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Case report: Dihydropyridine receptor (CACNA1S) congenital myopathy, a novel phenotype with early onset periodic paralysis
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Introduction: CACNA1S related congenital myopathy is an emerging recently described entity. In this report we describe 2 sisters with mutations in the CACNA1S gene and the novel phenotype of congenital myopathy and infantile onset episodic weakness.

Clinical description: Both sisters had neonatal onset hypotonia, muscle weakness, and delayed walking. Episodic weakness started in infancy and continued thereafter, provoked mostly by cold exposure. Muscle imaging revealed fat replacement of gluteus maximus muscles. Next generation sequencing found the missense p.Cys944Tyr variant and the novel splicing variant c.3526-2A>G in CACNA1S. Minigene assay revealed the splicing variant caused skipping of exon 28 from the transcript, potentially affecting protein folding and/or voltage dependent activation.

Conclusion: This novel phenotype supports the notion that there are age related differences in the clinical expression of CACNA1S gene mutations. This expands our understanding of mutations located in regions of the CACNA1S outside the highly conserved S4 segment, where most mutations thus far have been identified.
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1 Introduction

In skeletal muscle, action potential propagation results in muscle contraction, a process mediated by calcium ions and known as excitation-contraction coupling (ECC) (1). Specialized proteins take part in ECC, including the dihydropyridine receptor (DHPR), a voltage gated calcium channel located on T-tubule membranes and RyR1, located on the sarcoplasmic reticulum (SR). T-tubules tightly associate with terminal cisternae of the SR; the close association between one T-tubule and two terminal cisternae form the triad and the interaction between DHPR and RyR1 upon depolarization activates opening of RyR1 (1).

The α1 subunit of the DHPR contains the basic functional elements of the L-type Ca2+ channel 1.1 (Cav1.1) and is encoded by the CACNA1S gene. The α1 subunit is formed by four homologous domains (DI-DIV) and each domain contains six transmembrane segments (S1–S6) (2). In each domain, segments S1–S4 form the voltage-sensing domain, whereas S5 and S6 from all four domains form the pore with its activation gate. The activation of DHPR triggers a rapid elevation of cytosolic Ca2+ thus coupling membrane excitation to muscle cell contraction (3).

The classical adult skeletal muscle L-type calcium currents are small, activate slowly and open only at 30 mV more positive membrane potentials than EC coupling (4). In embryonic tissues, the major isoform expressed lacks exon 29 (Cav1.1e) and exhibits high current amplitude, fast activation kinetics and normal voltage sensitivity compared to the adult isoform (5). After birth the embryonic isoform is rapidly substituted by the adult isoform containing exon 29 (Cav1.1a) (6).

Mutations in the CACNA1S gene have been previously associated with malignant hyperthermia susceptibility (7) and hypokalemic periodic paralysis (HypoPP) (8, 9). A recent report correlated CACNA1S mutations to both recessive and dominant forms of congenital myopathy (10). Only few patients have been described so far having recessive CACNA1S-related congenital myopathy.

Here, we describe 2 sisters from a consanguineous family who presented with the novel phenotype of congenital myopathy and early onset episodic weakness. Two likely pathogenic variants in the CACNA1S gene were identified in both sisters.



2 Case report


2.1 Clinical description

The two probands are sisters of consanguineous healthy parents (second degree cousins). In addition to the two probands, there are two healthy sisters. The parents gave written informed consent for genetic and research studies in accordance with guidelines provided by the Institutional Review Board of North Jordan, King Abdullah University Hospital, Irbid, Jordan.

