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Myopathies and muscular dystrophies (M-MDs) are genetically heterogeneous diseases, with >100
identified genes, including the giant and complex titin (T7N) and nebulin (VEB) 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 EZ 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.
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technologies revolutionized the field of molecular charac-
terization of these heterogeneous disorders, because they
allowed sequencing, in a single run, of all currently known
genes.” 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) with 183 exons, can
now be analyzed exhaustively by NGS.

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 labo-
ratories have expertise. Moreover, targeted strategies
demonstrate better performance in terms of coverage (depth
and uniformity), highlighted by the discovery of 20% to
30% additional variants in comparison with WES in a study
of 177 unsolved cases of myopathies.” For these reasons,
although targeted NGS does not allow detection of muta-
tions in genes not previously implicated in M-MDs, this
approach represents a first choice strategy in diagnostic
practice.4 Because there is no commercial kit dedicated for
each specific syndrome, implementation of targeted NGS
strategy in a diagnostic context requires an in-depth devel-
opment step to ensure capture of regions of interest in an
exhaustive manner. This can be particularly tricky in GC-
rich sequences located in first exons of most genes and in
repeated regions, such as the tandem repeat regions of TTN
and NEB.”° In NEB, the triplicated 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.” This is
detrimental because INDELs are the second most common
type of genomic variants after single-nucleotide sub-
stitutions,”® in particular in nebulinopathies.” This warrants
the use of customized tools associating several alignment
and variant calling algorithms to study this class of varia-
tions. However, guidelines for optimal detection of biolog-
ically significant INDELSs are limited.”"’

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) software version 2.6.2 provided by Illumina can fail
for INDEL calling.'’ SeqNext software (JSI Medical Sys-
tems, Ettenheim, Germany) is a private software that performs
alignment, variant calling, and variant annotation. The com-
bination of MSR/Variant Studio software version 2.2 (an
[llumina variant annotation software) with the SeqNext soft-
ware version 3.5.0 was a reliable diagnostic strategy for the
identification of single-nucleotide variations (SNVs),

including INDELSs, in the DMD gene.'’ 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 mapp-
ability, which together drastically influence final read
coverage for a particular region.’

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 (http://www.musclegenetable.fr, accessed 2013), 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 (Madi-
son, WI), which already demonstrated effectiveness in
producing capture probes for comparative genomic hybrid-
ization''; and the Nextera Rapid Capture Custom Enrich-
ment (NRCCE), from Illumina. An attractive aspect of the
Ilumina NRCCE kit is the use of a transposase catalyzing
DNA fragmentation and ligation of adapter sequences in a
single reaction step, referred to as tagmentation.'”'® 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 ver-
sions of WES capture kit providing better sequencing
coverage,' "' acquisition by most molecular diagnostic
laboratories of higher-throughput sequencers,'” and publi-
cations of recommendations from international expert
committees on the return to patients of incidental
finding,'®"” 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
[lumina, 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 version 4.7.5, recently developed by Sophia Ge-
netics (Ecublens, Switzerland). This software, already re-
ported for molecular diagnosis,'® 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 generated by all SOPHiA DDM
users. In addition to the CNV calling algorithm Muskat of
the private SOPHiA DDM pipeline, an in-house read



Table 1  Control DNAs with Known Variants Used to Evaluate the Capture Kits and the Bioinformatic Pipeline

Control DNA Gene Variant Type Status Confirmatory methods
DNAs sequenced after NRCCE and SeqCap EZ Choice capture kits

D2712 DMD €.10141C>T Substitution Ht Sanger

D2187 DMD €.3603+2dupT INDEL He Sanger

SR61 TRIM32 c.1602delC INDEL Ht Sanger

SR61 TRIM32 chr9.hg19:9.119447866_119572263del CNV (entire gene deletion) Ht CGH array
DNAs sequenced only with SeqCap EZ Choice evaluation

D2867 DMD €.2169-19_2169-3del INDEL Ht Sanger

D2925 DMD Duplication of exon 44 CNV Ht MLPA

The nomenclature of variants is indicated in agreement with the following isoforms: NM_004006.2 for DMD and NM_12210.3 for TRIM32 (National Center for

Biotechnology Information Nucleotide database; https://www.ncbi.nlm.nih.gov/nuccore).

CGH, comparative genomic hybridization; CNV, copy number variant; He, hemizygous; Ht, heterozygous; INDEL, insertion/deletion; MLPA, multiple ligation

probe amplification; NRCCE, Nextera Rapid Capture Custom Enrichment.
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Figure 1  Pipeline for bioinformatics analyses of data generated by targeted next-generation sequencing. BAM, Binary Alignment Map; BCL, Illumina Base
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with congenital myopathies, congenital muscular dystro-
phies, limb-girdle muscular dystrophies, distal myopathies,
and myofibrillar myopathies reported in the Gene Table of
Neuromuscular Disorders (http://www.musclegenetable.fr)
and 59 genes implicated in other neuromuscular diseases,
such as congenital myasthenic syndromes, metabolic
myopathies, and periodic paralysis, for potential atypical
clinical presentations mimicking M-MD. The RefSeq
coding sequences NM_accession numbers from University
of California, Santa Cruz (http://hgdownload.cse.ucsc.
edu), reported in the Leiden Open Variation Database
(http:/twww.lovd.nl/3.0/home) and determined as consensual
for genetic diagnosis within a French nationwide working
group (M. Krahn, V. Biancalana, M. Cerino, A. Perrin, L.
Michel-Calemard, J. Nectoux, F. Leturcq, C. Bouchet-
Séraphin, C. Acquaviva-Bourdain, E. Campana-Salort, A.
Molon, J. A. Urtizberea, F. Audic, B. Chabrol, J. Pouget, R.
Froissart, J. Melki, J. Rendu, F. Petit, C. Metay, N. Seta, D.
Sternberg, J. Fauré, and M. Cossée, unpublished data), were
used.

The list curation was performed by the physicians of the
French South-West Reference Center for Neuromuscular
Diseases. The exons and exon-intron junctions of these 135
genes, corresponding to 1014 kb of sequences of interest
(3072 exons and =50 bp of exon-intron junctions), were
included. Designs were made by taking into consideration
size and organization of each gene on the basis of the data
from the human genome reference (hitp://genome.ucsc.edu/
cgi-bin/hgGateway; GRCh37/hg19). The total size of the

regions of interest was too high for PCR-based enrich-
ment, explaining the choice for capture-based enrichment of
the regions of interest.

For all patients analyzed in the study (5 controls with
known mutations and 128 patients without known mutations),
a complete clinical, biochemical, radiological, and histopath-
ological (from muscle biopsy specimen) evaluation was
initially performed by the clinicians from the French South-
West Reference Center for Neuromuscular Diseases. Informed
consents, signed by adult patients or parents (or their legal
representatives) for children, were obtained for all samples.

