MOLECULAR AND CELLULAR BIOLOGY, Aug. 2003, p. 5651-5663
0270-7306/03/$08.00+0 DOI: 10.1128/MCB.23.16.5651-5663.2003

Vol. 23, No. 16

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Phosphorylation of the o Subunit of Eukaryotic Initiation Factor 2 Is

Required for Activation of NF-kB in Response to Diverse
Cellular Stresses

Hao-Yuan Jiang,' Sheree A. Wek,' Barbara C. McGrath,” Donalyn Scheuner,’
Randal J. Kaufman,” Douglas R. Cavener,? and Ronald C. Wek'*

Department of Biochemistry and Molecular Biology, Indiana University School of Medicine, Indianapolis, Indiana 46202";

Department of Biology, The Pennsylvania State University, University Park, Pennsylvania 16802% and
Howard Hughes Medical Institute and Department of Biological Chemistry, University of
Michigan Medical Center, Ann Arbor, Michigan 48109°

Received 6 March 2003/Returned for modification 14 April 2003/Accepted 28 May 2003

Nuclear factor kB (NF-kB) serves to coordinate the transcription of genes in response to diverse environmental
stresses. In this report we show that phosphorylation of the o subunit of eukaryotic initiation factor 2 (elF2)
is fundamental to the process by which many stress signals activate NF-kB. Phosphorylation of this translation
factor is carried out by a family of protein kinases that each respond to distinct stress conditions. During
impaired protein folding and assembly in the endoplasmic reticulum (ER), phosphorylation of eIF2«a by PEK
(Perk or EIF2AK3) is essential for induction of NF-kB transcriptional activity. The mechanism by which
NF-kB is activated during ER stress entails the release, but not the degradation, of the inhibitory protein IxB.
During amino acid deprivation, phosphorylation of elF2a by GCN2 (EIF2AK4) signals the activation of
NF-kB. Furthermore, inhibition of general translation or transcription by cycloheximide and actinomycin D,
respectively, elicits the eIF2« phosphorylation required for induction of NF-kB. Together, these studies suggest
that elF2a kinases monitor and are activated by a range of stress conditions that affect transcription and
protein synthesis and assembly, and the resulting eIFa phosphorylation is central to activation of the NF-kB.
The absence of NF-kB-mediated transcription and its antiapoptotic function provides an explanation for why
elF2a kinase deficiency in diseases such as Wolcott-Rallison syndrome leads to cellular apoptosis and disease.

Nuclear factor kB (NF-kB) is a dimer of the Rel family of
proteins that regulates the transcription of genes involved in
immune and inflammatory responses, stress remediation, cell
growth, and apoptosis (2, 3, 9, 15, 33, 39, 47, 54). In its inert
state, NF-kB is present in the cytoplasm in association with
proteins known as inhibitors of NF-kB (IkB). In response to
certain inducing conditions, IkB becomes phosphorylated,
leading to its ubiquitination and subsequent degradation by the
proteasome. Release and proteolysis of IkB facilitates NF-«xB
passage into the nucleus, where this protein binds to the kB
consensus DNA sequence and regulates transcription.

Activation of NF-«kB in cells occurs in response to a large
variety of stress conditions, including exposure to proinflam-
matory cytokines, UV or v irradiation, bacterial or viral infec-
tion, or impaired protein folding in the endoplasmic reticulum
(ER) (47). The mechanisms by which these diverse stress sig-
nals are recognized and signal NF-«kB induction have been the
focus of much research. In the example of activation of NF-«kB
by tumor necrosis factor alpha (TNF-a), a cytokine that func-
tions as an activator of the innate immune response, associa-
tion of TNF-a with its receptor directs the activation of the IkB
kinase (3, 15, 39). The IkB kinase (IKK)—containing two
catalytic subunits, IKK o and {3, as well as a regulatory subunit,
IKKy (NEMO)—phosphorylates Ser residues in IkB, thus
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contributing to its release from NF-kB (32). Elevated expres-
sion of many different proteins slated for the secretory pathway
or exposure to ER stress agents was found to activate NF-«kB
(47-49). This signal transduction pathway, designated the ER
overload response (EOR), is proposed to be distinct from
another ER stress pathway—the unfolded protein response
(UPR), which induces the transcription of a large number of
genes involved in protein secretion and processing, such as the
ER chaperones GRP78/BiP and GRP94 (22, 35, 47). The
mechanism by which the EOR activates NF-kB, including the
involvement of IkB, is currently unclear.

We have been interested in understanding the role of a
family of protein kinases that phosphorylate the o subunit of
eukaryotic initiation factor 2 (eIF2) in the early events of stress
response pathways (12, 65). The eIF2 coupled with GTP and
initiator Met-tRNAM®* participates in the ribosomal recogni-
tion of the start codon (27). During this translation initiation
process, GTP associated with eIF2 is hydrolyzed to GDP and
elF2 is released from the ribosome. Recycling of eIF2-GDP to
elF2-GTP requires a guanine nucleotide exchange factor, des-
ignated eIF2B. Phosphorylation of eIF2a by PEK (also desig-
nated Perk and EIF2AKS3) in response to impaired ER func-
tion converts this initiation factor from a substrate to an
inhibitor of the eIF2B (24, 25, 42, 53, 55). The resulting re-
duction in eIF2-GTP levels can reduce general translation,
allowing the cell sufficient time to correct the impaired protein
folding resulting from ER stress prior to synthesizing addi-
tional proteins. Accompanying this reduction in global protein
synthesis, phosphorylation of eIF2«a by PEK can induce gene-
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specific translation, which is important for the expression of
stress remedy genes (14, 22, 23, 35). Loss of PEK (Perk) in
mouse embryonic stem (ES) cells exposed to ER stress leads
to inappropriately elevated protein synthesis that further
exacerbates protein misfolding in this organelle, thus leading
to apoptosis (24). Loss of PEK (EIF2AK3) in humans leads to
Wolcott-Rallison syndrome (WRS), a disorder involving neo-
natal insulin-dependent diabetes resulting from a characteris-
tic destruction of pancreatic islet beta cells (11). WRS patients
do not display autoantibodies characteristic of type 1 diabetes,
and they also suffer from epiphyseal dysplasia, osteoporosis,
growth retardation, recurrent hepatitis, and isolated central
hypothyroidism (6, 8, 58). PEK '~ mice display many of these
phenotypes and succumb to complications related to hypergly-
cemia within several weeks of birth (21, 72).

