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Physical association between STAT1 and the
interferon-inducible protein kinase PKR and
implications for interferon and double-stranded RNA
signaling pathways

multimeric IFN-stimulated gene factor-3 (ISGF-3), whichAndrew Hoi-Tao Wong, Nancy Wai Ning Tam,
consists of the STAT1α/β (p91/p84) heterodimer, STAT2Yi-Li Yang1, Andrew R.Cuddihy, Suiyang Li,
(p113) (Fuet al., 1992) and ISGF-3γ (p48) (Vealset al.,Sabine Kirchhoff2, Hansjörg Hauser2,
1992). Once ISGF-3 has translocated to the nucleusThomas Decker3 and Antonis E.Koromilas4

(Kessler et al., 1992), it binds to the IFN-stimulated
Departments of Oncology and Medicine, McGill University, Montreal, response element (ISRE) found upstream of many IFN-α/
Quebec H3T 1E2, Canada,1Institüt für Molekularbiologie I, β-stimulated genes and then transactivates expression of
Universität Zürich, Hönggerberg, CH 8093, Zu¨rich, Switzerland, these genes.2Gesellschaft fu¨r Biotechnologische Forschung mbH, Genetik von

Similar to IFN-α/β, IFN-γ (type II IFN) utilizes STAT1Eukaryonten, D-38124 Braunschweig, Germany and
by inducing the dimerization of STAT1 to form the3Vienna Biocenter, Institute for Microbiology and Genetics,

1030 Vienna, Austria transactivator protein complex termedγ-IFN activated
factor (GAF) (Deckeret al., 1991; Shuaiet al., 1992,4Corresponding author at: Lady Davis Institute for Medical Research,

Sir Mortimer B.Davis-Jewish General Hospital, 3755 Cote-Ste- 1993, 1994; Heimet al., 1995). GAF then binds to the
Catherine Road, Room 528.1, Montreal, Quebec H3T 1E2, Canada γ-IFN activating sequence (GAS), an element specific for
A.H.-T.Wong and N.W.N.Tam should be considered joint first authors IFN-γ-stimulated genes. Recently, GAF has also been

shown to bind and transactivate ISRE-containing genes,
The interferon-inducible double-stranded RNA protein thus demonstrating the overlapping nature of IFNs
kinase PKR controls protein synthesis through the (Bluyssenet al., 1995). In addition, targeted disruption of
phosphorylation of eukaryotic translation initiation thestat1gene in mice results in unresponsiveness to either
factor (eIF)-2. In addition to its demonstrated role in type of IFN (Durbinet al., 1996; Merazet al., 1996).
translational control, several reports have suggested a In addition to IFNs, STAT1 has been shown to be
transcriptional role for PKR. Here we report that PKR activated by growth hormone (Hanet al., 1996), IL-6
is involved in IFN- and dsRNA-signaling pathways by (Zhanget al., 1995), IL-10 (Larneret al., 1993), epidermal
modulating the function of the signal transducer and growth factor (EGF) (Ruff-Jamisonet al., 1993), platelet-
activator of transcription STAT1. We also show that derived growth factor (PDGF) (Vignaiset al., 1996) and
PKR associates with STAT1 in mouse and human cells. colony-stimulating factor 1 (CSF-1) (Larneret al., 1993).
The association is not a kinase–substrate interaction Furthermore, double-stranded (ds)RNA, which is often
since STAT1 phosphorylation is not modified by PKR produced in a cell during viral replication, can induce
in vitro or in vivo. In addition, the formation of transcription of type I IFN-inducible genes (Pineet al.,
the PKR–STAT1 complex is not dependent upon the 1990; Decker, 1992) through STAT1-dependent
enzymatic activity of PKR but does require the dsRNA- (Bandyopadhyayet al., 1995) and STAT1-independent
binding domain of PKR. Moreover, there is a concomit- pathways (Daly and Reich, 1993, 1995).
ant decrease in PKR–STAT1 interaction and increase In response to IFNs, a large number of genes are induced.
in STAT1 DNA binding in response to IFNs or dsRNA. One of the best characterized IFN-induced proteins is
These findings suggest that PKR plays an important the dsRNA-activated protein kinase, PKR (reviewed in
role in IFN and dsRNA-signaling pathways by modulat- Proud, 1995). PKR is a serine/threonine protein kinase
ing the transcriptional function of STAT1. which is activated by autophosphorylation upon binding
Keywords: DNA binding/double-stranded RNA/ to dsRNA and then phosphorylates theα subunit of the
interferon/protein phosphorylation/signal transduction eukaryotic initiation factor eIF-2, a modification that

results in the inhibition of protein synthesis (Hershey,
1989). PKR exhibits antiviral (Meurset al., 1992; reviewed
in Katze, 1995; Yanget al., 1995), antiproliferative (Chong

Introduction et al., 1992; Koromilaset al., 1992) and tumor suppressor
functions (Koromilaset al., 1992; Meurset al., 1993;The signal transducers and activators of transcription
Barberet al., 1995). In addition to its demonstrated role(STAT) proteins function by transducing signals from
in translational control, PKR is able to regulate geneligand-activated receptor kinase complexes and then
expression at the transcriptional level (Kumaret al., 1994;localizing to the nucleus, whereupon they bind DNA and
Maran et al., 1994; Koromilaset al., 1995; Mundschauactivate transcription (reviewed in Darnellet al., 1994;
and Faller, 1995; Yanget al., 1995).Gilmour and Reich, 1995; Schindler and Darnell, 1995).

At the same time that IFNs are capable of elicitingSTAT1α and 1β were originally identified as components
gene expression by activating components of the JAK–of the interferon (IFN) signaling system. They are both
STAT signaling pathway, they may also have the capacityderived from alternatively spliced transcripts of the same
to induce the expression of proteins that are able to bindgene and differ in their carboxy termini (Schindleret al.,

1992). IFN-α/β (type I IFN) induces the formation of the to and impair the activity of sequence-specific transcription
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factors (Minet al., 1996). To date, molecules that are able reduction of GAF DNA binding in NIH 3T3 cells
expressing PKR∆6 (compare lanes 2–4 with 7–9).to modify the functions of STATs without interfering with

ligand-induced phosphorylation cascades remain to be Supershift analyses with an antibody to STAT1α verified
the identity of GAF (lanes 12 and 15). Similar resultsidentified. Here we report that PKR, an IFN-inducible

protein, associates with STAT1. Interestingly, this is not a were obtained with the Ly6E/A GAS dsDNA oligonucleo-
tide (Khanet al., 1990) (data not shown).kinase–substrate interaction since STAT1 is not phos-

phorylated by PKRin vitro or in vivo. Rather, in response to IFN-γ also induces binding of GAF to ISRE-containing
genes through the association with ISGF-3γ (p48) and inIFNs or dsRNA, conditions under which STAT1 becomes

activated, the interaction between PKR and STAT1 the absence of activated STAT2 (Bluyssenet al., 1995).
We then tested whether GAF–ISGF-3γ complex formationdiminishes. We demonstrate that the interaction is not

dependent upon the enzymatic activity of PKR but requires was affected in cells expressing PKR∆6. Gel mobility
shift assays were performed with the ISG-15 ISRE dsDNAthe dsRNA-binding domain of PKR. Furthermore, in cells

expressing increased levels of catalytically inactive PKR oligonucleotide and the GAF–ISGF-3γ complex was
identified based on its mobility and binding site specificityrelative to wild type endogenous PKR, there is a decrease

in STAT1 DNA binding and transactivation in response (Bluyssenet al., 1995). Although the GAF–ISGF-3γ
complex was induced in control NIH 3T3 cells (Figureto IFNs or dsRNA. In contrast, STAT1 DNA binding is

induced in cells expressing a dsRNA-binding-defective 1C, lanes 2–4), the complex was not formed in cells
expressing PKR∆6 (lanes 7–9). Supershift analyses withPKR protein or in cells deficient in the PKR gene

