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In response to stress, the endoplasmic reticulum (ER) signaling machinery triggers the inhibition of protein synthesis and
up-regulation of genes whose products are involved in protein folding, cell cycle exit, and/or apoptosis. We demonstrate
that the misfolding agents azetidine-2-carboxylic acid (Azc) and tunicamycin initiate signaling from the ER, resulting in
the activation of Jun-N-terminal kinase, p44™MAFPX/extracellular signal-regulated kinase-1 (ERK-1), and p38™MAFPK through
IREla-dependent mechanisms. To characterize the ER proximal signaling events involved, immuno-isolated ER mem-
branes from rat fibroblasts treated with ER stress inducers were used to reconstitute the activation of the stress-activated
protein kinase/mitogen-activate protein kinase (MAPK) pathways in vitro. This allowed us to demonstrate a role for the
SH2/SH3 domain containing adaptor Nck in ERK-1 activation after Azc treatment. We also show both in vitro and in vivo
that under basal conditions ER-associated Nck represses ERK-1 activation and that upon ER stress this pool of Nck
dissociates from the ER membrane to allow ERK-1 activation. Moreover, under the same conditions, Nck-null cells elicit
a stronger ERK-1 activation in response to Azc stress, thus, correlating with an enhanced survival phenotype. These data
delineate a novel mechanism for the regulation of ER stress signaling to the MAPK pathway and demonstrate a critical

role for Nck in ER stress and cell survival.

INTRODUCTION

The endoplasmic reticulum (ER) is the subcellular compart-
ment where secretory proteins acquire their correct confor-
mation after entering the secretory pathway. When proteins
cannot achieve their correct folding due to mutations (Ari-
dor and Balch, 1999; High et al., 2000) or due to changes in
the ER luminal environment, they accumulate and ulti-
mately aggregate within this compartment (Kaufman, 1999).
As a consequence, the unfolded protein response (UPR) is
triggered in the ER to counterbalance proteotoxicity. This
phenomenon is associated with the induction of specific
genes (Kaufman, 1999; Zhang and Kaufman, 2004) that en-
code specific ER resident molecular chaperones that aid
protein folding (Kaufman, 1999), or proteins that are in-
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volved in ER-associated degradation (Yoshida et al., 2003), as
well as transcription factors such as GADD153/CHOP
(Wang et al., 1998) and XBP-1 (Yoshida et al., 2001).

In mammalian cells, UPR induction is mainly mediated by
the ER resident transmembrane proteins IREle, IRE13, and
ATEF-6 (Haze et al., 1999). IREl« is constitutively expressed,
whereas IRE1 expression is restricted to specific cell types
(Yoshida et al., 2001; Calfon ef al., 2002; Lee et al., 2002). The
cytosolic domains of IREla and IRE1S have both kinase and
endoribonuclease activities (Bork and Sander, 1993),
whereas the cytosolic domain of ATF-6 acts as a transcrip-
tion factor (Haze et al., 1999). ATF6 and IRE1 synergize
expression and splicing of the UPR-induced transcription
factor XBP-1 (Yoshida et al., 2001; Calfon et al., 2002; Lee et
al., 2002). In addition, it has been observed that the Jun-N-
terminal kinase (JNK-1) is activated in response to ER stress.
This is mediated through IRE1 binding to the scaffold mol-
ecule TRAF-2 (Urano et al., 2000b) and the consequent dock-
ing and activation of ASK-1/JNK-1 (Nishitoh et al., 2002).
This signaling pathway is very similar to that downstream
of tumor necrosis factor (TNF) receptors upon TNF activa-
tion (Chen et al., 2002). The involvement of the mitogen-
activate protein kinase (MAPK)/stress-activated protein ki-
nase (SAPK) signaling pathways during ER stress has been
further described with the activation of p38MAPX mediated
by ATF-6 (Luo and Lee, 2002). It is well established that
stress-mediated activation of the MAPK pathways is a gen-
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eral mechanism by which cells respond to maintain their
integrity (Johnson and Lapadat, 2002). In higher organisms,
there are four subfamilies of MAPKs. They include extracel-
lular signal-regulated kinase (ERK/MAPK) 1/2; c-Jun ami-
no-terminal kinase (JNK/SAPK), and p38 and big mitogen-
activated protein kinase/extracellular signal-regulated
kinase (BMK-1/ERK-5) (Hazzalin and Mahadevan, 2002;
Johnson and Lapadat, 2002). Depending on the stress, the
activation of these kinases can either positively or negatively
regulate the cell proliferative or apoptotic responses (Wada
and Penninger, 2004). Although many scaffold proteins have
been reported to participate in the MAPK signaling cascade
(Morrison and Davis, 2003), to date only the adaptor mole-
cule TRAF-2 has been described as being directly involved
in the ER stress-induced MAPK activation (Urano et al.,
2000b).

Together, these observations led us to postulate that sig-
naling from the ER membrane to downstream kinase path-
ways may occur in a manner similar to that which occurs at
the plasma membrane after the binding of hormone/growth
factor to membrane receptors. To test this hypothesis, we
developed a cell-free assay that allowed us to demonstrate
that the SH2/SH3 domain containing adaptor Nck regulates
Azc-induced ER stress-mediated ERK-1 activation, thus pro-
viding evidence for the involvement of a novel signaling
network that mediates stress signals from the ER.

MATERIALS AND METHODS

Cell Lines

FR3T3 fibroblasts were used as described previously (Chevet et al., 1999a).
IREla™/* mouse embryonic fibroblasts (MEFs) and IREla~/~ MEFs were
described previously (Yoshida et al., 2001; Calfon et al., 2002; Lee et al., 2002).
Nck*/* (Nck-17/* Nck-2*/+) and Nck=/~ MEFs (Nck-1"/~ Nck-27/7)
were kindly provided by Friedhelm Bladt, Sigal Gelkop, and Anthony J.
Pawson (Samuel Lunenfeld Research Institute, Mount Sinai Hospital, To-
ronto, Ontario, Canada) (Gruenheid ef al., 2001).

Reagents

Anti-Calnexin (CNX)-C3 and -C4 antisera were used as described previously
(Chevet et al., 1999b). Anti-Nck antibodies were generated as described by
Lussier and Larose (1997). Anti-MG-160 was a kind gift from Dr. N. K.
Gonatas (University of Pennsylvania Medical Center, Philadelphia, PA), anti-
Tom20 was kindly provided by Dr. G. Shore (McGill University, Montreal,
PQ, Canada). Anti-IREla and anti-IRE1g antibodies were kindly given by Dr.
D. Ron (New York University, New York, NY). Anti-BiP antibodies were
kindly provided by Dr. L. Hendershot (St. Jude Children’s Research Hospital,
Memphis, TN). Anti-Grb-2 antibodies were purchased from Upstate Biotech-
nology (Lake Placid, NY). Anti-ERK-1, anti-JNK-1, anti-p38MAFK, anti-phos-
pho-p38MAPK - anti-phospho-JNK, and anti-Crk antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-phospho-ERK anti-
bodies were from BD Transduction Laboratories (Lexington, KY). Anti-myc
antibodies were purchased from Cell Signaling Technology (Beverly, MA).
Anti-rabbit IgG fluorescein isothiocyanate (FITC)-conjugate, anti-mouse IgG
tetramethylrhodamine B isothiocyanate (TRITC)-conjugate, azetidine-2-car-
boxylic acid (Azc), and sodium arsenite (NaAs) were purchased from Sigma-
Aldrich (St. Louis, MO) and tunicamycin (Tun) was from Calbiochem (San
Diego, CA).

