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In this study, infection of 293/ACE2 cells with severe acute respiratory syndrome coronavirus (SARS-CoV)
activated several apoptosis-associated events, namely, cleavage of caspase-3, caspase-8, and poly(ADP-ribose)
polymerase 1 (PARP), and chromatin condensation and the phosphorylation and hence inactivation of the
eukaryotic translation initiation factor 2a (eIF2a). In addition, two of the three cellular eIF2a kinases known
to be virus induced, protein kinase R (PKR) and PKR-like endoplasmic reticulum kinase (PERK), were
activated by SARS-CoV. The third kinase, general control nonderepressible-2 kinase (GCN2), was not acti-
vated, but late in infection the level of GCN2 protein was significantly reduced. Reverse transcription-PCR
analyses revealed that the reduction of GCN2 protein was not due to decreased transcription or stability of
GCN2 mRNA. The specific reduction of PKR protein expression by antisense peptide-conjugated phosphoro-
diamidate morpholino oligomers strongly reduced cleavage of PARP in infected cells. Surprisingly, the knock-
down of PKR neither enhanced SARS-CoV replication nor abrogated SARS-CoV-induced elF2a phosphory-
lation. Pretreatment of cells with beta interferon prior to SARS-CoV infection led to a significant decrease in
PERK activation, eIF2a phosphorylation, and SARS-CoV replication. The various effects of beta interferon
treatment were found to function independently on the expression of PKR. Our results show that SARS-CoV
infection activates PKR and PERK, leading to sustained elF2a phosphorylation. However, virus replication
was not impaired by these events, suggesting that SARS-CoV possesses a mechanism to overcome the inhibitory
effects of phosphorylated elF2« on viral mRNA translation. Furthermore, our data suggest that viral activation

of PKR can lead to apoptosis via a pathway that is independent of elF2a phosphorylation.

In March 2003, a novel coronavirus (CoV) was identified as
the causative agent of severe acute respiratory syndrome
(SARS) in humans (37, 53). CoVs, as members of the order
Nidovirales, are enveloped viruses with a single-stranded pos-
itive-sense RNA genome of approximately 30,000 nucleotides
(nt) in length. CoVs infect a broad range of vertebrates and
can cause a variety of disorders, including gastroenteritis and
respiratory tract diseases (38). The human CoVs identified to
date, hCoV-229E, hCoV-OC43, hCoV-NL63, and hCoV-
HKU-1, cause primarily mild respiratory diseases with com-
mon-cold-like symptoms. In contrast, SARS-CoV is highly
pathogenic in humans, causing severe damage to the upper and
lower respiratory systems, lymphopenia, and thrombocytope-
nia (12, 52, 81) with a mortality rate of about 10% (79).

Autopsy studies have revealed that the cells in various
SARS-CoV-infected tissues, such as lung, spleen, and thyroid,
exhibited hallmark indications of apoptosis (77, 87). These
observations suggest that modulation of apoptosis during in-
fection could be important for viral replication and pathogen-
esis. Indeed, results from overexpression studies have sug-
gested that many different SARS-CoV proteins have the ability
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to induce apoptosis (10, 35, 60, 70, 72, 83). However, little is
known about the mechanisms leading to apoptosis in SARS-
CoV-infected cells.

The initial response to viral infection in mammals includes the
production of cytokines such as the type I interferons (IFN-o and
-B). Once bound to their receptors at the cell surface, IFNs acti-
vate the Janus kinase signaling cascade, which leads to the ex-
pression of a spectrum of cellular genes (24, 25). Among those is
the protein kinase regulated by RNA, protein kinase R (PKR), a
key effector of IFN-mediated antiviral action. PKR is a serine/
threonine kinase characterized by two distinct kinase activities. In
addition to the autophosphorylation activity of PKR (which me-
diates activation), the best-characterized substrate of PKR is the
a subunit of the eukaryotic translation initiation factor 2 (eIF2a)
(57). Autophosphorylation of PKR is induced upon its binding of
double-stranded RNA (dsRNA) or 5'-triphosphate RNA (48),
which in turn results in the phosphorylation of the serine at
position 51 of elF2a (15, 73). Phosphorylation of eIF2a renders
elF2 to an inactive form and causes inhibition of host cell trans-
lation initiation, frequently leading to apoptosis (61). The link
between elF2a phosphorylation and induction of apoptosis was
first established by showing that PKR-mediated apoptosis is re-
duced in the presence of elF2« that has been mutagenized to
contain a nonphosphorylatable Ala at the position of Ser51
(22, 63).

In addition to PKR, two other virus-activated kinases are
known to phosphorylate eIF2a: (i) the PKR-like endoplasmic
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TABLE 1. PPMO names, sequences, and target locations in human PKR mRNA

cofgpl’\g& d PPMO target location (nt) PPMO sequence (5'—3")
“Scramble” NA* AGT CTC GAC TTG CTA CCT CA
“AUG” 426-447 (initiator-AUG of mRNA) ATC ACC AGC CAT TTC TTC TTC C
5'ED 17-38 (5" untranslated region) AGT CAC AAA GTA TGA GCA AACT
ex-7 956-977 (5" end of exon 7, near splice site GAA CCA GAG GAC AGG TAG TCA G

in pre-mRNA)
ex-8 1028-1052 (5" end of exon 8, near splice CCT TCA GAT GAT GAT TCA GAA GCG

site in pre-mRNA)

“ NA, not applicable.

reticulum (ER) kinase (PERK), which can be activated by
unfolded proteins in the ER (27, 78), and (ii) the general
control nonderepressible-2 kinase (GCN2), which is activated
by UV irradiation, amino acid deprivation, and certain viral
RNA sequences (5). To date, there is no evidence that a fourth
cellular elF2a kinase, heme-regulated inhibitor kinase, is ac-
tivated due to virus infections. Heme-regulated inhibitor ki-
nase has been shown to be activated by heme deficiency or
under conditions of heat shock or oxidative stress (13, 14).

dsRNA, the activator of PKR, is produced in large amounts
during viral replication in SARS-CoV-infected cells (76). The
purpose of this study was to address the biochemistry of PKR
activation in SARS-CoV-infected cells and how such activation
affects the efficiency of virus replication and contributes to the
induction of apoptosis. We found that both PKR and PERK
are activated in SARS-CoV-infected cells, leading to sustained
phosphorylation of eIF2a. Moreover, downregulation of PKR
led to a significant reduction of poly(ADP-ribose) polymerase
1 (PARP) cleavage in infected cells but did not affect virus
growth.

