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a b s t r a c t 

Malignant hyperthermia is a pharmacogenetic disorder triggered by halogenated anesthetic agents in 

genetically predisposed individuals. Approximately 70 % of these individuals carry mutations in RYR1 , the 

gene encoding the ryanodine receptor calcium channel of skeletal muscle. In this study, we performed 

functional analysis of 5 RYR1 variants identified in members from 8 families who had been diagnosed 

by the IVCT. Of the 68 individuals enrolled in the study, 43 were diagnosed as MHS, 23 as MHN, and 2 

individuals were not tested. Here we demonstrate that the 5 RyR1 variants cause hypersensitivity to RyR1 

agonist-mediated calcium release. According to the EMHG scoring matrix these five genetic variants can 

be classified as follows: c.8638G > A (p.E2880K) and c.11314C > T (p.R3772W) likely pathogenic, c.11416G > A 

(p.G3806R), c.14627A > G (p.K4876R) and c.14 813T > C (p.I4 938T), pathogenic (RefSeq NM_0 0 0540.3). We 

propose that the newly functionally characterized RYR1 variants, be included in the panel of variants to 

be used for the molecular diagnosis of MHS. 

© 2023 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC license 

( http://creativecommons.org/licenses/by-nc/4.0/ ) 
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. Introduction 

Malignant hyperthermia (MH; OMIM# 145,600) is a life 

hreatening pharmacogenetic disorder affecting skeletal muscle, 

riggered by volatile inhalation anesthetics and depolarizing 

uscle relaxants [1] The exposure of MH susceptible (MHS) 

ndividuals to trigger agents induces a severe dysregulation of 

keletal muscle Ca2 + homeostasis resulting in the clinical features 

f an MH reaction, which include muscle rigidity, a rise in body 

emperature, metabolic acidosis and ultimately death [ 2 , 3 ]. Whilst 

ome MHS individuals present mild muscle symptoms in their 

aily lives, or suffer from heat induced/exercise rhabdomyolysis 

 4 , 5 ], many others are asymptomatic and develop an MH reaction

nly after exposure to trigger agents under general anesthesia [1] . 

hus, the diagnosis of MHS is important because it is cost effective 

nd prevents the development of a life-threatening MH reaction. 
∗ Corresponding authors at: Neuromuscular Research group, Department of 

iomedicine, Lab 408 Hebelstrasse 20, 4031 Basel, Switzerland. 
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ndeed, MH reactions can be prevented in susceptible individuals 

y avoiding trigger agents and using non-volatile anesthetics 

uring surgery. Although the introduction of dantrolene, an 

ntagonist of skeletal muscle Ca2 + homeostasis dysregulation, has 

rastically reduced the mortality of MH, the death rate of MHS 

ndividuals exposed to MH trigger agents is still around 10 % [6–8] . 

To identify individuals prior to their exposure to trigger 

gents, family members of MHS individuals undergo the in vitro 

ontracture test (IVCT) and/or molecular genetic testing. IVCT is 

he gold standard test to establish an individual’s risk of MHS, 

ut it is invasive since it requires an open muscle biopsy [9] . 

ased on the response of their muscles to in vitro stimulation 

ith halothane and caffeine, individuals are classified as MHS (or 

HShc) if their muscles respond abnormally to both halothane and 

affeine, MHSh if their muscles respond abnormally to halothane, 

HSc if their muscles respond abnormally to caffeine or MHN [10] . 

n addition to its invasiveness, muscle biopsies can be performed 

n adults under local regional anesthesia, which does not trigger 

H, but not in children, as such diagnostic muscle biopsies 

re not usually performed under the age of ten years. For this 

eason, noninvasive molecular genetic testing tends to be preferred 
under the CC BY-NC license ( http://creativecommons.org/licenses/by-nc/4.0/ ) 
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11] , even though genetic heterogeneity and the relatively modest 

umber of functionally characterized mutations with respect to the 

arge number of potentially pathogenic variants reported to date, 

everely limit this genetic screening approach. Asides mutations 

n RYR1 , the gene encoding the ryanodine receptor 1 (RyR1) Ca2 + 

hannel of skeletal muscle sarcoplasmic reticulum, mutations in 

ACNA1S, the gene encoding voltage-dependent, L type, α 1S 

ubunit and STAC3, the gene encoding Cysteine Rich Domain 3 

rotein are causally linked to the MHS phenotype [ 12 , 13 ]. Overall,

ariants in RYR1, CACNA1S and STAC3 account for 50 to 80 % 

f all mutations identified in malignant hyperthermia susceptible 

ndividuals, with RYR1 variants being the most common [14] . 

In recent years next-generation sequencing (NGS) has become 

aster, more accurate, and cost-effective, leading to its greater 

mplementation, causing a paradigm shift in the diagnostic 

rocedure of genetically heterogeneous disorders. The diagnosis of 

HS is no exception, and genetic screening of MHS individuals 

nd their family members has been facilitated. As a result, an 

ncreasing number of new genetic variants has been identified 

s possible causes of MHS. Dominant mutations in RYR1 are 

esponsible for approximately 75 % of all MHS cases and 

pproximately 700 RYR1 variants have been identified to date 

15] but only 66 of these have been recognized as diagnostic by the 

uropean Malignant Hyperthermia Group (EMHG) ( https://www. 

mhg.org/diagnostic-mutations ). Such a big discrepancy is due 

o the fact that most genetic variants haven’t been functionally 

valuated. In order to be classified as pathogenetic, mutations need 

o meet specific criteria as defined by the EMHG ( https://www. 

mhg.org/genetic- scoring- matrix ), including scientific evidence of 

 direct causal relationship between the presence of the mutation 

nd alteration of RyR1-mediated calcium release. Functional 

nalysis for variants found in MHS patients has struggled to keep 

ace with the growing number of genetic variants discovered in 

he MHS population thanks to advancements in genetic analysis 

echnology. The establishment of a functional defect of a RyR1 

ariant is a major bottleneck in its diagnostic inclusion, but 

s a basic condition required for a mutation to be included 

n the list of variants utilized for genetic diagnosis of MHS 

n patients and their family members. In silico prediction tools 

an be valuable in addressing this issue since they can provide 

tructural insight and predictions based on data and algorithms. 

everal tools have emerged in the past few years and they are 

idely used to assess the potential pathogenicity of mutations 

dentified through NGS. Each prediction tool possesses distinct 

haracteristics and their accuracy improves when multiple tools 

re employed simultaneously. However, relying solely on predictive 

ools for mutation evaluation has limitations. Thus, experts 

ecommend that the potential pathogenicity of a mutation should 

e made by considering a combination of factors, including 

utation frequency, evolutionary conservation and functional 

nalysis results [16] . 

