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Abstract.

Background: Neuromuscular disorders (NMDs) are clinically and genetically heterogeneous. Accurate molecular genetic
diagnosis can improve clinical management, provides appropriate genetic counseling and testing of relatives, and allows
potential therapeutic trials.

Objective: To establish the clinical utility of panel-based whole exome sequencing (WES) in NMDs in a population with
children and adults with various neuromuscular symptoms.

Methods: Clinical exome sequencing, followed by diagnostic interpretation of variants in genes associated with NMDs,
was performed in a cohort of 396 patients suspected of having a genetic cause with a variable age of onset, neuromuscular
phenotype, and inheritance pattern. Many had previously undergone targeted gene testing without results.

Results: Disease-causing variants were identified in 75/396 patients (19%), with variants in the three COL6-genes (COL6AI,
COL6A2 and COL6A3) as the most common cause of the identified muscle disorder, followed by variants in the RYR/ gene.
Together, these four genes account for almost 25% of cases in whom a definite genetic cause was identified. Furthermore,
likely pathogenic variants and/or variants of uncertain significance were identified in 95 of the patients (24%), in whom
functional and/or segregation analysis should be used to confirm or reject the pathogenicity. In 18% of the cases with a
disease-causing variant of which we received additional clinical information, we identified a genetic cause in genes of which
the associated phenotypes did not match that of the patients. Hence, the advantage of panel-based WES is its unbiased
approach.

Conclusion: Whole exome sequencing, followed by filtering for NMD genes, offers an unbiased approach for the genetic
diagnostics of NMD patients. This approach could be used as a first-tier test in neuromuscular disorders with a high suspicion
of a genetic cause. With uncertain results, functional testing and segregation analysis are needed to complete the evidence.

Keywords: Neuromuscular diseases, exome sequencing, genetics, neurology, myopathies

INTRODUCTION

The clinical application of whole exome sequenc-
ing has greatly improved the availability of genetic
testing and significantly reduced the costs and
duration of the diagnostic process for neuromuscu-
lar disorders [1-8]. Broad sequencing panels have
proven to be useful for these analyses because of the
high degree of clinical variation, genetic heterogene-
ity and pleiotropy, such as in limb girdle muscular
dystrophies (LGMDs) and congenital myopathies
[7]. Rather than being the final step in the diag-
nostic process, early application of whole exome
sequencing (WES) has been proven to result in a
high diagnostic yield and is gradually becoming
common practice, both for neuromuscular disorders
and for neurological disorders in general [5, 9, 10].
Overall success rates of WES for LGMDs in non-
consanguineous populations are around 40-69% [1,
4, 6-8], and even higher (76%) in a population with a
high degree of consanguinity [5]. Overall, the putative
causative pathogenic variants were mostly in LGMD-
associated genes, but also in genes not included in
the current LGMD classification (such as FLNC and
DMD) [2,4, 8]. Finally, the combination of WES with
copy number variation analysis enables simultaneous
detection of larger duplications and deletions.

Here, we present the results of clinical exome
sequencing with bioinformatic panel-based variant

filtering for 396 patients suspected of having a genetic
neuromuscular disorder with a variable age of onset,
neuromuscular phenotype, and inheritance pattern.
All patients lacked a definite clinical or molecular
diagnosis despite previous ancillary tests (including
multiple targeted gene tests in many of them). Our
goal was to establish the clinical utility of panel-
based WES in neuromuscular disorders (NMDs) in
an unselected population of children and adults with
neuromuscular symptoms and signs.

In contrast to previous studies on WES in specific
cohorts, mainly LGMDs, in a research setting, this
is a retrospective observational study in a diagnostic
setting in a large unselected group of patients with
neuromuscular disorders. As such, this cohort ade-
quately represents the current clinical practice in our
reference center for neuromuscular disease.

METHODS

Patients

From 2013 to 2015, DNA of 396 patients with sus-
picion of a genetic NMD from 16 different countries
was sent by their physician ((pediatric) neurologist
or clinical geneticist) to the Human Genetics depart-
ment of the Radboud university medical center for
clinical exome sequencing and analysis of a NMD-
associated gene panel. Indications mentioned in the
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order forms were findings suggestive of a genetic
neuromuscular disorder on medical history and/or
physical examination such as muscle weakness, atro-
phy, or other muscular signs on physical examination,
positive family history for neuromuscular disorder,
and abnormal results from ancillary tests such a mus-
cle histopathology or other laboratory findings. All
referred patients were included in this retrospective
analysis, independent of age of onset, clinical symp-
toms, or inheritance pattern. As the age at diagnosis
was not available for each patient, age at the end of
the inclusion period was used.

The cohort consisted of patients in whom a cause
for neuromuscular disorders was being sought, both
new referrals and revisiting patients. About 53%
of the patients was male (211/396; 53.3%). The
median age at the end of the inclusion period was
33 years [range 0-81]) (Supplementary table 1,
2 and 3).

Exome sequencing and data analysis

The Human Genetics department at the Rad-
boudumc has increasingly performed WES, to
approximately 4000 patients per year to date, of
which approximately 350 have a suspected neuro-
muscular disorder. In the period of 2013-2015, when
exome sequencing was not as common as it is today,
the total number of patients with NMD was 396.
The clinical geneticist, neuromuscular neurologist
and clinical molecular geneticist meet monthly to
discuss the results of the panel sequencing. This
study adhered to the tenets of the Declaration of
Helsinki.

Exome sequencing was performed as previously
described [11, 12]. In brief, an Agilent SureSelect
Human All Exon 50Mb kit (Santa Clara, CA, USA)
was used to capture and enrich exons. Sequenc-
ing was performed using an Illumina HiSeq 2000
(San Diego, CA, USA) machine. Read mapping and
variant calling were done using BWA and GATK,
respectively [12].

A bioinformatic filter for a ‘muscle disorders’ gene
panel was applied. This panel consisted of approxi-
mately 120-150 genes implicated in various forms
of myopathies, muscular dystrophies, myotonic
syndromes, and myasthenic syndrome (Versions:
DG 2.4x, DG 2.3x, DGDI141114, DGD200614,
DGD181213 to be found at https://www.radboud
umc.nl/en/patientenzorg/onderzoeken/exome-sequen
cing-diagnostics/ exomepanelspreviousversions/mus
cle-disorders) and is largely based on categories 1-9,

11, 12 and 16 of the GeneTable of Neuromuscular
Disorders (http://www.musclegenetable.fr/). Only
genes with substantial evidence for causality (mul-
tiple families, functional evidence, and/or literature
reports) were included in this panel. Genes that cause
disease by repeat expansion or contraction as molec-
ular mechanism only were not included. This panel
is updated ~3 times per year: the current version
(September 2018) consists of >150 genes. Clinicians
can request a reanalysis based on the updated
panel.

The detected variants were prioritized based on
the following criteria: frequency in the population
(<5% dbSNP,<5% Exome Aggregation Consortium
(ExAC) database of >60000 exomes,<1% in-house
database of >5000 exomes), nucleotide and amino
acid conservation (based on alignments), relation of
the gene to disease (per family), and inheritance
pattern [11].

