Redox Biology 26 (2019) 101232

journal homepage: www.elsevier.com/locate/redox

Contents lists available at ScienceDirect

Redox Biology

[

Targeting ER stress/ER stress response in myopathies

Ester Zito

Dulbecco Telethon Institute at IRCCS-Istituto di Ricerche Farmacologiche Mario Negri, Milan, Italy

Check for
updates

ABSTRACT

There is more skeletal muscle tissue in the body than any other tissue and, as it is the organ of the majority of metabolic activity, muscle defect can affect the health of
the entire body. Endoplasmic reticulum (ER) stress due to defects in protein folding/degradation balance, altered calcium and lipid levels and alterations in ER-
mitochondria contacts has recently been recognised as the pathogenic cause of many different myopathies. In addition, a maladaptive ER stress response triggered by
ER stress and mediated by three ER stress sensors (PERK, IRE1 and ATF6) is involved in a failure to relieve muscle tissue from this stress. Targeting ER stress and the
ER stress response pathway offers a broad range of opportunities for treating myopathies but, as the inhibition of the three ER stress sensors may not be safe because it
could lead to unexpected effects; it therefore calls for careful analysis of the changes in downstream signal transduction in the different myopathies so these sub-
pathways can be pharmacologically targeted. This review summarises the known inhibitors of the ER stress response and the successful results obtained using some of

them in mouse models of muscle diseases caused by ER stress/ER stress response.

1. Introduction

Recent evidence suggests that, although it is not a highly secretory
tissue, skeletal muscle is subject to endoplasmic reticulum (ER) stress
and the ER stress response because changes in environmental cues such
as a high-fat diet and exhausting running induce markers of the ER
stress response [1,2].

The ER stress response is generally a pathway that favours muscle
adaptation following challenging exercise stimuli, but a maladaptive
response is increasingly acknowledged to be the pathogenic cause of
various types of muscle disorders [3]. Given the role of the three-armed
ER stress response in regulating various aspects of skeletal muscle
function and dysfunction, promising pharmacological targets for the
treatment of muscle diseases include reducing ER stress and modulating
the response to it [3-5].

The aim of this review is to describe recent advances in our un-
derstanding of the relationships between ER stress, ER stress response
and muscle disorders, and analyse the pre-clinical models that have
helped to clarify how disease-specific proteins affect ER homeostasis
and trigger ER stress. It will also analyse the various steps of ER stress
and stress responses that can safely be targeted pharmacologically, and
critically discuss the success of targeted therapeutic strategies in pre-
clinical models of myopathies.

2. ER stress response and its inhibitors
It is well known that ER stress is triggered by proteotoxic stimuli

such as when the load of proteins to be folded exceeds the capacity of
the ER folding machinery; consequently any perturbation in the ER
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milieu that compromises ER folding capacity, such as changes in redox
and Ca®* levels, can trigger ER stress. However, it has recently been
discovered that, regardless of the levels of folded ER proteins, lipotoxic
stimuli such as high levels of saturated fatty acids (FAs) can also trigger
ER stress by directly acting on membrane fluidity [6]. Proteotoxic ER
stress activates a homeostatic response (the ER stress response) that is
initiated by the dissociation of binding immunoglobin protein (BIP)
from the three proximal sensors inositil-requiring enzyme 1 [IRE1],
protein kinase R-like ER kinase [PERK], and activating transcription
factor [ATF6] of ER stress which are subsequently activated to start
complex signal transduction [7]; in the case of lipotoxic stress, the three
sensors are activated regardless of ER protein load [6,8,9].

The oldest of the three sensors is IRE1, a kinase and en-
doribonuclease that promotes the unconventional splicing of an in-
tronic region of X box binding protein 1 (XBP1) that subsequently be-
comes a transcription factor of the genes involved in protein folding and
ER-associated protein degradation (ERAD) [10,11]; activated PERK
attenuates protein synthesis by phosphorylating eukaryotic initiation
factor 2-alpha (elF2-alpha) [12]; and activated ATF6 traffics to the
Golgi, where it is proteolytically cleaved from its transmembrane do-
main, then migrates to the nucleus where it acts as a transcription factor
and induces chaperones such as BIP/GRP78 and GRP94 [13]. The ER
stress response therefore acts by inhibiting protein translation through
the PERK pathway and favouring protein degradation and the induction
of chaperones through the IRE1 and ATF6 pathways [14]. This co-
ordinated action of protein degradation and the induction of chaper-
ones relieves ER stress and re-establishes homeostasis.

