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Abstract

:

Next-generation sequencing (NGS) allows the detection of plentiful mutations increasing the rate of patients getting a positive diagnosis. However, while single-nucleotide variants (SNVs) or small indels can be easily detected, structural variations (SVs) such as copy number variants (CNVs) are often not researched. In Charcot–Marie–Tooth disease (CMT), the most common hereditary peripheral neuropathy, the PMP22-duplication was the first variation detected. Since then, more than 90 other genes have been associated with CMT, with point mutations or small indels mostly described. Herein, we present a personalized approach we performed to obtain a positive diagnosis of a patient suffering from demyelinating CMT. His NGS data were aligned to the human reference sequence but also studied using the CovCopCan software, designed to detect large CNVs. This approach allowed the detection of only one mutation in SH3TC2, the frequent p.Arg954*, while SH3TC2 is known to be responsible for autosomal recessive demyelinating CMT forms. Interestingly, by modifying the standard CovCopCan use, we detected the second mutation of this patient corresponding to a 922 bp deletion in SH3TC2 (Chr5:148,390,609-Chr5:148,389,687), including only one exon (exon 14). This highlights that SVs, different from PMP22 duplication, can be responsible for peripheral neuropathy and should be searched systematically. This approach could also be employed to improve the diagnosis of all inherited diseases.
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1. Introduction


The diagnosis of inherited genetic diseases to which several causative genes have been associated is usually performed using the targeted next-generation sequencing (NGS) technique. Thus, a disease-specific gene panel is used to detect genomic mutations, improving the rate of patients getting positive diagnosis. Bioinformatic analysis for the detection of variants consists in comparing the patient’s sequences with those of reference sequences from human genome (GRCh37 or GRCh38). However, to date, most of the detected mutations by targeted NGS are SNVs or small indels, but the SVs are often underdiagnosed. This is probably because few user-friendly tools (ExomeDepth, IonCopy, Cov’Cop, CovCopCan, DeviCNV) were available for geneticists to identify the SVs until recently and because these existing tools are maybe not systematically used in routine NGS analysis nowadays [1,2,3,4,5].



Charcot–Marie–Tooth disease (CMT) is the most frequent peripheral hereditary neuropathy, with a prevalence of 1:2500 worldwide, affecting both sensory and motor peripheral neurons and for which broadly two main types have been described based on electrophysiological measurements: CMT1 and CMT2. CMT1 (also known as the demyelinating form) is characterized by reduced nerve conduction velocities (NCV), whereas for CMT2 (called the axonal form) patients present normal NCV values. CMT patients usually manifest progressive distal neuropathy resulting in weakness and atrophy of limb muscles, weak ankle dorsiflexion, depressed tendon reflexes, foot deformities (e.g., pes cavus), and distal sensory loss, among others [6]. Symptom severity can differ among patients and disease onset can vary from early childhood to late adulthood. More than 70% of dominant CMT1 cases are explained by the duplication of PMP22, which was the first described mutation associated with the disease [7,8,9,10,11]. Currently more than 90 causative genes have been associated with CMT, but the majority of described mutations on these genes are small nucleotide variants (SNVs) or small indels. Only a few structural variations (SVs) have been described in CMT-associated genes, such as in GJB1, MPZ, MFN2, GAN, SEPT9, FGD4, GDAP1, LRSAM1, INF2, PRX, NDRG1, MTMR2, and more recently in KIF5A [12,13].



SH3TC2 codes for SH3 domain and tetratricopeptide repeat-containing protein 2 (SH3TC2), a protein expressed in Schwann cells of peripheral nerves (ensembl: ENSG00000169247, Uniprot-KB: Q8TF17). This protein presents two N-terminal SH3 (Src homology-3) domains and ten tetratricopeptide repeat domains (TPR) arranged in tandem arrays [14]. SH3TC2 localizes to the plasma membrane of Schwann cells and has a role in maintaining the integrity of the node of Ranvier in peripheral nerves and in myelination [15]. SH3TC2 has also been reported localized to the intracellular endocytic recycling compartment, where it regulates the recycling of internalized membrane and receptors by associating with the small GTPase Rab11 [16]. Homozygous or compound heterozygous mutations in SH3TC2 have been associated with CMT disease following an autosomal recessive transmission mode (OMIM: #601596) [14]. CMT patients harboring mutations in SH3TC2 are characterized by the presence of severe spine deformities (such as scoliosis) and foot deformities (pes cavus, pes planus, or pes valgus) that typically present in childhood or early adolescence, and they can also present deafness [17,18]. SH3TC2 is the most frequently mutated gene in patients with recessive demyelinating CMT, with a prevalence of approximately 18% [17,19]. According to Inherited Neuropathy Variant Browser (https://neuropathybrowser.zuchnerlab.net/#/ (accessed on 7 October 2021)), more than 100 different mutations causing CMT have been described in SH3TC2. Some of them are more frequent among certain ethnic groups, while c.2860C > T, p.Arg954* mutation is generally the most common mutation, estimated by several studies at 62% of all the SH3TC2 mutations [18,20,21,22].



