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ABSTRACT

The herpes simplex virus (HSV) virion host shutoff (vhs) RNase destabilizes cellular and viral mRNAs, suppresses host protein
synthesis, dampens antiviral responses, and stimulates translation of viral mRNAs. vhs mutants display a host range phenotype:
translation of viral true late mRNAs is severely impaired and stress granules accumulate in HeLa cells, while translation proceeds
normally in Vero cells. We found that vhs-deficient virus activates the double-stranded RNA-activated protein kinase R (PKR)
much more strongly than the wild-type virus does in HeLa cells, while PKR is not activated in Vero cells, raising the possibility
that PKR might play roles in stress granule induction and/or inhibiting translation in restrictive cells. We tested this possibility
by evaluating the effects of inactivating PKR. Eliminating PKR in HeLa cells abolished stress granule formation but had only
minor effects on viral true late protein levels. These results document an essential role for PKR in stress granule formation by a
nuclear DNA virus, indicate that induction of stress granules is the consequence rather than the cause of the translational defect,
and are consistent with our previous suggestion that vhs promotes translation of viral true late mRNAs by preventing mRNA
overload rather than by suppressing eIF2� phosphorylation.

IMPORTANCE

The herpes simplex virus vhs RNase plays multiple roles during infection, including suppressing PKR activation, inhibiting the
formation of stress granules, and promoting translation of viral late mRNAs. A key question is the extent to which these activi-
ties are mechanistically connected. Our results demonstrate that PKR is essential for stress granule formation in the absence of
vhs, but at best, it plays a secondary role in suppressing translation of viral mRNAs. Thus, the ability of vhs to promote transla-
tion of viral mRNAs can be largely uncoupled from PKR suppression, demonstrating that this viral RNase modulates at least two
distinct aspects of RNA metabolism.

Viruses deploy diverse strategies to shut off host protein syn-
thesis in order to gain access to the cellular translational ma-

chinery and blunt host antiviral responses. Alpha- and gamma-
herpesviruses, influenza A virus, poxviruses, and the severe acute
respiratory syndrome (SARS) coronavirus do so in part by pro-
ducing proteins that globally destabilize host mRNAs (reviewed in
references 1 and 2). Among the best characterized of these viral
mRNA destabilizers is the virion host shutoff (vhs) protein (en-
coded by the UL41 gene) of herpes simplex virus (HSV) and other
alphaherpesviruses (3, 4) (reviewed in reference 5). vhs is a Fen-1
family endoribonuclease that is packaged into the virion tegument
and delivered into the cytoplasm following fusion of the viral en-
velope with the host plasma membrane. Although purified vhs
degrades essentially any RNA in vitro (6–9), only mRNAs are tar-
geted in vivo (10–12). This selectivity appears to arise through the
ability of vhs to bind components of the host mRNA cap-binding
complex eIF4F (13), namely, the RNA helicase eIF4AII and the
helicase cofactors eIF4H and eIF4B (14–17). Consistent with this
hypothesis, vhs-induced mRNA decay initiates at or near regions
of translation initiation both in mammalian cell extracts and in
infected cells (18–21), and mutations that affect the initiation
codon of the target mRNA alter the cleavage pattern (21).

vhs plays important and diverse roles during infection. It is
presumed to facilitate access of viral mRNAs to the translational
apparatus by lowering the levels of most host mRNAs (2). In ad-
dition, it reduces the half-lives of viral mRNAs, thereby sharpen-
ing the transitions between the successive phases of viral protein

synthesis (10, 11). vhs also dampens certain host antiviral re-
sponses, including induction and activity of the type I interferon
(IFN) system (22–24), production of other proinflammatory cy-
tokines and chemokines (25), and activation of dendritic cells
(26). The effects of vhs on the IFN system in particular contribute
to the severe attenuation of vhs mutants in mouse models of HSV
infection (22, 27–29).

