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a b s t r a c t

Activation of the double-stranded RNA (dsRNA)-activated protein kinase PKR results in inhibition of gen-
eral translation through phosphorylation of the eukaryotic initiation factor 2 alpha-subunit on serine 51
(eIF2aSer51). Previously, we have reported that the adaptor protein Nck-1 modulates eIF2aSer51 phos-
phorylation by a subset of eIF2a kinases, including PKR. Herein, we demonstrate that Nck-1 prevents effi-
cient activation of PKR by dsRNA, revealing that Nck-1 acts at the level of PKR. In agreement, Nck-1
impairs p38MAPK activation and attenuates cell death induced by dsRNA, in addition to diminish eIF2a-
Ser51 phosphorylation. Our data show that the inhibitory effect of Nck-1 on PKR is reversible, as it could
be overcome by increasing levels of dsRNA. Interestingly, we found that Nck-1 interacts with the inactive
form of PKR, independently of its Src homology domains. Furthermore, we uncovered that Nck-1 is
substrate of PKR in vitro. All together, our data provide the first evidence identifying Nck-1 as a novel
endogenous regulator of PKR and support the notion that Nck-1–PKR interaction could be a way to limit
PKR activation.

� 2008 Elsevier Inc. All rights reserved.
The adaptor proteins Nck are recognized to mainly mediate sig-
naling pathways linking membrane receptors to cytoskeleton rear-
rangement [1]. However, we have previously implicated Nck in
signaling pathways regulating phosphorylation of the a-subunit
of the eukaryotic initiation factor eIF2 on serine 51 (eIF2aSer51)
by a subset of eIF2a kinases [2–4]. Among these, we established
that Nck-1 modulates eIF2a phosphorylation by the dsRNA-acti-
vated protein kinase PKR. However, beside its eIF2a kinase activity,
PKR also affects the activation of JNK, p38MAPK, and NFjB [5]. PKR
has been implicated in several biological processes, but its main
function is to mediate the interferons antiviral host response [6].

Activation of PKR involves its dimerization and autophosphory-
lation induced upon binding of viral or synthetic dsRNA [7], but
cellular endogenous PKR activators also exist [5]. On the other
hand, inhibitors of PKR were first identified from viruses which
developed mechanisms to bypass PKR control in order to replicate
[8], but only few endogenous inhibitors of PKR are known. In this
study, we demonstrate that increased expression levels of Nck-1
impair activation of PKR by dsRNA. This results in attenuated
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PKR-dependent signaling events and associated cellular death, thus
revealing Nck-1 as a novel endogenous modulator of PKR.

Materials and methods

Cell culture. HeLa cells were grown as described [4]. COS-7 cells
were grown in Dulbecco’s modified Eagle’s medium supplemented
with antibiotics and 10% heat-inactivated fetal bovine serum
(Invitrogen, USA).

Transfection. Lipofectamine-Plus reagent (Invitrogen) was used
according to the manufacturer’s instructions to transfect the fol-
lowing plasmids (1 lg): pRK5/HA-tagged human Nck-1 (provided
by Dr. Li [9]), pcDNA 3.1/Flag-tagged human PKR wild type or dom-
inant negative PKRD6 (provided by Dr. Koromilas [10]) or corre-
sponding empty vectors.

PKR activation. PKR activation was achieved by transfecting cells
with 0.3 lg/ml (or as indicated) of the synthetic double-stranded
RNA poly IC (GE Healthcare, USA) during 2 h using Lipofect-
amine-Plus according to the manufacturer’s instructions. At the
end of the transfection period, cells were washed once and kept
in growth medium for an additional 2 h.

Antibodies. Antibodies used for Western blot of either total cell
lysates normalized for protein content, GST pull down or
coimmunoprecipitation assays were: anti-phospho-PKR (pT451)
(BioSourceTM, Invitrogen), anti-phospho-p38MAPK (Thr180/
Tyr182) (Cell Signaling Technology Inc., USA), anti-total PKR (Sig-
ma, USA), anti-total p38MAPK (Santa Cruz Biotechnology, USA),
phosphospecific eIF2aSer51 antibody (BioSourceTM, Invitrogen),
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anti-total eIF2a antibody (Santa Cruz), anti-HA (Santa Cruz) and
anti-Flag antibody (Sigma). Nck was immunoprecipitated using
our anti-Nck antibody as previously reported [11]. Goat anti-rabbit
or goat-anti mouse conjugated horseradish peroxidase were used
as secondary antibodies (Bio-Rad, USA) and ECL detection per-
formed as previously described [4].

