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The interferon-inducible double-stranded RNA protein
kinase PKR controls protein synthesis through the
phosphorylation of eukaryotic translation initiation
factor (elF)-2. In addition to its demonstrated role in
translational control, several reports have suggested a
transcriptional role for PKR. Here we report that PKR

is involved in IFN- and dsRNA-signaling pathways by
modulating the function of the signal transducer and
activator of transcription STAT1. We also show that
PKR associates with STAT1 in mouse and human cells.
The association is not a kinase—substrate interaction
since STAT1 phosphorylation is not modified by PKR
in vitro or in vivo. In addition, the formation of
the PKR-STAT1 complex is not dependent upon the
enzymatic activity of PKR but does require the dsRNA-
binding domain of PKR. Moreover, there is a concomit-
ant decrease in PKR-STAT1 interaction and increase
in STAT1 DNA binding in response to IFNs or dsRNA.
These findings suggest that PKR plays an important
role in IFN and dsRNA-signaling pathways by modulat-
ing the transcriptional function of STAT1.

Keywords DNA binding/double-stranded RNA/
interferon/protein phosphorylation/signal transduction

Introduction

multimeric IFN-stimulated gene factor-3 (ISGF-3), which
consists of the STATA/B (p91/p84) heterodimer, STAT2
(p113) (Fuet al, 1992) and ISGFB(p48) (Vealset al,
1992). Once ISGF-3 has translocated to the nucleus
(Kessler et al, 1992), it binds to the IFN-stimulated
response element (ISRE) found upstream of many ¢#N-
B-stimulated genes and then transactivates expression of
these genes.

Similar to IFN-a/f, IFN-y (type Il IFN) utilizes STAT1
by inducing the dimerization of STAT1 to form the
transactivator protein complex termedIFN activated
factor (GAF) (Deckeret al, 1991; Shuaiet al, 1992,
1993, 1994; Heimet al, 1995). GAF then binds to the
y-IFN activating sequence (GAS), an element specific for
IFN-y-stimulated genes. Recently, GAF has also been
shown to bind and transactivate ISRE-containing genes,
thus demonstrating the overlapping nature of IFNs
(Bluyssenet al., 1995). In addition, targeted disruption of
thestatlgene in mice results in unresponsiveness to either
type of IFN (Durbinet al,, 1996; Merazet al, 1996).

In addition to IFNs, STAT1 has been shown to be
activated by growth hormone (Haet al, 1996), IL-6
(Zhanget al,, 1995), IL-10 (Larneet al,, 1993), epidermal
growth factor (EGF) (Ruff-Jamisoet al, 1993), platelet-
derived growth factor (PDGF) (Vignaist al., 1996) and
colony-stimulating factor 1 (CSF-1) (Larnet al,, 1993).
Furthermore, double-stranded (ds)RNA, which is often
produced in a cell during viral replication, can induce
transcription of type | IFN-inducible genes (Pie¢ al,
1990; Decker, 1992) through STAT1-dependent
(Bandyopadhyayet al, 1995) and STAT1-independent
pathways (Daly and Reich, 1993, 1995).

Inresponse to IFNs, a large number of genes are induced.
One of the best characterized IFN-induced proteins is
the dsRNA-activated protein kinase, PKR (reviewed in
Proud, 1995). PKR is a serine/threonine protein kinase
which is activated by autophosphorylation upon binding
to dsRNA and then phosphorylates thesubunit of the
eukaryotic initiation factor elF-2, a modification that
results in the inhibition of protein synthesis (Hershey,
1989). PKR exhibits antiviral (Meuet al,, 1992; reviewed
in Katze, 1995; Yangt al., 1995), antiproliferative (Chong
et al, 1992; Koromilaset al,, 1992) and tumor suppressor

The signal transducers and activators of transcription functions (Koromilaset al, 1992; Meurset al, 1993;
(STAT) proteins function by transducing signals from Barberet al, 1995). In addition to its demonstrated role
ligand-activated receptor kinase complexes and thenin translational control, PKR is able to regulate gene
localizing to the nucleus, whereupon they bind DNA and expression at the transcriptional level (Kunetial, 1994;
activate transcription (reviewed in Darnet al, 1994; Maran et al, 1994; Koromilaset al, 1995; Mundschau
Gilmour and Reich, 1995; Schindler and Darnell, 1995). and Faller, 1995; Yanet al, 1995).

STAT1a and 1B were originally identified as components At the same time that IFNs are capable of eliciting
of the interferon (IFN) signaling system. They are both gene expression by activating components of the JAK-
derived from alternatively spliced transcripts of the same STAT signaling pathway, they may also have the capacity
gene and differ in their carboxy termini (Schindkgtral, to induce the expression of proteins that are able to bind
1992). IFN@/pB (type | IFN) induces the formation of the to and impair the activity of sequence-specific transcription

© Oxford University Press 1291



A.H-T.Wong et al.

factors (Minet al,, 1996). To date, molecules that are able reduction of GAF DNA binding in NIH 3T3 cells
to modify the functions of STATs without interfering with  expressing PKR6 (compare lanes 2-4 with 7-9).
ligand-induced phosphorylation cascades remain to be Supershift analyses with an antibody ta $dwfidd
identified. Here we report that PKR, an IFN-inducible the identity of GAF (lanes 12 and 15). Similar results
protein, associates with STAT1. Interestingly, this is not a were obtained with the Ly6E/A GAS dsDNA oligonucleo-
kinase—substrate interaction since STAT1 is not phos- tide (Khanet al, 1990) (data not shown).

phorylated by PKRn vitro orin vivo. Rather, in response to IFialso induces binding of GAF to ISRE-containing
IFNs or dsRNA, conditions under which STAT1 becomes genes through the association with ISGF(B48) and in
activated, the interaction between PKR and STAT1 the absence of activated STAT2 (Bleysderl995).
diminishes. We demonstrate that the interaction is not We then tested whether GAF-ISGK-&mplex formation

dependent upon the enzymatic activity of PKR but requires was affected in cells expressids.P&E mobility
the dsRNA-binding domain of PKR. Furthermore, in cells shift assays were performed with the ISG-15 ISRE dsDNA
expressing increased levels of catalytically inactive PKR oligonucleotide and the GAF-NsGBrmplex was

relative to wild type endogenous PKR, there is a decreaseidentified based on its mobility and binding site specificity
in STAT1 DNA binding and transactivation in response (Bluyss#nal, 1995). Although the GAF-ISGFy3

to IFNs or dsRNA. In contrast, STAT1 DNA binding is complex was induced in control NIH 3T3 cells (Figure
induced in cells expressing a dsRNA-binding-defective 1C, lanes 2-4), the complex was not formed in cells
PKR protein or in cells deficient in the PKR gene expressing PKR6 (lanes 7-9). Supershift analyses with
(PKR™). As such, there appears to be an inverse correla- an anti-maitlbody indicated the presence of STAT1
tion between the formation of the PKR—-STAT1 complex in the GAF-ISGF-8 complex (lanes 12 and 15).