(V. Kréhling performed this work in partial fulfillment of the
requirements for a Ph.D. degree from the Philipps University
of Marburg, Marburg, Germany.)

MATERIALS AND METHODS

Cells and viruses. 293 low-passage cells (PD-02-01; Microbix Bisosystems Inc.)
and 293/ACE2 cells (33) (kindly provided by Shinji Makino, UTMB, Galveston,
Texas) were cultured in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% fetal calf serum (FCS), penicillin (50 units/ml), and strepto-
mycin (50 wg/ml). Selection of 293/ACE2 cells constitutively expressing human
angiotensin-converting enzyme 2 (ACE2) was performed by addition of blasti-
cidin at a concentration of 12 pg per ml medium. The FFM-1 isolate of SARS-
CoV (GenBank accession number AY310120) and vesicular stomatitis virus
(VSV) strain Indiana were propagated in Vero E6 cells. Virus titers of SARS-
CoV and VSV were determined by 50% tissue culture infectious dose (TCIDs)
assays. Sendai virus (SeV) strain Cantell (kindly provided by C. F. Basler, Mount
Sinai School of Medicine, New York) was propagated in 11-day-old embryonated
chicken eggs. SeV hemagglutinating units/ml were determined by a standard
hemagglutination test. All work with SARS-CoV was performed in the biosafety
level 4 facility of the University of Marburg.

TCIDs, assay. Vero E6 cells were cultured in 96-well plates to 50% confluence
and infected with 10-fold serial dilutions of supernatants from cells that were
infected and/or treated with peptide-conjugated phosphorodiamidate morpho-
lino oligomers (PPMO) and/or IFN-B. At 3 to 8 days post infection (p.i.), when
the cytopathic effect had stabilized to a constant rate, cells were analyzed by light
microscopy. The TCIDsy/ml was calculated using the Spearman-Kéarber method
(28).

Immunofluorescence analysis. At the indicated times p.i., infected cells were
fixed with 4% paraformaldehyde in DMEM for at least 12 h. Thereafter, cells
were permeabilized with 0.1% Triton X-100 for 10 min, treated with 0.1 M
glycine for 10 min, and subsequently incubated in blocking reagent (2% bovine

serum albumin, 0.2% Tween 20, 3% glycerin, and 0.05% NaNj; in phosphate-
buffered saline deficient in Mg?* and Ca®*) for 15 min. Immunofluorescence
analyses were performed as described elsewhere (7) using a rabbit antiserum
directed against the nucleoprotein of SARS-CoV (dilution, 1:1,000; kindly pro-
vided by L. Martinez-Sobrido and A. Garcia-Sastre, Mount Sinai School of
Medicine, New York) or an antibody directed against SeV (dilution, 1:500;
kindly provided by W. J. Neubert, Max Planck Institute, Martinsried, Germany).
Infected cells were additionally analyzed for the presence of dsSRNA by using J2
monoclonal antibody (English & Scientific Consulting; dilution, 1:100). Bound
antibodies were detected with either rhodamine-labeled goat anti-rabbit immu-
noglobulin G or rhodamine-labeled goat anti-mouse immunoglobulin G (dilu-
tion, 1:100; Dianova).

Western blot analysis. Whole-cell extracts were prepared by incubating cells in
cell lysis buffer (10 mM Tris [pH 7.4], 100 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1 mM NaF, 20 mM Na,P,0, 2 mM Na;VO,, 1% Triton, 10% glycerol,
0.1% sodium dodecyl sulfate [SDS], 0.5% deoxycholate) for 20 min on ice.
Protease inhibitor mixture (1X Complete tablets; Roche) and the serine/threo-
nine phosphatase inhibitor Calyculin A (Cell Signaling; 0.1 pM) were added to
cell lysis buffer prior to incubation. To analyze cleavage of procaspase-3 and -8
cells were lysed in 50 wl of 1X CHAPS {3-[(3-cholamidopropyl)-dimethylam-
monio]-1-propanesulfonate} buffer (Cell Signaling) containing 1 mM protease
inhibitor mix (1X Complete tablets; Roche) and 5 mM dithiothreitol, followed by
three freeze-and-thaw cycles. The extracts from both lysing methods were then
centrifuged and supernatants transferred to fresh tubes containing 2X SDS
sample buffer (25% glycerol, 2.5% SDS, 125 mM Tris [pH 6.8], 125 mM dithio-
threitol, 0.25% bromophenol blue). Proteins were separated on 8 to 15% SDS-
polyacrylamide gels and transferred onto polyvinylidene difluoride membranes.
Immunostaining was performed with an appropriate dilution of primary antibody
in phosphate-buffered saline or Tris-buffered saline containing either 5% (wt/
vol) skim milk or 5% (wt/vol) bovine serum albumin according to the manufac-
turer’s instructions. Rabbit (unless otherwise stated) polyclonal antibodies were
used to detect human PARP (Cell Signaling; 1:1,000), phosphorylated eIF2a
(Ser51) (Biosource; 1:30,000), PKR (mouse, BD Bioscience; 1:30,000), PERK
(Santa Cruz Biotechnology; 1:1,000), phospho-PERK (Thr980) (BioLegend;
1:1,000), GCN2 (Cell Signaling; 1:5,000), phospho-GCN2 (Cell Signaling;
1:1,000), and caspase-3 (monoclonal, Cell Signaling; 1:1,000); mouse (unless
otherwise stated) monoclonal antibodies were used to detect eIF2a (Biosource;
1:1,000), phospho-PKR (pT446) (rabbit, Epitomics; 1:1,000), caspase-8 (Cell
Signaling; 1:1,000), and B-actin (ab8226, Abcam; 1:40,000); and a rabbit anti-
serum was used to detect the nucleoprotein of SARS-CoV (dilution, 1:10,000).
Western blot detection was done with horseradish peroxidase-conjugated anti-
rabbit immunoglobulin G or anti-mouse immunoglobulin G secondary antibody
using an enhanced chemiluminescence detection reagent kit (Pierce) according
to the manufacturer’s protocol. Immunoreactive bands were visualized using an
Optimax 2010 imaging system (Protec processor technology) with high-perfor-
mance chemiluminescence films (GE Healthcare).

