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The measles virus (MV) accessory proteins V and C play important roles in MV replication and pathogenesis.
Infection with recombinant MV lacking either V or C causes more cell death than infection with the parental
vaccine-equivalent virus (MVvac), and C-deficient virus grows poorly relative to the parental virus. Here, we show
that a major effector of the C phenotype is the RNA-dependent protein kinase PKR. Using human HeLa cells stably
deficient in PKR as a result of RNA interference-mediated knockdown (PKR*? cells), we demonstrated that a
reduction in PKR partially rescued the growth defect of C knockout (C*°) virus but had no effect on the growth
of either wild-type (WT) or V knockout (V*°) virus. Increased growth of the C*° virus in PKR*? cells correlated with
increased viral protein expression, while defective growth and decreased protein expression in PKR-sufficient cells
correlated with increased phosphorylation of PKR and the « subunit of eukaryotic initiation factor 2. Furthermore,
infection with WT, V*°, or especially C*° virus caused significantly less apoptosis in PKR*? cells than in PKR-
sufficient cells. Although apoptosis induced by C*° virus infection in PKR-sufficient cells was blocked by a caspase
antagonist, the growth of C*° virus was not restored to the WT level by treatment with this pharmacologic inhibitor.
Taken together, these results indicate that PKR plays an important antiviral role during MV infection but that the
virus growth restriction by PKR is not dependent upon the induction of apoptosis. Furthermore, the results
establish that a principal function of the MV C protein is to antagonize the proapoptotic and antiviral activities of

PKR.

Measles virus (MV), a member of the genus Morbillivirus of
the family Paramyxoviridae, causes a highly contagious acute
febrile disease. Despite the availability of an effective live vac-
cine, MV remains a major pathogen of global concern, with
more than 500,000 measles-related deaths annually (27, 59). In
addition, measles disease occasionally reemerges in industrial-
ized nations, due in part to a lack of adherence to vaccine
recommendations (10, 29). As measles continues to cause sig-
nificant morbidity and mortality worldwide, understanding in-
teractions between MV and the host at the molecular level that
affect virulence is imperative for optimizing immunization and
treatment strategies.

The 15.9-kb genome of MV consists of six genes (the N,
P/V/C, M, F, H, and L genes), all of which are monocistronic
with the exception of the P gene, which encodes three proteins:
the phosphoprotein P and the accessory proteins V and C. The
synthesis of V protein begins at the same translation initiation
codon as that of P protein; however, a frameshift occurs in the
V mRNA due to a cotranscriptional RNA-editing process that
involves the insertion of a single nontemplated guanosine by
the viral polymerase. Thus, V protein shares its first N-terminal
231 amino acids with the P protein but has a unique 68-amino-
acid cysteine-rich C terminus that has the ability to bind zinc
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(9, 32, 57). C protein of MV is a small (186-amino-acid) basic
protein synthesized from an alternative translation start site
located 22 nucleotides downstream from the P and V transla-
tion start site (4).

The MV V and C proteins are major virulence factors, and
viruses deficient in V and C replicate poorly in some cell lines
and animal models (16-18, 21, 35, 41, 50, 53, 55). V proteins of
many paramyxoviruses including MV have been shown to in-
hibit interferon (IFN) induction through interaction with the
mda-5 cytoplasmic RNA sensor (1, 13, 36). MV C protein also
suppresses IFN induction (17, 35, 36), most likely through the
downregulation of viral RNA synthesis (36). In addition to
inhibiting IFN production, the V protein of MV suppresses
IFN signal transduction by preventing the phosphorylation (18,
51, 60) and nuclear accumulation (18, 39, 43) of STAT1 and
STAT2. MV C protein may also inhibit IFN signaling (23, 50),
although the available evidence suggests that C protein is a less
potent antagonist than V (23, 51). V and C proteins are also
important for viral RNA production and genome replication
(3,55), and C is important for virus assembly (16). Finally, MV
V and C play a role in preventing MV-induced cell death (14,
53).

