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Abstract

The stimuli for neuronal cell death in neurodegenerative disorders are multi-factorial and may include genetic predisposition, environ-
mental factors, cellular stressors such as oxidative stress and free radical production, bioenergy failure, glutamate-induced excitotoxicity,
neuroinflammation, disruption of Ca2�-regulating systems, mitochondrial dysfunction and misfolded protein accumulation. Cellular
stress disrupts functioning of the endoplasmic reticulum (ER), a critical organelle for protein quality control, leading to induction of the
unfolded protein response (UPR). ER stress may contribute to neurodegeneration in a range of neurodegenerative disorders. This review
summarizes the molecular events occurring during ER stress and the unfolded protein response and it specifically evaluates the 
evidence suggesting the ER stress response plays a role in neurodegenerative disorders.
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Introduction
Chronic neurodegenerative diseases are a group of progressive
disorders characterized by gradual loss of neuronal function in
distinct areas of the central nervous system, leading to impaired
brain functioning [1–4]. They include Alzheimer’s disease (AD),
Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS) and
prion diseases [5]. Emerging evidence suggests that ER stress
may play a pivotal role in the development or pathology of many
neurodegenerative diseases.

ER stress and the UPR
Physiological or pathological processes that disturb protein fold-
ing in the ER cause ER stress. The cells initial and rapid response

to ER stress is the activation of a set of pro-survival signalling
pathways termed the UPR. Activation of the UPR causes a shut-
down of global protein synthesis and activates mechanisms that
allow the cell to deal with the accumulation of unfolded proteins.
For example, it enhances the protein folding capacity by increas-
ing the expression of ER chaperones and it up-regulates the
degradation of misfolded proteins. This co-ordinated biochemical
response to ER stress allows cells to deal with ER stress–however,
if the stress is prolonged or excessive, apoptosis ensues.

In mammals, the three major ER stress sensors are IRE1 (inos-
itol requiring 1; ERN1, endoplasmic reticulum-to-nucleus sig-
nalling 1), PERK [double-stranded RNA-activated protein kinase
(PKR)-like ER kinase; PEK, pancreatic eukaryotic initiation factor
2� kinase; EIF2AK3] and ATF6 (activating transcription factor 6)
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[6]. IRE1 and PERK are type I transmembrane proteins with
protein kinase activity, whereas ATF6 is a type II transmembrane
protein encoding a transcription factor [7]. The ER-luminal
domain of PERK, IRE1 and ATF6 interacts with the ER chaperone
glucose-regulated protein 78 (GRP78); however, upon accumula-
tion of unfolded proteins, GRP78 dissociates from these mole-
cules, leading to their activation [7]. Activation of PERK, IRE1 and
ATF6 initiates a network of intracellular signalling pathways during
the UPR (Fig. 1).

The IRE1 axis: non-conventional splicing 
of XBP1 mRNA

IRE1 exists in two highly conserved isoforms: IRE1� and IRE1�.
IRE1� is expressed ubiquitously, whereas the expression of
IRE1� is limited to gut epithelial cells [8]. The cytoplasmic domain
of IRE1 contains a serine/threonine kinase domain and a C-termi-
nal endoribonuclease domain [9]. ER stress leads to dissociation
of GRP78 from IRE1, resulting in autophosphorylation of IRE1�

and activation of its RNAse activity. The downstream consequence
of IRE1-mediated endoribonuclease activity is non-conventional
splicing of XBP1 [9]. Activated IRE1 excises a 26-nucleotide
sequence from XBP1 mRNA. This post-transcriptional mRNA pro-
cessing is unique in that it does not use traditional mRNA splicing
mechanisms. IRE1-mediated XBP1 mRNA splicing causes a shift
in the reading frame, such that spliced XBP1 (XBP1s) mRNA
encoding a 376 amino acid protein is produced. XBP1s possesses
a potent transcriptional transactivation domain in its C-terminal
region [9]. In addition, activated IRE1 can bind to tumour necro-
sis factor (TNF)-receptor-associated factor 2 (TRAF2), an adaptor
protein that promotes activation of JUN N-terminal kinase (JNK)
through apoptosis signal-regulating kinase 1 (ASK1) [10]. JNK
activation results in enhanced autophagy [11]. This might allow
cells to adapt to stress by initiating autophagy.

The IRE1 axis of the UPR is modulated by several interacting
proteins (Fig. 2, inset) [12]. The pro-apoptotic B-cell lymphoma 2
(BCL-2) family members BCL-2–associated X protein (BAX) and
BCL-2 antagonist/killer (BAK) augment both the kinase and
endoribonuclease activities of IRE1. BAX and BAK form a protein
complex with the cytosolic domain of IRE1, which requires their
conserved BH1 and BH3 domains [12]. Protein tyrosine phos-
phatase 1B (PTP1B), which is present mostly in the ER, also influ-
ences IRE1 activity. The absence of PTP1B caused impaired XBP1
splicing, JNK phosphorylation and attenuated up-regulation of
XBP1 target genes such as ER degradation enhancing �-mannosi-
dase–like protein (EDEM) [12]. ASK1-interacting protein 1 (AIP1)
was recently shown to specifically regulate and enhance IRE1
signalling. The pleckstrin homology (PH) domain of AIP1 is criti-
cal for IRE1 binding. AIP1-deficient cells displayed impaired IRE1
signalling after exposure to ER stress agents [12]. The IRE1 path-
way is negatively modulated by the ER-located protein BAX
inhibitor-1 (BI-1). BI-1 forms a protein complex with IRE1, and 
BI-1�/� cells show hyperactivation of IRE1 and a subsequent

increase in XBP1 mRNA splicing [12]. We have recently shown
that the stress-inducible form of HSP70 (HSP72) can interact with
IRE1 and increase XBP1 mRNA splicing, thus modulating the
expression of XBP1’s target genes causing attenuated apoptosis
under ER stress conditions [13]. It is likely that additional proteins
can interact with IRE1 to alter its activity.

