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New massive parallel sequencing approach improves
the genetic characterization of congenital myopathies

Jorge Oliveira1,2, Ana Gonçalves1,2, Ricardo Taipa3, Manuel Melo-Pires3, Márcia E Oliveira1,2,
José Luís Costa4,5, José Carlos Machado4,5, Elmira Medeiros6, Teresa Coelho7, Manuela Santos8,
Rosário Santos1,2,9,12 and Mário Sousa2,10,11,12

Congenital myopathies (CMs) are a heterogeneous group of muscle diseases characterized by hypotonia, delayed motor skills and

muscle weakness with onset during the first years of life. The diagnostic workup of CM is highly dependent on the interpretation

of the muscle histology, where typical pathognomonic findings are suggestive of a CM but are not necessarily gene specific. Over

20 loci have been linked to these myopathies, including three exceptionally large genes (TTN, NEB and RYR1), which are a

challenge for molecular diagnosis. We developed a new approach using massive parallel sequencing (MPS) technology to

simultaneously analyze 20 genes linked to CMs. Assay design was based on the Ion AmpliSeq strategy and sequencing runs

were performed on an Ion PGM system. A total of 12 patients were analyzed in this study. Among the 2534 variants detected,

14 pathogenic mutations were successfully identified in the DNM2, NEB, RYR1, SEPN1 and TTN genes. Most of these had not

been documented and/or fully characterized, hereby contributing to expand the CM mutational spectrum. The utility of this

approach was demonstrated by the identification of mutations in 70% of the patients included in this study, which is relevant

for CMs especially considering its wide phenotypic and genetic heterogeneity.
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INTRODUCTION

Congenital myopathies (CMs) are a highly heterogeneous and
continuously expanding, group of muscle diseases with an estimated
incidence of around 6 per 100 000 live births.1 On the severest end of
the disease spectrum, CMs are characterized by muscle weakness and
hypotonia with neonatal onset or during the first years of life, which
often give rise to respiratory and feeding difficulties.1,2 Typical features
may include weakness of facial and bulbar muscles, and
also involvement of extraocular muscles (ophthalmoparesis or
ophthalmoplegia).3 Typical forms of CM may also present during
childhood as motor development delay and/or waddling gait.1 At
the other end of the scale, it is now clear that some patients with
subtle congenital muscle weakness might remain undiagnosed
until adulthood, when muscle strength deteriorates or respiratory
insufficiency settles in.1,4

The classification and the diagnostic workup of CMs are highly
reliant upon the identification of distinct structural abnormalities
detected in muscle biopsies.3,5 Based on pathognomonic findings CMs

are subdivided into four major groups: (i) CMs with rods in nemaline
myopathy (NM), (ii) CMs with cores, which includes central core
disease, multiminicore disease and multicore myopathy, (iii) CMs with
central nuclei (centronuclear myopathy) and (iv) congenital fiber-type
size disproportion.5 Other less common subtypes such as cap or
core-rod myopathies, which might represent overlapping
myopathological entities, have been also reported.6,7 Although these
findings are of extreme diagnostic value, in some patients the muscle
biopsy may display only unspecific myopathic features such as type 1
fiber predominance/uniformity.8

More than 20 different genes are currently known to be associated
with CMs (http://musclegenetable.fr/, August 2015). The majority of
these loci encode basic structural components of the sarcomere or
proteins involved in calcium homeostasis, both crucial for normal
muscle structure and function.1 Other genetic defects give rise to
abnormal triad structure due to aberrant tubulogenesis and/or
abnormal membrane recycling.9 Among these loci there are three
particularly large genes: Titin (TTN) with 363 exons, Nebulin (NEB)
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with 183 and the Ryanodine receptor 1 (RYR1) with 106.
Consequently, conventional Sanger sequencing of these genes is
extremely laborious and costly. These aspects might explain the lack
of thorough studies for large genes such as TTN and the limited
number of patients reported in the literature.10 The genetic study
workup is complex considering that the same clinical entity can be
caused by mutations in different genes, as may the same defective gene
give rise to distinct myopathies. RYR1-related myopathies are among
the best examples. Nearly all subtypes of CMs (central core disease,
centronuclear myopathy, congenital fiber-type size disproportion and
core-rod myopathy) have been reported as linked to RYR1
mutations.3,4 In addition, although muscle histology is important for
the diagnostic workup of CMs, pathognomonic findings (such as rods
in NM) are not necessarily gene specific.11 The considerable
genetic and clinical heterogeneity is reflected by the large number
of genetic studies reported to be inconclusive. Essentially owing to
these challenging diagnostic and technical difficulties, a significant
proportion of CM patients are still genetically unsolved.2

