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Phosphorylation of the alpha (o) subunit of the eukaryotic translation initiation factor 2 (eIF2) leads to the
inhibition of protein synthesis in response to diverse stress conditions, including viral infection. The elF2a
kinase PKR has been shown to play an essential role against vesicular stomatitis virus (VSV) infection. We
demonstrate here that another elF2a kinase, the endoplasmic reticulum-resident protein kinase PERK,
contributes to cellular resistance to VSV infection. We demonstrate that mouse embryonic fibroblasts (MEFs)
from PERK ™/~ mice are more susceptible to VSV-mediated apoptosis than PERK*'* MEFs. The higher
replication capacity of VSV in PERK ™'~ MEFs results from their inability to attenuate viral protein synthesis
due to an impaired eIF2« phosphorylation. We also show that VSV-infected PERK ~/~ MEFs are unable to fully
activate PKR, suggesting a cross talk between the two elF2« kinases in virus-infected cells. These findings
further implicate PERK in virus infection, and provide evidence that the antiviral and antiapoptotic roles of
PERK are mediated, at least in part, via the activation of PKR.

Various forms of stress, including virus infection, can lead to
the inhibition of the overall rates of protein synthesis (9, 22).
This translational control is mediated at the level of initiation
mainly through the phosphorylation of the alpha (&) subunit of
the eukaryotic translation initiation factor 2 (eIF2) (22). Phos-
phorylated elF2a at serine 51 functions as a dominant inhibi-
tor of the guanine exchange factor eIF2B and impedes recy-
cling of elF2 between successive rounds of protein synthesis
(15). To date, four distinct eukaryotic eIF2a kinases have been
identified; these are the heme-regulated inhibitor, also known
as heme control repressor (5), the double-stranded RNA
(dsRNA)-activated protein kinase PKR (22), the PKR-like
endoplasmic reticulum (ER)-resident protein kinase PERK
(or PEK) (31), and the homologue of the Saccharomyces cer-
evisiae protein kinase GCN2 (23). Functional characterization
of these kinases has indicated that each enzyme controls
mRNA translation in response to a specific type of stimuli (9).
However, the existence of several related elF2a specific ki-
nases is likely to provide cells with a certain degree of redun-
dancy of function (22).

PERK is a type I transmembrane protein, located in the ER,
that possesses a lumenal domain able to recognize incorrectly
folded proteins (13, 31). Accumulation of unfolded proteins in
the ER induces a signaling cascade from the cytoplasmic ki-
nase domain of PERK, leading to its autophosphorylation and
induction of eIF2a phosphorylation, which in turn, downregu-
lates the synthesis of incorrectly folded proteins (13). The
kinase plays an essential role in the ER-mediated cellular re-
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sponse known as the unfolded protein response (UPR), pro-
tecting cells from a protein overloaded ER by shutting down
the translational machinery (13).

Among the eIF2a kinases, PKR has been clearly implicated
in virus infection (22). The kinase is expressed at low levels in
all normal tissues but is transcriptionally induced by type I
interferons (i.e., alpha/beta interferon [IFN-o/B]), which are
secreted by the host tissue in response to virus infection (36).
Binding of PKR to dsRNA produced during virus replication
induces conformational alterations that facilitate dimerization
and autophosphorylation of the kinase on multiple serine and
threonine residues, modifications that render it active (22).
Active PKR then phosphorylates eIF2« at the ribosomal in-
terface, which in turn leads to a general inhibition of protein
synthesis and blockade of viral replication. The kinase has
been shown to be required for host resistance to a variety of
viruses (21). For example, it has been shown that PKR ™/~ mice
are highly susceptible to intranasal vesicular stomatitis virus
(VSV) infection, and the kinase is a major component of IFN-
mediated resistance to VSV infection (2, 11, 37). However,
unlike the mice, PKR '~ mouse embryonic fibroblasts (MEFs)
are modestly more permissive to VSV replication (11, 37),
indicating that the lack of PKR might be compensated for by
the expression of another elF2a kinase, whose activity is in-
duced by VSV infection.

Although PKR is primarily involved in translation inhibition
in virus-infected cells, recent findings have implicated PERK in
hepatitis C virus replication (27). We demonstrate here the
antiviral and antiapoptotic roles of PERK in VSV infection.
We show that PERK~/~ MEFs are highly susceptible to VSV-
mediated induction of apoptosis as a result of higher virus
replication caused by the inability of cells to fully induce elF2a
phosphorylation. We further show that VSV infection does not
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elicit an ER stress response but rather requires the activation
of PKR, which occurs downstream of PERK. Our findings
provide evidence, for the first time, that a cross talk between
PKR and PERK is necessary for host resistance to VSV infec-
tion.

