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Abstract 

RNA splicing is a crucial step in eukaryotic gene expression, ensuring the accurate removal of 

introns and joining of exons to produce mature transcripts. Mutations that alter canonical splice 

sites or splicing regulatory elements can profoundly affect this process, resulting in aberrant mRNA 

species and disease. Genetic screening for Malignant Hyperthermia Susceptibility (MHS), resulted 

in the identified of a frameshift variant in RYR1 (c.14510delA, rs193922877) associated with MHS 

and core-like structures in skeletal muscle biopsies. The c.14510delA variant causes a frameshift 

leading to premature truncation of the protein and loss of the C-terminal transmembrane domains. 

Splice site prediction analysis suggested that this variant could also impact mRNA splicing. 

Transcript analysis confirmed that the variant induces in-frame skipping of exon 100, resulting in a 

shorter RYR1 transcript where exon 101 follows exon 99. To our knowledge, this represents the first 

description of an in-frame exon skipping event in RYR1. Although the functional impact of the 

resulting channel isoform remains to be fully elucidated, our findings emphasize the importance of 

mRNA-level investigations in the molecular diagnosis of RYR1-related myopathies. 
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RNA splicing is a fundamental step in eukaryotic gene expression that removes non-coding introns 

from precursor mRNA and joins exons to generate mature transcripts. This process is catalyzed by 

the spliceosome, a large ribonucleoprotein complex that recognizes highly conserved sequence 

motifs at exon–intron junctions: the 5′ splice site (commonly GU), the 3′ splice site (commonly 

AG), the branch point, and additional surrounding consensus elements.1 Moreover, Exonic Splicing 
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Enhancers (ESEs) located near splice sites are essential for proper exon recognition, as they recruit 

Serine/arginine-Rich (SR) proteins that stabilize the binding of spliceosomal components.2,3 

Alternative splicing, whereby different combinations of exons are joined together, can generate 

multiple transcript isoforms from a single gene, thereby expanding proteomic diversity. However, 

mutations in cis-acting splicing regulatory elements or in the canonical splice site motifs can disrupt 

normal splicing patterns, leading to intron retention, activation of cryptic splice sites, translation re-

initiation or exon skipping events. These events may thus cause absence of the corresponding 

protein due nonsense-mediated mRNA decay, production of truncated proteins due to appearance of 

pre-mature stop codons or translation re-initiation, or synthesis of functionally altered isoforms with 

significant pathological consequences.4 Indeed, such mechanisms have been implicated in several 

diseases, including Duchenne Muscular Dystrophy (DMD), spinal muscular atrophy, nemaline 

myopathy, and myotubular myopathy.5-11 On the other hand, in-frame exon skipping may yield to 

translation of proteins that are partially functional, whose expression can result in milder disease 

phenotypes.1-3 Interestingly, this mechanism has been extensively studied as a potential therapeutic 

approach to overcome the deleterious effect of non-sense mutations and, nowadays, it represents a 

currently approved therapy for treatment of DMD.4  

The RYR1 gene encodes the ryanodine receptor type 1 channel, responsible for calcium release in 

skeletal muscle necessary for muscle contraction. Mutations in RYR1 are associated with alterations 

in calcium homeostasis that lead to various clinical manifestations including different forms of 

myopathies that are collectively named as RYR1-related myopathies and to Malignant Hyperthermia 

Susceptibility (MHS), a pharmacogenetic disorder that may lead to uncontrolled increase in body 

temperature, muscle contraction and increase in body metabolism in individuals when exposed to 

muscle relaxant and volatile anesthetics. RYR1-related myopathies are characterized by a wide 

spectrum of clinical phenotype ranging from mild to severe; at the histological level variable 

phenotypes can be observed, like the presence of central-cores, mini-core, rods, contractures.12-15 