Herein, by a variant calling analysis of the targeted-NGS data of a patient presenting with severe CMT1 symptoms, a nonsense mutation (p.Arg954*) in SH3TC2 in a heterozygous state was identified. Then, thanks to the user-friendly CovCopCan software [4], we investigated and detected the deletion of only a single exon in SH3TC2 presented in a heterozygous state in the same patient. We suggest to regularly use such software to analyze NGS data in order to detect not only large SVs but also small SVs, such as single-exon variants, in order to improve patient diagnosis.




2. Materials and Methods


2.1. Patients


The proband, a 20-year-old man, presented with demyelinated CMT. His parents were healthy. Peripheral blood was collected into EDTA tubes after informed consent was obtained, and DNA extraction was performed using standard methods (Illustra-DNA-Extraction-kit-BACC3, GEHC). Clinical examination was performed and the Medical Research Council (MRC) Scale for Muscle Strength was used to assess muscle strength from Grade 5 (normal) to Grade 0 (no visible contraction) [23].




2.2. Next-Generation Sequencing (NGS) and Bioinformatics Analysis


A 93-gene custom panel designed for diagnosis of CMT and associated neuropathies (as described by [24]) was used for NGS. The amplified library was prepared with Ion-P1-HiQ-Template-OT2-200 kit (Ampliseq-Custom; Life Technologies, Carlsbad, CA, USA), sequenced on Ion-Proton sequencer (Life-Technologies), and mapped to the human reference genome GHCh37. Alamut Visual Interpretation Software v.2.11 (Interactive Biosoftware, Rouen, France), using the NM_024577.4 reference sequence for the SH3TC2 gene was used to evaluate the variants. Databases such as gnomAD (https://gnomad.broadinstitute.org/ (accessed on 14 October 2021)), dbSNP135 (National Center for Biotechnology Information [NCBI], http://www.ncbi.nlm.nih.gov/projects/SNP/ (accessed on 14 October 2021)) and Clin-Var (www.ncbi.nlm.nih.gov/clinvar (accessed on 14 October 2021)) were also used.



SVs were detected using CovCopCan software starting from the coverage file provided after NGS by Ion-Proton sequencer [4]. In brief, CovCopCan software uses a two-stage correction and normalization algorithm to identify unbalanced SVs, such as CNVs (copy number variants) using NGS read depth.




2.3. Verification of Mutations


PCR and Sanger sequencing experiments were performed in order to verify the presence of the pointed mutation detected by the variant calling analysis of NGS data. The primers used were ACTCCAAGGTGAAGGCCGG and TAGAAATGGCAGAGGGATTTG.



Regarding the deletion, long-range PCR and Sanger sequencing experiments were used in order to define the exact breakpoints of the deletion. For the PCR experiments, the Master Mix Phusion Flash (Thermo Scientific, Waltham, MA, USA) and the following primers (Sigma-Aldrich, St. Louis, MO, USA) were used: primer Int12-F: GCTGTTCCTGCTCAGAGCTT in intron 12 and Int15-R: CACACCCAATAGTGAAGACCA in intron 15. Sanger sequencing experiments were performed on PCR products by a walking primer strategy and the Big Dye Terminator Cycle Sequencing Kit v2 (ABI Prism, Applied Biosystems, Waltham, MA, USA). The exact breakpoints were identified thanks to primers (Sigma-Aldrich) Int13-F: AGGATTCCATCTCACTGCC in intron 13 and Int14-R: CTGAGATGGTCTTGATCTCC in intron 14.