MATERIALS AND METHODS

Tissue culture and transfections. PERK*/* and PERK /~ MEF, HeLa, Vero,
and COS-1 cells were maintained in Dulbecco modified Eagle medium (DMEM;
Gibco) supplemented with 10% heat-inactivated calf serum and antibiotics (pen-
icillin-streptomycin, 100 U/ml; ICN Biomedicals, Inc.). Cells were treated with
IFN-o/B (1,000 IU/ml), IFN-y (100 IU/ml), thapsigargin (TG; 1 wM), tunicamy-
cin (10 wg/ml), and zZVAD-fmk (10 M) or infected with VSV (Indiana serotype)
at the multiplicities of infection (MOI) indicated in the figures. For transfection,
5 X 10° COS-1 cells were seeded in 6-cm plates and, the following day, cells were
incubated with Lipofectamine Plus reagents (Invitrogen) and 5 pg of pcDNA
plasmid containing wild-type PERK (WT-PERK), mutant PERK K618A (14),
WT PKR, or dominant-negative PKRAG6 (2 or 5 pg) (10). Cells were incubated
in serum-free medium at 37°C for 5 h, followed by the addition of complete
medium and incubation for an additional 36 h before being infected with VSV
(MOI 10, 12 h) or treated with TG (1 wM, 2 h). Protein extraction was prepared
as described below.

Protein extraction and Western blot analysis. Cells were washed twice with
ice-cold phosphate-buffered saline, and proteins were extracted in ice-cold lysis
buffer containing 10 mM Tris-HCI (pH 7.5), 50 mM KCI, 2 mM MgCl,, 1%
Triton X-100, 3 wg of aprotinin/ml, 1 ug of pepstatin/ml, 1 ug of leupeptin/ml, 1
mM dithiothreitol (DTT), 0.1 mM Na3VO,, and 1 mM phenylmethylsulfonyl
fluoride. Extracts were kept on ice for 15 min and centrifuged at 10,000 X g for
15 min (4°C), and supernatants were stored at —80°C.

Protein extracts (50 ug) were subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) as described previously (32). Proteins
were then electroblotted onto polyvinylidene difluoride membranes (Immobilon
P; Millipore), which were incubated with any of the following primary antibodies
(at a 1:1,000 dilution): goat polyclonal antibody to PERK (T-19; Santa Cruz),
rabbit polyclonal antibody to phosphothreonine 980 of PERK (Cell Signaling),
rabbit polyclonal antibody to PERK (H-300; Santa Cruz), rabbit polyclonal
antibody to phosphoserine 51 of eIF-2a (BioSource), mouse monoclonal anti-
body to eIF2a (3), rabbit polyclonal antibody to caspase-12 (Cell Signaling),
mouse monoclonal antibody to Myc epitope (9E10; Santa Cruz), rabbit poly-
clonal antibody to phospho-JNK-1 (Cell Signaling), rabbit polyclonal antibody to
JNK-1 (Cell Signaling), rabbit polyclonal antibody to phospho-p38 mitogen-
activated protein kinase (MAPK; Cell Signaling), rabbit polyclonal antibody to
p38 MAPK (Cell Signaling), mouse monoclonal antibody to PKR (B-10; Santa
Cruz), rabbit polyclonal antibody to PKR (D-20; Santa Cruz), rabbit polyclonal
antibody to phosphothreonine446 PKR (UBI), rabbit polyclonal antibody to
VSV (1:5,000 dilution; manufactured by Earl Brown), rabbit polyclonal antibody
to PARP (Cell Signaling), mouse monoclonal antibody to Actin (1:5,000 dilution;
Clone C4, ICN Biomedicals, Inc.). Anti-mouse immunoglobulin G (IgG)-horse-
radish peroxidase (HRP)-, anti-goat IgG-HRP-, or anti-rabbit IgG-HRP-conju-
gated antibodies were used as secondary antibodies (1:1,000 dilution). Proteins
were visualized by enhanced chemiluminescence according to manufacturer’s
specification (Amersham Life Sciences, Inc.).

Flow cytometry analysis. Apoptotic assays were carried out by surface staining
with the annexin V fluorescein isothiocyanate apoptosis kit (BioSource) accord-
ing to the manufacturer’s instructions. The stained cells were analyzed by flow
cytometry using a FACScan (Becton Dickinson), and data were analyzed by
using WinMDI version 2.8 software (The Scripps Institute). Samples were gated
on a dot plot showing forward scatter and side scatter in order to exclude cell
debris not within normal cell size. Gated cells were plotted on a dot-plot showing
annexin V staining (FL1-H) and propidium iodide (PI) staining (FL2-H).

Two-dimensional (2D) gel electrophoresis. PERK"™/* and PERK '~ MEFs
were infected with VSV or treated with TG before being lysed with 8 M urea, 4%
(wt/vol) CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfon-
ate}, 65 mM DTT, and 0.5% (vol/vol) IPG buffer (pH 4 to 7 or pH 6 to 11)
(Bio-Rad). Isoelectric focusing (IEF) step was performed by using an Ettan
IPGphor IEF unit (Amersham) and 7-cm strips at pH 4 to 7 or pH 6 to 11
(Bio-Rad). The strips were passively rehydrated with 125 ul of rehydration buffer
containing 80 pg of the protein extracts, 8 M urea, 2% (wt/vol) CHAPS, 10 mM
DTT, 0.5% (vol/vol) IPG buffer (pH 4 to 7 or pH 6 to 11), and a trace amount
of bromophenol blue for 10 h. IEF was performed at 150 V for 40 min, 500 V for
40 min, 1,000 V for 40 min, and 5,000 V for 2.5 h. The strips were then
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equilibrated for 12 min in 50 mM Tris-HCI (pH 8.8), 6 M urea, 30% glycerol, 2%
SDS, 1% (wt/vol) DTT, and a trace amount of bromophenol blue. The strips
were then incubated for 5 min in 50 mM Tris-HCI (pH 8.8), 6 M urea, 30%
glycerol, 2% SDS, 2.5% (wt/vol) iodoacetamide, and a trace amount of bromo-
phenol blue. The equilibrated strips were then subjected to second-dimension
analysis with SDS-10% PAGE, followed by immunoblot analysis.

