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inhibitor was less effective at suppressing the replication of the
JFHI replicon than genotype 1b replicons.

Interactions between CyPB and JFH1 NS5B. Previously, we
have shown that CyPB interacts with NS5B to promote HCV
genome replication and that CsA inhibits this binding in a
genotype 1b replicon (31). Here, we examined the association
between CyPB and NS5B in a JFHI replicon. Immunoprecipi-
tation analysis revealed an interaction of CyPB with NS5B in
JFH1#4-1 (JFH1/2a/SG) cells (Fig. 5A). This interaction was
dissociated following the treatment of CsA, as observed with
the genotype 1b replicon (Fig. 5B).

Role of CyPB in replication of the JFHI replicon. Although
we observed some differences of expression levels of endoge-
nous CyPB among the replicon cells in the immunoblot anal-
ysis {Fig. 6A), there was no particular correlation between
endogenous CyPD expression levels and replication sensitivity
to CsA among cells. CyPB reportedly regulates HCV genome
replication of the genotype 1b replicon (31). We then explored
the requirement of CyPB for the replication of JFHI replicon
with RNA interference. Transfecting siRNAs designed to rec-
ognize several CyP subtypes [si-CyP(broad)] (Fig. 6B) reduced
HCV RNA to <1/5 in MH14#W31 (NN/1B/SG) cells (Fig.
6C). Specific knockdown of CyPB but not CyPA (Fig. 6B)
decreased HCV RNA in MHI14#W31 (NN/1/SG) cells, con-
sistent with a previous report (Fig. 6C) (31). In contrast, HCV
RNA in JFH1#4-1 (JFH1/2a/SG) cells was not altered follow-
ing the suppression of either endogenous CyPA or CyPB (Fig.
6B and C). We observed a weak decrease of HCV RNA levels
{around one-half) with si-CyP(broad) (Fig. 6C). These data
suggests the possibility that the replication of the JFH1 repli-
con is independent of CyPB, in contrast to the genotype b
replicon. In the previous study, it was reported that the doubling
time, saturation density, and response to cell confluence of the
replicon cells carrying JFH1 were different from those in cells
carrying a genotype 1b replicon, suggesting the possibility that the
coupling relationship between the replication and cell growth
was different between genotype 1b and the JFHL replicon (21).
The introduction of either si-CyPB or si-CyP(broad), however,
had little effect on cell growth in MHI4#W31 (NN/1b/SG) or
JFHI1#4-1 (JFH1/23/SG) cells (Fig. 6D). And we did not observe
cells being confluent in {he experiment period. The above results
suggest that the different response to si-CyPB in the two lines is
independent of the conditions of cell growth.

The role of CyPD in the RNA binding activity of JFH1 NS5B.
CyPB regulates HCV genome replication of a genotype 1b
repiicon by promoting the RNA binding activity of NS5B (31).
We examined the effect of CyPB on the RNA binding activity
of NS3B in JFH1. NS3B in the replication complex was iso-
lated from cells by treatment with digitonin-proteinase K, as
described previously (31). This fraction was incubated with
poly(U) RNA-Sepharose or protein G-Sepharose as a negative
control for the detection of RNA binding NS3B in the repli-
cation complex. RNA-bound NS5B in this fraction from
MHI14#W31 (NN/1b/SG} cells was decreased drastically fol-
lowing treatment with CsA (Fig. 7A. lanes 5 and 6). However,
the reduction of RNA binding of NS3B in the replication
complex of JFH1#4-1 (JFH1/2a/8G) cells was not as promi-
nent (Fig. 7A. Janes 11 and 12). We confirmed this result by an
in vitro RNA binding assay, in which in vitro-synthesized NS3B
was incubated with poly{U) RNA-Sepharose. together with
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FIG. 7. RNA binding capacity of JFH1 N55B was independent of
CyPB. (A) An RNA-protein binding precipitation assay was performed
using MH14# W31 (NN/1b/SG) cells (fanes | to 6) and JFH1#4-1 (JFHY/
2a/SG) cells (lanes 7 to 12) as described in Materials and Methods.
MHI4#W31 (NN/1b/SG) and JFH1#4-1 (JFH1/23/SG) cells preincu-
bated without (lanes 1, 3,5, 7,9, and 11) or with (lanes 2, 4, 6, 8, 10, and
12) CsA were treated with digitonin, followed by digestion with proteinase
I to isolate the replication complex. This fraction was then incubated with
pely(U) RNA-Sepharose {lanes 3. 6, 11, and 12) or protein G-Sepharose
as a negative control {lanes 3, 4, 9, and 10). Precipitates were detected by
immuncbiot analysis with anti-NS3B antibody. INP, one-sixth of the
amount of cell lysate used in the precipitation assay: G and plJ, samples
with protein G-Sepharose and poly(1)-Sepharose, vespectively. (B) Anin
vitro RNA binding assay was performed as deseribed in Materials and
Methods. [n vitro-synthesized NSSB of MH-14 (lanes 1 1o 6) or JFH1
(lanes 7 1o 12) with the rabbit reticulocyte lysate in the presence of
[*SImethionine was incubated with pratein G-Sepharose (lanes 2 and §)
ar poly(U)-Sepharose in the absence (lanes 3 and 9) or presence of
various amounts of purificd recombinant GST-CyPB (2 ng in pancls 4 and
10, 10 ng in panels 5 and 11, and 30 ng in panels 6 and 12}, The resultant
precipitates were fractionated by sodium dodecyl sulitie-polyacrylamide
gel electrophoresis, followed by the detection of radiclabeled protein,
(C) The density of the bands of NS3B in the RNA binding fraction was
quantified and plotied against the amount of the recombinant GST-CyPB
(in nancgrams). Solid line, NS5B of MH-14; faint line. NS5B of JFH 1.
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F1G. 8. Amino acid sequence alignment of NS3B encoded by HCV strains NN, Conl., O, and JFHL. The numbers above the sequence indicate
the amine acid numbers. Conserved residues are shown by dashes. The region spanning 521 to 591 aa, which Is involved in the interaction with

CyPB, is boxed.

recombinant GST-CyPB. The addition of recombinant GST-
CyPB increased the binding of genotype 1b NS5B to poly(U)
RNA {Fig. 7B and C). However. this augmentation of RNA
binding was not observed with NS3B from the JFHI strain
(Fiz. 7B and C}. From the above results, it is suggested that the
RNA binding of JFH] NS83B is free from regulation by CyPB,

DISCUSSION

Until now, we and another group have utilized subgenomic
replicons carrying genotype ib NN and HCV-N strains to

demonstrate that CsA suppresses HCV genome replication
(23, 29}. This study reveals that CsA is effective on full-genome
replicons to almost the same extent. 1n addition, other avail-
able genotype 1b replicons carrying the Conl and O strains
also have a high sensitivily to CsA, consistent with our proposal
that HCV genotype 1b is highly sensitive to CsA. However, a
fulminant-type genotype 2a replicon, JFHI, was less respon-
sive to CsA. although a high dose of CsA suppressed the
replication of this strain.

CyPB interacts with genotype 1b NS5B {o stimulate its RNA
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binding activity. In contrast, CyPB binds JFH1 NS5B but does
not regulate the function of JFH1 NS5B. This is consistent with
a previous speculation that genotype 1b and JFHI replicons
utilize the same cellular factors in distinct manners (21). The
NS5B sequence of NN strain has 93.0, 95.9, and 70.4% homol-
ogy to that of Conl, O, and JFHI, respectively (Fig. 8). The
region spanning amino acids (aa) 521 to 591 of NS3B, which is
involved in the interaction with CyPB (31), is highly conserved
among genotype 1b strains NN, Conl, and O while that of
JFHI has 21 substituted residues in this region. The proline at
540 aa, which is important for CyPB binding (31), is conserved
but the adjacent residues such as isoleucine at 339 aa and
alanine at 541 aa are replaced by leucine and glutamic acid,
respectively, in JFH1. Through molecular interactions, CyPB
seems to make the conformation of NS5B of genotype 1b
strains but not JFH1 suitable for RNA, binding (31). The di-
verse regulation system of NS3B by CyPB among strains may
be due to differences in either the sequence or the entire
conformation of NS3B. Further study is important for eluci-
dating the regulation mechanism of RNA binding activity of
NS5B by CyPB.

Thus, replication in JFHI1 replicon is independent of CyPB.
Interestingly, human immunodeficiency virus type 1 (BIV-1)
strains also have a diversity of CyP dependence on viral pro-
liferation (3, 33). CyPA plays an importaat role in the life cycle
of HIV-1. The interaction of the HIV-1 capsid protein with
CyPA that resides within the target cells of infection is critical
for HIV-1 replication (7, 24}. In peripheral blood mononuclear
cells or Jurkat T cells, CsA suppresses the proliferation of
HIV-1 group main (M) strain {3). However, certain strains of
group outlier {O), such as MVP5180 and MVP3435, are resis-
tant to CsA (3, 33), suggesting the different dependency of the
replication on CyPA. Authors have suggested that MVP5180
and MVP9435 clenes adapt to replicate independently of
CyPA and that this adaptation provides a significant replica-
tion advantage for the virus in vivo (3). In vesicular stomatitis
virus (VSV} strains, a role for CyPA in virus replication also
has been reported {2). CyPA is required for the infection of the
VSV-NJ strain but not the VSV-IND strain. These authors
proposed that during evolutionary divergence from the ances-
tral lineages that initially were dependent on CyPA for replica-
tion, VSV-IND may have adapted to reduce its dependency on
CyPA (2). In the case of HCV, a fulminant type genotype 2a
replicon (FFHI1) replicates independently of CyPB. It has previ-
ously been reported that JFH1 has a2 much higher competency of
replication in the cells than other strains (13). The adaptation to
independence from CyPB may contribute to the high capacity of
replication of JFH1.

