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Abstract
Neuromuscular disorders (NMDs) include a wide range of diseases affecting the peripheral nervous system. The genetic 
diagnoses are increasingly obtained with using the next generation sequencing (NGS). We applied the custom-design targeted 
NGS panel including 89 genes, together with genotyping and multiplex ligation-dependent probe amplification (MLPA) to 
identify a genetic spectrum of NMDs in 52 Polish patients. As a result, the genetic diagnosis was determined by NGS panel 
in 29 patients so its diagnostic utility is estimated at 55.8%. The most pathogenic variants were found in CLCN1, followed 
by CAPN3, SCN4A, and SGCA  genes. Genotyping of myotonic dystrophy type 1 and 2 (DM1 and DM2) as a secondary 
approach has been performed. The co-occurrence of CAPN3 and CNBP mutations in one patient as well as DYSF and CNBP 
mutations in another suggests possibly more complex inheritance as well as expression of a phenotype. In 7 individuals 
with single nucleotide variant found in NGS testing, the MLPA of the CAPN3 gene was performed detecting the deletion 
encompassing exons 2—8 in the CAPN3 gene in one patient, confirming recessive limb-girdle muscular dystrophy type 1 
(LGMDR1). Thirty patients obtained a genetic diagnosis (57.7%) after using NGS testing, genotyping and MLPA analysis. 
The study allowed for the identification of 27 known and 4 novel pathogenic/likely pathogenic variants and variants of 
uncertain significance (VUS) associated with NMDs.
In conclusion, the diagnostic approach with diverse molecular techniques enables to broaden the mutational spectrum and 
maximizes the diagnostic yield. Furthermore, the co-occurrence of DM2 and LGMD has been detected in 2 individuals.
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Introduction

Neuromuscular disorders (NMDs) are a highly hetero-
geneous group of inherited disorders characterized by 
the impairment of skeletal and heart muscles, peripheral 
nerves, neuromuscular junctions, and spinal cord motor 
neurons, leading to muscle weakness and/or atrophy, 
hypertrophy, pseudohypertrophy and fatty infiltration [1, 
2]. Their classification is based on the site of the pathol-
ogy [3]. More than 600 genes related to NMDs have been 
identified [2], and their number is still growing. In addi-
tion, their phenotypic complexity depends on various cir-
cumstances: the occurrence of myopathic and neurogenic 
findings in different members of one family [4], different 
phenotypes in a single patient [5, 6], or even two separate 
conditions in a single patient can be present [7]. It makes 
NMDs diagnosis more challenging and, therefore, high-
throughput next generation sequencing (NGS) technol-
ogy, enabling massive parallel sequencing of many genes 
simultaneously, is increasingly used in clinical settings. 
The most common approaches in NMD genetic diagnos-
tics comprise targeted gene panel (TGP), including clini-
cal exome, and/or whole exome sequencing (WES). It has 
been revealed that the diagnostic yield of TGP may differ 
from 15.1% to even 49.3%, depending on the number of 
study groups and the number of analyzed genes [8–11]. 
However, there is a possibility to increase the utility by 
using a comprehensive TGP, which involves all updated 
known disease-causing genes with high coverage of these 
target genes [12]. Barbosa-Gouveia et al. (2022) confirmed 
that increasing the number of causative genes from 278 
to 324 enables to obtain a higher diagnostic rate from 31 
to 40% in 268 NMD patients [13]. On the contrary, the 
increasing number of investigated genes has not always led 
to a significant rise in diagnosed patients [14]. At the same 
time, WES facilitates identifying novel disease-causing 
genes. Its utility ranges from 26% [15] to 39% [16]. It 
is noteworthy that diagnostic reassessment and variant 
reclassification after using WES enabled maximizing a 
diagnostic rate [12]. Regardless of the NGS approaches, 
still many patients remain undiagnosed genetically, which 
leads to diagnostic delays. In diagnostic practice, a well-
designed gene panel, deep NGS coverage [17], a combina-
tion of different molecular techniques, and reanalysis of 
NGS data with a detailed clinical assessment of patients 
regarding updated knowledge in the literature and data-
bases [18] may lead to increased diagnostic effectiveness 
and meet objectives of genetic diagnostics.

