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Malfolded proteins in the endoplasmic reticulum (ER) induce cellular stress and 
activate c-Jun amino-terminal kinases (JNKs or SAPKs). Mammalian homologs 
of yeast IREI, which activate chaperone genes in response to ER stress, also 
activated INK, and IRE7ap '  fibroblasts were impaired in INK activation by ER 
stress. The cytoplasmic part of IRE1 bound TRAFZ, an adaptor protein that 
couples plasma membrane receptors to JNK activation. Dominant-negative 
TRAF2 inhibited activation of INK by IRE1. Activation of INK by endogenous 
signals initiated in the ER proceeds by a pathway similar to that initiated by cell 
surface receptors in response to extracellular signals. 

cJUX NH,-terminal kinases [JNKs: also 
known as stress-activated protein kinases 
(SAPKs)] constitute a family of signal trans- 
duction proteins that are activated under a 
diverse set of circumstances (I). JNKs regu- 
late gene expression through the phosphoryl- 
ation and activation of transcription factors 
such as cJUN or ATF2 (2) or by regulating 
mRNA stability (3). The physiological signif- 
icance of JNK signaling has been document- 
ed by genetic analysis in Drosophila and 
mice (4). Upstream activators of JNK signal- 
ing are arranged in a kinase cascade that is 
similar to that of the yeast pheromone mating 
pathway (5). However, only limited informa- 
tion is available about how proximal signals 
are coupled to activation of this kinase cas- 
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cade. The best-characterized link is that be- 
tween ligation of the tumor necrosis factor 
(TNF) receptor and activation of JNKs. This 
link depends on recruitment of adaptor pro- 
teins known as TRAFs to the cytosolic side of 
the ligated receptor (6).TRAF2 appears to be 
specifically important in this regard, because 
deletion of the gene abolishes JNK activation 
by TNFa (7).  The TRAFs activate proximal 
kinases to initiate a kinase cascade, culminat- 
ing in JNK phosphorylation and activation 
(8) .  The mechanistic details of the TRAF- 
dependent activation of the proximal kinases 
in the cascade are incompletely understood; 
however, TRAF effector function depends on 
the integrity of its NH,-tenninus (9). 

Stress in the endoplasmic reticulum (ER), 
induced by perturbations that lead to accumu- 
lation of malfolded proteins in that compart- 
ment, also activates JNKs (10). However, cou- 
pling of ER stress to JNK activation is not 
understood. In yeast, IRElp, the product of the 
inositol auxotrophy gene IREI, serves to trans- 
duce stress signals from the ER that result in 
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altered gene expression in a pathway known as 
the "unfolded protein response" (11, 12). Two 
mammalian homologs of yeast IRElp have 
been identified: IREla (13) and IREl P (14). 
These related transmembrane ER-resident pro- 
tein kinases are believed to sense ER stress 
through their conserved lumenal domains. Sig- 
nal transduction is associated with oligomeriza- 
tion and phosphorylation of the cytosolic por- 
tion of IRElp and increased kinase activity of 
the protein (11,12). Given their abihty to trans- 
duce stress signals across the ER membrane 
and their similarity to classic transmembrane 
receptors, we examined the possibility that 
IREls also might contribute to JNK activation 
during ER stress. 

Lysates from ER-stressed rat pancreatic aci- 
nar AR42J cells treated with thapsigargin (an 
agent that promotes ER stress by depletion of 
lumenal calcium stores), tunicamycin (which 
blocks protein glycosylation), or dithiothreitol 
(which interferes with disulfide bond forma- 
tion) all exhibited increased JNK activity (Fig. 
IA). Activation of ER stress is revealed by the 
shift in mobility of the PKR-like ER kinase 
(PERK), a convenient early marker of ER stress 
(IS). Activation of JNKs by ER stress, although 
always present, varies in magnitude depending 
on cell type and is particularly pronounced in 
cells such as AR42J cells, which have a well- 
developed ER. It is consistently less than that 
observed in the same cells exposed to ultravio- 
let (W)light or the protein synthesis inhibitor 
anisomycin. 

