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Abstract.
Background: A Dutch cohort of 105 carefully selected limb girdle muscular dystrophy (LGMD) patients from 68 families
has been subject to genetic testing over the last 20 years. After subsequent targeted gene analysis around two thirds (45/68)
of the families had received a genetic diagnosis in 2013.
Objective: To describe the results of further genetic testing in the remaining undiagnosed limb girdle muscular dystrophy
families in this cohort.
Methods: In the families of the cohort for whom no genetic diagnosis was established (n = 23) further testing using Sanger
sequencing, next generation sequencing with gene panel analysis or whole-exome sequencing was performed. In one case
DNA analysis for facioscapulohumeral dystrophy type 1 was carried out.
Results: In eight families no additional genetic tests could be performed. In 12 of the remaining 15 families in which addi-
tional testing could be performed a genetic diagnosis was established: two LGMDR1 calpain3-related families with CAPN3
mutations, one LGMDR2 dysferlin-related family with DYSF mutations, three sarcoglycanopathy families (LGMDR3-5 �-,
�- and �-sarcoglycan-related) with SGCA/SGCB/SGCG mutations, one LGMDR8 TRIM 32-related family with TRIM32
mutations, two LGMDR19 GMPPB-related families with GMPPB mutations, one family with MICU1-related myopathy, one
family with FLNC-related myopathy and one family with facioscapulohumeral dystrophy type 1. At this moment a genetic
diagnosis has been made in 57 of the 60 families of which DNA was available (95%).
Conclusion: A genetic diagnosis is obtained in 95% of the families of the original Dutch LGMD cohort of which DNA was
available.
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INTRODUCTION

A well-defined Dutch cohort of 105 patients with
limb girdle muscular dystrophy (LGMD) from 68
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families has been subject to subsequent genetic test-
ing over the last 20 years [1–3]. Since the cohort was
established in 1993 over 30 different genetic sub-
types of LGMD have been described [4]. In 2013
around two thirds of the patients in this cohort had
received a genetic diagnosis using immunohisto-
chemical (IHC) staining and quantitative multiplex
Western blotting as prescreening on muscle tissue fol-
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Fig. 1. Flowchart of DNA and protein analysis of the Dutch limb girdle muscular dystrophy population.

lowed by targeted gene sequencing [3]. (Fig. 1) Using
the same techniques the detection rate in a cohort of
LGMD patients in Italy and Denmark is comparable,
respectively around 60% and 75% [5–8]. Using novel
techniques such as next generation sequencing (NGS)

of specific gene panels or whole exome sequenc-
ing (WES) with a virtual filter for known myopathy
genes may increase this diagnostic yield as all known
genes related to muscle disease can be screened
simultaneously for pathogenic variants. Furthermore,
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there is evidence that NGS and WES is cost effec-
tive in pediatric muscle disease as compared to the
traditional diagnostic protocol including open mus-
cle biopsy [9]. Besides cost effectiveness a decrease
in the number of invasive muscle biopsies can also
lessen the burden of the diagnostic process in muscle
disease.

As the WES procedure allows analyzing still
unknown genes the continued use of WES can also
lead to the discovery of novel causative genes for
muscle disease and may lead to an increased under-
standing of pathogenesis of muscle disease and future
therapeutic targets.

However, there are some important drawbacks of
NGS/WES based techniques as these techniques will
not detect all types of monogenetic causes of dis-
eases presenting with limb girdle weakness. Despite
ongoing technical developments in NGS/WES based
techniques diseases caused by repeat expansions (i.e.
myotonic dystrophy type 2, spinal muscular atro-
phy, Kennedy disease), deletions or duplications (two
thirds of the Duchenne/Becker muscular dystrophy
patients), contraction of a repeat array (FSHD1) or
variants in the mitochondrial DNA (some mitochon-
drial myopathies) might not be detected [10–15].
Besides not being able to detect some of the most
prevalent causes of limb girdle weakness the diag-
nostic turnaround time of NGS techniques is, with a
few months, quite lengthy and the more genes that are
analyzed the more variants of unknown significance
(VUS) can be found. VUS are difficult to interpret and
can lead to diagnostic uncertainty for the clinician and
patient [16].

