Mol Neurobiol (2009) 39:81-89
DOI 10.1007/s12035-009-8054-3

ER Stress and Unfolded Protein Response in Amyotrophic

Lateral Sclerosis

Kohsuke Kanekura - Hiroaki Suzuki - Sadakazu Aiso -
Masaaki Matsuoka

Received: 1 December 2008 /Accepted: 15 January 2009 /Published online: 30 January 2009

© Humana Press Inc. 2009

Abstract Several theories on the pathomechanism of
amyotrophic lateral sclerosis (ALS) have been proposed:
misfolded protein aggregates, mitochondrial dysfunction,
increased glutamate toxicity, increased oxidative stress,
disturbance of intracellular trafficking, and so on. In
parallel, a number of drugs that have been developed to
alleviate the putative key pathomechanism of ALS have
been under clinical trials. Unfortunately, however, almost
all studies have finished unsuccessfully. This fact indicates
that the key ALS pathomechanism still remains a tough
enigma. Recent studies with autopsied ALS patients and
studies using mutant SOD1 (mSOD1) transgenic mice have
suggested that endoplasmic reticulum (ER) stress-related
toxicity may be a relevant ALS pathomechanism. Levels of
ER stress-related proteins were upregulated in motor
neurons in the spinal cords of ALS patients. It was also
shown that mSODI, translocated to the ER, caused ER
stress in neurons in the spinal cord of mSOD]1 transgenic
mice. We recently reported that the newly identified ALS-
causative gene, vesicle-associated membrane protein-asso-
ciated protein B (VAPB), plays a pivotal role in unfolded
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protein response (UPR), a physiological reaction against
ER stress. The ALS-linked P56S mutation in VAPB
nullifies the function of VAPB, resulting in motoneuronal
vulnerability to ER stress. In this review, we summarize
recent advances in research on the ALS pathomechanism
especially addressing the putative involvement of ER stress
and UPR dysfunction.
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Introduction

In 1869, a French neurologist Jean-Martin Charcot and his
colleague Alexis Joffroy reported a strange phenomenon
observed in two patients who died from progressive
weakness and degeneration of both upper and lower motor
neurons with gliosis. Despite over 135 years of vigorous
investigations after the discovery of the disease, amyotro-
phic lateral sclerosis (ALS), also known as Lou Gehrig
disease, still remains a fatal merciless disorder that affects
two to eight per 100,000 persons in the world [1].

ALS is characterized by progressive neurodegeneration
specifically affecting both upper and motor neurons.
Typical cases occur sporadically (~90%) in their middle
ages and become fatal within 2-5 years from the disease
onset mostly because of respiratory failure while cognitive
function of patients remains completely intact even in the
terminal phase of the disease. Several ALS-specific
pathological hallmarks have been identified [2-5]: the
degeneration of motoneurons in the spinal anterior horn;
the Bunina body, also known as Lewy body-like hyaline
inclusion body, seen in the survived motoneurons; sphe-
roids consisting of accumulated neurofilaments in the
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proximal axon; involution of the rough endoplasmic
reticulum (ER), which is known as chromatolysis; and
fragmented Golgi apparatus.

Sporadic and Familial ALS

Five percent to 10% ALS patients have familial background
while the other cases occur sporadically [1]. The etiology of
sporadic ALS (SALS) remains almost unknown although
various hypotheses have been proposed including impair-
ment of splicing of GluR2, an AMPA receptor subunit [6],
ALS autoantibody [7], metal imbalance [8], and excitatory
neurotoxin such as BMAA [9]. Generally speaking, race
and area do not affect SALS incidence [1]. However, there
are two endemic regions for SALS, Guam island and Kii
peninsula in Japan [10]. It was also reported that veterans of
the Gulf War have higher possibility to suffer from the
disease [11]. These facts suggest that some environmental
factors may contribute to the development of SALS.

