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The “Src homology 3 (SH3) domain and tetratricopeptide repeats 2” (SH3TC2) gene is mutated in individuals with Charcot-Marie-Tooth disease (CMT) and considered relevant to a demyelinating or intermediate subtype of CMT disease, CMT4C. In this study, we screened a cohort of 465 unrelated Chinese CMT patients alongside 650 controls. We used Sanger, next-generation, or whole-exome sequencing to analyze SH3TC2 and other CMT-related genes and identified 12 SH3TC2 variants (eight novel) in seven families. Of the eight novel variants, seven were likely pathogenic (c.280–2 A > G, c.732–1 G > A, c.1177+6 T > C, c.3328–1 G > A, G299S, R548W, L1048P), and 1 had uncertain significance (S221P). The CMT4C frequency was calculated to be 4.24% in demyelinating or intermediate CMT patients without PMP22 duplication. Additionally, we detected variant R954* in the Chinese cohort in our study, indicating that this variant may be present among Asians, albeit with a relatively low frequency. The onset age varied among the eight patients, three of whom presented scoliosis. We summarized phenotypes in the Chinese CMT cohort and concluded that the absence of scoliosis, cranial nerve involvement, or late-onset symptoms does not necessarily preclude SH3TC2 involvement in a given case.
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SYNOPSIS

This study identified 7 novel, likely pathogenic variants of SH3TC2 (c.280–2 A > G, c.732–1 G > A, c.1177+6 T > C, c.3328–1 G > A, G299S, R548W, L1048P), and the study results provide more insight into the diversity of CMT4C phenotypes.



HIGHLIGHTS

- We identified 12 variants (eight novel) of the SH3TC2 gene from 465 unrelated Chinese patients.

- The CMT4C frequency was calculated to be 4.24% in demyelinating or intermediate CMT patients without PMP22 duplication.

- R954* may be present among Chinese individuals, although its incidence may be low.

- CMT4C has diverse phenotypes, and the absence of scoliosis, cranial nerve involvement, or late-onset symptoms does not preclude SH3TC2 involvement in a given case.



INTRODUCTION

Charcot-Marie-Tooth disease (CMT) 4C is one of the most common forms of autosomal recessive (AR) demyelinating neuropathies caused by a mutation in the “Src homology 3 (SH3) domain and tetratricopeptide repeats 2” (SH3TC2) gene (1). The typical clinical features of CMT4C include early-onset distal motor and sensory neuropathy, scoliosis, and cranial nerve involvement. CMT4C progresses relatively slowly. Most patients can walk until they are 40–50 years old, indicating the prognoses of CMT4C are better than those of other AR CMT types, such as GDAP1, PRX, MTMR2, or NDRG1, which often cause an early loss of ambulation (2).

To date, more than 70 SH3TC2 mutations have been identified in CMT4C patients (hihg.med.miami.edu/code/http/cmt/public_html/index.html#/). Although the majority of the mutations are nonsense mutations, missense, frameshift, and splicing mutations have also been reported. CMT4C is the most common form of AR CMT, with the prevalence varying from 1.38 to 26% among countries. The frequency of CMT4C among AR demyelinating CMT patients without PMP22 duplication is >20% in the Czech Republic (3) and Italy (4) but is relatively low in Germany (5.2%) (5), Japan (1.76%) (6) and Korea (2.02%) (7). However, the frequency and clinical characteristics of CMT4C in mainland China remain unclear. A previous study screened for SH3TC2 mutations in 84 Chinese probands with AR or sporadic CMT and identified only three novel heterozygous variants of undetermined significance (VUSs) (8). More detailed and reliable data based on a large cohort of Chinese patients are needed. Here, we describe the SH3TC2 variants in a large cohort of Chinese patients. We aimed to investigate the phenotypic diversity in clinical or electrophysiological features, and the genotype-phenotype correlations among the patients, thereby providing new insight into the phenotypic spectrum of each genetic subgroup.



PATIENTS AND METHODS


Patients

We enrolled 465 unrelated Chinese patients with CMT or related peripheral neuropathy between January 2007 and December 2019. The patients were classified based on their clinical phenotypes, mode of inheritance, and electrophysiological features. The family history, age of onset, clinical features, CMT neuropathy score (CMTNS), and electrophysiological features of the patients were also recorded in detail. The study was approved by the Ethics Committee of Peking University Third Hospital (IRB 00006761). Written informed consent was obtained from the patients or their parents for the publication of this report and any accompanying images.



