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Abstract

RYRI encodes the type 1 ryanodine receptor, an intracellular calcium release channel (RyR1) on the skeletal muscle sar-
coplasmic reticulum (SR). Pathogenic RYR/ variations can destabilize RyR1 leading to calcium leak causing oxidative
overload and myopathy. However, the effect of RyR1 leak has not been established in individuals with RYRI-related myopa-
thies (RYRI-RM), a broad spectrum of rare neuromuscular disorders. We sought to determine whether RYRI-RM affected
individuals exhibit pathologic, leaky RyR1 and whether variant location in the channel structure can predict pathogenicity.
Skeletal muscle biopsies were obtained from 17 individuals with RYRI-RM. Mutant RyR1 from these individuals exhibited
pathologic SR calcium leak and increased activity of calcium-activated proteases. The increased calcium leak and protease
activity were normalized by ex-vivo treatment with S107, a RyR stabilizing Rycal molecule. Using the cryo-EM structure
of RyR1 and a new dataset of > 2200 suspected RYRI-RM affected individuals we developed a method for assigning patho-
genicity probabilities to RYR! variants based on 3D co-localization of known pathogenic variants. This study provides the
rationale for a clinical trial testing Rycals in RYRI/-RM affected individuals and introduces a predictive tool for investigating
the pathogenicity of RYR/ variants of uncertain significance.
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Introduction receptor (RyR1) protein and result in RYRI-RM that affect

at least 1:90,000 individuals in the United States [1]. RyR1

RYRI-related myopathies (RYRI-RM) comprise a spec-
trum of rare neuromuscular disorders for which there is
no approved treatment [25]. Causative variants in RYR]
(19q13.2) lead to defects in the skeletal muscle ryanodine
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is an intracellular Ca** release channel in the sarcoplasmic
reticulum (SR) required for excitation—contraction coupling
(ECO) [2, 23, 30, 43, 45]. Calstabin] binds to RyR1 and sta-
bilizes the closed state of the channel [7]. Defects in RyR1
that decrease the binding affinity of calstabinl, including
PKA phosphorylation, oxidation, and Cys-nitrosylation,
result in leaky channels [2, 11, 13, 21, 33, 40, 41]. RyR1-
mediated SR Ca?* leak causes muscle dysfunction via
impaired ECC, activation of Ca>* dependent caspases, and
mitochondrial Ca®* overload resulting in downstream pro-
duction of pathologic reactive oxygen species (ROS). The
oxidative environment also creates a feed-forward mecha-
nism that promotes further RyR1 dysfunction [2].

Rycals are a class of compounds derived from a 1,4-ben-
zothiazepine backbone that prevent intracellular Ca** over-
load in disease states by stabilizing leaky ryanodine receptors.
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These compounds improved cardiac muscle function in mice
with heart failure by stabilizing the binding between calstabin2
and RyR2 [42, 44]. Rycals improved skeletal muscle func-
tion by stabilizing calstabinl binding to RyR1 and reducing
RyR1 Ca*" leak [43]. Subsequent studies demonstrated that
treating leaky RyR1 with Rycals improved muscle function in
Duchenne muscular dystrophy [5, 14], diaphragmatic weak-
ness during mechanical ventilation [31], and limb—girdle mus-
cular dystrophy [3]. Elucidating whether RYRI-RM-affected
individuals exhibit calstabin1 depletion from RyR1 and Ca®*
leak is important for predicting whether such individuals may
respond to Rycal therapy.

RyR1 is a homotetramer comprised of four identical
565,000 dalton protomers. Inherited mutations in RYRI
cause skeletal muscle myopathies of varying clinical phe-
notypes, including proximal and/or distal muscle weakness,
hypotonia, contractures, scoliosis, respiratory insufficiency,
and ophthalmoplegia. The relationship between particular
pathologic variants and clinical phenotype, including rhab-
domyolysis, intermittent periodic paralysis, [10, 27, 32] and
risk for malignant hyperthermia (MH), a potentially fatal
hypermetabolic response to pharmacological triggers, is
not well understood. We compiled an RYRI dataset from
thousands of individuals with reported RYR/ variants and
clinical suspicion for RYRI-RM.

The rarity of RYRI-RM makes it difficult to assign patho-
genicity to variants of unknown significance (VUS) and pro-
vide individuals with a definitive diagnosis, prognosis and
therapeutic strategy. We therefore also sought to develop an
algorithm, based on a new RYRI dataset and the cryo-EM
structure of RyR1, for predicting the pathogenicity of RYR!
VUS.

Results

Twenty-eight RYRI variants were identified in 17 affected
individuals whose muscle tissue was analyzed in this study.
Of these variants, 26 were distinct (p.Arg4861His and
p-Ser4028Leu were present twice, Table 1 and Supplemen-
tary Fig. 1). Variant subtypes were as follows: missense sub-
stitutions (n =22), deletions (n=1), duplications (n=1), and
nonsense variations (n=2). Bioinformatics analyses of mis-
sense substitutions included in this study and 10 benign vari-
ants (> 0.3% incidence in gnomAD database) are presented
in Supplementary Table 1. The variants were also mapped to
the RyR1 channel complex (Table 1, Supplementary Fig. 1).

