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ABSTRACT: Introduction: Autosomal recessive muscular dystrophies are heterogeneous genetic disorders, with 39 genes currently implicated. Genetic diagnosis using targeted singlegene analysis by Sanger sequencing yields negative results in 10220% of samples, warranting clinical re-evaluation and timeconsuming testing of additional genes. This applies to dysferlinopathies caused by mutations in the gene encoding dysferlin (DYSF), which presents mainly as limb-girdle muscular dystrophy (LGMD) or distal myopathy. Methods: We evaluated exome sequencing associated with data filtering for selected genes as a second-tier approach for genetic diagnosis in a cohort of 37 patients with an initial negative result on targeted DYSF analysis. Results: Exome sequencing allowed for establishing (16%) or suggesting (8%) the molecular diagnosis by implicating other known LGMD or distal myopathy genes or by revealing DYSF mutations previously missed using mutation-screening techniques with incomplete detection yields. Conclusions: Exome sequencing associated with data filtering constitutes an efficient second-tier analysis for genes implicated in LGMD or distal myopathies.

Exome sequencing offers promising perspectives for molecular diagnosis of genetically heterogeneous diseases, in particular muscular dystrophies and distal myopathies, for which 39 different genes have been implicated to date (Gene Table of Neuromuscular Disorders; see www.musclegenetable.fr). In the transition of genetic diagnostic laboratories from Sanger sequencing to next generation sequencing techniques, exome sequencing can be considered either as a direct first tier of a sample submitted for diagnosis, [START_REF] Dias | An analysis of exome sequencing for diagnostic testing of the genes associated with muscle disease and spastic paraplegia[END_REF] or after an initial negative result on targeted single-gene analysis. In autosomal recessive muscular dystrophies, the latter accounts for 10220% of samples, 2 which leads to clinical reevaluation and time-consuming testing of additional genes. This applies to dysferlinopathies caused by mutations in DYSF (MIM #603009), which present mainly as a limb-girdle muscular dystrophy (LGMD) or a distal myopathy (Miyoshi myopathy). [START_REF] Urtizberea | Dysferlinopathies[END_REF] We evaluated exome sequencing associated with data filtering for selected genes as a secondtier approach for genetic diagnosis in patients with an initial negative result on targeted DYSF analysis.

METHODS

From among the largest international cohort of DYSF mutation analyses, [START_REF] Krahn | Analysis of the DYSF mutational spectrum in a large cohort of patients[END_REF] we included 37 samples that were assessed initially for diagnostic suspicion of dysferlinopathy and for which no DYSF diseasecausing mutation had been identified. Samples were submitted to exome sequencing using SureSelect Human All Exon Kit version 4 (Agilent Technologies, Santa Clara, California) and Illumina HiSeq 2000 (Illumina, San Diego, California) systems. Sequencing data were processed using GATK [START_REF] Depristo | A framework for variation discovery and genotyping using nextgeneration DNA sequencing data[END_REF] variant calling and ANNOVAR [START_REF] Wang | ANNOVAR: functional annotation of genetic variants from high-throughput sequencing data[END_REF] annotation, then filtered through the list of genes in the Gene Table of Neuromuscular Disorders, specifically disease groups "muscular dystrophies" and "distal myopathies" (total of 39 genes; updated 2013). All disease-causing mutations identified using exome sequencing were confirmed using direct targeted sequencing on a genetic analyzer (Model 3500XL; Applied Biosystems2Life Technologies, Carlsbad, California). For patients P6 -P9, all coding exons and intronic boundaries of the genes SGCA, GNE, and DYSF were also analyzed respectively using targeted sequencing on the aforementioned genetic analyzer to identify a possible second diseasecausing mutation missed by the exome sequencing.

RESULTS

Data analysis showed a mean overall sequencing depth of 733 and a mean overall coverage of the targeted coding exons of 87%, 82%, 71%, and 63% at respective sequencing depths of 13, 53, 203, and 303. Accordingly, the 39 genes from the Gene Table of Neuromuscular Disorders, disease groups "muscular dystrophies" and "distal myopathies," were only partially covered at a sequencing depth of 203, which is considered adequate for detection of heterozygous germline mutations (Supplementary Table S1, available online).