(PKR–/–). As such, there appears to be an inverse correla- an anti-STAT1α antibody indicated the presence of STAT1
in the GAF–ISGF-3γ complex (lanes 12 and 15).tion between the formation of the PKR–STAT1 complex

and the ability of STAT1 to bind DNA. Taken together, Similarly, dsRNA can elicit transcriptional induction of
IFN-inducible genes through the activation of STAT1these data suggest a novel function of PKR in the

transcriptional regulation of IFN-inducible gene expres- (Bandyopadhyayet al., 1995). We then examined the
levels of STAT1 DNA binding in NIH 3T3 cells expressingsion: the ability to modulate STAT1 function.
PKR∆6 after dsRNA treatment. Although it has been
previously shown that IFN production is impaired byResults
PKR∆6 (Kirchhoff et al., 1995), any residual autocrine
effect of IFNs produced in response to dsRNA wasInhibition of STAT1 DNA binding and

transactivation by the catalytically inactive minimized by the addition of neutralizing antibodies
against mouse type I IFNs to the cell media. DNA bindingdominant-negative PKR∆6

The aggregation of activated STATs and the subsequent was analyzed with the use of the ISG-15 ISRE dsDNA
oligonucleotide. We observed that dsRNA treatmentbinding to DNA is a prerequisite for transactivation of IFN-

inducible genes. In addition to tyrosine phosphorylation, induced an ISGF-3-like protein–DNA complex formation
at 4 and 6 h after transfection of poly(rI)–poly(rC) inseveral reports have implicated serine/threonine phos-

phorylation in the activation of STATs (Eilerset al., 1995; control cells (Figure 1D, lanes 3 and 4). However, in
cells expressing PKR∆6, no induction of the ISGF-3-Wen et al., 1995; Zhanget al., 1995). The role of PKR

in STAT activation was examined in NIH 3T3 cells like protein–DNA complex was observed (lanes 7–9).
Supershift analyses demonstrated the presence of STAT1expressing catalytically inactive dominant-negative

mutants of PKR. Cells were stimulated with IFN-α/β and in the induced DNA–protein complex (lanes 12 and 15).
Similar results were obtained with the 561 ISRE dsDNAthe ability of STAT1 to bind DNA was measured by gel

mobility shift assays, employing a dsDNA oligonucleotide oligonucleotide (data not shown). It is noteworthy that
dsRNA can induce the binding of unique transcriptionwhich encompassed the ISRE of the ISG-15 gene (Reich

and Darnell, 1989). In control NIH 3T3 cells (neomycin factors known as dsRNA-activated factors (DRAFs) to
the ISG-15 ISRE, which do not contain STAT1 (Daly andresistant), DNA binding of ISGF-3 was first observed at

30 min after stimulation and peaked at 120 min (Figure Reich, 1993, 1995). It is likely, then, that induction of
IFN-inducible genes by dsRNA proceeds through distinct1A, lanes 2–4) whereas in NIH 3T3 cells expressing the

dominant-negative catalytically inactive PKR∆6 pathways which are cell type dependent.
Northern blot analyses showed that expression of(Koromilas et al., 1992), ISGF-3 binding to ISRE was

reduced 8-fold (lanes 7–9). In the same experiment, DNA PKR∆6 inhibited gene transactivation by IFNs or dsRNA
(Figure 2). For example, expression of ISG-15 RNA wasbinding of IRF-1 and IRF-2 to the ISG-15 ISRE was not

affected by PKR∆6 (data not shown). The identity of the not observed in NIH 3T3 cells expressing PKR∆6 (Figure
2A, lanes 8–14) by IFN-α/β (compare lanes 5–7 with 12–induced band was ascertained by supershifting the ISGF-

3–ISRE complex with a monoclonal antibody to STAT1α 14) or dsRNA (compare lanes 2–4 with 9–11). Moreover,
expression of IFP-53 RNA after treatment with IFN-γ was(lanes 12 and 15). Similar results were obtained with the

use of an ISRE dsDNA oligonucleotide from the promoter reduced by ~50% in NIH 3T3 cells expressing PKR∆6
(Figure 2B, compare lanes 2–4 with 6–8).of the 561 IFN-inducible gene (Bandyopadhyayet al.,

1995) (data not shown). Similar to PKR∆6, STAT1 DNA binding and transactiv-
ation capacity were inhibited in NIH 3T3 cells expressingThe overlapping nature of IFN signaling warranted an

examination of STAT1 DNA binding in the presence of the dominant-negative catalytically inactive mutant
PKRK296R (Lys296 to Arg; Katzeet al., 1991) (data notPKR∆6 in response to IFN-γ. The binding of GAF to the

GAS DNA sequence was tested by gel mobility shift shown). Together, these data indicate that STAT1 DNA-
binding activity and transactivation are impaired by theassays, using an IFP-53 GAS dsDNA oligonucleotide

(Strehlow et al., 1993; Figure 1B). We noted a 3-fold expression of dominant-negative catalytic mutants of PKR.
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Fig. 1. Inhibition of STAT1 DNA binding by the dominant-negative mutant PKR∆6. NIH 3T3 control (lanes 1–5 and 11–13) and PKR∆6-expressing
NIH 3T3 cells (lanes 6–10 and 14–16) were treated with 1000 IU/ml IFN-α/β (A), 100 IU/ml IFN-γ (B andC) for 30, 60 and 120 min or 100µg/ml
poly(rI)–poly(rC) for 2, 4 and 6 h (D). Protein extracts were used for ISGF-3 DNA binding assays either with the ISG-15-ISRE (A, C and D) or the
IFP-53-GAS (B) probe. A 200-fold excess of unlabeled dsDNA oligonucleotide was added in cold competition reactions (lanes 5, 10, 13 and 16).
For supershift assays, protein extracts from time point 120 min for IFN-stimulation (A, B and C) and 6 h for dsRNA treatment (D) were
pre-incubated with 3µg of either mouse IgG1 (lanes 11 and 14) or anti-STAT1α antibody (lanes 12 and 15).

