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Hepatitis C virus (HCV) of genotype 1 is the most resistant to interferon (IFN) therapy. Here, we have
analyzed the response to IFN of the human cell line UHCV-11 engineered to inducibly express the entire HCV
genotype la polyprotein. IFN-treated, induced UHCYV cells were found to better support the growth of en-
cephalomyocarditis virus (EMCYV) than IFN-treated, uninduced cells. This showed that expression of the HCV
proteins allowed the development of a partial resistance to the antiviral action of IFN. The nonstructural 5A
(NS5A) protein of HCV has been reported to inhibit PKR, an IFN-induced kinase involved in the antiviral
action of IFN, at the level of control of protein synthesis through the phosphorylation of the initiation factor
elF2a (M. Gale, Jr., C. M. Blakely, B. Kwieciszewski, S. L. Tan, M. Dossett, N. M. Tang, M. J. Korth, S. J.
Polyak, D. R. Gretch, and M. G. Katze, Mol. Cell. Biol. 18:5208-5218, 1998). Accordingly, cell lines inducibly
expressing NS5A were found to rescue EMCYV growth (S. J. Polyak, D. M. Paschal, S. McArdle, M. J. Gale, Jr.,
D. Moradpour, and D. R. Gretch, Hepatology 29:1262-1271, 1999). In the present study we analyzed whether
the resistance of UHCV-11 cells to IFN could also be attributed to inhibition of PKR. Confocal laser scanning
microscopy showed no colocalization of PKR, which is diffuse throughout the cytoplasm, and the induced HCV
proteins, which localize around the nucleus within the endoplasmic reticulum. The effect of expression of HCV
proteins on PKR activity was assayed in a reporter assay and by direct analysis of the in vivo phosphorylation
of elF2a after treatment of cells with poly(I)-poly(C). We found that neither PKR activity nor elF2a phos-
phorylation was affected by coexpression of the HCV proteins. In conclusion, expression of HCV proteins in
their biological context interferes with the development of the antiviral action of IFN. Although the possibility
that some inhibition of PKR (by either NS5A or another viral protein) occurs at a very localized level cannot
be excluded, the resistance to IFN, resulting from the expression of the HCV proteins, cannot be explained

solely by inhibition of the negative control of translation by PKR.

Hepatitis C virus (HCV), a member of the family Flaviviridae,
is a major causative agent of chronic hepatitis that can progress
to cirrhosis and hepatocellular carcinoma (44). Interferon
(IFN) therapy, in combination with ribavirin, is used worldwide
as the best treatment so far for HCV infection. However, IFN
treatment is of limited long-term efficacy, and selection of viral
variants resistant to IFN can occur from the onset of infection.
By complete direct sequencing and comparison of HCV geno-
type 1b (HCV-1b) genomes in three transient nonresponder
patients before and during treatment, Enomoto et al. (11)
identified clusters of nucleotide differences in the central part
of the NS5A gene, more specifically in the region encoding
NSS5A amino acids (aa) 2209 to 2248, which was named the
interferon sensitivity-determining region (ISDR). Since this
observation, extensive studies of the NS5A sequence have been
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performed by different groups, including ours (25); discrepan-
cies among studies conducted on patient cohorts of Japanese
or European origin have brought into question the importance
of the ISDR region. Sequencing of larger regions extending
into the carboxy-terminal domain of NS5A revealed in addi-
tion a differential variability between IFN-sensitive and IFN-
resistant HCV strains (10, 25). All of these studies, however,
implicate NS5A as being a factor in the resistance of HCV to
IFN. Interestingly, NSSA of HCV genotypes 1la and 1b was
reported to interact with and inhibit the double-stranded
RNA-dependent protein kinase PKR (13, 14). PKR is a serine/
threonine protein kinase which is present in most cells at basal
levels and which can be induced by IFN treatment (7). Its
best-characterized substrate is the o subunit of the eukaryotic
initiation factor eIF2, whose phosphorylation leads to inhibi-
tion of protein synthesis (18). PKR was shown to phosphory-
late eIF2a in vitro (for a review, see reference 20) and in vivo,
either in yeast cells (6) or during a viral infection in murine
clones stably expressing PKR (33). The use of these two in vivo
systems firmly established that PKR-mediated phosphorylation
of eIF2a was directly responsible for a strong cellular growth
inhibition and for inhibition of viral growth, two properties
related to the action of IFN. In addition, PKR was reported to
function as a tumor suppressor (2, 26, 31). From a series of
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studies involving two-hybrid assays, both in the yeast Saccha-
romyces cerevisiae and in bacteria, and different deletion mu-
tants, NS5A was reported to inhibit the action of PKR and a
direct interaction was suggested to exist between the aa 2209 to
2274 region of NS5A, including the ISDR, and the central part
of PKR, which is necessary for its dimerization and subsequent
activation as a kinase (13, 14). Disruption of the ISDR con-
formation due to mutations has been suggested to restore PKR
function, probably because of abrogation of the interaction
between PKR and NS5A. The ability of some viral strains to
resist IFN action, and therefore, to lead to malignant transfor-
mation and to hepatocellular carcinoma, has been attributed,
at least in part, to the ability of PKR and NS5A to interact,
depending on variations in the ISDR sequence. This possibility
is reminiscent of the situation observed with other viruses, such
as human immunodeficiency virus (HIV), influenza virus, and
reovirus, which have been reported to encode proteins that
inhibit PKR (7). Recently, another viral HCV protein, E2, has
been reported to behave as an inhibitor of PKR, emphasizing
the importance of PKR in the development of the cellular
antiviral response (43).

The studies conducted by Gale et al. showing that PKR and
NSS5A interact were based on NS5A proteins of genotypes la
and 1b expressed either in S. cerevisiae or in mammalian cells
as well as on in vitro coprecipitation analyses. However, in a
natural cycle of HCV infection, NS5A, which is processed from
the HCV polyprotein, presumably exists in the cell as a com-
plex with other HCV proteins. As in the case of the pestivi-
ruses, it is thought to establish a molecular complex with the
other nonstructural proteins to form the replication complex.
It is therefore of importance to determine the functional in-
teractions of PKR and NS5A in the biological context in which
all HCV proteins are expressed.