DNA Constructs and Recombinant Proteins

Shc-SH2 and She-SH2 mutant chimerae were generated as described previ-
ously (Di Guglielmo et al., 1994). Individual Nck-1 src homology (SH)3
domains fused to glutathione S-transferase (GST), Nck-1 SH3-1-GST, Nck-1
SH3-2-GST, and Nck-1 SH3-3-GST, were described previously (Kebache et al.,
2002). GST-IREla and GST-IRE1 fusion proteins corresponded to the respec-
tive cytosolic domains N-terminally fused to GST. All the constructs were
sequence verified. GST fusion proteins were cleaved by thrombin digestion,
purified using benzamidine-Sepharose chromatography, and concentrated on
Centricon columns (Millipore, Bedford, MA). Nck-1(3SH3)wt and Nck-1-
(3SH3)dead were generated as described previously (Kebache et al., 2002).
IREla.Nck-1 and Trapa.Nck-1 fusion proteins were generated as follows:
DNA fragments encoding the luminal and transmembrane domains of IREl«
(aa 1-555) or Trapa (aa 1-250) were polymerase chain reaction (PCR) ampli-
fied with High Fidelity polymerase (Invitrogen, Carlsbad, CA) by using the
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following primers: 5'-CCCAAGCTTGGGATGCCGGCCCGG and 5'-CCCA-
AGCTTGGGTCTTGTTCCAGGGAGGG for IREle; and 5-CGCGGATCCG-
CATGAGACTCCTCCCCCG and 5'-CGCGGATCCGCGATCATTCTGACTT-
GATGTACCCATT for Trapa. Fragments were digested with either HindIII or
BamHI for IREla and Trapa PCR products, respectively, and inserted in
their respective restriction site, upstream of pcDNA3.Nck-1(full-length)
(Kebache et al., 2002). Positive clones were assessed by restriction mapping
and sequencing.

Cell Transfection and In Vivo MAPK Assays

FR3T3 cells were transfected with either pcDNA3, pcDNA3/IRE1a.Nck-1 or
pcDNA3/Trapa.Nck-1, by using Lipofectamine (Invitrogen). FR3T3-trans-
fected cells, IREla™/* MEFs, IREla~/~ MEFs, Nck*/+ MEFs, and Nck~/~
MEFs were treated with 10 mM Azc or 10 ug/ml Tun for 10 min to 2 h. After
treatment, cells were lysed in 20 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1%
Triton X (TX)-100, 1 mM NaF, 1 mM Naz;VO,, 1 mM phenylmethylsulfonyl
fluoride (PMSF), and 10 ug/ml leupeptin and aprotinin (lysis buffer, LB).
Lysates were resolved by SDS-PAGE and analyzed by immunoblot by using
either anti-ERK-1, anti-p38MATK, anti-]NK-1, anti-phospho-ERK, anti-phos-
pho-p38MAPK  anti-phospho-JNK-1, or anti-CNX antibodies.

Immuno-isolation of ER-enriched Membranes

Cells were stressed by incubation with either 10 mM Azc, 10 pug/ml Tun, or
50 uM NaAs for 10 min to 2 h. Membrane fractions were immunopurified as
described previously (Lin et al., 1999). Briefly, for immuno-isolation of the
calnexin-enriched fraction, cells were grown on 15-cm dishes (5 plates/
condition) under stress or nonstress conditions, scraped in 150 mM KCl, 10
mM Tris-HCl, pH 7.5, 2.5 mM MgOAc, 0.5 mg/ml bovine serum albumin
(BSA), 0.25 M sucrose, 4 mM imidazole pH 7.4, containing 1 mM PMSF, 1
png/ml leupeptin, 1 ug/ml aprotinin, 1 mM NaF, and 1 mM Na;VO, (homog-
enization buffer, HB), homogenized (30 strokes using a Teflon potter), and
precleared. Postnuclear supernatants (PNS) were incubated either with affin-
ity purified anti-CNX (C3+C4) antibodies cross-linked to M-280 magnetic
beads (Dynal Biotech, Lake Success, NY) for 2-3 h at 4°C or with anti-CNX
(C3+C4) antibodies followed by incubation with protein A-coupled magnetic
beads (Dynal Biotech) for 1 h at 4°C with gentle rotation. Beads were isolated
with a magnet, washed three times with HB. and two times with HB without
BSA. The quality of the isolated membranes was assessed by immunoblotting
and electron microscopy as described previously (Lavoie et al., 2000).

In Vitro Kinase Assays

Clarified lysates from FR3T3 cells treated either with 10 mM Azc, 10 ug/ml
Tun, or 50 uM NaAs for 10 min to 2 h were immunoprecipitated with either
anti-ERK-1, anti-p38MAPK, or anti-JNK-1 antibodies overnight at 4°C. Kinase
reactions were then performed at 30°C for 20 min in kinase buffer (KB) (30
mM Tris-HCI, pH 8.0, 10 mM MgCl,, 1 mM NaF, and 1 mM NazVO,)
supplemented with 10 uCi of [y-*2P]JATP and 0.1 mM ATP and 2 pg of myelin
basic protein or 2 ug of GST-ATF-2 or 2 ug of GST-JUN. Reactions were
collected and analyzed by SDS-PAGE and autoradiography.

Cell-Free Activation of MAPK/SAPK Pathways

Three milligrams of rat liver cytosol (RLC) were incubated with 30 pg of
FR3T3-immunopurified membranes for 30 min at 30°C in KB containing 10
pCi of [y-*2PJATP and 0.1 mM ATP. The reaction was quenched by addition
of 4 mM ATP (final concentration). Membranes were collected with a magnet
and the remaining membrane fragments centrifuged at 100,000 rpm for 20
min in a TLA-100.2 rotor (Beckman Coulter, Fullerton, CA). Triton X-100 (1%
final concentration) was added to the supernatants. ERK-1, p38MAPK and
JNK-1 were then immunoprecipitated, and their phosphorylation state was
analyzed by radioautography after SDS-PAGE separation. In parallel, kinase
activities were measured as described above. Alternatively, 30 ug of immu-
nopurified ER membranes prepared from Nck*/* MEFs, Nck~/~ MEFs or
FR3T3 cells transfected or not with either pcDNA3, pcDNA3/IRE1a.Nck-1, or
pcDNA3/Trapa.Nck-1 and treated or not with 10 mM Azc for 30 min to 2 h
were incubated in the absence or presence of 1-5 ug of recombinant Nck-1-
(3SH3)wt followed by incubation with either RLC or Nck-immunodepleted
RLC for 30 min at 30°C in HB without BSA [HB (—BSA)]. Membranes and
corresponding supernatants were separated using a magnet, resolved by
SDS-PAGE and analyzed by immunoblot by using anti-CNX, anti-Nck, anti-
ERK-1, and anti-phospho-ERK antibodies. To estimate the kinases activated
specifically by the purified ER membranes, densitometric values used for the
ratios of phospho-ERK-1 to ERK-1, phospho-JNK-1 to JNK-1, and phospho-
P38MAPK o p38MAPK were normalized to the relative amount of CNX in each
fraction.

Association of Nck-1 with CNX-enriched Microsomes

CNX-enriched microsomes were prepared from Nck~/~ MEFs treated for 30
min with 10 mM Azc as described above and incubated with or without 1, 2.5,
or 5 ug of recombinant Nck-1-3SH3 wt for 1 h at 4°C in HB (—BSA).
Alternatively, clarified lysate from untreated Nck~/~ MEFs was incubated
successively with anti-CNX (C3+C4) antibodies and protein A-magnetic
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beads as described for the immuno-isolation of the ER-enriched compartment.
The beads were then incubated for 1h at 4°C, in the presence of 5 ug of
recombinant Nck-1(3SH3) wt. After separation from magnetic beads, super-
natants were mixed with an equal volume of 2X Laemmli sample buffer,
whereas magnetic beads were washed five times with HB (—BSA) before
being mixed with Laemmli sample buffer. The amount of free or bead-
associated Nck-1 and CNX was assessed by immunoblotting by using either
anti-Nck or anti-CNX antibodies.