In addition to PEK, three other mammalian eIF2« kinases
have been described, and each directly senses distinct stress sig-
nals and activates downstream response pathways by regulating
translation. These elF2a kinases include GCN2, which is activat-
ed by nutritional stress, including amino acid deprivation (23, 28,
66, 69, 73); HRI, which links protein synthesis to heme avail-
ability in erythroid cells and is also activated by oxidative and
heat stresses and exposure to certain diffusible gases (10, 20, 40,
59, 71); and PKR, which controls an antiviral defense pathway
that is induced by interferon (34, 67). To date, only PKR has
been linked with activation of NF-kB by a mechanism indepen-
dent of its eIF2« kinase activity (1, 17, 67). Initially, PKR was
proposed to directly phosphorylate IkB (36). More recent studies
suggest that PKR physically associates with the IKK complex and
stimulates NF-kB transcriptional function through the action
of IKK and NF-kB-inducing kinase (NIK) (7, 16, 18, 30, 70).
The details of the PKR-dependent induction of NF-kB are
controversial, as activation of NF-kB has been reported to be
both dependent and independent of PKR kinase catalytic ac-
tivity. Furthermore, the double-stranded RNA (dsRNA) bind-
ing properties of the PKR regulatory domain have also been
suggested to be dispensable for the induction of NF-«B (30).

Given the diverse stress conditions activating both NF-«B
and elF2a kinases and their important medical implications,
we were interested in establishing possible regulatory overlap
between these two stress pathways. In this study, we used
mouse embryo fibroblasts (MEFs) from which PEK or GCN2
had been deleted or that contained a homozygous mutation at
the eIF2a phosphorylation site (Ser51Ala), and we demon-
strate that phosphorylation of eIF2« is required for activation
of NF-kB in response to either ER stress or amino acid star-
vation. The mechanism of NF-«B induction by the eIF2a ki-
nases entails the release, but not the degradation, of IkB.
These results support the idea that impaired NF-«B activation
in PEK-deficient cells is an important underlying reason for
their susceptibility to apoptosis upon exposure to stress.

MATERIALS AND METHODS

Cell culture and stress conditions. MEF cells prepared from embryos gener-
ated from crosses between heterozygous PEK '~ (Perk /~) mice (72), GCN2 ™/~
animals (73), heterozygous elF2a A/A (51), or their wild-type counterparts were
immortalized by infection with a recombinant retrovirus expressing simian virus
40 (SV40) large T antigen as previously described (68). MEF p65/Rel4™/* and
MEF p65/RelA'~ cells were obtained from Harikrishna Nakshatri (Indiana
University School of Medicine) (4, 45). Cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM; BioWhittaker) supplemented with 2 mM glu-
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tamine, 1 mM nonessential amino acids, 10% fetal bovine serum, 100 U of
penicillin per ml, and 100 wg of streptomycin per ml. Cultures of MEF A/A cells
require additional amino acid supplements for growth viability (51), and there-
fore the A/A and the wild-type counterpart S/S cells were maintained under
these enriched medium conditions. MEF cells were grown to 50 to 70% conflu-
ency and subjected to ER stress that involved the addition of thapsigargin at a
concentration of 2 uM unless otherwise indicated or of 2 pg of tunicamycin per ml
to DMEM for the specified incubation times. Confluent growth is itself a stress that
can induce eIF2a phosphorylation. To ensure a confluency of less than 70%, MEF
cells were shifted to DMEM with 0.5% fetal bovine serum 12 h prior to ER or
nutritional stress, with results similar to those found in stress experiments performed
using cells dividing continuously in DMEM supplemented with 10% fetal bovine
serum. To address the role of transcription or protein synthesis in combination with
ER stress, 50 pg of cycloheximide per ml or 10 pg of actinomycin D per ml was
added to the MEF cells along with 2 uM thapsigargin, and the cells were incubated
for 3 or 6 h prior to collection and analysis. Amino acid starvation was brought about
by culturing MEF cells in DMEM without leucine (BioWhittaker). As a control for
IkB phosphorylation and subsequent degradation, 10 ng of TNF-a per ml was added
to MEF cells in DMEM for 30 min. The eIF2a phosphorylation induced during ER
or nutrient or stress conditions was similar between the primary MEF cells and
immortalized MEF cell lines.

EMSA. Nuclear extracts were prepared from MEF cells as described previ-
ously (31). This preparation involved resuspending cultured MEF cells subjected
to either stress or nonstress conditions in 1 ml of cold hypotonic RSB buffer (10
mM Tris [pH 7.4], 10 mM NaCl, and 3 mM MgCl,) supplemented with 0.5%
NP-40 and protease inhibitors (100 uM phenylmethylsulfonyl fluoride, 0.15 pM
aprotinin, 1 uM leupeptin, and 1 pM pepstatin). Cells were lysed with a Dounce
homogenizer, and after centrifugation at 14,000 X g, the nuclei pellets were
resuspended in two packed nuclear volumes of extraction buffer C (420 mM KCl,
20 mM HEPES [pH 7.9], 1.5 mM MgCl,, 0.2 mM EDTA, and 20% glycerol)
supplemented with protease inhibitors. Protein concentrations were determined
by using the Bio-Rad protein assay. The sequence of the double-stranded DNA
fragment containing the NF-«B binding element derived from c-myc (URE) was
5'-GATCCAAGTCCGGGTTTTCCCCAACC-3" and for Octomer-1 (OCT-1)
binding was 5'-GATCTGTCGAATGCAAATCACTAGAA-3' (31). In the bind-
ing reactions, 3?P-labeled DNA fragments (20,000 to 25,000 cpm), 5 pg of
nuclear extract, and 2.5 pg of poly (dI-dC) as nonspecific competitor were added
to a solution of 10 mM HEPES (pH 7.9), 4 mM dithiothreitol, 0.5% Triton
X-100, 100 mM KCl, and 2.5% glycerol in a final assay volume of 25 pl. Binding
assays were performed at room temperature for 30 min, and the DNA-protein
complexes were separated by gel electrophoresis and visualized by autoradiog-
raphy as previously described (57). To address NF-kB binding specificity, unla-
beled competitor DNA fragments were added at the indicated stoichiometry to
the binding mixture. CREB competitor DNA included a published ATF consen-
sus binding sequence, i.e., TGACGTCA (61). Supershift studies were carried out
by including p65 (Upstate Biotechnology)- and/or p50-specific polyclonal anti-
body (Santa Cruz) in the binding mixture, followed by electrophoretic mobility
shift assay (EMSA) and autoradiography.