and the ability of STAT1 to bind DNA. Taken together, Similarly, dsRNA can elicit transcriptional induction of
these data suggest a novel function of PKR in the IFN-inducible genes through the activation of STAT1
transcriptional regulation of IFN-inducible gene expres- (Bandyopadietagl, 1995). We then examined the
sion: the ability to modulate STAT1 function. levels of STAT1 DNA binding in NIH 3T3 cells expressing
PKRA6 after dsRNA treatment. Although it has been
previously shown that IFN production is impaired by

Results PKRA6 (Kirchhoff et al., 1995), any residual autocrine
Inhibition of STAT1 DNA binding and effect of IFNs produced in response to dsRNA was
transactivation by the catalytically inactive minimized by the addition of neutralizing antibodies
dominant-negative PKRA6 against mouse type | IFNs to the cell media. DNA binding

The aggregation of activated STATs and the subsequent was analyzed with the use of the ISG-15 ISRE dsDNA
binding to DNA is a prerequisite for transactivation of IFN- oligonucleotide. We observed that dsRNA treatment
inducible genes. In addition to tyrosine phosphorylation, induced an ISGF-3-like protein—-DNA complex formation
several reports have implicated serine/threonine phos-at 4 and 6 h after transfection of poly(rl)—poly(rC) in
phorylation in the activation of STATs (Eileet al.,, 1995; control cells (Figure 1D, lanes 3 and 4). However, in
Wen et al, 1995; Zhanget al, 1995). The role of PKR  cells expressing PK&56, no induction of the ISGF-3-

in STAT activation was examined in NIH 3T3 cells like protein—-DNA complex was observed (lanes 7-9).
expressing catalytically inactive dominant-negative Supershift analyses demonstrated the presence of STAT1
mutants of PKR. Cells were stimulated with IRNB and in the induced DNA—protein complex (lanes 12 and 15).
the ability of STAT1 to bind DNA was measured by gel Similar results were obtained with the 561 ISRE dsDNA
mobility shift assays, employing a dsDNA oligonucleotide oligonucleotide (data not shown). It is noteworthy that
which encompassed the ISRE of the ISG-15 gene (ReichdsRNA can induce the binding of unique transcription
and Darnell, 1989). In control NIH 3T3 cells (neomycin factors known as dsRNA-activated factors (DRAFsS) to
resistant), DNA binding of ISGF-3 was first observed at the ISG-15 ISRE, which do not contain STAT1 (Daly and

30 min after stimulation and peaked at 120 min (Figure Reich, 1993, 1995). It is likely, then, that induction of
1A, lanes 2-4) whereas in NIH 3T3 cells expressing the IFN-inducible genes by dsRNA proceeds through distinct
dominant-negative  catalytically inactive PKR pathways which are cell type dependent.

(Koromilas et al, 1992), ISGF-3 binding to ISRE was Northern blot analyses showed that expression of
reduced 8-fold (lanes 7-9). In the same experiment, DNA B&Rhibited gene transactivation by IFNs or dsRNA
binding of IRF-1 and IRF-2 to the ISG-15 ISRE was not (Figure 2). For example, expression of ISG-15 RNA was
affected by PKR6 (data not shown). The identity of the not observed in NIH 3T3 cells expressind\@KiRgure
induced band was ascertained by supershifting the ISGF-2A, lanes 8-14) by IFN#/3 (compare lanes 5-7 with 12—
3—-ISRE complex with a monoclonal antibody to STAT1  14) or dsRNA (compare lanes 2—4 with 9-11). Moreover,
(lanes 12 and 15). Similar results were obtained with the expression of IFP-53 RNA after treatment with IFNvas

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

1995) (data not shown). Similar to PIAB, STAT1 DNA binding and transactiv-

The overlapping nature of IFN signaling warranted an ation capacity were inhibited in NIH 3T3 cells expressing
examination of STAT1 DNA binding in the presence of the dominant-negative catalytically inactive mutant
PKRAG6 in response to IFN: The binding of GAF to the  PKRK296R (Lys296 to Arg; Katzet al,, 1991) (data not
GAS DNA sequence was tested by gel mobility shift shown). Together, these data indicate that STAT1 DNA-
assays, using an IFP-53 GAS dsDNA oligonucleotide binding activity and transactivation are impaired by the
(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 RK&R NIH 3T3 control (lanes 1-5 and 11-13) and R¥dRexpressing

NIH 3T3 cells (lanes 6-10 and 14-16) were treated with 1000 1U/ml ¢#BI{A), 100 IU/ml IFNy (B andC) for 30, 60 and 120 min or 10Qg/ml
poly(rl)—poly(rC) for 2, 4 ad 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 anddd krfor dsRNA treatment (D) were

pre-incubated with 31g of either mouse IgG1 (lanes 11 and 14) or anti-STéEhtibody (lanes 12 and 15).

Expression of a dsRNA-binding-defective mutant

of PKR enhances STAT1 DNA binding

The inhibition of ISGF-3 and GAF DNA binding by cata-
lytically inactive PKR mutants prompted us to examine
whether PKR defective in RNA binding mediates a similar
effect. To this end, we examined STAT1 DNA binding in
cells expressing a mutant of PKR which is defective in RNA

binding but which possesses an intact catalytic domain,

PKRLS4 (substitutions of Arg58Ser59Lys60 to Gly58Ala5-
9Leu60 in RNA-binding domain | which abolish PKR bind-
ing to dsRNA; Green and Mathews, 1992). In this regard,
mutants of PKR defective in dsRNA binding have been
shown to function in a dominant-negative manner in the
phosphorylation of elF-@ (Barberet al,, 1995).

