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Studies on hepatitis C virus (HCV) replication have been greatly advanced by the development of cell culture
models for HCV known as replicon systems. The prototype replicon consists of a subgenomic HCV RNA in
which the HCV structural region is replaced by the neomycin phosphotransferase II (NPTII) gene, and
translation of the HCV proteins NS3 to NS5 is directed by the encephalomyocarditis virus (EMCYV) internal
ribosome entry site (IRES). The interferon (IFN)-inducible protein kinase PKR plays an important role in cell
defense against virus infection by impairing protein synthesis as a result of eIF-2a phosphorylation. Here, we
show that expression of the viral nonstructural (NS) and PKR proteins and elF-2« phosphorylation are all
variably regulated in proliferating replicon Huh7 cells. In proliferating cells, induction of PKR protein by
IFN-a is inversely proportional to viral RNA replication and NS protein expression, whereas elF-2a phos-
phorylation is induced by IFN-« in proliferating but not in serum-starved replicon cells. The role of PKR and
elF-2a phosphorylation was further addressed in transient-expression assays in Huh7 cells. These experiments
demonstrated that activation of PKR results in the inhibition of EMCV IRES-driven NS protein synthesis from
the subgenomic viral clone through mechanisms that are independent of eIF-2a. phosphorylation. Unlike NS
proteins, HCV IRES-driven NPTII protein synthesis from the subgenomic clone was resistant to PKR activa-
tion. Interestingly, activation of PKR could induce HCV IRES-dependent mRNA translation from dicistronic
constructs, but this stimulatory effect was mitigated by the presence of the viral 3’ untranslated region. Thus,
PKR may assume multiple roles in modulating HCV replication and protein synthesis, and tight control of
PKR activity may play an important role in maintaining virus replication and allowing infection to evade the

host’s IFN system.

Infection with hepatitis C virus (HCV) causes chronic liver
disease that can lead to hepatocellular carcinoma (35). The
virus is a flavivirus with a positive-stranded RNA genome of
approximately 9.6 kb (4). The viral RNA consists of 5" and 3’
untranslated regions (UTRs) and a large open reading frame
encoding a polyprotein of 3,010 to 3,033 amino acids that
undergoes proteolytic processing by both host signal pepti-
dases and viral proteases to yield 10 mature structural (C, E1,
and E2) and nonstructural (p7, NS2, NS3, NS4A, NS4B,
NS5A, and NS5B) proteins. HCV replication is error prone,
resulting in continuous generation of viral variants with differ-
ences located mainly in the hypervariable region of the E1 and
E2 genes. This dynamic variation may play a role in the estab-
lishment and maintenance of persistent infection.

The only approved treatments for HCV infection are alpha
interferon (IFN-a) alone or in combination with ribavirin (5).
The mechanisms utilized by IFN-a to block HCV replication
are not well understood, nor are the reasons for the limited
effectiveness of IFN therapy known (5). It was hypothesized
that differences in HCV genomic sequence may affect the
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structure and function of the viral RNA and proteins, which in
turn can alter the host’s response to IFN-a treatment. In fact,
comparison of full-length sequences of IFN-a-responsive and
nonresponsive viruses from HCV-infected patients showed
that patients who responded completely to IFN therapy carried
HCV 1b isolates with multiple mutations within a discrete
region encoding 40 amino acids in the carboxy-terminal half of
NS5A between amino acids 2209 and 2248 of the HCV
polyprotein (13, 14). This region, known as the interferon
sensitivity determining region (ISDR), has been thought to
play an important role in HCV resistance to IFN treatment
(34). Although several studies reported conflicting data on the
relationship between the ISDR sequence and clinical resis-
tance to IFN, recent statistical analysis of data from these
studies confirmed a positive association between the ISDR
sequence and clinical resistance to IFN (63).

Binding of IFN-a to its receptor induces many signaling
pathways that control transcription of a large number of inter-
feron-inducible genes encoding proteins with antiviral and an-
tiproliferative activities (53). Transcriptional activation of in-
terferon-inducible genes by IFN-a is regulated mainly by
activation of the Jak-Stat pathway (53). The importance of
Jak-Stat activation in HCV replication may be underscored by
the finding that this signaling pathway is impaired in cells
expressing the HCV polyprotein (24). Among the many inter-
feron-inducible gene products, the double-stranded RNA
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(dsRNA)-activated protein kinase PKR has been shown to
play an important role in cell defense against infections by
many viruses by suppressing protein synthesis (28).

PKR is a serine/threonine kinase that exhibits distinct activ-
ities: dimerization upon binding to dSRNA and autophosphor-
ylation at many serine and threonine sites and phosphorylation
of the a subunit of translation initiation factor eIF-2, a modi-
fication that leads to the inhibition of protein synthesis (28).
Through this capacity, PKR is thought to be a mediator of the
antiviral and antiproliferative actions of IFN-a (53).

To bypass PKR activation and the inhibition of host protein
synthesis, many RNA and DNA viruses have evolved mecha-
nisms to inactivate PKR (26). In the case of HCV, both the
NS5A and E2 proteins were shown to block PKR activation. In
the case of NS5A, it has been proposed that the ISDR of the
viral protein from IFN-resistant but not IFN-sensitive strains
binds and blocks PKR activity (18, 20). Consequently, inhibi-
tion of PKR activity by NSSA abolishes PKR-dependent apo-
ptosis and induces malignant transformation of NIH 3T3 cells,
providing evidence for an important biological function of
PKR inactivation by the viral protein (20, 21). Contrary to the
inhibitory role of NS5A reported earlier, newer studies sug-
gested that ISDR may not be required to confer virus resis-
tance to IFN-a (15, 46, 47) and that NS5A expression in cul-
tured cells mediates IFN resistance independently of PKR
(46).

These contradictory findings have been explained by the
pleiotropic effects of NS5A expressed in various cell lines and
by the genetic differences and variations in NS5A expression
levels between the chosen cell lines (55). On the other hand,
E2 protein contains a 12-amino-acid sequence that shows high
homology with several putative autophosphorylation sites
within the amino terminus of PKR (57, 58). A similar se-
quence, known as the PKR-eIF-2a phosphorylation homology
domain, found within eIF-2a was shown to be required for E2
inhibition of PKR activity in Saccharomyces cerevisiae (57).
How E2 blocks PKR activity is not yet clear, but a recent study
indicated that E2 functions via a pseudosubstrate mechanism
(58). Together, both NS5A and E2 may play an important role
in evading IFN response, but they are unlikely to be the only
viral genes that contribute to evasion from IFN action (56).
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For many years, traditional approaches to studying the
mechanisms of HCV replication were unavailable, largely due
to the limitations in propagating the virus in cultured cells. In
recent years, significant progress in HCV research was initially
made by the development of subgenomic dicistronic HCV rep-
licon RNA capable of successfully replicating in the hepatoma
cell line Huh7 in vitro (38). This prototype replicon was a
subgenomic HCV RNA in which the HCV structural region
was replaced by the neomycin phosphotransferase IT (NPTII)
gene. Synthesis of the NPTII protein was directed by the HCV
internal ribosome entry site (IRES), whereas synthesis of HCV
proteins NS3 to NS5B was directed by the IRES from the
encephalomyocarditis virus (EMCV) (38). A number of adap-
tive mutations within the viral genome localized within NS5A,
including a deletion of the entire ISDR, were later identified
and found to enhance the initiation of replication in vitro (6,
37, 44). Most interestingly, the adaptive mutations did not alter
the sensitivity of HCV replication to IFN-a treatment, suggest-
ing that the ISDR may not be essential in this process (6, 50).

The availability of a system with which to study the mecha-
nisms of virus replication in vitro prompted us to examine
whether and how PKR modulates gene expression from the
original subgenomic HCV clone (38). Here, we show that PKR
plays a direct role in inhibition of viral protein synthesis from
the subgenomic viral clone and provide strong evidence that
this effect is mediated at the translational level. We also dem-
onstrate the ability of PKR to induce the HCV IRES and
inhibit EMCV IRES activity and the ability of the viral 3" UTR
to mitigate PKR function. These data clearly implicate PKR in
HCV gene expression in vitro, raising the possibility of a sim-
ilar functional role in vivo.

