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Abstract. Massively parallel sequencing is revolutionizing the genetic testing in diagnosis laboratories, replacing gene-by-gene
investigations with a “gene panel” strategy. This new approach is particularly promising for the diagnosis of neuromuscular
disorders affecting children as well as adults, which is constrained by strong clinical and genetic heterogeneity. While it leads
to a strong improvement in molecular diagnosis, this new approach is dramatically changing the whole diagnosis process,
establishing new decision trees and requiring integrated strategies between clinicians and laboratories. To have an overview of
the implementation and benefit of these novel sequencing strategies for the diagnosis of neuromuscular disorders, we surveyed
the current literature on the application of targeted genes panel sequencing, exome sequencing and genome sequencing. We
highlight advantages and disadvantages of these different strategies in a diagnosis setting, discuss about unresolved cases, and
point potential validation approaches and outcomes of massively parallel sequencing. It appears important to integrate such
novel strategies with clinical, histopathological and imaging investigations, for a faster and more accurate diagnosis and patient
care, and to foster research projects and clinical trials.
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INTRODUCTION

Inherited neuromuscular disorders (NMD) form a
group of genetic diseases which result in chronic
long term disability posing a significant burden to the
patients, their families and public health care. NMD
are often severe and include more than 200 monogenic
disorders with a total incidence exceeding 1 in 3000.

The molecular diagnosis of muscular disorders is
often necessary to confirm a clinical diagnosis and con-
tribute to specific healthcare. It also allows the access to
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genetic counselling and specific therapies. The precise
diagnosis of NMD requires a conjunction of extensive
clinical examination and targeted complementary tests.
Previous/current routine genetic diagnosis is mainly
done on a gene-by-gene basis, starting from the most
pertinent one. This strategy is often difficult to imple-
ment as specific clinical or histological signs of the
disease are sometimes not present, particularly at the
beginning of the pathology or in affected newborns.
Diagnosis bottlenecks are also caused by genetic and
clinical heterogeneity, and lack of segregation data in
sporadic cases. As an example, limb-girdle muscular
dystrophies (LGMD) implicate more than 30 genes [1].
Also, large genes, like Titin (TTN) with 363 exons, are
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not entirely Sanger sequenced on routine even if pre-
viously linked to neuromuscular diseases [2, 3]. As
a consequence, clinical tests are multiplied, includ-
ing invasive investigations. DNA is sent to different
laboratories making the molecular diagnosis labori-
ous, time-consuming and expensive. In addition, the
gene-by-gene strategy usually stops at the first proba-
ble mutated gene, while it would have been preferable
to clearly discard additional genes. Often, the genetic
diagnosis is completed after several months or even
years, and the molecular causes of NMD are still
unknown for about 40% of patient despite tremendous
research and clinical efforts.

Recently, massively parallel sequencing (MPS)
using high throughput sequencing technologies has
emerged as a successful approach to interrogate several
genes simultaneously [4]. The introduction of MPS in
diagnosis laboratories is not only a revolution at the
technical level, but also in terms of organisation as
it necessitates a multidisciplinary integration between
molecular biologists, expert in bioinformatics, clini-
cians and histopathology specialists.

Concerning neuromuscular disorders, Lupski
and colleagues and Montenegro and colleagues
respectively used Genome Sequencing and Exome

Sequencing in patients with Charcot-Marie-Tooth
neuropathy (CMT) on a research setting to provide
the proof-of-principle that these approaches may
be adapted for diagnosis [5, 6]. In both cases, they
analysed a single family and focused their variants
ranking on known CMT genes. In 2012, we have
established the proof-of-principle that nearly all the
known NMD genes can be tested at once using Tar-
geted Sequencing [7], and since then several groups
have reported results of the implementation of MPS
in diagnosis setting. We review here the applications
of MPS for NMD diagnosis and focus on expected
advantages and possible improvements that should
be anticipated, and we highlight important points to
consider for the adequate implementation and success
of MPS within an integrated diagnostic strategy.