Although the JFHI replicon is less sensitive to CsA, high
concentrations of CsA still suppress replication of the JFHI
replicon. Moreover, the introduction of the siRNA designed to
recognize several CyP subtypes [si-CyP(broad)] moderately di-
minishes HCV RNA in the JFH1 replicon. We suspect that a
CyP family member other than CyPB is involved in HCV
genome replication. Further analysis is needed on the role of
other CyP subiypes.

As there a replicon system for a fulminan{-type genotype ib
replicon or chrooic-type genotype 2a replicon does not yet
exist, we cannot conclude whether chronic-type genotype Za
replicons or fulminant-type replicons are less sensitive to CsA
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or not. However, there is a clinical report describing cotreat-
ment of patients with chronic hepatitis C with IFN and CsA
that resulted in a higher sustained virological rate than with
treatment of IFN alone (11). In this report, increase in the
sustained virological rate was prominent with patients carrying
genotype I HCV (51.7% versus 21.99%), while it was relatively
weak in patients carrying genotype 2 HCV (66.7% versus
58.3%) {11}. Thus, genotype may affect the sensitivity of HCV
replication to CsA. However, we cannot exciude the possibility
that the diminished sensitivity to CsA is a characteristic only of
the fulminant-type genotype 2a strain.

Our results suggest that sensitivity to CsA and replication
dependency to CyPB is different among HCV strains. This
finding is an important insight into the diversity of the mech-
anism of HCV genome replication and its sensitivity to anti-
viral agents.
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Epigenetic silencing of interferon-inducible genes is implicated in
interferon resistance of hepatitis C virus replicon-harboring cells
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Kunitada Shimotohno?, Nobuyuki Kato!**
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Background/Aims: We previously established hepatitis C virus (HCV) replicon-harboring cell lines possessing two
interferon (JFN)-resistant phenotypes: a partially resistant phenotype («R series) and a severely resistant phenotype
(BR series). We recently found that the severe IFN resistance of the PR-series cells is caused by the functional
disruption of type I IFN receptors. Here, we aimed to clarify the mechanism(s) underlying the partial IFN resistance of
the aR-series cells.

Methods: o«R-series cells were pre-treated with 5-azacytidine to evaluate the effects of DNA demethylation on IFN
resistance. cDNA microarray analysis was carried out in order to compare 1R cells, which belong to the «R series,
treated with both 5-azacytidine and IFN-a with cells treated with S-azacytidine or IFN-« alone.

Results: We found that the IFN-resistant phenotype of aR-series cells was impaired by treatment with 5-azacytidine.
e¢DNA microarray analysis identified seven IFN-stimulated genes, which were up-regulated by 5-azacytidine treatment.
We demonstrated here that the ectopic expression of each of these seven genes in 1¢R cells frequently weakened the IFN
resistance of these cells.

Conclusions: The present results suggest that the epigenetic silencing of IFN-stimulated genes is implicated in the

acquisition of a partially IFN-resistant phenotype of HCV replicon-harboring cells.
© 2006 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.

Keywords: IFN resistance; HCV replicon; DNA methylation; cDNA micrearray; Epigenetic silencing

1. Introduction

Persistent infection by the hepatitis C virus (HCV) is a
major cause of chronic hepatitis (CH) [1.2], which can
progress to liver cirrhosis and hepatocellular carcinoma
[3]. HCV is an enveloped RNA virus belonging to the
family Flaviviridae, the genome of which consists of a
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Abbreviarions: aa, amino acid; 5-azaC, 5-azacytidine; CH, chronic
hepatitis; HCV, hepatitis C virus; [FN, interferon; IFNAR, IFN receptor;
IRF-1, IFN regulatory factor 1; ISG, 1FN-stimulated gene; RT.PCR,
reverse transcription-palymerase chain reaction,

positive-stranded 9.6-kb RNA encoding at least 10
structural and non-structural proteins [4). Since, at least
170 million people are currently infected with HCV
worldwide, this type of infection constitutes a global health
problem [5]. Interferon (IFN)-a/ribavirin combination
therapy is currently the standard clinical therapy for patients
with CH C; however, the effectiveness of IFN is [imited to
approximately half of these patients [6]. This clinical
finding suggests that HCV is resistant to the antiviral effects
of IFN, and that HCV proteins directly or indirectly
attenuate those effects [7].

Although HCV replicon system harboring autonomously
replicating HCV subgenomic RNA containing the non-
structural region [8) provides a powerful tool for various
HCV studies, all of the HCV replicons established to date
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have been highly sensitive to IFN [9-12]. Based on our
assumption that prolonged IFN treatment might change
HCV replicons from the IFN-sensitive phenotype into an
IFN-resistant phenotype, we established nine HCV repli-
con-harboring cell lines possessing two IFN-resistant
phenotypes: a partially resistant phenotype (2R series;
laR, 3uR, 4¢R, 5aR, and eRmix) and a severely resistant
phenotype (BR series; 1BR, 3BR, 4BR, and 5BR) obtained by
IFN-o and IFN-f treatment, respectively [13]. aR- and BR-
series cells were derived from clones 1, 3, 4, and 5, and 1aR,
3aR, 4oR, and 5aR cells were counterparts of 1BR, 38R,
4PR, and 5BR cells, respectively [13]. Although genetic
analysis of these replicons identified one commen amino
acid (aa) substitution and several cell line-specific aa
substitutions, we failed to obtain the evidence of the direct
involvement of these aa substitutions to IFN resistance {14].
However, we found frequent non-sense mutations and
deletions in type I IFN receptor {IFNAR) genes (IFNARI]
and TFNAR2c) in the PR-series cells, but such mutations
were rarely observed in the aR-series cells [14]. Since we
demonstrated that the ectopic expression of wild-type
IFNAR in the BR-series cells restored IFN signaling, we
determined that the functional disruption of type I IFNAR
was responsible for this type of resistance [14]. However,
the mechanism underlying the partial IFN-resistance of aR-
series cells remains unclear. Since, the expression levels of
IFNARs, Tyk2, and Jakl were not lower in the aR-series
cells [13,14], the functional degeneration of other cellular
factor(s) involved in IFN signaling or IFN-stimulated
gene(s) (ISG) was thought to contribute to the acquisition
of IFN resistance.

As one potential mechanism for the partial resistance, we
assumed that the epigenetic silencing of some ISGs, which
are known to be involved in the anti-HCV activity of
IFN, by DNA methylation around the promoter region
might convert HCV replicon-harboring cells from the

IFN-sensitive phenotype to the IFN-resistant phenotype.
To evaluate our hypothesis, we examined whether or not
pre-treatment of «R-series cells with 5-azacytidine (3-
azaC), an inhibitor of DNA methyltransferase and an
inducer of gene suppressed by DNA methylation, could
alter the IFN sensitivity of the cells.

Here, we report that the epigenetic silencing of 18Gs is
implicated in the IFN-resistance of aR-series cells. We have
also identified several ISGs that are up-regulated by 5-azaC
treatment and weaken the IFN resistance of aR-series cells.

2. Materials and methods

2.1, Cell cultures

HCV replicon-harboring cells and cured 6Mc cells [14], from which the
HCY replicons had been eliminated by IFN-y ireatment, were maintained
as described previously [13].

2.2. Analysis of IFN sensitivity

HCV replicon-harboring cells were treated with 3-azaC (2-10 pM) (A~
2385, Sigma, St Louis, MO) for 2 weeks. Then, human [FN~a (I-2396;
Sigma) was added to the cells (with or without pre-treatment with 5-azaC)
as described previously [12,13]. After 3 weeks in culture, the colonies
obtained on the culture dishes were stained with Coomassie brilliant blue
(CBB) as described previously {15].

2.3. Quantitative analysis of HCV replicon RNA

The quantification of HCV RNA was carried out to monitor the antiviral
effects of IFN-o, and was performed by real-time LighiCycler polymerase
chain reaction (PCR) as deseribed previously (16,17},

2.4. Construction of replicon plasmid and RNA synthesis

The non-struciural region (6.1 kb) fragment of a [BR] clone obiained
from IBR cells [13} was digested with Spel and BsiWI, and the digested

Table 1

The primers used for RT-PCR analysis of mRNA expression

Gene Direction Nucleotide sequence Products (bp) Cycles

IF127 Forward gltttgeeectggecaggaliget 252 27
Reverse aatggagcccaggatgaacttggt

9-27 Forward tclicttgaactggigeiglcigpg 191 28
Reverse agagcegaataccagigacaggat

LMP2 Forward atggaaccciggeaggaatgcty 145 27
Reverse geaatagegictglaprgaagey

LMP7 Forward clgggataagaagggleciggac 293 27
Reverse tactgglgeageaggteactggac

Viperin Forward tggagcgecacaaagaagtgtect 240 27
Reverse ccagettcagatcagecttactee

[F144 Forward tglggetttgeicacicalglopa 227 K}
Reverse cageecatageatiegtetcagag

[FIT2 Forward aggecalceaccactiitatagagg 272 28
Reverse tggacaccacatetctatteteca

13G56 Forward tagecaacatgtecteacagac 396 32
Reverse letctaceactggicatge

GAFPDH Forward gacicatgaccacagiceatge 334 26
Reverse gaggagaccacclggigetcag
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fragment (5.7 kb) was ligated into the plasmid pNSSIRZ2RU [12], which
was predigested with Spel and BsiWl. The obtained plasmid was linearized
by Xbal and was used for RNA synthesis with T7 MEGAscript (Ambion) as
previously described [12].

2.5. RNA transfection and selection of G418-resistant cells

The transfection of HCV replicon RNA synthesized in vitro into 6Mc
cells was performed by electroporation, and the cells were selected in the
presence of G418 (300 pg/ml; Invitrogen) for 3 weeks as described
previgusly [14}1.