Overexpression of IRElp or its mammalian 
homologs leads to their activation independent- 
ly of ER stress signaling (13, 14, 16, 17).  
Therefore, we overexpressed either form of 
mammalian IREl in cells and measured the 
kinase activity of a coexpressed exogenous 
JNK hsed to a glutathione S-transferase tag 
(SAPKIP-GST). To limit the analysis of en- 
zyme activity to that present in the transfected 
cells, the SAPKI P-GST fusion protein was pu- 
rified by ligand affinity chromatography and 
then reacted in vitro with the recombinant GST- 
.TUN substrate (18). Overexpression of either 
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IRElP or IREla increased SAPKIP-GST ac- 
tivity (Fig. lB), although levels of activation 
were less than those imparted by overexpres- 
sion of a constitutively activated MEKKI, an 
upstream component of the JNK cascade (18, 
19). Mutant forms of IREl that lack kinase 
activity and are impaired in induction of the 
unfolded protein response (13, 14, 16, 17) 
caused little or no activation of SAPK1 P even 
though they were expressed at much higher 
amounts than were the wild-type proteins (Fig. 
1B). Thus activation of the JNKs by IREl 
overexpression appears to depend on some as- 
pect of IREl effector function and probably is 
not a consequence of ER stress caused by over- 
loading the organelle with resident proteins. 

To further define the role of IREl in JNK 
activation in response to ER stress, we studied 
cells deficient in IRE1. The two IREl isoforms 
have different expression patterns; IREl P ex- 
pression is limited to the gut, whereas IREla 
has been found in all cells tested (13). An allele 
of IREla bearing a targeted deletion of the 
transmembrane domain was created in the germ 
line of mice by standard embryonic stem (ES) 
cell techniques and IREIa-I- embryos were 
produced by heterozygous mating (20). Fibro- 
blasts from IREla-I- embryos had no IREla 
protein detectable by sequential irnmunopre- 
cipitation and protein immunoblotting with an- 
tiserum to the cytosolic portion of the mouse 
protein (21). IREla was detectable by this as- 
say in wild-type cells (Fig. 2A). ER stress led to 
a twofold increase in JNK activity in wild-type 
fibroblasts, whereas in the IREIa-I- fibro- 
blasts JNK activity was decreased by ER stress 
(Fig. 2B). The cause for this decrease is not 
known; however, activation of JNK by UV 
light and PERK activation by ER stress were 
indistinguishable in cells of both genotypes 
(Fig. 2B). This indicates that the mutant cells 
are capable of responding to stress. We con- 
clude that IREla plays an essential role in 
mediating JNK activation in response to ER 
stress in embryonic fibroblasts. 

To identify possible mediators of the link 
between IREl and JNK activation, we sought to 
isolate proteins that interact with IREl . We used 
the cytosolic effector domain of IREl P as "bait" 
in a yeast two-hybrid screen for interacting pro- 
teins. We screened a human fibroblast cDNA 
librav and identified 21 interacting clones from 
a total of 2 X lo6 screened (22). Two of these 
encoded different fusions of the full-length hu- 
man TRAF2 protein to the GAL4 activation 
domain. Deletion analysis showed that the inter- 
action between the IREl P COOH-terminus and 
TRAF2 depended on the TRAF portion of the 
latter, located at its COOH-terminus (23). The 
so-called TRAF domain, conserved in all 
TRAFs, mediates their multimerization and 
interaction with upstream activators (24). We 
coexpressed Flag-tagged TRAF2 with wild- 
type or mutant forms of IRE1 P in mammalian 
cells and studied their ability to form a stable 