However, a form of unrelieved chronic ER stress may occur as a
result of the activation of maladaptive branches of the ER stress
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response leading to the failure of ER homeostasis and directing cells to
apoptosis and dysfunction, thus making the process a sort of double-
edged sword. For example, the IRE1 pathway is connected to pro-
apoptotic signals via JNK [15], and all three pathways are connected to
pro-apoptotic signals via the CHOP transcription factor (GADD153)
involved in ER stress-induced apoptosis. It has been shown that CHOP
regulates the expression of two genes that may also be involved in
maladaptive responses: ERO1 alpha (henceforth ERO1) and GADD34
[16]. EROL1 is an ER protein disulphide oxidase that, together with PDI,
introduces disulphide bonds in the nascent proteins promoting protein
folding [17,18]; however, its activity is also associated with the stoi-
chiometric production of H,0,, which is a dangerous oxidant at high
concentrations and may explain why ERO1-deficient C. elegans are
protected from the detrimental consequences of ER stress [19,20].
GADD34 recruits phosphatase PP1 to dephosphorylate eif2-alpha and
reactivate protein synthesis. GADD34 appears only in vertebrates,
which may represent an evolutionary advantage in the case of highly
secretory cells whose protein secretion should be preserved, but is
detrimental in cells expressing toxic gain-of-function protein mutants.

Given the multi-step process and multiple feedback mechanisms of
the ER stress response, it should be possible to intervene pharmacolo-
gically, and this has led to wide-ranging efforts to find small molecules
capable of modulating ER stress and/or one or more of the steps of the
response to it. Here, we try to summarize all the known drugs available
so far as inhibitors of the ER stress and its response.

2.1. Chemical chaperones

One of these is the small molecule 4-phenylbutyricacid (4-PBA), an
FDA-approved drug that acts as a chemical chaperone to stabilise the
conformation of folded protein and thus favour protein trafficking out
of the ER and relieving ER stress [21]. Ursodeoxycholic acid (UDCA)
together with its derivative tauroursodeoxycholic acid (TUDCA), is
FDA-approved bile acid with chaperone properties that may act in a
similar manner [22].

2.2. IRE1 alpha inhibitors

In relation to the three ER stress sensors, three selective inhibitors of
the endonuclease activity of IRElalpha (salicylaldehydes, 4u8C and
STF-083010) have been identified by means of high-throughput
screening techniques and selectively inhibit IRE1 endonuclease activity
without affecting its kinase activity in vitro and in vivo [23-25].

2.3. PERK inhibitors

Inhibitors of the kinase activity of PERK have also been identified:
the first of these to be characterised was GSK2606414, which inhibits
PERK activation in cells and impedes tumour growth [26], and further
chemical optimisation led to the discovery of GSK2656157, which was
found to inhibit the growth of tumour xenografts in mice [27]. How-
ever, it has recently been found that both also inhibit cellular RIPK1 at a
lower concentration than that required to inhibit PERK activity, thus
suggesting a lack of PERK specificity [28].

2.4. ATF6 alpha inhibitors

Finally, it has been found that the new class of ceapin molecules can
inhibit the trafficking of ATF6 alpha to the nucleus by trapping it inside
the ER. Interestingly these inhibitors are not toxic for unstressed cells
but only increase their sensitivity to ER stress, thus suggesting a safety
margin in drugging/inhibiting the ATF6 pathway in cells where it is
activated [29].
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2.5. elF2-alpha dephosphorylation inhibitors

Most of the efforts that have been made to affect the steps of the ER
stress response that occur downstream of the three sensors have con-
centrated on regulating elF2-alpha phosphorylation/depho-
sphorylation. It has been shown that salubrinal selectively inhibits eIF2-
alpha dephosphorylation [30], which is an appealing way of improving
the course of protein misfolding disease. Guanabenz also delays trans-
lational recovery by binding and inhibiting the regulatory subunit of
the stress-induced elF2-alpha phosphatase consisting of GADD34 and
PPlc [31], but its use is limited by its central hypotensive effect [32],
something that is not related to the more recently discovered GADD34-
inhibiting sephin 1 [33]. However, the findings of a recent report
suggest that both drugs enfeeble the IRE1 branch of the ER stress re-
sponse rather than alter elF2-alpha phosphorylation, thus casting
doubts on their activity as inhibitors of GADD34 phosphatase [34].

