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Abstract

Background: Malignant hyperthermia (MH) susceptibility is associated with variants in RYR1, the gene encoding the

skeletal muscle ryanodine receptor-1 (RyR1), in 70e75% of patients. Functional characterisation demonstrating an

increased sensitivity to RyR1 agonists is necessary among other criteria for inclusion in the European Malignant Hy-

perthermia Group list of MH susceptibility diagnostic variants.

Methods: Seven variants in the RYR1 gene, p.Glu342Lys, p.Leu2288Ser, p.Phe2340Leu, p.Arg2676Trp, p.Val3324Ala,

p.Phe4076Leu, and p.Trp5020Cys, identified in MH-susceptible individuals were introduced into the cDNA for the human

RYR1 gene. These variants were tested in cultured human embryonic kidney HEK293 cells for their effect on calcium

release in response to the RyR1 agonist 4-chloro-m-cresol. Calcium release of each variant was compared with wild-type

and benign and pathogenic controls. Each variant was subjected to curation using the European Malignant Hyperthermia

Group scoring matrix and ClinGen RYR1 Variant Curation Expert Panel guidelines.

Results: Six of seven RYR1 variants (p.Glu342Lys, p.Leu2288Ser, p.Phe2340Leu, p.Arg2676Trp, p.Val3324Ala, p.Phe4076Leu)

showed hypersensitivity to 4-chloro-m-cresol compared with wild-type. The p.Trp5020Cys variant did not release cal-

cium in response to 4-chloro-m-cresol. All variants had minor allele frequencies <0.1%. Rare exome variant ensemble

learner scores of p.Glu342Lys, p.Leu2288Ser, p.Phe4076Leu, and p.Trp5020Cys were >0.85, supporting pathogenicity.

Conclusions: The variants p.Glu342Lys, p.Leu2288Ser p.Phe2340Leu, and p.Arg2676Trp are pathogenic or likely patho-

genic for MH and can be used for presymptomatic testing for MH susceptibility. As current knowledge on the

p.Val3324Ala, p.Phe4076Leu, and p.Trp5020Cys variants remains insufficient, they are still classified as variants of un-

certain significance.
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Editor’s key points

� Variants in RYR1, the gene encoding the skeletal

muscle ryanodine receptor-1 (RyR1), are associated

with malignant hyperthermia (MH) susceptibility in

~75% of patients.

� Functional characterisation of seven variants in the

RYR1 gene demonstrated six with increased sensi-

tivity to the ryanodine receptor-1 agonist 4-chloro-m-

cresol in calcium release assays in vitro.

� Four of the RYR1 variants tested were reclassified as

pathogenic or likely pathogenic for MH, and can be

used for presymptomatic diagnosis of MH

susceptibility.

� The other three should still be considered variants of

uncertain significance as the available evidence is

insufficient for reclassification.
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Malignant hyperthermia (MH) is a clinical syndrome caused by

a disorder of calcium signalling in skeletal muscle cells.

Exposure of MH-susceptible (MHS) individuals to triggering

agents can result in a life-threatening hypermetabolic reaction

characterised by hypercapnia, tachycardia, hyperthermia,

rhabdomyolysis, renal failure, hyperkalaemia-induced cardiac

arrhythmias, and death.1,2 Given the potential severity of an

MH reaction,3 accurate and efficient presymptomatic diag-

nosis of MH susceptibility is of great importance to prevent

life-threatening adverse anaesthetic events. Currently, MH

susceptibility diagnostics rely on muscle biopsy for the in vitro

contracture test (IVCT), and on genotyping for identification of

pathogenic or likely pathogenic variants conferring predispo-

sition to MH. The IVCT has a sensitivity of 100% and specificity

of 94% and is the gold standard for presymptomatic diagnostic

testing for MH susceptibility.4,5

In 70e75% of patients, MH susceptibility is associated with

variants in RYR1, which encodes the skeletal muscle ryano-

dine receptor-1 (RyR1).6,7 Other MH-associated genes are

CACNA1S, encoding the a1 subunit of the dihydropyridine re-

ceptor,8,9 and STAC3, encoding the SH3 and cysteine-rich

domain 3 protein in skeletal muscle cells.10 Testing for MH

susceptibility by genotyping is minimally invasive and there-

fore beneficial. However, to be useful for MH susceptibility

diagnosis, genetic variants need to fulfil a set of criteria ac-

cording to the European Malignant Hyperthermia Group

(EMHG) scoring matrix for classification of genetic variants in

MH susceptibility (https://www.emhg.org/genetic-scoring-

matrix) or the ClinGen Variant Curation Expert Panel (VCEP)

recommendations for RYR1 pathogenicity classification.11

Among other criteria, functional characterisation demon-

strating an increased sensitivity to RyR1 agonists is pivotal for

inclusion of variants in the EMHG list of MH susceptibility

diagnostic variants.12

We report the functional characterisation of seven RYR1

variants identified in a Dutch MH cohort. We assessed intra-

cellular calcium release using human embryonic kidney (HEK)

