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Purpose of review

RYR1-related myopathy (RYR1-RM) is a group of myopathies caused by mutations in the RYR1 gene, which
encodes the ryanodine receptor 1 (RYR1). This review discusses recent advances in the clinical features,
pathology, pathogenesis, and therapeutics of RYR1-RM.

Recent findings

Although treatments such as salbutamol, pyridostigmine, and N-acetylcysteine have been explored as
potential therapies for RYR1-RM, none have been conclusively proven to be effective. However, recent
clinical trials of Rycal ARM210 in patients with RYR1-RM have shown promising results, including reduced
fatigue and improved proximal muscle strength.
Recent advances in three-dimensional structural analysis of RYR1 channels, facilitated by cryo-electron
microscopy (cryo-EM), have elucidated the distinct molecular mechanisms underlying RYR1 functionality.
Additionally, high-throughput screening methods, including FRET-based and endoplasmic reticulum Ca2þ-
based assays, have been successful in identifying potential candidates for the treatment of RYR1-RM.

Summary

Recent advances in clinical and pathological understanding have provided new insights into RYR1-RM.
Novel pathomechanisms elucidated by cryo-EM and rapid screening methods have led to the identification
of several promising drug candidates. We are hopeful about the potential of Rycal, other new drugs, and
gene therapy, offering a promising outlook for the future.
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INTRODUCTION

RYR1-related myopathy (RYR1-RM) is one of the
most common forms of congenital myopathy and
is characterized by mutations in the RYR1 gene,
which encodes the ryanodine receptor 1 (RYR1).
The RYR1 is a membrane protein that spans the
sarcoplasmic reticulummembrane, forming a chan-
nel that allows the release of calcium ions from the
sarcoplasmic reticulum into the cytoplasm and
plays a crucial role in muscle contraction. Although
both dominant and recessive mutations can cause
RYR1-RM, the latter form presents a more severe
phenotype, such as fetal akinesia [1

&&

]. The fre-
quency of RYR1-RM is estimated to be greater than
1 in 90000 individuals [2]. Given this lower fre-
quency, long-term natural history data have been
scarce. However, recently, substantial big data on
the natural long-term history of RYR1-RM has been
published, offering critical insights for developing
future therapies [3

&&

]. Furthermore, the pathological
findings of RYR1-RM are very unique and varied,
encompassing central core disease (CCD), multimi-
nicore disease (MmD), centronuclear myopathy
(CNM), congenital fiber type disproportion (CFTD),
rs Kluwer Health, Inc. All rights rese

rs Kluwer Health, Inc. Una
congenital neuromuscular disease with uniform
type 1 fiber (CNMDU1), core-rod myopathy, and
dusty core disease (DuCD) [4,5]. Several studies have
reported novel pathological findings in RYR1-RM
[6

&

]. Notably, individuals withmalignant hyperther-
mia susceptibility associated with dominant RYR1
mutations may or may not show cores, but if
present, they often do not exhibit typical central
cores [7].

Currently, there are no established treatments
for RYR1-RM, but recent advancements have intro-
duced some potential therapeutic options [8

&&

].
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KEY POINTS

� Large natural history study for RYR1-related myopathy
has been conducted.

� The clinical trial of Rycal ARM210 has concluded with
a small number of positive results, showing reduced
fatigue and improved proximal muscle strength.

� High-throughput screening methods have identified
several plausible medicines for RYR1-related disorders.

Muscular disease

D
ow

nloaded from
 http://journals.lw

w
.com

/co-neurology by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0h
C

yw
C

X
1A

W
nY

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7T

vS
F

l4C
f3V

C
4/O

A
V

pD
D

a8K
2+

Y
a6H

515kE
=

 on 07/18/2024
Additionally, the structural details of the RYR1 pro-
tein have been elucidated using cryo-electron
microscopy (cryo-EM), providing insights into its
molecular mechanisms [9]. Furthermore, novel
methods such as high-throughput screening (HTS)
techniques, including FRET-based and endoplasmic
reticulum Ca2þ-based assays, have facilitated the
discovery of new drugs more efficiently [10].

