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Abstract

Activation of the unfolded protein response in response to endoplasmic reticulum stress preserves cell
viability and function under stressful conditions. Nevertheless, persistent, unresolvable activation of the
unfolded protein response can trigger apoptosis to eliminate stressed cells. Recent studies show that the
unfolded protein response plays an important role in the pathogenesis of various disorders of myelin, in-
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cluding multiples sclerosis, Charcot-Marie-Tooth disease, Pelizaeus-Merzbacher disease, vanishing white

matter disease, spinal cord injury, tuberous sclerosis complex, and hypoxia-induced perinatal white matter
injury. In this review we summarize the current literature on the unfolded protein response and the evi-

dence for its role in the pathogenesis of myelin disorders.
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Introduction

Endoplasmic reticulum (ER) is the cellular organelle in eu-
karyotic cells that is responsible for protein modification and
folding, lipid biosynthesis, and maintaining cellular calcium
homeostasis (Kaufman, 1999; Lin and Popko, 2009). Ribo-
somes on the cytosolic surface of the ER synthesize secretory
and membrane proteins which translocate into the ER lumen
via pores in the ER membrane. Protein modification and
folding occurs in the ER lumen with the help of chaperones
and enzymes. Properly folded proteins are transported to in-
tracellular organelles, the plasma membrane, or extracellular
space. Imbalance between protein translation and protein
modification and folding leads to accumulation of unfolded
or misfolded proteins in the ER lumen, resulting in ER stress
and activation of the unfolded protein response (UPR). The
UPR, which comprises three parallel signaling branches,
pancreatic endoplasmic reticulum kinase (PERK), inosi-
tol-requiring enzyme 1 (IRE1), and activating transcription
factor 6a (ATF6a), restores ER homeostasis by facilitating
protein folding, attenuating protein translation, and enhanc-
ing protein degradation (Marciniak and Ron, 2006; Walter
and Ron, 2011; Hetz et al., 2015; Wang and Kaufman, 2016;
Song et al., 2018; Almanza et al., 2019). Nevertheless, per-
sistent, unresolvable activation of the UPR can trigger apop-
tosis programs to eliminate stressed cells (Tabas and Ron,
2011; Hetz and Papa, 2018).

Under physiological conditions, immunoglobulin heavy
chain binding protein (BiP), an ER chaperone, binds to
the regulatory luminal domain of PERK, IRE1, and AT-
F6a and keeps them in an inactive state (Figure 1). During
ER stress, unfolded or misfolded proteins compete for BiP
binding, resulting in dissociation of BiP from each of the
ER stress transducers (Marciniak and Ron, 2006; Walter
and Ron, 2011; Hetz et al., 2015; Wang and Kaufman, 2016;
Song et al., 2018; Almanza et al., 2019). The dissociation of
BiP leads to oligomerization and autophosphorylation of
PERK and IREI. Phosphorylated PERK (p-PERK) inhibits
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global protein translation via the phosphorylation of the a
subunit of eukaryotic translation initiation factor 2 (eIF2a);
however, this also specifically heightens the translation of
activating transcription factor 4 (ATF4). ATF4 stimulates
the expression of genes that regulate autophagy, ER-associ-
ated degradation (ERAD), and cell viability. Phosphorylat-
ed elF2a (p-elF2a) level is tightly regulated by the protein
phosphatase 1 (PP1) and growth arrest and DNA damage
34 (GADD34) complex which quickly dephosphorylates
p-elF2a, preventing detrimental long term global protein
biosynthesis inhibition. Interestingly, GADD34 is upreg-
ulated by CAATT enhancer binding protein homologous
protein (CHOP), a transcription factor whose expression is
stimulated by ATF4, thus the PERK-eIF2a pathway is regu-
lated via a tight autofeedback loop. Phosphorylation of IRE1
causes splicing of X-box binding protein 1 (XBP1) mRNA
through its endoribonuclease activity. Spliced XBP1 (sXBP1)
is a transcription factor that increases expression of chaper-
ones and genes involved in ER biogenesis, autophagy, ERAD,
and cell viability. Phosphorylated IRE1 can also reduce pro-
tein biosynthesis by enhancing degradation of certain mR-
NAs through regulated IRE1-dependent decay. Furthermore,
by binding to certain adaptor proteins phosphorylated IRE1
can activate the JUN amino-terminal kinase and the apopto-
sis signal-regulating kinase 1. The dissociation of BiP allows
ATF6a to transit to the Golgi complex. In the Golgi ATF6a
is cleaved by Site-1 protease and Site-2 protease. Cleaved
ATF6a (cATF6q) is a transcription factor that enhances the
expression of chaperones and genes involved in autophagy,
ERAD, and cell viability.

Recent studies have identified a number of small chemical
compounds that selectively modulate the activity of these
three individual branches of the UPR (Hetz et al., 2013; Maly
and Papa, 2014). GSK2606414 and GSK2656157 selectively
bind to the eIF2a kinase domain of the PERK protein, sup-
press PERK-mediated eIF2a phosphorylation (Axten et al.,
2012; Harding et al., 2012; Atkins et al., 2013). CCT020312,
compound A, compound B, and compound C stimulate
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Figure 1 The unfolded protein response (UPR).

