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Abstract

The sarcoplasmic reticulum plays a pivotal role in regulating muscle contraction given its role in in
storage, release and reuptake of Ca?*. Release of calcium from the sarcoplasmic reticulum occurs
through the so-called excitation-contraction coupling mechanism that consists in the activation of
voltage-induced calcium channels on the plasma membrane (DHPR) with the consequent opening of
ryanodine receptors type 1 (RyR1) on the sarcoplasmic reticulum. Mutations in the gene coding for
RyR1 were identified in a significant fraction of human congenital myopathies, defined as RyR1-related
myopathies (RyR-RM). Among these, Central Core Disease (CCD) represents the most common
inherited congenital myopathy and is characterized by the presence of cores, i.e. areas lacking oxidative
enzymes due to depletion of mitochondria, accompanied also by alterations in calcium homeostasis,
ultrastructural modifications and induction of cellular dysfunctions such as oxidative/nitrosative stress.
Recently, endoplasmic reticulum (ER) stress has been also suggested to play a relevant role in the
pathophysiology of muscle disorders. ER stress is activated by a variety of conditions, including
alteration in calcium homeostasis, which may lead to the accumulation of misfolded proteins and thus
trigger the Unfolded Protein Response (UPR). Deregulation of ER stress/UPR is observed in many

muscular diseases, including a mouse model of CCD.

In order to evaluate whether ER stress markers are also deregulated in muscles from human patients
affected by CCD, expression of selected ER stress-related genes has been analyzed by real-time PCR in
muscle biopsies from a cohort of twenty-two unrelated CCD patients and compared with that of healthy
controls. No significant changes in expression of ER stress markers were observed in these biopsies

indicating that pathogenic mechanism other than ER stress/UPR may be active in humans.



1. Introduction

1.1Skeletal muscle: main features

Muscle tissue is an excitable tissue composed by highly specialized cells responsible for muscle
contraction. Based on the different structural traits and the different role they perform, they are
distinguished in cardiac, smooth and skeletal muscles (Monesi, 2012). Skeletal muscle is a striated tissue
responsible for voluntary muscle contraction activated by motoneurons’ stimulation. Skeletal muscle
tissue is formed by multinucleated cells, called skeletal muscle fibers, which originate from the fusion
of several single muscle cells that form an elongated cellular syncytium containing hundreds of nuclei,
reaching a length of several centimeters with a diameter of 10-100 um. The plasma membrane, that in
muscle tissue is called sarcolemma, forms invaginations, called T-tubules, extending throughout the
fibers that are responsible for the propagation of the action potential along the central part of the fibers
(Jayasinghe and Launikonis, 2013). The sarcolemma surrounds the cytoplasm, also called sarcoplasm,
where most of the available space is occupied by the contractile apparatus organized in myofibrils. In
the sarcoplasm, the sarcoplasmic reticulum (SR) and other organelles are organized according to the
organization of myofibrils, with nuclei positioned at the periphery of muscle fiber (Greising et al., 2012;

Frontera and Ochala, 2015, Figure 1).
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Figure 1. Skeletal muscle structure. A. cross and longitudinal sections of human skeletal muscle, stained with
Hematoxilin — Eosin. B. Schematic representation of skeletal muscle structure. (Image adapted from
http://medcell. med.yale.edu; https://www.brianmac.co.uk).
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1.1.1 Myofibrils

The well-defined arrangement of myofibrils, placed parallel and aligned along the longitudinal axis of
the muscle fiber, gives the fiber its typical cross-banding aspect. A single myofibril is 1-3 um thick,
composed by regular repeating units called sarcomeres of approximately 2.2 um in length, which
represent the functional contractile units of skeletal muscle. Polarized light microscopy makes fibers
look striated with less dense isotropic bands, called | bands and dark anisotropic bands, called A bands.
At the electron microscope also the H bands and the M bands, placed at the center of the A band, are
detected. Lastly, the | band is divided in half by the Z disk. Each segment of a myofibril between two
consecutive Z disks correspond to one sarcomere. Under the electron microscope, the sarcomere
appears cross-banded because of the presence of two types of filaments, commonly known as the thick
and thin myofilaments, which differ in dimension and protein content. The thick myofilaments are
mainly composed by myosin, while the thin myofilaments are mainly composed by actin (Figure 2). The
interaction between actin and myosin filaments is possible thank to two regulatory proteins:
tropomyosin and troponin, which regulate the exposure of the myosin binding site on actin, under Ca2*

dependent mechanism, during muscle contraction (Monesi, 2012).
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Figure 2. Sarcomere representation: schematic representation of a segment of a muscle fiber and the composition of
a myofibril: parallel and regular disposition of thick and thin filaments give the myofibrils its striated aspect (Mukund
et al, 2020).



1.1.2 Sarcoplasmic/endoplasmic reticulum in skeletal muscle

The sarcoplasmic reticulum is a specialized form of endoplasmic reticulum (ER) dedicated to storage
and release of Ca®* following sarcolemma depolarization, to activate muscle contraction. It develops
during embryonic life starting from an accumulation of membranes, which, in post-natal life, evolve in
two different, but functionally linked domains: junctional sarcoplasmic reticulum (j-SR) and longitudinal
sarcoplasmic reticulum (I-SR). The I-SR is composed by a network of tubules that surround each
myofibril, placed parallel, and usually longitudinally oriented. I-SR is the main site for Ca?* storage and
uptake from the cytosol, a process depending on the SR/ER Ca?*-ATPase (SERCA) pumps (Bublitz et al.,
2013). The longitudinal tubules at their far end form the so-called terminal cisternae, which constitute
the j-SR, oriented in a transversal direction. Two terminal cisternae are regularly placed on the opposite
sides of a central T-tubule, an invagination of the sarcolemma, forming a structure known as junctional

triad, directly involved in Ca?* release (Franzini-Armstrong, 1970; Treves et al., 2017).

Although ER-related functions (such as Ca?* storage, protein synthesis and folding and lipid sterol
synthesis) are undoubtedly present in striated muscle cells, the distribution of the ER within the SR
membranes is less obvious (Rossi et al, 2022). It is accepted that the SR and ER form a continuous
membrane system composed of different specialized subdomains (Volpe et al, 1992). By means of
localization of ER and SR markers in skeletal muscle fibres, a certain compartmentalization- has been
demonstrated: ER-specific proteins were detected at the perinuclear region and in two distinct rough
ER sub-compartments, respectively located in correspondence of the | band, which doesn’t contain ER
exit sites, and close to the Z disk, which shows export activity towards the Golgi (Rossi et al, 2008; Kaisto
and Metsikko, 2003). Interactions existing between ER and other intracellular components in skeletal
muscle are still under investigation. Lysosome-SR junctions have been observed in pulmonary arterial
myocytes. These nanojunctions have been detected between clusters of lysosomes and perinuclear
regions of the SR rich in RyR3 and may represent an intracellular structure involved in the regulation of
specific Ca?* signaling events (Kinnear et al, 2008). Studies rabbit ventricular myocytes have also
revealed the presence of SE-lysosome contact sites, that, unlike what previously described in
pulmonary arterial myocytes, are distributed with a frequency compatible with the length of a
sarcomere, allowing the association with specific areas of the SR with lyososomes (Aston et al, 2017;

Rossi et al, 2022).



1.1.3 The junctional triad

The junctional triad represents the site of physical interaction between the voltage gated L-type calcium
channel dihydropiridine receptor (DHPR), located on the T-tubules, and the ryanodine receptor Ca%*
release channel type 1 (RyR1); on this interaction depends the depolarization-induced calcium release
(DICR) mechanism that, following depolarization of T-tubules, allows calcium ions to be released from
the SR to the cytosol and myofilaments to contract (Rios, 2018; Barone et al., 2015). The so-called
excitation-contraction coupling (E-C coupling) is a sequence of events that, starting from depolarization
of the sarcolemma induced by a motoneuron leads to muscle contraction (Sandow, 1965). The first
event of E-C coupling is the release of acetylcholine from a pre-synaptic element. Acetylcholine
interacts with its receptor, localized on the sarcolemma, causing Na*-dependent depolarization
(Takamori, 2012). Depolarization is passively conducted down to the T-tubules where it activates the
DHPR channels. During depolarization of the T-tubule DHPR channels undergo a conformational
change; since DHPR and RyR1 are physically in contact, the conformational change in DHPR is
immediately transmitted to RyR1, resulting in channel opening and Ca?* release from the terminal
cisternae (Greising et al., 2012). At the end of a nervous stimulus, Ca?* is re-uptaken by SERCA pumps
and stored in the SR, while the plasma membrane Ca?*-ATPase (PMCA) pumps Ca®* from the cytoplasm
to the extracellular environment, together with the Na*/ Ca**-exchanger (NCX), thus allowing Ca?* to

return to basal levels (Sandor, 1965; Brini et al., 2013) (Figure 3).
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Figure 3. Triad. A schematic representation of the main molecular actors involved in excitation contraction coupling at
the triad junction. DHPR, RYR1, SERCA pump, along with calsequestrin form the main proteins responsible for
Ca®* cycling and storage within the sarcoplasmic reticulum. (Mukund et al, 2020)

1.1.4 Ryanodine Receptors, RYRs

RyRs are intracellular calcium release channels that facilitate the rapid release of Ca?* from stores in
the SR into the cytosol (Zalk et al. 2015). There are three RyR genes in a mammalian genome (RYR1,
RYR2 and RYR3) coding for three distinct proteins that share about 66% of their amino acid sequence.
The homology among the three isoforms is not equally distributed, with some regions sharing more
than 90% of homology and three specific regions where the homology is significantly lower. These three
regions have been named divergent regions, D1-D3. Within RyR1 sequence, region D1 spans amino
acids 4254-4631, region D2 amino acids 1342-1403 and region D3 lies between residues 1872 and
1923. These regions are expected to correspond to isoform-specific regulatory sites with specific
properties of these channels (Sorrentino et al, 2000). RYR1 and RYR2 have an 80 % amino acid sequence
similarity, but functionally they work in a different manner: in contrast to the mechanical activation of
RYR1, RYR2 opening is triggered by the influx of extracellular Ca?* across the cardiac voltage gated Ca?*

channels (Cav1.2) in a process known as Ca%* induced Ca?* release (CICR) (Saito et al, 1988).