Immunodepletion

One milligram of RLC was incubated with either anti-Nck or anti-Shc anti-
bodies for 3 h at 4°C. A second round of immunodepletion was performed for
an additional 3 h at 4°C followed by incubation with protein G-Sepharose
beads for 45 min at 4°C. Beads were centrifuged for 30 s at room temperature,
washed three times, and finally mixed with an equal volume of 2X Laemmli
sample buffer, whereas the resulting supernatant was either mixed with an
equal volume of 2X Laemmli sample buffer or used, as described above, for
the cell-free SAPK/MAPK pathways activation assay.

GST Pull-Down

BL21 bacteria expressing either GST, GST-IREla, GST-IRE1B, Nck-1 SH3-
1-GST, Nck-1 SH3-2-GST, or Nck-1 SH3-3-GST were sonicated 3 X 30 s on
ice and lysed with 20 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% TX-100, 1
mM NaF, 1 mM NazVO,, 1 mM PMSF, 10 ug/ml leupeptin, and 10 pg/ml
aprotinin for 30 min on ice. After 30-min centrifugation at 4°C, fusion
proteins were purified with glutathione-Sepharose beads. Nck-1 SH3-1-
GST, Nck-1 SH3-2-GST, and Nck-1 SH3-3-GST were digested with throm-
bin (Amersham Biosciences, Piscataway, NJ) for 3 h at room temperature
according to the manufacturer’s instructions. The resulting product was
depleted of both thrombin and GST by sequential incubation with benza-
midine-Sepharose and glutathione-Sepharose beads, respectively. The re-
sulting supernatant was then incubated with either GST-hIREla or GST-
hIRE1B bound to glutathione-Sepharose beads for 2 h at 4°C in phosphate-
buffered saline (PBS). Beads were collected, washed three times with PBS,
and resuspended in Laemmli sample buffer before immunoblot analysis by
using anti-GST and anti-Nck antibodies.

Subcellular Localization and Immunofluorescence

FR3T3 cells grown in 24-well plates (1.5 X 10° cells/well) or in 15-cm dishes
(8 X 10° cells/dish) were transiently transfected with either pcDNA3,
pcDNA3/IRE1a.Nck-1, or pcDNA3/Trapa.Nck-1 (1 ug for the 24-well plates;
15 pg for the 15-cm dishes). Forty-eight h posttransfection, cells grown on the
15-cm dishes were washed with cold PBS and lysed in HB (—BSA), homog-
enized 10 times by using a 25%/® gauge syringe. Lysates were precleared and
centrifuged at 100,000 rpm, 30 min at 4°C in a Beckman TLA-100.2 rotor.
Proteins present in the resulting supernatant were trichloroacetic acid (TCA)
precipitated, washed with 70% acetone, and mixed with Laemmli sample
buffer, whereas the corresponding pellet was mixed with Laemmli sample
buffer. Samples were resolved on SDS-PAGE and analyzed by immunoblot by
using anti-Nck or anti-Myc antibodies. Alternatively, cells grown on 24-well
plates were fixed with 3.7% formaldehyde for 10 min, permeabilized with
0.1% Triton-X 100 for 5 min, incubated with anti-myc and anti-BiP antibodies
for 1 h at room temperature followed by incubation with anti-mouse TRITC
and anti-rabbit FITC antibodies. The immunolocalization of myc-tagged
IRE1a.Nck-1 and Trapa.Nck-1 as well as that of BiP was assessed by fluores-
cence microscopy by using a 63X 1.4 oil immersion objective (Carl Zeiss,
Thornwood, NY), recorded with a digital camera (DVC, Austin, TX), and
analyzed with Northern Eclipse software (Empix Imaging, Mississauga, ON,
Canada).

Semiquantitative Reverse Transcription-Polymerase Chain
Reaction (RT-PCR) Analysis

Nck*/* and Nck=/~ MEFs were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum (FBS) in the absence or
presence of 10 mM Azc for 30 min to 2 h, and lysed in TRIzol (Invitrogen) for
total RNA isolation. RNA was reverse transcribed to cDNA by using random
hexamers and the Thermoscript RT-PCR system (Invitrogen). Ten percent of
the cDNA synthesis reaction was submitted to semiquantitative PCR analysis
for BiP, CHOP, XBP-1, and GAPDH expression by using TagDNA polymerase
(Fermentas, Burlington, ON, Canada). The following oligonucleotides were
used: 5'-GGGAAAGAAGGTTACCCATGC and 5-CGAGTAGATCCAC-
CAACC AGAG for BiP; 5'-CCCTGCCTTTCACCTTGG and 5'-CCGCTCGT-
TCTCCTGCTC for CHOP; 5'-AACTCCAGCTAGAAAATCAGC and 5'-
CCATGGGAAGATGTTCTGGG for XBP-1; 5'-ACCACCATGGAGAAGG-
CTGG and 5'-CTCAGTGTAGCCCAGGATGC for GAPDH. PCR products in
their linear range were analyzed on agarose gels.

Cell Viability and Apoptosis Assays

Nck™/* and Nck~/~ MEFs were plated on six-well plates at a density of 2 X
105 cells/well, and grown in DMEM + 10% FBS for 24 h. Cells were then
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incubated in the absence or presence of 10 mM Azc. At the indicated times,
cells were washed once with cold PBS, trypsinized, and counted. Apoptosis
was assessed as follows: cells (4 X 10° cells/well in six-well plates) were
grown for 16 h, followed by a 2- to 4-h incubation with or without 10 mM Azc.
Cells were then stained with annexin V and propidium iodine (PI) by using
an annexin V-FITC apoptosis detection kit I (BD PharMingen, San Diego, CA)
as recommended by the manufacturer. Annexin V-positive cells were ana-
lyzed by flow cytometry (BD Biosciences, San Jose, CA).

RESULTS

ER Stress-mediated MAPK/SAPK Activation Is Partially
Dependent on IREla

Azc and Tun are two potent activators of ER stress (Barbosa-
Tessmann et al., 1999; Shen et al., 2001). A 10-min treatment
with Tun triggered mostly the activation of JNK-1 and
P38MAFK in both FR3T3 cells and IRE1a*/* MEFs (black bars,
Figure 1, A and B, middle and right), whereas this activation
was significantly lower in IREla~/~ MEFs (Figure 1B, middle
and right). Azc treatment promoted the activation of ERK-1,
(3.2-fold and 2.4-fold, respectively, grey bars, Figure 1, A and B,
left), p38MAPK (2.2-fold and 2.4-fold, respectively, Figure 1, A
and B, right), and JUNK-1 (2.7-fold and 1.8-fold respectively,
Figure 1, A and B, middle) in both FR3T3 cells and IREla "/
MEFs. However, Azc-induced ERK-1 activation in IREla/—
MEFs was completely abolished while p38MAT% and JNK-1
activation were significantly reduced (Figure 1, A and B). Sus-
tained Azc and Tun treatments maintained elevated kinase
activity levels (unpublished data). These results demonstrate
the involvement of IREla in Azc-induced ERK-1, p38MAPK,
and JNK-1 activation.