The PERK axis: attenuation of translation

PERK is an ER-associated transmembrane serine/threonine pro-
tein kinase. Upon accumulation of unfolded proteins in the ER
lumen, PERK dimerization and trans-autophosphorylation leads to
activation of its kinase domain [14]. PERK-mediated phosphoryla-
tion of the � subunit of eukaryotic translation initiation factor 2 �
(eIF2�) at Ser51 leads to translational attenuation [14]. Although
phosphorylation of eIF2� inhibits general translation initiation, it
paradoxically increases translation of activating transcription fac-
tor 4 (ATF4) [15] through a cap-independent process (Fig. 1).
Recent studies suggest that in addition to eIF2�, the bZiP Cap ‘n’
Collar transcription factor, nuclear respiratory factor 2 (NRF2) is
also a substrate of PERK [16]. NRF2 is retained in the cytoplasm
through its association with the microtubule-associated protein
KEAP1 (Kelch-like Ech-associated protein 1) [16]. Upon ER stress,
PERK-mediated phosphorylation of NRF2 promotes its dissocia-
tion from KEAP1, leading to the nuclear accumulation of NRF2
[16]. NRF2 binds to the antioxidant response element to activate
transcription of genes encoding detoxifying enzymes such as A1
and A2 subunits of glutathione S-transferase, NAD(P)H:quinone
oxidoreductase, �-glutamylcysteine synthetase, heme oxygenase-
1 and UDP-glucoronosyl transferase [16].

The ATF6 axis: regulated proteolytic activation

In mammals, there are two alleles of ATF6, ATF6� (90 kD) and
ATF6� (110 kD), both are synthesized in all cell types as ER trans-
membrane proteins. In unstressed cells, ATF6 is localized at the
ER membrane and bound to GRP78 [17]. In response to ER
stress, GRP78 dissociation permits trafficking of ATF6 to the Golgi
complex, where ATF6 is sequentially cleaved by two proteases
[17]. The site-1 protease cleaves ATF6 in the luminal domain. The
N-terminal portion is subsequently cleaved by the site-2 protease.
The processed forms of ATF6� and ATF6� translocate to the
nucleus and bind to the ATF/cAMP response element and to the ER
stress responsive element to activate target genes (Fig. 1). Studies
of ATF6�/� cells have recently shown that ATF6 is responsible for
transcriptional induction of a cohort of ER proteins which includes
chaperones, folding enzymes and ER-associated degradation
(ERAD) components [18]. A number of other bZIP transcription
factors that localize to the ER have been identified including
OASIS, CREBH, LUMAN/CREB3, CREB4 and BBF2H7 [12]. All of
these ATF6-related bZIP factors are processed at the Golgi in a
similar manner to ATF6. The function of each factor in the UPR is
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Fig. 1 The unfolded protein response. ER stress such as presence of misfolded proteins leads to activation of the UPR sensors, PERK, IRE1 and ATF6.
The individual arms have distinct roles but the overall aim is to relieve the stress and restore homeostasis. Activation of PERK leads to inhibition of cap-
dependent translation but paradoxical increased translation of the potent transcription factor, AFT4. This leads to increased expression of genes involved
in amino acid metabolism and transport and in redox chemistry through cap-independent translation. Activation of IRE1 is associated with non-conven-
tional splicing of XBP1 which translocates to the nucleus to increase expression of components of the ERAD system and molecular chaperones. ATF6
translocates to the Golgi apparatus following activation where it is cleaved by site 1 and site 2 proteases. In the nucleus, ATF6 activates transcription of
XBP1 and molecular chaperones such as GRP78 and GRP94.
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poorly characterized, although OASIS has been shown to be
involved in bone formation [19] and BBF2H7 targets Sec23a,
which governs protein transport from the ER to the Golgi.
BBF2H7�/� mice exhibit chondroplasia and die due to immature
development of the chest cavity [20].

The most salient feature of the UPR is to increase the transac-
tivation function of an array of bZIP transcription factors such as
ATF6, ATF4, ATF3, NRF2 and XBP1. Once activated, these tran-
scription factors co-ordinate transcriptional induction of ER chap-
erones and genes involved in ERAD, to enhance the protein fold-
ing capacity of the cell and to decrease the unfolded protein load
of the ER, respectively [6]. However, if the damage is too severe
and ER homeostasis cannot be restored, apoptosis ensues [21].

ER stress–induced apoptosis

If the aforementioned pro-survival mechanisms fail to rescue the
cell then apoptosis can occur. It is not clear at which point the
switch between pro-survival and pro-apoptotic signalling occurs,
nor are the mechanisms which underlie cell death fully elucidated.
Overall, it is thought that the apoptotic signals generated from
excessive activation of the UPR converge on the mitochondria
resulting in opening of the permeability transmembrane pore
(PTP) and loss of mitochondrial membrane potential (��m) with
consequent release of pro-apoptotic factors, including
cytochrome c (Fig. 2). In conjunction with apoptotic protease acti-
vating factor 1 (Apaf-1), pro-caspase-9 and cytochrome c form
the apoptosome [22, 23]. The apoptosome is a complex consist-
ing of adaptor proteins, which mediate the activation of initiator
caspases at the onset of apoptosis. Specifically it processes pro-
caspase-9 to its active form, which then activates downstream
effector caspases including caspase-3, -7 and -6 [24], leading to
apoptosis. Caspase-12 is an ER resident caspase; however, its role
in ER stress–mediated apoptosis is subject to controversy as the
human gene contains several inactivating mutations producing a
truncated caspase-12 [25]. In addition, caspase-12 expression
has no effect on cell viability in B16/B16 melanoma cells when
treated with the ER stress inducer thapsigargin [26]. Caspase-4
has high homology to caspase-12 and its expression and cleavage
is increased during ER stress [2]. Activation of caspase-4 has also
been reported in response to disturbances in Ca2� homeostasis as
a Ca2� chelator, EGTA, reduces the cleavage of caspase-4 in a
concentration-dependent manner [27]. Caspase-2 is cleaved in
response to excessive ER stress. Inhibition of caspase-2 confers
resistance to ER stress–induced apoptosis [28].