Under normal conditions PERK, IRE1, and ATF6a are sequestered in an inactive state in the ER via their associations with BiP. BiP dissociates
from the ER stress transducers in the presence of high levels of unfolded or misfolded proteins, leading to the UPR activation. The PERK pathway:
Following BiP dissociation PERK becomes active through oligomerization and autophosphorylation. p-PERK then phosphorylates eIF2a which re-
duces ER load by decreasing global protein synthesis. p-eIF2a also preferentially stimulates the translation of ATF4, which enhances the expression
of cytoprotective genes, autophagy-related genes, and ERAD-related genes. The IRE1 pathway: IRE1 becomes active after BiP dissociation through
oligomerization and autophosphorylation. p-IRE1 splices XBP1 mRNA to generate sXBP1, a transcription factor that stimulates the expression of
chaperones and genes involved in ER expansion, ERAD, autophagy, and cytoprotection. p-IRE1 also reduces ER load through the degradation of
mRNA via RIDD. The ATF6a pathway: After BiP dissociation ATF6a transits to the Golgi complex where it is cleaved by the proteases S1P and S2P.
cATF6a then migrates to the nucleus where is stimulates the expression of chaperons, autophagy-related genes, ERAD-related genes, and cytopro-
tective genes. “ 1 ”:Increase; “ + ”: decrease; ATF4: activating transcription factor 4; ATF6a: activating transcription factor 6a; BiP: immunoglob-
ulin heavy chain binding protein; cATF6a: cleaved activating transcription factor 6a; eIF2a: a subunit of eukaryotic translation initiation factor 2;
ER: endoplasmic reticulum; ERAD: endoplasmic reticulum-associated degradation; IRE1: inositol-requiring enzyme 1; p-eIF2a: phosphorylated
a subunit of eukaryotic translation initiation factor 2; PERK: pancreatic endoplasmic reticulum kinase; p-IRE1: phosphorylated inositol-requiring
enzyme 1; p-PERK: phosphorylated pancreatic endoplasmic reticulum kinase; RIDD: regulated IREI-dependent decay; SIP: Site-1 protease; S2P:

Site-2 protease; sXBP1: spliced XBP1; XBP1: X-box binding protein 1.

PERK-mediated eIlF2a phosphorylation in the absence of
ER stress (Stockwell et al., 2012; Xie et al. 2015). Salburinal
is a selective inhibitor of the phosphatase complexes respon-
sible for p-eIF2a dephosphorylation (Boyce et al., 2005).
Guanabenz and Sephinl selectively bind to GADD34 and
inhibit GADD34/PP1 complex activity, diminishing p-eIF2a
dephosphorylation (Tsaytler et al., 2011; Das et al., 2015).
STF-083010, MKC-3946, and 4p8c inhibit the endoribonu-
clease activity of IRE1 but not its ability to oligomerize and
autophosphorylate (Papandreou et al., 2011; Mimura et al,,
2012; Cross et al., 2012; Tam et al. 2014). KIRA3, KIRA, and
KIRAG6 impair IRE1 oligomerization, autophosphorylation,
and endoribonuclease activity (Wang et al., 2012; Ghosh et
al., 2014). INM-PP1 can activate the endoribonuclease ac-
tivity of IRE1 in the absence of kinase autophosphorylation
(Papa et al., 2003; Hollien et al., 2009). APY29 and sunitinib
enhance IRE1 oligomerization, autophosphorylation, and
endoribonuclease activity (Korennykh et al., 2009; Maly and
Papa, 2014). Ceapins suppress ATF6a activation by selective-
ly inhibiting its transport to the Golgi complex (Gallagher et
al., 2016; Gallagher and Walter, 2016). Small molecules 147
and 263 activate ATF6a in the absence of ER stress (Plate et
al., 2016).

Myelin is a lipid-rich multilamellar sheath that wraps

around axons in the central nervous system (CNS) and
peripheral nervous system (PNS). The primary function
of myelin is to facilitate conduction of the action potential
along axons and to maintain axonal integrity (Chang et al.,
2016; Tomassy et al., 2016). Myelinating cells, oligoden-
drocytes in the CNS and Schwann cells in the PNS, must
produce enormous amounts of myelin proteins via the ER
to assemble and maintain the myelin sheath (Pfeiffer et al.,
1993; Anitei and Pfeiffer, 2006; Lin and Popko, 2009). The
functional significance of the UPR in myelinating cells is
highlighted by myelinating cell-specific BiP deficient mice
that display severe myelinating cell loss and myelin loss in
the CNS and PNS (Hussien et al., 2015). Moreover, it has
been shown that ER stress and the UPR play a major role
in various myelin disorders (Lin and Popko, 2009; Clayton
and Popko, 2016; Volpi et al., 2017). In this review, we sum-
marize the current understanding of the contribution of
the UPR to the development of neurological diseases char-
acterized by damage to the myelin sheath, such as multiple
sclerosis (MS), Charcot-Marie-Tooth disease (CMT), Peli-
zaeus-Merzbacher disease (PMD), vanishing white matter
disease (VWMD), spinal cord injury (SCI), tuberous scle-
rosis complex (TSC), and hypoxia-induced perinatal white
matter injury (PWMI).
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Search Strategy and Selection Criteria

PubMed search was conducted using the following key
words: endoplasmic reticulum stress and myelin; unfold-
ed protein response and myelin; endoplasmic reticulum
stress and oligodendrocyte; endoplasmic reticulum stress
and Schwann cell; unfolded protein response and oligo-
dendrocyte; unfolded protein response and Schwann cell.
The search was performed on March 10, 2019. Any papers
related to the topic were selected, cited, and discussed in this
review article.

Unfolded Protein Response in Multiple

Sclerosis

MS and its animal model experimental autoimmune enceph-
alomyelitis (EAE) are chronic inflammatory demyelinating
and neurodegenerative diseases in the CNS (Lassmann and
Bradl, 2017; Baecher-Allan et al., 2018; Reich et al., 2018).
Myelin, oligodendrocytes, axons, and neurons are destroyed
by inflammation in MS patients and EAE animals. It is well
known that the UPR is activated in oligodendrocytes, T
cells, macrophages/microglia, and astrocytes in MS and EAE
(Lin and Popko, 2009; Stone and Lin, 2015; Way and Popko,
2016). Moreover, recent studies demonstrate activation of
the UPR in neurons in MS and EAE (Ni Fhlathartaigh et al.,
2013; Stone and Lin, 2015; Stone et al., 2019). Importantly, a
large number of studies suggest that the UPR has a key role
in regulating the viability of oligodendrocyte and axons in
MS and EAE.