RyR1 channel activity and properties
Biochemistry and electrophysiology

We assessed calstabinl binding to RyR1 and RyR1 function
in skeletal muscle from the RYRI-RM affected individuals
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in this study. Co-immunoprecipitation with immunoblot-
ting demonstrated increased channel oxidation and reduced
RyR1-calstabinl binding to mutant channels relative to con-
trol (Fig. 1a, b). Reduced RyR1-calstabinl binding was con-
sistently observed in all patient samples (n=17) regardless
of where the RYRI variants were located and ranged from
10-25% of control (Fig. 1b). Case 2 with the p.Ala4185Thr
variant and a less certain clinical diagnosis of RYRI-RM
exhibited channels with only modestly reduced calstabinl
binding, consistent with our computational modeling that
assigned the variant a low probability of pathogenicity score
(Table 1). We previously showed that RyR1 oxidation causes
a reduction in calstabinl binding to RyR1 and promotes
channel leak [3, 8, 11, 13, 20, 26, 35, 36, 41, 46] (Fig. 1a,
b). Treating RYRI-RM skeletal muscle ex-vivo with S107
improved calstabinl binding to RyR1 in all samples (Fig. 1).
In addition, calpain (a Ca**-activated protease that can cause
muscle damage) activity was increased in the presence of
leaky RyR1 channels (Fig. 1c).

Single-channel recordings of RyR1 in planar lipid bilay-
ers (Fig. 2a, b) revealed increased Po at basal non-activat-
ing cis (cytosolic) Ca’* levels (~ 150 nM), consistent with
leaky channel behavior [30]. Case 2 with the p.Ala4185Thr
variant exhibited increased leaky channel behavior but to
a lesser degree compared to the other variants. Ca>* leak
was reversed by treating the patients’ muscle lysates with
S107 prior to incorporating them into the bilayer (Fig. 2a,
b). SR Ca’* leak was also assessed in microsomes isolated
from RYRI-RM skeletal muscle as previously described [26,
40, 46]. SR microsomal Ca®>* leak was increased in skeletal
muscle from RYRI-RM affected individuals compared to
control (Fig. 3a, b). This leak was reversed by treating the
patients’ muscle lysates with S107 (Fig. 3a, b).

Taken together, our data show that all 17 individuals in
the present study have leaky skeletal muscle RyR1 chan-
nels in their lower extremities (no other muscle groups were
examined due to the invasive nature of muscle biopsies).
Case 2, (p.Ala4185Thr) had a less certain clinical phenotype
characterized by post-exercise myalgias and occasional pig-
menturia. Analysis of this individual’s skeletal muscle tissue
revealed higher calstabinl binding and less SR Ca** leak
compared to other RYR/-RM affected individuals. Nonethe-
less, ex-vivo Rycal treatment of skeletal muscle from Case 2
was still effective at stabilizing the closed state of RyR1 and
reducing SR Ca** leak.

Case 1: Comprehensive analysis of RyR1 channel function

Case 1 is an individual who inherited two variants from his
clinically asymptomatic mother, and one from his clini-
cally asymptomatic father (Fig. 4a). The father did, how-
ever, report profound statin intolerance (muscle pain). Case
1 exhibited myopathic histopathology with muscle fiber
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Table 1 Participant variant characteristics

Case Sex MOI RYRI sequenc-  Nucleotide change  Amino acid Variant clas- Structure-based variant Protein location
ing change sification (based pathogenicity assignment
on ClinVar) -
Score (AU) Pathogenic-
ity prob-
ability

1 M Recessive Complete c.4999C>T p.Argl667Cys  Conflicting 0.000 0.682 Jsol
¢.5140_5142del p-Leul714del vUsS - - Jsol
c.14126C>T p.Thr4709Met  Pathogenic 0.001 0.686 pVSD (52S3)

2 M Dominant Complete c.12553G>A p.Ala4185Thr  Conflicting 0.001 0.685 TaF

3 F  Dominant Targeted c.7354C>T p.Arg2452Trp ~ Pathogenic 0.189 0.973 BSol

4 F  Denovo Complete ¢.14693T>C p.11e4898Thr VUS 0.280 0.993 Pore

5 F  Dominant Targeted c.14818G>A p.Ala4940Thr  Pathogenic 0.159 0.958 Pore (S6c¢)

6 F  Dominant Targeted c.14582G>A p.Argd861His  Pathogenic 0.195 0.975 Pore

7 M Recessive Complete c.6721C>T p.Arg2241* Pathogenic - - Bsol
c.325C>T p.Argl09Trp Pathogenic 0.081 0.878 NTD-A
c.2122G>A p.Asp708Asn Conflicting 0.000 0.682 SPRY1
c.1453A>G p-Met485Val Conflicting 0.000 0.684 Nsol

8 F  Dominant Complete c.14582G>A p-Arg4861His Pathogenic 0.195 0.975 Pore
¢.13331_13351dup p. Gly4444- vuUs - - Unresolved

50dup

9 M  Dominant Targeted c.12083C>T p-Ser4028Leu  VUS 0.091 0.893 Csol

10 F  Dominant Targeted c.14558C>T p-Thr48531le Pathogenic 0.179 0.969 Pore

11 F  Dominant Exome c.14731G>A p-Glu4911Lys  VUS 0.096 0.900 Pore

12 M Recessive Exome c.1589G>A p-Arg530His VvuS 0.161 0.959 Nsol
c.3127C>T p-Argl043Cys  VUS 0.001 0.685 RY1&2
c.7007G>A p-Arg2336His  Pathogenic 0.155 0.956 Bsol