PKR autophosphorylation assay. PERK*/* and PERK '~ MEFs were either
infected with VSV (MOI = 10) or treated with tunicamycin (10 wg/ml) or
dsRNA (10 pg/ml). Cells were treated for the indicated periods of time. Proteins
were extracted in the ice-cold lysis buffer described above. Whole-cell extracts
(130 to 200 pg of protein) were used for a pulldown assay with poly(rI-rC)
dsRNA coupled to agarose beads (type 6; Amersham Biosciences) or for an
immunoprecipitation with the anti-mPKR antibody (D-20). The bound proteins
were equilibrated in a previously described kinase buffer (3) and then incubated
in the presence of 1 uCi of [y->*P]ATP. The reactions were incubated at 30°C for
30 min and subjected to SDS-10% PAGE, followed by either immunoblot
analysis with the anti-mPKR antibody (B-10) or autoradiography.

VSV plaque assay. The VSV plaque assay protocol was previously described
(33). Briefly, PERK"’* and PERK /= MEFs were infected with VSV (MOI =
1 or 100). At 1 h postinfection (hpi), the nonadherent virus was removed and
plates were washed twice with serum-free DMEM and replenished with com-
plete medium. At different times postinfection, the medium was collected, di-
luted with serum-free DMEM, and then used to infect Vero cells (100% con-
fluence). At 1 hpi, medium from the Vero cells was removed and replaced with
complete medium containing 0.5% methyl cellulose (Sigma-Aldrich) for 24 to
36 h. Vero cells were fixed in 4% formaldehyde and stained with crystal violet.
Plaques were counted, and titers were calculated as PFU per milliliter. Triplicate
experiments were performed, and the averages of the virus titers were calculated.

RESULTS

Susceptibility of PERK '~ MEFs to VSV-mediated apopto-
sis. We sought to determine whether PERK plays a role in
VSV replication. To do so, we first assessed the susceptibility
of PERK™" and PERK™/~ MEFs to VSV-mediated apopto-
sis. That is, we tested the viability of noninfected or VSV-
infected (MOI = 1) MEFs at different times postinfection (Fig.
1A). We noticed that a higher number of PERK ™/~ than
PERK™" MEFs were susceptible to the cytopathic effects of
VSV (Fig. 1A). Pretreatment with IFN-a/B completely pro-
tected both PERK"/" and PERK /~ MEFs against VSV in-
fection (Fig. 1B). To establish whether PERK '~ MEFs were
indeed undergoing apoptosis, PERK** and PERK '~ MEFs
infected with VSV were analyzed for staining with annexin V,
an indicator of early apoptosis (Fig. 2A and B). We found that
at 24 hpi almost 30% of PERK '~ MEFs were apoptotic
compared to 10% of the PERK"* MEFs, whereas at 36 hpi
the population of apoptotic PERK '~ MEFs reached 60%
compared to 20% of the PERK** MEFs (Fig. 2A and B). We
also examined whether the increased susceptibility of
PERK '~ MEFs to VSV infection is affected by treatment
with either IFN-o/B (Fig. 2A and B, middle rows) or IFN-y
(Fig. 2A and B, bottom rows). Pretreatment with either type of
IFN eliminated the apoptotic effects of VSV infection in both
PERK™" and PERK /~ MEFs, indicating that IFN signaling
remains intact in PERK~/~ MEFs and that expression of one
or more IFN-induced genes can compensate for the loss of
PERK in these cells.

We then performed viral plaque assays in order to deter-
mine whether the susceptibility of PERK /"~ MEFs to VSV
infection was due to a higher virus production. We determined
that VSV production increased exponentially in PERK ™/~
MEFs (MOI = 1; Fig. 2C, left panel) with a 3-log-higher titer
than PERK ™" MEFs at 12 hpi and a 4- or 8-log-higher titer at
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FIG. 1. Increased susceptibility of PERK '~ MEFs to VSV infection. PERK"’* and PERK /= MEFs were left untreated (A) or treated with
mouse IFN-o/B (1,000 IU/ml) (B) for 18 h in the absence (A and B, left panels) or presence (A and B, right panels) of VSV infection at an MOI
of 1. Cells were photographed at X100 magnification at indicated times postinfection.
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FIG. 2. Higher induction of VSV-mediated apoptosis in PERK /~ MEFs. PERK"'" (A) and PERK /= (B) MEFs were left untreated or
treated with either mouse IFN-o/B (1,000 IU/ml) or IFN-y (100 IU/ml) for 20 h, followed by infection with VSV at an MOI of 1. Cells were
harvested at 24 or 36 hpi and subjected to annexin V-PI staining (BioSource) according to the manufacturer’s specifications. Cells were then
subjected to flow cytometry analysis by using FACScan (Becton Dickinson), and data were analyzed by using WinMDI version 2.8 software (The
Scripps Institute). Cells were gated on a dot plot showing forward and side scatter in order to exclude debris not within the normal size. Gated
cells were plotted on a dot plot showing annexin V staining (FL1-H) and PI straining (FL2-H). The numbers represent the percentage of gated
cells counted for their corresponding quadrant. These are data of one out of three reproducible experiments. (C and D) PERK*/" and PERK '~
MEFs were left uninfected or were infected with VSV at an MOI of 1 (C) or an MOI of 100 (D); protein extracts (30 pg) were subjected to
immunoblot analysis with an anti-VSV antibody (right panels), or virus titers were measured by harvesting medium at the indicated times
postinfection, followed by plaque assay analysis (left panels). Symbols: A, virus titers from PERK** MEFs; m, virus titers from PERK '~ MEFs.
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FIG. 2—Continued.

