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Endoplasmic reticulum (ER) stress is a hallmark feature of secretory cells and many diseases, including
cancer, neurodegeneration, and diabetes. Adaptation to protein-folding stress is mediated by the activation
of anintegrated signal transduction pathway known as the unfolded protein response (UPR). The UPR signals
through three distinct stress sensors located at the ER membrane-IRE1«, ATF6, and PERK. Although PERK
and IRE1a share functionally similar ER-luminal sensing domains and both are simultaneously activated in
cellular paradigms of ER stress in vitro, they are selectively engaged in vivo by the physiological stress of
unfolded proteins. The differences in terms of tissue-specific regulation of the UPR may be explained by
the formation of distinct regulatory protein complexes. This concept is supported by the recent identification
of adaptor and modulator proteins that directly interact with IRE1a. In this Review, we discuss recent
evidence supporting a model where IRE1a signaling emerges as a highly regulated process, controlled by

the formation of a dynamic scaffold onto which many regulatory components assemble.

Introduction

A number of conditions interfere with oxidative protein-folding
processes in the endoplasmic reticulum (ER) lumen (Ron and
Walter, 2007), leading to accumulation of misfolded proteins,
a cellular condition referred to as “ER stress.” Adaptation to
ER stress is mediated by engagement of the unfolded protein
response (UPR), an integrated signal transduction pathway
that transmits information about protein-folding status in the
ER lumen to the nucleus to increase protein folding capacity.
Conversely, cells undergo apoptosis if these mechanisms of
adaptation and survival are insufficient to handle the unfolded
protein load.

The occurrence of ER stress is observed in many physiological
processes, especially in highly secretory cells such as plasma B
lymphocytes, salivary glands, and pancreatic B cells. The high
demand for efficient protein folding and secretion processes in
these cells constitutes a constant source of stress initiated by
the presence of large amounts of misfolded proteins that are
normally generated during the protein maturation process. These
folding subproducts are eliminated through ER-associated
degradation (ERAD), where misfolded proteins translocate to
the cytosol and are degraded by the proteasome (reviewed
in Vembar and Brodsky, 2008). ER stress is also triggered by
conditions that alter proteostasis associated with perturbations
in protein maturation, expression of certain mutant proteins,
decreased chaperone function, abnormal ER calcium content
redox metabolism, altered trafficking, and many others (Powers
et al., 2009). As an initial response to ER stress, cells activate
the UPR to decrease the unfolded protein load and recover
homeostasis. In doing so, UPR signaling enforces global changes
in expression of proteins related to nearly every aspect of the

secretory pathway. For example, gene-expression profiling has
demonstrated that the UPR regulates genes involved in protein
entry into the ER, folding, glycosylation, ERAD, protein quality
control, redox metabolism, autophagy, lipid biogenesis, and
vesicular trafficking (Figure 1A). Increasing attention has been
given to the regulation of the UPR based on substantial evidence
for the involvement of chronic ER stress in many diseases,
including neurodegenerative conditions (Matus et al., 2008),
cancer (Moenner et al., 2007), diabetes (Lipson et al., 2006),
and inflammation (Todd et al., 2008), hence offering new thera-
peutic targets to treat these diseases.

Distinct UPR Signaling Branches

The UPR was first characterized in yeast where a single signaling
pathway governs the response to ER stress mediated by a type |
transmembrane ER protein known as IRE1p (inositol-requiring
transmembrane kinase/endonuclease) (Ron and Walter, 2007).
In higher eukaryotes, the UPR gained complexity as it is medi-
ated by at least three distinct UPR signaling pathways initiated
by the sensors IRE1a and IRE1B, PERK (PKR-like ER kinase),
and ATF6a and ATF6B (activating transcription factor 6)
(Figure 1A). Activated PERK inhibits protein translation into the
ER through the inactivation of the initiation factor elF2a, allevi-
ating ER stress by decreasing the overload of misfolded
proteins. Phosphorylation of elF2o allows the expression of
ATF4 (activating transcription factor 4), a transcription factor
that upregulates UPR genes that function in amino acid and
redox metabolism (Harding et al.,, 2003), including chop/
gadd153 and gadd34 (Figure 1A). A second UPR pathway is initi-
ated by ATF6a. and ATF6B, type Il ER transmembrane proteins
whose cytosolic domain encodes a bZIP transcriptional factor
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Figure 1. Essential Components of the Unfolded
Protein Response

(A) UPR signaling. Accumulation of misfolded protein
inside the endoplasmic reticulum (ER) lumen triggers
a stress response known as UPR. There are at least three
main stress sensors at the ER membrane: IRE1q, PERK,
and ATF6. In cells undergoing ER stress, IRE1a autophos-
phorylates, leading to the activation of its endoribonu-
clease domain. This activity mediates the processing of
the mRNA encoding XBP1, which is a transcriptional
factor that upregulates many essential UPR genes
involved in folding and protein quality control and regu-
lates ER/Golgi biogenesis. Active IRE1a binds the adaptor
protein TRAF2, triggering JNK activation, which may
participate in the regulation of autophagy and apoptosis.
Alternatively, activated PERK phosphorylates and inhibits
| translation initiator factor elF2a., decreasing the synthesis