The aim of this study is to describe how genetic
testing has been performed in the Dutch LGMD
cohort over the last 27 years and to propose a diag-
nostic algorithm for genetic testing in LGMD. We
describe the results of additional Sanger sequenc-
ing and next generation sequencing (NGS) with a
gene panel analysis of known myopathy genes or
whole exome sequencing (WES) with a virtual filter
for known myopathy genes in the remaining undiag-
nosed patients in this cohort. We describe the clinical
and genetic spectrum of the newly diagnosed LGMD
patients and provide an update on the total number of
patients diagnosed.

METHODS

The patients were recruited from all neuromuscu-
lar centers in the Netherlands and from the national

patients’ association and selected according to previ-
ously described inclusion and exclusion criteria [1].
These criteria included symmetric proximal muscle
weakness and ancillary investigations (serum crea-
tine kinase activity (CK), electromyography (EMG)
and muscle biopsy) consistent with a primary myo-
genic disorder, with the exclusion of all other possible
causes of a limb girdle syndrome. The study conforms
with the World Medical Association Declaration of
Helsinki. We received approval from an institutional
ethical standards committee on human experimenta-
tion (METC AMC) for any experiments using human
subjects and informed consent was obtained from
all patients or their guardians participating in the
study.

Patients who did not have a genetic diagnosis were
subjected to various DNA techniques as described
below. All undiagnosed patients were screened for
variants in TRIM32. If patients were reassessed prior
to the introduction of NGS or if a specific diagnosis
(calpainopathy, dysferlinopathy, sarcoglycanopathy
or FSHD1) was suspected we performed DNA anal-
ysis by means of targeted Sanger sequencing and
MLPA or Southern blotting. If no diagnosis could be
ascertained NGS was performed with either a gene
panel of known myopathy genes if analyzed before
2018 or with WES with a virtual filter for known
myopathy genes if analyzed after 2018.

Genomic sequencing, MLPA and Southern
blotting

Genomic DNA was extracted from patients’ whole
blood or muscle using standard procedures and
screened for (likely) pathogenic variants in CAPN3
(NM 000070.2), DYSF (NM 003494.3), SGCG
(NM 000231.2), SGCA (NM 000023.2), SGCB
(NM 000232.4), SGCD (NM 000337.5), TRIM32
(NM 012210.3) and MICU1 (NM 006077.3) by
direct sequencing or by NGS with a gene panel
analysis of 55 known myopathy genes or by WES
with a virtual filter for 148 known myopathy genes
(Supplementary file 1). Multiplex ligand-dependent
probe amplification (MLPA) analysis was performed
according to the manufacturer’s instructions for
screening of whole-exon deletions/duplications of
CAPN3, DYSF, SGCG, SGCA, SGCB, SGCD using
MRC Holland kits SALSA P176, P268-A1 and P116-
A1 SGC, respectively. For one patient suspected
of facioscapulohumeral dystrophy type 1 (FSHD1)
after clinical reassessment Southern blotting was car-
ried out as described previously [17]. Prediction of
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Fig. 2. The frequencies of families (n = 60) with different neuromuscular disorders in the Dutch limb girdle muscular dystrophy cohort.

the pathogenicity of novel variants was performed
by segregation analysis in the family and “in sil-
ico” analysis using the tools provided by Alamut
Visual version 2.8.1 (Interactive Biosoftware, Rouen,
France) [18]. All novel variants were submitted to the
Leiden Open Variation Database (LOVD).

Clinical data and ancillary investigations

Detailed history and neurological examination
were retrieved from patient files. We report age of
onset of muscle weakness, age at last examination,
and reconstructed age at loss of ambulation from fol-
low up data if available. Age at start of non-invasive
ventilation was reconstructed from patient files.
Serum CK is expressed as international units/liter
(IU/L). The upper limit of normal (ULN) for serum
CK activity of our laboratory is 145 IU/L for women
and 171 IU/L for men. Available muscle biopsy
specimens had already been analyzed with IHC for
expression of the sarcoglycans or by quantitative
multiplex Western blotting for studying calpain-3
and dysferlin expression [19, 20]. Results of muscle
imaging and cardiological investigations including
electrocardiography, echocardiography and 24 hours
Holter cardiography were retrieved [21].