24 or 36 hpi, respectively. Immunoblot analysis with an
anti-VSV antibody revealed that VSV protein production
was only detectable in PERK /~ MEFs infected at an MOI
of 1 (Fig. 2C, right panel). Despite the fact that the VSV
titer increased in PERK*/* MEFs infected at an MOI of
100 (Fig. 2D, left panel), it remains relatively lower than in
PERK '~ MEFs (twofold lower at 4 hpi) throughout the

growth curve, and virus production reached a plateau after
8 hpi. The right panel of Fig. 2D clearly shows that VSV
replication was significantly higher in infected PERK ™/~
MEFs due to robust viral protein production. These results
explain that the susceptibility of PERK™/~ MEFs to VSV-
mediated apoptosis is due to higher viral protein production
and the release of progeny virions.
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FIG. 2—Continued.

Impaired eIF2« phosphorylation in VSV-infected PERK ~/~
MEFs. To further characterize the PERK /~ MEFs, we next
evaluated the elF2a phosphorylation levels in response to
VSV infection at different MOIs (1, 10, and 50). We reasoned
that VSV replication might activate intracellular pathways,
leading to PERK-mediated elF2a phosphorylation. VSV in-
fection induced eIF2a phosphorylation levels in both types of
MEFs; however, eIF2a phosphorylation was induced at higher
levels in PERK " MEFs than in PERK '~ MEFs (Fig. 3A to
C, top panels). To further verify this observation, we measured
the elF2a phosphorylation levels in VSV-infected MEFs by
using 2D gel electrophoresis (Fig. 3D). We noticed that phos-
phorylation of eIF2a was increased in PERK ™™+ MEFs versus
PERK /= MEFs after infection with VSV or treatment with

the ER stress inducer TG (compare the top panels with the
middle or bottom panels). These data suggested that the
higher levels of eIF2a phosphorylation can limit VSV replica-
tion in PERK"™* MEFs as opposed to PERK ™/~ MEFs, in
which eIF2a phosphorylation was diminished.

VSV induces PERK-mediated elF2a phosphorylation in
transiently transfected cells. Next, we performed immunoblot
analysis with a phospho-specific antibody against the Thr980
phosphorylation site of PERK, a site that serves as a marker
for activation, by using VSV-infected HeLa cells to detect
endogenous PERK phosphorylation (Fig. 4A). PERK phos-
phorylation was induced as early as 2 hpi. TG treatment for 1 h
was used as a positive control. A shift in PERK migration was
observed in TG-treated cells as opposed to VSV-infected cells,
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FIG. 3. Enhanced VSV replication in PERK '~ MEFs as a result of impaired eIF2a phosphorylation. PERK™/* and PERK/~ MEFs were
infected (lanes 2 to 4 and lanes 6 to 8) or not infected (lanes 1 and 5) with VSV at MOIs of 1 (A), 10 (B), or 50 (C). Protein extracts were harvested
at the indicated times postinfection and subjected to immunoblot analysis by using the rabbit polyclonal anti-phosphoserine 51 eIF2a antibody (top
panels) or with the elF2a panspecific antibody (lower panels). The ratio of phosphorylated to total eIF2«a protein for each lane is indicated.
(D) PERK""" and PERK '~ MEFs were treated with 1 uM TG for 2 h (bottom panels), infected (middle panels) or not infected (top panels)
with VSV at an MOI of 10, and harvested at 12 hpi. Protein extracts (80 pg) were subjected to 2D electrophoresis and immunoblot analysis with

a rabbit polyclonal anti-phosphoserine 51 eIF2a antibody.

indicating that TG induces a higher phosphorylation pattern of
PERK than VSV infection.

To further substantiate the above findings, we performed
transient transfections of plasmids that express either WT-
PERK or the kinase-inactive mouse PERK bearing the K618A
mutation in COS-1 cells (Fig. 4B). We reasoned that if PERK
is activated by VSV infection, then elF2a phosphorylation
should be induced in cells transfected with the WT kinase as
opposed to cells expressing the catalytically inactive kinase.
The expression of both proteins was detected by immunoblot-
ting with either an anti-Myc tag antibody (second panel) or
with an anti-PERK antibody (third panel). In the absence of
VSV infection, we noticed that WT-PERK migrated more
slowly than PERK K618A due to the autophosphorylation of

the active kinase (Fig. 4, lanes 2 and 3, second and third
panels) (14).