Copy number variant (CNV) analyses from the
WES data were done as described [3]. Essen-
tially, it was done using CoNIFER (http://conifer.
sourceforge.net/) on the genes in the panel [13].
CNVs affecting genes from the muscle disease gene
panel were filtered and only those with an absolute
Z-score greater than 1.7 or —1.7 were considered for
analysis. To reduce false calls due to potential batch
effects, analyses are performed using the most recent
samples as controls. CNVs were annotated based on
the number of RefSeq exons affected, frequency of
CNVs within the cohort, and overlap with disease
genes from the muscle disease panel.

Assessment of pathogenicity of variants was per-
formed using the standards and guidelines for the
interpretation of sequence variants of The American
College of Medical Genetics and Genomics (ACMG)
[14].

mRNA analysis

In order to validate the functional effect of the
NEB variant ¢.9946 C>G (r.(spl?) / p.(Arg3316Gly)),
mRNA analysis was performed. Fresh muscle tissue
was taken from the vastus lateralis muscle and
frozen in liquid nitrogen. Muscle was sonicifi-
cated to lyse the tissue. Reverse-transcriptase-PCR
was done using iScript cDNA Synthesis Kit
(Bio-Rad Laboratories, Hercules, CA, USA) and
the primers 5’AGTGAGAGCCTCTATCGTCA3’
—5’TGTATCAGGCATGACATGAATAGT3’. PCR
products were sequenced using standard Sanger
sequencing.


https://www.radboudumc.nl/en/patientenzorg/onderzoeken/exome-sequencing-diagnostics/ exomepanelspreviousversions/muscle-disorders
http://www.musclegenetable.fr/
http://conifer.sourceforge.net/
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Clinical information

Once a pathogenic variant was identified, the refer-
ring clinician was invited to provide more extensive
clinical information on age at onset and phenotype
of the patients. Specific questions were on sever-
ity and localization of muscle weakness (proximal,
distal, axial, facial), ptosis / ophthalmoplegia, spine
abnormalities, joints contractures or joint hypermo-
bility, respiratory function, or any additional features,
results of muscle biopsy and muscle imaging. We
have not requested additional clinical information of
the patients with a likely pathogenic variant or vari-
ant of uncertain significance, and those with a likely
benign variant. No additional clinical information of
patients was requested in case of possible pathogenic
variants or likely benign variants, because this was
not feasible within the time frame of this study.

Statistical analysis

A Mann-Whitney test was used to determine the
difference in age at the end of the inclusion period
between patients with a definitive genetic cause,
likely pathogenic cause, and no likely genetic cause.
This was performed to detect whether age of onset is
a clinical marker for the chance of detecting a genetic
cause.

RESULTS

Exome sequencing

Gene panel analysis of the NMD-associated genes
identified pathogenic variant(s) in 19% (75/396)
of the patients. In total, 121 pathogenic variants
across 46 genes were identified. Pathogenic variants
in the three COL6-genes (COL6A1, COL6A2, and
COL6A3; 12/75) were the most common, followed by
pathogenic variants in the RYRI gene (7/75) (Figs. 1
and 2; Supplementary Table 1). Together, these four
genes account for almost 25% of cases in whom
a definite genetic cause was identified. Other rela-
tively frequently mutated genes were ANOS, LMNA,
SCN4A, and SELENON, detected in three patients
each.

An autosomal dominant inheritance was seen in
28 of 75 patients. In 26 patients, segregation anal-
ysis was performed: 17 variants were proven to be
de novo and the remaining variants were present in
affected family members. An autosomal recessive

M definitive genetic cause mno second variant after targeted sequencing

M likely pathogenic and/or VUS mno second variant after exome sequencing

[ undetermined W no segregation analysis performed
[ extended segregation studies needed

D functional studies needed

Fig. 1. Diagnostic yield and variant distribution of panel based
WES analysis in 396 patients. Number of NMD patients are cat-
egorized according to findings in clinical exome sequencing after
gene panel analysis. The outer circle depicts variant classification
based on pathogenicity (pathogenic variant, likely pathogenic vari-
ant and/or VUS, undetermined). The inner circle shows the reason
why a likely pathogenic variant or VUS could not be classified as
pathogenic. VUS indicates ‘variant of uncertain significance’.

NMD (compound heterozygous or homozygous) was
identified in 44 patients, and X-linked inheritance was
seen in one patient, in whose healthy mother the vari-
ant was present in mosaic form (10%). In two patients,
inheritance patterns remained uncertain since a het-
erozygous pathogenic variant was identified in a gene
that can cause both autosomal dominant and auto-
somal recessive NMD (COL6A2 and CRYAB) while
segregation analysis could not be performed.

In 95 of 396 patients (24%), a likely pathogenic
variant and/or variant of uncertain significance (VUS)
was identified (Figure 1; Supplementary Table 2). In
the remaining 226 patients (57%), no variants were
found in one of the examined genes (Figure 1).

There were several reasons why likely pathogenic
variants or variants with uncertain significance could
not to be classified as causative: (I) no second
(likely) pathogenic variant was detected in recessive
disease after targeted sequencing and (if available)
MLPA analyses (n=13); (II) no second mutation
was detected in case of autosomal recessive dis-
eases after exome sequencing only (n=23); (III) no
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30genes
(n=1)

TN
(n=2) GNE

(n=2) FKRP pyncin1 COL12A1
(n=2) (n=2)

COL6A2
(n=5)

COL6A3

(n=3)

COL6A1
(n=2)

RYR1
(n=7)

ANO5
(n=3)

LMNA
(n=3)

SCN4A
(n=3)

SELENON
(n=3)

ACTA1
(n=2)

BICD2
CAPN3 (n=2)

(n=2) (n=2)

Fig. 2. Genes with definitive genetic causes within the neuromuscular disorder gene panel analysis in 396 patients. In 75 patients a definitive
genetic cause was detected. The COL6-genes (COL6A1, COL6A2, and COL6A3) combined and RYR! carried most pathogenic variants
and together these genes are responsible for the NMD in almost 25% of the cases (19/75) in whom a genetic cause was identified. Other
commonly identified genes were ANOS, LMNA, SCN4A, and SELENON, all with three patients. Genes with variants in only one patient:
ATP2A1, CAV3, CHKB, CHRNE, CRYAB, DES, DOK7, ECELI, EFEMP2, FLNC, GAA, GBE1, HSPG2, IFIHI, KBTBD13, MEGF10, NEB,
PLEC, POMTI, POMT2, PYGM, RAPSN, RBCK1, SGCA, SGCG, SLC52A3, TNNTI1, TPM2, VCP, and ZC4H2.

segregation analysis was performed (n =28); (IV) no
segregation analysis could be performed; multiple
genes with variants (n=12); (V) extended segrega-
tion studies were needed (n = 14); and (VI) functional
studies were needed (n = 14) (Figure 1; Supplemental
table 2). In 14 patients, variants in more than one gene
were detected (patients 85, 140-151, 165). Without
segregation analysis and / or additional functional
testing, the pathogenicity of these variants could not
be determined. In 16 cases, a likely pathogenic vari-
ant and/or variant of uncertain significance did not
segregate with the disease in the family and, there-
fore, these variants were considered as likely benign.
(Supplementary Table 3).

