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Mechanisms, regulation and functions
of the unfolded protein response
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Abstract | Cellular stress induced by the abnormal accumulation of unfolded or misfolded
proteins at the endoplasmic reticulum (ER) is emerging as a possible driver of human diseases,
including cancer, diabetes, obesity and neurodegeneration. ER proteostasis surveillance is
mediated by the unfolded protein response (UPR), a signal transduction pathway that senses the
fidelity of protein folding in the ER lumen. The UPR transmits information about protein folding
status to the nucleus and cytosol to adjust the protein folding capacity of the cell or, in the event
of chronic damage, induce apoptotic cell death. Recent advances in the understanding of the
regulation of UPR signalling and its implications in the pathophysiology of disease might open
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new therapeutic avenues.

The secretory pathway is responsible for the synthe-
sis of one third of all eukaryotic cell proteins, their
post-translational modification and assembly into
complexes, and their delivery to precise destinations
within the cell or their release into the extracellular
space. Proteins enter the secretory pathway by trans-
location from the cytosol into the endoplasmic retic-
ulum (ER) in an unfolded state, where they undergo
chaperone-assisted folding to acquire their appropriate
3D conformation. Unlike DNA replication, transcription
and translation, protein folding is a highly error-prone
process'. Thus, maintenance of a healthy proteome
depends on complex quality control mechanisms,
some of which operate at the level of the ER to promote
efficient protein folding and trafficking.

ER homeostasis is constantly challenged by physio-
logical demands and pathological insults, impacting its
multiple functions in the cell as a Ca?* reservoir, a fac-
tory for protein folding and assembly, a site for lipid and
sterol biosynthesis, and as a platform for signalling
and interorganelle communication. Increased protein
secretion or disrupted ER protein folding can cause accu-
mulation of unfolded or misfolded proteins in the ER
lumen — a condition referred to as ‘ER stress. To ensure
protein folding fidelity and to maintain ER functions,
the unfolded protein response (UPR) of eukaryotic cells
evolved to a network of signal transduction pathways
to reprogramme gene transcription, mRNA translation
and protein modifications to relieve the load of unfolded
or misfolded proteins and restore protein homeostasis
(proteostasis?) (FIC. 1).

The UPR orchestates the enforcement of adaptive
mechanisms to maintain an optimal rate of protein pro-
duction and rapidly reacts to diverse stimuli, including
extracellular responses to hormones, growth factors and

small ligands that bind cell-surface receptors; intracellular
homeostatic changes such as altered nutrient levels, ene-
rgy status and redox balance; changes in cellular growth
and differentiation; and disruption in the ER protein
folding capacity. Activation of the UPR impacts almost
every aspect of the secretory pathway, modifying the rate
of protein synthesis and translocation into the ER, protein
folding, maturation and quality control, protein traffick-
ing and the elimination of misfolded proteins through
the autophagy and ER-associated protein degradation
(ERAD) pathways.

Here we review salient and unique features of the
UPR uncovered in the past few years. We first describe
how protein misfolding in the ER is sensed through the
three conserved signal transducers to preserve ER func-
tions vital for cell survival. We then give an overview of
the consequences of misfolded protein accumulation by
discussing recently discovered mechanisms that regu-
late apoptosis in cells experiencing prolonged ER stress.
Recently, it has become evident that the UPR has essen-
tial cell functions beyond ER proteostasis, and therefore
we discuss how the UPR controls organelle interactions,
bioenergetics, cytoskeletal dynamics, the DNA dam-
age response and cell signalling crosstalk at both the
cell-autonomous and nonautonomous level. Finally, we
review the emerging roles of the UPR in the pathogen-
esis of diseases, including metabolic syndromes, can-
cer, immunological disorders and neurodegenerative
conditions.

ER stress and the three UPR branches

Initially discovered in yeast (BOX 1), the basic UPR path-
ways in mammals consist of three main signalling cas-
cades initiated by the ER transmembrane protein sensors:
IREla, PERK and ATF6a’. These signal-transducing
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proteins contain ER luminal domains that sense unfol-
ded protein peptides (see later) and cytosolic regions
that signal through the translational or transcriptional
apparatus or by interacting with signalling molecules as
scafold to protect cells from ER stress under physiolog-
ical conditions. Here we discuss fundamental aspects of
UPR signalling and the consequences that determine cell
fate under ER stress. Owing to the length restriction, we
are unable to acknowledge many contributions, but refer
to reviews for historical or background information™".

UPR signalling through PERK. An immediate adaptive
reaction to ER stress is initiated by PERK, a kinase that
phosphorylates eukaryotic translation initiation factor 2
subunit-a (eIF2a), leading to the transient attenuation of
protein synthesis™ (FIC. 12). This reversible covalent mod-
ification limits the protein misfolding load by prevent-
ing the influx of newly synthesized proteins into the ER.

Apoptosis

Concomitantly, phosphorylated eIF2a initiates the trans-
lation of a growing set of specific mRNAs that harbour
one or more upstream open reading frames in their
5" untranslated regions®*. One of these encodes ATF4,
a stress-inducible transcription factor that activates
the expression of genes involved in redox homeostasis,
amino acid metabolism, protein synthesis, apoptosis
and autophagy. ATF4 participates in a feedback loop
to dephosphorylate eIF2a to restore protein synthe-
sis through upregulation of the protein phosphatase 1
(PP1) regulatory subunit GADD34 (REFS*") (FIC. 1b).
During ER stress, GADD34 forms a complex with PP1
to dephosphorylate eIF2a'>"*. Similarly to GADD34,
expression of constitutive repressor of eI[F2a phospho-
rylation (CReP), which serves as a PP1 cofactor, confers
PP1 specificity for phosphorylated eIlF2a. GADD34 and
CReP are essential for recovery of protein synthesis as
ER stress is resolved'.
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< Fig. 1| The major UPR pathways initiated from the ER. a | Adaptive unfolded protein

response (UPR). Under endoplasmic reticulum (ER) stress, three major UPR branches are
activated: (1) PERK phosphorylates eukaryotic translation initiation factor 2 subunit-a
(elF2a), reducing the overall frequency of mRNA translation initiation. However, selective
mRNAs, such as ATF4 mRNA, are preferentially translated in the presence of phosphorylated
elF2a. ATF4 activates the transcription of UPR target genes encoding factors involved in
amino acid biosynthesis, the antioxidative response, autophagy and apoptosis. (2) IRE1a

RNase splices XBP1 mRNA, which encodes a potent transcription factor that activates
expression of UPR target genes involved in ER proteostasis and cell pathophysiology.
IRE1a RNase can also cleave ER-associated mRNAs or non-coding functional RNAs,
leading to their degradation through regulated IRE1-dependent decay (RIDD), which
modulates the protein folding load, cell metabolism, inflammation and inflammasome
signalling pathways. The IRE1a cytosolic domain may also serve as a scaffold to recruit
adaptor proteins, for example tumour necrosis factor receptor-associated factor (TRAF)
family members, thereby activating inflammatory responses under non-canonical ER
stress conditions. (3) ATF6 transits from the ER to the Golgi apparatus, where it is cleaved
by site-1 protease (S1P) and site-2 protease (52P), yielding an active cytosolic ATF6
fragment (ATF6p50). This fragment migrates to the nucleus, activating transcription of
the UPR target genes involved in ER protein folding homeostasis and cell physiology.
Additionally, unfolded or misfolded proteins accumulated in the ER lumen may be
degraded through the proteasome-based ER-associated protein degradation (ERAD)
machinery that is regulated by the ATF6-mediated and/or IRE1a-X-box-binding protein 1
(XBP1)-mediated UPR branches. b | Proapoptotic UPR. Under ER stress, the PERK—elF2a
UPR branch induces translation of ATF4, which can activate expression of the proapoptotic
factor CCAAT/enhancer-binding protein homologous protein (CHOP) and GADD34.
GADD?34 targets protein phosphatase 1 (PP1) to dephosphorylate elF2a and thereby
restore mRNA translation. Constitutive repressor of elF2a phosphorylation (CReP)

also serves as a cofactor to provide PP1 specificity for phosphorylated elF2a under ER
stress. CHOP promotes ER stress-induced apoptosis by modulating GADD34, death
receptor 5 (DR5) and the members of the BCL-2 or BH3-only family, including NOXA,
BIM and PUMA, to stimulate protein synthesis and exacerbating protein folding

defect. Furthermore, the IRE1a UPR branch is involved in caspase 2-dependent,
caspase 8-dependent or BAX/BAK-dependent apoptosis through RIDD or activation

of TRAF2-JUN N-terminal kinase (JNK) signalling. The IRE1a-mediated RIDD also
regulates thioredoxin-interacting protein (TXNIP) to activate inflammasome-dependent
and caspase 1-IL-1B-dependent sterile inflammation, leading to apoptosis. In addition,
Ca?’* release from the ER via inositol 1,4,5-trisphosphate receptor (IP,R), which
interacts with the ER-located antiapoptotic proteins BAX inhibitor 1 (BI-1) and GRINA,
contributes to mitochondrial reactive oxygen species release and the activation of the
BAX/BAK-dependent apoptosome. miRNA, microRNA.