2.6. cDNA microarray analysis

The laR cells (53¢10° cells), which were cultured for 2 weeks in the
absence or presence of 5-azaC (10 pM), were plated onto a [0-cm diameter
dish, and were cultured for 2 days in the absence of G418, Then the cells

were treated with or without IFN-&¢ (300 IU/mb) for 8 h. Total RNAs
prepared from 80% confluent cells were subjected to cDNA microarray
analysis (CodeLink™, Uniset human I containing 54840 spots of 30-mer
oligonucleotides; Amersham Biosciences) as described previously [18].

2.7. Reverse transcription (RT}-PCR

RT-PCR and real-time LightCycler PCR were performed as described
previously [ 8,19 using the primer sets in Table §.

2.8, Expression vectors and retroviral infection

Retroviral vectors pCXbsr [20] and pCabse(IRES) (kindly provided by
Dr T. Akagi), which contain the resistance gene for blasticidin, were used in
this study. Retroviral infection and selection by blasticidin were performed
as described previously [15].

IFN-¢x

+
-

Cell number

- + - + - + - + - +

5-azaC

5C-1 1aR 3uR 4oR 5aR

Fig. 1. 5-AzaC treatment converts «R-serjes cells from an IFN-resisiant phenotype into an IFN-sensitive phenotype. (A) IFN sensitivities of various
HCYV replicon-harboring cells. aR-series cells (LaR, 32R, 4R, and 5«R} showing a partially IFN-resistant phenotype and the parent 50-1 cells with an
IFN-sensitive phenotype were used for the analysis. These cells were plated onto 10-cm dizmeter dishes (23 10* cells/dish) and were cultured for 1 day
before treatment with 5-azaC. 5-AzaC wasadded to the cultures at a final concentration of 10 M (4 pM for 4uR, cells,and 2 uM for 5xR cells) and the
cells were then cultured for 2 weeks, and were subsequently treated with or without IFN-o (400 ¥U/ml) for 3 weeks in the presence of G418
(300 pg/ml). The HCY replicon-harboring cells were known fo possess the G418-resistant phenotype, because neomycin phosphotransferase was
produced by the efficient replication of the HCV replicon in the cells, Therefore, when an HCV replicon was excluded from the cells or levels of the
replicon were low, the cells did not survive in the presence of G418. The panels show G418-resistant colonies stained with CBB as described previously
[15]. (B) Effect of 5-azaC on the growth of HCV replicon-harboring cells. 50-1 and «R-series cells were plated onto 10-em diameter dishes {4 X 10°
cells/dish} and were cultured for 1 day befere treatment with 5-azaC. These cells were cultured in the absence or presence of 5-azaC (10 pM for 30-1,
1uR, and 3uR cells, 4 pM far 4R cells, and 2 pM for S«R cells) for 3 days, and then the cell number was determined by a methoed described
previously [27]. The data indicate means+S8D of triplicates from two independent experiments. [This figure appears in colour on the web.}
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Fig. 2. IFN sensitivities of HCV replicons. (A) HCV replicon RNA levels
of 50-1, 1BR, 1«R, and 4uR cells cultured in the presence or absence of
S-azaC {10 pM for 50-1, 1BR, and I1aK cells, 4 pM for 4aR cells) for 2
weeks. Real-time LightCycler PCR was carried out in order (o
quantitatively monitor the levels of replicon RNAs in the cells, as
described previously [16,17]. The copy sumbers of HCV replicon RNA
per pg of total RNA determined by quantitative RT-PCR are shown.
{B) 50-1, (C) 1BR, {I» 1«R, and (E) dxR cells were cultured in the
presence {open circles) or absence (open squares) of 5-azaC as
described in (A), and then the cells were treated with IFN-e {0, 1, 2,
4, and 7 YU/ml each) for 3 days. Quantitative RT-PCR was carried ouf
as described in (A). The relative level of HCV replicon RNA (%)
caleulated at each point, when the HCV replicon RNA level of IFN non-
treated cells was assigned to be 100 %, is shown here, The data indicate
means+ SD of triplicates from two independent experiments.

2.9. Western blot analysis and immunoprecipilation

The preparation of cell lysates, SDS-PAGE, and immunoblotting
analysis were performed as previously described [21].

Table 2
Genes whose elevated levels in the C vs. IFN 4+ 5-azaC experiment were
more than 2.5-fold those in the C vs. IFN or C vs. 5-azaC experiment

Gene C vs. IEN+ Cvs. [FN Cwvs. 5azaC  Accession no.
5-azaC
IF127 25.21° .56 1.72 NM_D053532
9-27 2703.30 600.65 -0.04 NM_003641
LMP2 23.60 6.20 1.57 NM_002800
LMP7 22.27 8.79 172 NM_004159
Viperin 25.26 9.07 -2.26 NM_080657
1F144 20.60 7.05 0.03 NM_006417
IFIT2 10.67 2.96 ~3.02 NM,_001547

The manufacturer’s protocel {Amersham Biosciences) recomeended the
use of a ratio of at least 2:1 as a standard for the selection of genes showing
significant differences in expression.

* Fold,

3. Results

3.1. IFN-resistant phenotype of HCV replicon-harboring
cells is impaired by co-treatment with 5-azaC and IFN-«

Based on our assumption, we examined whether or not
pre-treatment of uR-series cells with 5-azaC could convert
these cells from the IFN-resistant phenotype to the IFN-
sensitive phenotype. Parent HCV replicon-harboring cells
{50-1) [22], and oR-series cells were treated with IFN-o
and/or 5-azaC, and their IFN sensitivities were compared.
After IFN-a treatment, many 1aR, 3aR, 4aR, and 5aR cell
colonies survived, although only a few small colonies of 50-
i cells survived. However, when 5-azaC pre-treatment
following IFN-« treatment was applied, almost none of the
taR, 3aR, 4aR, or 5aR cell colonies survived, nor did the
colonies of 50-1 cells (Fig. I(A)). Although, we observed
that 5-azaC treatment slightly lowered the growth rates of
these cells (Fig. 1(B)), the cell viabilities exceeded 99%,
and a number of colonies were finally obtained after
treatment with 5-azaC alone (Fig. 1{A)). These results
suggest that 5-azaC treatment converts «R-series cells from
an IFN-resistant phenotype into an IFN-sensitive
phenotype.

Since, we previously observed that none of the non-sense
mutations in IFNAR genes found in all clones derived from
18R and 4BR cells were detected in [eR and 4oR cells,
which were the counterparts of 1BR and 4BR cells,
respectively [§4], we focused on 1aR and 4uR cells to
assess the effect of S-azaC treatment on IFN sensitivity,
Quantitative RT-PCR analysis of replicon RNA in cells
treated with IFN-a was performed using 1aR, 4aR, 1BR (a
counterpart of l1aR), and 50-1 cells pre-treated with or
without 5-azaC. We confirmed that HCV replicon RNA
levels in the cells pre-treated with 5-azaC were sufficient for
analysis, although HCV replicon RNA levels were a little
lower by 5-azaC treatment (Fig. 2(A)). The level of replicon
RNA in 50-1 cells drastically decreased after IFN-g¢
treatment, regardless of 5-2zaC pre-treatment (Fig. 2(B)).
Contrary to the level observed in 50-1 cells, that of replicon
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Fig. 3. RT-PCR analysis of mRNA expression of selected ISGs based on
the microarray results. 1R cells were cultured in the presence or
absence of 5-azaC (10 pM) for 2 weeks. The 1oR cells treated with 5-
azaC and the 50-1 cells were treated with or without IFN- (500 TU/ml)
for 8 h. The total RNAs extracted from these cells were subjected to
RT-PCR using the primer sets listed in Table 1. ISG56 was used as the
representative ISG, which was not selected by the microarray analysis.
GAPDH was used as an internal control. RT-PCR products were
detected by staining the samples with ethidium bromide after 3%
agarose gel electrophoresis.

RNA in IBR cells did not decrease after [FN-o treatment,
regardless of 5-azaC pre-treatment (Fig, 2(C)). However,
we observed that the level of replicon RNA in laR cells
(Fig. 2(D)) and that in 4R cells (Fig. 2(E)) pre-treated with
5-azaC had decreased more substantially after IFN-«
treatment than that in the cells lacking 5-azaC pre-
treatment. In general, these results indicate that 5-azaC
treatment of aR-series cells {at least 1R and 4aR cells)
may convert the cells from a partially IFN-resistant
phenotype to an IFN-sensitive phenotype; moreover, the
present findings suggest that some ISGs known to contribute
to the anti-HCV activity of IFN are suppressed by DNA
methylation in aR-series cells.

3.2. ¢cDNA microarray analysis using 1aR cells

Based on the results presented above, we attempted to
identify those ISGs that are determinative of IFN sensitivity;
to this end, cDNA microarray analyses were performed by
comparing the following: IaR cells with 1aR cells treated
with S-azaC (C vs. 5-azaC), 1aR cells with 1R cells treated
with IFN-¢ (C vs. IFN), and 1R cells with 1R cells treated
with [FN-u after pre-treatment with 5-azaC (C vs. [FN+35-
azaC). As the first step in this analysis, we selected the only
already-known genes whose expression levels were up-
regulated at a ratio of more than 10 in C vs. IFN+ 5-azaC.
Then, from among those that were selected in the fixst step,
we performed an additional selection of genes whose
elevated levels in the C vs. IJFN+-5-azaC experiment were
more than 2.5-fold, as compared with those in the C vs. IFN
or C vs. 5-azaC experiment. Finally, seven genes (IFI27,
IFl44, LMP2, LMP7, 9-27, Viperin, and IFIT2) were
identified as genes that were highly and selectively induced
by co-treatment with IFN-o and 5-azaC (Table 2).

