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ORIGINAL ARTICLE

Utility of next generation sequencing in genetic
diagnosis of early onset neuromuscular disorders

Jong Hee Chae," Valeria Vasta,” Anna Cho,? Byung Chan Lim,' Qing Zhang,?

So Hee Eun,* Si Houn Hahn?>

ABSTRACT

Background Neuromuscular disorders are a clinically,
pathologically, and genetically heterogeneous group.
Even for the experienced clinician, an accurate diagnosis
is often challenging due to the complexity of these
disorders. Here, we investigated the utility of next
generation sequencing (NGS) in early diagnostic
algorithms to improve the diagnosis for patients currently
lacking precise molecular characterisation, particularly for
hereditary myopathies.

Methods 43 patients presenting with early onset
neuromuscular disorders from unknown genetic origin
were tested by NGS for 579 nuclear genes associated
with myopathy.

Results In 21 of the 43 patients, we identified the
definite genetic causes (48.8%). Additionally, likely
pathogenic variants were identified in seven cases and
variants of uncertain significance (VUS) were suspected
in four cases. In total, 19 novel and 15 known
pathogenic variants in 17 genes were identified in 32
patients. Collagen VI related myopathy was the most
prevalent type in our cohort. The utility of NGS was
highlighted in three cases with congenital myasthenia
syndrome, as early diagnosis is important for effective
treatment.

Conclusions A targeted NGS can offer cost effective,
safe and fairly rapid turnaround time, which can improve
quality of care for patients with early onset myopathies
and muscular dystrophies; in particular, collagen VI
related myopathy and congenital myasthenia syndromes.
Nevertheless, a substantial number of patients remained
without molecular diagnosis in our cohort. This may be
due to the intrinsic limitation of detection for some types
of mutations by NGS or to the fact that other causative
genes for neuromuscular disorders are yet to be
identified.

INTRODUCTION

Neuromuscular disorders (NMDs) are genetically
heterogeneous muscle diseases with several differ-
ent types, varying age of onset, clinical severities,
and broad pathologic findings. Particularly in chil-
dren there are non-specific clinical features such as
motor developmental delay, hypotonia, and overt
weakness, which make it difficult to reach a specific
diagnosis even for the experienced clinician.'™ The
prevalence of congenital myopathies (CMs) is esti-
mated at about 1:25 000.*” The prevalence of
congenital muscular dystrophy (CMD) is not well
known; the relative frequency of each subtype
appears to be variable in different countries.®~!°
Given the diagnostic difficulties, the variable

clinical spectrum and the high rate of de novo
events, the overall prevalence of NMDs may be
underestimated.

While for some hereditary myopathies such as
Duchenne/Becker muscular dystrophy, the initial
diagnostic step is a single molecular genetic test, for
many patients with highly suspected myopathies a
muscle biopsy is still required. This procedure is
particularly challenging in newborns, infants, or
young children. Moreover, substantial numbers of
patients remain undiagnosed even after extensive
pathologic studies, due to the lack of specific
markers for many myopathies or to ambiguous and
inconclusive results. Furthermore, Sanger sequen-
cing of individual genes known to be associated
with NMDs, in particular hereditary myopathies, is
time consuming, cost prohibitive, and cannot be
prioritised due to heterogeneous genetic back-
grounds and similar clinical presentations. One
gene can cause a wide variety of clinical and/or
pathological features, while similar clinical features
can be caused by mutations in different genes. For
example, nemaline myopathy can be caused by
defects in at least eight different nuclear genes.
Mutations in one of those eight genes, ACTA1, can
cause different pathological findings, such as
central core disease or congenital fibre type dispro-
portion. In addition to the high degree of genetic
heterogeneity, the large size of the genes such as
RYR1 with 106 exons, or TTN with 362 exons, is a
significant barrier for a time and cost effective
molecular genetic diagnosis.

Recent studies on the clinical application of next
generation sequencing (NGS) technology have
started a new era of molecular genetic diagnosis.
We also utilised the NGS for the diagnosis of mito-
chondrial disorders.'’™!* Both targeted and whole
exome NGS sequencing approaches have been
tested for the molecular diagnosis of CMD and
congenital myopathies in a small subset of
patients.'* 13

Hereditary NMDs encompass a significant pro-
portion of patients with chronic muscle disease.
Accurate molecular genetic diagnosis can improve
management, provides appropriate counselling, and
allows for potential therapeutic trials.

Here, we present the results of an NGS panel
test targeting 579 genes on 43 patients with early
onset NMDs. All of these patients lacked a definite
molecular diagnosis despite previous muscle biop-
sies and/or multiple gene sequencing tests. Our
goal was to establish the clinical usefulness of tar-
geted NGS in NMDs with early presentation.
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METHODS

Patients

The clinical database at Seoul National University Children’s
Hospital was reviewed and 43 patients presenting with early
onset (<5 years) hypotonia and/or muscle weakness of
unknown genetic origin were selected for this study. Hypotonia
due to central nervous system (CNS) or chromosomal abnormal-
ities were excluded. All of the patients were Korean. Informed
consent was obtained for the collection of clinical data and
extraction of DNA to perform genetic analysis. The institutional
review board (IRB) of the Seoul National University Hospital
approved the study protocol. The NGS study at Seattle
Children’s Hospital Research Institute was exempted from
approval by the IRB at the institute. Before the NGS testing,
genetic tests including spinal muscular atrophy, Duchenne mus-
cular dystrophy, MTM1, and myotonic dystrophy were per-
formed, based on the clinical and pathologic findings in some
patients, but were negative. Most of the patients had clinical
diagnoses of congenital myopathy, muscular dystrophy or
unknown NMDs. Histopathological phenotype was reviewed in
40 cases that underwent muscle biopsies at Seoul National
University Children’s Hospital. Serial frozen sections from each
muscle sample were stained using a set of histochemical
methods including haematoxylin, modified Gomori trichrome,
nicotinamide  adenine  dinucleotide-tetrazolium  reductase
(NADH-TR), succinyl dehydrogenase, ATPase, and immunohis-
tochemistry  for  dystrophin, merosin and  dysferlin.
Immunohistochemical staining with an anti-collagen VI a anti-
body (Chemicon, #MAB1944) was performed on clinically sus-
pected patients with collagenopathies.

Targeted genes and sample preparation library

A DNA library was prepared for each sample by capturing the
exons of the genes of interest using custom made DNA probes
(Haloplex Agilent, Santa Clara, California, USA). The selected
genes (see online supplementary table S1) comprised 10,706
exons and a total of 3.88 Mb. These were genes for various
NMD including: congenital muscular dystrophies, congenital
myopathies, metabolic and mitochondrial myopathies, storage
myopathies, distal myopathies, channelopathies, disease of
neuromuscular junction and peripheral nerve. The list also
included 199 genes selected from mitochondrial components,
because mutations in these proteins often manifest as myop-
athies. Some of the genes were considered as candidate genes
that have not been reported as pathogenic yet, but belong to
functional groups that are usually pathogenic.