Here, we present recent advances in the clinico-
pathological findings, pathogenesis, and potential
therapeutic approaches of RYR1-RM.
CLINICOPATHOLOGICAL FEATURES OF
RYR1-RELATED MYOPATHY

Clinically, autosomal dominant RYR1-RM typically
presents a mild phenotype. In contrast, autosomal
recessive RYR1-RM is characterized by a more severe
phenotype, including neonatal hypotonia, ptosis,
and ophthalmoplegia [1

&&

].
A recent social media survey conducted by the

RYR-1 Foundation, which received 226 responses
(63.3% women and 36.7% men), revealed that the
most common RYR1-related disorder type was CCD
(53.2%), followed by malignant hyperthermia sus-
ceptibility (MHS) (16.2%) and CNM (5.2%). Inher-
itance patterns included autosomal dominant
(27.0%), autosomal recessive (26.1%), de-novo
(9.3%), and unknown 32.7%. Most participants
(64.2%) walked unassisted. Physical symptoms were
self-reported as either progressive (47.1%), stable
(33.9%), or uncertain (7.5%). A significant 86%were
willing to participate in clinical trials, with many
maintaining strength through regular exercise [1

&&

].
A long-term natural history study of pediatric

RYR1-RM was recently published [3]. The study
included 69 patients with RYR1-RM, with onset rang-
ing from birth to 7years, among whom 29 had auto-
somal dominant, 31 autosomal recessive, six de-novo
dominant, and three uncertain inheritances. At the
initial assessment of the 50 patients older than
2years, 45 were able to walk with or without support
(age range 2.3–15.7years; median age 5.2years). Sco-
liosis was found in 30% and spinal rigidity in 17% of
2 www.co-neurology.com
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patients. Respiratory issues were present in 22%, with
12% requiring ventilatory support from amedian age
of 7years. Muscle MRI from 19 patients predomi-
nantly showed abnormalities in the anterior thigh
muscles, including the vastus lateralis, sartorius, and
adductor longus. Key findings revealed significant
motor, respiratory, and feeding difficulties, with
recessive patients exhibiting more severe symptoms.
No malignant hyperthermia episodes were reported
in this cohort [3

&&

]; however, there is a considerable
overlap in clinical and histopathological features
between patients with RYR1-RM and those predis-
posed to malignant hyperthermia and/or exertional
rhabdomyolysis. This overlap highlights the need for
vigilant clinical management and the consideration
ofmalignant hyperthermia risk in patients with RYR1
mutations [11].

From the report of an Italian study, researchers
investigated RYR1 mutations in 153 patients with
core myopathy (cores and minicores) [12]. Of these,
they found 68 cases with at least onemutation in the
RYR1 gene. Additionally, they examined the geno-
type-phenotype correlation of core myopathies and
discovered that mutations in the pore domain are
associated with fetal hypokinesia, contractures, and
foot deformities. The study also highlighted that
patients with mutations in other regions of the
RYR1 gene exhibited varied clinical presentations,
including differences inmuscle strength, respiratory
function, and the presence of scoliosis, indicating
the complexity and diversity of RYR1-RM [12].

Recent findings have expanded the pathological
spectrum of RYR1-RM. Researchers identified RYR1
mutations (p.Thr2206Met and p.Gly2434Arg) in
two patients with tubular aggregate myopathy
(TAM), characterized by increased CK levels and
episodic stiffness triggered by repetitive muscle con-
traction or exposure to cold. Notably, these two
mutations have also been primarily detected in
individuals with malignant hyperthermia suscepti-
bility (MHS), highlighting the overlapping clinical
manifestations associated with RYR1mutations [6

&

].
Furthermore, three cases of periodic paralysis, both
with and without associated myopathy, have been
reported in autosomal dominant and recessive
RYR1-RM [13]. Considering that periodic paralysis
caused by mutations in SCN4A, CACNA1S, and
KCNJ2 is sometimes associated with tubular aggre-
gates [14], it is plausible that RYR1 mutations could
be related to both conditions.
PATHOGENESIS OF RYR1-RELATED
MYOPATHY

In skeletal muscle, excitation-contraction (E-C) cou-
pling is initiated when the action potential of
Volume 37 � Number 00 � Month 2024
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transverse tubule membranes triggers Ca2þ release
from the sarcoplasmic reticulum. The RYR1 medi-
ates two key Ca2þ release mechanisms in skeletal
muscle: depolarization-induced Ca2þ release (DICR)
and Ca2þ-induced Ca2þ release (CICR). DICR is trig-
gered by depolarization, which activates RYR1
through physical interaction with the dihydropyr-
idine receptor (DHPR), and is crucial for muscle
contraction. CICR, which is triggered by direct
Ca2þ binding to RYR1, contributes minimally to
Ca2þ release in skeletal muscle [10].