Recently, the ClinGen Mutation Curation Expert Panel 

VCEP) designated the American College of Medical Genetics 

nd Genomics Society/Association of Molecular Pathologists 

ACMG/AMP) criteria for the pathogenicity of RYR1 -related MHS 

inomial disease entities [15] . Reports that classify RYR1 -related 

HS variants based on this criterion for their pathogenicity 

ndicate that approximately 65 % of variants are still categorized 

s variant of uncertain significance (VUS), making the evaluation 

f MHS through genetic testing extremely challenging. Thus, 

ontinuous effort s should be directed towards augmenting the 

vailable data on RYR1 variants through functional analysis and 

haring of case materials. This would facilitate the reclassification 

f variants from VUS to either Likely Benign (LB)/Benign (B) or 

ikely Pathogenic (LP)/Pathogenic (P). 
e

952 
In order to fill the gap of unmet clinical needs in the 

dentification of MHS individuals prior to their development of a 

ife-threatening MH reaction, we have investigated the functional 

ffect of five RYR1 variants identified in patients and/or their family 

embers, who had been diagnosed as MHS by the IVCT. 

. Materials and methods 

.1. Ethical considerations and patient selection 

This study was approved by the Ethics committee of the Basel 

niversity Hospital (EKNZ 2014–065) and patients donated their 

uscle biopsy to the biobank of the Swiss Muscle Foundation 

 https://muskel-stiftung.ch/index.php/welcome/information-en ) for 

he purpose of MH associated research. We investigated 68 

ndividuals from 8 families with a positive history of MH 

ithout any reported clinical signs of neuromuscular diseases or 

xercise/heat intolerance. IVCT and DNA screening were performed 

n all individuals and their family members in order to identify 

ausative RYR1 variants on IVCT-positive individuals. Once a 

ausative RYR1 variant was identified in the family, other family 

embers were tested for that variant only. If a RYR1 variant not 

ncluded as MH causative in the EMHG mutation panel ( https: 

/www.emhg.org/diagnostic-mutations ) was found in an IVCT- 

ositive individual, functional analysis was performed either on 

atient-derived myotube cultures when these were available or in 

EK-293 heterologous cells transfected with a plasmid encoding 

he human RYR1 cDNA. 

.2. In silico variant analysis 

Variant pathogenicity was evaluated with the web prediction 

ool REVEL ( https://sites.google.com/site/revelgenomics/ ) included 

n the ACMG classification system [15] . Additionally, variants were 

nalyzed with the following tools: SIFT ( https://sift.bii.a-star.edu. 

g/ ), PolyPhen-2 ( http://genetics.bwh.harvard.edu/pph2/ ), Mutation 

aster ( https://www.mutationtaster.org/ ), and CADD ( https://cadd. 

s.washington.edu/info ) to predict their pathogenicity. 

.3. Variant classification 

Pathogenicity of variants included in this study was classified 

ased on the ECMG ( https://www.emhg.org/genetic-scoring- 

atrix ) and the ACMG criteria as described in VCEP [15] . According 

o the EMHG guidelines, there are three categories of pathogenetic 

ariant classification: strong (PSa, PSb), moderate (PMa, PMb) and 

upporting (PSa, PSb, PSc) and three categories of benign variant 

lassification: stand- alone (BAa, BAb, BAc), strong (BSa, BSb) and 

upporting (BPa). A pathogenic variant is defined by at least 1 

S criterion and 2 PP criteria and a likely pathogenic variant is 

efined as at least 1 PM criterion and 2 PP criteria. A benign 

ariant is defined by at least one BA criterion or 2 x BS criteria 

nd a likely Benign variant is defined by one BS criterion and one 

P criterion. A variant that does not meet any of the above criteria 

s defined as VUS ( https://www.emhg.org/genetic- scoring- matrix ). 

According to VECP guidelines, each pathogenic criterion 

s weighted as very strong (PS2/PM6_Very Strong), strong 

PS1, PS2/PM6_Str, PS3, PS4, PP1_Str), moderate (PM1, PM5, 

S2/PM6_Mod, PS3_Mod, PS4_Mod, PP1_Mod, PP3_Mod), or 

upporting (PP1, PS2/PM6_Sup, PS3_Sup, PS4_Sup, PM_1Sup) 

nd each benign criterion is weighted as stand-alone (BA1), 

trong (BS1, BS2), moderate (BS2_Mod, BS3_Mod) or supporting 

BP2, BP4, BP7, BS3_Sup). To determine pathogenicity, all criteria 

hat are applicable to the variant are summed and the Odds of 

athogenicity is calculated using a formula developed by Tavtigian 

t al. [17] as a Bayesian Classification Framework. In the present 

https://www.emhg.org/diagnostic-mutations
https://www.emhg.org/genetic-scoring-matrix
https://muskel-stiftung.ch/index.php/welcome/information-en
https://www.emhg.org/diagnostic-mutations
https://sites.google.com/site/revelgenomics/
https://sift.bii.a-star.edu.sg/
http://genetics.bwh.harvard.edu/pph2/
https://www.mutationtaster.org/
https://cadd.gs.washington.edu/info
https://www.emhg.org/genetic-scoring-matrix
https://www.emhg.org/genetic-scoring-matrix
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eport, the posterior probability was calculated using the formula 

f the ACMG guidelines and pathogenicity was determined 

ccordingly [15] . 