The study was designed in two steps (Supplemental
Figure S1). The effectiveness of two targeted capture de-
signs [SeqCap EZ Choice library capture kit (Roche-
NimbleGen) and NRCCE kit (Illumina)] and two WES Kkits
[SureSelect V5 Exome (Agilent Technologies) and TruSeq
RapidExome (Illumina)] was first evaluated to identify the
most efficient one. Each targeted capture kit was evaluated
using the quality metrics of NGS data of 12 DNA samples
from a MiSeq sequencing run. Each series included the
same three control DNAs with known mutations previously
identified by classic techniques for diagnostic purposes, for
comparison with the identified variants, and nine DNAs
from patients suspected of having M-MD without identified
genetic etiology. The three control DNAs were as follows
(Table 1): D2712 with a heterozygous substitution in the
DMD gene (NM_004006.2: c.10141C>T), D2187 with a
hemizygous INDEL in the DMD gene (NM_004006.2:
¢.3603+2dupT), and SR61 with a heterozygous INDEL

Table 2 Primers Used for cDNA PCR and Sequencing

Gene

mutation Primer PCR1 Primer PCR2 Primers used for sequencing
CAPN3 F: 5'-TCCTACGAAGCTCTGAAAGG-3'  F: 5'-ACAAGCTTCAGACCTGGACA-3" F: 5'-ACAAGCTTCAGACCTG-

€.1536+3A>G

GACA-3’

R: 5'-CTCCATGTCATCTCCTGCTA-3" R: 5'-TTCCTCAGAGAGGTTCCTCT-3’' R: 5'-TTCCTCAGAGAGGTTC-

cTcT-37
NEB F: 5'-GAACAAGCCAAAGGGAAACACA-3’ F: 5'-TCCCTGGAAGCAGAGAAAAACA-3’ F: 5'-TCCCTGGAAGCAGAGAA-
€.6075+5 G>A AAACA-3’

R: 5'~-AGCCAAGCCCTTTGTACCAT-3" R: 5'-TGCGGAAACCAACCATTTTCC-3' R: 5'-TGCGGAAACCAACCAT-

TTTCC-3'
TN F: 5'-ATAAGCTCGGCTCAGCAACA-3’ F: 5'-CCAGTCATGTCTGGTGAGAACA-3' F: 5'-ATAGAGAAGATTGCTAA-
c.51437-4 GGGTGA-3’
_b1444del  R: 5'-CATTGGCTTTCAAGGCA- R: 5'-GCTTCCATTATCTTTT- R: 5'-CTAAGTGTTGAAGTGACA-
TTCAGA-3’ GGTTCATTCCA-3' ACAATCCA-3’
TTN F: 5'-GAATGCACGAGTCACCAAAG-3’ F: 5'-CAGTTTGCTGTGGGTGAAAG-3’ F: 5'-CAGTTTGCTGTGGGTG-

€.655754-2T>G

AAAG-3’

R: 5'-AGCCAAGCCCTTTGTACCAT-3" R: 5'-TCTGAGCCTCCATCTTCAAG-3’ F: 5'-CAAAGCATGATGGAGG-

CAGT-3’

R: 5'-CTGAATAGCTCCAAGG-
TGCA-3’

TN F: 5'-ACAGATGACGGAGACAAGGG-3/ F: 5'-GAACCAAAAGCTCCTGAACCA-3’ F: 5'-GAACCAAAAGCTCCTGA-
¢.106531G>C ACCA-3’

R: 5'~-GAACACTGGCCACGGAAATT-3’ R: 5'-GGGAGGTTGCTGCTGATTTC-3' R: 5'-GGGAGGTTGCTGCTGA-

TTTC-3’

F, forward; PCR1, first PCR; PCR2, second PCR; R, reverse.



Table 3  Evaluation of Capture Technologies

Targeted NGS

WES

SeqCap EZ Choice

SureSelect version 5 TruSeq RapidExome

Variable NRCCE (Illumina) (Roche-NimbleGen) (Agilent Technologies) (Illumina)
General characteristics
Nature of probes DNA DNA RNA DNA

Probe spacing Nonoverlapping probes
(spacing, 120 bp)

DNA fragmentation

Overlapping probes

Adjacent probes Nonoverlapping probes

(spacing, 120 bp)

Enzymatic (tagmentation) Mechanical (sonication) Mechanical (sonication) Enzymatic (tagmentation)

Optimal size of fragmented ~ 250—350 bp 180—220 bp 150—200 bp 180—200 bp
DNA
Bioinformatic development of Design Studio version NimbleDesign version ~ NA NA
the probe design March 2014 3.0 + Bioinformatics
team
Theoretical specificity 100% Unique hits 98% Unique hits
0.9% Two hits
1.1% Three hits
Theoretical mean deep 390 400x NA NA
sequencing of ROIs
Quality metrics of the experimental runs
ON target/total target, % 82 80 66.40 51.90
Duplicate reads, % 49 5 18.40 40.65
Observed mean deep 198x 380
sequencing of ROIs
Coverage >50x%, % 88.70 98.52
Coverage >20x%, % 95.2 99.03

NA, not available; NGS, next-generation sequencing; NRCCE, Nextera Rapid Capture Custom Enrichment; ROI, region of interest; WES, whole-exome sequencing.

(NM_12210.3: ¢.1602delC) and an entire deletion of the
TRIM32 gene (chr9.hgl9:2.119447866_119572263del)
previously validated by comparative genomic hybridization
array.”’ The nine patients without known mutations were
different for each capture kit. The NGS data of the 12
samples in each kit allowed the evaluation of the capture
metrics, independently of the identified variants. WES
capture kits were evaluated on NGS data from a NextSeq
500 (Illumina) sequencing run on nine DNA samples
without known mutation for the TruSeq RapidExome kit
and on nine different DNA samples without known muta-
tion from a HiSeq (Illumina) sequencing run for the Sure-
Select V5 Exome kit (Agilent Technologies)

For all these experiments, only DNA samples of
high quality without any sign of either degradation or pro-
tein contamination were used.

The efficiency of the bioinformatics pipeline (detailed
below) was then assessed for detection of SNVs and CNVs.
The NGS data from the two runs of targeted NGS described
above (SeqCap EZ Choice library and NRCCE Kkits),
including the 3 control DNAs with known mutations and 18
DNA samples without known mutations, were used. After
selecting SeqCap EZ Choice library capture kit on the basis
of quality metrics, NGS was performed on additional sam-
ples and the data were analyzed. Two additional control
DNAs with known mutations were sequenced to assess the
ability of the general workflow to identify mutations that are
classically considered difficult to detect: a heterozygous

deletion of 17 bp in the DMD gene (D2867; NM_004006.2:
c.2169-19_2169-3del), previously identified by Sanger
sequencing; and a heterozygous duplication of a single exon
in the DMD gene (D2925; exon 44 duplication), previously
detected by multiple ligation probe amplification (Table 1).
A total of 110 additional DNAs were also tested from pa-
tients suspected of having M-MDs without identified mu-
tations after analysis of a small number of genes or without
prior genetic analysis

DNA Extraction

Genomic DNA was extracted from blood samples following
the manufacturer’s standard procedure of the FlexiGene
DNA kit (Qiagen, Courtaboeuf, France). DNA concentra-
tions were measured using the NanoDrop 2000 spectro-
photometer (Thermo Fisher Scientific, Wilmington, DE),
and DNA quality was assessed by agarose/ethidium bro-
mure 1% electrophoresis.