With the advent of the novel massive parallel sequencing (MPS)
technologies, we have developed a new targeted resequencing
approach, which allows the simultaneous analysis of 20 genes
implicated in CMs. Besides contributing to expand the mutational
spectrum of CMs, our study enabled the identification of mutations in
7 CM patients (out of 10 who were prospectively studied), thereby
demonstrating its clinical utility.

MATERIALS AND METHODS

Patients
A total of 12 patients were included in this study. Two patients with mutations
previously identified by conventional sequencing were used for assay validation.
The first patient used as a positive control (C1) was diagnosed with a
centronuclear myopathy due to a heterozygous mutation (c.1393C4T,
p.Arg465Trp) in the DNM2 gene. The second patient (C2) has a mild core
myopathy with adulthood onset, caused by two heterozygous RYR1 missense
mutations (patient 1 in Duarte et al.12).
For the prospective part of this study, 10 genetically uncharacterized patients

(P1–P10) were selected based on features compatible with CMs, namely
(i) early disease onset (neonatal or up to early childhood) and (ii) muscle
histology suggestive of CMs or with structural defects. Eight of these patients
had structural changes on muscle biopsy: three with central nuclei (P1B, P2 and
P8), three with rods (P3, P5 and P7) and two with minicores (P4 and P6).
The remaining two patients (P9 and P10) had unspecific myopathic changes
seen on muscle biopsy, mainly type 1 fiber predominance. Parents and other
family members, when available, were studied to demonstrate compound
heterozygosity in autosomal recessive cases and/or to ascertain the parental
origin of the mutations. This research work was approved by the ethics
committee of Centro Hospitalar do Porto.

Muscle histology analysis
The routine diagnostic workup consisted of an open biopsy (deltoid, quadriceps
or gastrocnemius muscle) and histological (hematoxylin and eosin stain,
periodic acid-Schif and gomori trichrome) and histochemical (reduced NADH,
succinic dehydrogenase, cytochrome oxidase and adenosine triphosphatase)
studies performed on frozen material. Semi-thin sections at 1 μm from resin
embedded muscle were also routinely used.

AmpliSeq assay design
The first task consisted in the development of a targeted resequencing approach
based on semiconductor technology to simultaneous analyze 20 genes linked to
CMs, namely ACTA1, BIN1, CFL2, CNTN1, DNM2, KBTBD13, KLHL40,
MEGF10, MTM1, MYBPC3, MYH2, MYH7, NEB, RYR1, SEPN1, TNNT1,
TPM2, TPM3, TRIM32 and TTN (Supplementary Data I). Assay design was
performed using the Ion AmpliSeq Designer software (Life Technologies, Foster

City, CA, USA) pipeline 2.2.1. Based on a list of representative transcripts for
these loci (Supplementary Data I), target regions were selected from the
University of California Santa Cruz, California, USA (UCSC) Genome
Browser (http://genome.ucsc.edu/index.html). Targets included exonic regions
(with 50 bp into flanking introns) and untranslated regions. The obtained
custom Ampliseq assay covered 92.6% of these regions comprising a total of
~ 320 thousand base pairs (bp) and consisted of 2077 different amplicons
(ranging from 64 to 239 bp, 174 bp on average), divided into two independent
primer pools for multiplex PCR.