.4. Preparation of patient myotubes and intracellular Ca2 + 

easurements 

Primary muscle cultures were established as previously 

escribed from pieces of muscle biopsies leftover from the IVCT 

18–20] . When a sufficient number of myoblasts had grown 

nd the cultures were approximately 80 % confluent, cells were 

rypsinized and transferred onto 10 mm diameter, 0.17 mm thick 

aminin-treated glass coverslip. Once the myoblasts reached 90 % 

onfluency, the medium was changed to differentiation medium 

20] and 7–10 days later, once multinucleated myotubes were 

isible, cells were loaded with the fluorescent Ca2 + indicator 

ura-2 (final concentration 5 μM) for 30 min at 37 °C. The 

overslips were mounted onto a thermostatically controlled (37 °C) 

erfusion chamber which was continuously perfused with Krebs 

inger solution (140 mM NaCl, 5 mM KCl, 1 mM MgSO4 , 10 mM 

EPES, 1 mM Na2 HPO4 , 5.5 mM D-( + )-Glucose (pH 7.4) containing 

 mM CaCl2 . Myotubes were individually stimulated by means of 

 12- or 8-way 100-mm diameter quartz micromanifold computer 

ontrolled microperfuser (ALA Scientific instruments, Westbury, 

Y), by the addition of different concentrations of KCl (0, 7.5, 10, 

0, 40, 60, and 100 mM) or 4-chloro- m -cresol (0, 75, 150, 300, 

50, 600, 750, and 900 μM) in Krebs Ringer solution. Fluorescence 

easurements were acquired using an inverted Zeiss Axiovert S100 

V fluorescent microscope equipped with a 20x water-immersion 

LUAR objective (0.17 NA), filters (BP 340/380, FT 425, BP 500/530) 

nd attached to a Cascade 125 + CCD camera. Changes in 

uorescence were analysed using Metamorph imaging system and 

he average pixel value for each cell was measured [ 19 , 20 ]. The

verage change in fluorescence elicited by the agonist (either KCl 

r 4-chloro-m-cresol) was calculated and used to construct dose 

esponse curves using Origin (Microcal Software, Inc Northampton, 

A, USA). 

.5. RYR1 cDNA constructs 

The human RYR1 cDNA was subcloned in the bi-cistronic 

IRES2-DsRed2 vector (Clontech Laboratories), which allows the 

xpression of the cytoplasmic DsRed2 protein, along with the RyR1 

rotein. The emission and excitation spectra of DsRed are 558 

nd 583 nm, respectively and thus there is no interference with 

ura-2-based calcium measurements (excitation 340 and 380 nm, 

mission 510 nm). The cloning of the full-length rabbit skeletal 

uscle RYR1 cDNA-pBluscript SK(-) has been previously described 

21] . Human RYR1 cDNA was synthesized using mRNA isolated 

rom human skeletal muscle as a template (transcript variant 2, 

CBI Reference Sequence: NM_001042723.1). The full length RYR1 

DNA was assembled through a series of subcloning steps in which 

ragments of different sizes (from 600bp-2629 bp) were inserted 

ndividually into the bacterial plasmid pBSK(-), this was followed 

y ligation and joining one insert at a time in order to obtain the 

ull length construct. The different fragments were sequenced in 

rder to confirm the RYR1 cDNA primary sequence. 

.6. Expression of RyR1 in HEK-293 cells and immunoblotting 

HEK-293 cells were plated in 100 mm tissue culture plates 

Beckton Dickinson number) and grown at 37 °C and 5 % 

O2 in MEM and Earl’s medium containing 10 % fetal bovine 

erum, GlutaMAXTM (ThermoFisher Scientific, Waltham, MA), and 

enicillin-Streptomycin (ThermoFisher Scientific, Waltham, MA) 
953 
ntil 70–80 % confluent. Cells were transfected with wild- 

ype or mutant human RYR1 cDNAs (p.G3806R, p.K4876R, 

nd p.I4938T) using the ESCORTTM IV Transfection Reagent 

Sigma-Aldrich, Germany) according to the manufacturer’s 

ecommendations. Three days after transfection, cells were 

arvested and microsomal proteins were prepared as described 

22] . The protein concentration in the microsomes was determined 

sing the Bio Rad protein assay dye reagent concentrate (BioRad 

at N °5,0 0 0,0 06). Western blots were performed as previously 

escribed [23] . Membranes were probed with rabbit monoclonal 

nti-RyR1 antibodies (1:10 0 0 in TBST) (D4E1, #8153, Cell Signaling 

echnology, Danvers, MA, USA) followed by incubation with 

orseradish peroxidase-conjugated protein G (1:20 0,0 0 0 in TBST) 

ThermoFisher Scientific, Waltham, MA) and the immunopositive 

ands were visualized using the enhanced chemiluminescence 

eagent WesternBright ECL- HRP Substrate (Witec AG, Sursee, 

witzerland). 

.7. Intracellular calcium [Ca2 + ]i measurements of transfected 

EK-293 cells 

For intracellular Ca2 + measurements, HEK-293 cells were 

ultured on 10 mm glass coverslips and transfected with the wild- 

ype RYR1 cDNA or the RYR1 cDNA variants (c.11416G > A p.G3806R, 

.14627A > G p.K4876R, and c.14 813T > C p.I4 938T subcloned in 

he bi-cistronic pIRES2-DsRed2 vector using Escort V liposomes 

5 μg cDNA/coverslip). Seventy two h post transfection intracellular 

a2 + measurements were performed in cells loaded (40 min at 

7 °C) with the ratiometric fluorescence calcium indicator fura- 

/AM (Invitrogen). The coverslips were transferred to the perfusion 

hamber as outlined above for myotubes and perfused with Krebs 

inger Solution containing 2 mM Ca2 + . To identify transfected 

ells which are positive for the cytosolic DsRed fluorescent protein, 

ells were excited at 540 nm and fluorescence emission visualized 

t 575–640 nm. Using the same field, the dichroic filter was 

witched to BP 340/380, FT 425, BP 500/530 and the cells were 

nalyzed for changes in [Ca2 + ] by monitoring fura-2 fluorescence 

n response to the application of 600 μM 4-chloro-m-cresol. Since 

nly those cells that were positive for DsRed were considered 

uccessfully transfected, only red fluorescent cells were used for 

Ca2 + ]i measurements. Changes in [Ca2 + ]i elicited by different 

oncentrations of 4-chloro-m-chresol were performed as described 

bove for myotubes. 

.8. Structural analysis of the position of the mutations inside the 

yR1 sequence 

Analysis and graphical representation of the RyR1 variants 

as performed with the use of Pymol software (The PyMOL 

olecular Graphics System, Version 2.5.2, Schrödinger, LLC) 

r Chimera software (UCSF Chimera, production Version 1.16) 

24] Highest probability rotamers were chosen among the 

unbrack 2010 backbone-dependent rotamer library [25] and 

ubsequently clashes/H bonds were investigated. For the present 

nvestigation, cryo-EM resolved protein structures with the 

ollowing PDB ID were used: 5T15 (resolution of 3.6 Å) and 5TAL 

resolution of 4.6 Å) [ 26 , 27 ]. 