The protein kinase regulated by RNA (PKR) is an IFN-
regulated protein kinase that is activated through binding to
RNA (34, 46). The activation of the kinase leads to autophos-
phorylation, dimerization, and the subsequent phosphorylation
of substrate proteins, the best-characterized of which is the «
subunit of eukaryotic translation initiation factor 2 (elF-2a)
(48). PKR phosphorylates eIF-2a on serine 51 (40, 46), leading
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to the inhibition of translation (47). PKR, present at significant
constitutive levels in most cells, is transcriptionally induced by
IFN treatment and virus infection (48, 54). PKR inhibits the
multiplication of many viruses, and the importance of PKR as
an antiviral factor is further illustrated by the number of viral
gene products that antagonize PKR function (56). In addition
to changing the translation pattern in cells, a major biological
function of PKR is to mediate apoptosis caused by double-
stranded RNA (dsRNA) stress or virus infection (2, 15, 56, 61,
62). Furthermore, PKR is also involved in cell signaling path-
ways, including the NF-«kB (31) and mitogen-activated protein
kinase (25) pathways.

Here, we present evidence that PKR plays a pivotal role
during MV infection. Using human HeLa cells either stably
deficient in PKR expression or expressing normal levels of
PKR, as well as wild-type (WT) and derived isogenic mutant
MVs lacking the expression of either the V or C protein (V
knockout [V¥°] or C*° virus, respectively), we examined the
role of PKR in MV multiplication and MV-induced cell death.
We observed that PKR contributed to the growth defect of the
C* virus but that the expression of the kinase had no effect on
the growth of the WT or V*° virus. Moreover, we found that
PKR is a mediator of MV-induced apoptosis but that the
antiviral activity of PKR toward MV is not dependent upon
apoptosis induction.

MATERIALS AND METHODS

Cells and viruses. Parental HeLa (PKR™) and Vero cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 5% (vol/vol) fetal bo-
vine serum (HyClone), 100 pg/ml of penicillin, and 100 U/ml of streptomycin
(GIBCO/Invitrogen) as described previously (61, 62). HeLa cells with the stable
knockdown of PKR by RNA interference (PKR* cells) (see references 61 and
62) were maintained in the above-named medium containing 1 pug/ml puromycin
(Sigma). HeLa cells transfected with the pSUPER.retro.puro vector with the H1
promoter, which was used for the construction of short hairpin expression con-
structs to silence human PKR (62), were selected and maintained in the puro-
mycin-containing medium. These PKR-expressing drug-resistant knockdown
control cells, called PKR¥°" cells, were used as an additional PKR-positive
control. Treatment with the pan-caspase inhibitor z-VAD-fmk (benzyloxycar-
bonyl-Val-Ala-Asp-fluoromethylketone; EMD/Calbiochem), where indicated,
was with a concentration of 100 uM beginning after the virus inoculum was
removed.

The recombinant parental virus MVvac GFP(H), herein designated WT, as
well as V-deficient (VE°) and C-deficient (C<°) versions of this virus, was con-
structed based on the Moraten vaccine strain as described previously (18), except
that a gene encoding green fluorescent protein (GFP) was inserted downstream
of the H gene. For the V*° virus, the V protein was selectively abolished by the
mutation of the V gene editing site and the introduction of a stop codon. The
mutations introduced into the WT MVvac strain to inactivate V or C protein
expression were the same as those introduced previously into the WT IC-B strain
(17). For the C*° virus, C was silenced by mutating the start codon for C and
introducing a stop codon. The mutations in V did not affect the amino acid
sequence of P or C; likewise, the mutations in C did not affect the amino acid
sequence of P or V.

An E3L deletion mutant of the Copenhagen strain (VC-2) of vaccinia virus
(VVAE3L) was generously provided by B. Jacobs (11, 12).