In order to confirm the results of our microarray selection,
we conducted RT-PCR analysis and real-time LightCycler
PCR to examine the mRNA levels of the identified seven
genes in the 1oR cells treated with or without IFN-a. after pre-
treatment with or without 5-azaC. As a control, parent 50-1
cells treated with or without IFN-a were used. The results
(Fig. 3 and Table 3) confirmed the results of the microarray
analysis (Table 2). The findings revealed that the levels of
induction of these seven genes in 1oR cells treated with IFN-¢
were clearly lower than those in 50-1 cells treated with IFN-o.,
It is noteworthy that the expression of these seven genes in
laR cells treated with IFN-o after 5-azaC pre-treatment was
remarkably elevated, whereas the IFN-c-induced level of
expression of the ISG36 gene, an immediate early antiviral
ISG, was slightly enhanced after 5-azaC pre-treatment (Fig, 3
and Table 3). These results suggest that the epigenetic
silencing of these ISGs is involved in the acquisition of the
IFN-resistant phenotype, at least in 1R cells, and this is also
likely to be the case in other aR-series cells.

3.3. Charucterization of additional HCV replicon-harbor-
ing cells possessing an IFN-resistant phenotype

In order to evaluate the reproducibility of the phenom-
enon observed in laR cells, additional HCV replicon-
harboring 1pR1/6Mc cells, which were recently established
independently [14], were used for [FN-o treatment
(Fig. 4(A)). IFN-u-treated 18R 1/6Me cells yielded several
distinct IFN-resistant colonies, which were designated as
1BR1/6McuR mixed colonies.

To assess the effects of 5-azaC treatment on IFN-
sensitivity, quantitative RT-PCR analysis of replicon RNA
in the cells treated with IFN-¢0 was performed using
1BRI/6Mc cells, 1BRI/6McaR cells, and 1PR1/6McaR
cells pre-treated with 5-azaC (designated as 18R1/6McaR +
AZ cells). The level of replicon RNA in 1BR1/6Mc cells
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Table 3

Real-time RT-PCR analysis of mRNA. expression of selected ISGs based on the microarray results

Gene 50-1 laR
- - + 5-azaC
- + - + - + IFN-o.

IF127 48419 100 6.4-+3.2 119419 229454 380.4+18.9

9-27 <1.0 100 <1.0 681456 <1.0 46,0467

LMP2 <1.0 100 <10 117409 27203 G0.5+4.5

LMP7 2.340.5 100 2.1£03 19.8+2.0 881+13 92.6+18.7

Viperin nd. 100 n.d. 74+20 <10 352452

[Fl44 nd. 100 nd. 59405 n.d. 56.0+7.1

[FIT2 <i0 100 <10 16.8+9.1 < L9 4844133

1SG56 <1.0 100 <10 76.2+4.1 <E0 [17.1£87

The experiments were performed in at Jeast triplicate. n.d., not detected. To correct the differences in RNA quality and quantity between the samples, data were
normalized using the ratio of each mRNA concentration to that of GAPDH. The relative level (mean+SD) of each mRNA calculaicd, when the level of each
mBRNA of 50-1 cells treated with 1FN-o was assigned to be 100, is shown here.

decreased markedly after IFN-a treatment (Fig. 4(B)), as had
also been observed in the 50-1 cells (Fig. 2(B)). In contrast to
the 1PRI/6Mc cells, IPR1/6McoR cells exhibited a partially
FFN-resistant phenotype (Fig. 4(B)), as had been observed in
the FaR cells (Fig. 2(I2)} and 4aR cells (Fig. 2(E)). However,
after IFN-« treatment, the level of replicon RNA in the 1BR1/
6McaR +AZ cells was lower than that in 1R1/6McaR
cells (Fig. 4(B)). This result suggests that the treatment

A HCV replicon

of 1BR1/6McaR cells with 5-azaC also contributed to a
weakening of the IFN-resistant phenotype in these cells.

We next considered the expression levels of the seven
genes that had been idemified as epigenetically suppressed
genes in IR cells; here, IFN-g-treated 1pR1/6Mc and
1BR1/6McoR cells were compared. The results obtained by
RT-PCR analysis revealed that the induction of these seven
genes by IFN-o in the 1PR1/6McaR cells was weaker than

1BR1 RNA
IFN-o
G418 5-azaC
WM 1pR1/6Mo yvy 1BRABMCOR | 113R:lgglcuR
3 weeks 3 weeks 2 weeks

B 120

100 C
= 80
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=
© —0— 1BRIBME
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g 807 —0— 1BR/EMCcaR
) —0— 1BRIBMoaR+AZ
3 401
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Fig. 4. Effect of 5-azaC treatment on IFN resistance in newly isolated HCV replicon-harboring cells showing a partially IFN-resistant phenotype. (A)
Qutline of the isclation of HCV replicon-harboring cells showing partial IFN resistance. HCY replicon-harboring cells (designated as 1PR1/6Mc cells)
[14], established by the transfection of in vitro-synthesized replicon RNA (1BR1 obtained from 1BR cells) [13] intg 6Me cells, were treated with
400 IU/ml of IFN-x for 3 weeks in the presence of G418, and several colonies survived as cells with an IFN-resistant phenotype {1fR1/6McaR cells).
The 1BRY/6McuR cells were treated with 5-azaC {(duM) for 2 weeks. {(B) IFN sensitivities of HCV replicons. The HCV replicon-harboring cells treated
with IFN-« (0, 2, and 7 [U/m] each) for 3 days were subjected to guantification of HCV replicon RNA, as described in Fig. 2.
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1pR1/6Mc 1BRI/EMcaR

I L L 1 X B ceon

Fig. 5. RT-PCR analysis of mRNA expression of seven ISGs selected by
microarray analysis. 1pR1/6McoR cells were cultured in the presence
or absence of 5-azaC (4 uM) for 2 weeks. The 1BR1/6McuR cells were
treated with 5-azaC and the 1PR/6Mc cells were freated with or
without IFN-o {500 IU/m1i) for 8 h. The total RNAs extracted from the
cells were subjected to RT-PCR using the primer sets listed in Table 1.
GAPDH was used as an internal confrob. RT-PCR products were
detected by staining the samples with ethidiuin bromide after 3%
agarose gel electrophoresis,

that in the parent 18R1/6Mc cells (Fig. 5). However, these
seven genes were induced by IFN-a in 1 BR1/6McaR cells
pre-treated with 5-azaC (Fig. 5). These results were
confirmed by real-time LightCycler PCR (Table 4), and
were similar to those obtained in the situdy of 1aR cells
(Fig. 3 and Table 3), thus demonstrating that the appearance
of the IFN-resistant phenotype is reproducible. Further-
more, these results suggest that some form of epigenetic
silencing such as DNA methylation is frequently involved in
the acquisition of the IFN-resistant phenotype.

3.4. Ectopic expression of epigenetically suppressed genes
weakens the IFN resistance of 1aR cells

To evaluate the effects of epigenetically suppressed
genes on the IFN sensitivity of HCV replicons, we prepared
laR cells stably expressing TF127, TFI44, L.MP2, LMP7, 9-
27, Viperin, or [FIT2 using retroviral gene transfer system
[15]. The ectopic expression of each ISG protein was
confirmed by Western blot analysis or immunoprecipitation
following Western blot analysis (Fig. 6(A)). The results
obtained by quantitative RT-PCR analysis revealed that the
level of HCV replicon RNA decreased to about half that in
the cells expressing Viperin. Also, in LMP2-, LMP7-, and
IFIT2-expressing cells, significant reductions of HCV
replicon RNA were detected (Fig. 6(B)). These results
indicate that the simple expression of these genes into the
cells interferes with the level of HCV replicon RNA, and
that the combination of ISGs contributes to the IFN
resistance of the HCV replicon. Therefore, 1«R cells
expressing each ISG protein were initially treated with
TFN-o, and then the level of HCV replicon RNA was
monitored by quantitative RT-PCR analysis. Interestingly,
the results revealed that the level of HCV replicon RNA in
the 1oR cells expressing Viperin or LMP7 was largely
decreased to the level in parent 50-1 cells (Fig. 6(C)).
Furthermore, we observed that the 1aR cells expressing
IFIT2, 9-27, LMP2, or IFI44 also partially changed to the
IFN-sensitive phenotype (Fig. 6(C)). These results suggest
that the transcriptional suppression of ISGs such as LMP-7

Table 4

Real-time RT-PCR analysis of mRNA expression of seven ISGs selected by microarray analysis

Gene 1 AR i/6Me {BR1/6McoR
~ - + 5-azaC
- + - + - + IFN-=

[F127 40+0.8 100 137220 13.443.7 60.9+107 R3L 164

9-27 <10 [00 <10 148402 1.0+0.2 101.74£263

LMP2 1.1+0.1 [00 <1.0 69106 3.0+£03 112.2438.1

LMP7 35404 100 <10 99407 8709 96.5+11.2

Viperin nd. 100 n.d. 23.2+5.4 <l1.0 104.84+14.0

117144 n.d. 100 n.d. 4508 nd. 537.3+19

IFIT2 <10 100 <1.0 102416 <1.0 67.9+£8.2

The experiments were performed in at least triplicate. n.d., not detected. To correct the differences in RNA quality and quantity between the samples, data were
normalized using the ratio of each mRNA concentration to that of GAPDH. The relative leve] (mean £ SD) of each mRINA calcutated, when the level of each
mRNA of |PR1/6Mc cells treated with JFN-o. was assigned 0 be 100, is shown here,
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Fig. 6. IFN sensitivities of HCV replicons in leR cells expressing
epigenetically silenced I5G. (A) Ectopic expression of epigenetically
silenced ISG in 1aR cells introduced by retrovirns-mediated gene
transfer. The DNA fragments encoding myc-tagged IFI27 and IFI44,
and influenza hemagglutinin-tagged (HA)-LMP2, LMP7, 9-27, and
IFIT2 were obtained by the PCR amplification of ¢DNAs derived from
HCYV replicon-harboring cells using primer sets designed from the
nucleatide sequences (see the Accession no. in Table 2). The obtained
DNA fragments were cloned into the EcoRI and Notl sites of pCXbsr,
as described previously [28]. The DNA fragment encoding the HA-
IFTT2 was cloned into the EcoRI and Notl sites of pCdbsr(IRES). The
sequences of the plasmid inserts were confirmed by Big Dye terminator
cycle sequencing on an ABI PRISM 310 genetic analyzer (Applied
Biosystems). Western blot analysis or immunoprecipitation (IF)
following Western blot analysis of 1aR cells infected with pCXhbsr
retroviruses encoding myc-IFI27, myc-1FI44, Viperin-HA, LMP2-HA,

and Viperin, among other ISGs, is involved in the partial
IFN resistance of HCV replicon-harboring cells.