Mutation Analysis

Genomic DNA was extracted from the peripheral blood of the subjects using a DNA isolation kit (Bioteke, AU1802). Concentrations were determined with a Qubit fluorometer (Invitrogen, Q33216) and a Qubit dsDNA HS assay kit (Invitrogen, Q32851). Agarose gel (1%) electrophoresis was performed for quality control. The multiplex ligation-dependent probe amplification (MLPA) technique was performed in all patients with demyelinating and intermediate CMT, and 163 index patients with PMP22 duplications and deletions were initially identified and excluded. From 2007 to 2013, SH3TC2 mutations were screened by direct Sanger sequencing in 30 index patients suspected of having CMT. From 2014 to 2019, next-generation sequencing (NGS) gene panels covering 165 genes (Including SH3TC2) related to CMT and related diseases were performed in 202 index patients, and whole-exome sequencing (WES) was performed in 70 index patients. All suspected variants were validated by Sanger sequencing of SH3TC2.


Direct Sanger Sequencing

SH3TC2 coding exons were amplified by polymerase chain reaction. The amplicons were analyzed using an ABI 3730XL DNA analyzer (Applied Biosystems, Waltham, MA, USA) in accordance with the manufacturer's protocol.



NGS

Sample dilution, flow-cell loading, and sequencing were performed in accordance with the Illumina specifications. DNA libraries were prepared with a KAPA library preparation kit (Kapa Biosystems, KR0453) in accordance with the manufacturer's instructions. To the capture probes and remove nonhybridized library components, pooled libraries were hybridized using the Agilent SureSelectXT2 target enrichment system. Molecular analysis was performed using a custom-designed targeted gene panel that covered 165 genes. The HiSeq2500 platform and 200-bp paired-end reads were used for sequencing.



WES

Agilent Human All Exon V6 kits were used for exome capture. The genes were sequenced on the HiSeq2500 platform with 200-bp paired-end reads.




Pathogenicity Prediction

The pathogenicities of the CMT-related mutations were assessed using the standard method, which included phenotypic characterization; screening against dbSNP identifiers (http://www.ncbi.nlm.nih.gov/projects/SNP), 1,000 genomes (http://1000genomes.org/), and the ESP6500 and EVUS (http://evs.gs.washington.edu/EVS/) databases; a comparison with 650 Chinese controls; cosegregation with the phenotypes in the available familial cases; and in silico pathogenicity prediction by SIFT (http://sift.jcvi.org/www/SIFT_enst_submit.html), PolyPhen (http://genetics.bwh.harvard.edu/pph2/index), and Mutation Taster (http://www.mutationtaster.org/). The splice-site mutations were predicted using the software HSF 3.0 (https://www.genomnis.com/access-hsf). Variant classification was based on the American College of Medical Genetics (ACMG) standards (2015) (9), and the pathogenic or likely pathogenic variants were identified accordingly.




RESULTS


Clinical Data

The genotypic and phenotypic analyses in the cohort of 465 CMT index patients yielded diagnoses of 276 CMT1, 137 CMT2 and 52 intermediate CMT. After 163 index patients with PMP22 duplication or deletion and 137 patients with CMT2 were excluded, the remaining 165 patients were classified as demyelinating or intermediate CMT patients without PMP22 duplication. SH3TC2 mutations were detected in 7 of these 165 index patients (4.24%); 2 of these patients were included in the 42 AR families (4.76%), and five were included in the 123 (4%) isolated patients.

Ten patients from seven families were included in genetic testing, but the clinical features were only obtained from eight patients with SH3TC2 mutations (Table 1). All of the patients had symptoms of foot drop, pes cavus and walking difficulties. The mean age of onset was 21.1 years and ranged from 4 to 43 years. Only one patient experienced her first symptom in the first decade of life. Four were between 10 and 20 years old. The ages of onset for the other three patients were 35, 40, and 43 years. The initial symptoms included foot drop, walking difficulties, muscle weakness in the distal lower limbs, scoliosis, and pes cavus. The mean disease duration was 10.4 years, with a duration range from 2 to 24 years, and the progression rate was mild or modest, as evidenced by the CMTNS (with a range of 8–18). Upper and lower extremity areflexias were detected in all of the patients. Three of eihgt patients had hearing loss (Family 2 II1, family 6 III3 and family 7 II1). Other types of cranial involvement, such as nystagmus or facial paresis, were not observed. Prominent scoliosis was observed in three of the eight patients. In patient II1 from family 4, the disease began with scoliosis, whereas scoliosis appeared later, after motor and sensory distal neuropathies developed, in patient II3 from family 2 and II1 from family 3 Proprioceptive ataxia was observed in two patients (Family 2 II1 and family 3 II1). Six of eight patients had decreased vibratory sensation, including one patient had totally absent vibratory sensation leading to severe proprioceptive ataxia. Sensory loss was more severe in vibration than in pain sensation. Only one patient (III3 from family 6) had motor predominant neuropathy with relatively normal sensory test clinically and electrophysiologically. This patient is 35-year-old women, who suffered from walking difficulty due to foot drop for 2 years. She also reported hearing loss. Her brother and twin sister had similar symptom, but refused to come to the hospital to do physical and electrophysiological examinations.


