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The Cellular Protein P58IPK Regulates Influenza Virus mRNA
Translation and Replication through a PKR-Mediated Mechanism�
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We previously hypothesized that efficient translation of influenza virus mRNA requires the recruitment of
P58IPK, the cellular inhibitor of PKR, an interferon-induced kinase that targets the eukaryotic translation
initiation factor eIF2�. P58IPK also inhibits PERK, an eIF2� kinase that is localized in the endoplasmic
reticulum (ER) and induced during ER stress. The ability of P58IPK to interact with and inhibit multiple eIF2�
kinases suggests it is a critical regulator of both cellular and viral mRNA translation. In this study, we sought
to definitively define the role of P58IPK during viral infection of mammalian cells. Using mouse embryo
fibroblasts from P58IPK�/� mice, we demonstrated that the absence of P58IPK led to an increase in eIF2�
phosphorylation and decreased influenza virus mRNA translation. The absence of P58IPK also resulted in
decreased vesicular stomatitis virus replication but enhanced reovirus yields. In cells lacking the P58IPK target,
PKR, the trends were reversed—eIF2� phosphorylation was decreased, and influenza virus mRNA translation
was increased. Although P58IPK also inhibits PERK, the presence or absence of this kinase had little effect on
influenza virus mRNA translation, despite reduced levels of eIF2� phosphorylation in cells lacking PERK.
Finally, we showed that influenza virus protein synthesis and viral mRNA levels decrease in cells that express
a constitutively active, nonphosphorylatable eIF2�. Taken together, our results support a model in which
P58IPK regulates influenza virus mRNA translation and infection through a PKR-mediated mechanism which
is independent of PERK.

Influenza virus is a significant health problem worldwide and
has the potential to become a major public threat, especially if
a highly virulent strain, such as the circulating H5N1 (36), to
which humans are immunogenically naive, emerges. If the im-
mune system of the host is naive to the emerging virus’ surface
antigens, specifically the hemagglutinin and neuraminidase gly-
coproteins, and the virus bypasses both the innate and adaptive
immune responses to gain entry into cells, then its virulence
will be determined by the interactions between the other viral
and cellular genes and the proteins they encode (23, 44).

Much of influenza virus’ fitness depends on its ability to
ensure that viral mRNAs are efficiently translated by the cel-
lular machinery. Translational control is exerted at several
steps in the influenza virus life cycle. Thus, the virus has
evolved strategies of translational control that take advantage
of its requirement for cap-dependent translation initiation, as
well as the recruitment of host cell proteins to aid in the
preferential translation of viral mRNA (22). All influenza virus
mRNAs contain host cell RNA sequences, including the
m7G cap at their 5� ends, which are obtained though a “cap-
stealing” mechanism and function as primers for the viral RNA-
dependent RNA-polymerase (46, 47). Following this scavenging

of 5� ends from cellular mRNAs, the uncapped cellular transcripts
are degraded (32). This degradation of cellular mRNA may con-
tribute to the dramatic shutoff of cellular protein synthesis that is
observed in influenza virus-infected cells. Influenza virus has also
exploited other mechanisms to cause the selective translation of
viral mRNAs (17, 26, 27). The short, conserved 5� untranslated
regions of influenza virus mRNAs increase the translational effi-
ciency of viral transcripts (25). In addition, cellular proteins, in-
cluding GRSF-1, may act in trans to further increase the transla-
tion of influenza virus proteins (45).

However, the cellular response to influenza virus infection
has evolved to counteract the virus’ mechanisms to bolster viral
protein synthesis. One strategy of virus-infected cells is to
globally inhibit translation initiation through the phosphoryla-
tion of the alpha subunit of eukaryotic initiation factor 2
(eIF2�) (25). There are at least four cellular eIF2� kinases,
with the interferon-induced, double-stranded RNA (dsRNA)-
activated, protein kinase R (PKR) playing a prominent role in
virus-infected cells. PKR is a 68-kDa serine-threonine protein
kinase ubiquitously expressed at low levels in many mamma-
lian tissues (30). PKR is activated by dsRNA, an intermediate
produced during the life cycle of many viruses (41). Phosphor-
ylation of eIF2� at S51 results in the inhibition of translation
initiation due to a block in eIF2B-mediated exchange of GDP
for GTP, rendering eIF2 in an inactive form bound to GDP.
This limits the amount of functional eIF2-GTP-Met-tRNA
available to initiate translation (11).
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Since viral translation is dependent upon functional eIF2 for
translation initiation, viruses have developed strategies to pre-
vent or reverse PKR-dependent eIF2� phosphorylation. Some
viruses encode molecules that interfere with dsRNA binding to
PKR, thus preventing PKR dimerization and autophosphory-
lation. These include adenovirus VAI RNA, reovirus capsid
protein �3, and influenza virus nonstructural (NS1) protein
(24, 37, 39). Other viruses directly inhibit PKR dimerization.
The hepatitis C virus (HCV) protein NS5A binds to PKR,
physically interfering with its ability to dimerize (14). Rather
than encoding a viral protein to block PKR activity, influenza
virus infection activates a cellular protein, P58IPK, to inhibit
PKR (14, 35). P58IPK interacts with a region of PKR that spans
the ATP-binding region in the C-terminal catalytic domain
(amino acids 244 to 296) (15) and is involved in its ability to
dimerize. The interaction of P58IPK with this region of PKR
prevents PKR dimerization and autophosphorylation (55),
thus interfering with PKR’s ability to phosphorylate eIF2� and
inhibiting translation initiation in response to viral infection.