Stimulation with IFNe/(3 resulted in a 5-fold increase

in the induction of ISGF-3 binding to the ISG-15 ISRE
in cells expressing PKRLS4 compared with control NIH
3T3 cells (Figure 3A, compare lanes 2-4 with 7-9)
whereas DNA binding of IRF-1 and IRF-2 to the ISRE
was not affected by PKRLS4 (data not shown). Similar
levels of induction were observed in IFN{Figure 3C)
and dsRNA-treated cells (Figure 3D) where the ISG-15
ISRE probe was also used. However, GAF binding to the
IFP-53 GAS probe was only moderately enhanced (~2-
fold) by PKRLS4 relative to control NIH 3T3 cells (Figure
3B, compare lanes 2-4 with 7-9). Supershift analyses
indicated that STAT1 was present in all induced protein—
DNA complexes (Figure 3A, B, C and D, lanes 12 and
15). These data show a stimulatory effect by PKRLS4 on
STAT1 DNA binding in response to IFNs or dsRNA.
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A kinase in a phosphorylation cascade induced by IFNs or
Cols o 313 NIH 3T (PKA 46 dsRNA. To explore this possibility, we examined the
Tresiment GeNA WNad | GsNA FNap in vivo phosphorylation of STATA in NIH 3T3 cells
Time ) ME N R AW L WY expressing the mutants of PKR. Cells labeled witP]-
BL - i - sl orthophosphatén vivo were treated with IFNs, followed
by immunoprecipitation with an anti-STA® antibody
*-..--‘- T et (Figure 4B). In this and several other experiments we
Lane 123 4 5 8 7 8 5 M0 112N observed that the phosphorylation of STATdid not vary
Ao e T significantly between control NIH 3T3 cells (lanes 2 and
Fractin 3) and NIH 3T3 cells expressing PKRLS4 (lanes 5 and
6) or PKRA6 (lanes 8 and 9). Similar results were obtained
B when cells expressing the mutants of PKR were treated

with dsRNA fa 4 h (data not shown).

= = ey - Since tyrosine phosphorylation of STAT1 has been

Time () s 40w o shown to represent a small fraction of the phosphorylated

- - P53 protein (Eilerset al, 1995), we then tested the possibility
r that tyrosine phosphorylation of STA@ilmay be altered

m_‘““" in the presence of the PKR mutants. To do so, STAT1

il rErd s 8 A was immunoprecipitated from IFN-stimulated cells and
= N I S subjected to immunoblotting analysis, first with anti-
= phosphotyrosine antibodies and then with an anti-STAT1
Fig. 2. Inhibition of STAT1 transactivation capacity by PKR. antibody. As shown in Figure 4C and D, no significant

Control NIH 3T3 cells A, lanes 1-78, lanes 1-4) and NIH 3T3 cells differences in STAT tyrosine phosphory|ation were

expressing PKR6 (A, lanes 8-14; B, lanes 5-8) were stimulated with observed between control cells and cells expressin
either IFN-a/B (A; 1000 1U/ml) or IFN+y (B; 100 IU/ml) for 2 h PKRAG after treatment with either IFNJB (Fi ure p4C) 9
(A, lanes 5 and 12; B, lanes 2 and @)h (A, lanes 6 and 13; g

B, lanes 3 and 7) ah6 h (A, lanes 7 and 14; B, lanes 4 and 8) or or IFN-y (Figure 4D). Similar results were obtained when
transfected with poly(rl)—poly(rC) (10Ag/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  \yere used (data not ShOWI’]). These data suggest that PKR

(10 pg) was subjected to Northern blot analysis ustAg-labeled . P L
ISG-15 (A, upper panel) or IFP-53 cDNA (B, upper panel) as a probe. does not mediate STAT1 phosphorylatiowitro orin vivo.

The same blots were stripped and reprobed witR]B-actin cDNA
(A and B, lower panels). Quantification of radiolabeled bands was

performed by scanning autoradiograms in the linear range of exposure PKR associates with STAT1

with an enhanced laser densitometer Ultroscan XL (LKB). The immunoprecipitation of autophosphorylated PKR by
the anti-STATh antibody (Figure 4A, lanes 6 and 8)
Phosphorylation of STAT1 is not mediated by PKR implied an association between PKR and STAT1. We

The inhibition of ISGF-3, GAF and GAF-ISGFtDNA further examined the nature of this association in response
binding by the catalytically inactive dominant-negative 0 IFNs or dsRNA. Hela S3 cells were treated with
mutants of PKR suggested a modification of STAT1 IFN-a/B, IFN-y or dsRNA. STAT1 DNA binding and
activity by phosphorylation. To investigate whether PKR PKR—S_TATl association were then examined in parallel.
could phosphorylate STAT1, dn vitro kinase assay was Gel sh_lft analyses demonstrated that treatment with IFN-
performed, using HeLa S3 cell extracts in which PKR /B (Figure 5A, lanes 1-3), IFN-(lanes 5-7) or dsRNA
was activated by autophosphorylation in the presence (lanes 9-12) resulted in an induction of STAT1 DNA
of reovirus dsRNA and\[3?P]ATP (Figure 4A). After binding. Interestingly, corresponding immunoblotting ana-
incubation, one-third of the reaction was subjected to PKR lysis indicated the association of STAT1 with PKR before
immunoprecipitation, one-third to STABlimmunopre-  and after IFN stimulation at 30 min (Figure 5B, lanes 1,
cipitation and the rest to elFe? immunoprecipitation. 2 and 4), whereas the association decreased at 60 min
Immunoprecipitiation with an anti-PKR antibody indicated ~post-stimulation (lanes 3 and 5). Similarly, dsSRNA reduced
that PKR was autophosphorylated and thus catalytically the association of STAT1 with PKR at 7 h after stimulation
active (lanes 1-4). Phosphorylation of PKR was induced (lane 9). Notably, the point at which PKR and STAT1
by dsRNA (lanes 2 and 4) and was dependent upon thedissociated coincided with the maximal DNA binding of
amount of PKR protein (compare lanes 2 and 4; IFN STAT1 (Figure 5A, lanes 3, 7 and 12).
treatment upregulated PKR protein in lanes 3 and 4). We then examined whether PKR-STAT1 complex
Immunoprecipitiation with an anti-STATL antibody, formation was dependent upon PKR binding to RNA. As
though, did not precipitate a phosphorylated protein the shown in Figure 5C, equal amounts of STAT(p91) and
size of STATIx (~90 kDa) (lanes 5-8). However, we STATIP (p84) were co-precipitated with PKR from HelLa
noted that STAT@ could co-precipitate with a phospho- cell extracts before (lane 1) and after treatment with RNase
protein the size of PKR (lanes 6 and 8). In contrast, A (lane 2), indicating that the PKR—-STAT1 interaction is
immunoprecipitation with anti-elFe2antiserum indicated ~ not mediated by RNA. We next tested whether the inter-
the phosphorylation of elFe2 by activated PKR (lanes  action between PKR and STAT1 was direct. Mixing
10 and 12). experiments wit#°S-labeled PKR ané&S-labeled STAT1
Although STAT1 did not prove to be a direct substrate proteins synthesizedn vitro resulted in a significant
of PKRin vitro, it was possible that PKR mediated STAT1 amount of STAT1 (~10%) co-precipitating with PKR
phosphorylationn 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 1U/ralBRN), 100 IU/ml IFN+y (B and C) for 30, 60
and 120 min or 10Qug/ml poly(rl)—poly(rC) for 2, 4 ad 6 h ©). 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 a@n@l ICjan
dsRNA treatment (D) were pre-incubated withu@ of either mouse 1gG1 (lanes 11 and 14) or anti-STé&Ehtibody (lanes 12 and 15).