1.2 The structure of Ryanodine Receptor type 1

RyR1 is a ~2.2 MDa homotetrameric channel composed of four polypeptides each consisting of
approximately 5000 amino acids with a molecular weight of ~565 kilodalton (kDa) (Yan et al., 2015; Zalk
et al., 2015). Recent advances in cryogenic electron microscopy (cryo-EM) allowed several structures of
the RyR1 channel to be elucidated at 3.8-4.8 Armstrong (A) resolution (Yan et al., 2015; Zalk et al., 2015;
des Georges et al., 2016). RyRs have a typical mushroom appearance, with the stalk crossing the ER/SR
membrane and the cap, representing about 80% of the entire protein, that protrudes completely in the
cytosol. The cytosolic cap mediates ligand-sensing in the channel as well as providing a scaffold for
modulatory interactions with a number of intracellular proteins, including Cav1.1 and small molecules
(Yan et al, 2015; Zalk et al, 2015; des Georges et al, 2016). The latter include caffeine, halothane, Ca?*,
Mg?*, adenosine triphosphate (ATP) (Amador et al, 2013). The transmembrane (TM) domain is
composed by six transmembrane helices and forms the pore for Ca?* movement out of the SR. Each
one of the cytosolic monomers of the tetramer is built around an extended scaffold of alpha-solenoid
repeats. The alpha solenoid scaffold is formed by three segments, and it is capped, at the amino
terminus, by two distinct N-terminal domains (NTD-A and NTD-B); these are immediately followed by
the first segment, the N-solenoid (NTD-C), which is in connection with three SPRY (SPIA kinase and
ryanodine receptor) domains, surrounded by two pairs of RyR repeats (RY1&2 and RY3&4). The second
and the largest alpha solenoid is represented by the bridging solenoid (B-sol), which is in connection
with the third and last segment, the core-solenoid (C-Sol) (Zalk et al., 2015). The high flexibility of the
alpha solenoid scaffold of RyR1 facilitates the interaction of the channel with all the regulatory proteins,
thus allowing coupling of conformational changes within the scaffold, induced by protein binding (Zalk
et al, 2015; des Georges et al, 2016; Hernandez-Ochoa et al., 2015; Yan et al., 2015; Zalk et al., 2015;
des Georges et al.,, 2016; Amador et al., 2013). The TM pore presents a fold shape as others six-
transmembrane (6TM) superfamily ion channels (voltage-gated sodium and potassium channels and
transient receptor potential (TRP) channels) (Zalk et al, 2015). This TM region contains two domains:
the pore domain, formed by S5, S6, the pore helix and the P-segment and a pseudo voltage-sensor
domain (pVSD), formed by S1-54 that interfaces with the pore domain of the adjacent subunit. The S6
helix extends into the cytosol, terminating in the C-terminal domain (CTD), a small alpha-helical domain

that extends laterally from the channel axis into the core solenoid, thus connecting the TM domain to
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the cytosolic scaffold of RyR1 (Zalk et al, 2015). The CTD connection to the central domain is thought to
act as a central transmitter of conformational changes from the ligand binding cytosolic portion to the
channel forming components (Yan et al, 2015). The central domain also comprises EF hand motifs that
may confer the Ca?*-sensing ability to RyR1 (Yan et al., 2015; Samso 2016). The regulation of the channel
activity also depends on intramolecular signal transduction mechanisms: studies with peptide probes
have shown that interaction among different regions in RyRs may be responsible for channel regulation
(Yamamoto et al, 2000). Interestingly, a mutation found in MH/CCD patients (Arg2458Cys) is located in
one of the interaction points between the different regions, suggesting that this amino acid may have

a role in interdomain interactions (Yamamoto et al, 2002).

Figure 4. Representation of RyR1. A. View from the plane of the sarcoplasmic reticulum membrane of a slab of density
(blue mesh) coinciding with the channel axis. B. Schematic representation of the RyR1. B-sol, bridge solenoid; C-sol,
core solenoid; N-sol, N-terminus solenoid. C. View in the plane of the sarcoplasmic reticulum membrane. D. View from
the cytosol. E. View from the lumen of the density map of skeletal muscle RyR1 at 5.0 A resolution, with one protomer
segmented according to the domains assigned in the model, coloured as follows: blue, N-terminal domain; cyan, SPRY1,
SPRY2 and SPRY3; salmon, clamp region (RY12 repeats), and phosphorylation domain (RY34 repeats); yellow, calstabin;
green, the bridge solenoid scaffold; red, the core solenoid; and orange, transmembrane and C-terminal domains;
purple, putative Ca®*-binding domain (EF). (Zalk et al., 2015)
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1.3 RyR1 interactors and modulators

Opening RyRs is regulated by conformational changes that are induced by binding of small molecules

and ions and proteins such as FKBP12, triadin, junctin and calsequestrin.

1.3.1 DHPR

Interaction between DHPRs and RyR1 is fundamental for the E-C coupling. DHPRs are multimeric
complexes composed by a pore forming als subunit (also called Cav 1.1) (176 kDa), and auxiliary
subunits a26 (177 kDa), B (56 kDa), and y (34 kDa) that are implicated in modulating the membrane
trafficking, current kinetics, and gating properties of the channel (Samso et al., 2015; Wu et al., 2015;
Zhao et al, 2019). The als subunit comprises four domains (I-IV) each containing 6 transmembrane
alpha helical segments (51-S6) (Hu et al., 2015). Like RyR1, Cav1.1 has structural homology with other
voltage gated ion channels and S1-54 helixes are thought to be the voltage sensing domains (VSDs). S5,
S6 and the intervening segments are combined to form the ion-conduction pore domain (Bannister and
Beam, 2013; Wu et al., 2015). The cytosolic B subunits are involved in tetrads assembly, where one
DHPR tetrad faces one of the four subunits of the tetrameric RyR1 channel. The y subunit is a
transmembrane protein whereas the a26 subunit is extracellular; the first one was found to interact
with the VSD and the second with the extended extracellular loops of Cav1l.1 (Wu et al., 2016). Loop lI-
Il (residues 720-765) of the als subunit are generally accepted to interact with RyR1 and to be critical
for excitation-contraction coupling (Tanabe et al, 1990). The site of interaction in RyR1 is not completely
defined, since more than one region was described to be important for excitation-contraction coupling;
for example, deletion of the D2 region in RyR1 (namely aa 1303-1356) abolished excitation—contraction
coupling (Yamazawa et al, 1997) but also region from amino acids 1635 to 2636 was found to be
relevant for channel interaction and activation (Nakai et al., 1998). From a functional point of view, it is
known that, in addition to RyR1 channel opening induced by DHPR (a mechanism known as orthograde
signaling), also a retrograde signaling from RyR1 to DHPR occurs in skeletal muscle. More specifically,
following the initial conformational change induced by DHPR, RyR1 can transmit a retrograde signal to
DHPR that enhances the inward Ca?* current through the Cav 1.1 subunit (Nakai et al, 1996). A region

from amino acids 1635 to 2636 of RyR1 has been found to be responsible for both orthograde and
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retrograde signaling, while amino acid residues from 2659 to 3720 of RyR1 are only responsible for

retrograde signaling (Nakai et al, 1998).

In the last decade, a third component of the excitation contraction coupling mechanism has been
discovered. This is the Src homology 3 and cysteine rich domain 3 (STAC3) protein, which has been
recognized to be involved in both trafficking of Cav 1.1 to the plasma membrane and stabilizing the
DHPR-RyR1 interaction (Nelson et al, 2013; Polster et al., 2015 & 2016; Linsley et al, 2017). Recent
findings suggested that the interaction between STAC3 and Cav 1.1 occurs via the SH3 domain on the
former and the lI-lll linker in the latter (Polster et al., 2018). A variant in STAC3 was shown to be
pathogenic for Native American myopathy (NAM) (Horstick et al., 2013), an autosomal recessive
disorder characterized by congenital muscle weakness, delayed motor development, distinctive facies

abnormalities and susceptibility to Malignant Hyperthermia (Bailey and Bloch, 1987; Horstick et al.,

2013).

N\, T-tubule membrane

triadin

] SRmembrane

fumen

Figure 5. RyR1-DHPR interaction. A. Representation of the site where excitation—contraction coupling occurs, at the
triads of skeletal muscle, which are localized regularly at the interface between A and | bands. B. Schematic
representation of the two calcium channels, the DHPR and RyR1, anchored in two membranes (T-tubule and
sarcoplasmic reticulum (SR), respectively) and the numerous associated proteins, among which triadin, junctin,
calsequestrin, FKBP12 and STAC3 (Marty et al, 2016).