The single-stranded positive-sense RNA genome of HCV
encodes a polyprotein of 3,010 to 3,033 aa which is processed
co- and posttranslationally into structural and nonstructural
proteins (29). Recently, a continuous human cell line inducibly
expressing the structural and nonstructural proteins derived
from the prototype HCV-H strain (genotype 1a) was estab-
lished (34). It provided a good approach to study the NS5A-
PKR interaction since no efficient cell culture system for HCV
infection is available yet.

Here we show that expression of HCV proteins in their
context allows the cells to develop partial resistance to the
antiviral action of IFN. We found no evidence, however, of
inhibition of PKR activity as a result of the expression of the
HCV proteins. In agreement with this, confocal-microscopy
analysis showed different patterns of localization of PKR and
the HCV proteins in the cytoplasm. Therefore, the develop-
ment of resistance to the antiviral action of IFN in cells ex-
pressing the HCV proteins may involve either interaction of
PKR with these proteins at a very localized level or another
mechanism.

MATERIALS AND METHODS

Plasmids. The plasmid pcDNA1/Amp expressing PKR has been previously
described (32). The plasmid pHIV1 LTR-Luc, corresponding to the Aval-Hin-
dIII region of the HIV type 1 long terminal repeat (LTR) (9), was provided by
N. Israel. The plasmid pcDNA1/Amp (TRBP2) was constructed by inserting the
BamHI fragment from pBS TRBP2 encoding the full-length TAR RNA binding
protein 2 (TRBP2) (16).

Cell lines. The tetracycline-regulated UHCV-11 cell line (34) was cultured in
GlutaMAXI-Dulbecco’s modified Eagle medium (DMEM) (with 110 mg of
sodium pyruvate/liter and 1,000 mg of glucose/liter; GIBCO BRL) containing
10% heat-inactivated fetal bovine serum, 50 U of penicillin G/ml, 50 pg of
streptomycin/ml, 500 pg of G418 (Geneticin; Sigma)/ml, 1 pg of puromycin
(Sigma)/ml, and 1 pg of tetracycline (Sigma)/ml. Simian Vero VCI0 cells were
grown in GlutaMAXI-DMEM (without sodium pyruvate but with 4,500 mg of
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glucose/ml and 4 mg of pyridoxine/liter) supplemented with penicillin-strepto-
mycin (as described above) and 5% fetal calf serum. Human Daudi cells were
grown in GlutaMAXI-RPMI 1640 (GIBCO) supplemented with penicillin-strep-
tomycin (as described above), 10% fetal calf serum, and 10 pM 2-mercaptoetha-
nol.

Antibodies. Monoclonal antibodies (MAbs) directed against PKR (MAb 71/
10) or the p69 (MAD 56/3) or p100 (MAb 25/11) isoform of the 2-5A synthetase
have been previously described (21, 28). Rabbit polyclonal antibodies directed
against NSSA were a gift from Hoffmann-La Roche (Basel, Switzerland). Sera of
chronically HCV-infected patients were used as a source of antibodies as well.
Rabbit polyclonal antibodies directed against a synthetic 13-residue phosphory-
lated rat eIF2a peptide were obtained from Research Genetics (Huntsville,
Ala.). Mouse polyclonal antibodies directed against eIF2 were a gift of C. Proud.
Anti-mouse and anti-rabbit polyclonal antibodies conjugated to either fluores-
cein isothiocyanate or Texas red were obtained from Caltag (San Francisco,
Calif.).

Immunoprecipitation and immunoblotting. The anti-PKR MAb 71/10 was
incubated for 60 min at room temperature with protein A- and protein G-
agarose (Protein A/GPlus-Agarose; Santa Cruz Biotechnologies) (10 nl of MAb
per 500 wl of beads) in 2 ml of buffer I (20 mM Tris-HCI [pH 7.6], 50 mM KCl,
400 mM NaCl, 1 mM EDTA, 1% Triton X-100, 5 mM 2-mercaptoethanol, 0.05%
aprotinin, 0.2 mM phenylmethylsulfonyl fluoride, 20% glycerol). The antibody-
bead mixture was then washed twice with buffer I and distributed into Eppendorf
tubes at 30 wl of bead mixture per tube. UHCV-11 cell extracts were prepared
in buffer I and incubated with the antibody-bead mixture overnight at 4°C. After
three cycles of centrifugation (4°C, 3,000 X g) and resuspension in buffer I, the
samples were processed for in vitro phosphorylation. For immunoblotting, crude
extracts were resuspended in an equal volume of 2X protein electrophoresis
buffer (75 mM Tris-HCI [pH 6.8], 4% sodium dodecyl sulfate [SDS], 100 mM
2-mercaptoethanol, 20% glycerol and bromophenol blue as tracking dye) and the
proteins were separated by sodium dodecyl sulfate (SDS)-12.5% polyacrylamide
gel electrophoresis (PAGE). The proteins were then transferred to Immobilon
polyvinylidene difluoride membranes (Millipore). The membranes were satu-
rated for 60 min at 37°C in phosphate-buffered saline (PBS) containing 5%
nonfat dry milk and incubated overnight at 4°C with the primary antibodies in
PBS containing 5% fetal bovine serum and 0.1% Tween-20. The membranes
were then washed successively with PBS, PBS-0.5% NP-40, and PBS again and
saturated (60 min, room temperature) in PBS containing 5% nonfat dry milk and
0.4% Tween 20. The membranes were then washed three times in PBS-0.5%
Tween 20 and incubated for 1 h at room temperature in the same buffer with the
appropriate secondary antibodies coupled to horseradish peroxidase (dilution,
1/2,000; Amersham, Arlington Heights, IIl.). After extensive washes in PBS—
0.4% Tween 20, the membranes were processed for enhanced chemilumines-
cence according to the Amersham protocol.