Lane 3 14 16

the two proteins. Note the association of PKR with the (lanes 2 and 4). These data suggest that the catalytic activity
full length of STAT1a only (compare lanes 3 and 5). of PKR is not required for the association with STAT1.

The interaction between PKR and STAT1 was also Next we examined whether the interaction between
observed in NIH 3T3 cells. Control NIH 3T3 cells PKR and STAT1 was dependent upon the ability of PKR
and NIH 3T3 cells expressing the dominant-negative to be activated (autophosphorylated). To this end, we
PKRK296R were stimulated with either IF&Wf3 or IFN-y measured the levels of free and STAT1-bodffHabeled
and cell extracts were immunoprecipitated with an anti- PKR in control NIH 3T3 cells and in NIH 3T3 cells
STAT1a antibody (Figure 6A). Co-immunoprecipitated expressing PKRK296R in response to IFNs (Figure 6B).
PKR was detected by immunoblotting analysis, using a We reasoned that if PKR phosphorylation was due to its
rabbit anti-mouse PKR antiserum which recognizes both activation by autophosphorylation, then tR&-labeled
the murine (65 kDa) and human forms (68 kDa) of PKR. PKR levels would be lower in cells expressing
Similar to HeLa S3 cells, the interaction between STAT1 PKRK296R. Extracts from 3fP]Jorthophosphate-labeled
and PKR occurred before stimulation with IFNs (lanes 1 cells were first immunoprecipitated with an antieSTAT1
and 3). In addition, the level of murine PKR or PKRK296R antibody (lanes 1-4) followed by a second immuno-
associated with STAT1 decreased after I&N-treatment precipitation with antiserum to mouse PKR (lanes 5-8).
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Fig. 4. STAT1 phosphorylation is not mediated by PKR) (Phosphorylation of STAT1n vitro. Untreated (lanes 1, 2, 5, 6, 9 and 10) or IBN8-

treated (1000 IU/ml, 18 h; lanes 3, 4, 7, 8, 11 and 12) Hela S3 extracts were incubateg-¥fpATP in absence (lanes 1, 3, 5, 7, 9 and 11) or
presence (lanes 2, 4, 6, 8, 10 and 12) of activator reovirus dsRNAufrl). Reactions were immunoprecipitated against human PKR (lanes 1-4),
STAT1a (lanes 5-8) or elF-@ (lanes 9-12) and subjected to SDS—PAGHE). $TAT1 phosphorylationn vivo. Control NIH 3T3 cells (lanes 1-3)

and NIH 3T3 cells expressing PKRLS4 (lanes 4-6) or BRlanes 7-9) were labeled witA?P]orthophosphate (200Ci/ml) and subsequently left
untreated (lanes 1, 4 and 7) or treated with I&-(lanes 2, 5 and 8) or IFN-(lanes 3, 6 and 9) for 30 min. Immunoprecipitates were subjected to
SDS-PAGE. € andD) Tyrosine phosphorylation of STAT1. NIH 3T3 control cells (lanes 1-4) or B&Rexpressing NIH 3T3 cells (lanes 5-8)

were treated with IFN#/B (C) or IFN-y (D) for 15 (lanes 2 and 6), 30 (lanes 3 and 7) and 45 min (lanes 4 and 8). Lysates were immunoprecipitated
with anti-STAT 1o antibody followed by immunoblotting with either anti-phosphotyrosine antibodies (top panels) or anti<®afibody (bottom

panels).

We observed that the relative amount$%i-labeled PKR
associated with STATd did not vary significantly in

control (lanes 1 and 2) or in PKRK296R-expressing cells

negative PKRK296R (lane 7), indicating that this basal
phosphorylation of PKR was not due to its activation by
autophosphorylation. Thus, PKR may serve as a substrate

(lanes 3 and 4) either before (lanes 1 and 3) or after for another kinase(s) whose activity is not regulated by

stimulation with IFNe/B (lanes 2 and 4). We also noted
that the total amounts o¥P-labeled PKR did not differ

between control (lanes 5 and 6) and PKRK296R-

IFNs. The two closely migrating ~66 kDa phosphoproteins
recognized by antiserum to murine PKR in NIH 3T3 cells
(lanes 1-8) but not ifPKEFs (lane 9) most probably

expressing cells (lanes 7 and 8) before (lanes 5 and 7)represent phosphorylated isoforms of PKR, whereas the

and after stimulation with IFN#/ (lanes 6 and 8),

68 kDa phosphoprotein (lanes 3, 4, 7 and 8) phosphorylated

indicating that PKR activation by autophosphorylation is PKRK296R.

not induced by IFNa/B. In addition, we observed that

Since NIH 3T3 cells expressing PKRLS4 exhibited an

STAT1 phosphorylation levels were induced after IFN increased induction of STAT1 DNA binding in response

treatment, indicating that STAT1 activation is not depend-

to IFNs or dsRNA, we then examined the ability of STAT1

ent upon PKR activation. Lastly, we noted that the levels to interact with PKRLS4 (Figure 6C). The amount of

of ¥2P-labeled PKR were equal in unstimulated control

PKRLS4 associated with STAT1 was compared with

cells (lane 5) and in cells expressing the dominant- PKRA6 since these two PKR mutants were expressed in
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Treatment IFN-0/B IFN-y dsRNA
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W - ___STAT-1c
66kDa — = — PKR
45 kDa ——
31 kDa ——
Lane 1234 5