Proband 1 was a term newborn, via normal vaginal delivery. At birth she had significant head lag and hypotonia. She continued to have poor head control requiring support, poor limb movements, and poor weight bearing. There were no feeding or breathing concerns. Walking was delayed till after 2 years of age. Cardiac evaluation was normal. Around seven to 10 months of age, episodes of weakness, and flaccidity manifesting as “falling over” while seated started, particularly with cold exposure. Episodes were around 10 min duration, and continued to occur once or twice a month, more so in the winter period and with cold ambient temperature. With advancing age, she continued to have episodic loss of ambulation, particularly with cold exposure, but also with physical exertion. Her neurological exam at 12 years of age was notable for weakness involving neck flexion and proximal limb muscles (shoulder abduction, forearm flexion, hip flexion) MRC grade 4/5. Deep tendon reflexes were normal. Cranial nerve examination revealed mild facial weakness, without ophthalmoplegia, ptosis, or bulbar weakness.

The younger sister of proband 1 (II.4) presented at 4 years of age. She was the product of a full-term uncomplicated pregnancy via normal vaginal delivery. She, also, was noted to have significant hypotonia shortly after birth, with poor head control, and very little antigravity movements. Walking was delayed till after 2 years of age. There were no concerns regarding feeding and breathing. Around 7 months of age, she started having episodes of flaccidity and falling over if seated, particularly with cold exposure or cold ambient weather. These episodes lasted around 10 min. Her neurological examination at 4 years of age was notable for a weak myopathic appearing face, but otherwise no clear weakness or fatigability were observed. There was no clinical myotonia. Deep tendon reflexes were normal. For both probands, there was poor response to treatment with either acetazolamide or a low carbohydrate diet for prevention of episodic weakness. A timeline of the clinical course is presented in Table 1.


TABLE 1 Timeline of clinical events for proband 1 and proband 2.
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2.2 Diagnostic assessment

Proband 1: Laboratory evaluation revealed normal creatine kinase (CK). Electrophysiological evaluation revealed normal motor and sensory nerve conduction studies. Long exercise testing for median nerve/abductor pollicis brevis muscle and ulnar nerve/abductor digiti minimi muscle was normal. Limb cooling and cold provocation test did lead to clinical weakness, and significant drop in motor response.

A previous EMG of right tibialis anterior, extensor indices, and deltoid muscles performed when she was 6 years old revealed myotonic discharges in tibialis anterior and extensor indices muscles.

Repeat EMG of right tibialis anterior, vastus lateralis, first dorsal interosseus, extensor indices and biceps muscles at age 12 was normal.

For proband 1, around 6 weeks after last clinical evaluation detailed above, MRI of the pelvis, thighs, upper limbs, and neck was performed using a 1.5T scanner (Toshiba, USA). Axial and coronal T1 and STIR sequences were obtained and showed atrophy and symmetrical fat replacement of the gluteus maximus muscles in a tigroid pattern, of an estimated 30–60% replacement (Figure 1). The rest of the examined muscles were uninvolved.


[image: Figure 1]
FIGURE 1
 MRI of the pelvis, thighs, upper limbs, and neck was performed on proband 1 using a 1.5T scanner (Toshiba, USA). Axial and coronal T1 and STIR sequences were obtained using a sense neuro vascular coil for the neck, and a multi coil for the rest. Axial T1 image at the level of the pelvic floor (A), and coronal T1 image of the thigh, (B) show symmetrical fat replacement of both gluteus maximus muscles (M), red and green arrows, respectively. The pelvic and thigh muscles bilaterally appear uninvolved. (C) Axial STIR images show suppression of the intramuscular fat (M).


Proband 2: CK was normal. Limited neurophysiological evaluation revealed normal motor nerve conduction studies, with evidence of myotonic discharges in the tibialis anterior muscle.

Serum potassium status during the episodes of weakness is unknown; this proved to be a challenging aspect of their care due to the short duration of episodes, coupled with their rural residence and distance from medical facilities.



2.3 Genetic evaluation

Genetic evaluation was not available in Jordan till proband 1 was 12 years of age, with the availability of next generation sequencing (NGS) utilizing sputum samples which made it feasible to ship overseas. Sanger sequencing and minigene assay was possible through the cooperation with Biochemistry and Genetic lab of the Neurology Unit of IRCCS Ospedale Maggiore Policlinico (Milan, Italy).