293 cells, summarised the currently available bioinformatic
data for pathogenicity prediction, and performed segregation

analyses. By increasing the number of RYR1 variants classified

as pathogenic for MH, this study contributes to enabling MH

susceptibility diagnosis by genotyping.
Methods

Regulatory authority approvals

All IVCTs and genetic investigations were carried out after

obtaining informed consent as part of the usual diagnostic

routine at the MH investigation unit at Canisius Wilhelmina

Hospital. Functional studies were approved by the Massey

University Genetic Technology Committee (GMO 05/MU/01

and GMO 00/MU/60), acting as the Institutional Biological

Safety Committee for the Environmental Protection Authority,

Wellington, New Zealand.

Selection of RYR1 variants included in this study

All seven RYR1 variants included in this study were identified

in patients referred to the Dutch MH Investigation Unit with

confirmation of MH susceptibility by IVCT in the index patient

or, in the case of a paediatric patient, in a first-degree relative

(Table 1).4,5 Variants were identified using whole-exome, tar-

geted, partial, or full RYR1 sequencing. Where variants were

identified using targeted or partial RYR1 sequencing, the full

RYR1 gene in the index patient was sequenced at a later stage

to exclude other RYR1 variants that might have contributed to

the MH predisposition. All variants and a summary of the

relevant clinical history are given in Table 1. Variants c.38T>G,
p.Leu13Arg and c.14477C>T, p.Thr4826Ile were used as path-

ogenic controls. Variants c.6178G>T, p.Gly2060Cys and wild-

type (WT) RyR1 were used as nonpathogenic controls.13,14

Cloning of mutant RYR1 constructs

The full-length human WT RYR1 cDNA had previously been

cloned into the pcDNA™5/FRT/TO expression vector (Life

Technologies, Carlsbad, CA, USA) to facilitate preparation of

cell lines with stable expression of the RYR1 variants.14 The

variants were introduced intoWT RYR1 cDNA constructs using

site-directed mutagenesis according to the QuikChange™

method (Stratagene, San Francisco, CA, USA; primers in

Supplementary Table S1). The resulting RYR1 mutant con-

structs were sequenced using Sanger sequencing (ABI3730

Genetic Analyzer with BigDye™ Terminator version 3.1

chemistry; Massey Genome Service, Palmerston North, New

Zealand) to confirm the presence of the variants and to

exclude any polymerase chain reaction (PCR)-induced

changes.
Cell culture and transfection

Flp-In™ T-REx™ 293 cell lines (Life Technologies) were main-

tained in high-glucose Dulbecco’s Eagle’s medium (Sigma,

Darmstadt, Germany) supplemented with zeocin and foetal

calf serum (final concentration 10%; Sigma) at 37�C, 5% CO2 in

a humidified atmosphere. Cells were grown to ~80% conflu-

ence, the media was changed to Dulbecco’s Eagle’s medium

supplemented with foetal calf serum 10% and blasticidin just

before transfection with FuGENE® HD (Promega, Madison, WI,

https://www.emhg.org/genetic-scoring-matrix
https://www.emhg.org/genetic-scoring-matrix


Table 1 Ryanodine receptor-1 (RYR1) variants included in this study. IVCT, in vitro contracture test; MAF, minor allele frequency; MH, malignant hyperthermia; MHN, malignant hy-
perthermia normal; MHS, malignant hyperthermia-susceptible; NA, not applicable; REVEL, Rare Exome Variant Ensemble Learner. *Probands with a personal or family history of an MH
event are awarded 0.5 points, and probands with a personal or family history of a positive (MHS) IVCT are awarded an additional 0.5 points.11 yThe Swedish patient carried a second
variant in RYR1; also, MHS was not confirmed, and therefore these results are not included in this table. zThe index patient in the Dutch family and one of his siblings carry both the
p.Arg2676Trp variant and the p.Arg614Cys variant. Six other MHS family members do not carry additional variants in RYR1.

cDNA change Aa change dbSNP ID MH
events11

(frequency)

MH case
points11, *

MHS families
(frequency)

MHS individuals
(frequency)

