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Double-stranded RNA-dependent protein kinase
(PKR) has been implicated in interferon (IFN) induc-
tion, antiviral response and tumor suppression. We
have generated mice devoid of functional PKR (PkI/o).
Although the mice are physically normal and the
induction of type I IFN genes by poly(I)-poly(C) (pIC)
and virus is unimpaired, the antiviral response induced
by IFN-y and pIC was diminished. However, in embryo
fibroblasts from Pkr knockout mice, the induction of
type I IFN as well as the activation of NF-rB by pIC,
were strongly impaired but restored by priming with
IFN. Thus, PKR is not directly essential for responses
to pIC, and a pIC-responsive system independent of
PKR is induced by IFN. No evidence of the tumor
suppressor activity of PKR was demonstrated.
Keywords: antiviral response/double-stranded RNA-
dependent protein kinase/interferon induction/tumor sup-
pression

Introduction
Double-stranded RNA-dependent protein kinase (PKR),
a serine/threonine protein kinase, is one of the best
characterized of the many proteins induced by type I
interferon (IFN; for reviews see Hovanessian, 1989, 1993;
Katze, 1992; Lengyel, 1993; Samuel, 1993). Upon activa-
tion by double-stranded RNA (dsRNA; Galabru et al.,
1989) or by stem-loop structures of certain single-stranded
RNAs (SenGupta et al., 1990; Roy et al., 1991), the
murine 65 kDa (p65muPKR) or human 68 kDa (p68huPKR)
protein autophosphorylates and phosphorylates the
eukaryotic initiation factor eIF-2, thereby throttling protein
synthesis (Galabru and Hovanessian, 1987; Hovanessian
and Galabru, 1987; Hershey, 1989; Chong et al., 1992).
It was proposed early on that PKR plays an important
role in the cellular antiviral response, and it has been
shown recently that the overexpression of p68huPKR in

cultured cells inhibits the replication of vaccinia virus
(Lee and Esteban, 1993) and encephalomyocarditis virus
(EMCV), but not vesicular stomatitis virus (VSV; Meurs
et al., 1992). The postulated biological significance of
PKR in antiviral responses is supported by the finding
that several viruses have developed different strategies for
abrogating PKR activity (for a review see Katze, 1992).
In addition, on the basis of indirect evidence, it has been
suggested that PKR may be essential for the induction of
IFN-3 gene expression by both virus and double-stranded
RNA (Marcus and Sekellick, 1988; Zinn et al., 1988). A
role for PKR has also been proposed in the activation of
at least some IFN-inducible genes in HeLa cell lines
(Tiwari et al., 1988).
More recently, evidence has been proffered that PKR

is also involved in growth control. The expression of
p68huPKR in yeast leads to the phosphorylation of eIF-2
and slows down the proliferation of the transformed cells
(Chong et al., 1992; Dever et al., 1993). Interestingly, the
introduction of expression plasmids encoding enzymatic-
ally inactive human PKR into NIH 3T3 cells led to
transformed cell lines capable of generating tumors in
nude mice. This result has been ascribed to a transdominant
inhibitory effect of the mutant enzyme on the resident
wild-type PKR resulting in the derepression of growth,
and led to the designation of PKR as a tumor suppressor
gene (Koromilas et al., 1992; Lengyel, 1993; Meurs
et al., 1993).
To determine whether PKR plays an essential role in

the activation of IFN genes and IFN-stimulated genes
and in growth control, we generated mice devoid of
p65muPKR by disrupting the Pkr gene by homologous
recombination. Homozygous Pkr knockout (Pkrt)/) mice
developed normally and were fertile. The induction of
IFN-ax and IFN-P gene transcription by virus or
poly(I)-poly(C) (pIC) was the same in spleen, lung and
liver from Pkr°/O and wild-type mice. The IFN-a-
induced antiviral response against EMCV was the same
in Pkr°,/o and wild-type mice; however, IFN-y- and pIC-
induced responses were impaired. In mouse embryo
fibroblasts (MEFs), the induction of type I IFN genes
by pIC was diminished, as was the activation of NF-
KB by pIC [but not by tumor necrosis factor (TNF)-
ax], but this defect was corrected if cells were first
primed with IFN-a. Thus, PKR is not directly essential
for responses to pIC, and a pIC-responsive system
independent of PKR is induced by IFN. So far, no
spontaneous tumors in Pkre/o animals have been observed.
In addition, inoculation into nude mice of embryonic
fibroblasts, embryonic fibroblasts transformed by ras or
established 3T3-like cell lines derived from Pk,o/o
mice has not resulted in tumor formation, arguing against
the role of PKR as a direct tumor suppressor.
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Fig. 1. Targeted disruption of the PKR gene by homologous recombination. (A) (Top) The wild-type allele of 129/Sv(ev) mice has an EcoRI site

(marked with *) which is absent in C57BU6J mice; this gives rise to a polymorphic Southern blot pattern. (Middle) The targeting vector is the
7.6 kb genomic BamHI-XbaI segment in which the BalI-PstI segment was replaced by a PGK-NEO-UMS cassette and to which the HSV-TK
cassette was added. (Bottom) The allele generated by homologous recombination. The lengths of diagnostic restriction fragments and the probe used
for Southern blot analysis are shown. Black boxes indicate exons. Exon 2 contains the initiation codon indicated by ATG. (-) Vector sequences;
(-o) orientation of the DNA segments. (B) Southern blot analysis of EcoRI-cleaved genomic DNA using the 32P-labeled probe A indicated in (A),
top. (Panel a) Wild-type and Pkr+/o GS-1 ES cell lines [129/Sv(ev)]. Genomic DNA of (panel b) 129/Sv(ev), C57BL/6J and the Fl progeny of
129/Sv(ev)XC57BLU6J mice, demonstrating polymorphism and (panel c) F2 of a Pkr+/o [129/Sv(ev)XC57BL/6J] self-cross.

Results

Generation and characterization of Pkre/° mice
Using a probe derived from p65muPKR cDNA (Feng et al.,
1992), we isolated a 7.6 kb genomic mouse DNA fragment
that contained exons 2-4 (Tanaka and Samuel, 1994),
encoding amino acids 1-124 (Figure IA, top). A targeting
plasmid was constructed (Figure IA, middle) in which a

2.0 kb DNA segment, comprising parts of exons 2 and 3
and the intron in between, was replaced by a neomycin
resistance (NEO) gene in an antisense orientation and
the upstream mouse sequence (UMS) element which
purportedly mediates transcription termination (Heard
et al., 1987). The disrupted Pkr gene was introduced into
embryonic stem (ES) cells [strain 129/SV(ev)]. Homolo-
gous recombinants (Figure 1A, bottom) were identified
by PCR or Southern blot analysis and injected into
blastocysts from C57BL/6J mice, following the strategy
described previously (Doetschman et al., 1987; Thomas
and Capecchi, 1987; Capecchi, 1989; McMahon and
Bradley, 1990). The resulting chimeric mice were bred to

C57BL/6J mice and the progeny homozygous for the
disrupted Pkr allele (Pkro/o) were identified by PCR and
Southern blot analysis (Figure iB). The ratio of wild-
type, heterozygous and homozygous mice was 1:2:0.8
(n = 100).

Pkrt/o mice developed normally and showed no visible
differences compared with their littermates with regards
appearance and behavior. Homozygous Pke/O mice were

fertile and produced litters of normal size. No gross

anatomical changes were noted, and a histological
examination of the internal organs revealed no consistent
abnormalities.