13 M Dominant Targeted c.14681C>A p-Ala4894Asp  VUS 0.269 0.992 Pore

14 M Recessive Complete c.1993del p-Val665* Likely patho- - - SPRY1

genic

c.4816C>A p-Argl606Ser ~ VUS 0.001 0.686 SPRY3

15 M Denovo Exome c.12083C>T p-Ser4028Leu VvUS 0.091 0.893 Csol

16 M Dominant Complete ¢.14209C>T p-Argd4737Trp  Pathogenic 0.174 0.966 pVSD (52S3)

17 M Recessive Targeted c.10097G>A p-Arg3366His ~ VUS 0.109 0.916 Bsol
c.11798A>G p.Tyr3933Cys ~ VUS 0.002 0.689 Csol
c.14645C>T p-Thr4882Met  Conflicting 0.018 0.736 Pore

RYRI sequencing methods. Mode of inheritance (MOI) determined through pedigree data. For cases without parental genetic testing, a plausi-
ble mode of inheritance was established through careful evaluation of clinical manifestations. ClinVar clinical significance as reported at https
://[www.ncbi.nlm.nih.gov/clinvar. Structure-based variant pathogenicity assignment provided in arbitrary units (AU) and as the probability of
pathogenicity as described

M male, F female, MOI mode of inheritance, VUS variant of uncertain significance, del deletion, *premature stop codon, Jsol junctional sole-
noid, pVSD pseudo-voltage-sensing domain, $253 helical-bundle domain between S2 and S3, TaF thumb and forefingers domain, Bsol bridging
solenoid, Pore channel pore domain, S6¢ cytoplasmic extension of S6, NTD-A N-terminal domain A, SPRY1 SP1a/Ryanodine receptor domain 1,
Nsol N-terminal solenoid, Csol core solenoid, RY!&2 RYR repeats 1 and 2, SPRY3 SP1a/ryanodine receptor domain

diameter variability and cores (Fig. 4b). Electron micros-
copy revealed a reduced number of mitochondria in affected
myofibers (Fig. 4c). RyR1 isolated from this individual’s
skeletal muscle exhibited increased oxidation, nitrosyla-
tion, and depletion of calstabinl from the channel complex,
assessed by co-immunoprecipitation and immunoblotting
as described [2] (Fig. 4d). RyR1-calstabinl binding was
restored by ex-vivo treatment of the individual’s muscle

using the RyR stabilizing Rycal drug, S107 (Fig. 4d) as pre-
viously reported [2, 5, 6, 22, 26]. Case 1’s muscle exhibited
increased SR Ca®* leak in a microsomal Ca2* leak assay,
which was reduced by ex-vivo treatment with S107 (Fig. 4e).
Similarly, single-channel recordings of RyR1 reconstituted
into planar lipid bilayers [7] showed increased channel
open probability (Po) in the presence of non-activating
resting cytosolic [Ca2+]Cyl compared to WT RyR1 channels
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Fig. 1 Reduced calstabinl binding to RYR/-RM channels restored by
ex-vivo treatment with Rycal. a RyR1 was immunoprecipitated using
a RyR1-specific antibody from 0.1 mg of skeletal muscle lysates
obtained from RYRI-RM affected individuals included in this study
in the absence and presence of 1.0 uM S107. Co-immunoprecipitated
calstabinl is assessed using RyR antibody and calstabin specific anti-
bodies. Oxidation of RyR1 is determined by first derivatizing the car-
bonyl groups in the protein side chains in the immunoprecipitate with

(Fig. 4f-h). The increased Po was normalized by ex-vivo
treatment of the individual’s muscle with S107 (Fig. 4i).
Treating the isolated channels with ryanodine resulted in
the channels being locked in a half-open sub-conductance
state, diagnostic for RyR channels (Fig. 4j).

Having demonstrated structural (calstabinl loss) and
functional (leaky channel behavior) abnormalities exhibited

@ Springer

dinitrophenylhydrazone (DNP, Abcam, 178020) and then detecting
the DNP signal associated with RyR using an anti-DNP antibody. See
Table 1 for RYRI variants. b Quantification of immunoblot data. Con-
trol Calstabin/RyR1 set to 4/1. N = 3 per group. ¢ Calpain activity
of muscle lysates determined using a commercial kit (Abcam). The
calpain activity assay protocol is based on the detection of cleavage
of calpain substrate and the relative change in fluorescence signal/pg
lysate after 1 h at 37 °C is plotted (control arbitrarily set to 1.0)

by the mutant RyR1 in Case 1, and the positive response
to the Rycal S107, we sought to determine which if any of
the three RYRI sequence variants cause the observed chan-
nel defects and could explain the individual’s symptoms
of muscle weakness. Recombinant rabbit RyR1 channels
were generated that expressed either the maternal geno-
type (p.Argl667Cys+p.Leul714del) or paternal genotype
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Fig.2 Increased calcium leak in single RYRI-RM channels reconsti-
tuted in planar lipid bilayer. SR microsomes containing single RyR1
channels isolated from individuals with RYR/-RM fused with pla-
nar lipid bilayer. Channel opening events are recorded as an upward
deflection. Area on upper graph is expanded as the lower graph.
Poopening probability, Totime open, Tctime closed. a Single-channel

