNAs and HCV proteins differed some-
what among these specimens, and no strong quantitative
relationship between replicon RNA and HCV proteins was
observed (Fig. 1). These results suggest that the stability of
replicon RNA or HCV proteins produced from the replicon
RNA, or the efficiency of translation, changes during the
periods of cell culture. In summary, we demonstrated that
the replication efficiencies of the 50-1 and 1B-2R1 replicons
remained high under the G418 selection pressure.

Sequence analysis of the 50-1 and 1B-2R1
replicon RNAs

To clarify the genetic variations and diversities of the
replicons during the period of cell culture, we carried out
sequence analysis of 50-1 and 1B-2R1 replicon RNAs
obtained at several time points in the cultures of both
replicon cells. Two separate RNA fragments (one was 2-0 kb
in length, containing the 5' UTR to the amino-terminal of
the NS3 region; the other was 6-1 kb in length, containing
the NS3 to NS5B regions) were amplified by RT-PCR, and
three independent clones of each were sequenced after
subcloning into pBR322MC, as described previously (Kato
et al., 2003b).

Genetic variations of 50-1 and 1B-2R1 replicons
during long-term cell culture

The determined nucleotide sequences of the 50-1 and
1B-2R1 replicon RNAs were compared with those of the

(a) 50-1

1B-2R1 RNA

OM 4MK BMK 6MN 6MD 12MK 12MN 12MD 18MK Cured OM  6M

HCV

12M Cured 107 108

akb

p-Actin | €55 €0 €5 ve 450 G 455 60 8 wew 9 09 0 &9 B0 bes 210

(b) 50-1

1B8-2R1

OM 4MK 6MIK 6MN 6MD 12MK 12MN 12MD 18MK Cured

oM 6M 12M Cured

70 kDa

NS58

J— * |66 koa

f-Actin | &

. Iml‘*i’ kba

Fig. 1. Characterization of replicon cells in long-term cell culture. (a) Northern blot analysis. Total RNAs from 50-1 cells after
4 months (4MK), 6 months (6MK, 6MN and 6MD), 12 months (12MK, 12MN and 12MD) and 18 months (18MK) in culture,
as well as total RNA from the parental 50-1 cells (OM) were used for the analysis. Total RNAs from 1B-2R1 cells after
6 months (6M) and 12 months (12M) in culture, as well as total RNA from the parental 1B-2R1 cells (OM) were used for the
analysis. Total RNAs from each cured cells obtained from 50-1 and 1B-2R1 cells by interferon treatment were also used as a
negative control, Northern blot analysis was performed using a positive-stranded HCV genome-specific RNA probe (upper
panel) and a f-actin-specific probe (lower panel). Synthetic RNA transcribed from pNSS1RZ2RU (10® and 107 genome
equivalents spiked into normal cellular RNA) was used for the comparison of the expression level. (b) Western blot analysis,
The orders of specimens were the same as in (a). Productions of NS3 and NS&B in 50-1 and 1B-2R1 cells were analysed by
immunoblotting using anti-NS3 and anti-NS5B antibodies, respectively. f-Actin was used as a control for the amount of

protein loaded per lane.

http://virsgmjournals.org

647

—149—



N. Kato and others

original 50-1 (Kishine e al, 2002; GenBank accession no.
AB041927) and 1B-2R1 replicons (Kato et al, 2003b;
AB109543), respectively. The results revealed that the
numbers of base substitutions in the first 2:0 kb region
and in the NS region (6-1 kb) of both replicon RNAs were
time-dependently increased with linearity (Fig. 2). These
substitutions were considered to be mutations that occurred
during the intracellular replication of replicon RNA. Based
on the results after 12 months in culture, the apparent
mutation rates in 50-1 replicon RNA were calculated to be
3-1x 107? and 3-0 x 107 base substitutions/site/year in the
first 2 kb region and NS region, respectively, indicating that
there was no difference in mutation rate between the two
regions of 50-1 replicon RNA. Interestingly, almost the
same mutation rates (3-0x 1072 base substitutions/site/
year in the first 2 kb region; 3-1 x 10> base substitutions/
site/year in NS region) were obtained for the 1B-2R1
replicon RNA, suggesting that the replication efficiency of
the 1B-2R1 replicon was almost equal to that of the 50-1
replicon.

Fig. 3(a) shows the schematic presentation of mutations
detected in the first 2 kb region by comparison with the
original sequences (NNRZ2RU) of 50-1 and 1B-2R1
replicon RNAs (Kato et al, 2003b; Kishine et al, 2002).
The results revealed that there were no common mutations
among the four cell culture lines (three for 50-1 and one
for 1B-2R1) over at least 12 months of cell culture.
However, genetic mutations in both replicons were time-
dependently increased and accumulated, and several
mutations became abundant during the subsequent cell
culture (Fig. 3a).