Immuno-isolation and Characterization of ER from
FR3T3 Cells

To dissect the molecular events leading to ER stress-mediated
ERK-1 activation, we examined the activation of the MAPK/
SAPK pathways in a cell-free system by using isolated ER
membranes from FR3T3 cells treated or not with misfolding
agent. CNX, an ER resident transmembrane protein that dis-
plays a cytosolic carboxy-terminal region (Ellgaard and Hele-
nius, 2003; Schrag ef al., 2003) was used as an antigen to
immuno-isolate the compartment where it segregates. Similar
approaches have been shown previously to successfully im-
muno-isolate membranes highly enriched in ER, endosomes,
phagosomes or Golgi (Gruenberg and Howell, 1985; Gruen-
berg and Howell, 1986; Luers et al., 1998) with the exception
that here our method used anti-CNX antibodies as the mem-
brane trap. Comparison of the protein composition of our
immuno-purified ER membrane fraction to PNS by immuno-
blot analysis showed a ninefold-enriched CNX/ER fraction
containing some mitochondria (Tom 20) but no Golgi or
plasma membrane as shown with MG-160 and epidermal
growth factor receptor (EGFR) markers, respectively (Figure
2A). Finally, electron microscopy revealed ribosome-contain-
ing ER membranes associated with ~20% of the magnetic
beads and some mitochondria tightly apposed to ER mem-
branes (Figure 2B). Control beads coupled to nonimmune se-
rum revealed no associated membranes (unpublished data).

Cell-free Reconstitution of ER Stress-mediated Activation
of the MAPK/SAPK Pathways

To establish whether the MAPK/SAPK pathways could be
activated using CNX-enriched membranes, we developed a
cell-free assay by using ER immuno-isolated from FR3T3
cells pretreated or not with either Azc, Tun, or NaAs for 10
min. Membranes (100 pg) were incubated with RLC (3 mg of
protein) for 30 min at 30°C supplemented or not with
[y-3?P]ATP. The phosphorylation of cytosolic ERK-1, JNK-1,
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and p38MAFK was assessed by radioautography (Figure 2C),
and the corresponding kinase activity was measured by in
vitro phosphorylation of specific substrates (Figure 2D) as
described under Materials and Methods. The results showed
that ERK-1, JNK-1, and p38MATK activation profiles in mi-
crosomes immuno-isolated from Azc- or Tun-treated cells
(Figure 2, C and D) were similar to those obtained in vivo
(Figure 1). Therefore, these data demonstrate a specific role
for the ER membrane in the activation of cytosolic MAPK/
SAPK upon treatment of cells with ER stressors. As a neg-
ative control, NaAs did not affect any ER signaling pathways
as reported previously (Brostrom et al., 1996, Mengesdorf et
al., 2002).

Together, these results indicate that upon Azc or Tun
treatment, the ER per se was able to activate signaling cas-
cades leading to the activation of ERK-1, JNK-1, and
p38MAPK To rule out the possibility that the above-men-
tioned results were due to ER fractions contaminated by
plasma membrane, a plasma membrane fraction was iso-
lated using wheat germ agglutinin (WGA)-coated magnetic
beads. These fractions showed a sevenfold enrichment of
EGFR in the WGA-purified membrane compared with the
ER marker Ribophorin I, which was undetectable (unpub-
lished data). We also tested ERK-1, p38MAPK and JNK-1
phosphorylation levels induced by plasma membrane frac-
tion purified from cells treated or not with 10 mM Azc for 10
min to 2 h, and no significant phosphorylation was detected
for these kinases (unpublished data).

Role of ER-associated Adaptor Proteins in Mediating ER
Stress Signaling

Because adaptor proteins play a major role in the extracel-
lular activation of MAP kinases, we investigated whether
such scaffolding proteins could be implicated in related sig-
naling pathways emerging from the ER. Consistent with this
idea, Shc localizes at the ER membrane (Lotti et al., 1996) and
TRAF-2 is recruited by IRE1 upon ER stress to mediate
JNK-1 activation (Urano et al., 2000a). A screen for known
adaptor proteins involved in signal transduction revealed,
as expected, a significant amount of ER-associated Shc, and
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surprisingly, led to the identification of the SH2/SH3 con-
taining adaptor protein Nck in the same immuno-isolated
membranes as compared with the PNS fraction (Figure 3A).
In contrast, the adaptors Grb-2 and Crk were detected only
in the PNS (Figure 3A). To test whether Shc or Nck could
participate in the activation of the MAPK/SAPK pathways
from stressed ER, RLC was immunodepleted either of Shc or
Nck by using their respective antibodies (Figure 3B). These
RLCs were then added to ER membranes immuno-isolated
from Azc- or Tun-treated FR3T3 cells in the presence or not
of the following recombinant proteins: 3SH3 domains of
Nck-1 or the SH2 domain of She (Figure 3, C and D).

Interestingly, after the reconstitution of the kinase path-
way by using Nck-immunodepleted RLCs, the major effect
was only observed on ERK-1 activation (Figure 3C; Supple-
mentary Data, Table 1). Indeed, nonimmunodepleted cy-
tosols triggered a 2.9-fold induction of ERK-1 activity upon
Azc treatment, whereas addition of cytosol immunode-
pleted of Nck led to a reduced ERK-1 activation (1.4-fold
increase over ctl) (black bars, Figure 3C). Most importantly,
the reduced ERK-1 activation observed in Nck-immunode-
pleted cytosols was still significantly higher than the activa-
tion obtained with control cytosol. The observed decrease
could be reversed by adding back wild-type recombinant
Nck-1(3SH3) protein (3.6-fold increase over ctl, Figure 3C)
but not by the recombinant Nck-1(3SH3) protein containing
nonfunctional mutations in its 3SH3 domains (Supplemen-
tary Data, Table 1). In addition, Nck immunodepletion
showed an effect on the maintenance of ERK-1 basal activity
upon Tun treatment (10-fold decrease over ctl, Figure 3C),
which was also dependent on the integrity of the 3SH3
domains of Nck-1. Together, these results indicated a role
for Nck-1 SH3 domains in mediating ER activation of the
ERK pathway during Azc-mediated stress.

To assess the specificity of the effects observed with Nck,
similar experiments were performed in Shc-immunode-
pleted RLC. No significant change in kinase activities was
detected (Figure 3D; Supplementary Data, Table 1). How-
ever, the add-back experiment with an excess of wt Shc-SH2
domain notably decreased Azc-induced ERK-1 activity,
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Figure 2. ER immuno-isolation and in
vitro reconstitution of ER stress-activated
signaling pathways. (A) Biochemical analy-
sis of the immunopurified membranes by
using CNX as the ER membrane trap. In
each lane, total protein corresponding either
to 10% of the PNS or to the total immuno-
purified membranes (ER) were immuno-

blotted with anti-CNX, anti-EGF receptor
(plasma membrane marker), anti-MG-160
(Golgi marker), or anti-Tom20 (mitochon-
drial marker). (B) Morphological analysis of
the immunopurified CNX compartment. Im-
munopurified membranes were treated as
described under Materials and Methods.
Rough membranes (RM), smooth mem-

JNK-1

branes (SM), mitochondria (M), and mag-
netic beads (B). Bar, 0.5 um. (C) Cells were
treated with 10 mM Azc, 10 pug/ml Tun, or
50 uM NaAs for 10 min. CNX-enriched
membranes were immunopurified as de-
scribed under Materials and Methods. Each
sample (~1 mg of protein) was divided in
three equal fractions (~300 ug of protein
each) and incubated with 3 mg of cytosol
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whereas addition of an excess of nonfunctional Shc-SH2
domain had no effect on ERK-1 activation (Figure 3D; Sup-
plementary Data, Table 1). This result indicates that an
excess of Shc-SH2 domain negatively regulates Azc-induced
ERK-1 activation.