MHN individuals
(frequency)

gnomAD4.1.0 MAF15 REVEL score16

Variants studied in the present study
c.1024G>A p.Glu342Lys rs2145361853 4 6.5 1y 9 0 NA 0.927
c.6863T>C p.Leu2288Ser NA 4 3 2 3 0 0.00000677 0.888
c.7018T>C p.Phe2340Leu rs1969983957 1 1 1 2 0 NA 0.789
c.8026C>T p.Arg2676Trp rs193922826 3z 4.5 2 8z 0 0.00000372 0.601
c.9971T>C p.Val3324Ala rs141515745 1 1.5 1 2 0 0.0000124 0.555
c.12226T>C p.Phe4076Leu rs1298885611 0 0 1 1 0 0.00000438 0.888
c.15060G>T p.Trp5020Cys NA 1 2 1 3 0 NA 0.892
Controls
Wild-type (WT) NA NA NA NA NA NA NA NA NA
pcDNA™5/FRT/TO
(negative control)

NA NA NA NA NA NA NA NA NA

c.38T>G (pathogenic
control)

p.Leu13Arg rs193922744 NA NA NA NA NA NA 0.828

c.6178G>T (benign
control)

p.Gly2060Cys rs35364374 NA NA NA NA NA 0.0667 0.172

c.14477C>T (pathogenic
control)

p.Thr4826Ile rs121918595 NA NA NA NA NA 0.00000137 0.977
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USA), and full-length human RYR1 cDNA constructs were

added in an 8:2 (ml:mg) ratio of FuGENE HD to plasmid DNA. The

cells were subsequently grown into stable cell lines in the

above media using hygromycin as the selectable marker. Once

stable cell lines were established, cells were seeded into T25

flasks for immunoblotting, chamber microscope slides for

immunofluorescence, or 96-well plates for calcium release

essays 72 h after seeding. To induce expression of RyR1,

tetracycline was added 24 h before further processing. Pres-

ence of the RYR1 variant was confirmed by Sanger sequencing

of genomic DNA isolated from the stable lines.
Immunoblotting

Protein was extracted from Flp-In™ T-REx™ 293 cells using

cell lysis buffer (Tris-HCl 0.1 M, pH 7.8; Triton X-100 0.5%)

supplemented with 1� cOmplete™ Mini EDTA-free protease

inhibitor (Roche, Basel, Switzerland). Protein extracts (~200 mg)
were resolved by sodium dodecylsufateepolyacrylamide gel

electrophoresis (7.5% polyacrylamide) and transferred to a

polyvinylidene fluoride (PVDF) membrane. The 34C antibody

(Sigma) was used for detection of RyR1, and anti-a-tubulin
antibody (Sigma) was used to detect a-tubulin followed by

horseradish peroxidase-conjugated anti-mouse secondary IgG

antibody (Sigma).
Immunofluorescence

Cells were fixed with 2% paraformaldehyde in phosphate-

buffered saline (PBS), followed by permeabilisation with 0.1%

Triton X-100 in PBS. After blocking in 0.5% bovine serum al-

bumin in PBS, protein was detected using primary antibodies

as follows: 34C (Sigma) for RyR1 and anti-protein disulfide

isomerase (Sigma) as an endoplasmic reticulum marker. Pro-

teins were visualised using the ZOE fluorescence imaging

system (Bio-Rad, Hercules, CA, USA) using secondary anti-

bodies: fluorescein isothiocyanate-labelled anti-mouse

immunoglobulin G (Jackson ImmunoResearch, West Grove,

PA, USA) for RyR1 and tetramethylrhodamine isothiocyanate-

labelled anti-rabbit immunoglobulin G (Jackson ImmunoR-

esearch) for protein disulfide isomerase. 40,6-diamidino-2-

phenylindole was also used for nuclei staining.
Measurement of calcium release

Flp-In™ T-REx™ 293 cells were washed once with a balanced

salt solution (BSS) buffer (NaCl 140 mM, KCl 2.8 mM, MgCl2 1

mM, 4-(2-hydroxyethyl)piperazine-1-ethane-sulfonic acid

[HEPES] 10 mM, CaCl2 2 mM, and glucose 10 mM; pH 7.3).

Subsequently, cells were loaded with 4 mM fura-2-AM (Invi-

trogen, Carlsbad, CA, USA) and Pluronic™ F-127 0.01% (Sigma)

in BSS buffer and incubated for 1 h at 37�C in the dark.