Expression of a dsRNA-binding-defective mutant in the induction of ISGF-3 binding to the ISG-15 ISRE
in cells expressing PKRLS4 compared with control NIHof PKR enhances STAT1 DNA binding

The inhibition of ISGF-3 and GAF DNA binding by cata- 3T3 cells (Figure 3A, compare lanes 2–4 with 7–9)
whereas DNA binding of IRF-1 and IRF-2 to the ISRElytically inactive PKR mutants prompted us to examine

whether PKR defective in RNA binding mediates a similar was not affected by PKRLS4 (data not shown). Similar
levels of induction were observed in IFN-γ (Figure 3C)effect. To this end, we examined STAT1 DNA binding in

cells expressing a mutant of PKR which is defective in RNA and dsRNA-treated cells (Figure 3D) where the ISG-15
ISRE probe was also used. However, GAF binding to thebinding but which possesses an intact catalytic domain,

PKRLS4 (substitutions of Arg58Ser59Lys60 to Gly58Ala5- IFP-53 GAS probe was only moderately enhanced (~2-
fold) by PKRLS4 relative to control NIH 3T3 cells (Figure9Leu60 in RNA-binding domain I which abolish PKR bind-

ing to dsRNA; Green and Mathews, 1992). In this regard, 3B, compare lanes 2–4 with 7–9). Supershift analyses
indicated that STAT1 was present in all induced protein–mutants of PKR defective in dsRNA binding have been

shown to function in a dominant-negative manner in the DNA complexes (Figure 3A, B, C and D, lanes 12 and
15). These data show a stimulatory effect by PKRLS4 onphosphorylation of eIF-2α (Barberet al., 1995).

Stimulation with IFN-α/β resulted in a 5-fold increase STAT1 DNA binding in response to IFNs or dsRNA.
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kinase in a phosphorylation cascade induced by IFNs or
dsRNA. To explore this possibility, we examined the
in vivo phosphorylation of STAT1α in NIH 3T3 cells
expressing the mutants of PKR. Cells labeled with [32P]-
orthophosphatein vivo were treated with IFNs, followed
by immunoprecipitation with an anti-STAT1α antibody
(Figure 4B). In this and several other experiments we
observed that the phosphorylation of STAT1α did not vary
significantly between control NIH 3T3 cells (lanes 2 and
3) and NIH 3T3 cells expressing PKRLS4 (lanes 5 and
6) or PKR∆6 (lanes 8 and 9). Similar results were obtained
when cells expressing the mutants of PKR were treated
with dsRNA for 4 h (data not shown).

Since tyrosine phosphorylation of STAT1 has been
shown to represent a small fraction of the phosphorylated
protein (Eilerset al., 1995), we then tested the possibility
that tyrosine phosphorylation of STAT1α may be altered
in the presence of the PKR mutants. To do so, STAT1α
was immunoprecipitated from IFN-stimulated cells and
subjected to immunoblotting analysis, first with anti-
phosphotyrosine antibodies and then with an anti-STAT1α
antibody. As shown in Figure 4C and D, no significantFig. 2. Inhibition of STAT1 transactivation capacity by PKR∆6.

Control NIH 3T3 cells (A, lanes 1–7;B, lanes 1–4) and NIH 3T3 cells differences in STAT1α tyrosine phosphorylation were
expressing PKR∆6 (A, lanes 8–14; B, lanes 5–8) were stimulated with observed between control cells and cells expressing
either IFN-α/β (A; 1000 IU/ml) or IFN-γ (B; 100 IU/ml) for 2 h

PKR∆6 after treatment with either IFN-α/β (Figure 4C)(A, lanes 5 and 12; B, lanes 2 and 6), 4 h (A, lanes 6 and 13;
or IFN-γ (Figure 4D). Similar results were obtained whenB, lanes 3 and 7) and 6 h (A, lanes 7 and 14; B, lanes 4 and 8) or

transfected with poly(rI)–poly(rC) (100µg/ml) for 6 h (A, lanes 2 and extracts from PKRLS4- or PKRK296R-expressing cells
9), 10 h (A, lanes 3 and 10) and 12 h (A, lanes 4 and 11). Total RNA were used (data not shown). These data suggest that PKR
(10 µg) was subjected to Northern blot analysis using32P-labeled does not mediate STAT1 phosphorylationin vitro or in vivo.ISG-15 (A, upper panel) or IFP-53 cDNA (B, upper panel) as a probe.
The same blots were stripped and reprobed with [32P]β-actin cDNA
(A and B, lower panels). Quantification of radiolabeled bands was

PKR associates with STAT1performed by scanning autoradiograms in the linear range of exposure
The immunoprecipitation of autophosphorylated PKR bywith an enhanced laser densitometer Ultroscan XL (LKB).
the anti-STAT1α antibody (Figure 4A, lanes 6 and 8)
implied an association between PKR and STAT1. WePhosphorylation of STAT1 is not mediated by PKR
further examined the nature of this association in responseThe inhibition of ISGF-3, GAF and GAF–ISGF-3γ DNA
to IFNs or dsRNA. HeLa S3 cells were treated withbinding by the catalytically inactive dominant-negative
IFN-α/β, IFN-γ or dsRNA. STAT1 DNA binding andmutants of PKR suggested a modification of STAT1
PKR–STAT1 association were then examined in parallel.activity by phosphorylation. To investigate whether PKR
Gel shift analyses demonstrated that treatment with IFN-could phosphorylate STAT1, anin vitro kinase assay was
α/β (Figure 5A, lanes 1–3), IFN-γ (lanes 5–7) or dsRNAperformed, using HeLa S3 cell extracts in which PKR
(lanes 9–12) resulted in an induction of STAT1 DNAwas activated by autophosphorylation in the presence
binding. Interestingly, corresponding immunoblotting ana-of reovirus dsRNA and [γ-32P]ATP (Figure 4A). After
lysis indicated the association of STAT1 with PKR beforeincubation, one-third of the reaction was subjected to PKR
and after IFN stimulation at 30 min (Figure 5B, lanes 1,immunoprecipitation, one-third to STAT1α immunopre-
2 and 4), whereas the association decreased at 60 mincipitation and the rest to eIF-2α immunoprecipitation.
post-stimulation (lanes 3 and 5). Similarly, dsRNA reducedImmunoprecipitiation with an anti-PKR antibody indicated
the association of STAT1 with PKR at 7 h after stimulationthat PKR was autophosphorylated and thus catalytically
(lane 9). Notably, the point at which PKR and STAT1active (lanes 1–4). Phosphorylation of PKR was induced
dissociated coincided with the maximal DNA binding ofby dsRNA (lanes 2 and 4) and was dependent upon the
STAT1 (Figure 5A, lanes 3, 7 and 12).amount of PKR protein (compare lanes 2 and 4; IFN