vhs also directly or indirectly enhances translation of viral
mRNAs, likely through at least two distinct mechanisms. First,
Sciortino et al. have provided evidence that vhs inhibits activation
of the double-stranded RNA (dsRNA)-activated protein kinase
PKR (protein kinase R) (31), consistent with an earlier suggestion
by Pasieka et al. (28), who observed enhanced levels of phosphor-
ylated eIF2� during infection with a vhs mutant. PKR is one of
four host stress-activated kinases that are capable of phosphorylat-
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ing the translation initiation factor eIF2� on serine residue 51, lead-
ing to inhibition of translation of most cellular and viral mRNAs
(reviewed in reference 32). Other members of the eIF2� kinase
family are PKR-like endoplasmic reticulum kinase (PERK), gen-
eral control nonrepressed 2 (GCN2), and heme-regulated inhibi-
tor (HRI), which mediate responses to endoplasmic reticulum
(ER) stress, amino acid deprivation, and oxidative stress, respec-
tively (reviewed in references 33 and 34). Like many viruses, HSV
deploys multiple mechanisms to reduce eIF2� phosphorylation:
the viral ICP34.5 protein binds protein phosphatase 1�, redirect-
ing it to dephosphorylate eIF2� (35), the US11 protein binds
dsRNA and PKR and blocks PKR activation (36, 37), and glyco-
protein B prevents activation of PERK (38). Pasieka et al. (24)
proposed that vhs suppresses PKR activation by limiting the pro-
duction of complementary viral RNA species capable of annealing
to form dsRNA, potentially providing an additional mechanism
for viral inhibition of PKR activation and eIF2� phosphorylation.

We recently showed that vhs also activates translation of viral
mRNAs in an apparently eIF2� phosphorylation-independent
fashion in certain cell types (39, 40). In HeLa cells, translation of
viral true late mRNAs such as gC, US11, and UL47 is severely
impaired independent of eIF2� phosphorylation, while transla-
tion of earlier viral mRNAs and cellular mRNAs proceeds nor-
mally; in contrast, no translational blockade occurs in Vero cells
(39). The translation blockade in HeLa cells is accompanied by the
accumulation of stress granules (SGs), aggregates of stalled trans-
lation initiation complexes that accumulate when translation ini-
tiation is impaired (reviewed in reference 34). The impaired trans-
lation of true late mRNAs appears to stem from the timing of
mRNA accumulation rather than any feature of late mRNA struc-
ture, as US11 mRNA is efficiently translated at late times when it is
engineered to accumulate early during infection (40). On the basis
of these results, we proposed that the translational block arises as
a consequence of “mRNA overload,” whereby excessive amounts
of viral late mRNAs titrate one or more limiting translation initi-
ation factors that are stably sequestered by the actively translated
mRNAs produced earlier (40). According to this hypothesis, vhs
prevents mRNA overload by reducing the levels of cellular and
early viral mRNAs, allowing efficient translation of mRNAs pro-
duced after the onset of viral DNA replication. This hypothesis
implies that one or more translation initiation factors are limiting
in HeLa cells compared to Vero cells. Consistent with this sugges-
tion, viral protein synthesis is much more sensitive to eIF4A inhi-
bition by hippuristanol in HeLa cells than in Vero cells (39).

SGs form when translation initiation is stalled through any of
several distinct mechanisms, including eIF2� phosphorylation
(41), inhibiting eIF4A or eI4FG (42), or depleting eIF4B, eIF4H,
or poly(A) binding protein (43). SGs consist of aggregates of the
translationally stalled mRNAs and associated 40S ribosomal sub-
units, translation initiation factors, and a variety of RNA binding
proteins including TIA-1 and G3BP1, which play key roles in SG
assembly (reviewed in reference 34). They are considered to be
storage depots where translationally arrested mRNAs are sorted
for reentry into polysomes if stress conditions are alleviated or
directed to processing (P) bodies for degradation.

Many viruses activate stress kinases including PKR, potentially
triggering SG formation. Some viruses hijack SG components for
their own benefit, while others encode proteins that block SG
assembly (reviewed in references 44, 45, 46, and 47). For example,
West Nile virus minus-strand RNA binds TIA-1 and TIAR to pro-

mote virus replication (48). In contrast, the poliovirus 3C protease
cleaves G3BP1, causing the SGs that form early during infection to
disperse (49). Similarly, influenza A virus genes encode multiple
proteins that inhibit SG formation (50, 51). These and other ob-
servations have led to the suggestion that SGs have antiviral activ-
ity (49). For example, they might reinforce translational arrest by
sequestering viral mRNAs (50). In addition, emerging evidence
suggests that SGs serve as signaling platforms for RIG-I-depen-
dent signaling and other aspects of innate immunity (52–55; re-
viewed in reference 44).

HSV vhs mutants induce robust SG accumulation during in-
fection of many cell lines (39, 56, 57), and herpes simplex virus 2
(HSV-2) vhs is able to block SG formation in response to sodium
arsenite (which activates HRI) without reducing eIF2� phosphor-
ylation in transient-transfection experiments (57). These data in-
dicate that vhs is able to suppress SG formation downstream of
stress kinase activation. The ability of vhs to suppress PKR activa-
tion and inhibit SG formation raises interesting questions about
the roles of PKR and SGs in mediating the translational defect
exhibited by vhs mutants during infection of restrictive HeLa cells.
We examined these questions by studying the effect of knocking
out PKR on the vhs-null phenotype. We report here that PKR is
essential for SG induction during vhs-null virus infection but
plays only a secondary role in attenuating viral true late gene ex-
pression.

