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Myopathies and muscular dystrophies (M-MDs) are genetically heterogeneous diseases, with >100
identified genes, including the giant and complex titin (TTN) and nebulin (NEB) genes. Next-generation
sequencing technology revolutionized M-MD diagnosis and revealed high frequency of TTN and NEB
variants. We developed a next-generation sequencing diagnostic strategy targeted to the coding se-
quences of 135 M-MD genes. Comparison of two targeted capture technologies (SeqCap Q12EZ Choice library
capture kit and Nextera Rapid Capture Custom Enrichment kit) and of two whole-exome sequencing kits
(SureSelect V5 and TruSeq RapidExome capture) revealed best coverage with the SeqCap EZ Choice
protocol. A marked decrease in coverage was observed with the other kits, affecting mostly the first
exons of genes and the repeated regions of TTN and NEB. Bioinformatics analysis strategy was fine-
tuned to achieve optimal detection of variants, including small insertions/deletions (INDELs) and
copy number variants (CNVs). Analysis of a cohort of 128 patients allowed the detection of 52 sub-
stitutions, 13 INDELs (including a trinucleotide repeat expansion), and 3 CNVs. Two INDELs were
localized in the repeated regions of NEB, suggesting that these mutations may be frequent but
underestimated. A large deletion was also identified in TTN that is, to our knowledge, the first published
CNV in this gene. (J Mol Diagn 2018, -: 1e17; https://doi.org/10.1016/j.jmoldx.2018.04.001)

MyopathiesQ13 and muscular dystrophies (M-MDs) are a set of
phenotypically and genetically heterogeneous diseases, with
>100 genes identified so far.1 Massively parallel
sequencing or next-generation sequencing (NGS) technol-
ogies revolutionized the field of molecular characterization
of these heterogeneous disorders, because they allowed
sequencing, in a single run, of all currently known genes.2

In particular, several genes that were not currently
analyzed because of their large size, such as the titin gene

TTN (Online Mendelian Inheritance in Man no. 188840)
with 363 exons and the nebulin gene NEB (Online Men-
delian Inheritance in Man no. 161650 Q14) with 183 exons, can
now be analyzed exhaustively by NGS.
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Compared with whole-exome sequencing (WES), NGS
strategies targeted to specific genes (exons and exon-intron
junctions) require sequencers and computing resources of
lower throughput and generate fewer variants that are
restricted to phenotype-related genes and for which labora-
tories have expertise. Moreover, targeted strategies demon-
strate better performance in terms of coverage (depth and
uniformity), highlighted by the discovery of 20% to 30%
additional variants in comparison withWES in a study of 177
unsolved cases of myopathies.3 For these reasons, although
targeted NGS does not allow detection of mutations in genes
not previously implicated in M-MDs, this approach repre-
sents a first choice strategy in diagnostic practice.4 Because
there is no commercial kit dedicated for each specific syn-
drome, implementation of targeted NGS strategy in a diag-
nostic context requires an in-depth development step to
ensure capture of regions of interest in an exhaustive manner.
This can be particularly tricky inGC-rich sequences located in
first exons of most genes and in repeated regions, such as the
tandem repeat regions of TTN and NEB.5,6 In NEB, the trip-
licated region of 24 exons is arranged as three sets of eight
nearly perfectly repeated exons (82 to 89, 90 to 97, and 98 to
105). The TTN gene has three tandem repeats (exons 172 to
180, 181 to 189, and 190 to 198) sharing 99%DNA sequence
homology among them.