(p.-Thr4709Met), or each variant individually. Based on the
cryo-EM structure of the channel [47], p.Argl667Cys and
p.Leul714del are near the calstabinl binding site, and the
p-Thr4709Met is near the caffeine and ATP binding sites
(Fig. 5a). Recombinant RyR1 channels with the triple
mutants (p.Argl667Cys + p.Leul714del + p.Thr4709Met)
and maternal mutants (p.Argl667Cys + p.Leul714del)
exhibited decreased binding of calstabinl to RyR1, but not
the paternal mutant (p.Thr4709Met) (Fig. 5b). When recon-
stituted in planar lipid bilayers the p.Argl667Cys + p.Leu-
1714del allele resulted in increased channel Po (Fig. 5c, d),
consistent with leaky channels, whereas the p. Thr4709Met
channels exhibited normal low Po under non-activating
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recordings of RyR1 from muscle lysates that were either treated or
untreated with S107 (1.0 uM) from control and RYRI-RM affected
individuals. Recordings were performed at 150 nM Ca®*. b Bar graph
summarizing single-channel Po. N=3 per group. Limited availability
of skeletal muscle precluded analyses in Cases 3-8 and 15

conditions. However, caffeine-treated channels expressing
p-Thr4709Met had significantly increased channel activ-
ity compared to p.Argl667Cys + p.Leul714del channels,
as assessed by radiolabeled ryanodine binding to the chan-
nel (Fig. S5e-h) and a leftward shift in caffeine-dependent
activation which is an indicator of increased sensitivity to
Ca?*-dependent activation. Together, the channel struc-
tural and functional data indicate that the maternal geno-
type (p.Argl667Cys +p.Leul714del) is likely the cause
of reduced calstabin 1 binding to the channel (see Fig. 5b)
and leaky channel function (Fig. 5c-h). However, the pater-
nal genotype (p.Thr4709Met) also results in altered chan-
nel function: increased sensitivity to the channel activator
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Fig.3 Ca’" leak from RYRI-RM SR microsomes. a SR Ca®* leak
measured in microsomes (5 pg/mL) from RYRI-RM muscle lysates.
The Ca®* leak was compared for control, RYR/-RM, and RYRI-RM
treated with 1 uM S107 as indicated. Control data is shown in the
first panel in blue and is represented by dotted line (....) in remaining
traces for comparison. Inserts above traces show magnification of first
20 s after addition of thapsigargin. Bar graphs represent the quanti-

caffeine. Both findings are consistent with the high-resolu-
tion RyR1 structural location of the variants as the maternal
variants are near the calstabinl binding site and the paternal
variant is near the caffeine binding site.

RYR1 dataset

A dataset of 2308 individuals (546 unique RYRI variants)
with presumed RYRI-RM was compiled consisting of
genetic and clinical information (Supplementary Table 2).
Analyses of this new RYR! dataset revealed that the majority
of reported variants localized to three distinct regions, con-
sistent with known MH/CCD hotspot regions (Fig. 6a). This
is in contrast to variants reported in the gnomAD database
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fication of the increase in Fluo-4/s over the first 5 s after addition of
thapsigargin. b Quantification of Ca* leak experiments. N=3 in each
group. Mutant channels at baseline exhibit continuous leak which
does not occur in control channels or in mutant channels treated with
S107. Limited availability of skeletal muscle precluded analyses in
Cases 3-8 and 15

[15], which distribute evenly across the channel (Fig. 6a).
Overall, only 179 of 3646 RYRI variants in the gnomAD
database have allele frequencies > 0.01%. This is consistent
with RYRI having limited functional variation and being
one of the genes most intolerant to sequence variation in the
human genome [residual variation intolerance score: —8.29
(0.01%)] [34].

With the exception of Ala4185Thr, minor allele frequen-
cies of all variants from the 17 individuals in this study were
below 0.01% in gnomAD. When possible, family histories
were obtained and pedigrees generated for individuals in this
study (Supplementary Fig. 1).

The distribution of variants across the channel highlights
the limitation of adjudicating pathogenicity of variants based
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on localization in the primary structure of RyR1. Variants
in the SPla and the RyR/SPRY1 domains localize to the
calstabinl binding site on the channel (Fig. 6b). Variants
in the Bridging-Solenoid (BSol) domain localize to the
interprotomer region (Fig. 6¢). Variants that occur near the
C-terminal domain (CTD) localize to both the pore region
and the interprotomer region (Fig. 6b) [9, 47].

The 26 distinct variants from individuals in this study
were mapped onto the high-resolution cryo-EM structure
of RyR1 [9, 47] (Supplementary Fig. 2). Eight were in the
RyR1 pore domain (Table 1). Sixteen of the variants fell
within the three previously reported MH/CCD hotspots 1
(n=5),2 (n=3) [24], and 3 (n=28) (Fig. 6a). Structure—func-
tion analyses of ten of these individuals have been reported
elsewhere [38].

Clinical manifestations and histopathology associated
with the 26 RYR] variants included in this study across the
RYRI dataset are provided in Fig. 7a and b. Variants asso-
ciated with a history of MH events (Fig. 7a) and variants
with a positive in vitro contracture test diagnostic of MH
susceptibility (Fig. 7b) localized to the BSol, CSol, JSol,
and SPRY domains, and pore region. The most frequent his-
topathological diagnosis was CCD, followed by MmD and
CNM. Variants associated with CCD histopathology were
more commonly found in the pore region (Fig. 7b).