Fig. 5. Interaction between PKR and STATIA) HeLa S3 cells were treated with IF&3 (1000 1U/ml), IFNy (100 1U/ml) for 30 and 60 min or
poly(rl)-poly(rC) (100pg/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, BaAtel 3). (
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 STADD panels) or against PKR (bottom panel§)) HelLa 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 Paf)R (binding to
STAT1a in vitro. 3%S-labeled human PKR and human STATfroteins were synthesized vitro (lanes 2 and 3 respectively®S-labeled STAT1

(equal amount to lane 3) was either immunoprecipitated with anti-PKR antibody only (lane 4) or incubaté@Sditheled 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
4 with 5 and 6). Equal amounts of cell extracts from anti-human PKR antibody which does not cross-react with
PKRA6 or PKRLS4-expressing cells were immuno- murine PKR (lanes 1 and 2). STAT1 was able to co-

precipitated with an anti-STATd antibody and the levels  precipitate with PKR6 (lanes 11 and 12) but not PKRLS4
of PKR mutants which co-precipitated with STAT Wvere (lanes 9 and 10), indicating that the dsRNA-binding
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Fig 6. Interaction between mutants of PKR and STATA) Protein extracts from NIH 3T3 control (lanes 1 and 2) and PKR K296R-expressing NIH
3T3 cells (lanes 3 and 4) treated with IRNB for 30 min were immunoprecipitated against STATAnd immunoblotted with a human PKR cross-
reactive, polyclonal antibody against mouse PKR (top panel). The immunoblot was re-probed with antibodies agairst(8d#drh 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 IEXB for 30 min (lanes 2, 4, 6 and 8). Whole cell extracts normalized to TCA counts were first
immunoprecipitated with anti-STATLantibody (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 édRjostHophosphate-labeled whole cell extracts

from PKR~ MEFs immunoprecipitated with antiserum to PKR were used (lane 9). The migratit#®-déibeled mouse (m)PKR, human (h)PKR

(i.e. PKRK296R) and STATA are indicated.€) Two hundred and fifty and 50Qg of extracts from NIH 3T3 control (lanes 1, 2, 7 and 8),
PKRLS4-expressing NIH 3T3 (lanes 3, 4, 9 and 10) and B8&4expressing NIH 3T3 cells (lanes 5, 6, 11 and 12) were immunoprecipitated against
human PKR (lanes 1-6) or STA@il(lanes 7-12) and immunoblotted against human PKR (lanes 1-6 and 7-12, top panel) oo SIBAES 7-12,
bottom panel).

domain of PKR is required for the interaction with (PKR (Yanget al,, 1995). Mouse embryonic fibroblasts

STAT1. (MEFs) with a PKR'* or PKR”- genotype were treated
with IFN-a/B, IFN-y or dsRNA and the DNA binding

Induction of STAT1 DNA binding in PKR/~ MEFs capacity of STAT1 was tested by gel shift analysis

The above data implied that dissociation of the PKR— (Figure 7).

STAT1 complex had to occur in order for STAT1 to exhibit In MEFs treated with IFNa/B (Figure 7A), ISGF-3—

its maximal DNA binding capacity. We pursued this DNA complex formation was induced 3- to 5-fold in

hypothesis further by using cells which lack PKR PKR’-MEFs (lanes 7-9) relative to PKR" MEFs (lanes
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Fig. 7. Induction of STAT1 DNA binding in PKR~ MEFs. PKR"/*
(lanes 1-5) and PK® (lanes 6-10) MEFs were treated with

1000 IU/ml IFN-a/B (A), 100 IU/ml IFN+y (B and C) for 30, 60 and
120 min or 100ug/ml poly(rl)—poly(rC) for 2, 4 ad 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 and 10).

2—4). The DNA binding of IRF-1 and IRF-2 to ISRE was
not altered in PKR- MEFs compared with PKR*
MEFs (compare lanes 2—4 with 7-9). Similar results were
obtained when the assays were performed with the 561
ISRE dsDNA oligonucleotide (data not shown). In the
case of MEFs treated with IFM{Figure 7B), we noted

a 3- to 5-fold increase in GAF DNA binding in PKR
MEFs (lanes 7-9) compared with PKR MEFs (lanes
2-4). We also detected an increase in GAF-ISGBRA

The role of PKR in IFN and dsRNA signaling

binding in PKR'~ MEFs (Figure 7C, lanes 7-9) relative
to PKR™* 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 PKRMEFs relative to
PKR*/™ 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-$ (C) complexes, which was present
at a significantly lower level in PKR* 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 PK&®) 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 dsSRNA
(Figures 3 and 7).

Upon further analysis, we have demonstrated an inter-
action between PKR and STAT@ vitro andin vivo. The
interaction is specific since neither STAT2 nor ISGF-3
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 PKRn 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).

Although there is a clear inverse correlation between
dissolution of the PKR—STAT1 complex and STAT1 DNA-
binding capacity, the molecular mechanism(s) by which
PKR exerts its effect on the ability of STAT1 to bind
DNA is not immediately clear. The observation that
induction of STAT1 phosphorylation in response to IFNs
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. For
example, since STAT1 tyrosine phosphorylation is not
altered by PKR (Figure 4C and D), we reason that events