RYR1 mutations are associated with various dis-
eases, including malignant hyperthermia, central
core disease (CCD), multiminicore disease (MmD),
and dusty core disease (DuCD) [5]. Consequently,
the pathomechanisms of RYR1mutations are diverse
and can be categorized into three mechanism: gain-
of-function, loss-of-function, and decreased expres-
sion of RYR1 [10]. Gain-of-function RYR1 mutations
associated with malignant hyperthermia cause
hyperactive CICR, leading to massive Ca2þ release
from the sarcoplasmic reticulum. Conversely, loss-
of-function RYR1 mutations (mostly located in the
pore domain) associated with CCD inhibit Ca2þ

release via depolarization. In RYR1-RM linked to
autosomal recessive mutations such as MmD or
DuCD, a severe reduction in RYR1 protein expres-
sion is observed, likely due to epigenetic allele silenc-
ing. This also results in muscle weakness due to the
loss-of-function of RYR1 [10].

Recently, other downstream pathogenic events
in RYR1-RM have been studied [15

&

]. Sonne et al.
[15

&

] investigated posttranslational modifications
(PTMs) and ATP turnover time in myosin in
RYR1-RM. They discovered abnormal acetylation
and phosphorylation on myosin molecules in
RYR1-RM, which led to a significant decrease in
the ATP turnover time of myosin molecules in the
disordered-relaxed state. These mechanisms could
be related to muscle weakness in RYR1-RM [15

&

,16].
The association between endoplasmic reticulum

(ER) stress and RYR1 protein levels was evaluated in
various diseases, including RYR1-RM. A negative asso-
ciation was found between ER stress markers (GRP78-
Bip and CHOP-DDIT3 protein levels) and muscle
RYR1 content in various myopathies. Additionally,
the accumulation of sphingolipids was observed in
myotubes derived from RyR1-depleted myoblasts,
which may be associated with ER stress [17

&

].
HIGH-RESOLUTION Cryo-ELECTRON
MICROSCOPY ANALYSIS OF RYR1-
RELATED MYOPATHY

Cryo-electron microscopy (Cryo-EM) has signifi-
cantly enhanced our understanding of themolecular
1350-7540 Copyright © 2024 Wolters Kluwer Health, Inc. All rights rese
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mechanisms of RYR1. By providing high-resolution
3D structures, Cryo-EM allows for the identification
of functional domains and the structural impacts
of pathogenic mutations. Additionally, Cryo-EM
allows us to pinpoint ligand-binding sites for
molecules such as ATP, Ca2þ, and caffeine [18].
Through Cryo-EM, researchers have uncovered
the structural and functional effects of the severe
RyR1 Y523Smutation (equivalent to human Y522S)
in its open and closed states. The study revealed
widespread conformational changes across multi-
ple domains, leading to preactivation of the chan-
nel and altered interactions with the DHPR [19

&

].
This precise visualization is crucial for unraveling
the molecular basis of RYR1-RM and informing the
development of targeted treatments [9]. Melville
et al. [20] elucidated the structure of the Rycal
compound (ARM210)-bound RYR1. This com-
pound cooperatively binds with ATP at a second
ATP-binding site, stabilizing the closed state of the
RYR1 channel [20].
DRUG SCREENING OF RYR1-RELATED
MYOPATHY

Recently, two methods for discovering new drugs
have been invented. These include HTS techniques,
such as FRET-based and endoplasmic reticulum
Ca2þ-based assays, which have significantly imp-
roved the efficiency of drug discovery [10].

Cornea et al. [21] developed a rapid HTS assay
using FRET, employing FK506 binding protein and
calmodulin, regulatory molecules for RYR1. The
assay measures FRET signals to identify RYR1 activ-
ity changes. By testing 727 compounds, six were
found to alter FRET signals, with four increasing
RYR1 activity and two inhibiting it. Further
improvements identified chloroxine and myricetin
as novel RYR1 inhibitors, showing potential as ther-
apeutic candidates for RYR1-RM [22].