To identify the genetic cause of NMDs, we combined 
different molecular biology techniques, such as NGS, frag-
ment analysis, genotyping and multiplex ligation-depend-
ent probe amplification (MLPA) assays. We aimed to: (1) 

assess the diagnostic utility of a custom-designed 89 gene 
panel; and (2) describe unexpected findings in selected 
patients with clinical features of NMDs.

Materials and methods

Study design

The presented NGS panel for 89 genes has been developed 
to diagnose patients with neuromuscular diseases referred 
to the Genetic Clinic, the Institute of Psychiatry and Neu-
rology (IPiN). The genes involved in pathological mecha-
nisms of muscular dystrophies, myopathies and myotonic 
syndromes have been selected according to several sources. 
The PubMed browser was searched according to the [neu-
romuscular disorders] and [genetic testing] terms to look 
for the most relevant genes in diagnostics. In addition, Neu-
romuscular Disease Center website [19], GeneReviews, 
and OMIM database were screened to specify the list of 
the genes (Supplementary Table 1). Due to the inability of 
panel’s to identify microsatellite repeats, highly homologous 
regions, regions of high/low GC content and variable sen-
sitivity to detect copy number variations (CNVs), MLPA as 
well as DM1 and DM2 expansion analysis were carried out 
[20]. This panel has been used in our laboratory for 2 years. 
Although, for future diagnostic patients with clinical diag-
nosis of NMD, a panel expanded to 244 genes embracing 
genes implicated in mitochondrial disorders, neuropathies 
and very rare types of muscular dystrophies, myopathies, 
or myasthenia will be performed. The effectiveness and rel-
evance of the updated panel will be assessed after examining 
a numerically similar group of patients.

Patients

A total number of 52 unrelated Polish patients including 
23 females (44.2%) and 29 males (55.8%) with clinically 
suspected NMDs were enrolled in the study. The disease 
onset ranged from infancy to late adulthood (3 months 
– 63 years). Patients were successively referred by clinicians 
from genetic counselling from all over Poland for further 
genetic testing towards NMDs because these patients were 
not diagnosed genetically before this study. The neurologi-
cal description was based on an available medical history 
(assessing weakness, location and anatomic distribution of 
neuromuscular symptoms and accompanied features, onset, 
and course of the disease, family history), clinical assess-
ment of muscle weakness, fatigability, myopathy. Numerous 
studies including laboratory tests such as assessment cre-
atine kinase (CK), aspartate aminotransferase (AST), alanine 
aminotransferase (ALT) levels, general urine and cerebro-
spinal fluid examination, visual evoked potentials testing, 
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magnetic resonance imaging of the brain and brainstem, 
needle electromyography (EMG)/motor nerve conduction 
examination, motor unit analysis or muscle biopsy (if avail-
able) were performed in selected patients. The limitation of 
our study was incomplete data of CK levels. Data on CK lev-
els and/or muscle biopsy were not available for all patients. 
Typically, patients diagnosed with dystrophy were first 
analyzed for deletion/duplication in the DMD gene causing 
Duchenne/Becker muscular dystrophy, and less frequently 
for Pompe disease, while patients diagnosed with myotonia 
underwent genotyping for DM1 and/or DM2. Exclusion of 
these diseases made it possible to conduct a study using 89 
NMD gene panel. However, for patients referred from other 
centers than Institute of Psychiatry and Neurology (IPiN), 
DM1 and DM2 genotyping was performed after using gene 
panel.

The control group involved 172 DNA samples derived 
from Polish patients who were referred to our department 
with non-related NMD phenotype and in whom NGS testing 
was performed. All genetic variants detected in this group 
were reported in internal IPiN database, which is used to 
assess the frequency of particular variants found in NMD 
patients regarding control groups as well as for reevaluation 
of variants of uncertain significance (VUS). The study was 
approved by the Ethics Committee of the IPiN in Warsaw, 
Poland. All participants gave the written informed consent, 
including patients under 18 years (for whom the consent was 
signed by parents) as well as family members of affected 
patients, in whom segregation analysis was done.

Methods

Genomic DNA was extracted from peripheral blood using 
the MagNA Pure Compact Nucleic Acid Isolation Kit 
I – Large Volume (Roche), following the manufacturer’s 
instructions. The quantity and quality of the isolated DNA 
were assessed by UV/VIS Spectrophotometer NanoDrop 
2000 (Thermo Fisher Scientific) and Qubit fluorometer (Inv-
itrogen, Thermo Fisher Scientific).