.9. Data analysis and statistical analysis 

For human myotubes, dose response curves were generated as 

reviously described [20] . Data were normalized for the highest 

ean �F values obtained at a given concentration of KCl or 4- 

mc, which was considered 100%. Experiments were performed 

n myotubes from 3 MHS patients carrying either the p.E2880K, 

he p.R3772W or the p.I4938T RYR1 mutations and from 2 control 
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Table 1 

MH status, family number, RYR1 mutation and RyR1 substitution in individuals 

enrolled in the present investigation. 

N ° Family 

N °
Indications 

for gene 

testing 

Nucleotide 

change 

Amino acid 

change 

Genetic 

Result 

IVCT 

result 

1 1 MH family c.8638G > A p.Q2880K wild-type MHSh 

2 1 MH family c.8638G > A p.Q2880K wild-type MHN 

3 1 MH family c.8638G > A p.Q2880K wild-type MHN 

4 1 MH family c.8638G > A p.Q2880K heterozygous MHSh 

5 1 MH family c.8638G > A p.Q2880K heterozygous MHShc 

6 1 MH family c.8638G > A p.Q2880K wild-type MHSh 

7 1 MH-event c.8638G > A p.Q2880K heterozygous MHShc 

8 1 MH family c.8638G > A p.Q2880K heterozygous MHShc 

9 1 MH family c.8638G > A p.Q2880K wild-type MHN 

10 2 MH family c.8638G > A p.Q2880K heterozygous MHShc 

11 2 MH family c.8638G > A p.Q2880K heterozygous MHShc 

12 2 MH family c.8638G > A p.Q2880K wild-type MHN 

13 2 MH family c.8638G > A p.Q2880K heterozygous MHShc 

14 3 MH-event c.8638G > A p.Q2880K heterozygous MHShc 

15 3 MH family c.8638G > A p.Q2880K heterozygous MHN 

16 3 MH family c.8638G > A p.Q2880K heterozygous MHShc 

17 3 MH family c.8638G > A p.Q2880K heterozygous MHShc 

18 3 MH family c.8638G > A p.Q2880K heterozygous MHSh 

19 3 MH family c.8638G > A p.Q2880K heterozygous MHSh 

20 3 MH family c.8638G > A p.Q2880K wild-type MHN 

21 4 MH-event c.8638G > A p.Q2880K heterozygous n.d. 

22 5 MH-event c.11314C > T p.R3772W heterozygous MHShc 

23 6 MH family c.11416G > A p.G3806R heterozygous MHSh 

24 6 MH family c.11416G > A p.G3806R wild-type MHN 

25 6 MH family c.11416G > A p.G3806R heterozygous MHSh 

26 6 MH family c.11416G > A p.G3806R wild-type MHN 

27 6 MH family c.11416G > A p.G3806R heterozygous MHShc 

28 6 MH family c.11416G > A p.G3806R wild-type MHN 

29 6 MH family c.11416G > A p.G3806R heterozygous MHShc 

30 6 MH family c.11416G > A p.G3806R wild-type MHSh 

31 6 MH family c.11416G > A p.G3806R heterozygous MHShc 

32 6 MH family c.11416G > A p.G3806R heterozygous MHShc 

33 6 MH family c.11416G > A p.G3806R wild-type MHN 

34 6 MH family c.11416G > A p.G3806R wild-type MHSh 

35 6 MH family c.11416G > A p.G3806R wild-type MHN 

36 6 MH family c.11416G > A p.G3806R heterozygous MHShc 

37 6 MH family c.11416G > A p.G3806R wild-type MHN 

38 6 MH family c.11416G > A p.G3806R wild-type MHN 

39 6 MH family c.11416G > A p.G3806R heterozygous MHSh 

40 6 MH family c.11416G > A p.G3806R heterozygous MHSh 

41 6 MH family c.11416G > A p.G3806R wild-type MHN 

42 6 MH family c.11416G > A p.G3806R wild-type MHSh 

43 6 MH family c.11416G > A p.G3806R heterozygous MHSh 

44 6 MH family c.11416G > A p.G3806R wild-type MHN 

45 6 MH family c.11416G > A p.G3806R wild-type MHN 

46 6 MH family c.11416G > A p.G3806R wild-type MHN 

47 6 MH family c.11416G > A p.G3806R wild-type MHSh 

48 6 MH family c.11416G > A p.G3806R wild-type MHSh 

49 6 MH family c.11416G > A p.G3806R heterozygous MHShc 

50 6 MH family c.11416G > A p.G3806R wild-type x 

51 6 MH family c.11416G > A p.G3806R heterozygous MHShc 

52 6 MH family c.11416G > A p.G3806R heterozygous MHShc 

53 6 MH family c.11416G > A p.G3806R wild-type MHN 

54 6 MH family c.11416G > A p.G3806R heterozygous MHShc 

55 7 MH family c.14627A > G p.K4876R heterozygous MHSh 

56 7 MH family c.14627A > G p.K4876R heterozygous MHShc 

57 7 MH-event c.14627A > G p.K4876R heterozygous MHShc 

58 8 MH family c.14813T > C p.I4938T wild-type MHN 

59 8 MH family c.14813T > C p.I4938T heterozygous MHSh 

60 8 MH family c.14813T > C p.I4938T wild-type MHSh 

61 8 MH family c.14813T > C p.I4938T wild-type MHN 

62 8 MH family c.14813T > C p.I4938T wild-type MHN 

63 8 MH family c.14813T > C p.I4938T heterozygous MHN 

64 8 MH family c.14813T > C p.I4938T wild-type MHN 

65 8 MH family c.14813T > C p.I4938T heterozygous MHSh 

66 8 MH family c.14813T > C p.I4938T heterozygous MHShc 

67 8 MH family c.14813T > C p.I4938T heterozygous MHShc 

68 8 MH family c.14813T > C p.I4938T wild-type MHShc 
ndividuals (MHN) from family 1 and family 8. Myotubes from 

ther mutation bearing family members or from non-mutation 

earing individuals were not available. Cells were tested on 3 

ifferent days and the mean �F was averaged and used to plot 

igmoidal dose response curves and to calculate the half-maximal 

ffective concentration (EC50 ), using Origin 6.0 (Microcal Software 

nc., Northapmton, MA, USA). To construct 4-chloro- m -cresol (4- 

mc) dose-response curves for the calcium response of HEK- 

93 cells, data were normalized to the highest mean �F values 

btained at a given concentration of 4-cmc, which was considered 

00 %. Statistical significance between EC50 values of each variant- 

ransfected cells and that of human WT- RYR1 cDNA transfected 

ells were compared using one-way analysis of variance (ANOVA). 