MATERIALS AND METHODS
Cells and viruses. 293T cells, HeLa cells, genetically modified HeLa cells,
and BSC40 cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 100 U/ml penicillin, and 100 �g/ml streptomycin. Vero cells were
grown in the same medium containing 5% FBS. The wild-type HSV-1
strain used in this study was KOS. The KOS-derived vhs mutant �Sma
(58) was obtained from G. S. Read (University of Missouri—Kansas City).
HSV-1 was propagated, and the titers of the virus were determined on
Vero cells. Wild-type vaccinia virus strain Copenhagen was provided by
G. McFadden (University of Florida, Gainesville), and the E3L-null deriv-
ative �E3L (59) was obtained from B. Jacobs (Arizona State University).
Vaccinia virus was propagated, and the titers of the virus were determined
on BSC40 cells.

Plasmids. pLKO.1-shPKR1379, a lentivirus short hairpin RNA
(shRNA) vector from the Sigma-Aldrich human shRNA library that tar-
gets human PKR mRNA (sh insert, CCGGTCCTGGCTCATCTCTTTAT
TCCTCGAGGAATAAAGAGATGAGCCAGGATTTTT) was obtained
from the RNA interference (RNAi) core facility of the Li Ka Shing Institute
of Virology, University of Alberta. pMD2.G, which expresses vesicular
stomatitis virus (VSV) G protein, and psPAX2, a lentivirus packaging
plasmid, were obtained from Addgene (plasmids 12259 and 12260, re-
spectively). pEQ1509 and pEQ1510 (60), doxycycline-inducible clustered
regularly interspaced short palindromic repeat (CRISPR)-Cas9 gene-ed-
iting plasmids that target the first coding exon of the human PKR gene,
were generous gifts from Adam Geballe and Stephanie Child, Fred
Hutchinson Cancer Research Center, Seattle, WA. Both plasmids were
derived from pEQ1508 (60). The PKR-targeting sequences in the guide
RNAs are GTCTCTTCCATTGTAGGATA (pEQ1509) and GTTCAGGA
CCTCCACATGAT (pEQ1510).

Construction of PKR knockdown and knockout HeLa cell deriva-
tives. A polyclonal PKR knockdown HeLa cell population was generated
by transducing HeLa cells with the lentivirus derived from pLKO.1-
shPKR1379. Briefly, 293T cells were cotransfected with psPAX2,
pMD2.G, and pLKO.1-shPKR1379. The lentivirus-containing superna-
tant was then used to infect 60-mm dishes of HeLa cells. Transduced cells
were initially selected with 2.5 �g/ml puromycin (Sigma) and maintained
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in 1.5 �g/ml puromycin until the population was established. PKR knock-
out clones were derived by CRISPR-Cas9-mediated gene editing (61) us-
ing pEQ1509 and pEQ1510. HeLa cells were transfected with the two
targeting plasmids and pEGFP (included to monitor transfection effi-
ciency and allow sorting of the transfected cells via flow cytometry). The
day following transfection, the cells were treated with 1 �g/ml doxycycline
(Fluka) for 24 h. The GFP-expressing cells were then isolated using a BD
FACSAria III fluorescence activated cell sorter (BD Biosciences) and
plated to allow recovery for approximately 1 week. The cells were then
diluted and seeded into 96-well plates at 0.5 to 1 cell/well. Candidate PKR
knockout clones were identified by screening for loss of PKR by Western
blotting. The genotype of the PKR KO1 clone was assessed by PCR am-
plification of the region surrounding the targeted sites using Platinum Pfx
DNA polymerase (Invitrogen) and primers 5=-CTGCATTTATGTGAGA
CTGA and 5=-TTCTTGCGATAGTTTGCTG.

Induction of stress granules. Wild-type and modified HeLa cells were
scored for their capacity to form stress granules following exposure to 0.5
mM sodium arsenite (Sigma) for 45 min or 6 h after transfection with
poly(I·C) (4 �g/six-well plate) (Sigma catalog no. P1530, lot no.
114M4028V) using Lipofectamine 2000 (Thermo Fisher Scientific).