Calcium release was measured by the change in fluores-

cence in response to the RyR1 agonist 4-chloro-m-cresol (4-

CmC) using an Olympus (Tokyo, Japan) IX81 microscope

linked to a CoolLED pE-340fura light source, Photometrics

(Tucson, AZ, USA) prime 95B camera, and CellSens imaging

software (version 3.1; Olympus). The concentrations of 4-CmC

used were 0, 10, 40, 100, 200, 300, 400, and 500 mM. For each

assay, calcium release was normalised and calculated as a

percentage of maximum calcium release. Maximum calcium

release was defined as release by 500 mM 4-CmC, and was

confirmed by calcium release essays in WT cells in response

to increasing concentrations of thapsigargin (maximum 1000
nM) and ionomycin (1.0 mM). The 4-CmC concentrations were

lower than in previous similar studies performed by our

laboratory. The assays of the present study were performed

using new equipment and imaging software. According to the

thapsigargin and ionomycin maximum calcium release es-

says described above, the microscope and imaging software

set-up has a lower threshold to be saturated for maximum

calcium release, which explains the lower 4-CmC concen-

trations used in the present study.

Segregation analysis

The number of MH families and the number of MHS in-

dividuals harbouring each variant is reported, including the

variant segregation, with the IVCT results. To increase the

value of the segregation analysis, other EMHG laboratories

were contacted and asked whether they had any IVCT or

clinical data on the variants included in the present study.

Bioinformatic evidence

For each RYR1 variant, minor allele frequencies (MAFs) from

the Genome Aggregation Database (gnomAD, dataset v4.0.0

[https://gnomad.broadinstitute.org/], accessed December 13,

2023) are reported.15 Further bioinformatic evidence is

included using Rare Exome Variant Ensemble Learner (REVEL)

scores. A REVEL score of 0.5 or lower is evidence against

pathogenicity, and a score of 0.85 or higher supports patho-

genicity. A REVEL score of 0.5e0.85 neither refutes nor sup-

ports pathogenicity.16

Variant classification

Finally, after reviewing all available evidence on the patho-

genicity of the RYR1 variants included in this study, variants

were classified according to the ClinGen RYR1 VCEP recom-

mendations11 and the EMHG scoring matrix (https://www.

emhg.org/genetic-scoring-matrix). Variants were classified as

pathogenic, likely pathogenic, variant of uncertain signifi-

cance, likely benign, or benign.

Statistical analysis

The statistical analysis plan was approved by the authors

before accessing the data. The number ofMH families, number

of MHS individuals, and IVCT results are reported using

descriptive statistics.

Calcium release was normalised for each assay as a per-

centage of the total calcium released by 500 mM 4-CmC.

Sigmoidal curves were fitted using GraphPad Prism (version

9.5.0; GraphPad Software Inc., Boston, MA, USA) to calculate

the 50% effective concentration (EC50). EC50 values are reported

as mean and standard error of the mean (SEM). EC50 values of

the RYR1 mutant constructs were compared with WT using a

two-tailed unpaired Student’s t-test followed by Bonferroni

correction for multiple testing. As the EC50 values of nine

variants were compared with WT, P-values of <0.006 (0.05/

9¼0.006) were considered significant.

No power calculation was conducted; the sample sizes

used were based on similar cell models in previous studies.13
Results

Expression of RyR1 was confirmed for all controls and for all

study variants as shown in Supplementary Figure S1.

https://gnomad.broadinstitute.org/
https://www.emhg.org/genetic-scoring-matrix
https://www.emhg.org/genetic-scoring-matrix
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Immunofluorescence microscopy was used to confirm co-

localisation of the RyR1 protein with endoplasmic reticulum

probes (data not shown).
Calcium release

Six of the seven variants (p.Glu342Lys, p.Leu2288Ser,

p.Phe2340Leu, p.Arg2676Trp, p.Val3324Ala, p.Phe4076Leu)

included released calcium in response to 4-CmC. The

selected controls (WT, benign, and pathogenic controls)

released calcium as well. The p.Trp5020Cys variant and the

pcDNA™5/FRT/TO vector did not release any calcium in

response to 500 mM 4-CmC, which was the highest 4-CmC

concentration used.

The 4-CmC EC50 values of variants p.Glu342Lys,

p.Leu2288Ser, p.Phe2340Leu, p.Arg2676Trp, p.Val3324Ala, and

p.Phe4076Leu, and of the pathogenic control variants

p.Leu13Arg and p.Thr4826Ile, were all significantly lower

compared with WT, indicating hypersensitivity to 4-CmC. The

EC50 of the benign control Gly2060Cys was not statistically

different from WT. Results of the calcium release assays are

summarised in Figure 1 and Table 2.
Segregation analysis

Data relevant for segregation analyses are presented in Table 1

and Supplementary Figure S2. p.Glu342Lys was identified in

two individuals from a Dutch family who had a clinical MH

reaction, whereas no DNA was available for analysis from two

other individuals from the same family who died during or

shortly after having MH reactions (Supplementary Fig. S2a).

