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INTRODUCTION AND OVERVIEW

Preparation for and aims of research workshop

The “RYR-1-Related Diseases International
Research Workshop: From Mechanisms to Treat-
ments,” held from July 21 — July, 22, 2022, was the
first-ever patient-led international research work-
shop devoted exclusively to RYR1-related diseases
(RYR1-RD). The workshop organizing committee
was led by Robert Dirksen and included: Andrew
Huseth, Anna Sarkozy, Brentney Simon, Filip Van
Petegem, and Nicol Voermans. The committee held
regular meetings to discuss the aims, prepare the
program, and reach a consensus on clinical and
research priorities.

The overall scientific goal of the workshop was
to provide a forum that united leading interna-
tional RYRI1 disease experts (researchers, clinicians,
and geneticists) with affected individuals, family
members, and patient advocates to share knowl-
edge, exchange ideas, form collaborations, and
develop new strategies for finding effective therapies.
Additional objectives were to develop consensus rec-
ommendations for clinical/research priorities, create
actionable items needed to move the field forward,
and provide a platform for trainees to engage with
established leaders in the RYR1 field and individuals
affected or afflicted by RYR1-related diseases.

RYRI-related diseases

Congenital myopathies (CMs) result from
pathogenic variants in over 40 genes that encode pro-
teins involved in skeletal muscle Ca’" homeostasis,
excitation—contraction (EC) coupling, and sarcomere
assembly/function, with pathogenic variants in the
gene that encodes the type I ryanodine receptor
(RYRI) representing the most frequent cause [1-4].

The RYRI gene product (RYR1) is a Ca’* release
channel in the terminal cisternae of the sarcoplasmic
reticulum (SR) of skeletal muscle that is required for
EC coupling [5]. Pathogenic variants in the RYRI
gene result in a wide range of muscle disorders
that includes malignant hyperthermia susceptibility

(MHS), central core disease (CCD), multi-minicore
disease (MmD), centronuclear myopathy (CNM),
and congenital fiber type disproportion (CFTD).
These conditions collectively comprise the most
common genetic cause of non-dystrophic myopa-
thy [1-4]. The subclass of all RYR1-RD that exhibit
significant muscle weakness are referred to as RYR1-
related myopathies (RYR1-RM).

The most severe cases of RYRI-RM exhibit
a recessive pattern of inheritance, present during
infancy with skeletal muscle hypotrophy and weak-
ness, involve respiratory insufficiency, short stature,
and are characterized by a marked reduction in RYR1
protein expression in skeletal muscle [6]. Many of
these children are non-ambulant, require ventilator
assistance, and experience severe disability and occa-
sionally premature death [7]. Despite its severity,
relatively high prevalence, and association with sig-
nificant disability and early mortality, there are no
treatments or disease-modifying therapies for RYR1-
RM and care is strictly supportive [8, 9]. Thus, there
is a clear unmet need to develop, test, and validate
new treatments for these diseases [10].

RYRI-RD International Research Workshop:
From Mechanisms to Treatments

The scientific program of this workshop focused
on several exciting new clinical and basic research
advancements in the RYR1-RD field since the pre-
vious related international workshop, co-hosted by
European Neuromuscular Centre (ENMC) and The
RYR-1 Foundation, held in Naarden, the Nether-
lands, in January 2016 [11]. These recent advances
include: 1) development of the first mouse models of
severe recessive RYR1 myopathy [12, 13]; 2) estab-
lishment of expert panels to assess RYR1 variant
pathogenicity [14]; 3) development of comprehensive
Clinical Care Guidelines translated into eight lan-
guages (www.ryrl.org/ccg); 4) the wide availability
of diagnostic next generation sequencing resulting in
a further expansion in understanding of the complex
clinical spectrum of RYRI-RD; 5) the completion
of a series of cross-sectional, retrospective and short
term prospective natural history studies on RYR1-
RM; 6) completion of the first phase I/II clinical trial
in RYRI1-RM patients (NCT02362425) [15]; and 7)
recent completion of a second phase I clinical trial
(NCT04141670).

These advancements presented an opportune time
to bring together leading RYRI-RD researchers,
geneticists and clinicians with affected individuals,
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family members and patient advocates to not only
discuss these advances, but also determine and assess
current needs/opportunities in the field, set clini-
cal/research priorities, and develop an action plan to
move the field forward toward a more comprehen-
sive understanding of the pathogenesis and treatment
of RYR1-RD. It is this exciting progress and need
for future planning that provided the basis for this
workshop.

RYR-1 International Family Conference

For a rare condition like RYR1-RD, providing a
forum for affected individuals and families to meet
others like them has significant psychological, social
and medical value. When an affected individual or
their family members seek to find others who under-
stand what they are experiencing, a family conference
becomes an invaluable and necessary resource. Fam-
ily conferences help to connect patients and family
members with each other, with resources provided by
The RYR-1 Foundation, and with clinicians, geneti-
cists, and researchers with expertise in RYR1-RD. A
major goal of The RYR-1 Foundation is to enhance
and enrich these relationships within the RYR1 com-
munity by hosting International Family Conferences
on a biennial basis. The RYR-1 Foundation held
the inaugural RYR-1 International Family Confer-
ence in Baltimore, MD in July 2016 and the second
RYR-1 International Family Conference was held
in Pittsburgh, PA in July 2018. Combined, the first
two family conferences included 388 attendees, rep-
resenting 75 RYRI-RD affected families from 31
states and eight countries. These conferences pro-
vide unique opportunities for affected individuals
and families to meet, form friendships, and develop
a genuinely connected RYR1 community. Unfortu-
nately, the planned 2020 RYR-1 International Family
Conference was canceled due to the COVID-19 pan-
demic. Thus, there was significant anticipation within
the RYRI community for the 2022 RYR-1 Inter-
national Family Conference, which was held over
two days immediately following the RYR-1 Interna-
tional Workshop. Many workshop participants also
attended the family conference.

AFFECTED INDIVIDUAL SURVEY AND
TESTIMONIALS
Affected individual survey

Drew Huseth (Mesa, USA) and Brentney Simon
(North Charleston, USA) presented a survey of indi-

viduals affected by RYR1-RD that was initiated by
patient representatives of The RYR-1 Foundation.
Based on an idea from Jeni Ryan (Denver, USA),
Director of The RYR-1 Foundation Board of Direc-
tors, Mr. Huseth and Ms. Simon led a patient-based
workshop group to develop a survey that consisted
of 21 questions divided into the following 4 subject
areas: Demographics and Diagnosis, Lifestyle and
General Functioning, Physical Activity and Exercise,
and Clinical Trials and Studies. The goal of the survey
was to provide the RYR1 community an opportunity
to communicate their needs, hopes, and experiences
with researchers and medical experts. The results
serve as a guide to researchers and clinicians as they
continue to develop new and effective treatments for
RYRI1-RD.

The survey was launched on various social media
platforms by The RYR-1 Foundation. A total of 226
patients across a wide range of age groups partic-
ipated; 63.3% were female and 36.7% were male.
The three most commonly reported RYR1-RD sub-
classifications among the participants in the survey
were CCD (53.2%), followed by MHS (16.2%) and
CNM (5.2%). The most common forms of inheri-
tance were reported as autosomal dominant (27.0%),
followed by autosomal recessive (26.1%), and de
novo (9.3%), with 32.7% of participants reporting
their form of inheritance as being unknown. Most
participants (64.2%) reported being able to walk
unassisted, with 11.9% reporting needing assistance
to walk and 5.8% requiring wheelchair assistance.
Respondents reported experiencing significant phys-
ical (88.9%), emotional (63.7%), and social (58%)
challenges. Physical symptoms were self-reported
as progressive (47.1%), non-progressive (33.9%), or
being unsure about progression of their symptoms
(7.5%). An overwhelmingly high willingness was
expressed among patients to participate in a clini-
cal trial, as 86% of respondents reported being either
willing (40%) or likely willing (46%) to participate.