4. Discussion

Although, we identified several ISGs, which are expected
to contribute to the acquisition of the IFN-resistant
phenotype, the relationships among these [SGs remain
unclear, in particular as regards issues such as anti-HCV
activity and the mechanisms of induction of these ISGs after
5-azaC treatment. In this context, several plausible
explanations can be considered: (1} all seven ISGs are
independently induced by 5-azaC treatment; (2) one of the
seven ISGs is induced by 5-azaC treatment, and then this
ISG activates the other 15Gs; (3) a certain transcriptional
factor (e.g. IFN regulatory factor 1 (IRF-1), IRF-7, etc.) is
induced by 5-azaC trestment, and then this factor activates
the seven ISGs; (4) a certain combination of a identified ISG
and an unidentified 1SG in the present study exhibits anti-
HCV activity; and/or (5) a certain combination of a number
of ISGs identified in the present study exhibits ant-HCV
activity. As regards possibilities (1) and (2), we examined
the expression levels of seven ISGs in 1aR cells ectopically
expressing one of these seven ISGs. We did not obtain
evidence demonstrating that one of the seven ISGs activates
the other ISGs (data not shown); therefore, possibility (1)
was supported and possibility (2) was excluded (data not
shown). As regards option (3), it was noted that ectopic
IRF-1 expression suppresses the replication of the HCV
replicon via the activation of ISGs [23]. However, we did
not observe any significant indoction of the mRNA for the
IRF-1 gene in 1aR cells co-treated with JEN-« and 5-azaC
(data not shown). Moreover, no induction of the IRF-7 gene
was observed in 1aR cells co-treated with IFN-o and 5-azaC
(data not shown). Therefore, possibility (3) also appears
unlikely, although the possibility of the induction of another
transcriptional factor(s) cannot be excluded. As regards

ol

‘LMP‘.’—HA, 9-27-HA, and HA-IFIT2 was performed by anti-HA (rat
monoclonal 3F10; Roche, Mannheim, Germany) or anti-myc (mouse
monocjonal PL14; Medical and PBiological Laboratories, Nagoya,
Japan) antibodies. In order to detect 9-27-HA and HA-IFIT2, IP was
performed by using anti-HA affisity matrix (3F10, Rache). pCXbsr or
pC4bsr (IRES) retrovirus-infected 1«R cells were used as a control
(Ctr). B-actin was detected by anti-B-actin antibody (AC-15, Sigma) as
a control for the amount of protein loaded per lane. (B) The
quandification of HCV replicon RNA in laR cells expressing
epigenefically silenced ISG was performed as described in Fig. 2.
pCXbsr retrovirus-infected 1uR cells were used as a control (Ctr). (C)
IFN sensitivities of HCV replicon RNA in I«R cells expressing
epigenetically silenced ISG. ISG-expressed IaR cells treated with
IFN-oe (B, 2, and 7I/ml each) for 3 days were subjected to
quantification of HCY replicon RNA, as described in Fig. 2. pCXbsr
retrovirus-infected To«R cells were used as a control (Ctr). The relative
level of HCV replicon RNA (%) calculated at each point, when the
HCY replicon RNA level of IFN non-treated cells expressing each ISG
was assigned to be 100%, is shown here. [This figure appears in celour
on the web.]
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option (4), a number of ISGs that were not selected by the
present microarray analysis could be considered as
candidates for contributing to anti-HCV activity. However,
at least with respect to the representative 2/-5'-oligoadeny-
late synthetase (2'-5-0OAS) and double-stranded RNA-
specific adenosine deaminase (ADARI), no significant
differences in mRNA induction of 2-3'-0AS or ADARI
genes by [FN-a treatment were observed between 50-1 and
IzR cells, regardless of 5-azaC pre-treatment (data not
shown). As regards option (5), it is likely that a combination
of several ISGs is involved in the conversion to the IFN-
sensitive phenotype of these cells, because the expression of
EMP-2, LMP-7, or Viperin alone was associated with
reductions in the level of HCV replicon RNA (Fig. 6(B)).
Therefore, in order to clarify this issue, future studies
involving the co-expression of these ISGs will also be
necessary.

Among the genes selected in this study, LMP2 and ILMP7
are of interest; these genes are known as catalytic subunits
of immunoproteasome, which is induced by IFN-y [24].
These genes have recently been identified as being
suppressed in HCV replicon-harboring cells [18]. The
down-regulation of these genes may contribute to persistent
viral infection due to the acquisition of the IFN-resistant
phenotype.

Viperin is a third gene of interest identified in this study.
Viperin is induced by IFN-a/B, IEN-v, as well as by human
cytomegalovirns (HCMV) infection {25]. Stable expression
of Viperin in fibroblasts inhibited HCMV infection and
downregulated several HCMV proteins, although its
molecular mechanism remains unclear at present [25].
Since, HCV replication complexes have been associated
with inner cellular lipid membrane structures [26], viperin
may contribute to the inhibition of HCV replication.

The present study using HCV replicon-harboring cell
lines to investigate the mechanisms of IFN resistance may
contribute to further diagnostic study of IFN sensitivity
among patients with CH C. However, additional compari-
sons of ISG expression levels in IFN responders and non-
responders with CH C will be required to understand the
mechanisms underlying IFN resistance associated with
HCV.
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Hepatitis C virns (HCV) contains two membrane-associated envelope glycoproteins, E1 and E2, which
assemble as a heterodimer in the endoplasmic reticulum (ER). In this study, predictive algorithms and genetic
analyses of deletion mutants and glycosylation site variants of the £l glycoprotein were used to suggest that
the glycoprotein can adopt two topologies in the ER membrane: the conventional {ype I membrane topology and
a polytopic topelogy in which the protein spans the ER membrane twice with an intervening cyteplasmic loop
(amine acid residues 288 to 360). We also demonstrate that the E1 glycoprotein is able to associate with the
HCY core protein, but only upon oligomerization of the core protein in the presence of tRINA to form capsid-like
structures. Yeast two-hybrid and immunoprecipitation analyses reveil that oligomerization of the core protein
is promoted by amino acid residues 72 to 91 in the core. Furthermore, the association between the El
glycoprotein and the assembled core can be recapituiated using a fusion protein containing the putative
cytoplasmic loop of the El glycoprotein. This fusion protein is also able to compete with the intact El
glycoprotein for binding to the core. Mutagenesis of the cytoplasmic loop of EI was used to define a region of
four amino acids (residues 312 to 315) that is important for interaction with the assembled HCV core. Taken
together, our studies suggest that interaction between the self-cligomerized HCV core and the E1 glycoprotein

Department of

is mediated through the cytoplasmic lesop present in a polytopic form of the E1 glycoprotein.

Hepatitis C virus (HCV) is the causative agent of chronic
hepatitis C, leading te steatosis, cirrhosis, and hepatocellular
carcinoma. It is estimated that over 170 million people are
infected with HCV worldwide (5, 18, 37). HCV is an enveloped
single-stranded plus-sense RNA virus in the Hepacivirus genus
of the family Flaviviridae, which also includes the flaviviruses
and pestiviruses (36). The genome of HCV encodes a pelypro-
tein of approximately 3,000 amino acids which is cotranslation-
ally and posttranslationally processed to generate at feast 10
viral proteins (12). The structural proteins, the core and E!
and E2 envelope glycoproteins, are encoded in the N-terminal
portion of the polyprotein, and the nonstructurai proteins,
thought to be required for replication of the viral genome, are
encoded in the C-terminal region (11}. The core protein, which
interacts with viral RNA (47) to form the nucleocapsid, is
liberated from the N terminus of the polyprotein by signal
peptidase cleavage in the downstream El protein (at position
191), and the C-lerminal transmembrane region of the core
protein (residue 164 to 191} is further cleaved at residues 177
or 179 by the signal peptide peptidase (16, 43). The remaining
hydrophobic region of the core protein (domain I1: residues
119 to 174) has been shown to affect the efficiency of signal
peptide peptidase cleavage and the intracellular localization of
core protein (14, 44). Although the C-terminal transmembrane
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region of core protein and El were reported to interact with
each other within the intramembrane space (23), (he central
hydrophobic region from residues 119 to 152 within domain I1
was also suggested to be responsible for the interaction be-
tween core and E1 (27).

Recently, in vitro replication of a JFH1 clone of HCV ge-
notype 2a derived from a patient with fulminant hepatitis C
was reported in a cell line that had been cured of its HCV
replicon by treatment with interferon (23, 50, 51). However,
this reverse genetics system is limited to the JFH-1 clone of
genotype 2a and specific cell lines. Robust and reliable in vitro
replication of other major genotypes of HCV such as geno-
types ta and 1b has yet to be developed. So far, biological
functions of HCV envelepe proteins have been characterized
by using recombinant envelope proteins expressed in vitro,
HCV-like particles produced in insect cells, and the pseudotyped
virions based on vesicular stematitis virus and retraviruses (8).
The HCV polyprotein precursor must be specifically threaded
throagh the membrane of the endoplasmic reticulum (ER) to
undergo maturatien to form the mature envelope glycopro-
teins (7). In the polyprotein, the C-terminal regions of E1 and
E2 each contain & membrane-spanning domain as well as the
hydrophobic signal peptide of the downstream viral protein
(E2 and p7, respectively). These domains ferm hairpin struc-
tures that pass through the membrane twice. to allow process-
ing by signal peptidase in the ER lumen. Upon signal pepiidase
cleavage, the C termini are thought to translocate into the
cytoplasm to generate the type 1 membrane topelogy of the
mature giycoproteins, The mature El and E2 glycoproteins
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remain noncovalently associated, interacting in part through
their C-terminal transmembrane domains, which also mediate
retention of the E1-EZ complex in the ER. Based on this
model of membrane topology, the HCV envelope glycopro-
teins possess little or no cytoplasmic region. However, a phys-
ical association between El and the cytosolic core protein has
been reported (25, 27), suggesting that the E1 glycoprotein is
able to expose a cytoplasmic domain of sufficient length to
interact with the core. In addition, the presence of the core
protein has been shown to affect the folding of E1 (32).