The same variant was identified in a Swedish patient who

harboured a second RYR1 variant of uncertain significance

(p.Glu572Ala) after an anaesthetic adverse event suspected to

have been MH but unconfirmed by IVCT. p.Leu2288Ser was

identified in two MHS individuals from one Dutch family

whereas no DNA was available for analysis from three other

individuals from the same family who suffered a clinical MH

reaction (Supplementary Fig. S2b). p.Leu2288Ser was also

identified in a Swedish patient who suffered a clinical MH re-

action and was confirmed as MHS by IVCT. p.Phe2340Leu was

identified in an individual who had an MH event and in two

first-degree relatives who were diagnosed as MHS by IVCT.

The mother of the index patient harboured a second RYR1

variant of uncertain significance, c.7760A>G, p.Tyr2587Cys, in
trans (rs767553612, MAF 0.00001232, REVEL score 0.911)

(Supplementary Fig. S2c). p.Arg2676Trp was identified in a

patient who had an MH event and also harboured the patho-

genic RYR1 variant p.1840C>T, p.Arg614Cys in trans. Six of his

relatives confirmed as MHS by IVCT harboured p.Arg2676Trp

alone, whereas another one carried both p.Arg614Cys and

p.Arg2676Trp, like the index patient (Supplementary Fig. S2d).

p.Arg2676Trp was also identified in two individuals from an

unrelated Australian family who both had had MH events and

harboured no additional RYR1 variant. p.Val3324Ala was

identified in two MHS-confirmed relatives of an individual

who died from MH (Supplementary Fig. S2e). p.Phe4076Leu

was identified during diagnostic screening in a patient pre-

senting with cramps,myalgia, andmuscle weakness, whowas

confirmed as MHS by IVCT but had been never exposed to MH-

triggering anaesthetic agents. p.Trp5020Cys was identified in

an individual who had an MH event, and in three of his
relatives confirmed as MHS by IVCT (Supplementary Fig. S2f).

There were no phenotype-negative (malignant hyperthermia

normal [MHN], i.e. diagnosed as not susceptible toMH by IVCT)

individuals among any of the variant carriers included in this

study.
Bioinformatic analysis

All the variants included in this study had low MAFs in the

gnomAD dataset,15 meeting neither the EMHG scoring matrix

benign stand-alone criterium (MAF >0.1%) nor the ClinGen

RYR1 VCEP benign strong criterium (MAF >0.08%).11 REVEL

scores of p.Glu342Lys, p.Leu2288Ser, p.Phe4076Leu, and

p.Trp5020Cys were >0.85, supporting their pathogenicity.

None of the other variants analysed had REVEL scores <0.5,
supportive of a benign impact. MAF and REVEL scores of all

variants are summarised in Table 1.
Variant classification

The EMHG scoring matrix and the ClinGen RYR1 VCEP Guide-

lines for RYR1 Pathogenicity Assertions in MH Susceptibility

were applied. The p.Glu342Lys and p.Leu2288Ser variants were

classified as pathogenic according to both the EMHG scoring

matrix and VCEP guidelines. The p.Phe2340Leu and

p.Arg2676Trp variants were classified as pathogenic according

to the EMHG guidelines and likely pathogenic according to the

VCEP guidelines. Variants p.Val3324Ala, p.Phe4076Leu, and

p.Trp5020Cys remain classified as variants of uncertain sig-

nificance according to both guidelines. The criteria met ac-

cording to the EMHG scoring matrix and VCEP guidelines are

summarised in Table 3.
Discussion

Four out of seven variants studied met the criteria to be

reclassified and included in the EMHG list of diagnostic vari-

ants for MH susceptibility. Six of the seven RYR1 variants

analysed demonstrated hypersensitivity to 4-CmC in calcium

release assays (p.Glu342Lys, p.Leu2288Ser, p.Phe2340Leu,

p.Arg2676Trp, p.Val3324Ala, p.Phe4076Leu). To the best of our

knowledge, none of the variants studied have been identified

in individuals with negative IVCT results (i.e. not susceptible

to MH).