Preparation of protein lysates and immunoblot analyses. MEF cells subjected
to the indicated stress conditions (or to no stress) were washed twice with
ice-cold phosphate-buffered saline solution and lysed using a solution of 50 mM
Tris-HCI (pH 7.9), 150 mM NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate
(SDS), 100 mM NaF, 17.5 mM B-glycerolphosphate, and 10% glycerol supple-
mented with protease inhibitors and subjected to sonication for 30 s. Lysates
were clarified by centrifugation and measured for protein content by using the
Bio-Rad protein quantitation kit for detergent lysis. Equal amounts of each
protein sample were separated by electrophoresis in a SDS-polyacrylamide gel
and transferred to nitrocellulose filters. Filters were incubated in TBS-T solution
(20 mM Tris-HCI [pH 7.9], 150 mM NaCl, and 0.2% Tween 20 supplemented
with 4% nonfat milk) and antibodies that recognize the specified protein. ATF4,
p65, IkBa, IkB, and Chop antibodies was purchased from Santa Cruz Biotech-
nology. ATF4 studies were confirmed by using ATF4 polyclonal antibody that
was provided by David Ron (New York University School of Medicine). Phos-
phorylation of elF2a and IkBa was measured with polyclonal antibody that
recognizes eIF2a phosphorylated at Ser-51 (Research Genetics) or IkBa phos-
phorylated at Ser-32 (Cell Signaling). Total eIF2« levels were measured by using
monoclonal antibody provided by Scot Kimball (Pennsylvania State University
College of Medicine). Filters were washed three times in TBS-T to remove
unbound antibody and incubated with TBS-T containing secondary antibody
conjugated to horseradish peroxidase (Bio-Rad). Protein-antibody complexes
were visualized by using horseradish peroxidase-labeled secondary antibody and
chemiluminescent substrate. Low- and high-range polypeptide markers (Bio-
Rad) were used to measure the sizes of proteins detected in the immunoblots.
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FIG. 1. elF2a kinase PEK is required for activation of NF-«kB in
response to ER stress. (A) PEK''* and PEK '~ MEF cells were
exposed to thapsigargin for 0.25 to 3 h (as indicated) or in the absence
of this ER stress agent (0 h). Phosphorylation of eIF2«a was measured
by immunoblot analysis by using polyclonal antibody specific to elF2a
phosphorylated at Ser-51 (eIF2a~P). Levels of total eIF2a were as-
sayed by using antibody that recognizes both phosphorylated and
nonphosphorylated versions of the translation initiation factor.
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Linearity in the immunoblot assays was established by serially diluting proteins in
the SDS-polyacrylamide gel electrophoresis (PAGE) and by carrying out multi-
ple autoradiographic exposures for increasing lengths of time. Quantitation of
visualized bands was carried out by densitometry.

Immunofluorescence and confocal microscopy. PEK™/* MEF cells were
grown overnight on glass slides and then treated with 2 uM thapsigargin for 6 h
or were not subjected to stress. Alternatively, PEK~/~ MEF cells were cultured
in 150-mm petri dishes to 50 to 70% confluence, and 5 g of PEK expression
plasmid pKM10 (41) was cotransfected with a GFP-expressing plasmid by using
FUGENE (Roche). After 24 h, the transfected cultures were divided into eight-
well chamber slides and grown overnight followed by treatment with 2 uM
thapsigargin or with no stress. Cells were fixed with 4% paraformaldehyde for 15
min and permeabilized with 0.5% Triton X-100 for 10 min. p65 was visualized by
using polyclonal antibodies directed specifically against this transcription factor,
followed by goat anti-rabbit immunoglobulin G (IgG) conjugated with Rhoda-
mine Red (Molecular Probes, Inc.) as previously described (31). Immunofluo-
rescence was carried out by using a laser confocal microscope LSM510 (Carl
Zeiss). Secondary antibodies were visualized by using an argon-krypton laser
producing excitation bands at 568 nm for Rhodamine Red and by using mono-
chromatic light for differential interference contrast images. Fluorescent images
were collected with emission filters for 585 to 610 nm for Rhodamine Red and
for 488 to 520 nm for fluorescein isothiocyanate. Images were stored digitally by
using Adobe Photoshop. For visualization of nuclei, cells were counterstained
with 4',6’-diamidino-2-phenylindole (DAPI) mountain medium (Jason Lab).

Dual luciferase assays. To measure NF-kB transcriptional activity, PEK™/"
and PEK~/~ MEF cells were transfected in triplicate with an NF-kB element,
i.e., a firefly luciferase reporter plasmid that contains three kB elements derived
from upstream of the MHC class I promoter (50). Luciferase assays were carried
out with the Dual-Luciferase Reporter Assay System (Promega) per the manu-
facturer’s instructions. MEF cells were transfected by using Lipofectamine (In-
vitrogen Life Technologies). One day prior to transfection, MEF cells were
plated at 10° cells per well on 24-well plates. The NF-kB-directed luciferase
construct and Renilla luciferase expressed from the SV40-derived promoter
(Promega) (as an internal control) were transfected into the MEF cells. To
determine whether transient expression of PEK rescued NF-kB transcriptional
activity in the PEK~/~ cells, the PEK expression plasmid pKM10 was cotrans-
fected with the luciferase reporter genes. Cells were incubated for 48 h and
treated with 0 to 2.0 uM thapsigargin as indicated for 6 h. Cells were then washed
twice with PBS and harvested with 900 .l of 1X passive lysis buffer (Promega).
The cell lysate in a volume of 200 pl was mixed with 100 pl of Luciferase Assay
Reagent II for measuring the firefly luciferase activity, and 100 wl of Stop & Glo
Reagent (Promega) was added to measure the Renilla luciferase activity. Light
units of both luciferase activities were assayed for 10 s. Luciferase activity was
measured as relative light units (RLU) (Monolight Luminometer, model 2010).
The luciferase activity for the NF-kB promoter constructs was calculated as the
ratio of firefly luciferase activity to Renilla luciferase activity for each transfec-
tion. All data are presented as the mean relative luciferase activity as calculated
by RLU for the NF-kB-directed luciferase divided by the RLU for the reference
construct. Luciferase activity was then normalized to that activity determined for
PEK™*'* MEF cells not subjected to thapsigargin treatment. Three independent
experiments were carried out.

RESULTS

Phosphorylation of eIF2« by PEK is required for activation
of NF-kB in response to ER stress. Phosphorylation of eIF2a
is an early signal in the coordinate response to many different