2.6. EROI1 alpha inhibitors

ERO1 inhibitors were discovered during attempts to modulate
hyper-oxidation associated with ERO1-alpha activity. High-throughput
screening led to the discovery of EN460, a small molecule that binds
ERO1 and weakens its binding to its prosthetic group FAD, thus im-
peding ERO1 re-oxidation. EN460 is highly selective for ERO1-alpha,
but its promiscuous reactivity with thiolate is a cause of toxicity that
limits its in vivo use [35]. A recent study mapped an amino acid (Val
101) in EROL1 alpha crucial for its interaction with PDI and therefore
proposes the use of peptides that target the region of interaction ERO1
alpha-PDI around this valine to impair ERO1 alpha activity [62]. This
study offers a new perspective to target ERO1 inhibition and we hope it
will fuel further efforts for the discovery of ERO1 alpha inhibitors for
use in clinical practice (Fig. 1).

3. ER stress response in muscle

Although it is not a highly secretory tissue, there is evidence sug-
gesting that skeletal muscle undergoes ER stress because it can be in-
duced by changes in environmental cues such as a high-fat diet or
muscle exercise [1]; furthermore, the consequent ER stress response in
healthy muscle is adaptive, as is demonstrated by the fact that the levels
of ER stress markers decrease over time during periods of exercise
training [2].

The levels of sarcoplasmic reticulum calcium are tightly regulated in
skeletal muscle, and its release triggers muscle contraction through the
process of excitation-contraction coupling. Defects in calcium regula-
tion cause ER stress, and both can trigger skeletal muscle dysfunction
by enfeebling the excitation contraction machinery and inducing
muscle atrophy as a consequence of prolonged ER stress-dependent
attenuation of protein translation [36]. In addition to being important
for movement, skeletal muscle is also very important for the body's
metabolism because it is where the majority of insulin-dependent glu-
cose uptake (75-90%) takes place [37]. Skeletal muscle accumulation
of lipids can be lipotoxic and induce ER stress, and the consequent ER
stress response may impair insulin signalling. These findings suggest
that ER stress and a maladaptive ER stress response may have two
deleterious consequences: one relating to muscle atrophy/defective
muscle force, and another relating to impaired muscle metabolism [3].

Mouse models of the various mediators of the three branches of the
ER stress response can be very helpful in elucidating the role of the ER
stress response in muscle diseases. Muscle-specific transgenic mice with
inducible activated PERK show clear signs of muscle atrophy caused by
the attenuation of protein translation mediated by elF2-alpha phos-
phorylation [36,38], but as constant PERK activation, PERK inactiva-
tion also triggers skeletal muscle atrophy, it seems that both conditions
are deleterious in skeletal muscles [39]. ATF6-alpha knock-out mice are
exercise intolerant and show high levels of creatine kinase after one day
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However, there is also a maladaptive re-
sponse (red arrows) because the IRE1, ATF6
and PERK pathways are also connected to
pro-apoptotic signals via the CHOP tran-
scription factor (GADD153), which pro-
motes the recovery of translation and oxi-
dative protein folding by inducing GADD34
and ERO1 respectively, a process that leads
to death due to the accumulation of mal-
folded proteins and the generation of ex-
cessive reactive oxygen species. Various in-
hibitors of ER stress and the ER stress
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response are available: the chemical chaperones TUDCA and 4-PBA help protein folding; salicylaldehydes, 4u8C and STF083010 inhibit the endonuclease activity of
IRE1-alpha; GSK2606414 inhibits the kinase activity of PERK; and the ceapin class of molecules inhibits the trafficking of ATF6-alpha to the nucleus by trapping it
inside the ER. EN460 inhibits ERO1 alpha activity and salubrinal, gunabenz and sephinl inhibit GADD34 activity.

of recovery from intense exercise, which suggests that the ATF6 alpha
branch of the ER stress response is important for preserving muscle
integrity [2].