of proteins and the overload of misfolded proteins at the
ER. In addition, this event leads to the specific translation
of ATF4, a transcription factor that induces the expression
of genes that function in amino acid metabolism, the anti-
oxidant response, and apoptosis regulators including
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(Ron and Walter, 2007). Upon ER stress induction, ATF6 is pro-
cessed at the Golgi, releasing its cytoplasmic domain, which
acts as a transcriptional activator controlling many UPR genes
related to ERAD and folding at the ER among others (Yamamoto
et al., 2007) (Figure 1). This branch of the UPR is very complex
and is formed by a series of newly identified ATF6 homologs
that are modulated by ER stress in specific tissues, including
OASIS, CREBH, LUMAN/CREBS3, CREB4, and BBF2H7 (Ron
and Walter, 2007). All of these ATF6-related bZip factors are
processed at the Golgi in a similar way as ATF6, but their function
in the UPR is poorly characterized. Mori’'s group recently gener-
ated ATF6a.- and ATF63-single knockout mice, which developed
normally (Yamamoto et al., 2007). However, double-knockout
mice are embryonic lethal, similar to the phenotype of X-Box-
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scriptional factor in its cytosolic domain and localized in
the ER in unstressed cells. Upon ER stress induction,
ATF6 is processed, increasing the expression of some
ER chaperones, and ERAD-related genes. At the bottom,
the cellular functions affected by each UPR-signaling
branch are indicated.

(B) XBP1 splicing. Schematic representation of the
unspliced and spliced forms of XBP1 (XBP1u and XBP1s,
respectively). Numbers indicate amino acid positions
with the initiation methionine set at 1. ORF1 and ORF2 for
the C-terminal domain as well as the basic and leucine
zipper (ZIP) domains are indicated. Putative hydrophobic
region (HR) of XBP-1u related to targeting is also indicated.
(C) IRE1 structure. A schematic representation of the
primary structure of IRE1p is presented indicating the
kinase and RNase domains. BiP-binding site (BBS),
the MHC-like domain, linker region, tramsmembrane
region, and kinase and RNase domains are indicated. In
the bottom panel, the crystal structure of the ER luminal
domain groove (MHC-I like structure) of yeast IRE1p is
shown (Credle et al., 2005). The dimer interface is indi-
cated with a white line. This structural domain of IRE1p
is proposed to bind misfolded proteins to stabilize the
oligomeric conformation. In addition, the three-dimen-
sional structure of the cytosolic domain of IRE1p is pre-
sented highlighting the two lobes of the kinase domain
(Lee et al., 2008b). The ADP and the kinase domain are
indicated with a white arrow. The KEN domain containing
the RNase activity is also shown where a red arrow indi-
cates the putative RNase active site (Lee et al., 2008b).
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binding protein 1 (XBP1) (Reimold et al., 2000) or IRE1a (Urano
et al., 2000) -deficient mice. In contrast, PERK-, ATF4-, and
CHOP-deficient animals are viable and have varied defects in
pancreatic function, metabolism, and skeletal development
(Zhang et al., 2002; Harding et al., 2001; Tanaka et al., 1998;
Zinszner et al., 1998).

IRE1a is the most evolutionarily conserved branch of the UPR.
Nevertheless, little is known about the regulation of IRE1a
activity. IRE1a is a Ser/Thr protein kinase and endoribonuclease
that, upon activation, initiates the unconventional splicing of the
mRNA encoding the transcriptional factor XBP1 (Ron and Wal-
ter, 2007) (Figures 1B and 1C). In mammalian cells, a 26 nucleo-
tide intron of xbp7 MRNA is spliced out by activated IRE1q,
leading to a shift in the codon reading frame. Translation of the
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new reading frame results in the conversion of XBP1 from an
unspliced form of 267 amino acids to a spliced form of 371 amino
acids that comprises the original N-terminal DNA-binding
domain plus an additional, potent transactivation domain in the
C terminus (Figure 1B).

Spliced XBP1 (XBP1s) controls the upregulation of a broad
spectrum of UPR-related genes involved in protein folding,
protein entry to the ER, ERAD, and protein quality control (Lee
et al., 2003b; Shaffer et al., 2004). A regulatory circuitry governed
by XBP1 was interrogated by a genome-wide profiling approach.
In addition to classical UPR-related genes, unexpected cell-
type-specific targets were identified that are linked to cell differ-
entiation, signaling, and DNA-damage pathways (Acosta-Alvear
et al., 2007). A recent genetic screen systematically character-
ized the functional interdependencies between UPR-target
genesinyeast. These factors included chaperones, glycosylation
enzymes, and ERAD components as well as trafficking pathways,
transcriptional regulatory networks, modulators of lipid and ion
composition, and vacuolar function (Jonikas et al., 2009). The
complexity of activities/processes described in this work support
the concept that proteostasis emerges from the dynamic
interplay between synthesis/folding, degradation, and export
processes. In addition, XBP1s regulates the expansion of the
secretory pathway by controlling phospholipid biosynthesis
and ER/Golgi biogenesis (Shaffer et al., 2004; Sriburi et al.,
2004). Interestingly, XBP1 heterodimerizes with ATF6qa. for the
induction of ER-associated degradation components (Yama-
moto et al., 2007; Wu et al., 2007) and ATF64. may also modulate
lipid biosynthesis and ER expansion under stress conditions
(Bommiasamy et al., 2009).