Virus infections and growth assays. PKR", PKR*Y, and/or PKR¥-°" cells
were seeded into 12- or 6-well plates. Twenty-four hours later, cell monolayers
were washed once with OptiMEM and then infected with WT, V¥°, or Ck° MV
at a multiplicity of infection (MOI) of 0.1 50% tissue culture infective doses
(TCIDsg)/cell or 5 TCIDsg/cell as indicated. The monolayers were allowed to
adsorb the inoculum for 2 h at 37°C. After adsorption, the monolayers were
washed twice with OptiMEM, and Dulbecco’s modified Eagle’s medium con-
taining 5% (vol/vol) serum was added to each well. For vaccinia virus infections,
the cells were similarly seeded into plates and then infected with VVAE3L at an
MOTI of 5 PFU/cell. For superinfection experiments, cells were infected first with
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WT MYV at an MOI of 5 TCIDs/cell for 38 h and then with VVAE3L at an MOI
of 5 PFU/cell. Virus adsorption for VVAE3L infections was for 1 h at 37°C. For
MV growth assays, the infected cells were harvested by being scraped into the
medium at either 48 h (MOI of 0.1) or 36 h (MOI of 5) after infection. Virus was
released from the cells by three freeze-thaw cycles, followed by centrifugation to
remove cellular debris. Virus yields were determined by 50% TCIDj, titration on
Vero cells according to the Spearman-Kérber method (17, 30).

Western immunoblot analysis. Whole-cell extracts were prepared at the times
postinfection indicated in the figures and legends in the presence of 1 mM
phenylmethylsulfonyl fluoride and 1% (vol/vol) protease inhibitor cocktail
(Sigma) as described previously (62), except that 1% (vol/vol) phosphatase in-
hibitor cocktail (Sigma) was also added. Protein concentrations of the extracts
were determined by the Bradford method. Proteins were fractionated by sodium
dodecyl sulfate-10% polyacrylamide gel electrophoresis (SDS-10% PAGE) or
SDS-12% PAGE and transferred onto nitrocellulose, and the membranes were
blocked in either 3% (wt/vol) bovine serum albumin (for the detection of phos-
phoproteins) or 5% (wt/vol) skim milk (for the detection of all other proteins).
For N and P protein detection, rabbit antipeptide antisera recognizing the re-
spective carboxyl-terminal amino acids were generated. For this endeavor, the
peptide (C)SEEQGSDTDTPTVYNDRNLLD (the amino-terminal cysteine was
added for coupling purposes), corresponding to MV N amino acids 505 to 525,
and the peptide (C)ARKSPSEPSGPGAPAGNVP, corresponding to MV P
amino acids 254 to 273, were synthesized and coupled to keyhole limpet hemo-
cyanin. These conjugates were used to produce a rabbit antiserum. Rabbit poly-
clonal antibodies against MV V, C, and H were described previously (8, 16).
Antibody against vaccinia virus I3 was generously provided by P. Tracktman
(Medical College of Wisconsin, Milwaukee). Rabbit polyclonal antibodies from
the indicated sources were used to detect GFP (Santa Cruz), human PKR (Santa
Cruz), elF-2a (Cell Signaling), PKR phosphorylated at Thr446 (Santa Cruz), and
elF-2a phosphorylated at Ser51 (Cell Signaling). Mouse monoclonal antibodies
were used to detect B-actin (Sigma) and human poly(ADP-ribose) polymerase
(PARP; BD Biosciences).

Cell viability assays. Cells were seeded into 24-well dishes and 24 h later
infected at an MOI of 5 as described above. At 48 h postinfection, 100 pl of a
5-mg/ml solution of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bro-
mide (MTT reagent; Invitrogen) was added to each well, and the cells were
incubated at 37°C for 30 min. The medium was then removed, the MTT dye was
released from the cells with 1 ml of dimethyl sulfoxide, and the absorbance at 540
nm was measured with a Beckman DU-65 spectrophotometer.