We then examined whether PKR–STAT1 complextreatment upregulated PKR protein in lanes 3 and 4).
formation was dependent upon PKR binding to RNA. AsImmunoprecipitiation with an anti-STAT1α antibody,
shown in Figure 5C, equal amounts of STAT1α (p91) andthough, did not precipitate a phosphorylated protein the
STAT1β (p84) were co-precipitated with PKR from HeLasize of STAT1α (~90 kDa) (lanes 5–8). However, we
cell extracts before (lane 1) and after treatment with RNasenoted that STAT1α could co-precipitate with a phospho-
A (lane 2), indicating that the PKR–STAT1 interaction isprotein the size of PKR (lanes 6 and 8). In contrast,
not mediated by RNA. We next tested whether the inter-immunoprecipitation with anti-eIF-2α antiserum indicated
action between PKR and STAT1 was direct. Mixingthe phosphorylation of eIF-2α by activated PKR (lanes
experiments with35S-labeled PKR and35S-labeled STAT110 and 12).
proteins synthesizedin vitro resulted in a significantAlthough STAT1 did not prove to be a direct substrate
amount of STAT1 (~10%) co-precipitating with PKRof PKR in vitro, it was possible that PKR mediated STAT1

phosphorylationin vivo by functioning as an intermediate (Figure 5D, lane 5), showing a direct interaction between
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Fig. 3. Enhanced STAT1 DNA binding in cells expressing a dsRNA-binding-defective mutant of PKR. Control NIH 3T3 cells (lanes 1–5 and 11–13)
and PKRLS4-expressing NIH 3T3 cells (lanes 6–10 and 14–16) were treated with 1000 IU/ml IFN-α/β (A), 100 IU/ml IFN-γ (B andC) for 30, 60
and 120 min or 100µg/ml poly(rI)–poly(rC) for 2, 4 and 6 h (D). Protein extracts were used for ISGF-3 DNA-binding assays either with the
ISG-15-ISRE (A, C and D) or the IFP-53-GAS (B) probe. A 200-fold excess of unlabeled dsDNA oligonucleotide was added in cold competition
reactions (lanes 5, 10, 13 and 16). For supershift assays, protein extracts from time point 120 min for IFN stimulation (A, B and C) and 6 h for
dsRNA treatment (D) were pre-incubated with 3µg of either mouse IgG1 (lanes 11 and 14) or anti-STAT1α antibody (lanes 12 and 15).

the two proteins. Note the association of PKR with the (lanes 2 and 4). These data suggest that the catalytic activity
of PKR is not required for the association with STAT1.full length of STAT1α only (compare lanes 3 and 5).

The interaction between PKR and STAT1 was also Next we examined whether the interaction between
PKR and STAT1 was dependent upon the ability of PKRobserved in NIH 3T3 cells. Control NIH 3T3 cells

and NIH 3T3 cells expressing the dominant-negative to be activated (autophosphorylated). To this end, we
measured the levels of free and STAT1-bound32P-labeledPKRK296R were stimulated with either IFN-α/β or IFN-γ

and cell extracts were immunoprecipitated with an anti- PKR in control NIH 3T3 cells and in NIH 3T3 cells
expressing PKRK296R in response to IFNs (Figure 6B).STAT1α antibody (Figure 6A). Co-immunoprecipitated

PKR was detected by immunoblotting analysis, using a We reasoned that if PKR phosphorylation was due to its
activation by autophosphorylation, then the32P-labeledrabbit anti-mouse PKR antiserum which recognizes both

the murine (65 kDa) and human forms (68 kDa) of PKR. PKR levels would be lower in cells expressing
PKRK296R. Extracts from [32P]orthophosphate-labeledSimilar to HeLa S3 cells, the interaction between STAT1

and PKR occurred before stimulation with IFNs (lanes 1 cells were first immunoprecipitated with an anti-STAT1α
antibody (lanes 1–4) followed by a second immuno-and 3). In addition, the level of murine PKR or PKRK296R

associated with STAT1 decreased after IFN-α/β treatment precipitation with antiserum to mouse PKR (lanes 5–8).
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Fig. 4. STAT1 phosphorylation is not mediated by PKR. (A) Phosphorylation of STAT1in vitro. Untreated (lanes 1, 2, 5, 6, 9 and 10) or IFN-α/β-
treated (1000 IU/ml, 18 h; lanes 3, 4, 7, 8, 11 and 12) HeLa S3 extracts were incubated with [γ-32P]ATP in absence (lanes 1, 3, 5, 7, 9 and 11) or
presence (lanes 2, 4, 6, 8, 10 and 12) of activator reovirus dsRNA (0.1µg/ml). Reactions were immunoprecipitated against human PKR (lanes 1–4),
STAT1α (lanes 5–8) or eIF-2α (lanes 9–12) and subjected to SDS–PAGE. (B) STAT1 phosphorylationin vivo. Control NIH 3T3 cells (lanes 1–3)
and NIH 3T3 cells expressing PKRLS4 (lanes 4–6) or PKR∆6 (lanes 7–9) were labeled with [32P]orthophosphate (200µCi/ml) and subsequently left
untreated (lanes 1, 4 and 7) or treated with IFN-α/β (lanes 2, 5 and 8) or IFN-γ (lanes 3, 6 and 9) for 30 min. Immunoprecipitates were subjected to
SDS–PAGE. (C andD) Tyrosine phosphorylation of STAT1. NIH 3T3 control cells (lanes 1–4) or PKR∆6-expressing NIH 3T3 cells (lanes 5–8)
were treated with IFN-α/β (C) or IFN-γ (D) for 15 (lanes 2 and 6), 30 (lanes 3 and 7) and 45 min (lanes 4 and 8). Lysates were immunoprecipitated
with anti-STAT1α antibody followed by immunoblotting with either anti-phosphotyrosine antibodies (top panels) or anti-STAT1α antibody (bottom
panels).

We observed that the relative amounts of32P-labeled PKR negative PKRK296R (lane 7), indicating that this basal
phosphorylation of PKR was not due to its activation byassociated with STAT1α did not vary significantly in

control (lanes 1 and 2) or in PKRK296R-expressing cells autophosphorylation. Thus, PKR may serve as a substrate
for another kinase(s) whose activity is not regulated by(lanes 3 and 4) either before (lanes 1 and 3) or after

stimulation with IFN-α/β (lanes 2 and 4). We also noted IFNs. The two closely migrating ~66 kDa phosphoproteins
recognized by antiserum to murine PKR in NIH 3T3 cellsthat the total amounts of32P-labeled PKR did not differ

between control (lanes 5 and 6) and PKRK296R- (lanes 1–8) but not in PKR–/– MEFs (lane 9) most probably
represent phosphorylated isoforms of PKR, whereas theexpressing cells (lanes 7 and 8) before (lanes 5 and 7)

and after stimulation with IFN-α/β (lanes 6 and 8), 68 kDa phosphoprotein (lanes 3, 4, 7 and 8) phosphorylated
PKRK296R.indicating that PKR activation by autophosphorylation is

not induced by IFN-α/β. In addition, we observed that Since NIH 3T3 cells expressing PKRLS4 exhibited an
increased induction of STAT1 DNA binding in responseSTAT1 phosphorylation levels were induced after IFN

treatment, indicating that STAT1 activation is not depend- to IFNs or dsRNA, we then examined the ability of STAT1
to interact with PKRLS4 (Figure 6C). The amount ofent upon PKR activation. Lastly, we noted that the levels