Library and template preparation
Sample quality of patient genomic DNA was evaluated by gel electrophoresis
and quantified using Qubit dsDNA HS Assay Kit (Life Technologies). A total of
10 ng of genomic DNA were used in each multiplex PCR reaction. Library
amplifications, digestion, bar-coding and purification was performed according
to the Ion AmpliSeq Library Kit version 2.0 (Life Technologies) instructions.
Library quantification was performed using the Qubit dsDNA HS Assay.
All libraries were diluted to the same concentration and pooled to ensure an
equal representation of the different samples.
The diluted and combined libraries were subjected to amplification by

emulsion PCR using Ion Personal Genome Machine (PGM) Template OT
2 200 Kit (Life Technologies) and prepared on an Ion OneTouch 2 Instrument
(Life Technologies) according to the manufacturer’s protocol. Enrichment
of template Ion Sphere particles was performed using the Ion OneTouch
2 enrichment system (Life Technologies).

Semiconductor sequencing
Sequencing was carried out on a PGM system platform based on
semiconductor technology.13 Two independent experiments were performed,
using the Ion 316 and 318 chips, allowing four or eight bar-coded samples,
respectively. The Ion Sequencing Kit v2.0 (Life Technologies) was used to
perform sequencing runs, following the manufacturer’s recommended
protocols. Torrent Server version 4.0.2 was used to obtain the basic run
metrics and to generate Binary Alignment Map and Variant Caller Format files.
Torrent Variant Caller was set for germline – low stringency – calls.

Data analysis and interpretation
Variant annotation and filtering steps were performed using Ion Reporter v4.2
software (http://ionreporter.lifetechnologies.com/) (Life Technologies). Variant
Caller Format files from each patient were added to Ion Reporter and were
annotated using the ‘annotate variants single sample’ workflow incorporated in
this software. A filter chain was created to restrict the number of variants,
which consisted in the removal of single-nucleotide polymorphisms (SNPs)
present on the UCSC common SNPs list (those with at least 1% minor
allele frequency). Alamut Visual v2.4 software (Interactive Biosoftware, Rouen,
France) was used to assist variant analysis and interpretation. The software
also incorporates algorithms to evaluate the impact of missense mutations
and the effect on splicing, and allows the simultaneous visualization of
Variant Caller Format and Binary Alignment Map files. GenomeBrowse
v2.0.0 (Golden Helix, Bozeman, MT, USA) was used for visual inspection of
Binary Alignment Map files.

Variant validation and expression analysis
Clinically relevant variants (classified as pathogenic) were confirmed by a new
PCR using in-house designed primers (sequences in Supplementary Data II)
and the resulting amplicons sequenced by the Sanger method.
Variants possibly affecting splicing were evaluated by expression studies at

the mRNA level. Total RNA was obtained from cryopreserved muscle samples
(P4 and P7) using the PerfectPure RNA Fibrous Tissue kit (5 PRIME, Hilden,
Germany) or from whole blood (patient P3) extracted with the PerfectPure
RNA Blood Kit (5 PRIME). After conversion to cDNA with the High Capacity
cDNA Reverse Transcription kit (Life Technologies), these samples were
amplified by PCR using specific primers annealing to different regions of
TTN and NEB transcripts (primers sequences in Supplementary Data II). PCR
products were purified with Illustra ExoStar (GE Healthcare, Little Chalfont,
UK). A new PCR was prepared with BigDye Terminator kit V3.1 chemistry
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(Life Technologies). Sequencing reactions were run on an ABI 3130xl genetic
analyser (Life Technologies).

RESULTS

Development of a new sequencing approach for CMs
The initial task was the development of a new gene panel based on
MPS, designed using the Ion AmpliSeq software. An overall coverage
of 95% was obtained for the genomic coding sequence (CDS) that was
considered suitable for this research. The CDS coverage of each locus
ranged between 77 and 100% with the majority of the genes (n= 15)
having a coverage above 90% (Supplementary Data I). For the
remaining loci, all except the NEB gene could be explained by the
presence of high GC content regions, having higher impact in smaller
genes. These regions are amenable to filling in by Sanger sequencing.
In the case of NEB the lower coverage (85%) is explained by the
existence of a triplicated region (three almost identical sequence
blocks) encompassing exons 82–89, 90–97 and 98–105. Since the
majority of MPS approaches are based on the alignment of short
sequences, the obtained reads and variants will not be mapped with
precision.
The sequencing runs performed on the total of 12 samples