PRINCIPLES OF DIFFERENT MPS
STRATEGIES IN A DIAGNOSIS SETTING

Three approaches using MPS technology have been
developed: Targeted Sequencing (TS) that focuses
on genes panel, Exome Sequencing (ES) and Genome
Sequencing (GS) (Fig. 1). Although they are widely

Fig. 1. Coverage and depth in MPS. a) Targeted Sequencing (TS) and Exome Sequencing (ES) target exons of a panel of genes or of most
genes respectively. Genome Sequencing (GS) targets the genome and in particular exons and introns of all genes. TS may be used for the study
of genomic regions. b) Each region of interest is theoretically sequenced several times by overlapping sequence fragments called reads. When
considering a sequence of 10 bases (in blue), in case 7 out of the 10 bases are covered by 5 different reads, the coverage of this region is 70% at
5X depth. A potential single nucleotide variant (SNV; C to G transition) is shown at the heterozygous state.
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Fig. 2. Workflow of informatic analysis following MPS. Each step is
monitored with quality scores. Sequence reads are used for mapping
to a reference genome, variant calling, filtering and ranking. This
unique pipeline is nevertheless prone to end in different conclusions
depending on the sequencing platform, algorithms and softwares
used, as well as the training and expertise of the users.

used, we would like to argue against the use of the
terms whole ES (WES) and whole GS (WES) con-
sidering that neither exome nor genome sequence can
be completely recovered due to technical and data
analysis issues (see Unresolved cases). The exome
represents about 1% of the genome and it is esti-
mated it contains 85% of the disease-causing mutations
[8]. TS has mainly been used to target the coding
regions of a panel of genes or genomic regions [9, 10],
with preliminary enrichment of the regions to be
sequenced by an amplicon-based method (PCR) or a
hybridisation-based method (capture). GS is not biased
by preliminary enrichment and retrieves sequence
variants in non-coding and intergenic regions as well.

This is not the scope of this review to assess
the performance of each method, which is linked to
numerous parameters in the MPS process including
targets, protocols, sequencing platforms and bioin-
formatics parameters (Fig. 2) as well as biological
and clinical interpretation. These different aspects are
well documented and discussed in several Guidelines
for the implementation of MPS in clinical diagnosis
[11–15] as well as concerning variants interpretation
and reporting [11, 16].

Whatever the MPS strategy, there are three estab-
lished principles. First, it is mandatory to focus on
genes with clear clinical significance. Secondly, it is
necessary to control the performance efficiency of a
MPS test prior its implementation in a routine setting
[17, 18]. Finally, a MPS investigation should report
the calculated sensitivity and specificity, the targeted
regions and mutations, and the coverage and depth
for each targeted gene (with possibly supplementation
with second-tiers Sanger sequencing for full cover-
age) (Fig. 1). Furthermore, it is appropriate to verify
the presence of pathogenic variants detected by MPS
through Sanger sequencing (or dosage analysis) to
counter-check for potential sample mixing errors in
case no genotyping identification is embedded in the
MPS strategy, and to validate the Sanger protocol that
will be used for future genetic counselling in the family.

OUTCOMES OF MPS FOR NMD IN A
DIAGNOSIS SETTING

Several studies concerning the validation of different
approaches on DNAs with known mutations have been
reported [19–22]. We review here several approaches
reported in a diagnosis setting, focusing on their effi-
ciency (solved cases rate) and discussing several points
which have to be considered in unresolved cases.