The hypersensitive RYR1 variants p.Glu342Lys,

p.Leu2288Ser, p.Phe2340Leu, and p.Arg2676Trp, all identified

in MHS individuals referred to the Dutch MH Investigation

Unit because of an MH reaction after exposure to MH-

triggering agents, have also been identified in MHS in-

dividuals unrelated to the Dutch families. p.Glu342Lys was

found in a Swedish patient after an anaesthetic adverse event

suspected to be MH (clinical grading score 30) (Table 1), whose

phenotype has not yet been confirmed by IVCT. The Swedish

patient also harboured the RYR1 variant of uncertain signifi-

cance c.1715A>C, p.Glu572Ala (rs779551357, MAF 0.0001146,

REVEL score 0.899), absent from the Dutch family. Variant

p.Leu2288Ser was identified in another Swedish patient who

developed MH triggered by anaesthesia (CGS 33), and was

confirmed as MHS by IVCT. The RYR1 variant c.7020C>G, pre-
viously identified in a combined Swiss/German MH cohort,

results in the same amino acid change (p.Phe2340Leu) as

variant c.7018T>C identified in an MHS individual from the
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Wild-type p.Leu13Arg
(pathogenic control)

pcDNATM5/FRT/TO
(benign control)

p.Thr4826lle
(pathogenic control)

p.Gly2060Cys
(benign control)

Wild-type
p.Leu13Arg
(pathogenic control) p.Leu2288Ser

p.Glu342Lys

p.Trp5020Cys

p.Phe4076Leup.Thr4826lle
(pathogenic control)

Wild-type p.Val3324AlaWild-type

p.Arg2676Trpp.Thr4826lle
(pathogenic control)

p.Phe2340Leu

Fig 1. Normalised concentrationeresponse curves for calcium release in response to the ryanodine receptor-1 agonist 4-chloro-m-cresol

(4-CmC) in Flp-In™ T-REx™ HEK293-T cells. Response was normalised to calcium release to 500 mM 4-chloro-m-cresol. Sigmoidal curves

were fitted using GraphPad Prism (version 9.5.0; GraphPad Software Inc., Boston, MA, USA). p.Leu13Arg and p.Thr4826Ile represent

pathogenic controls. p.Gly2060Cys and wild-type present a benign control.
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Dutch cohort in the present study.22 Variant p.Arg2676Trp has

been reported in at least six other MHS families from the UK,

Switzerland, and Australia, and in a combined French/Italian

MH cohort.7,23,24

The index patient harbouring variant p.Arg2676Trp carried

a second RYR1 variant c.1840C>T, p.Arg614Cys, classified as

pathogenic for MH according to both EMHG and VCEP

criteria.25 p.Arg614Cys has been frequently associated with
MH since it became the first RYR1 variant ever linked to

MHS.6,7,17,26 Therefore, we assume that p.Arg614Cys actively

contributed to the occurrence of the MH reaction in our index

patient. However, p.Arg2676Trp was identified in six MHS

relatives of the index patient who did not harbour p.Arg614-

Cys, and also in at least six other unrelated MH families who

did not harbour a second RYR1 variant (Supplementary

Fig. S2d). Because our essays demonstrated RyR1
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Table 2 EC50 values for 4-chloro-m-cresol-induced calcium
release in Flp-In™ T-REx™ cells. EC50, 50% effective concen-
tration; NA, not applicable; SEM, standard error of the mean.
*Statistically significant difference from wild-type is denoted
by P<0.006.

Variant Mean EC50

(mM 4-chloro-
m-cresol) (SEM)

P-value

Controls
Wild-type (n¼9) 104.4 (6.0) NA
pcDNA™5/FRT/TO
(negative control) (n¼5)

NA NA

p.Gly2060Cys (benign
control) (n¼9)

78.0 (5.0) 0.0203

p.Leu13Arg (pathogenic
control) (n¼12)

39.8 (2.2) 0.0000158*

p.Thr4826Ile (n¼10) 33.5 (2.7) 0.00000163*
Variants included in the present study
p.Glu342Lys (n¼8) 40.5 (3.4) 0.0000431*
p.Leu2288Ser (n¼11) 19.6 (2.0) 0.000000374*
p.Phe2340Leu (n¼7) 16.6 (2.3) 0.0000240*
p.Arg2676Trp (n¼7) 9.0 (1.8) 0.0000181*
p.Val3324Ala (n¼9) 20.2 (1.8) 0.00000161*
p.Phe4076Leu (n¼9) 27.3 (3.2) 0.00000104*
p.Trp5020Cys (n¼2) NA NA