13



1.3.2 FKBP12

FK506-binding protein 12 (also known as FKBP12) is encoded by the calstabin-1 gene and is located in
the sarcoplasm of skeletal muscle. Four FKBP12 subunits bind to the homotetrameric RyR1 protein in a
1:1 manner (Jayaraman et al, 1992; Qi et al, 1998; Wehrens et al, 2005): it is reported that FKBPs provide
a stabilizing effect on RyR channel function by lowering open probability and preventing sub-
conductance state gating (Venturi et al, 2014). A second isoform of FKBP12, the FKBP12.6 protein, has
been found to bind to RyR2 (Timerman et al, 1994), while RyR3 associates with both FKBP12 and
FKBP12.6 (Bultynck et al, 2001). FKBP12 was also shown to support the functional interaction between
DHPR and RyR1 by potentiating the open state of the RyR1 when bound to the II-lll loop region of DHPR
(O’'Reilly et al, 2002). Interaction with FKBP12 has been proposed to be regulated by the
phosphorylation of RyR1 at S2843 by PKA (Reiken et al, 2003), although this point is still controversial;
PKA-dependent phosphorylation prevents the binding of Mg2* and of FKBP12 to RyR1 channel thereby
increasing RyR1 open probability (Reiken et al.,, 2003; Ruehr et al, 2003). Accordingly,
dephosphorylation of RyR1 by Protein Phosphatase type 1 restores channel binding to FKBP12 (Reiken
et al, 2003) and activation of the phosphodiesterase PDE4D3 reduces the effect of PKA stimulation
(Bellinger et al, 2008).

1.3.3 Triadin

Triadin is a junctional SR membrane glycoprotein interacting with RyR1 both in the sarcoplasm and in
the SR lumen (Groh et al, 1999; Goonasekera et al, 2007). Disruption of sarcoplasmic RyR1 and triadin
interaction results in RyR1 channel inhibition; similarly, deletion of the luminal binding site for RyR2
corresponding to residues 200-224 in cardiac triadin, prevents activation of the channel (Terentyev et
al, 2005) suggesting that triadin may act as a channel activator. However, other studies pointed to
triadin as a negative regulator of RyR1 (Ohkura et al, 1998; Groh et al, 1999). Indeed, triadin knockout
mice show no significant alteration in E-C coupling, although they show variable changes in myoplasmic
and SR Ca?* levels, a reduction in muscle strength and alterations in triad architecture (Eltit et al, 2010;
Eltit et al, 2011; Oddoux et al, 2009; Shen et al, 2007). Triadin also interacts with calsequestrin (CSQ)
in the SR lumen in a Ca** dependent manner and it has been proposed that triadin helps in anchoring

CSQ in close proximity of RyR (Rossi et al, 2009). It has been also shown that CSQ itself plays a role in
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triadin positioning at the j-SR since CSQ depletion results in decreased association of triadin to the j-SR

(Paolini et al, 2007; Rossi et al, 2014).

1.3.4 Junctin

Juctin, like triadin is a transmembrane protein that binds CSQ and RyR1 at the j-SR; like triadin, junctin
can bind RyR channels both in the cytoplasm and in the SR lumen (Li et al, 2015; Rossi et al., 2022). The
luminal domain of Junctin also binds CSQ, with a functional role similar to that of triadin; nevertheless,
the disruption of Triadin-CASQ interaction seems to have a more profound effect on jSR architecture
and myoplasmic Ca?* regulation than that of Junctin-CASQ association (Boncompagni et al, 2012).
Junctin overexpression in cardiomyocites resulted in a decrease in Ca?* release amplitude and
contractility (Gergs et al., 2007). On the contrary, junctin knockout mice exhibited increased contractile
and Ca?*-cycling parameters in cardiac muscle (Yuan et al., 2007) although no significant changes in Ca®*
signaling were observed in skeletal muscle (Boncompagni et al., 2012), indicating that the regulatory

role of junctin on RyR channels and Ca?* release may be different in cardiac and skeletal muscles.

1.3.5 Calsequestrin

Calsequestrin (CSQ) is a Ca?* storage glycoprotein located in the lumen of the SR where it functions as
the main Ca®* buffer of the SR (Szegedi et al, 1999; Shin et al, 2003). In skeletal muscles, two CSQ
isoforms, CSQ1 and CSQ2 are expressed. CSQ has been shown to have an inhibitory effect on RyR1;
depletion of CSQ in lipid bilayer experiments causes a 10-fold increase in calcium release, which is
restored when CSQ is reintroduced in the luminal side of the channel (Beard et al, 2002). CSQ
interaction with RyR1 is mediated by triadin and junctin; this correlation seems to depend on SR luminal
calcium concentration as well as by phosphorylation/dephosphorylation mechanisms. Binding of CSQ
to junctin and triadin is promoted when luminal Ca?* is low, resulting in RyR1 inhibition. Interestingly,
closure of RyRs at low Ca?* concentration has been suggested to prevent dangerous SR exhaustion
(Canato et al., 2010; Sztretye et al., 2011; Zima et al., 2010; Manno et al., 2017). When phosphorylated,
CSQ binds to junctin only, still maintaining the closed state of RyR1, while in its dephosphorylated state,

it preferentially binds triadin resulting in RyR1 activation (Beard et al, 2008; Beard et al, 2009).
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1.3.6 Other RyR1 regulators

Different ligands including calcium, magnesium and adenosine triphosphate were shown to regulate
RyR1 activity (MaclIntosh et al, 2012; Laver et al, 2007; MaclIntosh et al, 2012) (Figure 6). Single-channel
recordings of RyR1 revealed that the probability plot of channel opening versus Ca%* concentration is
bell-shaped (Bezprozvanny, 1991). Specifically, when the Ca?* concentration is lower than the nano-
molar level, RyR1 is in a resting, closed state. When the Ca?* concentration is between the nano-molar
to micromolar level, RyR1 begins to be activated, and its opening probability reaches its maximum at
10~100 pM Ca?*. With a Ca?* concentration higher than 100 uM, RyR1 begins to be inactivated and
completely closes at Ca?* concentrations >1 mM (Wei et al, 2016). The cytosolic calcium binding site in
RyR1 is located in the C-terminal region close to ATP and caffeine binding sites. A luminal binding site
has been proposed to include amino acid 4872 of RyR1, since mutation of this residue from Glutamic
acid to alanine abolished a mechanism described as store overload-induced calcium release (SOICR);
according to this mechanism an increase in the luminal calcium concentration was found to trigger or

increase RyR1 opening.

ATP has an activating effect on RyR1 at its ATP-binding sites; the interaction between ATP and RyR1 is
affected by Ca®*, Mg?* and pharmacological agents including dantrolene (Dias et al, 2009). The ATP
binding site of RyR1 is located at the junction of the cytoplasmic extension of S6 (S6c) transmembrane

helix and the CTD (des Georges et al, 2016).

In contrast to ATP, Mg?* inhibits RyR1 activity. Mg?* binds to both high affinity Ca?* activation sites and
Mg?* inhibitory sites. When bound to the activation sites, Mg?* produces an inhibitory effect by reducing
RyR1 sensitivity to Ca%*. Under normal physiological conditions, Mg?* is bound to the RyR1 inhibitory
sites, thus inhibiting the activation effect of both Ca?* and ATP (Endo et al, 2009; MaclIntosh et al, 2012;

Copello et al, 2002).

Calmodulin (CaM) is a Ca®* binding protein containing four EF-hand type Ca?* binding motifs, in the N-
and C-terminal regions. At nanomolar Ca?* concentrations, CaM enhances RyR1 activity, while at
micromolar Ca%* concentrations, it inhibits the channel (Rodney et al, 2001). Moreover, CaM exists in
two forms: without Ca?* (apocalmodulin, apoCaM) and Ca?* bound (Ca%*-CaM); both can bind to RyR1,
with the latter having a higher affinity (Zhang et al, 2003). ApoCaM functions as an agonist causing the
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release of Ca?* at low sarcoplasmic Ca?* concentrations, whereas Ca?*-CaM maintains the closes state

of RyR1 at high sarcoplasmic Ca?* concentration (Gehlert et al, 2015; Huang et al, 2012).

Ca?* I1-site

Caffeine— %

Ca?* L-site

Figure 6. RyR1 structure reconstructed from cryo-EM images showing putative locations of key regulation sites on the
RyR. Ca?* binding sites are marked in red. Left—a distinctive sequence of 30 negative amino acids at positions 1873—
1903 postulated to form the Ca%'/Mg?* inhibitory; I1-site (Laver et al. 1997) is shown on two of the four
subunits. Right—a cutaway of the RyR1 structure showing activation sites for Ca2+ (A-site), caffeine and ATP (des
Georges et al. 2016)

1.4RyR1 related myopathies (RyR1-RM)
Mutations in RYR1 are the most common cause of congenital myopathies (Amburgey et al, 2011). Both
dominant and recessive mutations have been reported in RYR1. Dominant mutations have traditionally
been associated with central core disease (CCD) and/or with susceptibility to malignant hyperthermia
(MH), a pharmacogenetic disorder triggered by volatile anesthetics (Robinson et al, 2006). Recessive
mutations predominate in patients with multiminicore disease (MmD), centronuclear myopathy (CNM),
and congenital fiber type disproportion (CFTD) (Jungbluth, 2007; Clarke et al, 2010). At this time, no

specific treatments are available for any RYR1-related myopathy.