On the other hand, we noticed in VSV-infected cells in-
fected a slight shift in the mobility of WT-PERK after immu-
noblotting with both antibodies (second and third panels, com-
pare lanes 2 and 5), indicating PERK activation during virus
replication. Activation of PERK became more evident after
immunoblotting with the phosphothreonine 980 antibody (top
panel). We detected an induction in PERK phosphorylation
upon VSV infection (lane 5, top panel) and in cells treated
with TG (lane 8, top panel) compared to uninfected or un-
treated cells (lane 2, top panel). As expected, this phospho-
specific antibody was unable to detect the PERK K618A mu-
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FIG. 4. VSV induces PERK-mediated eIF2a phosphorylation. (A) Protein extracts from HeLa cells infected with VSV (MOI = 100) were
collected at different times postinfection and subjected to immunoblot analysis with a rabbit polyclonal phosphothreonine 980 PERK antibody (top
panel) or a rabbit polyclonal anti-PERK antibody (H-300; bottom panel). (B) COS-1 cells were transfected with either Myc-tagged WT-PERK or
the K618A catalytic mutant of mouse PERK (5 pg of plasmid DNA), followed by VSV infection or TG treatment. Protein extracts were subjected
to immunoblot analysis with a rabbit polyclonal phosphothreonine 980 PERK antibody (top panel), a mouse monoclonal Myc-tag antibody (second
panel), a goat polyclonal anti-PERK antibody (third panel), a rabbit polyclonal phosphoserine 51 elF2«a antibody (fourth panel), or a mouse
monoclonal elF2«a panspecific antibody (fifth panel). A nonspecific (N.S.) band was used to determine the amount of protein loaded (bottom
panel).
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FIG. 5. VSV-induced apoptosis of PERK '~ MEFs proceeds through caspase-12 activation. (A) Protein extracts from PERK "' and PERK ™/~
MEFs infected with VSV (MOI = 1) were collected at different times postinfection and subjected to immunoblot analysis with a rabbit polyclonal
antibody to caspase-12. The upper band represents the inactive protease, whereas the lower band represents the cleaved and active enzyme. (B
and C) PERK*/* and PERK /~ MEFs were either left untreated or treated with caspase inhibitors (zVAD-fmk; 10 uM) 2 h before infection with
VSV (MOI = 2) for 24 h. Cells were photographed at X100 magnification (B), or protein extracts (25 ug) were subjected to immunoblot analysis
with a rabbit polyclonal antibody to PARP (C). The upper band represents the full-length 116-kDa PARP protein, and the lower band represents
the cleaved 89-kDa PARP.
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FIG. 6. PKR activation is impaired in VSV-infected PERK '~ MEFs. Protein extracts (130 p.g) from VSV-infected (MOI = 10) PERK™/* and
PERK /=~ MEFs were either pulled down with poly(rI-rC)-agarose beads (Amersham-Pharmacia) (A) or immunoprecipitated with a rabbit
polyclonal anti-mPKR antibody (D-20) (B) and then subjected to in vitro phosphorylation in the presence of [y->*P]ATP. Half of the dsSRNA-
bound PKR was subjected to SDS-10% PAGE and autoradiography (top panel), whereas the other half was subjected to immunoblot analysis with
an antibody to mouse PKR (bottom panel, B-10). (C) PERK"* and PERK ’~ MEFs were either infected (bottom panels) or not infected (top
panels) with VSV at an MOI of 10 and then harvested at 12 hpi. Protein extracts (80 pg) were subjected to 2D electrophoresis and immunoblot
analysis with a rabbit polyclonal anti-mPKR antibody (D-20). (D) PERK"/* and PERK /~ MEFs were either treated or not treated with 10 pg
of tunicamycin/ml for the indicated period of time. Protein extracts (130 pg) were subjected to a similar kinase assay as in panel A. (E) COS-1
cells were mock transfected (lanes 1 and 8) or transfected with either WT-PERK (5 g of plasmid DNA; lanes 2, 4, 5, 9, 11, and 12) or WT PKR
with (5 pg of plasmid DNA; lanes 6, 7, 13, and 14) or without PKRA6 (2 pg of plasmid DNA, lanes 4 and 11 or 5 pg of plasmid DNA; lanes 3,
5, 7, 10, 12, and 14), followed by VSV infection. Protein extracts were subjected to immunoblot analysis with either with a rabbit polyclonal
phosphothreonine 980 PERK antibody (top panel), a mouse monoclonal Myc-tag antibody (second panel), a rabbit polyclonal phosphoserine 51
elF2a antibody (third panel), or a mouse monoclonal eIF2a panspecific antibody (bottom panel).

tant since the latter mutation renders the kinase inactive (lanes
3, 6, and 9, top panel).