CNV analysis in WES data of the whole cohort
resulted in the detection of a pathogenic deletion
in only one patient (patient 138, Supplementary
Table 2). A heterozygous deletion of exons 273-307
within the TTN gene (NM_1333378.4) was identi-
fied, in addition to a heterozygous missense variant
in the same gene (c.34625T>C (p.(Vall1542Ala))).
As the missense variant has not been identified
before in other patients and no functional informa-
tion is available, this missense variant has so far
been classified as a variant of uncertain significance.
Therefore, a limb-girdle muscular dystrophy due to
two TTN variants could not be confirmed, though a
risk of a dominant cardiomyopathy (with incomplete
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penetrance) because of the large TTN deletion is
likely.

Clinical information

We received additional clinical information on
55/75 patients with a definitive genetic cause
(response rate of 73%) (Table 1). Age at onset was < 1
year in 27 patients, between 1 and 18 years in 16
patients,>18 years in 10 patients and unknown in
two patients. Overall, the mean age at the end of
the inclusion period of the patients with a definitive
genetic cause was 25 years (range 0—-66). As such, this
group was younger than the groups of patients with
a likely pathogenic variant and/or VUS (mean age
34 years, range 0.8-80.8; p=0.0061) and of patients
without a genetic cause (mean age 36 years, range
0.6-77.1; p=0.0002). This is consistent since severe
phenotypes are more likely to be caused by an obvi-
ous genetic aberration, and the chance of having
an acquired cause of the neuromuscular disorder is
smaller in younger patients.

In 15/55 (27%) of patients in whom a definitive
genetic cause was identified, whole exome sequenc-
ing was the first genetic test performed. In the other
patients (40/55; 73%) at least one genetic test was
performed before (karyotyping, SNP array, hotspot
gene testing, testing of one to 15 genes), as shown in
Table 1. For example, in the patients with a definitive
causative COL6A1/2/3 variant, previous tests were
Sanger sequencing of ACTAI, RYRI, SELENON,
CFL2, TMP2, TMP3 (in patients with a congenital
myopathy with onset < 1 year and increased fiber size
variability on the biopsy). The phenotypes of myopa-
thy without typical long finger flexor contractures
had apparently not pointed to a collagen-6 myopathy.
In a patient with adult onset limb-girdle weakness,
ANOS5 and CAPN3 genes were tested, and a patient
with predominantly shoulder girdle muscle weakness
was tested for fascioscapulohumeral dystrophy type
1. In five of seven patients with a variant in RYR/
other genetic tests had been performed. This might
be related to the muscle biopsies which had shown
abnormalities compatible with a congenital myopa-
thy (such as increase in internal nuclei, increase in
fiber size variation, or congenital fiber disproportion
but no cores). None of the patients with the genetic
diagnosis of congenital myasthenic syndrome (CMS)
(with pathogenic variants in CHRNE, DOK7, and
RAPSN; patient 13, 28, and 52 respectively) were
recognized clinically as CMS, but as having atypical
forms of FSHD, LGMD, or a mitochondrial dis-

ease (Table 2). In Table 2, other potential reasons
for the delay in diagnosis are shown (i.e. new genes
or diseases, unusual clinical features, biopsy results
indicating towards an acquired NMD).

Follow-up analyses

Exome sequencing sometimes generates hypothe-
ses, rather than confirming clinical diagnoses. As
a consequence, proper follow-up should be con-
sidered. This may consist of reverse phenotyping,
functional studies, pathology and / or segregation
analyses. Below we present three cases as examples
where such studies were conclusive. The first case
emphasizes that actual clinical assessment might be
needed to complement genetic segregation analysis
in disorders of variable clinical severity, to prevent
unjustified disregard of a variant found in an appar-
ently asymptomatic person. The second case shows
that WES analysis can reveal an unexpected but treat-
able condition, that retrospectively explains many
health problems experienced for a very long period.
The patient was classified as having an atypical form
of FSHD or LGMD at the time of presentation. Only
later, the history of ‘having difficulties walking in
childhood’” was considered to be an early manifes-
tation of the congenital myasthenic syndrome. This
group of disorders was barely known at presentation
and a neuromuscular junction disorder had not been
considered. Repetitive nerve stimulation was there-
fore only performed after the results of panel-based
WES and confirmed the presence of a neuromuscu-
lar disorder. The third case illustrates the importance
of functional analysis to confirm pathogenicity. The
results of mRNA analysis enabled the clinical geneti-
cist to counsel this family in prenatal testing options
in future pregnancies.

CASE 1: PATIENT 24

This patient presented at the age of 18 with mus-
cle weakness in a limb girdle distribution since the
age of 15 with a history of neonatal hip dysplasia. He
reported myalgia between his shoulders and in his
proximal arms and legs. He already had difficulties
with running in high school. He had mild proxi-
mal weakness of his arms (manual muscle testing
according to the Medical Research Council grading
(MRC): 4 of rhomboid, biceps and triceps mus-
cles), and mild contractures of Achilles tendon and
elbow were observed. His skin showed hyperkerato-
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Table 1
Summary of diagnoses and clinical findings in 55 of 75 patients with a definite genetic diagnosis due to a pathogenic variant, of whom
we received more detailed clinical findings. Clinical phenotype, muscle biopsy findings, results of EMG, muscle-MRI and ultrasound, and
laboratory findings are shown

Patient Sex  Gene! Age at onset; age at Clinical phenotype; muscle biopsy finding; Previous Referring
WES request? EMG results, muscle-MRI and ultrasound genetic clinician
findings; laboratory findings? screening
performed
1 F ACTAI At birth; 7 yrs Congenital hypotonia, muscle weakness, DMPK, Clinical
minimal ptosis; muscle biopsy: muscular CNBP, geneticist
dystrophy with normal merosin, SMNI, PW,
dystrophin and sarcoglycan staining karyotyping,
SNP array
2f M ACTAI Prenatal; 23 yrs Generalised weakness, little spontaneous SMN1 Clinical
movement, club feet, reduced respiratory geneticist

function, white matter brain abnormalities;
muscle biopsy: neurogenic abnormalities

3 F ANOS 34 yrs; 44 yrs Rhabdomyolysis, calf hypertrophy, metabolic, Clinical
exercise-induced myalgia and cramps; mitochon- geneticist
muscle biopsy: increase in internal nuclei; drial
CK=16567 U/l

4 F ANOS 42 yrs; 44 yrs Limb-girdle weakness; muscle biopsy: Clinical
increase in fiber type variation (type 1 geneticist

predominance) and increase in internal
nuclei, sporadic necrotic fibers and signs
of regeneration; CK=1732 U/l