We have previously suggested that the E1 glycoprotein may
adopt a polytopic {double membrane-spanning) topology that
coexists with the dominant type I form (35). In this study, we
provide genetic evidence for a polytopic form of the E1 glyco-
protein and for exposure of a centrally located cytoplasmic
domain. Furthermore, we show that the cytoplasmic region of
the polytopic form of E1 is required for interaction with amine
acid residues 72 to 91 of the core protein.

MATERIALS AND METHODS

Cell culture. 293T cells were maintained in Dulbecco’s modified Eagle's mie-
dium (Sigma, St Louis, MO) containing 2 mM t-glutamine, penjcillin, and
streptomycin and supplemented with 105 fetal bovine serum.

Plasmids. A cDXNA of E1 glycoprotein was amplified from HCV rype th strain
11 (1) by PCR using Pfit Turbo DNA polymerase (Stratagene, La Jolla. CA) and
inserted between Mhel and BamHI sites of piw4303. which contains the signal
sequence of tissue plasminogen activator and the bovine growth hormone poly-
adenylation sigaal (3 kind gift from J. M. Mullins). {0 gencrate pJW383, For the
deletion analysis, the plasmids pJW360 and pIW288 encoding residues 192 to
360 and 192 to 388, respectively, were amgtificd by PCR ound cloned inko
pIW4303. The plasmids pJW383d1 and pIW383d2. containing deletions in res-
idues 261 to 286 and 289 10 340, respectively, were generated from pJW383 by
splicing of overlapping extensions {13, 15) as described previously (44), A cDNA
fragment encoding core to B2 proteins of HCV strain J1 was amplified by PCR
and cloned inte pCAGGs-PUR (28). and glycosylution site mutations in the El
protein were generated by the method of splicing by overlapping extension. For
the yeast two-hybrid assay, pGBKT7HCVCore 173 was used as bait, as deseribed
previousty (38), The gene encoding amino acids 288 10 346 of HCV EJ protein
was amplified from cDNA of strain J1 and introduced into Ndel and EcoR] sites
of a pGADT7 vector (Clontech, Palo Alte, CA). In the same way, deletion
mutants of core protein encoding residues 1 10 131, 1 t0 25,24 10 173, 38 10 173,
58 to 173,72 wo 173, and 92 to 173 were amplified by PCR and cloned into a
pGBET7? vector. The FLAG sequence was introduced between amino acids 193
and 196 of the cDNA encoding residues 1 ta 383 of the HCV polyprotein and
replaced Ala™? with Arg 1o avoid processing by signal peptidase and spacer
amino acids (Gly-Glv-Gly-Ser), and influenza virus hemagglutinin {(HA} se-
quence was added at the C terminus. The resulting ¢cDNA fragment enceding
core protein, FLAG tag, EI, and HA tag was cloned into o pcDNA3J I +} veelor
and designated Flag-care-E1-HA (see Fig. 2D, below) and uszed for in virro
wranseription and transiaton. Similarly, the FLAG sequence was introduced into
the cDNA encading residues 1351 1o 383 of the HCV polyprotein, and the HA
sequence was added al the C terminuas, The resuiting cDNA frogment encoding
the C-terminal hydrophobic/ransmembrane region of the core protein. FLAG
tag. EI. and HA tag was designated Flag-E1-Ha (see Fip. 3A, below). The DNA
frigments cncoding residues T o 191 with amino acids 72 10 91 deleted were
generated by splicing via overlapping extension apd cloned into pCAGGS
{CoreA72-91) (see Fig, A below) (42}, The DNA frugment encoding the evie-
plasmic domain of the EF protein with a C-ierminal HA tag was amplified by
PCR and introduced at HindH and Sacll sies of pEGFP-C3. pCAGGS plas-
mids eneeding core W p7 replacing residues 304 to 307, 308 10 310, 31210 313,
31610 319 32010 323,324 10 327, 07 328 1o 331 with Afawere generaled by using
splicing with overfapping extension ee Fig, AL below?),

Antibodies. Mouse monoclonal antibody 1o HA tag {HAI1) and anti-FLAG
antibody (M2} were purchased from Covance (Richmond, CA) and Sigma,
respectively. Mouse monaclonal antibodies to core protein (clenes 11-7, 11-H).
und 11-14) were gifis from 5. Yagi (2). Anti-El mouse monoclonal antibody
(clone (7126} was prepased by immunization using the membrane Iraction of the

J. VIROL.

CHO L10 celi line, which constitutively expresses HCV envelope proteing (30).
Anti-E2 monocional antibody {clonc 187} was a gencrous gift Irom M. Kohara,

Yeast two-hybridt assay. A yeast two-hybrid assay was carried out by using
Matchmaker sysiem 3 (Clonrech) according 1o the manufaciurer’s protocol. The
bait vector pGBKT7HCVeore 173 (38) or cmpiy plasmid was transfected into
Seccharomyces cerevisiae strain AHI09 together with the prey vectors, pGADTY-
Lased construets (see Table 1, below). The yeast cells possessing pGBKT?7/p-33
and pGADT7/large T antigen were used as posilive controls, while veast cells
passessing pGBRT7 and pGAIYTT were the negative controls, These transfected
veast colonies were cultivated on dropout plates lacking Trp, Leu, His, and Ade
{test plutes) or plates lacking Trp and Leu {controf plates) und then incubated at
30°C for 1 week.

Transfection, immunoblotting, and immunoprecipitation. Liposome-medi-
ated DNA transfection using Lipofectamine 2000 {Invitrogen, Carlsbad, CA) was
described previously (38). Transfected cells were cultured at 2 % 107 cellspvell in
a six-well plate. harvested 30 to 48 h posttransfection, washed twice with phos-
phate-buffered saline (PBS). and incubated ut 4°C for 30 min in 0.25 ml of iysis
buffer (2¢ mM Tris-HCI [pH 7.4], 135 mM NaCl 1% Triten X-100. and 10%
civeerol supplemented with 1 mM phenylmethylsulfonyl fuoride, 50 mM NaF,
and 5 mM Na;VO,). After freezing and thawing, Iysed cells were centrifuged at
20,000 % g for 5 min, The resulting cleared lysutc was stored at —80°C prior to
use for immunoprecipitation and klotting. Immunoprecipitation was carried out
according o the method described previously (44). Briefly, lysates were prein-
cubated at 4°C for 5 h in the lysis buffer with or withoutr 1T mM MgCl, and 0.1
mafml of yeast tRNA (Sigma) prior 1o immunoprecipitation. The resulling lv-
sates (0.2 mi) were gently rotated with 1.0 pg of anti-FLAG, snti-HA, or mixed
mouse monocional anti-ITCV core anlibodics or mouse monoclonal antibody to
the EI protein at 4°C for 3 h with or without 1 mM MaCl, and 0.1 mg/mi of voust
IRNA. The immunocomplex was gently rotated at 4°C for 3 h with 10 ul of 50%
(volfvol} protein G-Sepharose 4 Fust Flow beads (Amersham Pharmacia Bio-
tech, Franklin Lakes, NJ) with or without 1 miM MgCly and 0.1 mg/ml of yeast
LRNA and then contrifuged at 20,000 X ¢ for 30 s. The precipitated beads were
washed five tmes with 0.5 mi of lysis buffer containing or lacking 1 mM MgCl,
and 1.1 mg/ml of yeast tRNA and then boiled in 30 pl of the loading buffer The
boiled samples were subjected to sodium dodeeyl sullate-polvacrylamide el
clectrophoresis, The proteins in gels were transferred to Immabilon-P palyvi-
nylidene difivoride membranes (Millipore, Bedford, MA) and then blotted with
primary antibody and secondary horseradish peroxidase-conjugated antibody,
The fmmunocomplexes on membranes were visualized with Super Signal West
Femta substrate {Pierce, Rockford, IL) and detected by using an image analyzer
LAS-3000 {Fujifitm. Tokyo, Jupan),

Protease protection assay of HCV proteins synthesized by in vitre (ranscrip-
tionftranslation. A plasmid enceding 1 FLAG-core-E1-HA protein was tran-
scribed under the cantrol of a T7 promoter by using the RiboMax large-scale
RNA production system with Ribe m™G cap unalog (Promegu. Madison, W}, In
vitro translation was carsied out in the presence of [**Smethionine-cysteine
{Amersham, Fiscalaway, N3 by using rubbit resieudocyte fysate and caninge pan-
creatic microsomal membrane (Promega). Translated sample was diluted seven-
fold with PBS and then mixed with tosylsulfonyl phenylalunyl chivromethyl
ketone-treated trypsin (Siama) at a final concentration of 2 pg/ml, The mixtore
was incubated at 30°C for 80 min with or without 0.5% Nonidet P-40. and then
soyhean trypsin inhibitor (Sigma) was added al a finad concentration of 20 pg/mi,
Digestion products were immunoprecipitated with anti-FLAG amibody.