prior to STAT1 phosphorylation, such as JAK activation

and STAT1 docking to the IFN receptor (IFNR) (Yan
et al, 1996), may not be modulated by PKR. In addition,
since PKR does not associate with tyrosine phosphorylated
STAT1 (data not shown), PKR is probably not part of
the IFNR-JAK-STAT1 complex. Furthermore, it can be
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inferred from the lack of PKR phosphorylation (activation)
concomitant with STAT1 phosphorylation (activation) in
response to IFNs (Figure 6B) that PKR does not modify
by phosphorylation any of the phosphatase activities that
have been implicated in the regulation of STAT1 (David
et al, 1993, 1995; Igarashet al., 1993a,b; Haquet al.,
1995; Shuaiet al, 1996). In contrast to STAT1, PKR-
mediated effects on STAT2 and ISGK-&ctivation have
not been examined due to a lack of antibodies specific for
the murine forms of these proteins. However, the inhibition
of ISGF-3 DNA binding in response to IFd/3 by the
catalytic inactive mutants of PKR is unlikely to be due to
an inhibition of PKR-mediated phosphorylation of STAT2
and/or ISGF-$ for the following reasons: (i) STAT2
phosphorylation precedes the phosphorylation of STAT1
(Qureshiet al, 1996) and therefore any inhibition of
STAT2 phosphorylation by the catalytic mutants of PKR
should also affect STAT1 phosphorylation and (ii) phos-
phorylation of STAT2 and/or ISGFBshould also be
inhibited in PKR’- cells or in cells expressing the RNA-
binding-defective mutant PKRLS4, which functions in a
dominant-negative manner in PKR activation. However,
an inhibition of phosphorylation of STAT2 and/or ISGK-3
would be inconsistent with the induction of ISGF-3 DNA
binding observed in these cell types (Figures 3A and 7A).
Instead, a possible mechanism by which PKR modulates
STAT1 function may become evident by a recent report
demonstrating that a single phosphotyrosyl-SH2 inter-
action is sufficient to mediate association between STATs
in vitro (Guptaet al, 1996). Critically, we do not detect
interaction between PKR and tyrosine phosphorylated
STAT1. However, non-phosphorylated STAT1 has been
shown to associate with tyrosine-phosphorylated STAT1
and STAT2, thereby forming transcriptionally active
STAT1:STAT1 homodimers and STAT1:STAT2 hetero-
dimersin vitro (Guptaet al, 1996). In the same study, it

was also suggested that non-phosphorylated STAT1 can

be detected in the ISGF-3 complex formed in response to
IFN o/ (Guptaet al,, 1996). In addition, non-phosphoryl-
ated STAT1 has been found in transcriptionally active
STAT1:STAT3 heterodimers formed in response to IL-6
(Zzhanget al, 1995). As such, the inhibitory effect of
PKR may lie in the ability of PKR to bind and sequester
STAT1, thereby preventing STAT1 addition into ISGF-3,
GAF-ISGF-¥ and GAF complexes. Since the ISGF-3
and GAF-ISGF-8 complexes are more transient and less
stable than the GAF homodimer (Bluyssenal, 1996;
Guptaet al,, 1996), any inhibition of STAT1 incorporation
into these complexes by PKR would have a more pro-
nounced effect on ISGF-3 and GAF-ISG¥{Ban GAF.
Consistent with this notion, a much higher degree of
inhibition of ISGF-3 and GAF-ISGFy8DNA binding
relative to GAF DNA binding is observed in cells
expressing the catalytically inactive PRR (Figure 1).
Alternatively, it is possible that PKR either facilitates
or inhibits the interaction between STAT1 and another

responsible for modification of STAT1 DNA-binding
ability.

In either capacity, PKR would assume a structural role
similar to the one suggested for the recently cloned
STAT-interacting protein (STIP-1). Comparatively, the
interaction of both proteins with non-phosphorylated
STATs is thought to alter the ability of these STATs to be
functional. It has been proposed that STIP-1 provides a
positive effect on signaling by interacting with non-
phosphorylated STAT3 and facilitating phosphorylation of
STAT3 by JAKs in response to IL-6 (Collum and Schindler,
1996); PKR, as demonstrated, exerts a negative effect
on signaling by mediating STAT1 DNA binding and
transactivation capacities. In further support of a structural
role for PKR, there have been other reports indicating that
conformational and not catalytic requirements of kinases
are important for the progression of signaling pathways.
For instance, structural properties of JAK-1 have been
suggested to be important for the propagation of NFN-
signaling; that is, kinase-negative mutants of JAK-1 are
able to support IFNrinducible gene expression (Briscoe
et al, 1996). An analogy could also be drawn with the
tyrosine kinase p8® involved in T cell activation. In this
case, it has been shown that the kinase activity of°p56
is dispensable for CD4 co-receptor activity (Collins and
Burakoff, 1993; Xu and Littman, 1993). Instead, {556
may function as an adaptor protein, recruiting downstream
signaling components to CD4 via its SH2 domain
(reviewed in Ravichandraet al., 1996).

The notion that PKR functions in IFN and dsRNA
signaling pathways in a kinase-independent manner is
strengthened by the observation that STAT1 is able to
associate with both wild type and dominant-negative
catalytic mutants of PKR (Figure 6A and C). Additionally,
formation of the PKR—STAT1 complex and STAT1 DNA
binding are not affected by the PKR inhibitor 2-amino-
purine (data not shown). Furthermore, the lack of induced
PKR autophosphorylation and activation within the period
of IFN treatment (Figure 6B) is in agreement with previous
reports showing that modulation of protein synthesis in
3T3 cells, as measured by the appearance of autophos-
phorylated (activated) PKR, does not occur until at least
3 h after IFN treatment (Petryshyet al,, 1988, 1996). It
is noteworthy that the increased expression of either of
the PKR catalytic mutants relative to endogenous wild
type PKR correlates with a greater inhibition of STAT1
DNA binding (data not shown), a finding which would
be consistent with a model in which PKR is able to
sequester STAT1 from incorporation into transactivation
complexes independently of catalytic activity. Thus, it is
conceivable that upregulation of PKR at the protein level
by IFNs may represent a feedback mechanism to control
the duration and strength of IFN signaling through the
regulation of STAT1 function. For example, genes whose
expression is regulated by the GAF-ISGF-8mplex
might be a specific target for PKR since this complex is
formed by prolonged IFN treatment (Bluyssetral. 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. Ratherdoes require the dsRNA-binding domain of PKR since
a protein—protein interaction modulated by PKR may be PKRLS4 fails to co-precipitate with STAT1 (Figure 6C).

1300



If PKR—STAT1 interaction is responsible for modification
of STAT1 DNA binding, then loss of this complex would
account for the induction of STAT1 DNA binding observed
in PKRLS4-expressing cells (Figure 3). Likewise, the
induction of STAT1 DNA binding observed in PKR
MEFs (Figure 7) could be attributed to the lack of PKR
in these cells and thus the absence of PKR-STAT1.