During routine genetic diagnosis of MHS, we identified a novel variant in the RYR1 gene, 

c.14510delA (known as rs193922877), associated with malignant hyperthermia and presence of 

core-like structures in muscle biopsies.16 Deletion of nucleotide 14510 in exon 100 of the RYR1 

gene results in an alteration of the open reading frame where amino acids Gln4837 and Leu4838 are 

replaced by Arg and Trp residues, and an opal stop codon appears five nucleotides downstream of 

the deletion (R4837fsX4839). The mutated RyR1 protein lacks the last 202 amino acid residues in 

the C‐terminal region of the channel, including the putative selectivity filter and the final two 

transmembrane domains. In addition, splicing site prediction algorithms showed a possible change 

at donor site 2 bps downstream the nucleotide change. In view of this, we wanted to extend the 
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characterization of the c.14510delA variant, by analyzing the mRNA of family members carrying 

the variant. We report here evidence that the c.14510delA variant alters mRNA splicing yielding to 

in-frame skipping of exon 100 and generation of a shorter RYR1 mRNA where exons 101 follows 

exon 99. At the best of our knowledge, this is the first case of in-frame exon skipping described in 

RYR1, where out of frame splicing mutations are described;17-19 we believe that, in the future, 

considering extending the analysis of RYR1 variants at the mRNA level may contribute to further 

characterize the spectrum of RYR1-related myopathies.  

 

Materials and Methods 

This study complies with the ethical standards laid down in the 1964 Declaration of Helsinki. The 

skeletal muscle biopsies from vastus lateralis used in this study were collected during routine 

diagnostic procedures, after obtaining informed consent from all patients. 

 

Genomic DNA extraction, PCR and sequencing 

Genomic DNAs were extracted from peripheral blood leucocytes following standard methods16. 

The genomic structure and intron boundary sequences were deduced from the Homo sapiens 

chromosome 19 genomic contig NT_086903.1 and the cDNA sequence NM_000540.1. PCR 

primers were designed for each exon with the primer-3 software (https://primer3.ut.ee). PCR 

amplifications were performed in a final volume of 25 µl, containing 100 ng of genomic DNA, 1 X 

PCR buffer, 0.5 pM of each primer, 180 µM of each dNTP and 1 U of TaqGold DNA polymerase 

(Thermo Fisher Scientific). The PCR reactions were performed on a MJ research PTC-100 Peltier 

Thermal Cycler (Global Medical Instrumentation, Minnesota, USA). Amplicons were sequenced by 

standard Sanger sequencing on an ABI-3100 sequencing apparatus (Applied Biosystems). 

 

RNA extraction from skeletal muscle tissue, reverse transcription and PCR amplification 

Total RNA was isolated using the Trizol®Reagent (Thermo Fisher Scientific) following the 

manufacturer’s instructions and quantified by a spectrophotometer at a wavelength of 260 nm 

(Ultraspec 2100 pro) and stored at -80°C until use.20 1 µg of total RNA was retrotranscribed to 

produce cDNA by using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). 

The reaction was placed in a thermal cycler (Eppendorf Mastercycler) set on the conditions 

indicated by the manufacturer. 2 µl of cDNA was used to amplify the regions between nucleotide 

c.14168 and c.14628 of RYR1, containing exons 98 to 101 using the following primers:  RyR1-

Forward 5’-GCAAGGTCCTGGACAAACAT-3’ and RyR1-Reverse 5’-

GAGGATGAACCTGACATGAAG-3’. PCR amplifications were performed with Amplitaq Gold 

https://primer3.ut.ee/
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Taq Polymerase (Applied Biosystems) following the manufacturer’s instructions, using a MJ 

Research PTC-200 thermal cycler. PCR products were cloned into pGEM T-easy vector following 

manufacturer’s instruction (Promega). Single colonies of the E.Coli XL-10 Gold strain transformed 

with pGEM T-easy recombinant plasmids were selected. Plasmid DNA was isolated and sequenced 

using appropriate pGEM T-easy specific primers. Sequencing of PCR products was performed by 

standard capillary Sanger sequencing (Applied Biosystems 3500 Series Genetic Analyzer).  