NGS

Each capture library was constructed following the manu-
facturer’s instructions. For SeqCap EZ Choice capture
protocol, optimal DNA fragmentation (average fragment
size of 180 to 220 bp) was achieved by using the Bioruptor
Pico (Diagenode, Liege, Belgium) sonication instrument
with the following program: 30 seconds ON/30 seconds



OFF during 13 cycles of sonication. Before sequencing, the
quality of the final libraries was assessed on a Bioanalyzer
High Sensitivity DNA chip (Agilent Technologies) and
quantified with a Qubit High Sensitivity kit (Invitrogen by
Life Technologies, Carlsbad, CA). The purified and indi-
vidually tagged libraries were pooled equimolarly following
the manufacturer’s procedure, along with an internal quality
control (PhiX; Illumina).

For targeted NGS, paired-end sequencing (2 x 150 bp)
was performed on a V3 flowcell using a MiSeq sequencer
(Illumina), according to manufacturer’s instructions. Twelve
libraries were multiplexed per run.

The nine DNA samples enriched using Illumina TruSeq
RapidExome Library Kit were sequenced by 2 x 150 bp
paired-end runs on a NextSeq 500 sequencer (Illumina),
according to manufacturer’s instructions. The nine libraries
obtained from SureSelect Human All Exon V5 Kit (Agilent
Technologies) were sequenced on 96 samples run on HiSeq
2000 sequencer (Illumina).

Bioinformatics

In the case of targeted NGS, primary bioinformatics ana-
lyses were performed using MSR version 2.6.2 (Illumina).
In this pipeline, samples demultiplexing and generation of
FASTQ files were performed by the bcl2fastq Conversion
Software version 2.18, whereas sequence alignment against
the human reference sequences was performed with the
Burrows-Wheeler Aligner-Maximal Exact Match (BWA-
MEM) algorithm.”” Variant calling was done using the
Genome Analysis Tool Kit UnifiedGenotyper™ (Figure 1).
Base target coverage was reported by Picard (hrp://
broadinstitute.github.io/picard, last accessed January
2017). FASTQ files were also processed using the
patented algorithms of the SeqNext software version 3.5.0
(JSI Medical Systems) and the SOPHiA DDM software
version 4.7.5 (Sophia Genetics, Saint-Sulpice,
Switzerland) for independent read alignment and variant
calling. The generated variant call files were analyzed by
VariantStudio software version 2.2 (Illumina), SeqNext, and
SOPHiA DDM software for annotation and first-step
filtering of the variants.

For CNV analyses, an in-house bioinformatics spread-
sheet that computes the intersample normalized depth of
coverage per exon in a given run was implemented, as
previously reported.” First, intrasample normalization was
performed by dividing the number of reads covering each
exon by the mean of the read number of all other exons of
all genes of the sample to obtain the ratio of patient. The
same calculation was made for the other samples of the
sequencing run (means) to obtain the ratio of controls. An
intersample normalization was then performed, by calcu-
lation of the ratio of patient/ratio of controls, to obtain the
ratio relative coverage (RRC) for the analyzed exon. An
exon was considered deleted/duplicated when the RRC
fell within predefined intervals (homozygous deletion

Table 4 Exons with Coverage <10x after Targeted NGS with
NRCCE or SeqCap EZ Capture Kits

Mean deep sequencing (number of
reads) for the control DNAs D2712,
D2187, and SR61

NRCCE library  SeqCap EZ Choice library

Gene-exon (Illumina) (Roche-NimbleGen)
HSPG2—exon 1 0 3
SEPN1—exon 1 0 8.5
MTM1—exon 1 0 44
MYBP(3—exon 11 0 761.9
(OL6A2—exon 16 0 852.4
SCGB—exon 1 0 134.2
ASTN2/TRIM32—exon 1 0 221
ITGA7—exon 5 0.4 1260.6
TNNT3—exon 7 1.4 1582.9
FHL1—exon 1 1.8 186.4
ABHD5—exon 1 3 509.2
Binl1—exon 11 6 845.5
DLG4—exon 1 7 1206.1
LARGE—exon 9 8 1847.9

NGS, next-generation sequencing; NRCCE, Nextera Rapid Capture Custom
Enrichment.

RRC < 0.1, heterozygous deletion 0.3 < RRC < 0.7,
heterozygous duplication 1.3 < RRC < 1.75, and homo-
zygous duplication 1.75 < RRC < 2.4). Deletion or
duplication of consecutive exons was highly suggestive of
a CNV. To exclude possible artifacts in case of abnormal
ratio of a single exon, interpretation of pathogenicity was
considered only under specific settings, which included
total read number per exon >300, absence of abnormal
ratio in the other DNA samples, and identification of an
SNV on the other allele in the case of an autosomal
recessive disorder. An independent search for CNVs was
also performed from the FASTQ files using SOPHiA
DDM software version 5.3.1 that includes the CNV calling
algorithm Muskat.

For WES, data were analyzed using a custom informatics
pipeline on the basis of Broad Institute Genome Analysis Tool
Kit Best Practices.” Design analysis and exon coverage
analysis were made using BEDtools (Quinlan Lab, Salt Lake
City, UT; http://bedtools.readthedocs.io), with intersect and
multicov (minimum of 30 reads for mapping quality)
function. Quality analysis and base target coverage were
reported by CollectHSmetrics on Picard tools.

Evaluation of Variant Pathogenicity

First, all variants showing >1% of minor allele frequency in
any population [on the basis of the 1000 Genomes Project
(http://www.1000genomes.org, last accessed 2017), the Exome
Variant Server from National Heart, Lung, and Blood Institute
Gene Ontology Exome Sequencing Project (hip://evs.gs.
washington.edu/EVS, last accessed 2017), and Exome
Aggregation Consortium (http://exac.broadinstitute.org, last
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Integrative Genomic Viewer visualization of SGCG and SGCB—exon 1 reads after targeted next-generation sequencing using targeted (A and B)
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coverage (<10x) for Illumina TruSeq RapidExome (C). SGCG—exon 1 is almost not covered after both whole-exome sequencing kits [TruSeq RapidExome

(Illumina) and SureSelect V5 Exome (Agilent Technologies)].

accessed 2017)] were excluded. Then, only variants within
coding and splice site regions, with a variant allele
frequency (VAF) >20% of total reads and present in less
than three patients for each run, were considered (Figure 1).
Independently, to detect possible pathogenic variants even
with an allelic frequency >1%, a selection of variants
already described as pathogenic in ClinVar, regardless of
their allelic frequency, was set up.