As indicated above, many respondents classified
their symptoms as being progressive. Beyond mus-
cle weakness and fatigue, other physical symptoms
reported included fixed or stiff joints, heat intol-
erance, muscle tightness and cramping, difficulty
walking and running, and hip dislocation. Many indi-
viduals reported taking part in some type of physical
exercise on a weekly basis: 30.5% exercise atleast 1-2
times per week for more than 15 minutes and are able
to maintain their strength and endurance while exer-
cising. Aerobic training and physical therapy, such as
walking, swimming, bicycling, and weight resistance
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training, were reported as popular choices among
those who exercise.

Respondents to the survey also raised several
questions including: How can I relieve everyday
symptoms (e.g., muscle pain)? How can I improve my
physical well-being (e.g., fatigue, endurance)? How
can | improve my emotional well-being (e.g., anxi-
ety)? How can my nutritional well-being be improved
(e.g., dietary supplements)? What holistic approaches
are beneficial? How does the climate and environment
(e.g. temperature, humidity) impact my symptoms?

Patient testimonials

A group of twelve individuals who were either
directly or indirectly affected with an RYR1-RD pro-
vided brief testimonials regarding their perspective
of what it’s like to live with or care for some-
one with an RYRI-RD. These testimonials also
included personal questions, concerns, and ideas
for researchers and medical experts. A number of
common themes emerged from these testimonials.
Several individuals recounted prolonged diagnostic
odysseys and misdiagnoses before a diagnosis of
RYRI1-RD was finally established. Many individuals
reported the benefits that exercise and regular activity
had on their symptoms, while also expressing concern
and uncertainty regarding which types of activities
may be harmful and how frequently to engage in
these activities to avoid excessive pain and muscle
damage. Several individuals inquired about sup-
plementation and nutritional approaches that might
promote muscle health. Others shared approaches
that they reported were beneficial to them, includ-
ing supplementation with creatine and magnesium.
The most common complaints that emerged from
the patient testimonials were both physical (pain and
fatigue) and social/emotional, noting both the physi-
cal and mental barriers that RYR1-RD introduces in
their life. Finally, many individuals expressed their
sincere gratitude for the work of the clinicians and
researchers in the field, while also imploring them
to continue to make strides in the area of therapy
development.

PHENOTYPIC VARIABILITY

Heinz Jungbluth (London, United Kingdom) dis-
cussed the expanding clinical spectrum of RYR1-RD.
The RYRI gene encodes the principal SR Ca?t
release channel in skeletal muscle, which plays a cru-
cial role in skeletal muscle Ca?* homeostasis and

EC coupling. Since the original implication of domi-
nant RYR]I variants in MHS [16] and CCD [17] in
the early 1990s, the genetic and phenotypic spec-
trum of RYR1-RD has continuously expanded [18].
Pathogenic RYRI variants are now widely recognized
as one of the most common causes of non-dystrophic
neuromuscular disorders and MH-associated pheno-
types [2, 19].

RYRI1-RMs include dominantly-inherited CCD
[17] and recessively-inherited MmD [20], CNM [21]
and CFTD [22]. CCD is characterized by predom-
inantly proximal weakness pronounced in the hip
girdle, (exertional) myalgia, and is often associ-
ated with orthopedic complications (in particular
congenital hip dislocation and scoliosis). Despite
differences in histopathological appearance, RYR1-
related MmD, CNM, and CFTD share the same
clinical appearance. In contrast to CCD, this clinical
presentation is characterized by extraocular mus-
cle involvement and more generalized weakness,
including more frequent respiratory and bulbar man-
ifestations. Less common primary neuromuscular
manifestations include more severe presentations
within the fetal akinesia [23], congenital muscular
dystrophy [24], and Limb Girdle Muscular Dystro-
phy spectra [25]. CCD is typically due to pathogenic
RYRI missense variants localized to the C-terminal
region of the protein, whereas recessive RYRI
pathogenic variants are often truncating and dis-
tributed throughout the RYR/ coding sequence. While
MHS is well-recognized as being associated with
CCD, this association is less clear for MmD, CNM
and CFTD. In all forms of RYR1-RM, consistent and
specific muscle imaging findings on ultrasound and
magnetic resonance imaging may aid the (differen-
tial) diagnosis in cases with only mild or non-specific
histopathological abnormalities [26].

RYRI1-related MHS describes a pharmacogenetic
predisposition to severe adverse reactions charac-
terized by hyperthermia, muscle breakdown and
metabolic decompensation in response to adminis-
tration of volatile anesthetics and the depolarizing
neuromuscular blocking agent succinylcholine [27].
In addition to CCD, MH is associated with a
number of other specific myopathies including King-
Denborough syndrome [28] and late-onset axial
myopathy [29], as well as episodic presentations
such as exertional rhabdomyolysis (ERM) [19, 30]
and (atypical) periodic paralysis [31]. The recogni-
tion of exercise and pyrexia as predisposing factors
for MH [32] and of subtle neuromuscular signs and
symptoms in MH patients [33] suggests a previously
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underappreciated continuum between RYRI-RMs
and MHS-associated phenotypes [34].

Systemic manifestations of RYRI-RD include
mild abnormal bleeding (characterized by frequent
epistaxis and menorrhagia/post-partum hemorrhage
in women), as well as bowel and bladder dysfunction,
most likely due to disrupted smooth muscle function
[35].

Together, these observations highlight the extreme
range of manifestations associated with primary
RYRI1 dysfunction, thus presenting significant diag-
nostic challenges and important considerations for
patient care.

Anna Sarkozy (London, United Kingdom)
described the variability in disease presentation and
progression in early-onset forms of RYR1-RM. Large
cross-sectional studies in CM and RYR1-RM pro-
vided valuable phenotypic information on various
genetic forms of RYR1-RM. In particular, these stud-
ies highlighted clinical and pathological differences
between dominant and recessive forms of RYRI-
RM [7, 36-39]. Of note, neonatal hypotonia, ptosis
and ophthalmoplegia are more frequently observed
in recessive RYR1-RM, along with greater motor
impairment and difficulty standing and transferring
as measured using 32-item Motor Function Mea-
sure functional assessment. Amburgey et al. [7] also
highlighted a higher frequency of severe disease and
ophthalmoplegia with hypomorphic variants in reces-
sive RYR1-RM.

However, comprehensive longitudinal natural his-
tory studies are needed to provide quantitative
understanding of disease progression, to plan inter-
ventions, and improve trial readiness. These studies
will inform possible study endpoints, statistical
variability of disease, sample size estimation and fea-
sibility, as well as identify optimal outcome measures
specific to disease subcategories. Thus far, only a
limited number of retrospective and/or prospective
studies have been published. Dr. Sarkozy and the
teams at the Dubowitz Neuromuscular Centre and the
Evelina Children’s Hospital recently completed a ret-
rospective longitudinal study on 69 pediatric patients
with dominant and recessive RYR1-RM, with various
motor abilities (personal observation). Patients were
followed up for a median of 6.2 years (range 0-15
years) with an average of six visits per patient (range
1-18 visits). The study evidenced a number of key
findings. In particular, observational data on motor
abilities highlighted a relatively high prevalence of
patients with no/reduced ambulation (21%) within
the recessive cohort. Furthermore, a slowly progres-

sive reduction in respiratory abilities, as measured by
forced vital capacity in patients above the age of five
years old, and mostly due to respiratory muscle weak-
ness, was also observed. The study also indicated
a higher disease severity in patients with recessive
or dominant de novo inheritance (personal obser-
vation). Recently, a 6-month natural history study
completed at the National Institutes of Health on 34
ambulant patients of various ages showed that func-
tional assessments and graded timed tests are able
to detect motor impairment in RYR1-RM patients
[40]. This motor impairment remained stable over six
months. Thus, possible therapeutic interventions, if
successful, should demonstrate improvement in these
measures [40].