RESULTS

The growth defect of C-deficient MV is partially rescued in
PKR-deficient HeLa cells. Prior studies showed that MV V
and C proteins are dispensable for replication in cultivated
cells (42, 49), although C-deficient virus replicates poorly rel-
ative to WT virus (16-18, 21, 35, 41, 53, 55). Furthermore,
several studies have demonstrated that PKR is activated (19),
elF-2a is phosphorylated (20, 35), and translation is inhibited
(35) in response to MV, but a definitive role for PKR in MV
infection has yet to be established. To test whether PKR plays
an obligatory role in limiting the growth of mutant MV defi-
cient in either C or V protein expression, a HeLa clonal line in
which PKR expression is stably knocked down by RNA inter-
ference (62) was examined. These PKR* cells have about 2 to
5% of the PKR protein found in either parental cells (PKR ™)
or drug-treated control cells (PKR***°") (61, 62). We there-
fore studied the growth of WT and mutant recombinant MVs
in PKR-deficient (PKR*') and PKR-sufficient (PKR™ and
PKR*¥*°") human cells. The recombinant MVvac GFP(H)
strain, as well as the isogenic V- and C-deficient (V*° and C*°,
respectively) mutants of this virus, was derived from the
Moraten vaccine and carries a GFP gene downstream of the H
gene. The vaccine backbone was chosen for these experiments
because only vaccine-lineage strains can enter cells through
CD46 (37), a receptor expressed on PKR-deficient and -suffi-
cient cells.
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FIG. 1. Growth of V and C mutant viruses compared to WT MV in
PKR™", PKR*, and PKR*¥°" HeLa cells. PKR ", PKR*Y, and PKRkd-con
cells were infected with WT, V¥, or C*° recombinant virus. (A) Fluo-
rescence images of cells infected at an MOI of 5 were taken at 36 h
after infection. U, uninfected cells. (B) Virus yields from PKR-suffi-
cient and PKR-deficient cells at 48 h after infection at an MOI of 0.1
(low MOI) or 36 h after infection at an MOI of 5 (high MOI) were
determined by 50% TCIDs, titration on Vero cells. The results shown
are the means with standard deviations (n = 3). * , P of <0.05 by
Student’s ¢ test for comparison of the C*° virus yields in PKR* cells
and those in PKR* or PKR*" cells.

Among infected cell cultures expressing PKR, the intensity
of the GFP reporter signal in C*° virus-infected cells was re-
duced compared to that in WT- and V* virus-infected cells as
viewed by fluorescence microscopy (Fig. 1A). Viral growth
assays revealed that the C*° virus yield was ~30- to 50-fold
lower than the yield of WT or V*° virus in cells with sufficient
PKR (Fig. 1B). These results are in agreement with the find-
ings of previous studies which have reported attenuated MV
growth in the absence of C protein (16-18, 21, 35, 53) but
relatively normal growth in the absence of V protein (18, 21).

In contrast, in PKR* cells, the GFP signal for the C*° virus
was similar to that for the WT virus (Fig. 1A). Moreover, C*°
virus yields were only ~5- to 10-fold lower than those of the
WT and V*° viruses in these PKR-deficient cells (Fig. 1B).
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FIG. 2. Viral protein expression levels in WT, V*°, and C*° virus-
infected PKR*, PKR*Y, and PKR¥4-°" cells. Cells were infected at an
MOI of 0.1, and whole-cell extracts were prepared at 48 h after infec-
tion and analyzed by Western immunoblotting by using monospecific
antibodies against the indicated MV proteins or B-actin. U, unin-
fected cells.

These results suggest that PKR plays a role in limiting MV
growth and that the accessory C protein counterbalances the
PKR antiviral pathway.

The C-deficient MV exhibits impaired protein expression in
PKR-sufficient cells but not in PKR-deficient cells. Next, we
performed Western immunoblot analyses with antibodies
against several viral proteins to determine if increased viral
protein expression levels correlated with the increased yield of
the C* virus seen in PKR-deficient cells. Compared to PKR-
sufficient cells, PKR*? cells infected with the C*° virus ex-
pressed slightly increased levels of N protein but greatly en-
hanced levels of P, V, and GFP (Fig. 2), indicating that the
protein expression defect of the C*° virus was relieved in the
absence of PKR. In PKR-sufficient cells, the level of P protein
was increased upon infection with the V*° virus compared to
the level observed upon infection with WT or C*° virus. The
V¥ virus is an editing mutant, and all P transcripts of the V°
virus express P, while 50% of the P transcripts of the WT or
C*° virus express V. This increase in the P protein level for the
V¥ virus was reported previously (17). Similar results for pro-
tein expression were observed when infections were performed
at an MOI of 5 (data not shown).