Mechanism of ER Stress Sensing by IRE1

Role of the IRE1 ER Luminal Domain in Its Activation

It was originally proposed that, under normal conditions, the ER
chaperone BiP/Grp78 binds to IRE1a or the yeast homolog
IRE1p maintaining the protein in an inactive monomeric state
(Bertolotti et al., 2000; Kimata et al., 2003). In ER-stressed cells,
BiP is released, allowing IRE1a to multimerize and autophos-
phorylate its cytosolic domain. This phosphorylation event trig-
gers the activation of the RNase activity, initiating XBP1 mRNA
splicing and UPR responses. The functional impact of BiP asso-
ciation to IRE1p was addressed by mutagenesis analysis,
observing that disruption of this interaction does not drastically
alter the ability of IRE1p to detect protein misfolding (Kimata
et al.,, 2004). Recently, new insights into the mechanism of
IRE1o/IRE1p activation have emerged from two groups who
independently solved the structure of the ER luminal domain of
yeast and human IRE1 protein. Peter Walter’s group speculated
that misfolded proteins may directly bind to the N-terminal region
of IRE1p, facilitating its oligomerization through a binding motif
similar to an MHC-like groove (Figure 1C), and mutations in
amino acids present in the groove or in the dimerization interface
abrogated the ability of IRE1p to engage the UPR (see compar-
ison with MHCI structure in Credle et al. [2005]). Thus, misfolded
proteins may be directly recognized by yeast IRE1p. The general
structure of the ER stress-sensing domain of IRE1p is conserved
in mammals (Zhou et al., 2006). Recent in vitro studies consoli-
dated both models for yeast IRE1p activation, suggesting that

BiP first dissociates from IRE1p leading to its dimerization and
cluster formation (Figure 2A, see below). In the second step,
direct interaction of unfolded proteins with the stress-sensing
domain may orient the protein into an active IRE1p signaling
cluster with full ribonuclease activity (Kimata et al., 2007).

Interestingly, a recent study described the generation of
luminal-domain mutants of mammalian IRE1a that have low
affinity for BiP, that gain significant activation even under
unstressed conditions (Oikawa et al., 2009). Moreover, the
luminal fragments of mammalian IRE1a did not interact with
unfolded proteins in an in vitro assay (Oikawa et al., 2009) as
was described previously for yeast IRE1p (Kimata et al., 2007).
These data suggested that, in contrast to yeast IRE1p, the regu-
lation of mammalian IRE1a may actually depend on the dissoci-
ation of BiP and may be independent of misfolded protein
binding (Figure 2B) (Oikawa et al., 2009). This idea correlates
well with the prediction that the MHC-like groove observed in
the human IRE1a ER luminal domain may not be able to accom-
modate an unfolded protein peptide as indicated in the crystal
structure (Zhou et al., 2006). In this study it was proposed that
IRE1a. undergoes different stages of phosphorylation, where
dimerization of the ER luminal region is essential to get fully
phosphorylated IRE1a and subsequent RNase activation (Zhou
etal., 2006). A similar dimer interface for the PERK-luminal region
was also predicted.

The mechanisms involved in the activation of PERK and ATF6
and how these receptors sense the unfolded protein load, have
not been directly investigated. Initial studies indicated that the
luminal domains of both sensors bind BiP under resting condi-
tions, and this association is lost under ER stress (Bertolotti
et al., 2000; Shen et al., 2002; Chen et al., 2002). In addition,
the primary sequence of the sensing domains of IRE1a and
PERK are similar, and a MHC-I-like groove is also predicted to
be present in PERK (see comparison of primary sequences
between PERK and IRE1 in Liu et al. [2000] and Credle et al.
[2005]). In addition, the ER luminal domains of PERK and
IRE1a are interchangeable, without affecting the rate of activa-
tion of the proteins under ER stress conditions (Liu et al.,
2000). More studies are required to define the mechanisms
underlying PERK and ATF6 activation.

Cluster Formation by IRE1p

The crystal structure of the cytosolic domain of IRE1p was
recently solved by two independent groups (Korennykh et al.,
2009; Lee et al., 2008b) (Figure 1C). Korennykh and coworkers
were able to visualize the architecture of IRE1p oligomers and
depicted a high-order rod-shaped assembly of the cytosolic
domain. This polymer-like organization was critical for IRE1p
signaling as demonstrated through targeted mutagenesis of
the interaction interfaces between dimers (Korennykh et al.,
2009). The tridimensional structure revealed a possible mecha-
nism where oligomerization of IRE1p dimers positions the kinase
domain for transautophosphorylation, generates the RNase
active site, and creates an additional interaction surface for
binding of the mRNA substrate (Korennykh et al., 2009). Oligo-
merization of the unphosphorylated IRE1p opens the kinase
domain and positions it for transautophosphorylation as
a second step, leading then to activation of the RNase domain
(Figure 2A). The authors also speculated that the association
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between multiple IRE1p polymers may underlie visible foci
formation in yeast cells undergoing ER stress.

Cluster formation of IRE1a has not yet been described and
early studies from David Ron’s laboratory suggested that
IRE1a forms mostly dimers, in contrast to PERK that multimer-
izes in high-molecular weight complexes upon activation (Berto-
lotti et al., 2000). Further studies are needed to resolve these
issues regarding the similarities and differences in the mecha-
nism of sensing ER stress in yeast and mammals.
mRNA Targeting to IRE1
Recent work has provided novel insights into how the HAC1/
XBP1 mRNA is recognized by IRE1p/IRE1c. Intriguing differ-
ences in the way that the XBP1 and HAC1 mRNAs are targeted
to IRE1a and IRE1p, respectively, were described. In unstressed
yeast, most of the unspliced HAC1 mRNA is cytoplasmic and
remains attached to the ribosomes in an untranslated form due
to intrinsic properties of its secondary mRNA structure (Fig-
ure 2A). ER stress leads to colocalization of the HAC1 mRNA
to the IRE1p clusters, and this process was shown to be
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Figure 2. Mechanism of IRE1 Activation in Yeast and
Mammals

(A) A direct recognition model proposes that unfolded proteins
bind directly to the luminal domains of IRE1p, facilitating the
assembly of highly ordered IRE1p clusters exemplified by the

parenthesis and “n” IRE1p units). This oligomerization may orient
the cytosolic region of the dimer to form the ribonuclease active
site and generation of an mRNA docking region. BiP dissociation
from IRE1p may play an indirect role in unfolded-peptide loading.
Oligomerization of IRE1p is essential for its autotransphosphoryla-
tion between dimers (as indicated with arrows). IRE1p clusters
recruit untranslated HAC1 mRNA contained in ribosomes
(inhibited by the secondary structure of the HAC1 intron), an asso-
ciation that depends on structural motifs in IRE1p and the HAC1
mRNA including a bipartite element at the 3’ end (3'BE).