The pathogenicity of the candidate variants was then
assessed through a set of criteria, according to the American

College of Medical Genetics and Genomics guidelines'®:

variant known as pathogenic [Human Gene Mutations
database (http://www.hgmd.cf.ac.uk), ClinVar (http://www.
ncbi.nlm.nih.gov/clinvar), Leiden Muscular Dystrophy
database (http://www.dmd.nl), Online Mendelian
Inheritance in Man (http://www.ncbi.nlm.nih.gov/omim),
and PubMed (http://www.ncbi.nlm.nih.gov)]; in silico
prediction tools [Sift version 1.03 (http://sift.jevi.org),
PolyPhen-2 version 2.2.2 (1394) (hitp://genetics.bwh.
harvard.edu/pph2), Align Grantham Variation Grantham
Deviation (http://agvgd.iarc.fr), and Mutation Taster
(http://www.mutationtaster.org)]; and functional domain of
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Integrative Genomic Viewer (IGV) visualization of NEB and TTN repeated region reads after targeted next-generation sequencing and whole-

exome sequencing using different capture kits. IGV view of read alignment of TTN (NM_001267550; A, C, and E) and NEB (NM_001271208; B, D, and F)
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the protein [UniProt release 2016_11 (http://www.uniprot.
org)]. The Alamut Visual software version 2.9 (Interactive
Biosoftware, Rouen, France), which integrates several of
these in  silico prediction criteria  (http://www.
interactivebiosoftware.com), was used. Because in silico
prediction tools are unreliable for the interpretation of the
functional impact of variants in the 77N gene, only
truncating variants (nonsense variants, frameshifts, variants
affecting splicing, and CNVs) that were absent or with a
frequency <1% in the general population were considered
as pathogenic or likely pathogenic.

Concordance with the patient’s phenotype and with the
suspected mode of inheritance was also considered. Best
candidate variants were then discussed in multidisciplinary
meetings with clinicians and other specialists involved in
this project (pathologists, radiologists, and biochemists).
Clinical reassessment of the patient and/or of relatives, fa-
milial segregation studies, and additional analyses, such as
specific immunolabeling on muscle biopsy, were performed
if needed, to support or invalidate these variants. If NGS
technology revealed a candidate variant in a gene involved

in a recessive disease and that is relevant with the patient
phenotype, the sequencing coverage of this region, and the
immunolabeling data of the corresponding protein were
evaluated more precisely. Poorly covered regions (<20
reads) in candidate genes were then analyzed by Sanger
sequencing. If protein immunolabeling was abnormal, mo-
lecular RNA analyses from a muscle biopsy specimen were
offered to search for a deep intronic mutation affecting
splicing of the mRNA.

Confirmatory Methods

Sanger sequencing confirmation of candidate variants and
familial segregation analyses were performed by classic
Sanger sequencing protocols. Bidirectional sequencing of the
purified PCR products was performed on an Applied Bio-
system 3130XL automated capillary sequencer (Applied
Biosystems, Foster City, CA) (primers and protocols avail-
able on request).

For CNVs, confirmation was performed using multiple
ligation probe amplification (MRC Holland, Amsterdam,



the Netherlands; https://www.mlpa.com), semiquantitative
fluorescent PCR, and/or sequencing of the junction
fragment.

For variants predicted to affect splicing, cDNA analyses
of the specific genes were performed on mRNAs extracted
from muscle biopsy specimens. Muscle mRNA was
extracted using 30 mg of muscle with the Kit SV Total RNA
Isolation System (Promega, Madison, WI), and cDNA
synthesis was performed using SuperScript II First-Strand
Synthesis System for RT-PCR (Invitrogen by Life Tech-
nologies) and random hexamer primers (Invitrogen by Life
Technologies). The targeted transcripts were amplified and
sequenced by Sanger sequencing: the first PCR was per-
formed in a reaction volume of 25 pL containing 12.5 pL of
2x Master Mix buffer containing Tag DNA Polymerase,
dNTPs, and Reaction Buffer (Promega), 2 pL of forward
primer (5 mmol/L), 2 pL of reverse primer (5 mmol/L), 1
pL of cDNA template, and 7.5 pL of H,O. After a 2-minute
denaturation at 94°C, PCR amplification was performed
using the following cycle profile: denaturation at 94°C for
30 seconds, 35 cycles of annealing at 59°C for 30 seconds,
extension at 72°C for 30 seconds, and extension at 72°C for
8 minutes. The second PCR used the first PCR products as
template and was performed in the same way as the first
PCR. The second PCR products were purified using a
QIAquick PCR Purification Kit (Qiagen, Courtaboeuf,
France). The second PCR purified products were used for
sequencing reactions, according to standard protocols
(BigDye Terminator version 1.1 Cycle Sequencing Kit;
Applied Biosystems). Primers used for cDNA PCR and
sequencing are reported in Table 2.

Results

Capture Kit Evaluations

The general characteristics of the capture kits are detailed in
Table 3. Close interactions with bioinformatics support of
Roche-NimbleGen allowed an optimization of the SeqCap
EZ Choice probe design. In the initial design, only the
probes that did not have homology with other genomic re-
gions were retained. This high stringency resulted in 45
exons theoretically not properly covered, corresponding
mainly to the repeated exons in the 77N and NEB genes.
Therefore, a more relaxed design was chosen in which the
probes with two other homologous genomic regions were
tolerated. The theoretical coverage of regions at 50x was
thus improved from 98.04% to 99.1%.

The effectiveness of targeted capture SeqCap EZ Choice
(Roche-NimbleGen) and NRCCE (Illumina) kits was eval-
uated after NGS analysis of 12 DNA samples on a MiSeq
sequencing run for each kit, including three identical control
samples with known mutations and nine different samples
without known mutations (Materials and Methods)

. To evaluate the WES capture
kits, nine DNA samples without known mutations were
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Table 5 CNV Detection with the In-House Bioinformatic Script in
Control DNAs after SeqCap EZ Choice Library Capture Kit and MiSeq
Sequencing

Variable Value

Detection of a heterozygous deletion of the entire TRIM32
(SR61 patient DNA)

Exon 1
Reads in the patient DNA, n 51.7
ROP 0.094
Mean of reads in control DNAs, n 95.1
ROC 0.223
RRC 0.42
Exon 2
Reads in the patient DNA, n 326.9
ROP 0.594
Mean of reads in control DNAs, n 492.8
ROC 1.156
RRC 0.51

Detection of a heterozygous duplication of DMD exon 44
(D2925 patient DNA)

Exon 44
No. of reads in the patient DNA 188.6
ROP 0.731
Mean of reads in control DNAs, n 402.4
ROC 1.070
RRC 1.54
Exon 45
Reads in the patient DNA, n 168.1
ROP 0.652
Mean of reads in control DNAs, n 420.2
ROC 1.117
RRC 1.04

CNV, copy number variant; ROC, ratio of controls; ROP, ratio of patient;
RRC, ratio relative coverage.

analyzed using SureSelect 5 (Agilent Technologies) and
nine other ones using TruSeq RapidExome (Illumina) cap-
ture kits. To reduce experimental costs, most DNA samples
used for capture metric analyses, which is independent of
the identified variants, were different between each kit
(Materials and Methods). To overcome the risk of DNA-
dependent differences, only DNA samples of high quality
were used.