Not only is P58IPK activated by influenza virus infection, but
it is also induced during the unfolded protein response (UPR),
a stress response initiated by protein overload in the endoplas-
mic reticulum (ER). This induction is possible because the
UPR increases the level of two transcription factors, ATF6 and
XBP1, and these molecules interact with the ER stress re-
sponse element within P58IPK’s promoter region. P58IPK has
been shown to interact with and inhibit PERK, an ER-local-
ized eIF2� kinase (58, 61), thus enabling translation to ensue.
Recent evidence has also shown that P58IPK has PERK-inde-
pendent functions and mediates the cytosolic degradation of
misfolded proteins delayed at the ER translocon (43).

Although P58IPK’s interaction with other proteins has been
studied with mammalian cells, its function during virus infec-
tion has not been examined. Interestingly, the role of plant
P58IPK homologues during virus infection has been studied.
During tobacco etch virus and tobacco mosaic virus infections
in plants lacking P58IPK, increased host death and reduced
viral titer were observed, suggesting P58IPK was required for
virulence (6). Does P58IPK have a similar role during virus
infection in eukaryotic cells? To answer this question, we re-
cently generated P58IPK-null mice on a C57BL/6 background
(31). These animals exhibit a diabetic phenotype by 4 months
of age due to the disruption in ER homeostasis. However, this
phenotype was not as severe as that seen with mice lacking
PERK (19) or containing constitutively active, nonphosphory-
latable eIF2� (49), both of which are downstream of P58IPK.

In this study, we define the role of P58IPK during influenza
virus infection by showing that in embryonic fibroblasts derived
from P58IPK�/� mice, there is reduced viral mRNA transla-
tion, which was correlated with increased levels of eIF2� phos-
phorylation. We further show that P58IPK has an effect not only
on influenza virus mRNA translation but also on replication of
other RNA viruses. Finally we analyzed influenza virus infec-
tions with mouse embryo fibroblasts (MEFs) lacking proteins
that act downstream of P58IPK, further defining the signaling
pathway by which P58IPK functions during viral infection.

MATERIALS AND METHODS

Cells and viruses. P58IPK knockout (KO) (31), PKR KO (62), PERK KO (19),
and their corresponding wild-type (WT) MEFs were grown as monolayers in

high-glucose Dulbecco’s modified Eagle’s medium (hgDMEM) supplemented to
contain 10% heat-inactivated fetal calf serum (HyClone Laboratories, Logan,
UT), 2 mM L-glutamine, 0.1 mM nonessential amino acids, 1 mM sodium
pyruvate, 10 �M 2-mercaptoethanol, 50 units/ml penicillin G, and 50 �g/ml
streptomycin sulfate. MEFs expressing WT or mutant (S51A) eIF2� (49) were
maintained as monolayers in hgDMEM supplemented to contain 10% heat-
inactivated fetal calf serum, 2 mM L-glutamine, 0.1 mM nonessential amino
acids, 1� essential amino acids, 10 �M 2-mercaptoethanol, 50 units/ml penicillin
G, and 50 �g/ml streptomycin sulfate. Murine L929 cells were maintained as
suspension cultures as described previously (28). The A/WSN/33 (WSN) strain of
influenza virus was grown in Madin-Darby bovine kidney cells as described
previously (12). Vesicular stomatitis virus (VSV) strain Indiana was utilized for
MEF infections as described previously (2). Reovirus strain Dearing, clone 8 (c8)
and clone 87 (c87) are prototypic laboratory strains. Purified virions were pre-
pared by CsCl density gradient centrifugation of extracts from cells infected with
third-passage L929 cell lysate stocks (13). Intermediate subvirion particles were
prepared by treating virions with chymotrypsin (42). Because some MEFs restrict
reovirus uncoating (18), MEF infections were performed with intermediate sub-
virion particles.