In contrast to their high sensitivity for detection of sub-
stitutions, published bioinformatics pipelines are not fully
reliable for insertion/deletion (INDEL) detection.7 This is
detrimental because INDELs are the second most common
type of genomic variants after single-nucleotide sub-
stitutions,8 in particular in nebulinopathies.9 This warrants
the use of customized tools associating several alignment
and variant calling algorithms to study this class of varia-
tion. However, guidelines for optimal detection of biologi-
cally significant INDELs are limited.7,9

In a previous report of amplicon-based targeted NGS of the
DMD gene (Multiplicom, Niel, Belgium) on MiSeq (Illu-
mina, San Diego, CA), we reported that the MiSeq Reporter
(MSR) softwareQ15 provided by the manufacturerQ16 can fail for
INDEL calling.10 SeqNext softwareQ17 (JSI Medical Systems,
Ettenheim, Germany) is a private software that performs
alignment, variant calling, and variant annotation. The com-
bination of MSR/Variant StudioQ18 (an Illumina variant anno-
tation software) with the SeqNext software was a reliable
diagnostic strategy for the identification of single-nucleotide
variations (SNVs), including INDELs, in the DMD gene.10

With respect to copy number variants (CNVs), most NGS
studies do not include CNV detection in their analyses,
because of technological limitations, such as capture and PCR
bias and reads mappability, which together drastically influ-
ence final read coverage for a particular region.5

The aim of the present study was to implement a
comprehensive and reliable targeted NGS strategy for
M-MD diagnosis, with a specific focus on the complex NEB
and TTN genes. Because the clinical presentation does not
always point to a specific entity (eg, congenital nemaline

myopathy or congenital muscle dystrophy), an NGS strat-
egy analyzing a large panel of genes, including not only the
genes reported in the Gene Table of Neuromuscular Dis-
orders Q19(http://www.musclegenetable.fr), but also genes that
can lead to atypical phenotypes mimicking M-MDs, was
implemented. Two technologies that require low amount
of template DNA and that present innovative aspects were
chosen to compare: the capture kit SeqCap EZ Choice
library, provided by Roche-NimbleGen (Madison, WI),
which already demonstrated effectiveness in producing
capture probes for comparative genomic hybridization11;
and the Nextera kit Nextera Rapid Capture Custom
Enrichment (NRCCE), from Illumina. An attractive aspect
of the Illumina NRCCE kit is the use of a transposase
catalyzing DNA fragmentation and ligation of adapter se-
quences in a single reaction step, referred to as tagmenta-
tion.12,13 This technology allows a technical simplification
for library preparation compared with Roche-NimbleGen
technology, in which an initial step of DNA sonication is
required. Because of the decrease in costs, development of
new versions of WES capture kit providing better
sequencing coverage,14,15 acquisition by most molecular
diagnostic laboratories of higher-throughput sequencers,15

and publications of recommendations from international
expert committees on the return to patients of incidental
finding,16,17 the relevance of WES compared with custom
capture for diagnosis is still an issue. It was evaluated
whether two recent WES technologies, SureSelect V5
(Agilent Technologies, Santa Clara, CA) and Illumina
TruSeq RapidExome capture, could now be implemented
for M-MD diagnosis.
On the basis of our experience and published data, in

addition to the MSR/Variant Studio pipeline provided by
Illumina, we decided to use the SeqNext software for in-
dependent alignment and calling of SNVs, to which we
associated the SOPHIA Data Driven Medicine (DDM)
software Q20recently developed by Sophia Genetics (Ecublens,
Switzerland). This software, already reported for molecular
diagnosis,18 has the advantage of detecting and annotating
not only SNVs (including INDELs) but also CNVs. It also
allows customizable filtering, the generation of a private
database of variants, and comparison with variants gener-
ated by all SOPHIA DDM users. In addition to the CNV
calling algorithm Muskat of the private SOPHIA DDM
pipeline, an in-house read depthebased approach for CNV
detection19 previously validated in our laboratory on another
NGS panel was used.20 This approach allowed detection of
68 pathogenic or likely pathogenic mutations, including 13
INDELs and 3 CNVs.

Materials and Methods

Study Design and Patients

A specific customized panel of 135 genes (Supplemental
Table S1) was designed, including 76 genes associated
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