5 M ANOS Childhood; 56 yrs Exercise intolerance, myalgia, fatigue, mild mtDNA, Clinical
weakness in legs; increase in internal OXPHOS geneticist
nuclei and few necrotic fibers; muscle pakket

biopsy: increased alanine, biochemical
analysis: reduced ATP production,
deficiency of complex IIT

6 M ATP2A1 At birth; 30 yrs Mild muscle weakness and exercise metabolic, Clinical
intolerance; muscle biopsy: increase in mitochon- geneticist
fiber size variation, internal nuclei and drial
cores; CK=733 U/l

8 M BICD2 At birth; 12 yrs Arthrogryposis multiplex congenital with Clinical
oligohydramnios, postnatal hip luxation, geneticist

contractures of knees, mild scoliosis, genu
valgus, limb-gridle and axial weakness;
muscle biopsy: type 1 fiber size
predominance and presence of internal
nuclei; CK=95 U/l
10 M CAPN3 15 yrs; 16 yrs Asymptomatic hyperCKemia; muscle DMD Clinical
biopsy: in patient’s affected brother with geneticist
CAPN3 variants showed mild increase in
internal nuclei, type 1 predominance, and
fat droplets in type 1 fibers;
CK =4000-9000 U/1
11 F CAV3 At birth; 32 yrs Muscle weakness: Limbs 5, a 3-5; slight ACTAI Neurologist
ophthalmoplegia, reduced respiratory TPM?2,
function (84%); muscle biopsy: increase in TPM3, NEB
fiber size variation, increase in internal
nuclei; CK =965 U/1
12 M CHKB 4 months; 9 yrs Weakness : lower limb > upper limbs; SMN1 Clinical
proximal > distal; axial weakness, geneticist
scoliosis; muscle biopsy: increase in fiber
size variation, proliferation of endomysial
and perimysial connective tissues, limited
immunostaining for merosin and
dystrophin 1,2,3 positive

(Continued)
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Table 1
(Continued)
Patient Sex  Gene! Age at onset; age at Clinical phenotype; muscle biopsy finding; Previous Referring
WES request? EMG results, muscle-MRI and ultrasound genetic clinician
findings; laboratory findings® screening
performed

13 M CHRNE 2 yrs; 22 yrs Proximal and distal muscle weakness, ptosis,  limb girdle Neurologist
reduces respiratory function, fatiqability; syndroms
muscle biopsy: increased variation in fiber
diameter, large group atrophy; increased
variation in fiber diameter, large group
atrophy; CK within normal range

15 M COLI2A1  Prenatal; 13 yrs Delayed motor development (walking at 25 ACTAI Neurologist
months), mild proximal muscle weakness, TPM?2,
learning difficulties, scaring of skin; TPM3, NEB
muscle biopsy: hypertrophic fibers;
inconclusive EMG result; CK within
normal range

17 M COL6A1 At birth; 5 yrs Congenital myopathy: delayed motor ACTAI Clinical
development, hypotonia and mild diffuse SELENON, geneticist
weakness; muscle biopsy: type 1 fiber size RYRI
predominance; CK=72 U/l

18 M COL6A2 1 yr; 37 yrs Axial muscle weakness and stiffness, RYRI, mito- Clinical
contracture lower back, muscle cramps, chondrial, geneticist
short Achilles tendons, wrist laxity and metabolic
dysphagia; muscle biopsy: presence of
internal nuclei; MRI: symmetric atrophy
and fatty infiltration of muscles of
shoulders, back, pelvic and legs; CK =108
un

19 M COL6A2 48 yrs; 57 yrs Limb girdle muscle weakness; muscle ANOS, Clinical
biopsy: increase of fiber diameter CAPN3 geneticist
variation; CK =353 U/l

20 M COL6A2 4 yrs; 7 yrs Bulbar, trunk and limb girdle muscle SELENON, Clinical
weakness, with contractures of ankles and RYRI, geneticist
mild scoliosis; muscle biopsy: type 1 fiber CFL2,
size predominance, mild dystrophic but TPM3,
more pronounced myopathic features with TPM2,
presence of internal nuclei and ACTAI
minicore-like structures

21 M COL6A2 1yr; 3 yrs Axial muscle weakness with hyperlordosis, Clinical
joint hypermobility, rocker bottom feet, geneticist
scaphocephaly and mild cognitive
retardation; CK =400 U/l

22 M COL6A2 Unknown; 27 yrs Generalised weakness with facial weakness, Clinical
scoliosis and decreased respiratory geneticist
function, gastro-intestinal mobility
difficulties

24 M COL6A3 18 yrs; 19 yrs Limb girdle muscle weakness with neonatal FSHD type 1 Clinical
hip dysplasia and contractures of Achilles geneticist
tendon and elbow; muscle biopsy: mild
myopathic changes with core-like
structures;

25 F COL6A3 28 yrs; 33 yrs Limb girdle muscle weakness with exercise Clinical
intolerance, unilateral ptosis and reduced geneticist

vital capacity; muscle biopsy: type 1 fiber
size predominance with presence of
internal nuclei and mild necrosis;
CK=1720UN

(Continued)
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Table 1
(Continued)
Patient Sex  Gene! Age at onset; age at Clinical phenotype; muscle biopsy finding; Previous Referring
WES request? EMG results, muscle-MRI and ultrasound genetic clinician
findings; laboratory findings® screening
performed

26 F CRYAB 30 yrs; 62 yrs Distal anterior myopathy with weakness of DMPK, CNBP,  Clinical
neck muscles; muscle biopsy: type 1 fiber OPMD, geneticist
size predominance with presence of FSHD
internal nuclei and core-like structures,
dystrophic changes and basophilic
vacuoles; CK =193 U/l

27 M DES Childhood; 45 yrs Limb-girdle muscle weakness with facial LMNA, Clinical
involvement, cardiac conduction disorders CAPN3 geneticist
and dilating cardiomyopathy; CK = 838
u/i

28 M DOK7 21 yrs; 62 yrs Mildly progressive muscle weakness in FSHD type 1 Clinical
neck, shoulder girdle, arms and face; and 2 geneticist
muscle biopsy: increased variation in fiber
diameter; minimal fatty infiltration, in
particular of posterior muscles

30 F DYNCIHI  1yr; 12 yrs Limb-girdle and axial muscle weakness with ~ RYR/, Clinical
mild hypermobility; muscle biopsy: type 1 SELENON, geneticist
fiber size predominance with presence of TPM?2,
internal nuclei and some core-like TPM3,
structures ACTAI

33 FKRP 5 yrs; 16 yrs Limb girdle muscle weakness and exercise Clinical
intolerance; CK >4000 U/1 geneticist

35 FLNC 33 yrs; 51 yrs Proximal limb-girdle weakness with COL6AI, Clinical
kyphosis; muscle biopsy: no cores of rods; COL6A2, geneticist
EMG: normal; MRI: fatty infiltration of COLG6A3,
several muscle groups; CK=77 U/l RYRI