 P value < 0.05 was considered to be statistically significant. 

or comparisons of resting [Ca2 + ], analysis was performed with 

RISM 8.0 software (GraphPad Software, San Diego, CA) and mean 

alues were compared using Dunnet’s multiple comparison test a 

 value < 0.05 was considered statistically significant. 

. Results 

.1. DNA screening and genotype-phenotype correlation of the 

ndividuals carrying each variant 

Five RYR1 variants, namely c.8638G > A (p.E2880K), c.11314C > T 

p.R3772W), c.11416G > A (p.G3806R), c.14627A > G (p.K4876R) and 

.14 813T > C (p.I4 938T) were found in 8 MHS families. Of these, 

our including p.R3772W, p.G3806R, p.K4876R and p.I4938T, were 

reviously reported as possible MHS candidate mutations and/or 

s likely pathogenic [28–30] , but were never functionally tested. 

ig. 1 (panels A to D) and Table 1 show the family trees and

ndividuals in whom each variant was found, the number of 

amilies carrying the genetic variants, the results of genetic testing 

nd of the IVCT for individuals with each variant. As shown, a 

otal of 68 individuals from 8 families included in this study were 

enetically tested and/or tested by the IVCT as indicated in Table 1 . 

he 8 families were unrelated, ensuring their independence in 

he context of the functional investigations. Altogether, there were 

ine patients with a wild type (WT) RYR1 genotype who had 

ositive IVCT results (8 MHSh and 1 MHShc) while two patients 

ne harboring the c.8638G > A (p.Q2880K) variant and the other 

he c.14 813T > C (p.I4 938T) variant, were categorized as MHN as per

egative IVCT results. 

In detail, the p.E2880K mutation was found at the heterozygous 

tate in 14/21 family members from 4 unrelated families; of the 

utation carriers, 9 were classified as MHShc, 3 MHSh and 1 

HN with the IVCT while 1 could not be classified due to lack 

f IVCT testing ( Fig. 1 E). There were a total of 3/21 discordant

ases: 2 patients were genotype (-) but IVCT ( + ) and 1 patient

as genotype ( + ) but IVCT (-). The p.R3772W mutation was only 

dentified in 1 MHS individual (Family 5, Fig. 1 E). The p. G3806R 

as found at the heterozygous state in 14/32 family members 

rom 1 family; of the mutation carriers, 9 were classified as 

HShc and 5 as MHSh by the IVCT ( Fig. 1 E). One patient did

ot undergo genetic testing. There were 5/31 genotype (-) IVCT 

 + ) discordant cases. The p.K4876R mutation was found at the 

eterozygous state in 3/3 family members from 1 family; of the 

utation carriers 2 were classified as MHShc and 1 as MHSh 

y the IVCT ( Fig. 1 E). There was no discordance, supporting the 

athogenicity (PP1_Sup) of this variant. The p.I4938T mutation was 

ound at the heterozygous state in 5/11 family members from 1 

amily; of the mutation carriers 2 were classified as MHShc and 

 as MHSh and 1 as MHN by the IVCT ( Fig. 1 E). There were 3/11

iscordant cases: genotype (-) IVCT ( + ) in 2 patients and genotype 

 + ) IVCT (-) in 1 patient. 
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Fig. 1. Family trees and genotype-phenotype correlations of the individuals enrolled in this study. A. to D. Family trees of families 1,2,3,6,7 and 8 in whom the RYR1 gene 

variants were found in this study. Arrow: MH-onset individual. Full black symbols: MHShc male/female. Half black symbols: MHSh male/female. Empty symbols: MHN 

male/female (negative IVCT). The presence of a “?” within the symbol denominates unknown IVCT status. E . Results of genetic testing and IVCT for individuals with each 

variant are shown in the double-pie charts for each gene variant. The outer circles show the results of the genetic testing (green WT, lilac heterozygous mutation carriers), 

and the inner circles show the results of the IVCT. The numbers within the circles indicate number of individuals tested. It is noteworthy that for 3 individuals there is a 

discrepancy between the IVCT result and genotype (1 heterozygous + negative IVCT in p.E2880K, 1 heterozygous + negative IVCT in p.I4938T, and 1 wild-type + MHS IVCT 

in p.I4938T). 

955 



Y. Noda, H. Miyoshi, S. Benucci et al. Neuromuscular Disorders 33 (2023) 951–963 

Table 2 

EC50 values for KCl and 4-cmc calcium release in myotubes carrying the WT RyR1 

and the p.E2880K, p.R3772W and p.I4938T RyR1 variants. 

KCl EC50 ( mM) 4-cmc EC50 ( μM) 

Control 01 18.5 ± 2.2 358.0 ± 46.5 

Control 02 22.5 ± 12.2 310.0 ± 40.3 

p.E2880K 14.5 ± 5.1 ∗∗ 292.9 ± 45.0 ∗∗

p.R3772W 15.7 ± 0.6 ∗∗ 249.6 ± 47.8 ∗∗

p.I4938T 18.1 ± 2.4 400.3 ± 52.6 ∗∗

The EC50 value to KCl and 4-cmc of myotubes carrying the p.E2880K and p.R3772W 

variants are significantly reduced as compared to control myotubes from control 

(MHN) individuals 
∗∗ P < 0.01, 
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Table 3 

EC50 values for 4-cmc calcium release in HEK-293 expressing WT RyR1 and HEK- 

293 cells transfected with the p.G3806R, p.K4876R and p.I4938T RyR1 variants. 

EC50 ( μM) P value 

WT 242.1 ± 12.3 < 0.0001 ∗∗∗∗

p.G3806R 204.3 ± 14.1 < 0.0001 ∗∗∗∗

p.K4876R 208.9 ± 12.3 < 0.0001 ∗∗∗∗

p.I4938T 191.1 ± 30.1 < 0.0001 ∗∗∗∗

The EC50 value of HEK-293 cells transfected with the p.G3806R, p.K4876R and 

p.I4938T RYR1 variants are significantly reduced as compared with that of WT. 

Statistically significant difference from WT are denoted by 
∗∗∗∗ (P < 0.0 0 01). 
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.2. In silico genetic analysis of identified variants 

The 4 variants (p.E2880K, p.G3806R, p.K4876R and p.I4938T) 

ad a REVEL score > 0.85, supporting their pathogenicity (PPb/ 

P3_Mod) [31] . Results of pathogenicity estimation by in silico 

rediction tools other than REVEL are shown in Supplementary 

able 1. 