Six of the 26 RYR] variants included in the present study
occurred more frequently in a dominant inheritance pat-
tern in the RYR1 dataset whereas the remaining 20 variants
occurred more frequently in a recessive inheritance pattern
(Fig. 7c). For example, p.Tyr3933Cys occurs 42 times but
only twice as a unique variant without other variants. In
contrast, p.Arg2452Trp frequently occurs on its own, with-
out additional variants. Eight of the 26 RYR/ variants in the
current study were present in > 15 individuals in the RYR!
dataset (Fig. 7c).

Structure-based variant pathogenicity assignment

The cryo-EM structure of RyR1 was used to develop a model
for predicting the pathogenicity of RYRI VUS based on their
spatial proximity to known pathogenic variants. A subgroup
of 165 variants from the RYR1 dataset (“training set”) was
assigned pathogenic (Supplementary Table 3) status based
on meeting specific criteria. These variants were localized
to the channel structure. A score was generated for each
VUS based on its proximity to these pathogenic variants
(Supplementary Fig. 3a). The ability for a particular score
to predict the pathogenicity of a test set of known pathogenic
and benign variants was determined.

ROC curves generated from this model were compared
to ROC curves generated from bioinformatics-based-mod-
els: Polyphen-2 and SIFT (Supplementary Fig. 3b and c).
The ROC from the structure-based model for predicting

pathogenicity was superior to the random model (P <0.05)
and comparable to SIFT (P =0.2) and Polyphen (P=0.2).

Discussion

In this study, biochemical and functional analyses of mutant
RyR1 channels from 17 RYRI-RM affected individuals con-
sistently demonstrated reduced RyR1-calstabinl binding,
increased RyR1 oxidation, increased SR Ca®* leak (deter-
mined by single-channel recordings and microsomal Ca®*
leak assays), and increased activity of Ca**-activated pro-
teases. These findings are consistent with reports of RyR1-
mediated SR Ca** leak in murine models of muscular dys-
trophy (DMD and LGMD) [3, 5], cancer-associated muscle
weakness [41], and age-dependent loss of muscle function
[2, 13, 33]. It is plausible that RyR1-mediated Ca?* leak
contributes to the clinical manifestations of RYRI-RM by
reducing SR Ca®* stores and causing damage to other cel-
lular components (e.g. excessive mitochondrial Ca** uptake
and lipid peroxidation) and exacerbating SR Ca** leak due
to post-translational modification of RyR1 [2, 13]. Although
tissue yield from needle muscle biopsies is limited, it would
be beneficial to further investigate the mechanism(s) under-
lying RYRI-RM skeletal muscle tissue by examining mito-
chondrial bioenergetics and ROS.

We explored the utility of therapeutic targeting of the
SR Ca?* leak observed in RYRI-RM patient skeletal muscle
using a Rycal that stabilizes the RyR1 channel closed state.
Rycals are a novel class of small molecules that stabilize
the closed state of the RyR1 channel complex in vivo by
restoring calstabinl binding. In the present study ex-vivo
treatment of RYRI-RM skeletal muscle with a Rycal reduced
RyR1-mediated SR Ca”" leak. However, it remains to be
determined whether Rycal treatment can improve muscle
function and exercise capacity. An ongoing clinical trial
in RYRI-RM affected individuals with the Rycal S48168/
ARM210 (NCT04141670) is an important step toward
addressing these questions.

Although our results show that RyR1-mediated SR Ca**
leak is a common feature of RYRI-RM, alternative conse-
quences of pathogenic RYR] variations have been proposed
including EC-uncoupling. The p.11e4898Thr variant, identi-
fied in Case 2, is localized in the RyR1 Ca?* conductance
pathway [4, 21, 24]. Decreased Ca>* permeation, EC-uncou-
pling, and an elevated unfolded protein response have been
reported in heterozygous 14895T mice [4, 24]. However,
consistent with the findings of the present study, intracellular
Ca** leak has been reported in HEK-293 cells expressing the
p-11e4898Thr variant and in myotubes isolated from individ-
uals with p.I1e4898Thr [12, 37]. Reported differences in the
effects of RyR1 mutations on channel function (e.g. leak vs
non-conductance) have raised the question of whether Rycal
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«Fig. 4 Genotype-structure—function analysis of Case 1. a Inherit-
ance pattern of RYR/ variations. b NADH-TR stain and c electron
microscopic of quadriceps muscle biopsy from Case 1 alongside
control showing cores (arrows) of quadriceps muscle exhibiting a
discrete area of myofibrillar derangement and paucity of mitochon-
dria in affected myofibers. d RyR1 immunoprecipitated from muscle
biopsies from control and RYRI-RM-affected muscle (quadriceps)
comparing oxidation, nitrosylation, and calstabinl/RyR1 associa-
tion (with and without Rycal S107 treatment). e Ca>* leak assay in
the presence and absence of Rycal S107 with bar graph, *P <0.05. f
Single-channel data from normal control human quadriceps muscles
in the absence and g presence of Rycal S107. h Single-channel data
from Case 1’s quadriceps muscle in the absence (I) and presence of
Rycal S107. There are multiple partial openings or sub-conductance
states evident in the channels recorded from Case 1 in the absence
of Rycal S107 which are seen in calstabinl depleted channels that
exhibit defective closing (leak). These sub-conductance states are
not observed in the Rycal S107 treated muscle consistent with repair
of channel leak. Scale bar represents current amplitude and time
scale for compressed and expanded tracings. Amplitude histograms
are shown for each experiment. j Channel from Case 1 treated with
ryanodine which locks the channel in a sub-conductance state con-
firming the identity of the channel. k Bar graph shows quantification
of single-channel Po data, N=5 per group, Tracings show samples of
representative channel behavior in the bilayer. All analyses were per-
formed on a minimum of two minutes of channel recording

resulting in oxidation of the normal RyR1 and SR Ca”" leak.
Further clinical development of Rycal is expected to provide
clarity in this regard.