NGS analysis was performed by Invitae using the Invitae Comprehensive Neuromuscular Disorders Panel customized to include 109 genes (the complete gene list is available at https://www.invitae.com/us/providers/test-catalog/test-03280). In proband 1 two variants in CACNA1S were revealed: c.2831G>A (p.Cys944Tyr) in exon 22 and c.3526-2A>G at the acceptor splice site of intron 27. Sanger sequencing confirmed the segregation of both variants in the two affected sisters: c.3526-2A>G was inherited from the unaffected mother and c.2831G>A from the unaffected father, thus revealing a recessive pattern of inheritance (Figure 2A). p.Cys944Tyr replaces a highly conserved cysteine residue with tyrosine at codon 944 in the DIII-S5 of Cav1.1. Cys944Tyr is described in GnomAD with allele frequency 1.59 × 10−6; Clinvar and dbSNP assigned ID codes 1017723 and rs1661217137, respectively. In silico analysis predicted a deleterious impact of this variant on channel function (Figure 2B). funNCion, an online tool which predicts functional effects of missense variants in voltage-gated sodium and calcium channels, predicted p.Cys944Tyr to be pathogenic with a probability of 0.95 and to be loss-of-function with a probability of 0.69. ACMG rules classified p.Cys944Tyr as likely pathogenic (PM2_supporting, PM3, PP1, PP3_strong). c.3526-2A>G lay on the acceptor splice site of intron 27 and is described in GnomAD with allele frequency 1.20 × 10−6. Clinvar and dbSNP assigned ID codes 209137 and rs797045031, respectively. In silico prediction programs suggested a damaging effect causing a possible alteration of pre-mRNA splicing (Figure 2B). ACMG rules classified this variant as likely pathogenic (PS3, PM2_supporting, PM4, PP1, PP3).
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FIGURE 2
 (A) Pedigree. Sanger sequencing was used to study segregation in family members. Asymptomatic sister II.2 showed only c.3526-2A>G in heterozygosity while asymptomatic sister II.3 showed neither of the two variants. The arrow indicates Proband 1. (B) Bioinformatic analysis of novel variants.


To analyze the effects of c.3526-2A>G we used a minigene assay. Genomic fragments comprising exons 26 to 30 were amplified from Proband II.1 (Figure 3A). After transfection, RNA was analyzed by reverse-transcription PCR. The PCR product belonging to the plasmid containing the c.3526-2A>G had a lower molecular weight than that obtained from the plasmid with the WT sequence (Figure 3B). Sequencing revealed loss of exon 28 in the lower band and absence of exon 29 in both transcripts (Figures 3C, D). Thus, the mutation disrupts the acceptor splice site of intron 27 and causes the skipping of exon 28. Exon 28 is in-frame and codes for 28 amino acids that correspond to the transmembrane segment S3 of domain IV that is part of the voltage-sensing domain. The skipping of exon 28, though resulting in an in-frame deletion in the transcript, could have functional consequences: (i) the loss of a transmembrane segment which can disrupt proper protein folding and trafficking to the membrane; (ii) the alteration of the region around DIV S3-S4 linker that regulates the voltage dependence of activation through alternative splicing of exon 29 (11). Furthermore, DIV-S3 contains negatively charged D1186 (D3) and D1196 (D4) which interact with the positively charged arginines of DIV-S4 throughout the conformational changes that occur during the transition from the resting state to the activated state of Cav1.1 (5). Thus, the lack of exon 28 could affect both the embryonic and the adult Cav1.1 isoforms.
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FIGURE 3
 Minigene assay. (A) Both c.3526-2A>G allele and WT allele from one of the patients were cloned in pcDNA3.1 plasmid and were transfected in tsA human epithelial kidney (HEK) cells. The genomic region cloned encompassed exons 26–30. (B) Agarose gel showing RT-PCR products derived from minigenes. The product from c.3526-2A>G allele is smaller than that of the WT allele. (C) Sequence electropherograms showing the effect of c.3526-2A>G in the alteration of physiological splicing of exon 28. Two independent transfections are shown. (D) Schematic representation of minigene products. Both transcripts lacked exon 29 which is alternatively spliced into embryonic tissues.