1.4.1 Malignant hyperthermia

Malignant hyperthermia is a potentially lethal pharmacogenetic disorder which manifests in genetically
predisposed individuals when exposed to trigger agents such as common volatile anesthetics
(halothane, enflurane, isoflurane, desflurane, sevoflurane) or depolarizing neuromuscular relaxants
(e.g., succinylcholine). Susceptible individuals are apparently normal and do not show signs of

myopathy in their life. The exposure to triggering agents results in a hypermetabolic state, with elevated
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muscle contraction. If not rapidly treated, a MH reaction has a mortality rate of 80% (Tong et al, 1997;
Hopkins et al, 2015). The occurrence of MH is estimated to range from 1:5.000 to 1:50.000/100.000.
Over the years, the mortality has been reduced from 80% to less than 5% by introduction of dantrolene
as a specific drug for MH treatment (Rosenberg et al, 2007). MH-like crisis may also rarely develop
because of exposure to other triggering agents, such as administration of drugs (neuroleptics, ecstasy),
stress or vigorous exercise (Stowell et al, 2008). When exposed to triggering substances or conditions,
MH susceptible individuals respond with a dysregulated and uncontrolled calcium release from the SR
to the myoplasm; the resulting hypercalcemia causes hypermetabolism and early signs of the crisis such
as: end-tidal CO; increase, skeletal muscle rigidity, cyanosis, lactic acidosis, rising blood pressure,
tachycardia, hyperventilation and fever. The body temperature could rise very rapidly (1-2°C every 5
minutes). If diagnosed late, MH progresses to a multiorgan system failure that includes cardiac
dysrhythmias (cardiac arrest), renal failure, and disseminated intravascular coagulation (DIC). MH is
currently diagnosed by the use of the In Vitro Contracture Test, that can be performed according to the
guideline introduced by European Malignant Hyperthermia Group (EMHG), with a sensitivity of 99%
and a specificity of 94% or by the Malignant Hyperthermia Association of the United States (MHAUS),
that define the Caffeine Halothane Contracture Test (CHCT), with a sensitivity of 97% and a specificity
of 80%. Patients with a positive contracture test should also undergo genetic testing for identification
of causative MH mutations. More than 200 mutations have been detected in RyR1. However, not all
mutations have been functionally characterized and, at the current time, only 48 mutations in RYR1 are
considered diagnostic mutations, because well characterized by functional and genetic studies (EMHG
website; Weiss et al, 2004; Eltit et al, 2012). Pathogenic MH mutations are basically gain-of-function
mutations that result in hypersensitive channels (Eltit et al., 2010; Wehner et al., 2002; Ducreux et al.,
2004; Yang et al., 2007). In addition to RyR1, mutations in CACNA1S coding for the alpha 1S subunit of
DHPR have been also linked to MH. About 30% of patients positive at the IVCT do not carry mutations
in either RyR1 or DHPR (Miller et al., 2018).
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1.4.2 Central Core Disease

Central core disease (CCD) is an inherited neuromuscular disorder defined by areas with reduced
oxidative activity running along the longitudinal axis of the muscle fiber ("central cores") and clinical
features of a congenital myopathy; the absence of oxidative enzyme activity in the core area is due to
mitochondrial depletion (Dubowitz et al, 2020) (Figure 7). Typically, CCDs show abundant type 1 fiber
predominance with only a few (or even none) type 2 fibers (Jungbluth et al, 2011). Even though not
useful for diagnostic purpose, recently it has been noticed that dominantly inherited cases show
“structured” cores, characterized by a striated myofibrillar pattern and myofibrillar ATPase activity; in
contrast, “unstructured” cores, typical of recessive forms, are defined by a decrease in myofibrillar
ATPase activity (Dubowitz et al, 2020). Proteins such as desmin, ap-crystallin, filamin C, small heat-
shock proteins, myotilin, RyR1, triadin, and DHPR accumulate in the cores (Ogasawara, 2021). Patients
diagnosed with CCD show non-progressive or slowly progressive weakness in truncal and proximal
muscles; patients often show orthopedic difficulties such as congenital hip dislocation, scoliosis, and
clubfoot deformities (Manzur et al, 1998). Depending on the severity of the mutation, the wide range
of manifestation could include severe muscle weakness from infancy or development of mild symptoms
in late adulthood; however, even patients of the same family sharing the same RYR1 mutation could
develop a wide range of phenotype, suggesting the presence of additional risk factors (Jungbluth et al,
2011). Generally, patients with recessive RYR1 mutations develop more severe phenotypes than those
with dominant RYRI mutations, which may include additional signs like extraocular and bulbar muscle
involvement, while more severe cases may result in fetal akinesia (Klein et al, 2012). CCD is due to RYR1
mutations in more than 90% of patients: it is mainly caused by heterozygous missense mutations
affecting the C-terminal pore forming domain of RyR1 (Wu et al, 2006). Dominant forms of CCD are
allelic to MH (Kraeva et al, 2015). Variations in the MYH7 gene are increasingly associated with CCD,
covering up to 10% of CCD cases. Other genes implicated in CCD are SEPN1, ACTA1, TTN and CACNA1S
(North et al, 2014; Schartner et al, 2017).
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Figure 7. Central core disease. In transverse muscle sections, the cores appear as central (A) or eccentric (C) areas of
muscle fibers devoid of oxidative enzyme activity — nicotinamide adenine dinucleotide-tetrazolium reductase (NADH-
TR). On electron microscopy, cores appear as disorganized sarcomeric areas with decreased numbers of mitochondria
and reduced amount of glycogen (B, central core; D, eccentric core). In longitudinal section, the cores extend almost
along the full length of the fibers (E, NADH-TR) (Romero and Clarke, 2013)

1.4.3 Multiminicore disease

Multiminicore disease (MmD) is a recessive RYR1-RM subtype presenting numerous cores, visible as
pale spots on oxidative stained muscle sections and gathered in a limited area on longitudinal section.
Multiple internally located nuclei and type 1 fiber predominance are noted in affected muscle (Figure
8). Clinical features of MmD are more variable and, in addition to RYR1, mutations in other genes have
been associated with MmD. Selenoprotein-1 (SEPN1)-related forms of MmD are characterized by
delayed development, marked weakness, and wasting, early spinal rigidity, hip gridle involvement,
scoliosis and respiratory involvement (Jungbluth et al, 2005). RYR1-related forms of MmD show the
same clinical pattern of the SEPN1 related type but have additional extraocular muscle involvement
and a more severe respiratory impairment (Klein et al, 2012). Patients with TTN and MYH7 mutations
are most likely to show cardiomyopathy. Other genes that could be involved in the onset of MmD are

MEGF10 and CACNA1S (Schartner et al, 2017; Boyden et al, 2012).
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Figure 8. Histopathological features of Multi-minicore disease. NADH-TR (a—c) and cytochrome oxidase (COX) (d)
stains, longitudinal (a,c) and transverse (b,d) sections from two different samples. Predominance of darker staining
type 1 fibers is prominent in both samples, whilst appearance of core lesions is widely variable, ranging from numerous
small lesions of limited extent ("minicores"”) (a-b) to few multiple large lesions often extending throughout the entire
fiber diameter ("multicores") (c, =) and occasionally affecting the same area in adjacent fibers (d, =) (Jungbluth,
2007).

1.4.4 Centronuclear myopathy

Centronuclear myopathy is associated with X-linked recessive mutations in the myotubularin gene 1
(MTM1), autosomal dominant mutation in dynamin 2 (DNM2) and amphiphysin Il (BIN1), and
autosomal recessive mutations in RYR1, BIN1 and TTN (Jungbluth et al, 2018). Based on which gene is
mutated, the disease can show different histological patterns (Figure 9). MTM1-related forms show
central nuclei spaced along the longitudinal fiber axis, while DNM-2-related forms are characterized by
chains of nuclei; BINI-related rare forms show central nuclei forming clusters (Wilmshurst et al, 2010;
Nicot et al., 2007). A typical feature of MTM1-related forms is the presence of central areas of increased
oxidative enzyme activity with a pale peripheral halo (Ceyhan-Birsoy et al, 2010). From a clinical point
of view, one of the most common features is the extraocular muscle involvement. Other common

manifestations include facial weakness, external ophthalmoplegia and proximal muscle involvement.
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Autosomal CNM show most frequently delayed motor milestones, distal muscle weakness, ptosis and

ophthalmoplegia (Jungbluth et al, 2008).

Figure 9. Centronuclear myopathy. A. H&E staining shows centrally located nuclei in nearly all fibers with a marked
variation in fiber size. B. NADH tetrazolium reductase staining shows type 1 fiber predominance and hypotrophy, while
some fibers reveal radially arranged sarcoplasmic strands. (Lee et al, 2007)

1.4.5 Congenital fiber type disproportion

Congenital fiber type disproportion is diagnosed by the observation of type 1 fibers size: 35-40% of
them must be regularly smaller than type 2 fibers without other structural defects (Clarke et al, 2011)
(Figure 10). Clinically, the disease turns up with static or slowly progressive generalized muscle
weakness as well as respiratory and proximal axial weakness. Other common features are
ophthalmoplegia, dysphagia and facial muscle weakness. Genetically CFTD is associated to RYRI
variants for 20%, while other genes known to be involved are ACTA1, TPM3, TPM2, SEPN1 and MYH7
(Laing et al, 2004). About 30-50% of CTFD cases have not yet been associated to a genetic cause (Lawlor
et al, 2010).
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Figure 10. Histology images from patients with CFTD. Hematoxylin and eosin (A) and succinate dehydrogenase (B)
stains show normal muscle architecture except for fiber size disproportion. (C) ATPase (pH 4.3) stain shows type 1 fibers
(dark) are consistently small, and type 2 fibers (pale) are hypertrophied. Regions of central clearing on the ATPase stain
in some type 1 fibers represent internal nuclei (Clarke, 2011).