Sequencing analysis

Forty-three samples were sequenced at 5-8 samples per lane on
a GAIlIx instrument (Illumina, San Diego, California, USA)
using 2X100 paired-ends reads. Reads were aligned using
Burrows-Wheeler Aligner (BWA, V.0.7.3) and data were analysed
with the Genome Analysis Toolkit (GATK, V.2.4.9) (Broad
Institute, Cambridge, Massachusetts, USA) as previously
described. !

Variant annotation and identification of mutations

Variants were annotated using SeattleSeq'® and wAnnovar.
Variants found within the targeted regions were further evalu-
ated for their possible clinical significance by cross-referencing
to the Single Nucleotide Polymorphism Database (dbSNP), the
Exome variant server, and the 1000 Genomes browser. An
internal database of polymorphisms was also used for quality
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assurance during this analysis. PolyPhen-2 and SIFT (sorting
intolerant from tolerant) scores were used only for reference but
were not used for filtering the variants. For variants in genes
with autosomal dominant and X-linked disease inheritance, we
used the minor allele frequency (MAF) cut-off of 0.2%, and for
variants in genes with autosomal recessive disease inheritance,
we used the MAF cut-off of 0.5%." Variants that exceeded
these frequencies were not considered as potential mutations,
even if they were previously reported as such in the Human
Gene Mutation Database (HGMD). Finally, variants were
searched in the HGMD by Genometrax.'® '° The sequence var-
iants were interpreted based on the guideline from American
College of Medical Genetics.>’

Confirmation

Variants identified as possibly disease causing were confirmed by
standard PCR combined with Sanger sequencing using a
Big-Dye Terminator v3.1 kit on an ABI3130xl automatic DNA
sequencer system (Applied Biosystems, Carlsbad, California,
USA). Segregation of variants in the family was assessed by
sequencing parental DNA samples when available.

RESULTS

Sequencing summary

The sequencing yield was on average 1.6 Gb per sample. On
average 74% of the reads mapped to the intended targets and
96% of the targets had at least 20 reads per base, with an
average of 175 reads per base. On average about 300 exons
tended to have <20 reads with an average GC content of 57%.
Approximately 120 variants per sample were detected in exons
or splice sites that were not present in the dbSNP or in the
exome server (on average, 67 missense, four in splice sites, one
frameshift, and 51 coding synonymous).

Spectrum of genes with suspected variants

In 32 out of 43 patients tested, we detected 19 novel variants,
15 known pathogenic variants, and one variant previously
reported as variant of uncertain significance (VUS) in 17 genes
associated with CMD, congenital myopathy, congenital myasthe-
nia, cardiomyopathy, and metabolic disease (figure 1).
COL6A1-3 and RYRI1 genes were most frequently affected in
our cohort. The number of cases and distribution are illustrated
in figure 1.

Identification of pathogenic mutations with phenotypic
characteristics

Pathogenic mutations were confirmed in 21 cases (48.8%) out
of 43 patients with an early onset NMD (table 1).

Muscular dystrophies
Eleven patients were diagnosed with muscular dystrophies.
COL6A mutations were identified in eight cases having clinical
phenotypes of Ullrich congenital muscular dystrophy (UCMD)
or Bethlem myopathy (BM). Various degrees of sarcolemma-
specific collagen deficiency in collagen VI o immunostaining
were observed in muscle biopsy sections from all eight patients.
Six of the mutations were de novo and the other two were
inherited from one of the parents, who were also affected (case
8 and 9).

All three cases (6, 16, 55) with LMNA gene defects had de
novo mutations previously reported.
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Figure 1
disorders. The number of cases are listed next to the gene names.

Congenital myopathies

Five cases were genetically diagnosed with congenital myop-
athies. Two nemaline myopathy patients were confirmed to have
de novo mutations in the ACTAT gene. Case 24 was a hemizygote
for a missense variant inherited from the mother in the MTM1
gene and case 7 carried two variants in trans in the RYRI gene.
Both patients shared typical clinical features of congenital myop-
athy, such as very early onset muscle weakness, hypotonia, high
arched palate, and normal creatine kinase (CK) concentration.

Congenital myasthenia

Three patients with congenital myasthenia were identified.
Their provisional diagnosis after muscle biopsy was congenital
myopathies (cases 5 and 30) and limb girdle type muscular dys-
trophy (case 11). All of these patients showed various myopathic
phenotypes with early onset muscle weakness, respiratory
failure, and very early onset scoliosis. Muscle biopsy revealed
non-diagnostic findings such as fibre size variations and/or endo-
mysial fibrosis (figure 2L-O) or some degenerative fibres with
fatty infiltration (figure 2B Q).

A homozygote known nonsense mutation in the DOK7 gene
was found in case 5. In case 11, a known missense and a novel non-
sense variant were detected in frans in the GFPT1 gene. Case 30
was homozygous for a novel missense variant in the AGRN gene.

Neuropathies

Mutations in genes related to neuropathy were identified in two
patients. Case 13 carried a novel, de novo alteration in the
GARS gene. This patient presented with severe hypotonia since
birth and had a negative SMN gene test. Case 28, who had pre-
sented with hypotonia since birth, carried a novel, de novo
alteration in the DYNCI1H gene. A femur fracture was also iden-

tified at birth.

Likely pathogenic variants and VUS
In two patients, the clinical and immunohistological phenotype
supported the classifications of two novel variants as likely

Distribution of pathogenic, likely pathogenic and variants of uncertain significance (VUS) variants by the type of neuromuscular

pathogenic: case 29 (figure 2]) with a variant in COL6A1 gene,
inherited from asymptomatic father, and case 48 (figure 2K)
with a variant in COL6A3 gene. In six patients, we identified
likely pathogenic variants in RYRI, CCDC78, COL6AI,
COL6A3, MYBP3 and DNA2 genes (table 1). Their phenotypes
were consistent with previously described phenotypes associated
with each gene. Of note, in three patients (cases 3, 29 and 37),
their dominant variant alleles were inherited from one of their
asymptomatic parents.

Nucleotide variants in RYRI, DCTN1, and COLG6A2 were
detected in four patients with clinical phenotypes consistent
with previously described presentations. However, we classified
these novel variants as VUS because parental testing was not
available (table 1).

No suspected variants were identified in 11 patients (see
online supplemental table S2).