Several studies have demonstrated that activation of the
PERK-eIF2a pathway protects mature oligodendrocytes and
myelin against inflammation during EAE. Using transgenic
mice which have temporally controlled interferon-y (IFN-y,
an important pro-inflammatory cytokine in MS and EAE)
expression in the CNS (Lin et al., 2004), a study shows that
expression of IFN-y in the CNS prior to EAE onset results in
attenuation of disease severity and amelioration of EAE-in-
duced oligodendrocyte loss, demyelination, and axon degen-
eration in the CNS (Lin et al., 2007). Interestingly, the benefi-
cial effects of IFN-y in EAE are associated with activation of
the PERK-elF2a pathway in oligodendrocytes and are dimin-
ished in PERK heterozygous deficient mice (Lin et al., 2007).
Moreover, a report shows that EAE disease severity and
EAE-induced oligodendrocyte loss, demyelination, and axon
degeneration are significantly increased in mice with oligo-
dendrocyte-specific PERK deficiency (Hussien et al., 2014).
Additionally, PLP/Fv2E PERK mice which have controllable
activation of the PERK-eIF2a pathway in oligodendrocytes
has been generated (Lin et al., 2013). Fv2E PERK, an artificial
PERK derivative whose activity is controlled by the dimerizer
AP20187 and decoupled from ER stress (Lu et al., 2004), is
specifically expressed in oligodendrocytes of PLP/Fv2E PERK
mice. Treatment with a low dose of AP20187 induces mod-
erate activation of PERK signaling selectively in oligoden-
drocytes of heterozygous PLP/Fv2E PERK mice, but does not
affect the viability or function of oligodendrocytes (Lin et al.,
2013, 2014a). Importantly, reports show that moderate PERK
activation selectively in oligodendrocytes starting prior to
EAE onset significantly attenuates EAE disease severity and
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ameliorates EAE-induced oligodendrocytes loss, demyelin-
ation, axon degeneration, and neuron loss in the CNS (Lin
et al,, 2013, Yue et al,, 2019). Thus, these studies suggest the
cytoprotective effects of PERK activation on mature oligo-
dendrocytes in MS and EAE.

A number of studies have also demonstrated that acti-
vation of the PERK-eIF2a pathway promotes survival of
(re)myelinating oligodendrocytes in immune-mediated
demyelinating diseases. The presence of IFN-y in the CNS
induces ER stress and the UPR activation in myelinating
oligodendrocytes via the JAK-STAT1 pathway, and results
in myelinating oligodendrocyte apoptosis and myelin loss
in the CNS of young, developing mice (Lin et al., 2005; Lin
and Lin, 2010). Interestingly, PERK heterozygous deficiency
exacerbates IFN-y-induced myelinating oligodendrocyte
apoptosis and myelin loss during developmental myelination
(Lin et al.,, 2005). Conversely, a study shows that GADD34
inactivation in young, developing mice that express IFN-y in
the CNS results in enhanced activation of the PERK-eIF2a
pathway in myelinating oligodendrocytes, and attenuation
of IFN-y-induced myelinating oligodendrocyte apoptosis
and myelin loss (Lin et al., 2008). On the other hand, the
presence of IFN-y in the CNS induces remyelinating oligo-
dendrocyte apoptosis and suppresses remyelination in the
cuprizone model (Lin et al., 2006). Intriguingly, activation of
the PERK-elF2a pathway is associated with the detrimental
effects of IFN-y on remyelinating oligodendrocytes, and
mice with PERK heterozygous deficiency have exacerbated
IFN-y-induced remyelinating oligodendrocyte apoptosis
and remyelination failure in the cuprizone model (Lin et al.,
2006). Additionally, using heterozygous PLP/Fv2E PERK
mice treated with a low dose of AP20187, a report shows that
moderate PERK activation selectively in oligodendrocytes
provides protection to (re)myelinating oligodendrocytes and
myelin from the harmful effects of IFN-y in young, devel-
oping mice and in the cuprizone model (Lin et al., 2014a).
Importantly, this report also shows that moderate PERK ac-
tivation selectively in oligodendrocytes during the recovery
stage of EAE facilitates oligodendrocyte regeneration and re-
myelination in EAE demyelination lesions (Lin et al., 2014a).
Taken together, these studies imply the cytoprotective effects
of PERK activation on remyelinating oligodendrocytes in
MS and EAE.

Nevertheless, it remains elusive how the PERK-elF2a path-
way exerts cytoprotective effects on oligodendrocytes in MS
and EAE. ATF4 is regarded as the master transcription factor
of the PERK-eIF2a pathway (Marciniak and Ron, 2006; Wal-
ter and Ron, 2011; Wang and Kaufman, 2016). Surprisingly,
a recent study shows that oligodendrocyte-specific ATF4 in-
activation did not alter EAE disease severity or EAE-induced
oligodendrocyte loss, demyelination, axon degeneration, or
neuron loss in the CNS, although this study demonstrates
activation of ATF4 in oligodendrocytes during EAE (Yue et
al., 2019). In accordance with this study, a previous report
shows that global deletion of CHOP, a major responsive
gene of ATF4, does not affect EAE development (Deslau-
riers et al., 2011). Thus, it is unlikely that ATF4 is involved
in the cytoprotective effects of the PERK-eIF2a pathway on
oligodendrocytes during EAE. Conversely, the PERK-elF2a
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pathway can activate another transcription factor, NF-«B, via
inhibition of the translation of its inhibitor IkBa (Deng et al.,
2004; Yue et al., 2018). In vitro and in vivo studies show that
activation of the PERK-eIF2a pathway leads to activation of
NF-xB in oligodendrocytes (Lin et al., 2012, 2013). Interest-
ingly, a recent report shows that NF-«xB activation protects
oligodendrocytes against inflammation in immune-mediat-
ed demyelinating diseases (Stone et al., 2017). Therefore, it is
possible that NF-«kB activation accounts for the cytoprotec-
tive effects of the PERK-elF2a pathway on oligodendrocytes
in MS and EAE.