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

RESULTS

A total of 105 patients from 68 families were
originally included in this study. Seventy-three
patients from 45 families had a previously estab-
lished genetic diagnosis including Emery Dreifuss
muscular dystrophy due to LMNA variants, calpain-
opathy, dysferlinopathy, sarcoglycanopathy, FKRP
and ANO5 related LGMD and one erroneously in
the study recruited SMA patient [2, 3]. Five patients
from four families had passed away and no DNA was
available for testing, three patients from three fami-
lies could not give consent for further genetic testing
(two passed away and one emigrated) and one patient
declined further genetic testing. A genetic diagnosis
was established in 16 of the remaining 23 patients
from 12 out of 15 families (Fig. 1). This resulted in a
genetic diagnosis in 95% of the families (57/60) and
93% of the patients (89/96) in whom genetic testing
was still possible (Fig. 2). None of the patients had
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pathogenic variants in multiple muscle related genes.
All patients originated from the Netherlands. Clinical
data, serum CK activity and cardiac and respiratory
data are summarized in Table 1.

CALPAINOPATHY (LGMDR1
CALPAIN3-RELATED)

Two patients from two families were diagnosed
with calpainopathy.

One female patient (patient 1) had difficulty run-
ning as a child and muscle weakness was noted
in adolescence. Loss of ambulation occurred after
a disease duration of 49 years and cardiological
examination at age 61 revealed mild left ventric-
ular dysfunction. A strong reduction of calpain-3
expression in her initial muscle biopsy was noted.
However, pre-screening by multiplex denaturing
gradient gel electrophoresis (DGGE) and subse-
quent Sanger sequencing of CAPN3 performed
in 2000 showed a heterozygous pathogenic vari-
ant (c.598 612del p.(Phe200 Leu204del)) and an,
at that time as polymorphism classified, intronic
variant c.1746-20C>G. The final diagnosis was estab-
lished after direct Sanger sequencing of the patient’s
DNA and meanwhile classification of c.1746-20C>G
p.(Glu583Cysfs*9) as a pathogenic variant [22, 23].
Segregation analysis in the family showed that the
variants were present on different alleles.

Another female patient (patient 2) had difficulty
with running as a child and developed progressive
muscle weakness of the lower extremities in late ado-
lescence. During the last follow up at age 58 she was
able to walk a few meters in her house without the
use of an aid. She needed a wheelchair for longer
distances. This family was initially erroneously clas-
sified as autosomal dominant (AD) LGMD since the
father and several siblings were reported to have a
waddling gait. This assumption was probably false as
none of the family members had developed muscle
weakness when the patient was reassessed 20 years
after her initial visit. Muscle biopsy of the proband
showed mild dystrophic changes with variation in
fiber size, internal nuclei and fiber splitting. Multiplex
Western blotting of the muscle tissue detected severe
reduction of calpain-3 expression. Gene panel anal-
ysis showed compound heterozygosity for a likely
pathogenic missense variant (class 4) c.1328C>T
p.(Ser443Phe) in addition to a pathogenic variant
c.1746-20C>G p.(Glu583Cysfs*9) in CAPN3.

DYSFERLINOPATHY (LGMDR2
DYSFERLIN-RELATED)

Two male patients from one family were diagnosed
with dysferlinopathy. Both patients showed onset of
muscle weakness in adolescence and were able to
walk unaided at the time of the last examination at
the age of 30. No muscle tissue was available for
multiplex Western blotting analysis. In both patients
Sanger sequencing revealed a pathogenic frameshift
variant c.4907dup p.(Leu1637Serfs*13) in addi-
tion to a pathogenic missense variant c.3118C>T
p.(Arg1040Trp) in DYSF. Segregation analysis in the
family showed that the variants were present on dif-
ferent alleles.

SARCOGLYCANOPATHIES (LGMDR3-6
�-, �- AND �-SARCOGLYCAN-RELATED)

Three patients from three families were diagnosed
with a sarcoglycanopathy.