MATERIALS AND METHODS

Cell culture and IFN treatment. The original wild-type pFKl;go-NS3-3" rep-
licon DNA from genotype 1b and the generation of Huh7 HCV replicon cells
were described earlier (38). Huh7 cells were maintained in Dulbecco’s modified
Eagle’s medium (Gibco Life Technologies, Inc., Rockville, Md.) supplemented
with 10% heat-inactivated fetal bovine serum, 1% nonessential amino acids, 100
U of penicillin G per ml, and 100 pg of streptomycin per ml at 37°C in a
humidified atmosphere of 5% CO,. Cells containing the HCV replicon were
maintained in culture in the presence of 500 pg of G418 (Geneticin; Life
Technologies)/ml, which was removed 2 days before the experiments. For IFN

FIG. 1. Regulation of replication and protein synthesis from an HCV subgenomic clone in human Huh7 cells by IFN-a. (A) Schematic
representation of the prototype HCV subgenomic clone. The HCV structural region was replaced by the NPTII gene. NPTII expression is under
the control of the HCV IRES, whereas expression of proteins NS3 to NS5B is controlled by the EMCV IRES (38). (B) Detection of viral RNA
expression by IFN-a. HCV replicon Huh7 cells (~3 X 10° cells) were stimulated with 1,000 IU of human IFN-o/ml for the indicated periods. Total
RNA (10 pg) was isolated and subjected to Northern blot analysis with a *?P-labeled cDNA consisting of either the entire viral subgenomic
sequences of pFKI;4,-NS3-3’ vector (upper panel) or ribosomal 18S DNA (lower panel). The radioactive bands were quantified with NIH Image
version 1.54 software, and the ratios of viral to 18S RNA are indicated. (C and D) Expression of viral and host proteins in replicon Huh7 cells in
the absence or presence of IFN-a. Replicon cells (B and C) and parental Huh7 cells (D) were seeded at a concentration of ~3 X 10° cells/10-cm
dish. Twenty-four hours later (time zero), the medium was refreshed, and cells were left untreated (lanes 1 to 7) or treated with 1,000 IU of human
IFN-a/ml for the indicated times (lanes 8 to 13). Protein extracts (50 pg) were subjected to immunoblot analysis with anti-NS5A MAD (top panel),
anti-human PKR MADb (second panel from the top), anti-eIF-2a phosphoserine 51-specific antibody (third panel from the top), rabbit polyclonal
anti-eIF-2a antibody (fourth panel from the top), or antiactin MAb (bottom panel). (E) Proliferation of parental and replicon Huh7 cells by IFN-a.
Cells cultured as described for panel D were harvested at the indicated times, stained with trypan blue, and counted in a hemacytometer. Values
represent the average of two separate experiments. (F) Expression of viral and host proteins in serum-starved replicon Huh7 cells. Huh7 replicon
cells were plated at ~3 X 10° cells/10-cm dish in the absence of serum. Twenty-four hours later (time zero), the cells were refreshed and maintained
in serum-free medium in the absence (lanes 1 to 6) or presence of 1,000 IU of human IFN-a/ml. Protein extracts (50 pg) were subjected to
immunoblot analysis with anti-NS5A MADb (top panel), anti-human PKR MAD together with anti-human Statla MAb (second panel from the top),
anti-eIF-2a phosphoserine 51-specific antibody (third panel from the top), anti-NPTII MAD (fourth panel from the top), or antiactin MAb (bottom
panel).
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FIG. 2. Inhibition of subgenomic NS protein expression by wild-
type PKR. (A) PKR autophosphorylation levels in parental and rep-
licon Huh7 cells. Protein extracts (400 pg) from untreated (lanes 1, 3,
and 5) or IFN-a-treated (1,000 IU/ml; 24 h) cells were immunopre-
cipitated with 5 pg of anti-human PKR MAD (clone F9). Immunopre-
cipitates were subjected to the in vitro kinase assay in the presence of
0.1 pg of reovirus dsRNA per ml and 1 wCi of [y->*P]ATP as described
before (36). Phosphorylated proteins were resolved by SDS-PAGE
and visualized by autoradiography. HeLa protein extracts before (lane
5) and after (lane 6) IFN-a treatment were used as positive controls.
(B) Wild-type PKR impairs NS protein synthesis from the subgenomic
clone. HCV subgenomic DNA (pFKl;4o-NS3-3'; 1 pg) was transiently
expressed in Huh7 cells alone (lane 1) or in the presence of 0.010 ng
(lane 2), 0.050 wg (lane 3), 0.1 g (lane 4), or 0.5 pg (lane 5) of
Flag-tagged wild-type PKR cDNA with the vaccinia virus/T7 virus
expression system. Eighteen hours later, protein extracts (50 pg) were
subjected to immunoblot analysis to detect NS3 (top panel), NS5A
(second panel from the top), PKR (third panel from the top), or
elF-2a serine 51 phosphorylation (bottom panel). (C) Overexpression
of the subgenomic clone cannot rescue PKR-mediated inhibition of NS
protein synthesis. Huh7 cells were treated with recombinant vaccinia
virus/T7 virus as above with 1 pg of pFKI;4o-NS3-3" DNA alone (lane
1), 0.050 pg of Flag-tagged wild-type PKR cDNA (lane 2), or a con-
stant amount (0.050 pg) of Flag-tagged wild-type PKR together with
0.1 pg (lane 3) or 1 pg of pFKlI;4,-NS3-3" DNA. Eighteen hours later,
protein extracts (50 pg) were subjected to immunoblotting for the
detection of NS5A (top panel), PKR (second panel from the top),
elF-2a serine 51 phosphorylation (third panel from the top), or actin
levels (bottom panel).

treatment, 1,000 IU of human IFN-a,, (Intron A; Schering-Plough Corp., Ke-
nilworth, N.J.)/ml was used.

RNA extraction and Northern blot analysis. Total RNA was purified with
Trizol (Gibco) according to the manufacturer’s specification. RNA samples (10
ng) were treated with RNase-free DNase (Sigma), run on formaldehyde-con-
taining 1% agarose gels, transferred to a nylon membrane (ICN, Aurora, Ohio),
and subjected to Northern blotting with an [a->?P]dCTP-labeled 3.6-kb fragment
(HindIII and EcoRI restriction sites) of pFKI;go-NS3-3" DNA or a 0.6-kb frag-
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ment of ribosomal 18S DNA as described previously (49). Radioactive signals
were exposed on Kodak films, and quantification of the bands was performed by
densitometric analysis of films within the linear range of exposure.

HCYV plasmid constructions. Two sets of IRES dicistronic constructs were
used. The first set consisted of the EMCV or HCV IRES in the same plasmid
DNA under control of the T7 RNA polymerase and was described previously
(54). The second set of dicistronic constructs containing either the HCV IRES
alone or the HCV IRES and the 3’ viral UTR downstream of the luciferase gene
was generated by recovering the HCV IRES from the vector pBC(HCV)L (a
kind gift from C. Schultz-Witherell and G. Witherell, RiboGene, Inc.). For the
construction of pBC(HCV)L, the HCV IRES was amplified by PCR from vector
pKIV (a kind gift from K. F. Tsukiyama-Kohara) (sense primer, 5'-TTATGAT
CAGGTTACGTTTGGTTTTTCTTTGAGG-3'; antisense primer, 5'-ATAGG
ATCCGATTGGGGGCGACACTCCACCATAGATC-3") (60). The amplified
region corresponds to the HCV 5’ UTR plus 40 nucleotides corresponding to the
core protein coding region (from nucleotides 13 to 383, numbering with respect
to the HCV genome). pBC(HCV)L was digested with EcoRI, and the fragment
containing the HCV IRES was recovered and cloned into the intercistronic
spacer of pcDNA3-CAT/Luc, containing the chloramphenicol acetyltransferase
(CAT) gene and firefly luciferase (Luc) gene as reporter genes (a kind gift from
S. Pyronnet) previously digested with EcoRI (48).