Overall, these studies confirm major variability in
disease presentation and progression between indi-
viduals with dominant and recessive RYRI1-RM,
which can only partly be explained by genetic dif-
ferences. This single prospective study indicates
short-term disease stability in ambulant patients.
However, longer prospective natural history studies
for larger cohorts of patients with different abil-
ities and clinical severities are needed to assess
disease progression over a longer period of time and
to identify disease-specific outcome measures and
biomarkers. In the meantime, it is of utmost impor-
tance for future clinical trial readiness that patients
receive optimal care following international stan-
dards. Looking forward, international collaborations
should be prioritized to increase study sample size
and improve our understanding of the disease spec-
trum.

Luuk van den Bersselaar and Nicol Voermans
(Nijmegen, the Netherlands) presented preliminary
results of a recently completed clinical study on neu-
romuscular symptoms in patients with RYR1-related
ERM and MHS [34]. These two phenotypes have long
been considered episodic phenotypes occurring in
healthy individuals in response to an external trigger.
However, recent studies demonstrated a clinical and
histopathological continuum between RYR1-related
MHS and/or ERM and CM [30, 33,41, 42]. Based on
results from previous studies in smaller or selected
cohorts [30, 42], patients with RYR1-related MHS
and/or ERM were hypothesized to frequently suf-
fer from neuromuscular symptoms in between MH
and/or ERM episodes.

In a prospective, cross-sectional, observational,
clinical study using questionnaires on neuromuscular
symptoms, a comprehensive neuromuscular assess-
ment and review of all relevant ancillary diagnostic
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tests was performed up to the point of inclusion. A
total of 40 patients with a history of RYR1-related
MHS and/or ERM were recruited from the MH-unit
in the Canisius Wilhelmina Hospital and the neuro-
muscular outpatient clinic in the Radboud University
Medical Center, Nijmegen, the Netherlands.

The proportion of patients with a history of
RYRI1-related MHS and/or ERM who exhibited neu-
romuscular symptoms, including myalgia, cramps
and exertional myalgia/cramps was higher compared
to healthy controls. These symptoms frequently result
in consultation of health care professionals and may
require additional ancillary investigations including
muscle ultrasound, magnetic resonance imaging, and
electromyography. Apart from mild abnormalities in
muscle biopsies and elevated creatine kinase lev-
els, ancillary investigations were normal in most
patients. Most patients displayed normal function
during neuromuscular assessment as determined by
the Medical Research Council grading score, spirom-
etry and results of other functional measurements.
Three patients included in the present study suf-
fered from late-onset proximal muscle weakness as
reported previously [43].

These observations have important implications
for the diagnosis and management of patients with
a history of RYRI1-related MHS and/or ERM. First,
all healthcare professionals overseeing patients with
MHS should be aware that episodic and fixed neuro-
muscular symptoms can be part of the MH disease
spectrum and do not necessarily reflect a second
pathology. When diagnosed with MHS, patients
should be informed about these neuromuscular man-
ifestations with the goal of reassuring patients and
reducing unnecessary invasive diagnostic investiga-
tions. Second, although cramps and myalgia are
common and non-specific neuromuscular symptoms,
MH-associated RYR1 variants may represent an
underappreciated cause of cramps and myalgia. Thus,
healthcare professionals should consider RYR1 vari-
ants in patients presenting with myalgia, cramps,
elevated creatine kinase levels and/or ERM in whom
other more obvious causes have been excluded [44—
46].

Sheila Riazi (Toronto, Canada) presented results
of a recently published retrospective study of pre-
operative exercise and pyrexia as modifying factors
in MH [32]. This study found a remarkable discrep-
ancy between the prevalence of risk genotypes and
actual MH incidence. This observation can partly be
explained by a lack of exposure of individuals with
MHS to MH triggering agents. However, several indi-

viduals with MHS experienced uneventful exposure
to triggering agents before suffering an MH reaction
[47]. This observation suggests the presence of mod-
ifying factors in the occurrence of an MH reaction
as a possible contribution to the observed low pene-
trance. Both pyrexia and exercise are well-established
risk factors for the occurrence of rhabdomyolysis and
heat stroke, two other episodic phenotypes related to
RYRI1 variants. Based on these observations and a
previously reported fatal MH reaction in a patient
exposed to MH-triggering agents following intense
exercise [48], MH was hypothesized to represent a
multifactorial event, determined not only by genotype
but also non-genetic factors, in particular exercise and
pyrexia.

Riazi and colleagues conducted a retrospective
study that included patients from the MH-units
in Antwerp (Belgium), Lund (Sweden), Melbourne
(Australia), Nijmegen (the Netherlands), and Toronto
(Canada). Inclusion criteria were: 1) clinical fea-
tures suggestive of an MH reaction, 2) confirmation
of MHS by in vitro contracture test or caffeine-
halothane contracture test and/or RYRI gene testing
[49] and, 3) a history of strenuous exercise within
72 hours and/or pyrexia>37.5°C prior to triggering
agent exposure. The characteristics of the general
anesthesia associated with an MH event were com-
pared to those of general anesthesia without an MH
event in the same patients and/or relatives that pos-
sess the same variant. Statistical analyses were done
using logistic regression. Adjustment for clustering
on patient visit was used to assess risk factors for the
development of MH using a backwards elimination
process.

A total of 41 cases from 40 families fulfilled the
inclusion criteria. These cases represent 8.6% of the
index cases who were referred to one of the partici-
pating MH centers and in whom MHS was confirmed.
Pre-operative exercise and/or pyrexia, trauma and
acute abdomen as surgery indications, emergency
surgery and use of succinylcholine were all more
common in the group of individuals that experienced
a triggering agent with an MH event.

These findings suggest that pre-operative strenu-
ous exercise and/or pyrexia may increase the risk
of experiencing an MH episode and provide at least
a partial explanation for the variable response to
the same triggering agent in genetically-susceptible
individuals. These findings also provide additional
evidence for the evolving continuum between RYR1-
related neuromuscular phenotypes, and in particular,
ERM and MHS.
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RYR1 GENETICS AND VARIANT
CLASSIFICATION

Leslie Biesecker (Bethesda, USA) presented a
solution towards comprehensive interpretation of
RYR1-related MHS variants. Genomic variants are
reported using a standardized process described by
the American College of Medical Genetics and Asso-
ciation of Molecular Pathologists that evaluates the
probability of pathogenicity of a variant, based on
attributes of the variant [50]. The probability of
pathogenicity of a variant is classified as pathogenic
(P>99%), likely pathogenic (90-99%), variant of
uncertain significance (10-90%), likely benign (1-
10%) and benign (<1%). These classifications are
based on a Bayesian probabilistic analysis. Bayes
law, also called the rule of inverse probability, dic-
tates the likelihood of a proposition before and after
accounting for evidence. For variant classification,
one assesses variant attributes, using a prior proba-
bility of pathogenicity and four levels of evidence
of pathogenicity [51]. The prior probability is set at
10%, which is derived from the above recommen-
dations. This estimate is reasonable for single gene
testing scenarios where it is common to encounter on
the order of ten variants, one of which is causative.
The conditional probabilities specify the odds of
observing the evidence, given that the variant is
pathogenic. These probabilities were back-calculated
from the American College of Medical Genetics
and Association of Molecular Pathologists recom-
mendations. Through the ClinGen consortium, an
international group of RYR1 experts collaborated to
assess the pathogenicity of all RYR1 variants previ-
ously associated with MHS [51]. This work involved
developing adapted classification rules for RYR1-
related MHS and applying them to 335 variants. This
analysis resulted in classification of 86 variants as
pathogenic or likely pathogenic, 219 as variants of
uncertain significance, and 30 variants as benign or
likely benign. These classifications are endorsed by
the Food and Drug Administration and serve as an
international standard for clinical laboratories.