After sequencing, a high score of quality (Phred
score >30 = 90%) was obtained for libraries from both
capture kits. The proportion of sequenced bases within
targeted regions (on target) was similar for SeqCap EZ
Choice and NRCCE (80% and 82%, respectively). The two
methods appeared to have a similar mean depth in the target
regions of approximately 400x. However, a significant
difference with respect to the proportion of PCR duplicates
was detected. For SeqCap EZ Choice design, only 5.2% of
reads were identified as PCR duplicate, whereas with
NRCCE design, the percentage of PCR duplicates was
higher, amounting to 49.3% of reads. When duplicates were
removed from each result, the effective coverage decreased.
A major reduction was observed for the NRCCE design,
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Table 6 Pathogenic or Likely Pathogenic Mutations Identified by Targeted NGS in M-MD Patients

Gene' Mutation Type of mutation Effect of mutation
ACTA1 €.493 G>C; p.(Val165Leu) Substitution Missense
NM_001100.3 €.1057A>G; p.(Thr353Ala) Substitution Missense
€.553C>T; p.(Arg185Cys) Substitution Missense
c.889G>A; p.(Ala297Thr) Substitution Missense
ANO5 €.656A>G; p.(Tyr219Cys) Substitution Missense
NM_213599.2 €.1991T>C; p.(Pheb664ser) Substitution Missense
€.1627dup; p.(Met543AsnFs*) INDEL Frameshift
CACNA1S €.5104C>T; p.(Arg1702*) Substitution Nonsense
NM_000069 €.2970G>A; p.(Trp990*) Substitution Nonsense
CAPN3 €.1250C>T; p.(Thr417Met) Substitution Missense
NM_000070.2 €.1536+3A>G Substitution Splicing*
COL6A1 €.299_428+152delinsGACAGGA CNV Splicing
NM_001848.2 ¢.G806A; p.(Gly269GLlu) Substitution Missense
COL6A3 €.5035G>T; p.(Gly1679Trp) Substitution Missense
NM_004369
DMD €.2665C>T; p.(Arg889*) Substitution Nonsense
NM_004006.2
DYSF €.1168G>A; p.(Asp390Asn) Substitution Missense
NM_003494.3 €.5302C>T; p.(Arg1768Trp) Substitution Missense
c.755C>T; p.(Thr252Met) Substitution Missense
€.3118C>T; p.(Arg1040Trp) Substitution Missense
€.2665C>T; p.(Arg889*) Substitution Nonsense
FLNC C.4927+2T>A Substitution Splicing
NM_001458.4
FKRP €.1364C>A; p.(Ala455Asp) Substitution Missense
NM_024301.4 €.1384C>T; p.(Pro462Ser) Substitution Missense
GMPPB €.902C>G; p.(Ser301Cys) Substitution Missense
NM_013334.2 €.1069G>A; p.(Val357Ile) Substitution Missense
LAMA2 €.752T>C; p.(Leu251Pro) Substitution Missense
NM_000426.3 €.1884+1_1884+6del INDEL Splicing
€.2461A>C; p.(Thr821Pro) Substitution Missense
c.3976C>T; p.(Arg1326*) Substitution Nonsense
LMNA €.1357C>T; p.(Arg453Trp) Substitution Missense
NM_170707.3
MTM1 €.519C>G; p.(Tyrl73*) Substitution Nonsense
NM_000252.2 €.290G>A; p.(Gly97Glu) Substitution Missense
€.1261-10A>G Substitution Splicing
MYH7 €.5791-1G>T (LP) Substitution Splicing
NM_000257
NEB €.607545G>A Substitution Splicing*
NM_001271208.1 ¢.13661_13666delinsA; p.(Ser4554Asnfs*10) INDEL Frameshift
[or c.15119_15124delinsA; p.(Ser5040Asnfs*10)]
€.23998dupG; p.(Glu8000GLlyfs*11) INDEL Frameshift
c.518delA; p.(Lys173Serfs*55) INDEL Frameshift
€.21928T>C p.(Ser7310Pro) Substitution Missense
.8860del; p.(Ala2954Profs*8) INDEL Frameshift
€.5039G>A; p.(Tyr1680Cys) Substitution Missense
€.17541dupA; p.(Tyr58481Ilefs*15) INDEL Frameshift
¢.13720delC; p.(His4574Thrfs*11) INDEL Frameshift
[or c.15178 delC; p.(His5060Thrfs*11)]
€.2835+5G>A Substitution Splicing
€.21790G>C; p.(Asp7264His) (LP) Substitution Missense
€.194C>T; p.(Pro65Leu) (LP) Substitution Missense

PABPN1
NM_004643.3
RYR1

€.30_32dupAGC; p.(Alalldup) (LP)

€.11186T>C; p.(Met3729Thr)

INDEL (trinucleotide repeat expansion)

Substitution

Alanine repeat expansion

Missense

(table continues)



Table 6 (continued)

Gene' Mutation Type of mutation Effect of mutation

NM_000540.2 €.11122A>C; p.(Thr3708Pro) Substitution Missense
¢.38T7>C; p.(Leul3Pro) Substitution Missense
€.7628C>T; p.(Thr2543Ile) Substitution Missense
€.13690C>T; p.(Arg4564Trp) Substitution Missense
€.14762T>C; p.(Phe4921Ser) Substitution Missense
€.12727G>A; p.(Glu4243Lys) Substitution Missense
€.5926C>T; p.(Arg1976Cys) Substitution Missense
€.10649G>C; p.(Arg3550Pro) Substitution Missense
c. 880 G>A; p.(Glu294Lys) Substitution Missense

SGCA c.850C>T; p.(Arg284Cys) Substitution Missense

NM_000023.2

SGCG €.800_801del; p.(Cys267Serfs*51) INDEL Frameshift

NM_000231.2

TNNT1 €.192+244_388-1191del CNV Dele8-9

NM_003283.5

TN €.51437-4_51444del INDEL Splicing*

NM_001267550.1 c.26503A>T; p.(Lys8835*) Substitution Nonsense
€.65575+-2T>G Substitution Splicing?
€.105036C>A; p.(Tyr35012*) Substitution Nonsense
€.106531G>C; p.(Ala35511Pro) Substitution Splicing!
€.1662+15_3101-3del CNV Dele11-18
€.89900_89903delATTA; p.(Asn29967Metfs*27) INDEL Frameshift
€.6379_6380delTA; p.(Tyr2127Leufs*8) INDEL Frameshift

CNV, copy number variant; Dele, deletion; INDEL, insertion/deletion; LP, likely pathogenic; M-MD, myopathy and muscular dystrophy; NGS, next-generation

sequencing.