3. Results


3.1. Patient’s Clinical Description


Our current study focuses on the family of a single affected member. The propositus presented with a severe demyelinating neuropathy confirmed by electromyography (Table 1). Muscle testing, using the Medical Research Council (MRC) Scale for Muscle Strength revealed a deficit in all four limbs, predominantly in the lower limbs and essentially in the levators and evertors of the feet, with values of 3/5 [23]. There was also an impairment in the upper limbs with a muscular testing at 4/5 proximal and 3/5 in the hands. The patient’s osteotendinous reflexes were abolished. He presented with a bilateral equinus also with a varus position and bilateral hollow feet that were painful. Achilles tendons retraction was present, leading to difficulties in standing without moving. He wore bilateral over-pedal splints to improve his walking and wore a corset to correct his scoliosis. Additionally, he had trouble in fine motor control and digital dissociation and a lack of strength, which did not impair his activities in daily life.



Regarding the sensory aspect, he presented a dysesthesia localized in the distal part of the lower limbs, with unpleasant tingling sensations either after hot shower or when immobile. In addition, he presented with disorder of superficial bilaterally, epicritic sensitivity, associated with proprioceptive disorder. Nevertheless, he had good superficial sensitivity in the proximal part of the lower limbs and in the upper limbs. The symptoms appeared in early childhood, and he was the only member of his family presenting such symptoms (Figure 1A).




3.2. Detection of SNPs and Structural Variants


Patient’s DNA was analyzed by NGS using a 93-gene panel involved in peripheral neuropathies [24]. The standard alignment bioinformatic analysis of the NGS data revealed the presence of a unique mutation in SH3TC2, the known mutation c.2860C > T, p.Arg954*, leading to the appearance of a premature termination codon (Figure 1B). This mutation, initially described by Senderek et al. in 2003 [14], appeared to be the most frequent mutation in SH3TC2 gene, estimated recently to 62% of the mutations in a French SH3TC2 cohort [18]. With SH3TC2 being associated with a CMT form transmitted by autosomal recessive mode, this mutation could not explain by itself the severe symptoms of the patient [14]. However, no additional SNV or short indel was detected. In parallel, the standard use of CovCopCan, which easily highlights CNVs when at least three successive amplicons are deleted or duplicated, did not allow the detection of any CNVs in the 93 genes tested in the first place. Nevertheless, following the discovery of the point mutation in SH3TC2, we modified and personalized the use of CovCopCan by looking more specially for deletion or duplication in SH3TC2 involving less than three amplicons. This new approach allowed pointing out a potential deletion of one amplicon covering the genomic region Chr5:148,389,721-Chr5:148,389,994 (Figure 1C). According to CovCopCan, this deletion would be in a heterozygous state and would correspond to the deletion of SH3TC2 exon 14, whereas amplicons corresponding to exons 13 and 15 were not deleted.




3.3. Confirmation of the Structural Variant and of the Nonsense Mutation


A long-range PCR, using primers located on the non-deleted exons 13 and exon 15, was performed in order to confirm the presence of the potential deletion pointed out by CovCopCan software and allowing the detection of two bands, confirming the presence of the deletion in one allele (not shown). Sanger sequencing experiments were then conducted on the lower band in order to identify the exact breakpoint positions at Chr5:148,390,609 in intron 13 and Chr5:148,389,687 in intron 14 (Figure 1D), corresponding to a 922 base pairs deletion. The breakpoints of this SH3TC2 deletion were located in intron 13 at position c.3205-654 and in intron 14 at position c.3327 + 146, leading to the mutation c.3205-653_c.3327 + 145 del (p.Ala1069_Arg1109 del), which corresponded to the deletion of exon 14 (Figure 1E). In addition, the c.2860C > T, p.Arg954* was confirmed by PCR and Sanger sequencing (Figure 1B). Molecular analyses of the unaffected parents confirmed the compound heterozygous status of the proband.





4. Discussion


Herein, by analyzing NGS data of a patient presented with a severe demyelinating neuropathy, we detected the presence of the known nonsense mutation (c.2860C > T, p.Arg954*) in heterozygous state thanks to standard variants detection software. However, this mutation alone was not enough to explain the severity of the patient’s phenotype [14]. Thus, by modifying the use of the user-friendly software CovCopCan, we achieved the detection of a SV in SH3TC2 in the second allele, corresponding to a deletion of exon 14. The presence of this deletion was confirmed, and the breakpoints were identified at positions Chr5:148,390,609 and Chr5:148,389,687, corresponding to a 922 bp deletion that may have led to the mutation c.3205-653_c.3327 + 145 del (p.Ala1069_Arg1109 del). Thus, this new approach allowed achieving the patient’s correct diagnosis.