Single-cycle virus growth assay. Wild-type and modified HeLa cells
in 12-well plates were infected at a multiplicity of infection (MOI) of 10
PFU/cell with the indicated vaccinia virus or HSV-1 isolate. Virus absorp-
tion was carried out for 1 h in 0.25 ml of serum-free DMEM. For experi-
ments with vaccinia virus, the inoculum was removed, the monolayers
were rinsed twice with phosphate-buffered saline (PBS), and DMEM con-
taining 10% FBS was added. Infected cultures were harvested at 24 h
postinfection by scraping the infected cells into the medium. Virus yields
were determined by plaque titration on BSC40 cells. For experiments with
HSV-1, infections, washes, and sample preparation were performed by
the methods of Duguay et al. (62) with harvesting occurring at the times
indicated in Fig. 6, followed by titration on Vero cells.

Western blot analysis. Cell extracts were prepared and analyzed as
previously described (40) using primary antibodies specific for the HSV-1
proteins gC (mouse; catalog no. P1104; Virusys Corporation), gB (mouse;
catalog no. P1123; Virusys Corporation), ICP4 (mouse; catalog no.
P1101; Virusys Corporation), ICP27 (mouse; catalog no. P1113; Virusys
Corporation), ICP34.5 (rabbit; gift from Ian Mohr), US11 (mouse; gift
from Ian Mohr), UL47 (rabbit; gift from Gillian Elliott), thymidine kinase
(TK) (rabbit; gift from William C. Summers), and VP16 (mouse; LP1; gift
from Tony Minson) and the cellular proteins �-actin (mouse; catalog no.
A5441; Sigma), phospho-PKR (threonine 446; rabbit; ab13447; Abcam),
PKR (mouse; sc-6282; Santa Cruz), phospho-eIF2� (serine 51; rabbit;
catalog no. 9721; Cell Signaling), eIF2� (rabbit; catalog no. 9722; Cell
Signaling). Primary antibodies were detected using suitable secondary
antibodies coupled to Alexa Fluor 680 (Invitrogen) or IRDye800 (Rock-
land) using the Odyssey infrared imaging system (LI-COR).

Immunofluorescence. Cells growing on glass coverslips were fixed
with 4% paraformaldehyde for 15 min at room temperature and then
permeabilized with ice-cold methanol for 20 min. Coverslips were
blocked in 5% bovine serum albumin (BSA) in PBS for 1 h before anti-
body staining. Goat polyclonal antiserum against human TIA-1 (Santa
Cruz Biotechnology, Santa Cruz, CA) was used at a dilution of 1:100, and
the Alexa Fluor 488-labeled chicken anti-goat secondary antiserum (In-
vitrogen) was used at a dilution of 1:400. All antibodies were diluted in
blocking buffer. After washing, coverslips were mounted using
Vectashield (Vector Laboratories Inc.) supplemented with 1 �g/ml 4=,6=-
diamidino-2-phenylindole (DAPI). Digital images were acquired sequen-
tially using a spinning disk confocal microscope (Wave FX; Quorum
Technologies, Guelph, Ontario, Canada) integrated on an Olympus IX-81
inverted microscope base (Olympus, Richmond Hill, Ontario, Canada)
using a 40�/1.3-numerical-aperture objective lens. Images were captured
on an EM-CCD (ImageEM X2; Hamamatsu Photonics, Hamamatsu City,
Japan) through standard fluorescence filter sets (Semrock, Inc., Roches-

ter, NY). Composites of representative images were prepared using Adobe
Photoshop software.

RESULTS
vhs-deficient HSV-1 activates PKR in HeLa cells without induc-
ing enhanced levels of eIF2� phosphorylation. We sought to
evaluate the role of PKR in determining the phenotype of HSV-1
vhs mutants in primate cells. As a first step, we compared the
ability of wild-type HSV-1 strain KOS and the vhs-deficient �Sma
derivative to activate PKR in HeLa cells, where translation of viral
true late mRNAs is severely impaired and SGs accumulate in the
absence of vhs function, and in Vero cells, where viral translation
proceeds normally and SGs do not form (39). For controls, these
cells were also infected with wild-type vaccinia virus (VV) strain
Copenhagen and a VV derivative lacking the PKR antagonist E3L
(63) (�E3L [59]). In HeLa cells, HSV-1 KOS and �Sma both
induced phosphorylation of PKR on residue T446, a hallmark of
PKR activation (Fig. 1A). Consistent with previous work (31),
�Sma induced substantially higher levels of PKR phosphorylation
than KOS did. In contrast, neither virus detectably activated PKR
in Vero cells. As expected, VV �E3L provoked more robust PKR
activation than wild-type VV in HeLa cells. Surprisingly, both VV
isolates displayed similar activity in Vero cells. While it remains
unclear why �E3L strain does not exhibit enhanced activity rela-
tive to wild-type VV in Vero cells, these results demonstrate that
PKR is susceptible to activation by virus infection in this cell line.
We therefore suspect that the failure of HSV-1 to activate PKR in
Vero cells reflects the activity of one or more HSV-1-encoded PKR
inhibitors such as US11 (36, 37).