The NS regions (6-1 kb) of the 50-1 and 1B-2R1 replicon
RNAs were also analysed in addition to the first 2 kb region.
The mutation sites that showed amino acid substitutions are
schematically presented in Fig. 3(b). Regarding the 50-1
replicon, 2 aa substitutions (P1115L and E1966A) were
newly detected after 6 months in culture in all three cell
culture lines, in addition to 2 aa substitutions (K1609E and
V1896F) already observed when the replicon was first
established. These four substituted amino acids were stably
maintained over at least 12 months of cell culture. However,
such amino acid substitutions were not observed in the
1B-2R1 replicon even after 12 months of culture. After more
than 12 months in culture, several culture line-specific
amino acid substitutions (*1-5 for the K culture line; *6-8
for the D culture line; and *9-12 for the N culture line in
Fig. 3b) were observed in the 50-1 replicon. Also in the
1B-2R1 replicon, 1 aa substitution (*13 in Fig. 3b) was
detected after 12 months in culture; however, no common
amino acid substitutions were observed between the 50-1
and 1B-2R1 replicons. The mean numbers of amino acid
substitutions occurring after 6 and 12 months in culture
were 4-2 and 8+9, respectively, for the 50-1 replicon, and 4-7
and 10-0, respectively, for the 1B-2R1 replicon. These values
indicate a steady genetic evolution of 50-1 and 1B-2R1
replicons during the cell culture.
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Fig. 2. Genetic variations of 50-1 and 1B-2R1 replicon RNAs.
(a) First 2:0 kb region of replicon RNA. Filled squares indicate
the mean numbers of base substitutions detected in nine (after
0, 6 and 12 months in culture) or three (after 4 and 18 months
in culture) clones containing the first 2:0 kb region of 50-1
replicon RNA, by comparison with its original sequences
(NNRZ2RU) (Kishine et al, 2002). Open squares indicate the
mean numbers of base substitutions detected in three clones
containing the first 2-0 kb region of 1B-2R1 replicon RNA, by
comparison with its original sequences (NNRZ2RU) (Kishine
et al, 2002). (b) NS region (6:1 kb) of replicon RNA. Filled
squares indicate the mean numbers of base substitutions
detected in nine (after 0, 6 and 12 months in culture) or three
(after 4 and 18 months in culture) clones containing the NS
region of 50-1 replicon RNA, by comparison with its original
sequences (Kishine et al, 2002). Open squares indicate the
mean numbers of base substitutions detected in three clones
containing the NS region of 1B-2R1 replicon RNA, by compari-
son with its original sequences (Kato ef al., 2003b).
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Classification of mutations occurring in 50-1
and 1B-2R1 replicon RNAs during the long-term
cell culture

To understand the mutation mode of the replicons in long-
term cell culture, we examined the numbers of synonymous
and non-synonymous mutations with transition or trans-
version. The results are summarized in Table 1. The ratio of
synonymous to non-synonymous mutations in 50-1 repli-
con RNA was 0-81 to 150 (1-38 +-0-14 after 6 months in
culture and 1-03 + 0-20 after 12 months in culture), and the
ratio in 1B-2R1 replicon RNA was 0-63 after 6 months in
culture and 0-59 after 12 months in culture. These values
indicate that amino acid substitutions in the replicons occur
frequently during the cell culture. The rate of mutations with
transition in the 50-1 replicon was 1-82-4-06-fold (200 +
0-18 after 6 months in culture and 2-8541:07 afier
12 months in culture) greater than the rate of mutations
with transversion. Similarly, the 1B-2R1 replicon showed a
transition-to-transversion ratio of 2+69 (after 6 months in
culture) or 2-86 (after 12 months in culture).

Regarding the mutation patterns over more than 12 months
of culture, we observed that A—G and U—C mutations
were the most and second-most common mutations, and
these mutations were approximately two to three times
more common than G—A and C—U mutations (Supple-
mentary Table A, which is available as Supplementary
material in JGV Online). The rarest mutation was G—U
(Supplementary Table A). A

Genetic diversity of the 50-1 and 1B-2R1
replicons arising during long-term cell
culture

To clarify whether or not the replicons acquire a
quasispecies nature during long-term cell culture, we
estimated the genetic diversities of the 50-1 and 1B-2R1
replicon populations. First, based on the sequence data of all
clones obtained in this study, we constructed phylogenetic
trees for the first 2 kb region and the NS region. The results
revealed that the genetic diversity of 50-1 replicon
populations was expanded in a time-dependent manner
(Fig. 4). Similar phylogenetic trees were obtained for the 1B-
2R1 replicon populations as well (data not shown). Next, as
another index of genetic diversity, we calculated the mean
number of nucleotide differences among three independent
clones at each time point. The schematic presentation of
such analysis on the NS regions of 50-1 and 1B-2R1 replicon
RNAs was shown in Supplementary Fig. A, which is
available as Supplementary material in JGV Online. The
results also showed a time-dependent expansion of genetic
diversity. After 12 months in culture, 0-32 % (mean of three
cell culture lines) and 0:55% diversities in nucleotide
sequences were observed in the NS region of 50-1 and
1B-2R1 replicon RNAs. A similar time-dependent expan-
sion of genetic diversity was also observed in the first 2 kb
regions of both replicon RNAs (data not shown). These
results indicate that the quasispecies nature of replicon
RNA was easily acquired during the replication of the
replicons.