of 32P-labeled PKR were equal in unstimulated control PKRLS4 associated with STAT1 was compared with
PKR∆6 since these two PKR mutants were expressed incells (lane 5) and in cells expressing the dominant-
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Fig. 5. Interaction between PKR and STAT1. (A) HeLa S3 cells were treated with IFN-α/β (1000 IU/ml), IFN-γ (100 IU/ml) for 30 and 60 min or
poly(rI)-poly(rC) (100µg/ml) for 3, 5 and 7 h. Gel mobility shift assays were performed using the ISG-15 ISRE (lanes 1–4 and 9–13) or the IFP-53
GAS (lanes 5–8). A 200-fold excess of the appropriate unlabeled oligonucleotide was used in cold competition reactions (lanes 4, 8 and 13). (B) The
same HeLa S3 cell extracts were also used to monitor the association between PKR and STAT1. Equal amounts of protein extract were
immunoprecipitated against human PKR followed by immunoblotting against STAT1α (top panels) or against PKR (bottom panels). (C) HeLa S3
cell extracts untreated (lane 1) or treated with RNase A (lane 2) were subjected to immunoprecipitation with anti-PKR antibodies followed by
immunoblotting analysis with either rabbit antisera against STAT1 (p84/91) (top panel) or anti-PKR antibody (bottom panel). (D) PKR binding to
STAT1α in vitro. 35S-labeled human PKR and human STAT1α proteins were synthesizedin vitro (lanes 2 and 3 respectively).35S-labeled STAT1
(equal amount to lane 3) was either immunoprecipitated with anti-PKR antibody only (lane 4) or incubated with35S-labeled PKR (equal to lane 2)
followed by immunoprecipitation with anti-PKR antibody (lane 5), SDS–PAGE and fluorography. Lane 1, a reticulocyte lysate reaction not
programmed with RNA is shown.

NIH 3T3 cells at comparable levels (compare lanes 3 and detected by immunoblotting analysis, using a monoclonal
anti-human PKR antibody which does not cross-react with4 with 5 and 6). Equal amounts of cell extracts from

PKR∆6 or PKRLS4-expressing cells were immuno- murine PKR (lanes 1 and 2). STAT1 was able to co-
precipitate with PKR∆6 (lanes 11 and 12) but not PKRLS4precipitated with an anti-STAT1α antibody and the levels

of PKR mutants which co-precipitated with STAT1α were (lanes 9 and 10), indicating that the dsRNA-binding
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Fig 6. Interaction between mutants of PKR and STAT1. (A) Protein extracts from NIH 3T3 control (lanes 1 and 2) and PKR K296R-expressing NIH
3T3 cells (lanes 3 and 4) treated with IFN-α/β for 30 min were immunoprecipitated against STAT1α and immunoblotted with a human PKR cross-
reactive, polyclonal antibody against mouse PKR (top panel). The immunoblot was re-probed with antibodies against STAT1α (bottom panel).
(B) Control NIH 3T3 cells (lanes 1, 2, 5 and 6) and NIH 3T3 cells expressing PKRK296R (lanes 3, 4, 7 and 8) were labeled with
[32P]orthophosphate and stimulated with IFN-α/β for 30 min (lanes 2, 4, 6 and 8). Whole cell extracts normalized to TCA counts were first
immunoprecipitated with anti-STAT1α antibody (lanes 1–4) followed by a second immunoprecipitation with rabbit antiserum to mouse PKR (lanes
5–8). Immunoprecipitates were analyzed on SDS–8% polyacrylamide gels. As a negative control [32P]orthophosphate-labeled whole cell extracts
from PKR–/– MEFs immunoprecipitated with antiserum to PKR were used (lane 9). The migration of32P-labeled mouse (m)PKR, human (h)PKR
(i.e. PKRK296R) and STAT1α are indicated. (C) Two hundred and fifty and 500µg of extracts from NIH 3T3 control (lanes 1, 2, 7 and 8),
PKRLS4-expressing NIH 3T3 (lanes 3, 4, 9 and 10) and PKR∆6-expressing NIH 3T3 cells (lanes 5, 6, 11 and 12) were immunoprecipitated against
human PKR (lanes 1–6) or STAT1α (lanes 7–12) and immunoblotted against human PKR (lanes 1–6 and 7–12, top panel) or STAT1α (lanes 7–12,
bottom panel).

domain of PKR is required for the interaction with (PKR–/–) (Yanget al., 1995). Mouse embryonic fibroblasts
(MEFs) with a PKR1/1 or PKR–/– genotype were treatedSTAT1.
with IFN-α/β, IFN-γ or dsRNA and the DNA binding
capacity of STAT1 was tested by gel shift analysisInduction of STAT1 DNA binding in PKR–/– MEFs

The above data implied that dissociation of the PKR– (Figure 7).
In MEFs treated with IFN-α/β (Figure 7A), ISGF-3–STAT1 complex had to occur in order for STAT1 to exhibit

its maximal DNA binding capacity. We pursued this DNA complex formation was induced 3- to 5-fold in
PKR–/– MEFs (lanes 7–9) relative to PKR1/1 MEFs (laneshypothesis further by using cells which lack PKR
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binding in PKR–/– MEFs (Figure 7C, lanes 7–9) relative
to PKR1/1 MEFs (lanes 2–4). Notably, the degree of
induction was greater in the case of ISRE binding than in
that of GAS binding. For MEFs that had been treated
with dsRNA (Figure 7D), an induction of ISGF-3 DNA
binding was also observed in PKR–/– MEFs relative to
PKR1/1 MEFs (compare lanes 2–4 with 7–9). Supershift
analyses with an anti-STAT1 antibody indicated that
STAT1 was present in the above protein–DNA complexes
(data not shown). Interestingly, we noted the presence of
a constitutively induced factor in PKR–/– MEFs (Figure
7A and C, lanes 6–9) migrating below the level of ISGF-3
(A) and GAF–ISGF-3γ (C) complexes, which was present
at a significantly lower level in PKR1/1 MEFs (Figure
7A and 7C, lanes 1–4). It is possible that loss of PKR
may also induce the binding of one or more yet identified
transcription factors to the ISRE.

Discussion

In this report, we have shown that PKR plays an important
role in IFN and dsRNA signaling pathways by modulating
the function of the transcription factor STAT1. Specifically,
expression of dominant-negative catalytically inactive
forms of PKR (PKRK296R and PKR∆6) results in inhibi-
tion of STAT1 DNA binding and gene transactivation in
response to IFNs or dsRNA (Figure 1). In contrast,
expression of an RNA-binding-defective mutant
(PKRLS4) or depletion of PKR (PKR–/–) results in
enhanced STAT1 DNA binding induced by IFNs or dsRNA
(Figures 3 and 7).