One female patient (patient 5) was diagnosed with
LGMDR5 �-sarcoglycan-related. Onset of muscle
weakness was in childhood and she lost ambulation at
age 44. Non-invasive ventilation was started at age 45.
A muscle biopsy was performed at age 30 and IHC
analysis was only performed for alpha-sarcoglycan
expression which was normal. A gene panel analysis
was performed at age 52 and showed that the patient
carried a pathogenic homozygous missense variant
c.581T>C p.(Leu194Ser) in SGCG. Her parents were
first cousins and she had an affected sister who carried
the same homozygous variant.

Another female patient (patient 6) was diagnosed
with LGMDR3 �-sarcoglycan-related. Onset of mus-
cle weakness was in childhood and loss of ambulation
occurred at age 11. Last follow up was at age 27.
She passed away at age 43 due to recurrent pneumo-
nias as complications of non-invasive ventilation. A
muscle biopsy showed dystrophic changes and IHC
analysis was only performed for alpha-sarcoglycan
expression which was normal. Sanger sequencing
of SGCA showed compound heterozygosity for the
pathogenic variants c.101G>A p.(Arg34His) and
c.402C>G p.(Tyr134*).

The third sarcoglycanopathy patient (patient 7)
who was diagnosed with LGMDR4 �-sarcoglycan-
related had an age of onset of muscle weakness in
adolescence and loss of ambulation at age 46. Car-
diac analysis showed a cardiomyopathy with a diffuse
hypokinetic left ventricle. No muscle biopsy spec-
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Table 1
Previously undiagnosed LGMD patients

Gene Reference Mutation Sex Age of onset Serum Age at last Age Disease Cardiac Age at start
symbol sequence (years) CK examination at loss of duration involvement of non-

activity (years) ambulation until loss of invasive
(U/L) (years) ambulation ventilation

(years) (years)

1 CAPN3 NM 000070.2 c.1746-20C>G p.(Glu583Cysfs∗9)¶ Compound
heterozygous

F 12 473 63 61 49 No NR
c.598 612del p.(Phe200 Leu204del)

2 CAPN3 c.1328C>T p.(Ser443Phe) Compound
heterozygous

F adolescence 2066 58 NR NR No NR

c.1746-20C>G, p.(Glu583Cysfs∗9)¶
3 DYSF NM 003494.3 c.3118C>T p.(Arg1040Trp) Compound

heterozygous
M 18 1649 34 NR NR No NR

c.4907dupC p.(Leu1637Serfs∗13)
4 DYSF c.3118C>T p.(Arg1040Trp) Compound

heterozygous
M 14 7020 29 NR NR No NR

c.4907dupC p.(Leu1637Serfs∗13)
5 SGCG NM 000231.2 c.581T>C p.(Leu194Ser) Homozygous F 6 1460 52 44 29 No 45
6 SGCA NM 000023.2 c.101G>A p.(Arg34His) Compound

heterozygous
F 5 248 27 11 6 No NI

c.402C>G p.(Tyr134∗)
7 SGCB NM 000232.4 c.341C>T p.(Ser114Phe) Homozygous F 12 707 48 46 34 Yes NR
8 TRIM32 NM 012210.3 c.1184T>C p.(Ile395Thr) Homozygous F 14 125 65 41 27 Yes 64
9 GMPPB NM 013334.3 c.332T>C,p.(Val111Ala) Compound

heterozygous
M 10 1200 70 NR NR No NR

c.516C>G p.(Asn172Lys)
10 GMPPB c.332T>C p.(Val111Ala) Compound

heterozygous
F 15 642 57 NR 39 No NR

c.516C>G p.(Asn172Lys)
11 GMPPB c.79G>C p.(Asp27His) Compound

heterozygous
F 10 921 53 NR NR No NR

c.1053dup p.(Val352Serfs∗4)
12 MICU1 NM 006077.3 c.741 + 1G>A p.(Val248Thrfs∗9) Homozygous F 6 11200 10 NR NR No NR
13 MICU1 c.741 + 1G>A p.(Val248Thrfs∗9) Homozygous F childhood 5390 7 NR NR No NR
14 FLNC NM 001458.4 c.2791 2805del p.(Lys931 Val935del) Heterozygous F 3 normal 66 34 NI +/- 63
15 FLNC c.2791 2805del p.(Lys931 Val935del) Heterozygous M 25 1020 60 50 25 No No
16 DUX4∗

(inappropriate
reactivation)

F 25 4.5xULN 53 NR NR No No

Novel variants are displayed in bold, family members are displayed in italics. F = Female, M = Male, CK = creatine kinase, IU/L = international units/liter, NR = Not relevant, NI = No information,

ULN = Upper limit of normal, ¶= Variant described in (22).
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imen was available for IHC analysis. NGS with a
gene panel analysis of known limb-girdle and car-
diomyopathy genes showed that the patient carried a
pathogenic homozygous missense variant c.341C>T
p.(Ser114Phe) in SGCB. Her parents were second
cousins and she had a brother with muscle weak-
ness who passed away at the age of 19 due to a
cardiomyopathy.

