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ER strikes again: Proteostasis Dysfunction

In ALS

Niran Maharjan & Smita Saxena

The precise contribution of endoplasmic
reticulum (ER) chaperone protein disulfide
isomerase (PDI) variants in human amyo-
trophic lateral sclerosis (ALS) patients to
the pathogenesis of ALS remained unclear.
In the present study, Woehlbier et al
(2016) demonstrated that these PDI vari-
ants are capable of altering motor neuron
morphology, impairing the expression of
synaptic proteins, and compromising
neuromuscular junction (NM)) integrity.

See also: U Woehlbier et al (April 2016)

myotrophic lateral sclerosis (ALS) is

an adult-onset fast progressing fatal

neurodegenerative disease character-
ized by the progressive degeneration of
upper and lower motor neuron, paralysis,
and muscle atrophy. While sporadic cases of
ALS (sALS) (where the cause of ALS
remains unknown) predominate, for some
ALS cases, an inherited genetic defect has
been implicated. The complexity of disease
etiology is illustrated by the variety of
mutated genes contributing to familial ALS
(fALS) such as superoxide dismutase 1
(SOD1), TDP-43, FUS, Ubiquilin-2, and
C90RF72 (Turner et al, 2013). Thus, various
pathogenic mechanisms associated with
those mutations have been proposed involv-
ing protein misfolding and aggregation,
defective RNA processing, endoplasmic
reticulum (ER) and mitochondrial dysfunc-
tion, disruption of membrane trafficking,
and glutamate excitotoxicity (reviewed in
Peters et al, 2015). However, it has
remained unclear whether any of these
mechanisms are causally linked or conse-
quential events secondary to protein
misfolding induced cellular pathology.

Recently, the identification of variants in
two genes of the protein disulfide isomerase
(PDI) family, PDIA1 and PDIA3/ERp57, rein-
forced the concept that alterations in ER
function are intimately linked to motor
neuron degeneration (Gonzalez-Perez et al,
2015).

The ER is a major site for folding and
processing of newly synthesized proteins.
Under normal condition, cells have an effi-
cient protein quality control system to refold
or degrade incorrectly folded proteins. This
protein quality control and the maintenance
of protein homeostasis (proteostasis) are
fundamental to keep cells healthy and func-
tional. Disturbance in ER homeostasis
causes ER stress and the subsequent activa-
tion of signaling network known as the
unfolded protein response (UPR), a physio-
logical adaptive response. The activation of
the UPR leads to the attenuation of general
translation initiation and the concomitant
transcriptional upregulation of genes encod-
ing for ER chaperones and folding enzymes,
thereby enabling the reduction of protein
load within the ER and reestablishing ER
homeostasis. Notably, detection of early
activation of the UPR in vulnerable motor
neurons of ALS mouse models (Saxena et al,
2009), in addition to the demonstration of
basal ER stress in induced pluripotent stem
cell (iPSC)-derived ALS motor neurons
(Kiskinis et al, 2014), underscored a major
role of ER proteostasis alteration in
pathogenic mechanisms of ALS. Prolonged
UPR activation or the failure to restore ER
integrity leads to activation of cell death
signaling cascades and the cell eventually
undergoes apoptosis (Hetz et al, 2015).