It is currently understood that the cross-talk between the ER
and mitochondria in apoptosis is predominantly mediated by the
BCL-2 protein family. Experimental evidence supports a role for
the BCL-2 family in ER stress–induced apoptosis. Overexpression
of BCL-2 can protect cells from ER stress–induced cell death [29].
Also, many of the BCL-2 family members associate with the ER
where they function to regulate Ca2� homeostasis. BCL-2 family
members are classified into anti-apoptotic members (BCL-2, BCL-
XL and MCL-1), which have all four BH domains and pro-apoptotic
BCL-2–homology domain 3 (BH3)-only proteins family members
(BAD, BIM, BIK, BID, PUMA and NOXA) and multi-domain members
BAX and BAK [23]. The balance between pro-apoptotic and anti-
apoptotic BCL-2 family members is thought to play a critical role
in regulating the transition from a protective to an apoptotic UPR
response [23, 29]. Pro-apoptotic members BAX and BAK cause
mitochondrial outer membrane permeabilization (MOMP) and for-
mation of the PTP, in a process which ultimately leads to release
of pro-apoptotic molecules such as second mitochondria-derived
activator of caspases and cytochrome c. Pro-apoptotic family
members sequester anti-apoptotic members such as BCL-2,
thereby tipping the balance towards death [30]. Interaction
between the anti-apoptotic BCL-2 proteins and pro-apoptotic pro-
teins neutralizes the action of the pro-apoptotic molecules [23].
ER stress induces expression of the BH3-only proteins BIM,
PUMA and NOXA and can also down-regulate expression of BCL-
2 and cause cell death. Overexpression of PUMA induced apopto-
sis, whereas PUMA�/� cells were resistant to ER stress–induced
apoptosis [31]. Numerous other studies exist which provide evi-
dence for the involvement of BCL-2 family members in ER
stress–induced cell death (reviewed in Ref. [32]). In summary, ER
stress–induced cell death is thought to be primarily mediated via
the BCL-2 family of proteins. However, the molecular switch sig-
nalling cells to change from a survival response to cell death is still
not understood.

CHOP, also known as growth arrest and DNA damage-inducible
gene 153 (GADD153), is a member of the C/EBP family that het-
erodimerizes with other members of the C/EBP transcription fac-
tor family. This 29 kD factor is expressed at low levels in
unstressed cells and is strongly induced in response to ER stress
[33]. It can be induced by all three arms of the UPR. It has been
shown that mouse embryonic fibroblasts derived from CHOP�/�

animals exhibited significantly less cell death when challenged
with ER stress–inducing agents compared to wild type [33].
CHOP’s pro-apoptotic effects are linked to down-regulation of
BCL-2 and enhanced production of reactive oxygen species (ROS)
[34]. Caspase-11 has been reported to act downstream of 
CHOP to induce cell death by activating death effector caspases-1

Fig. 2 ER stress-induced pro-apoptotic signalling. ER stress leads to activation of JNK and induction of CHOP. JNK and CHOP alter the balance between
pro-apoptotic and anti-apoptotic BCL-2 family members. CHOP causes up-regulation of BIM transcription and down-regulation of BCL-2 transcription.
JNK phosphorylates and activates BIM. Consequently, BAX and BAK are activated resulting in release of calcium from the ER and opening of the PTP, loss
of mitochondrial membrane potential with consequent release of cytochrome c which interacts with Apaf-1, pro-caspase-9 and cytochrome c to form the
apoptosome.
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and -3 [35]. CHOP can also bind to the promoter region of pro-
apoptotic BIM, increasing its expression as well as transcription-
ally down-regulating BCL-2 and in this way it induces cell death.
Paradoxically, PERK�/� cells, which do not express CHOP are
sensitive to ER stress–induced apoptosis, indicating redundancy
in the system and CHOP-independent cell death mechanisms [36].

ER stress and autophagy

Autophagy, similar to ER stress has both pro-death and -survival
functions. Accumulating evidence indicates that autophagy may
confer neuroprotection by enhancing clearance of soluble and
aggregated misfolded proteins and conversely, deregulation of
autophagy may lead to neurodegeneration [37].

Synthesis of proteins in the ER is monitored by an elaborate
quality control mechanism that allows only correctly folded pro-
teins to be transported to their final destination, and misfolded or
unassembled proteins are retained in the ER and subsequently
degraded by ERAD. In the ERAD pathway, ER-resident chaperones
recognize the misfolded proteins and ER reductases remove disul-
fide bonds in these proteins to facilitate retrograde transport to the
cytosol where they are degraded by the proteasome [38]. To
remove the aggregates of misfolded proteins that cannot be
degraded by the ERAD, the UPR activates autophagy [11]. During
ER stress–induced autophagy, portions of the ER and protein
aggregates are engulfed in double-membrane structures called
autophagosomes and delivered to lysosomes for degradation
[39]. The initiation of autophagy requires activation of the
ATG1/ULK induction complex [40]. This complex is essential for
the formation of a small double membrane structure known as a
phagophore, which will eventually mature into a double-mem-
braned vacuole termed an autophagosome [41].

Mammalian target of rapamycin (mTOR) is a key kinase in the
regulation of autophagy and activated mTOR inhibits autophagy.
mTOR exists in two different complex forms, mTOR complex I
(mTORC1) and mTOR complex II [42]. AMP-activated protein
kinase (AMPK) negatively regulates mTOR via the tuberous scle-
rosis complex (TSC). AMPK is activated in response to many
stresses such as hypoxia, starvation, heat shock, ischaemia and
ER stress [43]. During ER stress, Ca2� flux from the ER lumen 
to the cytosol can lead to the activation of Ca2�/calmodulin-
dependent protein kinase kinase-� (CaMKK-�) [44]. CaMKK-�
activates AMPK, in turn inhibiting mTOR and activating the
ATG/ULK induction complex. The inhibition of mTOR during ER
stress via AMPK is an important event during ER stress for the
induction of autophagy [45].