 

In vitro contracture test (IVCT) 

In Vitro Contracture Test (IVCT) was performed according to the European Malignant 

Hyperthermia Guidelines (https://www.emhg.org). Briefly, muscle bundles from vastus lateralis 

were dissected immediately after excision and placed in oxygenated (95% O2, 5% CO2) Krebs-

Ringer solution. Bundles were mounted in organ baths at 37∘C, attached to a force transducer (Ugo 

Basile, Italy) and stimulated via field electrodes (1 ms, 0.2 Hz). Separate muscle bundles underwent 

cumulative drug testing at 3-minute intervals with halothane (Santa Cruz): 0.5, 1.0, 2.0, and 

3.0% v/v vaporized into the gas mixture or caffeine (Merk): 0.5, 1.0, 2.0, 3.0, 4.0, and 32.0 mM, 

added directly to the bath. 

According to EMHG guidelines, a sustained baseline tension increase of ≥2 mN (0.2 g) following 

either halothane or caffeine (or both) was defined as the contracture threshold. Phenotypes were 

classified as: i) Malignant Hyperthermia Susceptible (MHS): threshold reached at ≤2.0 mM caffeine 

and ≤2.0% halothane; ii) Malignant Hyperthermia Negative (MHN): no contracture (≥2 mN) at 

diagnostic concentrations. 

 

Histological analyses 

Muscle biopsies from vastus lateralis muscle were embedded in Tissue-Tek O.C.T compound (Bio-

Optica, Italy), snap frozen in liquid nitrogen‐cooled isopentane, and stored at −80°C until further 

use. Serial 8‐μm‐thick cryosections were stained with succinate dehydrogenase (SDH) (Bio-Optica, 

Italy). Sections were examined using an Axiovert 200 microscope (Zeiss, Germany), and images 

were acquired at 20x magnification with an Axiocam 702 mono camera (Zeiss, Germany). 

 

In silico analysis of the RYR1 c.14510delA variant 

To perform in silico analysis of the RYR1 c.14510delA variant, the SpliceAI software was used. 

SpliceAI is a copyrighted work by Illumina and is provided under GPLv3 and CC BY NC 4.0 

licenses for academic and non-commercial use. It runs the SpliceAI and Pangolin splicing 

prediction models on user-specified variants and then displays the scores. The following parameters 
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were set up: Genome version hg38; Genecode: basic; Max distance 10000 bp. Prediction: SAI-10k-

calc interprets SpliceAI outputs to predict splicing aberration type (pseudoexonization, 

whole/partial intron retention, partial exon deletion, exon skipping), the size of inserted/deleted 

sequence, and effect on reading frame. It has 95% sensitivity and 96% specificity, with >81% 

accuracy for predicting pseudoexon, partial intron retention, and exon skipping. 

Other prediction algorithms have been applied by the Alamut Visual Plus version v2.0.1 © 2026 

SOPHiA GENETICS.  

 

Results 

A variant in the pVSD domain of RYR1 results in premature stop codon and exon skipping 

We previously reported a c.14510delA deletion in exon 100 of the RYR1 gene, known as 

rs193922877, in a family where one individual underwent an MHS crisis during surgical procedures 

under general anesthesia.16 Genetic analysis of additional family members revealed that eight 

individuals carry the c.14510delA variant; five of the c.14510delA carriers underwent an IVCT, but 

only three resulted susceptible for MHS, indicating a variable penetrance of the variant (Figure 1A). 

Nevertheless, at the histological analysis, all c.14510delA carriers show the presence of cores 

depleted of oxidative enzyme staining resembling those observed in patients with core-like 

myopathy (Figure 1A and Figure 2; Table 1). Since splicing site prediction algorithms showed a 

possible change at the donor site located 2 bps downstream the nucleotide change (Table 2) we 

analyzed the mRNA expressed in muscles from four family members carrying the variant and from 

two healthy relatives (Figure 1A). To this aim, we amplified a region containing exons 98 to 101 of 

the RYR1 cDNA. Interestingly, the amplification of the cDNA in subjects carrying the 14510delA 

variant, resulted in generation of the expected band of 460 bp including sequences from exons 98, 