(i.e., eIF2a). Nuclear lysates were prepared from PEK*'" (lanes 2 to
7) and PEK '~ (lanes 8 to 13) MEF cells treated with thapsigargin for
the indicated times and incubated with radiolabeled DNA containing
a NF-kB (B) or OCT1 (C) binding sites. Binding mixtures were sep-
arated by electrophoresis, and bound DNAs were visualized by auto-
radiography. Arrows indicate DNA complexed with p65/p50 or p50/
p50 as defined in experiments shown in Fig. 2. OCT1 bound to DNA
and an unknown protein complex are also indicated by arrows. Radio-
labeled DNA at the bottom of panels B and C are unbound probe.
Free probe (FP) indicates the radiolabeled NF-kB or OCT1 DNA
fragments without nuclear lysate.
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environmental stress conditions. In the case of ER stress, PEK
phosphorylates elF2a in MEF cells within 15 min of treatment
with thapsigargin, which is a standard ER stress agent that
triggers the release of calcium from this organelle (Fig. 1A).
Phosphorylation of eIF2a was measured by using immunoblot
analysis and polyclonal antibody specific to eIF2a phosphory-
lated at Ser-51. By comparison, minimal induction of eIF2a
phosphorylation was found in PEK "/~ MEF cells. Similar lev-
els of total eIF2a, as judged by immunoblotting using antibody
that recognizes both phosphorylated and nonphosphorylated
forms of elF2a, were found between the different lysate prep-
arations, thus demonstrating that changes in eIF2a phosphor-
ylation were not due to changes in protein levels (Fig. 1A). To
address the contribution of elF2a phosphorylation in ER
stress-mediated induction of NF-kB, we measured the activity
of this transcription factor by using the EMSA and a radiola-
beled DNA fragment containing a NF-kB binding site as pre-
viously described (31) (Fig. 1B). Nuclear lysates were prepared
from PEK"'" and PEK '~ MEF cells treated with thapsigargin
or with no stress. Significant DNA binding attributed to NF-«kB
dimers p65/p50 and p50/p50 was detected in PEK™'* cells after
1 h of thapsigargin treatment, with further enhanced binding
observed following 3 and 6 h of exposure to this ER stress (Fig.
1B). No induction of NF-kB binding during ER stress was
detected in the PEK™'~ cells. As a control, we also measured
DNA binding of OCT1 by using the PEK"" and PEK '/~
nuclear lysates, and we found minimal differences in the levels
of binding of this transcription factor (Fig. 1C). It is notewor-
thy that in the PEK /'~ sample, there was an additional faster-
migrating band using the radiolabeled DNA containing the
OCT]1 binding site that was present only at a much reduced
intensity in the PEK*'" lysates.

The specificity of the NF-kB DNA binding was confirmed by
first adding nonradiolabeled competitor DNA to the EMSA
reaction mixture. We found that excess nonradiolabeled probe
containing the NF-«kB binding site (i.e., URE) reduced bind-
ing, while no competition was observed with nonradiolabeled
DNA containing the CREB binding element (Fig. 2A). Fur-
thermore, we assessed the mobility shift following the addition
of polyclonal antibody specific for p50 or p65. The addition of
p50 antibody completely retarded the migration of the radio-
labeled DNA designated p50/p50 and reduced the migration of
a portion of the p65/p50 band (Fig. 2B, lanes 10 to 13). By
comparison, addition of antibody specific to p65 to the EMSA
mixture elicited a supershift of a portion of the designated
p65/p50 radiolabeled DNA and had no impact on the p50/p50
band. Together, the pS0 and p65 antibodies elicited a migra-
tion shift of both NF-kB bands. These results indicate that
PEK activity is required for induction of these NF-kB dimers
during ER stress conditions.

The role of phosphorylation of the eIF2a at Ser-51 in the
activation of NF-kB was directly addressed by using MEF cells
containing wild-type eIF2a (S/S) or a mutant version contain-
ing Ala substituted for the phosphorylated Ser-51 residue
(A/A) (Fig. 2B, lanes 2 to 9). While activation of NF-kB oc-
curred in the S/S cells exposed to thapsigargin following a
similar time course described above, no increase in NF-«B
binding was detected in the A/A cells. Finally, we addressed
the importance of eIF2a phosphorylation in the activation of
NF-«B in response to a different ER stress agent, tunicamycin,
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which inhibits protein glycosylation in this organelle and acti-
vates PEK (25). Enhanced NF-«B binding was detected within
3 h of tunicamycin exposure of S/S cells, with a further increase
following 6 h of ER stress treatment (Fig. 2C). No activation of
NF-kB was observed in A/A MEF cells. We conclude that
phosphorylation of eIF2a by PEK is required for activation of
NF-kB in response to different stress conditions in the ER.

elF2a kinase GCN2 facilitates activation of NF-kB during
amino acid deprivation. We next addressed whether other
members of the elF2a kinase family mediate activation of
NF-«kB. GCN2 is the predominant eIF2a kinase activated dur-
ing amino acid deprivation, with elevated phosphorylation of
elF2a in GCN2*'* MEEF cells occurring within 1 h of this
stress (Fig. 3A) (13, 23, 56, 73). By contrast, significant eIF2a
phosphorylation was detected in GCN2~/~ MEF cells only
following 6 h of leucine limitation, thus indicating that one or
more alternative elF2a kinases can be activated during ex-
tended nutrient stress (Fig. 3A). Induction of eIF2a phosphor-
ylation by ER stress was observed in both the GCN2*/* and
GCN2~'~ MEF cells. Using nuclear lysates prepared from
GCN2*"* MEF cells, we found enhanced NF-«kB binding in
the EMSA following 3 h of leucine deprivation, and this bind-
ing continued to be elevated after 6 h of this stress condition
(Fig. 3B, lanes 2 to 5). By contrast, only following 6 h of leucine
starvation was there a modest increase in NF-«B binding in the
GCN2~'~ cells (Fig. 3B, lanes 6 to 9). Further emphasizing the
regulatory specificity for GCN2 and PEK for amino acid star-
vation or ER stress, respectively, we found activation of NF-kB
in GCN27'~ cells in response to ER stress, and NF-kB was
induced in PEK™/~ cells in response to leucine depletion but
not ER stress (Fig. 3C). In the MEF cells containing eIF2a
with Ala substituted for Ser-51 (A/A), there was no activation
of NF-kB during the amino acid limitation—even after 6 h of
leucine starvation (Fig. 3B, lanes 15 to 18). These results in-
dicate that eIF2a phosphorylation is required for induction of
NF-«kB in response to amino acid limitation as well as ER
stress. While GCN2 is the predominant eIF2a kinase in re-
sponse to amino acid starvation, one or more alternative elF2a
kinases can be induced during prolonged leucine starvation,
and this elevated eIF2a phosphorylation leads to the activation
of NF-«B.