The HCV IRES dicistronic construct containing the HCV 3" UTR vector was
generated by recovering the HCV 3" UTR by PCR amplification from vector
pFKI;59-NS3-3'/wild-type (a kind gift from R. Bartenschlager; EMBL database
accession number AJ242654) (sense primer, 5'-CCGCTCGAGTGACGGGGA
GCTAAACACTC-3'; antisense primer, 5'-CCGCTCGAGCGGCCGCACTTG
ATCTGCAGAGAGG-3") (38). Xhol restriction sites were added for cloning
purposes, and a Notl site was added to verify the orientation of the cloned
segment. The PCR-amplified 3" UTR (from nucleotides 7771 to 8001) was
inserted in vector HCV IRES previously digested with Xhol upstream from the
luciferase gene. The HCV IRES and 3" UTR sequences in the dicistronic con-
structs were confirmed by DNA sequencing.

Recombinant vaccinia virus/T7 virus expression system. One day before trans-
fection, 0.8 X 10° Huh7 parental cells were seeded in 6-cm plates. Cells were
infected with recombinant vaccinia virus containing the bacterial T7 RNA poly-
merase gene (17) for an hour, followed by transfection with 5 g of Lipofectace
reagent (Gibco) and 2 ng of DNA containing the gene of interest in the expres-
sion vector under the control of the T7 promoter. Wild-type PKR, PKR mutants,
wild-type eIF-2a, and eIF-2a S51A cDNAs as well as K3L, E2, and green
fluorescent protein (GFP) DNAs were expressed from the T7 promoter within
the pcDNA3 vector (Invitrogen). Cells were incubated in serum-free medium at
37°C for 6 h, followed by the addition of complete medium and incubation for an
additional 18 h before RNA or protein extraction.

Protein extraction and immunoblot analysis. Cells were washed twice with
ice-cold 1x phosphate-buffered saline (140 mM NaCl, 15 mM KH,PO, [pH 7.2],
2.7 mM KCl), and proteins were extracted with 1X lysis buffer containing 10 mM
Tris-HCI (pH 7.5), 50 mM KCI, 2 mM MgCl,, 1% Triton X-100, 1 mM dithio-
threitol, 1 mM phenylmethylsulfonyl fluoride, 3 pg of aprotinin per ml, 1 pg of
leupeptin per ml, and 1 pg of pepstatin per ml. After incubation on ice for 20
min, the lysates were centrifuged at 14,000 X g for 10 min at 4°C. The superna-
tant was transferred to a fresh tube, the protein concentration was measured by
the Bradford assay (Bio-Rad, Hercules, Calif.), and samples were stored at
—85°C.

Proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to polyvinylidene difluoride membranes
(Immobilon P; Millipore Corp.). Immunoblottings were performed according to
the standard protocol (49). The primary antibodies were as follows: anti-HCV-
NS5A monoclonal antibody (MAb) (dilution 1:1,000; Biogenesis, London,
United Kingdom); anti-NS3 rabbit polyclonal antibodies (dilution 1:1,000) (59);
anti-human PKR MADb (dilution 1:1,000; clone F9 or E8) (36, 41); anti-Flag MAb
(dilution 1:1,000; Sigma); anti-NPTII rabbit polyclonal (dilution 1:500; Cortex
Biochem); anti-E2 MAD (dilution 1:500, generous gift from J. Dubuisson); rabbit
serum to human eIF-2a (dilution 1:1,000; SC-11386, Santa Cruz Biotechnology);
anti-mouse eIF-2a MADb (dilution 1:1,000) (36); rabbit serum to phosphoserine
51 of elF-2a (dilution 1:1,000) (36); chicken polyclonal anti-GFP antibodies
(dilution 1:1,000); and antiactin MAb (dilution 1:5,000; ICN). The secondary
antibodies were horseradish peroxidase-conjugated anti-mouse immunoglobulin
G, horseradish peroxidase-conjugated anti-rabbit immunoglobulin G, horserad-
ish peroxidase-conjugated anti-goat immunoglobulin G, or horseradish peroxi-
dase-conjugated anti-chicken immunoglobulin G (all at 1:1,000; Amersham
Pharmacia Biotechnology). Proteins were visualized by the enhanced chemilu-
minescence detection system according to the manufacturer’s instructions (Am-
ersham Pharmacia Biotechnology).
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Reporter gene assays. To measure luciferase activity, transfected cells were
lysed in reporter lysis buffer (Promega, Madison, Wis.) according to the manu-
facturer’s recommendations. Twenty micrograms of total protein was mixed with
100 pl of substrate buffer, and luciferase activity was assayed by integrating the
total light emission over 10 s with a luminometer (Luman LB9507; EG&G
Berthold, Berlin, Germany). CAT activity was determined by incubating 20 pg of
total protein with 400 uM acetyl-coenzyme A and ['*C]chloramphenicol (50
mCi/mmol) (ICN Biochemicals Corp.) as a substrate, in a 150-pl reaction volume
at 37°C for 2 h as described before. The acetylated products were separated by
thin-layer chromatography (Whatman Ltd., Kent, England) and visualized by
autoradiography. Densitometric analysis of autoradiograms was performed
with the Scion Image software (Scion Corporation, Frederick, Md.). Quantifi-
cation was done in samples with linear CAT activity, and the percent conversion
was calculated as acetylated products divided by acetylated plus nonacetylated
products.

RESULTS

PKR protein expression and elF-2a phosphorylation levels
in HCV replicon cells. With the HCV replicon system previ-
ously described by Lohmann et al. (38) (Fig. 1A), we first
verified the ability of IFN-a to inhibit viral RNA synthesis.
Northern blot analysis demonstrated the downregulation of
the subgenomic HCV RNA levels as early as 6 h after treat-
ment, leading to undetectable RNA levels 48 h after IFN-«a
treatment (Fig. 1B, upper panel). In parallel, we examined the
levels of NS5A and PKR proteins as well as eIF-2a phosphor-
ylation in replicon cells stimulated with IFN-a (Fig. 1C). Rep-
licon cells were maintained in culture in the absence (lanes 1 to
7) or presence (lanes 8 to 13) of IFN-« for up to 72 h. Immu-
noblot analysis of protein extracts from untreated cells (lanes 1
to 7) showed that NS5A protein (top panel), PKR protein
(second from the top panel), and eIF-2a phosphorylation lev-
els (third from the top panel) varied with time, indicating that
they were affected by cell proliferation.

Interestingly, NS5A and PKR protein as well as elF-2a
phosphorylation levels decreased at the 24-h time point (Fig.
1C, lane 4), a pattern that was highly consistent in other ex-
periments, particularly for eIF-2a phosphorylation after treat-
ment with IFN-a (Fig. 1C, lane 10; see also Fig. 1D below). On
the other hand, immunoblot analysis of protein extracts from
IFN-a-treated cells (Fig. 1C, lanes 8 to 13) clearly showed a
decrease in NS5A protein (top panel), which coincided with an
increase in PKR protein (second from the top panel). The
elF-2a phosphorylation levels varied with the time of IFN-a
treatment (Fig. 1C, third panel from the top), whereas total
elF-2a protein levels remained unchanged (Fig. 1C, fourth
panel from the top). A clear increase in eIF-2a phosphoryla-
tion in IFN-a-treated over untreated cells was observed after
prolonged periods of treatment (compare lanes 11 to 13 with
lanes 5 to 7). Also, we noticed that high eIF-2a phosphoryla-
tion levels did not always correlate with increased PKR protein
levels in IFN-a-treated cells (for example, compare lane 10
with lane 9 or 12), possibly indicating that, under these exper-
imental conditions, phosphorylation of elF-2a may not be
modulated solely by PKR.

When we compared PKR protein and elF-2a phosphoryla-
tion levels in IFN-a-treated cells (Fig. 1D), we found that a
larger amount of PKR was induced in control cells (second
panel from the top, lanes 9 to 14) than in replicon cells (lanes
2 to 7). Since HCV proteins were reported to negatively reg-
ulate the activation of the Jak-Stat pathway and the induction
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of IFN-inducible genes (24), the reduced expression of PKR in
replicon cells could be explained by a partial transcriptional
inhibition of the pkr gene in response to IFN-a. However, the
possibility remains that the different PKR levels induced by
IFN-a were caused by clonal variations between replicon and
control Huh7 cells.