Downstream of the three ER stress sensors, CHOP deletion improves
running performance and reduces creatine kinase levels in exercise-
intolerant PGC1-alpha muscle knock-out mouse [2]. It also improves
diaphragm force in a SELENON KO mouse model and reduces its muscle
insulin resistance by reducing ER stress levels in muscle [40,41]. These
findings suggest that an attenuation of the CHOP pathway can be fa-
vourable in some muscle diseases. However, CHOP deletion worsens
the pathological phenotype of AR113Q mice, a mouse model of spinal
and bulbar muscle atrophy in which high levels of muscle ER stress
have been detected, by accelerating denervation-induced muscle
wasting [42].

ERO1-alpha is located downstream from the CHOP signal [16], and
it has been hypothesised that its inhibition may be advantageous in
conditions of ER stress [19]. For example, ablation of ERO1 alpha
protects SELENON deficient myotubes from ER-stress mediated lipo-
toxicity [41]. Previously unpublished data show that the deletion of
protein disulphide oxidase ERO1 alpha alone does not trigger an overt
pathological muscle phenotype in mice, which can only be triggered by
the simultaneous deletion of ERO1 alpha, its homologue ERO1 beta and
peroxiredin IV, an ER-resident peroxiredoxin that mediates oxidative
protein folding [43] [20,44,45] (Fig. 2), thus suggesting that ERO1
alpha inhibition may be a promising therapeutic target in muscle
myopathies caused by ER stress.

4. Myopathies associated with chronic ER stress

Chronic ER stress has been observed in muscle biopsies of patients
with congenital myotonic dystrophy type I: the atrophic muscles fibres
showed the aberrant splicing of RYR1 and SERCA, as well as high levels
of BIP, phosphorylated PERK and elF2-alpha [46].

It has been hypothesised that ER stress may be the pathological
cause of inclusion body myositis, a muscle disorder with an in-
flammatory component that typically affects the elderly people, but the
exact cause of the chronic ER stress is still not known [47].

Mouse models have also proved to be very useful to understand the
connection between ER stress and myopathy. Increased muscle ER
stress (high levels of the active forms of XBP-1 and ATF6 and, to a lesser

extent, phosphorylated elF2-alpha and CHOP) has been detected in
mouse models deficient in LPIN1, a protein whose loss of function leads
to severe rhabdomyolysis in children. The accumulation of lipids in
LPIN1-deficient skeletal muscle suggests that lipotoxicity may trigger
ER stress and a maladaptive ER stress response [48]. ER stress has also
been detected in the atrophic skeletal muscle of G93A*SOD1 (ALS-Tg)
mice, a mouse mutant model of the genetic form of amyotrophic lateral
sclerosis (ALS): mutant SOD1 binds to Derlin-1 on the cytosolic side of
the ER membrane, thus blocking the degradation of ER proteins and
triggering ER stress [49]. The ER stress sensors PERK and IRE1a were
upregulated, downstream to them phospho-elF2a and BIP were also
upregulated together with the pro-apoptotic CHOP, thus suggesting a
mechanism by means of which ER stress and a maladaptive ER stress
response contribute to muscle atrophy in ALS [50].

Decreased resting cytosolic calcium levels have been detected in
mice with a 14895T mutation in the type 1 ryanodine receptor/Ca®*
release channel (Ryr1) gene. This is the most frequent RYRI mutation in
humans and gives rise to a range of myopathies. Together with the
alteration in calcium handling, the skeletal muscle of these mice
showed increased levels of BIP, GRP94, CHOP and ERO1 alpha, and
decreased protein translation, which suggests that the myopathy may
be due to chronic ER stress and a maladaptive response leading to de-
fective muscle force and atrophy [51].

Mutations in the SELENON gene are associated with autosomic re-
cessive SEPN1-related myopathy. It has been shown that SELENON
protein redox-activates the ER calcium pump SERCA2, thus counter-
acting its ERO1 alpha-dependent inactivation and connecting SELENON
function with ER calcium levels [52]. In addition, a SELENON KO
mouse model shows diaphragmatic weakness, increased levels of BIP,
CHOP and ERO1 alpha, and attenuated protein translation [40,53]. The
lack of SELENON in mice also sensitises skeletal muscle to the ER stress-
dependent consequence of lipotoxicity, thus compromising insulin
sensitivity and muscle strength as seen in patients with SEPN1-related
myopathy [41].