Patients harboring two mutations in SH3TC2 present with severe neuropathy of the peripheral nervous system characterized by important decrease in NCVs, severe spine and foot deformities, and sometimes also a cranial nerve involvement (manifested by hearing impairment and facial weakness among others); symptoms usually appeared in the first decade of life [17,18]. The patient described in this paper presented a severe demyelinating neuropathy as well, associated with a motor and sensory disorder on the four limbs, severe foot deformities, and scoliosis since childhood, confirming the fact that the two detected mutations in SH3TC2 were certainly the cause of his disease.



Regarding the effect of these mutations, our patient presented the nonsense mutation p.Arg954* that could lead to the production of a truncated protein. In addition, he harbored a newly described SV leading to the deletion of exon 14 in SH3TC2. For this allele, if the splicing of the truncated mRNA was performed correctly between exon 13 and exon 15, the protein’s translation would remain in phase. However, the deleted area would correspond to the final part of the tetratricopeptide repeat functional domain that would potentially alter SH3TC2 function [16]. Another possibility would be that the truncated mRNA would not be spliced correctly between exon 13 and exon 15 and would generate an aberrant mature mRNA that would lead to a non-functional SH3TC2 protein. Nevertheless, with SH3TC2 being expressed mainly in Schwann cells, it is currently not possible to arrive at conclusions due to the lack of nervous tissue availability [15].



It is important to underline that, in this case, the small SV involving a single exon was detected only because there was already a nonsense mutation detected on the heterozygous state in SH3TC2 in the patient that led us to look meticulously for a second mutation in order to explain the patient’s symptoms. Indeed, we modified the use of CovCopCan by looking particularly for small deletion or duplication in SH3TC2. It is interesting to notice that software classically detecting CNVs from amplicons sequencing usually recommend the research of three successively deleted or duplicated amplicons in order to highlight with certainty real CNVs [1,2,3,4,5]. Indeed, while bioinformatic tools for CNVs detection broadly have a high specificity (96% for CovCopCan), false positives may occur, and thus it is not possible to routinely study every single deleted or duplicated amplicon. However, we proved here that this “classic” strategy has to be slightly modified in some cases. We suggest that, for patients for whom only one mutation is identified while two mutations are expected (whatever the gene), it would be interesting to check thoroughly the NGS analysis and verify whether a single amplicon deletion or duplication is present on the same gene. We believe that this approach could be performed for all NGS analyses, whatever the inherited studied diseases, in order to improve diagnosis.




5. Conclusions


In conclusion, we showed that the newly described exon 14 deletion associated with the nonsense c.2860C > T, p.Arg954* in SH3TC2 was responsible for the demyelinating CMT disease. This small deletion was identified thanks to a slightly modified use of CovCopCan software, a user-friendly software analyzing NGS data by using the reads’ depth [4]. It is important to underline that SV of a single exon deletion type may cause or contribute to the appearance of a patient’s symptoms and that software able to detect the deletion of a single exon should be widely used in order to improve a patient’s diagnosis.







Author Contributions


Conceptualization, A.-S.L.; methodology, A.-S.L.; software, P.D.; validation, I.P., N.B., F.F., M.V., P.D., C.G., L.L., F.S., C.M. and A.-S.L.; formal analysis, I.P., N.B. and M.V.; investigation, I.P., N.B., M.V., F.F., C.M. and A.-S.L.; resources, C.G., L.L., C.M. and A.-S.L.; data curation, I.P., N.B. and P.D.; writing—original draft preparation, I.P. and A.-S.L.; writing—review and editing, I.P., N.B., F.F., P.D., C.G., L.L., F.S., C.M. and A.-S.L.; visualization, I.P., N.B., P.D., C.M. and A.-S.L.; supervision, F.F., F.S. and A.-S.L.; project administration, F.F. and A.-S.L.; funding acquisition, F.F., F.S. and A.-S.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study and written informed consent was obtained from the patients to publish this paper.