Signal recognition particle
A conserved, cytosolic
ribonucleoprotein that
recognizes and targets specific
proteins to the endoplasmic
reticulum membrane or plasma
membrane.

Apoptosome

A quaternary protein complex,
composed of mitochondrial
cytochrome ¢, apoptotic
protease activating factor 1

and deoxyadenosine
triphosphate, formed in the
process of apoptosis in
response to cell death stimulus.

BCL-2 family

A protein family consisting of
approximately 25 members
that either promote or inhibit
apoptosis by protein
interactions that regulate
mitochondrial outer membrane
permeabilization.

UPR signalling through IREla. IRE1a, a type 1 ER trans-
membrane protein kinase/endoribonuclease, oligomer-
izes and autophosphorylates to elicit its RNase activity
under ER stress''®. IRE1a excises a small 26-nucleotide
intron from the mRNA encoding the transcription fac-
tor X-box-binding protein 1 (XBP1) in metazoans and
thereby shifts the translational open reading frame'’-".
This processing event results in the expression of an
active XBP1 transcription factor (termed XBP1s in
metazoans for the spliced form) that upregulates genes
involved in ER protein translocation, folding and secre-
tion, as well as degradation of misfolded proteins’
(FIG. 1a).

In a process known as regulated IRE1-dependent decay
(RIDD), IRE1a can also cleave a small set of mRNAs or
precursor microRNAs (miRNAs), leading to their degra-
dation®***. RIDD may serve as an avenue to lower mRNA
abundance and hence protein folding load in the ER.
While the quantitative impact of RIDD on ER protein fold-
ing homeostasis remains to be determined, it was found
to regulate multiple cellular processes by cleaving selected
mRNAs in a cell type-dependent and stimulus-dependent
manner”*”"*, For both XBPI and RIDD-regulated mRNAs
and precursor miRNAs, a common consensus CUGCAG
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sequence motif within a stem-loop structure is a key
feature of the IREla cleavage site. IRE1a was recently
found to form complexes with the components of the
translational and translocational machineries, includ-
ing signal recognition particle RNA, ribosomal RNAs and
transfer RNAs**°. However, whether the IREla-small
RNA complexes are of biological significance remains to
be further investigated. Additionally, IREla also associ-
ates with adapter proteins to undergo crosstalk with other
stress response pathways, including macroautophagy and
the MAPK pathway”’.

UPR signalling through ATF6. On ER stress, full-length
ATF6 (ATF6p90) transits from the ER to the Golgi appa-
ratus, where it is cleaved by site-1 protease (S1P) and
site-2 protease (S2P) to release a fragment containing a
basic leucine zipper (bZIP) transcription factor, termed
‘ATF6p50;, that translocates to the nucleus to induce
gene expression®®” (FIC. 1a). ATF6p50 and XBP1s act in
parallel, but also overlapping pathways to regulate tran-
scription of genes encoding ER chaperones and enzymes
that promote ER protein translocation, folding, matura-
tion and secretion, as well as degradation of misfolded
proteins®***'. In addition, XBP1s and ATF6p50 promote
ER and Golgi apparatus biogenesis to increase the secre-
tory capacity of the cell under ER stress*~**. Overall, the
UPR represents a combination of signalling pathways
that maintain ER proteostasis and sustain cell function
under ER stress by adjusting the ER folding capacity in
a dynamic manner.

Cell death control under ER stress

When the capacity of the UPR to sustain proteostasis
is overwhelmed, cells enter apoptotic programmes®.
Numerous mechanisms have been proposed to sensitize
cells to ER stress-induced apoptosis, where a network of
upstream events rather than a single pathway controls
cell demise under irreversible ER damage (FIC. 1b).

ER stress triggers activation of the canonical apop-
tosis pathway, involving the conformational activation
of the proapoptotic members of the BCL-2 family at
the mitochondria, BAX and BAK, with concomitant
assembly of the apoptosome and the activation of exe-
cuter caspase 3. BAX-BAK-double-knockout cells and
Bax-Bak-double-knockout mice are resistant to cell
death on ER stress™**. However, the signals com-
municating ER stress to mitochondria to induce cell
death are highly debated. BH3-only proteins of the
BCL-2 family, including BIM, PUMA, NOXA and BID,
are important factors that mediate ER stress-induced
apoptosis in various cellular systems, where the activa-
tion mechanisms involve transcriptional upregulation
and post-translational modifications of the proapop-
totic BH3-only proteins®*. Triple-knockout cells for
the BH3-only proteins BIM, PUMA and BID are fully
resistant to ER stress-induced apoptosis, and the proap-
optotic factor CHOP, which is regulated by ATF4 under
ER stress, is able to induce the expression of BIM to
trigger cell death®*. Further, ATF4 and CHOP activate
genes encoding translational components to increase
protein synthesis in stressed cells, leading to enhanced
reactive oxygen species production and proteotoxicity
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Proteotoxicity

Adverse effects of aberrant or
misfolded proteins that cause
impairment of cell function.

Pre-B lymphocytes

A developmental stage of

B lymphocytes defined by
the expression of membrane
u-chains with surrogate light
chains in the pre-B receptor,
which is composed of two
surrogate light chains and two
immunoglobulin heavy chains
expressed on the cell surface.

HSP70

A family of conserved
ubiquitously expressed heat
shock proteins that function
as molecular chaperones or
folding catalysts to assist
protein folding or protect
cells from stress.

and thus cell death'""'. Although a molecular switch
that transits cell adaptation to cell death programmes
under irreversible ER stress has been proposed, the
nature of this mechanism remains speculative. Indeed,
cells stimulated with pharmacological ER stress exhibit
simultaneous prosurvival and proapoptosis signals*.
However, experiments performed with low doses of ER
stress-inducing reagents demonstrated that the signal-
ling events trigged by long-acting, low-dose ER stress-
ors differ from those in cells subjected to short-term,
highly cytotoxic ER stress*. ER stress that falls below
the threshold may not be able to elicit an effective
PERK-dependent cell death programme®. Indeed,
a recent study showed a new pathway that regulates
ER stress-mediated cell death initiated by a hyaluro-
nidase, an extracellular matrix component, that was
independent of canonical UPR activation*.

miRNAs also contribute to ER stress-induced apopto-
sis, where sustained RIDD degrades miRNAs that nega-
tively control caspase 2 levels and thioredoxin-interacting
protein (TXNIP), leading to sterile inflammation

Box 1| Discovery of the UPR

Numerous independent findings converged into the discovery of the tripartite

mammalian unfolded protein response (UPR).

* In 1977, it was shown that glucose depletion in Rous sarcoma virus-transformed
fibroblasts activated a specific set of genes, the products of which were termed
‘glucose-regulated proteins’ (GRPs)**.

¢ In 1983, an endoplasmic reticulum (ER) protein, which was named ‘binding
immunoglobulin protein’ (BiP), was found to bind immunoglobulin heavy chains
in pre-B lymphocytes before immunoglobulin light chains were expressed””°.

* In the mid 1980s, BiP and GRP78 were found to be the same protein, a protein
localized to the ER lumen and related to 70-kDa heat shock protein (HSP70).

* In 1989, it was found that factors that inhibit cell growth and induce DNA damage
activate genes encoding proteins termed ‘growth arrest and DNA damage-inducible
proteins’ (GADD proteins), many of which are GRPs**.

* At the same time, expression of a mutant influenza haemagglutinin that cannot fold
and expression of an endogenous secreted protein prone to misfolding in the ER were

shown to induce GRPs

. Moreover, the binding of misfolded proteins to BiP was

associated with GRP gene induction’®.

* Together these studies showed that glucose deprivation-induced proteins (GRP gene
induction) are the same as those proteins induced by accumulation of unfolded
proteins in the ER (UPR gene induction) and connected the dots between protein
misfolding and energy starvation. The findings provided evidence for the existence
of signalling mechanisms that sense the accumulation of misfolded proteins in
the ER that lead to the activation of genes among which many encode ER-resident

proteins.

* Yeast genetics studies identified the most conserved UPR pathway as inositol-requiring
1 (Ire1p)-mediated splicing of HAC1 (homologue of ATF and CREB) mRNA to produce a
functional transcription factor for UPR gene induction”'%*.

¢ In 1993, the mammalian homologues of yeast Ire1p were identified as ERN1 (also
known as IRE1a), which is ubiquitously expressed, and ERN2 (also known as IRE1()
with intestinal and lung epithelial cell-restricted expression?*****.

* In 2001, the metazoan Hacl homologue was identified as X-box-binding protein 1
(XBP1), for which IRE1a initiates unconventional XBP1 mRNA splicing to produce a
functional transcription factor'’~°. XBP1 was discovered as a transcription factor in
B cells more than 10 years before it was identified as a target of IRE1a*°.