Resolved cases

Several studies using different MPS approaches for
NMD molecular diagnosis are presented in Table 1.
Taken together, these studies show that both ES and
gene panel TS approaches reach definite molecular
diagnosis in about 27.5% of explored patients (228
out of 827). However, many patients in these pilot
projects have been enrolled after excluding frequent
implicated genes for the related diseases, i.e. common
forms of spinocerebellar ataxia [23, 24], CMT [25],
non syndromic muscle disorders [26], LGMD and dis-
tal myopathies [27, 28], polyneuropathies [29, 30], or
early onset NMD [31]. This has increased the possi-
bility that disease-causing mutations lie in previously
undiscovered genes or in intergenic regions. ES has
been considered either as a direct first tier [19] or
second-tier diagnostic approach, i.e. after initial exclu-
sion of gene(s) based on single gene analysis [27].
Although a second tiers approach is indicated when
frequent mutations can be rapidly tested in one or a
few genes (spinocerebellar ataxia genes as an exam-
ple), it is likely that the overall diagnostic rate of MPS
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Table 1
Summary of some studies performed in a diagnosis setting. NMD: Neuromuscular Disorder; CMT: Charcot-Marie-Tooth disease; CMD:

Congenital Muscular Dystrophy; LGMD: limb-girdle muscular dystrophy

Author Approach Disease Number Number Number Number potential
of genes unrelated definitive diagnosis, further

patient diagnosis (%) test required (%)

Vasli et al. [7] Exonic Custom Panel
”NMD-seq”

NMD 267 8 4 (50%)

Choi et al. [25] Exome associated with data
filtering of selected genes

CMT 50 25∗ 8 (32%)

Lim et al. [10] Genomic Custom Panel CMD with defective
glycosylation of
alphadystroglycan

26 4 2 (50%) 1 (25%)

Nemeth et al. [23] Exonic Custom Panel Ataxia 42∗∗ 50∗ 9 (18%)
Savarese et al. [26] Exonic Custom Panel

“MotorPlex”
Non syndromic muscle

disorders
93 177∗ 52 (29%) 56 (32%)

Bartoli et al. [27] Exome associated with data
filtering of selected genes

LGMD and distal
myopathies

39 37∗ 6 (16%)

Fogel et al. [24] Clinical Exome Ataxia 76∗ 16 (21%) 30 (40%)
Klein et al. [29] Exome associated with data

filtering of selected genes
Polyneuropathies 74 15∗ 5 (33%) 3 (20%)

Ankala et al. [32] Exonic Custom Panel NMD 41 81 37 (46%)
CMD 12 88 32 (36%)
LGMD 11 96 25 (26%)

Chae et al. [31] Exonic Custom Panel Early onset NMD 579∗∗ 43∗ 21 (49%) 7 (16%)
Drew et al. [30] Exome associated with data

filtering of selected genes
Peripheral neuropathies 75 110∗ 9 (8%) 12 (11%)

Sevy et al. [28] Exonic Custom Panel NMD 298 17∗ 2 (12%) 6 (35%)
∗: patients for whom the best candidate genes have been previously excluded and in particular : 17p12 duplication/deletion and 3 major CMT
genes: GJB1, MPZ, MFN2 for the 25 patients enrolled by Choi et al.; SCA1,2,3,6,7 and FXN for the 50 and 76 patients enrolled respectively
by Nemeth et al. and Fogel et al.; DYSF gene for the 37 patients enrolled by Bartoli et al.; SMN1, DMD, MTM1 and DM1 genes for the 43
patients enrolled by Chae et al.; PMP22, MPZ, GJB1, MFN2, SPTLC1 and SPTLC2 for the 110 patients enrolled by Drew et al. ∗∗: Nemeth and
colleagues included 76 supplementary candidate genes and Chae and colleagues included candidate genes not reported as pathogenic in their
respective panels.

approaches will increase as this technology is used as
the first test of choice for genetic testing.

Second-tier diagnostic approaches prevented us to
determine which gene is the most frequently involved
in a pathology based on MPS literature alone. Within
a national project of 1000 exomes coordinated by
J. Laporte, Nebulin (NEB) mutations was found to be
involved in 15 out of 43 patients (35%) with nemaline
myopathy for whom most of the known genes have
been previously excluded. These findings are proba-
bly due to the fact that NEB is a large gene poorly
tested in routine Sanger diagnosis, and highlight NEB
as a major nemaline myopathy gene that deserves more
scrutiny.