In vitro phosphorylation of PKR. Immunoprecipitated PKR (30 pl of beads)
which had been washed with buffer I was further washed twice with buffer I (20
mM Tris-HCL [pH 7.6], 100 mM KClI, 0.1 mM EDTA, 0.05% aprotinin, 20%
glycerol) and once in buffer IIT (buffer IT supplemented with 2 mM MgCl,). For
the phosphorylation reaction, each sample was incubated with 40 wl of buffer I1I
supplemented with 2 mM MnCl, and 10 pl of [y-**P]ATP solution (buffer II plus
1.25 mCi of [y-**P]ATP [3,000 Ci/mmol; ICN], 10 uM ATP, and 1 mM MgCl,).
The reaction was performed in the absence or in the presence of heparin (Sigma)
or poly(IT)-poly(C) (Amersham Pharmacia Biotech). After incubation for 15 min
at 30°C, 2 ul (165 ng) of a pure preparation of rabbit eIF2 complex (a gift of
C. Proud) was added and the reaction was continued for another 15 min. An
equal volume of 2X protein electrophoresis buffer was added, and the products
were analyzed by SDS-12.5% PAGE.

PKR functional assay by microtransfection. Eighteen to 24 h before transfec-
tion, the cells were seeded at a density of 20,000/well in 96-well microplates
(Costar) (200 pl of complete medium per well). Three hours before the trans-
fection was performed, the medium was aspirated and replaced with fresh me-
dium. The desired amounts of plasmids, adjusted to the same final concentration
by addition of the empty vector pcDNA1/Amp, were transfected into the cells by
a calcium chloride precipitation-glycerol shock technique. Forty-eight hours after
the transfection, the culture medium was aspirated and the cells were washed
twice with PBS. The cells in each well were lysed in 140 pl of Luc lysis buffer (25
mM Tris-phosphate [pH 7.6], 8 mM MgCl,, 1 mM dithiothreitol, 0.1% Triton
X-100, 15% glycerol). A 100-pl volume of each sample was analyzed for lucif-
erase activity in a luminometer (Lumat; Wallac) by being automatically mixed
with 100 pl of Luc lysis buffer solution containing 0.25 mM luciferin (Sigma),
1 mM ATP, and 1% bovine serum albumin. The protein contents of all samples
were measured in 96-well microplates, using a Bio-Rad Bradford kit, and the
absorbance at 590 nm was determined (PR 2100 microplate reader; Sanofi
Pasteur). Each transfection was performed in four different wells, and the results
presented below are averages of the four values obtained.

Viral yield assay. UHCV-11 cells were plated at a density of 5 X 10° per well
in six-well plates. After 18 h of incubation at 37°C, cells were left untreated or
were treated with 500 U of human alpha IFN (IFN-a; Hayashibara Biochem
Labs, Okayama, Japan)/ml; in both cases the cells were incubated in the presence
or absence of tetracycline (1 pg/ml). After 24 h, the cells were washed once with
serum-free medium and then infected with encephalomyocarditis virus (EMCV)
or vesicular stomatitis virus (VSV) at the desired multiplicity of infection (MOT)
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FIG. 1. Regulation of HCV NS5A protein expression in UHCV-11 cells and response to IFN with respect to PKR and 2-5A synthetase induction. UHCV-11 cells
were seeded in four six-well tissue culture plates at a density of 300,000/well in the presence of tetracycline. After 24 h, they were washed three times with PBS to remove
tetracycline and then incubated in culture medium containing different concentrations of tetracycline (1,000, 500, 100, 50, 10, 5, 1, 0.5, or 0 ng/ml [from left to right,
lanes 1 to 9]). One set of cells was incubated in the absence of IFN (control [CONT]), and the other set was incubated in the presence of IFN at 500 U/ml. After 18 h
of incubation, the cells were lysed in 300 pl of low-salt buffer I (containing 40 mM of NaCl instead of 400 mM) as described in Materials and Methods. The proteins
contained in 50 pl of each extract (equivalent to 100,000 cells) were separated by SDS-12.5% PAGE and analyzed by immunoblotting for the presence of NS5A, p69

2-5A synthetase, p100 2-5A synthetase, and PKR.

by incubation in 0.3 ml of serum-free medium for 60 min at 37°C (in order to
have an accurate MOI, each virus was first titrated directly in UHCV-11 cells).
The virus-containing medium was removed, and the cells were further incubated
in complete medium with or without IFN and tetracycline as before. Eighteen
hours after infection, the plates of cells were frozen and thawed once and the
supernatants were collected and centrifuged to eliminate debris. The virus yields
from all wells were determined on Vero VCI10 cells. The different dilutions of the
virus in serum-free medium were allowed to adsorb to the cells for 60 min, and
the cells were covered with DMEM containing 5% serum and 0.6% agarose.
After 48 h of incubation at 37°C, the cells were fixed in 10% trichloroacetic acid
for 30 min at 4°C, the agarose-containing medium was removed under water, and
the plaques were visualized by staining with a solution of 0.1% crystal violet in
20% ethanol.

Confocal microscopy. For laser scanning confocal-microscopy experiments,
UHCV-11 cells were cultured in eight-well chamber slides (Lab-Tek II; Nalge
Nunc International, Naperville, I11.) in the presence of tetracycline. Twenty-four
hours after being seeded, the cells were further incubated in the presence or
absence of tetracycline and in the presence or absence of IFN-a. After 24 h of
incubation, the cells were fixed with paraformaldehyde and permeabilized with
0.5% Triton X-100 in order to maintain the integrity of cellular structures. They
were then stained with appropriate antibodies. Primary antibodies were diluted
1/100 prior to use. Anti-rabbit antibodies linked to fluorescein isothiocyanate or
anti-mouse antibodies linked to Texas red (Caltag) were also diluted 1/100 prior
to use. The localization of PKR, NS5A, and the 2-5A synthetases were analyzed
by laser scanning confocal microscopy (Leica TCS4D). Green fluorescence and
red fluorescence were collected simultaneously and then separated digitally.
Colocalization of proteins resulted in a merging of red and green fluorescence to
produce a yellow signal.