Different conditions that induce ER stress lead to induction of
autophagy [39]. Both the PERK/eIF2� and IRE1 arms of the UPR
have been implicated in the regulation of autophagy [46, 47].
Treatment of cells with tunicamycin, thapsigargin or proteasome
inhibitors induces autophagy in an IRE1-dependent manner [47].
The pro-autophagic actions of IRE1 seem to rely on the ability of

IRE1 to activate JNK. JNK has been shown to regulate autophagy
through BCL-2 phosphorylation, which disrupts its interaction
with Beclin-1 [48]. Intriguingly, it has been recently shown that
XBP1 ablation increases autophagy and protects cells from the
toxicity induced by aggregates of the mutant form of enzyme
superoxide dismutase 1 (mSOD1) in a model of ALS [49]. These
observations suggest that the two distinct signalling pathways
emanating from the IRE1 arm of the UPR can regulate autophagy.
It has been shown that PERK signalling is also required for
autophagy following expression of the Huntington’s disease-asso-
ciated expanded polyglutamine repeats, which is a result of expan-
sion of a CAG trinucleotide repeat and extension of a polygluta-
mine tract at the N-terminus of the encoded, ubiquitously
expressed protein called huntingtin [50]. PERK-eIF2�–dependent
ATG12 up-regulation is required for induction of autophagy in
response to polyglutamine protein accumulation [51]. PERK-
dependent transcription factors ATF4 and CHOP have been shown
to induce transcriptional activation of MAP1LC3B and ATG5 dur-
ing hypoxia [52]. Further, eIF2�-dependent up-regulation of the
transcription factors p8, ATF4, CHOP and TRB3 is required for
induction of autophagy [53]. However, the detailed molecular
mechanism behind activation of autophagy during ER stress is not
yet fully elucidated.

The UPR and neurodegenerative 
disorders

As outlined earlier, disruption of ER functioning is associated with
the accumulation of misfolded proteins. Significantly, the accumu-
lation of misfolded proteins is a characteristic occurrence in many
neurodegenerative diseases [3, 54, 55] and neurodegenerative
diseases are often described as protein conformational disorders
or proteinopathies [1]. Normally, accumulation of misfolded pro-
teins triggers the unfolded protein response, which determines the
fate of the cell. In this section of the review we aim to explore the
links emerging between factors that trigger the accumulation of
misfolded proteins in neurodegenerative diseases, the cellular
response to this stress and how this response influences neuronal
cell fate. These are summarized in Table 1.

Protein folding in vivo is an inefficient process and is aided by
molecular chaperones, which increase folding efficiency. In addi-
tion, degradation systems such as ERAD, the endo-lysosomal
pathway, the proteasome and autophagy rapidly remove misfolded
proteins. Despite this, accumulation of misfolded proteins can still
occur due to spontaneous errors during transcription and transla-
tion, genetic mutations, toxic compounds and cellular stresses
[38]. In the native conformation, hydrophobic patches are usually
buried within the interior of soluble proteins to maintain the low-
est energy state [55]. Misfolded proteins have hydrophobic
patches exposed allowing them to interact with other proteins
leading to aggregation. In most cases, the native monomeric
protein is mainly composed of �-helix, whereas the misfolded
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polymers are rich in �-sheet conformation [55]. Neurons are
heavily reliant on the removal of misfolded proteins to maintain
homeostasis [56] and accumulation of misfolded proteins is a
characteristic feature of many neurodegenerative diseases includ-
ing AD [57], PD [58], transmissible spongiform encephalopathy
[59] and also acute neurodegenerative disorders such as
traumatic brain injury [60] and cerebral ischaemia [61]. Because

misfolded proteins trigger the UPR, this has prompted several
groups to investigate the involvement of ER stress in neurodegen-
erative disorders. Here the links between misfolded proteins, ER
stress and neuronal cell death in some of the major neurodegen-
erative diseases are reviewed (Table 1). Furthermore, links that
have been established between ER stress and autophagy as well
as between autophagy and neurodegeneration will also be outlined.

Table 1 Evidence for disruption of UPR signalling in neurodegenerative disease

Protein name Role in UPR Evidence of disturbed UPR

Alzheimer’s disease Parkinson’s disease ALS

IRE1
ER stress sensor erine/
threonine kinase:
Autophosphorylates itself

PS1 mutants inhibit IRE1 sig-
nalling [73]

IRE1/ASK1/JNK pathway acti-
vated in PD Paraquat induces
phosphorylation of IRE1 [92]

Phosphorylated IRE1 detected in
spinal cord of ALS patients [96]

Endoribonuclease: splices
XBP1

ALS associated with ASK1-
dependent cell death [99]

Recruits TRAF2-ASK1-JNK
complex 

Increased IRE1 expression in
spinal cord of ALS patients [96]

XBP1
Transcription factor increases
expression of ERAD genes
including EDEM

XBP1 can bind to the promo-
tor the negative regulator of �-
secretase complex and to the
promoter of genes involved in
APP trafficking [75]

Exogenous expression of the
active protein (XBP1s) has
protective effects against cell
death induced by MPP+ and
proteasome inhibitors [120]

XBP1 ablation increases
autophagy and protects cells from
the toxicity induced by aggregates
of mSOD1 in a model of ALS [49]

GRP78

Chaperone protein which
controls the activation of the
UPR sensors IRE1, ATF6 and
PERK

Reduction at mRNA level via
inhibition of IRE1 signalling
in mice homozygous for PS1
knock-in mutation [121]