Infection with C*° MV leads to increased PKR activation
and elF-2a phosphorylation. Upon RNA binding, PKR dimer-
izes and undergoes autophosphorylation, thereby leading to an
active kinase that can then phosphorylate the translation ini-
tiation factor elF-2a, causing a block in translation initiation.
To determine whether the viral protein expression defect ob-
served in C*° virus-infected cells was accompanied by in-
creased PKR activation and subsequent eIF-2a phosphoryla-
tion, we analyzed PKR and elIF-2a phosphorylation levels
upon infection with WT and C*° viruses. In PKR-sufficient
cells, PKR phosphorylation at threonine 446 was enhanced
only at late times after infection with the WT virus. This phos-
phorylation of PKR correlated with a modest increase in
elF-2a phosphorylation (Fig. 3A, lanes 6 and 7). Infection with
the C° virus, in contrast, led to high levels of PKR and elF-2a
phosphorylation by 24 h postinfection, which then decreased at
later times postinfection (Fig. 3A, lanes 11 to 13). As a positive
control, the phosphorylation of eIF-2« in parallel cultures of
cells infected with VVAE3L was also measured; infection with
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FIG. 3. PKR and elF-2a phosphorylation in WT and C*° virus-
infected PKR" cells. (A) Cells were left uninfected (UI) or were
infected with WT or C*° MV at an MOI of 5 TCIDs/cell or VVAE3L
at an MOI of 5 PFU/cell. Whole-cell extracts were prepared at the
indicated times postinfection. Western blot analyses were performed
using antibodies against phospho-PKR (P-PKR), PKR, phospho-
elF-2a (P-elF-2a), eIF-2a, N, P, V, C, H, GFP, and B-actin. hpi, hours
postinfection. (B) Cells were left uninfected or were infected with WT
MV at an MOI of 5 TCIDs/cell. At 38 h after infection with MV, the
cells were superinfected with VVAE3L at an MOI of 5 PFU/cell where
indicated (+). Whole-cell extracts were prepared at the indicated
times and analyzed by Western blotting with antibodies against phos-
pho-PKR, phospho-eIF-2a, B-actin, MV C, and VV I3. +, present; —,
absent.

this mutant virus led to highly increased levels of PKR-depen-
dent eIF-2a phosphorylation (Fig. 3A, lane 14), as well-estab-
lished previously (48, 61). No increase in eIF-2a phosphoryla-
tion in PKR* cells was observed upon infection with any of the
MVs (data not shown).

The observed decrease in protein expression by the C*° virus
correlated with the timing of increased eIF-2a phosphorylation
(Fig. 3A). At 18 h postinfection, before PKR activation in
response to either WT or C*° virus was detected, the levels of
protein expression by the two viruses were similar (Fig. 3A,
lanes 4 and 10). At 36 and 48 h postinfection, the levels of C*°
virus N and P were slightly reduced and those of other virus
proteins (V, H, and GFP) were more reduced relative to the
levels of WT proteins (Fig. 3A, lanes 6, 7, 12, and 13). Taken
together, these results indicate that the C*° MV is a more
potent activator of PKR than the WT virus and that PKR is a
major contributor to the protein expression defect of the C*°
virus.

We next tested whether the effect of MV C protein on PKR
activation was direct or indirect. To this end, PKR-sufficient
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parental HeLa cells were infected with WT MV for 38 h to
allow the ample expression of C protein and then superin-
fected with VVAE3L for 10 h. As expected, infection with WT
MV alone caused only slight PKR activation (Fig. 3B, lanes 2
and 4) whereas infection with VVAE3L alone caused greatly
enhanced PKR activation (Fig. 3B, lane 5). Preinfection with
WT MV had little effect on either PKR or eIF-2a phosphory-
lation induced by VVAE3L (Fig. 3B, lane 6), indicating that
the expression of C protein cannot inhibit PKR activation in
trans and that C protein is an indirect antagonist of PKR
activation.