DISCUSSION
Our study illustrates the clinical benefit of targeted NGS in diag-
nosing patients with early presentation of NMDs of undetermined
molecular aetiology. While whole exome sequencing is being clin-
ically used, it is more costly, has a higher false positive rate, a
longer turnaround time, and is more difficult to interpret, com-
pared to targeted NGS. Targeted NGS for NMD testing is also less
invasive and presumably more cost effective and time saving than
the conventional approaches which require a muscle biopsy and
Sanger sequencing of several suspected genes. We designed the
NGS test to include all genes implicated in NMDs, focusing in par-
ticular on hereditary myopathies. This choice was based on the
observation that both clinical and laboratory diagnosis of hetero-
geneous genetic conditions, even if performed by experienced
physicians and pathologists, is often extremely challenging due to
overlapping clinical phenotypes, expanded clinical spectrums, dif-
ficulties to obtain a muscle biopsy, and the complexity of perform-
ing and interpreting immunohistochemical stains.'* '3

The overall detection rate in our patient cohort was fairly
high (48.8% with definitely pathogenic mutation). When likely
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Table 1 Pathogenic variants, likely pathogenic variants and variants of uncertain significance in 32 patients
ID Sex Age (years) Clinical features Muscle biopsy/IHC finding Gene Mode Mutation Inheritance Novel/reported
Pathogenic variants
Muscular dystrophy
8 F 75 Muscle weakness from 1 to 2 years of age. CK=305 Marked fibre size variation with endomysial COL6AT  AD ¢.1003-2A>G Maternal, Novel
fibrosis. symptomatic
SSCD
9 M 65 Muscle weakness from 1 to 2 years of age. Wrist contracture. CK=722  Marked fibre size variation with endomysial COL6AT  AD ¢.1056+1delG Paternal, Leiden muscular dystrophy
fibrosis. symptomatic pages*
SSCD
0 M 91 Muscle weakness and joint laxity from birth. CK=462 Endomysial fibrosis. COL6AT  AD ¢.850G>A De novo rs121912938% 4
SSCD p.Gly284Arg
2 M 132 Muscle weakness from 3 to 4 years of age. Elbow and ankle Mild necrotic and regenerating process with COL6AT  AD ¢.1002+1delG De novo Nove
contracture. CK=286 endomysial fibrosis. SSCD
31 F 81 Muscle weakness from 3 years of age. Ankle contracture. CK=489 Necrotic and regenerating process. COL6AT  AD c.877G>A De novo rs398123643%*
SSCD p.Gly293Arg
41 F 61 Muscle weakness with joint laxity from infancy. CK=346 Moderate fibre size variation with endomysial COL6AT  AD €.868G>A De novo 151219129392 2
fibrosis. p.Gly290Arg
SSCD
46 M 50 Muscle weakness from 2 years of age. Joint laxity. CK=308 Mild necrotic and regenerating process with COL6A3  AD €.6210+1G>A De novo B4
endomysial fibrosis. SSCD p.Gly2053_Pro2070del
52 F 5.4 Muscle weakness from 3 years of age. CK=377 Moderate fibre size variation with endomysial COL6A3  AD €.6282+1G>C De novo Novel
fibrosis.
SSCD
6 M 93 Muscle weakness from 1 to 2 years of age. Neck flexor weakness. Necrotic and regenerating process LMNA AD ¢.1406T>C De novo 15573946924
Ankle contracture. CK=1071 p.11le469Thr
16 F 45 Muscle weakness from infancy. Ankle contracture. CK=975 Necrotic and regenerating process with LMNA AD c.745C>T De novo 151219124967
inflammation p.Arg249Trp
55 F 85 Muscle weakness with ankle contracture from 1 year of age. Necrotic and regenerating process LMNA AD ¢.149G>C De novo rs606953524°
CK=1081 p.Arg50Pro
Congenital myopathy
18 F 23 Floppy infant. Myopathic face with high arched palate. Nemaline body myopathy ACTAT AD ¢.215C>G De novo Leiden muscular dystrophy
CK=130 p.Pro72Arg pages*
21 F 187 Muscle weakness from birth. Motor developmental delay. Nemaline body myopathy ACTAT AD c.347C>T De novo Novel
k=10 p.Ala116Val
40 F 151 Muscle weakness from 3 to 4 years of age. Myopathic face with Myofibrillar disorganisation SEPN1 AR c.1574T>G Parents Leiden muscular dystrophy
respiratory distress p.Met525Arg heterozygote pages™
Homozygote
24 M 173 Motor developmental delay from birth. Myopathic face with high Not available MIM1 XR c.1237A>C Maternal Novel
arched palate. Funnel chest. CK=99 p.Ser413Arg
Hemizygote
7 F 59 Muscle weakness from infancy. Myopathic face with high arched CFTD RYR1 AD/ c.14427C>A p. Paternal Novel
palate. CK=39 AR Phe4809Leu Maternal Novel
c.14798C>A
p.lle4933Thr
Congenital myasthenia
5 F 93 Respiratory distress at birth. Mild necrotic and regenerating process DOK7 AR c.1185C>G Parents 6
Motor developmental delay. Myopathic face with high arched palate. p.Tyr395Ter heterozygote
Scoliosis Homozygote
30 M 31 Floppy infant Moderate fibre size variation AGRN AR ¢.5023G>A Parents Novel
p.Gly1675Ser heterozygote
Homozygote
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Table 1 Continued

ID Sex Age (years) Clinical features Muscle biopsy/IHC finding Gene Mode Mutation Inheritance Novel/reported
1M1 M 160 Muscle weakness from 3 to 4 years of age. Scoliosis. CK=376. Moderate fibre size variation with endomysial GFPT1 AR c.128A>T Paternal Novel*
fibrosis p.Asp43Val Maternal
c.706A>T
p.Lys236Ter
Motor Neuron or Peripheral Nerve disease
13 M 16 Floppy infant. CK=65 Grouped atrophy GARS AD C.998A>G De novo Novel
p.Glu333Gly
28 M 1.9 Floppy infant Advanced state pathology DYNCTHT AD ¢.3179T>C De novo Novel
p.Leu1060Ser
Likely pathogenic variants
Congenital myopathy
4 F 167 Muscle weakness from 1 to 2 years of age Prominent internal nuclei ccDC78  AD c.1133+1G>C Maternal, no Novel
symptoms
37 M 122 Muscle weakness from 2 years of age. Myopathic face with high CFTD RYR1 AD/AR  ¢.14762T>C Maternal, no Reported as dominant®®
arched palate. CK=123 p.Phe4921Ser symptoms
Muscular dystrophy
29 F 67 Hyperflexiblity from birth Fibre size variation, mild. Endomysial fibrosis. COL6AT  AD c.1461+3G>C Paternal, no Novel
SSCD symptoms
48 M 73 Muscle weakness from infancy. Joint laxity Mild necrotic and regenerating process. SSCD COL6A3  AD €.9329-4A>T NA Novel
15199800564
57 F 151 Muscle weakness with ankle contracture from infancy. Scoliosis. Necrotic and regenerating process RYR1 AD/ c.1654C>T Maternal rs118192156
CK=610 AR p.Arg552Trp
€.2287G>A Paternal Novel
p.Val763Met
Cardiomyopathy
3 F 16.3 Muscle weakness from infancy. Dilated CMP. Not available MYBPC3 AD c.713G>A Maternal, no B
CK=38 p.Arg238His symptoms
Metabolic myopathy
34 M 29 Floppy infant. Multiple joint contractures from birth. Small scattered atrophic fibre, type 1 DNA2 AD c.1888C>T NA Novel
CK=47 predominance p.GIn630Ter
Variants of uncertain significance
Congenital myopathy
32 M 60 Muscle weakness from 2 to 3 years of age. CK=103 CFTD RYR1 AD/AR  c.2287G>A NA Novel
p.Val763Met
33 M 75 Muscle weakness from 2 years of age. Myopathic face with high Non-specific RYR1 AD/ c.3523G>A NA Novel
arched palate. CK=70 AR p.Glu1175Lys
Motor neuron or peripheral nerve disease
36 M 275 Muscle weakness from birth. Myopathic face. CK=414 Prominent internal nuclei DCTN1 AD €.2054T>G NA Novel
p.Val685Gly
Muscular dystrophy
23 M 237 Floppy infant. Myopathic face with high arched palate. Not available COL6A2  AD c.1661A>G NA VUS for Emory Genetics
CK=374 p.Lys554Arg Laboratoryt

Variants were heterozygote unless otherwise noted.