(B) In mammalian cells, IRE1a is maintained in a repressed state
through an association with BiP. Upon ER stress BiP dissociates,
leading to partial IRE1 phosphorylation and IRE1 dimerization
mediated by the N-terminal ER luminal region. Dimerization trig-
gers further phosphorylation events (autotransphosphorylation,
indicated with arrows) and activation of the RNase domain of
IRE1a. The unspliced XBP1 mRNA is translated in mammals and
a hydrophobic region (HR) on the nascent peptide targets the
translated XBP-1 mRNA to the ER membrane, enhancing its pro-
cessing by active IRE1a. XBP-1 mRNA targeting to the ER
membrane does not depend on the expression of IRE1a. In (i)
and (i) splicing sites on the XBP1 and HAC1 mRNA are indicated
with an arrowhead.

IRE1p-dependent (Aragon et al., 2009). HAC1 mRNA
targeting to IRE1p also requires a bipartite stem loop
structure in the nontranslated region of the mRNA in
addition to translational repression through the intron
sequence to be excised. In contrast, in mammals un-
spliced XBP1 (XBP1u) is normally translated, and
a recent report indicated that the targeting of the
XBP1 mRNA to the ER membrane is dependent on
the expression of XBP1u (Figure 2B). Upon translation,
it was shown that XBP1u associates with membranes
and recruits the XBP1 mRNA to the ER membrane
through a well-conserved hydrophobic region at its
C terminus (Figure 2B) that is predicted to form an
o helix. This mechanism may provide close proxi-
mity of the mRNA substrate, facilitating IRE1a-mediated
splicing (Yanagitani et al., 2009). IRE1a was dispensable for ER
association of XBP-1 mRNA. In summary, it would appear that
clear differences exist between IRE1o and IRE1p signaling
mechanisms.

Diversity of IRE1a Proximal Signaling

Control of Alarm Signaling Pathways

In mammals, in addition to catalyzing XBP1 mRNA processing,
IRE1a has additional functions in cell signaling (Figure 3). The
cytosolic domain of activated IRE1a binds to the adaptor protein
TNFR-associated factor 2 (TRAF2), triggering the activation of
the apoptosis signal-regulating kinase 1 (ASK1) and cJun-N
terminal kinase (JNK) pathway (Urano et al., 2000; Nishitoh
et al., 2002). IRE1a. also modulates other “alarm genes” such
as the activation of the p38, ERK (Nguyen et al., 2004), and
NF-kB pathways (Hu et al., 2006), possibly by the binding of
the SH2/SH3 containing adaptor proteins Nck and a protein
complex between inhibitor kB kinase (IKK)/TRAF2, respectively.
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Figure 3. The IRE1a Interactome

Mammalian IRE1a signaling is initiated by the formation of a complex protein platform at the ER membrane here referred as the UPRosome where multiple factors
assemble and modulate its activity. For example, activation of IRE1a requires the binding of accessory proteins, such as BAX, BAK, AlP1, and possibly BH3-only
proteins such as PUMA and BIM (upstream of BAX/BAK), in addition to the activity of the ER-located phosphatase PTP-1B. Under chronic or prolonged ER stress,
IRE1a signaling is downregulated and the ER located protein BI-1 is involved in the inactivation of IRE1a, whereas HSP90 binding decreases its turnover. In
addition, active IRE1« initiates a variety of signaling responses through the binding of TRAF2 and possibly other adaptor proteins. These events trigger the
activation of ASK1/JNK, ERK, and p38 kinases, which may regulate apoptosis and autophagy. Sequestration of IKK by IRE1a induces NF-«kB signaling. In addi-
tion, a nonspecific RNase activity has been described for IRE1a in flies to degrade the mRNA of proteins that have a high tendency to misfold under ER stress
conditions. Inactive IRE1a interacts with components of the ERAD machinery and may regulate this process and modulators of ERK such as NCK. For simplicity,
the figure separates the components that control IRE1a activation/inactivation in relation to XBP1 mRNA splicing activity (i), and the components related to the
regulation of other signaling branches (ji), and this graphical separation of the complexes does not reflect a temporal dissociation between i and ii. Proteins that
binds to inactive IRE1a (resting condition) are shown in gray scale colors, that regulates its activation and XBP-mRNA splicing in blue and that controls other

signaling pathways in yellow.

However, the function of these UPR-signaling branches in the
context of protein misfolding is still not well understood. Activa-
tion of ASK1/JNK through the IRE1/TRAF2 complex has been
proposed to mediate at least in part apoptosis under irreversible
ER stress in an analogous fashion to TNF receptor signaling
(Kanda and Miura, 2004; Mauro et al., 2006). In agreement with
this idea, a recent high-throughput chemical screen for inhibitors
of ER stress-induced cell death revealed a crucial role of ASK1 in
the process (Kim et al., 2009). These data suggest that IRE1a has
a dual function in ER stress responses: (1) regulating adaptation
to stress and cell survival through the control of XBP-1 s expres-
sion and (2) activation of apoptosis in cells irreversibly damaged
by the activation of the JNK/ASK1 pathway.