Table 1. Clinical features of the patients in this study.
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Electrophysiological Results

Electrophysiological studies revealed a sensorimotor demyelinating neuropathy in all the individuals. The motor and sensory nerve conduction velocity (NCV) was low and within a range indicating demyelinating and intermediate CMT. The NCV results tended to be more severe in the lower limbs than in the upper limbs, while the sensory nerves tended to show more severe effects than did the motor nerves. The mean motor conduction velocity (MCV) was 30.8 m/s in the median and ulnar nerves (range, 21.6–41 m/s). Three patients (Fam1 II1, Fam2 II3, and Fam 6 III3)showed mildly delayed MCVs (range, 31–41 m/s). The mean compound muscle action potential (CMAP) was 3.0 mV (range, 0.7–6.8 mv) in the median and ulnar nerves. The mean MCV was 24.9 m/s in the peroneal and tibial nerves (range, 16.3–33.2 m/s). The CMAP of the peroneal nerve was absent in five of the eight patients. The mean CMAP was 0.7 mV (range, 0.3–1.6 mV) in the peroneal nerve of the remaining patients. The sensory conduction velocities (SCVs) of the median, ulnar, and sural nerves were not elicited in four patients. The mean SCV was 35.7 m/s in the median and ulnar nerves (range, 21–50 m/s) and 30 m/s in the sural nerve (range, 10–41.1 m/s). The mean sensory nerve action potential (SNAP) of the sural nerve was 4.9 μV (range, 3–6.4 μV). Only one index patient (III3 from family 6) had motor-predominant symptoms with only minor sensory involvement; the sural SNAP was 6 μV, while the peroneal CMAP was absent (Table 2).


Table 2. Neurophysiologic data of the patients in this study.
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SH3TC2 Mutation Analysis

Four pathogenic (E553*, E657K, R904*, and R954*) and 7 likely pathogenic (c.280–2 A > G, c.732–1 G > A, c.1177+6 T > C, c.3328–1 G > A, G299S, R548W, L1048P) SH3TC2 variants and 1 SH3TC2 VUSs (S221P) were detected among the seven families. Eight of these variants were novel mutations, and most of them were nonsense or splice-site mutations, which have been suspected of causing the premature termination of translation or the production of nonfunctioning proteins. To determine the pathogenicity of the SH3TC2 variants, a bioinformatics tool was utilized. The variants were classified according to the standards and guidelines of the ACMG (9). The results of the in silico analysis and predicted pathogenicity of these variants are illustrated in Table 3.


Table 3. Molecular analysis results and predicted pathogenicities of the variants in this study.
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The pedigrees and genotypes of the families who carried the novel SH3TC2 variants are illustrated in Figure 1. The proband from family 1 carried E657K and c.732–1 G > A as compound heterozygous mutations, and they were inherited from her healthy mother and father, respectively. The mutation c.732–1 G > A is a novel splicing mutation. The E657K mutation has previously been reported to be a pathogenic mutation (1). The proband from family 2 carried the novel homozygous missense mutation R548W. This mutation was also found in her sister, who had a similar demyelinating neuropathy and ataxia; however, this mutation was not found in her other two healthy sisters, and thus segregated with other family members. The heterozygous compound novel mutations L1048P and R904* in SH3TC2 were detected in the proband from family 3. L1048P has never been reported before, whereas R904* is described to be pathogenic in the Human Gene Mutation Database (HGMD) database (2). Both parents, each of whom carried a variant, were found to have normal clinical and electrophysiological results. The proband from family 4 carried the previously reported R954* (1) and the novel splicing mutation c.3328–1 G > A as compound heterozygous mutations. The proband from family 5 carried the novel splicing mutations c.1177+6 T > C and E553* as compound heterozygous mutations. The proband from family 6 was found to be heterozygous for the SH3TC2 nonsense mutation E553* (10) and novel missense mutation G299S. The proband from family 7 was found to be heterozygous for the SH3TC2 novel missense mutation S221P and splicing mutation c.280–2 A > G. The mutation S221P was defined as a VUS according to the ACMG classification, whereas c.280–2 A > G was classified as a likely pathogenic mutation. The locations and distributions of SH3TC2 variants in our study are presented in Figure 2.


[image: Figure 1]
FIGURE 1. Pedigrees and genotypes of seven families in our study with novel SH3TC2 variants.
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FIGURE 2. The spectrum of SH3TC2 mutations identified in this study. The upper panel is the SH3TC2 protein structure (Uniprot: Q8TF17) and the bottom panel shows the SH3TC2 gene sequence, showing exons associated with identified mutations. Five of the 12 mutations lie in exon 11, and the remaining mutations are scattered along the whole gene. Novel mutations were labeled in red.