Upon further analysis, we have demonstrated an inter-
action between PKR and STAT1in vitro and in vivo. The
interaction is specific since neither STAT2 nor ISGF-3γ
co-precipitates with PKR and accounts for 10% of each
protein present in mouse and human cell extracts prior to
IFN or dsRNA treatment (data not shown). Additionally,
the association between PKR and STAT1 does not repre-
sent a kinase–substrate interaction since phosphorylation
of STAT1 is not modified by PKRin vitro or in vivo
(Figure 4). Instead, stimulation with IFNs or dsRNA,
conditions under which STAT1 becomes phosphorylated
and activated, causes the dissociation of the PKR–STAT1
complex (Figures 5B and 6A). Notably, the minimal point
of PKR–STAT1 association correlates with the maximal
induction of STAT1 DNA binding (Figure 5A and B).

Fig. 7. Induction of STAT1 DNA binding in PKR–/– MEFs. PKR1/1
Although there is a clear inverse correlation between

(lanes 1–5) and PKR–/– (lanes 6–10) MEFs were treated with
dissolution of the PKR–STAT1 complex and STAT1 DNA-1000 IU/ml IFN-α/β (A), 100 IU/ml IFN-γ (B andC) for 30, 60 and
binding capacity, the molecular mechanism(s) by which120 min or 100µg/ml poly(rI)–poly(rC) for 2, 4 and 6 h (D). Protein

extracts were used for ISGF-3 DNA-binding assays either with the PKR exerts its effect on the ability of STAT1 to bind
ISG-15 ISRE (A, C and D) or the IFP-53 GAS (B) probe. A 200-fold DNA is not immediately clear. The observation that
excess of unlabeled dsDNA oligonucleotide was added in cold induction of STAT1 phosphorylation in response to IFNscompetition reactions (lanes 5 and 10).

remains unchanged in the presence of dominant-negative
PKR mutants indicates that early events required for the
onset of IFN signaling may not be affected by PKR. For2–4). The DNA binding of IRF-1 and IRF-2 to ISRE was

not altered in PKR–/– MEFs compared with PKR1/1 example, since STAT1 tyrosine phosphorylation is not
altered by PKR (Figure 4C and D), we reason that eventsMEFs (compare lanes 2–4 with 7–9). Similar results were

obtained when the assays were performed with the 561 prior to STAT1 phosphorylation, such as JAK activation
and STAT1 docking to the IFN receptor (IFNR) (YanISRE dsDNA oligonucleotide (data not shown). In the

case of MEFs treated with IFN-γ (Figure 7B), we noted et al., 1996), may not be modulated by PKR. In addition,
since PKR does not associate with tyrosine phosphorylateda 3- to 5-fold increase in GAF DNA binding in PKR–/–

MEFs (lanes 7–9) compared with PKR1/1 MEFs (lanes STAT1 (data not shown), PKR is probably not part of
the IFNR–JAK–STAT1 complex. Furthermore, it can be2–4). We also detected an increase in GAF–ISGF-3γ DNA
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inferred from the lack of PKR phosphorylation (activation) responsible for modification of STAT1 DNA-binding
ability.concomitant with STAT1 phosphorylation (activation) in

In either capacity, PKR would assume a structural roleresponse to IFNs (Figure 6B) that PKR does not modify
similar to the one suggested for the recently clonedby phosphorylation any of the phosphatase activities that
STAT-interacting protein (STIP-1). Comparatively, thehave been implicated in the regulation of STAT1 (David
interaction of both proteins with non-phosphorylatedet al., 1993, 1995; Igarashiet al., 1993a,b; Haqueet al.,
STATs is thought to alter the ability of these STATs to be1995; Shuaiet al., 1996). In contrast to STAT1, PKR-
functional. It has been proposed that STIP-1 provides amediated effects on STAT2 and ISGF-3γ activation have
positive effect on signaling by interacting with non-not been examined due to a lack of antibodies specific for
phosphorylated STAT3 and facilitating phosphorylation ofthe murine forms of these proteins. However, the inhibition
STAT3 by JAKs in response to IL-6 (Collum and Schindler,of ISGF-3 DNA binding in response to IFN-α/β by the
1996); PKR, as demonstrated, exerts a negative effectcatalytic inactive mutants of PKR is unlikely to be due to
on signaling by mediating STAT1 DNA binding andan inhibition of PKR-mediated phosphorylation of STAT2
transactivation capacities. In further support of a structuraland/or ISGF-3γ for the following reasons: (i) STAT2
role for PKR, there have been other reports indicating thatphosphorylation precedes the phosphorylation of STAT1
conformational and not catalytic requirements of kinases(Qureshi et al., 1996) and therefore any inhibition of
are important for the progression of signaling pathways.STAT2 phosphorylation by the catalytic mutants of PKR
For instance, structural properties of JAK-1 have beenshould also affect STAT1 phosphorylation and (ii) phos-
suggested to be important for the propagation of IFN-γphorylation of STAT2 and/or ISGF-3γ should also be
signaling; that is, kinase-negative mutants of JAK-1 areinhibited in PKR–/– cells or in cells expressing the RNA-
able to support IFN-γ-inducible gene expression (Briscoebinding-defective mutant PKRLS4, which functions in a
et al., 1996). An analogy could also be drawn with thedominant-negative manner in PKR activation. However,
tyrosine kinase p56lck involved in T cell activation. In thisan inhibition of phosphorylation of STAT2 and/or ISGF-3γ
case, it has been shown that the kinase activity of p56lck

would be inconsistent with the induction of ISGF-3 DNA
is dispensable for CD4 co-receptor activity (Collins andbinding observed in these cell types (Figures 3A and 7A).
Burakoff, 1993; Xu and Littman, 1993). Instead, p56lck

Instead, a possible mechanism by which PKR modulates
may function as an adaptor protein, recruiting downstreamSTAT1 function may become evident by a recent report
signaling components to CD4 via its SH2 domaindemonstrating that a single phosphotyrosyl–SH2 inter-
(reviewed in Ravichandranet al., 1996).action is sufficient to mediate association between STATs

The notion that PKR functions in IFN and dsRNAin vitro (Guptaet al., 1996). Critically, we do not detect
signaling pathways in a kinase-independent manner isinteraction between PKR and tyrosine phosphorylated
strengthened by the observation that STAT1 is able toSTAT1. However, non-phosphorylated STAT1 has been
associate with both wild type and dominant-negativeshown to associate with tyrosine-phosphorylated STAT1
catalytic mutants of PKR (Figure 6A and C). Additionally,and STAT2, thereby forming transcriptionally active
formation of the PKR–STAT1 complex and STAT1 DNA