In 5 samples (patients P1 -P5), molecular diagnoses could be established directly after exome sequencing by identifying compound heterozygous or homozygous disease-causing mutations in previously known LGMD or distal myopathy genes (Table 1). These corresponded to CAPN3 mutations in 2 cases, ANO5 mutation in 1 case, GNE mutation in 1 case, and DYSF mutation in 1 case. In the latter case, the homozygous DYSF mutation was most likely missed due to incomplete mutation yields using screening techniques (mainly singlestrand conformational polymorphism analysis) used initially in our laboratory, [START_REF] Nguyen | Dysferlin mutations in LGMD2B, Miyoshi myopathy, and atypical dysferlinopathies[END_REF] or other problems, such as allele drop-out, underlining how molecular re-evaluation using exome sequencing could be useful for reaching a definitive genetic diagnosis in such situations. The identified mutation in patient P2 has not been reported previously; its pathogenicity is implied, as it would lead to a frameshift of the reading frame with the introduction of a premature translation termination codon.

In 4 samples, exome sequencing identified only 1 disease-causing mutation in previously known LGMD or distal myopathy genes, respectively, in the following genes: SGCA for patient P6; GNE for patient P7; and DYSF for patients P8 and P9 (Table 1). In patients P7 and P8, the identified mutations have not been reported previously, but their pathogenicity is implied with the following rationale: In patient P7, the identified missense mutation affects a highly conserved amino acid residue, with its pathogenic effect predicted by PolyPhen-2 analysis (score 5 0.996); in patient P8, the identified abnormality is a nonsense mutation that introduces a premature translation termination codon. For patients P6 -P9, all the coding exons and intronic boundaries of the respective genes were analyzed additionally using targeted direct sequencing to identify a possible second disease-causing mutation missed by the exome sequencing.

For patient P6, molecular diagnosis could be completed by identifying a second expected disease-causing mutation in SGCA using additional Sanger sequencing of the gene given the exome sequencing results. This variant had not been called due to a number of reads below the 5-reads threshold. Only 3 reads have been mapped to the mutated region as visualized using the Integrated Genome Viewer 8 (Fig. S1 in Supplementary Material, available online).

For patients P7 -P9, no second disease-causing mutation could be identified. In these cases, mutations such as exonic deletions/amplifications or mutations in deep intronic and/or regulatory regions may have been missed. Widening of the informatics filter to the entire Gene Table of Neuromuscular Disorders list (297 genes) for patients P7 -P9 did not identify any other mutational data correlating with their clinical phenotype. At the clinical level, patients P8 and P9 presented with LGMD and Miyoshi myopathy, respectively, and dysferlin protein deficiency had been identified initially by immunohistochemical analysis on muscle biopsy samples, which correlates clinically with the mutational findings. Patient P7 presented with distal myopathy at the clinical level. Of note, patient P7 carries an additional heterozygous missense variant at exon 12 of GNE (c.2030G>C; p.Gly677Ala) not previously reported in the Leiden Muscular Dystrophy Pages database (www.dmd.nl) and not reported to date in dbSNP138 (www.ncbi. nlm.nih.gov/SNP/). A possibly damaging effect at the amino acid level is not likely, as PolyPhen-2 analysis 9 predicts a non-pathogenic effect of the induced amino acid change, yet with a possible deleterious effect on mRNA splicing predicted by activation of a cryptic splice-acceptor site (Human Splicing Finder analysis). [START_REF] Desmet | Human Splicing Finder: an online bioinformatics tool to predict splicing signals[END_REF] The latter hypothesis could not yet be confirmed due to lack of available muscle tissue.