TRIM32 RELATED MUSCULAR
DYSTROPHY (LGMDR8 TRIM
32-RELATED)

One female patient (patient 8) was diagnosed
with LGMDR8 TRIM 32-related. In her teens she
developed proximal muscle weakness and loss of
ambulation occurred in her early forties. She under-
went surgery for an aortic valve stenosis and started
non-invasive ventilation because of respiratory insuf-
ficiency at age 64. Her parents were first cousins.
Sanger sequencing revealed that the patient car-
ried a pathogenic homozygous missense variant
c.1184T>C p.(Ile395Thr) in TRIM32. The amino
acid isoleucine is evolutionary highly conserved and
located in a highly conserved area of the first NHL
repeat domain. In the same NHL domain a mis-
sense mutation was found in two patients from
Southern Italy [24]. The first mutation described
in TRIM32 originated from the Manitoba Hutterite
population and was found in the third NHL repeat
domain of TRIM32 [25]. Mutations in the conserved
NHL domains are supposed to prevent TRIM32 self-
interaction.

GMPPB-RELATED MUSCULAR
DYSTROPHY (LGMDR19
GMPPB-RELATED)

Three patients from two families were diagnosed
with LGMDR19 GMPPB-related also known as
limb-girdle muscular dystrophy-dystroglycanopathy
type C14 (MDDGC14). In one family both patients
had an age of onset of muscle weakness in adoles-
cence. The male patient (patient 9) was able to walk
a few meters indoors without the use of an aid at his
last examination at age 70. The female patient (patient
10) used a wheelchair for outdoors at her last follow
up at age 57, but was reported to be wheelchair bound
at a later age. Both patients complained of significant
fluctuations in muscle weakness during the day. There

were no ocular symptoms. Repetitive nerve stimula-
tion of the accessory nerve with recording from the
trapezius muscle showed an abnormal decrement of
14% in the compound muscle action potential in the
male patient. Muscle imaging (computed tomogra-
phy) of this patient showed fatty degeneration of the
erector spinae, hamstrings and gastrocnemius mus-
cles which is consistent with the pattern described
previously (Fig. 3) [26]. WES with a virtual filter
for known myopathy genes showed two novel vari-
ants of uncertain significance (class 3) c.332T>C
p.(Val111Ala) and c.516C>G p.(Asn172Lys) in the
GMPPB gene (NM 013334.3). Both the amino acid
valine and asparagine are evolutionary highly con-
served and located in the nucleotidyl transferase
domain. These variants were not found in 251143 and
281873 alleles respectively of the Genome Aggrega-
tion Database (GnomAD). An older affected sister
also carried these variants. DNA analysis of four
unaffected siblings showed they either carried one
or none of these variants. A muscle biopsy for evalu-
ation of alpha-dystroglycan or fibroblasts for protein
studies were not available [27].

In the second family onset of muscle weakness in
an isolated female patient (patient 11) was in early
adolescence. Although she started using a wheelchair
for travelling longer distances at age 44 she was still
able to walk unaided for 25 meters at the time of
the last examination at age 53. She did not complain
of fluctuations in muscle strength. WES showed a
pathogenic variant c.79G>C p.(Asp27His) in addi-
tion to a novel, likely pathogenic (class 4), frameshift
variant c.1053dup p.(Val352Serfs*4) in GMPPB.
The novel variant is present in the last exon and
was found twice in 282678 alleles of the GnomAD.
Unfortunately no DNA from siblings or parents was
available.