Targeted next generation sequencing and data analysis

In the present study, TGP covered exons and intron/exon 
boundaries (+ 50 bp) of 89 genes involved in muscular dis-
orders, including muscular dystrophy (34 genes), congenital 
muscular dystrophy (22 genes), congenital myopathy (21 
genes), distal myopathy (16 genes), myofibrillar myopathy 
(9 genes), myotonic syndromes (6 genes), periodic paraly-
sis (3 genes), congenital myasthenic syndromes (13 genes), 
Emery-Dreifuss muscular dystrophy (6 genes), limb-girdle 
muscular dystrophy (24 genes), was designed.

The patient DNA library was prepared from 250  ng 
genomic DNA with a KAPA HyperPlus Kit (Roche) and 

sequencing of the NGS libraries was performed by a MiSeq 
(Illumina) paired-end 2 × 75-bp DNA sequencing platform 
with a MiSeq Reagent Kit v3 (150 cycles), according to 
the manufacturer’s instructions. Quantification analysis and 
assessment of the average size and length of the NGS librar-
ies were performed using a Bioanalyzer assay (Agilent).

The analysis of the enriched sequencing data was per-
formed for a minimum target of coverage at 50X. Further-
more, minimum coverage of 20X was required for at least 
95% of the targeted sequence.

The analysis of gene variants was performed using Bas-
eSpace Variant Interpreter, and the interpretation was made 
according to the American College of Medical Genetics 
and Genomics (ACMG) and the Association for Molecular 
Pathology (AMP) Standards and Guidelines [21]. ACMG 
nomenclature guidelines were applied for naming of all 
genetic variants. The analysis was conducted based on the 
human reference genome hg19. The initial variant filtering 
included the following criteria: (1) all coding consequences 
(stop gain or loss, splice site, indels, missense, and protein 
altering), (2) gnomAD frequency value less than 2% for all 
populations, and (3) small variant quality control (QC) met-
rics with value > 35% for variant read frequency. To inves-
tigate the functional predictions of the variants, several in 
silico algorithms were used: CADD (https:// cadd. gs. washi 
ngton. edu/ snv) as well as Revel, DANN, MetaLR, SIFT, and 
PolyPhen2 for evaluation of single-nucleotide substitutions 
or SpliceAI for splice-site variants. MutationTaster (http:// 
www. mutat ionta ster. org/) was also carried out. To assess 
the clinical significance of DNA variants, we used ClinVar, 
LOVD (Leiden Open Variation Database), Franklin database 
(https:// frank lin. genoox. com/ clini cal- db/ home) and Master-
mind Genomic Search (https:// www. genom enon. com/ maste 
rmind/), whereas the population frequency of the variants 
was determined by gnomAD v2.1.1 and v3.1.2 (Genome 
Aggregation Database). The prevalence of selected variants 
was also compared between NMD patients and the control 
individuals using internal database. The additional assess-
ment of the quality of NGS data was performed using a 
genome visualization tool—Integrative Genomics Viewer 
(IGV).

Sanger sequencing

All pathogenic/likely pathogenic variants identified by NGS 
and consistent with the clinical phenotype of the patients 
were confirmed by Sanger sequencing on an ABI 3130 
genetic analyzer (Applied Biosystems). The segregation 
analysis to assess the pathogenicity of variants classified as 
pathogenic/likely pathogenic and VUS was performed in the 
case when DNA samples of family members (both affected 
and unaffected) were available.

https://cadd.gs.washington.edu/snv
https://cadd.gs.washington.edu/snv
http://www.mutationtaster.org/
http://www.mutationtaster.org/
https://franklin.genoox.com/clinical-db/home
https://www.genomenon.com/mastermind/
https://www.genomenon.com/mastermind/
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Multiplex ligation‑dependent probe amplification analysis/
assays for microrearrangements detection

Four homozygous and three heterozygous carriers of the 
CAPN3 gene were screened for the detection of all exon 
deletions and/or duplications in this gene using SALSA 
MLPA Probemix P176-C3 kit (MRC Holland, Netherlands) 
and following manufacturer’s protocols. MLPA data were 
analyzed with Coffalyser.Net™ Software (MRC Holland, 
Netherlands).