National Center for Biotechnology Information Nucleotide database (https://www.ncbi.nlm.nih.gov/nuccore).

iConfirmed by cDNA studies (data not shown).

with a loss of 150x (390 to 240x), whereas there was a
moderate loss of 22 x for the NimbleGen design, leading to
an effective mean depth of sequencing of 380x. Thus,
98.5% of the target regions were covered by >50x after
SeqCap EZ Choice Roche capture (99% for 20x), whereas
only 88.7% were covered by >50x with the NRCCE
Ilumina kit (95% for 20x) (Table 3 and

B ). Several regions covered with the SeqCap EZ
Choice library capture kit (Figure 2A) were not covered
with the NRCCE targeted design (Table 4 and Figure 2B).
Most of these noncovered regions are located in the first
exons of the genes, known to be rich in GC nucleotides. All
pathogenic mutations of the three control DNA samples
were detected after SeqCap EZ Choice kit capture. On the
other hand, the TRIM32 gene deletion was not detected after
capture with the NRCCE kit, because of the absence of exon
1 capture (this gene being composed of two exons). Com-
parison of the number of all variants detected by NGS in the
three control DNAs after each capture kit revealed that 1075
substitutions and 71 INDELs were detected after capture
with both kits. However, 116 substitutions and 18 INDELSs
were detected only with SeqCap EZ Choice kit capture,
probably because of a better coverage of regions of interest

Similarly to the targeted designs, a higher rate of dupli-

cate reads was observed for WES with Illumina TruSeq
RapidExome kit (40.65%) compared with the SureSelect V5
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kit (Agilent Technologies) (18.40%) (Table 3). Because
sequencing was not performed with the same sequencers for
the two kits, the reading depths were not compared, but only
the homogeneity of coverage of the target sequences was
studied. With both WES kits, most of the poorly captured
regions in the M-MD genes also belong to the first exon of
genes (Figure 2, C and D).

Concerning the repeated regions of TTN (exons 172 to
180, 181 to 189, and 190 to 198) and NEB (exons 82 to 89,
90 to 97, and 98 to 105), both targeted capture kits allowed
correct coverage, although mapping of sequences in one of
the three repeated segments was not optimal. On the other
hand, these regions were poorly or not covered with the
WES Agilent SureSelect V5 kit (Figure 3).

The better coverage obtained with the SeqCap EZ Choice
library capture kit (Roche-NimbleGen) warrants the choice of
targeted NGS with this technology for diagnostic applications.

Bioinformatic Pipeline Evaluation

Three bioinformatics software programs, MSR version
2.2.31 (Illumina), SeqNext version 3.5.0 (JSI Medical
Systems), and SOPHiA DDM version 4.7.5 (Sophia Ge-
netics), were used for independent alignment and variant
calling of data generated by targeted MiSeq sequencing of
M-MD genes. For CNV analyses, an in-house bioinfor-
matics script, based on the depth of sequencing for each
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exon and the specific algorithm Muskat contained within the
SOPHiA DDM software, was used (Materials and
Methods).

To evaluate the effectiveness of the bioinformatics
pipeline for detection of SNVs and CNVs, the NGS data
from five control DNAs with known mutations were first
analyzed: the three DNAs analyzed for comparison of the
targeted kits (D2712 with a heterozygous substitution in
DMD, D2187 with a 1-bp duplication in DMD, and SR61
with compound heterozygosity for a 1-bp deletion and an
entire deletion of TRIM32) and two additional DNAs with
known mutations that are classically considered of diffi-
cult detection [D2867 with a heterozygous deletion of 17
bp in the DMD gene and D2925 with a heterozygous
duplication of a single exon (exon 44) of the DMD gene]
(Table 1 o ) ). All SNVs,
including the 17-bp deletion, were correctly identified
with MSR, SeqNext, and SOPHiA DDM. Reliable CNV
detection required a coverage depth >300x. TRIM32
exon 1 was not covered by NGS after capture by the
NRCCE kit (Table 4) and, consequently, the deletion of
this exon (SR61 sample) was not detected. It was covered
with low read depth by NGS after capture by the SeqCap
EZ Choice library kit (52x). The in-house bioinformatics
script detected the deletion (Table 5), whereas SOPHiA
DDM rejected the SR61 sample from CNV analyses,
because of the presence of numerous artifacts. The
duplication of DMD exon 44 in D2925 sample was
correctly detected on data from NGS after capture by both
targeted kits, with the in-house software (Table 5) and
SOPHiA DDM.

NGS data from 128 patients affected by M-MDs
without identified genetic etiology were also analyzed

. On average, 900 variants were
detected for each patient. After semiautomated filtering,
the average number of candidate variants was approxi-
mately 5 to 15 per patient. The pathogenicity of these
candidate variants was assessed through a set of criteria,
according to  American College of Medical
Genetics and Genomics guidelines'® (Marerials and
Methods) (Figure 1).

Overall, 68 pathogenic or likely pathogenic mutations
were identified: 52 substitutions, 13 INDELs (including a
trinucleotide repeat expansion in PABPNI), and 3 CNVs,
all confirmed by an independent method (Materials and
Methods) (Table 6). All 52 substitutions were detected
with MSR, SeqNext, and SOPHiA DDM. With respect to
the INDELSs, 10 of 13 were identified with the three soft-
ware programs. Two INDELs located within the repeated
regions of NEB were not detected by MSR. In the first
sample, the INDEL was a deletion of 6 bp associated with
a one-base insertion. Because exons 89 and 97 are iden-
tical, it was not possible to localize this variant in exon 89
[c.13661_13666delinsA; p.(Serd554Asnfs*10)] or exon 97
[c.15119_15124delinsA; p.(Ser5040Asnfs*10)] (Figure 4).
Exon 105, within the third repeated region, contains one
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nucleotide that differs with sequences from exons 89 and
97, allowing correct mapping of most reads of exon 105.
The INDEL was detected by SeqNext and SOPHiA DDM
in exons 89 and 97, but with a VAF of approximately 25%
in each of the two exons, instead of 50% for a single exon
(Figure 4), probably because of random alignment on
either copy of the duplication. It was checked whether the
absence of INDEL detection by MSR was because of
misalignment or variant calling failure. An independent
analysis of the aligned Binary Alignment Map (BAM) files
generated by MSR on SeqNext software detected the
INDEL, suggesting that the absence of INDEL detection
was attributable to failure of MSR variant calling. Similar
to this first case of NEB INDEL not detected by MSR, it
was not possible to locate the second NEB INDEL in exon
89 [c.13720del; p.(His4574Thrfs*11)] or exon 97 [c.15178
del; p.(His5060Thrfs*11)], and the corresponding VAF
was also approximately 25% in each exon with both
SeqNext and SOPHiA DDM analyses. MSR also failed to
detect a trinucleotide repeat expansion of one repeat in
PABPNI [c.30_32dupAGC; p.(Alalldup)]. This expan-
sion was detected by SeqNext and SOPHiA DDM with a
VAF of 25% of the reads, probably because of misalign-
ment within the 11 repeated triplets. Sanger sequencing
confirmed that the variant was heterozygous in the patient
(Corinne Métay and Pascale Richard, personal communi-
cation, 2017). This expansion, (GCN)11, has been reported
in late-onset dominant or in recessive forms of oculo-
pharyngeal muscular dystrophy.”'-*’

Variant analysis of an NGS run (12 libraries) by SOPHiA
DDM detected five false-positive SNVs (ie, not confirmed
by Sanger sequencing) among 1845 variants. All of these
false positives had a VAF of <30% and were located within
homopolymeric or dinucleotide repeat sequences.