38 M GNE 23 yrs; 56 yrs Lower motor neuron distribution symptoms MLPA for Clinical
with muscle pain and fasciculations, in DMD geneticist
combination with neck flexor and extensor
weakness; EMG: signs of denervation and
severe myopathic changes

39 F GNE Unknown; 46 yrs Miyoshi myopathy; severe fatty infiltration Clinical
of muscles of shoulder girdle, axial, hip geneticist
girdle and upper and lower leg muscles

40 M HSPG2 2 yrs; 15 yrs Myotonia, elbow and hipcontractures, facial karyotyping Clinical
weakness, cardiomyopathy, dysmorphic geneticist
features; EMG: myotonic discharges; CK
slightly increased

41 F IFIH] First yr; 17 yrs Spastic tetraparesis and mental retardation; Clinical
generalized muscle echo intensity increase geneticist
and muscle atrophy; OXPHOS complex I
and III abnormalities

42 F KBTBDI13  Childhood; 45 yrs Proximal limb-girdle weakness with Clinical
respiratory dysfunction; muscle biopsy: geneticist
increase in fiber size variation and
presence of internal nuclei

44 F LMNA 4 yrs; 45 yrs Limb-girdle weakness with mild facial Clinical
weakness and rigid spine geneticist

46t F MEGF10 1 month; 7 months Severe hypotonia (most pronounces axial SMNI, Clinical
and proximal) with minimal facial DMPK, geneticist
expression and respiratory failure; muscle arrayCGH,
biopsy: increase in fiber size variation and MYL2
presence of internal nuclei; EMG: (familial
myopathic changes with myotonic mutation),
discharges; CK =64 U/l IGHMBP2

(Continued)
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Patient Sex  Gene' Age at onset; age at Clinical phenotype; muscle biopsy finding; Previous Referring
WES request? EMG results, muscle-MRI and ultrasound genetic clinician
findings; laboratory findings® screening
performed
47 F NEB At birth; 5 yrs Severe congenital myopathy with facial Clinical
weakness, ptosis, scoliosis, ventilation geneticist
difficulties; muscle biopsy: increase in fiber
size variation with presence of cores and
rods; CK=43 U/l
49 F POMT!]  Prenatal; prenatal Prenatal ultrasound: normal limb movements; Clinical
cerebral ultrasound: ventriculomegaly, geneticist
major cortical lissencephaly, vermian
hypoplasia and microphthalmia
50 F POMT?2 At birth; 2 yrs Axial and proximal weakness in combination DMPK, DMD Clinical
with distal amyotrophy and wining of MLPA geneticist
scapula; muscle biopsy: increase in fiber
size variation and presence of internal
nuclei. Endomysial fibrosis and presence of
adipocytes with signs of necrosis and
regeneration; CK =5374 U/I (at birth),
4190 U/1 (1 year)
52 M RAPSN 0 yrs; 9 yrs Diffuse muscle weakness (neonatal MtDNA, Clinical
hypotonia), ptosis and muscle contractions SELENON, geneticist
(especially at the fingers) with respiratory POLG,
insufficiency; muscle biopsy: dystrophic metabolic
with mild neurogenic properties; CK =65
un
53 M RBCK1 22 yrs; 38 yrs Proximal limb-girdle weakness in combination =~ DMD, Clinical
with longstanding cutaneous infections and cardiomy- geneticist
inflammatory bowel disease; CK =103 U/L. opathy
In addition dilated cardiomyopathy. panel
541 F RYRI Prenatal; prenatal Arthrogryposis multiplex; muscle biopsy: no Clinical
specific changes; prenatal ultrasound: lack geneticist
of fetal movement;
55 M RYRI Prenatal; 26 yrs Proximal myopathy with facial weakness, ACTAI Neurologist
strabismus, ptosis, recurrent hip and TPM2,TPM3,
shoulder luxations, hip and achilles NEB,
contractions, reduced respiratory function selected
(74%), high palate; muscle biopsy: RYR] exons
congenital fiber type disproportion, increase
in internal nuclei; CK =45 U/I
56 M RYRI At birth; 15 yrs Proximal myopathy with facial weakness, ACTAI, Neurologist
ptosis, ophthalmoplegia, reduced respiratory TPM?2,
function (45%), high-arched palate; muscle TPM3, NEB,
biopsy: congenital fiber type disproportion, BINI,
increase in internal nuclei; CK =113 U/I DNM?2,
MTMI,
several
RYRI exons
57 M RYRI Childhood; 18 yrs Proximal myopathy with facial weakness, Clinical
hypermobility; muscle biopsy: fiber type 1 geneticist
predominance, fiber type disproportion; CK
within normal range
58 M RYRI At birth; 2 yrs Diffuse muscle weakness with mild facial MTM]I, Pediatric
weakness, initially mild leg contractures and DMPK, neurologist
in need for CPAP due to problems with MYH7

swallowing; muscle biopsy: increase in fiber
size variation and presence of some internal
nuclei; EMG: spontaneous activity without
myopathic changes; CK =101 U/l

(Continued)
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(Continued)
Patient Sex Gene! Age at onset; age Clinical phenotype; muscle biopsy finding; Previous Referring
at WES request? EMG results, muscle-MRI and ultrasound genetic clinician
findings; laboratory findings® screening
performed

59 M RYRI 6 months; 38 yrs Proximal myopathy with mild ptosis; muscle Clinical
biopsy: type 1 fiber size predominance and geneticist
smaller size 1 type fibers; EMG: myopathic
changes in proximal arm and leg muscles, no
spontaneous muscle activity; muscle-MRI:
fibrosis of pelvic muscles; CK =78 U/l

60 F RYRI At birth; 2 months  Severe asymmetric hypotonia with facial SNP array: Clinical
asymmetric weakness and muscle normal geneticist
contractures of elbows, wrists, knees and
fingers, bstructive apnoes, micrognathia and
congenital bilateral hip luxation; EMG:
normal; muscle ultrasound: reduced muscle
mass of several large muscles, no
fasciculations; MRI: asymmetric
development of musculature of upper
extremities, no dystrophy; CK =157 U/l

61 M SCN4A At birth; 2 yrs Axial and proximal weakness, in need of SMNI, Pediatric
CPAP during early infancy; muscle biopsy: DMPK, neurologist
increase in internal nuclei with increased SNParray
endomysial fibrosis; CK =62 U/l

62 F SCN4A At birth; 34 yrs Generalized muscle weakness: elongated face, ACTAI, Neurologist
facial weakness, high palate, nasal voice, TPM?2,
ptosis, mildly reduced respiratory function TPM3, NEB,

(83%); muscle biopsy: increase in fiber size BINI,
variation, increase in internal nuclei; CK DNM?2,
within normal range MTMI

64 F SELENON  Childhood; 29 yrs Muscle weakness, scoliosis, nocturnal Clinical
ventilation since 9 yrs of age; muscle biopsy: geneticist
non-specific findings (three biopsies)