FIG 1 HSV-1 activates PKR in HeLa cells but not in Vero cells. (A) HeLa and
Vero cells were infected with 10 PFU/cell of wild-type HSV-1 KOS (KOS), the
vhs mutant HSV-1 KOS �Sma (�Sma), wild-type vaccinia virus (VV), or E3L
mutant vaccinia virus (�E3L). Cell extracts prepared 12 h postinfection were
then analyzed by Western blotting using antibodies directed against phos-
phorylated PKR (P-PKR), total PKR, phosphorylated eIF2� (P-eIF2�), total
eIF2�, �-actin, and HSV-1 ICP27. (B) HeLa cells were infected with KOS or
�Sma in the presence (�) or absence (�) of 300 �g/ml phosphonoacetic acid
(PAA), and cell extracts prepared 12 h postinfection were analyzed for phos-
phorylated PKR by Western blotting. Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) served as the loading control.
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Although �Sma strongly activated PKR in HeLa cells, the levels
of phosphorylated eIF2� were not obviously increased compared
to cells infected with wild-type KOS (Fig. 1A) (39, 40). In contrast,
E3L-null VV provoked a large increase. Perhaps the failure of
�Sma to induce increased levels of eIF2� phosphorylation despite
more robust PKR activation stems from the ability of the viral
ICP34.5 protein to reverse eIF2� phosphorylation (35) (see Dis-
cussion).

SGs fail to form during vhs-null virus infection of HeLa cells
when viral DNA replication is blocked by phosphonoacetic acid
(PAA) (39). PAA similarly prevented PKR activation by KOS and
�Sma (Fig. 1B). One interpretation of this result is that comple-
mentary viral transcripts capable of forming double-stranded
RNA accumulate to levels sufficient to activate PKR after the onset
of viral DNA replication, as suggested by Pasieka et al. (24).

Overall, the results outlined in this section indicate that HSV-1
infection activates PKR in a viral DNA replication-dependent
fashion in restrictive HeLa cells, but not in permissive Vero cells,
and that vhs-deficient HSV-1 induces higher levels of PKR activa-
tion than wild-type virus does. These findings raised the possibil-
ity that PKR plays important roles in SG formation and/or inhib-
iting translation of viral true late mRNAs during infection of HeLa
cells with vhs mutant HSV-1. We tested this possibility by deter-
mining the effects of knocking down and knocking out PKR on SG
formation and the expression of selected viral true late proteins.

Construction and characterization of PKR knockdown and
knockout HeLa cell derivatives. We transduced HeLa cells with a
lentivirus vector expressing an shRNA targeting PKR mRNA to
generate a polyclonal knockdown cell population (PKR KD) in
which PKR levels were reduced by ca. 80% relative to control HeLa
cells (Fig. 2A and additional data not shown). In addition, we used
CRISPR-Cas9-mediated gene editing to generate PKR mutant
HeLa cell clones. Here, we cotransfected cells with two Cas9 plas-
mids expressing guide RNAs that target two sites in the first coding
exon of the PKR gene. One of these sites spans the 5= splice accep-
tor sequence, and the other site is located in the 3= portion of the
exon (Fig. 2B; Materials and Methods). Candidate clones were
screened for PKR expression by Western blotting, and two inde-
pendent PKR-deficient clones (PKR KO1 and PKR KO2) were
identified (Fig. 2A and additional data not shown). We confirmed
by PCR that the PKR KO1 clone lacks an intact PKR gene; instead,
two mutant alleles were detected. One of these alleles lacks all of
the sequences between the two targeted sites, while the other allele
bears two separate deletions, one at each of the two targeted sites.
Both alleles lack the 5= splice acceptor site (summarized in Fig.
2B). We have not yet analyzed the genotype of the KO2 cell line.

We tested for functional inactivation of PKR by scoring the KD
and KO cells for their ability to support replication of E3L-null
vaccinia virus, which is severely restricted by PKR in human cells.
As reported previously (64), replication of �E3L VV was reduced
ca. 100-fold relative to wild-type VV in unmodified HeLa cells
(Fig. 2C); in contrast, it replicated to essentially wild-type levels in
the KD and KO derivatives.