* In 1998-1999, two additional UPR transducers were identified as double-stranded
RNA-activated protein kinase-like ER kinase (PERK) and activating transcription
factor 6 (ATF6)*”*"*% in metazoans. The tripartite UPR restores ER proteostasis by
modulating the expression of genes involved in most aspects of the secretory
pathway.

or NACHT, LRR and pyrin domain-containing 3
(NLRP3) inflammasome activation and subsequent cell
death*»*~*" (FIC. 1b). Hyperphosphorylated IRE1a may
deplete essential ER components through RIDD, such
as the chaperone BiP, sensitizing cells to apoptosis*.
The activation kinetics of the PERK and IRE1a signal-
ling pathways may serve as a switch to trigger apoptosis.
Under prolonged ER stress, attenuation of XBPI mRNA
splicing inactivates a major UPR prosurvival avenue,
whereas PERK—CHOP signalling persists*’. The activity
of death receptor 5 (DR5) and that of the downstream
initiator caspase 8 were shown to regulate apoptosis
under ER stress’>*. In this model, RIDD activity can
degrade the mRNA encoding DR5, which is induced by
CHOP'. Under sustained ER stress, RIDD is attenuated
in certain cellular systems to allow increased expression
of DR5 and activation of apoptotic programmes®"*.
Finally, Ca** release from the ER sets the threshold of
stress signalling to transit into a proapoptotic response
(FIG. 1b). Mitochondrial Ca?* uptake sensitizes cells for
cytochrome c release to trigger apoptosome formation
through the opening of the permeability transition
pore. A group of conserved cell death regulators of the
TMBIM or BAX inhibitor 1 (BI-1) family”, known as
BI-1/TMBIM-6 and GRINA/TMBIM3, can attenuate ER
stress-induced apoptosis by reducing Ca** release from
the ER**. Although a variety of mechanisms by which
UPR regulates apoptosis have been proposed, the contri-
bution of individual UPR pathways is modest, suggesting
the existence of cell type-specific networks in determining
cell fate under ER stress.

Stress sensing mechanisms
Two main models have been proposed to describe the ER
stress sensing mechanisms by IRE1a and PERK: a direct
recognition model and an indirect model where the ER
stress sensing process is directly coupled to the folding
machinery™® (FIC. 2). Importantly, the luminal domains
that sense ER protein misfolding are structurally con-
served. Indeed, replacement of the luminal domain
of IREla (termed ‘Irelp’ in yeast) with the luminal
domain of mammalian PERK, for which there is no yeast
homologue, confers ER stress activation of the UPR*.
In the indirect model, IRE1a monomers are prone to
form dimers, resulting in transphosphorylation of the
kinase domain, followed by a conformational change in
the RNase domain that activates canonical UPR signal-
ling’. Twenty years ago, correlative data suggested that ER
stress sensors are maintained in an inactive state under
resting conditions through their physical interaction
with the ER chaperone BiP* (FIC. 2a). On ER stress, BiP
associates with unfolded or misfolded proteins in the ER,
thereby releasing PERK and IRE1a to allow their homod-
imerization or the translocation of ATF6 to the Golgi
apparatus through COPIl vesicles™*. However, in yeast, BiP
binding to Irelp may be dispensable to activate the UPR®,
as mutations that abrogate the BiP-Irelp interaction do
not significantly affect the ER stress sensing process®
(reviewed in”’). Alternatively, BiP binding was suggested
to participate in the attenuation of UPR signalling under
prolonged ER stress to deactivate Irelp and sequester its
inactive form, contributing to the dissociation of Irelp
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Fig. 2 | Regulation of IRE1a and PERK signalling. a | Indirect endoplasmic reticulum (ER) stress sensing model. In resting
cells, the ER stress sensor IRE1a is maintained in an inactive state through its association with the ER chaperone BiP (also
known as GRP78). On accumulation of unfolded proteins, BiP preferentially binds to unfolded protein peptides, thereby
releasing the ER stress sensor to allow its spontaneous dimerization and activation. In this model, BiP has the capacity to
destabilize IRE1a dimers and maintain the unfolded protein response transducer in an inactive state. In addition, the BiP

co-chaperone ERdj4 is required for BiP binding to IRE1a and repression of IRE1a activation. b | Alternatively, BiP might
bind misfolded proteins through the substrate-binding domain (SBD), which transduces a signal to the ATPase domain

to release the repressive interaction over IRE1a and PERK. ¢ | A direct recognition model proposes that unfolded proteins
bind directly to the luminal domains of IRE1aq, facilitating the assembly of highly ordered IRE1a clusters. This may
orient the cytosolic region of the dimer to create a ribonuclease site and generate an mRNA docking region.

d | The 3D structure of the ER luminal domain of yeast Ire1p is shown, depicting the dimeric interphase (dashed line)

and the major histocompatibility complex (MHC) class-I like groove (pink surface), where misfolded peptides might bind.
Protein Data Bank accession number 2BE1. e | ATF6 is regulated by its glycosylation and redox state, in addition to the
binding of various disulfide isomerases, including PDIA5 and ERp18. ATF6p90, full-length AFT6; ] protein, J-domain
protien; NEF, nucleotide exchange factor; S1P, site-1 protease; S2P, site-2 protease.

clusters®"*. By contrast, mutagenesis studies with mamma-

lian cells suggested that disruption of the BiP-IREla inter-
action results in basal UPR activation even in the absence
of ER stress™. Recent studies have reinforced the idea
that BiP plays a major role in ER stress sensing. ERdj4
(also known as DNAJB9) was identified as an ER luminal
co-chaperone required for the formation of the BiP-IRE1la
complex®. In this model, ERdj4 associates with IREla and
recruits BiP by stimulating ATP hydrolysis (FIC. 2a). Then
unfolded proteins compete for BiP to favour a ‘default’
dimeric and active state of IRE1a*. Thus, binding of ERdj4
and BiP has the capacity to destabilize IREla dimers to
maintain them in an inactive monomeric state®.

COPIl

A type of vesicle coat protein
that transports newly
synthesized proteins from
the endoplasmic reticulum
to the CGolgi apparatus.

In an alternative model, BiP has a dual function in
the regulation of the UPR: it directly senses ER stress by
binding to unfolded or misfolded protein peptides via
its substrate-binding domain and then transduces this
information to IREla and PERK through the ATPase
domain, triggering the dissociation of the sensor-BiP
complex® (FIC. 2b). These observations implicated BiP as
a sensor of ER stress and suggested an allosteric mech-
anism for UPR induction. A follow-up study suggested
that the physical interaction of BiP with the luminal
domains of IRE1 and PERK may switch BiP function
from being part of a chaperone cycle that operates as
an ER stress sensor®. This switch might prevent the
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Collagens

The most abundant structural
proteins in the extracellular
matrix in connective tissues
in mammals.

Foldases

Molecular chaperones that
support the folding of nascent
protein peptides in the
endoplasmic reticulum.

binding of BiP to its co-chaperones and guanine nucle-
otide exchange factors, in addition to preventing ATPase
stimulation.

The 3D structure of the ER luminal domain of
yeast Irelp contains a binding pocket that extends
across a dimerization interface reminiscent of the
peptide-binding groove of the major histocompatibility
complex (MHC)". This observation led to the hypothe-
sis that unfolded or misfolded proteins may directly bind
to the luminal domain of Irelp to promote the formation
of stable dimers and oligomers (FIC. 2¢,d). Mutagenesis
analysis of the Irelp groove suggested that yeast Irelp
binds peptides that have amino acid patterns reminis-
cent of those predicted to occupy internal positions in
folded proteins®. Additional studies suggested a two
step model where BiP dissociation from Irelp is needed
for Irelp to form clusters, which then bind misfolded
proteins for UPR activation”. While similar conclu-
sions were inferred from a recent biochemical charac-
terization of the ER luminal domain of IREla, IRE1f
and PERK"'7, this sensing mechanism model remains
to be validated in living cells. Importantly, IREla form-
ing a peptide-binding groove, as observed in the crys-
tal structure of yeast Irelp, was not supported by the
X-ray structure of the luminal domain of human IREla.
The X-ray structure suggests that the MHC class I-type
groove is not exposed to solvent, which is incompati-
ble with the binding of a protein peptide'®. In addition,
other studies failed to detect the binding of misfolded
proteins to the ER luminal domain of IREla in vitro*.
Whether direct peptide binding to IREla can activate its
function remains an open question, but it is possible that
under ER stress the UPR is activated by a combination
of both BiP-dependent and BiP-independent recognition
mechanisms. Finally, a recent study suggested that DR5
signals through its intracellular accumulation by directly
recognizing unfolded proteins in the ER lumen, trigger-
ing apoptosis”. Thus, DR5 may operate as an ER stress
sensor to engage a terminal UPR.

Recent studies revealed that additional ER-resident
factors are involved in the activation of UPR transducers.
The collagen carrier HSP47 activates IREla signalling
under mild ER stress through a physical interaction’.
HSP47 directly binds to the ER luminal domain of
IRElaq, displacing the negative regulator BiP from the
complex to facilitate IRE1a oligomerization’. However,
HSP47 does not affect the activation of PERK, suggest-
ing its role in selective regulation of IREla. As collagens
are the major cargo of the secretory pathway, the involve-
ment of HSP47 in IREla activation suggests a coupling
of the secretion pathway with the UPR to adjust the ER
protein folding capacity. In agreement with this concept,
collagen 6a was identified as a major RIDD target®, and
XBP1s was shown to induce the expression of the puta-
tive collagen carrier TANGO1 (REF”). All these obser-
vations implicate the existence of a tight association
between collagen biogenesis and the UPR.