STAT1:STAT1 homodimers and STAT1:STAT2 hetero- binding are not affected by the PKR inhibitor 2-amino-
dimersin vitro (Guptaet al., 1996). In the same study, it purine (data not shown). Furthermore, the lack of induced
was also suggested that non-phosphorylated STAT1 canPKR autophosphorylation and activation within the period
be detected in the ISGF-3 complex formed in response to of IFN treatment (Figure 6B) is in agreement with previous
IFN α/β (Guptaet al., 1996). In addition, non-phosphoryl- reports showing that modulation of protein synthesis in
ated STAT1 has been found in transcriptionally active 3T3 cells, as measured by the appearance of autophos-
STAT1:STAT3 heterodimers formed in response to IL-6 phorylated (activated) PKR, does not occur until at least
(Zhang et al., 1995). As such, the inhibitory effect of 3 h after IFN treatment (Petryshynet al., 1988, 1996). It
PKR may lie in the ability of PKR to bind and sequester is noteworthy that the increased expression of either of
STAT1, thereby preventing STAT1 addition into ISGF-3, the PKR catalytic mutants relative to endogenous wild
GAF–ISGF-3γ and GAF complexes. Since the ISGF-3 type PKR correlates with a greater inhibition of STAT1
and GAF–ISGF-3γ complexes are more transient and less DNA binding (data not shown), a finding which would
stable than the GAF homodimer (Bluyssenet al., 1996; be consistent with a model in which PKR is able to
Guptaet al., 1996), any inhibition of STAT1 incorporation sequester STAT1 from incorporation into transactivation
into these complexes by PKR would have a more pro- complexes independently of catalytic activity. Thus, it is
nounced effect on ISGF-3 and GAF–ISGF-3γ than GAF. conceivable that upregulation of PKR at the protein level
Consistent with this notion, a much higher degree of by IFNs may represent a feedback mechanism to control
inhibition of ISGF-3 and GAF–ISGF-3γ DNA binding the duration and strength of IFN signaling through the
relative to GAF DNA binding is observed in cells regulation of STAT1 function. For example, genes whose
expressing the catalytically inactive PKR∆6 (Figure 1). expression is regulated by the GAF–ISGF-3γ complex

Alternatively, it is possible that PKR either facilitates might be a specific target for PKR since this complex is
or inhibits the interaction between STAT1 and another formed by prolonged IFN treatment (Bluyssenet al.1996),
protein which might bear a negative or a positive regulatory a condition under which PKR protein synthesis is induced.
effect on STAT1 respectively. We postulate that this In the case of the dominant-negative dsRNA-binding-
factor(s) would not mediate its effect through either kinase defective mutant PKRLS4, we find that the PKR–STAT1
or phosphatase activity as STAT1 phosphorylation levels interaction is not dependent upon RNA (Figure 5C) but
remain unchanged in the presence of PKR mutants. Rather,does require the dsRNA-binding domain of PKR since

PKRLS4 fails to co-precipitate with STAT1 (Figure 6C).a protein–protein interaction modulated by PKR may be
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If PKR–STAT1 interaction is responsible for modification viral infection is highlighted by recent reports which
demonstrate thatstat1-deficient mice are more susceptibleof STAT1 DNA binding, then loss of this complex would

account for the induction of STAT1 DNA binding observed to viral infection compared with normal mice (Durbin
et al., 1996; Merazet al., 1996). Such an increase in viralin PKRLS4-expressing cells (Figure 3). Likewise, the

induction of STAT1 DNA binding observed in PKR–/– susceptibility ofstat1–/– mice has been attributed mostly
to the failure of genes encoding proteins with antiviralMEFs (Figure 7) could be attributed to the lack of PKR

in these cells and thus the absence of PKR–STAT1. effects such as PKR to be upregulated by IFNs at the
transcriptional level. An intriguing possibility that remainsFurthermore, although complex formation is not dependent

on STAT1 dimerization as implied by the lack of associ- to be determined, however, is that STAT1 might interact
with other non-STAT proteins that mediate antiviral effects,ation between PKR and tyrosine phosphorylated STAT1,

whether it requires PKR dimerization remains to be like PKR, and modify their functions. That is, STAT1
may serve as a mediator of signaling events induced eitherclarified. It has been shown that all these dominant-

negative PKR mutants are capable of dimerization by IFNs and/or viral infection which regulate protein
synthesis by modulating PKR activity. In this regard,(Cosentinoet al., 1995; Patelet al., 1995). Since dimeriz-

ation does not necessarily require the dsRNA-binding crosstalk between components of membrane-to-transcrip-
tional and translational pathways has already been docu-properties of PKR (Patelet al., 1995), dimerization of the

dominant-negative PKRLS4 with the endogenous mouse mented for a growth factor-regulated pathway (reviewed
in Brown and Schreiber, 1996).PKR may be responsible for inhibition of PKR–STAT1

complex formation in cells expressing PKRLS4 and may In conclusion, the data presented here suggest that PKR
is able to modify the pattern of gene expression that takesaccount for the induction of STAT1 DNA binding in these

cells (Figure 3). place in response to IFN, dsRNA and possibly other
stimuli. PKR appears to do so by modulating the activityPresently, it is not known what processes are involved

in the dissociation of PKR and STAT1. It is unlikely that of STAT1, apparently without directly binding to specific
DNA sequences. In this manner, PKR can be comparedit requires PKR activation since (i) a large amount of

autophosphorylated PKR co-precipitates with STAT1 from with p202, another IFN-inducible protein which functions
as a modulator of NF-κB, c-Fos and c-Jun activities (MinHeLa S3 cells (Figure 4A, lanes 6 and 8); (ii) dissociation

also occurs in the presence of the dominant-negative et al., 1996). As such, the regulation of cell growth by
PKR may be the consequence of the ability of PKR toPKRK296R (Figure 6A); (iii) PKR autophosphorylation

and subsequent activation is not induced by IFNs (Figure alter the expression patterns of cell cycle regulatory
proteins. For instance, if PKR is able to regulate the6B) although disruption of the PKR–STAT1 complex is

(Figure 5B); and (iv) treatment with the PKR inhibitor activity of requisite transcription factors, then this may
be, at least in part, the mechanism for the control of cell2-aminopurine does not affect PKR–STAT1 dissociation

(data not shown). Rather, the dissociation of PKR and proliferation by PKR (Koromilaset al., 1992; Meurset al.,
1993; Barberet al., 1995). In pursuit of this, the recentSTAT1 may be effected by another protein(s) whose

activity is induced by IFNs or dsRNA. Although the finding that STAT1 plays a role in p21 transcription (Chin
et al., 1996) may have established a tentative yet importantinteraction of PKR and STAT1 is directin vitro (Figure

5D), it remains possible that complex dissociation is link between the abilities of PKR to modulate transcription
and to regulate cell growth: the regulation of cell cycledependent upon the presence and/or activity of another

protein(s). Alternatively, structural changes in signaling progression.
components induced by IFN or dsRNA might facilitate
dissociation of PKR and STAT1.

