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Abstract

Introduction
Limb‐girdle muscular dystrophy (LGMD) is the fourth most common muscular dystrophy,
with progressive proximal muscle weakness. However, a large number of neuromuscular
conditions are similarly presented. Because of this, the use of high‐throughput methods
such as next‐generation sequencing (NGS) is important in the evaluation of LGMD.

Methods
In this report, we applied a custom target capture‐based NGS panel covering 31 LGMD‐
associated genes (MYOT, LMNA, CAV3, DES, DNAJB6, FLNC, CAPN3, DYSF, SGCG, SGCA, SGCB,
SGCD, TCAP, TRIM32, FRKP, TTN, POMT1, ANO5, FKTN, POMT2, POMGnT1, DAG1, PLEC, GAA,
GMPPB, HNRNPDL, TNPO3, LIMS2, POMK, TRAPPC11, ISPD) in 74 patients suspected of
LGMD.

Results
In 25 (33.8%) out of 74 patients analyzed, one or more pathogenic/likely pathogenic
variants in 13 different genes were detected. Six of the patients had the variants that
were not found in databases and literature; thus, they were interpreted as novel
pathogenic variants.

Discussion
The diagnosis rate achieved (33.8%) is consistent with previous literature reports and
underlines the efficiency and importance of NGS technology in the molecular genetic
evaluation of LGMD.
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evaluation of LGMD.

1 INTRODUCTION
Muscular dystrophy's (MD) “dystrophy” definition comes from the degeneration,
regeneration, and fibrosis in the muscle tissue resulting with progressive muscle weakness
and atrophy. The most common forms of MDs are myotonic dystrophy type I (DM1),
Duchenne MD (DMD), and facioscapulohumeral MD (FSHD) (Mathis et al., 2018). Limb‐girdle
MD (LGMD) is the fourth most common muscular dystrophy, with a prevalence of 0.56–5.75
per 100,000 (Mah et al., 2014).

Limb‐girdle muscular dystrophy (LGMD) is a subgroup of MD, predominantly affecting
proximal muscles. LGMD includes a number of muscle disorders that vary in genetic
etiology, severity, phenotype, and age of onset; however, most of the patients with LGMD
commonly show proximal muscle involvement such as upper arms, shoulders, pelvic area,
and thigh muscles. Apart from these, additional symptoms such as distal muscle
involvement/foot drop, scapular winging, calf hypertrophy, cardiomyopathy, respiratory
involvement can also be presented (Taghizadeh, Rezaee, Barreto, & Sahebkar, 2018).

LGMD had first been classified into autosomal dominant (LGMD1) and autosomal recessive
(LGMD2) types by European Neuromuscular Centre (ENMC) in 1995. When a new
chromosomal locus/gene was defined, a letter in alphabetical order was added to disease
type (e.g., LGMD2K) (Bushby & Beckmann, 1995). In 2018, ENMC released the “Limb‐girdle
muscular dystrophies: Nomenclature and reformed classification for LGMD” workshop
report. In the released report, LGMD disease group has been re‐defined and re‐classified.
The newly defined criteria for the diagnosis of LGMD contained proximal (skeletal) muscle
weakness, genetic inheritance, elevated serum CK, degenerative changes on muscle MRI,
dystrophic changes on muscle histology which is ultimately leading to end‐stage pathology for the
most affected muscles and achieving of independent walking. It concluded that, in order to
consider disease as an LGMD, it must fulfill all of the above criteria and be described in at
least two unrelated families within published literature. Additionally, the new nomenclature
for subtype classification of LGMD was released using the formula of “inheritance (R or D),
the order of discovery (number), affected protein” (e.g., LGMD R11 POMT1‐related). Beyond
the new definition and classification, 10 diseases from the old classification of LGMD, which
are not fulfilling these criteria, were removed and five genes from other types of muscular
dystrophies were added (Straub, Murphy, Udd, & LGMD Workshop Study Group, 2018).

Old and new nomenclature, LGMD genes, trasncript IDs (of the analyzed genes), exon
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Old and new nomenclature, LGMD genes, trasncript IDs (of the analyzed genes), exon
counts, and clinical features are summarized in Table 1.

Table 1. Old and new nomenclature, LGMD genes, exon counts, clinical features

Old
nomenclature

Gene New
nomenclature

RefSeq
number

Exons Inh. Age of
onset

Clinical
features

LGMD1A MYOT Removed from

LGMD,

myofibrillar

myop.

NM_006790 10exons AD Adult First distal

than

proximal

weakness,

Achilles

contracture,

Cardiac inv.

LGMD1B LMNA Removed from

LGMD, Emery–

Dreifuss MD

NM_170707 12exons AD Childhood Limb‐girdle

proximal

weakness,

neck and

Achilles

contractures,

cardiac inv.

LGMD1C CAV3 Removed from

LGMD, rippling

muscle disease

NM_001234 2exons AD/AR Variable Exercise‐

induced

cramp, pain,

stiffness

LGMD1D DNAJB6 LGMD D1

DNAJB6‐related

NM_058246 10exons AD Variable Hip and

shoulder

girdle

weakness,

contractures,

facial Inv.,

Neck Inv.

LGMD1E DES Removed from NM_001927 9exons AD/AR Teenage First distal
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LGMD,

myofibrillar

myopathy

than

proximal

weakness,

Facial Inv.,

Neck Inv.,

Cardiac inv.

LGMD1F TNPO3 LGMD D2

TNP03‐related

NM_012470 23exons AD Variable First proximal

than distal

weakness,

facial Inv.,

neck Inv.

LGMD1G HNRNPDL LGMD D3

HNRNPDL‐

related

NM_031372 8exons AD Adult Hip and

shoulder

girdle

weakness,

cataracts,

finger

contractures

LGMD1I CAPN3 LGMD D4

calpain3‐related

NM_000070 56exons AR Teenage Limb‐girdle

proximal

lower

weakness

LGMD2A CAPN3 LGMD R1

calpain3‐related

NM_000070 56exons AR Teenage Limb‐girdle

proximal

lower

weakness

LGMD2B DYSF LGMD R2

dysferlin‐related

NM_001130987 9exons AR Childhood Limb‐girdle

proximal

weakness,

rapid

progression,

cardiac inv.