generated 6.5 million sequence reads, with an average coverage depth
of 257x (Supplementary Data III) and with 97.0% of the target regions
successfully covered. A total of 2535 sequence variants were called:
2348 single-nucleotide variants and 187 insertion/deletions (INDEL),
corresponding to an average of 211.4 variants per individual
(Supplementary Data III).
The high number of variants obtained in this work required the

development of a computational filtering strategy to facilitate
the analytic process and to concentrate on the variants that most
likely correlated with the patients’ phenotypes. Single-nucleotide
variants listed as common SNPs in the UCSC database were excluded
from further analysis. As a result, 86% of the detected variants were
filtered out, meaning that an average of ~ 29 variants per patient
remained to be analyzed in detail. Data interpretation implied
evaluating: (i) the variant predictable impact, (ii) the frequency in
publically available genetic variant databases (dbSNP and exome
variant server (EVS)) and (iii) the data available in locus specific
databases (Leiden Muscular Dystrophy Pages).
A total of 14 pathogenic variants listed in Table 1 were detected in

nine patients whose clinical data are shown in Table 2. The three
missense mutations previously identified by conventional sequencing
in the two positive controls (C1 and C2) were successfully detected.
The remaining 11 mutations were identified in seven patients of the
prospective study; these were located in RYR1 (n= 4), NEB (n= 4)
and TTN (n= 3). One additional heterozygous mutation in the
selenoprotein N 1 gene (SEPN1) was also identified. In this case,
and so as to exclude the presence of a second pathogenic variant, this
gene was completely resequenced by the Sanger method. In one of the
patients (P2) with a novel heterozygous nonsense mutation in RYR1,
gene analysis was complemented by conventional sequencing, leading
to the identification of a second heterozygous mutation located in a
region not covered by the assay (part of exon 101).
In this work, a total of 67 variants (the majority intronic or located

in untranslated regions) were found to be unclassified variants; these
included both ultra-rare sequence changes (reported in genetic
databases with a frequency bellow 0.1%) and novel variants. Finally,
43 known polymorphisms were also identified, reported in the EVS
database with frequencies higher than 0.1% and thus not listed in the
USCS common SNP table.

Difficulties and potential pitfalls
During the validation of the MPS gene panel for CMs, the zygosity of
one of the mutations (chr19:g.38986918C4G, c.6612C4G) in
positive control C2 was not correctly established. After reviewing
Sanger sequencing data and the MPS alignment, a rare SNP
(c.6549-51C4T) was identified in the intronic region where the
respective MPS forward primer anneals. This variant prevented the
amplification of the normal allele and caused a PCR allele dropout,
thereby explaining the apparent genotype discrepancy (Supplementary
Data IV).
It is noteworthy that during the optimization of the analytical

process, an intronic mutation (chr2:g.152417626_152417632del) was
initially filtered out. The reference SNP (rs) cluster identification of a
known variant was attributed to this 7 bp deletion during the
annotation performed by Ion Reporter (Supplementary Data IV).
By default the Ion Reporter algorithm associates variants to the rs
number based on the genomic coordinates involved rather than the
specific variant itself. As a consequence, if a deletion or duplication
coincides with the genomic position of a known SNP, the software
attributes the same rs number. Considering this potential pitfall, all
filtered-out INDEL variants were manually rechecked.
About 9% of the total numbers of variants called were classified

as false positives. These false-positive variants resulted from:
(i) sequencing artifacts in homopolymeric regions (consistently found
in several samples tested), (ii) variants in shorter reads due to
mis-priming events (similar to those reported by McCall et al.14)
and usually showing a biased proportion of mutated/normal reads)
and to a lesser extent (iii) variants located in regions with low
coverage depth.

RYR1-related myopathies
Three patients (P1, P1B and P2) from two families were identified has
having an autosomal recessive congenital myopathy due to defects in
the ryanodine receptor 1 gene (Figure 1). All three patients had
marked hypotonia and respiratory distress during the neonatal period
but there was some degree of clinical variability. The two brothers
from the first family are both wheelchair dependent (P1 never walked)
and have a severe tetraparesis, whereas patient P2 achieved
independent locomotion at 3.5 years of age and currently (at 28 years
of age) walks without support. The patients’ muscle biopsies showed
considerable fiber size variability and frequent fibers with abnormal
centrally placed nuclei – pathognomonic features for a central nuclear
myopathy (Figure 1a). Four novel mutations were identified in RYR1
(Figure 1b); these comprised two nonsense mutations (p.Gln4004*
and p.Arg3053*) and two missense mutations (p.Met4881Ile and
p.Pro1267Arg) affecting highly conserved residues. Bioinformatic
analysis resorting to two distinct algorithms corroborated the
pathogenic impact of these missense variants. The genotype was
concordant between all three cases, since there is compound
heterozygosity of a missense and a nonsense mutation (Figure 1c).