One important point to consider when exploring the mechanisms
underlying muscle disease is the cross-talk between the ER and mi-
tochondria, which are physically connected by means of proteinaceous
tethers (mitochondria-associated membranes, MAMs). This interaction
is a hub of a sub-cellular signalling node that influences the health of
the two organelles in which ER calcium moves to mitochondria in order
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A) Hematoxylin and eosin-stained transverse section of tibialis taken from a mouse model of serial deleted protein disulphide oxidases dko (Erol-alpha and -beta) and
tko (Erol-alpha and -beta and PrdxIV) showing that wild-type muscle consists of cells that are densely packed into neat fascicles, whereas mutant dko tissue is more
loosely packed and there is more space between the muscle fibres, and only tko tissue shows central nuclei and cell infiltration. B) Electron microscopy of longitudinal
muscle sections reveals a tight, normally organised sarcoplasmic reticulum in wild-type and dko tissue, but conspicuous dilation of the sarcoplasmic reticulum in tko

tissue.

to influence the phosphorylative oxidation that affects protein folding
inside the ER by generating ATP [54], thus suggesting that ER stress
should also be considered in muscle diseases characterised by a primary
defect in mitochondria.

One typical example of such cross-talk ER-mitochondria and its
importance in determining muscle phenotypes is muscle-specific OPA1
knock-out mice. Human recessive mutations in the OPAl gene, the
protein of which is involved in the fusion of the outer and inner mi-
tochondrial membranes, give rise to dominant optic atrophy, a disease
with a myopathic phenotype. Interestingly, the acute deletion of OPA1
in mouse skeletal muscle (which resembles the human myopathic
phenotype) triggers mitochondria alterations and ER stress with in-
creased levels of ATF4, XBP-1s, CHOP and GADD34, which suggests
that ER stress may be due to mitochondrial alterations in skeletal
muscle [55].

5. The pharmacological treatment of myopathies with inhibitors
of ER stress and the ER stress response

Targeting the ER stress response pathway offers a broad range of
opportunities for treating myopathies, but it is very important to de-
termine which sub-pathway is involved in which myopathy because
inhibiting the three ER stress sensors (IRE1, PERK and ATF6) may not
be safe as it could lead to unexpected side effects. Consequently, tar-
geting more downstream mediators such as elF2-alpha, GADD34 and
EROL1 or favouring protein folding may be better options.

Chronic TUDCA treatment of lipin-1 deficient mice lowers BIP and
active ATF6 (ATF6c) levels in skeletal muscle, decreases triglyceride
levels and the number of lipid droplets. More importantly, it also im-
proves muscle strength, which suggests that attenuating ER stress-de-
pendent lipotoxicity is connected with the recovery of lipin-1 deficient
skeletal muscle [48].

It has been shown that a derivative of UDCA has neuroprotective
effects in a cellular model of superoxide dismutasel-dependent neuro-
degeneration by reducing matrix metalloproteinase 9 and caspase 9
activation [56]. However, the effects of UDCA and its derivatives have
not been tested in ALS-Tg mice in which it may be important to de-
termine whether the reduction in ER stress improves muscle function. A
small clinical trial of TUDCA involving ALS patients found a number of
responders, but there is a lack muscle biopsy data that would make it

clearer whether the improvements were related a reduction in muscle
ER stress [57]. It has been shown that chronic sephin 1 treatment
prevents the motor deficit characterising ALS-Tg mice by reducing the
levels of BIP, CHOP and XBP-1s in the spinal cord, but the effect of
sephin 1 on the levels of ER stress markers in skeletal muscle was not
tested [33].

Chronic TUDCA treatment of muscle OPA1 knock-out mice reduces
ER stress, improves mitochondria numbers and prevents muscle
wasting, thus suggesting that attenuating ER stress improves muscle
function in a disease characterised by primary mitochondria deficiency
[55].

Chronic treatment with the chemical chaperone 4PBA reduces
GRP94, CHOP and BIP levels and improves muscle strength in mice
carrying an I4895T mutation in the type I ryanodine receptor [51].

TUDCA preconditioning of SELENON devoid myotubes partially
protects cells from palmitate-induced ER stress and improves the uptake
of insulin-dependent glucose [41], and ongoing studies of chronic
TUDCA treatment in SELENON KO mice will evaluate whether it is
capable of rescuing diaphragmatic weakness (as preliminary results
suggest) and the insulin-resistant muscle phenotype (Table 1).