Unresolved cases

Negative testing does not necessarily imply that no
causative variant(s) is present in the patient DNA but
may be due to technical issues, difficulties to detect
specific mutations, or analysis and interpretation
limitations:

Technical issues

It is possible to miss a mutation when the coverage
depth (also reported as “depth”, see Fig. 1) is not suffi-
cient for reliable variant detection. An exon is referred
as being a “low coverage exon” if at least a single
nucleotide in the exon has a coverage depth below a
fixed threshold (usually <20X, i.e. less than 20 reads).
This implies that the minimum mean coverage depth
should be much higher than 20X [11]. Valencia and
colleagues reported that using ES, 10–20% had low
or zero coverage; exons poorly covered may involve
NMD genes [21]. Some targets are particularly prone
to low coverage due to high GC-rich content impact-
ing on enrichment or sequencing (technical challenge)
or exons or genes with homologous pseudo-exons or
pseudo-genes (bioinformatics challenge in sequence
mapping, Fig. 2).

Savarese and colleagues [26] have compared data
from TS of 93 genes and from ES on a set of 20
DNA samples belonging to patients with different
NMD and presenting with 84 variants in 17 genes,
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previously genotyped using Sanger genotyping. They
reported 20–30% more variants in Targeted versus
Exome Sequencings, probably due to the higher cov-
erage of the targeted approach.

In case of suboptimal coverage, complementary
Sanger sequencing is required to achieve full sensi-
tivity. Among the studies presented in Table 1, Sanger
sequencing was added for a small subset of coding
regions in 26 genes involved in Congenital Muscular
Dystrophy (CMD) [10], and for 68 exons (22 genes)
with a coverage <20X for completion of the exonic
panel for NMD, CMD and LGMD [32]. Such comple-
mentary analysis being time-consuming and costly, the
MPS protocols should be efficient enough to necessi-
tate minimal Sanger sequencing for full coverage of the
targets. GS was shown to have a more homogeneous

coverage compared to ES that relies on a first enrich-
ment step.

Detection of specific mutation types

Although Sanger sequencing cannot detect large
heterozygous deletion or duplication (except hemizy-
gous deletion on the X chromosome in a male), the
detection of CNV (Copy Number Variation) using
MPS would be a very valuable improvement, prevent-
ing the need for specific dosage anomaly analysis such
as array Comparative Genomic Hybridization (aCGH).
As an example, Ankala and colleagues have studied 41
genes by MPS and aCGH and discovered a rate of 5
CNV out of 70 patients presenting with CMD and 8
CNV out of 193 patients presenting with LGMD [32].

Fig. 3. Close integration of clinical, biochemical, medical imaging, histopathological and genetic data for an integrated diagnosis. The whole
process implies a great expertise in each disease/gene and in particular may require an expert molecular laboratory for final interpretation of
sequence variants. The diagnosis may result in specific patient management including potential existing therapies, and should allow in any case
genetic counselling within the family (carrier, predictive, prenatal or pre-implantation testing). Inclusion of data into molecular and clinical
databases is a pre-requisite for patients recruitment in clinical trials and to allow development of research projects on the disease.
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MPS has proven to be able to detect CNV through
different approaches as for example TS of 267 NMD
genes [7], TS of the whole genomic Duchenne mus-
cular dystrophy gene (DMD) [9], TS of seven genes
implicated in peripheral neuropathies [33] or TS of
26 muscular dystrophy related genes [10]. The cov-
erage being much more variable in ES approaches,
detection of CNV is more challenging. GS may result
in uniform distribution of coverage and thus a better
prediction of large rearrangements. In addition, several
bioinformatics tools are being validated for CNV
detection from MPS data [34–36].

The detection of expansion, i.e. repeat of tri or tetra
nucleotides, involved in several NMD is also challeng-
ing due to the difficulty to map to the reference genome
short reads of repeated sequences, but may be improved
with longer reads technologies.