Measurement of 2-5A synthetase activity. Extracts from control and IFN-
treated UHCV-11 or Daudi cells were immunoprecipitated with antibodies di-
rected against the p69 or pl00 isoform of 2-5A synthetase, which had been
previously coated on protein A-Sepharose. After being washed, the purified

proteins (on 50 wl of protein A-Sepharose) were incubated in 100 wl of 2-5A
reaction mixture, containing 20 mM HEPES, 50 mM KCI, 25 mM magnesium
acetate, 7 mM 2-mercaptoethanol, 5 mM ATP, 10 mM creatine phosphate, 0.16
mg of creatine kinase/ml, 100 p.g of poly(I)-poly(C)/ml, and [a-**P]JATP. The pH
of the reaction mixture was adjusted to 6.5 or 7.5 for p69 or p100 activity assays,
respectively. The reaction was stopped by applying heat (95°C, 5 min), and the
2-5A products were analyzed by electrophoresis on SDS-20% polyacrylamide
gels containing 7 M urea (30).

RESULTS

Regulated expression of HCV proteins in the UHCV-11 cell
line. The tetracycline-regulated osteosarcoma cell line UHCV-
11 has been recently characterized. Upon induction, these cells
express all of the HCV structural and nonstructural proteins,
which colocalize at the level of the endoplasmic reticulum
(ER) (34). In a preliminary assay, the regulated expression of
HCV proteins in UHCV-11 cells was examined by using anti-
bodies directed against NS5A. The cells were cultured in the
presence of decreasing concentrations of tetracycline, and the
resulting cell extracts were analyzed by immunoblotting. As
shown in Fig. 1 (top panels), expression of NS5A was com-
pletely repressed at tetracycline concentrations ranging from
1,000 to 5 ng/ml. Below this concentration of tetracycline,
NS5A began to be detectable in the cells, with maximal ex-
pression level being attained in the absence of tetracycline.
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TABLE 1. Antiviral action of interferon against EMCYV in the
UHCYV cell line depends on expression of the HCV polyprotein®

EMCYV yield
MOl Polyprotein (log PFU/ml) ALog Virusb
expressed PFU/ml rescue
CONT IFN

0.1 No 827 £0.39 447+038 3.79 =0.49
Yes 7.61 £ 041 489 =050 273031 11.68

0.01 No 833 +033 331x0.27 5.02=x0.53
Yes 7.60 £ 033  4.54=043 3.06=023 90.40¢

¢ UHCV-11 cells were infected at MOI of 0.01 or 0.1 PFU/cell in the absence
(control [CONT]) or presence of IFN at 500 U/ml and under conditions by which
expression of the HCV polyprotein was repressed or induced. After 18 h of
infection, the virus yields (expressed as mean log PFU/ml = standard deviation
[n = 6]) were titrated on Vero VC10 cells as described in Materials and Methods.
The antiviral effect of IFN is given by the difference (Alog) between the virus
yields of CONT and IFN-treated cells.

b Virus rescue indicates the ability of the cells induced for the expression of the
polyprotein to develop resistance to the antiviral action of IFN. This rescue was
calculated as 1044, where AA represents the difference between the Alog values
of cells repressed or induced for the expression of the polyprotein. The repro-
ducibility of the data was analyzed statistically by one-way analysis of variance
(Duncan’s multirange test), using the computer program Statview 4.5.

P =0.02.

4P =0.003.

Antiviral action of IFN against EMCYV is affected in UHCV-
11 cells induced for the expression of the HCV polyprotein.
One of the characteristics of HCV is resistance to the antiviral
action of IFN. Here we analyzed whether the expression of
HCV proteins in UHCV-11 cells interfered with the action of
IFN on the growth of two different viruses, EMCV and VSV.
UHCV-11 cells were induced, or not induced, for the expres-
sion of the polyprotein and then treated, or not treated, with
IFN. The cells were infected with EMCV or VSV at MOIs of
0.01 and 0.1. The virus yields were then determined on Vero
VCI0 cells. No reproducible rescue effect could be seen for
VSV (rescue was in the range of 0.4- to 3-fold, regardless of the
MOI (data not shown). In contrast, we observed that expres-
sion of the HCV proteins allowed higher yields of EMCV in
the presence of IFN (Table 1). This rescue could be clearly
attributed to a specific inhibition of the antiviral action of IFN,
since no increase in EMCYV titer was observed in UHCV cells
as a result of the sole expression of HCV proteins. In fact, in
the latter case, the EMCV yields were even lower than those in
uninduced cells. The reason for this is not known but may be
related to the observation that high-level expression of HCV
proteins can affect cell metabolism (34). Our rescue data (11-
fold rescue at an MOI of 0.1 and 90-fold rescue at an MOI of
0.01) are consistent with those of Polyak et al., who found that
cell lines inducibly expressing NS5A could partially rescue (40-
fold) EMCYV growth but could barely rescue (3- to 4-fold) VSV
growth (37). Interestingly, these authors found that EMCV
rescue occurred only when the cell lines were expressing NS5A
from HCV genotype 1b and not when they were expressing
genotype la NS5A, whereas, in contrast, UHCV-11 cells,
which express HCV genotype 1a, could rescue EMCV. This
suggests that there may be an enhanced effect of NS5A when
it is expressed in the context of the entire HCV polyprotein or
that HCV proteins other than NS5A play a role in the mech-
anism of resistance to IFN.