Murayama et al. [10] developed an HTS platform
using ER Ca2þ measurements to identify RYR1
inhibitors. They expressed RYR1 in HEK293 cells,
using R-CEPIA1er to monitor ER Ca2þ levels.
Through the screening of 1535 compounds, they
found three potential inhibitors (oxolinic acid, 9-
aminoacridine, alexidine) and over 50 activators.
Oxolinic acid derivatives, particularly Cpd1, showed
significant potency and selectivity for RYR1, effec-
tively preventing and treating malignant hyper-
thermia crises in mouse models carrying RYR1
mutations (R163C, G2434R, and R 2509C). Addi-
tionally, Cpd1 has advantages over dantrolene in
water solubility and rapid clearance [10,23]. Further
analysis is necessary to evaluate the effectiveness of
these drugs for RYR1-RM.
rved. www.co-neurology.com 3
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CLINICAL TRIALS OF RYR1-RELATED
MYOPATHY

A phase 1, open-label, dose-escalation trial of Rycal
S48168 (ARM210), an RYR1 calcium release chan-
nel stabilizer, for RYR1-RM was recently conducted
[8

&&

]. The Rycal compound was well tolerated and
did not cause any serious adverse events, exhibiting
a dose-dependent pharmacokinetic profile. Among
the four participants who received a 200mg/day
dose, three showed improvements in fatigue and
proximal muscle weakness during physical exami-
nation [8

&&

]. However, randomized double-blind
trials are necessary to further evaluate the long-
term safety, tolerability, and potential therapeutic
benefits of Rycal in RYR1-RM. Dantrolene, a drug
used for malignant hyperthermia caused by RYR1
mutations, has been tried in malignant hyperther-
mia susceptible (MHS) patients with myopathic
symptoms [24

&

]. In this study, among 476 MHS
patients who tested positive for the caffeine-halo-
thane contracture test, 193 had muscle symptoms
and were older than 25 years. Of these 193 cases,
164 patients used oral dantrolene, and none of
them experienced severe side effects. Additionally,
142 patients adhered to the therapy and showed
improvements in myalgia (55%), fatigue (22%),
and rhabdomyolysis/hyperCKemia (22%) [24

&

].
Additionally, a 5-year-old patient with RYR1-
related exertional myalgia/rhabdomyolysis was
treated with dantrolene and showed improvements
in CK levels, enhanced performance on the 6-min
walk test, and a reduction in the frequency and
intensity of myalgia episodes [25

&

]. Considering the
drug mechanism of dantrolene, which suppresses
CICR in the sarcoplasmic reticulum, and the patho-
genesis of MHS and RYR1-RM, dantrolene may not
be beneficial for all RYR1-RM patients. Clinicians
should use it with caution and carefully monitor
patients.

Interestingly, some patients have been reported
to have pyridostigmine-responsive myasthenia-
like symptoms [26,27]. However, more cases
and further evaluations are necessary to delineate
this subcategory and understand its pathophysiol-
ogy.
GENE THERAPY OF RYR1-RELATED
MYOPATHY

In recent years, gene therapy has been successfully
developed for several neuromuscular disorders,
demonstrating remarkable efficacy, particularly
for spinal muscular atrophy. However, for RYR1-
RM, the situation is more challenging due to the
large size of the RYR1 gene. To address this issue,
4 www.co-neurology.com
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researchers are exploring several innovative strat-
egies. One potential approach is to split the RYR1
sequence into multiple parts, each fitting into an
adeno-associated virus (AAV) vector, and then
induce fusion between the different segments using
a trans-splicingmechanism [28]. Another promising
approach is exon skipping, which modulates splice
sites to restore partial functionality of the protein.
Additionally, CRISPR/Cas9-based gene editing is
being explored to directly correct mutations – such
as deletions, modifications, insertions, or replace-
ments of DNA segments – within the RYR1 gene,
though this technology is still in the experimental
stage for this application [28]. Recently, the first
successful correction of an RYR1 gene mutation
using prime editing was reported, marking a signifi-
cant advancement toward gene therapies for RYR1-
RM. In human myoblasts, researchers achieved a
59% correction rate of the T4709M mutation in
the RYR1 gene through RNA delivery of prime edit-
ing components [29

&

]. However, as this research is
still in vitro, further investigation is necessary to
determine its efficacy and safety in clinical settings.
CONCLUSION

Knowledge of genotype-phenotype correlations in
RYR1-RM has been gradually accumulating. Thanks
to advancements in cryo-EM, novel pathomechan-
isms have been elucidated, paving the way for the
discovery of new drug efficacies. Additionally, two
rapid screening methods – FRET-based and ER Ca2þ-
based assays – have facilitated the testing of numer-
ous drugs, resulting in the identification of several
promising candidates. Randomized double-blind
clinical trials are necessary to evaluate the long-term
safety and efficacy of the RYR1 calcium channel
stabilizer, Rycal. Continued research and clinical
trials will be crucial in developing effective treat-
ments for RYR1-RM, ultimately improving patient
outcomes and quality of life.
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