In our in vitro model, exon 29 is skipped both in the mutant and in the WT transcripts. We used HEK cells that are of embryonic origin, and exon 29 is physiologically skipped in embryonic tissues (6).



2.4 Patient perspective

The patients' mother relayed challenges to the girls being able to participate in daily domestic activities and societal activities that are a significant aspect of their self-identity within the community. She was particularly fearful the disease would affect their ability to care for their families in the future.




3 Discussion

The clinical presentation of congenital myopathy phenotype compounded by very early onset episodic weakness and electrical myotonia is distinct from previous phenotypic descriptions reported with CACNA1S mutations. Atypical features included episodic weakness prior to 1 year of age, short duration of episodes, normal short and long exercise testing, and exacerbation by cold exposure. Genetic testing revealed two mutations in the CACNA1S gene, which encode the α1 pore-forming subunit of the DHPR, a voltage-gated calcium channel responsible for ECC along with RyR1.

The diagnosis of a congenital myopathy in our probands rested on the clinical picture, considering normal CPK levels and the absence of muscle pathology evaluation. This was based on the presence of weakness and hypotonia noted shortly after birth, coupled with the static nature of the weakness, and a genotype associated with congenital myopathy. Previously described CACNA1S-related congenital myopathy patients all had normal CPK levels, and non-specific muscle biopsy findings including fiber size disproportion and a non-specific myopathic appearance (Supplementary Table 1). However, a muscle pathology description would have had a positive impact on the interpretation of our observed phenotype and added further insight into the phenotypic expression of CACNA1S related mutations.

Historically, congenital myopathies have been classified on the basis of major morphological features seen on muscle biopsy (12). As more genes are identified, newer classification systems will likely be necessary taking into consideration the underlying genetic etiology.

In vitro minigene splicing assay demonstrated that the c.3526-2A>G mutation disrupts the acceptor splice site of intron 27, leading to skipping of exon 28, an in-frame exon that codes for S3 in the fourth domain. The fourth voltage-sensor domain comprises a functionally critical intramolecular interaction between oppositely charged residues of the S3 and S4 transmembrane helices; this interaction is required for proper voltage sensitivity of Cav1.1 (13). It has also been demonstrated that the structure and length of the fourth S3–S4 linker is critical in regulating the voltage sensitivity of the fourth voltage-sensor domain (5). Moreover, alternative splicing of exon 29 controls the length of the DIV S3–S4 linker and regulates voltage dependence of activation (14). Thus, this mutation is expected to affect channel function by disrupting the integrity of the interaction between the S3 segment and the voltage sensor S4, and by altering the S3–S4 linker region and thus affect voltage dependence of activation (15).

In CACNA1S-related congenital myopathy cases, truncating mutations leading to a premature termination codon, or missense mutations leading to decreased protein stability all lead to absence or reduction of protein amounts (10). Although the deletion caused by the mutation in our patients does not alter the reading frame, the lack of an entire transmembrane segment could prevent the correct folding of the protein and its trafficking to the membrane, likely leading to reduction in Cav1.1 level. The decreased content of Cav1.1 also impairs ECC (10) thus, changes in excitation-contraction coupling are likely to contribute to the weakness and myopathy features encountered (4, 11). The in vitro minigene splicing assay is a powerful tool for predicting consequences in pre-mRNA maturation, however a functional assay that directly evaluates the impact of a variant on channel function is the only tool capable of revealing whether this variant is pathogenic. Different mechanisms of genetic regulation, such as activation of alternative splice sites, could intervene and change the expected effect.