In regard to eIF-2a (Fig. 1D, third panel from the top), we
noticed lower levels of phosphorylation in replicon cells (lanes
2 to 7) than in control cells (lanes 9 to 14) after treatment with
IFN-a. As observed in Fig. 1C, elF-2a phosphorylation was
decreased at 24 h after IFN-a treatment in both parental and
replicon cells, whereas PKR protein levels were highly induced
(Fig. 1D, lanes 4 and 11). This further supports the notion that
elF-2a phosphorylation in response to IFN-a may not be en-
tirely PKR dependent. The total eIF-2a protein levels in IFN-
a-treated parental and replicon Huh7 cells remained un-
changed (fourth panel from the top). Because elF-2a
phosphorylation levels varied with cell proliferation (Fig. 1C,
lanes 1 to 7), we speculated that the phosphorylation differ-
ences between the parental and replicon cells were due to
differential suppression of cell proliferation by IFN-a. How-
ever, we found that IFN-« did not suppress the proliferation of
parental and replicon Huh7 cells (Fig. 1E), a result that also
indicates that the lower PKR protein levels do not render
replicon cells more sensitive to the antiproliferative effects of
IFN-a. These findings suggested that protein expression from
the subgenomic HCV clone coincides with an overall decrease
in elF-2a phosphorylation, although it was not clear whether
this was regulated by PKR.

To bypass the side effects of cell proliferation, we assessed
NS5A and PKR protein and eIF-2a phosphorylation levels in
serum-starved, growth-arrested replicon cells (Fig. 1F). In this
experimental setting, we saw that NS5A protein levels de-
creased with time after IFN-a treatment (top panel, lanes 7 to
11), and this coincided with an induction of PKR and Statl
protein, which was used as an additional marker of IFN-«
treatment (second panel from the top, lanes 7 to 11). In un-
treated replicon cells, we noticed that both PKR and Statl
protein levels were decreased when cells were maintained in
the absence of serum (second panel from the top, compare
lane 1 with lanes 2 to 6). Unlike in proliferating replicon cells,
elF-2a  phosphorylation levels did not vary significantly
throughout the experiment (third panel from the top).

These data suggested that inhibition of viral replication and
protein synthesis by IFN-a may be independent of elF-2a
phosphorylation status. When we examined whether IFN-a
modulates NPTII protein expression, which is under the con-
trol of HCV IRES activity, we found that NPTII protein was
also decreased in IFN-a-treated replicon cells (fourth panel
from the top) but with slower kinetics than the decrease in the
NS5A protein (top panel). These differences between the
NS5A and NPTII proteins may reflect variations in the stability
of the two proteins (see below) and/or differential responses of
the HCV and EMCV IRES to IFN-a. These data raised the
questions of whether PKR is directly involved in the regulation
of gene expression from the subgenomic HCV clone and what
the role of eIF-2a phosphorylation is in this process.

PKR directly impairs NS protein expression from the sub-
genomic HCV clone. Next, we examined whether PKR in the
parental and replicon Huh7 cells could be activated in vitro. To
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do so, PKR was immunoprecipitated from untreated and IFN-
a-treated cells. Activation of PKR was then tested by auto-
phosphorylation in the presence of reovirus activator dsSRNA
and [y->*P]ATP (Fig. 2A). In these experiments, we detected
PKR autophosphorylation in both parental and replicon cells
prior to IFN-a treatment. Stimulation of cells with IFN-a
caused the induction of PKR autophosphorylation in both cell
types, which was higher for parental than for replicon cells
(compare lanes 2 and 4). This difference most likely reflects the
different levels of PKR protein induction in both cell types
after IFN-a treatment (see Fig. 1D). These findings suggested
that Huh7 cells contain a functional PKR.

To better address the role of PKR in viral gene expression,
we examined NS protein synthesis from the subgenomic clone
by wild-type PKR in transient-expression assays in Huh7 cells.
To this end, expression of wild-type human PKR and viral
proteins was mediated by gene delivery with the vaccinia vi-
rus/T7 virus method. In this method, transfected genes under
the control of the bacteriophage T7 promoter are efficiently
transcribed in the cytoplasm by the T7 RNA polymerase de-
livered to the cells by infection with recombinant vaccinia vi-
ruses (17). This method is suitable for studying the transla-
tional functions of PKR (36) and has been used successfully to
investigate HCV replication mechanisms in cultured cells (9,
40).

When the HCV subgenomic DNA (i.e., pFKI;5,-NS3-3’
DNA) was coexpressed with increasing amounts of Flag-
tagged human wild-type PKR cDNA (Fig. 2B), expression of
both NS3 (top panel) and NS5A proteins (second from the top
panel) was suppressed in a PKR-dependent manner (third
panel from the top). We also noticed that expression of Flag-
tagged wild-type PKR was accompanied by an induction of
endogenous elF-2a phosphorylation (bottom panel), which
was proportional to the amount of expressed PKR (third panel
from the top), demonstrating that the transfected PKR was
functional.

We also tested whether a higher expression of NS proteins
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was capable of antagonizing the inhibitory action of PKR. That
is, we hypothesized that increased NS5A protein levels may
relieve the inhibition of NS protein synthesis by blocking PKR,
as reported earlier (20). To this end, the Flag-tagged wild-type
PKR cDNA was coexpressed with a small (0.1 pg; lane 3) or
large (1 pg; lane 4) amount of pFKl;4,-NS3-3" DNA, and
protein levels were detected by immunoblotting (Fig. 2C). We
found that NS5A expression was slightly increased (~3-fold)
when a 10-fold-larger amount of the subgenomic DNA was
used (top panel, lane 4). We also saw that PKR protein (sec-
ond panel from the top) and activity levels, as judged by the
endogenous elF-2a phosphorylation levels (third panel from
the top), were both unaffected by the larger amount of viral
subgenomic DNA (compare lanes 3 and 4).

Therefore, the increase in NSS5A protein in lane 4 was
caused by the 10-fold-larger amount of the subgenomic DNA
rather than by relief from a PKR-mediated translational block.
The data do not, however, rule out the possibility that NSSA
negatively regulates PKR activity, since a larger amount of
NS5A may be needed to mediate this effect. Nevertheless, this
result shows the strong inhibitory effects of PKR on NS protein
synthesis (see below), since the induction of viral protein ex-
pression (~3-fold, lane 4) was not proportional to the amount
of subgenomic DNA (10-fold, lane 4) used for the expression
of the viral proteins.

Catalytic activity of PKR is required for suppression of
protein expression from the subgenomic HCV clone. To exam-
ine the structural and functional requirements of PKR in viral
protein synthesis, we used various catalytically inactive or
dsRNA-binding-defective Flag-tagged PKR mutants, which
are shown in Fig. 3A, in coexpression assays with the sub-
genomic HCV DNA. These mutants of PKR were (i)
PKRAEY7, a 21-kDa protein, a product of alternative splicing of
exon 7 of human PKR with dominant-negative functions (36)
(Fig. 3B, lanes 4 and 5); (ii)) PKRLS9AE7, PKRAE7 bearing
the LS9 mutation (Ala66/Ala68 to Glyc66/Pro68) (22), which
completely abolishes binding to dsRNA (36) (Fig. 3C, lanes 2