Figure B shows a Southern blot ofDNA from wild-type
mice and animals heterozygous (PkO/+) and homozygous
(Pkr9/o) for the disrupted Pkr gene. The 7.6 and 4.0 kb
EcoRI fragments are characteristic of the wild-type Pkr
alleles of strains C57BL/6J and SV129, respectively, while
the 5.0 kb EcoRI fragment is characteristic of the disrupted
SV129 Pkr allele. A Northern blot analysis of primary
fibroblast RNA using a probe for the deleted Pkr segment
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Fig. 2. Analysis of PKR transcripts in Pk,i/o mice. (A) Scheme of the wild-type and disrupted genome sequences and the resulting transcripts. The
wild-type PKR allele and the normally spliced product are shown in the top two lines; the disrupted allele and the RNA product resulting from exon

skipping are given in the lower two lines. (B) For Northern blot analysis, total RNA was isolated from primary MEFs derived from wild-type and
mutant embryos mock-induced or -induced with rhuIFN-a2/al (500 U/ml) for 3 or 6 h. Blots (10 ,ug RNA per lane) were hybridized with the
probes indicated in (A). (C) RT-PCR was performed as described in Materials and methods, using the primers P7 and P9 as indicated in (A).

shows the IFN-inducible 2.5, 4.0 and 6.0 kb Pkr transcripts
described previously in wild-type mice (Icely et al., 1991;
Samuel, 1993) and the complete absence of a signal in
the Pkr?4/o sample (Figure 2B, lanes 1-6). This finding
strongly suggests that the three bands are derived from
the same gene from which parts of exons 2 and 3 had
been deleted. However, when a probe from downstream
of the deletion (probe C, Figure 2A) was used, the Pkro/o
RNA also showed three bands, albeit of lower intensity
and, at least in the case of the two lower bands, with
distinctly higher mobility than in the case of wild-type
(Figure 2B, lanes 8, 9, 11 and 12). A NEO probe gave
rise to a weak signal for a 2.5 kb IFN-induced transcript
and a strong signal for a constitutive low molecular weight
transcript that decreased after IFN induction, presumably
representing the NEO sequence transcribed from its PGK
promoter (data not shown). We conclude that the UMS
sequence did not efficiently terminate the transcription in

fibroblasts and that the artifactual exon, comprising the
NEO/UMS insert, had been spliced out ('exon skipping')
in the majority of the transcripts. This conclusion was

supported by a PCR analysis (Figure 2C). Reverse tran-
scripts of Pkrl++ and Pkro/l RNA were amplified using
two primers flanking the disrupted exons. Pkr+l+ RNA
gave a product of about the expected size (1045 bp), while
Pkr°/o RNA gave a product of about the size expected if
exons 2 and 3 had been spliced out, namely 790 bp. A
sequence analysis of the Pkr,/o RT-PCR product confirmed
that the DNA was precisely lacking the segment corres-

ponding to exons 2 and 3.
mRNA containing the NEO/UMS substitution would

have an interrupted reading frame (Figure 2A). 'Exon-
skipped' mRNA, devoid of exons 2 and 3, lacks 17
nucleotides of the 5' non-coding region and the coding
sequence up to amino acid 80, including of course the
authentic initiation codon AUG. The most upstream met
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Fig. 3. Determination of PKR protein and kinase activity in MEFs and MEF extracts. (A) Wild-type or Pk,D/o MEFs, treated (lanes 2 and 4) or not
(lanes 1 and 3) with rhuIFN-a2/al (500 U/ml) for 17 h, were incubated with pIC and [32P]phosphate, lysed and immunoprecipitated. The
precipitates were analyzed by PAGE. Exposure to X-ray film was for 7 days. (+/+) Wild type; (o/o) Pk,il/o. (B) Protein kinase assays were

performed with crude whole-cell extracts from IFN-treated cells (lanes 1 and 2) or with immunoprecipitates of these extracts with PKR antiserum
(lanes 3-6), with or without 0.5 ,ug purified eIF-2. pIC was present as indicated. Autoradiography was performed for 4 h. The position of eIF-2a is
indicated. The PKR band represents autophosphorylated PKR. (+) Wild type; (o) Pki/o. (C) Western blots were performed as described in Materials
and methods. Lanes 1 and 2 show that the polyclonal PKR antiserum BC1 gives an equally strong signal with full-length PKR and that the
42-44 kDa PKR fragment synthesized in vitro using equal amounts (4 ,l incubation mix, 40 ng mRNA/tl) of full-length and exon-skipped mRNAs,
respectively, as described in Materials and methods. Exposure, 15 s. Lanes 3-10, lysates containing the amounts of protein indicated, from wild-type
or Pk,o/o MEFs induced with 500 U IFN-a2/cal or mock-induced. There is no evidence for a truncated PKR at a level _-2% of wild-type PKR, as

judged by comparing the Pk,D/o sample (20 jg) with the dilution series of the wild-type sample. Exposure, 15 min; in vitro, in vitro translation
reaction mixture; wt, wild-type sample; esk, exon-skipped sample.

codon in the correct reading frame is in position 136 and
has an acceptable Kozak sequence, so that in principle
a 379 amino acid C-terminal PKR fragment could be
synthesized. To determine whether the exon-skipped
mRNA was potentially able to give rise to a translation
product, wild-type and exon-skipped Pkr cDNAs were

constructed. The cognate mRNAs were prepared and
translated in a reticulocyte system. Major 35S-labeled
products of -60 kDa resulted from the reaction directed
by wild-type Pkr mRNA and of -42-44 kDa resulted
from that directed by exon-skipped mRNA. Both products
were immunoprecipitated to the same extent by an anti-
mouse PKR serum (Petryshyn et al., 1988; data not
shown). We concluded that, at least in a cell-free system,
a C-proximal fragment of PKR could be translated from
the exon-skipped RNA and that it could be precipitated
by the antiserum. Therefore we examined cell extracts
from Pke,/O MEFs for the presence of a kinase-active PKR
fragment.

Cell extracts were subjected to the classic PKR auto-
phosphorylation assay as follows. pIC agarose was added
to the extracts. The agarose was washed and incubated

with [,y-32P]ATP, and the radioactive products were eluted
and analyzed by SDS-PAGE. No autophosphorylated PKR
could be detected in the case of the Pkro/o MEFs, while
the wild-type control gave a strong signal (data not shown).
This was as expected for a putative fragment lacking 135
N-proximal amino acids, because the deletion of 34 N-
terminal residues abolished the RNA binding capacity of
PKR (Green and Mathews, 1992; Patel and Sen, 1992).

It was reported recently that N-terminal deletion mutants
ofPKR which no longer bind dsRNA are not constitutively
active, but they may be phosphorylated in trans and lead
to the inhibition of translation (Lee et al., 1994). Therefore
we searched for a putative phosphorylated PKR fragment
and for eIF-2-phosphorylating activity. MEFs were incuba-
ted with or without IFN-a [rhIFNa2/al; Weber et al.,
1987; shown to be as active as muIFN-P in the induction
of IFN-inducible genes in the mouse (Muller et al., 1994)],
treated with pIC and labeled with [32P]phosphate. Cell
lysates were treated with PKR antiserum and the precipita-
tes analyzed by PAGE and autoradiography. As shown in
Figure 3A, samples from IFN-a-treated (lane 2) but not
from untreated (lane 1) cells gave a strong radioactive
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PKR band at -65 kDa, while Pkre/o samples showed
neither a band at that position nor a new band of lower
molecular weight (lanes 3 and 4). Similarly, when extracts
from IFN-a-treated cells were incubated with pIC and
[,y-32P]ATP and analyzed by PAGE, a labeled PKR band
was found in the case of the Pkr'1+ but not in the Pkro/o
samples (Figure 3B, lanes 1 and 2). In a further experiment,
extracts from IFN-a-treated cells were immunoprecipita-
ted with PKR antiserum and the washed precipitate incuba-
ted with various amounts of pIC, [,y-32P]ATP and purified
eIF-2, a specific substrate of PKR (Farrell et al., 1978).
Pkr+'+ immunoprecipitates gave strong radioactive PKR
and eIF-2ax bands, whereas no corresponding signals were
detected in the case of the Pkro/o immunoprecipitates
(Figure 3B, lanes 3-8). Thus, Pkre/o cells did not contain
a PKR fragment with detectable kinase activity. Finally,
total proteins from IFN-a-induced Pkrl++ and Pke°/o
fibroblasts were analyzed by Western blotting, using an
antibody (BC 1) raised against the N-terminal 170 residues
of human PKR which cross-reacts with murine PKR. As
shown in Figure 3C, this antibody revealed a strong
65 kDa band in the wild-type (lane 3) but not in the
PkI/O sample (lanes 9 and 10). Moreover, although the
antibody reacts with the 42-44 kDa PKR fragment synthe-
sized in vitro (lane 2), it failed to reveal any band in the
Pkri/0 preparation which was not also present in the
Pkr+1+ sample; from the dilution series of the Pkr+l+
sample (lanes 3-7), the detection limit was estimated to
be 2% of the wild-type PKR level. Similar results were
obtained with a murine PKR antiserum (data not shown).