1.4.6 Core rod myopathy

As its name suggests, muscle sections from patients with core rod myopathy (CRM) can show both
central cores and nemaline bodies (rods), typical of nemaline myopathy (Figure 11). Rods are mainly
composed of actin and a-actinin probably deriving from Z lines and in continuity with these structures;
they can be assembled in clusters or widely distributed along the fibers (Scacheri et al, 2000).
Longitudinal sections show cores with absent mitochondria covering a large part of the fibre axis. From
a clinical point of view, non-specific clinical features such as hypotonia, muscle weakness, scoliosis and
respiratory insufficiency are observed. The main genetic causes of CRM are RYR1 mutations, although

other causative variants have been reported (CFL2, ACTA1, NEM1 and TPM3) (Lawal et al, 2018).
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Figure 11. Core-rod myopathy. In transverse section many muscle fibers show characteristic well-delimited cores and
cluster of rods in different locations in the same fiber (A, Gomori trichrome (GT); C, NADH-TR). On electron microscopy,
cores appear often in the central part of the fiber as areas of sarcomeric disorganization and reduced numbers of
mitochondria; jointly, in the same fibers, numerous rods are observed in the subsarcolemmal area (B, transverse
section; D, longitudinal section). (Romero and Clarke, 2013)

1.5 Pathological mechanisms of RYR1-related myopathies

Historically, dominant RYR1 mutations have been grouped in 3 hotspot regions, referred to as
“MH/CCD hotspot”: the first one, set in the N-terminal region, includes amino-acids 35-614, which span
the sarcoplasmic domains; the second one, located in the central portion of the RYR1 gene, includes
amino acids 2163-2458, which also span the sarcoplasmic domain; the third, set in the C-terminal
domain, corresponds to amino acids 4550-4940, which span the pore forming, the SR lumen and the
transmembrane domains (Rossi and Sorrentino, 2002; Lawal et al., 2018). Generally, variants in region
1 and region 2 are predominantly associated with the MH susceptibility phenotype while those in region
3 with the CCD phenotype. Conversely, recessive inherited RYR1 variants have been reported to be
distributed throughout the RYR1 sequence (Jungbluth, et al 2007). Pathological mechanisms due to

RYR1 mutations can be functionally grouped into three main categories: 1) mutations causing a gain-
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of-function, 2) mutations causing a loss-of-function and 3) mutations causing a reduction in RyR1

protein content.

RYR1 gain-of-function mutations can cause hypersensitivity of the channels to physiological triggers or
Ca?* leak. The formers are typical of MH mutations since exposure to specific triggers can lower the
threshold of RyR1 activation, resulting in a massive and uncontrolled Ca?* efflux from the SR (Tong et
al., 1997). Generalized muscle contraction and hypermetabolic state are the main consequences of this
Ca?* overload, representing typical hallmarks of an MH crisis. The second kind of mutations result in
spontaneous Ca?* leak from the SR, that, if not counterbalanced, may cause a reduction in the SR Ca%*
content, leading to a diminished Ca?* release upon stimulation and to reduced muscle contraction (Tong
et al., 1999; Chen et al., 2017). Loss-of-function mutations result in reduction of Ca?* release due to
either reduced conductance caused by partial block of the channel pore (Xu et al., 2018), or impairment
of RyR1 and DHPR functional coupling leading to a reduction in the amount of Ca?* released following
membrane depolarization, but the calcium content in the SR is normal, excluding the presence of
a leaky RyR1 (Dirksen and Avila, 2002). Finally, some recessive forms of RYR1-related myopathies, often
represented by a RYR1 missense and a truncating mutation, cause a reduced expression of the RyR1
protein, resulting in a decrease in E-C coupling efficiency (Bevilacqua et al., 2011; Brennan et al., 2019;
Monnier et al, 2008; Cacheux et al, 2015). Disease severity is linked to the nature of the mutation
present in the expressed second allele as well as on the residual expression of the first-hypomorphic

allele (Brennan et al., 2019; Elbaz et al., 2019).

1.6 Animal models

A comprehensive review of works published on RYR1 variants by Lawal et al 2020, pointed out that
among all RYRI mutations, the most frequently reported are human R614C, Y5225, 14898T and R163C.
Until 1994, the R615C (corresponding to the human R614C) porcine model system has been the most
frequently described. Cellular model systems to characterize RyR1 mutations have been mostly used
until 2010, when there was a transition to rodent model system such as RyR1-null (dispedic) and Y524S
(human Y522S), R163C (equivalent in human), and 14895T (human 14898T) mutant mice (Lawal et al,
2020).
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1.6.1 Y522S mutant mice

Heterozygous expression of Y522S mutation confers susceptibility to both heat- and anesthetic-induced
MH responses (Chelu et al, 2006; Michelucci et al, 2017). Homozygous Y522S knock-in mice,
RYR1Y5225/¥5225 mijce, exhibit severe skeletal and muscular defects and die during embryonic
development (Boncompagni et al, 2009). Functional assays on muscles from RYR1Y>22* mice revealed
that Ca?* release channels are leaky, leading to elevation in cytosolic Ca?* and a considerable reduction
in SR calcium concentration; furthermore, SR calcium buffering resulted to be altered at a level
comparable to that observed in calsequestrin knockout mice (Manno et al, 2013). Increase in resting
Ca%*is associated with ROS (reactive oxygen species), RNS (reactive nitrogen species) and basal stress
production at physiologically relevant temperatures. RNS production leads to subsequent S-
nitrosylation of RyR1 that further increases Ca?* leak, resulting in regenerative cycle of Ca®* release that
underlies uncontrolled contractions during heat stress. Furthermore, uncontrolled mitochondrial
superoxide production might contribute to the pathogenic temperature-dependent increase in
oxidative stress of RYR1Y52%5/* mice (Durham et al, 2008; Wei et al, 2011). Ultrastructural studies showed
that mitochondrial/SR disruption may occur in confined areas, causing a significant loss of local
Ca?* sequestration that eventually results in the formation of contractures and progressive degradation
of the contractile elements (Boncompagni et al, 2009). Therapeutic strategies to improve skeletal
muscle function of mutant mice have been tested. N-acetylcysteine (NAC) administration turned out to
be beneficial to prevent mitochondrial damage and formation of cores (Michelucci et al, 2017 1l).
Nevertheless, a randomized clinical trial with 63 participants showed that, after 6 months of daily

administration of NAC, non-statistically significant treatment effect was observed (Todd et al, 2020).
1.6.2 R163C mutant mice

The R163C mutation in RYR1 revealed to be responsible for DHPR activity alteration, contributing to
MH episodes by altering the retrograde signal from RYR1 to the DHPR, delaying the inactivation of the
DHPR voltage sensor and enhancing sarcolemmal Ca?* entry during depolarization (Estéve et al, 2010;
Bannister et al, 2010). Developed by Yang and colleagues in 2006, the R163C heterozygous knock in
mouse line immediately represented a valid animal model for studying the pathophysiology of MH, as

confirmed by the observations on myotubes isolated from mice heterozygous and homozygous for the
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R163C mutation that showed significantly enhanced excitation-coupled calcium entry rates, which
could be restored to wild-type levels after exposure to clinical concentrations of dantrolene

(Cherednichenko et al, 2008).
1.6.3 14898T mutant mice

14898T mutation was the first RYR1 mutation directly related to core myopathies; this kind of mutation
cause a severe form of CCD in human. The first mutant mouse line carrying the 14895T mutation was
generated by Zvaritch and colleagues; RYR1'48957/14895T homozygous mice were paralyzed and died
perinatally. Observational and functional studies carried out on muscle, muscle sections and cultured
myotubes showed a great reduction in skeletal muscle mass, with small myotubes, central nuclei and
disarranged myofibrils. Nevertheless, RyR1 positioned normally at triad junctions, with the correct
formation of the junctional DHPR-RyR1 macromolecular complex, but RyR1-mediated Ca?* release was
abolished (Zvaritch et al, 2007). Heterozygous mice show progressive formation of minicores, cores,
and rods (Zvaritch et al, 2009). A deeper characterization of muscle fibers from IT/+ mice showed
structural alterations similar to those observed in CCD patients (Boncompagni et al, 2010). Functional
characterization of the 14898T mutation revealed that the muscle weakness observed in RYR1“8%T/+
mice could arise from a reduction in the magnitude and rate of RYR1 Ca?* release during EC coupling
due to dominant-negative suppression of Ca®*ion permeation (Loy et al, 2011). This mutation was
actually defined as “uncoupling”, since it decreases voltage-gated Ca?* release and resting cytosolic
Ca?* levels. In addition, involvement in voltage-induced Ca?* release in hypothalamic nerve terminals
was also observed in mutant mice (De Crescenzo et al. 2012). A peculiar feature of IT mice was a
persistent increase in ER stress/UPR and mitochondrial ROS production that activate proapoptotic
pathways and decrease protein synthesis (Malhotra et al, 2011; van Vliet et al, 2014, Lee et al, 2017).
Administration of 4PBA, a chemical chaperone for restoration of protein folding demonstrated its
efficacy in reducing ER stress markers, protein ubiquitination and apoptosis pathway. Furthermore,
muscle function of mice treated with 4PBA improved in terms of wheel running, wire-hang

performance, maximal force generation and even fiber size (Lee et al, 2017).
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1.6.4 Models of recessive mutations

The generation of compound heterozygous mice in which one allele contains a frameshift deletion and
the second allele a missense mutation allowed to study models of recessive RYR1-RM. In these models,
a severe phenotype, that can overlap the phenotype of recessive core-like myopathies, results from a
marked reduction in RyR1 protein content associated with a loss of calcium sensitivity (Brennan et al,
2019; Elbaz et al, 2019). In order to clearly assess the effects of a decreased Ryrl expression, a mouse
model characterized by a reduction in the expression of the RYR1 gene has been generated;
characterization of these mice showed that RyR1 reduction is sufficient to induce a myopathic
phenotype with the hallmarks of a dusty-core disease (a subgroup of Central Core Disease with

exclusive RyR1 reduction) (Pelletier et al, 2020).