To date, multiple familial ALS-causative genes have
been identified: ALS1/SOD1 [12], ALS2/alsin [13, 14],
ALS4/senataxin [15], and ALSS8/vesicle-associated mem-
brane protein-associated protein B (VAPB) [16]. In addi-
tion, mutations in pl50 subunit of dynactin [17],
angiogenin [18], and TDP-43 [19] have been recognized
to be closely linked to the onset of familial ALS. Based on
the fact that physiological functions of these familial ALS-
related proteins do not appear to be overlapped, it is
assumed that abnormalities in several independent cellular
functions ultimately result in the development of ALS.
Using familial ALS-related genes, neuroscientists have
been trying to seek the key pathomechanism for ALS.

SOD1 (Superoxide Dismutase 1)

In 1993, an international research team identified the first
familial ALS-linked gene, Cu/Zn superoxide dismutase
(SOD1), from autosomal-dominant ALS patients [12].
SODI1, a ubiquitously expressed enzyme, consists of 153
amino acids, holds a catalytic cupper and zinc ions essential
for its function, and protects cellular organelles from
oxidative stress by dismutating superoxide produced by
oxidative phosphorylation in mitochondria. Twenty percent
of familial ALS cases are caused by mutations in the SOD/
gene [1]. To date, more than a hundred different point
mutations that result in amino acid substitutions or incorrect
translation termination in the SOD/ gene are known to
cause autosomal-dominant ALS. Based on the observation
that almost all missense mutations in SOD1 causes ALS
and thereby generated mutant SOD1 proteins share similar
characteristics of forming aggregate [20] and being poly-
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ubiquitinated [21], it is speculated that the conformation of
wild-type SOD1 protein is strictly maintained by all parts of
SODI1 proteins, tiny structural changes result in its
misfolding, and misfolded mSODI1 is thought to cause
ALS by a common mechanism.

SOD1 detoxifies superoxide anions that are harmful
to cells [22]. Based on the fact that some ALS-linked
mSOD1’s lose their enzymatic activities [23, 24], loss of
the enzymatic function of SOD1 had been deemed to be
linked to the onset of the disease. However, the level of
decreased enzymatic activity of SOD1 did not correlate
with the severity of the disease and some ALS-linked
mSODI1 have almost normal enzymatic activity to remove
superoxide [25]. Furthermore, SOD1 knockout mice did
not show motor neuron degeneration [26]. All these
experimental results declined the “loss of function” theory
on mSOD1-induced ALS. Instead, the establishment of
G93A-SOD1 transgenic mice as a representative ALS
mouse model to mimic human ALS-like phenotypes by
Gurney et al. in 1994 [27] strongly supported the notion
that mutant SOD1 causes ALS by gain of some unknown
neurotoxicities.

How does mSODI1 show neurotoxicity? A number of
studies have demonstrated that various mutations increase
the unfolded states of SOD1. As a result, SOD1 mutants are
prone to form aggregates and to be ubiquitinated. In fact,
ubiquitin- and SOD1-immunopositive cytosolic inclusions
are often seen in the motor neurons in the spinal cord of
ALS patients [28] and rodent ALS models [29]. While
cytosolic aggregates are pathological hallmarks in neuro-
degenerative diseases such as Huntington’s disease [30],
Parkinson’s disease [31], and ALS, it remains largely
unknown how these misfolded aggregates show neurotox-
icity. Some reports speculated that coaggregation of
components of cell machineries essential for neuronal
survival such as the proteasomal systems, chaperones,
mitochondria, and axonal transport machinery into cell
inclusions results in neurotoxicity. Urushitani et al. demon-
strated that mSOD1 was highly ubiquitinated and trans-
ported to the proteasome to be degraded where they
clogged the proteasomal systems if overloaded [32]. They
speculated that malfunction of the proteasomal systems
inhibited degradation of many cellular proteins and ulti-
mately caused motor neuron toxicity. However, there is no
direct evidence differentiating whether malfunction of the
proteasome is a consequence of overloading of misfolded
proteins or the primary cause of protein misfolding. In
addition to malfunction of the proteasomal systems,
mSODI1 contributes to the generation of oxidative stress
[33]. Mutant SOD1 may also do harm to mitochondria by
forming aggregates on the cytoplasmic surface and/or in the
intermembrane space of mitochondria [34, 35]. In contrast
to these studies supporting the idea that aggregation is
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toxic, some reports have suggested that aggregation is not
toxic but may be rather protective [36, 37].