65 F SELENON At birth; 41 yrs Proximal myopathy with ptosis, scoliosis and RYRI Clinical
mild distal hyperlaxity, in need of assisted geneticist
nocturnal ventilation; muscle biopsy:
increase in internal nuclei with signs of
necrosis and regeneration; EMG: no
myasthenic decrement, MRI: not indicative
of a specific condition; CK =300 U/l

66 M SELENON At birth; 10 yrs Congenital myopathy with mild facial cystic fibrosis;  Pediatrician
weakness and respiratory insufficiency at mtDNA,
birth, hypotonia; muscle biopsy: basophilic POLG
fibers, cores, minicores and droplets;

CK =85 U/, reduced mitochondrial energy
production capacity

68 M SGCG 6 yrs; 12 yrs Proximal myopathy with hyperlordosis, calf DMD, FKRP, Clinical
hypertrophy and scapula alata; muscle ANOS, geneticist
biopsy: increase in fiber size variation, DYSF,
endomysial fibrosis and signs of necrosis CAPN3
and regeneration; CK = 14000 U/l

69 M SLC52A3 At birth; 31 yrs Neonatal hypotonia with apnoeas and need of RYR] variant Clinical
tracheostomy, atrophy of shoulder, upper c.9674 G>A, geneticist
arm and lower leg muscles, facies SCA1/6

myopathica with dysphonia, ptosis and
kyphoscoliosis, sensory polyneuropathy;
muscle biopsy: type 1 fiber size
predominance with presence of internal
nuclei and some core-like structures,
COX/SDH negative fibers

(Continued)
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Patient  Sex  Gene! Age at onset; age at Clinical phenotype; muscle biopsy finding; Previous Referring
WES request? EMG results, muscle-MRI and ultrasound genetic clinician
findings; laboratory findings’ screening
performed
70 F TNNT1 1 month; 1 yr Axial hypotonia and progressive myopathy SMN1, SNP Clinical
(proximal > distal) with respiratory array geneticist
insufficiency and generalised tremors;
muscle biopsy: presence of internal nuclei,
focal rods and increased endomysial
fibrosis; muscle ultrasound: no
fasciculations, some hyperechogenic
muscles; CK =82 U/l; reduced
mitochondrial energy production capacity
71 F TPM2 1 yr; 25 yrs Proximal myopathy with intermittent ptosis; SELENON, Clinical
increase in fiber size variation MYL2, geneticist
DMPK
72 M TTN At birth; 17 yrs Generalized muscle weakness; inability to ACTAI, Neurologist
walk, elongated face, high-arched palate, TPM2,
mild facial weakness, scoliosis, hip and TPM3, NEB,
knee contractures, reduced respiratory BINI,
function; muscle biopsy: increase in fiber DNM2,
size variation, increase in centronuclear MTM1

nuclei; CK within normal range

'Identified genetic variants are shown in Supplementary Table 1.

2To our knowledge, three patients had passed away before NGS was requested (P2, P46 and P54; indicated with T at the specific patient

numbers).
3Normal levels CK [21].

sis pilaris (Figure 3). He reported no family members
with similar symptoms.

The CK was elevated (829 U/1), and needle elec-
tromyography showed small polyphasic motor unit
action potentials. FSHD1 had been excluded by
genetic testing. A muscle biopsy (vastus lateralis
muscle) showed mild increase of fiber size variation.
Panel-based WES analysis showed a heterozygous
variant in COL6A3 (c.6130 G>A (p.(Gly2044Arg)),
which was considered to be pathogenic since it
involves a glycine change in the triple-helix domain.
Furthermore, this variant has been reported before in
a patient with a congenital myopathy [15].

Segregation analysis in his seemingly unaffected
mother showed the same variant. She reported having
had difficulties in sports at school. She had a scolio-
sis for which she had needed a brace in her teenage
years. On physical examination she had mild shoulder
girdle weakness (MRC 4 deltoid, rhomboid, biceps
and triceps) and also keratosis pilaris of the skin. A
muscle ultrasound showed increased intensity in most
muscles scanned, compatible with a neuromuscular
disorder.

The conclusion was that both the patient and his
mother were affected by the same neuromuscular
disorder (LGMD DS collagen-6 related / Beth-
lem myopathy) caused by the pathogenic variant in

COL6A3. The mother had never considered herself
to be affected, despite limitations in motor func-
tioning throughout her life. Nevertheless, she was
very pleased with the results of the genetic test and
neurological investigation, since it explained many
symptoms retrospectively, and encouraged her to
accept support and training advices. Genetic coun-
seling was performed, and both the patient and this
mother were referred to a rehabilitation center.

CASE 2: PATIENT 28

This 62-year old patient complained of increasing
motor symptoms. He had been clinically diagnosed
before as atypical FSHD with a myopathy with
predominantly axial and shoulder girdle weakness.
Previous molecular tests had excluded FSHD1 and
2, Emery—Dreifuss muscular dystrophy, and LGMD
R1 calpain3-related. He reported gradually progres-
sive limitations in walking. His walking distance was
limited to 1.5 hours, whereas he used to be able to
walk for six hours. Walking upstairs had become
more difficult. Furthermore, his voice had become
softer, he had difficulties swallowing, and he could
no longer raise his arms above shoulder height. Ret-
rospectively, he reported having had an episode of
severe muscle weakness of his legs, which caused
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Table 2

Potential reasons for diagnostic delay in 10 selective patients eventually receiving a definitive genetic diagnosis

Patient

Gene

OMIM disease

Previous genetic
screening performed

Potential diagnostic delay reasons

Newly identified gene

8

Unusual clinical features

BICD2

Spinal muscular atrophy

Karyotyping, mtDNA
deletions and most
common mutations,
POLG, SPG2, SPG3a,
SPG4, SPG7, SPG11,
SPG20, SPG31, FKRP,
SMNI, COL6AI,
COL6A2, COL6A3

13 CHRNE Myasthenic syndrome, Limb girdle syndrome
congenital
28 DOK7 Myasthenic syndrome, SMCHDI1, LMNA,
congenital CAPN3
30 DYNCIHI Spinal muscular atrophy RYRI, SELENON, TPM2,
TPM3, ACTAI
60 RYRI Central core disease SNP array

Biopsy result pointing towards another NMD

20 COL6A2 Bethlem myopathy 1;
Ullrich congenital
muscular dystrophy 1

27 DES Myopathy, myofibrillar

52 RAPSN Myasthenic syndrome,
congenital

57 RYRI Central core disease

66 SELENON Muscular dystrophy;

SELENON, RYRI, CFL2,
TPM?2, TPM3, ACTAI

LMNA, CAPN3

mtDNA, SELENON,
POLG, metabolic
screening, SNP array

MTMI1, DMPK, MYH7

CFTR, mtDNA, POLG

Most diagnostic tests performed before
BICD2-associated spinal muscular atrophy
have described in literature

No clinical signs of myasthenic syndrome
No clinical signs of myasthenic syndrome