LGMD2C SGCG LGMD R5 γ‐ NM_000231 10exons AR Childhood Limb‐girdle
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LGMD2C SGCG LGMD R5 γ‐

sarcoglycan‐

related

NM_000231 10exons AR Childhood Limb‐girdle

proximal

weakness,

rapid

progression

LGMD2D SGCA LGMD R3 α‐

sarcoglycan‐

related

NM_000023 6exons AR Childhood Limb‐girdle

proximal

weakness,

rapid

progression,

cardiac inv.

LGMD2E SGCB LGMD R4 β‐

sarcoglycan‐

related

NM_000232 9exons AR Childhood Limb‐girdle

proximal

weakness,

rapid

progression,

cardiac inv.

LGMD2F SGCD LGMD R6 δ‐

sarcoglycan‐

related

NM_172244 2exons AR Childhood Proximal and

distal

weakness,

cardiac

involvement

LGMD2G TCAP LGMD R7

telethonin‐

related

NM_003673 2exons AR Childhood Hip and

shoulder

girdle

weakness,

“Winged”

scapulae,

facial Inv.,

neck Inv.

LGMD2H TRIM32 LGMD R8 TRIM

32‐related

NM_012210 4exons AR Variable Limb‐girdle

proximal

weakness,

tongue
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hypertrophy,

cardiac in.

LGMD2I FKRP LGMD R9 FKRP‐

related

NM_001039885 363exons AD/AR Childhood Proximal and

distal

weakness

LGMD2J TTN LGMD R10 titin‐

related

NM_001267550 20exons AR Infacy Limb‐girdle

weakness,

microcephaly,

mental

retardation

LGMD2K POMT1 LGMD R11

POMT1‐related

NM_007171 22exons AR Variable Limb‐girdle

proximal

weakness

LGMD2L ANO5 LGMD R12

anoctamin5‐

related

NM_213599 11exons AR Infacy Limb‐girdle

proximal

weakness,

contractures

LGMD2M FKTN LGMD R13

Fukutin‐related

NM_006731 21exons AR Infacy Limb‐girdle

proximal

weakness,

mental

retardation

LGMD2N POMT2 LGMD R14

POMT2‐related

NM_013382 23exons AR Infacy Limb‐girdle

proximal

weakness

LGMD2O POMGNT1 LGMD R15

POMGnT1‐

related

NM_001243766 4exons AR Childhood Limb‐girdle

proximal

weakness,

mental

retardation

LGMD2P DAG1 LGMD R16 α‐

dystroglycan‐

NM_001165928 32exons AR Childhood Limb‐girdle

proximal
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dystroglycan‐

related

proximal

weakness,

contractures

LGMD2Q PLEC1 LGMD R17

plectin‐related

NM_201380 9exons AD/AR Adult First distal

than

Proximal

Weakness,

Facial Inv.,

Neck Inv.,

Cardiac inv.

LGMD2R DES Removed from

LGMD,

myofibrillar

myopathy

NM_001927 30exons AR Infacy Limb‐girdle

weakness,

microcephaly,

mental

retardation

LGMD2S TRAPPC11 LGMD R18

TRAPPC11‐

related

NM_021942 8exons AR Childhood Limb‐girdle

proximal

weakness,

mental

retardation

LGMD2T GMPPB LGMD R19

GMPPB‐related

NM_013334 10exons AR Childhood Limb‐girdle

proximal

weakness,

mental

retardation,

“Winged”

scapulae

LGMD2U ISPD LGMD R20 ISPD‐

related

NM_001101426 21exons AR Childhood Limb‐girdle

proximal

weakness,

HSM, mental

retardation

(Pompe

disease)
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LGMD2V GAA Removed from

LGMD, Pompe

disease

NM_000152 10exons AR Childhood Limb‐girdle

proximal

weakness,

tongue

hypertrophy,

cardiac inv.

LGMD2W LIMS2 Removed from

LGMD, PINCH‐2

related myop.

NM_001161404 8exons AR Variable Limb‐girdle

proximal

weakness,

cardiac

involvement

LGMD2X POPDC1 Removed from

LGMD, BVES

related

myopathy

NM_001199563 10exons AR Teenage Limb‐girdle

proximal and

distal

weakness,

contractures,

rigid spine

LGMD2Y TOR1AIP1 Removed from

LGMD,

TOR1AIP1

related myop.

NM_001267578 11exons AR Adult Limb‐girdle

proximal

lower

weakness,

“Winged”

scapulae

LGMD2Z POGLUT1 LGMD R21

POGLUT1‐

related

NM_152305 23exons AR Adult Limb‐girdle

proximal

lower

weakness,

“Winged”

scapulae

Bethlem

myopathy (AR)

COL6A1/2/3 LGMD R22

collagen 6‐

related

NM_001849

(A2)

35/28/44 AD/AR Childhood Hip and

shoulder

girdle

weakness,
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Legend: MD: muscular dystrophy; AD: autosomal dominant; AR: autosomal recessive; Inv.:

involvement; Inh.: inheritance.

1.1 Diagnostic approaches
The diagnosis of LGMD is suspected in patients who present with progressive proximal
muscle weakness. However, a large number of neuromuscular conditions, such as
dystrophinopathies, facioscapulohumeral muscular dystrophy (FSHD), Emery–Dreifuss
muscular dystrophy (EDMD), myofibrillar myopathies, Bethlem myopathy, inflammatory
myopathies, and metabolic myopathies (e.g., Pompe disease) are characterized by proximal‐
predominant muscle weakness (Angelini & Fanin, 2017).

weakness,

contractures,

facial Inv.,

neck Inv.