.3. Functional properties of myotubes from individuals carrying 

.E2880K, p.R3772W and p.I4938T RyR1 variants 

Muscle biopsies from patients carrying the 3 RYR1 variants 

nd from 2 wild type controls were used to generate primary 

uscle cell cultures. Control myotubes were only available from 

HN individuals from family 1 (Control 01) and family 8 (Control 

2). Myotubes from patients carrying the p.E2880K, p.R3772W 

nd p.I4938T RYR1 mutations (one myotube culture per patient 

nd per mutation) and from the two controls were assessed for 

heir sensitivity to KCl and 4-cmc and dose response curves were 

enerated. Fig. 2 and Table 2 show that for both KCl and 4-cmc, 

ells carrying the p.E2880K ( Fig. 2 C and 2 H) and p.R3772W ( Fig. 2 D

nd 2 I) RyR1 mutations at the heterozygous state exhibited a 

ignificantly lower EC50 than cells from healthy controls, but 

either PS3 nor PMa apply because of the unavailability of 

iological samples from at least 2 independent families. For 

ells carrying the p.I4938T RyR1 mutation, the EC50 of KCl was 

8.1 ± 2.4 mM ( Fig. 2 E and Table 2 ) which is very similar

nd not significantly different to that of myotubes from control 

ndividuals, (18.5 ± 2.2 and 22.5 ± 12.2 mM, Fig. 2 A and 2 B and

able 2 ) and the EC50 for 4-cmc was higher (400.3 ± 52.6 μM, 

ig. 2 J and Table 2 ) compared to that of cells from control

ndividuals (358.0 ± 46.5 and 310.0 ± 40.3 μM, Fig. 2 F and 2 G and

able 2 ), which supports its classification as “benign” (BS3_Sup). 

his discrepancy between agonist sensitivity and the presence of 

 putatively pathogenic RyR1 variant (p.I4938T), was not due to 

he absence of the mutation in the explanted myotubes, as its 

resence at the heterozygous state was confirmed by genomic 

NA sequencing (Supplementary Fig. 1). The resting [Ca2 + ]i 

n myotubes from controls and patients were not significantly 

ifferent (Supplementary Fig. 2). 

.4. Expression of recombinant p.G3806R, p.K4876R and p.I4938T 

yR1 variants in HEK-293 cells and functional characterization of the 

utations on [Ca2 + ] homeostasis 

To confirm the presence of the full length RyR1 protomer 

estern blot analysis was performed on microsomal fractions 

repared from HEK-293 cells transfected with the WT and mutant 

YR1 cDNA,. The levels of expression of recombinant RyR1 protein 

ere similar for the p.G3806R, p.K4876R and p.I4938T and WT 

onstructs (Supplementary Fig. 3). 
956
Since the transfection efficiency with a large cDNA construct 

uch as that encompassing the RYR1 cDNA ( > 16 kbp) is relatively 

ow, it is important to measure changes in [Ca2 + ]i only in 

hose cells expressing the recombinant RyR1 protein. For this 

eason, we subcloned the RYR1 cDNA into the bi-cistronic pIRES2- 

sRed2 vector, enabling the simultaneous expression of distinct 

roteins, namely DsRed (in the cytoplasm) and RyR1 (in the 

ndoplasmic reticulum). Fig. 3 panels A and B, shows the results 

f a representative experiment. First HEK-293 cells were observed 

y brightfield microscopy ( Fig. 3 A upper left panel) then the same 

ells were observed by exciting the cells at 558 nm and recording 

he emission at 580 nm. As shown in the upper left panel, two 

ells are positive for the DsRed protein, indicating that they were 

ransfected with the plasmid. Fig. 3 A and B show respectively, 

he calcium-dependent fluorescence change and calcium transient 

licited by the addition of 4-chloro-m-cresol in a DsRed transfected 

ell (arrowhead). Importantly, the RyR1 agonist did not cause an 

ncrease in fura-2 fluorescence in all cells, but rather only of those 

xpressing the DsRed protein (time lapse ratiometric images are 

hown in the upper right panels of Fig. 3 A). Using this method, 

e calculated the 4-cmc dose response curves for HEK-293 cells 

ransfected with the p.G3806R ( Fig. 3 D), p.K4876R ( Fig. 3 E) and

.I4938T ( Fig. 3 F) RyR1 mutations and compared them to that 

btained in cells transfected with the WT RYR1 cDNA ( Fig. 3 C). 

he curves of all variant-transfected cells were shifted to the 

eft relative to that of HEK-293 expressing WT RyR1 and the 

C50 values were significantly lower in all variant-transfected cells 

han in HEK-293 expressing WT RyR1 ( Table 3 ) supporting their 

athogenicity (PSb). 

We also measured the resting [Ca2 + ] in un-transfected HEK-293 

ells and in cells transfected with the different constructs. Fig. 3 G 

hows the box plots of the resting [Ca2 + ] and indicates that the 

Ca2 + ] was significantly increased (P < 0.001 only in HEK-293 cells 

xpressing the p.I4938T RyR1 variant, compared to cells expressing 

he WT RyR1. 

.5. Variant classification 

After applying the results of this study, the classification of each 

ariant based on the EMHG and VECP guidelines is summarized in 

able 4 . 

. Discussion 

In this study, we performed functional analysis on five RYR1 

ariants identified in IVCT-positive individuals. Our results show 

hat myotubes obtained from patients carrying 2 out of 3 RyR1 

utations (p.E2880K and p.R3772W) were significantly more 

ensitive to KCl and 4-cmc stimulation compared to myotubes from 

ontrol individuals. However, the agonist induced calcium release 

urves to KCl and 4-cmc in myotubes from the patient carrying 

he RyR1 p.I4938T variant were not more sensitive to agonist 

timulation compared to myotubes from controls (BS3_Sup). This 
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Fig. 2. KCl and 4-chloro-m-cresol dose-response curves of the �Ca2 + in myotubes from controls and from patients with the indicated RyR1 mutations. The curves show the 

KCl (panels A–E) and 4-chloro-m-creol (panels F-J) dose-dependent changes in calcium, expressed as % maximal calcium release. Each point represents the mean ( ± S.E.M.) 

of the change in fluorescence in 6–12 myotubes. Data were normalized to the average peak calcium release obtained for the highest concentration of KCl or 4-chloro- m - 

cresol. Dose-response curves were generated using the Origin software. Myotubes obtained from 2 IVCT-negative individuals from family 1 and 8 were used as controls. The 

EC50 of variants p.E2880K and of p.R3772W are significantly lower than that of controls. 
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Table 4 

Classification of variants based on EMHG and VCEP criteria. 