5.1. Chemical chaperones in muscle diseases

On the basis of the pre-clinical studies described above, TUDCA and
4-PBA represent promising therapeutic options for the myopathies as-
sociated with ER stress, and deserve evaluation in human. Both have
previously been shown to be effective in inhibiting the ER stress-
mediated lipotoxicity of pancreatic beta-cells [58,59], and TUDCA has
also been shown to improve the insulin sensitivity of muscle and liver of
obese men and women [60]. However, there are still some aspects of
TUDCA's mechanism of action as an ER stress inhibitor/chemical cha-
perone that need to be clarified. It is worth noting that it improves beta
cell function in a mouse model of type I diabetes but, interestingly (and
not intuitively if it is believed that TUDCA is only a chemical cha-
perone), this improvement depends on the ATF6 alpha branch of the ER
stress response, and is lost in mice with the beta cell-specific deletion of
ATF6 alpha [61]. This suggests that TUDCA may have an additional
function and raises the thought-provoking question as to whether it
alters the fluidity of the ER membrane, impedes the dimerisation and
activation of the PERK and IRE1 pathways related to a maladaptive
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Table 1
Functional impact of ER stress/ER stress response on muscle diseases.
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Disease Model

ER stress/ER stress response handling

Phenotype

Spinal and

bulbar

muscular

atrophy
Rhabdomyolysis in children
Amyotrophic lateral sclerosis
Optic atrophy
SEPN1-related myopathy

AR113Q mouse

Lipin-1 muscle-deficient mouse
G93A*SOD1 mouse

OPA1 muscle-deficient mouse
SELENON KO mouse

RYR1-mediated core myopathy RyR1"895T/WT ¥nock-in mouse

CHOP KO

TUDCA (500 mg/kg twice a day)
Sephin (5 mg/kg once a day)

TUDCA (500 mg/kg twice a day)
AAV-ERO1 (gastrocnemius)

CHOP KO

4-PBA (approximately 6-10 mg a day)

Accentuated muscle atrophy

Improved muscle force

Improved motor deficit

Improved muscle wasting

Reduced muscle force

Improved muscle force, insulin resistance
Improved muscle force

response, and favours the adaptive ATF6 pathway (the only ER stress
sensor that does not need dimerisation to be activated) swinging into
action and relieving ER stress? This may be a fruitful working hy-
pothesis for future studies of the mechanism of action of this drug that
is very promising and with an extraordinary safety profile.

6. Concluding remarks

Chronic ER stress evoking a maladaptive ER stress response is the
pathogenic cause of many myopathies, including those mitochondrial
myopathies whose primary defect does not reside in the ER. This
finding should encourage studies of ER stress and the response to it in
animal and human mitochondrial myopathies.

Targeting ER stress and the ER stress response offers a broad range
of therapeutic opportunities, but it is very important to determine
which sub-pathway is altered in the different myopathies as inhibiting
the three ER stress sensors (IRE1, PERK and ATF6) may not be safe as it
could lead to unexpected side effects. Targeting more downstream
mediators such as elF2-alpha, GADD34 and ERO1, or favouring protein
folding by means of the use of chemical chaperones, seems to be a
better option.
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Abbreviations

4-PBA  4-phenylbutyrate

AAV Adenoassociated virus

ATF6 Activating transcription factor 6

BiP Immunoglobulin heavy chain binding protein
CHOP C/EBP homologous protein

elF2a Eukaryotic translation initiation factor 2a
ER Endoplasmic reticulum

ERAD ER-associated degradation

ERO1 Endoplasmic oxidoreductin 1

GADD34 growth arrest and DNA damage-inducible protein

IRE1 Inositol-requiring protein 1

OPA1l Optic atrophy 1

JNK c-Jun N-terminal kinase

PERK Protein kinase R (PKR)-like endoplasmic reticulum kinase

PRDXIV Peroxiredoxin IV

RyR1 Ryanodine receptor type 1
SELENON Selenoprotein N1

sXBP1 spliced X-box-binding protein 1

TUDCA Tauroursodeoxycolic acid
XBP1 X-box-binding protein 1
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