Nck Associates with the ER Membrane and Binds to IRE1
Proteins

Based on the above-mentioned results, we hypothesized that
Nck and IRE1 proteins may be involved in the same signal-
ing process, leading to ERK-1 activation during Azc-medi-
ated stress. To further validate the presence of a pool of Nck
associated with the ER membrane, subcellular compart-
ments (rough ER, RER; smooth ER, SER; ER-Golgi interme-
diate compartment, ERGIC and Golgi) were isolated from
rat liver by centrifugation of liver homogenate on discontin-
uous sucrose gradients as described previously (Nelson et
al., 1998; Lavoie et al., 2000; Bell et al., 2001). The presence of
Nck, the ER resident molecular chaperone BiP, and IREla
was assessed by immunoblotting of these fractions with
their respective antibodies. IREla and BiP were detected
mainly in RER, SER, and ERGIC, whereas Nck was found in
all membrane fractions (Figure 4), thus confirming the re-
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purified from rat liver. The phosphorylation
level of ERK-1, JNK-1, or p38MAPK js shown
(top gels); the amount of kinase was as-
sessed by immunoblotting (bottom blots).
(D) For each kinase, the ER stress-induced
activity was quantified by the in vitro phos-
phorylation of GST-Jun, GST-ATF2 or MBP
by immunoprecipitated JNK-1, p38MAPK or
ERK-1 respectively (n = 3, value + SD).

ERK-1

sults obtained previously with the immuno-purified ER
membranes.

Our results show that Nck is associated with ER mem-
branes (Figure 3A), localizes in the same compartments as
IRE1 (Figure 4), and modulates in vitro the ER stress-in-
duced ERK-1 activation through its SH3 domains (Figure
3C). In addition, we showed that the ER stress-mediated
activation of ERK-1 was dependent on IRE1 proteins (Figure
1). Therefore, we postulated that IRE1 and Nck may be part
of the same molecular complex interacting either biologi-
cally or physically. Analysis of the IRE1 protein sequence
identified the presence of three canonical PxxP motifs within
IREla carboxy-terminal region and one motif within IRE13
carboxy-terminal region. Because these motifs are known to
bind SH3 domains, we therefore tested whether the SH3
domains of Nck-1 (Figure 5A) could bind to the cytosolic
domains of IREla and IRE1f. Interestingly, IREla associ-
ated mainly with SH3-1, whereas IRE1p preferentially inter-
acted with SH3-3 (Figure 5B). These results showed in vitro,
a direct interaction between IRE1 and Nck-1 SH3 domains.
To further demonstrate that Nck-1 associated with IRE1 in
the ER, rat liver SER, RER, and Golgi microsomes were
solubilized and the clarified lysates were immunoprecipi-

Molecular Biology of the Cell
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Figure 3. Immunodepletion of cytosolic Nck alters the ER stress-
mediated activation of ERK-1. (A) Immunoblotting of the ER im-
muno-isolated from FR3T3 cells with anti-Shc, anti-Nck, anti-Grb2,
anti-Crk, or anti-CNX antibodies. A representative experiment is
shown (n = 4). The same amount of total proteins corresponding
either to total immuno-isolated ER membranes (ER) or 10% of the
PNS were immunoblotted with anti-Shc, anti-Nck, anti-Grb-2, anti-
Crk, and anti-CNX antibodies. (B) Shc and Nck immuno-depletion
from cytosol. Lanes 1 and 2 and 4 and 5, subsequent immunopre-
cipitations of the total cytosol with anti-Shc or anti-Nck antibodies,
followed by an immunoblot with respective antibodies. Lanes 3 and
6, Shc and Nck immunoblots of She- or Nck-immunodepleted cy-
tosol. (C) ER microsomes immuno-isolated from nontreated, 10 mM
Azc, or 10 pg/ml Tun treated cells were incubated with control RLC
(Ctl), or RLC that had been previously Nck-immunodepleted
(—Nck) either in the presence or absence of 10 ug of recombinant
3SH3-Nck-1 wt. ERK-1 activity is shown. Results are presented as
fold increase over control (Azc, black bars; Tun, gray bars; n = 2,
value * 0.5 variation). Values in the graph bars indicate the relative
ERK-1 activity. (D) Same experiment as in C except that ER micro-
somes were incubated with control RLC (Ctl), or RLC that had been
previously Shc-immunodepleted (—Shc) either in the presence or
absence of 10 ug of recombinant SH2-Shc wt. ERK-1 activity is
shown. Results are presented as fold increase over control (Azc,
black bars; Tun, gray bars; n = 2, value * 0.5 variation). Values in
the graph bars indicate the relative ERK-1 activity.

tated with anti-Nck antibodies. Immunoprecipitates were
then immunoblotted with anti-IREla antibodies. IRE1a was
detected in both SER and RER lysates but not in Golgi
lysates (Figure 5C). This was not due to nonspecific binding
of IREla to the protein A-Sepharose beads because IREla
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Figure 4. Distribution of BiP, Nck, and IREla in purified mem-
brane fractions. Rough ER (RER), smooth ER (SER), ER-Golgi inter-
mediate compartment (ERGIC) and Golgi were fractionated and
purified from rat livers as reported previously (Lavoie et al., 2000).
Each fraction was then immunoblotted with anti-BiP (middle), anti-
Nck (bottom), or anti IREle (top) antibodies (n = 2).

could not be detected in Shc immunoprecipitates (Figure
5C). These results confirmed the specificity of the IREla and
Nck interaction in the ER compartment.

ER-associated Nck-1 Regulates ER Stress Signaling In
Vitro

Based on the observation that Nck was involved in ER
stress-induced ERK-1 activation in vitro, we investigated
whether the pool of Nck bound to ER membranes could be
critical for ER stress-induced ERK-1 activity. To test this
hypothesis, we reconstituted the activation of ERK-1 in vitro
by using immuno-isolated ER membranes from MEFs lack-
ing both isoforms of Nck, Nck-1 and Nck-2 (Nck™/7) and
that had been previously incubated in the absence or the
presence of 10 mM Azc for 30 min. The immuno-isolated ER
membranes from these cells were then incubated with var-
ious amounts of recombinant Nck-1(3SH3) to assess the
association of Nck-1 with the ER membranes. Recombinant
Nck-1(3SH3) added exogenously was able to bind to ER
membranes isolated from untreated Nck~/~ MEFs (Figure
6A, left), consistent with the constitutive association of Nck
with the ER observed in FR3T3 cells (Figure 3A). Indeed, this
association was not due to artifactual adsorption of recom-
binant Nck-1 onto magnetic beads, because recombinant
Nck-1(3SH3) did not associate with the beads in the absence
of membranous structures (Figure 6A, right). Surprisingly,
as shown in Figure 6A (left panel), Azc treatment led to
reduced association of recombinant Nck-1(35H3) to ER mi-
crosomes. Indeed, both the affinity and the binding capacity
of ER membranes for Nck were reduced upon Azc treat-
ment, suggesting a dissociation of ER-membrane bound Nck
during stress.

To functionally assess the signaling potential of ER im-
muno-isolated from Nck*/* or Nck™/~ MEFs, both cell
lines were treated with 10 mM Azc for 30 min. ER was then
immuno-isolated from these cells and assayed for ERK-1
activation in vitro. Interestingly, ER purified from untreated
Nck~/~ MEFs induced ERK-1 phopshorylation (1.4-fold
higher than ER purified from wild-type cells; Figure 6B). In
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cipitates were resolved by SDS-PAGE, transferred onto nitro-
- . cellulose membrane, and immunoblotted with either anti-
Ip: o Nck Ip: e She IREla or anti-Nck antibodies (n = 3).

addition, ER purified from both Nck*/* and Nck~/~ MEFs
treated with Azc induced ERK-1 phosphorylation (1.4- and
1.5-fold over untreated ER, respectively; Figure 6B). These
results suggest that ER membranes purified from Nck*/*
and Nck™/~ MEFs treated with Azc are able to elicit ERK-1
phosphorylation as described for ER purified from FR3T3
cells. Moreover, basal ERK-1 activating potential in ER
membranes purified from Nck™/~ MEFs is higher than that
from Nck*/* MEFs.