It is generally believed that neurodegeneration, particular-
ly axon degeneration, is the major contributor to chronic dis-
ability in MS (Baecher-Allan et al., 2018; Reich et al., 2018).
Interestingly, a recent study suggests the neuroprotective
effects of PERK signaling in neurons in MS and EAE (Stone
et al., 2019). Using a mouse model in which PERK is ubiq-
uitously and selectively inactivated in neurons, the authors
show that neuron-specific PERK inactivation impairs EAE
resolution without affecting EAE initiation. Importantly,
they show that neuron-specific PERK inactivation dramati-
cally exacerbates axon degeneration and demyelination, but
does not alter the numbers of oligodendrocytes or oligoden-
drocyte precursor cells (OPCs) in the lumbar spinal cord at
the recovery stage of EAE. Moreover, neuron-specific PERK
inactivation significantly but moderately increases neuron
loss in the grey matter of CNS at the recovery stage of EAE
(Stone et al., 2019). Additionally, the authors also generate a
mouse model in which ATF4 is ubiquitously and selectively
inactivated in neurons; however, they find that neuron-spe-
cific ATF4 inactivation has a minimal effect on EAE disease
course or EAE-induced pathology, including neuron loss,
axon degeneration, and demyelination in the CNS (Stone
et al., 2019). Thus, these results suggest that ATF4 does not
mediate the neuroprotective effects of PERK activation in
neurons in MS and EAE.

Furthermore, recent studies suggest that enhancing acti-
vation of the PERK-eIF2a pathway has therapeutic potential
in MS patients. A study shows that treatment with Salburinal
increases p-eIF2a level and ameliorates myelinating oligo-
dendrocyte death and myelin loss in cultured hippocampal
slices exposed to IFN-y (Lin et al., 2008). Another study
shows that treatment with Guanabenz elevates p-elF2a lev-
el and protects myelinating oligodendrocytes from IFN-y
cytotoxicity in cultured cerebellar slices and in the CNS
of young, developing IFN-y-expressing mice (Way et al.,
2015). Importantly, this study shows that treatment with
Guanabenz increases p-elF2a levels in oligodendrocytes,
attenuates the severity of disease, and ameliorates oligoden-
drocyte death and demyelination in the CNS of EAE mice
(Way et al., 2015). This study also shows that treatment with
Guanabenz has no effect on the proliferation of T cell or on
the production of cytokines in the peripheral immune sys-
tem, but inhibits CD4 T cell activation in the CNS during
EAE (Way et al., 2015). Moreover, a very recent study shows
that Sephinl treatment delays the disease onset, increases
the levels of p-elF2a, ATF4, and CHODP, and attenuates oli-
godendrocyte loss, demyelination, and axon degeneration in
the CNS of EAE mice (Chen et al,, 2019). Additionally, this
report shows that combining treatment with Sephinl and

IFN-P further ameliorates the disease symptoms and atten-
uates oligodendrocyte loss and demyelination in the CNS of
EAE mice (Chen et al., 2019). Thus, these studies imply ther-
apeutic value of enhancing the PERK-eIF2a pathway in MS.
Although a report suggests activation of the IRE1-XBP1
pathway in MS lesions (Mhdille et al., 2008), a number of
studies show that this pathway is not activated in MS and
EAE (Hussien et al., 2015; Stone and Lin, 2015; Stone et al,
2017; Falcdo et al,, 2018). Conversely, recent studies suggest
that the ATF6a pathway is a player in MS and EAE. A very
recent study shows that global deletion of ATF6a exacerbates
IFN-y-induced myelinating oligodendrocyte apoptosis and
myelin loss in young, developing mice (Stone et al., 2018).
This study also shows that global deletion of ATF6a increases
the disease severity, aggravates oligodendrocyte loss and de-
myelination in the CNS, but does not affect inflammation in
mice undergoing EAE (Stone et al., 2018). Interestingly, the
harmful effects of ATF6a deficiency seen in IFN-y-express-
ing mice and EAE mice are associated with the impaired
expression of the chaperone BiP (a major ATF6a-responsive
gene) in oligodendrocytes (Stone et al., 2018). In parallel to
the above findings, a study shows that mice with heterozy-
gous BiP deficiency specifically in oligodendrocytes have ex-
acerbated EAE disease severity and increased EAE-induced
oligodendrocyte death and demyelination in the CNS (Hus-
sien et al., 2015). Thus, these data suggest the protective ef-
fects of the ATF6a-BiP pathway on oligodendrocytes in MS
and EAE. Nevertheless, in contrast to the studies described
above, another study shows that global deletion of ATF6a
decreases EAE severity by impairing activation of microglia
in the CNS (Ta et al., 2016). Therefore, it is important to use
cell-specific conditional ATF6a deficient mouse models to
further define the precise roles of ATF6a activation in oligo-
dendrocytes and microglia in MS and EAE pathogenesis.

Unfolded Protein Response in

Charcot-Marie-Tooth Disease

CMT is a group of PNS disorders that are caused by muta-
tions in a number of distinct genes (Berger et al., 2006; Theo-
charopoulou and Vlamos, 2015). The duplication or muta-
tion of peripheral myelin proteins accounts for the majority
of demyelinating forms of CMT (CMT1). CMT1A is an au-
tosomal dominant disease that results from a duplication or
mutation of peripheral myelin protein 22 (PMP22) (Berger et
al., 2006). Several studies suggest that ER stress participates
in the pathogenesis of CMT1A. Trembler (Tr) or Trembler-]
(Tr-J) mutation introduces a non-conservative amino acid
change into the hydrophobic domains of PMP22. It has been
shown that PMP22™ or PMP22" is misfolded, associated
with the ER chaperone Calnexin, and accumulated in the ER
lumen of Schwann cells (Colby et al., 2000; Dickson et al.,
2002). A study shows that treatment of PMP22"” mice with
Curcumin, a chemical compound that is able to stimulate the
transport of misfolded proteins from the ER to the plasma
membrane, significantly decreases apoptosis of Schwann cell
and increases the size and number of myelinated axons in
the sciatic nerves, resulting in improved motor performance
(Khajavi et al., 2007). Another study shows that accumula-
tion of PMP22"”in the ER lumen disrupts ER homeostasis
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and leads to ER stress, resulting in increased expression of
BiP, CHOP, ATF3, and sXBP1 in Schwann cells (Okamoto et
al., 2013). Importantly, this study also shows that Curcumin
treatment diminishes the induction of BiP, CHOP, and ATF3
in Schwann cells of the PMP22™ mice (Okamoto et al.,
2013). Taken together, these studies indicate that Curcumin
treatment ameliorates Schwann cell apoptosis by relieving
ER stress through attenuation of PMP22"” accumulation in
the ER lumen.