The induction of phosphorylation and activation of PERK
upon VSV infection correlated with the eIF2a phosphoryla-
tion pattern we observed (fourth panel). We noticed that VSV
infection induced elF2a phosphorylation in cells transfected
with WT-PERK compared to cells transfected with PERK-
K618A mutant (compare lanes 5 and 6). In addition, eIF2a

phosphorylation was significantly increased in VSV-infected
cells than in uninfected cells expressing WT-PERK (compare
lanes 2 and 5). Activation of WT-PERK and induction of
elF2a phosphorylation in transiently transfected COS-1 cells
was also observed after treatment with TG, which served as a
positive control in these assays (lanes 7 to 9). Based on these
results, we concluded that VSV infection results in the induc-
tion of PERK activity and eIF2«a phosphorylation.
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Caspase-12 induction in VSV-mediated apoptosis. In order
to elucidate the mechanisms of VSV-mediated apoptosis, we
measured caspase-12 activation in PERK*/* and PERK "/~
MEFs in response to infection. Caspase-12 is an ER mem-
brane-associated cysteine protease activated by ER stress (24).
This protease is also induced in cells infected with the respi-
ratory syncytial virus (4) or bovine viral diarrhea virus (19).
Immunoblot analysis with an antibody that recognizes the in-
active and active (i.e., cleaved) forms of caspase-12 demon-
strated a higher activity of the protease in PERK /~ MEFs
than in PERK*"* MEFs (Fig. 5A, compare lane 2 with lane 5
and lane 3 with lane 6). Thus, it appears that caspase-12 acti-
vation can account, at least in part, for the higher induction of
VSV-mediated apoptosis in PERK ™'~ MEFs.

It was previously shown that broad-spectrum caspase inhib-

itors effectively prevented the activation of programmed cell
death pathways in VSV-infected cells (7). In order to get a
better understanding on VSV-mediated apoptosis, we treated
PERK"/* and PERK '~ MEFs with a general caspase inhib-
itor (zZVAD-fmk) prior to VSV infection. We noticed that
caspase inhibitors protected PERK*'* from VSV infection
(Fig. 5B, compare row 1, column 4, with row 1, column 2).
However, the cell-rounding phenotype associated with VSV
infection was not prevented in PERK ™/~ MEFs treated with
caspase inhibitors (Fig. 5B, compare row 2, column 4, with row
2, column 2), indicating their inability to be rescued from
VSV-mediated apoptosis.

This was further verified by immunoblot analysis of the poly-
(ADP ribose) polymerase (PARP), a common marker of apo-
ptosis, where its cleavage is induced in VSV-infected cells (Fig.
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5C) (16). VSV-infected PERK/~ MEFs had a higher PARP
cleavage capacity than did PERK*'* cells (Fig. 5C, compare
lane 6 with lane 2). When cells were treated with caspase
inhibitors prior to VSV infection, PARP cleavage was abol-
ished in PERK™/* cells, indicating apoptotic rescue (Fig. 5C,
lane 4), whereas such inhibitors were unable to prevent PARP
cleavage in PERK ™/~ MEFs (lane 8). This suggested that
caspases play a critical role in VSV-mediated apoptosis in the
presence of PERK. Conversely, in the absence of PERK, in-
activation of caspases is not sufficient to abolish apoptosis,
suggesting that the lack of PERK can induce caspase-indepen-
dent apoptotic pathways.

ER-mediated apoptosis also proceeds through the activation
of c-Jun NH,-terminal kinase (JNK) (26). On the other hand,
virus infection results in the activation of JNK-1 and p38
MAPK, both of which have been implicated in virus-mediated
apoptosis (6, 18). Taken together, we sought to determine the
expression and activity of these proapoptotic proteins in VSV-
infected PERK™/* and PERK ™/~ MEFs. Immunoblot analysis
with phospho-specific antibodies to either JNK-1 or p38
MAPK showed equal levels of expression and activation of
these kinases in both types of MEFs (unpublished data). This
indicated that the higher induction of VSV-mediated apoptosis
in PERK '~ MEFs is independent of JNK-1 and p38 MAPK
activation.

Cross talk between PERK and PKR during VSV replication.
Given the demonstrated role for PKR in halting VSV replica-
tion (2, 11, 37), we wanted to examine whether induction of
VSV replication and apoptosis in PERK '~ MEFs was due to
defective activation of PKR. When protein extracts from VSV-
infected cells were subjected to pulldown with poly(rI-rC)-
agarose (Fig. 6A) or immunoprecipitation with PKR antibod-
ies (Fig. 6B), followed by kinase autophosphorylation, we
found that PKR kinase activity was severely diminished in
PERK /~ MEFs as opposed to their WT counterparts after
virus infection (Fig. 6A and B). This indicated that the higher
replication and apoptotic capacity of VSV in PERK /~ MEFs
is caused, at least in part, by defective PKR activation. We
further verified this finding by assessing the activation of PKR
in vivo by 2D gel electrophoresis and immunoblot analysis
(Fig. 6C). We observed an increase in PKR protein toward the
acidic side (pH 6; bottom left panel, arrow) in VSV-infected
PERK™" MEFs as opposed to the VSV-infected PERK ™/~
MEFs (bottom right panel). This acidic fraction of PKR was
present only in PERK™/™ cells, indicating an induction of PKR
activity in cells containing PERK as opposed to cells lacking it.