Zhang et al. [38] reported that mSOD1 interacted with
dynein, a huge cargo protein playing a pivotal role in the
retrograde protein transport along axons and might inhibit
axonal transport. A very recent study with NADPH oxidase
knockout mice has indicated that SOD1 can directly
regulate NADPH oxidase-dependent O, production by
binding Racl and inhibiting its GTPase activity, indepen-
dently of its original SODI enzyme activity, and the
mutations in SOD1 transform SODI to be constitutively
active in NADPH oxidase-dependent production of O, and
may ultimately cause toxicity to motor neurons [39].

Besides these motor neuron-autonomous death mecha-
nisms, it has also been hypothesized that inflammatory
reaction contributed to the progression of motor neuron death
[40]. Recent evidence has indicated that glial cells surround-
ing motor neurons exert an aggravating effect on motor
neuron death [41]. Sasabe et al. indicated that D-serine whose
levels were upregulated in ALS spinal cords contributed to
the progression of ALS by increasing NMDA toxicity [42].

Based on these various hypotheses, a number of
clinical trials including celecoxib (a cyclooxygenase II
inhibitor) [43], minocycline (a putative apoptosis inhibitor
and an inhibitor for activation of microglia) [44], TCH346
(an antiapoptotic compound) [45], and creatine [46] were
performed. Unfortunately, however, they all finished
unsuccessfully.

In addition to these hypotheses, the ER stress theory has
recently emerged. A study with autopsied tissue samples of
ALS patients and in vivo experiments indicated the involve-
ment of ER stress in ALS [47, 48]. In neurons in the spinal
cords of ALS patients and ALS model mice, levels of ER
stress-related proteins were upregulated [47, 48]. These
results suggest that ER stress-related cell death pathways
are activated. It has been generally speculated that ER stress,
triggered by accumulation of misfolded proteins in ER,
causes toxicity especially in cells actively secreting proteins
including plasma cells [49] and pancreatic 3 cells [S0] and in
long-turnover cells such as neurons [51]. Especially, in
motor neurons, a large amount of proteins continuously
produced to maintain the homoeostasis of the larger cell
bodies are thought to be prone to trigger severe ER stress.
Accordingly, it is an attractive hypothesis that ER stress
causes selective death of motor neurons in ALS.

ER Stress and Unfolded Protein Response

ER is a reticulated organelle in which proteins are
synthesized and modified for proper folding. In normal
cells, approximately 30% of newly synthesized proteins are
misfolded [52] and some portions of these proteins are

refolded to have correct structures, assisted by ER
chaperones such as BiP/GRP78 (Bip), whereas the other
portions of the proteins remain misfolded, accumulate in
ER, and cause ER stress [53]. Under such ER stress
condition, an adaptive self-defense response named unfold-
ed protein response (UPR) is triggered to decrease the load
of misfolded proteins. Several cellular conditions such as
high demand for protein secretion [49, 50], viral infection
[54], deprivation of nutrient/oxygen [55, 56], and missense
mutations [57, 58] enhance protein misfolding and lead to
severer ER stress and overwhelming accumulation of
unfolded or misfolded proteins that causes fatal ER stress.