Mice with the MH mutation Y524S exhibit increased SR
Ca”" release in response to simvastatin [19] and RyR1 desta-
bilization has been reported in intact muscle fibers derived
from patients treated with statins [28]. The underlying
mechanism for statin-induced myopathy has been proposed
to involve RyR1-calstabinl disassociation, mitochondrial
Ca’* overload, and increased ROS/RNS-dependent Ca*
sparks [28, 39]. Results from our analysis of Case 1 fur-
ther support this mechanism and also demonstrate that the
combined expression of a variation linked to statin intoler-
ance and increased RyR1 sensitivity (p.Thr4709Met) and
variations shown to cause RyR1-mediated SR Ca®* leak
(p-Argl667Cys+p.Leul714del), can result in a severe phe-
notype characterized by profound and progressive muscle
weakness. In case 1 the implication is that the mother has a
low level of SR Ca** leak due to her two mutations and is
asymptomatic. The father has RyR1 channels that are more
sensitive to activation, but is also asymptomatic, except for
his statin sensitivity. The combination of the two mutant
alleles, however, results in the severe phenotype present in
the son (progressive muscle weakness).

Using the high-resolution cryo-EM structure of RyR1
solved in our laboratory, we developed a method for predict-
ing pathogenicity based on the co-localization of VUS with
established pathogenic variants. This model is comparable to
currently available bioinformatics-based pathogenicity pre-
diction tools (Supplementary Fig. 3) in terms of predicting

the pathogenicity of a test set of benign and pathogenic vari-
ants. Our structure-based prediction model will evolve as
data regarding the pathogenicity of additional variants are
obtained and programmed into the model.

All variants attributed to a dominant mode of inheritance
in this study had a high probability of pathogenicity scores
(Table 1), whereas those attributed to a recessive mode of
inheritance had a lower probability of pathogenicity scores.
This suggests that variants with a lower probability of patho-
genicity can have a synergistic effect and cause disease (i.e.
recessive inheritance). As noted above one example of this is
Case 1, in which the mother’s variants alone (RYRI-R1668C
and L1715del) exhibited a low probability of pathogenicity
(Table 1), and each alone had little effect on channel func-
tion (Fig. 5). However, the combination of variants resulted
in decreased calstabin binding and leaky channels (Fig. 5),
suggesting a synergistic effect and when combined with the
father’s mutation resulted in a severe phenotype.

In summary, skeletal muscle samples from 17 RYRI-RM
affected individuals exhibited RyR1 channel oxidation, cal-
stabinl depletion from RyR1, and SR Ca** leak. Ex-vivo
treatment with Rycal restored RyR1-calstabinl binding
and reduced SR Ca’* leak in all samples. This provides
a rationale for a clinical trial testing Rycals in RYR/-RM
affected individuals, which is currently underway. Our RYR!
dataset, which was used to develop a method for assigning
pathogenicity probabilities to RYRI VUS, has been made
publicly available in this paper to support RYRI-RM trans-
lational research. Our goal is to translate this dataset into
a fully functional online database that can grow over time
and serve as a resource to investigators, clinicians, and the
patient community.

Materials and methods
Participants

Seventeen adults with genetic, clinical, and, if available, his-
tologic evidence of RYRI-RM were included in this study
(Table 1). RYRI-RM diagnostic confirmation was based on
genetic testing, skeletal muscle histopathology from a previ-
ous biopsy, when available, and clinical assessment. Skel-
etal muscle biopsies, used in this study, were obtained from
ten individuals who were enrolled in a clinical trial at the
NIH Clinical Center, Bethesda MD, USA (NCT02362425).
Written informed consent was provided and approved by an
Institutional Review Board prior to study enrollment. Skel-
etal muscle tissue samples were also obtained from seven
RYRI-RM affected individuals seen at McMaster University
and Columbia University Irving Medical Center per clini-
cal protocols. Data were shared with the research teams per
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Fig.5 Characterization of defective RyR1 channel function Case 1.
a Localization of maternal variants (RYRI-R1668C, L1715del—
numbering based on rabbit RyR1) from Case 1 to near the calsta-
binl (blue) binding site in RyR1 (top and middle panel). Localiza-
tion of paternal variant (RYRI-T4708M) near the caffeine binding
site (green). b Recombinant RYR! variants (RC/Ldel: RYRI-R1668C,
L1715del; T4708M: RYRI-T4708M and the combination of all three
mutations: RC/Ldel on one cDNA and T4708M on another) immu-
noprecipitated from transfected HEK cell lysates and immunoblotted

approval of Hamilton Integrated Research Ethics Board and
the CUIMC-IRB, respectively.