Activation of NF-cB in Pkr+l+ and PkrE/o MEFs
treated with plC or TNF-a: effect of priming with
IFN
The transcription factor NF-icB is found as an inactive
cytoplasmic complex with IKB. Virus infection or the
treatment of cells with a variety of agents, such as phorbol
myristate acetate (Sen and Baltimore, 1986), TNF-ax,
interleukin-1 (Osborn et al., 1989) or dsRNA (Visvanathan
and Goodbourn, 1989), leads to the release of NF-KB and
its translocation to the nucleus. At least one mechanism
of release involves the phosphorylation of IKB (Ghosh
and Baltimore, 1990; Diaz et al., 1993; Li and Sedivy,
1993) which can be mediated by protein kinase C (Ghosh
and Baltimore, 1990), Raf-1 protein kinase (Li and Sedivy,
1993) or PKR in a dsRNA-dependent reaction (Kumar
et al., 1994; Maran et al., 1994).
To assess whether NF-kcB activation was impaired in

Pkro/o cells, MEFs were treated with pIC or TNF-a and
nuclear extracts were subjected to a bandshift analysis
using the y-32P-labeled NF-c1B binding sequence PRDII
(position -55 to -66 of the human IFN-0 promoter;
Goodboum and Maniatis, 1988). As shown in Figure 4A,
NF-iKB was detected in pIC-treated Pkr'++ and Pkr+/o
(lanes 5 and 6), but not in Pkre/o nuclear extracts (lane 4).
The incubation of the binding complex with antiserum to
p50 (lane 7), but not antisera to p65 or rel (lanes 8 and
9), caused a decrease in mobility, indicating the presence
of at least p50 in the complex. In cells stimulated with
TNF-a, NF-c1B was activated to the same extent in wild-
type, heterozygous and knockout cells (lanes 10-12).
Interestingly, when the MEFs were pretreated (primed;
Stewart et al., 1971; Raj and Pitha, 1981; Enoch et al.,

A
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Fig. 4. Activation of NF-icB by pIC or TNF-a in MEFs. (A) Nuclear
extracts were prepared from wild-type (+/+) or Pke'l1 (0/0) MEFs
induced by pIC or TNF-a and subjected to an electrophoretic mobility
shift assay using the 32P-labeled NF-aB binding oligonucleotide PRDII
as a ligand. Where indicated, extracts were preincubated with antibody
to p5O, p65 or rel prior to the addition of the oligonucleotide.
(B) MEFs were primed with IFN-ax or IFN-y as indicated, induced
with pIC or mock-induced. The analysis of nuclear extracts was
as in (A).

1986; Dron et al., 1990) with type I or type II IFN, the
activation of NF-kcB in Pkro/o was restored to about half
the wild-type level (Figure 4B).

This experiment shows that NF-KB activation by dsRNA
and TNF-a proceeds via different pathways and that
activation by dsRNA can occur by a PKR-independent
pathway, at least in MEFs primed with IFN. The experi-
ment also confirms that a functional knockout has been
achieved.

Induction of type I IFN genes by virus and plC in
mice and MEFs
Two mice were each injected intravenously with Newcastle
disease virus (NDV) or intraperitoneally with pIC. No
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Fig. 5. Induction of type I IFN and IFN mRNA by pIC or NDV in wild-type and PktJ/o mice. Mice were not injected or injected either
intraperitoneally with pIC (200 gg/mouse) 6 h prior to killing or intravenously with NDV (107 p.f.u./mouse) 4 h prior to killing. (A) Two mice of
each genotype were bled after 4 h and sera were assayed for antiviral activity as described in Materials and methods. The first dilution was 1:20
followed by a 2-fold serial dilution. (B) Total RNA (10 gg/lane) of the indicated organs was subjected to a Northern blot analysis using a
32P-labeled IFN-a (upper panel) or IFN-4 (lower panel) cDNA probe. After stripping, the filters were hybridized with a GAPDH cDNA probe.
(+) Wild-type; (0) Pkro/o.

significant difference in antiviral activity levels in the sera

of wild-type or Pkr,/O mice could be observed (Figure 5A)
with either inducer. IFN-a and IFN-P mRNA levels were
determined in organs of PktJ/O and wild-type controls.
Substantial differences in the mRNA levels of individual
animals can occur (Reis et al., 1994). After NDV challenge,
notable levels of IFN-P mRNA were detectable in spleen,

and less so in lung and liver, in both wild-type and PKR-
deficient mice (Figure 5B). In the case of IFN-a mRNA,
spleen samples gave a strong and liver a weak signal
(Figure 5B); no bands were detectable in lung. In repeated
experiments there was no significant difference between
wild-type and PkAio mice. Challenge with pIC led to high
levels of mRNA for both IFN-f3 and IFN-a in spleen,
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Fig. 6. Induction of type I IFN transcripts in wild-type and Pkr/o
MEFs with pIC or NDV. Wild-type (+) or Pk,/o (0) MEFs were
mock-induced or induced with either pIC for 4 h or NDV for 8 h.
Where indicated, rhuIFN-ca2/al (500 U/ml) or cycloheximide (CHX,
75 gg/ml) was added prior to induction. Total RNA was loaded at
10 ,ug/lane. Northern blots were hybridized with a 32P-labeled IFN-ca
or IFN-f probe. After stripping, the filters were hybridized with a
GAPDH cDNA probe.

whereas in lung there was the weak expression of IFN-13
but not of IFN-a (Figure SB). There was no significant
difference between wild-type and mutant mice.
MEFs showed a distinctly different behavior. After

induction with an optimized dose of NDV, RNA was
collected after 8 h and subjected to a Northern blot analysis
with an IFN-3 and an IFN-a probe. As shown in Figure
6, the same levels of both IFN-13 and IFN-a mRNA were
found in wild-type and Pkr,/o MEFs. Therefore, as in
organs, PKR is not essential for virus induction of type I
IFN genes in MEFs. In contrast, the treatment of MEFs
with pIC resulted in a much lower level of type I IFN
mRNA in Pkr'/o than in Pkr+1+ cells. However, when the
MEFs were primed with type I IFN, both wild-type and
Pke/o cells showed about the same levels of type I IFN
mRNA, which were two to five times higher than the levels
in unprimed wild-type cells. This effect was abolished by
cycloheximide, suggesting that the priming effect involves
protein synthesis. The experiment shows that in Pko/o
MEFs, as in the case of NF-KB, induction with pIC is
impaired but the deficiency can be overcome by IFN-
inducible protein(s); thus, PKR is not essential for dsRNA-
elicited IFN induction. NF-KB is involved in the activation
of the IFN-3 gene (Fujita et al., 1989; Lenardo et al.,
1989; Visvanathan and Goodbourn, 1989; Xanthoudakis
et al., 1989; Thanos and Maniatis, 1992), but its role in
the induction of murine IFN-a genes is questionable
(MacDonald et al., 1990); it cannot be excluded that the
deficit in induction of the IFN genes is caused by the
deficit in the activation of NF-KB.

Induction of IFN-stimulated genes (ISGs) with IFN
or plC in mice and MEFs
Mice were injected intraperitoneally with rhuIFN-a2/al
(which is fully active on murine cells; Weber et al., 1987;

5 X105 U/mouse) or pIC (200 jg/mouse). Spleen, lung,
liver and thymus samples were collected for RNA extrac-
tion after 7.5 h. A Northern blot analysis revealed no
difference in the type I IFN-induced levels of the mRNA
of major histocompatibility complex (MHC) class I, 2',5'-
oligoadenylate synthetase (OAS), 1-8 and 202 in Pkrl++
and Pkro/0 organs. However, in Pkro/0 MEFs treated for 3
or 6 h with rhuIFN-a2/al or murine IFN-,y, expression
levels of MHC class I mRNA were 2- to 3-fold lower
than those in Pkr'++ cells. Induction by pIC was low and
late in both wild-type and mutant MEFs (data not shown).