Congenital myopathy phenotype and not
SMA phenotype

Asphyxia at birth complicating recognition
of the congenital myopathy

Cores seen in biopsies: directing genetic
testing towards core and rod myopathies

Western blot on muscle biopsy showed mild
reduction of calpaine-3

Reduced mitochondrial energy production
capacity in muscle biopsy directed towards
a mitochondrial etiology

Biopsy pointed towards a centronuclear
myopathy

Reduced mitochondrial energy production

Myopathy, congenital

capacity in muscle biopsy directed towards
a mitochondrial etiology

an inability to walk for weeks, at the age of 10. He
had noticed his first shoulder girdle symptoms when
he started working as a teacher at the age of 21. His
older brother had had similar problems and was diag-
nosed with FSHD; he died at the age of 64 due to
myocardial infarction. One sister had died in early
childhood, without a known cause. Physical exami-
nation showed atrophy of the shoulder girdle muscles
and of proximal arms, with hypertrophy of the trapez-
ius muscle. Active shoulder abduction was limited to
90 degrees, and anteflexion to 110 degrees. There
was mild scapular winging. Neck flexion and exten-
sion (MRC 3), and elbow flexion (MRC 4) were weak
(Figure 4).

Needle electromyography showed small polypha-
sic motor unit action potentials in proximal arm
muscles. A muscle biopsy (vastus lateralis muscle) at
the age of 54 had shown increased fiber size variation,
but no other abnormalities on enzyme and immuno-
histochemical staining. MRI of the muscles (age 62)
showed mild fatty infiltration of the axial muscles but

no other abnormalities. Panel-based WES analysis
showed a homozygous pathogenic variant in DOK7,
c.1124_1127dup (p.(Ala378fs)), causing myasthenic
syndrome type 10. His parents were not known
to be consanguineous. Segregation analysis in the
affected brother and sister was not possible due to lack
of material. Subsequent repetitive nerve stimulation
showed decrement after the second stimulus, which
further decreased in the 2" to 5 response, matching
with myasthenic syndrome. Treatment with salbuta-
mol 2mg three times a day significantly increased
his exercise tolerance and voice volume, and slightly
improved his muscle strength.

CASE 3: PATIENT 47

This 5-year old female patient presented at birth
with severe hypotonia. She was admitted at the inten-
sive care and was not able to swallow, for which tube
feeding was started and continued. Non-invasive ven-
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Fig. 3. Clinical features of Case 1: patient 24. This 18-year old patient presented with limb girdle muscle weakness with neonatal hip
dysplasia since the age of 15. Examination showed mild proximal weakness of his arms (MRC4 rhomboid, biceps and triceps), with mild
winging of left scapula. Mild contractures of Achilles tendon and elbow. His skin showed hyperkeratosis pilaris. WES showed a heterozygous
variant in COL6A3 (c.6130 G>A (p.(Gly2044Arg)), which was also found in his mother who was initially considered to be unaffected but
later showed very similar features on history and examination. Printed with permission of patient.

Rep Nerve Stim L TRAPEZIUS (U)

. Decrease of CMAP, ...

Fig. 4. Clinical features of Case 2: patient 28. Physical examination showed atrophy of shoulder girdle muscles and of proximal arms, with
hypertrophy of the trapezius muscle. Shoulder abduction was limited to 90 degrees, and anteflexion to 110 degrees. There was mild scapular
winging. Neck flexion and extension (MRC 3), and elbow flexion (MRC 4) were weak. Repetitive nerve stimulation (3 Hz) of accessory
nerve showed 57% decrement (decrease of the compound muscle action potential (CMAP) measured by surface electromyography) of the
trapezius muscle between the 1% and 4 stimulus. Printed with permission of patient.

tilation was started at the age of 2 years. At the age very pronounced, proximally MRC 2 and distally O to
of 5, physical examination revealed an open mouth, 3. She used an electric wheelchair and was ventilated
facial weakness, and scoliosis. Muscle weakness was approximately 80% of the day.
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Fig. 5. Results of mRNA analysis of the ¢.9946 C>G (p.(Arg3316Gly)) variant in NEB on fresh frozen muscle biopsy of the healthy carrier
father of patient 47 (Case 3). As shown in Figure 5A, splice prediction software predicted an enhancement of a cryptic splice donor site in
exon 73 (12-50% increase). This cryptic splice donor site is used in the muscle of the father, leading to 30—40% (Figure 5B) of the transcript,
lacking 197 nucleotides. This mutant transcript leads to a frameshift and most probably to nonsense-mediated decay (hence the 30-40%

mutant transcript).

A muscle biopsy at 8 months of age had shown cen-
tral cores and multiminicores. Electron microscopy
also revealed rods. Subsequently, Sanger sequenc-
ing of SEPNI and RYRI had been performed
and no pathogenic variants were detected. Four
years later, panel-based WES showed two het-
erozygous variants in the NEB gene, a maternal
pathogenic frameshift variant (c.18745_18748dup;
p-(Asn6250fs)) and a paternal variant (c.9946 C>G;
r.(spl?) / p.(Arg3316Gly)), that was predicted to
enhance a cryptic donor splice site in exon 70 (Fig-
ure 5A). A fresh frozen muscle biopsy from the
healthy father was used for targeted mRNA studies.
This indeed showed that the cryptic splice donor site
was used in the mutant transcript only (Figure 5B),
while this cryptic site was not used in a control sam-
ple. The use of this donor splice site results in a
transcript that lacks 197 nucleotides (out of frame).
The signal of this aberrant transcript is weaker (lower
peaks in sequencing reads), likely due to nonsense-
mediated decay (not tested).

DISCUSSION

This retrospective observational study in a large
unselected group of patients with presumed neu-
romuscular disorders resulted in a definite genetic
diagnosis for 19% of patients. In this group,
pathogenic variants in the three COL6-genes

(COL6AI, COL6A2, and COL6A3) were the most
common cause of the identified muscle disorder, fol-
lowed by RYRI. Together, these four genes were
causative in almost 25% of cases in whom a genetic
cause was identified. A likely pathogenic variant
and/or variant of uncertain significance was detected
in 24% of patients, and in 57% of patients no genetic
aberration was found that might explain the neuro-
muscular disease.

Overall, our results show that panel-based WES
seems an effective manner to identify molecular
causes in neuromuscular disorders, both as subse-
quent test as well as a first-tier test. The advantages
of WES are its unbiased approach, detecting variants
in genes that would not be tested based on the clin-
ical phenotype (Table 2), and the fact that it offers
new diagnostic options in patients in whom Sanger
sequencing has so far not resulted in a specific genetic
diagnosis. It may also be cost-effective to do WES
as first-tier test unless there is high certainty of a
single gene cause, such as in spinal muscular atro-
phy (SMN) or in malignant hyperthermia (RYR/ in
the large majority of patients). This accounts for the
current diagnostic setting in the Netherlands, where
neuromuscular WES (filter or panel) is available in a
number of academic centres, is paid for by the health
insurance, is less expensive than testing two subse-
quent genes with Sanger sequencing, and takes the
same time as Sanger sequencing of one gene. This



256 D. Westra et al. / Panel-Based Exome Sequencing for NMDs

varies in different countries based on price and avail-
ability of WES and local legal policies.