MICU1-RELATED MYOPATHY

Two patients from one family were diagnosed with
a MICU1-related myopathy. This family was ana-
lyzed after elevated serum CK activity (5390 IU/L)
was found when the youngest sibling (patient 13)
at the age of 5 presented at the emergency room
because of an injury. A muscle biopsy showed a
severe dystrophic pattern. There was decreased exer-
cise tolerance in early childhood and proximal muscle
weakness. At the age of 7 (patient 13) and 10 (patient
12), respectively, both patients were able to walk
unaided for over 2 kilometers. Both patients sub-
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Fig. 3. Muscle computed tomography of patient 9. CT-scan at the
level of the lumbar spine (A), the pelvis (B), the thigh (C) and lower
leg (D) of a male patient with GMPPB-related muscular dystrophy
(LGMDR19) showing prominent fatty degeneration of the erector
spinae (ES), rectus abdominis (RA), transversus abdominis (TrA),
adductor magnus (AM) and hamstring (BB = biceps femoris short
head, ST = semitendinosus, SM = semimembranosus) muscles and
to a lesser extent of the medial (GM) and lateral gastrocnemius
(GL) muscles. The gastrocnemius and gracilis (G) muscles are
also increased in size (pseudohypertrophy).

sequently developed learning disabilities and ataxia.
Sanger sequencing revealed a pathogenic homozy-
gous splice-site variant in MICU1 c.741 + 1G>A
p.(Val248Thrfs*9) in both patients.

FILAMINOPATHY (FLNC-RELATED
MYOPATHY)

Two patients from one family were diagnosed with
FLNC-related myopathy. The female patient (patient
14) had difficulty running as a child and muscle weak-
ness was noted at age 3. There was both proximal
and distal muscle weakness on examination. She lost
ambulation at age 34. She complained about heart
palpitations and an electrocardiogram showed sinus
tachycardia. Cardiac ultrasound showed no structural
abnormalities. Non-invasive ventilation was started
at age 63. The male patient (patient 15) presented
with gait difficulty in adulthood and he lost ambu-
lation at the age of 50. On initial examination there
was more muscle weakness proximal than distal. No
cardiac or respiratory involvement was found. A mus-
cle biopsy from the deltoid muscle of patient 14
showed non-specific myopathic changes and elec-
tron microscopy showed no changes suggestive of a
myofibrillary myopathy. No muscle biopsy was taken
in patient 15. The patients were classified as AD
LGMD because the mother and her sister also had
limb girdle weakness. WES showed a novel heterozy-
gous variant c.2791 2805del p.(Lys931 Val935del)
in the FLNC gene (NM 001458.4) in both patients.
This variant was classified as pathogenic (class 5)
as it leads to an in-frame deletion of 5 highly con-
served amino acids and was not found in > 246000
alleles of the GnomAD. Overlapping in frame dele-
tions have been described previously in patient with
FLNC-related myopathy [28–30]. DNA of the mother
and sister was not available for testing. A son and
daughter of patient 15 presented with limb girdle
weakness and had the same variant.

FACIOSCAPULOHUMERAL DISEASE
(FSHD1)

A female patient (patient 16) was diagnosed with
facioscapulohumeral disease (FSHD) type 1. Onset
of proximal muscle weakness was in adulthood and
serum CK activity was only mildly elevated (4.5
times the upper limit of normal). No facial weak-
ness was noted on initial investigation. Muscle biopsy
showed predominantly myopathic changes. Skeletal
muscle CT performed at age 26 and showed more or
less symmetrical fatty degeneration of both the ante-
rior and posterior compartment of the thigh and the
gluteus maximus and abdominal muscles. No fatty
degeneration was noted at the level of the shoulder
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or lower leg or of the paraspinal muscles. Screen-
ing of multiple LGMD related genes (e.g. CAPN3,
FKRP, TCAP, TRIM32, MYOT, SGA, ANO5, DMD,
SMCHD1) revealed no pathogenic variants. When
the patient was reassessed at age 53 she had a facies
myopathica and asymmetric weakness of the upper
extremities with atrophy of the pectoralis major mus-
cles. Although there was moderate to severe proximal
muscle weakness of the lower limbs she was able to
walk unaided for approximately 2 kilometers. This
patient was initially classified as sporadic LGMD,
however, when the mother of the patient was exam-
ined at the age of 73 she was also found to have
a facies myopathica and moderate proximal mus-
cle weakness on neurological examination. Southern
blotting and hybridization with P13E-11 probe of the
patient’s and her mother’s DNA showed an EcoRI
fragment of ∼38 kb (about 10 copies of the D4Z4
repeat array) which, after digestion with BlnI, con-
tracted further to ∼26 kb. This may indicate a short
hybrid band (between 6–10 D4Z4 copies) in which
D4Z4 repeats are partly BlnI sensitive and which is
associated with a mild FSHD1 phenotype [12].