Cell survival. Cells were plated in triplicate at 1.2 � 104 cells per
well in 96 well plate 24 h following Nck-1 transfection and then
subjected to transfection with poly IC as described above. Cell sur-
vival was measured using Methylthiazolyldiphenyl-tetrazolium
bromide (MTT) assay [12].

Pull-down assay. Cells first transfected with Flag-PKR or Flag-
PKRD6, 36 h later were transfected again for 2 h with or without
poly IC. PKRD6, which lacks six amino acids (361–366) between
catalytic domains IV and V, behaves as a dominant negative PKR
[10]. Two hours post PKR activation, cells were harvested in lysis
buffer (10 mM Tris–HCl, pH 7.5, 50 mM KCl, 1% Triton, 10 mM NaP-
Pi, 100 mM NaF, 1 mM DTT, 1 mM activated orthovanadate,
17.5 mM b-glycerophosphate, 4 lg/ml aprotinin, 2 lg/ml leupep-
tin, 100 lg/ml pefablock, 1 mM benzamidine). For pull-down as-
says, 600 lg proteins (1.2 ml, HeLa) or 2 mg (1 ml, COS-7) of total
cell lysate were mixed with bacterial recombinant GST or GST–
Nck-1 immobilized on glutathione-agarose beads (20 lg) for 2 h
at 4 �C. Pulled down proteins were analyzed for the presence of
PKR by Western blot as described above.

Immunoprecipitation. COS-7 cells transfected with plasmids con-
taining wild type or mutants HA-Nck-1 cDNA were treated with
2 mM of the reversible crosslinker agent dithiobis(succinim-
idyl)propionate (DSP) for 30 min at room temperature. Cells were
then washed with PBS and lysed in RIPA buffer (50 mM Hepes,
pH 7.4, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS,
150 mM NaCl, 10% Glycerol, 1.5 mM MgCl2, 1 mM EGTA, 1 mM
activated orthovanadate, 10 mM NaPPi, 100 mM NaF, 10 lg/ml
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Fig. 1. Nck-1 reduces PKR and p38 MAPK activation induced by dsRNA. (A) HeLa cells w
prior to be subjected 24 h later to a second transfection with synthetic dsRNA (poly IC)
protein content using specific antibodies (lower panel). Densitometry and statistical an
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*p < 0.001 relative to vector control. Effect of Nck-1 on phopho-p38 MAPK induced by p
(lower panel). Dp < 0.01 relative to vector with poly IC.
leupeptin, 10 lg/ml aprotinin, pefablock SC 0.1 lg/ml). Protein
samples corresponding to 3 mg (1.3 ml) were immunoprecipitated
with anti-HA antibodies, followed by the addition of protein A-aga-
rose beads and further incubated for 1 h at 4 �C. Proteins bound on
beads were processed for Western blot using indicated antibodies.

In vitro kinase assay. Bacterial recombinant GST-PKR (500 ng)
was incubated with either GST–Nck-1 or GST (500 ng) in 30 ll of
kinase reaction buffer (10 mM Tris–HCl, pH 7.7, 50 mM KCl,
2 mM MgCl2, 5 mM b-mercaptoethanol, 2 lg/ml aprotinin, 1 lg/
ml leupeptin, 0.1 mM PMSF). As control, GST-PKR (200 ng) was
incubated with His-eIF2a (500 ng). Prewarmed samples were fur-
ther incubated for 30 min at 30 �C following the addition of
[c-32P]ATP (10 lCi). Reactions were stopped by adding Laemmli
buffer and further processed by SDS–PAGE. Protein phosphoryla-
tion was visualized by autoradiography.