Genotyping for dynamic mutation detection

The genotyping was performed to test the presence of het-
erozygous microsatellite repeat expansion (CTG)n in the 
DMPK gene (myotonic dystrophy type 1, DM1) and a het-
erozygous expansion of the CCTG repeat in the CNBP gene 
(myotonic dystrophy type 2, DM2). The PCR reaction was 
performed as described elsewhere [22, 23]. Additional tests 
based on the repeat primed PCR (RP_PCR) were performed 
in cases with the only one allele observed in basic reaction. 
Analysis of the PCR products were performed after capil-
lary electrophoresis on ABI 3130 genetic analyzer (Applied 
Biosystems) to detect the presence of expanded alleles. DM1 
was analyzed in 51, whereas DM2 in 52 individuals.

Results

In total, 52 patients with an initial diagnosis of NMDs were 
included in this study. Thirty of them obtained a genetic 
diagnosis (57.7%) after being tested with the use of 89 gene 
panel, genotyping and MLPA analysis (Fig. 1A).

Coverage and depth of sequencing

Enrichment sequencing data showed an average cover-
age depth of 116.2X (maximum value was 170X and 

minimum – 79.5X), with the average uniformity of cover-
age (Pct > 0.2*mean) of 97.1% (maximum value was 97.7% 
and minimum – 95.9%). The average depth of sequencing 
coverage at 20X was 97.5%, ranging from 95.1% to 98.4%. 
The 20X sequence coverage was obtained for an average 
97.5% of targeted sequence (from 95.1% to 98.4%).

NGS results

As a result of using TGP associated with 89 NMD − caus-
ing genes, 56 different variants including pathogenic, likely 
pathogenic, and VUS have been identified (Table 1).

Myotonia congenita was diagnosed in 14 individuals. 
Seven different variants were detected in the CLCN1 gene 
in either homozygous or compound heterozygous state in 11 
patients. Myotonia congenita caused by SCN4A mutations 
was diagnosed in 3 individuals.

The CLCN1:c.2680C > T (p.Arg894*) gene is the most 
frequent pathogenic variant occurs in a homozygous or 
heterozygous compound state causing autosomal recessive 
myotonia congenita (Becker disease) in Polish patients. It 
has been reported in 10 out of 52 studied individuals with 
an estimated frequency of 19.2%. In five patients it occurred 
in a homozygous state, whereas in the remaining five cases 
in a heterozygous compound state with other second variant 
within this gene.

Variants in 6 different genes were found as a cause of 
muscular dystrophies. Variants in the CAPN3 gene resulting 
in LGMDR1 were identified in 5 patients with an estimated 
frequency of 9.6%. Seven different variants, including a 
novel one, were identified in the SGCA  gene resulting in the 
diagnosis of LGMDR3. DMD was diagnosed in 2 patients, 
whereas variants in the DYSF, LMNA and COL6A1 have 
been found in single patients (Fig. 1B).

The CAPN3:c.550del (p.Thr184Argfs*36) gene is the 
most frequent pathogenic variant causing autosomal reces-
sive limb-girdle muscular dystrophy type 1 (LGMDR1) in 
Polish patients. It has been reported in 5 out of 52 studied 

Fig. 1  A The frequencies of 
patients with detected patho-
genic/likely pathogenic variants, 
VUS, and still undiagnosed 
patients after using TGP in our 
Polish group of 52 patients. B 
The frequency of pathogenic, 
likely pathogenic variants, and 
VUS in particular genes causing 
NMDs
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individuals. In three patients it occurred in a homozygous 
state, which allowed confirmation of LGMDR1. However, 
in 2 cases it occurred as a single heterozygous variant, which 
suggest the status of an LGMDR1 carrier.