NEB-related myopathies
Patients P3, P5 and P7 were seen to have rods in their muscle biopsy,
evocative of an NM (Figure 2a). Interestingly, in the first biopsy of P5
there were features compatible with congenital fiber-type size
disproportion, with a focal area showing structures resembling rods.
A second biopsy performed 2 years later showed larger areas and
number of the typical rods. In terms of their clinical presentation,
phenotypes were rather dissimilar, varying from a very mild distal
myopathy diagnosed during adulthood to a congenital form of NM
with bilateral club foot and requiring non-invasive ventilation.
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The first patient (P3) is a 75-year-old man with a slowly progressive
distal myopathy. His motor and cognitive development was described
as normal. After his 60s there were complaints of proximal upper limb
and cervical weakness. There is no respiratory or cardiac involvement.
All the variants identified in the NEB gene of this patient were detected
in homozygosity including one mutation (c.19944G4A) located in
the last base of exon 129 (Figure 2b). Since no known parental
consanguinity was reported, the possibility of a large deletion spanning
the entire NEB gene was excluded by the analysis of the amplicon’s
normalized coverage depth (Supplementary Data V). The
c.19944G4A mutation was previously reported as pathogenic
and possibly affecting splicing,15 which was corroborated by our
bioinformatic analysis. However, until now, its effect had not been
experimentally proven. This mutation causes the disruption of the
canonical splice site (naturally occurring), and a cryptic splice site
located within intron 129 is used instead (Figure 2c). The outcome of
this splice-site change is a partial intronic retention (120 bp) culmi-
nating in a premature termination codon and a shortened nebulin
protein (p.Asn6649_Ile8560delins27). The patient has a brother with
similar muscle complaints but he was unavailable for study; no other
family members were known to be affected.
The second NEB mutation identified in this work

(c.24294_24297dup) was detected in patient P5 (Figure 2b), probably
in homozygosity since his parents are first degree cousins. This
frameshift duplication was previously found in heterozygosity in
patients with NM.15–17 The neonatal period of patient P5 was
uneventful with only initial feeding difficulties reported. There was
significant respiratory involvement starting at 2 years of age. Two years
later the respiratory difficulties progressed, requiring non-invasive
ventilation. Corrective surgery for scoliosis was performed at 15 years
of age. He currently has a proximal tetraparesis and walks without

assistance. The patient had an older brother (deceased and without
genetic studies) with a similar phenotype.
Patient P7 had the severest NM presentation of the three cases

included in this work. He had a congenital disease onset, presenting at
birth with hypotonia and predominantly distal muscle weakness with
bilateral club foot. The patient required non-invasive ventilation since
the age of 8. He has two heterozygous mutations in the NEB gene
(Figure 2b). Although his parents were not studied, these mutations
are likely to have distinct origins, since only one (p.Arg7026*) is in
common with a distant cousin also affected with NM. This nonsense
mutation has been previously identified in a third Portuguese patient
with a (NEB-related) NM.15 Surprisingly, this patient is reported to
carry the same nonsense mutation as found in our patient P7 and the
splicing mutation (c.19944G4A) identified in our patient P3. She was
described as having a typical NM, which is milder than patient P7 but
more severe than P3.
The other NEB mutation found in patient P7, a 7 bp deletion

located at the end of intron 122 (c.19102-4_19102-10del), was also
previously described15 but not evaluated at the mRNA level. We
demonstrated that it affects the NEB splicing process (Supplementary
Data VI). Two abnormal transcripts were identified in muscle-derived
total RNA: one is consequential of the exon 123 skipping
(r.19102_19206del) and the other is the total retention of intron 122
(r.19101_19102ins19101+1_19102-1) in mature mRNA, predictably
originating a shorter polypeptide. Patient P7 is also a carrier of a
pathogenic variant (c.1384T4G, p.Scy462Gly) in the SEPN1 gene.
Although it may not influence the patient’s phenotype, this variant
should be considered for genetic counseling purposes in this family.