PERK
Inhibits general protein trans-
lation

Increased phospho-PERK in
AD patients [74]

Increased PERK expression in
spinal cord of patients [96]

Increases cap-independent
transcripts, for example ATF4

PS1 mutants inhibit PERK
signalling [73]

Induces antioxidant response
via NRF2

ATF4

Transcription factor: increases
expression of genes involved
in stress response, redox
reactions and CHOP

ATF4 leads to increase in
parkin mRNA [87]

ATF6 ER stress sensor
PS1 mutation inhibits activa-
tion of ATF6 [73]

ALS-associated mutation in VAPB
inhibits translocation of ATF6 to
Golgi [102]

Transcription factor

Increases expression of
genes involved in protein
folding, protein degradation
and protein trafficking

Increased ATF6 expression in
spinal cord of sporadic human
ALS patients [96]

Increases XBP1 mRNA
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Alzheimer’s disease

AD is characterized by the presence of senile plaques with a core
of extracellular �-amyloid protein and intracellular neurofibrillary
tangles containing hyperphosphorylated tau [62]. These patholog-
ical hallmarks are accompanied by ballooning of neurites and
neuronal loss. �-Amyloid is cleaved from its precursor protein,
amyloid precursor protein (APP), through the action of �-secre-
tase (BACE) and �-secretase that results in the production of 
�-amyloid protein. �-Secretase can produce �-amyloid of differ-
ent lengths, most notably A�40 and A�42 [63]. The A�42 form of
the protein is the most amyloidogenic and is prevalent in senile
plaques. The extracellular deposition of senile plaques may pre-
cede the development of neurofibrillary tangles, and has been the
subject of much investigative interest [64]. Although the evolution
of senile plaques is closely linked to the development of the neu-
rodegeneration and onset and progression of symptoms in AD,
there is arguably not a direct causal relationship between �-amy-
loid deposition and neurodegeneration. The possibility that there
may be a lethal intermediate in the process of transition between
the soluble normal monomeric protein and the insoluble fibrils has
been raised [65].

In particular, soluble oligomeric forms of �-amyloid have been
suggested as such lethal intermediates [66–68]. Neurofibrillary 
tangles contain twisted pairs of helical filaments formed by the
aggregation of hyperphosphorylated tau [69]. Hyperphosphorylation
of tau impairs its ability to interact with cytoskeletal microfilaments,
resulting in disorganization of the cytoskeleton.

The presenilin protein is a component of the �-secretase com-
plex, which is widely expressed in the ER and Golgi apparatus
[70]. Presenilin mutations are linked with the majority of early
onset forms of AD [69] with presenilin 1 (PS1) being more highly
expressed than PS2, and mutations in the genes coding for a pre-
senilin protein reduce the average age of onset of AD [71].
Evidence also demonstrates that PS1 mutations render cells more
susceptible to apoptosis induced by a range of insults [72].
Presenilin is an integral membrane protein that is located prima-
rily in ER and has been shown to influence the activity of two of
the key ER stress sensors IRE1 and PERK (Fig. 3A). Presenilin
mutations reduced phosphorylation of PERK and eIF2�, resulting
in failure to attenuate protein synthesis causing protein accumula-
tion in the ER [73]. However, studies on the brains of AD patients
have revealed increased activation of PERK, therefore more work
is required to delineate the contribution of PERK signalling in AD
pathology [74]. Mutant PS1 is also known to bind, and inhibit
IRE1, thereby reducing, or delaying, the transcription of ER chap-
erones such as GRP78 which has consistently been found to 
be down-regulated in AD [73]. In fact, the increased sensitivity 
of neurons to ER stress is attributed to the decreased levels of
GRP78 mRNA. We have recently demonstrated that modulation of
IRE1 activity and the resultant effect on XBP1 splicing can regu-
late cell fate [13]. Therefore, it is possible that mutant PS1, acting
on IRE1, can reduce or delay splicing of XBP1, thus switching sig-
nalling to a pro-death response. Interestingly, genome wide

approaches have identified a number of XBP1 target genes that are
associated with AD. XBP1 can bind to the promotors of at least
one key component of the �-secretase complex, namely UBQLN1
that is a negative regulator of the �-secretase complex. It has been
suggested that UBQLN1 may control APP trafficking and thus the
generation of A�. XBP1 can also bind to the promoter of genes
involved in APP trafficking and processing as well as genes
involved in AD pathogenesis, thereby implicating XBP1 in AD 
(Fig. 3A) [75]. It is possible therefore that reduced expression of
XBP1 in AD influences the generation of A� and affects cell fate
decisions. Examination of XBP1 splicing in AD models should
reveal the role of XBP1 in AD and manipulation of spliced XBP1
levels in these models will indicate if XBP1 is a potential new ther-
apeutic target for AD.

Ca2� homeostasis is important for proper functioning of ER
chaperones and protein folding. Alterations in Ca2� homeostasis
lead to reduced chaperone activity, protein misfolding and initia-
tion of the UPR. A� peptides have been shown to cause depletion
of ER Ca2� stores by triggering release of Ca2� into the cyto-
plasm. In addition, PS1 mutations increase A�42 levels and have
also been shown to impair ER Ca2� homeostasis. Cells containing
human PS1 mutations exhibit increased Ca2� release from intra-
cellular stores in response to stress in vitro [76]. Therefore, cur-
rent studies suggest that there is a perturbed UPR response in AD
and that presenilins may play a role in influencing this response
(Fig. 3A) via a number of different mechanisms.

Autophagosomes and precursor autophagosomes (autophagic
vacuoles) are abundant in swollen and dystrophic neurites from
human AD brains, suggesting that the later stages of autophagy or
the removal of autophagic vacuoles may be deregulated [77].
Autophagic vacuoles contain the proteases and substrates neces-
sary to cleave APP, suggesting that the abnormal accumulation of
autophagic vacuoles in affected neurons of the AD brain may act
as a reservoir for the production of toxic aggregates and con-
tribute to A�42 deposition [77].