Regulation of Autophagy

A new function for IRE1a was recently proposed through activa-
tion of JNK whereby it controls levels of autophagy under ER
stress (Ogata et al., 2006). Autophagy is a survival pathway clas-
sically linked to adaptation to nutrient starvation. Conversely, in
cells undergoing ER stress, autophagy may serve as a mecha-
nism to eliminate damaged organelles and aggregated proteins
(Levine and Kroemer, 2008). Remarkably, an initial study showed
that the upregulation of autophagy under ER stress conditions
is initiated by the kinase domain of IRE1a, independently of the
RNase/XBP1 signaling branch (Ogata et al., 2006). How JNK
regulates autophagy is not known, but a recent report suggested

that phosphorylation of the anti-apoptotic protein BCL-2 at
the ER membrane by this kinase may directly affect the initiation
of autophagy by modulating the activity of Beclin-1 (Pattingre
et al., 2009), an essential component of the autophagy
machinery (Levine and Kroemer, 2008). A genomic screen in fly
cells demonstrated that knocking down UPR components,
including XBP-1, increases basal autophagy levels (Arsham
and Neufeld, 2009). Besides, autophagy-defective cells show
upregulation of essential ER chaperones (Mathew et al., 2009),
suggesting a close homeostatic balance between the autophagy
and UPR pathways.

Interaction with the ER-Associated Degradation
Machinery

A well defined subset of XBP1s target genes are related to
ERAD and the ER translocon, including EDEM, HERP and
Sec61. Using a two-hybrid screen a recent study identified the
physical interaction between the ubiquitin specific protease
(USP) 14 and IRE1a. USP14 interacted with the cytoplasmic
region of inactive IRE1a, and their association was inhibited
by ER stress and IRE1a activation. Interestingly, a function for
USP14 in ERAD was proposed, where inhibition occurs in an
IRE1a-dependent manner (Nagai et al., 2009). In addition, the
authors reported the association of IRE1a with essential ERAD
components such as DERLIN-1, DERLIN-3, SEL1, and HRD1,
suggesting that inactive IRE1a. may form a macromolecular
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platform with the ERAD machinery (Nagai et al., 2009). The
possible physiological relevance of these findings remains to
be established.

Protein Expression Control by Direct Regulation

of mRNA Decay

A genome-wide search for substrates of the mRNA-splicing
activity of IRE1p revealed only HAC1 mRNA as a hit within the
limits of detection, and no additional substrates were identified
highlighting the specificity of the pathway (Niwa et al., 2005).
Similar findings were described in a mammalian system (Nekru-
tenko and He, 2006). However, in insect cells, active IRE1a was
proposed to control the degradation of mMRNAs encoding certain
ER proteins that were predicted to be difficult to fold (Hollien and
Weissman, 2006). Through gene-profiling analysis, Weissman’s
group demonstrated that a subset of RNAs is selectively
downregulated during ER stress in an IRE1a-dependent and
XBP1-independent manner. These effects were proposed to
be a direct consequence of mRNA degradation by IRE1a ribo-
nuclease activity (Hollien and Weissman, 2006). The authors
proposed a model where selective mMRNA targeting was related
to misfolding propensity of certain proteins encoded by the
degraded mRNA. Thus, in a dynamic way, the misfolding of
a nascent protein during its translation may directly and locally
activate IRE1a and its RNase domain to produce the degrada-
tion of mRNA being translated by the local ribosome. Two
recent studies described the occurrence of IRE1a-dependent
mRNA decay in mammalian cells (Hollien et al., 2009; Han
et al., 2009). Surprisingly, although XBP1 splicing can be
induced by artificial dimerization of IRE1a in the absence of
ER stress, IRE1a-dependent mRNA decay was shown to require
both ER stress and IRE1a activity, suggesting that these two
functions of IRE1a are distinct (Hollien et al., 2009). While the
precise mechanism involved in mRNA decay is not clear, Hollien
et al. proposed that this novel function of IRE1a is well suited to
selectively decrease the production of proteins that challenge
the ER at the folding level and alleviate stress. In contrast,
Han and coworkers presented evidence suggesting that endo-
nucleolytic mediated mRNA decay of ER-localized mRNAs,
including those encoding chaperones, may also culminate in
apoptosis (Han et al., 2009). These complex data reinforce the
concept that IRE1a controls cell fate, wherein a dual activity
modulates cell survival and apoptosis in cells irreversibly
damaged.

Differential Regulation of UPR Stress Sensors: IRE1a

Recent evidence indicates that IRE1a activation is specifically
regulated by a set of different proteins (cofactors and inhibitors)
(Figure 3). For example, the levels of IRE1a signaling were shown
to be controlled by the expression of the ER-located protein-
tyrosine phosphatase 1B (PTP-1B) (Gu et al., 2004). The absence
of PTP-1B caused impaired XBP1 splicing, JNK phosphoryla-
tion, and attenuated upregulation of XBP1 target genes such
as EDEM (Gu et al., 2004). Remarkably, PTP-1B deficiency did
not affect PERK signaling, suggesting a specific regulation of
IRE1a and ruling out possible general effects on protein folding
at the ER lumen. However, a physical association between
PTP-1B and IRE1a was not evaluated, which could provide
mechanistic insights about this regulation. A recent report pre-
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sented evidence indicating that PTP-1B also regulates UPR
signaling in vivo in diabetes models (Delibegovic et al., 2009).