CMT1B is an autosomal dominant disease caused by a
number of distinct point mutations in Myelin Protein Zero
(PO) (Berger et al., 2006). Mutations in the gene encoding
PO have been shown to result in ER stress in Schwann cells.
It has been shown that PO deleted for S63 (P0S63del) caus-
es retention of the mutant protein in the ER of Schwann
cells due to disruption of the alignment of the hydrophobic
residues in B strand C of PO, this leads to activation of all
three branches of the UPR in the nerves of P0S63del mice,
a mouse model of CMT1B (Wrabetz et al., 2006; Pennuto
et al., 2008). Moreover, an in vitro study shows that many
CMT1B-causing PO mutations result in retention of mutant
proteins in the ER and the UPR activation in RT4 Schwann
cells (Bai et al., 2018)

It has also been demonstrated that the PERK-elF2a-
CHOP pathway influences the development of myelin
abnormalities in P0S63del mice. Pennuto et al. show that
CHOP is not detectable in Schwann cells from normal
nerves, but is detectable in the nuclei of P0S63del Schwann
cells (Pennuto et al., 2008). They cross P0S63del mice with
CHOP null mice and find that CHOP deletion reduces the
number of demyelinated fibers in P0S63del nerves and atten-
uates the behavioural and electrophysiological abnormalities
in P0S63del mice (Pennuto et al., 2008). However, CHOP
deletion has a minimal effect on Schwann cell apoptosis and
hypomyelination in P0S63del nerves (Pennuto et al., 2008).
Moreover, D’Antonio et al. (2013) shows that the level of
GADD34 is increased in P0S63del nerves and that CHOP
deletion diminishes P0S63del-induced GADD34 upregula-
tion, resulting in an increased level of p-eIF2a. They further
show that GADD34 deletion increases the level of p-elF2a
and ATF4, attenuates protein biosynthesis, and reduces the
levels of cATF6 and sXBP1 in P0S63del nerves (D’Antonio et
al., 2013). Importantly, they show that GADD34 deficiency
attenuates hypomyelination in P0S63del nerves and amelio-
rates the behavioural and electrophysiological abnormalities
in P0S63del mice (D’Antonio et al., 2013). Taken together,
these two studies suggest that induction of GADD34, which
functions as a detrimental effector of CHOP, reduces the
level of p-elF2a, and subsequently leads to increased expres-
sion of P0S63del and accumulation of P0S63del in the ER
of Schwann cells, resulting in myelin abnormalities in POS-
63del nerves. In contrast, using global PERK heterozygous
deficient mice, Musner et al. (2016) show that heterozygous
PERK deficiency attenuates the behavioural and electrophys-
iological abnormalities of POS63del mice, reduces demyelin-
ation and onion bulbs in P0S63del nerves, but does not affect
the degree of hypomyelination in P0S63del nerves. Hetero-
zygous PERK deficiency reduces the level of p-eIF2a, but
does not alter the levels of ATF4, CHOP, GADD34, cATF6aq,
or sXBP1 in P0S63del nerves (Musner et al., 2016). Similarly,
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using Schwann cell-specific PERK deficient mice, Sidoli et
al. show that PERK deficiency specifically in Schwann cells
attenuates hypomyelination in P0S63del nerves and amelio-
rates the behavioural and electrophysiological abnormalities
in P0S63del mice (Sidoli et al., 2016). Schwann cell-specific
PERK deficiency also reduces the level of p-eIlF2a, but does
not alter the levels of ATF4, CHOP, GADD34, cATF6a, or
sXBP1 in P0S63del nerves (Sidoli et al., 2016). Collectively,
these two studies suggest the detrimental effects of PERK ac-
tivation in Schwann cells of P0S63del mice. Clearly, the par-
adoxical effects of the PERK-eIF2a-CHOP pathway on the
pathogenesis of P0S63del mice warrant further investigation.

Furthermore, recent studies suggest that targeting the
PERK-elF2a pathway has therapeutic potential in CMT1B.
Using dorsal root ganglia (DRG)-explant cultures, a study
shows that myelination is dramatically reduced in S63del
DRG explant cultures compared to wild type DRG explant
cultures and that treatment with Salubrinal improved my-
elination in S63del DRG cultures (D’Antonio et al., 2013).
This study also shows that treatment with Salubrinal reduces
demyelinated fibers and onion bulbs in P0S63del nerves and
attenuates the behavioural and electrophysiological abnor-
malities of P0S63del mice (D’Antonio et al., 2013). Moreover,
another study shows that treatment with Sephinl impairs
the upregulation of CHOP and sXBP1 and rescues the my-
elination deficit in S63del DRG explant cultures (Das et al.,
2015). Importantly, treating P0S63del mice with Sephinl
also impairs the upregulation of CHOP and sXBP1, rescues
myelination deficit in the sciatic nerves, and attenuates their
behavioural and electrophysiological abnormalities (Das et
al., 2015).