Parkinson’s disease

PD is characterized by motor symptoms such as dyskinesia, mus-
cle rigidity, postural instability and resting tremor. In addition,
olfactory sensory loss and gastrointestinal disturbance are com-
mon in PD sufferers. Degeneration of the dopaminergic neurones
of the nigrostriatal pathway and the presence of �-synuclein con-
taining Lewy bodies and Lewy neurites are characteristic of the
disease [78]. Within the Lewy plaques, diffuse deposits of mis-
folded �-synuclein form the core in association with other pro-
teins, notably components of the ubiquitin–proteasome system
[3]. PD is mostly sporadic with unknown causes, with monogenic
forms representing 5–10% [79]. Genes associated with autosomal
dominant PD include �-synuclein, ubiquitin carboxyl-terminal
esterase L1 (UCHL1) and leucine-rich repeat kinase 2 (LRRK2);
autosomal recessive PD genes include Parkinson protein 2
(PARK2/Parkin); PTEN-induced kinase 1 (PARK6/PINK1); PD
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(autosomal recessive, early onset) 7 (PARK7/DJ-1) and PD (auto-
somal recessive) 9; (PARK9/ATP13A2) [80].

�-Synuclein is expressed in synaptic vesicles and on cell mem-
branes in nervous tissue. Post-translational modification of 
�-synuclein such as phosphorylation and nitrosylation can cause
misfolding and subsequent deposition of the protein [78]. With
misfolding, the tertiary structure of �-synuclein changes from a
predominantly �-helix to �-sheet conformation. There is a sug-
gestion that �-synuclein, although normally contained within
cells, may be released upon cell death [78]. Uptake mechanisms
may result in a domino-like spread of �-synuclein misfolding to
neighbouring cells. Missense mutations in the gene coding for 
�-synuclein cause dominant familial PD. The A53T mutation is
associated with UPR activation as evidenced by increased expres-
sion of CHOP and GRP78 and increased phosphorylation of eIF2�,
suggesting the UPR is active in these cells (Fig. 3B) [80].
Inhibition of phosphorylation of eIF2� protected the A53T �-
synuclein-overexpressing cells from cell death, suggesting that the
activated UPR was shifting the balance towards apoptosis [80].

LRRK2 mutations also cause dominant familial PD, and may
also account for a number of previously considered sporadic
cases of PD [81,82]. LRRK2 is a large multi-domain protein with
kinase and GTPase activity, although its biological function has yet
to be elucidated [82]. Mutations in LRRK2 cause impairment of
protein degradation pathways with ageing [82]. This can lead to
accumulation of �-synuclein and ubiquitinated proteins,
impairment of the autophagy-lysosomal pathway, accumulation 
of oxidised proteins, an inflammatory response and increased
apoptosis [82].

UCH-L1 mutations are linked to autosomal-dominant PD, how-
ever the mechanism by which it caused the disease is unclear, with
conflicting evidence reported for its in vivo functions. Recent stud-
ies reveal a role for UCH-L1 in chaperone-mediated autophagy
(CMA) and mutant UCH-L1 was shown to inhibit CMA-mediated
removal of �-synuclein [83].

Several genetic mutations have been linked to the recessive
form of PD including Parkin, an E3 ligase which forms part of the
cascade reaction which targets misfolded proteins for degradation
by the proteasome [84]. Mutations in Parkin result in loss of ubiq-
uitin-protein ligase activity [85, 86], which can result in the accu-
mulation of misfolded proteins within cells and may underpin the
development of PD in people with this genetic mutation [85, 86].
Parkin has been shown to be up-regulated via AFT4, following ER
stress and this event is associated with promotion of cell survival.
A reciprocal relationship was also shown between JNK and Parkin.
In addition, it was found that CHOP could down-regulate Parkin
expression [87]. These findings suggest wild-type Parkin plays a
protective role following ER stress by preventing stress-induced
mitochondrial damage. However, prolonged stress will eventually

lead to cell death with mutant Parkin potentially tipping the bal-
ance towards cell death [87]. More recently, the role of Parkin in
mitophagy (selective degradation of mitochondria via the
autophagy pathway) has been implicated in contributing to PD.
Mitophagy is required for the removal of damaged mitochondria
and to maintain cellular integrity. Parkin is recruited to depolarized
mitochondria via PTEN-induced kinase-1 (PINK1) leading to
mitophagy. It is proposed that Parkin then causes ubiquitination of
voltage-dependent anion channel 1 leading to mitochondrial clear-
ance [88]. Interestingly, disease-associated Parkin mutations dis-
rupted mitophagy at distinct steps highlighting the importance of
Parkin-mediated mitophagy in PD [88].

Mutations in PINK1 have also been implicated in the recessive
form of PD. Apart from its role in recruiting Parkin to mitochon-
dria for subsequent mitophagy, PINK1 has also been implicated in
protein stability and the wild-type protein may protect cells from
oxidative stress, mitochondrial dysfunction and apoptosis [89].
Mutations in DJ-1 are also linked to PD. DJ-1 has been suggested
to act as an antioxidant or redox sensor protein and defective 
DJ-1 may predispose to oxidative stress and activation of the ER
stress cascade [90]. Paraquat, an agricultural herbicide which is
linked to sporadic PD, can induce expression of ER stress mark-
ers such as GRP78 and CHOP. Further investigation has revealed
that paraquat activates IRE1/ASK1/JNK leading to apoptosis [91].

Therefore, significant evidence indicates that protein products
of genes mutated in PD have a role in regulating protein stability
such as �-synuclein (proteasome), Parkin (E3 ligase), DJ-1 (redox
sensor) and PINK1 (protein stability) (Fig. 3B). In addition, drugs
such as 6-hydroxydopamine (6-OHDA) and 1-methyl-4-
phenylpyridinium (MPP�) which are used to develop animal mod-
els of PD, induce ER stress [92] (Fig. 3B). These studies therefore
implicate protein quality control and the UPR as a key function that
is disrupted in familial and sporadic PD leading to neuronal cell
death. In addition, recent evidence points to the involvement of
mitophagy influenced by the UPR playing a role in the develop-
ment of PD.