Laminin α2‐

related MD

LAMA2 LGMD R23

laminin α2‐

related

NM_000426 65exons AR Variable Limb‐girdle

proximal

weakness,

contractures,

mental

retardation

POMGNT2‐

related MD

POMGNT2 LGMD R24

POMGNT2‐

related

NM_032806 2exons AR Childhood Limb‐girdle

proximal

weakness,

contractures,

mental

retardation

Myofibrillar

myopathy

FLNC Myofibrillar

myopathy

NM_001127487 47exons AD Adult Limb‐girdle

proximal

lower

weakness,

slow

progression

https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#ahg12319-bib-0001
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predominant muscle weakness (Angelini & Fanin, 2017).

If clinical and histopathological findings direct the physician to a specific LGMD subtype,
screening for certain genes by Sanger sequencing can be used. However, the high
phenotypic variability and the large size of most of the relevant genes, emphasize the use of
high‐throughput methods such as next‐generation sequencing (NGS) (Angelini, Giaretta, &
Marozzo, 2018; Yu et al., 2017). NGS technology can be used for sequencing of specific genes
(panels), whole set of human exons (WES), entire human genome (WGS), and homozygosity
mapping in consanguineous families (Angelini & Fanin, 2017). NGS provides a rapid, cost‐
effective, less labor‐intensive, and more economical approach. With the usage of NGS,
variant detection rates increased from 3% to 33% of LGMD cases (Angelini et al., 2018).
Furthermore, NGS provides a high depth of coverage which ensures higher sensitivity to
detect low‐frequency variants and low‐level mosaicisms. However, there are also weak
points of NGS technology. With NGS, variants in noncoding regions cannot be detected, long
repeats can create gaps, repetitive segments can cause misassembling and deletions that
cover entire exons may not be detected (Treangen & Salzberg, 2012).

In this report, we applied a custom target capture‐based NGS panel in 74 Turkish patients
suspected of LGMD. We have evaluated the diagnostic rates of our custom NGS gene panel
and investigated variant frequencies associated with LGMD subtypes in Turkey. The
association between genotype and LGMD phenotypes was also analyzed.

2 MATERIAL AND METHODS
2.1 Patient selection
From January 2018 to January 2019, 74 patients were referred to our genetic diagnosis
center from the Tepecik Hospital Neuromuscular disorders unit, pediatric neurology clinic,
and the other pediatric neurology clinics in our region. An informed consent was obtained
from all participants or their legal representatives. The study was not submitted to an ethics
committee.

2.2 Next‐generation sequencing
For the molecular genetic evaluation, a Custom Target Capture Limb Girdle NGS Panel
(Celemix, Inc., Seoul, Korea), which was designed according to the before‐2018 ENMC
classification, was used. The Custom Target Capture Limb Girdle NGS Panel covered all the
coding regions and the exon‐intron boundaries of the 31 LGMD associated genes with 817
amplicons: MYOT, LMNA, CAV3, DES, DNAJB6, FLNC, CAPN3, DYSF, SGCG, SGCA, SGCB, SGCD, TCAP,

https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#ahg12319-bib-0001
https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#ahg12319-bib-0002
https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#ahg12319-bib-0028
https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#ahg12319-bib-0001
https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#ahg12319-bib-0002
https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#ahg12319-bib-0024
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amplicons: MYOT, LMNA, CAV3, DES, DNAJB6, FLNC, CAPN3, DYSF, SGCG, SGCA, SGCB, SGCD, TCAP,
TRIM32, FRKP, TTN, POMT1, ANO5, FKTN, POMT2, POMGnT1, DAG1, PLEC, GAA, GMPPB, HNRNPDL,
TNPO3, LIMS2, POMK, TRAPPC11, ISPD.

The reference sequence numbers of the covered genes are listed in Table 1.

For this aim, genomic DNA samples were extracted. For the library preparation, target
capture‐based NGS Panel kit was used. DNA was fragmented, the ends of the DNA
fragments were repaired, fragments were A‐tailed, adapters were ligated to fragments,
indexes were added, probes were hybridized, target libraries were selected with streptavidin
beads, and target libraries were amplified. The original method was modified and the
hybridization phase (probe hybridization, target library selection, target libraries
amplification) was repeated for a second time to increase the depth of coverage (purification
was done between all steps). Target capture NGS was performed on an Illumina MiSeq NGS
System (Illumina, Inc., San Diego, CA, USA) using the MiSeq Reagent Nano Kit v3 (Illumina,
Inc., San Diego, CA, USA). FASTQ sequencing files were collected and transferred to “SEQ”
variant analysis software (Genomize, Istanbul, Turkey).

2.3 Identification of variants
The data were analyzed using “SEQ” variant analysis software (Genomize, Istanbul, Turkey)
according to the reference genome of GRCh37(h19). The coverage data were acquired from
“CDS Coverage % Table” of SEQ variant analysis software and read depth of each variant was
checked from SEQ variant analysis software and also from IGV. Variants with all ClinVAR
submissions were benign or likely benign, were excluded. The variant interpretation was
done according to the standards and guidelines released by the American College of Medical
Genetics (ACMG) (Richards et al., 2015).

2.4 Confirmation of variants and family screening
All pathogenic/likely pathogenic variants were confirmed with Sanger sequencing. Family
screening or evaluations were also done by Sanger sequencing.

3 RESULTS
3.1 Clinical characteristics of the patients
The patient group generally consists of patients with high CK, proximal muscle weakness,
and walking difficulty. A total of 74 patients were evaluated for the diagnosis of LGMD.

https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#ahg12319-bib-0020


5/9/19, 12(54 PMImpact of next-generation sequencing panels in the evaluation of limb…phies - Özyilmaz - - Annals of Human Genetics - Wiley Online Library

Page 12 of 31https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319

and walking difficulty. A total of 74 patients were evaluated for the diagnosis of LGMD.

3.2 NGS success and efficiency results
A total of 74 patient samples were analyzed in a total of six NGS runs. The data received had
an average read depth of more than 20× coverage in more than 95% of the targeted regions.

