JOURNAL OF VIROLOGY, Jan. 2008, p. 840-848
0022-538X/08/$08.00+0 doi:10.1128/JV1.01891-07

Vol. 82, No. 2

Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Loss of Protein Kinase PKR Expression in Human HeLa Cells Complements
the Vaccinia Virus E3L Deletion Mutant Phenotype by Restoration of
Viral Protein Synthesis’

Ping Zhang,' Bertram L. Jacobs,? and Charles E. Samuel'~*

Department of Molecular, Cellular and Developmental Biology, University of California, Santa Barbara, California 93106";
School of Life Sciences, Center for Infectious Disease and Vaccinology, The Biodesign Institute, Arizona State University,

Tempe, Arizona 85287% and Biomolecular Sciences and Engineering Program, University of California,
Santa Barbara, California 93106

Received 29 August 2007/Accepted 18 October 2007

The E3L proteins encoded by vaccinia virus bind double-stranded RNA and mediate interferon resistance,
promote virus growth, and impair virus-mediated apoptosis. Among the cellular proteins implicated as targets of
E3L is the protein kinase regulated by RNA (PKR). To test in human cells the role of PKR in conferring the E3L
mutant phenotype, HeLa cells stably deficient in PKR generated by an RNA interference-silencing strategy were
compared to parental and control knockdown cells following infection with either an E3L deletion mutant (AE3L)
or wild-type (WT) virus. The growth yields of WT virus were comparable in PKR-sufficient and -deficient cells. By
contrast, the single-cycle yield of AE3L virus was increased by nearly 2 log,, in PKR-deficient cells over the impaired
growth in PKR-sufficient cells. Furthermore, virus-induced apoptosis characteristic of the AE3L mutant in
PKR-sufficient cells was effectively abolished in PKR-deficient HeLa cells. The viral protein synthesis pattern
was altered in AE3L-infected PKR-sufficient cells, characterized by an inhibition of late viral protein expres-
sion, whereas in PKR-deficient cells, late protein accumulation was restored. Phosphorylation of both PKR and
the « subunit of protein synthesis initiation factor 2 (eIF-2a) was elevated severalfold in AE3L-infected
PKR-sufficient, but not PKR-deficient, cells. WT virus did not significantly increase PKR or elF-2a phospho-
rylation in either PKR-sufficient or -deficient cells, both of which supported efficient WT viral protein pro-
duction. Finally, apoptosis induced by infection of PKR-sufficient HeLa cells with AE3L virus was blocked by
a caspase antagonist, but mutant virus growth was not rescued, suggesting that translation inhibition rather

than apoptosis activation is a principal factor limiting virus growth.

Among the antiviral defenses of mammalian cells are the
production and action of interferons (IFN) and, subsequently,
the programmed death of virus-infected cells. Viruses have
evolved mechanisms to counter apoptosis and to antagonize
the actions of IFN (16, 40). Poxviruses, including vaccinia virus,
are large DNA viruses that possess >200 genes and replicate in
the cytoplasm of infected host cells (35). Several poxvirus
genes specify proteins that act to impair host responses to
infection, including antagonism of IFN signaling, IFN action,
and apoptosis (40, 44, 54). One such vaccinia virus gene is E3L.

The vaccinia virus E3L gene encodes two proteins, p25 and
p20, that are synthesized early during virus infection, likely by
a leaky scanning mechanism of translation initiation (10). The
E3L proteins possess two functional domains: an N-terminal
Z-DNA binding domain discovered by homology to a repeated
domain found in the A-to-I RNA-editing enzyme ADARI (22,
36, 51) and a C-terminal double-stranded RNA (dsRNA) bind-
ing domain discovered by homology to the protein kinase reg-
ulated by RNA (PKR) (8, 18, 33) that is now known in several
cellular dsRNA binding proteins (50). Vaccinia virus with the
E3L gene deleted (AE3L) displays a different growth pheno-
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type and mediates a different apoptotic response from wild-
type (WT) virus in cell culture. The host range of AE3L mutant
virus is restricted, as exemplified by the replication of AE3L
virus in rabbit RK,; cells but not in human HeLa cells (3, 9).
In HeLa cells, where AE3L virus growth is restricted, multi-
plication of WT virus is resistant to IFN pretreatment, whereas
in AE3L permissive cells the mutant virus growth is sensitive to
the antiviral actions of IFN (2, 3, 9, 47). Furthermore, AE3L
mutant-virus-infected HeLa cells undergo apoptosis, whereas
WT virus-infected HeLa cells do not (21, 28). E3L mutants
that retain dsSRNA binding activity complement the AE3L de-
letion and rescue mutant virus growth in cultured cells (9, 47),
whereas the N-terminal and the C-terminal domains of E3L
are required for pathogenesis in the mouse model (6).

The key cellular target and the molecular mechanism by
which E3L antagonizes host responses in vaccinia virus-in-
fected cells have remained elusive. Among the RNA binding
proteins implicated as physiologic targets of E3L are cellular
proteins activated by dsRNA, including the PKR kinase (10),
the family of 2',5'-oligoadenylate synthetases (OAS) that act
through RNase L (37), and the IFN regulatory factors IRF3
and IRF7 (48). Studies with null mouse embryonic fibroblasts
(MEFs) and AE3L mutant virus showed that the yield of AE3L
mutant virus was about 20-fold higher in both RNase L single-
null MEFs and combined RNase L and PKR double-null
MEFs than in WT MEFs (57), whereas other studies indicated
that the basal level of PKR was the critical determinant for the
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ability of AE3L mutant virus to replicate in different cell lines
(26, 32).