PKR mediates eIF2� phosphorylation and SG formation in
response to dsRNA, while other eIF2� kinases mediate the re-
sponse to other stresses (reviewed in reference 34). We therefore
asked whether the HeLa PKR KD and KO derivatives are compe-
tent to form SGs in response to transfected poly(I·C), a dsRNA
mimic, and sodium arsenite, which activates the HRI stress kinase
(Fig. 3). Untreated cells showed diffuse nuclear and cytoplasmic

staining of TIA-1, a SG marker. In wild-type HeLa cells, poly(I·C)
triggered the formation of prominent cytoplasmic foci of TIA-1
characteristic of SGs in ca. 70% of the cells. In contrast, no SGs
were observed in poly(I·C)-transfected PKR KO1 and KO2 cells.
The KD cell population displayed an intermediate phenotype,
with ca. 9% of the cells showing large SG-like aggregates. Notably,
the cells displaying these aggregates also displayed diffuse TIA-1
staining. In contrast, all of the cell lines showed abundant SGs in
response to sodium arsenite. These results provide additional ev-
idence that PKR function is severely impaired in the KD cell pop-
ulation and eliminated in the KO clones.

PKR is required for stress granule formation during infec-
tion in the absence of functional vhs. We evaluated the role of
PKR in SG formation following infection with �Sma virus. Wild-
type, PKR KD, PKR KO1 and PKR KO2 HeLa cells were infected

FIG 2 Characterization of PKR knockdown and knockout HeLa cells. (A)
Extracts of wild-type HeLa cells and HeLa PKR knockdown (PKR KD), knock-
out 1 (KO1) and knockout 2 (KO2) cells were analyzed by Western blotting for
PKR. �-Actin served as the loading control. (B) Diagram of the PKR mutations
present in the PKR KO1 cell line. For the wild type (WT), the locations of the
sequences targeted by the pEQ1509 and pEQ1510 Cas9 plasmids are indicated
relative to the first coding exon of the human PKR gene. The position of the
translational initiation codon is shown. For allele 1 and allele 2, the locations
and sizes (in nucleotides [nt]) of the deletions present in the two mutant PKR
alleles detected in the PKR KO1 cell line are shown. (C) The PKR KD and KO
cells complement E3L mutant vaccinia virus. The indicated cell lines were
infected with 10 PFU/cell of wild-type or E3L-null vaccinia virus (VV and
�E3L), and viral yields were determined 24 h postinfection by plaque assay.
The means plus standard deviations (error bars) for data obtained in three
independent experiments are displayed.
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with wild-type KOS and �Sma and examined 12 h postinfection
for the presence of SGs by staining for TIA-1 (Fig. 4). We consis-
tently observed a reduction in the intensity of the TIA-1 signal
after infection. As reported previously (39), �Sma induced forma-
tion of prominent cytoplasmic SGs in a subset of infected HeLa
cells (76% in this experiment). In contrast, KOS failed to trigger
SG formation, but instead it induced nuclear TIA-1 foci, as previ-
ously reported for wild-type HSV-2 (65). These nuclear foci do
not contain the SG markers G3BP1 or G3BP2 (data not shown),
and hence do not represent SGs. SGs were markedly reduced in
the KD cell population (12% of the cells scored positive) and ab-
sent in the KO1 and KO2 cell lines. Similar results were obtained
using eIF4A as a SG marker (data not shown). These data establish
that PKR is essential for SG formation during vhs-null virus infec-
tion.

Inactivating PKR does not fully rescue viral true late protein
expression or viral replication in the absence of vhs. We next
asked whether inactivating PKR alleviates the defect in the accu-
mulation of viral true late proteins in the absence of vhs. Cells were
infected with 10 PFU/cell of KOS or �Sma and harvested 12 h
postinfection, and extracts were analyzed by Western blotting us-
ing antibodies directed against selected viral proteins (Fig. 5). As
previously reported (39, 40), �Sma displayed severely reduced
levels of the true late proteins gC, US11, and UL47 compared to
KOS in HeLa cells: the results obtained from three independent

experiments were quantified and are presented in Table 1. Leaky
late proteins such as VP16 and gB exhibited a less pronounced
reduction, and no effect was observed for TK (early) or ICP27
(immediate early). Knocking down or knocking out PKR detect-
ably enhanced the expression of gC, US11, and UL47, but the
levels remained well below those found in KOS-infected cells (Ta-
ble 1). Thus, inactivating PKR does not fully restore translation of
true late mRNAs during vhs-null virus infection of HeLa cells; the
levels of gC and UL47 in particular remained severely compro-
mised. These results suggest that PKR (and likely eIF2� phosphor-
ylation) are not the primary drivers of the block to translation of
viral true late mRNAs in the absence of vhs. This conclusion is in
accord with the finding that eIF2� is phosphorylated to similar
extents in the presence and absence of vhs in HeLa cells and the
PKR KD and KO derivatives (Fig. 1A and 5) (39, 40).