DISCUSSION

CMT4C was first recognized in 1996, and SH3TC2 was first identified as the causative gene of CMT4C by Senderek et al. (1) in 2003. To date, over 70 SH3TC2 mutations have been confirmed. These mutations include nonsense, splice-site, and frameshift mutations, either in homozygous or compound heterozygous states, and they lead to the premature termination of protein synthesis or the production of nonfunctional proteins. Some missense mutations, such as E657K, R1109P, and R648W, have also been observed (1, 2, 11). In our study, 3 previously reported nonsense mutations (E553*, R904*, and R954*) (1, 10, 12), 4 novel splicing mutations (c.280–2 A > G, c.732–1 G > A, c.3328–1 G > A, c.1177+6 T > C), and 5 missense mutations, including 1 that was previously reported (E657K) (1), 3 that are likely pathogenic (R548W, L1048P, G299S) and 1 that is VUS (S221P), were identified. Only one homozygous mutation (R548W) was found in this series. The remaining six index patients had varied compound heterozygous mutations comprising the mutations indicated above.

CMT4C has been reported to be the most common form of AR CMT. In this study, the CMT4C frequency was calculated to be 4.24% (7/165) in demyelinating or intermediate CMT patients without PMP22 duplication, 2.13% (7/328) in demyelinating and intermediate CMT patients with PMP22 duplication, and 1.5% (7/465) in the whole CMT cohort in our study. The frequency in demyelinating or intermediate CMT patients without PMP22 duplication is slightly higher in this Chinese cohort than in patients in other Asian countries, such as Japan (1.76%) (6) and Korea (2.02%) (7). For American and European counties, the frequency of CMT4C in the Chinese CMT cohort in our study (1.5%) was similar to or slightly higher than those in Germany (1.7%) (5), the United States (0.8%) (13), and the United Kingdom (0.6%) (14). In a Southern Italy study, the prevalence of SH3TC2 in overall CMT population was 3.2%, but it raised at 11.6% in sporadic demyelinating CMT cohort (SH3TC2 represents the second prevalent gene in this selected population) (15).

The R954* mutation, which is located in exon 11, has been reported to be particularly prevalent in central Europe, the Mediterranean basin, and the USA (1, 3, 5, 11, 15–18). This mutation has been identified in more than half or nearly all of the patients in English, French, Greek, Norwegian and Czech cohorts (3, 11, 16–18), whereas none of the patients in Japanese and Korean cohorts had reported the mutation (6, 7). The R954* mutation was also found in the population in our study with a relatively low frequency (1/12). The R904* mutation, another relatively frequently occurring mutation in SH3TC2 (2, 6), was also identified in the population in our study. A study involving a Greek cohort (11) reported that most of the cases are caused by the p.R1109* mutation. This founder mutation found in European Gypsies (2, 19) has also been found in pure Japanese populations (6) but was not detected in the population in our study. Five of the 12 mutations detected in our study lie in exon 11, and the remaining mutations are scattered along the whole gene (Figure 2). This tendency might be attributed to the fact that exon 11 is the largest exon of the gene and accounts for approximately half of the coding sequence.

Clinically, CMT4C has been described to be a slowly progressive disorder with an early onset, and spine scoliosis and cranial involvement are frequently observed as well. The age of onset in the cohort in our study varied and was not as young as those previously reported (1, 12, 15, 16). Three of the eight patients experienced symptoms in adulthood. There are several studies suggesting that CMT4C has a late onset (6, 11, 20). A recent study from Greece reported one patient who did not have symptoms until the age of 55 years (11). In a large French-Canadian kindred, the average age of diagnosis was reported to be 35.8 years (21). The six affected siblings in the kindred showed variable rates of progression of the symptoms, indicating a broad spectrum of phenotypes and complicated genotype-phenotype correlations in patients with CMT4C. The progression rate was mild or modest in the cohort in our study, as evidenced by the CMTNS (range, 8–18). None of the patients required a wheelchair at the last follow-up.

Regarding scoliosis, spinal deformities are often described within the first decade of life and considered hallmark signs of CMT4C (2). However, in our study, only three of the eight patients presented with scoliosis. Scoliosis was not detected in the other five patients, even after their CT scans were examined, suggesting that the absence of scoliosis cannot rule out a diagnosis of CMT4C. Azzedine et al. (12) noted that nearly all Algerian patients who present with scoliosis are homozygous for the R954* or R904* mutation. The two patients with scoliosis in our study carried R954* and R904* as compound heterozygous mutations in each allele. The low prevalence of R954* or R904* may partly explain the relatively low frequency of scoliosis in the cohort in our study. However, not all CMT4C patients with spinal deformities carried the R954* or R904* mutation. Patient II3 from family 2 with the homozygous R548W mutation in our study showed scoliosis after the onset of peripheral neuropathy. Moreover, one patient from the homozygous R954* Dutch family did not present with scoliosis (12), suggesting that additional genetic or environmental factors may contribute to the expression of this clinical feature. Although the pathophysiology of this type of pronounced scoliosis is not fully understood, spinal deformities can be caused by motor deficits in the paravertebral muscles, and the SH3TC2 protein might be involved in spine development (17).