Virus infections. Near-confluent monolayers of cells were mock infected or
infected with influenza virus diluted in infection medium (hgDMEM supple-
mented to contain 2% heat-inactivated calf serum, 2 mM L-glutamine, 50
units/ml penicillin G, 50 �g/ml streptomycin sulfate, and 50 mM HEPES) to the
indicated multiplicity of infection (MOI). After 45 min of adsorption at 4°C, virus
and medium were removed. Fresh infection medium was added to the cells, and
infections were allowed to proceed at 37°C until the indicated time postinfection
(p.i.). For VSV infections, P58IPK KO or WT MEFs were infected at the indi-
cated MOI with virus diluted in serum-free DMEM. After 45 min of adsorption
at 37°C, virus and medium were removed and cells were washed twice with
phosphate-buffered saline (PBS). Fresh growth medium was then added to
the cells, and infection proceeded at 37°C. At 24 h p.i., supernatants were
collected and progeny virion production was assayed by standard plaque assay
on baby hamster kidney (BHK) cells (2). P58IPK KO or WT MEFs were
infected with the specified reovirus strain at an MOI of 2 PFU/cell, and adsorp-
tion was allowed to proceed for 1 h on ice at 4°C. After adsorption, cells were
concentrated by low-speed centrifugation and resuspended in fresh medium.
Virions and cells were then added to dram vials containing 1 ml of cold medium
at cell densities to result in near-confluent monolayers. The remaining samples
were incubated at 37°C until the desired time point was reached. Harvested
samples were subjected to three cycles of freezing and thawing and titrated by
plaque assay on L929 cells (59). Viral yields were calculated according to the
following formula: log10 yieldt�x � log10 (PFU/ml)t�0, where t is time and x is the
time p.i.

Analysis of protein synthesis. At the indicated times p.i., mock- or influenza
virus-infected cells were labeled with 30 �Ci of EXPRESS35S protein labeling
mix (Perkin-Elmer, Wellesley, MA) in methionine- and cysteine-free hgDMEM
for 30 min at 37°C. Cells were then washed twice with ice-cold Hanks balanced
salt solution and lysed in disruption buffer (0.5% Triton X-100, 50 mM KCl, 50
mM NaCl, 20 mM Tris-HCl [pH 7.5], 1 mM EDTA, 10% glycerol, 1� Complete
protease inhibitor [Roche, Indianapolis, IN], 25 mM 	-glycerophosphate, 1 mM
Na3VO4). Levels of radioactivity for each sample were determined by trichloro-
acetic acid precipitation and scintillation counting. Lysates were boiled in an
equal volume of 2� electrophoresis buffer (3.3% sodium dodecyl sulfate [SDS],
2.4 M 	-mercaptoethanol, 16.7% glycerol, 13 mM Tris-HCl [pH 6.8], 8.3%
water-saturated bromophenol blue) and separated by SDS-polyacrylamide gel
electrophoresis (PAGE). As a loading control, identical counts per minute were
loaded into each well. Following autoradiography, the amount of viral protein
synthesis was determined by laser densitometry (Imagequant 5.1; Molecular
Dynamics/GE Healthcare, Piscataway, NJ).

Analysis of eIF2� and PKR phosphorylation in influenza virus-infected cells.
Following influenza virus infection, cells were lysed at the indicated times p.i., as
described above. Total protein content was determined for clarified cell lysates
using the BCA protein assay kit (Pierce, Rockford, IL). Lysates were separated
by SDS-PAGE, with the same amount of total protein being loaded into each
lane, and then transferred to nitrocellulose paper. Immunoblots were blocked for
1 h in PBS containing 0.5% Tween 20 and 5% nonfat dry milk, washed in PBS
containing 0.05% Tween 20, and incubated at 4°C overnight with rabbit anti-
eIF2�[pS51] phospho-specific antibody (Biosource International, Camarillo, CA)
or a mouse antibody recognizing full-length eIF2� (Santa Cruz Biotechnology,
Santa Cruz, CA) in PBS containing 0.5% Tween 20 and 1% nonfat dry milk.
Membranes were washed and incubated for 2 h with horseradish peroxidase-
conjugated donkey anti-mouse or anti-rabbit immunoglobulin G (Jackson Im-
munoresearch, West Grove, PA), and bound antibodies were detected with the
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ECL Western blotting detection reagent (Amersham Biosciences/GE Health-
care). Membranes were subsequently reprobed using a mouse antiactin antibody
(MP Biochemicals, Irvine, CA). The amounts of pS51 eIF2�, total eIF2�, and
actin were quantitated by densitometry (Imagequant 5.1). To determine the
relative amount of phosphorylated eIF2�, the eIF2� bands were normalized to
their corresponding actin bands and the ratio between phosphorylated and total
eIF2� was calculated. Western blotting for total PKR (Santa Cruz Biotechnol-
ogy) and pT451 PKR (Biosource International) was performed as described by
the product analysis sheets.