Design and synthesis of PPMO. Phosphorodiamidate morpholino oligomers
(PMO) are single-stranded antisense agents that possess DNA purine and
pyrimidine bases attached to a backbone consisting of morpholine rings joined by
phosphorodiamidate linkages and were synthesized as previously described (68).
To enhance uptake into cells, all PMO were conjugated at the 5’end through a
noncleavable linker to the cell-penetrating peptide (RXR),XB (R is arginine, X
is 6-aminohexanoic acid, and B is beta-alanine) to produce PPMO by methods
previously described (2). Four different PKR-specific PPMO were designed to
target human PKR mRNA (GenBank accession number BC057805). The se-
quences and exact target locations of the PPMO are defined in Table 1. PPMO
5'ED and “AUG” target sequences near the 5’ terminus and the AUG transla-
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tion initiation site, respectively, of the PKR mRNA. PPMO ex-7 and ex-8 were
designed against exonic sequences near the intron/exon splice junctions for exons
7 and 8, respectively, of the pre-mRNA (derived from the sequence under
GenBank accession number BC057805), in an effort to disrupt mRNA process-
ing. A PPMO of random sequence (scramble) was synthesized to serve as a
control for off-target effects.

RT-PCR. 293 or 293/ACE2 cells were seeded into six-well culture plates at a
concentration of 4 X 10* cells per well and allowed to adhere overnight. For
detection of PKR mRNA after PPMO treatment, cells were treated with 20 pM
PPMO in 1 ml DMEM containing penicillin (50 units/ml), streptomycin (50
png/ml), and 2% FCS (DMEM+) or with DMEM+ alone; 48 h later, total
cellular RNA was isolated using the RNeasy minikit (Qiagen). For detection of
PKR, GCN2, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
mRNAs in SARS-CoV-infected cells, cells were infected with SARS-CoV (mul-
tiplicity of infection [MOI] of 0.01) or mock infected, and total cellular RNA was
isolated at 8, 24, and 48 h p.i. One-eighth of the volume of eluted RNA (5 pl) was
used for reverse transcription-PCR (RT-PCR) using the OneStep RT-PCR kit
(Qiagen) and PKR-specific primers (forward, 5'-GGTTTCTTCATGGAGGAA
CTTAATAG; reverse, 5'-TAGAGGTCCACTTCCTTTCCA) designed to am-
plify nt 457 to 1850 of human PKR mRNA, GCN2-specific primers (forward,
5'-GAAGGCACCGTCAAGATTACG; reverse, 5'-GACTCTGTACCACACC
TTGATG), or GAPDH-specific primers (forward, 5'-TGAAGGTCGGAGTCA
ACGGA; reverse, 5'-CATGTGGGCCATGAGGTCCA). Ten percent of each
RT-PCR mixture was resolved on a 1.5% agarose gel and stained with ethidium
bromide. RT-PCR products produced from RNA isolated from PPMO-treated
cells were sequenced. To analyze cellular RNA levels, 1 pl of extracted RNA was
resolved on a 1.5% agarose gel and stained with ethidium bromide.

ISG-54 reporter gene assay. Transfection of 293 cells was performed using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. A
total of 4 X 10* cells were transfected with 0.8 pg of the IFN-stimulated response
element-driven firefly luciferase reporter plasmid pHISG-54-Luc (a kind gift of
D. Levy, New York University School of Medicine, New York) along with 0.2 ug
of the constitutive Renilla luciferase expression plasmid pRL-SV40 (Promega).
At 24 h posttransfection, cells were either infected with SeV or treated with 20
M PPMO; 48 h later, cells were harvested and lysed in passive lysis buffer
(Promega) for luciferase assays. Luciferase assays were performed by using the
Promega dual luciferase assay system according to the manufacturer’s instruc-
tions. Relative Renilla luciferase production was used to normalize for transfec-
tion efficiency.

Infection of cells, PPMO treatment, and IFN-p treatment. Unless otherwise
stated, 4 X 10* 293/ACE2 cells were seeded in six-well culture plates and treated
the next day with a final concentration of 20 puM PPMO in DMEM+, or
DMEM+ alone, for 72 h. Subsequently, PPMO-containing medium was re-
moved and the cells then either infected with SARS-CoV or further treated with
10,000 international units (IU) of IFN-B for 24 h prior to infection with SARS-
CoV at an MOI of 0.01 as indicated. After an infection period of 1 h, the
supernatant was removed and replaced by DMEM+ or by DMEM+ containing
20 pM of appropriate PPMO, and the cells were then further incubated for 24
to 48 h.