The CAPN3:c.1746-20C > G is widely distributed and 
previously was known as conflicting interpretation. In 
this study, its intronic variant was presented both in NMD 
patients (n = 4) and in the control group (n = 5), reaching an 
estimated frequency of 7.7% and 2.9%, respectively. Among 
the 4 affected NMD patients, 2 of them have its intronic 
variant together with missense variant in the CAPN3 gene: 
c.598 T > A (p.Phe200Ile) and c.700G > A (p.Gly234Arg), 
respectively, whereas the remaining two have a single non-
coding CAPN3 variant. Patient with variants in the CAPN3:c.
[700G > A];[1746-20C > G] clinically presented calpainopa-
thy: proximal weakness and atrophy, muscle pain, walking 
difficulties and spine deformities. The calf and quadriceps of 
the thighs showed muscle hypertrophy. Other symptoms as 
preserved reflexes, arterial hypertension and dilated cardiomy-
opathy were observed as well. The EMG examination showed 
myopathic damage in proximal muscles of the upper and 
lower limbs without cellular infiltration. The muscle biopsy 
revealed the presence of dystrophin 10-kDa and 60-kDa, pri-
mary muscle damage of a mild neurogenic process, fibers 
varied in size arranged in bunches and separated discreetly 
with an increased amount of the connective tissue, internally 
located nuclei, several splitting fibers and “core-targetoid”, 
and atrophy fibers. The MRI imaging revealed the atrophy of 
shoulder and hip girdle muscles. Furthermore, we hypothesize 
that cardiomyopathy observed in the patient may be partially 
explained by the presence of the additional heterozygous 
likely pathogenic variant: c.2243G > C (p.Trp748Ser) in the 
POLG gene, while cardiac abnormalities are rather uncom-
mon for LGMDR1.

In 2 individuals myopathy was associated with variants in 
the RYR1 gene, whereas in one individual nemaline myopa-
thy caused by the KBTBD13 gene was diagnosed.

Among 30 patients presented in Table 1 with a confirmed 
genetic diagnosis, 27 have already been known, and 4 novel 
variants have been detected by NGS analysis. The mean age 
at genetically defined NMD diagnosis was 30 years, whereas 
the youngest patient was 1 year old, and the oldest one was 
73. The shortest delay in diagnosis is several months (Patient 
12), while the longest is 65 years (Patient 13).

NGS testing did not identify a definite genetic cause in 
the remaining 22 patients. In 15 of them, VUS or single 
pathogenic/likely pathogenic variants were found and sum-
marized in Supplementary Table 2.

MLPA analysis

The application of MLPA technique towards CAPN3 gene 
revealed a heterozygous large deletion of exons 2 – 8 in Ta
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the CAPN3 gene in one (Patient 19 with a missense variant 
c.319G > A (p.Glu107Lys) in the CAPN3 gene) out of 7 
carriers of the single variant within this gene. Patient with 
a deletion of exons 2 – 8 and c.319G > A (p.Glu107Lys) 
in the CAPN3 gene clinically presented proximal muscle 
weakness of limbs, mild weakness of the girdle, muscle 
pain, severe muscle cramps, calf hypertrophy, and pes 
cavus. His laboratory tests revealed an increased level of 
CK and myoglobin in serum. His EMG study showed pri-
mary muscle damage. His two children, brother and par-
ents are unaffected by symptoms of NMDs, whereas the 
proband and both his brothers and mother are affected by 
ischemic heart disease.

Co‑existence of two NMDs disorders in single 
patients

The most common confirmed diseases were channelopa-
thies, followed by muscular dystrophies, and myopathies, 
which explained together more than half of all our undiag-
nosed previously NMD cases (Table 1).

Three patients received a genetic diagnosis of DM2. 
Moreover, in two of them, limb-girdle muscular dys-
trophy was identified as well, suggesting the possibly 
more complex inheritance and expression of a pheno-
type. Patient 17 carried a homozygous frameshift vari-
ant known to be pathogenic variant in the CAPN3 gene 
together with a heterozygous expansion of CCTG in 
the CNBP gene, corresponding to LGMDR1 calpain3-
related disease and DM2. Clinically, he presented mus-
cle weakness and atrophy of the upper and lower limbs, 
hyperlordosis, scoliosis, foot drop, and a positive Gow-
ers sign. Patient 23 harbored one heterozygous patho-
genic and one heterozygous likely pathogenic variants 
in the DYSF gene associated with LGMDR2 dysferlin-
related disease as well as a heterozygous expansion in 
DM2 causing gene.