Quantitative RT-PCR. At the indicated times p.i., cells were lysed in solution
D (4 M guanidinium thiocyanate, 25 mM sodium citrate, 0.5% sarcosyl, 0.1
M 	-mercaptoethanol), and total RNA was isolated using the RNeasy kit
(QIAGEN, Valencia, CA). The quantity of total RNA was determined by spec-
trophotometry using the NanoDrop ND-1000 fluorospectrometer (Wilmington,
DE). Contaminating DNA was removed by treating samples with RNase-free
DNase and removal reagents (Ambion, Inc., Austin, TX). Reverse transcription
was performed using TaqMan reverse transcription reagents (Applied Biosys-
tems, Foster City, CA). Real-time PCR (RT-PCR) was performed on the ABI
7500 real-time PCR system, using TaqMan chemistry (Applied Biosystems).
Each target was run in quadruplicate, with 20-�l reaction volumes of TaqMan
2� PCR Universal master mix (Applied Biosystems). Proprietary glycer-
aldehyde-3-phosphate dehydrogenase mRNA and 18S rRNA were chosen as
endogenous controls to normalize quantification of the target. Quantification of
each gene, relative to the calibrator, was calculated by the instrument, using the
equation 2
CT(infected) � 
CT(mock) within the Applied Biosystems Sequence De-
tection Software, version 1.3. minor groove binding (MGB) probes for the WSN
M and NP genes were designed using the mRNA sequence for each with Primer
Express 3.0 (Applied Biosystems) using the recommended parameters. The
MGB probe and primer sets for each gene are as follows: WSN M1 (forward,
TCGTCGCTTTAAATACGGTTTG; reverse, AGCATTCTGCTGTTCCTT
TCG; probe, 6-carboxyfluorescein-TTCTACGGAAGGAGTGCCA); WSN NP
(forward, TGGCACTCCAATTTGAATGATG; reverse, TCCATTCCTGTGC
GAACAAG; probe, 6-carboxyfluorescein-AACTTACCAGAGGACAAGAG).

RESULTS

P58IPK promotes influenza virus protein synthesis. To di-
rectly test the hypothesis that P58IPK acts as a regulator of viral
mRNA translation, we infected MEFs generated from P58IPK-
null mice and their WT littermate controls with the mouse-
adapted influenza virus strain WSN at an MOI of 2 PFU/cell.
Although determining the levels of viral yield will elucidate the
effects of P58IPK on viral infection and replication, we are
seeking to test the effects of P58IPK on translational control
during influenza virus infection, since it has been shown that
P58IPK perturbs eIF2� phosphorylation in an in vitro yeast
system (15, 55). Thus, we began by observing rates of viral
protein synthesis, which were assessed at multiple times p.i. by
labeling infected cells with [35S]methionine and analyzing total
protein synthesis by SDS-PAGE. A representative experiment
is shown in Fig. 1A, and the results from three independent
experiments were averaged for quantitative representation in
Fig. 1B. The synthesis of three viral proteins, nucleocapsid
(NP), matrix (M1), and NS1, is indicated. This analysis re-
vealed that viral protein synthesis was decreased approximately
twofold in P58IPK KO MEFs compared to protein synthesis
rates in the corresponding WT MEFs. In these experiments,
we did not observe the shutoff of host-cell protein synthe-
sis that is frequently observed in influenza virus-infected cells.
This is because host-cell shutoff is dependent on MOI and is
observed only at higher MOIs (16, 17). To determine if the
decreased viral translation observed in the P58IPK KO MEFs
was a consequence of a reduction in viral mRNA, we measured
the amount of steady-state viral mRNA at a similar time p.i. At
8 h p.i., the levels of viral mRNA were similar between P58IPK

KO and WT MEFs for two different viral transcripts, those of

M1 and NP (Fig. 1C). Thus, we conclude that the presence of
P58IPK results in increased viral mRNA translation.

To determine if viral protein synthesis is inhibited in the
P58IPK KO MEFs because of an increase in eIF2� phosphor-
ylation, we examined the relative level of pS51 eIF2� by West-

FIG. 1. The presence of P58IPK increases viral mRNA translation
during influenza virus infection. P58IPK KO and WT MEFs were mock
infected or infected with the WSN strain of influenza virus at an MOI
of 2 PFU/cell. (A) Cells were labeled with [35S]methionine for 30 min
at the indicated times p.i. Cells were lysed, and labeled proteins were
analyzed by SDS-10% PAGE and autoradiography. The positions of
the major viral proteins NP, M1, and NS1 are indicated. (B) Densi-
tometry analysis of three independent experiments. The density of the
M1-plus-NS1 band was normalized to the density of the entire lane,
with each bar representing the mean � standard deviation. (C) Total
RNA was isolated from the cells at 8 h p.i. and reverse transcribed to
generate cDNA. Quantitative RT-PCR was used to determine the
amount of viral M1 and NP mRNA in each sample.
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ern blot analysis (Fig. 2A). The results from two independent
experiments are quantified in Fig. 2B. At 8 h p.i., we observed
almost a fourfold increase in eIF2� phosphorylation in the
P58IPK KO MEFs relative to the level in WT MEFs. Thus, the
rate of viral mRNA translation is inversely correlated to levels
of eIF2� phosphorylation. To determine if increased eIF2�
phosphorylation in P58IPK KO MEFs is correlated to increased
PKR activity, we examined the levels of pT451 PKR by Western
blot analysis (Fig. 3). At 8 h p.i., there are drastically increased
levels of phosphorylated PKR in P58IPK KO MEFs across
multiple MOIs, indicating that the lack of P58IPK results in
increased PKR activation. Using the same lysates, we also
determined that PERK was phosphorylated in neither P58IPK

KO nor WT MEFs during influenza virus infection (data not
shown). These results suggest that influenza virus utilizes the
cellular protein P58IPK to inhibit PKR, ensuring the efficient
translation of viral mRNA.