DISCUSSION

With the increasing accuracy and decreasing costs of next generation sequencing techniques, first-tier exome sequencing associated with data filtering will represent an efficient alternative strategy, [START_REF] Neveling | A post-hoc comparison of the utility of sanger sequencing and exome sequencing for the diagnosis of heterogeneous diseases[END_REF] as compared with Sanger sequencing, in selected single genes. Although next generation sequencing techniques may soon become the standard initial analysis for samples submitted for diagnosis of myopathies, diagnostic laboratories must also consider the problem of accumulated samples initially submitted for targeted single-gene analyses that tested negative and for which additional testing may be initiated after discussion with the patient and referring physician. Moreover, a second-tier approach applied to different heterogeneous groups of myopathies after an initial negative In our cohort of 37 patients with an initial negative result of targeted DYSF analysis, exome sequencing allowed for molecular diagnosis in 6 cases (16%), with 1 case requiring additional Sanger sequencing to identify the second mutated allele. In 3 cases (8%), exome sequencing was only suggestive of a molecular diagnosis, given the absence of a second identifiable disease-causing mutation. The sequencing abnormalities identified belonged to other known LGMD or distal myopathy genes, including DYSF mutations previously missed in samples analyzed using mutation screening techniques with incomplete mutation detection rates. [START_REF] Nguyen | Dysferlin mutations in LGMD2B, Miyoshi myopathy, and atypical dysferlinopathies[END_REF] For the remaining 28 samples, widening of the informatics filter to the entire Gene Table of Neuromuscular Disorders list (297 genes) identified several mutation candidates, which are under investigation.

Taken together, our results underline the utility of second-tier exome sequencing associated with data filtering for reaching an accurate genetic diagnosis in a subset of patients with an initial negative result on a targeted single-gene analysis of the DYSF gene. Moreover, the incomplete diagnostic yield points to further genetic heterogeneity in patients who present clinically with dysferlinopathy. The increase of targeted sequence coverage available through updated commercial and/or customized exome capture enrichment kits should allow for progressive gains in sensitivity of this strategy for diagnostic applications in myopathies.

Table 1 .

 1 Disease-causing mutations identified in patients using exome and additional Sanger sequencing. Previously reported and not previously reported disease-causing mutations with regard to the Leiden Muscular Dystrophy Pages (www.dmd.nl). †

		Mutated LGMD or distal myopathy gene and	Additional disease-causing mutation(s)
		corresponding disease-causing mutation(s)	identified in the respective genes
	Patient ID	identified using exome sequencing	using Sanger sequencing
	P1	CAPN3 (NM_000070) Exon 6: c.848T>C (p.Met283Thr)	Not applicable
		HTZ Previously reported* and Exon 13: c.1611C>A	
		(p.Tyr537X) HTZ Previously reported*	
	P2	CAPN3 (NM_000070) Exon 13: c.1642delC (p.Arg548A-	Not applicable
		lafsX47) HTZ Not previously reported* and Exon 16:	
		c.1817C>T (p.Ser606Leu) HTZ Previously reported*	
	P3	ANO5 (NM_213599) Exon 5: c.191dupA (p.Asn64-	Not applicable
		LysfsX15) HTZ Previously reported* and Exon 16:	
		c.1733T>C (p.Phe578Ser) HTZ Previously reported*	
	P4	GNE (NM_001128227) Exon 10: c.1853T>C	Not applicable
		(p.Ile618Thr) HOZ Previously reported*	
	P5	DYSF (NM_003494) Exon 34: c.3708delA	Not applicable
		(p.Asp1237ThrfsX24) HOZ Previously reported*	
	P6	SGCA (NM_000023) Exon 6: c.739G>A (p.Val247Met)	SGCA (NM_000023) Exon 5: c.403C>T
		HTZ Previously reported*	(p.Gln135X) HTZ Previously reported*
	P7	GNE (NM_001128227) Exon 7: c.1361T>G	No additional disease-causing
		(p.Ile454Arg) HTZ Not previously reported* PolyPhen-2	mutation identified
		predictive analysis: probably damaging (score 0.996)	
	P8	DYSF (NM_003494) Exon 30: c.3207G>A (p.Trp1069X)	No additional disease-causing
		HTZ Not previously reported*	mutation identified
	P9	DYSF (NM_003494) Exon 47: c.5302C>T (p.Arg1768Trp) HTZ Previously reported*	No additional disease-causing mutation identified
	HTZ, heterozygous; HOZ, homozygous.	
	PolyPhen-2 predictive analysis as reported by Adzhubei et al. 9	

*

The authors sincerely thank Karine Bertaux, C ecile Mouradian, V eronique Blanck, Eric Salvo, Brigitte Le Goanvic, Val erie Delague, David Salgado, Christophe B eroud, Anne Boland, and Mark Lathrop for their contributions to this work. We also thank the patients and their referring physicians for their participation.