Data Availability Statement


In this section, please provide details regarding where data supporting reported results can be found, including links to publicly archived datasets analyzed or generated during the study. Please refer to suggested Data Availability Statements in section “MDPI Research Data Policies” at https://www.mdpi.com/ethics (accessed on 7 January 2022). You might choose to exclude this statement if the study did not report any data.




Acknowledgments


The authors would like to thank the technicians in the Biochemistry and Molecular Genetics Laboratory and the Sequencing and Bioinformatic platform at Limoges CHU for their excellent technical support, especially Emilie Guerin, Valentin Tilloy, and Sophie Alain.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Plagnol, V.; Curtis, J.; Epstein, M.; Mok, K.Y.; Stebbings, E.; Grigoriadou, S.; Wood, N.W.; Hambleton, S.; Burns, S.O.; Thrasher, A.J.; et al. A robust model for read count data in exome sequencing experiments and implications for copy number variant calling. Bioinformatics 2012, 28, 2747–2754. [Google Scholar] [CrossRef] [PubMed]

	



Budczies, J.; Pfarr, N.; Stenzinger, A.; Treue, D.; Endris, V.; Ismaeel, F.; Bangemann, N.; Blohmer, J.U.; Dietel, M.; Loibl, S.; et al. Ioncopy: A novel method for calling copy number alterations in amplicon sequencing data including significance assessment. Oncotarget 2016, 7, 13236–13247. [Google Scholar] [CrossRef] [PubMed]

	



Derouault, P.; Parfait, B.; Moulinas, R.; Barrot, C.C.; Sturtz, F.; Merillou, S.; Lia, A.S. ‘COV’COP’ allows to detect CNVs responsible for inherited diseases among amplicons sequencing data. Bioinformatics 2017, 33, 1586–1588. [Google Scholar] [CrossRef] [PubMed]

	



Derouault, P.; Chauzeix, J.; Rizzo, D.; Miressi, F.; Magdelaine, C.; Bourthoumieu, S.; Durand, K.; Dzugan, H.; Feuillard, J.; Sturtz, F.; et al. CovCopCan: An Efficient Tool to Detect Copy Number Variation from Amplicon Sequencing Data in Inherited Diseases and Cancer. PLoS Comput. Biol. 2020, 16, e1007503. [Google Scholar] [CrossRef] [PubMed]

	



Kang, Y.; Nam, S.H.; Park, K.S.; Kim, Y.; Kim, J.W.; Lee, E.; Ko, J.M.; Lee, K.A.; Park, I. DeviCNV: Detection and visualization of exon-level copy number variants in targeted next-generation sequencing data. BMC Bioinform. 2018, 19, 381. [Google Scholar] [CrossRef]

	



Bird, T.D. Charcot-Marie-Tooth (CMT) Hereditary Neuropathy Overview. In GeneReviews®; Adam, M.P., Ardinger, H.H., Pagon, R.A., Wallace, S.E., Bean, L.J., Mirzaa, G., Amemiya, A., Eds.; University of Washington: Seattle, WA, USA, 2021. [Google Scholar]

	



Lupski, J.R.; de Oca-Luna, R.M.; Slaugenhaupt, S.; Pentao, L.; Guzzetta, V.; Trask, B.J.; Saucedo-Cardenas, O.; Barker, D.F.; Killian, J.M.; Garcia, C.A.; et al. DNA Duplication Associated with Charcot-Marie-Tooth Disease Type 1. Cell 1991, 66, 219–232. [Google Scholar] [CrossRef]

	



Matsunami, N.; Smith, B.; Ballard, L.; Lensch, M.W.; Robertson, M.; Albertsen, H.; Hanemann, C.O.; Müller, H.W.; Bird, T.D.; White, R.; et al. Peripheral Myelin Protein-22 Gene Maps in the Duplication in Chromosome 17p11.2 Associated with Charcot-Marie-Tooth 1A. Nat. Genet. 1992, 1, 176–179. [Google Scholar] [CrossRef]

	



Valentijn, L.J.; Bolhuis, P.A.; Zorn, I.; Hoogendijk, J.E.; van den Bosch, N.; Hensels, G.W.; Stanton, V.P., Jr.; Housman, D.E.; Fischbeck, K.H.; Ross, D.A.; et al. The Peripheral Myelin Gene PMP-22/GAS-3 is Duplicated in Charcot-Marie-Tooth Disease Type 1A. Nat. Genet. 1992, 1, 166–170. [Google Scholar] [CrossRef]

	