ER stress induces NF-kB localization to the nucleus and
transcriptional activation. Nuclear targeting of NF-«kB is an
important step in the mechanism of activation of this transcrip-
tion factor in response to a wide range of stress conditions. To
characterize the cellular localization of NF-kB in response to
ER stress, MEF cells with functional PEK were grown on glass
slides and treated with thapsigargin for 6 h or were not sub-
jected to ER stress. NF-kB was visualized by indirect immu-
nofluorescence using primary antibody specific to p65 and sec-
ondary antibody conjugated to Rhodamine Red. NF-kB was
readily visible in PEK™'™ cells in the absence of thapsigargin
treatment, with a predominant cytoplasmic localization (Fig.
4A). During ER stress, NF-kB was uniformly present in both
the nucleus and cytoplasm (Fig. 4B). Similar characterization
of ATF4 and Chop/GADD153 in PEK"'" cells revealed that
these transcription factors were also induced by ER stress and
were predominantly present in the nucleus (data not shown)
(23). To address the importance of PEK in this nuclear target-
ing, we looked at NF-kB localization in PEK~'~ MEF cells and
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FIG. 2. Phosphorylation of elF2«a at Ser-51 facilitates activation of NF-kB during ER stress. Nuclear lysates were prepared from MEF cells
containing elF2a with wild-type Ser-51 (S/S) or with alanine substituted for the eIF2a phosphorylation site (A/A) subjected to ER stress or to no
stress. Equal amounts of nuclear lysate were used in each EMSA mixture containing radiolabeled DNA with an NF-«B binding site. Instances of
DNA complexed with NF-kB dimers p65/p50 and p50/p50 (indicated by arrows) were visualized following autoradiography. (A) To determine the
specificity for the NF-kB binding site, nonradiolabeled DNA containing the NF-kB site, URE (lanes 2 to 4), or the unrelated CREB DNA binding
site (lanes 1 to 3) was added to EMSA binding mixtures containing nuclear lyates prepared from S/S MEF cells treated with thapsigargin for 6 h.
Competition indicates that nonradiolabeled competitor DNA was added at a 1X, 10X, or 100X molar excess. Free probe (FP) indicates only
radiolabeled NF-kB DNA fragments without nuclear lysate. Radiolabeled DNA at the bottom of panel is unbound probe. (B) Nuclear lysates were
prepared from S/S (lanes 2 to 5) and A/A (lanes 6 to 9) MEF cells subjected to thapsigargin for between 0 and 6 h and assayed for NF-«B binding
in the EMSA. In lanes 10 to 13, supershift indicates that polyclonal antibodies that specifically recognize p50 and/or p65 were added to the EMSA
binding mixture. “None” indicates that no antibody was used in the assay (lane 10). (C) MEF cells were exposed to either thapsigargin (Tg) or
tunicamycin (Tunc) as indicated by the “+” or “—" for the indicated number of hours. Nuclear lysates prepared from S/S and A/A MEF cells (as
indicated) were analyzed for binding to the NF-kB probe in the EMSA.

cytoplasm in either PEK~'~ cells or in those MEF cells tran-
siently expressing PEK (Fig. 4C).

Nuclear localization contributes to transcriptional regula-
tion of genes containing a NF-kB binding element(s) in their

in those cells transiently expressing this eIF2«a kinase. The
PEK-expressing cells were delineated by cotransfecting a plas-
mid encoding green fluorescent protein (GFP). In MEF cells
devoid of PEK function, there was no nuclear localization of

NF-«B in response to ER stress (Fig. 4D). By contrast, in cells
containing GFP—the presence of which is indicative of PEK
expression—there was nuclear localization of NF-«B (Fig. 4E).
In the absence of ER stress, NF-kB was restricted to the

promoters. We introduced a NF-kB-directed luciferase re-
porter gene containing multiple upstream NF-kB binding sites
into PEK™'* or PEK~'~ MEF cells. These transiently trans-
fected cells were exposed to thapsigargin at a concentration
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FIG. 3. Activation of NF-kB during amino acid conditions requires phosphorylation of eIF2a by GCN2 protein kinase. (A) GCN2"/* and
GCN2~/~ MEF cells were deprived of leucine for between 1 and 6 h and subjected to thapsigargin for 1 h or to no stress (0 h) as indicated.
Phosphorylation of eIF2a was assayed for by immunoblot analysis using antibody specific to eIF2a phosphorylated at Ser-51 (eIF2a~P), and total
elF2a levels (eIF2a) were measured using antibody that recognizes both phosphorylated and nonphosphorylated versions of elF2a. (B) Nuclear
lysates were prepared from GCN2*" (lanes 2 to 5), GCN2~/~ (lanes 6 to 9), S/S (lanes 11 to 14), and A/A (lanes 15 to 18) MEF cells deprived
of leucine for the indicated number of hours and were assayed for binding with radiolabeled DNA containing a NF-«kB binding site by the EMSA.
(C) NF-kB binding was measured by the EMSA using nuclear lysates prepared from GCN2 ™/~ and PEK ™/~ MEF cells that were starved for leucine
or exposed to thapsigargin for the indicated number of hours. Arrows indicate DNA complexed with p65/p50 or p50/p50. Free probe (FP) indicates
that only the radiolabeled NF-kB DNA was used in the assay, and the radiolabeled DNA at the bottom of panel B is unbound probe.

range of 0 to 2 uM for 6 h. With a thapsigargin concentration
of 0.5 uM, there was a twofold increase in luciferase activity in
the PEK*'* cells compared to their nonstressed counterparts
(Fig. 5). With exposure to higher concentrations—1 uM to 2
wM of thapsigargin—there was a 3.5- to 10-fold increase, re-
spectively, in luciferase expression in the PEK™'* cells. By
comparison, luciferase activity remained unchanged in PEK /'~
cells that were exposed to these different concentrations of
thapsigargin. As a control, we also transfected a cDNA encod-

ing wild-type PEK using a CMV promoter in plasmid pcDNA3
into the PEK '~ cells exposed to 2 uM thapsigargin, and we
found a nearly 10-fold increase in luciferase activity in re-
sponse to ER stress (Fig. 5). Together, these results are con-
sistent with the idea that e[F2a phosphorylation by PEK facil-
itates nuclear localization of NF-kB during ER stress, thus
leading to transcriptional activation of its targeted genes.

ER stress activates NF-kB by a mechanism that involves
release, but not degradation, of IkB. One mechanism facilitat-
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FIG. 4. elF2a kinase PEK is required for translocation of NF-kB into the nucleus during ER stress. (A and B) PEK*'* MEF cells grown on
glass slides were treated with thapsigargin for 6 h (Tg; panel A) or no stress (UT; panel B). Cells were prepared and the p65 subunit of NF-kB
was visualized using rabbit polyclonal antibodies specific for this transcription factor, followed by goat anti-rabbit IgG conjugated with Rhodamine
Red. NF-«B linked with Rhodamine Red was visualized by laser confocal microscopy. Cell nuclei were stained with DAPI mountain medium, and
electronic images from the Rhodamine Red and DAPI were merged in the right figures. (C through F) PEK '~ cells transfected with a plasmid
expressing PEK (PEK) in combination with plasmid encoding GFP were grown on glass slides. Transfected cells were exposed to thapsigargin (D
and E) or were untreated (C). NF-kB was visualized by using the secondary antibody conjugated with Rhodamine Red, nuclear DNA by DAPI
stain, and GFP by fluorescein isothiocyanate. All three panels were merged as indicated. PEK ™/~ cells transiently expressing PEK were identified
by coexpression with GFP. The PEK '~ MEEF cell in panel D was expressing no PEK or GFP and served as a control for eIF2a kinase dependence

for NF-kB translocation to the nucleus during ER stress.

ing nuclear localization of NF-kB involves phosphorylation
and proteolysis of IkB. We wished to measure IkB phosphor-
ylation and protein levels in the S/S and A/A MEF cells in
response to ER stress. As a control, we also analyzed these
MEF cells in response to treatment with TNF-a, a cytokine
shown to induce phosphorylation of IkB at Ser residues 32 and