The role of PKR in IFN and dsRNA signaling

viral infection is highlighted by recent reports which
demonstrate thadtatl-deficient mice are more susceptible
to viral infection compared with normal mice (Durbin
et al, 1996; Merazt al,, 1996). Such an increase in viral
susceptibility ofstatt’~ mice has been attributed mostly
to the failure of genes encoding proteins with antiviral

effects such as PKR to be upregulated by IFNs at the

Furthermore, although complex formation is not dependent transcriptional level. An intriguing possibility that remains

on STAT1 dimerization as implied by the lack of associ-
ation between PKR and tyrosine phosphorylated STAT1,
whether it requires PKR dimerization remains to be
clarified. It has been shown that all these dominant-
negative PKR mutants are capable of dimerization
(Cosentincet al,, 1995; Patekt al, 1995). Since dimeriz-

ation does not necessarily require the dsRNA-binding
properties of PKR (Patadt al, 1995), dimerization of the

dominant-negative PKRLS4 with the endogenous mouse

PKR may be responsible for inhibition of PKR-STAT1
complex formation in cells expressing PKRLS4 and may
account for the induction of STAT1 DNA binding in these
cells (Figure 3).

Presently, it is not known what processes are involved
in the dissociation of PKR and STAT1. It is unlikely that
it requires PKR activation since (i) a large amount of
autophosphorylated PKR co-precipitates with STAT1 from
HelLa S3 cells (Figure 4A, lanes 6 and 8); (ii) dissociation

to be determined, however, is that STAT1 might interact

with other non-STAT proteins that mediate antiviral effects,
like PKR, and modify their functions. That is, STAT1
may serve as a mediator of signaling events induced either

by IFNs and/or viral infection which regulate protein

synthesis by modulating PKR activity. In this regard,

crosstalk between components of membrane-to-transcrip-

tional and translational pathways has already been docu-

mented for a growth factor-regulated pathway (reviewed

in Brown and Schreiber, 1996).

In conclusion, the data presented here suggest that PKR

is able to modify the pattern of gene expression that takes
place in response to IFN, dsRNA and possibly other
stimuli. PKR appears to do so by modulating the activity
of STAT1, apparently without directly binding to specific
DNA sequences. In this manner, PKR can be compared

with p202, another IFN-inducible protein which functions

as a modulator of NB, c-Fos and c-Jun activities (Min

also occurs in the presence of the dominant-negative et al, 1996). As such, the regulation of cell growth by

PKRK296R (Figure 6A); (iii) PKR autophosphorylation
and subsequent activation is not induced by IFNs (Figure
6B) although disruption of the PKR-STAT1 complex is
(Figure 5B); and (iv) treatment with the PKR inhibitor
2-aminopurine does not affect PKR—STAT1 dissociation
(data not shown). Rather, the dissociation of PKR and
STAT1 may be effected by another protein(s) whose
activity is induced by IFNs or dsRNA. Although the
interaction of PKR and STATL1 is diredh vitro (Figure
5D), it remains possible that complex dissociation is

PKR may be the consequence of the ability of PKR to

alter the expression patterns of cell cycle regulatory

proteins. For instance, if PKR is able to regulate the
activity of requisite transcription factors, then this may
be, at least in part, the mechanism for the control of cell
proliferation by PKR (Koroetiéds 1992; Meurset al.,
1993; Barberet al, 1995). In pursuit of this, the recent
finding that STAT1 plays a role in p21 transcription (Chin
et al, 1996) may have established a tentative yet important

link between the abilities of PKR to modulate transcription

dependent upon the presence and/or activity of anotherand to regulate cell growth: the regulation of cell cycle

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

It should also be noted that PKR may be able to
negatively regulate ISRE DNA binding by modifying the
activity of one or more transcription factors other than
STATL1. For example, a DNA—protein complex bound to
ISRE migrating below the ISGF-3 and GAF-ISGI-3
complexes was present in PKRMEFs (Figure 7A and
C) as well as in NIH 3T3 cells expressing PKRLS4
(Figure 3A and C). The constitutive activation of this
DNA-binding factor(s) may indicate that its activity is not
regulated by the cascade of tyrosine phosphorylation
induced by IFNs. Thus, loss of PKR and/or the PKR—
STAT1 complex may induce the binding of one or more
yet identified transcription factors to the ISRE.

An interesting question which arises is whether the
PKR-STAT1 complex bears any effect on the function of
PKR in the regulation of protein synthesis. To date, the
role of PKR in translational control via phosphorylation
of elF-20 is well documented (reviewed in Proud, 1995).
As a consequence of its ability to inhibit protein synthesis,
PKR assumes a critical role in the antiviral response
(reviewed in Katze, 1994; Yanet al, 1995). In addition
to PKR, the importance of STAT1 in the response to

progression.

Materials and methods

Cell culture and transfections

NIH 3T3 cells (ATCC CRL-1658) and MEFs were maintained in
Dulbecco’s modified Eagle’s medium (Life Technologies Inc.). HeLa S3
cells (ATCC CCL-2.2) were grown in RPMI 1640 (Life Technologies
Inc.). Both media were supplemented with 10% fetal calf serum (FCS;
Life Technologies Inc.), 2 mM-glutamine (Life Technologies Inc.) and
penicillin—streptomycin (100 units/ml; Life Technologies Inc.).

For IFN treatment, NIH 3T3 cells and MEFs were incubated with
1000 IU/ml of recombinant murine IFN/3 (Lee Biomolecules, CA) or
100 IU/ml of recombinant murine IFN-(Cedarlane, Canada). HelLa
S3 cells were stimulated with IFNy/a, (1000 1U/ml, provided by
C.Weissmann) or with IFN-(100 IU/ml, Collaborative Res.).

NIH 3T3 clones expressing mutants of PKR were generated by stable
transfection of PKR K296R, PK&6 or PKRLS4 cDNA, cloned in the
Hindlll-BanHl sites of the pcDNA3/neo vector (Invitrogen) and selected
in G418 (400ug/ml; Life Technologies Inc.) as described elsewhere
(Koromilaset al, 1992). Transfections with dsSRNA were conducted in
a DEAE-dextran-dependent manner (Yaetcal, 1995) with 100ug/ml
of poly(rl)—poly(rC) (Pharmacia Biotech Inc.) in the presence of an anti-
mouse Type | IFN monoclonal antibody (Kirchhadt al, 1993).