A key distinction is that the pathogenicity of
the variant is not the validity of the clinico-
molecular diagnosis of the patient. These two
concepts are crucial to distinguish. The validity of
the clinico-molecular diagnosis crucially depends
on the likelihood of the diagnosis prior to the test
result. In diagnostic testing, this is generally high
because the clinician is ordering the test because
there is a strong clinical suspicion of the disease. In

healthy population screening, the likelihood of dis-
ease prior to testing is low — it is essentially equal
to the general population risk of the disease. The
effect of these differing prior probabilities of disease
on the interpretation of test results is profound. A
pathogenic/likely pathogenic variant in a clinical test-
ing scenario often leads to a 99% or greater validity
of a clinico-molecular diagnosis, while it can lead to a
clinico-molecular diagnosis of < 10% during popula-
tion screening. In this setting, the clinician is obliged
to evaluate the individual and their family to estab-
lish or refute the diagnosis. In addition, given the high
pre-test probability in diagnostic testing, a variant of
uncertain significance can lead to a high validity of a
clinico-molecular diagnosis. As genomic testing can
be highly useful in both diagnostic and population
screening, clinicians are obligated to be informed
in the proper interpretation and application of this
testing.

Susan Treves (Basel, Switzerland) presented
recently published work from the Zorzato/Treves
team where they investigated biochemical and
epigenetic changes in muscles of patients with
RYRI1 variants. RYR1 disease-causing variants result
mainly in four types of RYRI1 channel defects
[52]. The first type of pathogenic variant (dom-
inant, MH-associated) cause RYRI1 channels to
become hypersensitive to activation by electrical and
pharmacological stimuli [53]. The second type of
variant (dominant, CCD-associated) result in “leaky”’
RYRI channels leading to depletion of Ca** from
SR stores [54]. The third type (dominant, CCD-
associated) result in “EC uncoupling,” whereby
voltage-dependent activation results in reduced Ca?*
release from a non-depleted SR Ca?* store [55]. The
fourth type (recessive, CM-associated) encompasses
recessive variants that are accompanied by decreased
expression of RYRI1 channels in the SR membrane
[56]. In addition to the reduction of RYRI1 protein,
muscles of patients with recessive RYR1 pathogenic
variants exhibit striking epigenetic changes including
altered expression of microRNAs, increased lev-
els of HDAC4 and HDACS, and hypermethylation
of more than 3600 CpG genomic sites [57-59].
Thus, epigenetic modifying enzymes may constitute
a valid therapeutic target for RYR1-RM. Consis-
tent with this, inhibiting DNA methyltransferases
and class II histone deacetylases improves muscle
function in a mouse model of recessive RYR1-RM
[60], providing a proof-of-concept for the pharma-
cological treatment of patients with CM linked to
recessive RYR1 variants. In recently published work,
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the Zorzato/Treves team investigated the expression
of different transcripts, including those encoding epi-
genetic enzymes, in human muscle biopsies from
patients with genetically diverse CMs. These find-
ings may be helpful for classifying patients in the
future, as well as aiding in the development of new
and effective therapeutic strategies.

DRUG DEVELOPMENT AND VALIDATION

Oliver Clarke (New York, USA) provided
an update on recent advances in cryo-electron
microscopy and how this approach is being used for
structural characterization of small molecule bind-
ing to RYR1. Advances in cryo-electron microscopy
instrumentations and data processing software have
significantly improved resolution, making it possi-
ble to unambiguously identify binding sites for small
molecule ligands. For example, in 2016, a collab-
orative effort at Columbia University revealed the
binding sites of several RYRI1 activating ligands
(Ca2+, ATP, and caffeine) [61]. These ligands bind
to the central region of the protein at interdomain
interfaces of the C-terminal domain, promoting con-
formational changes that prime the channel pore for
opening. With an improved purification workflow
that includes an additional anion-exchange chro-
matography step and an improved cryo-electron
microscopy workflow that includes focused recon-
structions of multiple regions, his team is able to
consistently obtain a combined reconstruction with
high-resolution details (2.6 — 3 A) across the entire
tetrameric RYR1 channel complex. These improved
maps enable construction of atomic models of periph-
eral regions of RYR1 with previously unassigned
residues, such as the Repeat12 and bridging solenoid
domains. These high-resolution reconstructions also
allow for identification of the binding sites of various
small molecules that either enhance or inhibit channel
opening, furthering our understanding of their effect
on the structure and function of RYR1. Cryo-electron
microscopy also paves the way for structure-based
drug design of novel therapeutics to regulate RYR1
structure and function. For instance, this approach
enabled identification of the binding site of S48168
(ARM210), a second generation Rycal currently in a
clinical trial for patients with RYR1-RM [62]. Specif-
ically, S48168 (ARM210) binds cooperatively with
ATP to the Repeatl12 domain to stabilize the RYR1
closed state. In addition to being a powerful tool
that complements X-ray crystallography in drug dis-

covery, cryo-electron microscopy provides a unique
advantage for studying RYRI in native lipid envi-
ronments, such as in liposomes [63], which provides
an additional avenue for studying the structure and
dynamics of RYR1 under a chemical gradient.
Razvan Cornea (Minneapolis, USA) presented
his group’s work on developing high-throughput
screening methods to identify therapeutic compounds
that target skeletal muscle disorders associated with
dysregulation of intracellular calcium. Ca®>* dys-
regulation in skeletal muscle most often manifests
as an elevation in intracellular Ca’*, which pre-
vents normal muscle relaxation and can be associated
with a depletion of SR Ca?T stores needed for
contraction. Therefore, his team seeks to identify
compounds that either inhibit Ca’t leak through
RYRI channels or enhance Ca®* reuptake into the
SR by the ATP-dependent Ca>* pump (SERCA1a).
With this goal in mind, his team developed sev-
eral high throughput screening methods that combine
high-precision structural biology, medicinal chem-
istry, and physiological assays to identify potentially
useful compounds. To discover inhibitors of rest-
ing RYRI1 leak, the method uses a biosensor system
based on fluorescence resonance energy transfer
between FKBP12 and calmodulin bound to RYRI
[64]. Using measurements of fluorescence resonance
energy transfer lifetime, compounds that allosteri-
cally inhibit Ca?T leak from RYR1 channels can be
identified. The fluorescence lifetime signal is 30x
more precise than the classic intensity signal. High-
throughput screening of chemical libraries of more
than 50,000 compounds were conducted, and new
drug-like agents that mitigate RYR1 Ca?t leak in
isolated SR membranes were identified. Conversely,
Ca”* reuptake by SERCAla can be enhanced either
through activating SERCAla directly or reversing
the inhibitory effect of sarcolipin on SERCAla. For
screening SERCAla activators, the approach lever-
ages previous studies of SERCA2a (cardiac), with
fluorescence resonance energy transfer biosensors
expressed in HEK cells [65-67]. The method uses
an intramolecular GFP-RFP SERCA biosensor (2-
color SERCA) to identify compounds that bind to
SERCA1a, alter its structure, and modulate its activ-
ity. To screen for compounds that reverse the effect of
sarcolipin, a method is being developed that uses an
intermolecular biosensor — with adonor on SERCA1la
and an acceptor on sarcolipin. Cellular and in vitro
muscle physiological assays of RYR1 Ca** leak, as
well as force generation and relaxation are integrated
in the screening funnel to select compounds that
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reverse undesirable RYR1 Ca?™ leak, eventually
transitioning to in vivo animal testing of the
most promising identified compounds [64, 68, 69].
Combined, these methods provide drug discovery
platforms for large-scale high-throughput campaigns
to identify small-molecules that target RYR1-linked
pathological states for therapeutic development.