PKR, the protein kinase regulated by dsRNA, is a well-
characterized antiviral protein in the IFN defense system(16,
40). The Pkr gene, often seen to be constitutively expressed at
variable but low levels in untreated and uninfected cells, is
transcriptionally activated by IFN treatment and virus infec-
tion (40, 49, 56). In response to physiologic stimuli, including
virus infection, inactive PKR protein is activated by a dsSRNA-
mediated dimerization and subsequent autophosphorylation
process (33, 34). Following RNA-dependent autoactivation,
among the best-characterized substrates of PKR is the a sub-
unit of protein synthesis initiation factor 2 (eIF-2a) (41). Phos-
phorylation of eIF-2a on serine 51 leads to inhibition of trans-
lation. PKR also is reported to modulate signal transduction
responses, including the NF-«kB activation pathway (5, 24) and
the p38 mitogen-activated protein kinase pathway (15).

Vaccinia virus encodes two protein antagonists of PKR, E3L
and K3L (10). Two mechanisms have been advanced to ac-
count for the PKR antagonism of E3L, one by sequestering the
activator RNA (20, 47) and the other by direct protein-protein
interaction involving the substrate binding region of PKR to
form inactive heterodimers (39, 45). K3L is thought to impair
PKR activity through a fundamentally different mechanism
than E3L (40). K3L is a homologue of elF-2a and acts as a
pseudosubstrate to block the phosphorylation of eIF-2a (7).
Unlike the E3L deletion virus, mutant vaccinia virus possessing
the K3L deletion replicates in HeLa cells and remains IFN
insensitive (3, 26).

In addition to impairment of the antiviral activity of IFN and
effects on host range, the vaccinia virus E3L protein also me-
diates resistance to apoptosis (14). HeLa cells infected with
vaccinia virus with the E3L gene deleted have been shown to
undergo apoptosis, whereas HeLa cells infected with WT vac-
cinia virus do not (21, 28). Studies with vaccinia virus recom-
binants expressing either mutant E3L proteins or alternative
dsRNA binding proteins established that suppression of apop-
tosis induction in infected HeLa cells correlates with dsSRNA
binding activity (21). We recently established HeLa cell clones
stably deficient in PKR and showed that apoptosis in these
HeLa cells induced by dsRNA is PKR dependent (58).

To test whether the cellular PKR protein is a primary target
of the vaccinia virus E3L protein in infected human cells and to
assess the extent to which the PKR protein is required for
virus-induced apoptotic responses in cells infected with AE3L
mutant virus, we studied HeLa cells either stably deficient or
sufficient in PKR. We examined the role of PKR in virus
replication and E3L mutant virus-induced apoptosis by com-
paring WT and mutant virus strains (AE3L, lacking E3L;
A83N, possessing an N-terminal deletion of E3L; and A26C,
possessing a C-terminal deletion of E3L) in parental HeLa
cells (PKR™) compared to a PKR-deficient HeLa cell clone
(PKR knockdown [PKR*]) in which >95% of PKR protein
expression is stably silenced and a PKR knockdown control cell
clone (PKR*%-¢°") with parental levels of PKR. The growth of
AE3L virus and A26C virus expressing a truncated E3L protein
lacking dsRNA binding activity was restricted in the PKR-
sufficient parental PKR™ and control PKR*°" HeLa cells,
but yields were increased by nearly 2 log,, in PKR-deficient
HeLa cells. Yields of the WT and the A83N mutant were
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comparable in the PKR-sufficient and -deficient HeLa cells
and remained resistant to both IFN-a and -f. Vaccinia virus-
induced apoptosis seen in AE3L- and A26C-infected PKR-
sufficient cells was absent in infected PKR-deficient cells. In
AE3L-infected PKR-deficient cells, the phosphorylation of
PKR and elF-2a was abolished, resulting in a normal expres-
sion pattern of viral proteins. Although AE3L-induced apop-
tosis could be inhibited by treatment of PKR-sufficient cells
with a caspase inhibitor, the growth of AE3L virus was not
rescued.

MATERIALS AND METHODS

Cell maintenance and viruses. HeLa, BHK, and RK,; cells were maintained
in Dulbecco’s modified Eagle’s medium complemented with 5% or 10% (vol/vol)
fetal bovine serum (HyClone), respectively; 100 pg/ml of penicillin; and 100
units/ml streptomycin (Invitrogen) as previously described (58). HeLa stable
transfectant clones, PKR*! and PKR*4-<°" (58), were maintained in the above-
mentioned medium containing 1 pg/ml puromycin (Sigma). The Copenhagen
strain (VC-2) of WT vaccinia virus, AE3L virus mutants, and mutants with the
first 83 N-terminal amino acids of E3L (A83N) or last 26 C-terminal amino acids
of E3L (A26C) deleted were previously described (8, 9). IFN treatment was with
1,000 units/ml of recombinant IFN-aA/D (PBL InterferonSource) or 1,000
units/ml of IFN-B (Toray Industries) for 24 h. Caspase inhibitor treatment, either
1% dimethyl sulfoxide (DMSO) mock control or 100 pM z-VAD-fmk (EMD
Biosciences no. 627609), was initiated 2 h before virus infection and was main-
tained throughout the 24-h single-cycle incubation period.