We also observed that three of the eight patients presented with hearing loss. This symptom is not specific and thus cannot distinguish CMT4C from the other forms of demyelinating CMT, such as CMT1A, 1B, and X1, caused by mutations in PMP22, P0, or GJB1. Although cranial nerve involvement is commonly observed in CMT4C patients, we surprisingly did not detect any other cranial nerve involvement. The study by Colomer et al. (2) reported cranial nerve involvement in 9 of the 15 cases. The authors described hearing loss, slow pupillary reflexes, and tongue fasciculation to be the main features of cranial nerve involvement. Another study by Kontogeorgiou et al. (11) reported that 4 of 13 index patients presented with cranial nerve involvement. The most commonly affected nerve is the acoustic nerve, followed by the trigeminal, facial, vagus and hypoglossal nerves. Therefore, cranial nerve involvement is a supportive symptom of CMT4C, but the absence of cranial nerve symptoms should not exclude SH3TC2 from consideration as a potential determinant in a given CMT4C case.

Due to the above findings, considerable variability in phenotype, disease severity, and disease duration were observed in our study, despite the presence of identical genetic mutations. Such as E553* mutation has been identified both in family 5 and family 7, but the patient from family 5 had more severe deep sensation involvement, while the patient from family 7 had prominent cranial involvement, such as hearing loss. Electrophysiological studies also showed broad variability. Unlike the homogenous decline of MCV in patients with CMT1A, nearly half patients presented with intermediate decline of MCV in median and ulnar nerve, which might mimic the NCVs results of CMTX patients. Although sensory never are more often affected in CMT4C patients, motor predominant with minor sensory involvement can be also observed. Another study from a Korea cohort also supported this finding, which reported the sural SNAP was 7–7.1 μV with mildly reduced MCV (36.9–38 m/s), while the peroneal CMAP was severely declined in 2 affected patients in CMT4C (7). Yuan JH et al. even reported 2 of 8 patients presented axonal neuropathy in their NCS results (6). These findings confirmed the NCS potentiality of widening the phenotypical spectrum of CMT disease. Recent mutations in EGR2 gene (classically related to demyelinating CMT) was associated to an axonal phenotype (22). Taken together, NCS studies can give us insight to better understanding the underlying pathophysiological mechanism of CMT4C.

The SH3TC2 protein contains 8 tetratricopeptide repeat (TPR) domains and 2 SH3 domains. Proteins with TPR domains are responsible for many cellular functions, such as RNA synthesis, axonal transport, and chaperone functions, through protein-protein interactions. SH3 domains are highly conserved. They play important roles in intracellular communication and signal transduction. SH3TC2 is exclusively expressed in Schwann cells and has been shown to target recycling endosomes by associating with the small GTPase Rab11 (23). The function of SH3TC2 and the effects of SH3TC2 mutations should be further investigated. We predicted that the majority of the mutations in SH3TC2 cause the production of truncated SH3TC2 proteins or the SH3TC2 protein to be missing due to nonsense-mediated mRNA decay. Accordingly, our observations suggest that loss of function in SH3TC2 may be the underlying cause of AR mutations. Otherwise, the genetic modifier of SH3TC2, such as common SNPs in SH3TC2 or transcription regulator (SOX10/CREB) might be responsible for the broad variability in CMT4C (24).

In summary, the CMT4C frequency was calculated to be 4.24% in demyelinating or intermediate CMT patients without PMP22 duplication. We identified 4 novel splice sites and 3 novel missense mutations in SH3TC2 to be likely pathogenic. R954* and R904* were also detected in the Chinese population, but the frequency was relatively low. A broad spectrum of phenotypes was observed in the Chinese CMT cohort in our study. The absence of scoliosis, cranial nerve involvement, or late-onset symptoms does not preclude SH3TC2 involvement in CMT cases.



DATA AVAILABILITY STATEMENT

All the data and material in this article are publicly available and can be found at http://www.mono-mybg.com/jzjycmt.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Institutional Ethics Committee of Peking University Third Hospital (PUTH) approved this study (IRB 00006761). Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

XD conceived and designed the study. DF provided valuable clinical materials. XL performed the genetic testing and reviewed and edited the manuscript. XD and XL wrote the paper. All authors contributed to the article and approved the submitted version.



ACKNOWLEDGMENTS

We thank the families for their consent and participation in this study. We are grateful to DF for his constructive comments. We thank Running Gene Inc. (Beijing, China), for their genetic sequencing and proofreading.