Expression of PKR and 2-5A synthetases in the tetracycline-
regulated UHCV-11 cell line. IFN induces the expression of a
number of cellular proteins. Among them, the two double-
stranded RNA-dependent enzymes PKR and 2-5A synthetase
are known to play a major role in the antiviral action of IFN
against EMCV (5, 33). Particular attention is directed here
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toward a role for PKR in the antiviral action of IFN against
HCYV since PKR was reported to interact with NS5A (13, 14).
In the present study, we showed that IFN could induce the
synthesis of PKR in UHCV-11 cells. In addition, we deter-
mined the effect of IFN on the synthesis in UHCV-11 cells of
the p100 and p69 isoforms of 2-5A synthetase (30) (Fig. 1).
Whereas PKR and the pl00 2-5A synthetase were fully in-
duced by IFN, the levels of the p69 2-5A synthetase were found
to be already high in control cells and only slightly increased
after IFN treatment. Treatment of the UHCV-11 cells with
IFN did not affect the tetracycline-dependent induction of
NSS5A. Reciprocally, induction of the HCV proteins did not
affect the levels of expression of 2-5A synthetase and PKR. The
small reduction in the detection of PKR observed upon high-
level induction of the polyprotein (Fig. 1; bottom right panel,
lane 8) may have been due to the preparation of cell extracts
and was not reproduced in subsequent experiments (see Fig.
2B).

In vitro activity of PKR and 2-5A synthetases from the
UHCV-11 cell line. Since PKR may play a role in the antiviral
action of IFN against HCV, it was necessary to control its
activity in UHCV-11 cells. These cells were incubated for 18 h
in the absence or presence of tetracycline and in the presence
or absence of IFN. PKR was then immunoprecipitated from
cell extracts, and its activity was assayed in vitro. The PKR
from UHCV-11 cells was found to be active, as shown by its
ability to autophosphorylate in the presence of heparin or
poly(I)-poly(C) and to phosphorylate its substrate, eIF2a (21,
35) (Fig. 2A). Its activity was increased after IFN treatment of
the cells, as a result of the induction of the protein (Fig. 2B)
(induction of the HCV proteins by tetracycline removal is
shown in parallel). We noticed some increase in the activity of
PKR from the extracts induced to express the HCV proteins
compared to its activity in the uninduced samples (Fig. 2A).
This might have resulted from a better accessibility of PKR to
its antibody due to modifications in cell extracts containing the
HCV proteins. Whatever the case, our data clearly show that
active PKR was recovered from the UHCV-11 cells. In paral-
lel, the activities of the p69 and p100 isoforms of the 2-5A
synthetase were also determined by measuring their ability to
catalyze the incorporation of AMP into 2-5A oligomers (30)
(Fig. 2C). We observed that only the p100 isoform of the 2-5A
synthetase from UHCV-11 cells was active. Its activity was not
modified whether the cells were cultured in the presence or
absence of tetracycline. The lack of activity of the p69 isoform
in extracts from UHCV-11 cells is intriguing, particularly in
view of the fact that this isoform was found to be constitutively
expressed in UHCV-11 cells (Fig. 1). This phenomenon was
not analyzed further in the present study. Since UHCV-11 cells
were derived from an osteosarcoma cell line, the occurrence of
different rearrangements or mutations might explain this situ-
ation. In particular, constitutive upregulation of the p69 2-5A
synthetase gene, which may result in activation of the 2-5A
system and, hence, inhibition of cell growth, may have been
corrected by mutations in the protein.

Subcellular localization of PKR, 2-5A synthetase, and NS5A
in UHCV-11 cells. Direct interaction of NS5A of HCV geno-
types la and 1b with PKR has been observed in studies, in-
volving binding of in vitro-translated PKR to glutathione
S-transferase-NS5A (14). Furthermore, NS5A was also shown
to inactivate PKR both in an in vitro phosphorylation assay and
in a functional assay in S. cerevisiae (14). These observations
were made when NSS5A was expressed alone. The data pre-
sented in Fig. 2A show that the activity of PKR immunopre-
cipitated from UHCV cell extracts, which contain all HCV
proteins, including NS5A, was not inhibited. A search for co-
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FIG. 2. Analysis of in vitro activity of PKR and 2-5A synthetases from
UHCV-11 cells. (A) PKR activity. Extracts of UHCV-11 cells that had (Tet—) or
had not (Tet+) been induced to express the polyprotein and that had or had not
(control [CONT]) been treated with IFN were prepared in buffer I. Immuno-
precipitation of PKR and an in vitro phosphorylation assay were performed with
extracts corresponding to 107 cells as described in Materials and Methods. PKR
activity was assayed in the absence (0) and in the presence of poly(I)-poly(C) (IC) at
0.5 or 1 pg/ml or in the presence of heparin (H) at 10 U/ml (used as activators).
Fifteen minutes after the beginning of the phosphorylation reaction, 2 ul of a
purified preparation of elF2 was added to each of the samples containing no
activator or containing heparin (asterisks), and the reactions were continued for
another 15 min. The reactions were stopped by addition of an equal amount of 2X
SDS sample buffer, and the proteins were separated by SDS-12.5% PAGE. (B)
Immunoblotting for PKR and NS5A. Ten percent of each of the crude extracts used
for the immunoprecipitation detailed above and corresponding to untreated and
IFN-treated UHCV cells that had or had not been induced to produce the HCV
polyprotein were analyzed by immunoblotting for induction of PKR after IFN
treatment (immunoblot PKR) and for induction of NS5A by tetracycline removal
(immunoblot NS5A). (C) 2-5A synthetase activity. Extracts from UHCV-11 cells
repressed (TET+) or induced (TET—) for the expression of the polyprotein and
extracts from Daudi cells, used as controls, were immunoprecipitated with antibod-
ies against either the p69 or the p100 form of 2-5A synthetase and analyzed for their
capacity to synthesize 2-5A oligomers as described in Materials and Methods.

precipitation of PKR and NS5A in extracts of UHCV cells did
not reveal any convincing interaction (data not shown). We
therefore examined whether interaction of PKR and NS5A in
UHCV-11 cells could be observed by immunofluorescence