DISCUSSION

With the use of Sanger sequencing, a targeted gene
panel or WES analysis, 12 previously undiagnosed
LGMD families from our original cohort compris-
ing 68 families could be diagnosed. This resulted
in a genetic diagnosis in 95% of the families and
93% of the patients in whom genetic testing was
still possible. Diagnosis included calpainopathy, dys-
ferlinopathy, sarcoglycanopathy, LGMDR8 TRIM
32-related, LGMDR19 GMPPB-related, MICU1-
related myopathy, filaminopathy and FSHD1.

A diagnosis was ascertained in 12 of the 15 fami-
lies (80%). This diagnosis was dependent on NGS
techniques in 3 of the 12 families. All families
diagnosed with either dysferlinopathy or sarcogly-
canopathy could potentially have been diagnosed
earlier if complete immunohisto- and biochemical
analysis had been performed. In one patient with
LGMDR3 �-sarcoglycan-related due to a mutation
in SGCA IHC analysis of alpha-sarcoglycan had been
performed when staining became first available and
it was considered normal. However, later IHC analy-
sis of the other sarcoglycans could not be performed
because muscle tissue was not available any more. In
a previous study IHC analysis of alpha-sarcoglycan
was found to be normal in 5 out of 9 LGMDR3

�-sarcoglycan-related patients. In all 5 patients at
least one of the other sarcoglycans was considered
abnormal on IHC analysis [31]. Pre-screening for
sarcoglycanopathy by IHC analysis should therefore
include all four sarcoglycans and if one of the sarco-
glycan subunits is reduced in expression sequencing
of all sarcoglycan genes should be performed [19].
In the other two sarcoglycanopathy patients analy-
sis of the sarcoglycan genes was not performed as
they had a mild phenotype remaining ambulant until
their forties. The final diagnosis in the calpainopa-
thy families was due to reclassification of a variant
as pathogenic which was only possible when more
information about the variant or additional family
member information became available. One calpain-
opathy patient was initially classified as AD LGMD
because of reported subjective symptoms of mus-
cle weakness in multiple siblings and her father but
was eventually diagnosed with LGMDR1 calpain3-
related after reclassification of a second variant in
CAPN3 as pathogenic.

Three patients from two families had a total of
3 novel variants in the GMPPB gene. Mutations in
this gene lead to hypoglycosylation of the alpha-
dystroglycan and can give rise to a spectrum of
disorders ranging from congenital muscular dystro-
phy, congenital myasthenic syndrome to late onset
LGMD [32, 33]. Two siblings complained of fluctu-
ations in muscle weakness during the day and one
had slight attenuation on repetitive nerve stimula-
tion which are common findings in GMPPB-related
muscular dystrophies. The muscle weakness was rel-
atively mild with all patients remaining ambulatory
until the last follow up. Although no cardiac or res-
piratory abnormalities were noted in our patients
cardiomyopathy has been described in patients with a
congenital or childhood onset of symptoms [27]. The
prevalence of GMPPB-related muscular dystrophy
(LGMDR19 GMPPB-related) in the Dutch LGMD
cohort (3%) is similar to what is reported in a Danish
cohort (1.5%) [26].