Materials and methodsIt should also be noted that PKR may be able to
negatively regulate ISRE DNA binding by modifying the Cell culture and transfections
activity of one or more transcription factors other than NIH 3T3 cells (ATCC CRL-1658) and MEFs were maintained in

Dulbecco’s modified Eagle’s medium (Life Technologies Inc.). HeLa S3STAT1. For example, a DNA–protein complex bound to
cells (ATCC CCL-2.2) were grown in RPMI 1640 (Life TechnologiesISRE migrating below the ISGF-3 and GAF–ISGF-3γ
Inc.). Both media were supplemented with 10% fetal calf serum (FCS;complexes was present in PKR–/– MEFs (Figure 7A and Life Technologies Inc.), 2 mML-glutamine (Life Technologies Inc.) and

C) as well as in NIH 3T3 cells expressing PKRLS4 penicillin–streptomycin (100 units/ml; Life Technologies Inc.).
For IFN treatment, NIH 3T3 cells and MEFs were incubated with(Figure 3A and C). The constitutive activation of this

1000 IU/ml of recombinant murine IFN-α/β (Lee Biomolecules, CA) orDNA-binding factor(s) may indicate that its activity is not
100 IU/ml of recombinant murine IFN-γ (Cedarlane, Canada). HeLaregulated by the cascade of tyrosine phosphorylation
S3 cells were stimulated with IFN-α2/α1 (1000 IU/ml, provided by

induced by IFNs. Thus, loss of PKR and/or the PKR– C.Weissmann) or with IFN-γ (100 IU/ml, Collaborative Res.).
STAT1 complex may induce the binding of one or more NIH 3T3 clones expressing mutants of PKR were generated by stable

transfection of PKR K296R, PKR∆6 or PKRLS4 cDNA, cloned in theyet identified transcription factors to the ISRE.
HindIII–BamHI sites of the pcDNA3/neo vector (Invitrogen) and selectedAn interesting question which arises is whether the
in G418 (400µg/ml; Life Technologies Inc.) as described elsewherePKR–STAT1 complex bears any effect on the function of (Koromilaset al., 1992). Transfections with dsRNA were conducted in

PKR in the regulation of protein synthesis. To date, the a DEAE-dextran-dependent manner (Yanget al., 1995) with 100µg/ml
of poly(rI)–poly(rC) (Pharmacia Biotech Inc.) in the presence of an anti-role of PKR in translational control via phosphorylation
mouse Type I IFN monoclonal antibody (Kirchhoffet al., 1993).of eIF-2α is well documented (reviewed in Proud, 1995).

As a consequence of its ability to inhibit protein synthesis,
Electrophoretic mobility shift assaysPKR assumes a critical role in the antiviral response For electrophoretic mobility shift assays, the following double-stranded

(reviewed in Katze, 1994; Yanget al., 1995). In addition oligonucleotides were used (Sheldon Biotechnology Centre, Montreal,
Canada): the ISRE of the IFN-α/β-inducible ISG-15 gene (59-GATCGG-to PKR, the importance of STAT1 in the response to
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GAAAGGGAAACCGAAA CTGAAGCC-39) (Reich and Darnell, 1989) Immunoprecipitation and immunoblotting
Whole cell extracts were prepared either as previously described (Eilersand the GAS of the IFN-γ-inducible IFP-53 gene (59-G ATCCAGATTCT-

CAGAAA-39) (Strehlowet al., 1993). et al., 1995) or by extraction with 13 RIPA buffer supplemented with
1 mM DTT, 0.2 mM PMSF, 4µg/ml aprotinin, 1µg/ml leupeptin, 1µg/mlGel mobility shift experiments were performed with whole-cell extracts

as previously described (Eilerset al., 1995). To measure the kinetics of pepstatin, 50 mM NaF and 0.1 mM Na3VO4. Immunoprecipitations were
performed using 100, 250 or 500µg of whole-cell extracts, which werefactors binding to the ISRE and/or GAS elements following treatment

with IFN or dsRNA, whole-cell extract (10µg) was added to pre-cleared with rabbit pre-immune serum or mouse IgG1 (Sigma, MO).
Five µg of antisera to human PKR (13B8-F9), mouse PKR (TIK), or[α-32P]dGTP-labeled dsDNA oligonucleotide (0.5–2.0 ng), containing

~23105 c.p.m. Binding reactions were contained in a buffer with 20 mM STAT1 (anti-91T) were used. Reactions were rotated at 4°C for 2 h and
antibody–antigen complexes were captured by protein G–Sepharose. TheN-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid (HEPES) pH 7.9,

40 mM KCl, 1 mM MgCl2, 0.1 mM EGTA, 0.5 mM dithiothreitol beads were washed three times with ice cold 13 extraction buffer.
Immunoprecipitates were electrophoresed on SDS–7% polyacrylamide(DTT), 10% glycerol, poly(dI–dC) (250 ng/ml), 4µg/ml aprotinin,

0.2 mM phenylmethylsulfonyl fluoride (PMSF), 1µg/ml leupeptin and gels and proteins were transferred onto nitrocellulose filters. Immunoblot-
ting analyses with anti-human PKR (1µg/ml), anti-mouse PKR (rabbit1 µg/ml pepstatin. Protein–DNA complexes formed during a 30 min

incubation at room temperature were subsequently electrophoresed on a serum, 1:500), anti-STAT1α (1 µg/ml; Santa Cruz Biotechnology, CA)
or anti-phosphotyrosine [4G10 (1µg/ml); Upstate Biotechnology Inc.6% non-denaturing polyacrylamide gel in 0.23 TBE at 400 V at

4°C. To identify the components contained within the protein–DNA and PY20 (1µg/ml); Transduction Laboratories] antibodies were per-
formed as previously described (Eilerset al., 1995; Koromilaset al.,complexes, antiserum to STAT1α (Santa Cruz Biotechnology Inc.) was

added to the binding reactions. To ensure the specificity of interactions, 1995). After incubation with anti-mouse or anti-rabbit peroxidase-
conjugated antibody (1:1000; Amersham Corp.). Proteins were visualizeda 100- to 200-fold excess of unlabeled dsDNA oligonucleotide was used

in cold competition reactions. Induced DNA–protein complexes were using the enhanced chemiluminescence (ECL) detection system (Amer-
sham Corp.).visualized by autoradiography and quantified by scanning autoradiograms

in the linear range of exposure with an enhanced laser densitometer
Ultroscan XL (LKB). In vitro transcription and translation

Human PKR or human STAT1α protein was synthesized from human
PKR or STAT1α cDNA under the control of T7 promoter using theNorthern blot analysis
TNT SP6/T7in vitro transcription and translation system (Promega) andTotal RNA was isolated by the guanidinium thiocyanate method
[35S]methionine (.1000 Ci/mmol; Amersham) according to manufac-(Chomczynski and Sacchi, 1987). RNA (10µg) was denatured with
turer’s specifications. Immunoprecipitation of35S-labeled PKR–STAT1αglyoxal and dimethylsulfoxide and subjected to electrophoresis on a 1%
complex was performed as described above. Protein preparations andagarose gel in 10 mM sodium phosphate buffer pH 7.0 (Sambrooket al.,
immunoprecipitates were electrophoresed on SDS–8% polyacrylamide1989). RNA was transferred onto a nylon membrane (BioTans, ICN).
gels which were treated with EN3HANCE (Dupont) according to theHybridization was performed at 65°C for 16 h with [α-32P]dATP-labeled
manufacturer’s specifications before visualization by fluorography.random primed cDNA probes (Feinberg and Vogelstein, 1983) (53106

c.p.m./ml) consisting of either the 0.95 kbpEcoRI–HindIII fragment of
the human ISG-15 cDNA, 1.5 kbpEcoRI fragment of the human IFP-
53 cDNA or the entire sequence of mouseβ-actin cDNA. After Acknowledgements
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