FIG. 3. Structure-function analysis of PKR in inhibition of HCV replicon protein synthesis. (A) Schematic representation of the functional
domains of wild-type (wt) PKR and various PKR mutants. The N-terminal domain of PKR contains the two dsRNA-binding motifs (dSRBMs) that
are essential for dsSRNA binding, whereas the C terminus contains the 11 catalytic subdomains that are highly conserved among all serine/threonine
kinases and mediate the enzymatic activity. PKRAE7, an alternatively spliced form of PKR lacking the kinase domain; PKRAE7LS9, PKRAE7
containing the LS9 mutation, which completely abolishes dsRNA-binding activity; PKRAG6, a catalytically inactive and dominant-negative PKR
mutant with a 6-amino-acid deletion between amino acids 361 and 366 of human PKR; PKRLSY, a dsRNA-binding-defective mutant of human
PKR; PKRK296R, a catalytically inactive form of PKR with a mutation of lysine (K) 296 to arginine (R). (B to D) Control of viral protein synthesis
by the PKR mutants. The vaccinia virus/T7 virus system was used to express transiently 1 pg of the subgenomic HCV DNA pFKl;4o-NS3-3" in Huh?7
cells in the absence (lane 1) or presence of 0.010 pg (lanes 2 and 4) or 0.050 g (lanes 3 and 5) of the indicated forms of PKR. Protein extracts
(50 pg) were used for the immunodetection of NSSA (top panel) and various forms of Flag-tagged PKR (middle and bottom panels). Note that
PKRK296R (C, middle panel) and Flag-PKRAG levels (D, bottom panel) were also detected with the anti-human PKR MAb (clone F9), which
does not recognize the LS9 mutation of PKR (41). (E) Regulation of eIF-2a phosphorylation by various forms of PKR in Huh7 cells. Protein
extracts (50 wg) from Huh7 cells treated with recombinant vaccinia virus/T7 virus to express 1 pg of pFKlI;4,-NS3-3" DNA and 0.050 pg of each
PKR cDNA (as described for B to D) were analyzed by immunoblot analysis for serine 51 phosphorylation of eIF-2a with a phosphoserine-specific
antibody (top panel). The protein extracts were normalized to endogenous total eIF-2a protein levels by immunoblot analysis with a rabbit
polyclonal antibody specific to human protein (bottom panel). (F) Regulation of subgenomic HCV RNA levels in Huh7 cells expressing various
PKR forms. Total RNA (10 wg) from Huh7 cells treated with recombinant vaccinia virus/T7 virus to express 1 pg of pFKl;4o-NS3-3" and 0.050
ng of each PKR ¢cDNA (as described for B to D) were subjected to Northern blot analysis for detection of viral and 18S RNA expression as
described for Fig. 1A. The ratios of viral to 18S RNA from the radioactive bands are indicated. (G) Control of NPTII protein expression by
wild-type PKR and PKR mutants. With the recombinant vaccinia virus/T7 virus system, Huh7 cells were treated to express 1 pg of the
pFKl;4y-NS3-3" DNA alone (lane 1) or in the presence of 0.010 pg (lanes 2, 5, 8, and 11), 0.050 pg (lanes 3, 6, 9, and 12), or 0.1 wg (lanes 4, 7,
10, and 13) of Flag-tagged wild-type PKR cDNA (lanes 2 to 4), Flag-PKRAE7 ¢cDNA (lanes 5 to 7), Flag-PKRLS9 ¢cDNA (lanes 8 to 10), or
Flag-PKRLS9AE7 ¢cDNA (lanes 11 to 13). Protein extracts (50 wg) were subjected to immunoblot analysis with a rabbit polyclonal anti-NPTII
antibody and normalized by immunoblotting with antiactin MAb.
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virus/T7 virus to express transiently 1 pg (lanes 1, 4, 7, and 10), 0.5 pg (lanes 2, 5, 8, and 11), or 0.1 pg (lanes 3, 6, 9, and 12) of pFKl;4o-NS3-3’
DNA in the absence (lanes 1 to 3) or presence of 0.010 pg of Flag-tagged wild-type (wt) PKR cDNA (lanes 4 to 6), 0.1 pg of Flag-PKRAE7 cDNA
(lanes 7 to 9), or 0.010 pg of Flag-tagged wild-type PKR ¢cDNA and 0.1 g of Flag-PKRAE7 ¢cDNA (lanes 10 to 12). Expression of viral proteins
was monitored by immunoblot analysis with anti-NS5A MAb (top panel), whereas expression levels of wild-type PKR (middle panel) and PKRAE?7
(bottom panel) were monitored by immunoblotting with anti-human PKR MAb (F9 clone) and anti-Flag MAD, respectively. Note the upregulation
of endogenous PKR in Huh7 cells transfected with Flag-PKRAE7 (middle panel, lanes 7 to 9), as reported earlier (36). The levels of endogenous
human PKR in cells transfected only with the subgenomic viral DNA (middle panel, lanes 1 to 3) were detected after longer exposure (data not
shown). (B) Suppression of PKR-mediated viral protein synthesis is not rescued by the presence of the dominant-negative eIF-2a S51A mutant.
Huh?7 cells were treated with recombinant vaccinia virus/T7 virus and 1 pg of pFKlI54o-NS3-3" DNA (lanes 1 to 4), 0.01 pg of Flag-tagged wild-type
PKR cDNA (lanes 2 to 4), 0.5 pg of wild-type eIF-2a cDNA (lane 3), or 0.5 pg of eIF-2a S51A cDNA (lane 4). Protein extracts (50 pg) were
subjected to immunoblot analysis for detection of NS5A (top panel), PKR (second panel from the top), eIF-2« serine 51 phosphorylation (third
panel from the top), or eIF-2a protein expression (bottom panel). Note that the mouse anti-eIF-2a MAb (bottom panel) does not cross-react with
endogenous human elF-2a (lanes 1 and 2). (C) Dominant-negative effects of the mouse eIF-2a S51A mutant on nonviral protein synthesis in Huh7
cells. With the vaccinia virus/T7 virus system, Huh7 cells were treated to express 0.1 ug of GFP DNA and 0.5 ng (lanes 2 and 4) or 0.9 pg (lanes
3 and 5) of Flag-tagged wild-type PKR ¢cDNA in the absence (lanes 1 to 3) or presence (lanes 4 and 5) of 1 pg of elF2a S51A cDNA. Protein
extracts (50 pg) were subjected to immunoblot analysis with anti-GFP antibody (top panel) or anti-Flag MADb (bottom panel).

and 3); (iii) PKRK296R, a catalytically defective mutant with
substitution of the invariant Lys296 to Arg (27) (Fig. 3C, lanes
4 and 5); (iv) PKRLS9, an RNA-binding-defective mutant
bearing the LS9 mutation (22) (Fig. 3D, lanes 2 and 3); and (v)
PKRAG6, a catalytically defective and dominant-negative mu-
tant of human PKR with a deletion of the Leu-Phe-Ile-Gln-
Met-Glu residues between amino acids 361 and 366 (32) (Fig.
3D, lanes 4 and 5).

PKR protein levels were detected by immunoblotting with
either an anti-Flag antibody (Fig. 3B, middle and bottom pan-
els; Fig. 3C, bottom panel; Fig. 3D, middle panel) or anti-
human PKR monoclonal antibody (Fig. 3C, middle panel; Fig.
3D, bottom panel). On the other hand, viral protein synthesis
was monitored by immunoblotting with anti-NS5A antibody
(Fig. 3B to D, top panels). We found that similar to wild-type
PKR (Fig. 3B, top panel, lanes 2 and 3), expression of PKRLS9
strongly inhibited NS5A protein expression (Fig. 3D, top
panel, lanes 2 and 3). Contrary to this, expression of PKRA6

(Fig. 3D, lanes 4 and 5), PKRK296R (Fig. 3C, lanes 4 and 5),
PKRAE?7 (Fig. 3B, lanes 4 and 5), or PKRLS9AE7 (Fig. 3C,
lanes 2 and 3) did not significantly affect NS5A protein levels.

Immunoblot analysis for the detection of endogenous
elF-2a phosphorylation levels (Fig. 3E) demonstrated that
wild-type PKR and PKRLSY induced elF-2a phosphorylation
to equal levels (top panel, compare lanes 2 and 4). Phosphor-
ylation of eIF-2a in cells expressing PKRAE7 (lane 3) or
PKRAG6 (lane 5) was further diminished compared to that in
mock-transfected cells (lane 1) due to the strong dominant-
negative effects of these PKR mutants. On the other hand,
elF-2a phosphorylation levels were unaffected in PKRAE7LS9
(lane 6) or PKRK296R (lane 7). Furthermore, Northern blot
analysis showed no significant differences in viral RNA expres-
sion levels in cells transfected with the various forms of PKR
(Fig. 3F), suggesting a translational and/or posttranslational
function of the kinase in viral gene expression. We concluded
that the catalytic activity of PKR is both necessary and suffi-
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FIG. 5. Suppression of PKR-mediated viral protein synthesis is not
rescued by expression of the pseudosubstrates E2 (A) and K3L
(B) protein. Huh7 cells were treated with vaccinia virus/T7 virus to
express 1 pg of pFKl;g9-NS3-3' DNA (lanes 1 to 7), 0.05 pg of Flag-
tagged wild-type (wt) PKR ¢cDNA (lanes 2 to 4), 0.050 pg of Flag-
PKRLS9 ¢cDNA (lanes 5 to 7), 0.5 ng of E2 DNA (B, lanes 3 and 6),
0.95 pg of E2 DNA (B, lanes 4 and 7), 0.5 pg of Flag-K3L DNA (C,
lanes 3 and 6), and 0.95 g of Flag-K3L DNA (C, lanes 4 and 7), and
50 pg of protein extracts was used for immunoblotting with anti-NS5A
MAD (C and D, top panel), anti-E2 MAD (C, middle panel), or anti-
Flag MAD (C, bottom panel; D, middle and bottom panels). (C) E2
interacts with PKRLSY in vitro. GST and GST-E2 proteins were ex-
pressed and purified as previously described (64). Equal amounts (1
wg) of GST fusion proteins were mixed with 500 pg of Huh7 protein
extracts expressing Flag-PKRLS9. After pulldown with glutathione-
Sepharose (64), the proteins were subjected to immunoblot analysis
with anti-Flag antibody (top panel) or anti-human PKR MAb (clone
ES). Lane 1, 50 g of protein from Huh7 whole-cell extracts (WCE)
used in the pulldown assays.