PKR is a mediator of MV-induced apoptosis. The PKR
kinase has been shown previously to mediate apoptosis in-
duced by a variety of stimuli, including dsRNA and virus in-
fection (48, 56). During our studies of MV growth in PKR-
sufficient and PKR-deficient cells, we consistently observed a
reduced cytopathic effect after the infection of PKR*? cells
compared to that observed after the infection of PKR™ or
PKRKk¥-om cells, as illustrated by the phase-contrast images
shown in Fig. 4A. To quantify the effect, the colorimetric MTT
assay was employed. The MTT assay revealed that the number
of viable PKR*? cells was indeed increased compared to the
numbers of viable PKR™ or PKR*4-<°" cells following infec-
tion, especially with the C*° virus (Fig. 4B). As MV is known to
induce apoptosis (22), we further considered whether the
PKR-mediated cell death was apoptotic. Western immunoblot
analyses using antibodies against the caspase substrate PARP
revealed much less PARP cleavage in the PKR* cells deficient
in PKR than in either of the PKR-sufficient control cells (Fig.
4C), consistent with the notion that the PKR-mediated cell
death was apoptotic. The degree of PARP cleavage seen in
cells with sufficient PKR was least in WT-infected cells, inter-
mediate in V*° mutant-infected cells, and most pronounced in
C*° mutant-infected cells (Fig. 4C), which is consistent with the
data in previous reports implicating C and V proteins in pro-
tecting against MV-induced cell death (14, 53). Taken to-
gether, these results suggest that PKR plays an important role
in the apoptosis induced by MV.

The inhibition of apoptosis is not sufficient to eliminate the
growth defect of C-deficient MV. In the experiments described
above, the observed PKR-mediated inhibition of C*° mutant
virus multiplication and viral protein production correlated
with PKR-mediated apoptosis. We therefore considered
whether PKR prevented the growth of the C*° virus by en-
hancing cell death induced by the virus.

To test this hypothesis, we asked whether the inhibition of
apoptosis alone could increase the yield of C*° virus in cells with
sufficient PKR to the levels obtained in PKR* cells. Accordingly,
we examined the growth of the WT and C*° mutant viruses in
PKR* and PKR***°" cells either treated with the pancaspase
inhibitor z-VAD-fmk or left untreated. The treatment of PKR-
sufficient cells with z-VAD-fmk prevented the cells from under-
going apoptosis induced by infection with the C*° virus, as re-
vealed by a lack of cell blebbing and rounding (Fig. 5A) and also
a lack of PARP cleavage (Fig. 5B, compare lanes 5 and 6). As
expected, very little apoptosis in the PKR* cell cultures was
observed, either in the presence or in the absence of the caspase
antagonist (Fig. 5A and B, lanes 2 and 3). Surprisingly, treatment
with z-VAD-fmk did not increase C*° virus growth in PKR-suf-
ficient cells (Fig. 5C and D). If anything, titers of both the WT and
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FIG. 4. MV-induced apoptosis is impaired in PKR-deficient cells.
PKR*, PKRX and PKR*4-°n cells were infected with WT, V¥, or Ck°
virus or left uninfected (UI). (A) Phase-contrast images taken at 36 h
postinfection. (B) Results of the colorimetric MTT assay to measure
cell viability 48 h postinfection, displayed as percentages of the number
of viable uninfected cells (n = 4). * , P of <0.05 by Student’s ¢ test for
comparison of the C*° virus yields in PKR* cells and those in PKR™*
or PKR** <" cells. (C) Western immunoblot analyses performed on
whole-cell extracts prepared at 36 h postinfection, using antibodies
against human PARP and B-actin. The quantity of PARP cleavage
based on the immunoblots, expressed as a ratio of PARP85 to total
PARP [PARPS5 + (PARPS85 + PARP116)], is shown below each lane.