Amyotrophic lateral sclerosis

ALS is a progressive fatal neurodegenerative disease that princi-
pally affects motor neurones. Most cases of ALS are sporadic, but
20% of sufferers have a familial form. Pathological mechanisms
such as excitotoxicity, oxidative damage, mitochondrial dysfunc-
tion and defective axonal transport have all been implicated as
causative factors in the apoptotic death of the motor neurones
[93, 94]. Abnormal protein aggregation has also been reported in
ALS. Bunina bodies, neurofilament cytoskeletal aggregation and
deposition of aggregates of proteins such as ubiquitin, mutant

Fig. 3 Schematic diagrams showing links between ER stress, the UPR and neurodegenerative diseases: (A) Alzheimer’s disease, (B) Parkinson’s disease,
(C) amyotrophic lateral sclerosis and (D) Prion disease. Refer to text for details.
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superoxide dismutase 1 (mSOD1) and protein disulfide isomerase
(PDI) are characteristics of the disease [95, 96].

Approximately 2% of ALS patients have a mutation in the
SOD1 gene and transgenic rodents expressing the mSOD1 are the
most commonly used model of study in ALS research [93].
mSOD1 misfolds, aggregates and induces the UPR in transgenic
mSOD1 mice, causing apoptosis [97] and has been implicated in
the development of ALS. The protein level of the ER chaperone,
PDI, in particular was increased, and was shown to co-localize
with aggregated mSOD1 protein [97]. In a longitudinal study using
mSOD1 mouse models of ALS, vulnerable motoneurones were
shown to be selectively prone to a UPR response and axonal
degeneration, which could be attenuated or exacerbated by treat-
ment protecting against or stimulating further ER stress, respec-
tively [98]. As previously discussed, ERAD of misfolded proteins
has been implicated in a range of neurodegenerative conditions,
including ALS. Dysfunction of ERAD, causing ER stress has been
shown to occur in mSOD1 containing motor neurones [99],
through a mechanism involving Derilin-1, an ERAD-linked protein,
subsequent ER stress–induced activation of the ASK1 pathway
and ultimately apoptosis [99]. Specifically, mSOD1 was shown to
interact with Derilin-1 causing dysregulation of ERAD leading to
ER stress–induced ASK1 activation, apoptosis and disease pro-
gression (Fig. 3D).

Mutation of the vesicle-associated membrane protein/synapto-
brevin-associated protein B (VAPB), which associates with
intracellular membranes, such as ER, has been implicated in the
development of late-onset ALS [100]. It has been proposed that
development of ALS may occur due to the disruption of the UPR
caused by the mutation in VAPB, resulting in accumulation of mis-
folded protein in the ER [101]. Native VAPB has been implicated in
the UPR via the IRE1/XBP1[101], and ATF6 pathways [102], a
function that is lost in mutants which contain abnormally highly
ubiquitinated and misfolded VAPBP56S [101,102]. It was found
that both VAPB and VAPBP56S directly interact with ATF6 reducing
its ability to promote transcription of XBP1 with the mutant hav-
ing more potent activity as an ATF6 inhibitor [102].

In addition, mutations in the gene coding for the TAR DNA-
binding protein (TARBP) also known as TDP-43 protein have
recently been implicated in familial and sporadic ALS [103] and in
frontotemporal lobar degeneration (FTLD) [104]. Abnormal and
ubiquitinated TDP-43 has been identified as a key pathological
hallmark of ALS and FTLD [105]. Mutations in a second, function-
ally-related DNA/RNA-binding protein, fused in sarcoma/translo-
cation in liposarcoma (FUS/TLS) have also been implicated 
in familial ALS [106,107] and result in abnormal cytoplasmic
inclusions containing FUS protein in spinal cord motor neurones
[107]. Despite the functional similarities of TDP-43 and FUS/TLS,
whether they converge on the same pathogenic pathway remains
to be clarified, although enhanced interaction between FUS/TLS
and mutant TDP-43 has been reported [108].

More recently, evidence of induction of the UPR has been
reported in sporadic human ALS [96]. UPR sensors IRE1, PERK
and ATF6 show increased expression in spinal cord from sporadic

human ALS patients [96]. However, conflicting evidence suggests
that activation of the UPR may cause ER stress–induced apopto-
sis [96] or may actually be a neuroprotective response triggering
increased levels of autophagy [12]. Therefore, it is likely that the
cellular mechanisms influencing the balance between the protec-
tive response and cell death response of the UPR are crucial in
these cells.

Prion diseases

Prion diseases such as new variant Creutzfeldt Jacob’s disease
(CJD) are rare, fatal neurodegenerative diseases that are both
inheritable and infectious. CJD causes a spongiform encephalopa-
thy, reflecting neurodegeneration and an accumulation of abnor-
mal protein aggregates in diffuse synaptic plaques containing
prion protein and amyloid [84]. Prion protein (PrP) exists in at
least two conformational states, the normal cellular form (PrPc)
and an abnormal infective form (PrPSc). The abnormal PrPSc dif-
fers from the normal cellular form only in its three-dimensional
conformation, having a higher �-sheet structure than the native
protein [85]. PrPc undergoes post-translational modifications at
the ER and the mature protein is expressed in lipid rafts in cell
membranes, anchored to the membrane by a glycosylated phos-
phatidylinositol anchor [85]. Interaction of PrPSc with PrPc