Three CNVs were identified among the 128 samples with the
in-house bioinformatics spreadsheet and SOPHiA DDM, and
all were further confirmed by sequencing of the junction
fragment. A heterozygous deletion of exon 3 of COL6AI was
detected by the in-house bioinformatics spreadsheet, indicating
an RRC of 0.53 (Figure 5A). Specific search for CNVsin COL6
genes was performed in this case because of phenotypic and
familial data highly suggestive of collagenopathy and the
absence of identified SNVs in these genes. Interestingly,
Integrative Genomic Viewer version 2.3.97 (University of
California San Diego, La Jolla, CA; http://software.
broadinstitute.org/software/igv) visualization and SOPHiA
DDM indicated that the proximal breakpoint was located
within exon 3 (Figure 5B). Sanger sequencing confirmed that
the deletion, extending over 282 bp, involved only the 130 bp
distal of exon 3 (NM_001848.2: ¢.299_428+152delin-
sGACAGGA) (Figure 5C). Familial segregation of the INDEL
was consistent with the autosomal dominant transmission of
the disease (Figure 5D). A heterozygous deletion of exons 11 to
18 of the 77N gene was also identified in a mother and her
daughter with distal myopathy (Figure 6). Because the break-
points were close to exon-intron junctions, SOPHiA DDM



A c.15119_15124delinsA

c.13661_13666delinsA

Exon 105 Exon 97 Exon 89
B
Reads with the variation/all reads (%)
Exon 105 Exon 97 Exon 89
MSR Not detected Not detected Not detected
IGV 3.7 21.7 26.6
SegNext 0 27 26

SOPHIA DDM 0 24.2 235

Figure 4

Results of an insertion/deletion (INDEL) detection in NEB triplicated exons. A: Integrative Genomic Viewer (IGV) visualization. White reads

indicate reads that have mapping quality = 0. Reads correctly mapped are represented in gray. Arrows indicate the DELINS location. Because exons 89 and 97
are identical, it was not possible to localize this variant in exon 89 [c.13661_13666delinsA; p.(Ser4554Asnfs*10)] or exon 97 [c.15119_15124delinsA;
p-(Ser5040Asnfs*10)]. Exon 105 contains one different nucleotide, allowing correct mapping of reads. B: Percentage of reads with the INDEL detected by the
different software programs. The INDEL is not detected by MiSeq Reporter (MSR) and is reported in exons 89 and 97 with a variant allele frequency of

approximately 25% by SeqNext and SOPHiA DDM.

reported the precise breakpoints (NM_001267550.1: c.
1662+15_3101-3del), that were confirmed by Sanger
sequencing of the junction fragment. A homozygous deletion
of exons 8 and 9 was identified in the TNNT gene of a patient
with congenital myopathy. The deletion was inherited from
both parents, who were consanguineous. Sanger sequencing of
the junction fragment confirmed the deletion as homozygous in
the patient and heterozygous in the parents, and allowed precise
localization of the breakpoints (NM_003283.5: ¢.192+244 _
388-1191del).

SOPHiA DDM analyses, performed on four NGS runs for
software validation, indicated that CNVs restricted to first
exons of genes had a higher probability of being artifacts.
As for SNVs, CNVs within regions harboring ambiguous
read mapping were hard to interpret. A false-positive CNV
in the NEB repeated regions, a heterozygous deletion that
was not confirmed by custom comparative genomic
hybridization array analysis (Vilma Lehtokari, personal
communication, 2017), was identified.

Discussion

We report the development of a suitable targeted NGS
strategy for detection of mutations in M-MD genes,
including the complex NEB and TTN genes, and the
availability of CNV detection. The possibility to

customize the capture design was of high interest for
improving capture efficiency, in particular for the repeated
regions of TTN and NEB. A relaxed probe set design
containing probes with up to two close matches in the
genome was chosen. Only then, genomic regions from the
repeated exons of TTN and NEB were captured and
sequenced.

Comparison of capture technologies showed a higher
rate of duplicate reads with both Illumina capture Kkits
(NRCCE targeted capture kit and TruSeq RapidExome
capture kit). The high fraction of duplicate reads some-
times reflects a DNA quality problem.”® However, this
was not the case in this study because only DNA samples
of high quality (without any signs of degradation or pro-
tein contamination) were used. The best coverage was
achieved with SeqCap EZ Choice technology (Roche-
NimbleGen), with 98.5% coverage at a depth of 50x and
99% coverage at a depth of 20x. Another strength of the
capture solution proposed by Roche-NimbleGen is the use
of the Kapa Biosystems technology. A recent study”’
comparing nine commercial kits for the preparation of
DNA libraries showed that Kapa Biosystems kits achieved
better performances in terms of library diversity, duplicate
rates, and regularity of coverage. Sequencing coverage
was lower after capture with NRCCE targeted capture kit
and with the two tested WES kits [TruSeq RapidExome
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Heterozygous deletion of part of exon 3 in the COL6A1 gene. A: The in-house bioinformatics script for copy number variant analysis: The shaded

bold cells show a ratio relative coverage of 0.53 for the COL6A1 exon 3 in patient I144 (sample 2), suggesting a heterozygous deletion of this exon. B:
Integrative Genomic Viewer visualization of the deletion indicates that the proximal breakpoint is located within exon 3 and allows breakpoint targeting. C:
Confirmation and genomic characterization of the COL6A1 deletion. Precise breakpoint determination and junction fragment sequences were obtained by
Sanger sequencing. The genomic alteration was a deletion of 282 bp, including 130 bp in exon 3, and an insertion of 7 bp at the fragment junction
(NM_001848.2: c.299_428+152delinsGACAGGA). D: Familial segregation of the deletion. The ¢.299_428+152delinsGACAGGA allele is represented as Del, and
the wild-type allele is represented as WT. The mutated allele was also identified in the affected brother and father, whereas the healthy sister and mother were

not carriers. Chr, chromosome.