Protein disulfide isomerases (PDIs) are a group of
foldases that catalyse the formation and isomerization
of disulfide bounds in ER client proteins. PDIA6 was
shown to attenuate IRE1a and PERK signalling under
prolonged ER stress through an interaction with specific

oxidized cysteines in the ER lumen of IREla or PERK in
cultured cells”. However, PDIA6 expression enhanced
IREla signalling in response to disruption of ER Ca?*
homeostasis”. An unbiased interactome screening for
ATF6 identified several PDIs as binding partners®.
At the functional level, PDIA5 and ERp18 enhance
ATF6 activation, possibly through a direct interac-
tion*>*' (FIC. 2¢). Altogether, available data suggest that
the mechanism for ER stress sensing is highly complex
and combines the protein folding machinery and UPR
signal transduction molecules.

In addition, IREla and ATF6 can sense ER mem-
brane lipid bilayer alterations, without the involvement
of the ER luminal domain for signalling®-*. The trans-
membrane domains of IREla and ATF6 are required to
respond to such membrane aberrancies®*>*. In yeast,
an amphipathic a-helix in Irelp may sense altered ER
membrane properties®. Importantly, the transcrip-
tional responses driven by IREla under ER stress or
lipid bilayer stress are different”, suggesting a complex
integration of local perturbations to selective adaptive
programmes. These findings support the notion that
multiple signals may cause activation of UPR sensors in
a non-canonical manner.

UPR regulation

There is increasing evidence that the proximal UPR
transducers IREla, PERK and ATF6 can be selectively
modulated by binding to specific factors or through
post-translational modifications that modify their activ-
ities and/or protein stability. Thus, the threshold of ER
stress that triggers the activation of each UPR sensor is
determined by specific interactomes, regulating UPR
signalling amplitude, kinetics and its impact on cell phys-
iology. Recent advances have increased our understand-
ing of how activators, repressors and post-translational
modifiers function together to fine-tune UPR signalling.
Although some cases rely on single reports or artificial
overexpression systems, they introduce a new layer of
complexity in UPR regulation that cannot be ignored.

Temporal and selective regulation of UPR transducers.
Several studies suggest that the activity of all three UPR
stress sensors is modulated by different specific factors.
However, most of them focused on IREla as it is the
most conserved of the UPR stress sensors (FIG. 3; TABLE 1;
Supplementary Table 1).

Multiple laboratories identified positive regulators
of IREla signalling that function by controlling IRE1a
dimerization, oligomerization, phosphorylation and
dephosphorylation, impacting the amplitude and kinetics
of the signalling response. For example, BI-1 was the first
identified negative regulator of IRE1a, which was found
to attenuate IRE1a signalling under prolonged ER stress
by forming a protein complex with the cytosolic domain
of IRE1a*". Fortilin inhibits IREla activity in a simi-
lar manner, by directly interacting with phosphorylated
IRElaq, attenuating the UPR and reducing the susceptibil-
ity of cells to apoptosis”™. Apoptosis regulators were also
reported to directly interact with IREla to modulate its
activity. Several members of the BCL-2 family can phys-
ically interact with IREla to enhance the amplitude of
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Fig. 3 | Regulation of IRE1a signalling through protein—protein interactions and post-
translational modifications. Several proteins can form a complex with IRE1a. A schematic
representation is presented for negative and positive regulators of IRE1a signalling
(attenuators and enhancers of unfolded protein response signalling). The effects of these
regulators at different stages of the IRE1a signalling process are indicated, including IRE1a
dimerization, oligomerization and phosphorylation. In addition, the occurrence of several
post-translational modifications that could modify the stability or the activity of IRE1ais
indicated. BI-1, BAX inhibitor 1; ER, endoplasmic reticulum; ERAD endoplasmic reticulum-
associated protein degradation; NMIIB, non-muscle myosin heavy chain IB; PKA, protein
kinase A; PP2A, protein phosphatase 2A.

Translocon

A complex of proteins
associated with the
translocation of nascent
protein peptides into the
luminal space of the
endoplasmic reticulum from
the cytosol within a cell.

IREla downstream outputs, thereby sustaining the UPR
signalling in both cultured cells and animal models®*.
Similarly, several components of the MAPK pathway
can selectively modulate IRE1a activity through inter-
acting with IREla (reviewed in’*). Moreover, interactome
analyses have identified additional regulators of IRE1a
(Supplementary Table 1). For example, the non-muscle
myosin heavy chain IIB protein forms a specific complex
with IREla, promoting the formation of larger IREla
clusters™ (FIC. 3). The tyrosine-protein kinase ABL1 is
required to stabilize IRE1la oligomers, shifting the equi-
librium towards a hyperactivated state that more likely
catalyses RIDD, triggering cell death”.

IREla also forms a complex with Sec61, a core com-
ponent of the translocon machinery*. Sec61 can recruit
unspliced XBP1 (XBP1u) mRNA through a ribosomal
arrest sequence to bring XBP1u mRNA to the ER mem-
brane in a signal recognition particle-dependent manner
to increase the splicing efficiency of the XBPI mRNA'#7%,
Although the protein encoded by the XBP1u mRNA is
highly unstable and not detectable as it is rapidly degraded
by the proteasome, it contains a membrane-interacting
region that attaches to the ER membrane and brings the
XBP1umRNA close to IRE1a”. During this process, trans-
lation of the XBP1u mRNA is briefly paused, which allows
the XBP1u mRNA-ribosome—nascent chain complex to
be targeted to the protein-conducting channel on the ER
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membrane that is formed by Sec61, where XBP1u mRNA is
efficiently processed by IRE1a”'%1%",

Although less explored, the activities of PERK and
ATF6 are modulated by selective binding partners. For
example, p58"X, the small GTPase Rheb and transducin
B-like protein 2 (TBL2) bind PERK to regulate the ampli-
tude of PERK-mediated signalling responses at the level
of eIF2a phosphorylation'”*"'*". More systematic inter-
actome screenings are needed to define the composi-
tion of UPR stress sensor-containing complexes and the
dynamic nature of their assembly/disassembly under ER
stress and in physiological conditions.

Post-translational regulation of the UPR. Phosphory-
lation of IRE1a and PERK is a well-validated crucial regu-
latory mechanism for the activation of the UPR. Structural
and biophysical studies have shown that IRE1a undergoes
homodimerization and transautophosphorylation that
lead to a conformational change that promotes IREla
RNase activity'*>'®. Phosphorylation of IREla occurs in
three regions: linker, activation loop and RNase domain'”’.
Phosphorylation of IRE1a on the activation loop enhances
the accessibility of RNA substrates to the IRE1a RNase
catalytic pocket and thereby facilitates IRE1a-mediated
XBPI mRNA splicing or cleavage of RIDD substrates'*>'"”
(FIC. 1a). IRE1a can also be phosphorylated independently
of ER stress at Ser724 by protein kinase A (PKA), as
reported in hepatocytes in the context of glucagon bio-
synthesis'® and in neurons stimulated by the growth
factor brain-derived neurotrophic factor (BDNF)'*!°,
Moreover, the levels of IRE1a phosphorylation are neg-
atively controlled by various phosphatases, including
protein phosphatase 2A''"''? (which is recruited to the
ER membrane through interaction with IREla) or ER
membrane-targeted protein phosphatase PP2Ce'" (FIG. 3).
It has also been reported that in cultured cells under ER
stress, oligomerization of the ER luminal domain of
PERK promotes PERK transautophosphorylation of the
C-terminal cytoplasmic kinase domain at multiple resi-
dues to boost its kinase activity to phosphorylate eIF2a'**.
However, these studies are based on cell assays for which
physiological significance needs to be confirmed in vivo.
Although other post-translational modifications of
ER stress sensors or transcriptional activators are less
studied, emerging evidence suggests they play an impor-
tant part in the regulation of UPR signalling. Metabolic
challenges that increase the cellular levels of nitric oxide
can reduce IRE1a RNase activity in the liver by inducing
S-nitrosylation, a modification that involves the covalent
attachment of nitrogen monoxide to target proteins''>''°.
IREla contains two conserved cysteine residues within
the RNase domain that can be S-nitrosylated and thereby
block IREla RNase activity under metabolic inflamma-
tion'"®. Furthermore, S-nitrosylation of IRE1a and PERK
was implicated in cell-based models of Parkinson dis-
ease''”. Whereas S-nitrosylation of IRE1a inhibits its rib-
onuclease activity, S-nitrosylation of PERK can activate
its kinase domain and downstream phosphorylation of
elF2a'". Redox changes may induce cysteine sulfenyl-
ation in the IREla kinase activation loop, reducing its
activity''®. Other post-translational modifications also
regulate the function of IREla in some experimental
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Table 1] Selected IRE1a-binding partners and regulators