The Unfolded Protein Response in

Pelizaeus-Merzbacher Disease

PMD is a dysmyelinating disease of the CNS caused by mu-
tations or increased expression of the X-linked proteolipid
protein 1 (PLPI) gene. PMD has a large range of clinical se-
verity, which is thought to depend on the nature on the PLPI
mutation (Gow and Lazzarini, 1996; Garbern 2007). The
PLP]I gene encodes PLP and minor isoform DM20, which
account for up to 50% of the total myelin protein in the CNS.
Using cell cultures, post-mortem human tissues, and animal
models carrying PLP mutations, previous studies show that
mutant PLP proteins accumulate in the ER lumen, which
causes ER stress and the UPR activation in oligodendrocytes
(Southwood and Gow, 2001; Lin and Popko, 2009; Clayton
and Popko, 2016). Moreover, using induced pluripotent stem
cells from PMD patients, a report shows that induced plu-
ripotent stem cells-derived oligodendrocytes displays accu-
mulation of mutant PLPI in the ER, activation of the UPR,
and increased apoptosis (Numasawa-Kuroiwa et al., 2014).
To further comprehend the role of the UPR in the patho-
genesis of PMD, Southwood et al. (2002) exploited a genetic
approach by crossing PLP mutant mice with CHOP null
mice. It is surprising that they find that CHOP deletion no-
tably exacerbates the clinical phenotypes and oligodendro-
cyte apoptosis in PLP mutant mice (Southwood et al., 2002).
CHOP is considered to be a pro-apoptotic transcription fac-
tor during ER stress (Tabas and Ron, 2011; Hetz and Papa,
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2018). The cytoprotective effects of CHOP on oligodendro-
cytes of PLP mutant mice are strikingly contrasted to its
pro-apoptotic functions in other cell types. To uncover the
mechanisms through which CHOP provides protection to
oligodendrocytes, Southwood et al. (2016) have generated a
mouse model that constitutively overexpresses CHOP specif-
ically in oligodendrocytes. They find that overexpression of
CHOP specifically in oligodendrocytes has no effect on oli-
godendrocyte viability and myelin integrity in the CNS, and
does not affect mouse behaviour or life span. Nevertheless, it
remains to see whether overexpression of CHOP specifically
in oligodendrocytes attenuates oligodendrocyte apoptosis
and myelin abnormalities in PLP mutant mice. Moreover, a
report shows that caspase-12, an ER resident caspase, is acti-
vated in oligodendrocytes in PLP mutant mice; however, de-
letion of caspase-12 does not have a significant effect on the
clinical phenotypes, oligodendrocyte apoptosis, or myelin
abnormalities in PLP mutant mice (Sharma and Gow, 2007).
Additionally, another report shows that ATF3 is upregulated
in oligodendrocytes in PLP mutant mice, but ATF3 deletion
has a minimal effect on the apoptosis of oligodendrocytes in
these animals (Sharma et al., 2007). Collectively, these stud-
ies suggest the potential role of the UPR in the pathogenesis
of PMD. Further investigations that use mice with oligoden-
drocyte-specific deletion of PERK, ATF6a, or IRE1 to dissect
their precise roles in oligodendrocytes of PLP mutant mice
are warranted.

Interestingly, recent studies suggest that targeting the UPR
may have therapeutic potential in PMD. A study shows that
treatment with Ro 25-6981, a UPR modulator, enhances
oligodendrocyte survival in human PMD patient induced
pluripotent stem cells-derived cultures and Jimpy mice, a
mouse model of PMD (Elitt et al., 2018). However, this study
also shows that increasing oligodendrocyte survival induced
by Ro 25-6981 treatment does not result in subsequent en-
hanced myelination in the CNS of Jimpy mice. Moreover, an
in vitro study shows that treatment with 4-phenylbutyrate, a
FDA approved drug and chemical chaperone that facilitates
protein folding in the ER lumen, attenuates ER stress in an
immortalized oligodendroglial cell line (158]P) transfected
with a PLP mutation and reduces cell apoptosis (Wilding et
al., 2018).

The Unfolded Protein Response in Vanishing
White Matter Disease

VWMD is an inherited autosomal-recessive hypomyelin-
ation disorder caused by mutations in the genes encoding
the five subunits of eIF2B which are ubiquitously expressed
in all cell types (Bugiani et al., 2010; Lin, 2015). The brain
white matter is predominantly affected in VWMD patients,
exhibiting severe myelin loss and foamy oligodendrocytes.
elF2B acts as a guanine nucleotide exchange factor that
promotes GDP release from its substrate elF2, resulting in
formation of the active eI[F2-GTP complex. The eIF2-GTP
complex then binds aminoacylated initiator methionyl tRNA,
forming a ternary complex that is required for each protein
translation initiation (Pavitt and Proud, 2009). While evidence
suggests that mutations in eIF2B reduce its guanine nucleotide
exchange factor activity, there is no strict correlation between

the attenuated eIF2B activity and the severity of VWMD
(Pavitt and Proud, 2009; Bugiani et al., 2010). Several knock-
in mouse models that carry VWMD mutations have been
generated. Although these mouse models show various de-
grees of attenuated eIF2B activity in cells, none of them de-
velop the severe myelin abnormalities observed in VWMD
patients (Geva et al., 2010; Dooves et al., 2016). Interestingly,
a recent report shows that treatment with 2BAct, a small
molecule eIF2B activator, restores the activity of eIF2B and
eliminates minor myelin abnormalities in the CNS of mice
carrying a VWMD mutation (Wong et al., 2019). Neverthe-
less, it remains mystery why and how mutations of ubiqui-
tously expressed elF2B selectively affect the white matter of
CNS.