Single-cycle virus growth assay. HeLa parental cells and stably transformed
cell clones were seeded into six-well plates (6 X 10° cells per well) and either
pretreated with recombinant IFN-aA/D (1,000 units/ml) or IFN-B (1,000 units/
ml) for 24 h or left untreated. Virus infection was at a multiplicity of infection
(MOI) of 5 with WT virus or the indicated deletion mutant virus (AE3L, A83N,
or A26C). Virus absorption was carried out for 1 h in 0.2 ml Puck’s saline A
modified to contain 20 mM MgCl, and 1% fetal bovine serum. The inoculum was
then removed, the monolayers were rinsed twice with phosphate-buffered saline,
and the cultures were incubated in 1.5 ml of maintenance medium. Infected
cultures were harvested at 24 h postinfection (p.i.) by scraping the infected cells
into the medium. Virus yields were determined by plaque titration on rabbit
kidney RK; cells.

Western blot analysis. Whole-cell extracts were prepared in the presence of 1
mM phenylmethylsulfonyl fluoride and 1% (vol/vol) protease inhibitor mixture
(Sigma) as described previously (11, 58). For analysis of eIF-2a and PKR phos-
phorylation, 50 mM NaF and 2 mM Na,VO; were included in the extract buffer.
Proteins were fractionated by sodium dodecyl sulfate-10% polyacrylamide gel
electrophoresis, transferred to nitrocellulose membranes, blocked, and then
probed with an appropriate dilution of primary antibody in phosphate-buffered
saline containing 3% (wt/vol) skim milk. Rabbit polyclonal antibodies were used
to detect human PKR (Santa Cruz Biotechnology Inc.), phospho-PKR(thr446)
(Santa Cruz Biotechnology Inc.), eIF-2a (Cell Signaling Technology), and phos-
pho-eIF-2a(ser51) (Cell Signaling Technology); mouse monoclonal antibodies
were used to detect human poly(ADP-ribose) polymerase (PARP) (BD Phar-
mingen), B-actin (Sigma), and a-tubulin (Sigma). Vaccinia virus proteins were
detected using monospecific antibodies against the BS, D5, E3L, and I3 proteins.
D5 and I3 antibodies were generously provided by P. Tracktman (Medical
College of Wisconsin, Milwaukee), the B5S monoclonal antibody was provided by
B. Moss (NIH, Bethesda, MD), and the E3L antibody and polyclonal antibody
prepared against purified virus virions were as previously described (53). Western
blot detection was done with IRDye 800CW-conjugated anti-rabbit immunoglobulin
G or IRDye 680-conjugated anti-mouse immunoglobulin G secondary antibody
according to the manufacturer’s protocols (Li-Cor). Immunoreactive bands were
visualized using an Odyssey infrared imaging system, and quantitation was carried
out using the Quantity One software program.

Caspase 3/7 activation assay. Effector caspase 3/7 activation was measured by
the Caspase Glo 3/7 assay (Promega) as previously described (58). HeLa cells
were seeded into 96-well plates at a density of 1.5 X 10* per well. After overnight
culture, the cells were infected with virus at an MOI of 5. At the specified time,
usually 24 h p.i., 100 pl of Caspase-Glo 3/7 reagent was added to each well and
mixed gently. After 1 h of incubation at room temperature in the dark, the
luciferase reporter activity was measured using a Perkin-Elmer Victor *V lumi-
nometer plate reader model 1420.
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FIG. 1. Single-cycle multiplication of AE3L mutant compared to
WT vaccinia virus in PKR™, PKR*, and PKR*¥°" HeLa cells. WT
parental (PKR™"), PKR-deficient knockdown (PKR*), and PKR-suf-
ficient control knockdown (PKR*¥-<°") HeLa cells were mock treated
or treated with 1,000 IU/ml of IFN-aA/D () or IFN-B (B) for 24 h.
(A) Western blot analysis comparing PKR expression levels. Whole-
cell extract protein (10 pg) was analyzed in each lane; the membrane
was probed with antibody against human PKR and antibody against
B-actin as a loading control. (B) Virus yields. Cells were infected with
either WT or AE3L virus at an MOI of 5. At 24 h p.i., cells were
harvested and virus yields were determined by plaque titration on
RK,; cells. The results shown are the means = standard deviations
determined from a minimum of three experiments.

RESULTS

Growth of the vaccinia virus AE3L mutant is rescued in
PKR-deficient HeLa cells. Prior studies showed that vaccinia
virus AE3L has a limited host range and replicates poorly in
HeLa cells compared to WT virus (3, 9). To test whether PKR
plays an obligatory role in limiting the growth of the AE3L
mutant in human cells, a HeLa clonal line was examined in
which PKR protein expression is stably knocked down by RNA
interference (58). These PKR* cells possess less than 5%
of the PKR protein found in either their parental PKR™ cells
or PKR*°" cells (Fig. 1A). While both IFN-a and IFN-B
induced PKR in the PKR* and PKR¥%*°" HeL a cells, the level
of PKR measured by Western immunoblot assay in the PKR*¢
clone was nearly undetectable even after treatment with type I
IFN (Fig. 1A, lanes 4 to 6). These three HeLa cell clonal lines
were then examined for the ability to support the growth of the
AE3L mutant compared to WT virus and also to mount an
IFN-induced antiviral state against these viruses.