RESULTS

SARS-CoV infection induces apoptosis in 293/ACE2 cells.
Cell culture demonstrations that SARS-CoV induces apoptosis
have typically been conducted with Vero E6 cells, an African
green monkey kidney cell line (8, 47, 55, 70, 80). However,
Vero cells are less than optimal for investigating human host-
virus interactions, in part because many of their cellular pro-
teins are not recognized by available antibodies. We therefore
sought to determine if human 293/ACE2 cells stably expressing
the SARS-CoV receptor (33) undergo apoptosis after infection
with SARS-CoV, as Vero cells do. 293/ACE2 cells were inoc-
ulated with SeV, VSV, or SARS-CoV, and cell lysates were
analyzed for cleavage of PARP, a reliable indicator for late-
stage apoptosis and a generally accepted hallmark of apopto-
sis. PARP, a 113-kDa nuclear zinc finger protein, is a DNA
nick sensor that functions in the DNA repair processes. During
apoptosis, PARP is cleaved by caspases into two inactive frag-
ments (89 kDa and 24 kDa) (31). VSV and SeV both are
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known to be potent inducers of apoptosis (6, 41). In 293/ACE2
cells infected with either virus, PARP cleavage was detectable
at 24 h p.i. and robust at 48 h p.i., indicating that these cells
undergo apoptosis in response to infection (Fig. 1A). In 293/
ACE2 cells infected with SARS-CoV, cleavage of PARP was
not detectable at 24 h, although almost all cells were infected
(Fig. 1A and E). However, PARP cleavage was clearly evident
at 48 h p.i. and was prominent at 72 h p.i. In noninfected cells
PARP cleavage was nondetectable at 48 h but prominent at
72 h, suggesting that the high density of cells that had accu-
mulated at this late time point caused induction of apoptosis
(Fig. 1A). To confirm the finding that SARS-CoV induces
apoptosis in 293/ACE?2 cells, cleavage of effector caspase-3 and
initiator caspase-8 was analyzed. As shown in Fig. 1B,
caspase-3 cleavage was observed at 48 h and 72 h p.i., thus
temporally coinciding with PARP cleavage. Cleavage of
caspase-3 was also observed in noninfected cells at 72 h p.i., but
the proportion of uncleaved to cleaved caspase-3 was much
higher in noninfected than in infected cells (Fig. 1B). The total
amount of (uncleaved) procaspase-8 was significantly lower in
infected cells than in noninfected cells at all three time points
tested. At 24 or 48 h p.i., the cleavage product of caspase-8
could not be detected in either infected or noninfected cells.
However, at 72 h p.i., a weak band corresponding to cleaved
caspase-8 was detected in the infected but not in the nonin-
fected cells (Fig. 1B), providing a further indication of virus-
induced apoptosis. Finally, chromatin condensation, consid-
ered an indicator for late-stage apoptosis, was observed in
SARS-CoV-infected cells at 48 h and 72 h p.. (Fig. 1C).
SARS-CoV N protein was detectable as early as 8 h p.i,
reached a robust level by 24 h p.i., and remained at a high level
through 72 h p.i. (Fig. 1D). It has previously been shown that
SARS-CoV is a fast-replicating virus. Stertz et al. (65) ob-
served budding of SARS-CoV at intracellular membranes at
3 h p.i., and Ng et al. (51) observed virus particle release from
infected cells at 5 h p.i. The results shown in Fig. 1A to D
suggest that the induction of apoptosis in SARS-CoV-infected
293/ACE2 cells occurred during the later stages of infection.

elF2a and PKR are phosphorylated in SARS-CoV-infected
cells. Apoptosis is a complex cellular process which can be
induced in many ways. Since it is known that virus-induced
phosphorylation of eIF2a eventually results in the induction of
apoptosis (34, 86), we analyzed whether eIF2a becomes phos-
phorylated in SARS-CoV-infected cells. 293/ACE2 cells were
infected with SARS-CoV, harvested at various times p.i., and
subjected to Western blot analysis. elF2a phosphorylation was
observed at 8 and 24 h p.i. in SARS-CoV-infected cells (Fig.
2A, upper panel).

Currently, three kinases (PKR, PERK, and GCN2) are
known to phosphorylate elF2a in response to viral stimuli.
Since PKR is activated by dSRNA and since dsRNA reportedly
becomes abundant in SARS-CoV-infected cells (76), we ini-
tially focused on PKR as the kinase most likely to be respon-
sible for eIF2a phosphorylation in SARS-CoV-infected 293/
ACE?2 cells. We observed that dsSRNA was indeed present in
large amounts in SARS-CoV-infected 293/ACE2 cells (Fig.
2B) and that PKR was phosphorylated at 8 and 24 h p.i.,
demonstrating that the processes of PKR activation and elF2«a
phosphorylation temporally coincide in SARS-CoV-infected
cells (Fig. 2A). The observed elF2a phosphorylation in non-
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FIG. 1. Induction of apoptosis in SARS-CoV-infected 293/ACE2 cells. (A) 293/ACE2 cells were infected with VSV (MOI, 0.01), SeV (20
hemagglutinating units), or SARS-CoV (MO, 0.01). Protein extracts from samples collected at different time points p.i. were subject to Western
blot analysis using anti-PARP antibody. (B) 293/ACE2 cells were infected with SARS-CoV as described for panel A, and the noncleaved and
cleaved fragments of caspase-3 and caspase-8 were detected by Western blot analysis. (C) 293/ACE2 cells grown on coverslips were infected with
SARS-CoV as described for panel A and subjected to immunofluorescence analysis using rabbit antiserum directed against the nucleoprotein of
SARS-CoV (N) (red). DAPI (4’,6'-diamidino-2-phenylindole) staining (blue) visualizes cell nuclei. Chromatin condensation is indicated by white
arrows. (D) 293/ACE2 cells were infected with SARS-CoV as described for panel A; lysed at 8, 24, 48, and 72 h p.i.; and subjected to Western blot
analysis with anti-N antiserum. (E) Immunofluorescence analysis of noninfected and SARS-CoV-infected 293/ACE2 cells was performed as

described for panel C.

infected cells at 24 h p.i. is most likely due to the activity of
cellular eIF2a kinases other than PKR (see below).

Inhibition of PKR expression by PPMO treatment. To in-
vestigate the effect of PKR activity on apoptosis and SARS-
CoV replication, we employed a knockdown strategy using
sequence-specific PPMO. PPMO enter cells readily under
standard culturing conditions (2, 17, 39) and are relatively
stable in human cells and serum (82). A number of evaluations
have indicated that incubation with 10 to 20 puM PPMO was
minimally cytotoxic to noninfected cells under conditions sim-
ilar to those used in our study (19, 39).

Four different PPMO, targeted to different regions of PKR
mRNA, were tested for their ability to reduce PKR expression
in 293 cells (for PPMO sequences and target locations, see
Table 1). As controls for off-target effects, actin levels were

monitored and a PPMO of nonsense sequence (“scramble”)
was included. Initially, 293 cells were incubated with 10 or 20
pM PPMO for 48 h, lysates made, and protein levels visualized
by Western blot analysis. As shown in Fig. 3A, treatment with
10 uM of the ex-7 or ex-8 PPMO significantly and specifically
reduced the amount of PKR protein in the cells. The reduction
was even more pronounced when 20 uM PPMO ex-7 or -8 was
used. The “AUG,” 5'ED, and “scramble” PPMO had no effect
on PKR expression, and actin levels were generally unaffected
(Fig. 3A).