This finding prompted us to examine whether PKR activity
is induced by ER stress and, if so, whether its activation is
mediated by PERK. To do so, we treated PERK™'* and
PERK /~ MEFs with tunicamycin, an inhibitor of protein gly-
cosylation and an ER stress inducer, followed by autophos-
phorylation of immunoprecipitated PKR (Fig. 6D). We no-
ticed that PKR kinase activity was induced in PERK™/* MEFs
upon tunicamycin treatment (lanes 1 to 4) as opposed to
PERK /~ MEFs, which failed to activate PKR (lanes 5 to 8).
Interestingly, PKR autophosphorylation was significantly di-
minished after 4 h of tunicamycin treatment (lane 8), indicat-
ing that prolonged ER stress may lead to the inactivation of
PKR. These data provided evidence for a cross talk between

J. VIROL.

the two elF2a kinases with PKR functioning downstream of
PERK in response to ER stress or VSV infection.

These data suggested that PERK can modulate PKR auto-
phosphorylation and its full-scale activation. To further sub-
stantiate this, we cotransfected COS-1 cells with PERK or
PKR in the presence or absence of a dominant-negative PKR
mutant (PKRA6) (10) (Fig. 6E). PERK and PKR were able to
induce elF2a phosphorylation upon VSV infection (third
panel, compare lanes 9 and 13 to lanes 2 and 6, respectively),
whereas PKRA6 showed no kinase activity (third panel, com-
pare lane 3 with lane 10). Also, PKRA6 was able to prevent
PKR-mediated eIF2a phosphorylation before and after VSV
infection (third panel, compare lane 7 with lane 14). To this
extent, PKRA6 was capable of inhibiting PERK-mediated
elF2a phosphorylation (third panel, compare lane 4 with lane
11 and lane 5 with lane 12). Also, PKRAG6 did not affect PERK
phosphorylation on Thr980 (top panel). These data further
substantiate the notion that eIF2a phosphorylation is medi-
ated by both PERK and PKR upon VSV infection and that a
cross talk between both kinases is necessary to inhibit viral
replication.

PERK modulates dsRNA-mediated PKR activation. One of
the mechanisms proposed to activate PKR during virus infec-
tion is the dimerization of the kinase upon dsRNA binding
(22). Since dsRNA is generated throughout the life cycle of
VSV (39), we wanted to investigate whether PERK was capa-
ble of modulating PKR activation in cells transfected with
dsRNA (Fig. 7). We noticed that the induction of eIF2a phos-
phorylation was impaired in PERK™/~ MEFs upon dsRNA
treatment as opposed to PERK™* cells (Fig. 7A, compare
lane 4 with lane 2). The same was observed regarding PKR
activation (Fig. 7B). We performed a PKR immunoprecipita-
tion, followed by an in vitro kinase assay, thus revealing that
PERK/~ MEFs were incapable of fully activating PKR (Fig.
7B, top panel). To the same extent, phosphorylation of PKR
on Thr446 was impaired in the PERK /" cells (Fig. 7B, middle
panel). These results suggested that the efficient activation of
PKR by dsRNA required PERK.

DISCUSSION

Our findings demonstrate an important role for PERK in
VSV infection. We show that PERK-mediated eIF2a phos-
phorylation is induced in VSV-infected cells and that this is
accompanied by an inhibition of virus replication and apopto-
sis. PERK also plays an essential role in UPR (31) and, as such,
its activation in VSV infection initially indicated an ability of
the virus to elicit a UPR. This was consistent with the notion
that viruses that use the ER as an integral part of their repli-
cation strategy are likely able to induce an ER stress response
(1). In fact, previous studies showed that the VSV glycoprotein
(VSV-G) oligomerizes in the ER prior to its transport to the
cell surface (41). Misfolded and unassembled VSV-G is re-
tained in the ER (8), whereas the interactions of the viral
protein with two chaperones, BiP and calnexin, are essential
for efficient folding and for retention of partially folded G
protein forms in the ER (12). Thus, an overload of VSV-G in
the ER during virus replication might have been one of the
mechanisms eliciting an ER stress response in infected cells. In
contrast to this, we found that expression of various ER stress
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FIG. 7. PKR activation is impaired in dsRNA treated PERK ™/~
MEFs. (A) PERK"" and PERK/~ MEFs were transfected with
dsRNA (10 pg/ml, lanes 2 and 4) or mock transfected (lanes 1 and 3)
or treated with TG (1 uM, 2 h; lanes 5 and 6). Proteins extracts were
harvested at the indicated times and subjected to immunoblot analysis
with the serine 51 phospho-specific eIF2a antibody (top panel) or with
the eIF2a panspecific antibody (lower panel). (B) Protein extracts (200
pg) from dsRNA transfected PERK™* and PERK™/~ MEFs were
immunoprecipitated with a rabbit polyclonal anti-mPKR antibody (D-
20) and subjected to phosphorylation in vitro in the presence of
[y-**P]ATP. The immunoprecipitated PKR was subjected to SDS—
10% PAGE and autoradiography (top panel). Protein extracts (50 pg)
were subjected to immunoblot analysis with a rabbit polyclonal phos-
phothreonine 446 PKR antibody (second panel) or a mouse monoclo-
nal actin antibody (bottom panel).

markers, including CHOP, BiP, or XBP-1, was not induced in
infected cells, nor was their expression impaired in PERK ™/~
MEFs (unpublished data). As such, we concluded that VSV
utilizes a novel pathway to activate PERK. Although this path-
way is not currently known, we hypothesize that virus infection
might induce protein phosphorylation cascades, leading to the
activation of PERK in the ER.