As shown in Fig. 1B, the single-cycle yields of WT vaccinia
virus were comparable in the PKR-sufficient (PKR™ and
PKR*%*°") and PKR-deficient (PKR*!) HeLa cells. Further-
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more, neither IFN-a nor IFN-B pretreatment significantly re-
duced the yield of WT virus in any of the HeLa cells, PKR*,
PKR*¥°" or parental PKR™ (Fig. 1B). Consistent with prior
findings, the yield of the AE3L mutant was about 100-fold
lower than that of WT virus in PKR-sufficient cells, both the
parental PKR™ cells and the PKR %-<°" cells. By contrast, the
yield of the AE3L mutant in PKR* cells was significantly
increased (Fig. 1B, center), with a minimum of 30- to 50-fold-
higher yields of AE3L in the PKR*! cells than in the PKR* and
PKR*<" cells. Even though the growth of the AE3L mutant
was rescued in the absence of PKR, pretreatment with IFN-a
or IFN-B only modestly decreased the yield of AE3L virus in
PKR* cells, about three- to fivefold (Fig. 1B, center).

Phosphorylation of initiation factor elF-2« is impaired in
AE3L mutant-infected PKR-deficient HeLa cells. One mech-
anism by which the protein synthesis pattern is regulated in
virus-infected cells is through the phosphorylation of eIF-2a at
serine 51, which causes an inhibition of translation (12, 41).
elF-2a, the best-characterized substrate of PKR, is phosphor-
ylated following dsRNA-mediated autophosphorylation and
activation of PKR that includes PKR phosphorylation at threo-
nine 446 (4, 40, 42, 43). However, kinases in addition to PKR
are known in eukaryotic cells that also phosphorylate eIF-2a at
serine 51, including HRI, PERK, and GCN2 (12, 41). dsRNA,
a PKR activator, has been described in vaccinia virus-infected
HeLa cells (55), and the E3L gene product is a dsSRNA binding
protein (26, 33). Furthermore, antagonism of eIF-2a phos-
phorylation in poxvirus-infected cells has been attributed to
two viral proteins: E3L, which binds dsRNA, and K3L, which
is an elF-2a homologue (7, 26). Therefore, to test directly the
roles of PKR and E3L in determining the phosphorylation
status of elF-2a in virus-infected cells, we carried out a time
course Western assay to measure the phosphorylation states of
both PKR (Thr446) and eIF-2a (Ser51) in PKR-deficient and
PKR-sufficient HeLa cell clones following infection with either
WT or AE3L vaccinia virus.

As shown in Fig. 2, the amounts of phospho-PKR and phos-
pho-elF-2a were greatly increased in both PKR-sufficient cells,
PKR* parental and PKR*°" control, following infection
with AE3L mutant virus (Fig. 2, right, lanes 18 to 20 and 28 to
30). By contrast, little increase in phosphorylation of either
PKR or eIF-2a was seen in WT virus-infected PKR-sufficient
cells at any time after infection (Fig. 2, lanes 1 to 5 and 11 to
15). In the AE3L mutant-virus-infected cells, the increase in
phosphorylation of eIF-2a was seen at times after infection
when PKR phosphorylation was increased, beginning at 6 h
(Fig. 2, lanes 18 to 20 and 28 to 30). By contrast, phosphory-
lation of eIF-2«a in the PKR-deficient PKR*! cells was not
detectably increased at any time following infection with either
AE3L mutant or WT virus (Fig. 2, lanes 6 to 10 and 21 to 25).
The amounts of both PKR protein and phospho-PKR were
extremely low and marginally detectable in the PKR* cells
(Fig. 2, lanes 6 to 10 and 21 to 25).

In the WT virus-infected PKR-sufficient HeLa cells, two size
forms of E3L protein (p25 and p20) were detected. Their
expression levels were comparable in PKR-sufficient (lanes 3
to 5 and 13 to 15) and -deficient (lanes 8 to 10) HeLa cells (Fig.
2, left). The E3L proteins were not detected in cells infected
with AE3L mutant virus (Fig. 2, right) or in uninfected cells
(Fig. 2). Finally, as an internal gel-loading control, the levels of
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FIG. 2. Time courses of PKR and eIF-2a phosphorylation following infection of PKR", PKR*, and PKR*%" cells with AE3L mutant
compared to WT vaccinia virus. Whole-cell extracts were prepared from uninfected cells (0) or infected cells at 3, 6, 9, and 12 h p.i. with either
WT or AE3L virus. Whole-cell extract protein (30 pg) was analyzed in each lane. The membranes were probed with antibodies against PKR,
phospho-T446-PKR, elF-2a, phospho-elF-2a, vaccinia virus E3L, and B-actin as a loading control.

B-actin were similar for all lanes. Failure to express the E3L
protein in the mutant-infected PKR-sufficient HeLa cells cor-
related with the rapid and abundant phosphorylation of PKR
and eIF-2a, whereas neither PKR nor eIF-2a phosphorylation
was seen in the PKR-deficient cells. These results suggest that
the eIF-2a phosphorylation seen in vaccinia virus-infected cells
is predominantly, if not exclusively, mediated by the PKR ki-
nase and that the lack of expression of E3L proteins in infected
cells is sufficient to greatly elevate the level of eIF-2a phos-
phorylation.