Takashi Murayama (Tokyo, Japan) presented
their recent efforts to establish high-throughput
screening platforms for small molecules that mod-
ify (inhibit or activate) RYR 1-mediated Ca* release.
Currently, except for dantrolene in MH, there are no
targeted treatments for other RYR1-RD. To discover
novel drug candidates, his team established high-
throughput screening methods using ER [Ca®T] as
a readout. To screen for inhibitors, RYR1 carrying a
pathogenic MH variant (R2163C) and R-CEPIA ler, a
genetically-encoded fluorescent Ca®* indicator, were
stably expressed in HEK293 cells [70]. In these cells,
Ca’* leak from mutant RYR1 channels reduces ER
[Ca®*]. Addition of an RYR1 inhibitor prevents Ca>*
leak, thereby restoring the ER [Ca2+], which is mon-
itored fluorometrically. A library containing 1,500
drugs was screened. Oxolinic acid was identified as
a novel RYRI-selective inhibitor. A series of stud-
ies on structural analogs resulted in the discovery
of Cpdl, which exhibits 60-fold higher potency
than oxolinic acid [71]. Cpdl prevents and rescues
isoflurane-induced MH crises in a RYR1 MH knock-
in mouse model (R2509C mice) [72]. Additionally,
Cpd1 exhibits favorable properties of improved water
solubility and rapid in vivo clearance compared to
dantrolene. These findings indicate that Cpdl is a
promising candidate to treat MH and possibly other
RYRI1-RD.

In an effort to explore RYRI activators that could
be used to address effects of loss-of-function RYR1
pathogenic variants, his team recently established
a novel high-throughput platform for reconsti-
tuted EC coupling in non-muscle cells. Five genes
(encoding Cay1.1, Bla, Stac3, JP2, and Kir2.1)
were expressed using baculovirus infection into
HEK?293 cells with stable expression of RYRI and
R-CEPIA ler [73]. Stimulation with high [K*] solu-
tion successfully triggered depolarization-induced
Ca** release in a [K*]-dependent manner. Removal
of each essential component completely abolished
or severely impaired depolarization-induced Ca**
release activity. RYRI1 inhibitors dantrolene and
Cpdl both suppressed depolarization-induced Ca>*
release, whereas perchlorate, a twitch potentiator,
enhanced the sensitivity of depolarization-induced

Ca®t release. Ca®t-induced Ca®* release activity,
evaluated using caffeine, was inhibited by dantro-
lene and Cpdl, but not by perchlorate. These results
reproduced previous findings observed in muscle
cells. This platform of reconstituted depolarization-
induced Ca’t release will be useful for future
high-throughput drug screens designed to identify
potential therapeutic agents for RYR1-RD. Of course,
the overall utility of such drug discovery platforms
depends strongly on the number and structural diver-
sity of the compounds in the chemical libraries used
in these screens.

PREVALENCE AND PATHOPHYSIOLOGY
OF RYR1-RD

Heinz Jungbluth (London, United Kingdom) pro-
vided an update on the status of the international
RYRI1-RD prevalence study. Despite pathogenic
RYR1 variants being one of the most common causes
of CM and MHS, precise epidemiological data con-
cerning RYR1-RD are currently lacking, but are
urgently needed, with therapy development on the
horizon.

A small number of epidemiological studies from
Northern Sweden [74], Northern Ireland [75],
Northern England [76], and the United States (Michi-
gan) [1] suggest a prevalence of between 1 in
22.480-135,000 for CM overall and between 1 in
90,000-249,000 for myopathies with confirmed or
probable RYR1 involvement. However, these stud-
ies were regionally limited, mostly conducted before
widespread diagnostic RYR1 sequencing was avail-
able, predominantly included pediatric patients, and
focused on CM but not other RYR1-RD.

To address the urgent need for more precise epi-
demiological data concerning the full spectrum of
RYRI-RD, an international prevalence study was
proposed. This study focuses on this important group
of neuromuscular disorders while considering sev-
eral general and specific challenges. Specifically,
the proposed study aims to determine the: 1) point
prevalence and incidence of RYRI-RD in 4 dif-
ferent countries, 2) relative proportion of different
CM and MHS-associated phenotypes, and 3) rela-
tive frequency of specific RYR1 genotypes. Inclusion
criteria include: 1) confirmed (likely) pathogenic
variant(s) in RYR1 and 2) clinical features of a
recognized RYR1-RD (i.e. CM, MHS or related phe-
notype), defined on clinical and histopathological
grounds and/or through in vitro contracture testing. In
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addition to genotype and basic demographic informa-
tion, the study will also collect information regarding
the specific RYRI-RD (e.g. CCD, MmD, CNM,
CFTD, King-Denborough Syndrome) and CM with
non-specific histopathological features (e.g. MHS,
and ERM). Requirements for the countries participat-
ing in this study include: 1) availability of centralized
RYRI testing with population-wide coverage, 2)
presence of national expertise centers for CM and
MHS, and 3) corresponding population-wide patient
database/registry coverage.

Point prevalence and incidence rates for RYR1-
RD as a group (as well as the frequency of
specific subgroups) will be calculated for each coun-
try in comparison to national population numbers.
Considering the likelihood of pauci-symptomatic
presentations, a multiple source capture-recapture
approach will be applied [77].

This prevalence study will be the largest pro-
posed epidemiological study to date focused on the
entire spectrum of RYRI-RD. It is expected that
this study will document the true societal burden of
RYR1-RD and will provide the basis for larger nat-
ural history studies, ultimately stimulating increased
industry interest for therapy development.

Isabelle Marty (Grenoble, France) presented
ongoing work from her group screening various
molecules for therapeutic efficacy in alleviating the
consequences of reduced RYR1 expression in reces-
sive RYRI-RM. Many identified RYR1 variants
associated with CM (including CCD and MmD)
result in a marked reduction in muscle Ca’" release
by different pathophysiological mechanisms. Besides
alterations to RYR1 Ca2™ release channel function, a
frequently identified pathogenic mechanism in indi-
viduals with recessive RYR1-RM involves a marked
reduction in RYRI1 protein expression [78]. Work
from Dr. Marty’s lab aims to identify molecules that
are able to increase Ca’T release in the presence of
reduced levels of RYR1 protein, and therefore, help
to reverse the downstream effects of RYR1 reduction,
regardless of the RYR1 variant involved. Their group
first developed and characterized the tools needed to
screen for such molecules including various cellu-
lar models and an inducible RYR1 knockout mouse
model. They were the first to develop an inducible,
muscle-specific RYR1 knockout mouse model. The
characterization of this mouse model demonstrated
that reduction in RYR1 expression in adult mice
results in muscle weakness that correlates directly
with RYRI1 protein levels [79], as is observed in
individuals with recessive RYR1-RM [78]. Their lab

also developed human immortalized myoblasts from
patient biopsies with various pathogenic variants and
mouse primary muscle cultures with reduced RYR1
expression generated from the RYRI1-null mouse
model. A reduction in both RYR1 expression and
Ca’* release was confirmed in these cell models.
Using these tools, a drug screening pipeline was
developed to identify small molecules capable of
increasing RYR1-mediated Ca®* release. Identified
molecules will be further tested and validated in vivo
using the inducible, muscle-specific RYR1-knockout
mice.