36, thus leading to IkB ubiquitin-mediated proteolysis. Within
15 min of thapsigargin exposure, there was an induction of
elF2a phosphorylation that was sustained over the 6-h time
course (Fig. 6A). No phosphorylation of elF2a was detected
after 30 min of exposure to TNF-a (Fig. 6A, lanes 7 and 14).
As expected, no elF2a phosphorylation was detected in the
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FIG. 5. elF2a kinase PEK is required for NF-«kB transcriptional
activity in response to ER stress. An NF-«B firefly luciferase reporter
gene was cotransfected with a Renilla luciferase control plasmid into
PEK*'* (black bar) or PEK~/~ (white bar) MEF cells. MEF cells were
treated with from 0 to 2 pM thapsigargin for 6 h, and the dual lucif-
erase assay was carried out as described in Materials and Methods. To
address whether transient expression of PEK in the PEK '~ MEF cells
restored NF-«kB transcriptional activity, we cotransfected a PEK ex-
pression plasmid with the luciferase genes and subjected these cells to
2 uM thapsigargin (gray bar). Relative NF-kB-luciferase activity is
presented in the histogram, which is normalized for PEK*/* cells not
subjected to thapsigargin treatment.

A/A cells. To determine whether ER stress facilitates phos-
phorylation of IkBa, we used a polyclonal antibody specific to
this inhibitory protein phosphorylated at Ser-32 in an immu-
noblot analysis. TNF-a induced phosphorylation of IkBa in
both the S/S and A/A cells (Fig. 6C); however, no phosphor-
ylation was detected over the 6-h time course of ER stress in
either MEF cell line.

Levels of the o and B isoforms of IkB were measured by
using polyclonal antibodies specific to these proteins. Consis-
tent with the TNF-a-mediated phosphorylation of IkB, there
was a reduction of both IkB « and 8 in the S/S and A/A MEF
cells following treatment with this cytokine (Fig. 6D, lanes 7
and 14). At the time point assayed, TNF-a induced a greater
reduction in IkB « and B levels in the A/A MEF cells com-
pared with that measured in the S/S cells. By comparison,
levels of the IkB isoforms were not appreciably reduced in
these MEF cells, even after 6 h of thapsigargin treatment (Fig.
6D). To further address whether the increase in NF-kB activity
in response to ER stress involved degradation of IkB by pro-
teasomes, MG132—a proteasome inhibitor—was added to
MEF cells along with TNF-a or thapsigargin. While inhibition
of the proteasome significantly lowered TNF-a activation of
NF-kB, there was no deleterious effect on induced NF-«B
activity in response to ER stress (Fig. 7). We conclude that
PEK-mediated activation of NF-«kB in response to ER stress
occurs by a mechanism that does not involve degradation of
IkB « and B. Further emphasizing the separation between
elF2a kinase and TNF-a pathways is our observation that
deletion of an elF2a kinase, such as PEK, has no adverse
impact on the activation of NF-«kB in response to treatment of
MEF cells with this cytokine (data not shown).

Dissociation from IkB is important for localization of NF-kB
to the nucleus and subsequent transcriptional regulation of its
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target genes. To address whether IkB release is critical for
activation of NF-kB in response to ER stress, we immunopre-
cipitated IkBa from lysates prepared from S/S and A/A MEF
cells treated with thapsigargin for up to 6 h. Proteins from the
immunocomplexes were subjected to SDS-PAGE and ana-
lyzed by immunoblotting. Similar IkBa levels were measured
in each immunocomplex derived from the thapsigargin-treated
lysates (Fig. 6G). By contrast, the levels of coprecipitated
NF-kB as measured by p65 polyclonal antibody were reduced
in S/S cells in response to ER stress (Fig. 6F). After 30 min of
thapsigargin treatment, there was an appreciable reduction in
po65 associated with IkBa, which was further lowered following
1 to 3 h of ER stress. In contrast, in A/A cells p65 was uniform-
ly associated with Ik Ba independent of thapsigargin treatment.
After TNF-a exposure, there was a reduction in coprecipita-
tion of p65 with IkBa in both the S/S and A/A cells. Levels of
p65 in the total cell lysate were uniform in each sample, dem-
onstrating that this reduction in NF-kB association with IkB
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FIG. 6. Activation of NF-kB in response to ER stress involves
release but not proteolysis of IkB. S/S (lanes 1 to 7) and A/A (lanes 8
to 14) MEF cells were treated with thapsigargin for up to 6 h, with
TNF-a for 30 min, or with no stress (0 h). Equal amounts of whole-cell
lysates were separated by SDS-PAGE; phosphorylated elF2a (A),
total elF2a (B), IkBa phosphorylated at Ser-32 (C), total levels of
IkBa and IkBB (D), and p65 (E) were measured by immunoblotting
using specific antibodies. IkBa was immunoprecipitated and the levels
of p65 (F) or IkBa (G) in the immunocomplexes were measured by
immunoblot analysis. The IgG present in the immunocomplex mi-
grated near p65 in the SDS-PAGE as indicated in panel F. Each panel
is derived from one immunoblotting experiment, and the dotted line
between lanes 7 and 8 is shown only for alignment purposes.
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FIG. 7. Reduced protein degradation impairs TNF-a-directed in-
duction of NF-kB but does not reduce NF-«kB activity during ER
stress. PEK"/* and PEK ™'~ MEF cells were treated with thapsigargin
(Tg), TNF-a, and MG132 as indicated by the “+” or “—" symbols for
the indicated number of hours or were subjected to no stress (0 h).
Equal amounts of nuclear lysates prepared from MEF cells were an-
alyzed for binding to the NF-«kB probe by the EMSA. DNA complexed
with p65/p50 or p50/p50 is indicated by arrows.

cells upon the induction of ER stress was not due to decreased
amounts of p65 in the in PEK*'* MEF cells (Fig. 6E).

Phosphorylation of elF2« is required to activate NF-kB in
response to inhibition of general transcription or translation.
During the course of experiments designed to address the role
of protein and mRNA synthesis in stress responses, we found
that treatment with cycloheximide or actinomycin D induces
elF2a phosphorylation (Fig. 8A). Cycloheximide induced a
high level of eIF2a phosphorylation in MEF cells following 3 h
of exposure. By comparison, treatment of MEF cells with ac-
tinomycin D showed a modest level eIF2a phosphorylation
after 3 h of exposure, a level which was significantly elevated
after 6 h. The levels of elF2a phosphorylation were further
increased by combining either chemical inhibitor with thapsi-
gargin (Fig. 8A). Similar amounts of total eIF2« were found in
each lysate.