Expression of vaccinia virus late proteins in AE3L mutant-
infected cells is inhibited in PKR-sufficient cells and rescued
in PKR-deficient cells. To examine the possible functional
consequences of the difference in eIF-2a phosphorylation seen
in AE3L mutant-infected PKR-deficient cells compared to
PKR-sufficient HeLa cells for the production of vaccinia virus
proteins, three viral proteins (D5, I3, and B5) known to be
expressed at different infection stages of the virus life cycle
were analyzed (Fig. 3), in addition to the E3L protein (Fig. 2).
The D5 gene encodes a 90-kDa protein, an intrinsic nucleoside
triphosphatase, that is expressed at early times after virus in-
fection (13); the I3 gene encodes a 34-kDa single-stranded
DNA binding protein that is expressed at early and interme-
diate times p.i. (38); and the B5 gene encodes a 42-kDa mem-
brane glycoprotein expressed at late times p.i. that is required
for efficient envelopment of intracellular virions (19).

In AE3L mutant-virus-infected HeLa cells, viral protein ex-

pression varied depending on the presence or absence of PKR
(Fig. 3, right). Expression of the late protein B5 was inhibited
in the two PKR-sufficient lines (PKR™, lanes 17 to 20, and
PKR %" lanes 27 to 30) infected with AE3L virus. The ab-
sence of PKR (PKR*, lanes 22 to 25) rescued the expression
of the B5 protein in AE3L mutant-infected cells (Fig. 3, right).
By contrast, in WT virus-infected HeLa cells, the expression
patterns of the three viral proteins, D5, I3, and BS, were not
affected by the presence (PKR* and PKR*¥°™) or absence
(PKR*) of PKR protein (Fig. 3, left). The production of the
three vaccinia proteins in AE3L-infected PKR*¢ cells, but not
PKR™* or PKRK" cells, resembled that of WT virus-infected
PKR™", PKRk" " and PKR*Y cells. However, in AE3L mu-
tant-infected PKR-sufficient cells, the early gene product D5,
while detected from 6 h p.i., did not increase at the later time
points, 9 and 12 h p.i. (Fig. 3, lanes 18 to 20 and 28 to 30).
These results suggest that the reduced expression of virus pro-
teins seen in AE3L mutant-infected PKR-sufficient cells, espe-
cially the late BS protein (Fig. 3, right), correlated with the
increased phosphorylation of eIF-2a detected from 6 h p.i (Fig.
2), whereas the increased protein expression seen in the PKR-
deficient AE3L-infected cells (Fig. 3, right) correlated with the
absence of eIF-2a phosphorylation (Fig. 2).

Effects of PKR on the growth of vaccinia virus mutants
lacking either the N- or C-terminal domain of E3L. The single-
cycle growth rates of domain-selective E3L deletion mutants,
A83N and A26C, were compared in PKR-deficient and PKR-

Virus WT AE3L

HeLa PKR" PKR" PKR"™" PKR" PKR" PKR"™"
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FIG. 3. Time course of viral gene expression following infection of PKR*, PKR*Y, and PKR*¥*°" cells with WT compared to AE3L mutant
vaccinia virus. Whole-cell extracts were prepared at increasing times (h) after infection with either WT or AE3L vaccinia virus. Ten micrograms
of protein was analyzed in each lane. The membranes were probed with antibodies against the vaccinia virus early gene product 13, the early and
intermediate gene product DS, and the late gene product B5. B-Actin was included as a loading control.
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FIG. 4. Single-cycle multiplication of vaccinia virus mutants lacking
the N- and C-terminal domains of E3L in PKR*, PKR¥, and PKRkd-co"
cells. Cells were infected at an MOI of 5 with either WT, AE3L, A26C,
or A83N virus. At 24 h p.i., cells were harvested and virus yields were
determined by plaque titration on RK,5 cells. The results shown are
the means * standard deviations determined from a minimum of three
experiments.

sufficient HeLa cells (Fig. 4). For reference, the AE3L virus
lacking the entire E3L gene grew poorly in PKR-sufficient
PKR™" parental and PKR*¥*°" control cells compared to WT
virus but nearly as well as the WT in the PKR-deficient PKR*¢
cells (Fig. 1B and 4). The presence or absence of PKR did not
significantly affect the growth of the A83N mutant with the
Z-DNA binding region deleted from E3L; A83N virus growth
was comparable to that of WT virus in all three HeLa lines.
Deletion of the dsRNA binding region from E3L reduced
A26C mutant virus yields about 5- to 10-fold in PKR-sufficient
cells, but not in PKR-deficient PKR* cells, compared to WT
virus (Fig. 4).

Apoptosis induced by infection with AE3L mutant vaccinia
virus is mediated by PKR. It is known that infection of HeLa
cells with the AE3L mutant induces apoptosis in HeLa cells
(21), and our previous work established that PKR plays a
proapoptotic role in HeLa cells transfected with a synthetic
dsRNA (58). To examine whether PKR also plays a role in
vaccinia virus-induced apoptosis in HeLa cells, PKR-sufficient
and PKR-deficient cells were examined for cleavage of PARP
and for caspase 3/7 activation, two indicators of apoptosis.