A mouse model mimicking recessive cases of RYRI-related myopathy was generated by introducing the
T4706M point mutation in one allele and a 16 base pair frame-shift deletion resulting in a premature
stop codon in the second allele (Brennan et al., 2019). Combination of both alleles resulted in an 80%
reduction in RyR1 protein levels. The resulting mouse model presents muscle weakness, hindlimb

paralysis, and severe scoliosis, but no changes in fiber type and no evidence of cores.

A second model carrying a frameshift mutation (Q1970fsX16) together with the missense mutation
A4329D shows the main features of multiminicore, with a reduction in RyR1 protein level of about 65%

(Elbaz et al., 2019).

1.7 ER stress and UPR

The endoplasmic reticulum (ER) is known to have many functions, among which protein folding and
quality control, lipid synthesis, protein export and Ca** homeostasis (Hetz et al, 2015). The ER is involved
in secretory and transmembrane protein synthesis, folding, maturation, quality control and eventually
degradation. Within the ER, proteins are exposed to chaperones, foldases and post-translational
modifications (Braakman et al, 2011). To cope with the possible escaping of misfolded protein, the ER
has developed quality control systems to lastly correct misfolded proteins or eventually degraded it.
Unrecoverable misfolded proteins are degraded by the ER-associated degradation (ERAD) process.

Firstly, proteins are identified by an ER resident luminal and transmembrane protein machinery, then
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retrotranslocated into the cytosol by the dislocon channel and the cytosolic AAA+ ATPase p97,
deglycosylated by N-glycanase (NGLY1) and destined for degradation by the ubiquitin—proteasome
pathway (Hebert et al, 2010; Enns et al, 2014; Huyer et al, 2004).

Conditions that perturbate the ER homeostasis can lead to the so-called ER stress. These conditions
include both intrinsic and extrinsic ER elements, such as microenvironmental stress, exposure to ER
stressor, reactive oxygen species production, bad modulation in temperature and others. ER stress
trigger a homeostatic response, the so-called unfolded protein response (UPR), which aims at
reestablishing ER homeostasis by reducing protein synthesis from one side and increasing chaperones

and protein degradation from the other (Hetz, 2012).
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Figure 12. Principal components of the UPR/ER-stress response. ATF6, IRE1 and PERK are ER transmembrane proteins,
capable of sensing the level of unfolded or misfolded proteins in the ER lumen. Upon activation, ATF6 traffics from the
ER to the Golgi, where is cleaved by the site-1 and site-2 proteases freeing the N-terminal transcription factor domain
(cATF6) to translocate to the nucleus and promote transcription of UPR target genes. Activation of IRE1 kinase activity
is mediated by trans-autophosphorylation causing IRE1 to oligomerize in the ER membrane. Phosphorylated IRE1
excises a portion of the XBP1 mRNA forming a spliced mRNA, generating the transcription factor sXBP1. sXBP1
translocates to the nucleus and directs the expression of ER-regulators for protein folding, lipid metabolism, vesicular
trafficking and acinar secretory function. Kinase activation and autophosphorylation of PERK phosphorylates the
cytosolic eukaryotic translation initiation factor elF2a thereby inhibiting global secretory protein translation. As a
consequence, translation of select mRNAs including ATF4 is redirected to an upstream open reading frame giving rise
to alternative protein products. ATF4 acts as a transcriptional activator or repressor, and directs the synthesis of CHOP,
also a transcription factor, that plays a key role in mediating cell death, inflammation and metabolic stress. (Waldron
et al, 2015)
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The aims of UPR are inhibition of protein translation to reduce overload within the ER and increasing
the folding capacity of the ER in order to restore homeostasis (Sage et al, 2012). If this machinery fails,
the last chance is the UPR-induced cell death. UPR is composed of three main arms initiated by,
respectively, protein kinase R-like ER kinase (PERK), inositol-requiring enzyme 1-alpha (IREla) and
activating transcription factor-6 (ATF6) (Figure 12). PERK, IRE1a and ATF6 reside on the ER membrane
and are activated both by the direct contact with unfolded proteins on the luminal side and indirectly
by the dissociation of chaperones such as binding immunoglobulin protein (BiP) from the receptors
(Adams et al, 2019). The activation of these factors leads to downstream events that enable the

resolution of ER stress.

When BiP detaches from the ER luminal domain of PERK, it oligomerizes leading to its
autophosphorylation and activation (McQuiston and Diehl, 2017). PERK active form phosphorylates
elF2a, a subunit of elF2 that regulates the first step of protein synthesis initiation; this phosphorylation
leads to the inhibition of eukaryotic translation initiation factor 2B (elF2B) activity. The final effect is a
downregulation of protein synthesis, thus reducing the workload of the ER folding machinery (Rowlands
et al, 1988; Harding et al, 2000). Surprisingly, some transcripts are translated more efficiently during
PERK-dependent global repression of translation initiation, such as the activating transcription factor 4
(ATF4) and, consequently, the stress-responsive gene CAAT/enhancer-binding protein (C/EBP)
homologous protein (CHOP)/GADD153 (Harding et al, 2000 Il). ATF4 and CHOP, that is downstream to
ATF4, induce genes involved in protein synthesis and the UPR; nevertheless, elF2a also induces gene
expression of growth arrest- and DNA damage-inducible protein, GADD34, that promotes
dephosphorylation of elF2a leading to recovery from translational inhibition (Ron and Walter, 2007;
Novoa et al, 2001). The double effect is, on the one hand, the translational arrest induced by p-elF2a,
which reduces protein accumulation in ER lumen, and on the other hand the ATF4 activation, which
leads to the expression of adaptive genes involved in amino acid transport and metabolism, protection

from oxidative stress, protein homeostasis and autophagy (Quirés et al, 2017).

IRE1a has both kinase and endonuclease activity. BiP dissociation, caused by accumulating unfolded
proteins, triggers IRE1a oligomerization and activation of its cytosolic kinase domain, which is necessary
to activate its cytosolic RNase domain and required to recruit tumour necrosis factor receptor-

associated factor 2 (TRAF2) and JNK pathway signalling (Urano et al, 2000). Through its endonuclease
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activity, IREla promotes splicing of a 26-base intron from X-box binding protein 1 (XBP1) mRNA
(Flamment et al, 2012). Spliced XBP1 (sXBP1) functions as a transcription factor to increase gene
expression of some ER chaperones involved in restoring protein folding or ERAD (Tirasophon et al,
1998). IRE1a also participates with its RNase activity to the so called IRE1-dependent decay (RIDD); in
this mechanism IRE1a targets and cleaves many transcripts, including its own mRNA, which are rapidly
degraded by cellular exoribonucleases, in order to restore homeostasis by reducing ER accumulating

proteins (Maurel et al, 2014)

After its activation in the ER and export to the Golgi, the transcription factor ATF6 is cleaved by two
Golgi proteases, which induce the release of a fragment of ~ 400 amino acids corresponding to ATF6
cytosolic N-terminal portion (ATF6f). Thanks to its nuclear localization signal and DNA-binding
domains, ATF6f localizes in the nucleus, where it induces UPR gene expression (Shen et al, 2002;
Yamamoto et al, 2007). Furthermore, ATF6 is also able to induce the expression of both XBP1 and

CHOP to improve UPR signalling (Yoshida et al, 2001).
1.7.1 ER stress and diseases

Many extracellular stimuli and fluctuations in intracellular homeostasis may disrupt protein folding in
the ER. Therefore, the cell can use its ER protein-folding status as a sensor of the intracellular
homeostasis. Cell injury secondary to chronic ER stress has been increasingly implicated as a central
contributor to the pathophysiology of a wide range of prevalent human diseases (Wang et al, 2012).
For example, prolonged ER stress and UPR signalling have been well documented in affected tissues in
diabetes, neurodegenerative diseases, viral infection, inflammatory disorders, cancer, heart disease,
stroke, pulmonary fibrosis. As skeletal muscle diseases are concerned, activation of ER stress-/UPR-
pathway can be observed in Idiopathic inflammatory myopathies (1IM), a group of acquired myopathies
characterized by chronic muscle inflammation associated with progressive muscular weakness. Among
these, in the inclusion body myositis, vacuoles containing misfolded proteins can be observed, although
the exact pathogenic mechanism of the disease is not completely known (Askanas and Engel, 2003).
Muscular dystrophies are a phenotypically and genotypically heterogeneous group of inherited
muscular disorders due to mutations in genes coding for extracellular matrix proteins, members of the
dystrophin-glycoprotein complex, nuclear envelope proteins, and mitochondrial membrane proteins

(Mercuri et al., 2019). ER-stress has been identified as a relevant source of muscular damage in several
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muscular dystrophies; upregulation of BiP was observed in patients with Duchenne Muscular
Dystrophy, in limb-girdle muscular dystrophies (LGMD) and Tibial muscular dystrophy, associated with
mutations in the TTN gene. Finally in the Glycogen storage disease type |l (Pompe disease), ER-stress

was suggested to be a major inductor of autophagy (Mensch and Zierz, 2020).
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2. Aim of this study

Ryanodine Receptor Type 1-Related Myopathies (RYR1-RM) are a group of congenital muscle diseases
related and characterized by the involvement of mutations in the ryanodine receptor calcium channel.
RYR1-RMs are the most common type of non-dystrophic muscle disease, which include Malignant
Hyperthermia (MH), Central Core Disease, Multi Minicore Disease, Centronuclear Myopathy and
Congenital fibre type disproportion. Among RYR1-RM, Central Core disease is the more frequently
diagnosed, with a great need to deeply understand the pathological mechanism underlying the onset
of pathological manifestations. Knock-in mice for the 14895T mutation (14898T in humans) associated
to a severe form of CCD, develop a chronic ER stress/UPR condition, which may be involved in the
mechanisms leading to the pathology. The aim of this study is to verify if muscle samples from patients

affected by CCD also present a condition of ER stress upregulation, as observed in the murine model.
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3. Materials and methods