Antiviral response in mice and MEFs
Wild-type and Pkro/o mice were injected intravenously
with EMCV and blood samples were taken at 0, 2, 4
and 6 and 24 h post-infection. IFN concentrations were
maximal between 4 and 6 h; there was no significant
difference between mutant and wild-type mice (data not
shown).
The average survival time was -3 days for both groups

(Figure 7A). However, when the animals were pretreated
with pIC, the average survival time of wild-type mice was
extended to >6 days, while that of the Pkro/o mice
remained unchanged at 3 days (Figure 7B). The same
results were obtained when EMCV was administered by
the intracerebral or intraperitoneal route (data not shown).
Surprisingly, similar results were obtained when the mice
were pretreated with IFN-y. The minimal survival time
for wild-type mice was 6 days and two out of five wild-
type mice survived EMCV infection for >21 days. In
contrast, IFN-y-treated Pkre/o mice survived EMCV infec-
tion for only 4 days (Figure 7C). Pretreatment with IFN-a
extended the survival time of both wild-type and Pke°/o
mice to the same extent (Figure 7D), implying that the
IFN-a-induced antiviral state directed against EMCV
does not depend on PKR. Increased survival times were
reflected in lower EMCV levels in brain and serum from
animals 72 h after infection (Figure 7E and F). These
experiments indicate that there may be two pathways
leading to an antiviral state, one dependent on PKR
(elicited by pIC or IFN-y) and another independent of
PKR (elicited by IFN-a).
The intravenous injection of up to 106 p.f.u. VSV did

not lead to the death of either wild-type or Pkre/o mice
(data not shown).
The diminished antiviral response to IFNs and pIC was

reflected in the virus yields of MEFs challenged with
EMCV. The titers were about the same in untreated Pk,°/o
and Pkr'++ cells, but whereas they were reduced by 4.0
and 4.7 logs after pretreatment with pIC and IFN-y,
respectively, in the case of Pkr+l+ MEFs, the correspond-
ing reductions were only 2.7 and 1.5 for Pkr9/o cells.
These results confirm at the level of MEFs the dependence
on PKR of the antiviral response induced by pIC and
IFN-y.

Cellular transformation in vitro and tumorigenicity
It has been reported that NIH 3T3 cells expressing a
transdominant mutant PKR were tumorigenic, indicating
that PKR is a tumor suppressor gene (Koromilas et al.,
1992; Meurs et al., 1993). Therefore, we analyzed
PkrO/o fibroblasts for the expression of transformed pheno-
types in vitro and in vivo. MEFs from two wild-type and
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Deficient signaling in mice devoid of PKR

six Pk,,/, cultures were injected subcutaneously into nude
mice (2-8 X106 cells per site; two to four sites injected
per sample). No tumors were noted in either case after
50-78 days.

Because MEFs have a limited life-span, we generated
cell lines from the same embryos according to the 3T3
protocol (Todaro and Green, 1963). 3T3-like cells are
immortal and likely to be predisposed to neoplastic trans-
formation by a mutation such as the inactivation of a
tumor suppressor gene (Koi and Barrett, 1986; Iten et al.,
1989). Cells were passaged every 3-4 days, replating at
1.8X 104 cells/cm2. After 10 passages, cells went into
crisis. Five of six MEF Pkr°/l cultures and both wild-type
MEF cultures were recovered as permanent lines. Pkrl++
and Pk,/, 3T3-like cell lines exhibited indistinguishable
cloning efficiencies and saturation densities. All cell lines
were unable to form colonies in soft agar medium and to
initiate tumor growth in nude mice (2-9X 106 cells injected
per site; one to four sites per line; observation period 40-
130 days). Ras oncogene-transformed NIH 3T3 control
cells formed colonies >1 mm in diameter after 2 weeks
in soft agar, and produced tumors in nude mice after
16 days.

In a further experiment, NIH 3T3 cells and MEFs
derived from two individual embryos of each genotype
(Pke/o and Pkr+'l) were infected with a retrovirus con-
taining the c-Ha-rasvawI2 gene (pGDV12ras) or control
virus (pGD) at a multiplicity of infection (MOI) of 10.
After seeding into soft agar, 26-31% of NIH 3T3 cells
infected with pGDV12ras formed colonies after 2 weeks,
whereas none of the MEFs formed colonies up to 12
weeks after seeding at 2X 105 cells/bottle. In methylcellu-
lose, 20% of NIH 3T3 cells infected with PGDV12ras,
but <0.5% of the MEFs, be they Pkro10 or Pkr+l+, formed
colonies. The injection of nude mice with 106 pGDV 12ras-
infected NIH 3T3 cells gave rise to tumors of >5 mm in
diameter after 2 weeks. However injection with 106
pGDV12ras-infected MEFs of either genotype did not
give rise to tumors after 4 weeks. Thus, we have so far
been unable to demonstrate a tumor suppressor effect
of PKR.

Discussion
Various roles have been assigned to PKR, namely involve-
ment in the induction of type I IFN genes, in the induction
of IFN-stimulated genes by type I IFN and in growth
control.
We have generated mice with Pkr genes in which a

segment spanning parts of two exons and the intervening
intron were replaced by foreign DNA sequences, including
a sequence purportedly causing transcriptional termination.
Nevertheless, substantial levels of mRNA were produced,
from which the two disrupted exons were deleted. Despite
a potential in-frame initiator codon at amino acid position
136, no PKR fragment was observed by either Western
blotting or an autophosphorylation assay, and no kinase
activity with eIF-2 as substrate was detected.

Virus-induced IFN-a and IFN-1 mRNA levels were not
affected by the absence of PKR in either MEFs or organs
of PkrtJ/o mice. While the induction of type I IFN mRNA
by pIC was normal in Pkre/ mouse organs, it was impaired
in Pk,1/o MEFs; however, priming with type I IFN restored

the full response. We conclude that in MEFs, induction
by virus and by dsRNA is mediated by pathways that
differ partly or entirely, that PKR is not essential in either
pathway but that in the absence of PKR dsRNA-induced
signal transmission depends on a type I IFN-inducible
component. Interestingly, analogous findings were made
with regards to IRF-l (Matsuyama et al., 1993; Reis
et al., 1994), and analogous conclusions were drawn (Reis
et al., 1994).

Double-stranded RNA can lead to the activation of
NF-iKB through the phosphorylation of IrB (Kumar et al.,
1994). In Pkr/o MEFs, treatment with pIC does not
activate NF-kB, in agreement with the findings of Maran
et al. (1994) who proposed that the selective ablation of
PkrmRNA abolishes NF-icB activation but, again, priming
with IFN (type I or type II) redresses this defect. Therefore
there must be a second, PKR-independent activation
pathway which is induced by IFN. Because NF-iB plays
an essential role in the induction of the IFN-f3 gene (Fujita
et al., 1989; Lenardo et al., 1989; Visvanathan and
Goodboum, 1989; Xanthoudakis et al., 1989; Thanos and
Maniatis, 1992), it is tempting to consider that the failure
of MEFs to accumulate IFN mRNA after pIC induction
is because of the absence of activated NF-iB. However,
the induction of IFN-a genes by pIC is also impaired in
Pkre/o MEFs, although the induction of the IFN-a genes
is thought not to involve NF-KB (MacDonald et al., 1990).
For this reason, and because a knockout of the p50 subunit
of NF-rB does not abolish IFN-3 induction (Sha et al.,
1995), it is possible that the impairment of IFN induction
in Pkre/o MEFs is not a direct consequence of the lack of
active NF-KB. The discrepancy between the results with
MEFs and the findings in vivo, where we did not detect
a difference in the inducibility of type I IFN genes by
pIC, could be explained if the mice, which are kept under
conventional conditions, were in a permanently 'primed'
state due to the constant presence of low concentrations
of IFN (Belardelli et al., 1984; Galabru et al., 1985), or
if the treatment with pIC generated low concentrations of
IFN which then led to priming. To resolve this question,
we are generating double knockout mice lacking both PKR
and the type I IFN-a receptor chain (Muller et al., 1994).