In yeast cells, an inositol-requiring enzyme 1 (Irel)/Hacl
signal is the only pathway of the UPR [59]. Irel, as its
name implies, is originally identified from an inositol-
auxotrophic mutant and the yeast clone without Irel needs
inositol to grow normally [60]. Irel encodes a transmem-
brane protein Irelp that works as both a serine/threonine
kinase and an endoribonuclease [61]. When Irelp is
activated, Irelp forms an oligomer, induces autophosphor-
ylation and gains RNase activity. Activated Irelp then
triggers splicing of HAC1 mRNA. Spliced HAC1 mRNA
encodes a transcription factor with a basic leucine zipper
domain Haclp that induces the expression of UPR-related
genes such as KAR2 (a homologue of mammalian ER
chaperone Bip) to grow under ER stress conditions [62].
The deletion of the frel or Hacl gene causes not only
vulnerability to ER stress but also inositol auxotrophy, and
this fact indicates that there is probably a close relationship
between UPR and inositol metabolism.

Recent extensive studies on the mammalian UPR system
identified three types of ER-resident stress sensors, ATFO,
IRE1, and PERK, in mammals [63]. All of IRE1, PERK (an
ER-resident type I transmembrane protein kinase), and
ATF6 (an ER-localized leucine zipper transcription factor)
are kept to be inactivated by their association with an ER
chaperone, BiP, via their luminal domain under the normal
condition. Once ER stress occurs, Bip dissociates from
them to be engaged in refolding the accumulated misfolded
proteins. As a consequence, free IRE1 and PERK oligo-
merize and autophosphorylate, which results in their
activation [64]. After dissociating from the luminal domain
of Bip, ATF6 translocates to the Golgi apparatus and is
cleaved by proteases SIP and S2P, which results in its
activation as a transcriptional factor [65].

Mammalian UPR consists of four well-organized ele-
ments: (1) suppression of protein translation, (2) induction
of ER chaperones, (3) enhancement of ER-associated
degradation (ERAD), and (4) induction of apoptosis.

1. Suppression of protein translation

Activated PERK phosphorylates and inactivates eukary-
otic initiation factor 2« to attenuate general protein
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translation. As a consequence, production of misfolded
proteins is suppressed [66].

2. Induction of ER chaperones

Activated IRE1 generates spliced XBP1. Both activated
ATF6 and spliced XBP1 work as transcription factors that
induce expression of ER chaperons such as Bip and
GRP94. Upregulated levels of ER chaperones cause
refolding of accumulated misfolded proteins in ER [67].

3. Degradation of misfolded proteins via the ubiquitin—
proteasome pathways

To decrease the accumulated misfolded proteins in ER,
the misfolded proteins are transported to the cytosol via the
translocon and then degraded by the ubiquitin—proteasome
systems [68].

4. Induction of apoptosis

Under a severe ER stress condition, the activated IRE1
interacts with TRAF2 and activates an apoptosis-stimulat-
ing kinase 1 (ASKl)/c-jun N-terminal kinase (JNK)
cascade that triggers apoptosis [69]. Expression of apopto-
sis-related transcription factor CHOP is also induced via the
PERK pathway [70].

Through these well-organized self-defense systems, cells
try to escape from ER stress. Malfunction of the UPR
system and/or overwhelming ER stress may result in fatal
outcome to cells, especially to secreting cells actively
producing proteins such as pancreatic 3 cells [50] and
slow/no turnover cells with large cell bodies such as
neurons [51].

Mutant SOD1 and ER Stress

G93A-SODI1 transgenic mice show progressive and selec-
tive loss of motor neurons and mimic clinical manifes-
tations of human ALS [27, 71] and are, therefore, regarded
to be the most established ALS animal model. Pathologi-
cally, swollen mitochondria [72], fragmented Golgi appa-
ratus [73], and ubiquitin-immunopositive aggregates [74]
are seen in G93A-SODI1 transgenic mice as well as in
spinal cords of human sporadic ALS.