VSV replication is decreased in the absence of P58IPK. In all
of our infections with influenza virus, we used the rates of viral
protein synthesis as the readout for P58IPK’s effect on replica-
tion. However, small changes in viral mRNA translation could
have a large impact on viral replication. Since we previously

showed that P58IPK enhances influenza virus mRNA transla-
tion, we next sought to determine how P58IPK affects viral
replication using VSV. Like influenza virus, VSV is an envel-
oped virus with a negative-sense RNA genome. Regardless of
the MOI used to initiate infection, VSV produced 100 times
more progeny virions in the presence of P58IPK than in its
absence (Fig. 4). This is in agreement with the findings of
Balachandran et al. (2), in which VSV replicated to higher
levels in PKR KO MEFs, the downstream, inhibitory target of
P58IPK.

Reovirus replication is enhanced in the absence of P58IPK.
In contrast to most other viruses, including influenza virus and
VSV, reovirus replicates more efficiently under conditions in
which eIF2� is phosphorylated (51, 52). Furthermore, infec-
tion with some reovirus isolates resulted in the decrease of
P58IPK expression (51). These results suggest that P58IPK

might inhibit reovirus replication. To test this, we compared
the single-cycle growth kinetics and final yields of three differ-
ent reovirus isolates in the WT and P58IPK KO MEFs (Fig. 5).
While the replication kinetics of all three strains of reovirus
were similar with both types of MEFs, final yields were higher
in the P58IPK KO MEFs. The increased yields in the absence of
P58IPK were most apparent during c8 and c87 infections, iso-
lates documented to decrease P58IPK expression and induce
eIF2� phosphorylation (51). Since eIF2� phosphorylation is
hypothesized to be beneficial to reovirus replication and reo-
virus yields were greater in the absence of P58IPK, these results
support the idea that P58IPK functions to decrease eIF2� phos-
phorylation during viral infections.

FIG. 2. The lack of P58IPK causes increased eIF2� phosphorylation
during influenza virus infection. (A) P58IPK KO and WT MEFs were
mock infected or infected with the WSN strain of influenza virus at an
MOI of 2 PFU/cell. Cells were lysed at the indicated times p.i., and
equivalent concentrations of protein were subjected to SDS-12.5%
PAGE. The levels of phosphorylated eIF2�, total eIF2�, and actin
were determined by immunoblot analysis. (B) Densitometry analysis of
two independent experiments. The densities of the eIF2� or eIF2�-P
bands were normalized to their corresponding actin bands. Total
eIF2� phosphorylation was determined by dividing the normalized
eIF2�-P value by the eIF2� value, with each bar representing the
mean � standard deviation.

FIG. 3. The lack of P58IPK causes increased PKR phosphorylation
during influenza virus infection. (A) P58IPK KO and WT MEFs were
mock infected or infected with the WSN strain of influenza virus at a
MOI of 1, 10, or 100 PFU/cell. Cells were lysed at 8 h p.i., and
equivalent concentrations of protein were subjected to SDS-10%
PAGE. The levels of phosphorylated PKR, total PKR, and actin were
determined by immunoblot analysis. (B) Densitometry analysis. The
density of the P-PKR band was normalized to the density of the PKR
band, which is represented graphically.
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Increased PKR-mediated eIF2� phosphorylation leads to
decreased influenza virus mRNA translation. We have dem-
onstrated that the absence of P58IPK leads to reduced influ-
enza virus mRNA translation. Since P58IPK is an inhibitor of
PKR, we expected that influenza virus protein synthesis would
increase in the absence of this eIF2� kinase, similar to in-
creased VSV replication in PKR KO MEFs (2). To test this, we
infected MEFs derived from WT and PKR�/� mice (62) with
the mouse-adapted strain of influenza virus, WSN, at an MOI
of 1 PFU/cell. We assessed viral protein synthesis in PKR KO
and WT MEFs at multiple times p.i. by metabolic labeling with
[35S]methionine, followed by separation of proteins by SDS-
PAGE. A representative experiment is shown in Fig. 6A and
quantified in Fig. 6B. By 7 h p.i., we found that the rates of viral
protein synthesis increase in the absence of the antiviral eIF2�
kinase PKR. Since the steady-state levels of viral mRNA are
similar in the WT and PKR KO MEFs (data not shown), we
conclude that the increased quantities of viral proteins ob-
served in the PKR KO MEFs are a consequence of increased
rates of influenza virus translation. To determine whether the
increased rate of viral protein synthesis in the PKR KO MEFs
correlates with lower levels of influenza virus-induced eIF2�
phosphorylation, we used the same lysates to examine the
levels of total and phosphorylated eIF2� by immunoblot anal-
ysis. As a loading control, each blot was also probed against
actin (Fig. 7A). The quantification of these results is repre-
sented in Fig. 7B. Since PKR is one of the major eIF2� kinases
and is known to be activated as a consequence of influenza
virus infection (27), we were not surprised to find decreased
levels of phosphorylated eIF2� in influenza virus-infected PKR
KO MEFs compared to those in WT MEFs. Differences in the
extent of eIF2� phosphorylation were not apparent until 7 h
p.i., most likely indicating the time needed for influenza virus
infection to activate PKR, which then phosphorylates eIF2�.
However, by 10 h p.i., levels of eIF2� phosphorylation rise in
the PKR KO MEFs, indicating that another eIF2� kinase, such
as GCN2, may be responsible for late eIF2� phosphorylation
during influenza virus infection (4).