RT-PCR was conducted with cellular RNA isolated from
PPMO-treated 293 cells to amplify nt 457 to 1850 of human
PKR mRNA and thereby produce a PCR fragment of 1,394 nt
in length. While treatment of cells with PPMO ex-7 or ex-8 led
to synthesis of appropriately shortened PCR fragments, PPMO
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FIG. 2. Phosphorylation of eIF2«a and PKR in SARS-CoV-infected
293/ACE2 cells. (A) 293/ACE2 cells were infected with SARS-CoV
(MO, 0.01), and samples harvested at 8 and 24 h p.i. The phosphor-
ylation state of elF2a and PKR was determined by Western blot
analysis using antibodies directed against the respective proteins. In-
fection of cells was monitored by detecting the SARS-CoV N protein
in cell lysates diluted 1 to 100. (B) SARS-CoV- and SeV-infected
293/ACE2 cells were fixed at 24 h p.i. infection and stained with J2
mouse monoclonal antibody (1:100), specifically recognizing dsRNA
(red). DAPI staining (blue) visualizes cell nuclei.

“scramble” did not affect the PCR fragment size (Fig. 3B).
Sequence analysis of the different PCR fragments of human
PKR mRNA revealed a deletion of nt 952 to 1028 in PCR
fragment “ex-7” and a deletion of nt 950 to 1116 in PCR
fragment “ex-8.” PCR fragment “scramble” was identical in
sequence to the corresponding region of the GenBank-anno-
tated PKR mRNA. These results confirm that the ex-7 and
ex-8 PPMO interfered with splicing events at the intended
locations, presumably by disrupting spliceosome assembly on
the PKR pre-mRNA through steric interference (1). PPMO
targeted to protein-coding sequence located well downstream
from the AUG initiator are unlikely to be effective at interfer-
ing with translation (67). However, because the ex-7 and -8
PPMO target sequences are present in the mature mRNA, it is
possible that these PPMO also reduced the translation of PKR
mRNA.

Gene expression knockdown using small interfering RNAs
can induce a type I IFN response (36, 56). To explore whether
treatment of cells with PPMO would similarly lead to IFN
induction, reporter gene assays were performed. Cells were
transfected with the pHISG-54 reporter plasmid, which con-
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tains the firefly luciferase gene under the control of the IFN-
stimulated response element region of the human IFN-stim-
ulated gene ISG-54, along with the expression plasmid
pRL-SV40, which constitutively expresses Renilla luciferase.
Twenty-four hours later, the cells were either treated with 20
pM PPMO or infected with SeV to induce ISG-54-activity for
48 h before reporter gene assays. The results show that PPMO
5'ED, ex-7, and ex-8 did not induce a type I IFN response (Fig.
3C). PPMO “AUG” treatment produced a slight increase in
reporter gene activity, but since this PPMO did not produce
significant downregulation of PKR expression anyway, it was
not used further in this study.

Next, we investigated the kinetics of PPMO-mediated inhi-
bition of PKR expression. 293 cells were treated with various
PPMO and harvested at different time points posttreatment.
PKR expression was determined by analysis of Western blots
and quantified by normalizing PKR bands to corresponding
actin bands. Figure 3D shows that 72 h of treatment with
PPMO ex-8 caused a profound reduction in PKR expression.
PPMO ex-7 treatment likewise reduced PKR expression mark-
edly; however, the somewhat reduced actin signal indicated
that it may have also caused cytopathic effects (Fig. 3A and D).
Therefore, only PPMO ex-8 was used for further studies.

The experiment described above was repeated using 293/
ACE2 cells instead of 293 cells, and similar profiles of PPMO-
mediated downregulation of PKR and actin expression were
obtained (see below). Attempts to inhibit PKR expression in
Vero cells failed, probably due to sequence differences be-
tween human and simian PKR genes (data not shown). In
summary, treatment with PPMO ex-8 effectively and specifi-
cally inhibited PKR expression in human 293 and 293/ACE2
cells.

Inhibition of PKR in SARS-CoV-infected cells does not af-
fect viral replication. We sought to explore the impact of PKR
activation on SARS-CoV growth. 293/ACE2 cells were treated
with 20 uM of various PPMO for 72 h and then infected with
SARS-CoV at a low MOI. Supernatants were harvested 48 h
later, and virus titers were determined by TCIDy, assays. Sur-
prisingly, neither SARS-CoV nucleoprotein expression nor
replication efficiency was affected by ex-8 PPMO treatment
compared to that in infected cells that were mock treated,
indicating that SARS-CoV is not sensitive to the antiviral ef-
fects of activated PKR in 293/ACE2 cells (Fig. 4A and B).
Although the viral titer of ex-8- or mock-treated cells was
about 1 log,, unit higher than titers of 5'ED- or “scramble”-
treated cells, this difference was calculated to be not significant
(Student’s ¢ test, P > 0.100).

To determine if SARS-CoV-induced apoptosis was poten-
tially mediated by PKR, infected-cell lysates receiving various
treatments were harvested at 48 h p.i. and analyzed for PKR
expression and PARP cleavage. As shown in Fig. 4B, cells
treated with the ex-8 PPMO displayed no PKR expression, as
expected from the above results. PARP cleavage occurred in
SARS-CoV-infected cells that were either mock treated or
treated with the “scramble” or 5’ED PPMO. However, in
SARS-CoV-infected cells treated with the ex-8 PPMO, PARP
cleavage was strongly reduced compared to controls, indicating
that the induction of apoptosis was impaired in these cells. The
amount of phosphorylated eIF2a was also analyzed and found
to be high in all samples, irrespective of whether the cells were
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FIG. 3. Inhibition of PKR expression with PPMO. (A) 293 cells were treated with 10 or 20 uM of the indicated PPMO (see Table 1 for a
description of PPMO sequences and targets) or left untreated (w/o PPMO) for 48 h, and cell lysates were then analyzed on Western blots with
anti-PKR and antiactin antibodies. (B) Total cellular RNA was isolated from 293 cells treated with 20 M of indicated PPMO for 48 h. RNA was
analyzed by RT-PCR using primers designed to amplify a PKR mRNA fragment of 1,394 bases. (C) 293 cells were transfected with two reporter
plasmids, pHISG-54-Luc (firefly luciferase gene under the control of an IFN-inducible promoter) and pRL-SV40 (produces Renilla luciferase). At
24 h posttransfection, cells were either infected with SeV (20 hemagglutinating units) or mock or 20 uM PPMO treated for an additional 48 h.
Cell lysates were assayed by using a dual luciferase system, and relative firefly luciferase activity was normalized to Renilla luciferase activities as
a standard of transfection efficiency. The experiment was performed in triplicate, and standard deviations are shown. (D) Lysates of 20 uM
PPMO-treated or untreated 293 cells were analyzed over time (24 h to 120 h) for levels of PKR expression by Western blot analysis. PKR levels
were quantified by densitometry and normalized to corresponding actin bands. The amount of PKR in each sample compared to the mock-treated
control is shown as a percentage above each bar of the graph. Because of limited PPMO availability, this assay was performed only twice at some
of the time points. The 48-h and 72-h values were determined three to five times.