We also evaluated the effect of knocking out PKR on the rep-
lication of �Sma in a one-step growth experiment (Fig. 6). Cells
were infected with 10 PFU/cell of KOS and �Sma, and viral yields
were determined by plaque assay on Vero cells. As previously re-
ported (39), yields of �Sma were 50- to 100-fold lower than those
of KOS in HeLa cells. A similar reduction was observed in the PKR
KD and KO cells (Fig. 6). Thus, inactivating PKR had little or no
effect on the growth defect of �Sma in HeLa cells.

DISCUSSION

We have drawn three major conclusions based on the results re-
ported in this study. First, we confirm a previous report that

FIG 3 The PKR KD and KO cell lines fail to form SGs in response to poly(I·C).
The indicated cells were left untreated, transfected with poly(I·C) for 6 h, or
exposed to 0.5 mM sodium arsenite for 45 min. The cells were then scored for
stress granules by immunofluorescence using an antibody directed to TIA-1.
The results shown are representative of those obtained in four independent
experiments.

FIG 4 The PKR KO cell lines fail to form SGs following infection with vhs
mutant HSV-1. The indicated cell lines were infected with 10 PFU/cell of
HSV-1 KOS or �Sma and then scored at 12 h postinfection for stress granules
by immunofluorescence using an antibody directed to TIA-1. The results
shown are representative of two independent experiments.
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HSV-1 vhs mutants induce higher levels of PKR activation than
wild-type virus does (31). Second, we show that PKR is essential
for SG formation during HSV-1 infection in the absence of vhs.
Third, notwithstanding these two findings, PKR activation and
SGs are not primary drivers of the translational defect exhibited by
viral true late mRNAs in HeLa cells in the absence of vhs function.

Our finding that �Sma induces substantially higher levels of
PKR activation than wild-type KOS agrees with the results of Scio-
rtino et al. (31). This finding suggests that vhs directly or indirectly
inhibits PKR activation or limits the production of dsRNA or
another activator of PKR during infection. Pasieka et al. (24) sug-
gested that vhs inhibits PKR activation by reducing the levels of
complementary viral RNAs capable of annealing to form dsRNA

at late times postinfection. This hypothesis is consistent with the
ability of vhs to block PKR activation in response to certain mam-
malian cDNA expression plasmids in transient-transfection ex-
periments (31; our unpublished data) and our finding that PKR
activation requires viral DNA replication (and hence presumably
viral late RNA accumulation; Fig. 1B). It will be important to
determine the origin and identity of the PKR inducer that accu-
mulates after the onset of viral DNA replication. Alternatively, it is
possible that vhs acts indirectly, for example by stimulating the
synthesis of a viral PKR inhibitor such as US11. Consistent with
this hypothesis, US11 protein levels are greatly reduced in HeLa
cells in the absence of vhs (39, 40). Further studies are required to
test these and other possibilities, which are not mutually exclusive.

We found that the strong PKR activation that occurs in the
absence of vhs does not lead to increased eIF2� phosphorylation
relative to wild-type virus in HeLa cells (Fig. 1 and 5) (39, 40). This
finding contrasts with previous results from the Leib and Morri-
son groups, who demonstrated enhanced levels of phosphorylated
eIF2� in mouse embryo fibroblasts infected with HSV-1 and
HSV-2 vhs mutants (24, 30). Similarly, we have previously ob-
served enhanced eIF2� phosphorylation in human fibroblasts and
U2OS cells infected with �Sma virus (39). These different out-
comes may stem at least in part from cell type-specific variation in
the effects of vhs mutations on the expression of ICP34.5, which
reverses eIF2� phosphorylation (35): Wylie et al. (30) showed that
HSV-2 vhs mutants display reduced levels of ICP34.5 in mouse
fibroblasts, whereas we observed no such reduction in HeLa cells
(Fig. 5).

FIG 5 Effects of knocking down and knocking out PKR on viral protein
accumulation. The indicated cell lines were infected with 10 PFU/cell of HSV-1
KOS or �Sma, and cell extracts prepared 12 h postinfection were analyzed by
Western blotting for the levels of HSV-1 gC, US11, UL47, gB, VP16, TK, ICP4,
ICP27, ICP34.5, cellular �-actin, and phosphorylated PKR.