Analysis and interpretation limitations

Interpretation is straightforward in two cases: when
a mutation(s) is already described (providing the effect
is ascertained through actual knowledge) or when a
clear pathogenic effect can be predicted (for e.g. new
mutation with similar impact as known mutations).
Other cases could remain unresolved if encompassed
within the following possibilities:

The pathogenicity of previously reported mutation
might have been based only on in silico criteria, for
missense and splice site variants in particular. As
an example, a variant in the Senataxin gene (SETX)
reported as a putative mutation was finally confirmed
as a non-pathogenic rare polymorphism [30]. Also,
the implication of the gene in the pathology should
be recognized, i.e. though the identification of sev-
eral linked families and functional validation of the
mutation impact.

In case of a variant of unknown significance
(VOUS), further analyses are needed to prove the
causality: familial segregation analysis of the vari-
ant, impact on RNA or protein, or functional analysis
(Fig. 3). This situation is highlighted in several stud-
ies presented in Table 1 in which a potential causative
gene that required further testing for definitive conclu-
sion has been found in 26% of the 442 enrolled patients
[10, 24, 26, 28–31].

In case only one mutation is found in a gene linked to
an autosomal recessive disease, a second (undetected)
mutation should be searched. Alternatively, this may
represent an incidental finding (IF) that the patient is
a carrier for another disease. Savarese and colleagues
reported such cases for 26 out of 177 patients [26] and

Bartoli and colleagues for 3 out of 37 patients [27]. The
“second” mutation may have been missed due to low
coverage in the sequencing data, difficulty to detect it
(see above), or because the MPS protocol does not tar-
get the mutated region (5′ and 3′ UTR, deep intronic or
intergenic mutation in ES). Alternatively, the mutated
gene may not be targeted by TS or ES analysis. ES and
GS may allow the reanalysis of the data in a diagnosis
setting, for example when a new gene is discovered,
or can be the basis of research projects aiming for new
gene discovery. This is obviously not the case for TS.

In some cases, potential pathogenic mutations can
be found in a gene previously linked to a different
phenotype than the patient’s, and could represent a
novel genotype-phenotype correlation and the discov-
ery of an allelic disease. An integrated comparison of
the genetic data with the phenotypic investigations has
to be performed to eventually reorient the diagnosis
(Fig. 3).

DIAGNOSIS VALIDATION AND
INTEGRATED DIAGNOSIS

The use of MPS for genetic testing is not straight-
forward and depends from many factors such as
informatics pipeline [12] and biologist interpretation,
as shown by the Clarity study in which 30 international
groups analysed independently the sequence of three
genomes and only two groups identified the consensus
candidate variants in all diseases cases [37].

Sequencing strategies (Table 2)

Only genes previously linked to the patient’ disease
need to be tested in a diagnosis setting. However, the
initial clinical presentation may be atypical or incom-
plete, misleading the clinician to select the wrong gene
panel. The use of large gene panels, ES or GS can
alleviate this drawback and allows the inclusion of
patients in a first tier diagnosis approach, without the
need for preliminary extensive clinical investigations.
Such strategy should allow expanding clinical spec-
tra and reducing the time to diagnosis. Considering
patient management, the clinical utility of MPS was
highlighted in several studies, as for example in con-
genital myasthenia syndrome in which early diagnosis
is important for effective treatment [31].

In principle, GS should permit reaching a bet-
ter diagnosis yield by allowing the discovery of
pathogenic variants in non-coding regions. Neverthe-
less, the interpretation of deep intronic variants is
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particularly difficult concerning potential impact on
splicing or expression, considering that in silico pre-
dictions need to be confirmed through RT-PCR study
from a disease-relevant tissue. Furthermore, while the
frequency of intronic variants in the population is a
valuable indicator of the pathogenicity of a variant, it
is necessary to increase the availability of such data in
different ethnical groups.

The yield of positive findings is increased by includ-
ing several relatives, affected or not. In two cohorts
enrolling 500 and 814 families with undiagnosed
genetic conditions, the diagnostic rate was significantly
higher among families undergoing trio ES, i.e. both
parents and their affected child sequenced simulta-
neously (37% and 31% respectively) as compared to
ES for the patient only (21% and 22% respectively)
[38, 39]. However, trio analysis implies an additional
cost and parental samples are not always available, in
particular for adult patients.