As an initial measure of apoptosis, cleavage of the 116-kDa
PARP protein was analyzed by Western blot analysis at 24 h
after infection with either WT virus or the AE3L mutant. As
shown in Fig. 5A, the 85-kDa cleavage fragment of PARP was
readily detected in extracts of PKR-sufficient parental PKR™
(lane 3) and control PKR*¥*°" (lane 9) HeLa cells infected
with the AE3L mutant. By contrast, PARP cleavage was not
detectable in the PKR* cells infected with either the AE3L or
WT virus (lanes 5 and 6). Substantially less PARP cleavage was
seen in WT virus-infected PKR-sufficient HeLa cells.

A second measure of apoptosis, activation of the effector
caspases 3 and 7, was utilized. Caspase activation, monitored
by caspase 3/7-dependent generation of the substrate for lucif-
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FIG. 5. Vaccinia virus-mediated apoptosis is impaired in PKR-de-
ficient HeLa cells. (A) Western immunoblot measurement of PARP
cleavage with WT or AE3L mutant vaccinia virus at 24 h p.i. Whole-
cell extract protein (10 pg) was analyzed in each lane. (B) Caspase 3/7
activation assay. Apoptosis induction by vaccinia virus infection of
PKR™, PKR¥ and PKR*¥°" cells was measured in 96-well plates,
either mock infected or infected with the indicated deletion mutant
virus at an MOI of 5. Apoptosis was measured using a Caspase-Glo 3/7
kit at 24 h p.i. Each experiment was repeated a minimum of three
times. The error bars indicate standard deviations.

erase, was significantly reduced in the PKR-deficient PKR*!
cells following infection with WT or E3L mutant vaccinia virus
(Fig. 5B, center) compared to either the parental PKR™ or the
negative control PKR*%-*°" line. The AE3L and A26C mutants
were the most efficient activators of apoptosis in infected PKR-
sufficient PKR ™ and PKR*4-*°" cells. Caspase activation by the
A83N mutant was comparable to that by WT virus in PKR-
sufficient cells (Fig. 5B).

The AE3L mutant host range phenotype is apoptosis inde-
pendent in HeLa cells. We have demonstrated that depletion
of PKR can both rescue AE3L-infected HeLa cells from apop-
tosis (Fig. 5) and prevent activation of eIF-2a phosphorylation
(Fig. 2), thereby restoring the synthesis of the beacon late viral
protein BS (Fig. 3). However, from these results, it is unclear
whether apoptosis or translation inhibition mediated by
PKR is primarily responsible for the host range phenotype
of reduced yield of the AE3L mutant in PKR-sufficient cells.
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FIG. 6. The apoptosis of PKR-sufficient HeLa cells induced by
AE3L vaccinia virus can be inhibited by caspase inhibitor. PKR",
PKRX, and PKRK¥" HeLa cells were infected with AE3L mutant
virus in the presence (+) or absence (—) of the caspase inhibitors
z-VAD-fmk (100 nM) and DMSO (1%) or left uninfected. (A) Cyto-
pathic effect as revealed by microscopy. Images were taken at 24 h p.i.
(B) Western blot analysis. Whole-cell extracts were prepared 24 h p.i.,
and 10 pg protein was loaded in each lane. The membranes were
probed with antibodies against PARP and with B-actin as a loading
control. (C) Virus yields. Infected HeLa cells were harvested at 24 h
p-., and yields of AE3L mutant virus were determined by plaque
titration on RK,; cells. The results shown are the means = standard
deviations determined from a minimum of three experiments.

To further assess the role of apoptosis in reducing AE3L
virus yields, we tested whether AE3L virus growth in PKR-
sufficient cells could be rescued by a pancaspase pharmaco-
logical inhibitor, z-VAD-fmk.

Treatment of the PKR-sufficient PKR™ and PKR*4-*°" cell
lines with z-VAD-fmk completely inhibited apoptosis induced
by AE3L infection, as demonstrated by two measurements, cell
morphology (Fig. 6A) and PARP cleavage (Fig. 6B). In PKR-
sufficient cells treated with the caspase inhibitor, either no or
very few apoptotic bodies were observed by microscopy (Fig.
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FIG. 7. Inhibition of apoptosis does not rescue the production of
late viral proteins in AE3L mutant-infected PKR-sufficient HeLa cells.
PKR ™", PKR*, and PKR*%°" HeLa cells were infected with AE3L
mutant virus in the presence (+) or absence (—) of the caspase inhib-
itors z-VAD-fmk (100 wM) and DMSO (1%) or left uninfected.
Whole-cell extracts were prepared at 12 h p.i., and 10 wg protein was
analyzed by Western blot analysis. The filter membranes were probed
as follows: (A) monospecific antibodies against vaccinia virus proteins
13, D5, and BS5 as indicated; (B) rabbit polyclonal antibody prepared
against whole virions. B-Actin was monitored as a loading control.

6A), and the formation of the 85-kDa PARP cleavage frag-
ment was blocked (Fig. 6B, compare lanes 3 and 9 to lanes 2
and 8). Somewhat surprisingly, however, inhibition of apopto-
sis by z-VAD-fmk did not rescue the growth of the AE3L virus
in PKR-sufficient cells (Fig. 6C, center). Single-cycle yields of
AE3L mutant virus remained low in the PKR™ and the nega-
tive control PKR*4-*°" lines and were comparable in the pres-
ence and absence of z-VAD-fmk. About 1- to 2-log,,-higher
yields of AE3L virus were obtained in the PKR-deficient
PKR* cells, either with or without caspase inhibitor treatment
(Fig. 6C).