Several studies suggest that the PERK-eIF2a pathway is
involved in oligodendrocyte dysfunction in VWMD. Us-
ing post-mortem samples, immunohistochemistry (IHC)
analysis show that the levels of p-PERK, p-elF2a, ATF4,
and CHOP are increased in oligodendrocytes in the CNS
of VWMD patients (van der Voorn et al., 2005; van Kollen-
burg et al., 2006). A report shows that primary fibroblasts
cultured from individuals with VWMD respond normally
to the pharmaceutical ER stress inducer thapsigargin, such
as elevated p-elF2a level and reduced global protein biosyn-
thesis; however, induction of ATF4 is substantially increased
in these cells compared to normal controls (Kantor et al.,
2005). A study shows that ectopic expression of an eIF2B
mutation derived from a VWMD patient in an oligoden-
droglial cell line results in increased expression of ATF4,
GADD34, and BiP under basal condition and hyper-induc-
tion of these genes upon exposure to thapsigargin (Kantor
et al., 2008). Moreover, a report shows that ectopic expres-
sion of e]lF2B mutations in a human oligodendrocyte cell
line leads to enhanced expression of ATF4 and increased
apoptosis upon exposure to thapsigargin (Chen et al,,
2015). Recently, Sekine et al. (2016) use the CRISPR-Cas9
approach to introduce the most severe known VWMD mu-
tation, EIF2B4"”'"” into CHO cells. They find that the ETF-
2B4**'" mutation does not cause the UPR activation under
basal condition, but leads to hyper-activation of the PERK-
elF2a pathway upon exposure to pharmaceutical ER stress
inducers. Importantly, using homozygous PLP/Fv2E-PERK
mice treated with a high dose of AP20187, a study shows
that strong activation of PERK selectively in oligodendro-
cytes of young, developing mice inhibits eIF2B activity and
reproduces the clinical and pathological features of VWMD
in mice, including a tremoring phenotype, premature death,
foamy oligodendrocytes, and severe myelin loss (Lin et al,,
2014b). In contrast, strong activation of PERK selectively
in oligodendrocytes of fully-myelinated adult mice also in-
hibits eIF2B activity, but despite this it has a minimal effect
on oligodendrocytes and myelin (Lin et al., 2014b). This
study raises the possibility that PERK activation in oligo-
dendrocytes contributes to the pathogenesis of VWMD by
synergizing with eIF2B mutations, leading to significant-
ly inhibited protein synthesis in oligodendrocytes which
impairs their cellular function (Lin, 2015). In contrast to
human VWMD patients, mice carrying VWMD mutations
display neither severe myelin abnormalities nor activation
of the PERK-eIF2a pathway (Geva et al., 2010; Dooves et al.,
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2016). Thus, it is important to determine whether PERK ac-
tivation facilitates oligodendrocyte dysfunction and myelin
loss in mice carrying VWMD mutations.

The Unfolded Protein Response in Spinal Cord
Injury

It is believed that the development of SCI is biphasic, a pri-
mary and secondary phase of injury (Rowland et al. 2008).
The primary phase is caused by the initial mechanical inju-
ry, resulting in disruption of blood vessels, axons, and cell
membranes. The secondary injury phase includes vascular
dysfunction, inflammation, axon degeneration, oligoden-
drocyte death, and demyelination. Several lines of evidence
have suggested that oligodendrocyte death and demyelin-
ation contribute significantly to neurological deficits in SCI
patients (Siddiqui et al., 2015; Alizadeh and Karimi-Abdolre-
zaee, 2016). Data indicate that preventing demyelination and/
or promoting remyelination represent important therapeutic
targets for SCI treatments (Siddiqui et al., 2015; Alizadeh
and Karimi-Abdolrezaee, 2016). Interestingly, activation of
the UPR has been observed in oligodendrocytes in animal
models of SCI. Several studies show that the mRNA levels of
sXBP1, ATF4, CHOP, BiP, and GADD34 are significantly ele-
vated in the injury epicenter as early as 6 hours post-SCI (Ohri
et al., 2011; Fassbender et al., 2012). Moreover, double immu-
nostaining analysis shows that the levels of p-eIlF2a, ATF4,
CHOP, and BiP are increased in oligodendrocytes in the inju-
ry epicentre (Ohri et al., 2011; Fassbender et al., 2012).

A number of studies show that the PERK-eIF2a-CHOP
pathway modulates oligodendrocyte viability and myelin
integrity in animal models of SCI. Using CHOP null mice,
a study shows that CHOP deletion impairs the induction
of sXBP1, ATF4, GADD34, and BiP in the injury epicenter,
and leads to enhanced functional recovery after SCI (Ohri et
al., 2011). Importantly, CHOP deletion attenuates oligoden-
drocyte apoptosis, ameliorates the reduction in myelin gene
expression, and reduces myelin damage in the injury sites
(Ohri et al., 2011). Similarly, a study shows that treatment
with valproic acid, a nonselective histone deacetylase inhib-
itor and potential ER stress modulator, eliminates CHOP
induction in the injury epicenter and reduces oligodendro-
cyte loss, myelin damage, and axon loss after SCI, which
results in enhanced functional recovery (Penas et al., 2011).
Moreover, Ohri et al. (2013) show that Salubrinal treatment
increases the level of p-eIF2a, but decreases the levels of
ATF4, GADD34, and BiP in the injury epicenter after SCI.
Salubrinal treatment attenuates oligodendrocyte apoptosis,
ameliorates the reduction of myelin gene expression, reduces
myelin damage in the injury sites, and results in enhanced
functional recovery after SCI (Ohri et al., 2013). Neverthe-
less, Ohri et al. also show that blockage of GADD34, via ge-
netic mutation or treatment with its selective inhibitor Gua-
nabenz, does not affect functional recovery after SCI (Ohri
et al., 2014). Additionally, using ATF6a null mice, a recent
study shows that the ATF6a pathway is not a major player
in SCI. While an in vitro study shows that ATF6a deletion
facilitates OPC apoptosis in response to the pharmaceutical
ER stress inducers, ATF6a deletion has a minimal effect on
functional recovery after SCI (Saraswat et al., 2018).
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The Unfolded Protein Response in Tuberous

Sclerosis Complex

TSC is a multisystem, autosomal-dominant disorder caused
by mutations in genes encoding either TSC1 or TSC2
(Laplante and Sabatini, 2012). TSC often causes CNS dys-
functions, including cognitive impairment, epilepsy, and au-
tism. In the CNS, one of major pathological feature of TSC
is white matter abnormalities, including hypomyelination
and oligodendrocyte loss (Griffiths et al., 1998; Krishnan
et al,, 2010). TSC1 and TSC2 form a heterodimeric protein
complex to down-regulate the activity of mammalian-tar-
get-of-rapamycin. Several studies have shown that TSC1
deletion in oligodendrocytes induces mammalian-tar-
get-of-rapamycin activation and leads to oligodendrocyte
death and hypomyelination in mice (Lebrun-Julien et al.,
2014; Carson et al., 2015). Interestingly, a study shows the
involvement of the PERK-eIF2a pathway in regulating oli-
godendrocyte viability in a mouse model of TSC (Jiang et al.,
2016). The levels of p-PERK, p-elF2a, CHOP, and GADD34
are significantly increased in oligodendrocytes of mice with
oligodendrocyte-specific TSC1 deletion (Jiang et al., 2016).
Importantly, treating these mice with Guanabenz results in
increased p-elF2a level in oligodendrocytes and reduced
oligodendrocyte loss and myelin loss in the CNS (Jiang et
al., 2016). Thus, these data suggest that mammalian-tar-
get-of-rapamycin activation induced by TSC1 deletion leads
to excessive protein translation and ER stress in oligoden-
drocytes, resulting in oligodendrocyte death and myelin loss,
and that activation of the PERK-elF2a pathway preserves
oligodendrocyte viability by attenuating ER stress through
suppression of protein translation.