Table 1. Base substitutions occurring in 50-1 and 1B-2R1 replicon RNAs during long-term cell culture

The counting of base substitutions was performed by comparison with the consensus sequence obtained from the OM series of 50-1 or 1B-

2R1 replicon.

Replicon series No. base substitutions Synonymous/  Transition/
- t i
Transition Transversion fo-synonymous fransversion
Synonymous Non- Non-coding Synonymous Non- Non-coding
synonymous region synonymous region
Neo® NS Neo" NS§ Neo® NS Neo® NS
50-1 4MK 1 13 0 8 4 0 5 0 6 2 1-36 2-00
6MK 0 20 2 10 8 3 8 1 9 1 1-41 1-82
12MK 3 29 6 19 13 4 9 4 9 2 1-18 2:50
18MK 5 43 8 26 16 3 10 4 14 5 1-17 2:72
6MD 3 20 3 9 2 0 5 4 1 1-22 2:18
12MD 5 29 2 26 3 2 5 1 0 111 4-06
6MN 2 19 2 8 3 2 4 0 3 1-50 2-00
12ZMN 3 25 2 21 9 1 6 5 15 3 0-81 2:00
1B-2R1  6M 1 14 5 14 1 1 1 3 5 3 0-63 2:69
12M 2 22 4 29 6 1 2 3 10 6 0-59 2:86
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Enhancement of HCV replication Is associated
with the expansion of the replicons’ genetic
diversity

To assess whether or not the mutations accumulating in
the replicons increase the replication efficiencies of the
replicons, the efficiency of colony formation (ECF) of the
replicon was examined at each time point of the culture. An
ECF assay was performed by transfection of total RNAs
isolated from 50-1 and 1B-2R1 replicon cells at different
time points into naive HuH-7 cells. After 3 weeks of G418
selection, only a few colonies were obtained when RNAs
from 50-1 replicon cells cultured less than 4 month were
used (Fig. 5). However, ECF was apparently increased when
RNAs from cells cultured 6 months, in particular the D and
N cell culture lines, were used, and much higher numbers of
colonies were obtained when RNAs from cells cultured
12 months were used (Fig. 5). Interestingly, ECFs of RNAs
from D and N cell lines cultured more than 6 months were
higher than those in the K cell culture line. These results
indicated that ECF of the replicon was increased with the
cultured periods of the replicon cells and suggested that ECF
enhancement is associated with the expansion of the 50-1
replicon’s genetic diversity.

In contrast to the case with 50-1 replicon cells, a number of
colonies were obtained even when RNA from the initial
culture of 1B-2R1 replicon cells was used (Fig. 5). In this
replicon also, the ECF of RNA from cells cultured
12 months was apparently higher than those of RNA
from the initial culture or 6 months of culture (Fig. 5).
These results suggest that S2200R substitution, which was
detected when the 1B-2R1 replicon was established (Kato
et al., 2003b), function as an adaptive mutation, and that
the expansion of genetic diversity in the 1B-2R1 replicon

also contributes to the enhancement of ECF, as was the
case with the 50-1 replicon.

Effect of ribavirin and mizoribine on the genetic
evolution and dynamics of the 50-1 replicon

Combined treatment of interferon plus ribavirin for patients
with chronic hepatitis C has been shown to be more effective
than treatment with interferon alone (McHutchison et al,
1998), although it has been shown that ribavirin alone does
not cause a decrease of HCV level in patients with chronic
hepatitis C. Recently, several groups have reported that
ribavirin might cause ‘error catastrophe’ of HCV genome
(Contreras et al., 2002; Tanabe et al.,, 2004; Zhou et al.,
2003), however, controversial results have also been repor-
ted (Schinkel et al, 2003). Therefore, to clarify whether
or not ribavirin affects the genetic alterations of HCV,
we cultured parent 50-1 cells (corresponding to OM in
Fig. 1) for 6 months in the presence of ribavirin (5 or
25 uM) or its derivative molecule, mizoribine (25 uM). As
a control, the parent 50-1 cells were also cultured for
6 months in the absence of ribavirin or mizoribine. After
6 months in culture, the levels of replicon RNAs and
HCV proteins were examined by Northern and Western
blot analyses, respectively. As shown in Fig. 6(a), the level
of replicon RNA in the cells treated with ribavirin or
mizoribine was almost the same as that in the cells without
ribavirin or mizoribine treatment. The NS3 and NS5B
were also expressed at similar levels in the cells irrespective
of ribavirin or mizoribine treatment (Fig. 6b). These results
indicate that even 6 months of treatment with ribavirin
or mizoribine did not prevent the replication of replicon
RNA under the G418 selection pressure. Using the 50-1
cells cultured for 6 months with or without ribavirin or
mizoribine, we performed sequence analysis of replicon
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Fig. 8. ECF of the RNAs isolated from 50-1 and 1B-2R1
replicon cells at different time points in the culture. Total RNAs
obtained from the replicon cells were transfected into HuH-7
cells as described in Methods. The panels show the cell colo-
nies that were recovered after 3 weeks of G418 selection.