To test whether the association of Nck-1 with ER mem-
branes was required for ERK-1 activation upon stress, ER
membranes purified from either Azc treated or untreated
Nck~/~ MEFs were incubated with Nck-depleted RLC in
the presence or absence of recombinant wild-type Nck-
1(3SH3). Immunoblot analysis of CNX and Nck-1 for the
membrane fractions was carried out (unpublished data), and
levels of ERK-1 phosphorylation were assessed in the cy-
tosol (Figure 6C). Regardless a stress was applied or not,
immunodepletion of Nck from the RLC did not affect ERK-1
phosphorylation as compared with nonimmunodepleted
RLC (Figure 6C, lanes 2, 3, 7, and 8). In addition, preincu-
bation of recombinant Nck-1(3SH3) with ER membranes
purified from nonstressed cells before incubation with im-
munodepleted RLC showed no change in the level of ERK-1
phosphorylation (Figure 6C, lanes 3-5). However, binding of
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recombinant Nck-1(3SH3) to ER membranes immuno-iso-
lated from Azc-stressed cells before incubation with Nck-
depleted RLC led to a significant increase of ERK-1 phos-
phorylation (1.7- to 2-fold increase; Figure 6C, lanes 8-10).
When ERK-1 was immunoprecipitated from the correspond-
ing cytosolic fractions (immunodepleted or not of Nck and
incubated with recombinant Nck-1(3SH3)-bound ER mem-
branes immuno-isolated from nonstressed and Azc-stressed
cells) and used for in vitro phosphorylation of MBP, similar
ERK-1 activity profiles were obtained (unpublished data).
These data suggest that Nck is required for ER stress-medi-
ated ERK-1 activation in vitro.

Dissociation of Nck from the ER Membrane Is a
Prerequisite for ER Stress-induced ERK-1 Activation
Based on the above-mentioned observations, we investi-
gated whether the constitutive expression of Nck-1 at the ER
membrane had an impact on ERK-1 activation in ER mem-
branes purified from Azc-stressed cells. The luminal and
transmembrane domains of IREla and Trape, an ER res-
ident transmembrane protein involved in translocation
(Fons et al., 2003), were fused upstream of full-length
Nck-1 (Figure 7A). In FR3T3 cells transiently transfected
with these constructs, recombinant myc-tagged
IREla.Nck-1 and Trapa.Nck-1 localized, as expected, in

Molecular Biology of the Cell
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Figure 6. ER stress-mediated ERK-1 activation requires the asso-
ciation of Nck-1 with ER membranes. (A) ER immuno-isolated from
Nck /~ MEFs treated or not with 10 mM Azc for 30 min was
divided into four equal fractions and incubated in the absence or
presence of 1, 2.5, or 5 pg of recombinant Nck-1(3SH3) wt. Magnetic
beads were washed extensively and Nck-1 association to these
membranes was assessed by immunoblotting by using anti-Nck
(bottom left) and anti-CNX antibodies (top left). A representative
immunoblot is shown (n = 4). Clarified lysate from untreated
Nck ™/~ MEFs was incubated successively with anti-CNX antibod-
ies and protein A-magnetic beads as described under Materials and
Methods section for the immuno-isolation of ER enriched mem-
branes, and the mixture was then incubated in the presence of 5 ug
of recombinant Nck-1(35SH3) wt. After separation with a magnet, the
supernatant was collected and the magnetic beads were washed
extensively. The association of CNX and Nck-1 with the beads
(Beads) or their presence in the incubation medium (Sup) was
assessed by immunoblotting by using anti-CNX (top right) and
anti-Nck (bottom right) antibodies. (B) RLC was incubated in the
absence (white bar) or in the presence of ER purified from Nck*/*
MEFs or Nck ™/~ MEFs treated (black bars) or not (gray bars) with
10 mM Azc for 30 min. The phosphorylation state of ERK-1 was
assessed as described under Materials and Methods section (n = 2,
value * 0.5 variation). (C) ER was purified from Nck~/~ MEFs
treated as in A. Each sample (~1 mg of protein) was divided into
five equal fractions and incubated in the absence of RLC (conditions
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the membrane fractions but not in the soluble fractions as
shown by immunoblot by using both anti-myc and anti-Nck
antibodies (Figure 7B). Colocalization of IREla.Nck-1 and
Trapa.Nck-1 with BiP in an ER-like, perinuclear compartment
was further confirmed by immunofluorescence microscopy by
using anti-BiP and anti-myc antibodies (Figure 7C). To charac-
terize the effect of IRE1la.Nck-1 and Trapa.Nck-1 on ERK-1
activation by Azc-stressed microsomes, FR3T3 cells were tran-
siently transfected with either pcDNA3 (Empty), pcDNA3/
IREla.Nck-1 (IREla.Nck-1) or pcDNA3/Trapa.Nck-1
(Trapa.Nck-1). Forty-eight hours posttransfection, cells were
incubated with Azc for 30 min to 2 h, and then ER membranes
were isolated and further incubated in the presence of RLC.
The membrane and soluble fractions were separated and im-
munoblot analysis of CNX in the membrane fractions and
ERK-1 and phospho-ERK1/2 in the soluble fractions was per-
formed. ER membranes isolated from cells transfected with the
empty vector and incubated with RLC were able to promote a
1.3- and 1.8-fold increase in ERK-1 activation after 30 min and
2 h of Azc treatment, respectively (white bars, Figure 7D).
Under the same conditions, ER membranes isolated from
cells expressing IRE1a.Nck-1 or Trapa.Nck-1 and treated or
not with Azc were significantly less efficient in activating
ERK-1 (gray bars and black bar, respectively, Figure 7D).
Interestingly, when ERK-1 activation was assessed in whole
cell lysates from FR3T3 cells transfected with either the
empty vector, pcDNA3/IREla.Nck-1, or pcDNA3/
Trapa.Nck-1 and treated with Azc for 30 min to 2 h, ERK-1
phosphorylation profiles were similar to those observed in
the in vitro assay performed in the presence of intact RLC
but with a significant reduction of Azc-induced ERK-1 acti-
vation in cells expressing either IREla.Nck-1 or
Trapa.Nck-1, compared with mock-transfected cells (Figure
7E). These data strengthen our hypothesis according to
which ER membrane-associated Nck negatively regulates
ER stress signaling and that ER stress-mediated ERK-1 acti-
vation requires dissociation of Nck from the ER membrane.