Accession numbers utilised for variants annotation: CCDC78 Coiled-coil domain-containing protein 78: NM_001031737.2; MYBPC3 Myosin binding protein C, cardiac : NM_000256.3; AGRN Agrin: NM_198576.3; DNA2 DNA replication helicase/nuclease
2: NM_001080449.2; COL6AT Collagen VI alfa 1: NM_001848.2, COL6A2 Collagen VI alfa 2: NM_001849.3; COL6A3 Collagen VI alfa 3: NM_004369.3, LMNA Lamin A/C: NM_005572.3, ACTAT Actin o 1: NM_001100.3, MTM1 Myotubularin 1:
NM_000252.2, GARS Glycyl-tRNA synthetase: NM_002047.2, DOK7 Docking protein 7: NM_173660.4, GFPT1 Glutamine-fructose-6-phosphate transaminase 1: NM_001244710.1; DYNC1H1 Dynein cytoplasmic 1 heavy chain 1: NM_001376.4; SEPN1
Selenoprotein N 1: NM_020451.2; RYR1 Ryanodine receptor 1: NM_000540.2; DCTN1 Dynactin 1: NM_004082.4.

*Leiden muscular dystrophy pages at: http:/www.dmd.nl/.
tEmory database: http:/genetics.emory.edu/egl/emvclass/emvclass.php.

AD, autosomal dominant; AR, autosomal recessive; CK, creatine kinase; CFTD, congenital fibre type disproportion; CMP, cardiomyopathy; IHC, immunohistochemistry; SSCD, sarcolemma specific collagen VI o deficiency; VUS, variants of uncertain

significance.
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Figure 2 Muscle pathology findings. (A-K) Collagen VI o immunostaining images of muscle biopsy from 10 patients with pathogenic/likely
pathogenic COL6AT and COL6A3 mutations. Various degrees of sarcolemma-specific collagen deficiency are noted (stain with anti-collagen VI o
antibody and horseradish peroxidase-DAB). (A) Normal control, (B) case 8, (C) case 9, (D) case 10, (E) case 22, (F) case 31, (G) case 41, (H) case 46,
(I) case 52, (J) case 29 and (K) case 48. (L—Q) Haematoxylin and eosin (left) and NADH-tetrazolium reductase (TR) stains (right) of muscle sections
from three patients with congenital myasthenic syndrome. (L and M) Case 5—DOK7 mutation, (N and O) case 30—AGRN mutation, (P and Q) case

11—GFPT mutations. Bar denotes 50 wm.

pathogenic and VUS variants were included, it was 76.2% (32
over 43 patients). The classification of the genes is illustrated in
figure 1. We believe that this high rate is due to the fact that the
patient cohort was carefully selected by specialised muscle
experts and represented a fairly homogeneous group.
Interestingly, 15 of the observed variants in this study were
recurring mutations previously reported, and 13 patients had a
de novo variant.

Our study confirms that mutations in the genes for the extra-
cellular matrix protein collagen VI o are a prevalent cause of
CMD, with a spectrum of presentations ranging from BM to
UCMD.? ™ 2! Case 52, with merosin positive CMD and sus-
pected limb girdle muscular dystrophy (LGMD), actually had a
de novo variant of COL6A3 predicted to abolish a donor splice
site function. The pathogenicity of this variant was further sup-
ported by abnormal immunohistochemical staining (figure 2I).
Collagen VI related contractures may be relatively subtle,
leading to potential confusion in diagnosis with cases of
LGMD.?* This case indicates that the spectrum of collagenopa-
thy could be broader than we thought and some patients could
be potentially misdiagnosed. Three patients (figure 2D, F, G)
carried known mutations in the triple helical domain in glycine
residues previously reported in patients affected by UCMD and
BM.>*"%* Variable clinical phenotypes have been previously
observed in the cases with glycine substitutions.”* Some cases
can present with subtle abnormalities or even with normal
immunohistochemical staining.?® It was noted that the immuno-
histochemical findings were marginally abnormal in these three
cases while their clinical phenotypes were consistent with early

onset UCMD. Considering the occasional tricky interpretation
of collagen VI expression in some biopsies and the fairly large
size of the involved three genes, the application of NGS as an
early diagnostic step seems reasonable and could be beneficial.
In fact, it may provide critical genetic information that can help
predict the outcome, and that the risk associated with general
anaesthesia and invasive procedure can be reduced.

All three cases with LMNA gene defects had de novo muta-
tions previously reported as pathogenic. Their provisional diag-
nosis before this study was CMD, unknown type. LMNA
related myopathies are well known to have variable clinical phe-
notypes with variable severities and pathologic findings, ranging
from early onset severe myopathies to late onset limb girdle
muscular dystrophies. Therefore, in clinical practice, a specific
diagnosis is often difficult even for the experienced clinician. In
our cohort, case 6, who showed a mild dystrophic pattern in
pathology, carried a known mutation previously described in a
severe CMD patient who died of respiratory and heart
failure.?” 2% This highlights the extremely variable clinical pre-
sentations even from the same mutation. Case 16 and 55
carried known mutations consistent with the patients’ laminopa-
thy phenotype. The early diagnosis of LMNA-associated myop-
athy is particularly important because the patients eventually
develop severe cardiac problems, with high mortality,*® *° and
can benefit from prophylactic implantable defibrillator

As in other studies of similar patients, mutations in ACTA1
and RYR1 were common causes of congenital myopathy in our
cohort.” Two cases with RYRI gene variants (7 and 57) carried
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two variants in trans while the other three were heterozygotes.
Mutations in the RYRI gene are associated with malignant
hyperthermia, central core disease, minicore myopathy with
external ophthalmoplegia, and congenital myopathy. Muscular
dystrophy is also observed for RYR1 mutations, and this was the
case for one patient who was a compound heterozygote for a
known and a novel likely pathogenic mutation (case 57)
(table 1). This case was classified as muscular dystrophy, given
the pathological features, while the other four cases presented
with congenital myopathy. Case 37 had a known alteration in
the RYR1 gene and was classified as likely pathogenic based on
his clinical and pathological features, although his mother
carried the same allele and was asymptomatic. This mutation,
p-Phe492Ser, is located in hotspot domain 3 and was previously
reported as dominantly acting in a patient affected by central
core disease.”?