REFERENCES

 1. Senderek J, Bergmann C, Stendel C, Kirfel J, Verpoorten N, De Jonghe P, 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) 73:1106–19. doi: 10.1086/379525

 2. Colomer J, Gooding R, Angelicheva D, King RH, Guillen-Navarro E, Parman Y, et al. Clinical spectrum of CMT4C disease in patients homozygous for the p.Arg1109X mutation in SH3TC2. Neuromuscul Disord. (2006) 16:449–53. doi: 10.1016/j.nmd.2006.05.005

 3. Lassuthova P, Mazanec R, Vondracek P, Siskova D, Haberlova J, Sabova J, et al. High frequency of SH3TC2 mutations in Czech HMSN I patients. Clin Genet. (2011) 80:334–45. doi: 10.1111/j.1399-0004.2011.01640.x

 4. Piscosquito G, Saveri P, Magri S, Ciano C, Gandioli C, Morbin M, et al. Screening for SH3TC2 gene mutations in a series of demyelinating recessive Charcot-Marie-Tooth disease (CMT4). J Peripher Nerv Syst. (2016) 21:142–9. doi: 10.1111/jns.12175

 5. Rudnik-Schoneborn S, Tolle D, Senderek J, Eggermann K, Elbracht M, Kornak U, et al. Diagnostic algorithms in Charcot-Marie-Tooth neuropathies: experiences from a German genetic laboratory on the basis of 1206 index patients. Clin Genet. (2016) 89:34–43. doi: 10.1111/cge.12594

 6. Yuan JH, Hashiguchi A, Okamoto Y, Yoshimura A, Ando M, Shiomi K, et al. Clinical and mutational spectrum of Japanese patients with recessive variants in SH3TC2. J Hum Genet. (2018) 63:281–7. doi: 10.1038/s10038-017-0388-5

 7. Lee AJ, Nam SH, Park JM, Kanwal S, Choi YJ, Lee HJ, et al. Compound heterozygous mutations of SH3TC2 in Charcot-Marie-Tooth disease type 4C patients. J Hum Genet. (2019) 64:961–5. doi: 10.1038/s10038-019-0636-y

 8. Zhao X, Jiang MM, Yan YZ, Liu L, Xie YZ, Li XB, et al. Screening for SH3TC2, PMP2, and BSCL2 variants in a cohort of Chinese patients with charcot-marie-Tooth. Chin Med J. (2018) 131:151–5. doi: 10.4103/0366-6999.222331

 9. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet Med. (2015) 17:405–24. doi: 10.1038/gim.2015.30

 10. Sun B, Chen Z, Ling L, Yang F, Huang X. Clinical and genetic spectra of Charcot-Marie-Tooth disease in Chinese Han patients. J Peripher Nerv Syst. (2017) 22:13–8. doi: 10.1111/jns.12195

 11. Kontogeorgiou Z, Nikolaou K, Kartanou C, Breza M, Panas M, Karadima G, et al. Mutational screening of the SH3TC2 gene in Greek patients with suspected demyelinating recessive Charcot-Marie-Tooth disease reveals a varied and unusual phenotypic spectrum. J Peripher Nerv Syst. (2019) 24:125–30. doi: 10.1111/jns.12305

 12. Azzedine H, Ravise N, Verny C, Gabreels-Festen A, Lammens M, Grid D, et al. Spine deformities in Charcot-Marie-Tooth 4C caused by SH3TC2 gene mutations. Neurology. (2006) 67:602–6. doi: 10.1212/01.wnl.0000230225.19797.93

 13. DiVincenzo C, Elzinga CD, Medeiros AC, Karbassi I, Jones JR, Evans MC, et al. The allelic spectrum of Charcot-Marie-Tooth disease in over 17,000 individuals with neuropathy. Mol Genet Genomic Med. (2014) 2:522–9. doi: 10.1002/mgg3.106

 14. Murphy SM, Herrmann DN, McDermott MP, Scherer SS, Shy ME, Reilly MM, et al. Reliability of the CMT neuropathy score (second version) in Charcot-Marie-Tooth disease. J Peripher Nerv Syst. (2011) 16:191–8. doi: 10.1111/j.1529-8027.2011.00350.x

 15. Manganelli F, Tozza S, Pisciotta C, Bellone E, Iodice R, Nolano M, et al. Charcot-Marie-Tooth disease: frequency of genetic subtypes in a Southern Italy population. J Peripher Nerv Syst. (2014) 19:292–98. doi: 10.1111/jns.12092

 16. Jerath NU, Mankodi A, Crawford TO, Grunseich C, Baloui H, Nnamdi-Emeratom C, et al. Charcot-Marie-Tooth Disease type 4C: novel mutations, clinical presentations, and diagnostic challenges. Muscle Nerve. (2018) 57:749–55. doi: 10.1002/mus.25981