Electrophoretic mobility shift assays

For electrophoretic mobility shift assays, the following double-stranded
oligonucleotides were used (Sheldon Biotechnology Centre, Montreal,
Canada): the ISRE of the IFN/B-inducible ISG-15 gene (8GATCGG-
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GAAAGGGAAACCGAAA CTGAAGCC-3) (Reich and Darnell, 1989)
and the GAS of the IFN+inducible IFP-53 gene (8G ATCCAGATTCT-
CAGAAA-3’) (Strehlowet al, 1993).

Gel mobility shift experiments were performed with whole-cell extracts
as previously described (Eileet al., 1995). To measure the kinetics of
factors binding to the ISRE and/or GAS elements following treatment
with IFN or dsRNA, whole-cell extract (10ug) was added to
[a-32P]dGTP-labeled dsDNA oligonucleotide (0.5-2.0 ng), containing
~2X10° c.p.m. Binding reactions were contained in a buffer with 20 mM
N-2-hydroxyethylpiperazin®¥'-2-ethanesulfonic acid (HEPES) pH 7.9,
40 mM KCI, 1 mM MgCh, 0.1 mM EGTA, 0.5 mM dithiothreitol
(DTT), 10% glycerol, poly(dl-dC) (250 ng/ml), 4g/ml aprotinin,
0.2 mM phenylmethylsulfonyl fluoride (PMSF), dg/ml leupeptin and
1 pg/ml pepstatin. Protein—-DNA complexes formed during a 30 min

incubation at room temperature were subsequently electrophoresed on a

6% non-denaturing polyacrylamide gel in &2TBE at 400 V at
4°C. To identify the components contained within the protein—-DNA
complexes, antiserum to STAG1(Santa Cruz Biotechnology Inc.) was

added to the binding reactions. To ensure the specificity of interactions,

Immunoprecipitation and immunoblotting
Whole cell extracts were prepared either as previously described (Eilers
et al, 1995) or by extraction with X RIPA buffer supplemented with
1 mM DTT, 0.2 mM PMSF, 4ug/ml aprotinin, lug/ml leupeptin, Jug/ml
pepstatin, 50 mM NaF and 0.1 m{M®la Immunoprecipitations were
performed using 100, 250 or 5Q@ of whole-cell extracts, which were
pre-cleared with rabbit pre-immune serum or mouse IgG1 (Sigma, MO).
Five pg of antisera to human PKR (13B8-F9), mouse PKR (TIK), or
STAT1 (anti-91T) were used. Reactions were rotated aR4t@rid
antibody—antigen complexes were captured by protein G-Sepharose. The
beads were washed three times with ice csldegtraction buffer.
Immunoprecipitates were electrophoresed on SDS-7% polyacrylamide
gels and proteins were transferred onto nitrocellulose filters. Immunoblot-
ting analyses with anti-human PKR (g/ml), anti-mouse PKR (rabbit
serum, 1:500), ardi@T4gd/nl; Santa Cruz Biotechnology, CA)
or anti-phosphotyrosine [4G10 ({g/ml); Upstate Biotechnology Inc.
and PY2Qg(inl); Transduction Laboratories] antibodies were per-
formed as previously described (Eilegs al, 1995; Koromilaset al,
1995). After incubation with anti-mouse or anti-rabbit peroxidase-

a 100- to 200-fold excess of unlabeled dsDNA oligonucleotide was used conjugated antibody (1:1000; Amersham Corp.). Proteins were visualized

in cold competition reactions. Induced DNA—protein complexes were

using the enhanced chemiluminescence (ECL) detection system (Amer-

visualized by autoradiography and quantified by scanning autoradiograms sham Corp.).

in the linear range of exposure with an enhanced laser densitometer

Ultroscan XL (LKB).

Northern blot analysis
Total RNA was isolated by the guanidinium thiocyanate method
(Chomczynski and Sacchi, 1987). RNA (1®) was denatured with

In vitro transcription and translation

Human PKR or human STATL protein was synthesized from human

PKR or STATIn cDNA under the control of T7 promoter using the

TNT SP6/T7in vitro transcription and translation system (Promega) and
[33S]methionine 1000 Ci/mmol; Amersham) according to manufac-

glyoxal and dimethylsulfoxide and subjected to electrophoresis on a 1% turer’s specifications. Immunoprecipitation®6-labeled PKR-STATA

agarose gel in 10 mM sodium phosphate buffer pH 7.0 (Samtebak,
1989). RNA was transferred onto a nylon membrane (BioTans, ICN).
Hybridization was performed at 65°C for 16 h with-f2P]dATP-labeled
random primed cDNA probes (Feinberg and Vogelstein, 198318
c.p.m./ml) consisting of either the 0.95 kigzoRI-Hindlll fragment of

the human ISG-15 cDNA, 1.5 kbicdRI fragment of the human IFP-
53 cDNA or the entire sequence of mougeactin cDNA. After
hybridization, the filters were washed with &1SSC (150 mM NacCl
and 15 mM sodium citrate pH 7.0) plus 0.1% SDS for 1 h at 50°C. The
filters were exposed to X-ray film for 16 h.

In vitro phosphorylation assay of PKR

One hundredug of untreated HelLa S3 cells or HeLa S3 cells treated
with human IFNe/p for 18 h (1000 IU/ml; Lee Biomolecules) were
suspended in kinase reaction buffer (10 mM Tris—HCI pH 7.7, 50 mM
KCI, 2 mM MgCl,, 5 mM B-mercaptoethanol, dg/ml aprotinin, 1ug/mi
leupeptin, 1ug/ml pepstatin and 0.2 mM PMSF) and 3@Ci of
[y-32P]ATP (ICN). Reovirus dsRNA was added to a final concentration
of 0.1 ug/ml. After incubation at 30°C for 30 min, the reaction was split
equally into three fractions. Immunoprecipitations were performed with
antibodies to PKR (13B8-F9), STAT1 (anti-91T; C.Schindler) or etf-2

using protein G—Sepharose as a carrier (Pharmacia). Immunoprecipitate:
were fractionated on SDS—-7% polyacrylamide gels and visualized by Center. AE

autoradiography.

[P2PJorthophosphate cell labeling and STAT1
phosphorylation

S

complex was performed as described above. Protein preparations and
immunoprecipitates were electrophoresed on SDS-8% polyacrylamide
gels which were treated with BNANCE (Dupont) according to the
manufacturer’s specifications before visualization by fluorography.
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