Protein

AlP1
BAK
BAX
BIM
BI-1
BID
BiP
ABL1

CHIP

ER protein-
targeting
machineries

Filamin A
Fortilin

HSP47

HSP90
HSP70
HRD1
IP3R1-IP3R3
JAB1

JIK

Myosin heavy
chainllB

NMI
Optineurin
PARP16
PDIA1
PDIA6
PPM1L
PKA

PKC
PSEN1
PUMA
RACK1
Sec61
SIG-1R
TRAF2
UFBP1
Ubiquitin D
USP14
Yip1lA

Function

MAPK signalling
Apoptosis
Apoptosis
Apoptosis
Apoptosis
Apoptosis
Chaperone

Cellsignalling, DNA damage,
apoptosis

Ubiquitin system

Protein synthesis

Actin cytoskeleton regulation
Cellsurvival

Collagen folding and
trafficking

Chaperone
Chaperone
ERAD

Calcium channel
MAPK signalling
MAPK signalling

Actin cytoskeleton regulation

Cellsignalling

Autophagy

Protein modification

Disulfide bond formation
Disulfide bond formation
Phosphatase

Kinase

Kinase

Protein processing

Apoptosis

Cellsignalling

Translocon

Chaperone

Adapter protein, cell signalling
UFM1 conjugation system
Ubiquitin system

Ubiquitin system

ER-Golgi apparatus trafficking

Endogenous
complex

Yes
Yes
Yes
Yes
Yes

Yes

Yes

Yes
Yes

Yes

Yes

Yes

Yes

Yes
Yes

Yes

Yes

Yes

Yes
Yes
Yes

Yes

Ovexpressed
IRE1a with (yes)
or without (no)
tag

No

Yes

Yes

Yes

Yes
Yes
Yes
Yes

Ovexpressed In vitro
interactor with binding
(yes) or without

(no) tag

- Yes
- Yes
- Yes
- Yes
Yes Yes
- Yes
No =

- Yes
- Yes
- Yes
No Yes
No Yes
Yes -
Yes -
Yes =
Yes -
Yes =

- Yes
- Yes
Yes =

- Yes
No -

- Yes
Yes Yes
Yes Yes
Yes =

Detected protein interactions with IRE1a are listed, whether between endogenous proteins or between overexpressed proteins
(tagged or not tagged). If protein complexes were validated with endogenous proteins, experiments performed with overexpression
systems are omited from this table. The complexes that were validated in vitro with use of purified proteins are indicated. See
Supplementary Table 1 for further details and references. ER, endoplasmic reticulum; ERAD, endoplasmic reticulum-associated
protein degradation.
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Inositsol
1,4,5-trisphosphate
receptors

Endoplasmic reticulum
membrane glycoprotein
complexes that act as the Ca?*
release channels within cells.

Lamellipodia

Thin plates of cytoplasm
produced by cytoskeletal
protein actin on the leading
edge of a cell.

Filopodia

Thin, actin-rich cytoplasmic
projections that extend beyond
the edge of lamellipodia in cells.

Phospholipase Cy1

(PLCy). Catalyses the formation
of inositol 1,4,5-trisphosphate
and diacylglycerol from
phosphatidylinositol
4,5-bisphosphate and plays

an important role in signal
transduction of receptor-
mediated tyrosine kinase
activators.

systems. IREla ubiquitylation is catalysed by the
E3 ligase CHIP, enhancing JUN N-terminal kinase
activation in cultured cells'”’. The stability of IREla
can be controlled by several pathways, including the
ubiquitin-fold modifier 1 (UFM1) system'”, the selec-
tive autophagy receptor optineurin'?' and ERAD'*.
ATF6 activation is dependent on its glycosylation status
and reduction of luminal cysteines'”. A recent report
suggested that caspases can cleave IREla and attenuate
its signalling under prolonged ER stress'*’. The stabil-
ity of ATF6 is regulated by the XBP1-target gene WFSI
through proteasome-mediated degradation'”.

UPR functions beyond ER proteostasis

In the past 5 years, many studies have reported that UPR
components have multiple functions in biological pro-
cesses that are beyond maintenance of ER proteostasis.
The identification of novel binding partners of UPR
stress sensors (TABLE 1; Supplementary Table 1) has pro-
vided mechanistic insights, indicating that the formation
of distinct protein complexes serves as a platform for
interorganellar communication and signalling crosstalk
to regulate mitochondrial bioenergetics, cytoskeleton
dynamics and membrane contacts. Moreover, the find-
ing of non-canonical activation mechanisms of ER stress
sensors that depend on signalling events downstream of
plasma membrane receptors has revealed functions
of UPR components in cell differentiation, metabolism,
neuronal plasticity and angiogenesis. These studies sug-
gest a new concept that the ER stress sensors are involved
in cell physiology through mediating non-canonical
UPR responses (FIC. 4).

Membrane contact sites and bioenergetics. To maintain
cellular homeostasis, ER and mitochondria exchange
molecular signals by a physical association between
the two types of organelles (BOX 2). This physical
association forms specific microdomains known as
mitochondria-associated membranes (MAMs), which
are stable structures that are found in all eukaryotic cells
and cover 2—5% of the total mitochondrial surface'*.
These close membrane contacts facilitate the transfer of
Ca’* between the two types of organelles by generating
microdomains of localized Ca?* spikes released from
the ER through inositol 1,4,5-trisphosphate receptors
(FIG. 4a). Mitochondrial Ca** uptake modulates cellular
metabolism by activating the tricarboxylic acid cycle
to produce ATP. Several research groups have reported
the presence of PERK or IREla in MAMs'¥, which was
recently validated in vivo at the level of endogenous pro-
teins'*®. PERK was found to facilitate the tethering of
ER to mitochondria at MAMs, leading to increased
production of reactive oxygen species in response to
ER stress to promote cell death'””. Another study sug-
gested that PERK and the ER-mitochondrial tether pro-
tein mitofusin 2 form a complex that attenuates UPR
signalling'”. The localization of IRE1a at MAMs is sta-
bilized by o, receptor (also known as SIG-1R), which
may enhance UPR signalling'*. The mitochondrial E3
ubiquitin ligase MITOL (also known as MARCHF5),
localized at the outer mitochondrial membrane, was
recently shown to attenuate IREla oligomerization and
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thereby inhibit ER stress-induced apoptosis by catalysing
the ubiquitylation of IRE1la at MAMs'*.

IREla was identified as a basal regulator of mito-
chondrial bioenergetics'*. IREla regulates the transfer
of Ca®* from the ER to mitochondria, acting as a scaffold
that docks the inositol 1,4,5-trisphosphate receptor at
MAMs through physical interaction'*. IRE1a deficiency
resulted in a severe metabolic stress state and impacted
the tricarboxylic acid cycle in cell culture and in the
livers of mice at basal levels. An interactome screening
identified filamin A as a strong PERK binding partner,
and this interaction was shown to regulate the associa-
tion between the ER and plasma membranes, enhancing
Ca* uptake by cells"'. These observations suggest that
the subcellular distribution of PERK and IREla at ER
subdomains is important for signalling optimization and
crosstalk with other cellular processes to control Ca*
signalling, metabolism and cell fate under ER stress.

Cytoskeleton dynamics. The actin cytoskeleton and
non-muscle myosin IIB are required for the formation
of IREla clusters’™'*?, but until recently it was unclear
whether the UPR has reciprocal effects on the cytoskel-
eton. In two recent unbiased interactome screenings,
filamin A was identified as the major IRE1a binder'**'**
(FIG. 4b). Filamin A mediates the crosslinking of actin fil-
aments and regulates cytoskeleton dynamics, including
the formation of lamellipodia and filopodia, thus facilitat-
ing cell migration, adhesion and mechanotransduction.
IRE1la regulates filamin A function through a physical
interaction independent of its UPR-related enzymatic
activities via a proline rich region in the IREla distal
C-terminal region'*. The formation of the IREla—
filamin A complex dramatically impacts cell migration
and cell shape in various cellular and animal models'*.
The interaction between PERK and filamin A, which
affects Ca?* uptake, was also shown to affect cytoskeletal
dynamics and cell migration'’'.

Plasma membrane receptors and signalling crosstalk.
Several studies have identified non-canonical ways
of engaging UPR signal transducers in an ER stress-
independent manner through signalling downstream of
specific receptors (FIC. 4c). For example, optimal secre-
tion of proinflammatory cytokines in macrophages is
mediated by XBP1s, following IREla activation by Toll-
like receptor signalling''>'**, whereas it represses ATF4-
CHOP expression'**'?’. Toll-like receptors can also
trigger IREla activation and generation of functional
XBP1s in myeloid leukocytes, which sustains expression
of prostaglandin-endoperoxide synthase 2 (PTGS2; also
know as COX2) and prostaglandin E synthase (PTGES,
also known as MPGES]1), two rate-limiting enzymes that
control prostaglandin biosynthesis and behavioural pain
responses in mice'**.