Along with this case, a few other cases (case 29—COLG6A1
gene, case 3—MYBPC3, and case 4—CCDC78) carried sus-
pected variants inherited from their asymptomatic parents,
while the clinical or muscle pathology findings supported the
suspected molecular defects, which imply that incomplete pene-
trance, variable expression in the same families, or mosaicism
may be possible. This speculation was further supported in case
29 by abnormal collagen VI staining in muscle pathology, while
his father with the same variant has been asymptomatic to date
(figure 2]). While the father appeared to have the same load of
mutant allele in DNA extracted from blood (Sanger data, not
shown), it is possible that a lower load in muscle tissue due to
mosaicism may explain the differential presentation. Therefore,
a careful interpretation is required for the analysis of cosegrega-
tion in the family, as many hereditary myopathies are autosomal
dominant in inheritance. The parental conundrum, due to pos-
sible variable penetrance or mosaicism, has been described for
collagen VI mutations®* #* 3* but not for RYR1, MYBPC3 or
CCDC78 gene mutations yet.

It is noteworthy that six patients, who were previously sus-
pected to have either muscular dystrophy or congenital myop-
athy, were found to have congenital myasthenic syndrome
(CMS), motor neuron disease or peripheral nerve disease. These
types of conditions are difficult to diagnose by pathologic find-
ings (table 1 and figure 2L-Q) and symptoms are often non-
specific. Particularly in CMS, early diagnosis is very important
since treatment with acetylcholinesterase inhibitors, salbutamol
or ephedrine, can be effective, and patients can ultimately have
a normal life expectancy.®® In fact, after the molecular genetic
diagnosis of CMS in our three patients was made, we started
the treatment in two patients. In case 5, motor performance was
much improved after 3 months treatment with salbutamol, such
that the patient can now stand up and walk independently.

In case 28, a de novo missense variant in gene DYNC1H was
found, affecting a residue of the dimerisation domain.
DYNC1HT1 codes for a cytoplasmic dynein heavy chain that is
involved in retrograde transport along microtubules. Mutations
in DYNC1H1 have been associated with autosomal dominant
spinal muscular atrophy and Charcot-Marie-Tooth disease.’®
Moreover mutations have also been associated with malforma-
tions of cortical development®” and intellectual disability.*® Our
case may indicate an even broader clinical spectrum associated
with this gene defect.

In case 11 with GFPT1 gene mutations, some of the clinical
features of proximal dominant muscle weakness of early onset
were similar to previously reported patients.>’ However, dys-
trophic findings in pathology without tubular aggregates, along

with facial weakness and ptosis, broaden the spectrum of
GFPT1 related myasthenic syndrome. The missense variant in
the glutaminase domain was previously described in a patient
with a limb-girdle pattern of muscle weakness combined with
the presence of tubular aggregates on muscle biopsies.*® The
nonsense variant is in the alternative cassette exon of transcript
variant 1, which is specifically expressed in muscle.*!
Disruption of muscle-specific isoform has been associated with
devastating clinical phenotypes.>® We started acetylcholine
esterase inhibitor treatment and have been following his motor
performance for over 3 months. The patient has shown a sig-
nificant improvement in motor strength but still cannot walk
alone. All these cases highlight the utility of targeted NGS for
the clinical diagnosis of muscle weakness, which has quite a
broad range of aetiology overlapping with many types of
myopathies.

In summary, targeted NGS in conjunction with clinical and
pathological findings can help reach a precise molecular
genetic diagnosis in early onset NMDs, in particular heredi-
tary myopathies. Targeted NGS could be advantageous when
applied in an early diagnostic algorithm for early onset
NMDs to avoid invasive procedures and risk associated with
general anaesthesia. However, careful interpretation is neces-
sary especially for possible incomplete penetrance, mosaicism
or variable expression for certain cases. Understanding the
specific molecular defects can help provide appropriate tai-
lored management with potential significant improvement in
prognosis.

Acknowledgements We thank Ms Thao Tran for her technical assistance. We
thank to Dr Margaret Sedensky for a critical editing on our manuscript. We deeply
thank our patients and families who participated in this study.

Contributors JHC: participated in design and conceptualisation of this study,
analysis and interpretation of the data and drafting the manuscript. VV:
participated in design and conceptualisation of this study, performed the
experiments, participated in analysis and interpretation of the data and drafting
the manuscript as equally as JHC. AC: participated in analysis and interpretation of
the data and drafting the manuscript. BCL: participated in analysis and
interpretation of the data. SHE: participated in analysis and interpretation of the
data. QZ: participated in analysis and interpretation of the data. SHH: as a PI
designed and conceptualised this study, analysed and interpreted the data and
drafted the manuscript.

Funding This study was partly supported by the funding awarded to VV from
Northwest Mitochondrial Research Guild. JHC was supported by a grant of the
Korean Health Technology R&D Project, Ministry of Health & Welfare, Republic of
Korea (Grant No. HI13C1468).

Competing interests None.

Patient consent Obtained.

Ethics approval Seoul National University, Seattle Children’s Hospital.
Provenance and peer review Not commissioned; externally peer reviewed.

REFERENCES

1 Lisi MT, Cohn RD. Congenital muscular dystrophies: new aspects of an expanding
group of disorders. Biochim Biophys Acta 2007;1772:159-72.

2 Wang CH, Bonnemann CG, Rutkowski A, Sejersen T, Bellini J, Battista V, Florence
JM, Schara U, Schuler PM, Wahbi K, Aloysius A, Bash RO, Beroud C, Bertini E,
Bushby K, Cohn RD, Connolly AM, Deconinck N, Desguerre |, Eagle M,
Estournet-Mathiaud B, Ferreiro A, Fujak A, Goemans N, lannaccone ST, Jouinot P,
Main M, Melacini P, Mueller-Felber W, Muntoni F, Nelson LL, Rahbek J,
Quijano-Roy S, Sewry C, Storhaug K, Simonds A, Tseng B, Vajsar J, Vianello A,
Zeller R. Consensus statement on standard of care for congenital muscular
dystrophies. J Child Neuro/ 2010;25:1559-81.