complex that could be coimmunoprecipitated 
with antibodies to the epitope-tagged TRAF2. 
Wild-type IRElP and a COOH-terminally 
truncated form that lacks the endonuclease 
domain required for activation of downstream 
gene expression (IREl PAEN) were both coim- 
munoprecipitated with TRAF2 (Fig. 3A). This 
result is consistent with the observation that 
IREIPAEN also activated JNK when overex- 
pressed in cells (23). Coexpression of a com- 
parable amount of the Lys536 to Ala (K536A) 
mutant IREl P that lacks kinase activity with 
TRAF2 did not result in complex formation 
(Fig. 3A). This result is consistent with inac- 
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Fig. 1. Activation of JNK by ER stress and l R E l  
overexpression. (A) (Top) Autoradiogram of en- 
dogenous JNK activity in lysates of cells exposed 
to inducers of ER stress measured by an in vitro 
kinase assay with purified GST-JUN and 
[y-32P]ATP as substrates (29). UT, untreated; Tg, 
thapsigargin (1 pM); Tun, tunicamycin (2.5 pg/ 
ml); DTT, dithiothreitol (I0 mM); UV, ultraviolet 
light (27 J/m2); Ans, anisomycin (3.8 pM). (Bot- 
tom) Protein immunoblot of PERK immunopre- 
cipitated from the same lysates. Activation of 
PERK by ER stress is reflected in its shift to a lower 
mobility phosphorylated form, P-PERK. (B) (Top) 
Autoradiogram of JNK activity purified from ly- 
sates of 293T cells 40 hours after cotransfection 
with expression plasmids encoding wild-type or 
kinase inactive K599A and K536A mutant forms 
of IREla (73) and IREIP (74), respectively, and 
the GST-tagged JNK isoform SAPKIP. JNK 
(SAPKIP) kinase activity was assayed as de- 
scribed (78). Fold activation of SAPKIP was cal- 
culated as the ratio of 32P incorporation into the 
substrate (GST-JUN) between lysates of cells 
with no l R E l  (lane 1) and the various IRE1 deriv- 
atives (lanes 2 to 5). MEKKl (lane 6) serves as a 
positive control for JNK activation (2). (Bottom) 
Protein immunoblots of SAPKIP in the kinase 
reaction and lREla and IRElP derivatives in the 
input lysates of the kinase reactions. SAPKI P was 
detected by an antiserum to GST, whereas IREla 
and -p were detected by antibodies to the 
COOH-terminal portion of the murine proteins. 
Shown is a typical result of an experiment repeat- 
ed five times. 

tivity of the K536A mutant IRElP as a bait in 
the two-hybrid screen (23) and with inability 
of the K536A mutant to activate JNK when 
overexpressed in cells (Fig. 1B). We isolat- 
ed proteins associated with the endogenous 
TRAF2 in AR42J cells by immunoprecipi- 
tating TRAF2 with an antiserum directed 
against the NH,-terminal portion of the pro- 
tein. ~ n d o ~ e n o i s  IREla was recovered in 
the TRAF2 immunoprecipitates only when 
the cells were treated with an agent that 
causes ER stress (Fig. 3B). These results 
suggest that ER stress-induced activation of 
IREl kinase activity is important for 
TRAF2 recruitment, whereas endonuclease 
activity of IREl is dispensable. 

TRAF2 truncated in its NH,-terminal ac- 
tivation domain functions as a dominant-neg- 
ative inhibitor of TRAF signaling (25, 26). 
We coexpressed mutant TRAF2, IREl P, and 
SAPKIP-GST and measured the latter's ac- 
tivity in cell lysates. In the absence of mutant 
TRAF2, IREl P activated SAPKI P-GST 
(Fig. 4). Increased expression of mutant 
TRAF2 led to a progressive reduction in 
SAPKIP-GST activity. Mutant TRAF2 had 
no effect on the amount of either IRElP or 

A l- Dl- D 
kD > + > I -  

200) 