Cke viruses were slightly decreased by treatment with z-VAD-
fmk, which may reflect the drug’s nonspecific inhibition (33) of an
essential protease (ie., furin) (5) needed for virus replication.
Virus protein production was unaffected by treatment with the
drug (Fig. 5B and data not shown). These results suggest that the
inhibition of apoptosis alone is not enough to restore the growth
of the C*° virus and suggest that PKR’s antiviral pathway is not
dependent on the induction of apoptosis.

DISCUSSION

As host cells evolve mechanisms to interfere with virus in-
fection, viruses counteract by evolving strategies to suppress
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host defenses. In the case of paramyxoviruses, the virus-host
interplay is modulated by virulence factors encoded by the P
gene (27, 44, 48). The P gene products, including the P, V, and
C proteins, evade the host’s innate immune system by using a
variety of mechanisms that include not only the inhibition of
IFN signal transduction, but also the suppression of IFN pro-
duction (26, 27, 44, 48). The MV V, C, and P proteins are
implicated in the inhibition of STAT1 and STAT?2 phosphory-
lation and nuclear accumulation and thus impair the expres-
sion of IFN-regulated genes (7, 18, 23, 38, 39, 50, 51, 60). V
protein inhibits IFN induction by interfering with the mda-5
pathway (1, 13), while C protein may also suppress IFN pro-
duction (17, 35, 36). Moreover, both the V and C proteins of
MV function to prevent apoptosis (14, 53), which may be an
additional host mechanism to limit virus multiplication and
spread.

Here, we present evidence that the RNA-dependent protein
kinase PKR plays a key role in restricting MV multiplication
and inhibiting MV-induced apoptosis and that the MV C pro-
tein counteracts these PKR-mediated activities. Using HeLa
cells with sufficient PKR expression, we showed that the C*°
MYV mutant produced ~30- to 50-fold-lower infectious titers
than WT or V-deficient virus. The growth defect of this C*°
virus correlated with reduced levels of expression of several
virus proteins. These findings are consistent with the results of
previous studies that described growth and viral protein syn-
thesis defects of C-deficient MV in a variety of cell lines and
animal models (16-18, 21, 35, 53). We have now shown that, in
HeLa cells deficient in PKR expression, the C*° virus growth
defect was largely reversed—producing only ~5-fold-lower
titers of C*° virus than of WT virus—and that viral protein levels
were almost entirely if not completely restored to WT levels.
These results establish that PKR is a major contributor to the
growth defect of the C*° virus.

What is the mechanism by which PKR inhibits the multipli-
cation of the C*° mutant virus? Our results suggest that the
induction of apoptosis is not a requirement for the PKR-
mediated antiviral effect. Although increased C*° virus yields
correlated with the decreased apoptosis of PKR-deficient cells,
the inhibition of the apoptotic process of PKR-sufficient cells
by the pharmacological caspase inhibitor z-VAD-fmk was not
sufficient to complement the growth defect of the C*° virus.

The enhancement of C*° virus yields in PKR-deficient cells
correlated with an increase in viral protein expression, suggest-
ing that PKR limits C*° virus multiplication by interfering with
the translation of viral proteins. The best-characterized sub-
strate of PKR is translation initiation factor eIF-2a (48), which
when phosphorylated leads to the inhibition of protein synthe-
sis (47). Indeed, we observed increased PKR and eIF-2a phos-
phorylation by 24 h postinfection with the C*° virus relative to
that observed after infection with the WT virus. The results of
our studies carried out with a vaccine (Moraten-equivalent)
strain of recombinant WT virus and an engineered isogenic
C* mutant of this strain in HeLa cells extend the recent
findings of Nakatsu et al. (35), where viral translation inhibi-
tion was seen in A549 cells infected with a recombinant C-
deficient MV derived from the virulent IC-B strain, in that we
have definitively shown that PKR is an upstream cellular factor
responsible for the protein expression defect. Although elF-2a
phosphorylation appears to be the major mechanism leading to
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FIG. 5. Inhibition of apoptosis does not restore the WT host range phenotype in C*° MV. PKR*! and PKR**°" cells infected with C*° or WT
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were analyzed at 36 h postinfection. (A) Phase-contrast images. (B) Western immunoblot analyses using antibodies against human PARP, GFP,
and B-actin. (C) Fluorescence images. (D) Virus yields determined by 50% TCIDs, titration on Vero cells. The results shown are means * standard

deviations (n = 4).