RNAs as described above. As shown in Table 2, the results
revealed that the numbers of mutations in the first 2:0 kb
and NS regions of the replicon RNAs sequenced were not
significantly different among the specimens, although the
number in the NS region derived from the cells treated with
25 uM of ribavirin was a little lower than those of the other
specimens. These results suggest that the treatment of
replicon cells with either ribavirin or mizoribine does not
increase the mutation rate of replicon RNA. The ratio of
synonymous and non-synonymous mutations, and the ratio

v Ribavirin Mizoribine
None 5 pM 25 pM 25 uM Cured

8 kb

{2 kb

(b) Ribavirin Mizoribine
None & uM 25 .M 25 uM Cured

Fig. 6. Characterization of 50-1 cells culiured for 6 months in
the presence of ribavirin or mizoribine. (a) Northern blot analy-
sis. Total RNAs from 50-1 cells culiured for 6 months in the
presence of ribavirin (5 and 25 uM) or mizoribine (25 uM), as
well as total RNA from 50-1 cells cultured for 6 months in the
absence of ribavirin and mizoribine were used for the analysis.
Northern blot analysis was performed as indicated in Fig. 1(a).
(b) Western blot analysis. The orders of specimens were the
same as in (a). Western blot analysis was performed as indi-
cated in Fig. 1(b).

of transition and transversion mutations were also not
altered by ribavirin or mizoribine treatment (data not
shown). In addition, we did not observe any ribavirin- or
mizoribine-specific common amino acid substitutions in
either the first 2 kb or NS regions of the replicon RNA,
although P1115L and E1966A were detected after 6 months
in culture in all cell culture lines. The above-described
analysis of genetic diversity among the replicon RNAs did

Table 2. Base substitutions occurred in 50-1 replicon RNA
during 6 months culture in the presence of ribavirin or
mizoribine

6MR5 and 6MR25 indicate the series treated with 5 and 25 pM of
ribavirin, respectively. 6MM25 indicates the series treated with
25 uM of mizoribine. The counting of base substitutions was per-
formed by the comparison with the original sequence of 50-1
replicon (Kishine et al., 2002).

Series First 2-kb region NS region
6M (Fig. 2) 5:44+1-9* 16:4+1-8
6M 5:7%2:5 16-0+0-0
6MR5 57415 16:3+1-5
6MR25 57+1:5 10:7+1-2
6MM25 37406 18-7+4-0

*Numbers of base substitutions 4+ D.
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not reveal any significant differences between the specimens
derived from the replicon cells with and those without
ribavirin or mizoribine treatment (data not shown). Taken
together, these results suggest that neither ribavirin nor
mizoribine accelerated the mutation rate of HCV replicons
or the development of their quasispecies nature.

DISCUSSION

In this study, we analysed the genetic evolution and
dynamics of HCV replicons, and time-dependent
genetic mutations of HCV replicons were observed. Time-
dependent expansions of their genetic diversities were also
revealed. Our results should provide useful fundamental
information for understanding the remarkable genetic
diversity and variation among the HCV genomes observed
in patients with chronic hepatitis C.

Although RT-PCR techniques were used to amplify the
replicon RNAs in this study, it is unlikely that the detected
mutations were due to errors related to the use of the KOD-
plus DNA polymerase in the PCR reaction, because we
previously showed that KOD-plus DNA polymerase
possessed a high proofreading activity (Alam et al., 2002;
Naganuma et al., 2004). Furthermore, in the present study,
we sequenced several clones (containing a 2:0 or 6-1 kb
fragment) obtained by PCR using KOD-plus DNA poly-
merase and a single sequenced clone as a template, but
no mutations were detected in these sequenced clones,
indicating that KOD-plus DNA polymerase possesses
extremely high fidelity. However, we are not able to
completely exclude the possibility that some substitutions
resulted from the erroneous use of KOD-plus DNA
polymerase during the PCR. Even if such errors occurred,
the error frequency is estimated to be less than one
nucleotide per sequenced clone, This is explained as fol-
lows. Fig. 2 shows that the numbers of substitutions time-
dependently increased with linearity in both HCV replicons.
Interestingly, when these linear lines are extrapolated to zero
base substitutions, the crossing points show approximately
—2——3 months in the time axis. These range of months is
in accord with the time of initial electroporation of HCV
replicon RNA to HuH-7 cells. Therefore, PCR-induced
mutations are considered to be very rare and such mutations
would have very little effect on the results shown in Fig. 2.
In addition, to avoid a sampling effect, we sequenced three
independent clones derived from each time point.