IRE1la signalling can be modulated by fluctuations in
glucose and glucagon levels, involving its phosphoryla-
tion via signalling events including PKA and the binding
of the adapter protein RACKI1 to recruit protein phos-
phatase 2A in pancreatic -cells'''**. The UPR promotes
angiogenesis downstream of vascular endothelial growth
factor receptor through phospholipase Cy1 (PLCy) and
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the mTOR pathway, independently of ER stress
In neurons, binding of BDNF to its receptors triggers
the activation of the IRE1a—XBP1 pathway through
PKA activation to induce neuronal differentiation and den-
dritic outgrowth, contributing to synaptic plasticity'®'*°.
XBP1s expression is a differentiation-dependent event in
plasma B cells rather than a response to increased immu-
noglobulin secretion'*"'*?. These selected examples illus-
trate an emerging concept where UPR components may
serve important cellular functions as signal transduction

modules in processes that are independent of protein
folding stress. However, the detailed mechanisms explain-
ing alternative ways of activation of ER stress sensors need
further investigation.

Cell-non-autonomous control of organismal proteosta-
sis. Maintenance of organismal homeostasis depends
on the integration of external and systemic signals
and ability to sense cellular perturbations in order to
trigger adaptive responses. Studies in model organisms
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< Fig. 4| ER stress-independent functions of the UPR. a| IRE1a and PERK localize to

endoplasmic reticulum (ER)-mitochondrion contact sites that form structures known as
mitochondria-associated membranes (MAMs). PERK regulates reactive oxygen species
(ROS) propagation under ER stress at MAMs, in addition to affecting ER-to-mitochondrion
tethering through the interaction with mitofusin 2 (MFN2). PERK also associates with
filamin A (FLNA) to regulate ER—plasma membrane contact sites and calcium entry into
the cell through ORAl-stromal interaction molecule (STIM) channels. The activity and
stability of IRE1a is differentially regulated at MAMs through interaction with o, receptor
(SIG-1R). IRE1a also docks the inositol 1,4,5-trisphosphate receptor (IP,R) at MAMs to
control the transfer of calcium into the mitochondria and the activation of the tricarboxylic
acid (TCA) cycle to produce ATP. b | Cell migration is regulated by IRE1a and PERK
through the direct binding of filamin A, a regulator of actin cytoskeleton dynamics.

IRE1a recruits protein kinase Ca (PKCa) as a scaffold to trigger filamin A phosphorylation,
leading to its activation as a crosslinker of actin filaments. ¢ | Plasma membrane receptor
signalling pathways undergo crosstalk with unfolded protein response (UPR) signalling
by leading to the activation of UPR sensors in an ER stress-independent manner.

In addition, genotoxic stress might trigger a non-canonical activation of IRE1a to
trigger regulated IRE1-dependent decay (RIDD) and modulate the DNA damage
response. d | Cell-non-autonomous UPR activation. Expression of spliced X-box-binding
protein 1 (XBP1s) in neurons signals for distal tissues to activate IRE1a—XBP1 and drive
proteostatic changes that control healthspan and lifespan in simple model organisms
such as Caenorhabditis elegans. XBP1s regulates different cellular processes to extend
healthspan, including lipophagy, lysosomal function, proteostasis and lipid production.
Neurotransmitter release mediates non-autonomous signalling downstream of XBP1s,
suggesting that a secreted ER stress signal (SERSS) promotes ER stress resistance

and longevity. BCR, B cell receptor; BDNF, brain-derived neurotrophic factor; GPCR,

G protein-coupled receptor; mTORC1, mTOR complex 1; PKA, protein kinase A;

PLCy, phospholipase Cy; PP2A, protein phosphatase 2A; TLR, Toll-like receptor; UFM1,
ubiquitin-fold modifier 1, VDAC, voltage-dependent anion-selective channel;

VEGFR, vascular endothelial growth factor receptor.

CCAAT/enhancer-binding
protein

A member of a family of leucine
zipper domain-containing
transcription factors that are
functionally involved in different
cellular responses, such as in
the control of cell growth and
differentiation, metabolism

and immunity.

Peroxisome
proliferator-activated
receptor

A member of a group of
ligand-regulated transcription
factors that control gene
expression by binding to
specific peroxisome
proliferator hormone response
elements within promoters.

Hepatic steatosis

A reversible condition in which
excessive triglyceride fat
accumulate in the liver cells,
causing liver inflammation

and fibrosis when the condition
persists.

implicated a new paradigm in which a neuronal UPR
orchestrates the global maintenance of ER proteosta-
sis at the organismal level in a cell-non-autonomous
manner'* (FIC. 4d).

The overexpression of XBP1s in the hypothalamus
protected animals against diet-induced obesity, increas-
ing insulin sensitivity, increasing energy expenditure and
reducing gluconeogenesis'**. These effects were attrib-
uted, in part, to an increase in XBPI mRNA splicing in
the liver. Studies in invertebrates suggest that a loss of ER
proteostasis contributes to ageing'*’. Overexpression of
XBP1s in neurons of Caenorhabditis elegans resulted in
a dramatic ~30% extension of lifespan'*®. Unexpectedly,
these beneficial effects of neuronal XBP1s were mapped
to the intestine, where the IREla—XBP1 branch was
activated in a cell-non-autonomous manner'*»",
In C. elegans, XBP1s activates transcription of lysosomal
genes and may assist in clearing abnormally folded pro-
teins'”, in addition to regulating lipid metabolism and
lipophagy'*. A recent study in the same model organism
also suggested that the expression of XBP1s in glial cells
triggers cell-non-autonomous responses to engage the
IREla-XBP1 pathway and protect against proteotoxicity
and extend lifespan'®. The UPR was discovered as a key
mediator of the positive effects of dietary restriction in
ageing'**~'". Lastly, intestinal stem cells in flies subjected
to dietary restriction triggered cell-non-autonomous
activation of IREla and lipogenesis'*'. Together these
studies depict a new layer of complexity, in which the
neuronal UPR integrates stress signals to adjust global
proteostasis and sustain organismal function. However,
the actual role of the neuronal UPR in mammalian
ageing remains to be established.
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DNA damage response. The molecular intersection
between homeostatic systems that maintain both
genome integrity and proteostasis is poorly understood.
A recent study reported that the selective activation of
IREla under genotoxic stress modulates repair pro-
grammes and sustains cell survival under DNA damage.
Unexpectedly, genotoxic agents exclusively engaged the
RIDD activity in the absence of XBP1 mRNA splicing'*’.
This function of IREla degrades mRNAs involved in
the DNA damage response, impacting DNA repair, cell
cycle arrest and cell death. The activation of RIDD under
genotoxic stress was mediated by the recruitment of the
ABL1 kinase to favour the oligomerization of IREla
and catalyse RIDD. The protective role of IREla under
DNA damage was validated in fly and mouse models'*.
Another report suggested that XBP1u has a role in reg-
ulating the levels of p53, a central regulator of the DNA
damage response, by promoting its ubiquitylation and
degradation'”’. These findings suggest a coordination
between the pathways that maintain genome stability
and ER proteostasis.

ER stress in physiology and disease

Altered ER proteostasis and abnormal UPR signalling
have been implicated in the occurrence of a variety of
human diseases, including cancer, neurodegeneration,
metabolic diseases and chronic inflammation. In addi-
tion, the development of small molecules and gene
therapy strategies to manipulate selective UPR compo-
nents has illustrated the potential of the ER proteosta-
sis network as a target for disease intervention (FIC. 5).
In this section, we discuss selected examples depicting the
emerging contribution of the UPR to a variety of human
diseases.

Metabolism. As the ER is a central compartment for
both protein folding and lipid biosynthesis, the UPR
is intrinsically associated with hepatic lipid homeo-
stasis in the context of metabolic disease. The IREla-
mediated UPR is required to protect the liver from
stress-induced hepatic lipid accumulation in response
to pharmaceutical challenges or overnutrition. IREla
modulates expression of CCAAT/enhancer-binding protein
and peroxisome proliferator-activated receptor family
members to boost hepatic fatty acid oxidation, lipol-
ysis and anti-inflammatory responses through either
the XBP1s pathway or the RIDD pathway''*"*". Under
physiological conditions, IREla cleaves a subset of
miRNAs that are functionally involved in inflammation
and metabolism in the liver, leading to their degrada-
tion''. Furthermore, ablation of the UPR transducer
ATF6 leads to hepatic steatosis owing to decreased fatty
acid oxidation in mice challenged with drug-induced
ER stress'>>'°. Similarly to ATF6, hepatic-specific
cAMP-responsive element-binding protein (CREBH),
another ER-located bZIP transcription factor, is acti-
vated through regulated intramembrane proteolysis
under a variety of cellular stress signals*'*'**. However,
cleavage and activation of CREBH did not induce UPR
genes but rather induced the genes encoding functions
involved in systemic inflammation and energy homeo-
stasis'*”'*’. In response to disruption of ER homeostasis,
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Box 2 | ER-coordinated organelle physiology in metabolic disease

The endoplasmic reticulum (ER) functions as a central organelle in the coordination

of stress responses and in the maintenance of lipid homeostasis by interacting with

and forming membrane contact sites with the other organelles in the cell**”. ER and
mitochondria interact at sites known as mitochondria-associated membranes (MAMs)
to exchange metabolites and Ca**. Recent studies suggested that MAMs could be a hub
of hepatic insulin signalling and nutrient sensing’*. Lipid droplets, lipid-storage and
signal-transduction organelles derived from the ER, are intimately associated with the
pathogenesis of metabolic disorders through processes involving multiple organelles.
Mitochondria are frequently packed densely with lipid droplets in fat cells**'. In response
to nutrient starvation, lipid droplets, mitochondria and smooth ER in mouse embryonic

fibroblasts form complexes to allow coupling of lipolysis and fatty acid oxidation?*’.
Commonly recognized as terminal degradation stations, lysosomes move along
microtubules and interface physically and functionally with the ER, lipid droplets

and mitochondria in response to energy fluctuations or stress challenges**'. These
interorganelle contacts make possible reticulophagy, lipophagy and mitophagy: the
‘self-eating’ processes essential for protein quality control, lipid homeostasis and stress

adaptation”*’

. Functionalimpairment of membrane protein regulators or enzymes

located in these dynamic organelle responsive systems, which can be triggered by
overnutrition or other metabolic conditions, has been extensively and independently
implicated in metabolic diseases, such as fatty liver disease, obesity and type 2 diabetes.
From this perspective, metabolic diseases are ‘organelle diseases’.