IRE1a signaling is instigated by the expression of proapoptotic
BCL-2 family members (Hetz et al., 2006). The BCL-2 family is
a group of evolutionarily conserved regulators of cell death
composed of both anti- and pro-apoptotic members that oper-
ate at the mitochondrial membrane to control caspase activation
(Danial and Korsmeyer, 2004). Accumulating evidence indicates
that, in addition to the mitochondria, members of the BCL-2
family of proteins are located at the ER membrane (reviewed in
Hetz, 2007). We have described a new function for the pro-
apoptotic BCL-2 family members BAX and BAK at the ER where
they positively regulate the amplitude of IRE1a signaling by
promoting its activation. These effects were specific for this
branch of the UPR since PERK signaling was not altered by
BAX and BAK deficiency (Hetz et al., 2006). This regulation
was mediated by a physical association between the cytosolic
domain of IRE1a. and BAX/BAK and depended on the BCL-2
homology (BH) domains 1 and 3, essential motifs in the regula-
tion of apoptosis (Figure 3). This regulation was recapitulated
in vivo after challenging BAX and BAK conditional DKO mice
with the ER stress agent tunicamycin (inhibitor of N-linked glyco-
sylation), since decreased XBP1s expression and JNK phos-
phorylation were observed (Hetz et al., 2006).

In addition to the “multidomain” members BAX and BAK,
there is another subtype of pro-apoptotic BCL-2 family members
known as the “BH3-only” proteins (i.e., BIM, PUMA, and NOXA)
which contain a single a-helical domain critical for apoptosis
activation. In the control of apoptosis, BH3-only proteins act
as upstream activators of BAX and BAK (reviewed in Youle and
Strasser, 2008). A recent report indicated that the specific
expression of the BH3-only proteins BIM and PUMA at the ER
leads to the activation of the IRE1a/JNK pathway in a BAK-
dependent manner (Klee et al., 2009). Notably, these findings
were obtained in the absence of any ER stressor, suggesting
that these BH3-only proteins are potent activators of the
IRE1a-JNK branch acting upstream of BAX and BAK. These
two BH3-only proteins have been shown to be induced by ER
stress (Hetz, 2007), suggesting an interesting regulatory feed-
back loop. In murine cells, the proteolytic processing of the
ER-resident caspase-12 has been indirectly associated to the
UPR pathway by an interaction with TRAF2 and possibly with
active IRE1a (Yoneda et al., 2001), but a complex between pro-
caspase-12/TRAF2/IRE1a has not been described. Transloca-
tion of BIM from microtubules to the ER membrane has been
shown to activate pro-caspase-12 processing (Morishima
et al., 2004), and BAX- and BAK-deficient cells are resistant to
pro-caspase-12 processing (Zong et al., 2003). However, the
possible role of IRE1« in this process was not assessed in these
two studies.

Similarly, the pro-apoptotic protein ASK1-interacting protein 1
(AIP1) was recently shown to specifically regulate and enhance
IRE1a signaling (Luo et al., 2008). AIP1-deficient mice and cells
derived from this mouse model displayed impaired IRE1a
signaling after exposure to ER stress agents. Similar to the
phenotype of PTP-1B or BAX-/BAK-deficient cells, the lack of
AlIP1 expression did not affect the PERK axis of the UPR. Struc-
tural and biochemical analyses suggested that AIP1 directly
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interacts with IRE1a through a domain homologous to the pleck-
strin (PH domain), facilitating IRE1a dimerization and activation
(Luo et al., 2008). Interestingly, the association of AIP1, and
also BAX/BAK (Hetz et al., 2006), was shown to be induced by
ER stress conditions. In summary, these findings suggest a novel
and specific role for pro-apoptotic genes as accessory factors for
the instigation of certain early UPR-signaling events related to
adaptation and survival (Figure 3). The possible allosteric site of
IRE1a that modulates its signaling remains to be determined.

Temporal Regulation of UPR Signaling: Turning
Off IRE1«
Peter Walter’s group reported that XBP1 mRNA splicing levels
decline after prolonged ER stress, whereas PERK signaling is
sustained over time (Lin et al., 2007). The authors suggested
that this may serve to sensitize cells to cell death after chronic
or irreversible ER stress, shutting down the prosurvival effects
of IRE1a/XBP1 signaling, while enhancing the expression of
the PERK-dependent pro-apoptotic factor CHOP/GADD153
and downstream expression of BIM (Puthalakath et al., 2007;
Lin et al., 2009). However, the mechanism involved in the inacti-
vation of IRE1a. was not addressed. A different study provided
indirect evidence suggesting that a negative regulator of IRE1a
may exist. Along this line, proteasome inhibition was shown to
selectively block IRE1a but not PERK activation, perhaps by
the accumulation of an unknown inhibitor (Lee et al., 2003a).
Reed and colleagues initially suggested that the IRE1a
pathway (and possibly ATF6) may be negatively modulated by
the ER-located protein BAX inhibitor-1 (BI-1) in vivo (Bailly-
Maitre et al., 2006). Under ischemic conditions, BI-1-deficient
mice displayed increased expression of XBP1s and hyperacti-
vated JNK in the liver and kidney, without affecting elF2a
phosphorylation (Bailly-Maitre et al., 2006). BI-1 is a six trans-
membrane containing protein functionally related to the BCL-2
family of proteins (Xu and Reed, 1998). Bl-1 has no obvious
homology with BCL-2-related proteins, yet it physically interacts
with some members of this family (Xu and Reed, 1998; Chae
et al., 2004). Further studies revealed that BI-1 homologs are
present in yeast, plants, viruses, and many other organisms
(Chae et al., 2003; Huckelhoven, 2004), where their function
remains poorly explored. Another study also suggested that
BI-1 overexpression decreases activation of the UPR in vitro in
classical paradigms of ER stress (Lee et al., 2007), but the mech-
anism underlying these observations was not directly defined.
We recently reported a direct role of BI-1 in the attenuation of
IRE1a signaling. Bl-1-deficient cells showed hyperactivation of
IRE1a associated with increased XBP1 mRNA splicing and upre-
gulation of XBP1s-dependent responses (Lisbona et al., 2009).
Notably, attenuation of IRE1a signaling over time was markedly
delayed in BI-1-deficient cells, suggesting that Bl-1 has a role in
the inactivation of IRE1a . The inhibition of IRE1a by BI-1 was
recapitulated in vivo in BI-1-deficient mice and flies overexpress-
ing Drosophila melanogaster Bl-1 (Lisbona et al., 2009), indi-
cating that this regulation is conserved across species.
However, yeast cells deficient for the putative Bl-1 homolog,
the YnlI305c protein (Chae et al., 2003), did not show deficiencies
in HAC1 expression, suggesting that this regulation emerged in
multicellular organisms (Lisbona et al., 2009).