The large PDI family comprises of key
chaperones upregulated during UPR, which

are primarily involved in the modulation of
disulfide bonds on protein substrates as well
as inhibiting misfolded protein aggregates
(Perri et al, 2016). Therefore, it is not
surprising that mutation in PDI family has
been implicated in neurodegenerative
diseases where protein misfolding and
aggregation is a central pathogenic mecha-
nism (Perri et al, 2016). However, the
complete physiological role of PDI family
members in the CNS remains unclear. Inter-
estingly, the upregulation of PDI expression
in mouse models of ALS and in spinal cords
as well as cerebrospinal fluids of ALS
patients suggested a plausible crucial role
for PDI in ALS pathogenesis (Atkin et al,
2008). Despite the recent identification of
ALS-linked PDI variants in patients, the rela-
tionship between those PDI variants and
ALS pathogenesis has remained obscure and
further the mutations had not been charac-
terized biologically (Gonzalez-Perez et al,
2015). In the present study, Woehliber et al
(2016) have tackled this enigmatic issue by
functionally dissecting out the role of ALS-
linked PDI mutations in motor neurons.
Using zebrafish to express various ALS-
linked PDI mutant forms, the authors have
elegantly revealed that these PDIAl- and
ERp57-associated mutations cause striking
alterations in motor neuron morphology and
impair the expression of synaptic proteins,
thereby negatively impacting motor perfor-
mance. These findings link for the first time
mutation in PDIA1 and ERp57 to ALS patho-
genesis. Similar to other ALS-causing mutant
genes, expression of PDI variants in vitro
resulted selectively in  morphological
changes rather than neurotoxicity, and those
alterations were due to the altered enzy-
matic activity of PDI. Interestingly, although
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family function

e Sustained ER
homeostasis
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SV2 processing
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Proteostasis dysfunction in ALS

ALS-linked mutant PDI/ERp57 /-

¢ Impaired ERp57
function

e Altered ER
homeostasis

¢ Impaired
SV2 processing
and maturation
in motor neurons

* Compromised
axonal innervation
and NMJ integrity

¢ Impaired motor control

2 NMJ

Figure 1. Proposed mechanism by which the suboptimal functioning of ERp57 impairs motor

neuron proteostasis and causes ALS-like symptoms.

PDI family members are an integral part of
the proadaptive mechanism of UPR, the
expression of mutant PDI variants did not
alter the susceptibility of cells to ER stress
nor impacted ER morphology. This observa-
tion is intriguing and suggested that PDI
family may primarily serve in the folding of
a subset of substrates that supports neuronal
connectivity.

Indeed, the authors demonstrated that
the expression of both wild-type PDIA1 and
ERpS7 in vitro leads to increased dendritic
outgrowth, which was lost in ALS-linked
PDI mutants, thus indicating that loss of
function may underlie the pathogenic mech-
anism of those Notably,
Woehlbier et al (2016) have convincingly
consolidated their findings in vivo by gener-
ating a conditional knockout mouse of
ERp57 in the nervous system. The deficiency
of ERp57 in the nervous system resulted in
impaired motor performance associated with
reduced expression of synaptic vesicle trans-
porter protein (SV2) and concomitant NMJ
deficits, thus uncovering a new function of
ERp57 in neurons (Fig 1). This observation
is key as SV2 is not only a critical protein
required for normal synapse function, but
also in vulnerable motor neurons, UPR and
loss of SV2 precede axonal disconnection

mutations.
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from its target muscle fiber (Pun et al,
2006; Saxena et al, 2009) in SOD1 models of
fALS.

Taken together, the Hetz group has
demonstrated a novel pathological mecha-
nism of ALS, where dysfunctional ALS-
linked PDI family mutants cause impairment
of NMJ integrity, leading to abnormal motor
control. This study provides evidence for
altered ER proteostasis in the development
of early ALS-associated pathological deficits.
Moreover, the study reconciles the previous
observations that in ER
proteostasis result in disrupted synapse
formations, leading to cognitive and motor
impairment rather than neuronal loss
(Moreno et al, 2012; Ma etal, 2013).
Notably, as ER stress is the earliest defect
observed in SODI1-mediated ALS (Saxena
et al, 2009), the probability that the func-
tional disturbances of PDIs via loss or gain
of function might be involved in initial
stages of ALS is quite plausible.

In the context of their finding, it is likely
that ALS-linked PDI mutants represent risk
factors or modifiers of ALS pathology and
places ER proteostasis alterations in the
etiology of ALS. Likewise, involvement of
PDI family in maintaining NMJ integrity and
protecting against protein aggregation makes

disturbances

The EMBO Journal

PDI gene therapy an attractive approach for
treatment of ALS and other neurodegenera-
tive diseases.
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