PERK does not impact influenza virus protein synthesis. In
addition to PKR, there are at least three other cellular eIF2�
kinases, PERK, GCN2, and HRI (11). Of these, the ER-stress-
induced eIF2� kinase PERK has been implicated in the regu-
lation of viral infections. PERK activation has been demon-
strated during infection with a variety of enveloped viruses,
including HCV, herpes simplex virus, bovine viral diarrhea
virus, and Japanese encephalitis virus (8, 9, 21, 53), but there
has been no evidence that influenza virus infection activates
PERK. Since influenza virus is enveloped and the synthesis of

FIG. 4. VSV replication is more efficient in the presence of P58IPK.
P58IPK KO and WT MEFs were infected with VSV at an MOI of 10,
1, or 0.1 PFU/cell. At 24 h p.i., progeny virion production was deter-
mined by standard plaque assay on BHK-21 cells. Each result repre-
sents the mean activity for two independent experiments � standard
deviation.

FIG. 5. The absence of P58IPK results in increased reovirus repli-
cation. P58IPK KO (dotted line) and WT (solid line) MEFs were
infected with reovirus strain Dearing, c8, or c87 at a multiplicity of 2
PFU/cell. Infectious virus present at 0, 1, 3, and 5 days p.i. was mea-
sured by plaque assay on L929 cells. Each result represents the mean
activity for three independent experiments � standard deviation. P
values from a two-tailed t test assuming nonequal variance are indi-
cated (�, P � 0.05; ��, P � 0.005).
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its surface glycoproteins could increase ER lumenal content
and activate the UPR, we hypothesized that PERK, through its
ability to phosphorylate and inactivate eIF2�, might impact
influenza virus protein synthesis. Utilizing MEFs derived from
PERK�/� mice and their WT littermate controls (19), we
observed no differences in levels of influenza virus protein
synthesis or viral mRNA (data not shown) in the presence or
absence of PERK. Furthermore, we observed an overall de-
crease in eIF2� phosphorylation in MEFs lacking PERK (data
not shown). Together these data indicate that although PERK
contributes to eIF2� phosphorylation in influenza virus-in-
fected cells, it does not affect viral mRNA translation, implying
that viral mRNA translation may be independent of PERK-
mediated eIF2� phosphorylation.

Influenza virus protein synthesis and mRNA levels are de-
creased in cells that contain a constitutively active, nonphos-
phorylatable eIF2�. Using WT MEFs and cells devoid of
either P58IPK or PKR, we have shown that influenza virus
protein synthesis is inversely correlated to levels of phosphor-
ylated eIF2�. However, this correlation was not observed in
the presence or absence of PERK. To directly assess how
eIF2� phosphorylation affects rates of viral protein synthesis,
we infected WT MEFs or MEFs in which S51 of eIF2� had
been mutated by homologous recombination to nonphosphor-
ylatable A51 (eIF2�S51A MEFs) (49). This mutation results in
constitutively active eIF2� because there is no phosphorylation
of the � subunit at A51 (Fig. 8D). If eIF2� phosphorylation is
inhibitory to influenza virus protein synthesis, we predicted
that viral protein synthesis would increase in the mutant
eIF2�S51A MEFs. However, when viral protein synthesis was
assessed at various times p.i., we found that the synthesis of
viral proteins was decreased in the MEFs containing constitu-
tively active eIF2� (Fig. 8A). Quantification of the data re-
vealed that there is an approximate twofold decrease in viral
protein synthesis in the eIF2�S51A mutant MEFs relative to
translation rates in the WT MEFs (Fig. 8B). To determine
whether mRNA translation per se was decreased in the pres-
ence of constitutively active eIF2�, we assessed the level of
steady-state viral mRNA at a similar time postinfection. We
found that at 9 h p.i, the levels of viral mRNA are lower in the

FIG. 6. The lack of PKR increases viral mRNA translation during
influenza virus infection. PKR KO and WT MEFs were mock infected
or infected with the WSN strain of influenza virus at an MOI of 1
PFU/cell. (A) Cells were labeled with [35S]methionine for 30 min at the
indicated times p.i. Cells were lysed, and labeled proteins were ana-
lyzed by SDS-10% PAGE and autoradiography. The positions of the
major viral proteins NP, M1, and NS1 are indicated. (B) Densitometry
analysis for three independent experiments. The density of the NP
band was normalized to the density of the entire lane, with each bar
representing the mean � standard deviation.