TTN-related myopathies
Mutations in the TTN gene were identified in two unrelated cases
(P4 and P6) (Figure 3). Patient P4 had a severe neonatal hypotonia

Table 2 Clinical data of the patients presented in this work

Patient/

gender

Age

(years) Onset Hypotony

Muscle

weakness

CK

(IU/l) Ambulant?

Facial

involvement?

Cardiac

involvement?

Respiratory

insufficiency? Scoliosis?

C1
M

20 Early
childhood

N Ophthalmoparesis; tetraparesis;
weakness predominantly in lower limbs

47 Y Y N N N

C2
F (*)

43 (**) Adulthood N Only myalgia 456 Y N NA N NA

P1
F

28 Neonatal Y Ophthalmoparesis; bulbar weakness;
proximal tetraparesis; axial muscle
weakness

NP N (never
walked)

Y N Y (refused
NIV)

Y
(corrected
by surgery
13 yr)

P1B
M

34 Neonatal Y Ophthalmoparesis; bulbar weakness;
proximal tetraparesis; axial muscle
weakness

18 N (never
walked)

Y N Y (refused
NIV)

Y
(corrected
by surgery
15 yr)

P2
F

23 Neonatal Y Ophthalmoparesis; bulbar weakness;
proximal tetraparesis; axial muscle
weakness

5 Y (3.5 yr) Y N Y (NIV since
16 yr of age)

Y
(corrected
by surgery
12 yr)

P3
M

75 Early
childhood

N Severe and early bilateral foot drop; later
with milder facial, cervical and proximal
upper limb weakness

Norm. Y Y N N N

P4
M

Deceased
(at 10 yr
of age)

Congenital
(arthrogryposis)

Y Facial and bulbar weakness; severe
tetraparesis; axial muscle weakness

Norm. N (never
walked)

Y Y (dilated cardi-
omyopathy)

Y (IV during
neonatal
period)

Y (not
corrected)

P5
M

16 Infancy N Early respiratory muscle involvement;
facial and bulbar weakness; proximal
tetraparesis and later distal involvement;
axial muscle weakness

137 Y Y N Y (NIV since
4 yr of age)

Y
(corrected
by surgery
15 yr)

P6
M

17 Infancy N Facial weakness; proximal tetraparesis 54 Y Y N N N

P7
M

12 Congenital
(bilateral club
foot)

Y Facial diparesis and bulbar weakness;
tetraparesis predominantly distal

NP Y (2 yr) Y N Y (NIV since
8 yr of age)

N

Abbreviations: F, female; IV, invasive ventilation; M, male; N, no; NA, not assessed; NIV, non-invasive ventilation; norm., within normal range; NP, not performed; Y, yes; yr, years; (*), reported in
Duarte et al.12; (**), age at the time of publication.
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with ophthalmoparesis, facial and bulbar weakness, dilated
cardiomyopathy (cause of death at 10 years of age), requiring invasive
ventilation and a feeding tube. The youngest of his two brothers had a
similar phenotype and died during the neonatal period. P4’s muscle
biopsy showed myopathic features and multiple minicores (Figure 3a).
Two novel heterozygous mutations in TTN were identified in patient
P4. One of the mutations is a 2 bp deletion (c.76109_76110del;
Figure 3b) of paternal origin, which presumably gives rise to a
premature termination codon and a shorter polypeptide
(p.Ile25370Argfs*6). The second mutation, maternally inherited, is
an intronic single-nucleotide variant located near the splice site
(c.52102+5G4A). As predicted by bioinformatic analysis, muscle
RNA studies revealed that this variant is disease causing: the canonical
splice site is abolished and a cryptic splice site located within exon 273
is alternatively used, originating an in-frame deletion of 69 bp
(Figure 3c). The analysis of the other family members demonstrated
the autosomal recessive inheritance pattern (Figure 3d).
Patient P6 had a milder phenotype, presenting with delayed walking

during infancy. He had facial and limb-girdle weakness, mostly
scapular weakness. Muscle biopsy showed myopathic changes and
multicores (Figure 3a). The patient is currently 17 years old and shows
no respiratory or cardiac involvement. The genetic study revealed a de
novo heterozygous mutation: a 2 bp insertion in exon 304
(c.61679_61680insCC) (Figure 3b) that predictably gives rise to a

premature stop codon in the A-band of Titin (p.Ser20561Leufs*17).
Additionally, a novel silent variant was identified in exon 358
(c.105648G4A), but its effect at the mRNA level has yet to be
determined.