Lane

cient, as judged from the function of PKRLSY, to inhibit NS
protein synthesis.

Since NPTII protein synthesis from the subgenomic clone is
HCV IRES dependent, we were interested in examining
whether expression of this protein was affected by PKR (Fig.
3G). When protein extracts from Huh7 cells transiently ex-
pressing various forms of PKR and the subgenomic HCV DNA
were subjected to immunoblot analysis, we found that, unlike
that of the viral proteins, expression of NPTII (top panel) was
resistant to the catalytically active forms of PKR (Flag-tagged
wild-type PKR, lanes 2 to 4; Flag-PKRLSY, lanes 8 to 10).
These results provided strong evidence for differential regula-
tion of NS and NPTII protein expression by PKR.

Inhibition of viral protein synthesis by PKR is independent
of elF-2a phosphorylation. To better understand the molecu-
lar functions of PKR in NS protein synthesis, we next tested

EXPRESSION FROM SUBGENOMIC HCV CLONE 10645

whether the presence of the dominant-negative PKRAE7 (36)
was capable of rescuing the inhibitory effects of PKR on NS5A
protein expression (Fig. 4A). When various amounts of the
subgenomic viral DNA were expressed in the absence (lanes 1
to 3) or presence of Flag-tagged wild-type PKR (lanes 4 to 6)
or Flag-PKRAE7 (lanes 7 to 9) or in the presence of both
Flag-tagged wild-type PKR and Flag-tagged PKRAE7 (lanes
10 to 12), we found that the inhibition of NS5A protein syn-
thesis by wild-type PKR (top panel, lanes 4 to 6) was com-
pletely reversed by the coexpression of PKRAE7 (lanes 10 to
12). The upregulation of endogenous PKR (middle panel,
lanes 7 to 9) or exogenous wild-type PKR (lanes 10 to 12) is
explained by the dominant-negative function of PKRAE?7. Spe-
cifically, we previously showed that ectopic expression of
PKRAE7 enhances the protein synthesis of endogenous PKR
or transfected PKR by blocking endogenous eIF-2a phosphor-
ylation (36).

To obtain more direct evidence for a role of eIF-2a phos-
phorylation, we examined whether expression of the dominant-
negative phosphorylation mutant Ser51-Ala (eIF-2a S51A
[12]) was capable of rescuing the inhibitory effects of PKR on
NS protein expression. To this end, Flag-tagged wild-type PKR
cDNA and subgenomic HCV DNA were coexpressed in the
presence of either mouse wild-type elF-2a (Fig. 4B, lane 3) or
the mouse eIF-2a S51A mutant (lane 4). Immunoblot analysis
with anti-NS5A antibody revealed that the eIF-2a S51A mu-
tant was unable to reverse PKR-mediated suppression of
NS5A protein expression (top panel, compare lane 2 with lane
4). Immunoblot analysis with eIF-2a phosphoserine 51-specific
antibodies showed the high levels of phosphorylation of exog-
enous wild-type eIF-2a by wild-type PKR (third panel from the
top, lane 3) as well as the dominant-negative function of
elF-2a S51A over endogenous elF-2a (compare lane 4 with
lane 2).

Expression of the transfected elF-2a was detected by immu-
noblot analysis with a monoclonal antibody that specifically
recognizes the mouse but not the endogenous human protein
(bottom panel, lanes 3 and 4). To find out whether the mouse
elF-2a S51A indeed functions as a dominant-negative in hu-
man cells, we assessed the expression of a nonviral gene in
Huh?7 cells in the presence of the eIF-2a mutant protein (Fig.
4C). It was previously shown that eIF-2a S51A improves trans-
lation of plasmid-derived mRNAs without affecting global pro-
tein synthesis (29). Based on this, we expressed GFP in Huh7
cells in the presence of wild-type PKR alone or wild-type PKR
and elF2A S51A c¢DNAs (Fig. 4C). We found that elF-2a
S51A was capable of relieving the translational repression of
GFP by wild-type PKR (compare lanes 4 and 5 with lanes 2 and
3), demonstrating its dominant-negative function in our system.

Then we tested whether the inhibitory effects of PKR were
rescued by the HCV E2 (Fig. 5A) or the vaccinia virus K3L
(Fig. 5B), since both proteins function as pseudosubstrate in-
hibitors of the kinase (8, 30, 57). We found that neither E2
(Fig. 5A, middle panel) nor K3L (Fig. 5B, bottom panel) was
capable of blocking the inhibitory functions of either Flag-
tagged wild-type PKR (Fig. SA and B, top panels, compare
lane 1 with lanes 2 to 4). Similar results were obtained with the
catalytically active Flag-PKRLS9 (Fig. 5A and B, top panels,
lanes 5 to 7). To find out whether the LS9 mutation had an
effect on PKR interaction with E2 (57), we performed pull-
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express 1 pg of pFKlI;4,-NS3-3" DNA alone (lanes 1 to 5) or in the presence of 0.010 pg of Flag-tagged wild-type PKR cDNA (lanes 6 to 10).
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were quantified with NIH Image 1.54 software, and the average values from four separate experiments were plotted versus the time (hours) of

cycloheximide treatment.

down assays with glutathione S-transferase (GST)-E2 and
Flag-PKRLS9 (Fig. 5C). We found that E2 interacted with
PKRLSY in vitro, suggesting that the lack of an effect in Fig. SA
was not due to the lack of an interaction between the two
proteins. Together, these data supported the notion that sup-
pression of HCV protein synthesis by PKR proceeds through a
mechanism that does not involve eIF-2a phosphorylation.
PKR does not significantly modulate NS protein stability.
Although the above data argue for a translational role of PKR
in NS protein synthesis, the possibility for a posttranslational
role of the kinase in regulating protein stability was also ex-
amined. To this end, the subgenomic HCV DNA was tran-
siently expressed in Huh7 cells in the absence or presence of
Flag-tagged wild-type PKR, and protein stability was assessed
by immunoblot analysis of protein extracts from untreated and
cycloheximide-treated cells (Fig. 6). We found that both the
NSSA (Fig. 6A, top panel) and NS3 (Fig. 6A, middle panel)
proteins were susceptible to cycloheximide treatment (lanes 1
to 5). Although expression of Flag-tagged wild-type PKR re-
duced NS5A and NS3 protein expression (compare lane 6 with
lane 1), it did not significantly change the rates of degradation
of the viral proteins (compare lanes 6 to 10 with lanes 1 to 5).

However, NPTII protein was resistant to the inhibitory ef-
fects of Flag-tagged wild-type PKR (compare lane 6 with lane
1) and cycloheximide treatment in either the absence or pres-
ence of Flag-tagged wild-type PKR (Fig. 6A, bottom panel,
compare lanes 1 to 10 with lanes 1 to 5). The apparent long
half-life of NPTII most likely accounts for its slow decrease in
replicon cells in response to IFN-a (Fig. 1E). Quantification of
the degradation rates of the viral proteins from four separate
experiments showed a modest effect of PKR on NS5A stability
(Fig. 6B, top panel), which, however, cannot account for the
strong inhibitory effects of the kinase on NSS5A expression
(compare lanes 1 and 6). On the other hand, NS3 protein
stability was unaffected by wild-type PKR (Fig. 6B). These data
favor a translational role of PKR in NS protein synthesis.