Our data show that inhibition of VSV replication is medi-
ated by the direct phosphorylation of eIF2a by PERK. How-
ever, it remains possible that additional control mechanisms
are modulated by PERK in VSV-infected cells. In fact, we
demonstrate that activation of PKR is impaired in cells lacking
PERK, suggesting a functional cross talk between the two
kinases with PKR functioning downstream of PERK. Previous
data showed that treatment of cells with TG and TNF-a ren-
ders PKR active providing evidence for a role of the kinase in
ER stress (29, 35). More recent research indicated that ER-
stressed cells can induce the activation and nuclear transloca-
tion of PKR (25). Consistent with these findings, our data show
the induction of PKR in ER-stressed cells and the lack of its
activation in PERK ™/~ cells (Fig. 6D). At present, we do not
know how PKR becomes activated by PERK. One possibility is
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FIG. 8. Model depicting a cross talk between PERK and PKR
upon VSV infection. VSV activates both PERK and PKR. Although
PKR is thought to be activated by dsRNA produced during virus
replication, the molecular mechanism(s) of PERK activation is not
clear. Perhaps VSV infection induces protein phosphorylation cas-
cades, resulting in PERK phosphorylation in the ER. PERK is up-
stream of PKR, and coordinated activation of both kinases is likely to
be required for maximal eIF2a phosphorylation and full-scale shut-
down of viral protein synthesis (solid lines). Phosphorylation of eIF2a
mediated by PERK alone may not be sufficient to block virus replica-
tion (dotted line) unless PKR is present (solid lines). This is consistent
with the impaired antiviral response of PKR™/~ MEFs after VSV
infection (2, 37).

that active PERK directly phosphorylates and activates PKR in
the proximity of the ER. Alternatively, activation of PKR is
mediated by another kinase that functions as an intermediate
between the two elF2a kinases (Fig. 8). Some data have shown
that the cellular inhibitor of PKR, P58IPK (28), can also in-
teract with and inhibit PERK upon ER stress (38, 40). This
raises the possibility that the impaired PKR activation ob-
served in ER-stressed PERK ™/~ MEFs may be explained by
the induction of unbound P58IPK. The lack of PERK in these
cells may release more P58IPK to the cytoplasm, where it can
target and further inhibit PKR. However, it is not yet known
whether VSV infection regulates PS8IPK expression.
Regarding VSV-mediated apoptosis, our data implicate
caspase-12 in this process. It was reported that upon ER stress,
the cytosolic caspase-7 translocates to the ER surface and
associates with procaspase-12, thereby cleaving its prodomain
to generate an active caspase-12 (30). Interestingly, VSV in-
fection was shown to lead to the activation of caspase-7 (16),
and this may account, at least in part, for caspase-12 activation
in infected cells. Previous findings have shown that caspase-12
has been implicated in apoptosis induced by bovine viral diar-
rhea virus infection (19), indicating that this protease may play
a role in virus-induced apoptosis in mouse cells. When



12760 BALTZIS ET AL.

PERK"* and PERK /= MEFs were treated with general
caspase inhibitors prior to VSV infection, PERK /" cells were
rescued from VSV infection, as demonstrated by the absence
of PARP cleavage. This suggested that caspases were involved
in VSV-mediated apoptosis. However, PERK ™/~ MEFs were
highly prone to PARP cleavage and VSV infection, despite
caspase inhibition. This suggests that, in the absence of PERK,
the virus can utilize caspase-independent apoptotic pathways
to induce PARP cleavage. This finding demonstrates that mul-
tiple caspase-dependent and caspase-independent cell death
pathways may be activated during VSV infection and that
PERK plays a role in modulating caspase function and activa-
tion. It is now understood that PARP is an important activator
of caspase-independent cell death (17), and perhaps VSV can
exploit some of these pathways to induce apoptosis. Undoubt-
edly, future experiments are needed to better characterize the
fundamental pathways of VSV-induced apoptosis.

We have shown here that PERK appears to be a critical
component of the innate immune response protecting the host
against VSV infection. It does so, at least in part, through the
activation of PKR. Thus, a cross talk between PERK, PKR and
possibly other eIF2a kinases is likely to exist and contribute to
the antiviral mechanisms converging at the eIF2a phosphory-
lation level (Fig. 8). Although many viruses have evolved
unique mechanisms to overcome PKR activation (20), it ap-
pears that some of these mechanisms also aim at inactivating
PERK. For example, hepatitis C virus E2 protein (27) and
vaccinia virus K3L protein (34) are potent inhibitors of PERK,
as is the P58 PKR inhibitor (P58IPK) induced in cells infected
with influenza virus (40). Thus, further investigation of the role
of the elF2a kinase family members in virus infection may
yield important information about the translational mecha-
nisms of virus replication and lead to the discovery of unique
pathways controlled by each of the eIF2a kinases with impor-
tant implications against virus infection and associated disease.
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