DISCUSSION

We report the development of a novel and efficient method for
mutation detection based on MPS and its application in the genetic
characterization of patients with CMs.
Several centers reported low positivity rates in the molecular

characterization of CM patients. These numbers may be seen in light
of the fact that these studies were restricted to a relatively small
number of candidate genes that were known, until recently.3

Additionally, although some clinical and histological features allow
some diagnostic guidance to the genetic study, in a subset of cases
neither can orientate towards a (single) specific gene. Since the
pathognomonic morphological abnormalities may show progressive
or age-related changes,5 the diagnostic value of the muscle biopsy
depends when it is performed. As a final point, the severest end of the
CM disease spectrum includes cases with prenatal onset and neonatal
death, where the scarcity of clinical symptoms and the limited number
of additional tests often cut short the diagnostic workup.
The introduction of new sequencing technologies (next-generation

sequencing or MPS) circumvented some of these limitations, enabling

Figure 1 RYR1-related centronuclear myopathy. (a) Patients P1B and P2 histology of deltoid muscle biopsies (hematoxylin and eosin with x400
magnification). In both there is abnormal fiber size variability, with atrophic fibers and central nuclei. In patient P1B the majority of atrophic and hypotrophic
fibers were type 1 fibers resembling congenital fiber-type size disproportion (not shown). (b) Heterozygous RYR1 pathogenic variants identified in patient P1:
(i) nonsense mutation c.12010C4T (p.Gln4004*) was identified by MPS (top part) and confirmed by Sanger sequencing (bottom); (ii) missense mutation
c.14643G4A p.(Met4881Ile). Mutations identified in patient P2: (i) nonsense mutation c.9157C4T (p.Arg3053*) and (ii) missense mutation c.3800C4G
(p.Pro1267Arg). (c) Patients’ family pedigrees suggesting an autosomal inheritance pattern. A full color version of this figure is available at the Journal of
Human Genetics journal online.
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genetic diagnosis of diseases which had been considered extremely
difficult to study by traditional methods. Different strategies based on
MPS have been proposed for the genetic characterization of hereditary
myopathies. These range from gene panels with a limited number of
loci aiming to obtain high coverage depth,18,19 to larger panels
targeting several loci known to be implicated in myopathies20 or even
those with a broader scope, such as that covering all known
neuromuscular disorders.21 To address the genetic heterogeneity of
these diseases, several successful applications of whole-exome or
-genome sequencing were reported in the literature.22–25 Irrespective
of the approach taken, the histopathological findings should be
correlated with the genetic data that are generated, as these can help
narrow down the genetic studies considerably.26

Our strategy consisted in the development of a well delimited gene
panel for CMs which in the present cohort led to an overall mutation
detection rate of 70%. This is relevant considering that the assay does
not include all the genomic regions, nor does it detect the presence of
large genomic rearrangements. In patient P6 only one heterozygous
frameshift mutation was identified. This was a de novo mutation
(not detected in the patient’s parents and paternity was confirmed).
TTN-related myopathies are currently an expanding group of diseases,
seen to have a wide clinical presentation that ranges from congenital to
late adulthood onset, and with autosomal recessive or dominant
inheritance.10 The histological data of patient P6 showed the presence
of multicores in NADH staining and by electron microscopy areas of
sarcomeric disruption with irregularities and smearing of the Z line
and disorganization of the myofibrils (data not shown). Additional

experimental evidence is being gathered to clarify the impact of the
apparently silent variant (c.105648G4A) and to rule out or confirm
the presence of an additional TTN mutation, not detectable by the
methods used.
About 25% of the variants detected in this group of patients