Although the constitutive expression of PKR in cultured
cells increases their resistance to EMCV (Meurs et al.,
1992), there was no difference in the susceptibility of
untreated wild-type and Pke°/o mice to infection by EMCV.
Pretreatment with IFN-a increased the survival time of
both mouse strains to an equal extent, showing that the
establishment of an IFN-a-dependent antiviral state does
not depend on a PKR-mediated process. Indeed, the
induction in MEFs of a number of ISGs by IFN-a was
not dependent on PKR (data not shown). The pretreatment
of wild-type mice with pIC or IFN-y extended the survival
time after EMCV infection to the same extent as type I
IFN. However, surprisingly, this process was dependent
on PKR, showing that there exist both PKR-dependent
and PKR-independent pathways for the establishment of
an antiviral state. In Pkr°/o MEFs, there was a 2- to 3-fold
lower induction of MHC class I mRNA in response to
IFN-y or IFN-a.

It is possible that PKR-independent pathways are not
present in all cell types, and in particular not in all cell
lines, which might explain the results of Der and Lau
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(1995). They reported recently that the inhibition of PKR
activity in the promonocytic cell line U937, by PKR
antisense RNA or dominant negative PKR mutants, led
to the impaired induction of IFN-a genes but not the IFN-P
gene in response to dsRNA, despite priming with IFN.

The fact that mice developed normally in the absence
of PKR shows that this enzyme does not play an essential
role in growth control, either because this is not its
function or because it is redundant in this regard. In
addition, we have not found evidence for a tumor sup-
pressor function in the experiments carried out so far. In
particular, the injection of primary or immortalized Pkro/o
MEFs, or Pkro/o MEFs transformed with ras into nude
mice, did not give rise to tumors. This raises interesting
questions as to why 3T3 cells overexpressing an inactive
mutant form of PKR efficiently give rise to tumors in
nude mice (Koromilas et al., 1992; Meurs et al., 1993).
Perhaps PKR is not a tumor suppressor and the transdomin-
ant mutant PKR causes tumorigenicity by interfering with
some other 'suppressor pathway' which is unaffected by
the complete ablation of PKR. Alternatively, if PKR is a
tumor suppressor, one would have to assume that some
other system can replace it functionally and that this
system is absent in 3T3 cells.

Materials and methods
Generation of PkO/+ ES cells
A PKR cDNA probe extending from codon 2 to codon 66 (Feng et al.,
1992) was generated by RT-PCR on mouse spleen RNA and used to
isolate a PKR genomic clone from an isogenic kGeml 1 genomic library
constructed from the AB-1 [129/Sv(ev)] ES cell DNA (MUller et al.,
1994). A 7.6 kb genomic BamHI-XbaI segment was subcloned in
Bluescript KS-. A 2.0 kb BalI-PstI fragment containing parts of exons
2 and 3 (including the coding sequence from the first ATG up to codon
66) and the intron in between was replaced by the 2.0 kb pPGK-NEO-
UMS cassette described previously (Ruffner et al., 1993; Muller et al.,
1994). A herpes simplex virus thymidine kinase (HSV-TK) gene was
inserted into the vector NotI site downstream of this segment to allow
for counter-selection (Thomas and Capecchi, 1987). The targeting vector
was linearized at the SacII site proximal to the long arm of the PKR
genomic sequence.

GS-1 ES cells were derived from 129/Sv(ev) blastocysts, as described
previously (Bradley, 1987). Cells were maintained on a feeder layer of
irradiated SNL cells (McMahon and Bradley, 1990), transfected with
leukocyte inhibitory factor expression plasmid and a neomycin resistance
gene, in DMEM, 20% fetal calf serum (FCS) and 0.14 mM 2-
mercaptoethanol (D20). SacII-linearized targeting vector DNA was
electroporated into ES cells, plated on SNL cell feeder layers and
selected in D20 containing 400 ,tg/ml G418 and 0.2 jM 1-(2-deoxy,2-
fluoro-i-D-arabinofuranosyl)-5-iodouracil. After 10-12 days, individual
colonies were picked and analyzed for homologous recombination by
PCR using a primer complementary to the 3' end of the neomycin
cassette (P3; Biieler et al., 1992) and a primer (PC1) corresponding to
a genomic sequence beyond the 5' end of the targeting vector (5'-
GTTTGGCTATTTCTCTGTGTTCATTGGA; Figure IA, bottom). PCR-
positive colonies were expanded and confirmed to be heterozygous by
a Southern blot analysis (Figure IB).
ES cells carrying the PKR mutation were injected into 3.5 day old

blastocysts of C57BL/6J mice and implanted into ICR foster mice
(Bradley, 1987). The resulting male chimeras gave germline transmission
of the mutated PKR allele when mated with C57BL/6J females, and
heterozygous mice (Pk,D/+) were intercrossed to generate homozygous
offspring (Pk,°/o). The genetic background of these animals was a
mixture of the strains 129/Sv(ev)XC57BL/6J, and all animals were
typed by a Southern blot analysis of tail DNA.

Analysis of ES cell and mouse tail DNA
ES cells depleted of feeder cells or pieces of mouse tail were lysed in
10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 100 mM NaCl, 1% SDS and

0.1 mg/ml proteinase K, and incubated for 16 h at 37°C for ES cells
and at 55°C for tail tissue. DNA was precipitated with one volume of
isopropanol, washed with 70% ethanol and dissolved in TE (10 mM
Tris-HCl, 1 mM EDTA, pH 8.0). In all, 10 ,ug DNA were digested
with EcoRI, fractionated on a 0.8% agarose gel and transferred to a
nitrocellulose membrane (Amersham). Hybridizations were performed
(Church and Gilbert, 1984) with random-primed a-32P-labeled probes
(Primelt, Stratagene).

RNA analysis
For Northern blot analysis, total RNA (Chomczynski and Sacchi, 1987;
10 jg per lane) was fractionated on a 1% denaturing agarose gel. Northern
blots were hybridized with random-primed a-32P-labeled probes. The
following probes were used: for glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) RNA, the rat 490 bp GAPDH XhoII fragment subcloned
in pSP64 (Fort et al., 1985); for IFN-a RNA, the 690 bp HindIII-EcoRI
fragment of murine IFN-al cDNA (Shaw et al., 1983); for IFN-P RNA,
the 430 bp BamHI-KpnI fragment of murine IFN-,B cDNA (Higashi
et al., 1983); for OAS RNA, the 2.2 kb EcoRI murine OAS cDNA
fragment (Rutherford et al., 1991); for PKR RNA, the 194 bp BalI-Pstl
murine PKR cDNA fragment corresponding to the deleted segment of
the PKR gene (Feng et al., 1992) and the 3' proximal 1.4 kb PstI-PstI
murine PKR cDNA fragment corresponding to the region downstream
of the deleted segment; for 1-8 RNA, a 0.2 kb EcoRI-XbaI fragment of
the 1-8 cDNA (Flenniken et al., 1988); for MHC-1 RNA, a 1.8 kb
genomic XbaI fragment of the H-2Db MHC class I gene (Weiss et al.,
1984); and for IRF-l RNA, a 1.1 kb Nco fragment of murine IRF-l
cDNA (Ruffner et al., 1993). The radioactive bands were quantified
using a PhosphorImager (Molecular Dynamics), and all values were
normalized relative to the GAPDH value in the cognate lane. Autoradio-
grams were prepared for illustrations.
RT-PCR was performed according to the Clontech manual using 5 pg

total RNA per 20 gl reaction. First-strand cDNA was synthesized using
the antisense primer p9 (Figure 2A; position 1135-1112) and 200 U
Mo-MLV reverse transcriptase (BRL) at 23°C for 10 min, at 42°C for
60 min and at 95°C for 10 min. For 25 jl PCRs, 2 ,ul RT-reaction mix
were adjusted to 6 mM Tris-HCl (pH 8.4), 40 mM KCI, 1.5 mM MgCl2,
40 jg gelatin/ml, 0.18% Tween-20, 0.18% NP-40 and 200 ,tM dNTPs.
To this, 16 pmol each of sense primer (p7) located 5' of the deletion
(position 91-114), antisense primer p9 and 0.625 U Taq polymerase
were added. PCR was started with an initial denaturation at 94°C for
4 min, followed by 35 cycles consisting of 30 s at 94°C, 45 s at 50°C
and 2 min at 72°C. Products were analyzed on 1% Metaphor (FMC
Bioproducts) agarose gels.