Discussion

The complexity of genetic defects associated with NMD and 
high relative frequency of DM1 and DM2 in Poland, 394 and 
441 families respectively [24, current data from studies con-
ducted but not published] necessitated to design a diagnostic 
approach based on a comprehensive analysis using differ-
ent molecular techniques. In this study: (1) NGS analysis; 
(2) DM1 and DM2 genotyping; (3) MLPA assays; and (4) 
Sanger sequencing have been performed. A targeted 89 NGS 
gene panel was applied among 52 Polish patients suffering 
from NMDs. In the tested group, the preliminary clinical 
diagnoses of myotonia syndromes, muscular dystrophies, or 

myopathies were established. In total, 29 of them reached 
a genetic diagnosis after using TGP, placing its effective-
ness at 55.8%. Regardless of the NGS data, we identified a 
dynamic mutation in the CNBP gene in three patients and 
confirmed a gross deletion in the CAPN3 gene in one indi-
vidual. Altogether, the diagnostic rate of the established 
approach reached 57.7% (30 patients).

The most common entity identified in patients was myo-
tonia congenita with variants in the SCN4A and CLCN1 
genes. In this study only a recessive form of myotonia con-
genita caused by pathogenic variants in the CLCN1 gene 
was detected. The recent study, evaluating the functional 
significance of 95 different CLCN1 variants, suggests that 
variants resulting in dominant functional features are clus-
tered in the first half of the transmembrane domain and alter 
voltage dependence of channel activation, whereas variants 
with recessive functional features without a shift in voltage 
dependence of activation are clustered in the second half 
of transmembrane domain of the skeletal muscle chloride 
channel 1 – CLCN1 protein [24]. Although the c.2680C > T 
variant has been widely implicated in both dominant and 
recessive forms of Thomsen-Becker myotonia, according to 
our results and population frequency data (0.3% in the Euro-
pean non-Finnish population) we suppose that the most com-
mon variant c.2680C > T (p.Arg894*) in the CLCN1 gene 
cannot be inherited as a dominant one.

One of the common variants of the CAPN3 gene: c.1746-
20C > G was identified as a heterozygous in 4 patients with 
LGMD phenotype. Its high frequency in Poland has been 
previously described [25]. Until recently, its intronic variant 
has been considered a variant with conflicting interpretation 
of pathogenicity. However, Mroczek et al. (2022) showed 
that this variant is hypomorphic causing LGMDR1 when 
occurs in trans position with another pathogenic/likely 
pathogenic variant [26]. Many studies confirm that this 
variant is causal when occurs in the compound heterozy-
gous state [25, 27, 28]. According to these findings, we can 
hypothesize that one of our patients, in whom compound 
heterozygous CAPN3:c.[700G > A];[1746-20C > G] variants 
together with heterozygous POLG likely pathogenic variant: 
c.2243G > C (p.Trp748Ser) were identified can be diagnosed 
with LGMDR1. However, to confirm its pathogenicity a seg-
regation analysis in the family is necessary.

In the presented study, a gross deletion encom-
passing exons 2–8 of the CAPN3 gene has been 
also identified by MLPA in a patient, in whom the 
CAPN3:c.319G > A (p.Glu107Lys) variant was found by 
NGS. CAPN3:c.319G > A (p.Glu107Lys) variant has been 
described previously as a causative pathogenic variant in a 
heterozygous, compound heterozygous as well as together 
with variants in the FKRP gene [29, 30]. On the other hand, 
its frequency in the gnomAD database is high and reaches 
1.3% within non-Finnish population. Also, numerous 
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ClinVar submitters reported this variant as a benign or likely 
benign. Based on the literature, databases and our findings 
we assume that CAPN3:c.319G > A identified alone, even 
in a homozygous state, cannot be classified as a pathogenic 
one. However, together with another pathogenic variant, it 
might be implicated in LGMD. To confirm this assump-
tion, a functional study should be performed. Since only 
a DNA sample was collected from one individual in the 
family, we have not been able to perform segregation study 
or functional testing to date. We are aware of this limita-
tion. Here, we aim to note that both variants of the CAPN3 
gene: c.319G > A and deletion of exons 2–8 may together be 
responsible for the patient’s clinical signs. However, further 
investigation should be carried out when possible. Moreo-
ver, skeletal muscle MRI findings are widely recognized as 
a useful tool in the diagnosis and clinical management of 
LGMDR1. Unfortunately, no patient underwent muscle MRI 
prior to genetic testing. We would like to emphasize that 
MLPA analysis is worth performing in every patient with 
the CAPN3 variant and a questionable diagnosis of LGMD.