Given that inhibition of protein synthesis by cycloheximide
treatment has been reported to also induce NF-«kB (52), we
asked whether elF2a phosphorylation in response to this
chemical inhibitor was linked to NF-«B activation as observed
for ER and nutritional stress. Following exposure of S/S MEF
cells to cycloheximide for 3 h, there was a significant activation
of NF-«kB as measured by enhanced binding in the EMSA that
was further increased after 6 h of treatment (Fig. 8B, lanes 5
and 6). Unlike the ER stress condition, the induction of NF-xB
by cycloheximide involved only detection of the higher-molec-
ular-weight radiolabeled band. A combined addition of thap-
sigargin and cycloheximide to the S/S MEF cells also induced
only the larger band at levels similar to that observed for
cycloheximide alone (Fig. 8B, lanes 9 and 10). In similar ex-
periments involving A/A, there was a marked reduction in
NF-«kB binding, which demonstrated that eIF2a phosphoryla-
tion is required for full activation of NF-kB in response to
cycloheximide (Fig. 8B).

There was also enhanced NF-«kB binding in S/S MEF cells
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exposed to actinomycin D for 3 h, with a further increase
following 6 h of treatment (Fig. 8C, lanes 6 and 7). As de-
scribed for cycloheximide, this induction of NF-kB by actino-
mycin D involved only the higher-molecular-weight version.
Addition of actinomycin D and thapsigargin together led to an
even greater induction of NF-kB (Fig. 8C, lanes 9 and 10). By
comparison, this activation of NF-kB was significantly dimin-
ished in A/A cells treated with actinomycin D or with the
combination of actinomycin D and thapsigargin (Fig. 8C, lanes
7,8, 11, and 12).

To address the composition of the NF-kB subunits, we add-
ed polyclonal antibody specific to pSO to the EMSA mixture
and found no change in migration of this band (Fig. 8D). By
contrast, addition of antibody that recognizes p65 resulted in a
complete supershift of the radioactive band, thus suggesting
that this version of NF-kB represents a probable p65 ho-
modimer. Addition of nonradiolabeled URE DNA effectively
competed for binding of this NF-kB. Together, these results
indicate that inhibition of general translation or transcription
can induce NF-kB by a mechanism requiring phosphorylation
of elF2a. Induction of eIF2a phosphorylation by actinomycin
D or cycloheximide occurs not only in MEF cells but also in
other cell types, including NIH 3T3 and human embryonic
kidney 293 cells (data not shown). This increased phosphory-
lation of elF2a is not dependent on either PEK or GCN2
alone, as there is elevated elF2a phosphorylation in PEK '~
and GCN2~/~ MEF cells in response to cycloheximide treat-
ment (data not shown). Furthermore, activation of PEK, as
judged by the migration shift accompanying autophosphoryla-
tion of this eIF2 kinase (25, 41), does not occur in response to
this protein synthesis inhibitor. Therefore, alternative eIF2«a ki-
nases may be activated in response to cycloheximide exposure,
or there may be a reduction in eIF2a phosphatase activity.

p65 is dispensable for elF2« kinase-dependent expression
of ATF4 and Chop. The elF2a kinases induce a gene expression
cascade that includes bZIP transcription factors ATF4 and
Chop in response to diverse stress conditions (22, 23, 35).
Given that eIF2a phosphorylation also facilitates activation of
NF-«kB, we asked whether p65 function is required for induc-
tion of the elF2a kinase stress pathway. Induced phosphory-
lation of eIF2a occurs in response to thapsigargin treatment of
MEEF cells, thus contributing to elevated expression of ATF4
and Chop (Fig. 9). Deletion of p65 function did not affect the
induction of eIF2a phosphorylation, although elF2a phos-
phorylation in nonstressed p65~/~ cells was slightly higher
compared to its wild-type counterpart. ER stress induction of
ATF4 and Chop expression occurred in both p65™/* and
p65~/~ cells. After 3 h of thapsigargin exposure, induction of
ATF4 and Chop expression was slightly lower in the p65~/~
cells compared to p65™/" cells, while 6 h of ER stress elicited
comparable levels of these transcriptional factors (Fig. 9).
These results suggest that the e[F2a kinase stress response can
occur independent of p65 function.

DISCUSSION

elF2a phosphorylation mediates induction of NF-«kB in re-
sponse to diverse stress conditions. NF-«B is a central regu-
lator of stress response pathways, serving to coordinate the
transcription of genes whose products serve to alleviate the
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underlying stress condition. In this study, we showed that phos-
phorylation of elF2« is fundamental to the process by which
diverse physiological stresses are monitored and relayed to the
activation of NF-kB. For example, in response to impaired
protein folding and assembly in the ER, phosphorylation of
elF2a by PEK is essential for the induction of NF-kB activity
(Fig. 1, 2, 4, and 5). The mechanism by which NF-kB is acti-
vated during ER stress involves release of IkB but not degra-
dation of this inhibitory protein (Fig. 6 and 7). During amino
acid starvation, phosphorylation of elF2a by GCN2 protein
kinase signals activation of NF-kB (Fig. 3). Furthermore, in-
hibition of general translation or transcription by cyclohexi-
mide and actinomycin D, respectively, elicits the eIF2a phos-
phorylation required for the induction of NF-«B (Fig. 8).
Together, these studies suggest that e[F2a kinases recognize
and are activated by a range of stress conditions that have an
impact on transcription and protein synthesis and assembly,
and the resulting eIF2« phosphorylation is central to the acti-
vation of the NF-«kB. This linkage between eIF2a phosphory-
lation and activation of NF-kB also provides an important
explanation for why eIF2« kinase deficiency in diseases such as
WRS lead to apoptotic episodes. In most cell types, NF-kB
activates genes with antiapoptotic function, including the IAP
family, TRAF1 and TRAF2, and the Bcl-2 homologues Bfl-1/
Al and Bcel-X; (2, 4, 19, 26, 38, 60, 62-64, 75). The absence of
elF2a phosphorylation and the directed NF-kB-mediated
transcription during stressful conditions, such as those leading
to elevated protein misfolding in the ER, would significantly
enhance programmed cell death.