Variant EMHG Criteria Classification VCEP Criteria 

Posterior 

possibility Classification 

c.8638 G > A p.E2880K PMb, PPb, PPc Likely pathogenic PS4_Str, PP3_Mod, BS2_Mod 0.8993401 VUS 

c.11314C > T p.R3772W PMb, PPb, PPc Likely pathogenic PP3_Mod, PS4_Sup 0.5008319 VUS 

c.11416G > A p.G3806R PSb, PMb, PPa, PPb, PPc Pathogenic PS4_Str, PS3_Mod PP3_Mod 0.974631 Likely pathogenic 

c.14627A > G p.K4876R PSb, PMb, PPb, PPc Pathogenic PP3_Mod, PS3_Mod, PS4_Mod, PM1_Sup, PP1_Sup 0.974974 Likely pathogenic 

c.14813T > C p.I4938T PSb, PMb, PPb, Pathogenic PS3_Mod, PS3_Mod, PS4_Mod, PM1_Sup, BS3_Sup BS2_Mod 0.8991897 VUS 

Fig. 3. Identification of DsRed RYR1 transfected HEK-293 cells and 4-chloro- m -cresol dose-response curves of Ca2 + release in cells transfected with the human RYR1 cDNA. 

Part 1 (above) A. The photomicrographs on the top portion of the figure show (starting from top left panel towards the right) brightfield image, the same image viewed 

at an excitation of 540 nm and emission of 575 nm. The remaining panels show the fura-2 fluorescent ratio changes following addition of 600 μM 4-chloro-m-cresol. The 

horizontal white bar shown in the upper left brightfield image = 10 μm B. Fura-2 ratio intensity (340/380 nm) over time following the application of 600 μM 4-chloro- 

m-cresol (in the cell indicated by the white arow in the top left panel) . Part 2 (next page) C . Dose-response curves of Ca2 + release in HEK-293 cells transfected with the 

human WT -RYR1 cDNA in the bi-cistronic pIRES-DsRed vector. D. E. and F. Dose-response curves of Ca2 + release in HEK-293 cells transfected with the human RYR1 cDNAs 

carrying the following variants: p.G3806R, p.K4876R and p.I4938T) in pIRES-DsRed vector. Data were normalized to the average peak calcium release obtained for the highest 

concentration of 4-chloro- m -cresol. Each point represents the mean ( ± S.E.M.) of the change in fluorescence of 4–40 measurements. Dose-response curves were generated 

using the Origin software. The curves of all variant-transfected cells were shifted to the left relative to that of HEK-293 expressing WT RyR1 and the EC50 values were 

significantly lower in all variant-transfected cells than in HEK-293 expressing WT RyR1. G . Resting [Ca2 + ] (fura-2 fluorescence ratio) observed in HEK-293 cells. Each symbol 

represents the value of a single cell. P value of resting calcium between WT and I4938T < 0.0 0 01. 
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Fig. 3. Continued 
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iscrepancy between agonist sensitivity and the presence of a 

utatively pathogenic RyR1 mutation was not due to the absence 

f the mutation in the myotubes, but may be caused by additional 

enetic factors affecting skeletal muscle calcium metabolism 

side altered RyR1 function. Indeed, Yasuda et al., [32] showed 

hat variants in JSRP1 , the gene encoding JP-45, can counteract 

he hypersensitivity of EC coupling caused by RYR1 mutations. 

herefore, it is possible that the patient carrying the p.I4938T 

ariant may carry mutations in other genes involved in excitation 

ontraction coupling. Alternatively, the differential expression of 

utant versus wild-type alleles in heterozygous patients, may be 

lso possible. The latter explanation would also be compatible with 

he increased agonist sensitivity observed in transfected HEK-293 

ells homozygous for the p.I4938T (PSb / PS3_Mod), not seen in 

eterozygous patient-derived myotubes (BS3_Sup). 

Undoubtedly, myotubes explanted from patient biopsies may 

xpress unknown variants in other genes, therefore to study 

he isolated effect of the p.I4938T RyR1 mutation on calcium 

omeostasis, we inserted this mutation, as well as the two 

dditional ones (p.G3806R and p. K4876R variants) found in 

he IVCT positive families from whom no cells were available, 

n the human RYR1 cDNA and performed functional analysis 

n transfected HEK-293 cells expressing homozygous mutant 

hannels. Our results confirm that the sensitivity to 4-cmc is 

ignificantly enhanced with each of the three variants, compared 

o cells expressing the WT RyR1 (PSb / PS3_Mod). Furthermore, the 

esting [Ca2 + ]i was significantly elevated only in cells expressing 

he RyR1 p.I4938T mutation, indicating that the homozygous 

xpression of this mutation most likely results in leaky channels. 

levation of the resting [Ca2 + ]i has been previously reported 

n human myotubes from patients [ 19 , 33 ] EBV immortalized B- 

ymphocytes [ 34 , 35 ] carrying endogenous RYR1 mutations, as well 

s in muscle cells expressing recombinant mutant RyR1 channels 

 36 , 37 ] and muscle cells from transgenic Ryr1 mutant mice [ 38 , 39 ].

It is noteworthy that the p.I4938T RyR1 variant had a 

articularly large number of genotype-phenotype mismatches. 

ndeed: (i) the proband in the family developed an MH reaction 

ut was not tested genetically nor tested by the IVCT; (ii) one 

ndividual carried the variant but was diagnosed as MHN by 

he IVCT; (iii) one individual did not carry this variant but was 

iagnosed as MHShc; (iv) two individuals who carried the variant 

ere diagnosed as MHSh and one individual did not carry the 

ariant and was also diagnosed as MHSh. Based on functional 

nalysis using HEK-293 cells, the EC50 to 4-cmc of the p.I4938T 

ariant was significantly lower compared to that of WT RyR1 (PSb / 

S3_Mod), suggesting that the variant itself causes an abnormality 

n calcium homeostasis which is particularly evident when the 

utation is expressed at the homozygous state. Nevertheless, 

ne must also consider the possibility that in the family we 

nvestigated (family 8) the genotype-phenotype discrepancy may 

e due to the presence of mutations in other genes involved in 

alcium metabolism. 

Once a variant is identified in an MHShc individual, all family 

embers undergoing an IVCT are also tested for the presence 

r absence of the same variant. Therefore, other MH-causing 

ariants may be present in the different family members. The 

esults of several in silico predictive tools (Supplementary Table 1) 

40] support the pathogenicity of all studied variants (PP3_Mod / 

Pb). Only p.E2280K was predicted to be benign by polyphen-2, 

ut pathogenic using other prediction tool. 