3.3 Sequence variants detected by custom target capture Limb
Girdle NGS panel
In 25 (33.8%) out of 74 patients analyzed, we detected one or more pathogenic/likely
pathogenic variants in 13 different genes. Five (6.8%) patients had uncertain variants (VUS)
and 44 (59.4%) patients had no variants.

In 30 patients with detected variants, a total number of 32 variants were found. Twenty‐one
of them were in homozygous, seven of them were in heterozygous and four of them were in
the compound heterozygous state. The c.850C > T (p.Arg284Cys) variant in the SGCA gene
was the most frequent single detected variant and it was detected in four patients. SGCA (6),
CAPN3 (5) and DYSF (5) genes were the most common variant detected genes.

When results are clinically interpreted, the most common subtypes were LGMD R3 (α‐
sarcoglycan‐related) (24%), LGMD R2 (DYSFerlin‐related) (20%), LGMD R1 (calpain3‐related)
(12%), LGMD D4 (calpain3‐related) (8%), and LGMD R4 (β‐sarcoglycan‐related) (8%) (Figure 1).

https://wol-prod-cdn-literatumonline-com.proxy.lib.ohio-state.edu/cms/attachment/a18d2711-a494-42c9-93fb-3d5a4f004e44/ahg12319-fig-0001-m.jpg
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Figure 1

Open in figure viewer PowerPoint

(A) Distribution of detected variants, (B) diagnosis of the patients with pathogenic/likely

pathogenic variants

3.3.1 Likely pathogenic/pathogenic variants in SGCA, CAPN3, and DYSF genes

Patient #4 was a 16‐year‐old girl. She was wheelchair‐bound by age 10. Histopathology was
showing the absence of sarcoglycan expression. She was found to have homozygous
c.620C > T (p.Ser207Phe) variant in SGCA gene. This variant was not listed in databases and it
was interpreted as a variant of uncertain significance (VUS) according to the ACMG criteria
(PM2, PP3, PP4). Patient #29 had a homozygous c.602G > A (p.Gly201Asp) variant in the SGCA
gene. Histopathology showed the absence of sarcoglycan expression. This variant was not
listed in databases and it was interpreted as VUS according to the ACMG criteria (PM2, PP3,
PP4). Since both c.620C > T and c.602G > A variants were in homozygous state, they were not
found in gnomAD exomes. They were predicted to be pathogenic in nine of the in silico
analysis tools (DANN, GERP, dbNSFP.FATHMM, LRT, MetaLR, MetaSVM, MutationAssessor,
MutationTaster, and PROVEAN) and phenotype/histopathology of the patients were highly
consistent with the disease. We suggest that these variants are novel pathogenic variants.
Histopathological evaluation of Patient #29 was demonstrated in Figure 2. Patients #5, #9,
#10, and #11 had a homozygous c.850C > T (p.Arg284Cys) pathogenic/likely pathogenic
variant (ClinVAR rs137852623). Patient #5 was a 5‐year‐old boy with proximal muscle
weakness, myopia and astigmatism. Patients #9, #10, and #11 were asymptomatic patients.
They were evaluated because of idiopathic/incidental hyperCKemia.

https://wol-prod-cdn-literatumonline-com.proxy.lib.ohio-state.edu/cms/attachment/a18d2711-a494-42c9-93fb-3d5a4f004e44/ahg12319-fig-0001-m.jpg
https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#
https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/action/downloadFigures?id=ahg12319-fig-0001&doi=10.1111%2Fahg.12319
https://wol-prod-cdn-literatumonline-com.proxy.lib.ohio-state.edu/cms/attachment/3448c337-c462-424c-850d-98c8b4f36572/ahg12319-fig-0002-m.jpg
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Figure 2

Open in figure viewer PowerPoint

Histopathological evaluation reveals dystrophic changes in the patient 29. (A) Note the

marked variation in fiber size and shape (HE ×200). (B) There is marked fibrosis as seen by the

distended blue‐stained portions between the red‐stained muscle fibers (Masson's trichome

×200). Muscle biopsy sections were immunohistochemically stained with antibody against (C)

alpha sarcoglycan, (D) COL VI, (E) merosin, and (F) dystrophin. There were normal expressions

of merosin and COLVI, diffuse or focal absence of sarcolemmal expressions of alpha

dystroglican and dystrophin (DAB ×200) [Color figure can be viewed at

wileyonlinelibrary.com]

Five patients (two homozygous, one compound heterozygous, two heterozygous) were
carrying CAPN3 gene pathogenic/likely pathogenic variants. Patients #3 and #21 were
carrying homozygous c.1621C > T (p.Arg541Trp) (ClinVAR: rs142004418) and c.1469G > A
(p.Arg490Gln) (ClinVAR: rs121434548) variants, respectively. These variants were classified as
pathogenic/likely pathogenic in ClinVar database. Patient #2 was a 5‐year‐old girl with
difficulty in walking. She was carrying heterozygous c.146G > A (p.Arg49His) and
c.2115+4T > C variants. c.146G > A was a likely pathogenic variant (ClinVAR rs863224958).
The c.2115+4T > C variant was not listed in databases; however, another change (T > G) in
the same nucleotide had previously reported in the homozygous state in a patient with a
classic LGMD2A phenotype and c.2115+4T > C variant was reported to cause “reduced

https://wol-prod-cdn-literatumonline-com.proxy.lib.ohio-state.edu/cms/attachment/3448c337-c462-424c-850d-98c8b4f36572/ahg12319-fig-0002-m.jpg
https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#
https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/action/downloadFigures?id=ahg12319-fig-0002&doi=10.1111%2Fahg.12319
http://wileyonlinelibrary.com.proxy.lib.ohio-state.edu/
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CAPN3” protein levels (Ginjaar, 2008; Nilsson et al., 2014). We have interpreted this variant as
likely pathogenic. After the segregation analysis, the patient was concluded as compound
heterozygous with two likely pathogenic variants. Patients #24 and #1 were found to carry
heterozygous c.598_612del15 (p.Phe200_Leu204del) (ClinVAR: rs727503837) and c.1113T > A
(p.Asp371Glu) (ClinVAR: rs774834498) pathogenic/likely pathogenic variants, respectively.