Pathogenicity assessment of seven RYR1 variants - 7
hypersensitivity to calcium release agonist 4-CmC in cells

expressing p.Arg2676Trp, and considering its bioinformatic

evidence and segregation, p.Arg2676Trp can be reclassified

as pathogenic according to the EMHG guidelines and as likely

pathogenic according to VCEP criteria.11

Of the related MHS individuals who harboured

p.Phe2340Leu, the mother of the index patient was also

heterozygous for the variant of uncertain significance

c.7760A>G, p.Tyr2587Cys, whereas an MHS sibling did not

carry the second variant (Supplementary Fig. S2c). Although

the REVEL score of the second variant (0.911) is predictive of a

damaging effect, p.Tyr2587Cys had never before been re-

ported in association with MH susceptibility. As shown by

previous studies, REVEL scores and other in silico pathoge-

nicity prediction tools are rather nonspecific, and are only

considered supportive in variant pathogenicity assess-

ments.6,27,28 However, mutants expressing p.Phe2340Leu

showed hypersensitivity to 4-CmC. In addition, three related

variant carriers from the Dutch cohort and an unrelated in-

dividual from a different cohort22 were all diagnosed as MHS

by IVCT. It remains uncertain whether the second RYR1

variant p.Tyr2587Cys found in one of the individuals

contributed to the MHS phenotype, as there are no segrega-

tion data available for that variant, and the possibility of a

compound heterozygous synergistic effect with regards to

hypersensitivity to RyR1 agonist was not assessed in our

study.

RYR1 variant p.Trp5020Cys, identified in an individual

who had an MH event triggered by anaesthesia and in three

of his MHS relatives (Supplementary Fig. S2f), did not release

any calcium in response to 4-CmC even at high concentra-

tions of the RyR1 agonist. Immunoblotting showed that the

apparent null effect of p.Trp5020Cys was not caused by

reduced expression of RyR1 constructs carrying this variant,

as those were expressed at a level similar to that of other

calcium-releasing variants. Immunofluorescence showing

co-localisationwithin the endoplasmic reticulummembrane
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indicates the protein was expressed in the correct location.

Residue 5020 resides in the cytoplasmic C-terminal domain of

the RyR1 protein, forming part of the channel’s pore where

binding sites for the agonists calcium, ATP, and caffeine have

been identified at interdomain interfaces.29e31 The substitu-

tion of cysteine for tryptophan could have resulted in a

structural alteration that made the channel insensitive to 4-

CmC, as a complete RyR1 loss of function would be inconsis-

tent with the MHS phenotype observed in p.Trp5020Cys

variant carriers, none of whom had overt signs of myopathy.

An important limitation of our study is the use of Flp-In™

T-REx™ 293 cells, because these non-muscle (kidney) cell

models overexpressing homozygous mutant constructs, un-

like more sophisticated in vitro assays,32 lack skeletal muscle

regulatory proteins critical for physiological RyR1 function.

However, Flp-In™ T-REx™ 293 cells are a relatively simple

inexpensive system and a usefulmodel to assess the effect of a

single amino acid variant on intracellular calcium release in a

standardised genetic background, validated for assessing the

pathogenicity of RYR1 variants for MH susceptibility. It would

have been very useful to evaluate mutant responses to other

RyR1 agonists such as calcium, ATP, cAMP, or caffeine, to

assess potential functional effects overlooked by 4-CmC as-

says alone, as for variant p.Trp5020Cys (which resides in a

crucial ligand-binding domain). Another limitation of our

study is the limited data available for segregation analysis in

families carrying the RYR1 variants p.Val3324Ala and

p.Phe4076Leu. Finally, the RYR1 variant p.Phe4076Leu was

identified during diagnostic screening in a patient who pre-

sented because of neuromuscular symptoms and was diag-

nosed as MHS by IVCT, but had no history of a hypermetabolic

reaction triggered by anaesthesia.
Conclusions

RYR1 variants p.Glu342Lys, p.Leu2288Ser p.Phe2340Leu, and

p.Arg2676Trp, reclassified as pathogenic or likely pathogenic

for MH, can be used for presymptomatic diagnosis of MH

susceptibility. Although our calcium release assays demon-

strated that RyR1s expressing p.Val3324Ala and p.Phe4076Leu

were hypersensitive to the RyR1 agonist 4-CmC, and that

p.Trp5020Cys expression resulted in no response to 4-CmC,

they should still be considered variants of uncertain signifi-

cance as the available evidence is insufficient for their

reclassification.
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myopathies: a wide spectrum of phenotypes throughout

life. Eur J Neurol 2015; 22: 1094e112

21. Kruijt N, van den Bersselaar LR, Kamsteeg EJ, et al. The

etiology of rhabdomyolysis: an interaction between ge-

netic susceptibility and external triggers. Eur J Neurol 2021;

28: 647e59

22. Levano S, Gonzalez A, Singer M, et al. Resequencing array

for gene variant detection in malignant hyperthermia and
butyrylcholinestherase deficiency. Neuromuscul Disord