Results

PKR activation is impaired in cells overexpressing Nck-1

We have previously reported that overexpression of Nck-1 re-
duces PKR-mediated eIF2a phosphorylation [4]. To delineate the
mechanism by which Nck-1 affects PKR-mediated eIF2a phosphor-
ylation, we examined PKR activity in response to synthetic dsRNA
in HeLa cells overexpressing Nck-1. Levels of phosphorylated PKR
on Thr451, which correlates with PKR activation [7], were signifi-
cantly increased by 4.6-fold in control mock transfected cells fol-
lowing poly IC treatment. In contrast, phosphorylation of PKR
induced by poly IC was significantly reduced in Nck-1 overexpress-
ing cells. Indeed, it was only induced by 1.6-fold and did not
reach statistical significance (Fig. 1A). These results demonstrate
that increased levels of Nck-1 in Hela cells prevent efficient PKR
activation by dsRNA.
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dsRNA-induced p38MAPK activation is impaired in cells
overexpressing Nck-1

To assess whether limited PKR activation in Nck-1 overexpress-
ing cells also results in concomitant decrease in phosphorylation
and activation of PKR downstream effectors other than eIF2a, we
investigated the levels of p38MAPK phosphorylation in response
to dsRNA. As shown in Fig. 1B, phosphorylation of p38MAPK, which
correlates with p38MAPK activation, was significantly increased by
2.7-fold in control mock transfected cells treated with poly IC.
However, in Nck-1 overexpressing cells, induction of p38MAPK
phosphorylation by poly IC was lower than 2-fold and not statisti-
cally significant (upper panel). The inhibitory effect of Nck-1 was
further revealed by showing that poly IC-induced p38MAPK activa-
tion was significantly reduced in Nck-1 overexpressing cells com-
pared to control cells (lower panel). These data reveal that
transient overexpression of Nck-1 in HeLa cells results in impaired
PKR-mediated p38MAPK phosphorylation/activation in response
to dsRNA.

dsRNA-induced cell death is attenuated in cells overexpressing Nck-1

Long term activation of PKR by dsRNA is recognized to induce
cell death [13]. Therefore, we next assessed whether overexpress-
ing Nck-1 could protect cells from dsRNA-induced death. As shown
in Fig. 2A, poly IC-induced cell death was significantly decreased by
45% in cells overexpressing Nck-1 when poly IC was transfected at
0.2 lg/ml. However, when poly IC during transfection was in-
creased to 2 lg/ml to further induce PKR activation, overexpres-
sion of Nck-1 still decreased cell death by 27%, although this
effect was no more statistically significant. Interestingly, activation
of PKR with higher concentrations of poly IC also resulted in the
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Fig. 2. Nck-1 reduces cell death induced by dsRNA. (A) HeLa cells were transfected
with empty vector or vector containing HA-Nck-1 cDNA, and grown for 24 h prior to
be plated in 96 well plates and transfected with poly IC at the indicated
concentrations. After 24 h, cell viability was measured using MTT assay as described
in Materials and methods. Results are presented as the means ± SEM of the
percentage (%) of poly IC-induced cell death normalized to empty vector-transfec-
ted cells in each experiment. Statistical analyses (Student’s t-test) were performed
on data obtained from three independent experiments. *p < 0.05 relative to vector
with 0.2 lg/ml poly IC). (B) Following the strategy described in Fig. 1, cells were
treated with increasing concentration of poly IC and the indicated proteins were
detected by Western blotting.
loss of the effect of Nck-1 on PKR-mediated eIF2aSer51 phosphor-
ylation (Fig. 2B). These data indicate that increased levels of Nck-1
protect cells from dsRNA-induced cell death. In addition, these re-
veal that the inhibitory effect of Nck-1 on PKR is reversible, as it is
could be overcome in stress conditions involving higher levels of
PKR activators.