Patients #12, #14, #17, #18, and #27 were found to have homozygous pathogenic variants
c.1544C > A (p.Ser515Ter), c.334C > T (p.Gln112Ter), c.1717C > T (p.Arg573Trp),
c.2911_2912insT (p.Phe972ValfsTer2), c.4388‐2A > C in DYSF gene, respectively. The variants
c.1544C > A (ClinVar rs139258703), c.334C > T (ClinVar rs746315830), and c.1717C > T
(ClinVar rs377735262) were previously known pathogenic/likely pathogenic variants. The
variant c.2911_2912insT was a frameshift change and the variant c.4388‐2A > C was located
within the canonical splice site. Thus, they have interpreted as novel pathogenic variants.

3.3.2 Likely pathogenic/pathogenic variants in other genes

Patients #16 and #25 had heterozygous pathogenic LMNA variants, c.94_96delAAG
(p.Lys32del) (ClinVAR: rs60872029) and c.1072G > A (p.Glu358Lys) (ClinVAR: rs60458016),
respectively. Patients #5 and #6 were 8‐ and 10‐year‐old sisters. They were both
complainings of limb‐girdle type muscle weakness and they both had a sarcoglycan staining
defect in immunohistochemical analysis. They were found to have homozygous c.610T > C
(p.Ser204Pro) (ClinVAR: rs886044156) variant in the SGCB gene. This variant was listed as VUS
in ClinVar database. Since the variant frequencies were low, they were predicted to be
pathogenic by the eight in silico analysis tools, they were found in the homozygous state
both in similarly affected sisters and the phenotypes were consistent with sarcoglycan
defect; we suggest that the c.610T > C variant is a pathogenic variant. Patient #8 was a 51‐
year‐old wheelchair‐bound individual. He was found to have a homozygous c.826C > A
(p.Leu276Ile) pathogenic (ClinVAR rs28937900) variant in FKRP gene. Patient #30 was found
to have a homozygous c.878C > T (p.Thr293Ile) variant in the FKRP gene. This variant was not
listed in ClinVar database; however, it was listed as Pathogenic in the UniProt database
(VAR_065059) (Consortium, 2018; de Paula et al., 2003). Patient #13 had a homozygous
c.2005G > A (p.Ala669Thr) pathogenic (ClinVAR rs119462987) variant in POMT1 gene. He was
an 11‐year‐old boy with proximal muscle weakness. Patient #26 was a 10‐year‐old boy with
difficulty in walking and seizures. He had a homozygous novel c.202G > T (p.Gly68Ter)
variant in SGCD gene. Since it was a nonsense change, we suggest that the c.202G > T variant
is a novel pathogenic variant. Patient #7 was a 15‐year‐old boy. He had proximal muscle
weakness and sarcoglycan staining defect in immunohistochemical analysis. He was found

https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#ahg12319-bib-0012
https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#ahg12319-bib-0019
https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#ahg12319-bib-0006
https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#ahg12319-bib-0008
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weakness and sarcoglycan staining defect in immunohistochemical analysis. He was found
to have a homozygous c.848G > A (p.Cys283Tyr) pathogenic (ClinVAR rs104894422) variant in
SGCG gene.

3.3.3 Variants of uncertain significance

Patients #23 and #28 were carrying heterozygous c.1747G > A (p.Gly583Arg) (ClinVAR:
rs781334046) and c.2327G > A (p.Arg776His) (ClinVAR: rs753991804) variants in DAG1 gene,
respectively. Both variants were interpreted as VUS according to the ACMG criteria.
Additionally, for c.2327G > A variant, another variant at the same position (c.2326C > T) had
been reported to be “Likely Pathogenic” (Dai et al., 2018). However, since both variants were
in the heterozygous state, the clinical association could not be set. Patient #20 was a 62‐
year‐old individual with a clinical diagnosis of FSHD. She was found to have heterozygous
c.10843G > A (p.Val3615Met) (ClinVAR: rs375766567) and c.13919G > A (p.Arg4640His)
variants in PLEC gene. Both variants were interpreted as VUS according to the ACMG criteria
(PM2, PP3). Patient #19 was an 11‐year‐old boy with proximal muscle weakness. He had a
heterozygous c.4889C > T (p.Ala1630Val) (ClinVAR: rs1216232195) variant in FLNC gene. The
variant was interpreted as VUS according to the ACMG criteria (PM2, PP3). Patient #15 was a
3‐year‐old boy proximal muscle weakness. He had a heterozygous c.93566A > C
(p.Lys31189Thr) variant in TTN gene. The variant was interpreted as VUS according to the
ACMG criteria (PM2, PP3).

3.4 Sequence variants detected by custom target capture
Congenital Muscular Dystrophy NGS panel
The five genes (COL6A1, COL6A2, COL6A3, LAMA2, and POMGNT2) were previously listed in the
congenital muscular dystrophy (CMD) disease group but with the 2018 reclassification, they
were added to the LGMD list. We additionally present these variants which were detected in
CMD gene panel.

Patients #31 and #32 were 4‐ and 10‐year‐old sisters. They were both complainings of
walking difficulty and scoliosis. The 10‐year‐old sister was also presenting torticollis. They
were found to have homozygous c.1975C > T (p.Arg659Cys) (ClinVAR: rs727502830) variant
in the COL6A2 gene. This variant was listed as VUS in ClinVar database and was also classified
as VUS according to the ACMG criteria (PM2, PP3, PP4). Since the variant frequencies were
low, they were predicted to be pathogenic by the nine in silico analysis tools, they were
found in the homozygous state both in similarly affected sisters and the phenotypes were
consistent with COL6A2 defect; we suggest that the c.1975C > T variant is a pathogenic
variant.

https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#ahg12319-bib-0007a
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variant.