FIG. 7. The presence of PKR causes increased eIF2� phosphory-
lation during influenza virus infection. (A) PKR KO and WT MEFs
were mock infected or infected with the WSN strain of influenza virus
at an MOI of 1 PFU/cell. Cells were lysed at the indicated times p.i.,
and equivalent concentrations of protein were subjected to SDS-12.5%
PAGE. The levels of phosphorylated eIF2�, total eIF2�, and actin
were determined by immunoblot analysis. (B) Densitometry analysis.
The densities of the eIF2� or eIF2�-P bands were normalized to their
corresponding actin bands. Total eIF2� phosphorylation was deter-
mined by dividing the normalized eIF2�-P value by the eIF2� value,
which is represented graphically.
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eIF2�S51A MEFs than in the WT MEFs. The difference in
viral transcript levels between the two cell types is approxi-
mately 0.4 logs, corresponding to an n-fold change of 2.5 (Fig.
8C). Thus, the difference in viral transcript levels is almost
identical to that observed for rates of viral protein synthesis
between eIF2�S51A and WT MEFs. Furthermore, when levels
of NP protein synthesis at 9 h p.i. are normalized to mRNA

levels at the same time p.i., the values are the same for both
eIF2�S51A and WT MEFs, meaning that translational effi-
ciencies are similar for the two cell types. Collectively, these
data imply that eIF2� phosphorylation may not affect levels of
influenza virus mRNA translational efficiency when there are
drastic differences in basal levels of eIF2� phosphorylation
between two different cell types.

FIG. 8. The lack of phosphorylatable eIF2� causes decreased levels of influenza virus protein synthesis and viral mRNA. eIF2�S51A and WT
MEFs were mock infected or infected with the WSN strain of influenza virus at an MOI of 1 PFU/cell. (A) Cells were labeled with [35S]methionine
for 30 min at the indicated times p.i. Cells were lysed and analyzed by SDS-10% PAGE and autoradiography. The positions of major viral proteins
NP, M1, and NS1 are indicated. (B) Densitometry analysis for three independent experiments. The density of the NP band was normalized to the
density of the entire lane, with each bar representing the mean � standard deviation. (C) Total RNA was isolated from the cells at 9 h p.i. and
reverse transcribed to generate cDNA. Quantitative RT-PCR was used to determine the amount of viral M1 and NP mRNA in each sample.
(D) Cell lysates from the experiment in panel A were analyzed by SDS-12.5% PAGE. The levels of phosphorylated eIF2� and total eIF2� were
determined by immunoblot analysis.
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DISCUSSION

In this study, we show that the cellular protein P58IPK plays
a novel role in the antiviral response to certain RNA viruses,
with an emphasis on influenza virus. First, it has been shown
that P58IPK is activated upon infection with influenza virus
(34). Second, P58IPK binds to and inhibits PKR (15, 33, 35).
Third, we now show that cells devoid of P58IPK exhibit lower
levels of viral mRNA translation. Finally, P58IPK promotes
viral mRNA translation through PKR inhibition, correlated to
decreased levels of eIF2� phosphorylation. This is the first
direct evidence of the phenotype of P58IPK KO MEFs during
viral infection, suggesting that a role of P58IPK during viral
infection is to promote virulence.

Based on the data from viral infections with a number of
different KO cell lines, we present an increasingly complex
model of translational control during influenza virus infection
(Fig. 9). During influenza virus infection, P58IPK and PKR are
activated (40). Activated PKR both phosphorylates eIF2� and
can activate a number of antiviral genes, such as IRF3 and
NF-�B (54, 60), as well as apoptosis (1, 56). Together, these
effects cause a decrease in viral mRNA translation and repli-
cation; but in the absence of PKR, there is increased viral
mRNA translation and replication and decreased eIF2� phos-
phorylation. Further, the converse is true in the absence of
P58IPK. That is, when P58IPK is absent, PKR inhibition is
lessened during viral infection, resulting in decreased viral
mRNA translation and replication and increased eIF2� phos-
phorylation. Though P58IPK is an inhibitor of PERK, the ab-
sence of PERK did not have an effect on viral mRNA trans-
lation even though there were decreased levels of eIF2�
phosphorylation in the absence of PERK. Furthermore, when
a mutation was introduced to render eIF2� nonphosphorylat-
able, we observed decreased levels of viral protein synthesis
and decreased viral mRNA levels.