- IREla 

Fig. 2. Requirement of IREla for JNK activation in 
response to ER stress but not UV light. (A) l R E l a  
protein in wild-type and knockout cells. (Top) 
lmmunoprecipitation followed by immunoblot 
with an IREla antiserum from detergent lysates 
of mouse embryonic fibroblasts with the indicat- 
ed l R E l a  genotypes (20) that were untreated 
(UT) or treated Gth 1 )LM thapsigargin for 1 hour 
(TE). (Bottom) lmmuno~reci~itation and immu- 
nz lo i  of PERK in the sa'me iysates. Migration of 
molecular size markers is indicated by arrow- 
heads. (B) (Top) JNK activity in wild-type and 
IRE7a-1- embryonic fibroblasts exposed to 1 pM 
thapsigargin (Tg), tunicamycin at 2.5 pg/ml 
(Tun), or UV light at 27 J/m2. (Bottom) Immuno- 
blot of PERK immunoprecipitated from the same 
lysates. Shown are results of a typical experiment 
repeated five times with cells derived from two 
independent matched pairs of wild-type and mu- 
tant embryos. 
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Fig. 3. Interaction of TRAFZ and IRE1 proteins 
in cells. (A) Coimmunoprecipitation of IREIP 
and TRAFZ from lysates of 293T cells trans- 
fected with expression plasmids encoding the 
indicated proteins. WT, wild-type IREIP; KA, 
K536A mutant IREIP; AEN, mutant IREIP lack- 
ing the endonuclease domain (74). PERK (lane 
6) sewed as an indicator for the specificity of 
the TRAF2-IREIP interaction. TRAFZ, tagged 
with the Flag epitope, was immunoprecipitated 
(IP) from cells with the antibody to Flag and the 
immunoprecipitates were blotted (WB) for the 
presence of I R E I P  or PERK with polyclonal rab- 
bit serum, or TRAFZ using the antibody to Flag 
(30). Proteins on the blot are indicated by the 
arrows on the right as is the signal from the 
immunoglobulin heavy chain (Ig-HC). The con- 
tent of IRE IP  and PERK in the lysates is indi- 
cated by immunoblotting a sample of the ly- 
sate used for the immunoprecipitation reac- 
tions (Bottom). (6) Endogenous TRAFZ was im- 
munoprecipitated from untreated (UT) and 
thapsigargin-treated cells (Tg; 1 yM for the 
indicated time), and the IREIa present in the 
immunoprecipitates was revealed by immuno- 
blotting (Top). lmmunoprecipitation with anti- 
Ribophorin serum (lane 1) served as an indica- 
tor for specificity of the interaction of IREla 
and TRAFZ in the stressed cells. The amount of 
TRAFZ recovered in the immunoprecipitate 
(Middle) and the amount of IRElol present in a 
sample of the lysate used in the immunopre- 
cipitation reaction (Bottom) were revealed by 
immunoblotting. 

SAPKIP. These results are consistent with a 
role for TRAF2, or a related protein acting 
downstream of IREI, in mediating the effects 
of ER stress on JNK activation. 

The crystal structure of the COOH-termi- 
nal TRAF domain suggests its propensity for 
multimerization. As such, TRAFs are partic- 
ularly well suited to interact with targets such 
as TNF receptors that oligomerize in re- 
sponse to ligand binding (27). Clustering of 
the NH,-terminal effector domain of TRAF2 
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Fig. 4. Inhibition of IREl-mediated activation of 
JNK by dominant-negative TRAFZ. 293T cells 
were transfected with expression plasmids for 
IREIP, the SAPKIP isoform of JNK, and the indi- 
cated amounts of an expression plasmid encoding 
a Flag-tagged dominant-negative derivative of 
TRAFZ that lacks the NH,-terminal effector do- 
main TRAFZ (87-501) (30). JNK (SAPKIP) activity 
was assayed by autoradiography of [3ZP]CST-~UN 
phospholylated in vitro by the SAPKIP purified 
from the transfected cell lysates (Top). IREIP and 
Flag-TRAFZ (87-501) content of the lysate and 
SAPKIP content of the kinase reaction were mea- 
sured by immunoblotting (Bottom). Shown is a 
typical experiment repeated three times. 

is sufficient for initiating JNK activation 
(28). Clustering is thought to promote activa- 
tion of proximal components of the JNK 
kinase cascade that are bound to the NH,- 
terminal effector domain of TRAF2 (28). In 
yeast, ER stress leads to oligomerization of 
IRElp (11) and a similar event is thought to 
take place in mammalian cells (12). There- 
fore, stress-induced oligomerization and acti- 
vation of IREl could lead to clustering of 
TRAF2 that is bound to the COOH-terminal 
cytoplasmic portion of the IREl. Thus, acti- 
vation of JNKs by endogenous ER stress may 
proceed by a pathway similar to that used by 
cells to respond to extracellular signals like 
TNFa. In mouse, IREla is an essential gene 
(IREla-'- embryos die of unknown cause 
between days 9.5 and 11.5 of gestation); 
however, there is no obvious defect in induc- 
tion of the unfolded protein response in these 
animals. This leaves open the possibility that 
in mammalian cells JNK activation in re- 
sponse to ER stress may be an important 
determinant of cell fate during development. 
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