Wild-type PKR induces HCV IRES-dependent translation.
The presence of two different IRESs within the subgenomic
HCYV clone and the differential expression of genes under their
control in the presence of active PKR prompted us to examine
whether their activities are modulated by the kinase. To ad-
dress this possibility, we used dicistronic constructs bearing
either the HCV or EMCV IRES between the protein-coding
regions of the bacterial CAT and firefly luciferase genes (54)
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(Fig. 7A). IRES-dependent translation was assessed in Huh7
cells with the vaccinia virus/T7 virus system because mRNAs
produced by the T7 RNA polymerase are efficiently capped
(16). Transient expression of the dicistronic constructs in Huh7
cells decreased cap-dependent translation of the CAT gene in
the presence of increasing amounts of Flag-tagged wild-type
PKR (Fig. 7B).

Interestingly, translation of the luciferase gene from the
HCV IRES was highly induced by the presence of Flag-tagged
wild-type PKR (Fig. 7B). Contrary to this, EMCV IRES-driven
translation was reduced when cells were transfected with the
same amount of Flag-tagged wild-type PKR ¢cDNA (Fig. 7B).
When the luciferase activity was normalized to the CAT activ-
ity (Fig. 7C), we observed that HCV IRES-driven activity was
induced up to sixfold by wild-type PKR, whereas EMCV
IRES-driven activity remained unchanged. These findings pro-
vided strong evidence for differential regulation of these
IRESs by wild-type PKR.

To investigate the role of eIF-2a phosphorylation in these
events, we tested whether induction of HCV IRES activity by
wild-type PKR was reversed by the expression of the elF-2a
S51A mutant. Transient expression of the HCV IRES dicis-
tronic construct in the presence of Flag-tagged wild-type PKR
and increasing amounts of eIF-2a S51A mutant resulted in the
inhibition of PKR-induced IRES activity, which was propor-
tional to the amount of transfected eIF-2a SS1A cDNA (Fig.
7D and E). Taken together, these data suggested that PKR-
mediated induction of HCV IRES is enhanced by eIF-2a phos-
phorylation.

Induction of HCV IRES requires the catalytic activity of
PKR and is mitigated by the HCV 3’ UTR. Since induction of
HCV IRES activity by wild-type PKR was not seen in our
experiments with the subgenomic clone (Fig. 3G), we hypoth-
esized that the presence of other viral sequences may affect
HCV IRES function. We thus tested whether the presence of
the viral 3" UTR, which was shown to modulate viral gene
translation (25, 39), had an effect on the PKR-mediated induc-
tion of HCV IRES activity. To this end, Huh7 cells were
treated with recombinant vaccinia virus/T7 virus to express
HCV IRES dicistronic DNA that either lacks or contains the 3’
UTR in the presence of increasing amounts of Flag-tagged
wild-type PKR ¢cDNA (Fig. 8A).

We found that the kinetics of induction of HCV IRES ac-
tivity by increasing amounts of wild-type PKR in this construct
were different from those observed with the other HCV IRES
construct shown in Fig. 7B. This can be explained by the dif-
ferences in the backbone DNA of the two plasmids bearing the
same dicistronic HCV IRES. Also, we noticed that inhibition
of cap-dependent translation indicated by the CAT activity
levels (Fig. 8A) was not as strong as with the HCV IRES
construct in Fig. 7B. Since the second HCV IRES dicistronic
construct contains the bovine growth hormone polyadenylation
signal in the 5" UTR, it is possible that the polyadenylated
mRNAs interfere with cap-dependent translation in our sys-
tem.

Interestingly, the presence of the viral 3’ UTR compromised
the ability of wild-type PKR to induce HCV IRES-driven
translation (Fig. 8A and B). In fact, a 10-fold-larger amount of
Flag-tagged wild-type PKR c¢cDNA was required to induce
IRES activity in the presence of the 3" UTR to equal the levels
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of IRES activity in the absence of the 3’ UTR (Fig. 8A and B).
Immunoblot analysis showed that induction of eIF-2a phos-
phorylation by wild-type PKR was not diminished by the pres-
ence of the 3" UTR (Fig. 8C, lower panel), suggesting that
inhibition of IRES activity by the 3 UTR may not involve
elF-2a phosphorylation.

To get better insight into the molecular functions of IRES-
dependent translation by PKR, we tested whether HCV IRES
activity is induced by the catalytically active PKRLS9 and
whether this function is controlled by the 3" UTR. We found
that Flag-PKRLS9 was able to induce HCV IRES activity from
the dicistronic construct lacking the 3" UTR (Fig. 8D and E),
suggesting that the catalytic activity of PKR is both necessary
and sufficient to mediate this stimulatory effect on IRES activ-
ity. Interestingly, the presence of the 3" UTR did not suppress
but rather enhanced the induction of HCV IRES activity by
PKRLS9 (Fig. 8D and E). The data suggested that the inhib-
itory effects of the 3’ UTR on wild-type PKR require an intact
dsRNA-binding domain of the kinase.

DISCUSSION

The primary scope of our study was to investigate the pos-
sible role of PKR and eIF-2a phosphorylation in the replica-
tion of the subgenomic HCV clone originally described by
Lohmann and colleagues (38). With this prototype replicon,
we found that expression of NS and PKR proteins and eIF-2a
phosphorylation levels were variably regulated during the pro-
liferation of Huh7 cells (Fig. 1C and D). In line with these
findings, PKR activity was previously shown to be modulated in
proliferating cells in a cell cycle-dependent manner (61, 66),
whereas replication of an HCV subgenomic clone in Huh7
cells has been reported to be affected by cell density (23). Since
our experiments were performed with unsynchronized Huh?7
cells plated at low density, it is possible that eIF-2a phosphor-
ylation levels are dependent on the plating efficiency and con-
fluency of the cells.

We show that Huh7 cells contain PKR that is responsive to
activation by autophosphorylation (Fig. 2A). However, elF-2a
phosphorylation levels 24 h after IFN-a treatment in both
control and replicon cells was inversely proportional to PKR
protein levels (Fig. 1C, lane 10; Fig. 1D, lanes 4 and 11),
indicating the existence of PKR-independent pathways that
target elF-2a phosphorylation in proliferating Huh7 cells.
Such pathways may involve the activities of PERK and/or
GCN2 kinases, which have been demonstrated to play an im-
portant role in host protein synthesis by phosphorylating
elF-2a (11). However, our data do not exclude the possibility
of action of a phosphatase that dephosphorylates elF-2a,
whose expression and/or activity is affected by cell proliferation
and IFN-a treatment.

When replicon cells were treated with IFN-«, we observed a
positive correlation between the inhibition of viral protein syn-
thesis and upregulation of PKR (Fig. 1C and D). We also
noticed that PKR protein levels were more highly induced by
IFN-« in parental control cells than in replicon cells (Fig. 1D).
Although it is not presently clear how the viral replicon regu-
lates the induction of PKR by IFN-a, we hypothesize that
activation of the Jak-Stat pathway and transcriptional induc-
tion of the pkr gene may be negatively regulated by the NS
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FIG. 7. Wild-type PKR induces HCV IRES activity. (A) Schematic representations of the dicistronic IRES constructs used in this study. The
EMCYV or HCV IRES is positioned between the protein-coding regions for the CAT and luciferase genes, whereas the HCV 3" UTR is located
downstream of the luciferase gene. (B and C) Effects of wild-type PKR on HCV and EMCV IRES-dependent gene expression. With the vaccinia
virus/T7 virus system, Huh7 cells transiently expressed 0.1 pg of HCV IRES or EMCV IRES dicistronic DNA alone (54) or in the presence of
increasing amounts of Flag-tagged wild-type PKR cDNA (0.010 to 0.1 n.g). Eighteen hours posttransfection, the actual enzymatic activities of CAT
and luciferase were measured in normalized protein extracts. The actual levels of CAT and luciferase activity and the relative luciferase/CAT
activity levels are shown in B and C, respectively. The values represent the averages of four separate experiments, each performed in triplicate.
(D and E) Effect of eIF-2a S51A mutant on HCV IRES activity. Huh7 cells were treated with the vaccinia virus/T7 virus system to express 0.1 pg
of HCV IRES DNA alone or in the presence of 0.050 wg of Flag-tagged wild-type PKR c¢cDNA or in the presence of 0.050 ug of Flag-tagged
wild-type PKR ¢cDNA and increasing amounts of eIF-2a S51A cDNA (0.01 to 0.1 pg). The actual CAT and luciferase activity levels are shown in
D, and the relative luciferase/CAT levels are shown in E. The values represent the averages of four separate experiments, each performed in

triplicate.
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proteins, based on the previous observation that the HCV
polyprotein can impair the Jak-Stat pathway (24). Interest-
ingly, IFN-a treatment was accompanied by an overall induc-
tion of eIF-2a phosphorylation, which was higher in parental
than in replicon Huh7 cells (Fig. 1D). Although these results
implied a positive role of eIF-2a phosphorylation in the inhi-
bition of NS protein synthesis in proliferating cells, in serum-
starved replicon cells we found that suppression of NS protein
expression did not require the induction of eIF-2a phosphor-
ylation (Fig. 1F).