With regard to the inverse correlation between eIF2� phos-
phorylation and viral mRNA translation, the results which we
observed in the PERK KO and eIF2�S51A MEFs are incon-
sistent with the results in the P58IPK KO and PKR KO MEFs;
that is, we observed an inverse relationship between viral
mRNA translation and eIF2� phosphorylation in the P58IPK

KO and PKR KO MEFs but not in the PERK KO and
eIF2�S51A MEFs. A possible explanation for this discrepancy
is that in the complete absence of eIF2� phosphorylation or
PERK, the cells may lack a competent ER to deal with the
increased stresses of additional viral protein synthesis. As de-
scribed by Lu et al. (38), basal levels of eIF2� phosphorylation
contribute to cytoprotection, which preconditions the cells to
deal with additional stresses, such as viral infection. Basal
eIF2� phosphorylation is vital to normal cell physiology be-
cause it adapts the cell for ER stress via the coordination of an
integrated stress response. Furthermore, mutations in PERK
and eIF2� impair cell survival during additional stresses (5).
EIF2� phosphorylation is also needed to activate NF-�B dur-
ing ER stress (10), which may also be vital in eliciting other
antiviral responses. It has been shown that a number of differ-
ent viral infections cause ER stress, such as VSV, herpes sim-
plex virus, reovirus, and HCV (3, 9, 51, 57). Further, it has
been proposed that the influenza hemagglutinin glycoprotein
may cause an overload of the ER when malfolded (7, 29),

possibly inducing the UPR. Although mutant cells lacking
PERK or phosphorylatable eIF2� have lower levels of eIF2B
sequestration, a condition that would normally promote in-
creased mRNA translation (48), in these mutant cells, this is
offset by the lack of cytoprotection, resulting in the lack of
efficient mRNA translation. Furthermore, since the ER stress
response is negatively perturbed in these mutant cells (20, 49),
any translational enhancement due to decreased eIF2� phos-
phorylation may be neutralized due to the lack of ER ho-
meostasis. However, in cells containing PKR or lacking P58IPK,
there is increased eIF2� phosphorylation, leading to increased
eIF2B sequestration, and there is sufficient cytoprotection and
ER homeostasis; thus, viral mRNA translation can be corre-
lated to eIF2� phosphorylation levels. In order to test this
hypothesis, a more careful dissection of cytoprotection during
virus infection, which is beyond the scope of the present study,
will need to be performed. We should also indicate that a
reason that we observed different kinetics of eIF2� phosphor-
ylation among the different mutant MEFs may be that each set
of MEFs comes from a different parental mouse strain. Fur-
thermore, while P58IPK MEFs are primary, PERK MEFs are
transformed with simian virus 40 T antigen, and PKR and
eIF2� MEFs are immortalized from continual passage.

Although the model presented above is with regard to in-
fluenza virus infection, the model still holds true for VSV
infection. Balachandran et al. (2) showed that VSV replicates
to higher levels in the absence of PKR, and we now show that
it replicates to higher levels in the presence of P58IPK, analo-
gous to the results with influenza virus mRNA translation in
the absence of PKR or presence of P58IPK. With respect to
reovirus, it has recently been shown that reovirus infection
induces and benefits from ER stress, characterized by in-

FIG. 9. Model of the role of P58IPK during influenza virus infec-
tion. In the presence of influenza virus infection, PKR and P58IPK are
activated. In the presence of P58IPK, PKR inhibition is increased,
resulting in decreased levels of eIF2� phosphorylation, antiviral genes,
and apoptosis, resulting in increased influenza virus mRNA transla-
tion. When PERK is absent or eIF2� cannot be phosphorylated, ER
homeostasis is compromised, resulting in poor viral mRNA translation
in relation to decreased eIF2� phosphorylation levels. During the viral
life cycle, changes in viral mRNA translation will amplify changes in
viral replication. See the text for further details.
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creased levels of eIF2� phosphorylation (51, 52). Further, it
has been shown that during infection with host shutoff-induc-
ing strains of reovirus, the �3 protein binds dsRNA, limiting
PKR activation in areas where viral proteins are synthesized
(50). Since P58IPK is an inhibitor of eIF2� kinases, it follows
that reovirus replicates to higher levels in the absence of
P58IPK, as we have shown in this study.

Overall, our results complement those which were observed
for virally infected plants lacking P58IPK. That is, there were
increased levels of eIF2� phosphorylation associated with de-
creased viral replication in plants lacking P58IPK. Furthermore,
the expression of nonphosphorylatable eIF2� blocked cell
death in these plants. In contrast to the case with animal cells,
cell death in plants is not an innate immune response to viral
infection, implying that P58IPK is required to limit cell death
and promote viral replication during infection (6). Therefore,
we show that not only does P58IPK aid in the progression of
viral infection in plants, but also in a mammalian system. We
have recently begun to perform influenza virus infections with
P58IPK�/� mice, and we have preliminary results showing that
in the absence of P58IPK, there is an increased antiviral re-
sponse at times early in infection, which may result in de-
creased viral replication. Furthermore, there was increased
mortality in P58IPK�/� mice, analogous to the studies with plants
lacking P58IPK (A. G. Goodman and M. G. Katze, unpublished
data). Further work with influenza-infected P58IPK�/� mice
and the cell lines described in this paper using high-throughput
functional genomics will lead to a more definitive mechanism
by which P58IPK functions as a virulence factor in a mamma-
lian system.
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