 17. Arntzen KA, Hoyer H, Orstavik K, Tallaksen C, Vedeler C, Ostern R, et al. Charcot-Marie-Tooth disease type 4C in Norway: clinical characteristics, mutation spectrum and minimum prevalence. Neuromuscul Disord. (2018) 28:639–45. doi: 10.1016/j.nmd.2018.06.004

 18. Yger M, Stojkovic T, Tardieu S, Maisonobe T, Brice A, Echaniz-Laguna A, et al. Characteristics of clinical and electrophysiological pattern of Charcot-Marie-Tooth 4C. J Peripher Nerv Syst. (2012) 17:112–22. doi: 10.1111/j.1529-8027.2012.00382.x

 19. Houlden H, Laura M, Ginsberg L, Jungbluth H, Robb SA, Blake J, et al. The phenotype of Charcot-Marie-Tooth disease type 4C due to SH3TC2 mutations and possible predisposition to an inflammatory neuropathy. Neuromuscul Disord. (2009) 19:264–9. doi: 10.1016/j.nmd.2009.01.006

 20. Gooding R, Colomer J, King R, Angelicheva D, Marns L, Parman Y, et al. A novel Gypsy founder mutation, p.Arg1109X in the CMT4C gene, causes variable peripheral neuropathy phenotypes. J Med Genet. (2005) 42:e69. doi: 10.1136/jmg.2005.034132

 21. Varley TL, Bourque PR, Baker SK. Phenotypic variability of CMT4C in a French-Canadian kindred. Muscle Nerve. (2015) 52:444–9. doi: 10.1002/mus.24640

 22. Tozza S, Magri S, Pennisi EM, Schirinzi E, Pisciotta C, Balistreri F, et al. A novel family with axonal Charcot-Marie-Tooth disease caused by a mutation in the EGR2 gene. J Peripher Nerv Syst. (2019) 24:219–23. doi: 10.1111/jns.12314

 23. Stendel C, Roos A, Kleine H, Arnaud E, Ozcelik M, Sidiropoulos PN, et al. SH3TC2, a protein mutant in Charcot-Marie-Tooth neuropathy, links peripheral nerve myelination to endosomal recycling. Brain. (2010) 133:2462–74. doi: 10.1093/brain/awq168

 24. Brewer MH, Ma KH, Beecham GW, Gopinath C, Baas F, Choi BO, et al. Haplotype-specific modulation of a SOX10/CREB response element at the Charcot-Marie-Tooth disease type 4C locus SH3TC2. Hum Mol Genet. (2014) 23:5171–87. doi: 10.1093/hmg/ddu240

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.

Copyright © 2021 Duan, Ma, Fan and Liu. 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-12-598168-t003.jpg
Family Exon  Nucleotide
change
Famillt 11 ¢.1969 G>A
7 Intron6  ¢.732-1 G>A
Fam2ll1 11 1642 A>T
Fam3il1 11 ¢2710C>T
18 c3143T>C
Fam 4l 11 ©.2860C>T
15 ©.3328-1 G>A
Intron14
Fam5ilt 10 117746 T>C
Intron 1
11 1657 G>T
Fam i3 8 €895 G>A
11 1657 G>T
Fam7I1 6 .661T>C
4intron3  ©.280-2 A>G

Transcript version: NM_024577.3.

AA Effect
change
Exac

p.EBSTK 0.00001647
Splicing -
p.R5ABW TPR1 -
p.RY04" 000005765
p.L1048P 0000008236
p.RO54* 0.0008813
Splicing ~ TPRS -
pESS3"  TPR1 -
p.G209S  SH32 =
pESS3"  TPR1 -
p.S221P  SH31 0000008236

Splicing -

Database

1,000G

0.000199681

650
controls

o

SIFT

Damaging

Damaging

/
Damaging

Damaging

Tolerated

Pathogenicity
Polyphen- Mutation
2 taster
Probably ~ Damaging
damaging
Damaging
Probably  Damaging
damaging
/ Damaging
Probably  Damaging
damaging
/ Damaging
/ Damaging
Damaging
Probably ~ Damaging
damaging
Damaging
Probably ~ Damaging
damaging
? Damaging

GERP Evidence

6.16

5.68

37

6.02

5.67

4.13
6.03

6.04
488

6.04
56

5.92

ACMG

PS1+PM2  Pathogenic
+PP3 4+ PS3

PVS1 + PM2  Likely Pathogenic
PM1 + PM2  Likely Pathogenic
+PP1 4+ PP

+PP4

PVS1+ PM2 Pathogenic

PM1 + PM2  Likely Pathogenic
+PP1+PP3

PVs1
PVS1 + PM2

Pathogenic
Likely Pathogenic

PM2 + PM3
+PM4 +
PP3

PVS1 + PM2
PM2 + PP3

Likely Pathogenic
Pathogenic
Likely Pathogenic

PVS1 4+ PM2
PM2

Pathogenic
ws

PVS1 + PM2  Likely Pathogenic

Chromosomal
location

(chr5)