The formation of a protein complex between the cytosolic
domain of IRE1a and BI-1 was observed. More importantly,
this association was reconstituted in vitro with purified compo-
nents, and BI-1 was shown to inhibit the endoribonuclease
activity of IRE1a in a cell-free system (Lisbona et al., 2009).
The regulation of XBP1 splicing by Bl-1 was mediated by its
C-terminal cytosolic region, a domain previously linked with
BI-1’s anti-apoptotic activity (Chae et al., 2003) and to act as
a pH sensor in the modulation of calcium release from the ER
(Kim et al., 2008).

Bl-1 and BAX/BAK’s regulatory effects on XBP1 mRNA
splicing were evident when moderate to low doses of ER
stressors were employed, conditions which more closely
resemble a physiological state where cells are equipped to
cope with injury (adaptive conditions). In agreement with this
idea, Bl-1 was shown to modulate immunoglobulin secretion of
primary B cells (Lisbona et al., 2009), a phenomenon strictly
dependent on XBP1s activity (lwakoshi et al., 2003; Reimold
et al., 2001). Randal Kaufman’s group also reported that mild
to low ER stress conditions evoke distinct signaling processes,
where apoptosis-related events are not observed under mild
ER stress conditions (Rutkowski et al., 2006).

In addition to the regulation of IRE1a activity, there is another
checkpoint that controls the stability of IRE1a, possibly affecting
the amplitude of UPR responses. HSP90 was shown to interact
with the cytosolic domain of IRE1a and targeting this chaperone
with the inhibitors geldanamycin or 514 disrupted this complex,
leading to IRE1a turnover by the proteasome (Marcu et al., 2002).
HSP90 is known to regulate the stability of many protein
complexes, raising the possibility that its association/dissocia-
tion with IRE1a. may control the composition of the IRE1a. inter-
actome and its effects on cell signaling. Finally, Mori’s group
discovered that XBP1u markedly accumulates at the recovery
phase of ER stress (Yoshida et al., 2006) to form a complex
with XBP1s that is rapidly degraded by the proteasome. The
authors proposed that this negative feedback loop helps to
turn off the transcription of target genes during the recovery
phase of ER stress.

Distinct Roles of UPR Components in Organ Physiology:
Lessons from Genetic Mouse Models
XBP1 is essential for the differentiation of hepatocytes, as XBP1-
deficient embryos die in utero from severe liver hypoplasia and
a resulting fatal anemia (Reimold et al., 2000). The first insights
about the function of XBP1 in adult animals came from studies
in the immune system. XBP1 was originally identified in multiple
myeloma cells as a gene that is induced by Interleukin-6 treat-
ment (Todd et al., 2008). XBP1-deficient B cells are markedly
defective in antibody secretion in vivo in response to antigenic
challenge, an activity later shown to be directly dependent on
XBP1 splicing in stimulated B cells (Reimold et al., 2001; lwa-
koshi et al., 2003). These findings provided the first link between
the UPR and secretory cell function, and soon after the role of
IRE1a. was identified using similar experimental systems in
plasma B cells (Zhang et al., 2005).

To circumvent the lethal liver phenotype of XBP-1 ~~ mice, we
targeted an XBP1 transgene back to liver using a liver-specific
promoter (Lee et al., 2005). XBP1~/~;Liv*®"! mice lacking
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XBP1 in all organs except the liver died shortly after birth from
a severe impairment in the production of pancreatic digestive
enzymes leading to hypoglycemia and death. At the cellular
level, expansion of the ER was drastically impaired in pancreatic
exocrine cells, resulting in a complete disorganization of the
ER network and decreased efficiency in zymogen granules/
enzymes synthesis in the liver and salivary glands (Lee et al.,
2005). These observations are consistent with a critical role of
XBP1 in ER/Golgi biogenesis and phospholipid synthesis in
secretory cells (Shaffer et al., 2004; Sriburi et al., 2004). Taken
together with the requirement for XBP1 in plasma cell differenti-
ation, these findings suggested that XBP1 is essential for the
development of highly secretory exocrine cells.

An XBP1 conditional knockout mouse was recently generated,
revealing new physiological functions of the transcription factor
in diverse organs. For example, XBP1 expression in the liver is
required for normal fatty acid and cholesterol synthesis (Lee
et al., 2008a). In addition, PERK has been implicated in the regu-
lation of lipogenic pathway in the mammary gland (Bobrovni-
kova-Marjon et al., 2008). Along this line, a recent study sug-
gested that all three ER stress-sensing pathways share in
protecting the organism against the deregulation of lipid metab-
olism upon experimental ER stress in vivo by regulating a subset
of metabolic transcription factors related to lipid homeostasis
(Rutkowski et al., 2008). In other studies, XBP1 deletion in intes-
tinal epithelial cells triggered spontaneous enteritis secondary to
Paneth cell dysfunction and increased susceptibility to induced
colitis (Kaser et al., 2008). XBP1 polymorphisms were identified
as risk factors for the human inflammatory bowel diseases
Crohn’s disease and ulcerative colitis (Kaser et al., 2008). ER
stress has been also suggested as relevant in the occurrence
of diabetes. Obesity induces ER stress in the liver, playing
a central role in the development of insulin resistance and dia-
betes by triggering JNK activity via IRE1a and inhibition of insulin
receptor signaling (Ozcan et al., 2004). Mice haploinsufficient for
XBP1 showed an increased susceptibility to develop insulin
resistance (Ozcan et al., 2004).