In vitro translation and immunoprecipitation of wild-type
and exon-skipped RNA
A BamHI-PstI PKR cDNA fragment containing the murine PKR coding
sequence was cloned into pGEM-3Z (Promega) to yield pGEM-3Z-p65.
To obtain an expression plasmid for the exon-skipped PKR, the RT-
PCR product described above (see also Figure 2C) was cleaved with
BamHI and HaeII, and the 630 bp product inserted into BamHI-HaeII-
cleaved pGEM-3Z-p65. Linearized expression plasmids were transcribed
with T7 RNA polymerase in the presence of 25 mM m7GpppG (Promega).
For in vitro translation, 2 jg mRNA (PKR, exon-skipped PKR or
luciferase as control) were incubated for 90 min at 30°C with 35 ,l
nuclease-treated rabbit reticulocyte lysate (Promega), 40 U RNasin,
1 jl 1 mM amino acid mixture (without methionine) and 40 ,tCi
[35S]methionine (final volume 50 ,ul). For immunoprecipitation experi-
ments, 35 pl product were diluted 1:10 in immunoprecipitation buffer
[50 mM NaF, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride
(PMSF), aprotinin 100 U/ml] and 3 gl mouse PKR antiserum (a gift
from J.J.Chen) were added (Petryshyn et al., 1988). After 1 h on ice,
protein G-agarose (50% v/v) in 50 gl wash buffer (50 mM Tris-HCI,
pH 7.5, 1 mM EDTA, 0.05% Triton X-100, 150 mM NaCI, 50 mM
NaF) was added and the mixture was agitated for 30 min at 4°C. The
immunoprecipitates were washed 12 times with wash buffer and eluted
by heating at 95°C in 40 RI SDS-PAGE sample buffer. SDS-PAGE was
performed on a 20 ,l sample.

Western blot analysis for PKR
Preparation of cell extracts. About 107 MEFs, untreated or induced with
rhuIFN--a2/axl [which shows full activity in mice (Weber et al., 1987);
500 U/ml] for 17 h, were washed twice with cold PBS and 10 mM
EDTA, and scraped off the plates. Cell extracts were prepared as
described previously (Petryshyn et al., 1984).
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Western blotting. Proteins were separated by 10% SDS-PAGE and
transferred to nitrocellulose membranes in 25 mM Tris-HCI (pH 8.3),
0.192 M glycine, 20% methanol and 0.1% SDS. After blocking for 1 h
in PBS-5% non-fat dry milk, the blot was washed twice in PBS and
then incubated for I h in a 1/500 dilution of BC-1 (a polyclonal rabbit
antiserum raised against the N-terminal 170 residues of human PKR) in
PBS-10% FCS. After treatment with the primary antibody, the blot was
washed three times in PBS-0.5% NP-40, reblocked for 30 min, washed
with PBS, incubated for I h with 1:3000 swine anti-rabbit antiserum
coupled to peroxidase (Dako) in PBS-10% FCS, and washed three times
in PBS-0.5% NP-40. Detection was by enhanced chemiluminescence
(Amersham) following the protocol of the manufacturer.

Analysis of PKR activity
dsRNA binding and autophosphorylation assay Cell extract (10 ,ug
protein) was incubated with 15 jl packed pIC cellulose (Silverman and
Krause, 1987) for 1 h on ice. The cellulose-PKR complex or crude cell
extract (10 jig protein) was subjected to the kinase assay, as described
previously (Feng et al., 1992).

Phosphorylation of eIF-2 by immunoprecipitated PKR. Cell extract
(40 jig protein) from MEFs treated for 17 h with rhuIFN-ax2/axl
(500 U/ml) was diluted to 250 ,ul with immunoprecipitation buffer. In
all, 3 jil anti-PKR serum were added and the extract was kept for I h
on ice. Protein G-agarose (50 p1 of a 50% v/v suspension in wash
buffer) was added and the mixtures were agitated for 30 min at 4°C.
The immunoprecipitates were washed 12 times with wash buffer and
twice with kinase buffer (10 mM Tris-HCl, pH 7.6, 50 mM KCI, 2 mM
Mg-acetate, 2.5 mM MnCI2, 7 mM 2-mercaptoethanol, 20% glycerol).
The precipitates were incubated with or without 0.5 jg purified eIF-2
(a gift from W.Merrick), pIC as indicated and 1.25 ,uM [y-32P]ATP for
15 min at 30°C, heated for 2 min at 95°C in 2x SDS-PAGE sample
buffer and analyzed by SDS-PAGE.

In vivo autophosphorvlation of the endogenous PKR. 107 MEFs, unin-
duced or induced with rhuIFN-a2/al (500 U/ml) in DMEM, 10% FCS
(DI0) for 17 h, were serum-starved in DMEM lacking phosphate (Sigma)
for 3 h. Labeling was in the same medium containing 200 ,uCi/ml
[32P]orthophosphate (Amersham) and pIC (100 gg/ml). After 3 h, the
cells were washed twice with cold PBS and 10 mM EDTA, and scraped
off the plates (Katze et al., 1988; Lee et al., 1994). The cells were lysed
for 10 min on ice in 100 p1 lysis buffer (Petryshyn et al., 1984). The
extracts were diluted to 300 pl with immunoprecipitation buffer and
pretreated with protein G-agarose (100 g1 of a 50% v/v suspension in
wash buffer) for I h on ice. The agarose was removed and 3 pl PKR
antiserum were added. After I h on ice, protein G-agarose (100 p1) was
added and the suspensions were agitated for 30 min at 4°C. The beads
were washed 12 times with wash buffer, heated for 2 min at 95°C in
2X SDS-PAGE sample buffer, analyzed by 10% SDS-PAGE and
autoradiographed for 7 days.

Induction of IFN genes and ISGs in mice and MEFs
For the induction of IFN genes in vivo, 4-6 week old mice were
injected either intraperitoneally with pIC (Sigma; 200 .g/mouse) 6 h or
intravenously with NDV (107 p.f.u./mouse) 4 h prior to killing. Sera
were collected for the determination of antiviral activity. Organs were
frozen at -80°C until RNA preparation. For the induction of ISGs
in vivo, mice were injected intraperitoneally with rhuIFN-a2/al (5X 105
U/mouse) or pIC (200 .g/mouse) and organs were collected for RNA
extraction after 7.5 or 6.0 h, respectively. For induction in vitro, MEFs
were treated with an optimized amount of NDV for 8 h or with pIC
(100 jig/ml) and DEAE dextran (500 .g/ml) for I h in the presence or
absence of cycloheximide (75 tg/ml). Medium was removed and the
cells were washed with PBS before adding 10% FCS-DMEM. After 3 h
at 37°C, RNA was prepared. For priming, cells were treated with
rhuIFN-a2/al (500 U/ml) 3 h prior to pIC induction. For the induction
of ISGs, MEFs were treated with rhuIFN-a2/al (500 U/ml) or muIFN-y
(50 U/ml) for 3 and 6 h, or with pIC (100 gg/ml) and DEAE dextran
(500 ,ug/ml) for different time periods.

Cytopathic effect assay for type I IFNs
Titration was performed as described previously (Stewart, 1981), using
an IFN-yRo/o cell line (Huang et al., 1993) to exclude IFN-y activity. In
the case of NDV-induced mice, sera were diluted 1:20 in pH 2.0 buffer
and stored at 4°C for 48 h to inactivate the circulating virus. After
neutralization, samples were diluted 1:20 and titrated in a 2-fold serial
dilution. VSV was used as the challenging virus.