Timmerman, V.; Nelis, E.; Van Hul, W.; Nieuwenhuijen, B.W.; Chen, K.L.; Wang, S.; Ben Othman, K.; Cullen, B.; Leach, R.J.; Hanemann, C.O.; et al. The Peripheral Myelin Protein Gene PMP–22 Is Contained within the Charcot–Marie–Tooth Disease Type 1A Duplication. Nat. Genet. 1992, 1, 171–175. [Google Scholar] [CrossRef]

	



Murphy, S.M.; Laura, M.; Fawcett, K.; Pandraud, A.; Liu, Y.T.; Davidson, G.L.; Rossor, A.M.; Polke, J.M.; Castleman, V.; Manji, H.; et al. Charcot-Marie-Tooth Disease: Frequency of Genetic Subtypes and Guidelines for Genetic Testing. J. Neurol. Neurosurg. Psychiatry 2012, 83, 706–710. [Google Scholar] [CrossRef]

	



Mortreux, J.; Bacquet, J.; Boyer, A.; Alazard, E.; Bellance, R.; Giguet-Valard, A.G.; Cerino, M.; Krahn, M.; Audic, F.; Chabrol, B.; et al. Identification of novel pathogenic copy number variations in Charcot-Marie-Tooth disease. J. Hum. Genet. 2020, 65, 313–323. [Google Scholar] [CrossRef] [PubMed]

	



Pyromali, I.; Perani, A.; Nizou, A.; Benslimane, N.; Derouault, P.; Bourthoumieu, S.; Fradin, M.; Sole, G.; Duval, F.; Gomes, C.; et al. New structural variations responsible for Charcot-Marie-Tooth disease: The first two large KIF5A deletions detected by CovCopCan software. Comput. Struct. Biotechnol. J. 2021, 19, 4265–4272. [Google Scholar] [CrossRef] [PubMed]

	



Senderek, J.; Bergmann, C.; Stendel, C.; Kirfel, J.; Verpoorten, N.; De Jonghe, P.; Timmerman, V.; Chrast, R.; Verheijen, M.H.G.; Lemke, G.; et al. Mutations in a gene encoding a novel SH3/TPR domain protein cause autosomal recessive Charcot-Marie-Tooth type 4C neuropathy. Am. J. Hum. Genet. 2003, 73, 1106–1119. [Google Scholar] [CrossRef]

	



Arnaud, E.; Zenker, J.; de Preux Charles, A.S.; Stendel, C.; Roos, A.; Médard, J.J.; Tricaud, N.; Kleine, H.; Luscher, B.; Weis, J.; et al. SH3TC2/KIAA1985 protein is required for proper myelination and the integrity of the node of Ranvier in the peripheral nervous system. Proc. Natl. Acad. Sci. USA 2009, 106, 17528–17533. [Google Scholar] [CrossRef] [PubMed]

	



Roberts, R.C.; Peden, A.A.; Buss, F.; Bright, N.A.; Latouche, M.; Reilly, M.M.; Kendrick-Jones, J.; Luzio, J.P. Mistargeting of SH3TC2 away from the recycling endosome causes Charcot-Marie-Tooth disease type 4C. Hum. Mol. Genet. 2010, 19, 1009–1018. [Google Scholar] [CrossRef]

	



Azzedine, H.; Salih, M.A. SH3TC2-Related Hereditary Motor and Sensory Neuropathy. In GeneReviews®; Adam, M.P., Ardinger, H.H., Pagon, R.A., Wallace, S.E., Bean, L.J.H., Mirzaa, G., Amemiya, A., Eds.; Internet; Updated 11 March 2021; University of Washington: Seattle, WA, USA, 1993. [Google Scholar]

	



Lerat, J.; Magdelaine, C.; Lunati, A.; Dzugan, H.; Dejoie, C.; Rego, M.; Beze Beyrie, P.; Bieth, E.; Calvas, P.; Cintas, P.; et al. Implication of the SH3TC2 gene in Charcot-Marie-Tooth disease associated with deafness and/or scoliosis: Illustration with four new pathogenic variants. J. Neurol. Sci. 2019, 406, 116376. [Google Scholar] [CrossRef]

	