Patient #33 had a heterozygous c.1858_1860delATC (p.Ile620del) (ClinVAR: rs767423601)
variant in COL6A2 gene. The variant was interpreted as VUS according to the ACMG criteria
(PM2, PM4). Patient #34 was a 1‐year‐old boy. He was found to have a homozygous
c.164delA (p.Asn55MetfsTer16) variant in the LAMA2 gene. The variant was not listed in
databases and it was a nonsense change. We suggest that the c.164delA variant is a novel
pathogenic variant.

DMD MLPA and/or NGS analysis were performed in 16 of 74 patients because of clinical
overlap with dystrophinopathies prior or after LGMD NGS analysis. A pathogenic variant was
detected in the DMD gene in one patient with normal LGMD NGS panel analysis. The patient
was diagnosed with Becker muscular dystrophy.

Distribution of all detected variants and diagnosis of the patients with pathogenic/likely
pathogenic variants are summarized in Figure 1. Detected variants, family evaluations,
interpretation comments, clinical features, histopathological findings, and final diagnosis are
summarized in Table 2.

Table 2. Detected variants, family evaluations, interpretation comments, clinical features,
histopathological findings, and final diagnosis

       Variant interpretation

Pat‐
ient
#

Panel Gene Variant Protein State Parents
(M/F)

Database

info

4 LGMD SGCA NM_000023.3:c.620C > T p.Ser207Phe hmz Both

Het.

No record

9 LGMD SGCA NM_000023.3:c.850C > T p.Arg284Cys hmz — ClinVAR:

rs137852623

(P/LP)

10 LGMD SGCA NM_000023.3:c.850C > T p.Arg284Cys hmz — ClinVAR:
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10 LGMD SGCA NM_000023.3:c.850C > T p.Arg284Cys hmz — ClinVAR:

rs137852623

(P/LP)

11 LGMD SGCA NM_000023.3:c.850C > T p.Arg284Cys hmz — ClinVAR:

rs137852623

(P/LP)

5 LGMD SGCA NM_000023.3:c.850C > T p.Arg284Cys hmz — ClinVAR:

rs137852623

(P/LP)

29 LGMD SGCA NM_000023.3:c.602G > A p.Gly201Asp hmz Both

Het.

No record

1 LGMD CAPN3 NM_000070.2:c.1113T > A p.Asp371Glu het — ClinVAR:

rs774834498

(NA)

2 LGMD CAPN3 NM_000070.2:c.2115+4T > C — het Mother

Het.

No record

LGMD NM_000070.2:c.146G > A P.Arg49His het Father

Het.

ClinVAR:

rs863224958

(LP)

3 LGMD CAPN3 NM_000070.2:c.1621C > T p.Arg541Trp hmz Both

Het.

ClinVAR:

rs142004418

(P/LP)
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(P/LP)

21 LGMD CAPN3 NM_000070.2:c.1469G > A p.Arg490Gln hmz Both

Het.

ClinVAR:

rs121434548

(P/LP)

24 LGMD CAPN3 NM_000070.2:c.598_612del15 p.Phe200_Leu204del het — ClinVAR:

rs727503837

(P)

12 LGMD DYSF NM_001130987.1:c.1544C > A p.Ser515Ter hmz — ClinVAR:

rs139258703

(LP)

14 LGMD DYSF NM_001130987.1:c.334C > T p.Gln112Ter hmz — ClinVAR:

rs746315830

(P)

17 LGMD DYSF NM_001130987.1:c.1717C > T p.Arg573Trp hmz — ClinVAR:

rs377735262

(P)

18 LGMD DYSF NM_001130987.1:c.2911_2912insT p.Phe972ValfsTer2 hmz — No record

27 LGMD DYSF NM_001130987.1:c.4388‐2A > C — hmz — No record
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16 LGMD LMNA NM_170707.3:c.94_96delAAG p.Lys32del het — ClinVAR:

rs60872029

(P)

25 LGMD LMNA NM_170707.3:c.1072G > A p.Glu358Lys het

(dn)

No

Variant

ClinVAR:

rs60458016

(P)

23 LGMD DAG1 NM_001165928.3:c.1747G > A p.Gly583Arg het — ClinVAR:

rs781334046

(NA)

28 LGMD DAG1 NM_001165928.3:c.2327G > A p.Arg776His het — ClinVAR:

rs753991804

(NA)

5 LGMD SGCB NM_000232.4:c.610T > C p.Ser204Pro hmz Both

Het.

ClinVAR:

rs886044156

(VUS)

6 LGMD SGCB NM_000232.4:c.610T > C p.Ser204Pro hmz Both

Het.

ClinVAR:

rs886044156

(VUS)
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8 LGMD FKRP NM_001039885.2:c.826C > A p.Leu276Ile hmz — ClinVAR:

rs28937900

(P)

30 LGMD FKRP NM_001039885.2:c.878C > T p.Thr293Ile hmz — No record

20 LGMD PLEC NM_201380.3:c.10843G > A p.Val3615Met het — ClinVAR:

rs375766567

(NA)

LGMD NM_201380.3:c.13919G > A p.Arg4640His het — No record

13 LGMD POMT1 NM_007171.3:c.2005G > A p.Ala669Thr hmz — ClinVAR:

rs119462987

(P)

19 LGMD FLNC NM_001127487.1:c.4889C > T p.Ala1630Val het — ClinVAR:

rs1216232195

(NA)

26 LGMD SGCD NM_172244.2:c.202G > T p.Gly68Ter hmz Both

Het.

No record

7 LGMD SGCG NM_000231.2:c.848G > A p.Cys283Tyr hmz — ClinVAR:

rs104894422
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Legend: MD: muscular dystrophy; hmz: homozygous; het: heterozygous; P: pathogenic; LP: likely

pathogenic; VUS: variants of unknown significance; CK: creatine kinase; NA: not available.