James Dowling (Toronto, Canada) presented
results from his collaborative work with Robert
Dirksen (Rochester, USA) aimed at identifying and
translating new potential therapies for RYR1-RD. Dr.
Dowling highlighted recent therapies uncovered for
other CM with secondary RYR1 dysfunction, includ-
ing tamoxifen, anti-sense oligonucleotide-mediated
knockdown of DNM2, and epigenetic modulation
with HDAC inhibitors. He also presented results from
a recent drug screen for RYRI-RD performed using
a multi-species drug discovery pipeline (nematodes,
zebrafish, mice, and mammalian myotubes). In this
study, his team performed large scale drug screens in
ryrl deficient C. elegans and zebrafish. Positive hits
were tested across species, and then brought to mice
and cultured mammalian cells. In addition to estab-
lishing a screening platform, this work also identified
p38 inhibitors as potential modifiers of RYR1 related
cellular phenotypes. Lastly, Dr. Dowling outlined a
strategy for identifying therapeutic targets in a mouse
model of recessive RYR1-RM and discussed prelimi-
nary results on the first therapies being tested in these
mice. This work started through the generation and
characterization of newly developed mice with com-
pound heterozygous variants in RYR1, and led to the
elucidation of the disease, as well as the identification
progression in these mice, as well as identification of
outcome measures suitable for drug testing. Based on
these data, candidate therapeutics, such as tamoxifen
and p38 inhibitors, are now being tested for their abil-
ity to increase survival and improve motor function
in mouse models of RYRI-RM.

Johann Bohm (Strasbourg, France) discussed how
RYRI1 disease-causing variants are implicated in
CNM. CM affects children and adults in all pop-
ulations and usually involves stable or progressive
muscle weakness. Individual CM subtypes can be
distinguished by the predominance of particular
histological anomalies on muscle biopsies as distin-
guished by an abnormal nuclear positioning in CNM
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or the presence of areas devoid of mitochondrial
activity in MmD [2, 80]. However, CM is charac-
terized by diverse clinical and genetic heterogeneity,
and histopathological hallmarks may not be restricted
to a specific subtype.

The skeletal muscle triad is composed of trans-
verse tubules (T-tubules) flanked by SR cisternae
that contain the EC coupling machinery. The main
CNM forms are typically due to pathogenic variants
in genes that encode proteins involved in T-tubule
biogenesis (MTM1, BINI, and DNM?2). Meanwhile,
MmD can be caused by pathogenic variants in RYR1,
which is located in the SR [8§1-84]. Of note, patients
sometimes show overlapping histological features
of CNM and MmD. This is presumably due to the
co-localization of RYRI and the CNM-associated
proteins at the triad coupled with the interconnection
of pathways regulating membrane remodeling (CNM
proteins) and the CaZt release complex (RYR1) [21,
85, 86]. Store-operated calcium entry is another pro-
cess that occurs at the skeletal muscle triad and
individuals with tubular aggregate myopathy and
pathogenic variants in the STIM1 and ORAII genes
can exhibit histopathological characteristics similar
to those observed for CNM and MmD [87, 88].
This congruence is underscored by a recent study
describing the presence of tubular aggregates in indi-
viduals carrying RYRI1 variants [89]. Conversely,
patients with RYR1 pathogenic variants may not
always exhibit cores on muscle sections [90].

To ensure that RYR1 variants are not overlooked in
CM patients and to provide a rapid and precise molec-
ular diagnosis for the affected families, the Strasbourg
diagnostic laboratory performs panel sequencing that
covers the 238 known genes implicated in neuromus-
cular disorders. Depending on the medical and/or
histological indications, it is possible to focus on
the genes associated with CNM, MmD, or tubu-
lar aggregate myopathy in the initial analysis and
subsequently assess all other neuromuscular genes
as a secondary analysis. While exome or genome
sequencing may be a next step, the interpretation of
variants in novel genes requires functional investiga-
tions on cells and animal models to make conclusions
regarding pathogenicity.

THERAPEUTIC PIPELINE
Jacques Tremblay (Québec, Canada) presented

preclinical data from his group focused on correction
of RYR1 pathogenic variants using a CRISPR/Cas9

prime editing approach. Traditional CRISPR/Cas9
systems rely on repair of double-stranded DNA
breaks induced by a Cas9 nuclease. The Cas9 enzyme
is directed to the target site by a single-guide RNA
(sgRNA), which recognizes a 20 nucleotide sequence
adjacent to a short protospacer adjacent motif in the
target genomic DNA [91-93].

Prime editing technology is also based on
CRISPR/Cas9, but it can introduce small changes
in the genomic DNA without the need for a double
strand break. Prime editing employs a SpCas9 nick-
ase, which induces a cut only in a single DNA strand.
The SpCas9 nickase is fused to a reverse transcrip-
tase and delivered along with an engineered prime
editing guide RNA [94]. This is a modified sgRNA
containing the scaffold and the spacer sequences of
the sgRNA, along with a primer binding site, areverse
transcriptase template, and a pseudoknot sequence.

Dr. Tremblay’s group designed prime editing guide
RNAs capable of either inserting or correcting a
T4709M RYRI1 variant in human cells or correcting
the analogous T4706M variant in a knock-in mouse
model. After optimization of the system, PCR ampli-
fication of RYRI exon 96 and Sanger sequencing of
the amplicons demonstrated that the T4709M variant
was introduced in 63% of HEK293T cells by a single
prime editing treatment. The group then attempted
to correct the analogous variant in cells (a mixture
of fibroblasts and myoblasts) derived from muscle of
T4706M knock-in mice. Unfortunately, this approach
did not result in significant correction, likely due to
the low transfection efficiency of these cells.

The main challenge for a prime editing therapy
in RYRI-RD is efficient delivery of the gene edit-
ing machinery to a large percentage of the muscle
fibers. To overcome this challenge, Dr. Tremblay’s
group plans to test three delivery methods for in vivo
correction of the T4706M variant: 1) a dual AAV
delivery system [95-98], with one AAV coding for
a SpCas9 nickase-intein and the other for an intein-
reverse transcriptase plus an engineered prime editing
guide RNA; 2) plasma-purified extracellular vesicles
containing the full length SpCas9 nickase-reverse
transcriptase protein and an engineered prime editing
guide RNA [99]; and 3) lipid nanoparticles containing
the SpCas9 nickase-reverse transcriptase mRNA and
an engineered prime editing guide RNA [100-103].
By altering the engineered prime editing guide RNA
sequence, the prime editing strategy may not only be
useful for other RYR1 variants, but also a multitude of
pathogenic variants responsible for other hereditary
diseases.
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Nanna Witting (Copenhagen, Denmark) summa-
rized data supporting the benefits of exercise in
patients with CMs. Exercise is generally recom-
mended for patients with myopathies to increase
fitness and function in activities of daily living, as
well as to reduce the risk of diseases associated with
a sedentary lifestyle. Solid evidence indicates that
exercise is safe, well-tolerated, and improves physio-
logical parameters for individuals that exhibit a wide
number of different myopathies [104, 105].

The 2012 consensus statement on standard of care
recommended exercise for individuals with CM, but
acknowledged that there is no good evidence to
recommend a particular frequency or intensity [8].
Fatigue appears to be a significant limiting factor
for many of these patients. One of the few studies
examining exercise in CMs found that aerobic train-
ing led to an increase in maximal oxygen uptake
without an elevation in creatine kinase levels. Only
seven of sixteen total patients however completed the
study with fatigue being the most common cause for
dropout. Those who dropped out included three of the
four RYR1-RD patients in the study [106]. Fatigue
is also limiting for training in Kennedy disease. In
this condition, there is evidence that patients perform
better with high intensity interval training [107]. This
approach improves maximal oxygen uptake without
inducing the same degree of fatigue as conventional
training programs. High intensity interval training
may therefore be a valid alternative for patients with
CM.