Innate immune response
The first line of non-specific
immune response consisting of
physical, chemical and cellular
defences against the spread
and movement of foreign
pathogens.

Adaptive immune response
The acquired immune
response that is primarily
mediated by T and B
lymphocytes to attack specific
pathogens.

Isotype switching

A biological process that
changes immunoglobulin
production of B lymphocytes
from one type to another;

also known as immunoglobulin
class switching.

inflammatory challenges or circadian cues, CREBH
transits from the ER to the Golgi apparatus, where it
is processed to release a potent CREB transcription
factor that drives expression of key genes encoding
metabolic regulators or enzymes involved in hepatic
lipolysis, fatty acid oxidation, lipophagy and glucose
metabolism'°~'**. Importantly, CREBH deficiency is
associated with hepatic steatosis and hyperlipidaemia
in humans'*>',

Maladaptive UPR signalling is associated with
diabetes and impaired survival of pancreatic B-cells.
Hyperactivation of IREla, or loss of PERK or IREla
function, resulted in low B-cell survival®>!3%167-165,
XbpI-knockout mice develop liver dysfunction, and
reconstitution of XBP1 expression in the liver bypassed
embryonic lethality but resulted in a failure of exo-
crine pancreas function'®. Loss-of-function mutations
in PERK can cause a rare human diabetic condition
known as Wolcott-Rallison syndrome associated with
infantile-onset diabetes, similarly to what was observed
in eIF2a phosphorylation-deficient or PERK-deficient
mice'®”7*'7!, Strikingly, CHOP deletion protected pancre-
atic B-cell function, reduced oxidative stress and prevented
diet-induced diabetes in mice'””. In addition, prolonged
ER stress was linked to hepatic insulin resistance, where
sustained IRE1la and JUN N-terminal kinase activation
inhibited insulin receptor signalling'”*. In the context of
obesity, lipids accumulated in the ER can trigger an ER
stress response that is detrimental to liver function'”*.

Cancer. Accumulating evidence suggests that disrupted
ER proteostasis is a hallmark of cancer (reviewed in'”).
Cancer cells rapidly metabolize glucose and proliferate,
which could lead to poor vascularization of tumour
mass, low oxygen supply and nutrient deprivation.
In addition, overexpression of oncogenes stimulates pro-
tein synthesis and secretory demands. These oncogenic
conditions are typical ER stress triggers, and UPR activa-
tion promotes the process of oncogenic transformation

where all UPR signalling branches contribute to tumour
growth, angiogenesis and immune evasion'’>'”°. The
high basal levels of UPR activation in cancer cells pro-
vides a survival advantage; however, it also keeps cells on
a tight threshold of survival-death transition. It is possi-
ble that cancer cells require optimal UPR machinery for
survival and that either inhibiting the UPR response or
increasing ER stress levels may be an effective approach
to repress oncogenesis. In human biopsy samples from
brain cancer, breast cancer, lymphoma and multiple
myeloma, high expression of XBP1s correlates with poor
prognosis and low patient survival'”’-'.
Small-molecule inhibitors of the enzymatic activity of
PERK or IREla have demonstrated efficacy in various
preclinical models of cancer'®'. The IRE1la-XBP1 UPR
branch acts in synergy with hypoxia-inducible factor la
in human triple-negative breast cancers to promote
angiogenesis and cancer cell proliferation'””. The IREla—
XBP1 pathway also promotes prostate cancer by acti-
vating MYC signalling'®* and hepatocellular carcinoma
by enhancing metabolic inflammation and hepatocyte
proliferation'®. However, IREla is otherwise required
to prevent oncogenesis in various cancer types. It was
shown that dietary restriction limited cancer progression
through IREla-dependent anticancer immunosurveil-
lance'®. A low-protein diet reduced tumour growth in
three mouse cancer models bearing lymphoma, colorectal
carcinoma and melanoma cells, respectively'®, suggesting a
tumour-suppressive role of the IRE1a-XBP1 pathway.
A recent study revealed an intriguing scenario where XBP1s
and RIDD have opposite effects on brain cancer progres-
sion through remodelling tumour stroma'”®. Targeting
PERK signalling in human colorectal carcinoma cells
reduced tumour size'*’, whereas suppression of trans-
lational inhibition mediated by eIF2a can selectively
trigger cytotoxic effects against aggressive metastatic
prostate cancer'®’. These selected examples illustrate the
fundamental role of the UPR in the progression of cancer.

Immunology. UPR signalling intersects at many
levels with the innate immune response and the
adaptive immune response'®. By controlling the differ-
entiation and function of immune cells, the UPR sup-
ports the full complement of immune effectors required
for self-tolerance and defence against extracellular
pathogens. The IREla-mediated UPR is required for
both early and late stages of B cell differentiation'-'*’.
Activation of B cell receptor signals stimulates IRE1a
activity to initiate splicing of XBP1 mRNA, a target
of the B cell differentiation regulator BLIMP1**'*°.
While XBP1 deficiency in B cells leads to an absence
of antibody-producing plasma cells, XBP1 is margin-
ally involved in B cell maturation or isotype switching.
However, IRE1a is required for pro-B cell differentiation
and survival, in addition to the differentiation of plasma
cells, possibly through impacting V(D)] antigen receptor
rearrangements'*>'*". The IRE1a—XBP1 UPR branch is
also required for dendritic cell development and sur-
vival"”. Loss of IREla-dependent RIDD, on top of
XBP1 deficiency, caused intestinal dendritic cell demise,
implicating the role of the RIDD pathway in dendritic

cell survival under pathophysiological conditions'”.
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Fig. 5| Role of the UPR in physiology and diseases. Genetic and pharmacological
manipulation of major unfolded protein response (UPR) components has revealed that
the UPR pathways play a part in the functions of diverse organs and cell types. Preclinical
models have also shown that dysregulation of UPR signalling, mediated by specific
UPR components, contributes to a variety of diseases. The figure illustrates the roles
of the UPR in organ physiology (blue) or pathological conditions (pink) affecting the

same tissues.

Moreover, the IRE1a-XBP1 branch activates natural
killer cell immunity in part by regulating the oncogenic
transactivator MYC'".

The UPR is extensively involved in the signal trans-
duction of inflammatory responses. PERK-mediated
elF2a phosphorylation attenuates overall protein syn-
thesis and favours nuclear factor-«kB activation to induce
proinflammatory genes'*>'*°. Alternatively, IREla and
PERK signalling promote production of proinflamma-
tory cytokines through the direct binding of XBP1 or
ATF4 to the Tnfa, 116 and 118 gene promoters in mac-
rophages, fibroblasts, astrocytes or epithelial cells'*>'*"~%,
Pathologically, the IREla-mediated UPR functions as a
critical regulatory node governing macrophage-mediated
inflammation in metabolic and autoimmune diseases.
In adipose tissues, IRE1a senses metabolic and immuno-
logical states and consequently guides adipose tissue
macrophage polarization®”. Additionally, hyperactiva-
tion of the IRE1a-XBP1 pathway in macrophages facili-
tates production of proinflammatory cytokines, a major
driving force of inflammatory arthritis''.