required further studies (in particular, expression analysis at the
mRNA level). Although bioinformatic analysis was highly suggestive
of their pathogenic nature, their impact was ultimately demonstrated
by these additional studies. The best example was the study of patient
P3, where NEB gene analysis revealed the presence of an apparently
silent homozygous variant (c.19944G4A), described in previous
reports as likely to be deleterious.16 Given that the patient’s biopsy
was performed several years ago and there were no muscle fragments
to obtain RNA, the possibility of using blood-derived transcripts was
evaluated. In fact, we detected suitable expression of nebulin in whole-
blood nucleated cells, which enabled the study of the c.19944G4A
variant and its effect on splicing. This mutation abolishes the normal
splice-site consensus sequence leading to the use of an alternative
(cryptic) splice in the adjacent intron. It is predictable that this partial
intronic retention creates a premature termination codon and thus a
shorter nebulin protein. The presence of a residual amount of normal
transcripts, possibly due to a leaky mutational effect, explains the
milder phenotype in this patient.
Even though the application of this gene panel was very successful,

some technological limitations should be mentioned. First, one variant
in a positive control was incorrectly genotyped due to an allele
dropout during PCR, owing to the presence of a rare SNP in the

Figure 2 NEB-related nemaline myopathy. (a) Histological features of deltoid muscle biopsies of patients P5 and P7 (hematoxylin and eosin with x200
magnification in P5 and x400 in P7; GT with x400 magnification). In patient P5 there was fiber size variability, with severely atrophic fibers, corresponding
to the majority to type 1 fibers. On the GT stain, there was a small area with some structures resembling rods. In P7 case, the typical rods were clearly seen
on the GT stain. (b) Homozygous NEB mutations identified in patient P3 (c.19944G4A) and P5 (c.24294_24297dup), identified by MPS (top part) and
confirmed by Sanger sequencing. Two heterozygous NEB mutations identified in patient P7: (i) an intronic deletion of 7 bp (c.19102-4_19102-10del)
affecting the acceptor splice site and (ii) a nonsense mutation c.21076C4T (p.Arg7026*). (c) Characterization of the effect of the c.19944G4A mutation
at the mRNA level. This mutation abolishes the normal donor splice site, shifting towards the use of an alternative (cryptic) splice site in intron 129, which
predictably originates a premature stop codon and a shorter polypeptide. Abbreviation: GT, gomori trichrome. A full color version of this figure is available at
the Journal of Human Genetics journal online.
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patient. Such events are not unusual in conventional sequencing. In an
attempt to avoid this pitfall, the bioinformatic process for primer
design used in the Ampliseq strategy takes into account positions of
known SNPs. However, de novo, ultra-rare or population-specific
variants will not be considered in the pipeline. This false-positive result
had no practical implication in our study, because all the variants
identified by MPS were confirmed by Sanger sequencing. Our main
concern is the scenario where the allele dropout prevents the
amplification of the mutated allele, generating a false-negative result.
Data analysis is one of the biggest hurdles in this technology, given the
different possibilities of error that may lead to false-positive or
-negative results.27 As shown here, besides the development of the
MPS gene panel it was necessary to deploy a strategy to deal with the
large number of variants by using specific variant filters. During this
process, one of the mutations detected in this work was initially
filtered out due to incorrect annotation. It is highly recommended,
especially in large variant datasets, that different sources of variant
annotation be used so as to ensure to allow accuracy and consistency.
Variant annotation is one additional layer of variability in MPS28

which very often remains disregarded.

As a future perspective, the intention is to expand this gene panel to
include loci that have recently been linked to CMs, namely KLHL41,
LMOD3 and SPEG.29–31 It would also be relevant to perform
whole-exome sequencing in patients who remain genetically unsolved
after screening with this gene panel.
In conclusion, the wide phenotypic heterogeneity and huge size of

the candidate genes makes diagnosis of CM complex, costly and labor
intensive. We have developed and demonstrated the clinical utility of a
new MPS gene panel for the screening of these patients. In 7 of the 10
undiagnosed cases, pathogenic variants were identified, most of which
contributed towards widening both the mutational and the phenotypic
spectra of CMs.
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