Tokunbor Lawal (Bethesda, USA) discussed pre-
clinical data implicating lipid peroxidation and redox
imbalance in the pathophysiology of RYR1-RD. This
association was corroborated by the recent clin-
ical trial of N-acetylcysteine (NAC) [15], which
confirmed baseline increases in oxidative stress mark-
ers (including lipid urine 15-Fy; isoprostane and
GSH:GSSG ratio) in RYR1-RM patients. Unfor-
tunately, NAC treatment did not improve these
abnormalities, likely owing to metabolic degradation
preventing sufficient target engagement in muscle.
Nevertheless, addressing the pathological sequelae of
RYRI dysfunction (including Ca>* leak and oxida-
tive stress) remains a priority for the field. It is
possible that a combination of channel stabilizing
compounds and targeted antioxidant therapy could
yield significant therapeutic benefit.

Antioxidant compounds with potential for target
engagement in RYRI-RD include prescription-grade
n-3 polyunsaturated fatty acids (eicosapentaenoic
acid, docosahexaenoic acid [LOVAZA]) and mito-

quinol mesylate). It has been shown that n-3
polyunsaturated fatty acids inhibit SR Ca®* release
and alter muscle lipid composition [108, 109]. Mean-
while, mitoquinol mesylate is a neuroprotective
mitochondria-targeted coenzyme Q¢ analog that is
able to permeate the mitochondrial membrane, lead-
ing to intra-mitochondrial concentrations that are
100-500-fold higher than coenzyme Q¢ [110]. Pre-
vious studies suggested a link between mitochondrial
Ca”*t accumulation and redox imbalance in RYR1-
RD [111]. As such, mitoquinol mesylate has the
potential to address redox imbalance associated with
core formation at its source. Both mitoquinol mesy-
late and n-3 polyunsaturated fatty acids exhibit a
favorable safety profile. In addition, their availability
and relatively low cost render them amenable to rapid
translation to clinical trials. Dr. Lawal and colleagues
are conducting a study to test the effects of these com-
pounds at physiologically-relevant levels, alone and
in combination, on lipid peroxidation, redox balance
and muscle function in two murine models of RYR1-
RM: recessive T4706M/S1669C+L1716del knock-in
mice and dominant Y524S knock-in mice [112]. The
aim of this study is to generate preclinical data to
support a phase II clinical trial in RYR1-RD.

RYR1 CLINICAL TRIALS

Eva Michael (Gothenburg, Sweden) presented the
design of COMPIS (NCT05099107), a recently ini-
tiated clinical trial of oral salbutamol for CMs. A
possible benefit of salbutamol in these disorders is
suggested by preclinical evidence of impaired neu-
romuscular transmission in several CMs [113-115],
as well as by the role of beta-adrenergic signaling in
muscle physiology [116, 117]. Prior studies reported
that salbutamol enhanced muscle strength and func-
tion in CMs [118, 119]. In the absence of a large
randomized study, however, no consensus has been
reached and salbutamol is not included in the standard
of care. The aim of the COMPIS study is to examine
the effects of 6 months of salbutamol treatment on
muscle function and strength in CM patients. COM-
PIS is a prospective, randomized-controlled study
with a crossover design. Twenty patients from 6-31
years of age with a genetically confirmed CM are
being recruited in Sweden. The study includes five
visits over nineteen months and has three time peri-
ods: a baseline and two treatment periods. After the
baseline period, patients are randomized to either
salbutamol or no treatment. An initial evaluation
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occurs after six months, followed by a washout period
of one month. The groups will then cross over for
an additional six months. The same battery of tests
and evaluations are performed at each study visit.
The primary outcome measure of the study is an
increase of at least three points on the 32-item Motor
Function Measure functional assessment scale. The
six-minute walk test, several timed function tests,
myometry, forced vital capacity and the nine-hole peg
test serve as secondary outcomes. The clinical eval-
uators (physiotherapists and occupational therapists)
are blinded to treatment group assignment. The study
will also examine changes in quality of life. COMPIS
was initiated in October 2021 and is expected to be
completed in August 2024.

Joshua J. Todd (Bethesda, USA) presented results
from the first clinical trial of NAC, a precursor to the
ubiquitous antioxidant glutathione, in patients with
RYRI1-RM [15]. The study evaluated the impact of
NAC treatment on oxidative stress and endurance
in ambulatory individuals with a genetic diagnosis
of RYR1-RM. This phase II, double-blind, random-
ized, placebo-controlled trial was conducted at the
National Institutes of Health between 2015 and 2017.
The trial design comprised a six-month lead in (natu-
ral history) phase, followed by a six-month treatment
phase. The primary endpoints were levels of urine
15-Fy; isoprostane, an oxidative stress marker, and
six-minute walk distance as a measure of endurance.
In total, 150 individuals were screened, 53 were
enrolled in the natural history phase, and 33 were
randomized (1 : 1) to receive either NAC or placebo
in effervescent tablet formulation (30 mg/kg/day not
to exceed 2700 mg/day) for six months. NAC exhib-
ited a favorable safety and tolerability profile. All
trial participants were found to exhibit an elevated
baseline concentration of urine 15-Fp; isoprostane,
a stable biomarker of lipid peroxidation, during the
natural history phase compared to normal control
individuals. This elevation, however, was not cor-
rected following NAC treatment. Likewise, NAC
treatment did not significantly increase distance of
the six-minute walk test.

Although this clinical trial did not meet its pri-
mary endpoint, it provided important insights into
trial readiness and lessons for future clinical trials in
RYRI1-RM. Key lessons included stringent eligibility
criteria to avoid floor and ceiling effects on efficacy
endpoints, establishing a robust collaborative frame-
work between government, industry, academia, and
patient advocacy, early regulatory interactions, and
building an operational infrastructure in advance of

trial launch. This trial led to further discussion on
the added value of obtaining a breadth of data and
biospecimens for future research. Indeed, 1) owing to
methodological advances, the study team is now posi-
tioned to re-evaluate the original primary endpoint
(systemic reduced-to-oxidized glutathione ratio) in
banked whole blood samples; 2) data was submitted
to the Rare Disease Cures Accelerator Data Ana-
lytics Platform, an initiative supported by the U.S.
Food and Drug Administration [120]; and 3) muscle
biopsy specimens obtained for exploratory analyses
were used to provide ex vivo proof-of-concept data to
support the phase I trial of Rycal S48168 (ARM210)
in RYR1-RD individuals [121]. This experience also
highlighted the importance of obtaining feedback
from trial participants on their experience to inform
future studies.

Payam Mohassel (Baltimore, USA) presented the
results of the first clinical trial of S48168 (ARM210),
a Rycal compound, in individuals with RYRI1-
RM (NCT04141670). In preclinical studies, Dr.
Andrew Marks and colleagues previously reported
that decreased RYR1-calstabinl association exacer-
bates SR Ca®™t leak, with detrimental downstream
effects on muscle function [122]. Rycal compounds
bind to RYR1 to stabilize the RYRI closed state
[62]. Studies of muscle biopsies from individu-
als with RYRI-RM found that ex vivo addition of
Rycals mitigates aberrant Ca®t leak [121]. Based
on these findings, Dr. Mohassel and colleagues, in
collaboration with ARMGO Pharma (the study spon-
sor), conducted a phase I clinical trial of S48168
(ARM210) in ambulatory adults with RYR1-RM
(NCT04141670). The primary endpoint of the trial
was safety and tolerability over a one-month dos-
ing period. Pharmacokinetic studies, muscle biopsies,
motor/muscle function tests, and a patient-reported
fatigue questionnaire were also included. Seven eli-
gible individuals were enrolled and received either
a low (120 mg, n=3) or high (200 mg, n=4) daily
dose of S48168 (ARM210). S48168 (ARM210)
was well tolerated; three treatment-emergent adverse
events grade 2 or above were reported, all unrelated
to S48168 (ARM210), and there were no serious
adverse events. S48168 (ARM210) showed a dose-
dependent pharmacokinetic profile and peak plasma
concentration remained within pre-defined safety
margins. At one-month, self-reported fatigue scores
decreased and shoulder abduction strength trended
higher, in the high dose group. Other preliminary effi-
cacy results were mixed. Given the favorable safety
profile and early encouraging efficacy trends, fur-
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ther clinical development of S48168 (ARM210) for
RYRI1-RM is warranted.