While most mutations thus far identified in the CACNA1S as causes of HypoPP have been in the highly conserved S4 segments (16), novel mutations located in new regions of the CACNA1S are increasingly being identified (15). Two of these mutations fall into the third domain near p.Cys944Tyr: p.His916Gln, located in the DIII S4-S5 linker, and p.Glu989Lys, located in the DIII S5–S6 linker (17, 18). The p.Cys944Tyr variant can contribute to the episodic weakness phenotype in the two sisters. So far, only one patient has been described as having congenital myopathy plus episodes of periodic paralysis starting at the age of 5 years which aggravated the congenital phenotype (10, 19).

Our patient's phenotype included electrical myotonic discharges without clinical myotonia. This is not a feature characteristic of the hypokalemic periodic paralysis associated with mutations in CACNA1S. However, our patients' phenotype is mainly that of a congenital myopathy, compounded by superimposed episodic weakness. As such, myotonic discharges in the absence of clinical myotonia have been reported in several genetic muscle disorders and congenital myopathies, involving genes not typically correlated with myotonia (20, 21).

To date, 13 patients from 9 unrelated families have been described with CACNA1S-related recessive congenital myopathy (Supplementary Table 1) (10, 19, 22–26). The phenotypes described are characterized by antenatal or neonatal onset of symptoms (9/9 families), delayed motor development (7/7 families), respiratory involvement (6/8 families), feeding difficulties (8/8 families), and facial involvement often characterized by ophthalmoplegia (7/7 families). Periodic weakness was reported in 1/13 patients. All had normal CK levels. The alveolar aspect of the intermyofibrillar network seen on muscle biopsy was described as a possible pathophysiological hallmark for both recessive and dominant CACNA1S-related congenital myopathy. However, in recessive patients this feature has only been described in 2/8 families. Although this is a small series of patients, there is considerable variability in the severity of the phenotype and no genotype-phenotype correlation emerges. The phenotype of our patients ranks among the less severe on the phenotypic spectrum.

This report expands our knowledge on CACNA1S-related congenital myopathy, an entity described only a few years ago, and supports the notion that various phenotypes represent a continuum on the clinical spectrum associated with these mutations.



Data availability statement

The datasets presented in this article are not readily available because of ethical and privacy restrictions. Requests to access the datasets should be directed to the corresponding author.



Ethics statement

The studies involving humans were approved by North Jordan Institutional Review Board. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants' legal guardians/next of kin. Written informed consent was obtained from the minor(s)' legal guardian/next of kin for the publication of any potentially identifiable images or data included in this article.



Author contributions

SA: Conceptualization, Data curation, Investigation, Methodology, Writing – original draft, Writing – review & editing. LR: Investigation, Writing – review & editing. MS: Resources, Investigation, Writing – review & editing. FB: Investigation, Resources, Writing – review & editing. SL: Investigation, Writing – review & editing. GC: Resources, Methodology, Writing – review & editing. GM: Conceptualization, Investigation, Methodology, Project administration, Writing – review & editing. SP: Data curation, Methodology, Resources, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. GM was funded by FMM-Fondazione Malattie Miotoniche, Milan, Italy which also funded open access publication.



Acknowledgments

Special thanks to the Associazione Centro Dino Ferrari for their support. SP would like to thank FMM-Fondazione Malattie Miotoniche for its support over the past years. We acknowledge the Italian Ministry of Health for partially funding this work.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2024.1359479/full#supplementary-material



References

 1. Al-Qusairi L, Laporte J. T-tubule biogenesis and triad formation in skeletal muscle and implication in human diseases. Skelet Muscle. (2011) 1:26. doi: 10.1186/2044-5040-1-26

 2. Catterall WA, Lenaeus MJ, Gamal El-Din TM. Structure and pharmacology of voltage-gated sodium and calcium channels. Annu Rev Pharmacol Toxicol. (2020) 60:133–54. doi: 10.1146/annurev-pharmtox-010818-021757