Brain physiology and neurodegenerative diseases. In
neurons, the secretory pathway is essential for the pro-
duction of most synaptic proteins that support neuronal
connectivity and brain functions. Many studies revealed
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that the control of protein synthesis by eIF2a phospho-
rylation modulates synaptic plasticity and determines
complex behaviours, including learning and memory™"'.
Small molecules that block the translational repression
mediated by phosphorylated eIF2a enhance the basal
memory capacity of mice and rats’”. In the brain, XBP1s
was shown to regulate the transcription of a cluster of
synaptic genes and neurotrophins'® '’ and thus enhance
learning and memory””. In the context of brain devel-
opment, PERK signalling regulated neurogenesis in the
cortex, and genetic ablation of PERK resulted in micro-
cephaly””’. PERK expression enhanced the generation
of intermediate progenitors and projection neurons in
different cortical layers, thereby impacting on overall
brain architecture. As mentioned earlier, IREla physi-
cally interacts with filamin A, modulating cytoskeleton
dynamics and cell movement'*’. Mutations in the gene
encoding filamin A are the underlying cause of para-
ventricular heterotopies, a disease condition driven by
altered neuronal migration during brain development™”.
Genetic depletion of IREla during brain cortex develop-
ment led to a phenotype resembling filamin A deficiency,
with delayed cortical migration and altered morphology
of the brain'*. In vitro experiments indicated that XBP1
expression drives neuronal differentiation in response to
BDNE and these effects involve in part the upregulation
of BDNF on a feedforward loop?***®. Thus, the UPR is
emerging as a central regulator of neuronal physiology
and cognition, in addition to brain development.
Alteration to ER function is common in many
neurodegenerative diseases such as Alzheimer disease,
Huntington disease, Parkinson disease, prion-related
disorders and amyotrophic lateral sclerosis?””?".
Although all these diseases are linked to protein mis-
folding, most of the protein aggregates accumulate
in the cytosol, not in the ER lumen. However, several
studies indicated that these disease-associated protein
aggregates abnormally interacted with the regulatory
components of the secretory pathway, including ERAD,
ATF6 signalling, ER to Golgi apparatus vesicular traf-
ficking, chaperone function and the proteasome, among
other proteostasis-related processes (reviewed in*”’). The
occurence of chronic ER stress blocks the production
of synaptic proteins by repressing protein translation
through the sustained phosphorylation of e[F2a****'
and may result in a proapoptotic reaction owing to
the occurrence of unresolved stress. Genetic manipu-
lation of the IRE1a-XBP1 pathway in mouse models
has demonstrated divergent roles of the UPR in various
pathological conditions affecting the nervous system,
including Parkinson disease?'!, amyotrophic lateral
sclerosis®'?, Huntington disease’"’, Alzheimer disease’"*,
prion-related disorders*?'*, spinal cord injury*'® and
peripheral nerve degeneration®”’. Similarly, genetic
and pharmacological manipulation of the PERK-eIF2a
pathway modifies disease progression in various models
of neurodegeneration””***. Preclinical studies suggested
that use of small molecules to target different UPR sig-
nalling branches'®' or that the enforcement of XBP1s or
chaperone expression through gene therapy approaches
delays neurodegeneration (reviewed in’'¥). However,
recent studies suggested that XBP1s may have alternative
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UPRosome

A protein complex assembled
at the level of IRE1a that
regulates its activity and

roles in the nervous system at the level of astrocytes,
where it drives detrimental proinflammatory reactions
and contributes to autoimmune diseases such as multiple
sclerosis'”.

mediates the crosstalk with
other signalling pathways

and biological processes.

Conclusions and perspective

The UPR is a signalling pathway that is central for the
determination of cell fate — cell death or survival —
under ER stress. However, the mechanisms underlying
the cell survival to cell death transition under ER stress
remain largely unknown (see BOX 3 for outstanding
questions and misconceptions). One possible explana-
tion may involve the dynamic nature of IRE1a assembly
with proteins that control signalling outputs. Ten years
ago, the concept of the UPRosome was proposed”, where
IREla-containing protein complexes are envisioned as

Box 3 | Outstanding questions and misconceptions

Many researchers measure mRNA or protein induction as markers for endoplasmic
reticulum (ER) stress. It is best to monitor the most proximal events in unfolded
protein response (UPR) sensor activation. BiP is a poor marker for ER stress because
it is an abundant and stable protein. Sensitive real-time markers for UPR activation
in vivo are needed to provide insights into kinetic, physiological and pathological
conditions that cause UPR activation.

Although several markers are assumed to be ER stress dependent, they are not
reliable indicators of ER stress response because of signalling crosstalk. For example,
phosphorylation of eukaryotic translation initiation factor 2 subunit-a (elF2a) or ATF4
expression is mediated by PERK, but also three additional elF2a kinases are part of the
integrated stress response. In addition, CHOP (also known as GADD153) induction is
frequently used as a marker for ER stress, but it can be induced under a variety of
different stress conditions, such as DNA damage.

It was reported that elF2a phosphorylation inhibits only 5" methylguanylate (5me-G)
cap-dependent mRNA translation. However, phosphorylated elF2a inhibits both
cap-dependent and cap-independent mRNA translation.

Investigators that aim to study mechanisms by which cells activate the UPR to cope
with ER stress should not use pharmacological inducers of ER stress because they
are not physiological, have significant adverse effects and often trigger a terminal
proapoptotic response in parallel to an adaptive UPR reaction. Possible approaches
to minimize this limitation include use of very low concentrations as a pulse and
pharmacological agents with effects that are reversible.

There is strong interest in investigating how protein misfolding in the ER causes
oxidative stress. Under these conditions, there is debate as to whether the ER lumen
becomes more reducing or more oxidizing. It would be important to consider how
different cell types respond and define how the demand for disulfide bond formation
by protein disulfide isomerases may impact ER redox balance. More sensitive and
reliable compartment-specific real-time sensors for Ca?* and reactive oxygen species
are needed.

When one is inhibiting or activating a single UPR pathway by genetic or pharmacological
approaches, it is necessary to delineate possible effects on parallel signalling branches

to assess the specificity of the observations to a single signalling branch.

Defining the role of IRE1a needs to consider its function as a signalling scaffold and
the impact of regulated IRE1-dependent decay (RIDD) and other degradation
pathways involving mRNAs and precursor microRNAs. Assessment of mRNA stability
of proposed RIDD targets is required.

Are protein complexes (that is, distinct UPRosomes) formed by IRE1a, PERK and ATF6
different from cell type to cell type or by the specific ER stressor analysed? How
low-abundance UPR stress sensors mediate diverse cellular functions through
protein—protein interactions remains to be determined. Are these complexes
localized to specific ER subdomains?

How does an adaptive UPR turn into an inducer of apoptosis? This is probably one
of the most significant questions that needs to be addressed. How do ER stress
sensors integrate information about the intensity and duration of the stress stimuli
to determine cell fate?

a platform to control its activity and also mediate the
crosstalk with other intracellular signalling pathways.
This concept has been expanded to PERK and ATF6.
Studies assessing the nature of the interactome of UPR
sensors revealed novel biological functions of the path-
way in diverse biological processes, such as cytoskeleton
dynamics, mitochondrial bioenergetics and cell differ-
entiation. These alternative functions could be mediated
by non-canonical signalling independent of the RNase
activity of IREla. It is anticipated that, depending on
the cell type analysed and the stimuli, distinct IREla
assemblies will form in a temporally and spatially
dynamic manner. The minimal compositions of these
protein complexes remains to be defined, in addition
to the way they are modified in specific cell types or by
physiological and pathological stimuli. It is important
to note that many of the studies describing UPR-sensor
binding partners rely on overexpression systems or on
single studies (TABLE 1; Supplementary Table 1). As
IREla and PERK are low-abundance proteins, it might
be feasible to speculate that transient and dynamic inter-
actions, rather than stable protein complexes, might
explain the molecular basis and physiological signifi-
cance of the IRE1a UPRosome. In addition, subcellular
localized protein complexes enriched in particular ER
subdomains might contain a specific subset of bind-
ing partners to control distinct cellular processes. The
dynamics of IREla cluster assembly and disassembly
were recently reported, and it was suggested that only
a small fraction of IREla clusters form large oligomers
(~5%), that they have complex topology and that their
composition changes quickly under ER stress*"’, sup-
porting the existence of distinct and dynamic pools of
IREla inside the cell.

Abnormal levels of ER stress are extensively linked
to different human diseases, including neurodegenera-
tion, obesity, diabetes, cancer and autoimmunity. Small
molecules that specifically inhibit or activate individ-
ual UPR pathways are needed to guide studies towards
therapeutic implications in humans. Different UPR
pathways may be activated for unique pathophysiologi-
cal processes in cell-specific and disease-specific states.
For example, PERK inhibition attenuates neurodegen-
eration but also causes diabetes due to pancreatic (-cell
failure”**?!; IRE1la inhibition represses triple-negative
breast cancer but may cause colorectal cancer'””*2. Most
significantly, ATF6 inactivating mutations in humans
cause a very specific loss of photoreceptor cone cells
associated with age-related colour blindness*”*, while
Atf6-null mice exhibit no overt phenotype™. Temporal
and tissue-specific gene therapies to improve ER prote-
ostasis to deliver active UPR components (for example,
XBP1s or ATF6p50) or chaperones (for example, BiP)
may be an interesting strategy to avoid systemic side
effects of prolonged administration of small molecules*"*.
It is important to consider therapeutic avenues to reduce
ER stress levels. For example, chemical chaperones can
prevent protein aggregation, reduce protein misfolding
and attenuate UPR activation. Tauroursodeoxycholic
acid is the most widely used chemical chaperone to
reduce ER stress. It is well tolerated and is presently
being tested in ~20 clinical studies, of which the most
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promising are for treatment of amyotrophic lateral scle-
rosis and insulin resistance. Proteasome inhibitors have
been intensively studied in the treatment of cancers. In
particular, bortezomib (Velcade), a highly selective and
reversible proteasome inhibitor, was approved for clini-
cal use against multiple myeloma and is in clinical trials
as a single agent or in combination with chemotherapeu-

tics against other tumour malignancies**. Despite the

progress, efforts to target the UPR for cancer therapy
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