Activation of NF-KB
MEFs (2x 106 cells/10 cm dish) were serum-starved for 4 h. Where
indicated, cells were then primed for 2 h with 500 U rhuIFN-a2/al or
rmuIFN-y/ml and induced for 2 h with 500 jg DEAE dextran/ml (mock-
induced), 100 .g/ml pIC and 500 ,ug/ml DEAE dextran or 20 ng/ml
murine rTNF-a (Boehringer Mannheim), all in serum-free medium.
After washing in PBS, cells were resuspended in lysis buffer (10 mM
Tris-HCI, pH 8.0, 60 mM KCI, 1 mM EDTA, 1 mM dithiothreitol,
I mM PMSF, 0.15% NP-40, 10 gg/ml aprotinin, 10 jig/ml leupeptin).
After 15 min on ice, the nuclei were pelleted from the cleared suspension
by microfugation at 14 000 r.p.m. for 10 min at 4°C. The pellet was
resuspended in an equal volume of nuclear extract buffer (20 mM Tris-
HCI, pH 8.0, 400 mM NaCl, 1.5 mM MgCI2, 0.2 mM EDTA, 25%
glycerol) and NaCl was adjusted to 400 mM. After 10 min at 4°C, the
suspension was vortexed and cleared by microfugation at 14 000 r.p.m.
for 5 min at 4°C. Nuclear extract (2 gg protein) was subjected to an
electrophoretic mobility shift assay in 16 pl 8 mM HEPES (pH 7.0),
8% glycerol, 20 mM KCI, 4 mM MgCI2, 1 mM sodium phosphate,
0.2 mM EDTA containing 0.5 jig poly(dI)-poly(dC) and 200 000 c.p.m.
y-32P-labeled PRDII (Goodboum and Maniatis, 1988) for 20 min at
room temperature. Products were analyzed by electrophoresis through a
4% polyacrylamide gel in 0.5x TBE running buffer. The dried gel
was exposed to X-ray film. Where indicated, nuclear extracts were
preincubated with antibody for 10 min at room temperature prior to the
addition of the PRDII probe. p50, p65 and rel antibodies were obtained
from Santa Cruz Biotechnology, Inc., and all were used at a final
concentration of 0.063 gg/ml.

Susceptibility of mice and MEFs to viral infection
EMCV stock (3 x 108 p.f.u./ml) was prepared from supernatants of virus-
infected Swiss 3T3 cells (Pavlovic et al., 1990). Mice were injected
intravenously with 300 jl 3x 103 p.f.u./ml EMCV. Where indicated, the
mice (7-8 weeks old) were primed by the intraperitoneal injection of
100 jig pIC 18 h prior to infection, or by adding Sx 105 U rhuIFN-a2/
al or 105 U rmuIFN-y to the EMCV solution. To determine EMCV
yields, mice were anaesthetized 72 h after infection, exsanguinated and
the organs removed. Homogenates (10% w/v) of brain were prepared
(Gresser et al., 1976), and virus yields of the cleared homogenates and
sera were determined by the 50% tissue culture infectious dose method
(Pavlovic et al., 1990).
MEFs were seeded at 3.5x105 cells/well into 24-well plates in D10.

After 48 h, the cells were treated with rhuIFN-a2/aI (500 U/ml),
rmuIFN-y (50 U/ml) or pIC (100 tg/ml) and DEAE dextran
(500 jg/ml) for 18 h, washed twice with PBS and incubated for 1 h
with serum-free DMEM containing EMCV at an MOI of 1. The medium
was replaced by DIO and incubation continued for 24 h. Virus yields
were determined on NIH 3T3 cell monolayers (Pavlovic et al., 1990).

Preparation of 3T3-like cell lines
Tertiary cultures of MEFs from 15 day old wild-type and Pkr°)/ embryos
were replated in two flasks at 1.35X106 cells per 75 cm2 flask. Cells
were repassaged after 3-4 days. At each passage, the cells from the two
flasks were mixed and replated at the same cell density as above. When
it was no longer possible to replate two flasks at the required density,
only one 75 cm2 flask or one or two 25 cm2 flasks were used.

Soft agar, methyl cellulose and in vivo tumorigenicity assay
MEFs from 12-15 day old wild-type and Pkr,/( mouse embryos as well
as NIH 3T3 cells were infected with recombinant retrovirus containing
the 2c-Ha-rasVaII2 gene (pGDV12 ras) or control virus pGD (Tanaka
et al., 1994) at an MOI of 10 and assayed after 48 h. For colony
formation in soft agar, 2x103 or 2x105 uninfected or infected cells
were incubated for 12 weeks in 65 ml Falcon tissue culture flasks
(Schafer et al., 1983) or SX 105 cells were incubated per 6 cm dish with
1.3% methyl cellulose (Tanaka et al., 1994). For the determination of
tumorigenicity, I-9X 106 cells in 0.2 ml PBS were injected sub-
cutaneously into the flanks of ICR nu/nu mice. Mice were inspected for
palpable tumors at daily intervals.

Acknowledgements
We thank J.J.Chen (Cambridge, MA) for PKR antiserum, W.Merrick
(Cleveland, OH) and J.J.Chen for purified eIF-2, D.Naf, H.Ruffner and
A.Sailer for fruitful discussions, and M.Gassman (Zurich, Switzerland)
and Ms R.Kreuter (ZUrich) for providing animal facilities. GS- 1 ES cells
were generated by Ms G.Stark and oligonucleotides were synthesized

6105



Y.-L.Yang et al.

by J.Ecsodi. This work was supported by grants to C.W. and J.P. from
the Kanton of Zurich and the Schweizerischen Nationalfonds, to C.W.
from the International Human Frontiers Science Program and to B.R.G.W.
from the National Institute of Allergy and Infectious Disease (Al
34039-02).

References
Belardelli,F., Vignaux,F., Proietti,E. and Gresser,I. (1984) Proc. Natl

Acad. Sci. USA, 81, 602-606.
Bradley,A. (1987) In Robertson,E.J. (ed.), Production and Analysis of

Chimaeric Mice. IRL Press, Oxford, UK, pp. 113-151.
Buieler,H., Fischer,M., Lang,Y, Bluethmann,H., Lipp,H.-P.,

DeArmond,S.J., Prusiner,S.B., Aguet,M. and Weissmann,C. (1992)
Nature, 356, 577-582.

Capecchi,M.R. (1989) Science, 244, 1288-1292.
Chomczynski,P. and Sacchi,N. (1987) Anal. Biochem., 162, 156-159.
Chong,K.L., Feng,L., Schappert,K., Meurs,E., Donahue,T.F.,

Friesen,J.D., Hovanessian,A.G. and Williams,B.R. (1992) EMBO J.,
11, 1553-1562.

Church,G.M. and Gilbert,W. (1984) Proc. Natl Acad. Sci. USA, 81,
1991-1995.

Der,S.D. and Lau,A.S. (1995) Proc. NatlAcad. Sci. USA, 92, 8841-8845.
Dever,T.E., Chen,J.J., Barber,G.N., Cigan,A.M., Feng,L., Donahue,T.F.,

London,I.M., Katze,M.G. and Hinnebusch,A.G. (1993) Proc. Natl
Acad. Sci. USA, 90, 4616-4620.

Diaz,M.M.T. et al. (1993) Mol. Cell. Biol., 13, 4770-4775.
Doetschman,T., Gregg,R.G., Maeda,N., Hooper,M.L., Melton,D.W.,

Thompson,S. and Smithies,O. (1987) Nature, 330, 576-578.
Dron,M., Lacasa,M. and Tovey,M.G. (1990) Mol. Cell. Biol., 10,

854-858.
Enoch,T., Zinn,K. and Maniatis,T. (1986) Mol. Cell. Biol., 6, 801-8 10.
Farrell,P.J., Sen,G.C., Dubois,M.F., Ratner,L., Slattery,E. and Lengyel,P.

(1978) Proc. Natl Acad. Sci. USA, 75, 5893-5897.
Feng,G.S., Chong,K., Kumar,A. and Williams,B.R.G. (1992) Proc. Natl

Acad. Sci. USA, 89, 5447-5451.
Flenniken,A.M., Galabru,J., Rutherford,M.N., Hovanessian,A.G. and

Williams,B.R. (1988) J. Virol., 62, 3077-3083.
Fort,P., Marty,L., Piechaczyk,M., el Sabrouti,S., Dani,C., Jeanteur,P. and

Blanchard,J.M. (1985) Nucleic Acids Res., 13, 1431-1442.
Fujita,T., Miyamoto,M., Kimura,Y., Hammer,J. and Taniguchi,T. (1989)

Nucleic Acids Res., 17, 3335-3346.
Galabru,J. and Hovanessian,A. (1987) J. Biol. Chem., 262, 15538-15544.
Galabru,J., Robert,N., Buffet,J.C., Riviere,Y and Hovanessian,A.G.

(1985) J. Gen. Virol., 66, 711-718.
Galabru,J., Katze,M.G., Robert,N. and Hovanessian,A.G. (1989) Eur. J.