Correlative evidence suggests that activation of the UPR/
IRE1a pathway may be a primary response against neurodegen-
eration (Matus et al., 2008). The first insights about the function of
XBP1 inthe nervous system came from genetic studies of human
patients with bipolar disorders (Kakiuchi et al., 2003; Kato et al.,
2005) and a polymorphism in the XBP1 promoter was shown to
be arisk factor for this iliness in the Japanese population (Kakiu-
chi et al., 2003). However, these findings are still under debate
(Hou et al., 2004). In contrast to the drastic phenotypes
described in secretory organs, the specific deletion of XBP1 in
the brain was shown to have no effect on the development of
the central nervous system and did not trigger any spontaneous
illness or enhance the progression of a prion disease model (Hetz
et al., 2008).

The phenotypes caused by defects in the PERK/elF2a and
IRE1a/XBP-1 pathways are disparate, indicating some diver-
gence in their functions in vivo. For example, UPR-mediated
translational control through elF2a phosphorylation is not
required for B lymphocyte maturation and/or plasma cell differ-
entiation (Zhang et al., 2005). Similarly, PERK knockout mice
do not show any deficiency in B cell function (Gass et al.,
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2007). Interestingly, PERK deficiency leads to abnormalities in
the exocrine pancreas with decreased secretion of digestive
enzymes, distended ER, and increased apoptosis of acinar cells
(Harding et al., 2001; Zhang et al., 2002), although the phenotype
is modest as compared to XBP1~/7;LivXBP1 mice. Instead,
PERK deficiency or lack of elF2a phosphorylation causes
progressive loss of pancreatic islet B cells and impaired bone
formation, indicating a function for the PERK pathway in 3 cells
and osteoblasts rather than other secretory cells (Zhang et al.,
2002; Harding et al., 2001; Scheuner et al., 2005). In contrast,
XBP1~/~;LivXBP1 mice do not show drastic changes at birth
in the endocrine pancreas, reflected in normal levels of insulin
and insulin-containing granules in B cells. The PERK/elF2a.
pathway activates a broad range of target genes, which is not
surprising given that various cellular stresses converge upon
the regulation of elF2« activity. In contrast, as mentioned above,
XBP1 target genes largely increase the folding capacity of the
ER, trigger ER/Golgi biogenesis, and improve the quality control
system through ERAD regulation.

The Emergence of the UPRosome Concept

The differences in cell type-specific requirements for PERK and
IRE1a pathways could be attributed to distinct modes of activa-
tion and/or downstream target genes regulated by each UPR
branch. PERK and IRE1a share functionally similar luminal
sensing domains, and both are activated in cells treated
in vitro with ER stress inducers. The ER stress sensing domains
are, as mentioned, interchangeable between the two proteins
without affecting cytosolic signaling (Liu et al., 2000). Based on
the observation that PERK and IRE1a are selectively activated
in vivo, it is feasible that additional mechanisms differentially
regulate their activity. Based on the compelling data discussed
in this review, we speculate that the specific activation of ER
stress sensors in different tissue contexts may be related to
the engagement of particular regulatory complexes through the
association of adaptors and direct binding of modulators.

We envision a model where a complex signaling platform is
assembled at the level of IRE1a to modulate its activation status
in terms of signaling intensity and kinetics of activation/inactiva-
tion (Figure 3). In the context of cell fate and proteostasis, the fine
tuning of UPR signaling responses is particularly relevant in life-
to-death transitions by controlling transcriptional programs that
regulate adaptation to stress or by initiating apoptosis of irre-
versibly damaged cells. To refer to the existence of an IRE1a
signaling macromolecular complex, we have previously used
the term “UPRosome” (Hetz and Glimcher, 2008). This platform
initiates multiple signaling responses in a highly regulated
manner, providing a mechanism for selectivity and specificity
in the signaling of IRE1« (Figure 3). It remains to be determined
if PERK and ATF6 are regulated in a similar manner by specific
factors (i.e., UPRosome-2, UPRosome-3). It is interesting to
note that a set of apoptosis-related proteins (i.e., BAX, BAK,
AlIP1, BI-1, and maybe PTP-1B and BH3-only proteins) interacts
with IRE1e, regulating its activation status. These findings
suggest a model wherein the expression of anti- and pro-
apoptotic proteins at the ER membrane may determine the
amplitude of UPR responses and the ability of a cell to adapt
to ER injuries or to initiate apoptosis (Figure 3). It remains to be
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determined if distinct or dynamic IRE1a-containing complexes
exist in a tissue-specific context to regulate its signaling. This
model may also be useful in addressing how the transition
between the catalysis of XBP-1 mRNA processing and mRNA
decay occurs. Based on the fact that active IRE1a clusters in
a highly organized manner, extensive biochemical characteriza-
tion of the IRE1a interactome is required to determine the stoi-
chiometry of this complex and how its protein composition
evolves under conditions of mild and chronic ER stress. This
characterization will be particularly relevant due to the divergent
and diverse effects of the UPR in cell physiology related to
the control of essential processes such as secretion, folding,
autophagy, calcium signaling, organelle biogenesis, apoptosis,
inflammation, and cellular differentiation. Exploration of the
molecular control of fine tuning of the UPR may provide new
therapeutic targets to modulate ER stress responses in the
setting of diverse diseases conditions such as cancer, diabetes,
autoimmunity, and neurodegeneration.
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