(P)

15 LGMD TTN NM_001267550.2:c.93566A > C p.Lys31189Thr het — No record

31 CMD COL6A2 NM_001849.3:c.1975C > T p.Arg659Cys het — ClinVAR:

rs727502830

(VUS)

32 CMD COL6A2 NM_001849.3:c.1975C > T p.Arg659Cys het — ClinVAR:

rs727502830

(VUS)

33 CMD COL6A2 NM_001849.3:c.1858_1860delATC p.Ile620del het — ClinVAR:

rs767423601

(NA)

34 CMD LAMA2 NM_000426.3:c.164delA p.Asn55MetfsTer16 hmz — No record

4 DISCUSSION
In 2018, ENMC redefined and reclassified the LGMD disease group. The latest LGMD
subgroups are now covering four autosomal dominant (AD) and 24 autosomal recessive (AR)
subtypes. The genes COL6A1, COL6A2, COL6A3, LAMA2, and POMGNT2 were added to the
LGMD list in the 2018 update (Straub et al., 2018). In our department, these genes were

https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#ahg12319-bib-0022
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LGMD list in the 2018 update (Straub et al., 2018). In our department, these genes were
being analyzed in CMD gene panel. In three patients (#31, #32, and #34), we detected
pathogenic variants in COL6A2 and LAMA2 genes. We suggest that our data support the idea
lying beneath the ENMC reclassification, since these patients fulfill the proposed LGMD
definition and have pathogenic variants in the newly added genes. We also suggest that
although the clinical presentation, laboratory, histopathology, and imaging studies are
important, as emphasized in the ENMC criteria, molecular genetic studies are mandatory in
the diagnosis of LGMD (Angelini et al., 2018).

In the previous approaches, gene‐by‐gene screening was performed by Sanger sequencing.
Recently, due to several disadvantages caused by the need for a separate workload for the
analysis of each gene, Sanger sequencing usage has been replaced by NGS. NGS provides a
rapid, cost‐effective, less labor‐intensive and more economical approach. With the usage of
NGS, variant detection rates increased from 3% to 33% of LGMD cases (Angelini & Fanin,
2017). Furthermore, NGS provides a high depth of coverage which ensures higher sensitivity
to detect low‐frequency variants and low‐level mosaicisms (Harris et al., 2017). Harris et al.
have presented the advantage of NGS in detecting low‐level mosaicisms by reporting a
COL6A1 variant detected by WES (NGS) but not by initial Sanger sequencing (Harris et al.,
2017).

In this report, we report the data we have acquired from the analysis of Custom Target
Capture NGS panel. The panel was designed according to the before‐2018 ENMC
classification; thus, it was covering 31 LGMD associated genes. We achieved a 33.8%
diagnosis rate in our 74 patient cohorts. In the prior reports, the diagnosis ratio was
between 16% and 65%. In the most similar study to ours, Khun et al. (2016) reported a 33%
diagnosis rate by screening 38 genes in a highly preselected patient cohort. In another study,
Ghosh and Zhou (2012) used a 9‐gene panel and reported 37% of positive results. Some
researchers have used whole‐exome sequencing (WES) as a screening tool for LGMD.
Ghaoui et al. (2015) reported that they have achieved a diagnosis rate of 45.0% by using
WES. Harris et al. (2017) reported a diagnosis rate of 37% by using WES, in a group of 104
affected individuals in whom standard gene‐by‐gene testing had not yielded a diagnosis. The
selection of the diagnostic approach is important to achieve the best diagnosis rates. WES
has the advantage of detecting novel gene defects, over gene panels. Whole‐genome
sequencing (WGS) has the advantage of detecting deep intronic changes, over WES.
However, gene panels may be the most efficient approach in terms of the diagnosis rates
taken against the economic resource and labor spent. We suggest that, although the
diagnosis rate is directly related to the patient selection methods and which genes are
analysed, gene panels are useful diagnostic screening tools in patients with limb‐girdle

https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#ahg12319-bib-0022
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https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#ahg12319-bib-0013
https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#ahg12319-bib-0014
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analysed, gene panels are useful diagnostic screening tools in patients with limb‐girdle
muscle weakness.

The histopathological analysis of the patient samples prior to molecular genetic evaluation
of our patient group had a significant correlation with the molecular genetic results in the
sarcoglycanopathy group. Histopathological examination was performed in 7 of 10 patients
with sarcoglycanopathies, and sarcoglycan staining defect was detected in 6 of them. Yis
et al. reported a good genetic–histologic correlation mainly in the gamma‐sarcoglycanopathy
group. They have also suggested that muscle biopsy is helpful but defective sarcoglycan in
muscle biopsy should be confirmed genetically (Uluç Yiş, 2018). In addition, the presence of
histopathological correlation was also helpful in correlating the identified VUS with the
disease. Patients #4 and #29 had homozygous c.620C > T and c.602G > A variants in SGCA
gene, respectively. They were not listed in variant databases. According to the ACMG criteria
(PM2, PP3, PP4) they had to be classified as VUS; however, histopathological analysis of
muscle biopsies were highly consistent with the disease. Thus, we suggest that these
variants are novel pathogenic variants. Histopathological evaluation of Patient #29 is
demonstrated in Figure 2.

The prevalence of LGMD was reported several times. Although subtypes change depending
on the geographical and ethnic origin, the most common LGMD subtype in Europe is LGMD
R1 (calpain3‐related) (26.5–30%), then LGMD R9 (FKRP‐related) (19%). Dincer et al. evaluated
38 LGMD2 families from Turkey and reported that calpainopathy and beta‐
sarcoglycanopathy were the most common subtypes (Dinçer et al., 2000). Yis et al. reported
that in total, 56 Turkish pediatric cases with LGMD, LGMD2C (SGCG) was the most common
followed by LGMD2A (CAPN3), LGMD2D (SGCA), and LGMD2F (SGCD) with equal frequencies
(Yiş et al., 2018). In our patient group, the most common subtypes were LGMD R3 (α‐
sarcoglycan‐related), LGMD R2 (DYSFerlin‐related), LGMD R1 (calpain3‐related), LGMD D4
(calpain3‐related), and LGMD R4 (β‐sarcoglycan‐related). The high frequency of SGCA‐, DYSF‐,
and CAPN3‐related phenotypes are consistent with previous reports; however, the low
frequency of LGMD R9 (FKRP‐related) was surprising. When evaluated in terms of related
gene groups, the sarcoglycanopathies were covering 40% of the patients with
pathogenic/likely pathogenic variants.