Mutations in the SOD1 gene cause major conformational
change of SODI. Mutant SODI1 shows characteristics,
biochemically quite different from wt-SODI, such as
hydrophobicity, aggregation [75], and aberrantly increased
affinity for various proteins [76]. Tobisawa et al. [77]
reported that overexpression of mSODI1 induced the
upregulation of Bip expression in COS7 cells and Bip
expression was also upregulated in the spinal cord of L84V-
SODI1 transgenic mice, suggesting that mSOD1 caused ER
stress (Fig. 1). Wootz et al. [78] demonstrated that caspase-
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Fig. 1 ER stress- and ALS-related motoneuronal cell death. In the
endoplasmic reticulum, Bip binds to mSODI that tends to be
misfolded, which causes increase in free PERK, ATF6, and IREI.
Free PERK, ATF6, and IREl then triggers downstream signal
transduction pathways, ultimately leading to motoneuronal cell death.
XBP1, downstream of IRE1, is thought to exert an inhibitory effect on
motoneuronal cell death. VAPB induces the activation of the IRE1/
XBP pathway [86, 93] while it might suppress the ATF6 pathway
[94]. The familial ALS-linked VAPB mutant, P56S-VAPB, is a loss-
of-function mutant and simultaneously inhibits the function of coex-
pressed wild-type VAPB [86, 87, 93]

12, an ER-stress-related caspase, was activated in the
G93A-SODI1 transgenic mice while neither Bip nor CHOP
was upregulated in the mice. Kikuchi et al. [48] found that
mSOD1, accumulated in ER, triggers ER stress in the
spinal cord, but not in other tissues of G93A-SOD1 mice at
the end stage of the disease. In addition, it was shown that
expression of protein disulfide isomerase (PDI), an ER-
localized chaperone molecule that defensively promotes
protein folding, was upregulated in the spinal cord of
G93A-SOD1 mice [79]. Taking these results altogether, it is
reasonably hypothesized that misfolded mSODI, accumu-
lated in the ER of spinal cord motor neurons, may trigger
ER stress and causes neurotoxicity.

Several investigators provide hypotheses to explain how
mutant SOD1 causes ER stress. Atkin et al. [79] reported
that mSOD1 inhibits PDI, which may lead to the ultimate
induction of apoptosis. Recently, Nishitoh et al. [80]
demonstrated that by causing dysfunction of an ER-resident
protein Derlin-1 that is one of the essential component of
ERAD, mSODI induced ER stress-mediated cell death via
apoptosis-stimulating kinase-1 (ASK1). Elimination of the
ASK1 gene ameliorates motor neuron loss of G93A-SOD1
transgenic mice. A BH3-only proapoptotic Bcl-2 family
protein PUMA is also known to play a pivotal role in
neuronal cell death caused by ER stress [81]. To examine
the contribution of PUMA in the SODI-related ALS,
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Kieran et al. showed that disruption of the PUMA gene
delayed disease progression [82]. Because its beneficial
effect was limited to a minor extent, however, it was
assumed that other proapoptotic Bcl-2 family proteins such
as Bim and Bid may also be involved in the mutant SOD1-
related ER stress.

VAPB/ALSS

Further evidence linking ER stress to ALS was provided by
the discovery of a novel ALS-causative gene numbered
ALS8. In 2004, a Brazilian group identified vesicle-
associated membrane protein-associated protein B (VAPB)
as an autosomal-dominant ALS-causative gene from a large
Brazilian family [16]. Only one point mutation (Pro56Ser)
is known to cause autosomal-dominant ALS and adult-
onset spinal muscular atrophy for a total of 200 patients
who share a common ancient ancestor [83].

The VAP family proteins consisting of VAPA (synonym,
VAP33), VAPB, and VAPC (a splicing variant of VAPB) in
human were originally identified as homologues of vesicle-
associated membrane protein (VAMP)-associated protein
(VAP) whose size is 33 kDa in Aplysia californica
(aVAP33) that is involved in the release of neurotransmit-
ters [84, 85]. VAPB is a type II transmembrane protein
localizing in the ER membrane and known to dimerize with
VAPA, VAPB itself, VAMP1, and VAMP2 via the C-
terminal transmembrane domain [84].