148407326
148420241
148407653
148406585

148392208

148406435
148388565

148408234

148407638

148417964

148407638
148421049

148424203

HGMD/
ClinVar

HGMD (1)

HGMD (2)

HGMD (1)

HGMD (10)

HGMD (10)





OPS/images/fneur-12-598168-t001.jpg
Families/ Onset Modeof  Disease Sclerosis Hearing Muscle strength Muscle atrophy Sensory Vibration CMTNS  Clinical features

patients  age inheritance duration loss pinprick
APB/FDI/  Dorsiflexion/ uL L
ADM plantar flexion P/D P/ID
Fam1llt 10 Isolated 5 - - 5-/5/5- 24 -~ A+ - Lup toknee 13 Clumsy gait, Pes Cavus
CK 520
Fam2llt 43 AR 8 - - 5-/5-/5- 23 /- -+ - Jup toknee 12 Foot drop, clumsy gait
Fam2!i3 40 + + 5/5/5 21 -~ A+ - N 16 Clumsy gait, Ataxia
Fam3llt 10 Isolated 17 + - 4413 13 -1+ +/4+4+  luptoknee  Absent 14 Ataxia, Pes Cavus
Famdllt 4 Isolated + - 4/4/5- 33 -~ A+ - Lbelow ankle 12 Clumsy gait
Famsllt 12 Isolated 24 - - 3/3/3- 22 ++ A+ - {below ankle 16 Distal motor and
sensory neuropathy
Famélli3 35 AR 2 - + 5/5/5 3/4 /- A+ - N 8 Foot drop, walking
difficuty, motor
predominant
Fam7Il1 15 Isolated 17 - + 5-/5/5 172 - A+ - Lbelow ankle 18 Foot drop, clumsy gait

APB, abductor policis brevis; FDI, first dorsal interosseous; ADM, abductor digiti minimi: UL, upper limb; LL, lower limb; Muscle atrophy severities: -+ mild atrophy; -+ moderate atrophy; + + + severe atrophy;=. Sensory examination:
N, normal; 4, increased; |, decreased.

+, positive; -, negative; P/D, proximal/distal.






OPS/images/fneur-12-598168-t002.jpg
Families/ Motor nerve conductions Sensory nerve conductions
patients

Median Ulnar Tibial Peroneal Median Ulnar Sural
DLms Ampmv CV,m/s DL,ms Amp.mv CV,m/s DL,ms Amp.mv CV,m/s DL,ms Amp.mv CV,m/s SNAP, uv CV,m/s SNAP, uv CV, m/s SNAP, uv CV, m/s
Fam1li1 62 4 316 50 38 815 97 23 267 94 16 252 Abs  Abs Abs  Abs  Abs Abs  Abs  Abs Abs
Fam2ll1 87 07 227 53 4.1 345  Abs  Abs  Abs  Abs  Abs  Abs Abs  Abs Abs  Abs  Abs Abs  Abs  Abs Abs
Fam2Ii3 70 50 31 45 78 41 Abs  Abs  Abs  Abs  Abs  Abs 33 7 87 27 10 36 44 4 32
Fam3llt 85 24 216 76 30 249 109 14 245 123 03 174 Abs  Abs Abs  Abs  Abs Abs  Abs  Abs Abs
Famdilt 222 08 17 266 14 15 273 05 10 163 05 165 2 21 54 7 22 121 8 10
Famsilt 107 10 274 74 24 203 72 3 295  Abs  Abs  Abs Abs  Abs Abs  Abs  Abs Abs  Abs  Abs Abs
Faméllls 5.1 30 407 59 5 409 68 23 21  Abs  Abs  Abs 26 54 39 21 8 50 25 6 414
Fam7Ilt 67 68 281 44 33 404 73 08 332 Abs  Abs  Abs 34 94 34 25 88 444 21 64 368

Abs, absent.
DL, distal latency; Amp, amplitude; CV, conduction velocity; SNAP, sensory nerve action potential.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Characteristics of Clinical and Electrophysiological Pattern in a Large Cohort of Chinese Patients With Charcot-Marie-Tooth 4C



		Synopsis



		Highlights



		Introduction



		Patients and Methods



		Patients



		Mutation Analysis



		Direct Sanger Sequencing



		NGS



		WES









		Pathogenicity Prediction







		Results



		Clinical Data



		Electrophysiological Results



		SH3TC2 Mutation Analysis







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

Characteristics of Clinical and
Electrophysiological Pattern in a
Large Cohort of Chinese Patients

With Charcot-Marie-Tooth 4C





OPS/images/fneur-12-598168-g001.gif





OPS/images/fneur-12-598168-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