On a structural level, RyR1 is homotetramer with a molecular 

ass of more than 2.2MDa [41] and a large number of domains 

nvolved in the interaction with other proteins as well as the 

egulation of the calcium channel [26] . Fig. 4 models how the 

utations identified in the MHS patients change the overall 

tructure of the rabbit RyR1. All mutations reported in this paper 
960 
ere mapped in resolved regions of the protein structure and 

ffect the Bsol, Csol and Pore domains ( Fig. 4 A). The first mutation, 

2880K (rabbit: E2880), is located within the Bsol domain, in the 

ytosolic shell (CS, residues 1–3613) [33] of the receptor ( Fig. 4 A). 

he substitution of glutamate with lysine causes a change in the 

mino acid charge and results in two clashes, one with Y2908 

nd the other with E2876 ( Fig. 4 B). It seems that the structure 

ccommodates the newly introduced amphipathic amino acid and 

hanges the overall interactions as suggested by the possible 

lashes. 

Mutation R3772W (rabbit: R3773) is located inside the channel 

nd activation core (CAC, residues 3614–5037) of the receptor, 

recisely in the Csol domain ( Fig. 4 A), in proximity to the C- 

erminal domain (CTD) which contains among others, the calcium 

inding site. The calcium binding site is predominantly constituted 

y the interaction of five amino acids E3893, E3967, T5001, 

3895 and Q3970 [ 26 , 42 ] and mutations therein or in surrounding 

esidues may influence the activity of the Ca2 + channel [43] . 

he R3772 residue which is impacted by the mutation stands 

pproximately 24 Å from the calcium binding site. While the 

mphipathic nature of the amino acid is maintained, the steric 

ulk of the tryptophan side chain could determine possible clashes 

ith the nearby His3699 residue ( Fig. 4 C). 

The mutation affecting the G3806R residue (rabbit: G3807) is 

lso present inside the Csol domain, but in this case, it is closer 

o the calcium binding site than the R3772W mutation discussed 

bove, at a distance of about 10 Å ( Fig. 4 A). The substitution 

f a small neutral amino acid like glycine, by a residue with a 

onger and more hydrophilic side chain such as arginine could 

heoretically influence the environment surrounding the calcium 

inding site as suggested by the possible clashes identified with 

3763 ( Fig. 4 D). 

Mutation K4 876R (rabbit: K4 875) resides in the bottom portion 

f the Pore domain of the channel ( Fig. 4 A). The substitution of 

he lysine side chain, with a stronger more positively charged and 

ydrophilic amino acid such as arginine, exposes a possible clash 

ith the nearby F4885 and K4865 residues ( Fig. 4 E) and a possible

onsecutive change in the amino acid rearrangement. 

Finally, mutation I4 938T (rabbit: I4 937) present in the central 

art of the Pore domain of the RyR1 ( Fig. 4 A), exposes the 

ubstitution of an uncharged and hydrophobic isoleucine residue 

ith a hydrophilic threonine amino acid, which seems to be 

terically accommodated and does not result in the presence 

f any additional clashes but rather a possible H-bond with 

esidue Q4933 ( Fig. 4 F). The mutated amino acid is positioned 

etween G4934 and G4941, which are two conserved residues 

omposing the S6 pore-lining helix and are essential for RyR1 

ating, since they convey the S6 flexibility, introducing a bend 

uring the open or close states of the channel [ 44 , 45 ]. The

ncreased hydrophilicity of the pore caused by the substitution of 

he hydrophobic isoleucine with the hydrophilic threonine, placed 

etween the two essential glycine residues (i.e. Q4934 and Q4941) 

ogether with the destabilization made by the introduction of H- 

onds with the Q4933 backbone, could determine a transition to 

he open conformation and/or higher conductance state [46] . 

One limitation of our study is that the functional analysis 

sing myotubes was conducted on cells derived from one patient 

er family carrying the mutation. Although the results indicate a 

ain of function, the fact that they were derived from only one 

ndividual from one family prevents them from meeting the EMHG 

riteria for PMa and the modified ACMG/AMG criteria for RYR1 - 

elated MHS for PM3. Consequently, both mutations have to be 

lassified as VUS according to the EMHG criteria and the modified 

CMG/AMG criteria for RYR1 -related MHS. Nevertheless, based 

n a paper categorizing RYR1 variants according to ACMG/AMP 

46] , the criteria more frequently linked to Pathogenic or Likely 
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Fig. 4. 3D reconstruction of the RyR1 carrying the mutations described in the present investigation. A . Schematic representation of the various domains of the RyR1 and 

the respective position of the mutations. Specifically, E2880K (N °1) is in the Bsol, R3772W (N °2) and G3806R (N °3) are in the Csol, K4 876R (N °4) and I4 938T (N °5) are in 

the pore domain of the channel. PDB structure 5T15. B . Mutation of the native glutamate (left) into lysine (right). This substitution possibly results in clashes with Y2908 

and E2876. C . Mutation R3772W is at an approximate distance of 24 Å from the calcium binding site and results in the possible clash with H3699. Amino acids within the 

calcium binding site such as E3967, E3893 and T5001 are also indicated. D . G3806R is 10 Å away from the calcium binding site and may cause clashes with L3763. Amino 

acids within the calcium binding site such as E3967, E3893 and T5001 are also indicated. E . K4876R shows two possible clashes, one with F4885 and the other with K4885 

and the other with K4865. F . Substitution of isoleucine 4938 with threonine could result in the formation of an additional H bond with Q4933 backbone. Of note is the 

position of I4938 which is placed between G4934 and G4941 (indicated by asterisks), two residues that are important for channel gating. Panels B to F show the human and 

corresponding rabbit (r) mutations, respectively. The amino acids referred to in the text are shown in red and their numbers refer to the rabbit structure, PDB: 5TAL. 
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athogenic (in contrast to Benign, Likely Benign, or VUS) implicate 

he bioinformatics prediction of pathogenicity tool (REVEL scores 

f ≥ 0.85). Since, both variants identified as VUS in this study 

xhibited REVEL scores ≥ 0.85, they may be reevaluated as 

athogenic or Likely Pathogenic upon future investigations. 

. Conclusions 

In conclusion, here we demonstrate that the 5 RyR1 variants 

nvestigated cause hypersensitivity to RyR1 agonist-mediated 

alcium release. 
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