In our previous study [86], to understand the ALS
pathomechanism by ALSS, we biochemically and biologi-
cally characterized ALS-linked P56S-VAPB, compared with
wt-VAPB, and found clear differences between them. First of
all, the P56S-VAPB mutant is resistant to solubilization in
buffers containing nonionic detergents such as Triton X-100.
Some fraction of Triton X-100-insoluble P56S-VAPB
migrated slower as supershifted ladders by SDS-PAGE
analysis, indicating that it was misfolded or posttranslation-
ally modified. Combined with the observation that P56S-
VAPB tends to be polyubiquitinated, we concluded that the
P56S mutation caused misfolding of VAPB. In addition,
immunocytochemical analysis indicated that P56S-VAPB
formed fine aggregates while wt-VAPB showed a reticulated
subcellular distribution, colocalized with ER. These data
together suggest that P56S-VAPB is a “loss of function”
mutant. In addition to such “loss of function” phenotypes,
we found that PS6S-VAPB could work as a putatively
dominant-negative mutant, based on the observation that
P56S-VAPB selectively recruits coexpressed wt-VAPB into
its insoluble aggregates. Teuling et al. [87] reported a similar
phenotype of P56S-VAPB.

What is the physiological function of VAPB related to
ALS development? Although several reports implied the

involvement of mammalian VAPB in lipid metabolism [88],
protein transport [89], and maintenance of ER structure
[90], the physiological function of VAPB related to
motoneuronal death remained unknown. In comparison to
the physiological function of mammalian VAPB, that of the
yeast VAP homologue, called suppressor of choline
sensitivity 2 (Scs2), has been characterized in detail. Scs2
is reportedly involved in inositol metabolism and the
ablation of the Scs2 gene results in inositol auxotrophy,
indicating that the yeast strain cannot grow in inositol-free
medium [91]. On the other hand, overexpression of Scs2
recovers the inositol-auxotrophic phenotype, caused by the
defect of other inositol metabolism-related genes such as
irel and hacl [92]. Conversely, the deletion of the ire/ or
hacl gene is known to show increased vulnerability to
severe ER stress in yeast cells, as reported previously [62].
We also preliminarily confirmed that the deletion of the
Ses2 gene caused increase in vulnerability to ER stress [93].
These findings together support the idea that intracellular
signals of inositol metabolism and UPR are largely over-
lapped in yeast cells. Based on this notion, we predicted
that VAPB is also involved in the UPR signal, especially in
the IRE1/XBP1 (a mammalian counterpart of yeast Hacl)
pathway in mammal, and demonstrated that wt-VAPB
enhanced splicing of XBP1 by IRE1 (Fig. 1). Furthermore,
the ALS-linked P56S-VAPB mutant completely loses the
function to mediate UPR.

In contrast to our study showing that wt-VAPB is a
positive regulator of UPR, Gkogkas et al. recently
identified a UPR-related transcription factor, ATF6, as a
novel interacter of VAPB by a yeast two-hybrid screening
and demonstrated that VAPB negatively modulated the
activity of ATF6 [94]. VAPB interacts with ATF6 via its
cytosolic MSP domain and colocalizes with ATF6 at the ER
membrane. They demonstrated that P5S6S-VAPB is a more
potent inhibitor of ATF6 and malfunction of VAPB
probably causes misregulation of UPR, resulting in motor
neuronal death. Although further investigations are re-
quired, malfunction of UPR by the P56S-VAPB is worthy
of attention.