3 Wang CH, Dowling JJ, North K, Schroth MK, Sejersen T, Shapiro F, Bellini J, Weiss
H, Guillet M, Amburgey K, Apkon S, Bertini E, Bonnemann C, Clarke N, Connolly
AM, Estournet-Mathiaud B, Fitzgerald D, Florence JM, Gee R, Gurgel-Giannetti J,
Glanzman AM, Hofmeister B, Jungbluth H, Koumbourlis AC, Laing NG, Main M,
Morrison LA, Munns C, Rose K, Schuler PM, Sewry C, Storhaug K, Vainzof M, Yuan

214

Chae JH, et al. / Med Genet 2015;52:208-216. doi:10.1136/jmedgenet-2014-102819

“ybuAdoo Aq parosroid 1sanb Aq 20z ‘6 |udy uo jwod g Buwly:dny woly papeojumoq ‘§T0Z Alenuer 62 U0 6T8Z0T-1T0Z-19usbpawl/ogTT 0T Se payslgnd 1sii :18us9 pajN


http://dx.doi.org/10.1016/j.bbadis.2006.09.006
http://dx.doi.org/10.1177/0883073810381924
http://jmg.bmj.com/

20

21

22

23

24

25

26

N. Consensus statement on standard of care for congenital myopathies. J Child
Neurol 2012;27:363-82.

Amburgey K, McNamara N, Bennett LR, McCormick ME, Acsadi G, Dowling JJ.
Prevalence of congenital myopathies in a representative pediatric United States
population. Ann Neurol 2011;70:662-5.

Hughes MI, Hicks EM, Nevin NC, Patterson VH. The prevalence of

inherited neuromuscular disease in Northern Ireland. Neuromuscul Disord
1996;6:69-73.

Darin N, Tulinius M. Neuromuscular disorders in childhood: a descriptive
epidemiological study from western Sweden. Neuromuscul Disord 2000;10:1-9.
Maggi L, Scoto M, Cirak S, Robb SA, Klein A, Lillis S, Cullup T, Feng L, Manzur AY,
Sewry CA, Abbs S, Jungbluth H, Muntoni F. Congenital myopathies—clinical
features and frequency of individual subtypes diagnosed over a 5-year period in the
United Kingdom. Neuromuscul Disord 2013;23:195-205.

Clement EM, Feng L, Mein R, Sewry CA, Robb SA, Manzur AY, Mercuri E, Godfrey
C, Cullup T, Abbs S, Muntoni F. Relative frequency of congenital muscular dystrophy
subtypes: analysis of the UK diagnostic service 2001-2008. Neuromuscul Disord
2012;22:522-7.

Peat RA, Smith JM, Compton AG, Baker NL, Pace RA, Burkin DJ, Kaufman SJ,
Lamande SR, North KN. Diagnosis and etiology of congenital muscular dystrophy.
Neurology 2008;71:312-21.

Norwood FL, Harling C, Chinnery PF, Eagle M, Bushby K, Straub V. Prevalence of
genetic muscle disease in northern England: in-depth analysis of a muscle clinic
population. Brain 2009;132(Pt 11):3175-86.

Vasta V, Ng SB, Turner EH, Shendure J, Hahn SH. Next generation sequence
analysis for mitochondrial disorders. Genome Med 2009;1:100.

Vasta V, Merritt JL Il, Saneto RP, Hahn SH. Next-generation sequencing for
mitochondrial diseases: a wide diagnostic spectrum. Pediatr Int 2012;
54:585-601.

Dare JT, Vasta V, Penn J, Tran NT, Hahn SH. Targeted exome sequencing for
mitochondrial disorders reveals high genetic heterogeneity. BMC Med Genet
2013;14:118.

Valencia CA, Rhodenizer D, Bhide S, Chin E, Littlejohn MR, Keong LM, Rutkowski
A, Bonnemann C, Hegde M. Assessment of target enrichment platforms using
massively parallel sequencing for the mutation detection for congenital muscular
dystrophy. J Mol Diagn 2012;14:233-46.

Bohm J, Vasli N, Malfatti E, Le Gras S, Feger C, Jost B, Monnier N, Brocard J,
Karasoy H, Gerard M, Walter MC, Reilich P, Biancalana V, Kretz C, Messaddeq N,
Marty I, Lunardi J, Romero NB, Laporte J. An integrated diagnosis strategy for
congenital myopathies. PLoS One 2013;8:667527.

Ng S, Turner E, Robertson P, Flygare S, Bigham A, Lee C, Shaffer T, Wong M,
Bhattacharjee A, Eichler E, Bamshad M, Nickerson D, Shendure J. Targeted
capture and massively parallel sequencing of 12 human exomes. Nature
2009;461:272-6.

Chang X, Wang K. wANNOVAR: annotating genetic variants for personal genomes
via the web. J Med Genet 2012;49:433-6.

Stenson P, Mort M, Ball E, Howells K, Phillips A, Thomas N, Cooper D. The Human
Gene Mutation Database: 2008 update. Genome Med 2009;1:13.

Clarke L, Zheng-Bradley X, Smith R, Kulesha E, Xiao C, Toneva |, Vaughan B,
Preuss D, Leinonen R, Shumway M, Sherry S, Flicek P. The 1000 Genomes Project:
data management and community access. Nat Methods 2012;9:459-62.

Richards CS, Bale S, Bellissimo DB, Das S, Grody WW, Hegde MR, Lyon E, Ward
BE. ACMG recommendations for standards for interpretation and reporting of
sequence variations: Revisions 2007. Genet Med 2008;10:294-300.

Okada M, Kawahara G, Noguchi S, Sugie K, Murayama K, Nonaka I, Hayashi YK,
Nishino I. Primary collagen VI deficiency is the second most common congenital
muscular dystrophy in Japan. Neurology 2007;69:1035-42.

Lampe AK, Bushby KM. Collagen VI related muscle disorders. / Med Genet
2005;42:673-85.

Lampe AK, Dunn DM, von Niederhausern AC, Hamil C, Aoyagi A, Laval SH, Marie
SK, Chu ML, Swoboda K, Muntoni F, Bonnemann CG, Flanigan KM, Bushby KM,
Weiss RB. Automated genomic sequence analysis of the three collagen VI genes:
applications to Ullrich congenital muscular dystrophy and Bethlem myopathy. J Med
Genet 2005;42:108-20.

Butterfield RJ, Foley AR, Dastgir J, Asman S, Dunn DM, Zou Y, Hu Y, Donkervoort
S, Flanigan KM, Swoboda KJ, Winder TL, Weiss RB, Bonnemann CG. Position of
glycine substitutions in the triple helix of COL6A1T, COL6A2, and COL6A3 is
correlated with severity and mode of inheritance in collagen VI myopathies. Hum
Mutat 2013;34:1558-67.

Jimenez-Mallebrera C, Maioli MA, Kim J, Brown SC, Feng L, Lampe AK, Bushby K,
Hicks D, Flanigan KM, Bonnemann C, Sewry CA, Muntoni F. A comparative analysis
of collagen VI production in muscle, skin and fibroblasts from 14 Ullrich congenital
muscular dystrophy patients with dominant and recessive COL6A mutations.
Neuromuscul Disord 2006;16:571-82.

Pace RA, Peat RA, Baker NL, Zamurs L, Morgelin M, Irving M, Adams NE, Bateman
JF, Mowat D, Smith NJ, Lamont PJ, Moore SA, Mathews KD, North KN, Lamande
SR. Collagen VI glycine mutations: perturbed assembly and a spectrum of clinical
severity. Ann Neurol 2008;64:294-303.