Indircct immunofluorescence analysis. 2937T cells were washed with PBS at
40 b atter vansfection and fixed with 3% paratormaldehyde in PBS fur 20 min at
room lemperature. The fixed cells were permeabilized with 0.2 Triton X-100
for 3 min at room temwperature and blocked with nonfar milk selution. Celis were
incubirted with the anti-E1 antibody for 60 min at 37°C and then with fuorescein
isothiveyunate-conjugated goat anti-mouse immuneglobulin G (1pG: TAGO.
Burlngame, CA). HCV El protein was visualized by Huorescence microscopy
{TE2C0: Miken. Tekvo. Japan).

Velocity sedimentation with sncrose gradients. Transfected 2937 cell were
suspended in MNT buffer (20 mM Z-morpholinocthancsulfomic acid, 100 mh
NaCL 30 mM Tris-HCT [pH 8.6, and Q.15 Triton X-100) and then incubated
4°C for 5 wich or without L1 mueml of veast tRNA and 1 mM MeCla, Each
swmple was Jayered on top of 12 mbof suerose with a 20 1o 607% eradient and then
centrifuged in & Beekman SW AT rotor (Beckman Coulter. Tokvo, Japan) at
30,000 rpm Tor 3 h oo 4°C, Centrifuged lyssles were collewtled [rom Lhe
bortoms of the tuhes and then concentrated with trichloroacetic acid, Aller
washing with ¢thanal, concentrated proleins were subjected o SBS-PAGE
and immunobloning.
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RESULTS

Prediction of the topology of the E1 protein in the mem-
brane. Although a small fraction of the HCV envelope glyco-
proteins expressed in 293T cells is translocated omio the
plasma membrane (3), the vast majority of E1 is retained in the
ER membrane (6). Previously, we showed that both a central
hydrophobic region of E1 (residues 260 to 288) and the C-
terminal transmembrane domain (residues 360 to 383) are
important for ER retention (29). As in the C-terminal hydro-
phobic region, the amino acid sequence of the central hydro-
phobic region is highly conserved among HCV isolates (4). To
investigate the role of these two hydrophobic regions in the
biogenesis of the E1 glycoprotein, we utilized the TMHMM
algorithm (19}, a computer program trained to identify poten-
tial transmembrane helical regions. The algarithm identified
both hydrophobic regions as having a high probability of trans-
membrane helix (Fig. 1A). To examine the function of the
hydrophobic regions as transmembrane domains, we con-
structed a series of deletion mutants in the E1 protein in which
one or the other of the hydrophobic segments was absent (Fig.
1B). Mutant Ei glycoproteins were expressed in 293T cells,
and the cellular locatization of E1 proteins was determined by
indirect immunefluorescence analysis (Fig. 1B). The full-
length E1 (383) was detected cnly in permeabilized cells, con-
sistent with its retention in the ER. The 383d2 mutant, which
contains both hydrophobic regions but lacks the intervening
hydrophilic region (residues 289 to 34(0), was also detected in
the cytoplasm but not on the cell surface as the full-length E1.
By contrast, deletion mutants lacking the centraj (383d!) or
C-terminal (288 and 360) hydrophobic domains were detected
on the cell surface in nonpermeabilized cells, suggesting that
both the central and the C-terminal hydrophobic domains are
required for retention of the E1 protein on the ER membrane.
If the central hydrophobic domain traverses the ER membrane
as predicted by the TMHMM program, the region between
positions 288 and 360 would be expected to lie in the cytoplas-
mic space. Based on this model and on the results with El
deletion mutants, we suggest that the E1 protein might be able
1o retain two membrane topologies: the conventional type 1
topotogy and a polytopic topoiogy that spans the membrane
twice with N and C termini in the ER lumen and an intervening
cytoplasmic loop, as reported previously {35) (Fig. 1C). Re-
cently, a similar polytopic form of the fusion glycoprotein of
Newcastle disease virus was identified (31).

Mutational analysis of putative N-glycosylation sites of the
E1l glycoprotein. To explore the membrane topologies of EI,
we examined the utilization of potential glycosylation sites.
The E1 protein of HCV strain J1 (1) contains seven N-glyco-
sylation sequence motifs (Asn-X-Ser/Thr) at amino acid posi-
tions 196, 209, 233, 234, 250, 303, and 325 (Fig. 2A). The Asn
residues at these possible N-glycosylation siles were individu-
ally replaced witls Gln, and the mutant ET glycoproteins were
expressed as a core-, E1-. or E2-containing pelyprotein in 293T
cells. in all cases, the mutant polyproteins were expressed and
properly processed by signal peptidase and signal peptide pep-
tidase ta generate the core. El. and E2 proteins (Fig. 2B). The
mutant E1 proteins displayed distinct glycoforms consistent
with changes in glvcosylation. The wild-type E1 giycoprotein
exhibited a major band of 34 kDa and a minor band of 32 kDa.
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FI1G. 1. Prediciion of the membrane topology of the E1 protein.
{A) Genoeme structure of HCV and a hydrophobic profile of the amino
acid sequence of the E] protein are shown at the wop. The transmem-
brane helices in the ET protein were predicted by the TMHMM pro-
gram (19). and regions of high probability (amino acid residues 265 to
287 and 338 to 377) arc indicated. (B) 293T cells transfected with the
wild type (383) and deletion constructs were fixed with paraformalde-
hyde and permeabilized with Triten X-100 {intracellular) or not per-
meabilized (surface). El proteins were visualized with an anti-E}
monoclonal antibody and fluorescein isothiocyanate-conjugated anti-
mouse 1gG. (C) Possible topologies of the El1 protein on the ER.
{Lefr) Type I topelogy model possessing & C-terminal transmembrane
region; (right) & polytopic topology that spans the membrane twice.
with both N and C termini in the ER lumen and with an intervening
cytoplasmic ioop.

The 325 mutant was unchanged from the wild-type El, sug-
gesting that the 325 position is not ufilized, presumably due to
an unfavorable NWSP motif in the genotype 1a protein (33).
The 209, 233/234, and 250 mutants migrated faster than the
authentic E} protein and exhibited two bands of 32 and 30
kDa. The EI of the 196 mutant was apparently not recognized
by the manoclonat antibody directed to the N-terminal region
of E1 TIn the 233 and 234 mutants, glycosylation occurred at
the remaining Asn (234 or 233, respectively). These mutants
comigrated with the wild-type E1 glycoforms, suggesting that
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FIG. 2. Mutational analysis of N-glycosylation sites and protease pro-
tection assay of the El protein. (A) Positions of potential N-glycosylation
sites {gray and black spikes) in the E1 protein are shown. (B) Asn residuss
in the possible N-glycosylation sites in the EI protein were individuaily
replaced with Gln. Mutant plasmids encoding the core, El, and E2
polyproteins {A) were expressed in 293T cells, and processed core, El,
and E2 proteins were detected by immunaoblotting, (C) Type 1 and poly-
topic epology madels of El proteins bearing carbohydrates at pasitions
of 196, 209, 234, 250, and 305 (5G) and 196. 269, 234, and 250 (4G),
respectively. The 305 mutant would exhibit 4 single band of 4G ivespective of
the topologic models. (D) Suucture of the FLAG-care-E1-HA construct
encading the HCV core and E1 polyprotein carrying FLAG and HA 1ags in
the N- and C-terminal regions of the E1 protein (top). (Bottom, left) In vitro
translation of capped RNA transcribed from the FLAG-core-EF-HA {lane 2)
and without RNA (lane 1) in the presence of [**S]methianine-cysteine using
rabbit reticulocyte lysate and canine pancreatic microsomal membrane. (Bot-
tom, middie) Transtared products of FLAG-core-E1-HA (Jane 2} and with-
out RNA (lane 1) were digested with trypsin in the presence () or absence
(=) of N.5% Nonidet P-40. (Bottom, right) Digestion products were immnwu-
noprecipitated with control (lane 1) and anti-FLAG {Jane 2} antibody. Black
and white arrows indicate protected and digested EI protein, respectively.

1. VIROL.

only one ar the other of the overlapping motifs can be utilized
in the wild-type molecule. Glycosylation in this region was
absent in the double mutant (233/234). The existence of two
glycoforms of El may reflect incompiete and stochastic use of
the available glycosylation sites or, alternatively, the presence
of two discrete topological forms of E1 protein. For instance,
the major band of 34 kDa in the wild-type glycoprotein might
correspond to the type I topology form, with glycosylation at
196, 209, 234, 250, and 305 (5G), whereas the minor band of 32
kDa might correspond to the polytopic form of EI, bearing
glycans at positions 196, 209, 234, and 250 (4G). In this regard,
it is noteworthy that the 305 mutant of E1 exhibited only a
single band of 32 kDa. The absence of a second glycoform is
consistent with the putative cytoplasmic localization of Asn305
in a polytopic form of E1 (Fig. 2C). Taken together, this
mutational analysis provides support to the model in which the
HCV E1 glycoprotein is able to exist in either the type 1 or
polytopic form. In the latter form, an extended cytoplasmic
domain in El would be available to interact with the core
protein in the virion.

Protease protection assay of the El protein. To confirm the
presence of the cytoplasmic domain in the El protein, in vitro
translation products of the HCV core and E1 polyprotein car-
rying FLAG and HA tags in the N- and C-terminal regions of
the E1 protein, respectively, were digested with trypsin, and
the protected portion of the El glycoprotein was immunocpre-
cipitated by anti-FLAG antibody. As shown below in Fig. 4D,
treatment of the translation products with trypsin in the pres-
ence of Nonidet P-40 resuited in complete digestion, and a
22-kDa band (major) and several <35-kDa faint bands were
detected in the abscnce of the detergent. When in vitro-trans-
lated HCV core protein was treated similarly, no band was
detected, irrespective of the presence of detergent (data not
shown); therefore, the protected bands from trypsin digestion
were derived from the E1 protein. Although the 22- 1o 35-kDa
bands were specifically immunoprecipitated with anti-FLAG
antibody but not with control antibody, the 35-kDa protein
corresponding to the type 1 topology of the E1 protein resistant
to trypsin digestion was dominant. This might be due to the
difference in the reactivity of the anti-FLAG antibody, which
recognizes the intact E1 protein more efficiently than digested
ones. These results further support the presence of the poly-
topic form of HCV El glycoprotein, which has a cytoplasmic
region together with a type | topology in the ER.