(Illumina) and SureSelect V5 WES (Agilent Technolo-
gies)], with several regions having complete absence of
coverage. These regions were located mainly in the first
exons of genes, known to be rich in GC. Among them,
some have been described as the site of pathogenic CNVs,
such as deletions of the entire TRIM32 gene,zl of MTM1
exon 1,zx of SGCG exon 1,29 and of partial duplications of
SGCB exon 1.”° Although some of the noncovered exons
are noncoding, mutations in these exons can lead to lack
of transcription.”’*" The repeated regions of TTN and
NEB were also less or not covered with SureSelect V5
WES kit. All of these results were detracting for the choice
of the NRCCE (Illumina) targeted kit and for the first-line
use of the TruSeq RapidExome (Illumina) and SureSelect
V5 WES commercial WES enrichment kits for diagnosis,
because they may lead to loss of a subsequent amount of
important coding regions for M-MD diagnosis.

However, the requirement for regular updating of gene
panels after the identification of novel genes responsible for

M-MDs represents a limitation of the targeted approach.
Since the implementation of our targeted NGS strategy in
2013, 25 additional genes have been implicated in M-
MDs.?! Even genes that were reported only in single cases
or in small cohorts will be added to our next custom probe
design, to be as comprehensive as possible.

Deep intronic sequences were not included in the custom
targeted NGS design. A whole genome sequencing strategy
should allow additional detection of deep intronic patho-
genic variant(s) affecting splicing. However, it would
require higher-performance sequencers, higher computa-
tional power for bioinformatics analysis, and high-
throughput mRNA sequencing technologies to assess the
impact of intronic variants on splicing. Our strategy is to
perform a first-line muscle biopsy with immunolabeling of
specific proteins, depending on the phenotype. If NGS
technology identifies a candidate variant in a gene involved
in a recessive disease that is relevant with patient phenotype,
potential intronic mutations affecting splicing could be
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Figure 6  Heterozygous deletion of exons 11 to 18 of the TTN gene. A: The in-house bioinformatics script for copy number variant (CNV) analysis shows a

ratio relative coverage (RRC) of 0.47 to 0.55 for the TTN exons 11 to 18 in 1162 (affected mother sample) and 1142 (affected daughter; RRC highlighted in
yellow) compared with the other DNA samples (140, 1119, 1120, 1123, 1129, 1220, 1270, 1288, 1338, and I339), suggesting a heterozygous deletion of these
exons. The read numbers of these samples are indicated. B: Integrative Genomic Viewer visualization of the deletion shows that the distal breakpoint is located
close to exon 19 and allows breakpoint targeting. Precise breakpoint determination was obtained by Sanger sequencing (NM_001267550: c.1662+15_3101-
3del). The distal one is located in the acceptor splice site of exon 19, suggesting a pathogenic effect on exon 19 splicing. C: Sanger sequencing confirms the
cosegregation of the CNV with the disease. The CNV allele is represented as Del, and the wild-type allele is represented as WT. Chr, chromosome.

searched by analyses of the specific transcript from a muscle
biopsy specimen.

Diagnosis guidelines recommend the use of two inde-
pendent bioinformatics pipelines with different alignment
and variant calling algorithms as a safety measure to ensure
the most comprehensive identification of variants. This is
particularly relevant for INDEL detection. Although no
false-negative result was observed for substitutions, MSR
failed to detect some INDELS, as reported previously.'’**
This can be explained by the used variant caller, Uni-
fiedGenotyper of Genome Analysis Tool Kit.** Indeed,
UnifiedGenotyper was shown to call only a small number of
INDELs from a gold standard benchmark data set.*
Another study reported that UnifiedGenotyper does not
perform well for large (>5-bp) INDEL calling, because it
could only call 52% of them on a benchmark data set.”~”
However, in this study, the lack of detection was
restricted to the two INDELSs located in the repeated regions
of NEB (one of which being a deletion of only 1 bp) and to a
trinucleotide repeat expansion in PABPNI gene. Incorrect
read mapping in the NEB repeated regions, and

misalignment within the 11 repeated triplets in PABPNI,
leading in all cases to aberrantly low VAF, may also
contribute to failure of INDEL detection. Interestingly, only
two mutations within the NEB repeated exons are reported
in the literature, of >150 reported patients,g‘3 © whereas two
such mutations were identified among the 12 NEB mutations
of our cohort. The limited number of reported cases with
mutation within the repeated exons may reflect under-
detection because of defective capture and/or variant calling.
Our results, along with the high frequency of INDELs in
nebulinopathies,” suggest that the NEB triplicated region
could be a hot spot for INDELs that are currently
underdetected.

With respect to CNV detection, this strategy was capable
of detection of a heterozygous single-exon duplication
(control sample) that represents the most difficult type of
CNV to identify, and even of detection of a partial deletion
of exon 3 of the COL6AI gene in one patient with highly
suggestive phenotypic and familial data. However, because
of the high level of false positives for single-exon CNVs,
particularly for first exons, phenotypic and genetic data are



important to consider for pointing toward a specific gene. A
large heterozygous deletion in 77N was also found in a
mother and her daughter with distal myopathy. The deletion
of exons 11 to 18 (c.1662+415_3101-3del) is predicted to
lead to out-of-frame transcripts. However, the distal break-
point is located in the acceptor splice site of exon 19, sug-
gesting a pathogenic effect on exon 19 splicing. If the
implication of this deletion in the phenotype of the patient is
confirmed (functional analyses are in progress), it will be the
first CNV reported as pathogenic in the TTN gene. The lack
of previously reported deletions in 77N is surprising, given
the large size of the gene. This may be explained by the
incomplete sequencing of TTN coding sequence and by the
difficulty for detection of CNVs on NGS data. The third
CNV identified in our series was a homozygous deletion of
exons 8 and 9 in the TNNTI gene encoding for the slow
skeletal muscle isoform of troponin T. This is a predicted
in-frame deletion, reminiscent of a previously reported
mutation at the splice donor site of exon 8, leading to an
in-frame skipping of exon 8 in TNNT! transcripts.”’

Some studies reported difficulties for detection of muta-
tion in the repeated exons of TTN and NEB.”® The diffi-
culties probably result from the combination of capture
failure, incorrect mapping of sequences, and INDEL
underdetection within triplicated exons. We showed that the
use of a customized capture kit and of different alignment
and variant calling software programs allowed the detection
of variants located in the repeated exons, but without precise
localization in one of the three repeats. Recent long-read
sequencing technologies could be interesting in this
respect because, most of the time, they allow unambiguous
mapping on repeated regions.’”

Although NGS targeted on large panel of genes does not
allow identification of novel genes or detection of
deep-intronic mutations, it represents an efficient first-step
approach for genetic diagnosis of patients with M-MDs.
Molecular diagnostic laboratories are now able to offer a
growing catalog of analyzed M-MD genes, therefore
improving the diagnostic efficiency for these genetically
heterogeneous diseases, in particular for incomplete or
atypical phenotypes.” This is of high importance for patient
care, genetic counseling, and M-MD classification.
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