27

28

29

30

31

32

33

34

35

36

37

38

39

40

4

42

43

44

45

Quijano-Roy S, Mbieleu B, Bonnemann CG, Jeannet PY, Colomer J, Clarke NF,
Cuisset JM, Roper H, De Meirleir L, D'Amico A, Ben Yaou R, Nascimento A, Barois
A, Demay L, Bertini E, Ferreiro A, Sewry CA, Romero NB, Ryan M, Muntoni F,
Guicheney P, Richard P, Bonne G, Estournet B. De novo LMNA mutations cause a
new form of congenital muscular dystrophy. Ann Neurol 2008;64:177-86.

Komaki H, Hayashi YK, Tsuburaya R, Sugie K, Kato M, Nagai T, Imataka G, Suzuki
S, Saitoh S, Asahina N, Honke K, Higuchi Y, Sakuma H, Saito Y, Nakagawa E,
Sugai K, Sasaki M, Nonaka I, Nishino I. Inflammatory changes in infantile-onset
LMNA-associated myopathy. Neuromuscul Disord 2011;21:563-8.

Bonne G, Levy N. LMNA mutations in atypical Werner's syndrome. Lancet
2003;362:1585-6; author reply 86.

Taylor MR, Fain PR, Sinagra G, Robinson ML, Robertson AD, Carniel E, Di Lenarda
A, Bohlmeyer TJ, Ferguson DA, Brodsky GL, Boucek MM, Lascor J, Moss AC, Li WL,
Stetler GL, Muntoni F, Bristow MR, Mestroni L. Natural history of dilated
cardiomyopathy due to lamin A/C gene mutations. / Am Coll Cardiol
2003;41:771-80.

Disertori M, Quintarelli S, Mazzola S, Favalli V, Narula N, Arbustini E. The need to
modify patient selection to improve the benefits of implantable
cardioverter-defibrillator for primary prevention of sudden death in non-ischaemic
dilated cardiomyopathy. Europace 2013;15:1693-701.

Anselme F, Moubarak G, Savoure A, Godin B, Borz B, Drouin-Garraud V, Gay A.
Implantable cardioverter-defibrillators in lamin A/C mutation carriers with cardiac
conduction disorders. Heart Rhythm 2013;10:1492-8.

Wu'S, Ibarra MC, Malicdan MC, Murayama K, Ichihara Y, Kikuchi H, Nonaka I,
Noguchi S, Hayashi YK, Nishino I. Central core disease is due to RYR1 mutations in
more than 90% of patients. Brain 2006;129(Pt 6):1470-80.

Donkervoort S, Hu Y, Stojkovic T, Voermans N, Foley AR, Leach ME, Dastgir J,
Bolduc V, Cullup T, de Becdelievre A, Yang L, Su H, Meilleur K, Schindler AB,
Kamsteeg EJ, Richard P, Butterfield R, Winder TL, Crawford T, Weiss RB, Muntoni F,
Allamand V, Bonnemann CG. Mosaicism for dominant collagen VI mutations as a
cause for intra-familial phenotypic variability. Hum Mutat 2015;36:48—56.

Witting N, Vissing J. Pharmacologic treatment of downstream of tyrosine kinase 7
congenital myasthenic syndrome. JAMA Neurol 2014;71:350-4.

Eschbach J, Sinniger J, Bouitbir J, Fergani A, Schlagowski Al, Zoll J, Geny B, Rene F,
Larmet Y, Marion V, Baloh RH, Harms MB, Shy ME, Messadeq N, Weydt P, Loeffler
JP, Ludolph AC, Dupuis L. Dynein mutations associated with hereditary motor
neuropathies impair mitochondrial morphology and function with age. Neurobiol Dis
2013;58:220-30.

Poirier K, Lebrun N, Broix L, Tian G, Saillour Y, Boscheron C, Parrini E, Valence S,
Pierre BS, Oger M, Lacombe D, Genevieve D, Fontana E, Darra F, Cances C, Barth
M, Bonneau D, Bernadina BD, N'Guyen S, Gitiaux C, Parent P, des Portes V,
Pedespan JM, Legrez V, Castelnau-Ptakine L, Nitschke P, Hieu T, Masson C,
Zelenika D, Andrieux A, Francis F, Guerrini R, Cowan NJ, Bahi-Buisson N, Chelly J.
Mutations in TUBG1, DYNC1TH1, KIF5C and KIF2A cause malformations of cortical
development and microcephaly. Nat Genet 2013;45:639-47.

Willemsen MH, Vissers LE, Willemsen MA, van Bon BW, Kroes T, de Ligt J, de Vries
BB, Schoots J, Lugtenberg D, Hamel BC, van Bokhoven H, Brunner HG, Veltman JA,
Kleefstra T. Mutations in DYNCTH1 cause severe intellectual disability with neuronal
migration defects. / Med Genet 2012;49:179-83.

Selcen D, Shen XM, Milone M, Brengman J, Ohno K, Deymeer F, Finkel R, Rowin J,
Engel AG. GFPT1-myasthenia: clinical, structural, and electrophysiologic
heterogeneity. Neurology 2013;81:370-8.

Senderek J, Muller JS, Dusl M, Strom TM, Guergueltcheva V, Diepolder I, Laval SH,
Maxwell S, Cossins J, Krause S, Muelas N, Vilchez JJ, Colomer J, Mallebrera CJ,
Nascimento A, Nafissi S, Kariminejad A, Nilipour Y, Bozorgmehr B, Najmabadi H,
Rodolico C, Sieb JP, Steinlein OK, Schlotter B, Schoser B, Kirschner J, Herrmann R,
Voit T, Oldfors A, Lindbergh C, Urtizberea A, von der Hagen M, Hubner A, Palace J,
Bushby K, Straub V, Beeson D, Abicht A, Lochmuller H. Hexosamine biosynthetic
pathway mutations cause neuromuscular transmission defect. Am J Hum Genet
2011;88:162-72.

Zoltowska K, Webster R, Finlayson S, Maxwell S, Cossins J, Muller J, Lochmuller H,
Beeson D. Mutations in GFPT1 that underlie limb-girdle congenital myasthenic
syndrome result in reduced cell-surface expression of muscle AChR. Hum Mol Genet
2013;22:2905-13.

Giusti B, Lucarini L, Pietroni V, Lucioli S, Bandinelli B, Sabatelli P, Squarzoni S,
Petrini S, Gartioux C, Talim B, Roelens F, Merlini L, Topaloglu H, Bertini E,
Guicheney P, Pepe G. Dominant and recessive COL6A1 mutations in Ullrich
scleroatonic muscular dystrophy. Ann Neurol 2005;58:400-10.

Baker NL, Morgelin M, Peat R, Goemans N, North KN, Bateman JF, Lamande SR.
Dominant collagen VI mutations are a common cause of Ullrich congenital muscular
dystrophy. Hum Mol Genet 2005;14:279-93.