99, 100 and 101 transcribed from either wild type or mutant RYR1 allele, and of an additional band 

at lower molecular weight of 313 bp that, after sequence analysis, revealed to correspond to a splice 

variant, where exon 100 was skipped to generate a shorter RYR1 mRNA where exons 101 follows 

exon 99 (RyR1Dexon100) (Figure 1B-D). This splicing allows to maintain the open reading frame 

of the RYR1 transcript, potentially generating a RyR1 channel lacking 49 amino acids in the pVSD 

domain and, in particular, in the S3 segment of the transmembrane domain (Figure 1E).21-23 A 

relative quantification of the expression levels of the RYR1 transcripts performed in two out of four 

individuals showed that, in the first individual, 62.86% of the RYR1 transcripts corresponded to 

those transcribed by the wild type allele, 31.43% of the transcripts corresponded to those 

transcribed by the mutant allele and 5.7% of the transcripts were generated by skipping of exon 

100. In the second individual, the percentage of transcripts where exon 100 was skipped was 12.9% 
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(54,84% of the transcripts were transcribed by the wild type allele and 32.26% of the transcripts 

were transcribed by the mutant allele). mRNA corresponding to skipping of exon 100 were not 

observed in mRNAs extracted from 21 control individuals and 12 MHS individuals carrying other 

RYR1 variants (not shown).   

 

Histological analysis of muscle biopsies from individuals carrying the c.14510delA deletion 

reveal the presence of core-like lesions 

We previously reported that histological analysis of muscle biopsy from individuals carrying the 

c.14510delA variant in RYR1 revealed the presence of 80% of fibers showing cores-like lesion and 

a prevalence of type 1 fibers.16 To extend our analysis we performed histological analysis on 

additional family members and found that all available biopsies from individuals carrying the 

14510delA RYR1 variant show core-like lesions and prevalence of type I fibers, suggesting that 

these may be reasonably considered as typical traits of the myopathy associated to this variant 

(Figure 2).   

 

Discussion 

Exon‐skipping mutations represent a class of genetic alterations that can have major implications in 

both the diagnosis and the pathogenesis of genetic diseases.4 These mutations may arise from 

changes at canonical splice sites, in splicing regulatory elements or within introns that result in 

creation of cryptic splice sites. When an exon is skipped, the reading frame may be maintained (“in-

frame skip”) or disrupted (“out-of-frame skip”), and this determines whether the resultant protein is 

truncated, degraded, or whether a partially functional protein is produced. In this last case, exon 

skipping can lead to a phenotype that is milder than expected. A well-known example is provided 

by point mutations in the DMD gene that promote exon skipping in vivo, resulting in residual 

dystrophin expression and a shift from a severe Duchenne to a milder Becker phenotype.24  

From a diagnostic point of view, exon skipping introduces considerable complexity in establishing 

genotype–phenotype correlations and predicting disease severity. Moreover, exon-skipping 

mutations are often under-recognized when only DNA-based testing is performed. Thus transcript-

based assays are increasingly important to verify whether a variant causes aberrant splicing or 

skipping. Failure to detect or interpret exon-skipping events may lead to misclassification of 

pathogenicity, incorrect prognosis, or suboptimal genetic counseling. 

We report here on the identification of a variant that induces an exon-skipping in RYR1, 

c.14510delA, in eight members of a family, three of which tested positive at the IVCT while all 

carriers displayed core-like lesions in muscle biopsies. This variant promotes the skipping of exon 
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100, producing a transcript that encodes a RyR1 subunit lacking 49 amino acids in the pVSD 

domain. The c.14510delA variant is located two nucleotides upstream the end of exon 100, a region 

that is considered critical for the recognition of the donor splicing site by the spliceosome U1 

snRNP component. SpliceAI predicts a strong splice-disruptive effect for this variant, with an 

overall splice loss Δ = 0.57 and donor loss Δ = 0.38 at +2 bp, accompanied by a modest donor gain 

Δ = 0.21 approximately 109 bp downstream. These scores suggest that the variant may weaken the 

canonical donor site and promote usage of a cryptic downstream donor site, potentially resulting in 

partial exon skipping or aberrant splicing.25 Consistently, MaxEntScan analysis shows a decrease in 

the canonical donor site strength from 6.34 to 4.66, corresponding to an approximate 26.5% 

reduction in predicted splice-site strength.26 Such a decrease indicates a moderate weakening of the 

donor site, supporting the SpliceAI prediction of reduced donor recognition efficiency. 