The effect of inhibiting apoptosis on the production of viral
proteins in AE3L mutant-infected HeLa cells was also assessed
(Fig. 7). Blockage of apoptosis with the z-VAD-fmk caspase
inhibitor did not rescue BS synthesis in PKR-sufficient HeLa
cells (Fig. 7A, lanes 3 and 9). Similar to the observation with
the late B5 glycoprotein, when antisera against vaccinia virion
proteins was used to measure viral protein accumulation, effi-
cient production of virion proteins was observed in the PKR-
deficient PKR* cells infected with AE3L mutant virus (lanes 5
and 6) compared to the two PKR-sufficient lines (Fig. 7B, lanes
2 and 3 and lanes 8 and 9). Addition of the z-VAD-fmk inhib-
itor did not increase virion protein production in the parental
PKR* and control PKR*¥°" Jines, and the production of
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virion structural proteins remained high in the PKR* cells
treated with the caspase inhibitor (lane 7B).

DISCUSSION

The vaccinia virus E3L gene product is known as an IFN
resistance protein, as a determinant of host range and viral
pathogenesis, and as a modulator of cellular apoptotic and
signal transduction pathways (26, 27, 31). Mutant vaccinia virus
strains with either the entire E3L gene deleted or expressing a
truncated E3L protein that lacks the C-terminal dsRNA bind-
ing domain display a limited host range for replication (26) and
enhanced apoptosis (14, 21). In this study, we used human cells
in which >95% of the PKR protein was stably depleted (58) to
further investigate the role of PKR in determining the E3L
mutant phenotype. Several important points emerge from our
findings. In addition to showing that the PKR protein plays an
obligatory and major role in restricting growth in HeLa cells
infected with vaccinia virus lacking E3L, our findings also es-
tablish that the virus-induced apoptosis in parental HeLa cells
infected with E3L deletion mutant virus is mediated by PKR.
Cell death itself does not appear to be the direct determinant
of restricted AE3L mutant virus growth and likely is not re-
sponsible for the AE3L virus restricted host range. Rather,
activation of eIF-2a by PKR and the subsequent inhibition of
late viral protein production appears responsible for limiting
AE3L replication in HeLa cells.

The substantial reduction in the PKR protein level in the
PKR*! HeLa cells largely rescued the growth of AE3L in these
cells and greatly impaired the apoptotic response triggered by
AE3L infection. These results indicate that PKR has an essen-
tial and primary role in the innate response of HeLa cells that
is antagonized by the E3L protein. Vaccinia virus has been
reported to utilize two mechanisms to block the function of
PKR, mediated by the E3L and K3L genes, respectively (7, 8,
26, 40, 45-47). Our results that show that the depletion of PKR
in the PKR*® HeLa cells can complement the AE3L mutant
and largely restore viral growth are consistent with the notion
that, at least in HeLa cells (26), it is E3L rather than K3L that
is the dominant vaccinia virus antagonist of PKR and that PKR
is the primary cellular protein targeted by E3L. Our findings
would also favor a mechanism of E3L antagonism in HeLa
cells that involves a selective functional effect of E3L on PKR.
Such a mechanism could include direct interaction of E3L with
PKR involving the C-terminal region of E3L to down-regulate
the autoactivation of PKR and subsequent phosphorylation of
elF-2a (39, 47). While E3L protein is a dSRNA binding protein
that sequesters dsRNA activators of cellular proteins, such a
mechanism seemingly would necessitate selective RNA struc-
ture or cellular localization in order to discriminate among
potential targets in addition to PKR. Our data do not permit us
to distinguish between the two possible mechanisms of E3L
antagonism, direct protein-protein interaction or sequestering
of RNA.

Combined biological and biochemical studies have identified
three different IFN-regulated dsRNA binding proteins whose
activities are antagonized by E3L (10, 30, 37). These include, in
addition to PKR (8, 20), the dsSRNA-dependent OAS and the
dsRNA-selective adenosine deaminase (ADAR1) (30, 37). In
addition, the activation of the IFN regulatory factors IRF3 and
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IRF7 is impaired by E3L (48). dsRNA is either an effector
(IRF, OAS, and PKR) or a substrate (ADART1) of these pro-
teins (17, 40), and dsRNA is known to be produced during
vaccinia virus infection (20, 55). Both OAS and ADARI, like
PKR, could affect the translational patterns in cells (40). Rapid
activation of OAS and RNase L has been seen in HeLa cells
infected with modified Ankara AE3L mutant virus (31),
whereas in studies with the Copenhagen strain AE3L mutant,
the amount of PKR was found to be an especially important
parameter conferring the AE3L mutant phenotype (26). Stud-
ies with knockout mice and derived MEFs have not given a
clear and consistent indication of a singular cellular-protein
function primarily disrupted by E3L. For example, the AE3L
vaccinia virus did not replicate to high yield or cause significant
disease in mice triply deficient for RNase L, PKR, and a third
IFN-regulated antiviral protein, Mx1 (57). We found that the
growth of the AE3L vaccinia virus lacking the entire E3L gene
was largely recovered by depletion of PKR protein from hu-
man HeLa cells. Conceivably, in WT virus-infected mouse cells
there may not be a singular limiting cellular-protein function
that is antagonized by E3L that conversely impairs virus growth
in AE3L mutant-infected mouse cells. In the HeLa cells stably
knocked down for PKR, at least two other IFN-inducible gene
products, ADAR1 RNA-specific deaminase and STAT1 tran-
scription factor, are unaffected. While the PKR-deficient HeLa
cells have less than 5% of the PKR protein of the PKR-
sufficient parent and control cells, the basal and the IFN-
inducible levels of ADAR1 and STAT1 are unaffected by the
PKR knockdown (58).