3.1DNA isolation

Genomic DNA was extracted from peripheral blood leucocytes by standard procedures (Galli et al.,
2006). Alternatively, DNA was isolated from skeletal muscle samples obtained from muscle biopsies of
patient affected by CCD, MH and healthy individuals. For DNA isolation from tissue samples, Gentra
Puregene Kit (Qiagen) has been used, following manufacturer’s instructions. Samples have been
inserted in a 2 ml tube with 300 pl of Cell Lysis Solution and 1,5 pul of Purgene Proteinase K. A preliminary
lysis step of 30 min at 65°C in a thermostatic bath have been performed; then, samples have been kept
overnight at 55°C. The day after, 100 pl of protein precipitation solution have been added and samples
have been vortexed and centrifuged 3 min at 16.000 x g. Supernatant have been added to a new 1,5 ml
tube with 300 ul of isopropanol; samples have been mixed by inversion 50 times and centrifuged 1 min
at 16.000 x g. Supernatant has been discarded and 300 ul of 70 % ethanol have been added to the
pellet. Samples have been centrifuged 1 min at 16.000 x g and the supernatant discarded again. Pellet
have been allowed to air dry for 10 minutes and then resuspend with 40 pul RNAse/DNAse free water

and incubated 1 hour at 65°C to dissolve the DNA. DNA obtained have been stored at 4°C until use.
3.2Genetics

Mutation screening was performed by Next Generation Sequencing technology using the lon
GeneStudio S5 System technology (Thermo Fisher Scientific). Gene coverage for RYR1 sequence was
>99%. To analyse the data obtained, a routine bioinformatic pipeline that adopts the S5 Torrent Server

VM was applied (Thermo Fisher Scientific).

3.3RNA isolation

RNA isolation has been performed by using RNeasy Mini Kit (Qiagen) following the manufacturer
instructions. The whole protocol has been performed on ice. Frozen samples have been added to a 2
ml tube containing 700 pl Qiazol reagent and homogenized by using Tissue Ruptor. 140 ul of chloroform
have been added and samples have been mixed by shaking; samples have been centrifuged at 15 min

at 12.000 x g at 4°C. The upper aqueous phase has been transferred to a new collection tube and added
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with 100% ethanol. Samples have been added to a RNeasy Mini Spin Column and centrifuged 15 sec at
12.000 x g. The flow-through has been discarded and RWT buffer has been added; samples have been
centrifuged 15 sec at 12.000 x g. The flow-through has been discarded and RPE buffer has been added
to the column to wash the spin column membrane. This step has been performed twice. Columns have
been centrifuged in a new collection tube at full speed for 1 min. 40 ul of RNAse free water have been
pipetted to the speed column membrane and samples have been centrifuged 1 min at 12.000 x g to

elute RNA. Samples obtained have been quantified by using NanoDrop and stored at -20°C.
3.4Retro transcription

RNA retro transcription into cDNA has been performed by Promega RT kit, following manufacturer
instructions. 1 ug of total RNA has been added to a tube containing 1 pl of Random Primers and H20 to
a final volume of 15 pl. Samples have been incubated 5 min at 70°C and then put on ice until the second
incubation. Every sample has been added with; 1X M-MLV buffer; 0,5 mM dNTPs mix; 25 U RNAsin; 200
U M-MLV Reverse Transcriptase; RNAse free H,0 to a final volume of 25 ul. Samples have been

incubated 60 min at 42°C and then stored at -20°C.
3.5 Quantitative PCR (qPCR)

The expression of six genes considered to be ER stress markers has been quantified by quantitative/real
time PCR on Step One Plus Real Time PCR System (Applied Biosystem). B-actin has been used as house-
keeping. For each primer pair, a mix containing from 50 nM to 300 nM of Forward and Reverse primers
0.5 ul of cDNA from reverse transcription and SYBR Green PCR Fast Master Mix (Applied Biosystem)
was prepared. Primers’ sequence is reported in table 1. The amplification program is reported in table

2. AACT method for quantification has been used.
3.6 Statistical analysis

T-student test has been used to determine statistical significance.
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Primer Forward BIP
Primer Reverse BIP
Primer Forward B-actina
Primer Reverse B-actina
Primer Forward CHOP
Primer Reverse CHOP
Primer Forward ATF4
Primer Reverse ATF4
Primer Forward GADD34
Primer Reverse GADD34
Primer Forward ERO1a
Primer Reverse ERO1la
Primer Forward XBP1 spliced

Primer Reverse XBP1 spliced

5" — CCGAGGAGGAGGACAAGAAG -3’

5 — ACATAGGACGGCGTGATGC - 3’

5 — GATGAGATTGGCATGGCTTT — 3’

5" — CACCTTCACCGTTCCAGTTT -3’

5’— CATCACCACACCTGAAAGCA -3’

5" -TCAGCTGCCATCTCTGCA -3’

5'-GGTTCTCCAGCGACAAGG-3’

5'— TCTCCAACATCCAATCTGTCC-3'

5'-GAGGAGGCTGAAGACAGTGG -3’

5’—-AATTGACTTCCCTGCCCTCT -3’

5'-TAATCCTGAGCGCTACACTGG -3’

5'-TCACTTGTCCCTTGACCAGAA -3’

5-TGCTGAGTCCGCAGCAGGTG -3’

5'-GCTGGCAGGCTCTGGGGAAG -3’

Table 1. Sequence of the oligonucleotides used for q-PCR.

Temperature

95°C
Amplification 95°C
60°C
95°C
Melting curve 60°C

95°C

Time

10 min

3 sec

30 sec

15 sec

1 min

15 sec

Table 2. Amplification program used for q-PCR.

Cycle number
1

40
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1. Results

1.1Patients

Twenty-two unrelated patients affected by CCD and diagnosed by histological and genetic analysis
(Next Generation Sequencing) were included in this study. Muscle biopsies, harvested from vastus
lateralis (9), quadriceps (11) or soleus (2), were collected in a period of over 20 years (2000-2020) by 4
different Italian and Canadian hospitals. At time of biopsies collection, the age of patients was between
1 and 62 years-old, due to different age at onset: at birth or in early childhood (9), in youth (5) or in
adult/late life (8). Patients presented a variety of signs and symptoms at onset: fatigue, muscle pain,
iperCKemia, low back pain, mild motor impairment Achille’s tendon contractures, motor delay,
proximal weakness, congenital hypotonia or hypotonia, dysphagia, respiratory insufficiency, myalgia
post exercise, ankle and elbow contractures. These symptoms combine into different degrees of

severity: mild (14), intermediate (6) and severe (2) according to Todd et al., 2018.

1.2 Genetic analysis

Mutation screening was performed by Next Generation Sequencing technology with a gene coverage
of >99% for RYR1 sequence. Overall, twenty-eight mutations have been identified; five are located into
the N-terminal domain, two are located into the SPRY domains, nine into the B-Solenoid domain, three
into the C-Solenoid domain and eight into the C-terminal domain. Sixteen out of twenty-four mutations
are located into the three known MH/CCD hotspots of RYR1 gene. Seven patients resulted to carry more

than one mutation. The location of every single mutation into RYR1 domains is shown in figure 13 A,B.
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1.3 Mutations

Mutations obtained have been screened by using online software for predictions of the functional
effect and databases of mutations that include data from literature. The software and databases used
are: GnomAD (https://gnomad.broadinstitute.org/), ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/)

and PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/). Not every mutation has been included in

all databases yet, thus for some of them only PolyPhen-2 prediction is available. It is known that
susceptibility to MH is often associated to CCD; therefore, in this analysis we included the presence of
the mutations in EMHG databases of diagnostic mutations for malignant hyperthermia. 8 mutations
(T2206M, R2458H, V4849I, R614L, R44C, R2163H, R2508C, R552W) are included into the EMHG
databases as diagnostic mutations for malignant hyperthermia. M1493V has not been described yet,
as well as L2595P and E5008Q; all the other mutations have been previously reported in association
with MH and or/core myopathies, according to GnomAD. 3 unrelated patients show the same three
different mutations associated: two patients carry R3366H, Y3933C and 11571V, both on the same
allele; another patient carries Y3933C and R3366H on the same allele. The occurrence of this triplet of
RYR1 variants has been previously reported (Kraeva et al, 2015). The PolyPhen-2 score ranges from
0.0 (tolerated) to 1.0 (deleterious); variants with scores of 0.0 to 0.15 are predicted to be benign,
variants with scores between 0.15 and 1.0 are classified as possibly damaging; variants with scores of
0.85 to 1.0 are more confidently predicted to be damaging, so are classified as probably damaging.
PolyPhen-2 prediction of functional effect of mutations is benign for just two mutations (11571V and
R4296W); three are classified as possibly damaging (M1493V, A2200V, R3366H); all the other
mutations are predicted to be probably damaging, according to PolyPhen-2 classification. Allele

frequency and PolyPhen-2 scores and prediction for every mutation are reported in table 3.
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1.4ER stress evaluation on CCD samples