69 100 69 100 69 100

UHCV
TET+

UHCV
TET-

DAUDI

techniques, using confocal microscopy. In parallel, colocaliza-
tion of NS5A with the 2-5A synthetases was also explored.
UHCV-11 cells were cultured in the absence of tetracycline
to induce the synthesis of the HCV proteins and were sub-
jected to IFN treatment to induce the expression of PKR and
the p69 and p100 2-5A synthetases. The results are shown in
Fig. 3A. NS5A (green fluorescence) was found to be located in
the cytoplasm, predominantly around the nucleus, as previ-
ously reported (34). PKR and the two 2-5A synthetases (red
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IFN

PKR+NS5A

FIG. 3. Subcellular localization of PKR, 2-5A synthetase, and NSSA in UHCV-11 cells. (A) UHCV-11 cells, seeded in eight-well chamber slides (Lab-Tek), were
induced for the full expression of the HCV polyprotein and analyzed for the colocalization of NS5A (green fluorescence) and either PKR (a), p69 2-5A synthetase (b),
or p100 2-5A synthetase (c) (red fluorescence). (B) UHCV-11 cells, seeded in eight-well chamber slides (Lab-Tek), were induced for the full expression of the HCV
polyprotein in the absence (control [CONT]) or presence of IFN of and analyzed for the effect of IFN on localization of NS5A (green fluorescence) and PKR (red

fluorescence).

fluorescence) were found throughout the cytoplasm as ex-
pected (24). The p69 2-5A synthetase was located in associa-
tion with the membranes of the ER, whereas the p100 2-5A
synthetase was more diffuse, being found throughout the cyto-
plasm, as previously reported (4, 23). No striking evidence of
colocalization of NS5A with PKR or either of the two 2-5A
synthetases was found. Localization of NS5A was not affected
by IFN treatment (Fig. 3B). It is interesting that the majority of
free PKR or 2-5A synthetase was seen in the cytoplasm, away
from the HCV proteins attached to the ER structures. Our
data therefore indicate that if an interaction between PKR and
any of the HCV proteins occurs when they are coexpressed in
vivo, it may occur at a very localized level, with the involvement
of a minimal amount of PKR, leaving the rest of the PKR free
and potentially able to be activated.

Expression of the HCV polyprotein does not reverse PKR-
mediated inhibition of protein synthesis. We next examined
whether PKR activity could be inhibited in vivo when UHCV-
11 cells were induced for expression of the HCV proteins,
using a functional assay for PKR.

We have developed an in vivo functional assay for PKR
based on this enzyme’s ability to inhibit protein synthesis. In
this assay, the pHIV-1 LTR-Luc vector was used both as an
activator of PKR (32) and as a reporter through the expres-
sion of luciferase. In this situation, the luciferase mRNA
transcribed from the LTR presents at its 5’ end the double-
stranded TAR region of the LTR, which activates PKR (38).
Therefore, luciferase mRNAs accumulating in the cytoplasm
have the potential to activate PKR, and subsequently their own
protein synthesis can be inhibited. The PKR functional assay
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was first performed in UHCV-11 cells repressed for the ex-
pression of the polyprotein. When transfection of the pHIV1
LTR-Luc plasmid was performed in the presence of increasing
amounts of a PKR-expressing plasmid (pPKR), a concomitant
progressive inhibition of luciferase expression occurred. A
50% inhibition of reporter expression was observed for con-
centrations of pPKR ranging from 0.8 to 1 ng, corresponding
to the 50% inhibitory dose (IDs,) of PKR under these exper-
imental conditions (Fig. 4). When the transfection assay was
performed in the absence of tetracycline to induce the expres-
sion of the polyprotein, we observed a general lower-level
expression of the reporter than that seen with uninduced
cells (data not shown). This may have been due to the cell
culture conditions, as already described (34). However, no
differences in the inhibition of the reporter by PKR were
observed (Fig. 4A). As a positive control for PKR inhibition
in this assay, pPKR and pHIV1 LTR-Luc were transfected
with a plasmid expressing TRBP, a strong PKR inhibitor (3,
15). The results (Fig. 4B and C) showed that TRBP could
significantly reverse the PKR-mediated inhibition of lucif-
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FIG. 4. Expression of HCV polyprotein does not reverse the PKR-mediated
inhibition of protein synthesis, whereas TRBP does. (A) UHCV-11 cells were
transfected by a microtransfection technique described in Materials and Meth-
ods. To each well (20,000 cells) was added 100 ng of pHIV1 LTR-L and 0.5 to
100 ng of pcDNA1/Amp (PKR) as indicated. All samples were adjusted to
contain the same amount of DNA by addition of the empty pcDNA1/Amp
vector. The transfection assay was performed with cells either repressed (TET+)
(closed squares) or induced (TET—) (open squares) for the expression of the
HCV proteins. The results are expressed as the percentage of inhibition of
reporter expression when transfection took place in the presence of PKR com-
pared with its transfection in the absence of the PKR plasmid. (B and C) UHCV-
11 cells either repressed (B) or induced (C) for the expression of the polyprotein
were transfected with pHIV1 LTR-L and increasing concentrations of pcDNA1/
Amp (PKR), either alone (closed squares) as for panel A or in the presence of
300 ng of pcDNA1/Amp (TRBP2) (open circles). The results are expressed as
the percentage of inhibition of reporter expression by PKR. Addition of TRBP
to the cells allows a shift of the IDs, of PKR from the 0.8- to 1-ng range to the
8- to 10-ng range, thus indicating its ability to reverse the PKR-mediated inhi-
bition of protein synthesis. In each graph, the ID5, of PKR is represented by an
asterisk placed where the graph crosses the 50% inhibition value (broken line).

erase by shifting the ID5, of PKR from the 0.8- to 1-ng range
to 10 ng in cells repressed for the expression of the polypro-
tein (Fig. 4B) and to 8-ng in cells induced to express the
polyprotein (Fig. 4C).