RYR1 variant identification

For all individuals, RYRI sequencing was conducted using
whole blood at laboratories certified by the Clinical Labora-
tory Improvement Amendments (CLIA) or the equivalent.
RYRI variants detailed in genetic test reports were evalu-
ated using Alamut Visual software (version 2.9.0, Interac-
tive Biosoftware, Rouen, France) and by consultation with
a neurogenetics expert. Genetic screening methods included
whole exome sequencing, complete RYR! sequencing, par-
tial RYRI sequencing and targeted sequencing of familial
RYRI variants (targeted RYRI sequencing).
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for calstabin in the presence or absence of Rycal S107. The RC/Ldel
but not the T4708M result in decreased binding of calstabinl to RyR1
that is restored by Rycal S107. ¢ Single-channel current recordings
from WT and mutant recombinant RyR1 at 150 nM [Ca**] ;.. d Bar
graph shows quantification of data. N=6 per group, (¥*P<0.05). e
3H-ryanodine binding to recombinant RyR 1 lysates expressing: e WT,
f paternal, or g maternal variants, in the presence or absence of 2 mM
caffeine and at the indicated [Ca®*]. h Bar graph shows quantification
of *H-ryanodine binding data at 500 nM [Ca**]. *P <0.05

Calcium leak assay

RyR1 functional studies were performed using methods
well-established in the Marks laboratory [7, 29, 40]. Skel-
etal muscle SR microsomes were prepared by homogenizing
muscle samples on ice using a Teflon-glass homogenizer (50
times) with 2 volumes of: 20 mmol/L (mM) Tris-maleate
(pH 7.4), 1 mM EDTA, 1 mM DL-dithiothreitol (DTT)
and protease inhibitors (Roche). Homogenate was then
centrifuged at 4,000 g for 15 min at 4 °C and the follow-
ing supernatant was centrifuged at 50,000g for 45 min at
4 °C. Pellets were resuspended in lysis buffer containing
300 mM sucrose. Microsomes (5 pg/mL) were diluted into
a buffer (pH 7.2) containing 8 mM K-phosphocreatine, and
2 units/ml of creatine kinase, mixed with 3 uM Fluo-4 and
added to multiple wells of a 96-well plate. Ca>* loading of
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tural domains highlighted based on references [9, 47]. Each report
of a variant in the RYRI dataset is represented by a grey dot. Each
variant reported in gnomAD is represented by a black dot. Inverted
black triangles represent gnomAD variants with a frequency >0.01%.

the microsomes was initiated by adding 1 mM ATP. After
Ca** uptake (200 s), 3 pM thapsigargin was added to inhibit
the Ca®* reuptake by SERCA. SR Ca’* leak was measured
by the increase in intensity of the Fluo-4 signal (measured
in a Tecan fluorescence plate reader). The Ca*" leak was
quantified as the increase in Fluo-4 signal after addition of
thapsigargin.

RyR1 single-channel activity measurements

For single-channel studies SR microsomes contain-
ing RyR1 were fused to planar lipid bilayers formed by
painting a lipid mixture of phosphatidylethanolamine and
phosphatidylcholine (Avanti Polar Lipids) in a 3:1 ratio
in decane; across a 200 pm hole in polysulfonate cups
(Warner Instruments) separating 2 chambers. The trans
chamber (1.0 ml), representing the intra- SR (luminal)
compartment, was connected to the head stage input of a
bilayer voltage clamp amplifier. The cis chamber (1.0 ml),

=Variant

(b)

=Variant L
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RyR1-DB N

presentin
RyR1-DB

Inverted grey triangles represent variants included in this study. b
Top—A single RyR1 protomer with locations of calstabinl (yel-
low), the SPRY (cyan), Bsol (green), and pore (orange) domains
highlighted. Bottom—close-up of SPRY domain (cyan) with variants
(red) present in the RYRI dataset and their co-localization with cal-
stabinl (yellow). ¢ Overview of the homotetrameric RyR1 channel.
Variants in the Bsol domain are highlighted in red

representing the cytoplasmic compartment, was held at
virtual ground. Solutions used for channel analysis were:
cis solution 1 mM EGTA, 250 mM Hepes, 125 mM Tris,
50 mM KC1, 0.5 mM CaCl2, pH 7.35 and trans solution
53 mM Ca(OH)2, 50 mM KCl, 250 mM Hepes, pH 7.35.
SR vesicles were added to the cis chamber. Making the cis
chamber hyperosmotic by the addition of 400-500 mM
KCl induced fusion of microsomes with the lipid bilayer.
After the appearance of potassium and chloride chan-
nels, the cis chamber was perfused with the cis solution.
Single-channel currents were recorded at 0 mV using a
Bilayer Clamp BC-525D (Warner Instruments), filtered
at 1 kHz using a Low-Pass Bessel Filter 8 Pole (Warner
Instruments), and digitized at 4 kHz. All experiments were
performed at room temperature (23 °C). Open probability
(Po) was determined using a minimum of 2 min of con-
tinuous recording. The recordings were analyzed using
Clampfit 10.1 (Molecular Devices) and Prism (ver.7.0,
GraphPad).
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Fig.7 Analysis of RYR/
variants examined in the present
study: a Variants from individu-
als included in this study are on
the X-axis. Number of individu-
als in the RYR] dataset with that
variant in parentheses. Variants
are ordered based on their struc-
tural domain localization on
the channel as depicted by the
horizontal grey boxes under the
variants. Y-axis represents the
percentage of individuals with a
specific symptom. For example,
amongst 12 entries of D708N
variant (located in the SPRY 1
domain) in the RYR/ data-
set: 35% have scoliosis; 40%
have ptosis; 40% have feeding
difficulties, 8% are wheelchair-
bound, and 8% had an MH
event. b Y-axis represents the
percentage of individuals with a
specific histopathologic finding
(and/or laboratory diagnosis of
MH who may or may not have
had a clinical event). For exam-
ple, for the 12 entries of D708N
variant in the RYR] dataset,
25% have a laboratory diagnosis
of MH, 40% have MmD, 8% of
entries have CNM. ¢ Y-axis grey
bar is the total number of times
each RYR/ variant appears in
the RYR] dataset. Y-axis black
bar is the number of times a var-
iant appears in the RYR] dataset
without additional variants
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Heterologous expression of recombinant RyR1
channels