Furthermore, during the study, we identified two individ-
uals with co-occurrence of DM2 and LGMD. In one patient, 
CNBP dynamic mutation and CAPN3 homozygous variant 
have been detected (Patient 17), whereas in another indi-
vidual the CNBP expansion was present together with DYSF 
variants (Patient 23). Presently, the patient’s phenotype cor-
responds with LGMDR1 rather than DM2 (Patient 17). The 
segregation analysis in his family showed that both parents 
were carriers of a variant in CAPN3 gene, whereas an expan-
sion in the CNBP gene was maternally inherited (Patient 17). 
In patient 23, the segregation analysis was not available. A 
similar phenomenon has been already described in several 
individuals, who harbored point pathogenic variants in the 
CLCN1 [31] or SCN4A [32] genes together with expansion 
in the CNBP gene, and therefore, all our patients with or 
without point pathogenic variants in these genes were tested 
for DM1 and DM2.

In the studied group of 52 patients, the variants in the 
CLCN1, followed by CAPN3, SCN4A and SGCA  genes 
were most frequently identified. The genetic spectrum of 
neuromuscular disorders varies, greatly depending on the 
population and/or country, the size of a tested cohort and 
their homogeneity or heterogeneity. In the Dutch, the most 
common genes related to LGMD spectrum were CAPN3, 
SGCA /B/G/D, ANO5 accounting for nearly 70%, whereas the 
remaining genes included FKRP, EMD, GMPPB, contrac-
tion of D4Z4 repeat, SMN1, FLNC, MICU1, TRIM32 [28]. 
In Austria, the most frequent cause of limb-girdle muscular 
weakness and hereditary myopathy were pathogenic variants 
in CAPN3, FKRP, ANO5, DYSF, SGCA  [33]. However, in 
China and Turkey the most common cause of LGMD were 
variants in the DYSF and CAPN3 genes, followed by patho-
genic variants in SGCA , LMNA, and other genes (DNAJB6, 

FKRP, SGCB, SGCD, TRIM32, POMT1, ANO5) [34], and 
SGCA , CAPN3, and DYSF [35]. Moreover, the presence of 
homozygous and compound heterozygous variant in the 
SGCA  gene: c.850C > T (p.Arg284Cys) reported by Özy-
ilmaz et al. [35] and this study broadens the genetic spec-
trum of this gene.

Among 32 different variants identified in this study, four 
are newly discovered and broaden the mutational spec-
trum of particular genes, including: (1) DMD:c.6630del 
(p.Asn2211Ilefs*10); (2) COL6A1:c.1029_1032delinsTTG; 
(3) SGCA :c.747G > A (p.Leu249 =); and (4) DYSF:c.5356del 
(p.Glu1786Argfs*77).

Since all genetic testing methods have their limitations, 
there is no single comprehensive one, suitable for all pur-
poses. Even advanced techniques such as WES/WGS in 
some cases may turn to be unavailable. Furthermore, epi-
demiological factors may also influence a diagnostic strat-
egy. For instance, in some countries DM2 is as prevalent 
as DM1 or may have a high incidence as in Finland [36]. 
In Poland, the incidence of DM2 is even higher than DM1 
and patients present several unspecific symptoms, accord-
ing to authors’ published and unpublished data [37]. In the 
study, we implemented a developed panel to study a group 
of patients with clinical diagnosis of the spectrum of neu-
romuscular disorders. The assessment of the targeted gene 
panel enriched with other methods resulted in effective 
diagnostics of genetic disorders in this group of patients, 
expanding the mutational spectrum of the genes implicated 
in NMDs and maximizing the diagnostic utility.

Conclusions

1. The application of designed targeted gene panel, involv-
ing 89 NMD-causing genes, together with additional 
techniques (expansion analysis, MLPA assays) was 
effective and may be useful, particularly when the avail-
ability of WES is limited. However, it seems that sys-
tematic reanalysis of NGS data, especially as the VUS 
are concerned, may influence the diagnostic utility.

2. The complexity of the mutational spectrum within the 
CAPN3 gene supports the argument that both MLPA 
and family segregation analysis should be performed in 
heterozygous or apparently homozygous variant carriers 
reported with conflicting pathogenicity.

3. Due to reports of coexistence of muscular dystrophy 
and (CCTG)n repeat expansion in the CNBP gene, we 
suggest considering DM2 and/or DM1 testing also in 
patients in whom variants of the muscular dystrophy 
genes have been identified, as it might be related to the 
phenotype and progression of the disease.
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