CONSENSUS RECOMMENDATIONS FOR
BASIC/TRANSLATION AND CLINICAL
PRIORITIES

During the RYRI international research workshop,
several recurring basic/translational and clinical pri-
orities emerged (Table 1). These priorities were
reviewed by the organizing committee and consoli-
dated into the following consensus recommendations
and action plan for the field.

Basic/translational

Continued development and testing of
pre-clinical models of RYRI-RD

Drs. Dowling, Treves, and Marty provided new
information regarding the pathogenesis of RYR1-RD
and muscle dysfunction due to RYR1 deficiency [13,
79, 123]. These and other RYR1 pre-clinical mod-
els of RYR1-RD provide tremendous opportunities
to identify key underlying disease pathomechanisms
(e.g. RYRI1 Ca?t leak, ER/SR stress, reduced RYR1
expression, epigenetic modifications), as well as
providing valuable models to test the efficacy of
mechanism-based therapeutic interventions. Thus,
the availability of validated pre-clinical models that
faithfully reproduce key aspects of RYR1-RD are
needed to test the efficacy of exciting advances in
RYRI drug discovery and genetic-based therapeutic
interventions discussed below.

Expand the drug discovery pipeline

Drs. Cornea and Murayama presented new find-
ings using high-throughput screening approaches to
identify modifiers of RYRI1 activity [64], SERCA1
function [65], and depolarization-induced Ca**
release. These and other high-throughput drug
screens (and subsequent medicinal chemistry efforts
to improve drug delivery/bioavailability) are needed
to identify new therapeutic agents that can then be
tested for efficacy in the different pre-clinical models
of RYR1-RD.

Development of RNA- and DNA-based therapies

Dr. Tremblay’s group capitalized on recent
advances in CRISPR/Cas9 prime editing to cor-
rect pathogenic variants in dystrophin that cause
Duchenne muscular dystrophy [124] and is opti-

mizing this approach to correct RYRI pathogenic
variants. Additional genetic-based therapeutic inter-
ventions, some of which are being pursued with
varying levels of success for other genetic disor-
ders, could also be operationalized for RYR1-RD. For
example, antisense oligonucleotides designed to alter
RNA splicing events have shown remarkable trans-
lational promise for the treatment of spinal muscular
atrophy [125]. In addition, trans-splicing approaches
are currently being developed in pre-clinical models
of Duchenne muscular dystrophy [126, 127]. siRNA-
mediated mutant allele-specific gene silencing can
mitigate disease phenotypes in autosomal dominant
disorders and have been used previously in a mouse
model of MHS with cores [128]. Anti-codon edited
tRNAs are being optimized to suppress nonsense
variants or premature termination codons that result
in cystic fibrosis [129, 130]. Thus, an important area
of future basic/translational development involves
optimizing these and other RNA- and DNA-based
therapies. Again, the availability of appropriate pre-
clinical models of RYR-RD are essential tools needed
for successful clinical translation of these and other
novel therapeutic interventions.

Pathogenicity classification of RYRI variants for
RYRI-RD

Dr. Biesecker summarized findings of the ClinGen
MHS curation expert panel for RYRI pathogenic-
ity classifications in MH using American College of
Medical Genetics and Genomics guidelines adapted
for MHS. Similar ClinGen variant curation expert
panels are needed to adapt these guidelines to provide
objective quantitative evidence for the pathogenicity
of RYRI variants linked to other forms of RYR1-RD
(e.g. CCD, CFTD, CNM, and MmD).

Launch a comprehensive database for RYRI-RD
(with patient community input)

Susan Hamilton (Houston, USA) raised the
importance of making genetic and phenotypic data
on RYRI1-RD centrally available for patients, fam-
ily members, clinicians, and researchers. To address
this concern, attendees advocated for the contin-
ued refinement and public launch of the RYRI-RD
database project, initially funded by The RYR-1
Foundation. This comprehensive database represents
a critical unmet need for the field. Dr. Todd provided
a status update on the project and outlined next steps.
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Consensus recommendations to emerge from the workshop regarding both basic/translational
and clinical priorities for the RYRI1-RD field

Consensus recommendations

Basic/translational priorities

Clinical priorities

Preclinical model development and testing
Drug discovery pipeline expansion

RNA and DNA-based therapy development
RYRI variant pathogenicity classification

Analyze and follow up on patient surveys
Expand and centralize natural history data
Evaluate salbutamol efficacy

Clinical trial advancement of Rycal S48168

Establish patient-facing RYR1-RD database

Clinical

Analyze patient-led survey data and continue to
engage in patient-initiated research

Mr. Huseth and Ms. Simon provided an overview
of a patient-initiated online survey. The survey results
highlight patient perspectives on factors that pos-
itively and negatively impact quality of life and
revealed that a vast majority of respondents are eager
to participate in future research and clinical studies.

Improve clinical understanding of the complex
histopathological spectrum and dynamics in
RYRI-RM and provide MHS neuromuscular
symptom information on patient-facing websites

New insights into the age-dependent histopatho-
logical spectrum and neuromuscular manifestations
of RYR1-RM were presented by Dr. Voermans (Rad-
boud, the Netherlands) and Dr. Jungbluth (London,
United Kingdom). Thus, a continued appreciation for
the ever-expanding clinical spectrum of RYR1-RM
is warranted [34]. Given this continued evolution,
it will be important to make this information avail-
able on multiple patient-facing websites (e.g. The
RYR-1 Foundation, MDA, ENMC, MHAUS, and
EMHG).

Centralize existing (retrospective) natural
history data to facilitate clinical trial readiness

Dr. Todd reviewed natural history data obtained
from the NAC trial made available to the research
community through the Rare Disease Cures Accel-
erator Data Analytics Platform, a program funded
through the Food and Drug Administration. This
platform provides a centralized and standardized
infrastructure to support and accelerate rare disease
characterization, with the goal of accelerating ther-
apy development across rare diseases. The platform
is already being utilized for Duchenne muscular dys-

trophy, Huntington’s disease, Friedreich’s ataxia and
polycystic kidney disease. Researchers in the field are
encouraged to submit their RYR1-RM natural his-
tory data to the Rare Disease Cures Accelerator Data
Analytics Platform [120].

Develop a collaborative framework for future
prospective natural history data collection

The workshop highlighted that the majority of
natural history data obtained to date were collected
retrospectively and without consistency in outcome
measures and assessments. Developing a framework
for prospective natural history data collection either
through an international multi-center study with com-
mon data elements will be important for maximizing
clinical trial readiness across the spectrum of RYR1-
RM.

Continued clinical evaluation of salbutamol as a
potential therapeutic for congenital myopathies,
including RYRI-RM

Dr. Michael provided an overview of an ongoing
investigator-initiated clinical trial of oral salbutamol
in individuals with congenital myopathies (COM-
PIS, NCT05099107). This open label, randomized,
crossover trial was designed to determine whether
a six-month course of oral salbutamol treatment
improves muscle function in affected individuals.
Encouraging observations from some previously
published cases warrant continued investigation into
the potential benefits of salbutamol therapy for
RYRI1-RM.

Advance clinical development of Rycal S48168
(ARM210) for RYR1-RD

Dr. Mohassel presented early results from an
industry-sponsored phase I dose-escalation trial of
Rycal S48168 (ARM210) in RYRI1-RM-affected
individuals (ARMGO Pharma Inc., NCT04141670).
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The compound was found to exhibit a favor-
able safety and tolerability profile. Thus, attendees
agreed that further clinical development of S48168
(ARM210) for RYR1-RM is warranted. Full results
from the clinical trial are being prepared for
publication.
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