infected or not and without any correlation to PKR expression Together, the results shown in Fig. 4 indicate that al-
(Fig. 4B). We assume that the high background phosphoryla- though PKR mediates the induction of apoptosis in SARS-
tion of elF2a at 48 h p.i. was due to the activity of elF2a CoV-infected cells, neither PKR nor apoptosis has a major
kinases other than PKR, which were induced by the high cell effect on virus growth for up to 72 h p.i. in cultured 293/
density characteristic of this time point (59). ACE2 cells.
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FIG. 4. Inhibition of PKR expression with PPMO does not affect
SARS-CoV replication. (A) A total of 4 X 10* 293/ACE2 cells were
treated with 20 uM of indicated PPMO for 72 h and then infected with
SARS-CoV (MO, 0.01). After removal of the inoculum, DMEM with
2% FCS containing 20 M of the same PPMO was added to the cells.
At 48 h p.., cells were harvested and supernatants were used for
TCIDs, assays. This experiment was performed in triplicate, and stan-
dard deviations are shown. Student’s ¢ test revealed no statistical sig-
nificance (P > 0.100) to the slight differences in viral titers among
samples. (B) Cell lysates were subjected to Western blot analysis by
using anti-phospho-PKR (pT446) (panel 1 from top), anti-PKR (panel
2), anti-phospho-elF2a (Ser51) (panel 3), anti-eIF2a (panel 4), anti-
PARP (panel 5), anti-SARS-CoV-N (panel 6), and anti-B-actin (panel
7) antibodies. The experiment was performed three times with similar
outcome. w/o, without PPMO.

Knockdown of PKR does not diminish the antiviral effect of
IFN-B. SARS-CoV is known to be sensitive to IFN-3 treat-
ment (62). Since PKR is a major antiviral factor known to be
upregulated by type I IFNs, we investigated the contribution of
PKR to the antiviral effects of IFN-B against SARS-CoV. 293/
ACE2 cells were first treated with PPMO and then incubated
with IFN-B and subsequently infected with SARS-CoV. At
24 h p.i. lysates of cells were analyzed for total and phosphory-
lated PKR and eIF2a. Figure SA shows that PKR expression
was strongly upregulated in cells which were both IFN-3
treated and SARS-CoV infected. Upregulation of PKR was
less pronounced in IFN-B-treated cells which were not in-
fected. Importantly, however, PPMO ex-8 treatment reduced
PKR expression, even when IFN-B was simultaneously
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FIG. 5. Inhibition of IFN-B-induced PKR expression by PPMO does not
affect SARS-CoV replication. (A) A total 4 X 10% 293/ACE2 cells were
treated with the indicated PPMO for 72 h and then with (+) or without (—)
10,000 TU of IFN-B for 24 h before infection with SARS-CoV at an MOI of
0.01. After the inoculum was removed, DMEM with 2% FCS and without or
with 20 uM of the indicated PPMO was added to the cells. At 24 h p.i., cells
were harvested and subjected to SDS-polyacrylamide gel electrophoresis. The
levels of phosphorylated and total PKR (panel 1 from top), phosphorylated
and total elF2« (panel 2), phosphorylated and total PERK (panel 3), phos-
phorylated and total GCN2 (panel 4), and SARS-CoV nucleoprotein were
determined by Western blot analysis. (B) Virus titers were determined by
TCIDs,, assays. Standard deviations are shown. Student’s ¢ test revealed that
the viral titer differences between samples receiving IFN-B-treatment were
not statistically significant (P > 0.100). The experiments were performed
three times with similar outcomes.

present. Phosphorylated PKR was barely detectable in either
noninfected or SARS-CoV-infected cells treated with ex-8
PPMO (Fig. 5A, top panel). Moderate PKR phosphorylation
was observed in noninfected cells treated with IFN-B. In
SARS-CoV-infected cells that were not treated with ex-8
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FIG. 6. Induction of eIF2a-phosphorylating kinases during SARS-CoV infection. (A) 293/ACE2 cells were infected with SARS-CoV at an MOI
of 0.01 and lysed at 24 h and 48 h p.i. Western blot analysis was performed with antibodies against B-actin and the phosphorylated (p) and
nonphosphorylated forms of PERK, GCN2, and PKR. This experiment was repeated three times with similar outcomes. (B) 293/ACE2 cells grown
on coverslips were infected with SARS-CoV as described for panel A. Immunofluorescence analysis using rabbit antiserum directed against the
nucleoprotein of SARS-CoV (N) (red) revealed that 100% of the cells were infected. DAPI staining (blue) was performed to visualize cell nuclei.
(C) Total RNA of 293/ACE?2 cells infected with SARS-CoV as described for panel A was isolated at 8, 24, or 48 h p.i., and 5 wl of each RNA sample
was subjected to RT-PCR analyses to determine GCN2-, PKR-, and GAPDH-specific mRNA levels (30 cycles). In addition, 1 pl of each total
cellular RNA sample was analyzed by agarose gel electrophoresis. The 18S rRNA band is shown and indicates the amount of total cellular RNA.

PPMO, PKR phosphorylation was strongly induced irrespec-
tive of whether the cells were treated with IFN-B or not.
Interestingly, the phosphorylation pattern of eIF2a was not
consistent with that of PKR phosphorylation (Fig. 5A). Com-
pared to that in nontreated cells, e[F2a phosphorylation was
reduced in cells treated with IFN-B and did not correlate with
PKR phosphorylation. These data clearly indicate that kinases
other than PKR are involved in SARS-CoV-induced elF2a
phosphorylation. We therefore analyzed the phosphorylation
state of PERK and GCN2, the two other kinases known to
phosphorylate elF2a in response to viral infections. Indeed,
PERK was phosphorylated in SARS-CoV-infected cells, but
only if the cells were not additionally treated with IFN-B.
Moreover, the total amount of PERK was reduced after IFN-8
treatment (Fig. 5A). In contrast to PERK, GCN2 was not
phosphorylated in SARS-CoV-infected cells (Fig. SA). These
data indicate that eIF2a phosphorylation correlates with acti-
vated PERK in infected cells, suggesting that PERK mediates
phosphorylation of elF2a in SARS-CoV-infected cells.
TCIDy,, assays revealed that IFN-B treatment of infected
cells reduced viral titers by about 2 log,, units (Fig. 5B). Down-
regulation of PKR by the ex-8§ PPMO, however, did not sig-
nificantly affect viral titers (Student’s ¢ test, P > 0.100), con-
firming that active PKR has no important effect on SARS-CoV

replication. As expected, expression of SARS-CoV N protein
was dramatically diminished in IFN-B-treated cells (Fig. 5A).