We showed that the mutation rates for the 50-1 and 1B-2R1
replicon RNAs were almost the same — about 3 x 10”7 base
substitutions/site/year. However, the actual mutation
frequency of the replicon RNAs would be higher than this
value, because the mutations that occurred in positions that
were critical for the replication of replicon RNA should not
have been passed on to the progeny. Our observed mutation
rates of the replicon RNAs were approximately two times
higher than those previously obtained in chimpanzees and
clinical patients with chronic hepatitis C (Major et al,, 1999;

Ogata et al., 1991; Okamoto et al,, 1992). Since the selective
pressure of the immune system also functions in vivo (Kato
et al.,'1993), the mutation rate in cell culture obtained in this
study may be reasonable value as a potential mutation rate of
HCV. However, direct comparison of these mutation rates
would be difficult, because both the experimental model and
analytical method were different in this study compared
with the previous studies. It would be interesting to examine
whether this mutation rate (3 x 10~ base substitutions/site/
year) would be maintained during longer-term culture of
the replicon cells. If so, approximately 3% of nucleotide
sequences of the replicon RNAs might be mutated after 10
years in cell culture. Alternatively, the mutations might
become saturated during further long-term culture of the
replicon cells. To clarify this point, further long-term culture
of replicon cells is in progress. '

Although the mutations detected in this study were
dispersed throughout the entire length of the replicon
RNAs (Fig. 3), the mutation frequencies in the 5 UTR and
NS5B region were lower than those in other regions, and the
NS5A region showed the highest mutation frequency. These
observations are consistent with the genetic diversities of
HCVs in patients with chronic hepatitis C reported to date
(Kato, 2001). In addition, the positions in which amino acid
substitutions were observed during the cell culture did not
appear to be critical for replication of the HCV genome.

Time-dependent expansions of genetic diversities of HCV
replicons were also found in this study. However, this
finding seems to be different from the previous findings that
HCV populations in the cells infected in vitro gradually
altered with time and converged to the limited populations
(Kato et al., 1998; Kato, 2001). This gap may have been due
to the differences in the HCV sources used: a patient’s
inoculum containing a quasispecies of HCV was used for the
in vitro infection experiment, and a single HCV species was
used for the replicon system. Alternatively, the gap may
have been due to the overwhelming difference between the
replication level of the HCV genome in the cells infected
in vitro and that in the replicon cells.

To date, a number of amino acid substitutions belonging to
adaptive mutations that enhance the frequency with which
the replicon is established in vitro have been found in
established HCV replicons (Bartenschlager, 2002; Blight et
al., 2000, 2003; lkeda et al, 2002; Krieger et al, 2001;
Lanford et al., 2003; Lohmann et al., 2001, 2003; Pflugheber
et al., 2002). Although none of the amino acid substitutions
detected in the long-term cultures of the 50-1 and 1B-2R1
replicons were the same as those reported as adaptive
mutations, ECF analysis of the replicons using naive HuH-7
cells suggested that adaptive mutations accumulated in the
replicon populations in a time-dependent manner. In
particular, drastic enhancement of ECF was observed in
the 50-1 replicon after 6 months of culture. However, this
result suggests that the four common amino acid substitu-
tions (P1115L, K1609E, V1896F and E1966A) do not
contribute much to the drastic enhancement  of ECF,
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because the ECFs of 4MK and 6MK samples possessing these
substitutions did not increase much. Therefore, we estimate
that some uncommon amino acid substitutions accumu-
lated as so-called adaptive mutations. The candidates for
such adaptive mutations are culture-line-specific amino
acid substitutions (Fig. 3b, ¥1-12), and many amino acid
substitutions sporadically appeared in the replicons in the
long-term cell cuitures. To identify which amino acid
substitution is the main contributor to the drastic
enhancement of ECF, further transfection experiments
using replicon RNAs possessing mutations will be needed.
Based on the results of this study, S2200R substitution in the
1B-2R1 replicon is considered an adaptive mutation. This
description is supported by the previous result that we were
unable to obtain any G418-resistant colonies when the
original 1B-2 replicon RNA library, used in the isolation of
the 1B-2R1 replicon, was transfected into naive HuH-7 cells
(Kato et al., 2003b). Since the ECF of 1B-2R1 replicon RNA
from 12 months of culture was further enhanced, it may
be that the 11097V substitution, detected commonly at
12 months of culture, functions as an additional adaptive
mutation.