the decreased protein expression of the C*° virus, it is conceiv-
able that other PKR-mediated effects, including PKR action
on PP2A phosphatase activity (58) or NF-kB-dependent signal
transduction responses (6), also play a role.

The WT and V* viruses that we utilized expressed compa-
rable levels of C protein and replicated equally well in PKR-
sufficient and -deficient cells, whereas the C*° virus that did not
express detectable C protein grew poorly in PKR-sufficient
cells but well in PKR-deficient cells. We considered a mecha-
nism of C antagonism of PKR in which C inhibits PKR acti-
vation through a physical interaction. We were unable to de-
tect such an interaction through coimmunoprecipitation
analysis (data not shown). Another possibility is that the effect
of MV C protein on PKR activity is indirect; for example, C
protein may inhibit the production of aberrant RNAs which
have the ability to activate PKR. C proteins of several
paramyxoviruses have been shown previously to regulate viral
RNA synthesis (3, 36, 45, 52). Our data for MVvac, like those
of Takeuchi et al. for Sendai virus (52), favor an indirect model
of C protein inhibition of PKR activity; WT MV was unable to

inhibit PKR activation following infection with a mutant vac-
cinia virus (VVAE3L) that was shown previously to induce
high levels of PKR-dependent eIF-2a phosphorylation (61).
Likewise, Newcastle disease virus-induced phosphorylation of
PKR was not impaired by prior infection with Sendai virus
(52).

Although protein expression by the CX° virus was nearly or
completely restored in PKR-deficient cells, the virus yield was
only partially rescued, suggesting that the decreased growth of
the C*° virus may not be due entirely to impaired viral protein
expression. The C protein, therefore, likely affects additional
steps of virus multiplication, such as virus assembly (16),
and/or host factors in addition to PKR are important for lim-
iting the replication of the C*° virus. As C protein has been
shown previously to be an effector of IFN synthesis (17, 35, 36),
IFN-regulated proteins other than PKR may be involved in
restricting MV replication.

The P/V/C gene products of paramyxoviruses are known
virulence factors, determinants of host range and viral patho-
genesis, and modulators of cell apoptotic and signal transduc-
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tion pathways (26-28, 44, 48). The V and C proteins play
important roles in antagonizing STAT-dependent IFN-a/B sig-
nal transduction (26, 44). Our results, together with those of
the recent studies of simian virus 5 (SV5) by Gainey et al. (24)
and of Sendai virus by Takeuchi et al. (52), suggest that the V
and C gene products are also important for antagonizing the
PKR-mediated antiviral response. While we found that the C
protein product, but not the V protein product, of the MV P
gene is a PKR-dependent virulence factor and modulator of
viral protein expression, Gainey et al. (24) reported that the
P/V proteins of SV5 (which does not encode a C protein) are
important viral factors for antagonizing PKR-mediated trans-
lation inhibition. More recently, Takeuchi et al. (52) showed
that the C protein of Sendai virus inhibits PKR activation by
limiting the generation of dsSRNAs. Some notable differences
exist between our experiments and those of Gainey et al. and
Takeuchi et al., however. Upon infection of PKR-deficient
cells compared to PKR-sufficient cells with the C*° MV, we
observed the complementation of the apoptosis induction phe-
notype and the partial restoration of infectious virus yield, bio-
logical parameters that were not considered by the other stud-
ies with SV5 and Sendai virus (24, 52). Moreover, our results
which establish PKR as a mediator of MV-induced apoptosis
are to our knowledge the first example of a role for PKR in
paramyxovirus-induced cell death.
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