Nck-Null Cells Elicit Resistance to Azc-induced Apoptosis

To investigate the role of endogenous Nck during the UPR,
semiquantitative RT-PCR experiments were carried out us-
ing total RNA isolated from Nck*/* and Nck~/~ MEFs
treated with 10 mM Azc for 30 min to 2 h to assess the
transcriptional profile of Bip, CHOP, XBP-1 and GAPDH
mRNAs. In both cell lines, Azc treatment led to the same
levels of BiP and CHOP mRNA up-regulation (2.5- and
3.5-fold, respectively, Figure 8A), whereas the splicing pro-
files of XBP-1 mRNA remained the same (Figure 8A). Be-
cause our above-mentioned data suggested a critical role for
Nck-1 in the activation of ERK-1 upon Azc stress (Figures
3C, 6, and 7), we tested the effect of Nck gene deletion on the
activation of ERK-1 after Azc stress. Interestingly, as ob-
served in vitro, ERK-1 basal phosphorylation was higher in
Nck~/~ than in Nck*™/* MEFs (Figure 8B). Treatment of

1 and 6), in the presence of RLC (2 and 7), in the presence of
Nck-depleted RLC (conditions 3 and 8), or in the presence of 1 ug
(conditions 4 and 9) or 5 ug (conditions 5 and 10) of recombinant
Nck-1(3SH3) wt for 1h on ice before incubation with Nck-depleted
RLC for 30 min at 30°C. Membrane and cytosolic fractions were
separated with a magnet. Magnetic beads were washed extensively
and immunoblotting was performed with anti-CNX and anti-Nck
antibodies on the membrane fractions and with anti-ERK-1 and
anti-phospho-ERK antibodies on the cytosolic fractions. Results are
presented as fold increase of ERK-1 phosphorylation over ctl + RLC
(n = 3, value * SD).
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Nck*/* MEFs with Azc for 30 min to 2 h led to a slight but
significant increase in ERK-1 activation (1.6-fold increase,
white bars, Figure 8B). Surprisingly, however, this activation
was significantly higher in Nck~/~ MEFs under the same
conditions (2.1-fold increase, black bars, Figure 8B). Because
the activation of ERK-1 promotes cell proliferation and sur-
vival (Wada and Penninger, 2004), we then tested whether
the latter observation could reflect a difference in tolerance
to Azc-induced ER stress between Nck*/* MEFs and
Nck~/~ MEFs. Indeed, we observed that Nck~/~ MEFs
were more tolerant to sustained Azc treatment than wild-
type MEFs (Figure 8C). Under these conditions, the time
required to obtain 50% lethality upon Azc exposure was 8 h
for the Nck™/+ MEFs and >12 h for the Nck~/~ MEFs.

We next investigated whether the higher tolerance of the
Nck-null cells to Azc exposure correlated with Azc-induced
apoptotic levels. Nck™/* and Nck™/~ cells either treated or
not with Azc for 2 and 4 h, and then labeled with annexin V
and PI, were analyzed by flow cytometry. Nck*/* cells
showed a significant increase for late apoptotic and/or ne-
crotic (PI-positive labeling and annexin V-positive labeling)
cells at 2-h Azc treatment (1.3-fold increase, Figure 8D, top)
and reached a 1.9-fold increase after 4-h treatment. How-
ever, Azc treatment did not significantly affect the popula-
tions of apoptotic Nck ™/~ cells under the same conditions as
the wild-type (Figure 8D, bottom). These results confirm that
during ER stress, cell survival correlates with elevated
ERK-1 activation in the Nck-null cells and demonstrates a
role for Nck in Azc-induced apoptosis.
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transiently transfected either with pcDNA3 (empty)
PcDNA3/IREa.Nck-1 or pcDNA3/Trapa.Nck-1
and treated with 10 mM Azc for 0.5and 2 h (n = 2,
value * 0.5 variation). Lysates were directly immu-
noblotted with anti-phospho-ERK and anti-ERK-1
antibodies. Immunoblots were quantified by scan-
ning densitometry (n = 2, value = 0.5 variation).

DISCUSSION

The concept of signaling from the ER has emerged in the past
few years, and more recently interest has focused on ER stress
proximal events such as IRE1- or ATF6-dependent signaling
pathways (Hampton, 2000; Urano et al., 2000a; Kaufman ef al.,
2002 Zhang and Kaufman, 2004). However, most of the com-
plex mechanisms regulating the ER proximal signaling events
by which cell behavior and transcriptional responses are al-
tered remain to be characterized. Here, we have used both in
vivo and in vitro approaches to characterize the signaling
intermediates involved in ER stress signaling responsible for
the MAPK pathway activation.

ER Stress Signals Are Transmitted through Adaptor
Molecules

We established a cell-free assay based on the immuno-iso-
lation of a CNX-enriched compartment to characterize the
activation of the MAPK/SAPK pathways via the stress-
induced ER. Based on previous reports indicating the in-
volvement of the docking molecule TRAF-2 in ER stress
signaling (Hampton, 2000; Urano ef al., 2000a; Kaufman et
al., 2002), we postulated that ER stress-mediated activation
of the MAPK/SAPK pathways may involve other adaptor
molecules known to participate in “conventional” signaling
by cytokine receptors at the plasma membrane (Pawson and
Saxton, 1999; Chang and Karin, 2001). Interestingly, in ad-
dition to Shc, which was previously reported to be ER asso-
ciated (Lotti et al., 1996), only Nck was detected in the
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Figure 8. Nck mediates Azc-induced apoptosis. (A) RT-PCR analysis of Bip, CHOP, XBP-1, and GAPDH mRNA expression in Nck*/* and
Nck~/~ MEFs treated with 10 mM Azc for 0.5 to 2 h. A representative agarose gel of the RT-PCR assay is shown (n = 2). (B) ERK-1
phosphorylation was analyzed in Nck*/* and Nck™/~ MEFs after treatment with 10 mM Azc for 0.5 and 2 h. MEFs lysates were directly
immunoblotted either with anti-phospho-ERK, anti-ERK-1, anti-Nck, and anti-CNX antibodies. Immunoblots were quantified by scanning
densitometry. A representative immunoblot is shown (n = 5, value = SD). (C) Nck*/* and Nck~/~ MEFs were treated with 10 mM Azc for
2 to 24 h. At each time point, the number of cells remaining after Azc treatment was compared with that of cells grown for the same time
in Azc-free medium (n = 2, value = 0.5 variation). (D) Nck*/* and Nck~/~ MEFs were untreated (control) or treated with 10 mM Azc for
2h (+Azc, 2 h) or 4 h (+Azc, 4 h) at which point apoptosis was determined by flow cytometry. A representative fluorescence-activated cell

sorting analysis is shown (n = 2, value * 0.5 variation).

immuno-isolated ER fraction. Together with the fact that Shc
and Nck participate in the regulation of the MAPK/SAPK
pathway from the plasma membrane (Buday, 1999), our
observations suggest that they also may play a functional
role in stress-induced ER signaling.

Nck Participates in ER Stress-induced ERK-1 Activation

To further characterize the involvement of Nck and Shc
proteins in ER signaling, we carried out Nck or Shc immu-
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nodepletion of the cytosol used in the in vitro kinase assay.
The activation profiles of ERK-1, JNK-1, or p38MAPK ob-
tained using Shc-immunodepleted cytosols were similar to
those generated using normal cytosols. In contrast, the pres-
ence of Nck in the cytosol was required to promote ERK-1
activation by ER membranes purified from Azc-treated cells.
Moreover, the “add-back” experiments suggested that at
least the 3SH3 domains of Nck-1 were required for ERK-1
activation by ER membranes purified from Azc-stressed
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IRE1o

cells and probably also for maintenance of basal ERK-1
activity. The 3SH3 domains of Nck-1 were sufficient to revert
the immunodepletion effect (Figure 3C), thus indicating that
the SH2 domain of Nck-1 was dispensable for ER stress-
induced ERK-1 activation. In addition to promoting ERK-1
activation, Nck-1 prevented p38MAPK activation, thus sug-
gesting a dual role for this adaptor. This may show a role for
Nck-1 in buffering the equilibrium between the stress
and/or proliferative pathways as reported previously by
Roche et al. (1996). These data indicate a highly regulated
balance between the SH2/SH3 scaffolding domains of Nck
which, when disrupted, promotes either activation or inhi-
bition of specific ER signaling pathways.