HCY core protein binds to the E1 protein in the presence of
tRNA. The HCV core protein undergoes extensive conforma-
ticnal changes upon binding to nucleic acid and self-assem-
bling into nucleocapsid-like particles (20). To investigate the
effects of nucleic acid on oligomerization of the core protein,
lysates of 2937 cells expressing HCV core protein were incu-
bated in the presence or absence of yeast tRNA (20) and
subjected to velocity sedimentation in a sucrose gradient.
Qligomerized core protein was detected in fractions 1 to 4 in
the presence of (RNA but not in those in the absence of tIRNA
(Fig. 3A). To specifically examine the interaction between
HCV core and E1 prateins in the assembly ol the nucleocap-
sid-like particles. we coexpressed the core protein with an Ei
protein possessing a FLLAG tag near its N terminus and an HA
rag at the C terminus (Flag-EI-HA) {Fig. 3B, left). The trans-
fected cells were lysed with Triton X-100, and the E1 protein
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FIG. 3. HCV core protein binds to El protein in the presence of
tRNA. (A} Cell lysates of 293T cells expressing HCV core protein
were subjected to velocity sedimeniation with a sucrose gradient in the
presence or absence of tRNA. Oligomerized core protein was detected
in fractions 1 to 4 in the presence of tRNA but not in those in the
absence of tRNA. (B, left} cDNAs used for expression. FLAG-E1-HA
encodes FLAG tag after the signal peptide and HA tag after the
transmembrane region. (Right} Immunoprecipitation analyses. Cell
lysates of 203T cells expressing core and FLAG-EI-HA proteins were
immunoprecipitated by anti-FLAG antibody in the presence or ab-
sence of tRNA. The asterisks indicate nonspecific bands.

was immunoprecipitated by using an anti-FLAG antibody. Co-
precipitation of core protein with E1 was assessed by Western
blot analysis using a core-specific monoclonal antibody. Al-
though HCV core protein was clearly coprecipitated with
FLAG-E1-HA in the presence of tRNA, litile association was
seen in the absence of tRNA (Fig. 3B, right). Nonspecific
precipitation of the core protein with tRNA was not observed
(data not shown). Although a smali amount of the intracellular
core protein may already associate with viral RNA under the
intracelular conditions, a large amount of RNA may be re-
guired for oligomerization that is detectable by the sedimen-
tation assay. Together, our results suggest that tRNA facili-
tates olisomerization of the HCV core protein and potentiates
the interaction between the core protein and E!

The region spanning amine acid residues 72 to 91 in the
HCYV core protein is crucial for binding to the E1 protein in
yeast. The interacticn between the HCV core and E1 proteins
likely occurs on the cytosolic side of the cell membrane and,
thus, presumably involves the posited cytoplasmic Joop region

INTERACTION OF HCV CORE PROTEIN WITH E! PROTEIN

11269

in the polytopic form of the E1 glycoprotein. To investigate the
possibility for this specific interaction in celis, core protein
lacking the transmembrane region (Corel-173) was examined
for interaction with the putative E1 cytoplasmic loop region in
a yeast two-hybrid system (Table 1). When Corel-173 was
expressed with the E1 cytoplasmic region (residues 288 to 346),
the yeast was able to grow on the dropout plate lacking Trp,
Leuw, His, and Ade, suggesting that the core protein associates
with the cytoplasmic loop of the E1 protein in yeast. To de-
termine the region of the HCV core protein responsible for the
interaction with the cytoplasmic domain of El, deletion mu-
tants of the core were tested. Association in the yeast two-
hybrid system was seen with Core24-173, Core38-173, Core58-
173, Core72-173, and Core1-151 mutants, but not with Core92-
173 and Corel-25. Noaspecific interaction of the GAILA4
activation domain with these core mutants was not observed.
These results suggest that the region spanning from amino acid
residues 72 to 91 in the HCV core protein is important for
interaction with the cytoplasmic domain of the El protein in
yeast.

Amino acid residues 72 to 91 in the core protein are involved
in cligomerization of the core protein and interaction with the
E1 protein in mammalian cells. To examine the involvement
of amino acid residues 72 to 91 of the HCV core protein in the
interaction with the E1 protein in mammalian cells. FLAG-
E1-HA was coexpressed with either a wild-type core or a de-
ietion mutant lacking amino acid residues 72 to 91 (CoreA72-
91y in 293T cells (Fig. 4A). Cell lysates were incubated with
yeast tRNA, and FLAG-E1-HA was immunoprecipitated with
anti-FLAG antibody. As shown in Fig. 4B {left), only the wild-
type core proiein, but not CoreA72-91, coprecipitated with E1.
Self-oligomerization was also prevented by the deletion in
CoreA72-91 (Fig. 4B, right). These resuits suggest that amino
acid residues 72 1o 91 in the HCV core protein play a crucial
role in the interaction with the E1 protein and oligomerization
of the core protein.

The El cytoplasmic domain interacts with the core protein
in mammalian cells and inhibits the interaction with intact E1
protein in frans. TO assess the involvement of the E cytoplas-
mic region in the interaction with core protein in marmalian

TABLE 1. Interaction betweesn the core and the El eytopiasmic
region in yeast

Growth with prey”

Bait E1 cvtoplasmic loop Mo inser
Dropout Control Dropot Control
Corel-173 + + - +
Core24-173 + + - +
Core38-173 + + - +
Core38-173 + + - +
Core72-173 + + - +
Core92-173 - + - +
Corel-131 + + - +
Caorel-23 B + - +
No insert - + - +

“ HCV core mutams were expressed as fusion proteins with the DNA binding
region by using a bajt plasmic. The HCV E1 cytoplasm region wus expressed as
a fusion protein with an activation domain by using a prey piasmid. Yeast growth
was observed in dropout plaics lacking Trp, Leu. Ade, and His (dropout) or
plates lacking Trp and Lew (contral). +. growth: —, ao arowth,
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FIG. 4. Amino acid residues72 to 9% in the core protein are in-
volved in oligomerization of the core protein and interaction with the
E1 protein. (A) cDNAs used for expression. CoreA72-51 is an HCV
core protein carrying a deletion of amino acid residues 72 1o 91, (B,
feft) FLAG-E1-HA was coexpressed in 293T cells with either a wild-
type core or CoreA72-91. and the interaction was analyzed by immu-
noprecipitation in the presence of tRNA, The asterisks indicate non-

specific bands. (Right) Oligomerization of a wild-type core or

CoreA72-61 in the presence of tRNA, Wild-type core protein was
self-oligomerized, but CoreA72-91 was not.

cells, we construcled an cnhanced green fuorescent protein
(EGFP) fusion protein carrying the El cytoplasmic domain
followed by an HA tag (EGFP-cdEL-11A) (Fig. SA). Upon
coexpression of EGFP-cdE1-HA with the wild-type core pro-
tein in 293T cells, the two proteins could be coprecipitated
using anti-HA antibody (Fig. 3B). The mutant CoreA72-91
protein was unable to associate with EGFP-cdE1-HA (Fig.
5B). Together, these studies demonstrate that the cytoplasmic
ioop region of El is able to interact with the core protein and
that core residues 72 to 91 are required for this association.

To further confirm the specificity of the interaction of the E1
cytoplasmic region with the core protein, we examined the
ability of the EGFP-cdE1-HA protein to inhibit the association
of the intact El protein (in Flag-E1-HA) with the wild-type
core protein (Fig. 5C). Expression of EGFP-cdE1-HA but not
EGFP-HA compeled strongly with the interaction between
core and the FLAG-tagged Flag-E1-HA protein. These results
suggest that the cyteplasmic Joop in the intact EI glycoprotein
can directly bind to HCV core protein. Interestingly. the
EGFP-cdE1-HA protein was unable to inhibit this interaction
in the context of the intact core and El and EZ pelyproteins
(data not shown), suggesting that expression of the core and
El proteins in ¢is may prevent subseguent interaction with El
expressed in frans.
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FIG. 3. Interaction of the El cytoplasmic loop with the core pro-
tein. (A) cDNAs used for expression. EGFP-cdE1-HA is an EGFP
fusion protein carrying the El cytoplasmic region of amino acid resi-
ducs 285 to 346 followed by an HA 1ag. (B) Wild-type core or
Cored72-91 was coexpressed with EGFP-cdE1-HA in 293T cells, and
their interaction was analyzed by immunoprecipitation. EGFP-
cdEl-HA coprecipitated with witd-lype core protein, bul nol with
CoreA72-91. (C) Inhibition of the interaction of the core protein with
FLAG-El-HA by expression of EGFP-cdEI-HA. Expression of
EGFP-cdE1-HA but not of EGFP disrupted the interaction between
core and E1 proteins.

Four amino acid residues, 312 to 315, in the cytoplasmic
region of the E1 protein are important for interaction with the
core profein. Alignment of the amine acid sequence of the El
cytoplasmic region among different HCV genotypes revealed
that the region from GIn® 1o Pro®® is highly conserved (Fig.
6A). To determine residues in the El cytoplasmic region that
are critical for interaction with the core protein. blocks of four
residues each in the conserved region were replaced with Ala
m Lhe polyprotein (core, Bl E3, and p7) {Fig. 6A). These
mutant polyproteins were expressed in 293T cells and immu-
noprecipitated with anti-core antibody; coprecipitated El pro-
tein was detected by immunoblotting using an anti-E1 mono-
clonal antibody (Fig. 6B). The replacement of four amine acid
residues, 304 to 307, with Ala in the conserved region of the E1
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