The yield of AE3L virus in the PKR* cells was only about
3-fold less than that of WT virus in the PKR-deficient HeLa
cells and much higher (30- to 50-fold) than the yield of AE3L
virus in PKR-sufficient cells, either the parental HeLa PKR™
or the negative knockdown control HeLa clone PKR¥d-<on,
This finding is in contrast to our earlier observation with ade-
novirus, where the growth of virus depleted of the VAI gene
was not rescued in the PKR* cells (58), suggesting the impor-
tance of cellular factors in addition to PKR in conferring the
VA RNA phenotype (23, 29). Depletion of PKR rescued the
AE3L mutant vaccinia virus phenotype, as measured by viral
growth, by viral protein synthesis patterns, and by virus-medi-
ated apoptosis. Furthermore, when the A83N and A26C E3L
deletion mutants were examined, virus expressing A83N, with
the N-terminal 83 amino acids deleted, showed a phenotype
similar to that of WT virus in the PKR-deficient cells, whereas
virus expressing A26C, with the C-terminal 26 amino acids
deleted, showed a phenotype similar to that of AE3L virus.
These findings suggest that the C-terminal region of E3L that
includes the dsSRNA binding domain is of fundamental impor-
tance in conferring the PKR-dependent AE3L mutant pheno-
type.

The E3L deletion virus, while substantially rescued in the
absence of PKR, did not fully achieve the yield of WT virus in
the PKR-deficient cells, indicating that E3L likely has targets
in addition to PKR. Two additional candidates are IRF3 and
NF-«kB. Deletions of E3L have been shown to cause the acti-
vation of signal transduction cascades leading to up-regulation
of host gene expression (27). The A83N mutant displayed a
gene expression profile similar to that of WT virus, and the
AE3L mutant profile was similar to that of the A26C mutant
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(27), which, interestingly, is conceptually similar to the rescue
pattern that we observed for virus growth in PKR-deficient
HeLa cells. Prior analyses suggested that activation of IRF3
and NF-«B signal transduction cascades by vaccinia virus in-
fection (27) or dsRNA treatment (58) occur through a PKR-
independent mechanism.

Vaccinia virus protein expression levels in WT- and AE3L
mutant-infected PKR* cells were comparably high, consistent
with the impaired phosphorylation and activation of PKR and
subsequent downstream phosphorylation of elF-2a. By con-
trast, when the increased phosphorylation of PKR and elF-2a
was observed, expression of early and intermediate viral gene
products (D5 and I3) was detected in both AE3L and WT
virus-infected PKR-sufficient cells. While no increase of D5
was seen at later time points in AE3L-infected PKR-sufficient
cells, expression of D5 and I3 was further increased with in-
creasing time after infection in WT-infected cells. Late gene
product (BS) expression was greatly reduced to a marginally
detectable level in AE3L-infected PKR-sufficient cells, but in
PKR-deficient cells, BS was expressed to a high level. Thus, the
inhibition of late vaccinia virus protein production seen in
AE3L-infected cells, as measured by BS or major virion capsid
proteins, can be explained by a PKR-mediated translational
inhibition and phosphorylation of eIF-2a.

Our findings also indicate that PKR is a major cellular de-
terminant of the caspase-dependent HeLa apoptosis induced
following infection with the AE3L mutant. We previously es-
tablished that in PKR-sufficient HeLa cells PKR is a key me-
diator of the apoptotic response triggered by transfection of
dsRNA into PKR-sufficient HeLa cells (58). dsSRNA has been
identified in situ within vaccinia virus-infected cells (1, 55), and
dsRNA has been reported to be the initiating signal of cell
death in AE3L mutant-infected HeLa cells (21). Cellular
dsRNA binding proteins whose activities have been shown to
be affected by E3L and which have been implicated from
mouse gene disruption studies in apoptotic responses include
RNase L, which is activated by the products of OAS (37) and
ADARI1 (30, 52), in addition to PKR (21, 25, 53). Our findings
from AE3L-infected PKR-deficient PKR*? cells and the two
PKR-sufficient controls demonstrate that PKR is the key me-
diator of apoptosis in the vaccinia virus-infected cells. In the
PKR-deficient HeLa cell clone, AE3L infection did not cause
either caspase 3/7 activation or enhanced PARP cleavage, both
of which were seen in the PKR-sufficient cell controls. Fur-
thermore, the apoptotic response seen in PKR-sufficient HeLa
cells following AE3L infection could be blocked by treatment
with the caspase inhibitor z-VAD-fmk, consistent with a
caspase-dependent virus-induced cell death. However, we ob-
served that apoptosis of PKR-sufficient HeLa cells induced by
infection with AE3L virus did not play an antiviral role as
earlier hypothesized (21). The pharmacologic inhibitor of
caspase function impaired the AE3L virus-induced apoptosis
of PKR-sufficient cells but did not rescue AE3L mutant virus
growth or restore the viral translation pattern in the nonper-
missive HeLa cells.
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