Therefore, our results show that in contrast to the action of
TRBP on PKR, induction of the HCV proteins in the cells
does not affect the PKR-mediated inhibition of translation. As
we have shown in Fig. 3, all HCV proteins are located around
the nuclei whereas most of the PKR is diffused throughout the
cytoplasm. If one protein from HCV were to have the potential
to inhibit PKR, its effect might therefore be limited only to the
areas where it is close enough to interact with PKR.

Induction of the HCV proteins does not affect in vivo phos-
phorylation of PKR and eIF2a in UHCV-11 cells. The reporter
assay described above showed that coexpression of the HCV
proteins did not lead to inhibition of PKR activity. However,
this assay was based on the transfection of a plasmid encoding
PKR in the cells and did not measure the actual activity of the
endogenous PKR. We therefore chose to directly activate the
endogenous PKR by transfecting poly(I)-poly(C) into the cells
in order to examine the effect of induction of the HCV proteins
on the state of phosphorylation of eIF2a, the PKR substrate.
In a preliminary assay, **P-phosphate labeling of the cells was
used to detect poly(I)-poly(C)-mediated in vivo phosphoryla-
tion of PKR. We found a shift in the phosphorylation of PKR
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FIG. 5. Poly(I)-poly(C)-induced phosphorylation of eIF2« is not affected by
induction of the HCV proteins. (A) UHCV-11 cells were seeded at a density of
10°/10-cm-diameter petri dish. After 24 h, they were washed three times with
PBS to remove tetracycline and then incubated in culture medium alone (control
[C]) or containing IFN at 500 U/ml. After 18 h of incubation, the cells were
washed twice in phosphate-free, serum-free medium and further incubated in 2.5
ml of this medium supplemented with 100 g of poly(I)-poly(C) (PL Biochemi-
cals), either alone (IC) or mixed with 25 ug of Lipofectin (Gibco BRL)
(lipo+IC). [**PJorthophosphate (Amersham) was then added (750 p.Ci/dish),
and an incubation was carried out for 90 min at 37°C. The medium was removed,
the cells were washed twice and scraped off in PBS, and the cell pellets were
recovered by centrifugation and lysed with 600 pl of buffer I supplemented with
10 mM B-glycerophosphate, 10 mM NaF, 10 mM p-nitrophenyl-phosphate, and
300 M Na;VO, as phosphatase inhibitors. After centrifugation at 12,000 X g,
5 pl of each of the crude extracts was subjected to SDS-12.5% PAGE and the
rest was immunoprecipitated with anti-PKR antibodies as described in Materials
and Methods. After incubation at 4°C for 18 h, the beads were washed three
times with buffer I and the proteins were separated by SDS-12.5% PAGE. IPLab
Gel-based quantification gave estimates of 1.12-fold [treatment with poly(T)-
poly(C) alone] and 3.2-fold [treatment with Lipofectin plus poly(I)-poly(C)] for
the increases in intensity of the phosphorylated bands in the IFN lane compared
with the control lanes. (B) UHCV-11 cells were treated with poly(I)-poly(C)
either alone or in the presence of Lipofectin (Lipo) as for the experiment shown
in A, except that all dishes of cells had been previously treated with IFN and
induced (Tet—) or not induced (Tet+) for expression of the HCV proteins. The
proteins of the cell extracts were separated by SDS-12.5% PAGE and analyzed
by immunoblotting. Use of antibodies directed specifically against a phosphor-
ylated eIF2a peptide (eIF2a-P) demonstrated that eIF2a phosphorylation had
occurred, whereas antibodies directed against total eIF2 (eIF2a) revealed the
total levels of elF2a. In this experiment, elF2a was found to migrate as two
bands in the gel. Both bands were specific since they were recognized by the two
different anti-eIF2« antibodies.

elF2a-P

in the UHCV-11 cells induced to express the HCV proteins,
provided that the PKR levels were first induced by IFN treat-
ment and that poly(I)-poly(C) had been efficiently transfected
into the cells in the presence of Lipofectin (Fig. 5A, right
panel). In addition, this assay showed that the situation which
triggered PKR phosphorylation [IFN treatment and transfec-
tion of poly(I)-poly(C)] also led to a reduced general state of
phosphorylation of cellular proteins (Fig. 5A, left panel). This
most probably reflects the PKR-mediated inhibition of protein
synthesis and indicates that the endogenous PKR can be active
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in UHCV-11 cells induced to express the HCV proteins. To
confirm this and to determine the effect of expression of the
HCV proteins on PKR activity, we then analyzed the phos-
phorylation state of the PKR substrate, eIF2a, in response
to poly(I)-poly(C) and Lipofectin treatment of IFN-treated
UHCV-11 cells repressed or induced for expression of the
HCYV proteins. The results (Fig. 5B) clearly showed that the
increases in elF2a phosphorylation were similar regardless of
whether the cells were expressing HCV proteins. These results
confirmed the data from the reporter assay. In conclusion,
therefore, we showed that coexpression of the HCV proteins in
UHCV-11 cells did not eliminate the ability of PKR to inhibit
gene expression, through eIF2a phosphorylation, regardless of
whether PKR was expressed ectopically by transient transfec-
tion or endogenously after IFN induction.

DISCUSSION

Resistance to the antiviral action of IFN is one major char-
acteristic of HCV of genotype 1. To study the mechanisms of
resistance of HCV to IFN, it is necessary to characterize the
interactions between the viral and cellular components. How-
ever, a cell culture system for HCV infection is not yet avail-
able. The human osteosarcoma-derived UHCV-11 cell line,
which is regulated by tetracycline for the expression of all HCV
structural and nonstructural proteins, has recently been de-
scribed and provides a good approach for this study (34).