Genetic testing revealed diagnoses such as FSHD1
and myofibrillar myopathy that are not commonly
associated with LGMD. Patients were initially classi-
fied as LGMD due to an atypical phenotype with the
absence of classical clinical features such as facial
weakness in the FSHD1 patient and the absence of
myofibrillar changes on muscle biopsy in the FLNC-
related myopathy patients. Atypical phenotypes of
FSHD1 such as facial sparing scapulohumeral dis-
ease (SHD) and predominant lower limb muscle
weakness have been previously reported [34]. Like
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in our patient SHD is associated with a higher age of
onset of muscle weakness and fewer patients report
loss of ambulation compared to the classical FSHD1
phenotype [35]. In contrast to our patient none of
the SHD patients in a Chinese cohort who did show
progressive limb weakness developed facial weak-
ness on follow up [36]. The abnormalities on muscle
imaging were not typical of FSHD1 [37, 38]. The
patient with FSHD1 was initially classified as spo-
radic LGMD, instead of an AD muscular dystrophy,
because the family history was negative due to late
onset of symptoms in her mother. Limb girdle weak-
ness in addition to a non-specific muscle biopsy in
filaminopathy patients has been described especially
in biopsies taken from a proximal muscle [39, 40].
As mutations in a single gene can lead to multi-
ple phenotypes a LGMD phenotype of filaminopathy
and FSHD1 should be considered in the diagnosis
of muscle disorders with proximal muscle weakness.
The patients with MICU1-related myopathy were
included in the LGMD cohort because they did not yet
manifest symptoms of brain involvement, i.e. learn-
ing disabilities and ataxia, at the time of inclusion.

As has been published previously it can be cum-
bersome to differentiate between an LGMD and a
slowly progressive acquired myopathy (e.g. autoim-
mune necrotizing myopathy due to anti-SRP or
anti-HMGCR antibodies) [41]. However, in none of
our patients an erroneous diagnosis of myositis was
considered prior to genetic testing. In the remain-
ing 3 undiagnosed families WES with a virtual filter
for 148 known myopathy genes showed no possible
pathogenic variants.

The diagnostic rate of NGS techniques in LGMD
described in the literature is still limited with 33%
of cases solved by gene panel analysis, between 40%
and 68.5% by WES and 37% by WES in LGMD
patients in which previous Sanger sequencing did
not yield a diagnosis [42–47]. The largest study of
targeted WES in 1001 European and Middle East-
ern patients with unexplained limb girdle weakness
showed an overall diagnostic yield of 52% [48]. The
diagnostic rate was dependent on whether analysis
of the most prevalent LGMD subtypes had been per-
formed prior to WES as was often the case in Western
Europe (diagnostic rate of 35%) as compared to East-
ern Europe and the Middle East (diagnostic rate 95%)
[48]. The diagnostic yield is also highly dependent on
patient selection and ranges between 18% in a group
of patients with a suspected neuromuscular disorder
based on medical history and/or neurological exam-
ination and/or abnormal ancillary investigations (i.e.

muscle biopsy or laboratory findings) to 68.5% in
a group of patients with medical history and neu-
rological examination and muscle biopsy indicative
of LGMD [47, 49]. As we present a description of
various diagnostic methods a direct comparison of
diagnostic yield is not feasible. As we have shown
that mutations in multiple genes can result in clin-
ically indistinguishable LGMD a (trio-based) WES
with a virtual filter for known myopathy genes can
be used as a first tier test. An exception on this
can be made for example if there are clues, such
as a positive family history, that points to a specific
LGMD, or when there is a high level of suspicion
of a disorder not covered and/or detected by WES.
When using the (genotype) first approach of geno-
typing precise phenotyping can still be necessary
somewhere in the diagnostic process to correctly
interpret the results of molecular diagnostics. To
ascertain more information on pathogenicity of a
VUS or when variants in multiple muscle related
genes are found guided muscle biopsy with immuno-
histochemical/biochemical analysis, additional RNA
studies or blood-based protein assay, whole body
MRI and neurological examination and genetic test-
ing of family members in co-operation with the
clinical geneticist can be useful. Preferably a trio-
based WES is performed which compares the exome
of the patient to that of the asymptomatic parents.
This allows detection of de novo variants and in sus-
pected AR muscle disease it can ascertain if two
variants in one gene are present on different alleles.
When no pathogenic variants are found additional
genetic analyses such as sequencing of mitochon-
drial DNA and analysis of deletions/duplications or
repeat expansions/contractions can be considered.
Re-examination of WES data after 3 to 5 years may
also improve the diagnostic yield as novel causative
genes are identified. In selected cases additional tech-
niques such as analysis of the whole exome or whole
genome or transcriptome sequencing could be per-
formed to ascertain a genetic diagnosis [50].
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