Induction of elF2a kinases in SARS-CoV-infected cells. We
also examined the expression and phosphorylation state of
GCN2 and PERK late in infection, i.e., at a time when apop-
tosis is observable. 293/ACE2 cells were infected with SARS-
CoV, and GCN2 and PERK were then detected by Western
blot analysis in samples taken at 24 h or 48 h pi. (Fig. 6A). In
parallel, the efficiency of virus infection was determined by
immunofluorescence analysis (Fig. 6B). Increased PERK phos-
phorylation was observed in infected cells at 24 h and 48 h p.i.
(Fig. 6A). In contrast, GCN2 was not phosphorylated in
SARS-CoV-infected cells late in infection (Fig. 6A). Oddly,
GCN2 was found to be phosphorylated in noninfected cells at
48 h p.i., perhaps due to amino acid deprivation in the cells.
Interestingly, the amount of GCN2 was drastically reduced in
SARS-CoV-infected cells at 48 h p.i., whereas the levels of
actin and PKR were only slightly affected (Fig. 6A). Thus, we
conclude that the level of GCN2 protein is actively downregu-
lated in SARS-CoV-infected cells. To analyze whether reduced
GCN2 protein levels were due to decreased transcription or
stability of GCN2 mRNA, RT-PCR analyses of GCN2, PKR,
and GAPDH mRNAs were performed. Our results revealed
that reduction of the GCN2 protein level did not correlate with



2306 KRAHLING ET AL.

degradation of GCN2 mRNA in infected cells. The reduction
of GCN2, PKR, and GAPDH mRNAs after 24 and 48 h p.i.
likely resulted from the reduced amount of total cellular RNA
in SARS-CoV-infected cells, as shown by examination of total
RNA by agarose gel electrophoresis (Fig. 6C).

DISCUSSION

The aim of this study was to investigate the role of the
antiviral protein PKR in SARS-CoV-infected cells. We found
that both PKR and its substrate eIF2« are phosphorylated in
SARS-CoV-infected cells. When PKR expression was down-
regulated with antisense PPMO, PARP cleavage was strongly
reduced in infected cells, whereas eIF2a was still phosphory-
lated. Strikingly, viral replication was not enhanced when PKR
was knocked down, indicating that SARS-CoV is not sensitive
to the antiviral activities of PKR.

Phosphorylation of eIF2a at Ser51 is one important mech-
anism by which cells restrict translation, and it may contribute
to the induction of apoptosis (29). So far, four cellular kinases
are known to phosphorylate eIF2a, and three of those, PKR,
PERK, and GCN2, can be activated upon virus-induced stress
(3,5, 11, 45, 74). At the beginning of our study, several lines of
evidence pointed to PKR as the most promising candidate to
phosphorylate elF2a in SARS-CoV-infected cells. First, the
PKR activator dsRNA is present in large amounts in SARS-
CoV-infected cells (Fig. 2B) (76). Second, eIlF2a and PKR
phosphorylation profiles were similar to each other in SARS-
CoV-infected cells (Fig. 2). Third, PKR is known to play a
prominent role in host antiviral defense, and many viruses have
evolved countermeasures to overcome its function (24, 25).
Our results indicate that SARS-CoV also employs a strategy to
counteract the antiviral effects of PKR. Most likely, rather than
inhibiting PKR activation, translation of SARS-CoV mRNAs
proceeds despite eIF2a phosphorylation.

Attempts to knock down PKR expression in human cells
with conventional approaches, including RNA interference
and transfection of known viral PKR inhibitors, were not effi-
cient in our hands. We therefore tested PPMO targeting the
PKR mRNA for their ability to block PKR expression. PPMO
designed to duplex with viral RNA have been used to inhibit
the replication of a number of RNA viruses (reviewed in ref-
erence 64), including SARS-CoV (50). In addition, PPMO
have been shown to affect eukaryotic gene expression by tar-
geting cellular mRNAs (18, 43, 44). PPMO enter cells by en-
docytic processes (2), and consequently, no additional reagents
or transfection procedures are required for their delivery into
cells.

Transient and stable knockdown of PKR in human cells by
RNA interference has been described by different groups, with
levels of reduction varying between 50% and 98% (20, 23, 40,
86). PKR-deficient HeLa cells showed lower levels of dsSRNA-
induced apoptosis and impaired phosphorylation of elF2a
(86). When PKR-deficient HeLa cells were infected with E3L-
deficient vaccinia virus, eIF2a phosphorylation and apoptosis
were impaired, suggesting that eIF2a phosphorylation in vac-
cinia virus-infected cells is mediated predominantly by PKR
(84). However, this seems not to be the case for SARS-CoV, as
elF2a phosphorylation was independent of PKR protein ex-
pression.
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elF2a-independent PKR-mediated induction of apoptosis
has previously been proposed (30). Although it is known that
several effector proteins other than elF2a, such as NFkB,
ATF-3, FADD, and caspase-8, are involved in PKR-mediated
apoptosis, the mechanistic details of how PKR induces apop-
tosis are not fully understood (21). In this study, caspase-8 was
activated in SARS-CoV-infected 293/ACE2 cells (Fig. 1), thus
supporting the hypothesis that SARS-CoV-triggered apoptosis
is mediated by PKR. A recent report by Zhang and Samuel
(85), investigating PKR-dependent IRF-3 activation in vac-
cinia virus-infected cells, provided clear evidence that although
small amounts of phosphorylated elF2a were detectable,
knockdown of PKR inhibited the induction of apoptosis.