The experiments with replicon cells indicated an inverse
correlation between PKR and NS protein expression, which
could be explained either by the translation-inhibitory func-
tions of PKR or by an ability of PKR to inhibit viral RNA
replication. The former possibility was further addressed in
transient-expression assays of various forms of PKR with the
subgenomic HCV clone. These experiments demonstrated (i)
the direct function of PKR in the suppression of NS protein

synthesis and (ii) the essential role of the catalytic activity of
PKR in this process (Fig. 2 and 3). Interestingly, NS protein
expression was suppressed by PKRLS9 (Fig. 3D), which is
defective in dsRNA binding but otherwise catalytically active
(Fig. 3E). Our experiments with S. cerevisiae also showed that
PKRLS9 was capable of inducing eIF-2a phosphorylation
(data not shown), providing evidence for a distinct mode of
activation of this PKR mutant that is independent of binding to
dsRNA.

It was previously shown that in the inactive form, the N-
terminal dsRNA-binding domain of PKR folds over the C-
terminal kinase domain, keeping it in a “closed” conformation.
Binding to dsRNA induces PKR homodimerization and ex-
poses the kinase domain, resulting in activation by autophos-
phorylation (42). It is possible, then, that the LS9 mutation
induces conformational changes that maintain PKR in an
“opened” and constitutively active state. Although this inter-
pretation still waits for the crystal structure of full-length PKR
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clone) and anti-eIF-2a phosphoserine 51 antibody, respectively.

to be verified, our data clearly demonstrate that PKRLS9 is a
catalytically active form of PKR capable of suppressing NS
protein synthesis. Curiously, induction of eIF-2a phosphoryla-
tion by catalytically active PKR appears to be dispensable for
the inhibition of NS protein synthesis from the subgenomic
clone. That is, expression of the pseudosubstrate PKR inhibi-
tor E2 (Fig. 5A) or K3L (Fig. 5B) or expression of the domi-
nant-negative elF-2a S51A mutant (Fig. 4B) was unable to

rescue PKR-mediated inhibition of NS protein synthesis from
the subgenomic clone.

Unlike that of NS proteins, expression of the NPTII protein
was resistant to PKR activation (Fig. 3G). Since expression of
NS proteins from the subgenomic clone is driven by the EMCV
IRES and NPTII expression is driven by the HCV IRES, a
plausible interpretation was that catalytically active forms of
PKR differentially regulate the activities of these IRESs. We
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tested both hypotheses by assessing IRES-driven translation
from dicistronic constructs containing either the HCV or
EMCV IRES. We found that catalytically active PKR was
capable of inducing the HCV IRES and inhibiting the EMCV
IRES activity (Fig. 7B and C). Interestingly, induction of the
HCV IRES by wild-type PKR was blocked by overexpression
of the dominant-negative eIF-2a S51A mutant (Fig. 7D), sug-
gesting that eIF-2a phosphorylation is implicated in this pro-
cess.

Significantly, induction of HCV IRES activity by wild-type
PKR was mitigated by the presence of the 3" UTR (Fig. 8A),
which is in line with a negative regulation of the HCV IRES by
the 3" UTR reported earlier (39). This result is consistent with
the lack of induction of NPTII protein synthesis from the
subgenomic clone by the expression of wild-type PKR (Fig.
3G). Most intriguing, however, was the finding that inhibition
of PKR-mediated induction of HCV IRES by the 3’ UTR did

not require reduction of eIF-2a phosphorylation (Fig. 8C), nor
was the 3’ UTR able to block the induction of HCV IRES
activity by PKRLS9 (Fig. 8D and E). These data suggested that
the 3" UTR probably functions downstream of elF-2a phos-
phorylation and requires the dsRNA-binding properties of
PKR.

One possible interpretation of our findings is that PKR in-
duces the phosphorylation of an IRES frans-acting factor that
positively regulates HCV IRES. In fact, the existence of an
IRES trans-acting factor which mediates translation of the
foot-and-mouth disease virus IRES has been demonstrated
(45). Another interpretation is a possible competition between
the 5’ cap and HCV IRES-dependent translation from dicis-
tronic constructs for the recruitment of an initiation factor(s)
that is utilized in both mechanisms. Recent biochemical and
biological studies have shown the direct binding of the 40S
ribosomal subunit at the site of the initiator AUG and the eIF3
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through multiple and specific intermolecular contacts (7, 51,
52). Formation of the IRES/40S complex does not require
additional translation initiation factors such as elF1, elF1A,
elF4A, elF4B, elF4E, and elF4G (43, 52). A number of in
vitro studies suggested that several proteins, including both
conventional translational initiation factors such as eIF3 (7,
51) and noncanonical translation initiation factors such as La
(2) and PTB (1, 3, 25), may stimulate HCV translation. Re-
cently, eIF2By and eIF2y have been identified as cofactors in
HCV IRES-mediated translation (33).

Our data show that the HCV IRES is more resistant to
PKR-mediated translation inhibition than the EMCV IRES.
The inhibition of EMCYV IRES activity in dicistronic constructs
by active PKR (Fig. 7B) is in agreement with a previous finding
showing that induction of eIF-2a phosphorylation by endoplas-
mic reticulum stress negatively regulates EMCV IRES func-
tion (62). However, the inhibition of EMCV IRES function in
the HCV subgenomic clone by active PKR is independent of
elF-2a phosphorylation (Fig. 4). Also, it is noteworthy that
active PKR inhibits NS protein synthesis from the subgenomic
clone (Fig. 2 and 3B) to a much higher degree than it inhibits
translation of the luciferase gene from the dicistronic construct
(Fig. 7B).

It is thus possible that the presence of viral RNA, such as the
3" UTR, and/or the expression of the NS proteins amplifies the
inhibitory effects of PKR on the EMCV IRES through a mech-
anism that does not require the induction of eIF-2a phosphor-
ylation. It is also possible that the presence of the two IRESs
within the subgenomic clone results in a competition for a
translation factor(s) that is regulated by PKR in addition to
elF-2a. For example, a need for a translation factor that in-
duces HCV IRES and inhibits EMCV IRES activity upon PKR
activation could explain the functional differences of these
IRESs when they are present together in the subgenomic clone
and separately in the dicistronic constructs.

The physiological relevance of the control of HCV IRES
activity by PKR in virus replication in vivo is not immediately
clear because replicon cells represent an in vitro system. In the
first instance, this result is inconsistent with the general notion
of PKR as a negative regulator of viral protein synthesis and a
mediator of the antiviral effects of IFN-a. Our hypothesis is
that at the initial steps of the HCV life cycle, the presence of
viral dsSRNA or the core protein, which has recently been
shown to function as an activator of the kinase (10), may
induce the activity of PKR. Initially, activation of PKR may
facilitate translation of the viral genes by enhancing IRES
activity. At later stages of the viral life cycle, when sufficient
amounts of the viral proteins have been produced, activation of
PKR may be impaired in cells infected with viral quasispecies
expressing NSSA and E2 proteins that are able to interact with
and inhibit PKR (18, 57). Such a mechanism would be useful to
the virus to maintain replication and bypass the destruction of
infected cells by the prolonged activation of PKR (19).

Thus, in the case of HCV infection, the antiviral effects of
PKR may be exerted at a level different from translation. For
example, we show that the induction of PKR protein expres-
sion by IFN-a also coincides with the downregulation of viral
RNA replication (Fig. 1) and that the viral 3" UTR, which
plays a crucial role in viral RNA replication (31, 65), function-
ally cross talks with PKR. These observations may provide a

J. VIROL.

tentative, as yet unidentified link between the activation of
PKR and inhibition of viral RNA replication.
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