Mutations validation

The ability to interpret sequence variants in a gene
is linked to several considerations and validation steps
[40, 41]:

One important point for assessing the impact
of a variant is to access to sequence databases of
patients and controls. Variants classified as pathogenic,
of uncertain significance or as polymorphisms are
available online in numerous databases such as the
Human Gene Mutation Database (HGMD, http://
www.hgmd.cf.ac.uk/ac/index.php), Universal Muta-
tion databases (UMDs, http://www.umd.be/), Leiden
Open Variation Databases (LOVDs, http://www.lovd.
nl/3.0/home), the Single Nucleotide Polymorphism
database(dbSNP,http://www.ncbi.nlm.nih.gov/SNP/),
the 1000 Genome Browser (http://www.1000genomes.
org/1000-genomes-browsers), the Exome Variant
Server (http://evs.gs.washington.edu/EVS/), the Ex-
ome Aggregation Consortium (ExAC, http://exac.
broadinstitute.org/). There is now a trend to make
publicly accessible variants list through the develop-
ment of computing tools, such as the EGL’s online
tool or EmVClass [42] used by Ankala and colleagues
[32]. Nevertheless, not all variants lists produced
through MPS projects are available online and are
often maintained as in-house variants databases
until the data are published. International efforts, as
PhenomeCentral (https://phenomecentral.org/), aim to
provide a platform for secure data sharing.

Another important step is the study of the vari-
ant segregation among relatives (if it has not been

performed using MPS), and eventually complementary
analysis such as RNA or protein studies. Such comple-
mentary analyses were required to reach a diagnostic
conclusion for 115 out of 442 patients (26%) enrolled
in 7 studies presented in Table 1. More detailed func-
tional analyses may be required for potential mutations
that were not yet reported as pathogenic and can benefit
from high throughput wet bench pipelines, for exam-
ple to test the impact of variants on protein stability,
localisation and interaction [43], or to correlate with
phenotypes in animal models as zebrafish [44].

Single gene testing needs to be available for all genes
included in a panel, either to investigate additional rela-
tives forassessing thepathogenicityofavariant through
segregation analysis, or for further genetic counselling
in the family when the causal effect of the mutation
is established. It is advantageous to rely on laborato-
ries expert in a subset of genes to validate the impact
of mutations found by MPS. These laboratories are
usually linked to research programs through patient’s
clinical and molecular databases (UMD, LOVD, Treat-
NMD http://www.treat-nmd.eu/) for the development
of phenotype-genotype correlation studies as well as
patients recruitment into specific clinical trials.

Integrated diagnosis

The clinicians provide phenotypic and familial infor-
mationtoassistthelaboratoryinanalysingandinterpret-
ing the MPS results. In any case, an integrated diagnosis
is necessary to direct the analysis of MPS data to reach
a fast and reliable diagnosis, and requires a strong inte-
gration of the clinical, histopathological, biochemical,
imaging and genetic data (Fig. 3). As such, this inte-
grated strategy allows appropriate data interpretation
taking into account potential incomplete penetrance
or variable disease expression [45–47], and may lead
to reverse phenotyping, i.e. complementary medical
investigations directed by the result of the genetic anal-
ysis [48, 49]. To our own experience the probability to
identify potential pathogenic variants in more than one
gene,whentestinglargepanelofgenes, isverylowwhen
performing such an integrated diagnosis.