Nck-1 interacts with PKR

PKR amino acid sequence is devoid of classical consensus
binding site for SH3 domains, but numerous atypical SH3 domain
binding motifs are noticed [14]. In addition, PKR has been re-
cently reported to become phosphorylated on tyrosine residues
upon activation [15], creating potential binding sites for SH2 do-
main-containing proteins [16]. These observations prompted us
to determine whether Nck-1 through it SH2 or SH3 domains
could interact with PKR. For this, we performed in vitro pull-down
experiments using GST fusion protein of Nck-1 and lysates pre-
pared from cells transiently expressing Flag-tagged wild type
PKR, transfected or not with poly IC. As shown in Fig. 3A, GST–
Nck-1 binds Flag-PKR from control mock transfected cells while
GST does not. Surprisingly, PKR binding to GST–Nck-1 was not
observed in cells transfected with poly IC, suggesting that Nck-1
interacts only with inactive PKR. To further test whether
dsRNA-mediated PKR activation abrogates Nck-1 interaction, we
subjected lysates from cells transiently expressing Flag-tagged
dominant negative PKR (PKRD6) transfected or not with poly IC
to pull-down assays with GST–Nck-1 (Fig. 3B). In contrast to what
was observed for PKR WT, Flag-PKRD6 although interacting
slightly with GST alone, binds GST–Nck-1 independently of poly
IC transfection. These results strongly support that Nck-1 inter-
acts exclusively with inactive PKR and suggest that Nck-1 does
not compete with dsRNA for PKR binding.
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Fig. 3. Nck-1 binds to PKR. (A) Pull-down of Flag-PKR with GST-Nck-1. HeLa cells
transiently expressing wild type human Flag-PKR were transfected with poly IC
(pIC) or Mock transfected (Control or Ctrl). GST or GST–Nck-1 were used in pull-
down and Flag-PKR was detected by Western blotting (WB) using a Flag specific
antibody. TCL, total cell lysate. (B) Pull-down of dominant negative Flag-PKR with
GST-Nck-1. COS-7 cells transiently expressing dominant negative Flag-PKRD6 (D6)
were transfected with poly IC (pIC) or Mock transfected (Control or Ctrl). GST or
GST–Nck-1 were used in pull-down and Flag-PKR was detected by Western blotting
(WB) using a Flag specific antibody. (C) Coimmunoprecipitation of PKR with wild
type or mutants HA-Nck-1. COS-7 cells were transfected with wild type HA-Nck-1
(WT) or HA-Nck-1 mutants with all three SH3 mutated (3M) or only the SH2
mutated (2M). Using an anti-HA antibody, HA immunoprecipitates were prepared
using lysates from COS-7 cells previously exposed to the cross linker agent DSP. PKR
and HA-Nck-1 proteins in the immunoprecipitated samples were detected by
Western blotting using specific antibodies.
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We next addressed which Nck-1 SH domain(s) mediate(s) its
interaction with PKR by using HA-tagged Nck-1 wild type and
mutants. We observed equivalent amount of endogenous PKR
coimmunoprecipitated with HA-Nck-1 wild type compared to
HA-Nck-1 mutated in the three SH3 domains (3M) or the SH2
domain (2M) (Fig. 3C). Western blotting of total cell lysate (TCL)
using an anti-HA antibody indicated similar amount of HA-Nck-1
proteins immunoprecipitated except for the HA-Nck-1 2 M, which
appears to be expressed at a lower level. All together these results
indicate that Nck-1 binds to inactive PKR through a mechanism
that is apparently independent of the SH domains.

Nck-1 is phosphorylated by PKR in vitro

Having discovered Nck-1 and PKR interaction, and shown that
this interaction is lost upon PKR activation, we then proposed
that Nck-1 could be phosphorylated by PKR. To determine
whether Nck-1 is a substrate of PKR, we assembled in vitro kinase
assays involving purified recombinant activated GST-PKR incu-
bated with GST or GST–Nck-1 fusion proteins in presence of
[c-32P]ATP. In these assays, we observed that GST–Nck-1 was
clearly phosphorylated by GST–PKR while GST was not (Fig. 4,
upper panels). Interestingly, a degradation product of GST–
Nck-1 detected by Coomassie blue staining of the GST–Nck-1
preparation was also found phosphorylated by GST-PKR. A rough
estimation of the size of this degradation product suggests that
Nck-1 phosphorylation site(s) could be localized in its amino
terminal portion that encompasses the three SH3 domains. At
last, as expected in similar assay we showed that GST-PKR
phosphorylates eIF2a, confirming the proper activation state of
GST-PKR. These results provide evidence suggesting that Nck-1
might be a novel PKR substrate.
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Discussion