Raffaele DI Barletta M, Ricci E, Galluzzi G, Tonali P, Mora M, Morandi L, Romorini
A, Voit T, Orstavik KH, Merlini L, Trevisan C, Biancalana V,
Housmanowa-Petrusewicz |, Bione S, Ricotti R, Schwartz K, Bonne G, Toniolo D.
Different mutations in the LMNA gene cause autosomal dominant and autosomal
recessive Emery-Dreifuss muscular dystrophy. Am J Hum Genet 2000;66:1407-12.
Bonne G, Mercuri E, Muchir A, Urtizberea A, Becane HM, Recan D, Merlini L,
Wehnert M, Boor R, Reuner U, Vorgerd M, Wicklein EM, Eymard B, Duboc D,

Chae JH, et al. / Med Genet 2015;52:208-216. doi:10.1136/jmedgenet-2014-102819

215

“ybuAdoo Aq parosroid 1sanb Aq 20z ‘6 |udy uo jwod g Buwly:dny woly papeojumoq ‘§T0Z Alenuer 62 U0 6T8Z0T-1T0Z-19usbpawl/ogTT 0T Se payslgnd 1sii :18us9 pajN


http://dx.doi.org/10.1177/0883073812436605
http://dx.doi.org/10.1177/0883073812436605
http://dx.doi.org/10.1002/ana.22510
http://dx.doi.org/10.1016/0960-8966(94)00017-4
http://dx.doi.org/10.1016/S0960-8966(99)00055-3
http://dx.doi.org/10.1016/j.nmd.2013.01.004
http://dx.doi.org/10.1016/j.nmd.2012.01.010
http://dx.doi.org/10.1212/01.wnl.0000284605.27654.5a
http://dx.doi.org/10.1093/brain/awp236
http://dx.doi.org/10.1186/gm100
http://dx.doi.org/10.1111/j.1442-200X.2012.03644.x
http://dx.doi.org/10.1186/1471-2350-14-118
http://dx.doi.org/10.1016/j.jmoldx.2012.01.009
http://dx.doi.org/10.1371/journal.pone.0067527
http://dx.doi.org/10.1038/nature08250
http://dx.doi.org/10.1136/jmedgenet-2012-100918
http://dx.doi.org/10.1186/gm13
http://dx.doi.org/10.1038/nmeth.1974
http://dx.doi.org/10.1097/GIM.0b013e31816b5cae
http://dx.doi.org/10.1212/01.wnl.0000271387.10404.4e
http://dx.doi.org/10.1136/jmg.2002.002311
http://dx.doi.org/10.1136/jmg.2004.023754
http://dx.doi.org/10.1136/jmg.2004.023754
http://dx.doi.org/10.1002/humu.22429
http://dx.doi.org/10.1002/humu.22429
http://dx.doi.org/10.1016/j.nmd.2006.07.015
http://dx.doi.org/10.1002/ana.21439
http://dx.doi.org/10.1002/ana.21417
http://dx.doi.org/10.1016/j.nmd.2011.04.010
http://dx.doi.org/10.1016/S0140-6736(03)14761-7
http://dx.doi.org/10.1016/S0735-1097(02)02954-6
http://dx.doi.org/10.1093/europace/eut228
http://dx.doi.org/10.1016/j.hrthm.2013.06.020
http://dx.doi.org/10.1093/brain/awl077
http://dx.doi.org/10.1001/jamaneurol.2013.5590
http://dx.doi.org/10.1016/j.nbd.2013.05.015
http://dx.doi.org/10.1038/ng.2613
http://dx.doi.org/10.1136/jmedgenet-2011-100542
http://dx.doi.org/10.1212/WNL.0b013e31829c5e9c
http://dx.doi.org/10.1016/j.ajhg.2011.01.008
http://dx.doi.org/10.1093/hmg/ddt145
http://dx.doi.org/10.1002/ana.20586
http://dx.doi.org/10.1093/hmg/ddi025
http://dx.doi.org/10.1086/302869
http://jmg.bmj.com/

Penisson-Besnier |, Cuisset JM, Ferrer X, Desguerre |, Lacombe D, Bushby K, Pollitt
C, Toniolo D, Fardeau M, Schwartz K, Muntoni F. Clinical and molecular genetic
spectrum of autosomal dominant Emery-Dreifuss muscular dystrophy due to
mutations of the lamin A/C gene. Ann Neurol 2000;48:170-80.

48

hyperthermia pedigree: correlation of the IVCT response with the affected and
unaffected haplotypes. J Med Genet 1997;34:291-6.

Waldmuller S, Erdmann J, Binner P, Gelbrich G, Pankuweit S, Geier C, Timmermann
B, Haremza J, Perrot A, Scheer S, Wachter R, Schulze-Waltrup N, Dermintzoglou A,

46 Cossins J, Liu WW, Belaya K, Maxwell S, Oldridge M, Lester T, Robb S, Beeson D. Schonberger J, Zeh W, Jurmann B, Brodherr T, Borgel J, Farr M, Milting H,
The spectrum of mutations that underlie the neuromuscular junction Blankenfeldt W, Reinhardt R, Ozcelik C, Osterziel KJ, Loeffler M, Maisch B,
synaptopathy in DOK7 congenital myasthenic syndrome. Hum Mol Genet Regitz-Zagrosek V, Schunkert H, Scheffold T. Novel correlations between the
2012;21:3765-75. genotype and the phenotype of hypertrophic and dilated cardiomyopathy: results

47  Keating KE, Giblin L, Lynch PJ, Quane KA, Lehane M, Heffron JJ, McCarthy TV. from the German Competence Network Heart Failure. Eur J Heart Fail
Detection of a novel mutation in the ryanodine receptor gene in an Irish malignant 2011;13:1185-92.

216 Chae JH, et al. J Med Genet 2015;52:208-216. doi:10.1136/jmedgenet-2014-102819

“ybuAdoo Aq parosroid 1sanb Aq 20z ‘6 |udy uo jwod g Buwly:dny woly papeojumoq ‘§T0Z Alenuer 62 U0 6T8Z0T-1T0Z-19usbpawl/ogTT 0T Se payslgnd 1sii :18us9 pajN


http://dx.doi.org/10.1002/1531-8249(200008)48:2<170::AID-ANA6>3.0.CO;2-J
http://dx.doi.org/10.1093/hmg/dds198
http://dx.doi.org/10.1136/jmg.34.4.291
http://dx.doi.org/10.1093/eurjhf/hfr074
http://jmg.bmj.com/

	Utility of next generation sequencing in genetic diagnosis of early onset neuromuscular disorders
	Abstract
	Introduction
	Methods
	Patients
	Targeted genes and sample preparation library
	Sequencing analysis
	Variant annotation and identification of mutations
	Confirmation

	Results
	Sequencing summary
	Spectrum of genes with suspected variants
	Identification of pathogenic mutations with phenotypic characteristics
	Muscular dystrophies
	Congenital myopathies
	Congenital myasthenia
	Neuropathies

	Likely pathogenic variants and VUS

	Discussion
	References