Sporadic ALS and ER Stress

Further evidence indicating the involvement of ER stress in
the ALS pathogenesis was shown by immunohistochemical
studies of ALS autopsy cases. There are three ER
pathological hallmarks of ALS: (1) chromatolysis, a
destructive and fragmentative change of rough ER (also
known as Nissl substance) [95]; (2) irregular enlargement
of rough ER [96]; and (3) reduction in the number of
ribosome on the rough ER [97]. These ALS-linked
morphological changes of ER suggest the possible involve-
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ment of ER stress associated with impaired protein
production in ALS. A most recent study [47] indicated
that, in the motor neurons in the spinal cord of ALS
patients, expression levels of PDI and Bip and phosphor-
ylation levels of eukaryotic initiation factor 2a (elF2a) were
increased. This finding indicates that ER stress occurred in
the spinal motor neurons. In agreement, Oyanagi et al. [97]
characterized rough ER in the motor neurons of ALS
patients in detail and found that ribosomal detachment
caused rough ER distention and shrinking of motor neurons
in the anterior horn of the spinal cords. Furthermore, Atkin
et al. [98] reported that activation of all three UPR cascades
occurred in motor neurons in the spinal cords of sporadic
ALS patients and levels of PDI was upregulated in the
cerebrospinal fluid of ALS patients. Combined with the
observations with ALS animal models, these findings
support the idea that ER stress-related death is a highly
possible mechanism underlying motor neuron death in
ALS.

Challenge to Control UPR by Chemical Compounds

Because malfunction of UPR and disorganized ER stress
may contribute to the development of ALS in addition to a
variety of diseases such as diabetes mellitus, a small
molecule that blocks ER stress could be a potent therapeutic
drug for diverse diseases. One of those drug candidates is
valproate, which has been commonly used for bipolar
disorder and epilepsy. Patients suffered from bipolar
disorders often need long-term pharmacotherapy with
mood-stabilizing drugs such as valproate and lithium
chloride while the molecular mechanism that underlies its
clinical efficacy remains elusive. This is because of the fact
that a variety of intracellular signals are triggered by
valproate. Wang et al. [99] found that upregulation of BiP
is induced by valproate. Recent reports demonstrated that
valproate also induced other ER chaperones such as GRP94
and calreticulin [100]. These facts suggest that valproate
may be capable of suppressing ER stress. In fact, Kim et al.
[101] reported that valproate protects cells from ER-
induced lipid accumulation and apoptosis by inhibiting
glycogen synthase kinase-3. Shao et al. [102] also found
that chronic treatment of lithium, another traditional mood-
stabilizing drug, induced Bip, GRP94, and -calreticulin,
whereas that of carbamazepine or lamotrigine did not. Inter-
estingly, a single nucleotide polymorphism (—116C—G) in
the promoter region of XBP1 was reported to serve a risk
factor of bipolar disorder [103]. This mutation affects the
putative XBP1 binding sequence and probably impairs a
positive feedback loop of XBP1. All these findings indicate
that UPR is involved in the bipolar disorder and mood-
stabilizing drugs could be also potent drugs for ER stress-
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mediated diseases. Screening of small compounds that
conquers ER stress has been performed by several groups
and some attractive drug candidates such as salubrinal have
been identified. Salubrinal, identified by Boyce et al. [104],
is a specific inhibitor for dephosphorylation of elF2« and
this molecule protects cells against ER stress-induced
apoptosis.

Conclusion

A variety of neurodegenerative disease-related insults were
reported to cause protein misfolding and severe ER stress in
vitro and in vivo. For example, Alzheimer’s disease-related
presenilin mutant impairs UPR [105]. As a result, neurons
harboring the mutant become vulnerable to ER stress.
Parkinson’s disease-causing genes products, synuclein and
parkin, are involved in ER stress-mediated dopaminergic
cell death in vitro and in vivo [106, 107]. Similar to these
diseases, familial ALS-related gene may cause ER stress.
Several studies show that ER stress occurs in motor
neurons in the spinal cord of human ALS patients. Further
investigation of ER stress-related neurotoxicity in ALS will
open a new horizon to cure this fatal disease.
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