MPS FOR NMD DIAGNOSIS: OTHER
CONSIDERATIONS

Cost

MPS is relatively cheaper compared to Sanger
sequencing when considering that the cost for targeted

http://www.hgmd.cf.ac.uk/ac/index.php
http://www.umd.be/
http://www.lovd.nl/3.0/home
http://www.ncbi.nlm.nih.gov/SNP/
http://www.1000genomes.org/1000-genomes-browsers
http://evs.gs.washington.edu/EVS/
http://exac.broadinstitute.org/
https://phenomecentral.org/
http://www.treat-nmd.eu/
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Table 2
Advantages and disadvantages of different MPS strategies

Strategies Targeted Exome Genome
sequencing sequencing sequencing

Coverage depth ++ + +
Range of mutation : ++ + +++
Large rearrangement, . . .
Interpretation +++ +++ +++(exon)/+(intron)
Ethical issue + +++ +++

or + (targeted analysis) or + (targeted analysis)
Data re-analysis for NO YES YES

novel disease genes
Cost (2015) + ++ +++

sequencing of about 150 genes is usually equivalent to
the cost for analysing 3-4 genes of medium size using
Sanger sequencing. TS is at this time the less expensive
MPS approach in term of investment for equipment and
purchase of consumables, albeit there is a continuing
decrease in sequencing cost bringing ES and GS more
accessible (Table 2).

Incidental findings

Using multi-loci analysis, a recurrent concern is
indeed the possibility of finding mutations unrelated
to the indication for ordering the molecular diagno-
sis, namely incidental findings (IF). The classification
into IF can be done when the pathology presented
by the patient is without any link with the mutation
found (in case a new allelic disease can be formally
excluded).

On the ethical point of view, the problematic of the
disclosure of IF has been encountered and discussed
previously in genetic diagnosis using aCGH, with as
an example the detection of carrier females of dys-
trophinopathy in a cohort of females presenting with
intellectual disability [50]. This issue can concern car-
rier diagnosis for a recessive disease, or predictive
diagnosis of a genetic disease linked to late onset with
partial or complete penetrance. The possibility to find
an IF could be dramatically reduced by targeted all or
a group of NMD genes (i.e. TS), and ethical issues
raised by ES and GS may be equivalent to the ones
of TS in case only genes of interest are scrutinized.
Nevertheless, concerning clinical Exome and Genome
Sequencings, the American College of Medical Genet-
ics (ACMG) had issued recommendations for reporting
IF of medical benefit for the patient and the family,
irrespectively of the age of the patient (also named
actionable IF). ACMG recommends that diagnostic
laboratories actively seek and report mutations in a list
of 56 genes (implicated in cancer, cardiomyopathy . . . )

in the course of their routine clinical sequencing [51].
Several issues concerning the patient, the clinician and
the laboratories are discussed in this report and remain
an area of debate [52–54].

CONCLUSIONS AND PERSPECTIVES

In the context of heterogeneous diseases such as
NMD, MPS provides a reliable cost and time effec-
tive alternative to Sanger sequencing, providing the
genes of interest are adequately sequenced. MPS may
be used on a first intention as a genetic screening, to
better orient clinical tests that could be invasive, costly
and necessitate patient travel, but should not substitute
for clinical and histopathological investigations. We
can anticipate that MPS-based identification of disease
mutations will have a growing impact on the diagno-
sis and classification of NMD as it frequently expands
the clinical spectrum or reveals allelic diseases. Fur-
thermore, better understanding of the pathological
mechanisms of NMD and standards of care as well
as therapeutic research should benefit from a higher
diagnostic yield.

Increase in technologies performance foresees GS
as the main future strategy for genetic diagnosis. To
increase the benefit of MPS in a diagnosis setting,
improvement in bioinformatics, storage of data and
interpretation of variants are areas that require fur-
ther resource development, as well as expanded and
multidisciplinary databases and analysis pipelines and
tools, and increased training for biologists and clini-
cians. High throughput assay to assess RNA integrity
[55] and protein function have been described [43] and
should be further developed for functional validation
of genetic variants.

Other potential applications than diagnosis of mono-
genic diseases are under discussion or proposal, in
particular with the idea of early diagnosis for optimal
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clinical management or disease prevention: preconcep-
tion screening [56], non-invasive prenatal diagnosis
using maternal circulating nucleic acids [57], new born
screening [58] and predictive testing.
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