We hypothesized that since downregulation of PKR in
SARS-CoV-infected cells did not lead to inhibition of elF2a
phosphorylation, PERK and/or GCN2 may be activated. It is
known that the spike (S) protein of SARS-CoV induces ER
stress, leading to activation of cellular unfolded protein re-
sponse (UPR) pathways (11, 74). SARS-CoV S protein also
induces upregulation of the ER chaperones glucose-related
proteins 78 and 94 through activation of PERK (11). To date,
three different UPR signaling pathways have been identified.
They are mediated by the proximal sensor proteins activating
transcription factor 6, inositol-requiring protein 1, and PERK
(58). Our data indicate that PERK contributes to eIF2a phos-
phorylation in SARS-CoV-infected cells, whereas GCN2 does
not. In contrast to the case for PKR, activation of PERK in
SARS-CoV-infected 293/ACE2 cells does not lead to apopto-
sis. This is in line with the observation that SARS-CoV S
protein does not modulate inositol-requiring protein 1 and
activating transcription factor 6 signaling pathways and causes
only mild induction of the proapoptotic mediator C/EBP-ho-
mologous protein, a downstream target of PERK (11). Al-
though understanding of UPR-induced apoptosis is quite lim-
ited, it appears that PERK signaling is generally protective, as
loss of PERK-mediated eIF2« phosphorylation was associated
with reduced survival of cells exposed to ER stress (26, 58).

Among the CoVs, modulation of UPR is not unique to
SARS-CoV and has also been described for mouse hepatitis
virus (MHV) (4, 9). eIF2a phosphorylation by both PERK and
PKR has also been observed in VSV-infected cells. Both
PERK and PKR are considered to play crucial roles in host
resistance against VSV infection, and activated PERK has
been shown to inhibit VSV-induced apoptosis (3, 66). Inter-
estingly, PKR activation seems to be defective in PERK knock-
out mouse embryonic fibroblasts, indicating a functional cross
talk between PERK and PKR (3).

Our data show that both PKR and PERK are activated by
SARS-CoV, leading to sustained phosphorylation of elF2a. It
is unclear if SARS-CoV has evolved a strategy to overcome the
antiviral activity of PKR or if it utilizes activated PKR as a
means to phosphorylate elF2«, thus imposing a virus-favorable
regulatory effect on the cellular translation machinery. Inter-
estingly, IFN-B treatment of SARS-CoV-infected cells not only
decreased N protein expression and viral titer but also led to
marked reductions of both PERK activation and eIF2a phos-
phorylation (Fig. 5). These data suggest that virus protein
accumulation was too low to induce PERK phosphorylation in
IFN-treated cells. However, it is also possible that PERK ac-
tivation is beneficial for virus replication, a notion that may be
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worthy of more detailed investigation in further studies. It
would also be interesting to use nonphosphorylatable elF2a
mutants to investigate the role of eIF2a in SARS-CoV prop-
agation in cell culture. However, to our knowledge there are
currently no cell lines available that both provide stable ex-
pression of nonphosphorylatable eIF2a and permit productive
replication of SARS-CoV. It is known that CoVs have evolved
various strategies to promote preferential translation of viral
mRNAs, including stimulation of viral translation in cis by the
MHYV 5’-leader RNA sequence (69) and the repression of
cellular protein synthesis by the SARS-CoV nspl protein.
SARS-CoV nspl specifically induces degradation of host
cellular mRNA and inhibits host translation (33). It remains
unclear if SARS-CoV replication depends on eIF2a phos-
phorylation.

Since the inhibitory effects of SARS CoV nspl1 lead to down-
regulation of the innate immune response, this protein is con-
sidered to be an important virulence factor (49, 75). The
reported suppression of host gene expression in SARS-CoV-in-
fected cells is consistent with our observation that GCN2 is
dramatically downregulated during late stages of infection
(Fig. 6). Interestingly, RT-PCR analyses revealed that the re-
duced level of GCN2 protein in SARS-CoV-infected cells is
not the result of specific degradation of GCN2 mRNA. Further
studies addressing protein stability may help to clarify how
SARS-CoV infection leads to GCN2 downregulation.

SARS-CoV-induced cell death during late stages of infec-
tion has been observed in cell culture studies (60). Although
many SARS-CoV proteins have been shown to be potent in-
ducers of apoptosis when expressed in cells (10, 35, 70, 72, 83),
there is limited knowledge about exactly how apoptosis is in-
duced. Studies of persistently infected Vero E6 cells revealed
that SARS-CoV modulates the phosphatidylinositol 3-kinase-
Akt pathway, leading to Akt phosphorylation early in infection
(46). A number of RNA viruses activate the phosphatidylino-
sitol 3-kinase-Akt prosurvival pathway during the initial stages
of infection and eventually induce apoptosis later in infection,
facilitating virus spread (46). However, when SARS-CoV-in-
duced apoptosis was inhibited either by caspase inhibitors or by
overexpression of the antiapoptotic Bcl-2 protein, virus repli-
cation was not affected, indicating that apoptosis is not needed
for efficient virus release (8, 55). These observations are in line
with our results demonstrating that downregulation of PKR
led to inhibition of apoptosis without affecting viral titers (Fig.
5). In addition, further analyses using the caspase-specific in-
hibitor zZVAD-fmk showed that apoptosis does not affect prop-
agation of SARS-CoV in cell culture under the conditions of
this study (data not shown).

Induction of cell death by MHV and transmissible porcine
gastroenteritis virus has been intensively studied (71). It is
known that infection of oligodendrocytes with MHV triggers
apoptosis during cell entry through the activation of the Fas
signaling pathway (42). Later in the MHYV infectious cycle,
elF2a becomes phosphorylated (4). However, the impairment
of host translation by phosphorylated eIF2a apparently does
not contribute to more efficient MHV replication or to the
induction of apoptosis (54). Relatively little is known about the
induction of apoptosis by human CoVs or about the contribu-
tion of elF2a phosphorylation to the death of infected cells.
Among human CoVs, it has been reported that OC43 and
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229E induce apoptosis in murine neuronal cells (32) and in
monocytes and macrophages (16), respectively.

In summary, we have demonstrated that SARS-CoV acti-
vates both PKR and PERK and that these events lead to
sustained phosphorylation of eIF2« in infected cells. Interest-
ingly, virus replication seems to remain unimpaired by eIF2a
phosphorylation, and we hypothesize that, in contrast, elF2a
phosphorylation may instead promote the SARS-CoV infec-
tious cycle by contributing to the suppression of host transla-
tion.
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