The diagnostic yield of 19% seems low compared
to series published recently (30-76% in cohorts of
patients with limb-girdle muscular dystrophy with
myopathic or dystrophic changes in the muscle
biopsy, some of which were populations with a high
degree of consanguinity [2, 4, 5, 8]). There are sev-
eral reasons to explain this. First, we included all
patients which were sent for WES analysis to our
department. This implied both patients with a high
and low suspicion of a genetic neuromuscular disor-
der, resulting in a very heterogeneous cohort. Some
of them may possibly have an acquired rather than
a genetic cause of their neuromuscular symptoms,
such as a anti-HMGCR myopathy [16]. Second, our
cohort includes DNA of both new referrals and of
revisiting patients. Third, follow-up studies (segrega-
tion analysis or functional testing) has revealed that
many variants of uncertain significance in these previ-
ous studies were in fact not pathogenic, reducing the
‘diagnostic yield’. Hence, we consider the percentage
of 19% definite and 24% possible genetic diagnoses
quite high given the fact that our strategy is the use of
panel-based exome sequencing in case of any suspi-
cion of an inherited neuromuscular disorder without
imposing too many restrictions, as well as a strive to
follow-up to determine the pathogenicity of variants.
One example is the functional characterization of a
SCN4A variant which we were able to perform after
WES; this clearly showed the pathogenicity of the
mutation (patient 63) [17]. We have not been able to
do this for all variants of uncertain significance.

The group of 95 patients with likely pathogenic
variants or variants of uncertain significance included
14 patients with variants in more than one gene. In
these patients, the pathogenicity of the variants could
not be confirmed or rejected due to lack of segre-
gation analysis and additional clinical information.
These further interpretation steps might have been
performed in the referring center or department with-
out sharing the final conclusions with us (incomplete
response rate). The decreasing sequencing costs may
prompt us to perform family (trio-based) sequencing
whenever possible, to overcome the lack of segrega-
tion data that aids in the interpretation of sequence
variants.

Panel-based WES in our series as well as those
published may have other limitations. In our test, for
example, the presence of small CNVs remains unde-
tected since the analysis with Conifer does not allow
the detection of deletions smaller than three exons.

In this cohort, we have detected only one CNV, a
deletion of 34 exons of the TTN gene (patient 139),
but smaller deletions exist. Additionally, disease-
causing variants outside the coding sequences (i.e.
deep intronic, promotor, etc.) of the analyzed genes or
variants in genes not yet associated with neuromuscu-
lar disorders will not be detected. Finally, WES with
a median coverage of 100x is good for germline vari-
ants, but has its limitations in the detection of mosaics
[18], especially if these mosaics are not present in
the tested cell types (lymphocytes). Reanalyses with
other CNV detection tools, with updated gene pan-
els, or using the full exome sequencing data set may
identify further variants from the same dataset in the
future. In the future, whole transcriptome sequencing
from muscle biopsies or whole genome sequenc-
ing may be helpful to find causative variants in the
remaining patients [19].

As certain ancillary investigations, like muscle
biopsy and muscle MRI, might lead to ambiguous
and inconclusive results, panel-based WES could
potentially be the best first-tier test in suspected neu-
romuscular disorders, which can be complemented
by the appropriate functional testing and segrega-
tion analysis if needed. For example, in none of the
patients with a RYR! variants, muscle biopsy had
shown cores which had directed to RYRI sequencing
in the past. Nevertheless, the clinical phenotypes in
these patients were suggestive of a congenital myopa-
thy (perinatal onset or childhood onset, proximal
muscle weakness, facial weakness, ophthalmople-
gia). In some cases, EMG findings with a high
positive and negative predictive value can be used
as a functional in vivo confirmation of the genetic
results from WES, such as the finding of myotonic
discharges in myotonic syndromes or the finding of
a CMAP amplitude decrement in a myasthenic syn-
drome (as illustrated in case 2). Similarly, imaging
(MRI or ultrasound) might reveal typical features
of collagen-6 myopathies [20]. Immunohistochem-
istry and Western blot of muscle biopsy are also
still valuable diagnostic tools. However, since they
test predominantly the presence and amount of pro-
tein caused by loss of function mutations, these tests
will not detect the variants that cause functional
changes of the protein. Hence, as known, WES can be
used as an unbiased diagnostic approach for patients
with disorders with a high degree genetic hetero-
geneity such as limb girdle muscular dystrophies
and congenital myopathies. This also accounts for
collagen-6 myopathies, since the clinical phenotype
typical for Bethlem myopathy or Ullrich congeni-
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tal muscular dystrophy <ins cite="mailto:z900127"
datetime="2019-04-17T15: 27">(LGMD D5 or R22
collagen-6 related)</ins> cannot distinguish between
variants in COL6A 1, COL6A2, or COL6A3. Many of
the referrals for neuromuscular WES indeed included
a specific description of the phenotype. In some of
these patients, Sanger sequencing of one gene could
have led to the specific diagnosis; however, it would
not have resulted in a diagnosis in others.

The most important limitation of this study is its
retrospective design, which is likely to have con-
tributed to an incomplete response to our request for
additional information (73%). This limits the amount
of clinical information on this group of patients, and
the possibilities of determining phenotype — geno-
type correlations. On the other hand, this reflects
the practice in a daily diagnostic setting, in which
the clinical data accompanying genetic test applica-
tions is often very limited. If only limited amount
of clinical information is provided, the interpretation
of WES results can be very difficult, for instance in
cases with variants in more than one gene (e.g. patient
152 with variants in CHRNA I, COL6A 1, FLNC, NEB,
and RYRI). Without additional clinical information
and segregation data, it is impossible to define which
variant is causative. We underscore that WES as a
first-tier test in suspected neuromuscular disorders
will be a much stronger tool if more complete and
precise phenotypical descriptions and feedback are
provided and segregation testing is possible.

To conclude, this retrospective observational study
in an unselected cohort of 396 patients with pre-
sumed neuromuscular disorders resulted in a definite
genetic diagnosis in 19%, and in the identification of a
likely pathogenic variant and/or variant of uncertain
significance in 24% of patients. In contrast to pre-
vious studies in strictly selected groups, this study
reflects the current application and yield of panel-
based WES in a broad diagnostic setting, both for
revisiting patients without a genetic diagnosis and
for newly manifesting patients. Hence, panel-based
WES offers an unbiased approach which could be
used as a first-tier diagnostic test in neuromuscular
disorders with a high suspicion of a genetic cause
and genetic heterogeneity, after which functional
confirmation and segregation analysis is sometimes
needed to round the interpretation. Clinical rea-
soning based on history and physical examination,
nevertheless, remains the starting point of the diag-
nostic process and should preferably be performed
by physicians with an expertise in neuromuscular
disorders.
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