Exon-skipped transcripts are expressed at lower levels than the wild-type mRNA, with 

approximately 50–60% of transcripts being wild-type, 30% carrying the c.14510delA variant, and 

no more than 12.9% lacking exon 100. Alternatively, the transcripts generated by skipping of exon 

100 may be degraded at a higher rate than wild type or mutant mRNAs. Previous studies have 

shown that in HEK293 cells expressing recombinant RYR1 c.14510delA cDNA, the corresponding 

mRNA is not substantially degraded by nonsense-mediated decay and can be translated into a 

truncated protein that is expressed at levels comparable to wild-type;16 although we have no direct 

experimental data, it may be reasonable to think that this may also occur for the mRNA containing 

the skipped exons in skeletal muscle of c.14510delA carriers. Biochemical analyses indicate that 

heteromeric RyR1 channels composed of wild-type and truncated subunits exhibit reduced stability 

and impaired assembly within the tetramer.16 The presence of core-like lesions in 100% of the 

carriers suggests that the c.14510delA variant has full penetrance regarding structural muscle 

remodeling. Conversely, the incomplete penetrance for MHS (3 out of 5 tested) suggests that the 

hypermetabolic reaction during the IVCT/anesthesia requires additional, yet unidentified factors, 

that govern calcium release kinetics under stress. Notably, however, the clinical phenotype of 

c.14510delA carriers is significantly milder than expected, with absent signs of myopathy, 

suggesting partial preservation of RyR1 channel function. 

Interestingly, the identification of a third transcript generated by exon 100 skipping may help to 

explain this attenuated phenotype. Assuming random tetramer assembly of available RyR1 

subunits, combinatorial modeling predicts that the presence of a third subunit type (lacking 49 

amino acids) roughly doubles the fraction of RyR1 channels composed by 4 wild-type subunits, 

compared to a model containing only wild-type and truncated subunits. Specifically, the 

probabilities of channels containing 0, 1, 2, 3, or 4 wild-type subunits change from 6.25%, 25.00%, 
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37.50%, 25.00%, and 6.25% to 2.56%, 15.36%, 34.56%, 34.56%, and 12.96%, respectively. These 

results indicate that, even if modest, the increase in the fraction of functional subunits can partially 

mitigate the dominant-negative effect of the premature stop codon, when assembly occurs 

stochastically. 

In conclusion, mutations that cause exon-skipping are emerging as important mechanism in the 

pathogenesis of muscle diseases, influencing both molecular and clinical outcomes. Recognition of 

their role not only improves our understanding of disease variability but also highlights the need for 

integrated genomic and transcriptomic analyses to achieve accurate diagnosis and refined 

genotype–phenotype correlations. 
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Figure 1. Analysis of the c.14510delA variant in RYR1. A) The family pedigree. The proband is 

indicated by an arrow. a) In Vitro Contracture Test outcome: NT (not tested), MHS (Malignant 