changes the normal host protein to the abnormal form, therefore
amplifying the infectious agent. This amplification is difficult to
achieve in vitro, but occurs readily in the presence of brain
homogenate, suggesting the involvement of a co-factor in the con-
version process [85]. The mature prion protein contains 209
amino acids, and the sequence of amino acids between residues
106–126 can trigger apoptosis [86]. The physiological function of
PrPc is not well established. It has been linked to neuronal growth
and survival [109] and cytoprotection against a number of cellular
stresses including oxidative stress [110], TNF-induced cell death
[111], BAX-induced cell death [112] and serum deprivation in a
BAX-dependent manner [113]. Prion regulation of BAX is a plau-
sible mechanistic link between the cytoprotective effects of prions
against various stressors, although the details of this have yet to
be elucidated. Possible mechanisms include prions signalling via
an unknown pathway to prevent BAX oligomerization and translo-
cation of prions may enhance the BAX–BCL-2 interaction [114]. A
loss of the protective function of cellular prion protein due to
genetic mutation could therefore lead to cell death in prion dis-
eases. This hypothesis however, is likely to be overly simplistic as
PrPc null mice are resistant to disease. In fact, these mice have no
obvious phenotype and do not develop neurodegeneration [115].
It is now well-established that protein deposition and neurodegen-
eration occur in CJD and that both PrPc and PrPsc are needed to
induce neurodegeneration associated with prion disease.
However, there is a lack of a strong correlation between clinical
symptoms and PrPSc levels, which has led to the suggestion that
there could be a toxic intermediate produced during the conver-
sion of PrPc monomers to the fibril PrPSc deposits [87].
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PrPSc has been shown to result in accumulation of protein in
intracellular compartments such as the ER and lead to ER
stress–induced apoptosis (Fig. 3D) [116, 117]. The expression
of ER stress markers such as GRP78, GRP94 and GRP58 is 
up-regulated in the cerebral cortex of CJD patients, suggesting
an involvement of the ER stress response in the pathophysiol-
ogy of this prion illness [12]. PrPSc purified from brains of
scrapie-infected mice causes induction of the UPR and apopto-
sis [12]. This has also been shown in a cellular model where ER
stress leads to misfolding of PrPc, which is more readily con-
verted into PrPSc than wild-type protein thereby creating a cycle
of ER stress.

Alteration of ER Ca2� homeostasis and subsequent ER stress
has also been implicated in the pathogenesis of prion diseases.
PrPSc induces an increase of cystolic Ca2� released mainly from
the ER, which leads to loss of ��m, increased ROS and cell
death. This release of Ca2� is dependent on the apoptosis trig-
gering domain (residues 106–126) of prion protein. These
effects could be inhibited by blocking release of Ca2� from the
ER or by addition of antioxidants [118]. Reticulon 3, an ER-local-
ized protein that can cause the rapid depletion of ER Ca2� stores,
is up-regulated in the ME7/CV mouse scrapie model [12]. The
resultant loss of Ca2� from the ER would inhibit the activity of
several ER chaperones and enzymes triggering ER stress. This
provides a possible a link between PrpSc and ER stress. By
inhibiting the ryanodine receptors and inositol trisphosphate
receptor Ca2� channels or by the addition of antioxidants, the
effects on the mitochondrial membrane potential and cell death
were significantly attenuated. These results strongly implicate
the ER and specifically signalling between the ER and mitochon-
dria in the neurodegeneration associated with prion protein
infections [118].

Evidence that there is a mechanistic link between disease
pathogenesis and cell death induced in both a PrPc and PrPSc-
dependent manner was provided by Kang et al. [119]. PrPc has
previously been shown to undergo pre-emptive quality control
degradation [119]. During conditions of ER stress this mechanism
is in place to prevent further accumulation of misfolded protein.
However in prion diseases, excessive and prolonged ER stress,
due to presence of PrPSc, leads to decreased translocation of PrPc

to the ER. Using a PrP variant which cannot translocate to the ER,
Kang et al. [119] showed development of PrP-associated neurode-
generation in both cell models and transgenic animals. The exces-
sive degradation of PrP may exacerbate ER stress conditions as
PrP loss leads to increased ROS levels. Also given the links
between PrPc and BAX it is also possible that PrPSc infection indi-
rectly leads to enhanced BAX oligomerization, translocation and
eventually cell death.

Future perspectives

ER stress responses and in particular UPR is a fast emerging field
of research. As reviewed here, there is evidence for the accumula-
tion of misfolded proteins and also evidence for the involvement of
the UPR in several human neurodegenerative conditions (Fig. 3).
Dominant and recessive mutations predisposing to neurodegenera-
tive conditions such as AD, PD and ALS have been identified. In par-
ticular, findings such as the effect of PS1 mutations on PERK and
IRE1 functioning, causing a switch to pro-death signalling,
implicates ER stress in the evolution of AD. Mutations in genes
implicated in dominant and recessive forms of PD cause impair-
ment of protein degradation pathways and apoptosis. Dysregulation
of ERAD and induction of the UPR have been implicated in ALS
pathophysiology and up-regulation of the expression of ER stress
markers occurs in prion disease. However, although there is strong
evidence for the occurrence of ER stress responses in neurodegen-
erative diseases, it is not clear how important ER stress and the UPR
are in terms of the evolution of neurodegeneration. Is ER stress the
cause or simply an effect of disease pathology? The elucidation of
the exact role of ER stress in neurodegenerative disorders requires
focused study on the individual arms of the UPR, namely PERK,
IRE1 and ATF6. The first step will be to characterize how the UPR is
affected using in vitro models of neurodegenerative disease, by
assessing how knockdown of the individual arms of the UPR affects
cell fate. The majority of work on the UPR has been performed with
non-neuronal cells and therefore, it would be beneficial to explore
this in neuronal cells given the tissue specific properties of the UPR.
Animal models would facilitate determination of the phenotypic rel-
evance of deregulated UPR functioning. If ER stress is found to
cause neurodegeneration in these disorders, it raises the possibility
for the development of a common neuroprotective therapy for the
treatment of neurodegenerative conditions.
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