Negative Regulation of IRE1 Signaling by Nck

Experiments where Nck-1 was stably associated with the ER
membrane showed both in vivo an in vitro that the ER
stress-induced ERK-1 activation was abrogated (Figure 7, D
and E). These observations could result from the fact that we
created a negative mutant of IREla and therefore blocked
the signaling from this molecule similar to what is observed
with a kinase-defective (K599AA) IREl« (Tirasophon et al.,
1998). This hypothesis was partly ruled out by the results
obtained with a chimera containing the luminal and trans-
membrane domains of Trapa fused to Nck-1 (3SH3), which
led to similar results to those obtained with the IRE1a.Nck-1
construct (Figure 7, D and E). This suggested 1) that the
effects observed with the IRE1a.Nck-1 chimera was not com-
pletely due to a dominant negative effect and 2) that, similar
to the repression of IRE1 signaling by binding of BiP in the
lumen (Bertolotti et al., 2000), the basal association of Nck
with IRE1 may represent an inhibitory system to prevent
IRE1 signaling. Such a Nck-dependent inhibitory system to
prevent ER signaling is not restricted to IRE1 because Nck-1
also antagonizes signaling from PERK (Kebache et al., 2004),
an ER transmembrane kinase involved in the ER stress-
induced attenuation of translation through phosphorylation
of elF2a (Harding et al., 1999; Bertolotti et al., 2000). The
negative role of Nck on cell signaling is further supported by
the fact that Nck is also implicated in the attenuation of
signals emanating from the plasma membrane (Jones and
Dumont, 1999; Buday et al., 2002; Murakami et al., 2002).
Based on these results, we propose a model where under
basal conditions, Nck is associated with IRE1, thereby pre-
venting IRE1 signaling leakage. On Azc stress, IRE1 oli-
gomerization and subsequent transphosphorylation may in-
duce conformational change of the cytosolic domain and
consequently promote a decrease in affinity for Nck, leading
to its dissociation. We hypothesize that the dissociation of
Nck from IRE1 exposes binding sites on IRE1 cytosolic do-
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Figure 9. Proposed model for the regula-
tion of ERK-1 activation by Nck upon Azc
stress. Under basal conditions IRE1 associ-
ates with BiP within the lumen of the ER and
with Nck SH3 domains in the cytosol to
w prevent IRE1 signaling. On Azc stress, mis-

folded proteins accumulate in the lumen of
 sHa.1] the ER and as a consequence BiP dissociates
from IRE1. This induces the oligomerization
of IRE1 luminal domains that possibly leads
to conformational change of IRE1 cytosolic
SHz domain leading to the release of IRE1-bound
Nck and subsequent IRE1-mediated activa-
tion of ERK-1.
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main for allowing the recruitment of intermediates of the
MAPK signaling (Figure 9). In this model, IRE1 would serve
as signaling scaffold to lead to ERK activation. Several in-
termediates of this pathway have already been shown to
localize on the ER membrane such as ERK-1 (Chevet et al.,
1999b), mitogen-activated protein kinase kinase-1 (unpub-
lished observations), and Ras (Chiu ef al., 2002), which sug-
gests an ER proximal activation of this pathway mediated by
IRET.

Mechanism of Nck-mediated ERK-1 Activation

The above-mentioned model would explain the apparent
discrepancies between the results shown in Figures 3C and
6B. Indeed, immuno-isolated ER membranes represent a
snapshot of the signaling components present in the cell at a
given time. Signaling events emerging from these mem-
branes will come from 1) IRE-1 molecules that were acti-
vated during the induction of the stress in the cell and 2) de
novo activation of IRE-1 molecules in vitro due to the pres-
ence of aggregates in the lumen of the ER that will not be
resorbed. In the case of the immunodepletion, all of the
cytosolic Nck molecules were removed from the cytosol, but
there was still a fraction of Nck bound to IRE1; therefore,
upon incubation of Azc-stressed microsomes purified from
FR3T3 cells with immunodepleted cytosol, Nck molecules
bound to IRE1 are released into the incubation medium,
thereby allowing further IRE1 signaling and a slight but
significant ERK-1 activation. This would explain why ERK-1
activity does not return to basal levels under these condi-
tions (compare ctl untreated and —Nck + Azc, Figure 3C).
The presence of Nck in the cytosol would therefore be
required for recycling to the ER membrane through binding
to IRE-1 and to promote further signaling to ERK-1. Alter-
natively, when microsomes isolated from Nck-null cells are
incubated with recombinant Nck-1, Nck-1 would bind to the
Azc-stressed and nonstressed microsomes. However, be-
cause Azc-stressed microsomes are sensitized and compe-
tent to transduce IRE1 signaling, Nck dissociates from IRE1,
thus allowing subsequent ERK-1 activation. This hypothesis
would be consistent with the observation that less Nck-1
was found associated with Azc-stressed microsomes than
with nonstressed microsomes, suggesting a dissociation of
Nck from the ER membrane upon Azc stress. Conversely, in
the absence of stress, microsomes are not competent for IRE1
signaling and Nck remains associated with IRE1, thus pre-
venting its signaling and downstream ERK-1 activation. This
negative regulatory mechanism of Nck toward IRE1-medi-
ated ERK-1 activation is further supported by the 1.8-fold
higher basal activity of ERK-1 in Nck™/~ cells than in
Nck*/* cells (Figure 8B). In this case, the negative regula-
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tion of Azc-induced IRE1 signaling by ER-bound Nck would
not take place in the Nck=/~ cells, thus leading to a higher
activation level of ERK-1 in the Nck-null cells and could
explain the higher survival rate and lower apoptosis rate in
these cells.

Adaptative and Proapototic Balance Regulation by Nck
during ER Stress

Experiments where Nck*/* and Nck~/~ MEFs were sub-
jected to different Azc treatments showed no difference in
the up-regulation of the UPR markers BiP and CHOP or in
the up-regulation of XBP-1 transcription and subsequent
splicing (Figure 8A). Although no detectable difference was
observed in these cells for BiP induction in response to Azc,
Kebache et al. (2004) have reported that overproduction of
Nck-1 in human embryonic kidney cells impaired BiP in-
duction upon thapsigargin treatment, suggesting that the
Nck-dependent induction of BiP transcription could be
stress specific.

Under Azc stress, the fact that ERK-1 was activated to a
higher level in the Nck™/~ cells than in the Nck™/* cells
(Figure 8B) indicated that endogenous Nck negatively reg-
ulates ERK-1 activation. The higher activation of ERK-1 in
Nck~/~ cells upon Azc treatment correlated with their en-
hanced survival (1.5-fold increase after 12-h treatment com-
pared with the Nck™/* cells, Figure 8C). When Nck*/* and
Nck~/— MEFs were treated with Azc for 2 to 4 h, there was
a significant increase in the percentage of apoptotic Nck*/*
cells but no effect on the Nck~/~ cells was observed (Figure
8E). This different behavior of Nck*/* and Nck=/~ cells
toward ER stress supports the findings that Nck-1 overpro-
duction impairs cell survival in response to thapsigargin
(Kebache et al., 2004).

In conclusion, this is the first report of an ER stress-
mediated activation of ERK-1. In addition, this mechanism is
dependent on the adaptor molecule Nck-1, which to date,
had only been described as mediating extracellular signals.
These results were obtained through the establishment of a
cell-free signaling assay in which we used immuno-isolated
ER membranes from cells in culture, and cytosol from rat
liver. Finally, our results delineate a novel mechanism for
the regulation of ER stress signaling to the MAPK pathway
and demonstrate a critical role for Nck during the Azc-
induced ER stress response leading to ERK-1 activation and
apoptosis. Overall, our data provide new insights into the
current knowledge of ER stress-activated signaling path-
ways and may lead to a better understanding of the molec-
ular mechanisms triggered by the cell to provide specificity
in proteotoxicity signaling.
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