Mutant constructs RYRI-T4708M and RYRI-R1668C/
L1715del were generated by introducing the relevant muta-
tions into fragments of RyR1 using QuikChange II XL
Site-Directed Mutagenesis Kit (Agilent), using primers
accggctggtgctcaac(atg)ccgtcttte (to introduce the T4708M
mutation), tcgcacacgctg(tge)ctctaccgeg (for R1668C
mutation), and ggctactacgacc()tcatcagcatccacctg (for
L1715del)—relevant codons are in parentheses and changed
nucleotides in bold type; the reverse primers for each con-
struct were reverse complementary to the listed ones. The
relevant fragments were subsequently subcloned into full-
length RyR1 construct in pcDNA3.1 vector, confirmed by
sequencing, and expressed in 293 T/17 cells using Lipo-
fectamine 2000 (Thermo Fisher Scientific).

Co-immunoprecipitation and immunoblotting

Skeletal muscle biopsies (n=17) were isotonically lysed in
0.25 mL of lysis buffer (50 mM Tris—HCI (pH 7.4), 150 mM
NaCl, 20 mM NaF, and protease inhibitors). Muscle lysates
(100 mg) were treated with buffer or 10 mM Rycal for 1 h
at4 °C. RyR1 was immunoprecipitated from muscle lysates
using an affinity-purified rabbit polyclonal antibody specific
for RyR1 (RyR1-1327) [5] in 0.5 mL of a modified RIPA
buffer (50 mM Tris—HCI pH 7.2, 0.9% NaCl, 5.0 mM NaF,
1% Triton- X100, and protease inhibitors) overnight at 4 °C.
The immunoprecipitants were size-fractionated on SDS-
PAGE gels (6% for RyR, 15% for calstabin) and transferred
onto nitrocellulose membranes for 2 h at 200 mA. Immuno-
blots were developed using a different anti-RyR antibody
(5029, 1:5000 dilution) [17], or anti-Calstabin antibody
(Santa Cruz, 1:2500) [42].

RyR1 oxidation

To determine RyR1 channel oxidation, RyR1 protein was
immunoprecipitated and the carbonyl groups in side chains
were derivatized to 2,4-dinitrophenylhydrazone (DNP) by
reaction with 2,4-dinitrophenylhydrazine. The DNP signal
associated with RyR1 was determined using an anti-DNP
antibody, according to the manufacturer’s instructions
(Millipore, Billerica, MA). All immunoblots were devel-
oped using the Odyssey system (LI-COR Biosciences, Lin-
coln, NE), with IR-labeled anti-mouse and anti-rabbit IgG
(1:10,000 dilution) secondary antibodies.

RyR1 dataset: VUS

Data from > 2200 RYRI-RM affected individuals were
assembled in a dataset that includes genetic, structural,

biophysical and clinical information. Data were obtained
by reviewing 546 publications (Supplementary Table 4)
identified via PubMed using the terms “ryrl myopathy”
and “malignant hyperthermia ryrl” (excluding review arti-
cles) and from neuromuscular disease clinics that care for
RYRI1-RM affected individuals located in Canada, The Neth-
erlands, USA, and the UK. The RYRI dataset is available as
Supplementary Table 2.

A subset of variants from the RYRI dataset were adju-
dicated as pathogenic based on meeting any of the follow-
ing criteria: (1) variants adjudicated as pathogenic by the
European Malignant Hyperthermia Group (EMHG) (based
on clinical symptoms, in vitro/ex-vivo functional studies,
and low prevalence in healthy populations) [16]; (2) vari-
ants associated with central cores on pathology (a hallmark
of RYRI-RM); (3) variants that segregate with disease or
myopathy within a family; (4) variants in RyR1 that are
homologous to known CPVT-causative mutations in RYR2
[18] [catecholaminergic polymorphic ventricular tachycardia
(CPVT) is an arrhythmogenic condition caused by mutations
in the cardiac ryanodine receptor (RyR2). Due to homology
between RyR1 and RyR2, the homologous variants on RyR1
will presumably also affect RyR1 function).

Using Chimera software (UCSF), a 10 A sphere was cen-
tered on the alpha carbon of each pathogenic variant from
the training set in the RyR1 cryo-EM structure. The value at
the alpha carbon was 1 and decremented based on a Gauss-
ian function which reached 0 at a distance of 10 A. Every
amino acid on RyR1 was assigned a value from 0-1 based on
its localization within a sphere or group of spheres. Variants
within overlapping spheres were assigned additive values
(Supplementary Fig. 3a).

A “test set” of pathogenic variants (adjudicated based
on high prevalence in the RYR/I dataset) and benign vari-
ants (adjudicated based on a gnomAD prevalence of >0.1%
in healthy populations—EMHG criteria [16]) were used to
generate a receiver operating characteristic (ROC) ROC. The
ROC Logistic regression was used to convert these arbitrary
mutation density units into probabilities of pathogenicity
(Supplementary Fig. 3d).
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