Interestingly, once a new mutation was observed in all three
clones at a particular time point, the clones which went
back to the original sequences were never obtained in the
subsequent cell culture, except for one clone (a mutation in
the HCV IRES region) derived from 1B-2R1 replicon cells
after 12 months in culture (Fig. 3a). This finding suggests
that the genetic evolution of HCV replicons is irreversibly
progressing.

Although the mechanism of action of ribavirin for patients
with chronic hepatitis C is ambiguous, an ‘error catastrophe’
theory of ribavirin has been proposed by several groups
(Contreras et al, 2002; Tanabe et al., 2004; Zhou et al,
2003). However, our results obtained in this study were not
able to support this ‘error catastrophe’ theory, because
ribavirin had no effect on the genetic variation and diversity
of the 50-1 replicon. The concentration (5 and 25 uM) of
ribavirin used in this study was considered to be reasonable,
because the growth rate of 50-1 cells decreased at a ribavirin
concentration of more than 50 uM, and approximately
10 uM of ribavirin is the maximum plasma concentration
in current clinical usage (Tanabe et al, 2004). Higher
concentration (more than 50 puM) of ribavirin used in
previous studies may be required for causation of the error
catastrophe. Recently, a single amino acid substitution
(F2834Y) was identified as a ribavirin-resistant NS5B
mutation in genotype la (Young et al., 2003); however, it
is difficult to evaluate that finding in this study, because
most of the HCV strains belonging to genotype 1b,
including 1B-1 (50-1) and 1B-2 (1B-2R1), already possess
a Tyr residue at position 2834. No amino acid substitution at
position 2834 in NS5B was observed in the replicon cells
treated with ribavirin.

This study provided the fact that the genetic diversity of
HCV replicons was enlarged in a time-dependent manner

during long-term cell culture. Since all the HCV replicons
established to date have been shown to be highly sensitive to
interferon-o, - and -y (Kato et al., 2003b), and most of the
HCYV replicons established to date are able to replicate in
only HuH-7 cells, the extensive genetic polymorphism of
HCV replicon populations obtained by long-term cell
culture may change the sensitivity against interferon or the
ability of replication in the cells except for HuH-7. In the
future, it will be necessary to clarify these points. Thus, HCV
replicon populations obtained by long-term cell culture may
be useful not only for analysis of the genetic variations and
dynamics of HCV but also for analysis of the variable
properties of HCV,
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Abstract

Hepatitis C virus (IICV) is one of the major causative agents of liver diseases, such as liver inflammation, fibrosis, cirrhosis, and
hepatocellular carcinoma. Using an efficient HCV subgenomic replicon system, we demonstrate that transforming growth factor-beta (TGF-p)
suppresses viral RNA replication and protein expression from the HCV replicon. We further show that the anti-viral effect of this cytokine is
associated with cellular growth arrest in a manner dependent on Smad signaling, not mitogen-activated protein kinase (MAPK) signaling.
These results suggest a novel insight into the mechanisms of liver diseases caused by HCV.

© 2004 Elsevier Inc. All rights reserved.
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Introduction

Hepatitis C virus (HCV), a member of the Flaviviridae
family, is an enveloped virus with a positive single-stranded
9.6-kb RNA genome (Murphy et al., 1995). The virus has
been identified as the major causative agent of non-A, non-
B hepatitis (Choo et al., 1989) that persistently infects
several millions of people throughout the world. Although
acute phase HCV infection is asymptomatic in most cases,
the virus frequently establishes a persistent infection. This
condition is associated with serious clinical diseases,
including chronic hepatitis and liver fibrosis, which can
lead to liver cirrhosis and eventually hepatocellular carci-
noma (Goodman and Ishak, 1995).

Despite the clinical significance, molecular investigation
of the virus has been hampered due to the lack of cell culture
systems that efficiently support HCV replication. In 1999,
the establishment of an HCV subgenomic replicon cell
culture system (Lohmann et al, 1999) improved the
situation. The subgenomic replicon RNA is composed of
the HCV 5-untranslated region (UTR) containing an

* Corresponding author. Fax: +81 75 751 3998.
E-mail address: kshimoto@virus.kyoto-u.ac.jp (K. Shimotohno).

0042-6822/% - see front matter © 2004 Elsevier Inc. All rights reserved.
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internal ribosomal entry site (IRES), a neomycin phospho-
transferase (neo) gene, the HCV nonstructural (NS) proteins
3 through 5B under the control of an encephalomyocarditis
virus (EMCV) IRES, followed by the HCV 3'-UTR. The
neo gene is expressed under the control of the HCV IRES,
and thereby, gives the resistance to the cells in which
replicon RNA exists. Instead of the neo gene, the luciferase
gene can be used as a marker. Using the luciferase gene is
beneficial in that it offers easy, speedy, and reliable
detection. As the RNA replicates autonomously in cultured
cells, this replicon system provides a unique tool for the
analysis of the molecular mechanisms of HCV replication
and the screening of ‘anti-HCV compounds.