 3. Ahern CA, Vallejo P, Mortenson L, Coronado R. Functional analysis of a frame-shift mutant of the dihydropyridine receptor pore subunit (alpha1S) expressing two complementary protein fragments. BMC Physiol. (2001) 1:15. doi: 10.1186/1472-6793-1-15

 4. Tuluc P, Flucher BE. Divergent biophysical properties, gating mechanisms, and possible functions of the two skeletal muscle Ca(V)1.1 calcium channel splice variants. J Muscle Res Cell Motil. (2011) 32:249–56. doi: 10.1007/s10974-011-9270-9

 5. Flucher BE, Tuluc P. How and why are calcium currents curtailed in the skeletal muscle voltage-gated calcium channels? J Physiol. (2017) 595:1451–63. doi: 10.1113/JP273423

 6. Sultana N, Dienes B, Benedetti A, Tuluc P, Szentesi P, Sztretye M, et al. Restricting calcium currents is required for correct fiber type specification in skeletal muscle. Development. (2016) 143:1547–59. doi: 10.1242/dev.129676

 7. Monnier N, Procaccio V, Stieglitz P, Lunardi J. Malignant-hyperthermia susceptibility is associated with a mutation of the alpha 1-subunit of the human dihydropyridine-sensitive L-type voltage-dependent calcium-channel receptor in skeletal muscle. Am J Hum Genet. (1997) 60:1316–25. doi: 10.1086/515454

 8. Fontaine B, Vale-Santos J, Jurkat-Rott K, Reboul J, Plassart E, Rime CS, et al. Mapping of the hypokalaemic periodic paralysis (HypoPP) locus to chromosome 1q31-32 in three European families. Nat Genet. (1994) 6:267–72. doi: 10.1038/ng0394-267

 9. Kung AW, Lau KS, Fong GC, Chan V. Association of novel single nucleotide polymorphisms in the calcium channel alpha 1 subunit gene (Ca(v)1.1) and thyrotoxic periodic paralysis. J Clin Endocrinol Metab. (2004) 89:1340–5. doi: 10.1210/jc.2003-030924

 10. Schartner V, Romero NB, Donkervoort S, Treves S, Munot P, Pierson TM, et al. Dihydropyridine receptor (DHPR, CACNA1S) congenital myopathy. Acta Neuropathol. (2017) 133:517–33. doi: 10.1007/s00401-016-1656-8

 11. Tuluc P, Molenda N, Schlick B, Obermair GJ, Flucher BE, Jurkat-Rott K. A CaV1.1 Ca2+ channel splice variant with high conductance and voltage-sensitivity alters EC coupling in developing skeletal muscle. Biophys J. (2009) 96:35–44. doi: 10.1016/j.bpj.2008.09.027

 12. Cassandrini D, Trovato R, Rubegni A, Lenzi S, Fiorillo C, Baldacci J, et al. Congenital myopathies: clinical phenotypes and new diagnostic tools. Ital J Pediatr. (2017) 43:101. doi: 10.1186/s13052-017-0419-z

 13. Tuluc P, Benedetti B, Coste de Bagneaux P, Grabner M, Flucher BE. Two distinct voltage-sensing domains control voltage sensitivity and kinetics of current activation in CaV1.1 calcium channels. J Gen Physiol. (2016) 147:437–49. doi: 10.1085/jgp.201611568

 14. Tang ZZ, Liang MC, Lu S, Yu D, Yu CY, Yue DT, et al. Transcript scanning reveals novel and extensive splice variations in human l-type voltage-gated calcium channel, Cav1.2 alpha1 subunit. J Biol Chem. (2004) 279:44335–43. doi: 10.1074/jbc.M407023200