Data collected by Hamilton group on RYR18%T/* mice showed an increase of ER stress/UPR. In order to
evaluate a possible increase of ER stress/UPR in CCD human samples carrying RYR1 mutations,
quantification by g-PCR of 6 genes considered to be ER stress/UPR markers has been performed. Our
group composed of 22 samples has been compared to 25 healthy controls. The control group was
selected to be as paired as possible to the affected group. Our results showed that there’s not a general
trend supporting ER stress/UPR increase for all the markers evaluated. GADD34 is the only gene where
a significant increase in CCD samples compared to controls (p=0,02) was observed. However, this is
mainly due to two biopsies (VGV3 and VGV4) which expressed about 7 fold and two patients (VGV1 and
VGV2) that expressed about 3 fold higher high levels of GADD34 mRNA compared to controls.
Conversely, the average levels of ATF4 (p=0,008) resulted to be significantly decreased in CCD samples
compared to controls. CHOP, BiP, ERO1a and XBP1 spliced did not show a significant difference in

expression levels between CCD biopsies compared to controls (Figure 14A and 14B).
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Figure 14. Results of quantitative PCR experiments on CCD samples. ERO1, GADD34, CHOP, ATF4, BiP and XBP1
spliced have been quantified, by using 8-actin as a reference gene. CCD n=22; CTRL n=25. A. Comparison between CCD
and control groups; mean is shown for each one. ATF4 p=0,008;, GADD34 p=0,02 (* p<0,05; **p<0,005; ***p<0,0005 —
T-test student). B. Expression levels for each CCD sample compared to the reference control sample (S-DR3).
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1.5ER stress evaluation on MH samples

To extend our analysis we evaluated the expression of ER stress/UPR markers to skeletal muscle

biopsies collected from 28 patients that resulted positive for MH according to the IVCT and that carry

at least one mutation in RYR1 mutation, but that do not show signs of myopathy at the histological

analysis. Data obtained revealed that there is no difference in the expression levels of ER stress/UPR

markers from MH samples compared to controls, with exception of XBP1 spliced, which is significantly

higher in MHS samples compared to controls, with a p value of 0,003 (Figure 15).
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Figure 15. Results of quantitative PCR experiments on MH samples. ERO1, GADD34, CHOP, ATF4, BiP and XBP1
spliced have been quantified, by using 8-actin as a reference gene. MHS=28; CTRL= 25. XBP1 spliced p=0.003 (*

p<0,05; **p<0,005; ***p<0,0005 — T-test student).
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1.6 ER stress evaluation on samples with muscular diseases unrelated to CCD

We finally quantified the same ER stress/UPR genes on a set of samples from patients with muscle

diseases unrelated to CCD and that, at the genetic analysis do not show mutations in RYR1. A total of

22 samples were analysed including 9 samples from patients affected by Tubular Aggregates Myopathy

(TAM), 13 samples from patients affected by dystrophic conditions. GADD34 and XBP1 spliced resulted

to have higher expression levels in disease associated samples compared to controls, with a p-value of

0,0014 and 0,0048, respectively. EROl1a, CHOP, ATF4 and BiP were expressed at comparable levels

(Figure 16).
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Figure 16. Results of quantitative PCR experiments on myopathic samples. ERO1, GADD34, CHOP, ATF4, BiP and
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XBP1 spliced p=0,0048 (* p<0,05; **p<0,005; ***p<0,0005 — T-test student)
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2. Discussion

Congenital myopathies are characterised by a very wide range of clinical and phenotypical
manifestation. Among these myopathies, RYR1-RMs are the most frequently diagnosed (Gonorazky et
al, 2018). Genotype/phenotype correlation is well documented in most of the diseases diagnosed;
nevertheless, the pathological mechanisms that underlie RYR1-RMs are not fully understood and/or
characterized. For this purpose, in the past decades some murine models have been generated,
including a model for CCD, where mice carrying the 14895T mutation, corresponding to 14898T mutation
in human, were generated and characterized (Zvaritch et al, 2007). These mice show a phenotype
comparable to that observed in core-like myopathies in humans, with alterations in calcium release,
delayed development and, at the histologically, the presence of minicores, cores and nemaline rods
(zvaritch et al, 2009). Studies performed on the RyR1 14898T mouse model developed by Lee and
collaborators showed that increase in ER stress/UPR in muscles may significantly contribute to muscle
disease (Lee et al.,, 2017). This may be correlated to a decrease in triadin expression level and
mislocalization of calsequestrin, that, over time, may alter the Ca?* storage capacity of the SR and
induce a chronic elevation of ER stress/UPR. Indeed, the 14895T mutation is close to the amino acids
involved in the binding of triadin to RyR1 (Goonasekera et al, 2007) and triadin deficiency and alteration
in CSQ polymerization have been found to correlated with ER stress in cardiac muscle (Cai et al, 2012;
Valle et al, 2014). In particular, analysis of ER stress/UPR markers in soleus muscles from 14895T mice
revealed a significant up-regulation of CHOP, BiP, ATF6 and ERO1a at all ages analysed, namely from 4
to 29 months of age; these findings suggest that all three arms of the ER stress/UPR response are
persistently elevated in the muscle of IT mice. According to this hypothesis, alteration of SR Ca?*
handling may be translated to an increase in mitochondrial Ca?* uptake. SR-mitochondrial associated
membranes (SR-MaMs) in skeletal muscle are thought to play a role in handling contraction-associated
energy demands with ATP production (Kaufman et al, 2014; Boncompagni et al, 2009). Although the IT
mutation in RyR1 did not significantly alter the overall structures of the SR-MaMs, tethers between the
SR and the mitochondria were shorter; the shorter distance between SR and mitochondria may
contribute to increased mitochondrial Ca%* uptake in IT muscle and ROS production (Lee et al, 2017).
One of the main consequences of persistent elevations in mitochondrial Ca** and ROS production is
mitochondrial damage and activation of proapoptotic pathways, such as increased caspases activity
and elevation of proapoptotic protein p53. Accordingly, persistent ER stress/UPR, decrease in protein
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synthesis, increase in mitochondrial Ca?* uptake and ROS production, may finally end in development
in core myopathy (Malhotra et al, 2011; van Vliet et al, 2014). In line to the hypothesis of ER stress/UPR,
the administration of 4PBA, a molecular chaperone, was shown to reduce the expression of ER

stress/UPR markers, increase protein synthesis and improve muscle function (Lee et al, 2017).

The purpose of this thesis was to verify if ER stress/UPR markers were also upregulated in human
skeletal muscle biopsies from patients affected by CCD. The expression levels of 6 genes (GADD34,
ERO1a, ATF4, XBP1 spliced, CHOP and BiP) have been quantified at the mRNA level. We found that,
except for GADD34 that is increased in CCD compared to controls, none of the other genes resulted to
be up-regulated in human CCD samples; ATF4 is decreased in CCD compared to control samples. These
results indicate that, on average and at least as it concerns this sample group, no significant alterations

can be observed in expression of genes coding for proteins of ER stress/UPR pathway.

Analysis of single samples shows that 22,7% (5/22) of CCD patients shows one ER stress/UPR marker
that results to be upregulated compared to control; in particular, an increase in GADD34 and CHOP was
observed in 3 and 2 patients, respectively. Four of these five patients carry a RYR1 mutation that is
causative for MH, located in the NTD-A, B-solenoid and N-solenoid regions, with a clinic phenotype
ranging from asymptomatic to mild. 18.2% (4/22) of CCD patients shows upregulation in two ER
stress/UPR markers; two of them show upregulation of both CHOP and GADD34, one shows
upregulation of BiP and CHOP and one shows upregulation of BiP and ERO1a. One of the two patients,
patient VGV3, with upregulation of both CHOP and GADD34 carries a deletion in RYR1 from residue
4415 to 4421, a region located upstream the pVDS domain. At clinical levels this patient shows a
functional impairment of the lower limbs. The second patient (VGV4) carries two mutations, Ala2200Val
(in the B-solenoid) and Arg4296Trp (located in a putative auxiliary transmembrane helix) and shows a
mild clinic phenotype. Patient T1, showing upregulation of BiP and CHOP, carries mutation Phe4941Cys
located in the Cytoplasmic extension of S6, and patient CA, showing upregulation of BiP and ERO1a,
carries mutation Arg2435Leu in the B-solenoid. Finally, patient VA4626 showed upregulation of three
ER stress/UPR genes, ERO1, CHOP and XBP1 spliced and carries mutation Thr2206Met (in B-solenoid),
that is causative for MH. All patients that show an increase in at least one ER stress/UPR marker are
adult patients (from 17 to 58 years of age), while the two pediatric patients analysed (1 and 3 years of

age) do not show upregulation in ER stress/UPR markers. Similar to what observed in CCD patients, no
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average upregulation of ER stress/UPR was observed in muscle biopsies from MH patients or in patients

affected by muscle diseases not associated with RyR1 mutations.

These data indicate that at difference with what observed in the 14895T mouse model increase in ER
stress/UPR upregulation does not represent a hallmark of CCD in humans at least as it concerns the
RNA expression levels. Many concerns have, however, to be considered. First of all, variability in human
samples is significantly higher than in the mouse model due to i) type of mutation in RyR1; ii) clinical
manifestation of the disease, iii) genetic background; iv) sex and age of patients. An important point to
be considered is that none of samples analysed carries the 14898 Tmutation, corresponding to the
murine model where ER stress elevation has been observed. We cannot thus exclude that patients
carrying the 14898T mutation show a ER stress/UPR upregulation pathway similar to that observed in
the mouse model. Finally, the limited size of the sample analysed does not allow to perform a robust
genotype/phenotype correlation. It is important to underline that our analysis is limited to the RNA
levels of ER stress/UPR markers and we cannot exclude that the protein levels of the aforementioned

markers are different.

In conclusion, analysis of skeletal muscle biopsies from patients affected by CCD does not reveal an
average increase in ER stress/UPR markers suggesting that this is not a hallmark of disease in humans.
A further characterization of human biopsies from CCD patients may help in the identification of

pathogenic mechanism leading to the disease.
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