Transforming growth factor-beta (TGF-R) promotes the
development of liver fibrosis and cirthosis (Gressner et al.,
2002); serum cytokine levels are associated with the severity
of liver fibrosis in patients with chronic HCV (Nelson et al.,
1997; Neuman et al., 2001; Tsushima et al., 1999). As high
levels of TGF-{ expression correlate with chronic hepatitis
and cirrhosis (Calabrese et al., 2003; Shirai et al.,, 1994),
cytokine serum concentrations serve as useful serologic
markers for hepatitis, cirrhosis, and carcinoma (Song et al.,
2002). Despite accumulating clinical observations, the direct
effect of TGF-p on HCV replication remains unknown.
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Molecular biological analyses have revealed that the
cytokine is a multifunctional cytokine that regulates multi-
ple biological functions, including cellular growth inhib-
ition, extracellular matrix (ECM) formation, apoptosis, and
cell differentiation (reviewed in Derynck and Zhang, 2003;
Miyazono et al., 2000). Following receptor ligation, the
activation of receptor-regulated Smad (R-Smad, Smad2, and
Smad3) enhances complex formation with the common-
mediator Smad (Co-Smad, Smad4). These complexes
translocate to the nucleus, where they directly regulate the
transcription of various target genes. TGF-B receptor
ligation also activates members of the mitogen-activated
protein kinase (MAPK) family, including p38 MAPK, c-Jun
N-terminal kinase (JNK), and extracellular signal-regulated
kinase (ERK).

In this study, we demonstrate that TGF-p inhibits HCV
RNA replication and viral protein expression using a HCV
subgenomic replicon system. The anti-viral effect of TGF-B
was associated with growth arrest of cells and the activation
of Smad, not MAPK, signaling. Our results provide insight
into the mechanisms of liver disease pathogenesis caused by
HCV.

Results

Construction of a highly efficient and sensitive replicon
system

Although we had previously developed subgenomic HCV
replicon cell lines (Kishine et al., 2002), we desired a highly
efficient replicon system to study the molecular mechanisms
of HCV replication. Among the G418-resistant subgenomic
replicon cell lines, we identified a replicon cell clone (MH14)
in which the viral RNA levels were higher than those in other
replicon cells (Miyanari et al., 2003). The amount of replicon
RNA present in MH14 cells was approximately five times
greater than that present in typical MH5 replicon cells (Fig.
1B). The production of NS5A protein in MH 14 cells was also
greater (Fig. 1C), suggesting efficient replication of the viral
RINA. Sequence analysis of replicon RNA in the MH14 cells
revealed two point mutations; S2204R, the replacement of the
Ser residue at position 2204 with Arg, and a silent mutation
L1882L in the NS4B coding region, which did not encode an
amino acid substitution. The S2204R mutation corresponded
to a previously reported adaptive mutation in NS5A
(Lohmann et al., 2003). At least two forms of NSSA, p56
(basally phosphorylated form), and p58 (hyper-phosphory-
lated form), have been reported. Residue Ser-2204 is
important for hyper-phosphorylation of the protein (Tanji et
al., 1995). As expected, only the basally phosphorylated p56
form was detected and hyper-phosphorylated pS8 was
missing in the MH14 cells, while MH5 cells, which do not
carry a mutation at the sequences liable for the hyper-
phosphorylation, produce both the p56 and p58 forms of
NS5A (Fig. 1C).

To test permissiveness of MH14 cells for HCV repli-
cation, cells were cured of the HCV replicon RNA by
prolonged treatment with [FN-o,resulting in the curedMH 14
line (Figs. 1B, C). MHS5 replicon cells were treated with
IFN-a in parallel, for use as controls. To examine
permissiveness, cured cells were transfected with replicon
RNAs in which the firefly luciferase gene was inserted (Fig.
1A). We, here, used luciferase gene as a marker since it is
more convenient and has the sensitivity for better quanti-
tation. Cells were harvested at various time points after
transfection and cellular luciferase activities were measured
subsequently (Figs. 1D-F). Luciferase activity in transfected
cells reflects the replication of the replicon RNA. Polymer-
ase-defective RNA replicon constructs, in which the
catalytic GDD motif of the NS5B polymerase was
substituted to the inactive GHD muotif, were used as negative
controls. When cells were transfected with the prototype NN
replicon RNA, luciferase activity decreased rapidly 3 to 5
days after transfection (Figs. 1D-F, NN). Use of the MH14
RNA, which is identical to the prototype NN RNA with the
exception of the L1882L and S2204R mutations, resulted in
higher luciferase activities (Figs. 1D-F, MH14) than those
observed in cells transfected with the NN RNA. For the
curedMH14 cells, luciferase activity did not decrease (Fig.
1F, MH14), but increased, peaking 3 to 5 days after
transfection, suggesting highly efficient replication.