 15. Ke T, Gomez CR, Mateus HE, Castano JA, Wang QK. Novel CACNA1S mutation causes autosomal dominant hypokalemic periodic paralysis in a South American family. J Hum Genet. (2009) 54:660–4. doi: 10.1038/jhg.2009.92

 16. Flucher BE. Skeletal muscle Ca(V)1.1 channelopathies. Pflugers Arch. (2020) 472:739–54. doi: 10.1007/s00424-020-02368-3

 17. Li FF, Li QQ, Tan ZX, Zhang SY, Liu J, Zhao EY, et al. A novel mutation in CACNA1S gene associated with hypokalemic periodic paralysis which has a gender difference in the penetrance. J Mol Neurosci. (2012) 46:378–83. doi: 10.1007/s12031-011-9596-1

 18. Luo S, Xu M, Sun J, Qiao K, Song J, Cai S, et al. Identification of gene mutations in patients with primary periodic paralysis using targeted next-generation sequencing. BMC Neurol. (2019) 19:92. doi: 10.1186/s12883-019-1322-6

 19. Matthews E, Hartley L, Sud R, Hanna MG, Muntoni F, Munot P. Acetazolamide can improve symptoms and signs in ion channel-related congenital myopathy. J Neurol Neurosurg Psychiatry. (2019) 90:243–5. doi: 10.1136/jnnp-2017-317849

 20. Dabby R, Sadeh M, Gilad R, Jurkat-Rott K, Lehmann-Horn F, Leshinsky-Silver E. Myotonia in DNM2-related centronuclear myopathy. J Neural Transm (Vienna). (2014) 121:549–53. doi: 10.1007/s00702-013-1140-8

 21. Hanisch F, Kraya T, Kornhuber M, Zierz S. Diagnostic impact of myotonic discharges in myofibrillar myopathies. Muscle Nerve. (2013) 47:845–8. doi: 10.1002/mus.23716

 22. Ravenscroft G, Clayton JS, Faiz F, Sivadorai P, Milnes D, Cincotta R, et al. Neurogenetic fetal akinesia and arthrogryposis: genetics, expanding genotype-phenotypes and functional genomics. J Med Genet. (2021) 58:609–18. doi: 10.1136/jmedgenet-2020-106901

 23. Yis U, Hiz S, Gunes S, Diniz G, Baydan F, Topf A, et al. Dihydropyridine receptor congenital myopathy in a consangineous Turkish family. J Neuromuscul Dis. (2019) 6:377–84. doi: 10.3233/JND-190383

 24. Hunter JM, Ahearn ME, Balak CD, Liang WS, Kurdoglu A, Corneveaux JJ, et al. Novel pathogenic variants and genes for myopathies identified by whole exome sequencing. Mol Genet Genomic Med. (2015) 3:283–301. doi: 10.1002/mgg3.142

 25. Francois-Heude MC, Walther-Louvier U, Espil-Taris C, Beze-Beyrie P, Rivier F, Baudou E, et al. Evaluating next-generation sequencing in neuromuscular diseases with neonatal respiratory distress. Eur J Paediatr Neurol. (2021) 31:78–87. doi: 10.1016/j.ejpn.2021.01.011

 26. Juntas Morales R, Perrin A, Sole G, Lacourt D, Pegeot H, Walther-Louvier U, et al. An integrated clinical-biological approach to identify interindividual variability and atypical phenotype-genotype correlations in myopathies: experience on a cohort of 156 families. Genes. (2021) 12:1199. doi: 10.3390/genes12081199

Copyright
 © 2024 Aburahma, Rousan, Shboul, Biella, Lucchiari, Comi, Meola and Pagliarani. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-15-1359479-g003.gif
WTRRURHCE: MUTATED SEQUENCE
o GGG woE—

E0L

e s _sequnce

@i

B2 B B2 | B0

arclzmlz Ll





OPS/images/fneur-15-1359479-t001.jpg
Year (age of patient)

Clinical even

Diagnostic procedure
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