Role of elF2a phosphorylation in the regulation of NF-kB
function. Transcriptional activity of NF-kB is regulated via
DNA binding and transactivation. The ankyrin repeat domains
of IkB family members associate with the Rel homology do-
main of NF-kB, thereby masking the NF-kB nuclear localiza-
tion signal and DNA binding domain. Certain stresses can
activate the IKK complex, contributing to phosphorylation of
two residues in IkBa, Ser-32 and -36, and in kB, Ser-19 and

FIG. 8. Activation of NF-«B in response to cycloheximide or acti-
nomycin D exposure requires phosphorylation of eIF2a. (A) S/S MEF
cells were exposed for the indicated number of hours to thapsigargin
(Tg), actinomycin D (AD), or cycloheximide (CHX) as indicated or to
no stress agent (0 h). Phosphorylation of elF2a was measured by
immunoblot analysis using polyclonal antibody specific to eIF2a phos-
phorylated at Ser-51 (eIF2a~P). Levels of total eIF2a were assayed by
using antibody that recognizes both phosphorylated and nonphospho-
rylated versions of the translation initiation factor (eIF2a). S/S and
A/A MEF cells were exposed to thapsigargin, cycloheximide (B), or
actinomycin D (C) as indicated by the “+” or “—” for the indicated
number of hours. Nuclear lysates prepared from S/S and A/A MEF
cells, as indicated, were analyzed for binding to the NF-«kB probe in the
EMSA. Arrows indicate DNA complexed with p65/p50 or p50/p50 in
thapsigargin-stressed preparations or with p65/p65 in cycloheximide or
actinomycin D-stressed cells as defined in experiments shown in panel
D. In panel D, S/S MEF cells were treated with actinomycin D for 6 h
and analyzed for binding with the NF-kB DNA. In lanes 1 to 4, super-
shift designates that antibodies that specifically recognize p50 and/or
p65 were added to the EMSA binding mixture. “None” indicates that
no antibody was added to the assay. In lanes 5 to 7, competition
(Comp) indicates that nonradiolabeled NF-kB URE competitor DNA
was added at a 10X or 100X molar excess or was not added (None). In
lane 8, A/A MEF cells were similarly analyzed using actinomycin D.
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elF2a kinase pathway genes in response to ER stress. p65 (Reld)*'*
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were measured by immunoblotting using antibodies specific to the
indicated protein.

Ser-23, which triggers ubiquitination and IkB degradation by
the 26S proteasome (32). In the example of activation of
NF-«kB by ER stress, we found no phosphorylation of Ser-32 of
IkBa, nor did we observe any appreciable reduction in the
levels of IkBa or IkBB (Fig. 6). However, ER stress did signal
the release of IkB from NF-«B, thus leading to the transloca-
tion of NF-«B into the nucleus and enhanced transcriptional
activation (Fig. 4 to 6). We do not yet understand how elF2a
phosphorylation contributes to release of IkB. Previous studies
have observed that tyrosine phosphorylation of IkBa, which
can occur in reoxygenated hypoxic cells or in cells exposed to
the tyrosine phosphatase inhibitor pervanadate, induces disso-
ciation from NF-kB without proteolytic degradation of IkBa
(29). The mechanism by which tyrosine phosphorylation aids
IkB clearance from NF-kB is not clear, but it may involve
sequestration through interaction of the modified IkB with the
regulatory subunit (p85«) of phosphoinositide 3-kinase (5).
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Another mechanism for enhancing NF-kB activity involves di-
rect phosphorylation of p65 at multiple residues in its carboxy
terminus (15, 32, 39). Such phosphorylation of p65 enhances
the transactivation potential of NF-kB by modulating its asso-
ciation with transcriptional regulators such as the CREB-bind-
ing protein (BCP)/p300 or the histone deacetylase HDAC-1.

Phosphorylation of elF2« in response to inhibition of gen-
eral mRNA and protein synthesis mediates NF-kB activation.
We found that elF2a phosphorylation in response to general
inhibition of transcription or translation by actinomycin D and
cycloheximide, respectively, is required for activation of NF-«B
(Fig. 8). Given the broad spectrum of stress conditions that are
observed to induce NF-kB activity, it is inviting to speculate
that stress agents that directly or indirectly reduce gene ex-
pression regulate the function of NF-kB by inducing elF2a
kinases or blocking eIF2a phosphatases. It is interesting that
while phosphorylation of elF2a during ER stress enhanced
DNA binding by p65/p50 and p50/p50 dimers (Fig. 1 and 2),
elevated elF2a phosphorylation during cycloheximide or acti-
nomycin D treatment enhanced the activity of only p65 ho-
modimers (Fig. 8). This difference in NF-«kB dimer induction
suggests that eIF2a phosphorylation can work in conjunction
with additional stress factors to program NF-kB activities.
Such additional stress factors may be controlled by alternative
stress pathways that are independent of eIF2a phosphoryla-
tion. Combinatorial interactions would provide for different
patterns of gene expression, as p65 homodimers are thought to
have different binding properties for kB-related sites than
those of the p65/p50 dimer (37, 47).

Contributions of eIF2« kinases and NF-kB in the regulation
of stress-induced apoptosis. WRS patients have characteristic
diseases related to many secretory tissues. The affected cell
types include pancreatic islet beta cells, leading to early onset
of diabetes, osteoblasts contributing to epiphyseal dysplasia,
pancreatic acinar cells leading to digestive disorders, and thy-
roid cells promoting hypothyroidism (6, 8, 58). It is thought
that normal developmental processes occurring after birth con-
tribute to cellular ER stress that is magnified in tissues with
extensive secretory organelles. Many of these pathologies have
also been documented in PEK (Perk)™~ mice (21, 72). ER
stress activates the processing of the ER-resident proapoptotic
cysteine protease, caspase 12 (44). Treatment of PEK (Perk) '~
ES cells with ER stress agents, e.g., tunicamycin or thapsigar-
gin, contributes to accumulation of higher levels of activated
caspase 12 and increased programmed cell death compared to
wild-type cells (24). How loss of PEK heightens activation of
this caspase and apoptosis is not well understood. In fact,
Chop, one of the best-documented transcription factors in-
duced by eIF2a phosphorylation during ER stress, has a potent
proapoptotic function (43, 46, 74).

One explanation for how the loss of PEK activity facilitates
apoptosis centers on the idea that PEK~'~ cells cannot phos-
phorylate eIF2aq, thus leading to continued high levels of trans-
lation initiation compared to wild-type cells. Continued syn-
thesis of secretory proteins during ER stress would exacerbate
the protein assembly load in the ER and thwart the ability of
the cell to remedy protein misfolding. Interestingly, treatment
with cycloheximide in combination with ER stress was re-
ported to elicit a partial suppression of apoptosis in PEK ™/~
ES cells (24). This observation led to the proposal that reduced
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protein synthesis was an obligatory response to the ER stress.
Our results indicate that the absence of NF-«kB activity, and its
potent antiapoptotic function in many cell types, is also an
important contributor to enhanced programmed cell death in
many elF2a kinase-deficient cells.

It is curious that the eIF2a kinase PKR is said to promote
apoptosis as part of the antiviral defense pathway (1, 17, 67). A
further difference is that PKR is thought to physically associate
with IKK and to enhance IkB phosphorylation and ubiquitin-
mediated degradation (7, 16, 18, 30, 70). The mechanism by
which PKR activates NF-kB is not thought to involve elF2a
phosphorylation. The differences between the apparent pro-
and antiapoptotic functions of PKR and PEK, respectively,
may reflect their different physiological stress contexts and
associated stress factors that work in concert with these two
elF2a kinases. These differences may also explain the distinct
mechanisms by which PKR and PEK regulate NF-«B.
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