We also tested the effect of the mutations and cured cell
lines on G418-resistance transduction efficiencies (not
shown) and confirmed that the numbers of G418-resistant
colonies exhibited a similar trend as seen for the luciferase
activities described above,

These results suggest that the curedMH14 cells were
highly permissive for replication of RNA containing the
adaptive mutations.

Furthermore, when curedMH14 cells were transfected
with the highest efficiency replicon RNA, high luciferase
activity persisted for greater than 1 month (data not shown)
in the absence of selection.

Suppression of HCV replicon with luciferase by TGF-f§

As we have constructed a highly efficient and sensitive
replicon system using a luciferase reporter and curedMH 14
cells, we used this system to screen anti-HCV compounds.
Treatment for 3 days with IFN-o, IL-18, or cyclosporin A
reduced the observed luciferase activities to 3.8%, 9.5%, or
3.4% of control levels, respectively (Fig. 2A). As all three
treatments have been reported to repress HCV replicon
(Blight et al., 2000; Watashi et al.,, 2003; Zhu and Liu,
2003), the system is an effective method to screen for
potential anti-HCV drugs. We also observed the suppressive
effect of TGF-B on luciferase activity (Fig. 2A). While
treatment with 2 ng/ml TGF-B (Fig. 2B, open circle) for 36
h had little effect on luciferase activity, enzymatic activity
decreased to 11%, 12%, 10% that of the mock-treated cells
(black circle) at 48, 60, and 72 h, respectively. To examine
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Fig. 1. Constructions and cells used in this study. (A) Schematic representation of the subgenomic replicon RNA constructs. The prototype NN RNA was used for
transfection to obtain subgenomic replicon cell lines, including MH5 and MH14. NNGHD denotes polymerase-defective mutant, in which the catalytic GDD
motif of the NS5B polymerase was substituted to the inactive GHD motif, and was used as a negative control. MH14 RNA carries two mutations, which were
found in the replicon RNA in MH14 subgenomic replicon cells. MH14GHD is a negative control for the MH14 RNA. The ORFs are depicted as open boxes. The
locations of the mutations introduced into the viral proteins are indicated by vertical lines. (B) Northern blot analysis of total RNA extracted from replicon cells.
RNA from Huh-7, MH 14, curedMH 14, MHS, or curedMHS cells was electrophoresed on denaturing agarose gels, blotted, and probed with an HCV RNA (upper
panel). As an internal control, the ethidium bromide-staining pattern of 28S and 18S ribosomal RNA is shown (lower panel). (C) Western blot analysis of NS5A
protein expressed in Huh-7, MH14, curedMH 14, MH5, or curedMHS5 cells (upper panel). As a control, wild-type NS5A protein was exogenously produced in
Huh-7 cells from an expression plasmid (Huh-7 + peNS5A). The position of the hyper-phosphorylated form of the protein is designated HyperP. As an internal
control, the Coomassie brilliant blue (CBB) staining pattern of the same blot is shown (lower panel). (D-F) Replication of replicon RNAs with mutations in Huh-7
cells ot its derivatives. Huh-7 (D), curedMHS5 (E), or curedMH 14 (F) cells were transfected with replicon RNA constructs containing the luciferase gene (depicted
in A). Luciferase activity was measured at 1, 3, and 5 days after transfection. Each bar represents the mean and SD of three independent transfections.

the effect of TGF-R on luciferase expression and activity,
the pPCMV-Lug, in which the firefly luciferase gene is driven
under the control of the CMV promoter, was used in Fig.
2C. While TGF-p treatment repressed the luciferase
expression from replicon (Fig. 2B), we found that the
cytokine enhanced the luciferase expression from the CMV

(Derynck and Zhang, 2003; Miyazono et al., 2000). When
exposed to TGF-B, cells generally arrest in the G(1)/S phase
of the cell cycle. We, therefore, examined cell growth of
curedMH14 cells (Fig. 2D). As expected, the growth of
curedMH14 cells was partially inhibited by cytokine treat-
ment (Fig. 2D, open circle). As assessed by FACS,

promoter (Fig. 2C), provably because of the activation of
transcriptional factors (Derynck and Zhang, 2003; Miya-
zono et al., 2000).

TGF-p is a multifunctional cytokine that exerts a range
of biological activities, including cell growth inhibition

administration of TGF-B for 2-3 days resulted in G(1)/S-
arrest, while a 1-day treatment had no effect on cell cycle
(Fig. 2E).

Fifty percent suppression of luciferase activity, after 3
days of treatment, was observed in the presence of
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