The Unfolded Protein Response in
Hypoxia-Induced Perinatal White Matter
Injury

PWMI is a myelin disorder which affects premature infants
with a low-birth weight (born between 23 and 32 weeks
of gestation), and is thought to be caused by hypoxia in
the CNS due to underdeveloped neural vasculature and/
or inefficient oxygenation from immature lungs (Deng,
2010; Back, 2015). Hypoxia predominantly affects OPCs in
PWM]I, inducing OPC death and inhibiting their ability to
differentiate into myelinating oligodendrocytes, resulting in
myelin loss and decreased white matter (Volpe, 2009; Back
and Miller, 2014). It is well known that activation of the UPR
in response to hypoxia preserves cell viability and function
(Koumenis et al., 2007; Wouters and Koritzinsky, 2008). Sur-
prisingly, a recent study shows that the UPR is not a major
player in animal models of PWMI (Clayton et al., 2017). in
vitro studies show that hypoxia activates the PERK-elF2a
pathway and suppresses primary mouse OPC differentiation,
and that PERK deficiency diminishes hypoxia-induced ac-
tivation of the PERK-eIF2a pathway in OPCs and increases
their susceptibility to hypoxia (Clayton et al., 2017). In vivo
studies, using two mouse models of PWMI, mild chronic
hypoxia and severe acute hypoxia, shows that hypoxia ele-
vates the level of p-eIF2a, but does not alter the expression
of its downstream genes ATF4, CHOP, and GADD34 in
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OPCs (Clayton et al., 2017). Nevertheless, PERK deletion,
GADD34 deletion, or CHOP deletion did not affect either
mild chronic hypoxia- or severe acute hypoxia-induced
PWMI (Clayton et al., 2017).

Therapeutic Potential and Future Directions
Accumulating evidence shows that the UPR is a promising
therapeutic target for various diseases (Han and Kaufman,
2017; Hetz and Saxena, 2017), including myelin disorders
(Table 1). Considerable progress has been made towards dis-
covery of small chemical compounds that selectively modu-
late the activity of the three individual branches of the UPR
(Hetz et al., 2013; Maly and Papa, 2014). Several studies have
implied the therapeutic potential of these compounds in my-
elin disorders: 1) Salubrinal treatment is beneficial to animal
models of MS, CMT1B, and SCI (Lin et al., 2008; D’Anto-
nio et al., 2013; Ohri et al,, 2013); 2) Guanabenz treatment
is beneficial to animal models of MS and TSC (Way et al.,
2015; Jiang et al., 2016); 3) Sephinl treatment is beneficial to
animal models of MS and CMT1B (Das et al., 2015; Chen et
al., 2019). These studies are the basis for a clinical trial that
tests the therapeutic potential of Guanabenz in MS patients
(https://www.clinicaltrials.gov/ct2/show/NCT02423083).
Moreover, orphan drug designation has been granted to
Sepinl for CMT1B treatment (http://www.orpha.net/consor/
cgi-bin/OC_Exp.php?Ing=EN&Expert=449585). While ther-
apeutic development of small chemical UPR modulators is
promising, it is a formidable challenge to modulate the UPR
for therapeutic purposes, without causing adverse effects.
There are abundant studies on the effects of the PERK

Table 1 The UPR is a promising therapeutic target for myelin
disorders

Disease UPR  Therapeutic Potential drug candidate
pathway target

MS PERK  PERK, PERK activators (e.g., CCT020312,
GADD34 compound A, compound B, and
compound C), GADD34 inhibitors
(e.g., Salburinal, Guanabenz and
Sephinl)
ATF6a ATF6a ATF6a activators (e.g., Small molecules
147 and 263)
CMT PERK GADD34 GADD34 inhibitors (e.g., Salburinal,
Guanabenz and Sephin1)
PMD PERK Tobe To be determined
determined
VWMD PERK  PERK, PERK inhibitors (e.g., GSK2606414
elF2B and GSK2656157), elF2B activators
(e.g., 2BAct)
SCI PERK Tobe To be determined
determined
TSC PERK GADD34 GADD34 inhibitors (e.g., Salburinal,
Guanabenz and Sephinl)
PWMI None None None

ATF6a: Activating transcription factor 6a; CMT: Charcot-Marie-Tooth
disease; eIlF2a: a subunit of eukaryotic translation initiation factor 2;
GADD34: growth arrest and DNA damage 34; MS: multiple sclerosis;
PERK: pancreatic endoplasmic reticulum kinase; PMD; Pelizaeus—
Merzbacher disease; PWMI: hypoxia-induced perinatal white matter
injury; SCI: spinal cord injury; TSC: tuberous sclerosis complex; UPR:
unfolded protein response; VWMD: vanishing white matter disease.

branch of the UPR in myelin disorders; however, their un-
derlying mechanisms remain unknown and need further
investigation. Moreover, the effects of the ATF6a and IRE1
branches on the pathogenesis of myelin disorders are still
unclear. On the other hand, myelin proteins are synthesized,
modified, and folded in the ER. Maintaining ER protein ho-
meostasis is essential and necessary for the myelinating func-
tion of oligodendrocytes and Schwann cells. Nevertheless,
the underlying mechanisms remain unexplored. The UPR
is the primary mechanism that maintains ER protein ho-
meostasis by facilitating protein folding, attenuating protein
translation, and enhancing protein degradation. Therefore, it
is important to assess the role of the UPR in maintaining ER
protein homeostasis in oligodendrocytes and Schwann cells.
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