The most frequent subtype in our patient group, SGCA‐related LGMD R3 is a subtype with
variable severity and childhood onset (Chu & Moran, 2018). Our six patients with this
subtype were proving this variable severity by presenting both ends of the spectrum with
asymptomatic incidental CK elevation (Patients #9, #10, #11) and with loss of ambulation

https://onlinelibrary-wiley-com.proxy.lib.ohio-state.edu/doi/full/10.1111/ahg.12319#ahg12319-bib-0025
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asymptomatic incidental CK elevation (Patients #9, #10, #11) and with loss of ambulation
(Patient #4). Additionally, the most frequent single variant, c.850C > T pathogenic variant,
was detected in this group. The three patients with this variant (#9, #10, #11) had
asymptomatic hyperCKemia. Previously, Carrie et al. (1997) was also reported the c.850C > T
variant as the second most frequent variant in the SGCA gene in France, resulting in a much
less severe disease phenotype. Functional studies about c.850C > T variant have shown that
alpha‐sarcoglycan protein with this variant is partially retained in the endoplasmic reticulum
and has 88% of the normal ATPase activity (Soheili et al., 2012). The severity of SGCA‐related
LGMD R3 disease may be related to the type of mutations; however, the genotype‐
phenotype association is still not clear. Xie et al. (2019) suggested that the phenotypical
effects of missense mutations are generally mild; however, the phenotypical effects of null
mutations can also be mild.

Among the five patients with Calpain3‐related LGMD subtypes (R1 and D4), two had
homozygous, two had heterozygous, and one had compound heterozygous variants.
Calpainopathy is typically inherited in an AR manner. However, less commonly, AD
inheritance is also reported. Vissing et al. (2016) reported 10 families with an autosomal
dominant LGMD co‐segregating with an in‐frame 21‐bp deletion (c.643_663del21,
p.Ser215_Gly221del) in CAPN3. Affected individuals were presenting milder phenotype. They
suggested that normal expression of the mutated mRNA, and severe loss of Calpain 3 by
Western blot analysis, were pointing to a dominant negative effect of the CAPN3 deletion.
Until now, no other variant was proved to be causing AD Calpain3‐related LGMD. Patient
#24 in our cohort was a 16‐year‐old girl with proximal muscle weakness and myalgia. She
was found to have a heterozygous c.598_612del15 variant. This variant was interestingly
close to the location of the AD c.643_663del21 deletion. Recently, Nallamilli et al. (2018)
reported the c.598_612del15 in 16 patients without a second pathogenic variant. They
suggested this variant possibly associated with AD form of calpainopathy. We suggest that
patient #24 provides additional data to the c.598_612del15 variant's autosomal dominant
effects; however, segregation and functional studies are required to confirm this variant's
role in a dominant subtype.

The genes COL6A1, COL6A2, COL6A3, LAMA2, and POMGNT2 were added to the LGMD list in
2018 update (Straub et al., 2018). In our department, these genes were being analyzed in
CMD gene panel. Two patients with heterozygous c.1975C > T variant in COL6A2 gene and a
patient with homozygous c.164delA variant in LAMA2 gene were detected with CMD gene
panel. These patients did not have any variants in LGMD gene panel. The differential
diagnosis of LGMD includes several other muscular dystrophies (Mitsuhashi & Kang, 2012).
Since the clinical features are commonly shared and not many specific features were
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Since the clinical features are commonly shared and not many specific features were
defined, usage of additional gene panels are important for the complete molecular genetic
evaluation.

In 25 (33.8%) out of 74 patients analyzed, we detected one or more pathogenic/likely
pathogenic variants in 13 different genes. Six of the patients had the variants that were not
found in databases (ClinVar, HGMD) and literature; thus, they were interpreted as novel
pathogenic variants. Four (c.2911_2912insT and c.4388‐2A > C in DYSF; c.202G > T in SGCD;
c.164delA in LAMA2) of the six, were null variants resulting from frameshift, splice site
changing and nonsense mechanisms. The pathogenic nature of c.620C > T and c.602G > A
variants in SGCA gene, was supported by histopathology, since absence of sarcoglycan
expression was shown in the patients with these variants.

In 5 (6.8%) out of 74 patients analyzed, we detected variants of unknown significance. It is
usually challenging to interpret the variants of uncertain significance. Generally, literature
data and in silico tools are used. Additional methods that can analyze gene functionality and
expressivity, such as RNA sequencing can help determine the importance of a VUS
(Cummings et al., 2017).

In 49 (66.2%) out of 74 patients analyzed, no clinically important variants were detected;
thus, these patients remained undiagnosed. Since other neuromuscular conditions such as
dystrophinopathies, FSHD, EDMD, myofibrillar myopathies, Bethlem myopathy, and
metabolic myopathies have phenotypes similar to LGMD, additional specific molecular
genetic methods (D4Z4 repeat analysis for FSHD), additional gene panels (CMD), or WES
should be planned after clinical re‐evaluation.

5 CONCLUSION
We have achieved a 33.8% diagnosis rate in our 74‐patient cohorts by using custom target
capture LGMD gene panel. This ratio is consistent with previous literature reports and
underlines the efficiency and importance of NGS technology in the molecular genetic
evaluation of LGMD. We suggest that WES is useful for identifying novel genes and has the
advantage to screen all LGMD‐related and unrelated genes; however, in terms of the
additional diagnosis rates taken (10–15%) against the economic resource and labor spent,
WES is less efficient than (NGS) gene panels. For the patients remained undiagnosed after
gene panels, WES can be planned.

In our patient group, the most frequent subgroup was the sarcoglycanopathies, which
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