Biochem., 178, 581-589.
Ghosh,S. and Baltimore,D. (1990) Nature, 344, 678-682.
Goodbourn,S. and Maniatis,T. (1988) Proc. Natl Acad. Sci. USA, 85,

1447-1451.
Green,S.R. and Mathews,M.B. (1992) Genes Dev., 6, 2478-2490.
Gresser,I., Tovey,M.G., Bandu,M.-T., Maury,C. and Brouty-Boye,D.

(1976) J. Exp. Med., 144, 1305-1315.
Heard,J.M., Herbomel,P., Ott,M.O., Mottura,R.A., Weiss,M. and

Yaniv,M. (1987) Mol. Cell. Biol., 7, 2425-2434.
Hershey,J. (1989) J. Biol. Chem., 264, 20823-20826.
Higashi,Y., Sokawa,Y., Watanabe,Y., Kawade,Y., Ohno,S., Takaoka,C.

and Taniguchi,T. (1983) J. Biol. Chem., 258, 9522-9529.
Hovanessian,A.G. (1989) J. Interferon Res., 9, 641-647.
Hovanessian,A.G. (1993) Semin. Virol., 4, 237-245.
Hovanessian,A.G. and Galabru,J. (1987) Eur J. Biochem., 167,467-473.
Huang,S., Hendriks,W., Althage,A., Hemmi,S., Bluethmann,H.,

Kamijo,R., Vilcek,J., Zinkernagel,R.M. and Aguet,M. (1993) Science,
259, 1742-1745.

Icely,P.L., Gros,P., Bergeron,J.J., Devault,A., Afar,D.E. and Bell,J.C.
(1991) J. Biol. Chem., 266, 16073-16077.

Iten,E., Ziemiecki,A. and Schafer,R. (1989) Recent Results Cancer Res.,
113, 78-89.

Katze,M.G. (1992) J. Interferon Res., 12, 24 1-248.
Katze,M.G., Tomita,J., Black,T., Krug,R.M., Safer,B. and Hovanessian,A.

(1988) J. Virol., 62, 3710-3717.
Koi,M. and Barrett,J.C. (1986) Proc. NatlAcad. Sci. USA, 83,5992-5996.
Koromilas,A.E., Roy,S., Barber,G.N., Katze,M.G. and Sonenberg,N.

(1992) Science, 257, 1685-1689.
Kumar,A., Haque,J., Lacoste,J., Hiscott,J. and Williams,B.R.G. (1994)

Proc. Natl Acad. Sci. USA, 91, 6288-6292.

Lee,S.B. and Esteban,M. (1993) Virology, 193, 1037-1041.
Lee,S.B., Green,S.R., Mathews,M.B. and Esteban,M. (1994) Proc. Natl

Acad. Sci. USA, 91, 10551-10555.
Lenardo,M.J., Fan,C.M., Maniatis,T. and Baltimore,D. (1989) Cell, 57,

287-294.
Lengyel,P. (1993) Proc. Natl Acad. Sci. USA, 90, 5893-5895.
Li,S. and Sedivy,J.M. (1993) Proc. Natl Acad. Sci. USA, 90, 9247-9251.
MacDonald,N.J. et al. (1990) Cell, 60, 767-779.
Maran,A., Maitra,R.K., Kumar,A., Dong,B., Xiao,W., Li,G., Williams,

B.R.G., Torrence,P.F. and Silverman,R.H. (1994) Science, 265, 789-
792.

Marcus,P.I. and Sekellick,M.J. (1988) J. Gen. Virol., 69, 1637-1645.
Matsuyama,T. et al. (1993) Cell, 75, 83-97.
McMahon,A.P. and Bradley,A. (1990) Cell, 62, 1073-1085.
Meurs,E., Watanabe,Y., Kadereit,S., Barber,G.N., Katze,M.G., Chong,K.,

Williams,B. and Hovanessian,A.G. (1992) J. Virol., 66, 5805-5814.
Meurs,E.F., Galabru,J., Barber,G.N., Katze,M.G. and Hovanessian,A.G.

(1993) Proc. Natl Acad. Sci. USA, 90, 232-236.
Muiller,U., Steinhoff,U., Reis,L.F.L., Hemmi,S., Pavlovic,J., Zinkernagel,

R.M. and Aguet,M. (1994) Science, 264, 1918-1921.
Osborn,L., Kunkel,S. and Nabel,G.J. (1989) Proc. Natl Acad. Sci. USA,

86, 2336-2340.
Patel,R.C. and Sen,G.C. (1992) J. Biol. Chem., 267, 7671-7676.
Pavlovic,J., Zuircher,T., Haller,O. and Staeheli,P. (1990) J. Virol., 64,

3370-3375.
Petryshyn,R., Chen,J.J. and London,I.M. (1984) J. Biol. Chem., 259,

14736-14742.
Petryshyn,R., Chen,J.J. and London,I.M. (1988) Proc. Natl Acad. Sci.

USA, 85, 1427-1431.
Raj,N.B. and Pitha,P.M. (1981) Proc. Natl Acad. Sci. USA, 78, 7426-

7430.
Reis,L.F.L., Ruffner,H., Stark,G., Aguet,M. and Weissmann,C. (1994)
EMBO J., 13, 4798-4806.

Roy,S., Agy,M., Hovanessian,A.G., Sonenberg,N. and Katze,M.G. (1991)
J. Virol., 65, 632-640.

Ruffner,H., Reis,L.F.L., Naf,D. and Weissmann,C. (1993) Proc. Natl
Acad. Sci. USA, 90, 11503-11507.

Rutherford,M.N., Kumar,A., Nissim,A., Chebath,J. and Williams,B.R.
(1991) Nucleic Acids Res., 19, 1917-1924.

Samuel,C.E. (1993) J. Biol. Chem., 268, 7603-7606.
Schafer,R., Hoffmann,H. and Willecke,K. (1983) Cancer Res., 43,

2240-2246.
Sen,R. and Baltimore,D. (1986) Cell, 47, 921-928.
SenGupta,D.N., Berkhout,B., Gatignol,A., Zhou,A.M. and

Silverman,R.H. (1990) Proc. Natl Acad. Sci. USA, 87, 7492-7496.
Sha,W.C., Liou,H.C., Tuomanen,E.I. and Baltimore,D. (1995) Cell, 80,

321-330.
Shaw,G.D., Boll,W., Taira,H., Mantei,N., Lengyel,P. and Weissmann,C.

(1983) Nucleic Acids Res., 11, 555-573.
Silverman,R.H. and Krause,D. (1987) In Clemens,M.J., Morris,A.G.

and Gearing,A.J.H. (eds), Lymphokines and Interferons: A Practical
Approach. IRL Press, Washington, DC, pp. 149-193.

Stewart,W.E.,II (1981) The Interferon System. Springer, New York.
Stewart,W.E., Gosser,L.B. and Lockart,R.J. (1971) J. Virol., 7, 792-801.
Tanaka,H. and Samuel,C.E. (1994) Proc. Natl Acad. Sci. USA, 91,

7995-7999.
Tanaka,N. et al. (1994) Cell, 77, 829-839.
Thanos,D. and Maniatis,T. (1992) Cell, 71, 777-789.
Thomas,K.R. and Capecchi,M.R. (1987) Cell, 51, 503-512.
Tiwari,R.K., Kusari,J., Kumar,R. and Sen,G.C. (1988) Mol. Cell. Biol.,

8, 4289-4294.
Todaro,G.J. and Green,H. (1963) J. Cell Biol., 17, 299-313.
Visvanathan,K.V. and Goodbourn,S. (1989) EMBO J., 8, 1129-1138.
Weber,H., Valenzuela,D., Lujber,G., Gubler,M. and Weissmann,C. (1987)
EMBO J., 6, 591-598.

Weiss,E.H., Golden,L., Fahrner,K., Mellor,A.L., Devlin,J.J., Bullman,H.,
Tiddens,H., Bud,H. and Flavell,R.A. (1984) Nature, 310, 650-655.

Xanthoudakis,S., Cohen,L. and Hiscott,J. (1989) J. Biol. Chem., 264,
1139-1145.

Zinn,K., Keller,A., Whittemore,L.A. and Maniatis,T. (1988) Science,
240, 210-213.

Received on July 14, 1995; revised on September 13, 1995

6106