Hyperthymia Susceptible), MHN (Malignant Hyperthermia Normal); b) Presence (c.14510delA) or 

absence (negative) of the variant. c) Histological results: central cores (cores), normal, and not 

investigated (NT). B) Chromatograms of RYR1 amplicon sequences. Amplification and sequence 

analysis of cDNA obtained by RNA extracted by muscle biopsies from normal individuals (upper 

panel), or carriers of the c.14510delA variant (middle and lower panel) C) Agarose gel 

electrophoresis of RYR1 gene amplicons. RNA from representative individuals carrying (+) or not 

carrying (-) the c.14510delA variant was extracted, retrotranscribed and amplified using specific 

primers targeting sequences within exons 98 and 101 of RYR1. The black bar indicates the segment 

where the image was cropped. M=DNA molecular weight marker; arrowheads indicate bands 

corresponding to fragments of 460 and 313 base pairs. D) Nucleotide sequence alignment of PCR 

products. cDNA of samples obtained from individuals carrying the RYR1 c.14510delA    variant and 

wild type relatives were amplified, cloned into pGEM T-easy vectors and sequenced. The A 
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nucleotide shown in red indicates the nucleotide deleted in the genomic DNA of patients carrying 

the c.14510delA variant. E) Amino acid sequence alignment between the predicted protein segment 

encoded by wild type RYR1 transcripts (top sequence) and the sequence resulting from exon 100 

skipping due to 14510delA variant (bottom sequence). 

 

 

 

 

Figure 2. Histological analysis of the c.14510delA variant in RYR1. SDH staining of muscle 

biopsies from A) MHN (Malignant Hyperthermia Normal) and B-C) MHS (Malignant Hyperthymia 

Susceptible) patients. Muscle biopsy from patients B and C present several fibers with central cores 

(indicated by black arrows; SDH-negative areas), whereas patient A shows no evidence of central 

cores. Scale bar: 50 µm. 
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Table 1. Family summary table of the relationship among genotype, IVCT results, histological 

abnormalities, and clinical phenotype. Subject ID is relative to the family pedigree in Fig 1A; IVCT 

(In Vitro Contracture Test). 

 

 

Subject Genotype 
IVCT 

diagnosis 

Age at 

biopsy 
Histological findings Clinical Phenotype 

II2 c.14510delA MHS 77 

Central Cores; 

Prevalence of type I 

fibers 

Mild muscle 

weakness; no 

increase in CPK 

III3 c.14510delA MHN 53 

Central Cores; 

Prevalence of type I 

fibers 

asymptomatic 

III4 Negative MHN 
Data not 

available 
Not tested asymptomatic 

III5 c.14510delA MHN 
Data not 

available 

Central Cores; 

Prevalence of type I 

fibers 

asymptomatic 

IV3 c.14510delA MHS 39 

Central Cores; 

Prevalence of type I 

fibers 

asymptomatic 

IV5 c.14510delA MHS 38 

Central Cores; 

Prevalence of type I 

fibers 

asymptomatic 
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Table 2. Summary of splicing prediction analysis according to Alamut Visual Plus version v2.0.1.  

 

Donor Sites 

 
SSF 

[0-100] 

MaxEnt 

[0-12] 

NNSPLICE 

[0-1] 

GeneSplicer 

[0-24] 

SPiP 

[0-1] 

Threshold  ≥ 70  ≥ 0  ≥ 0.4  ≥ 0 ) No threshold 

Exon 100 - 

c.14511 N 

80.45 ⇒ 71.22 

(-11.5%) 

6.34 ⇒ 

4.66 

(-26.5%) 

0.84 ⇒ 

— 

8.26 ⇒ 3.93 

(-52.4%) 

0.0698 ⇒ 0.0233 

(-66.6%) 

N: Natural 

Splice Site 
     

Splicing Pipeline Prediction (SPiP): Overall prediction: The mutation alters the consensus splice 

sites. 

Risk that the variant impacts splicing: 100 % [97.32 % - 100 %]. 

SPiP score: 0.852. 

SPiCE class (high/medium/low): high. 

SPiCE probability for variant in consensus splice site: 0.90054. 

Nearest natural splice site to the variant: donor. 

Relative distance between the nearest splice site and the mutation: -2. 

Type of region where the variant is located: Exonic Splicing Regulator Consensus. 

Relative distance between the cryptic site and the natural site: -2. 

 

Splice Site Finder (SSF). 

Maximum Entropy Scan (MaxEntScan). 

Neural Network Splice site predictor (NNSplice) NNSPLICE 0.9 (Berkeley Drosophila Genome 

Project). 
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