2017; 27: 492e9

23. Guis S, Figarella-Branger D, Monnier N, et al. Multi-

minicore disease in a family susceptible to malignant

hyperthermia: histology, in vitro contracture tests, and

genetic characterization. Arch Neurol 2004; 61: 106e13

24. Monnier N, Kozak-Ribbens G, Krivosic-Horber R, et al.

Correlations between genotype and pharmacological,

histological, functional, and clinical phenotypes in ma-

lignant hyperthermia susceptibility. Hum Mutat 2005; 26:

413e25

25. Johnston JJ, Dirksen RT, Girard T, et al. Updated variant

curation expert panel criteria and pathogenicity classifi-

cations for 251 variants for RYR1-related malignant hy-

perthermia susceptibility. Hum Mol Genet 2022; 31:

4087e93

26. Fujii J, Otsu K, Zorzato F, et al. Identification of a mutation

in porcine ryanodine receptor associated with malignant

hyperthermia. Science 1991; 253: 448e51

27. Kim JH, Jarvik GP, Browning BL, et al. Exome sequencing

reveals novel rare variants in the ryanodine receptor and

calcium channel genes in malignant hyperthermia fam-

ilies. Anesthesiology 2013; 119: 1054e65

28. Schiemann AH, Stowell KM. Comparison of pathogenicity

prediction tools on missense variants in RYR1 and CAC-

NA1S associated with malignant hyperthermia. Br J

Anaesth 2016; 117: 124e8

29. Yan Z, Bai X, Yan C, et al. Structure of the rabbit ryanodine

receptor RyR1 at near-atomic resolution. Nature 2015; 517:

50e5

30. Cholak S, Saville JW, Zhu X, et al. Allosteric modulation of

ryanodine receptor RyR1 by nucleotide derivatives. Struc-

ture 2023; 31: 790e800.e4

31. des Georges A, Clarke OB, Zalk R, et al. Structural basis for

gating and activation of RyR1. Cell 2016; 167: 145e157.e17

32. Murayama T, Kurebayashi N, Numaga-Tomita T, et al.

A reconstituted depolarization-induced Ca2þ release

platform for validation of skeletal muscle disease muta-

tions and drug discovery. J Gen Physiol 2022; 154
Handling Editor: Hugh C Hemmings Jr

http://refhub.elsevier.com/S0007-0912(24)00773-6/sref11
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref11
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref11
https://www.emhg.org/diagnostic-mutations
https://www.emhg.org/diagnostic-mutations
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref13
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref13
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref13
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref13
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref13
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref14
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref14
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref14
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref14
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref14
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref15
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref15
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref15
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref15
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref16
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref16
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref16
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref16
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref17
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref17
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref17
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref17
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref18
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref18
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref18
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref18
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref19
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref19
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref19
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref20
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref20
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref20
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref20
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref21
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref21
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref21
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref21
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref21
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref22
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref22
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref22
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref22
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref22
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref23
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref23
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref23
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref23
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref23
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref24
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref24
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref24
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref24
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref24
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref24
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref25
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref25
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref25
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref25
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref25
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref25
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref26
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref26
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref26
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref26
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref27
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref27
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref27
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref27
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref27
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref28
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref28
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref28
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref28
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref28
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref29
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref29
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref29
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref29
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref30
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref30
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref30
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref30
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref31
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref31
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref31
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref32
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref32
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref32
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref32
http://refhub.elsevier.com/S0007-0912(24)00773-6/sref32

	Pathogenicity assessment of seven RYR1 variants in patients with confirmed susceptibility to malignant hyperthermia in the  ...
	Methods
	Regulatory authority approvals
	Selection of RYR1 variants included in this study
	Cloning of mutant RYR1 constructs
	Cell culture and transfection


	Editor's key points
	Outline placeholder
	Immunoblotting
	Immunofluorescence
	Measurement of calcium release
	Segregation analysis
	Bioinformatic evidence
	Variant classification
	Statistical analysis

	Results
	Calcium release
	Segregation analysis
	Bioinformatic analysis
	Variant classification

	Discussion
	Conclusions

	Authors’ contributions
	Editor's key points•Variants in RYR1, the gene encoding the skeletal muscle ryanodine receptor-1 (RyR1), are associated wit ...
	aclink3
	flink5
	References