By using two different types of viruses, the picornavirus
EMCYV and the rhabdovirus VSV, we first showed that UHCV-
11 cells developed an antiviral state after treatment with IFN.
The VSV yields were found to be inhibited by 1.8 to 2.7 logs
(data not shown), while the EMCYV yields were inhibited by 3.8
to 5 logs depending on the MOI (Table 1; see Alog values
corresponding to expression of polyprotein). To determine
whether expression of the HCV proteins interfered with IFN
action, the growth of each virus in cells treated with IFN and
induced to express the HCV polyprotein was compared to its
growth in IFN-treated cells in which expression of the polypro-
tein was repressed. We observed that expression of HCV pro-
teins had no effect on VSV growth (data not shown), whereas
it increased the growth efficiency of EMCV. The most signif-
icant EMCYV rescue (90-fold) was observed when the cells were
infected at a low MOI (0.01).

In a recent study, HeLa and osteosarcoma cells engineered
to express the nonstructural protein NS5A of either genotype
la or 1b HCV under the control of a tetracycline-dependent
promoter were found to provoke a slight rescue of the growth
of VSV and to differentially rescue EMCV. Only clones ex-
pressing NS5A 1b rescued EMCV (37). Another study showed
that NS5A from a different HCV-1b subtype can rescue EMCV
but only minimally rescues VSV (40). The UHCV-11 cell line,
which is inducible for the expression of the HCV polyprotein
of genotype 1la, was also found to have a very limited rescue
effect (if any) on VSV. However, in contrast with the data
presented for the NS5A la-expressing clones, the use of the
UHCV-11 cell line, which expresses not only NS5A 1a but also
all of the remaining HCV 1a proteins, allowed us to show a
rescue of the growth of EMCV. This indicates that HCV pro-
teins other than NS5A may be involved in the mechanism of
resistance to IFN, either independently or in combination with
NS5A.

IFN treatment of cells results in the establishment of an
antiviral state after de novo induction of cellular proteins. Only
a few of the induced genes have been shown to be involved in
antiviral mechanisms. For instance, the human MxA protein
can induce resistance to influenza virus, VSV (36), Semliki
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Forest virus (27), measles virus (39), and Thogoto virus (12).
PKR and 2-5A synthetase were both demonstrated to be in-
volved in resistance to EMCV but not VSV (8, 33). MxA, PKR,
and the 2-5A synthetase pathway are therefore considered to
be the principal components used by IFNs to mount an anti-
viral state. However, alternative antiviral pathways exist, as
shown recently by the ability of IFN to provoke an antiviral
state against EMCV or VSV in cultured embryonic fibroblasts
obtained from mice deficient in Mx1, RNase L, and PKR (46).
For example, the human guanylate binding protein GBP-1 was
recently found to mediate antiviral resistance to both EMCV
and VSV (1).

Expression of the HCV polyprotein in UHCV-11 cells was
recently shown to block IFN-mediated signal transduction
through the Jak-STAT pathway, possibly by inhibiting the bind-
ing of Statl to their DNA response element (17). Our data,
however, show that IFN can normally induce the synthesis of
PKR and the p100 2-5A synthetase in UHCV-11 cells, in spite
of the fact that the expression of both genes is dependent on
Stat1. This apparent contradiction can be explained by the fact
that in our experiments, IFN treatment of UHCV-11 cells was
performed a few hours before the HCV proteins were synthe-
sized. This provided a window of time sufficient for induction
of IFN-stimulated genes before IFN signaling could be inhib-
ited. Since PKR and 2-5A synthetase have long half-lives (6.6
and 8 h, respectively [22, 23]), their ability to act as antiviral
proteins does not depend on continuous induction. The HCV-
mediated inhibition of Statl may indicate, therefore, that some
other IFN-induced genes encoding short-half-life proteins play
a critical role in HCV-mediated virus rescue.

What is the importance of NS5SA with respect to the antiviral
action of IFN? This protein has been the subject of great in-
terest and controversy. Studies conducted on Japanese patients
have related the IFN responsiveness of HCV patients to their
ISDRs (11). However, studies conducted on European and
North American patients did not show a correlation between
their ISDRs and patterns of response to IFN (19, 25, 41, 45).

We studied the impact of expression of HCV proteins on
PKR, a key component of the antiviral and antiproliferative
effects of IFN. This study allowed the examination of the po-
tential importance of the PKR-NS5A interaction in the context
of expression of all viral proteins. Coprecipitation experiments
failed to show a significant interaction between PKR and NS5A.
Indeed, confocal-microscopy analysis did not show striking co-
localization of PKR and NS5A; PKR localized throughout the
cytoplasm, whereas NS5A localized predominantly around the
nuclei, probably at the level of the ER.

In a functional assay of PKR performed in UHCV-11 cells,
we found that expression of the HCV proteins did not reverse
the action of PKR, in contrast with the action of the PKR
inhibitor TRBP. Furthermore, expression of HCV proteins nei-
ther prevented the poly(I)-poly(C) activation of IFN-induced
endogenous PKR of UHCV-11 cells nor inhibited the subse-
quent phosphorylation of its substrate, eIF2a.

In conclusion, we have shown that concomitant expression
of the HCV nonstructural and structural proteins can alter the
antiviral mechanisms of action of IFN. However, this HCV-
mediated inhibition could not be attributed to an inhibition
of PKR'’s ability to regulate protein synthesis through elF2a
phosphorylation. A number of studies have shown that NSSA
has the ability to interact with and to inhibit PKR. We stress
here that the impact of NS5A on PKR activity may differ when
NSS5A is expressed individually or in the context of the other
HCV proteins. We showed by confocal microscopy that PKR
and NS5A are not colocalized in UHCV-11 cells induced to
express the HCV proteins. This situation may prevent NSSA
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from interacting efficiently with PKR in order to prevent the
antiviral action of PKR against EMCV. It is possible that
during the course of HCV infection, NSSA plays a role in
inhibiting PKR locally at the site of HCV protein synthesis.
NS5A might, however, participate in the blockage of IFN’s
antiviral action through other mechanisms, such as the recently
reported interaction with the Ras-associated Grb-2 protein
(42). In view of the results presented here, it will certainly be
necessary to reconsider all types of interactions between any
particular HCV protein and its cellular partner(s) in the con-
text of expression of the other HCV proteins.
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