Fridman, V.; Bundy, B.; Reilly, M.M.; Pareyson, D.; Bacon, C.; Burns, J.; Day, J.; Feely, S.; Finkel, R.S.; Grider, T.; et al. Inherited Neuropathies Consortium. CMT subtypes and disease burden in patients enrolled in the Inherited Neuropathies Consortium natural history study: A cross-sectional analysis. J. Neurol. Neurosurg. Psychiatry 2015, 86, 873–878. [Google Scholar] [CrossRef]

	



Yger, M.; Stojkovic, T.; Tardieu, S.; Maisonobe, T.; Brice, A.; Echaniz-Laguna, A.; Alembik, Y.; Girard, S.; Cazeneuve, C.; Leguern, E.; et al. Characteristics of clinical and electrophysiological pattern of Charcot-Marie-Tooth 4C. J. Peripher. Nerv. Syst. 2012, 17, 112–122. [Google Scholar] [CrossRef]

	



Laššuthová, P.; Mazanec, R.; Vondráček, P.; Sišková, D.; Haberlová, J.; Sabová, J.; Seeman, P. High frequency of SH3TC2 mutations in Czech HMSN I patients. Clin. Genet. 2011, 80, 334–345. [Google Scholar] [CrossRef]

	



Piscosquito, G.; Saveri, P.; Magri, S.; Ciano, C.; Gandioli, C.; Morbin, M.; Bella, D.D.; Moroni, I.; Taroni, F.; Pareyson, D. Screening for SH3TC2 gene mutations in a series of demyelinating recessive Charcot-Marie-Tooth disease (CMT4). J. Peripher. Nerv. Syst. 2016, 21, 142–149. [Google Scholar] [CrossRef]

	



Compston, A. Aids to the investigation of peripheral nerve injuries. Medical Research Council: Nerve Injuries Research Committee. His Majesty’s Stationery Office: 1942; pp. 48 (iii) and 74 figures and 7 diagrams; with aids to the examination of the peripheral nervous system. By Michael O’Brien for the Guarantors of Brain. Saunders Elsevier: 2010; pp. [8] 64 and 94 Figures. Brain 2010, 133, 2838–2844. [Google Scholar] [CrossRef] [PubMed]

	



Miressi, F.; Faye, P.A.; Pyromali, I.; Bourthoumieu, S.; Derouault, P.; Husson, M.; Favreau, F.; Sturtz, F.; Magdelaine, C.; Lia, A.S. A mutation can hide another one: Think Structural Variants! Comput. Struct. Biotechnol. J. 2020, 18, 2095–2099. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Andary, M.; Buschbacher, R.; Del Toro, D.; Smith, B.; So, Y.; Zimmermann, K.; Dillingham, T.R. Electrodiagnostic reference values for upper and lower limb nerve conduction studies in adult populations. Muscle Nerve 2016, 54, 371–377. [Google Scholar] [CrossRef] [PubMed]








[image: Jpm 12 00212 g001 550] 





Figure 1. Family’s pedigree, analysis of SH3TC2 by CovCopCan and verification of mutations by Sanger sequencing. (A) Family’s pedigree. WT indicates the normal SH3TC2 allele, “p.Arg954*”, the allele presenting the missense mutation c.2860C > T leading to a premature terminal codon and Del ex14, the allele with SH3TC2 deletion corresponding to c.3205-653_c.3327 + 145 del including exon 14. (B) Sanger sequencing of the first mutation c.2860C > T, p.Arg954* at the heterozygous state. (C) Graphical representation and table extracted from CovCopCan analysis for the patient and for a control (Ctrl). In the graphical representation, each dot represents an amplicon. Normal amplicons (in gray) have values around 1, whereas deleted amplicons (in orange) have values around 0.5. Deleted amplicon corresponds to SH3TC2 exon 14. Start and end on the table correspond to the chromosomic positions of amplicons. (D) Detection of breakpoints in SH3TC2 by Sanger sequencing. The breakpoints were localized in position Chr5:148,390,609 in intron 13 and in position Chr5: 148,389,687 in intron 14. (E) Schematic overview of SH2TC2 and variations localization. Blue boxes correspond to SH3TC2 exons. 
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Table 1. Patient’s neurophysiological recordings. Abnormal values are represented in bold. Normal values of MNCV: ulnar (>52 m/s; >7.9 mV), median (>49 m/s; >4.1 mV), tibial ((>39 m/s; >4.4 mV), fibular (>43 m/s; >1.3 mV) [25]. (Vel: velocity; Amp: amplitude; NR: no response).
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