TABLE 1 Expression of the true late proteins during infection with
HSV-1a

Protein

Protein expression in the following cells:

HeLa KD KO1 KO2

gC 0.02, 0.03, 0.01 0.12, 0.12, 0.05 0.18, 0.13, 0.09 0.13, 0.10, 0.04
US11 0.13, 0.17, 0.05 0.58, 0.43, 0.14 0.59, 0.56, 0.26 0.42, 0.41, 0.15
UL47 0.03, 0.10, 0.07 0.15, 0.12, 0.13 0.11, 0.11, 0.16 0.18, 0.12, 0.09
a The levels of gC, US11, and UL47 protein observed during infection with HSV-1
�Sma are expressed relative to those in cells infected with wild-type HSV-1 KOS. The
results of three independent experiments are presented. The Western blot data obtained
in experiment 3 are displayed in Fig. 5.

FIG 6 Inactivating PKR does not appreciably promote the growth of �Sma in
HeLa cells. (A to D) HeLa (A), PKR KD (B), PKR KO1 (C), and PKR KO2 (D)
cells were infected with 10 PFU/cell of HSV-1 KOS or �Sma, and viral yields
were determined at the indicated times postinfection (hours postinfection
[h.p.i]) by plaque assay on Vero cells. Comparable results were obtained in an
independent replicate of this experiment.
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PKR is essential for SG formation during infection with certain
RNA viruses (51, 66–68) and for accumulation of SG-like struc-
tures in vaccinia virus-infected cells (69). Our data establish that
PKR is also required for SG formation during infection with vhs-
deficient HSV-1, a nuclear DNA virus. HSV-1 fails to detectably
activate PKR in Vero cells (Fig. 1), likely explaining why HSV-1
fails to induce SGs in this cell line (39). SG formation in response
to stress kinase activation is thought to stem solely from eIF2�
phosphorylation and the consequent block to translation initia-
tion (70). However, this view is difficult to reconcile with our
findings, suggesting that the situation is more complex, at least in
cells infected with an HSV-1 vhs mutant. SGs can also arise in an
eIF2�-independent fashion when translation initiation is blocked
by inhibiting eIF4A or eIF4G (42) or reducing the levels of eIF4B,
eIF4H, or poly(A) binding protein (43). We have previously sug-
gested that excessive amounts of viral and cellular mRNA accu-
mulate during vhs mutant infection, titrating one or more limit-
ing translation initiation factors and leading to impaired
translational initiation on viral true late mRNAs through mRNA
overload (40). It is possible that mRNA overload renders SG for-
mation exquisitely sensitive to small or highly localized changes in
the levels of phosphorylated eIF2�. Alternatively, one or more
PKR substrates other than eIF2� may drive SG formation in re-
sponse to mRNA overload. Further studies are required to distin-
guish between these possibilities.

The ability of vhs to limit PKR activation likely contributes to
suppression of SG formation during infection with wild-type
HSV-1. However, vhs is also able to block SG assembly in response
to sodium arsenite, which activates the HRI stress kinase (57, 65).
In this case, vhs acts downstream of eIF2� phosphorylation (65).
Perhaps vhs can also attenuate SG formation by globally lowering
mRNA levels; consistent with this possibility, the influenza virus A
host shutoff RNase PA-X also strongly inhibits SG formation (50).
Alternatively, vhs may perturb SG formation or stability through
its interactions with components of the eIF4F complex (13-15, 17)
and/or other SG components.

Our data establish that PKR is not the primary driver of the
barrier to translation of viral true late mRNAs during infection in
the absence of vhs. This finding is consistent with our previous
proposal that the translational blockade stems from mRNA over-
load (39, 40). We currently seek to further test the mRNA overload
hypothesis and identify the limiting translation factor(s). Inacti-
vating PKR did however have a modest stimulatory effect on viral
true late protein levels. Perhaps PKR-dependent sequestration of
viral true late mRNAs into SGs in a subset of infected cells plays a
secondary role in reinforcing the barrier to viral protein synthesis
triggered by mRNA overload. Consistent with this view, our pre-
vious data demonstrate that the translational blockade arises be-
fore SGs are evident in the majority of infected cells (39).

As reviewed in the introduction, SGs have been proposed to
serve one or more antiviral functions. Our data demonstrate that
they play at best a secondary role in attenuating HSV-1 gene ex-
pression or virus replication in the absence of vhs; consistent with
this observation, Wylie et al. (30) found that eliminating SG for-
mation did not restore wild-type levels of virus replication to vhs
mutants. These observations raise the question of what, if any,
antiviral effects SGs have against HSV. An intriguing emerging
hypothesis is that SGs serve as platforms for RIG-1-dependent
signaling (44, 53), PKR activation (54, 71, 72), and other aspects of
innate immunity (55), in addition to their roles as sorting depots

for translationally stalled mRNAs. It will therefore be of great in-
terest to determine whether SG suppression contributes to the
ability of vhs to dampen the type IFN system (22–24), reduce
proinflammatory cytokine production (25), and suppress NF-	B
activation (73).
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