PKR, a dual protein kinase activated by double-stranded RNA
[15], is well known to play an important role in host antiviral
response [6]. dsRNA-mediated PKR activation involves conforma-
tional change leading to PKR dimerization and autophosphoryla-
tion on Thr446 and Thr451 in its activation loop [7]. PKR
inhibitors have been identified from viruses and recently, few were
uncovered from mammalian cells. In this study, we identify the
adaptor protein Nck-1 as a reversible inhibitor of PKR. Indeed,
we have shown a clear effect of Nck-1 in limiting PKR activation
and signaling induced by dsRNA. Our findings that Nck-1 and
PKR exist in a common molecular complex strongly suggest that
Nck-1 presumably by interacting with PKR, limits PKR activation.
In addition, the exclusive interaction between Nck-1 and the inac-
tive form of PKR further suggests that PKR activation promotes dis-
sociation of Nck-1 from this complex. Therefore, Nck-1 binding to
inactive PKR could be a way to limit PKR activation.

The exact mechanism by which Nck-1 modulates PKR activation
remains to be established. Among potential mechanisms, Nck-1
could directly inhibit PKR. Alternatively, Nck-1 could recruit PKR
inhibitor(s) in PKR close proximity. Supporting this, we previously
demonstrated that Nck-1 participates in the assembly of a molec-
ular complex containing the serine/threonine protein phosphatase
PP1c [3]. Although it has been previously reported that PP1c inhib-
its PKR by directly interacting with PKR [17], we cannot exclude a
role for Nck-1 in targeting PP1c to PKR as reported for CReP and
GADD34, which both target PP1c to eIF2a [18] and [19]. Finally,
Nck-1 could limit PKR activation by acting as a pseudosubstrate.
Supporting this, we report that Nck-1 interacts exclusively with
the inactive form of PKR, independently of the SH domains, in addi-
tion to be substrate for PKR. Further investigation aims to define
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the molecular determinants mediating recruitment of Nck-1 in a
PKR complex are necessary to understand the underlying mecha-
nism and establish the significance of this complex.

Interestingly, our findings describing a novel link between Nck-
1 and PKR, parallel the established relationship between Nck-1 and
the p21-activated protein kinase PAK1 [20]. In fact, Nck-1 directly
binds to inactive PAK1, becomes phosphorylated by PAK1 and dis-
sociates from activated PAK1 [21]. Nck-1/PAK1 dissociation has
been proposed as a mechanism facilitating PAK1 relocalization to
focal complexes [22]. In contrast to Nck-1/PAK1 interaction, which
is mediated through the SH3 domains of Nck-1, we reported that
Nck-1/PKR interaction does not involve the SH domains of Nck-1.
However, analogous to its interaction with PAK1, Nck-1 interacts
exclusively with the inactive PKR. It would be then interesting to
determine whether PKR change conformation and/or autophos-
phorylation abolish binding of Nck-1 and whether Nck-1/PKR dis-
sociation plays an important role in PKR maximal activation and/or
subcellular relocalization. In parallel, it is of high interest to pursue
the significance of Nck-1 phosphorylation by PKR based on grow-
ing evidence suggesting that phosphorylation of adaptor proteins
regulate molecular complex formation and protein localization,
both mechanisms by which adaptor proteins mediate cellular sig-
naling [23]. Nck-1 contains numerous potential serine, threonine
and tyrosine phosphorylation sites [24] and has been shown to
be phosphorylated upon activation of numerous growth factor
receptors [25–27]. Considering this, it would be significant to iden-
tify PKR phosphorylation site(s) on Nck-1 and assess their impor-
tance in Nck-1 ability to limit PKR activation and signaling.

In this study, we have shown a clear effect of Nck-1 in limiting
PKR activation and signaling induced by dsRNA. Because these pro-
cesses are crucial in mediating the interferons antiviral host re-
sponse, it would be of importance to further investigate the
contribution of Nck-1 in regulating viral replication.
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