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A Naturally Occurring Human Minidysferlin Protein Repairs Sarcolemmal Lesions in a Mouse Model of Dysferlinopathy

Dysferlinopathies are autosomal recessive, progressive muscle dystrophies caused by mutations in DYSF, leading to a loss or a severe reduction of dysferlin, a key protein in sarcolemmal repair. Currently, no etiological treatment is available for patients affected with dysferlinopathy. As for other muscular dystrophies, gene therapy approaches based on recombinant adeno-associated virus (rAAV) vectors are promising options. However, because dysferlin messenger RNA is far above the natural packaging size of rAAV, full-length dysferlin gene transfer would be problematic. In a patient presenting with a late-onset moderate dysferlinopathy, we identified a large homozygous deletion, leading to the production of a natural "minidysferlin" protein. Using rAAV-mediated gene transfer into muscle, we demonstrated targeting of the minidysferlin to the muscle membrane and efficient repair of sarcolemmal lesions in a mouse model of dysferlinopathy. Thus, as previously demonstrated in the case of dystrophin, a deletion mutant of the dysferlin gene is also functional, suggesting that dysferlin's structure is modular. This minidysferlin protein could be used as part of a therapeutic strategy for patients affected with dysferlinopathies.

INTRODUCTION

Mutations in the gene encoding dysferlin [DYSF; Mendelian Inheritance in Man (MIM) 603009, 2p13, GenBank NM_003494.2] cause limb girdle muscular dystrophy type 2B (LGMD2B; MIM 253601) [START_REF] Bashir | A gene related to Caenorhabditis elegans spermatogenesis factor fer-1 is mutated in limb-girdle muscular dystrophy type 2B[END_REF] and Miyoshi myopathy (MM; MIM 254130) [START_REF] Liu | Dysferlin, a novel skeletal muscle gene, is mutated in Miyoshi myopathy and limb girdle muscular dystrophy[END_REF]. These diseases are characterized by progressive muscle weakness, usually appearing in the second decade, and highly elevated serum creatine kinase (CK) concentrations. Moreover, mutations in DYSF cause a wide spectrum of phenotypes, ranging from clinically asymptomatic, isolated hyperCKemia to severe and early-onset presentations [START_REF] Bashir | A gene related to Caenorhabditis elegans spermatogenesis factor fer-1 is mutated in limb-girdle muscular dystrophy type 2B[END_REF][START_REF] Liu | Dysferlin, a novel skeletal muscle gene, is mutated in Miyoshi myopathy and limb girdle muscular dystrophy[END_REF][START_REF] Aoki | Positional cloning of the gene for Miyoshi myopathy and limb-girdle muscular dystrophy[END_REF][START_REF] Bushby | Dysferlin and muscular dystrophy[END_REF][START_REF] Nguyen | Phenotypic study in 40 patients with dysferlin gene mutations: High frequency of atypical phenotypes[END_REF]. The dystrophic process is caused by the absence or severe reduction of dysferlin, a 237-kD plasma membrane protein [START_REF] Meldolesi | Surface wound healing: A new, general function of eukaryotic cells[END_REF], which plays a central role in sarcolemmal repair [START_REF] Bansal | Defective membrane repair in dysferlin-deficient muscular dystrophy[END_REF]. Dysferlin is mainly expressed in skeletal and heart muscles, placenta, and monocytes/macrophages [START_REF] Anderson | Dysferlin is a plasma membrane protein and is expressed early in human development[END_REF][START_REF] Davis | Calcium-sensitive phospholipid binding properties of normal and mutant ferlin C2 domains[END_REF][START_REF] Luna | Dysferlin expression in monocytes: A source of mRNA for mutation analysis[END_REF][START_REF] Wein | Immunolabelling and flow cytometry as new tools to explore dysferlinopathies[END_REF]. Dysferlin has a long N-terminal cytosolic domain, with seven predicted C2 domains known to be involved in calcium and phospholipid binding, and a C-terminal transmembrane (TM) domain followed by a short extracellular domain [START_REF] Nalefski | The C2 domain calcium-binding motif: Structural and functional diversity[END_REF][START_REF] Therrien | Mutation impact on dysferlin inferred from database analysis and computer-based structural predictions[END_REF]. DYSF has a large mutational spectrum including mainly point mutations and small-sized nucleotide insertions/deletions [START_REF] Aoki | Genomic organization of the dysferlin gene and novel mutations in Miyoshi myopathy[END_REF][START_REF] Cagliani | Molecular analysis of LGMD-2B and MM patients: Identification of novel DYSF mutations and possible founder effect in the Italian population[END_REF][START_REF] Nguyen | Dysferlin mutations in LGMD2B, Miyoshi myopathy, and atypical dysferlinopathies[END_REF][START_REF] Guglieri | How to go about diagnosing and managing the limb-girdle muscular dystrophies[END_REF][START_REF] Krahn | Analysis of the DYSF mutational spectrum in a large cohort of patients[END_REF]. Only recently, different genomic rearrangements have also been shown to be possible DYSF disease-causing mutations [START_REF] Krahn | Identification of different genomic deletions and one duplication in the dysferlin gene using multiplex ligation-dependent probe amplification and genomic quantitative PCR[END_REF].

Currently, no etiological treatment is available for patients affected with dysferlinopathy. As for other muscular dystrophies, gene therapy approaches based on adeno-associated virus (AAV)-derived vectors have been considered as possible options. However, the large size of the DYSF gene hampers direct transfer of the entire complementary DNA (cDNA) with regard to the limited AAV packaging size, and alternative strategies are required [START_REF] Grieger | Packaging capacity of adeno-associated virus serotypes: Impact of larger genomes on infectivity and postentry steps[END_REF]. Indeed, full-length dysferlin gene transfer was successfully achieved by AAV concatemerization [START_REF] Lostal | Efficient recovery of dysferlin deficiency by dual adeno-associated vectormediated gene transfer[END_REF]. In the case of dystrophin, another large gene, different strategies have been developed as an alternative to recombinant AAV (rAAV) whole-gene transfer [START_REF] Wang | Adeno-associated virus vector carrying human minidystrophin genes effectively ameliorates muscular dystrophy in mdx mouse model[END_REF][START_REF] Gregorevic | rAAV6-microdystrophin preserves muscle function and extends lifespan in severely dystrophic mice[END_REF][START_REF] Goyenvalle | Rescue of dystrophic muscle through U7 snRNA-mediated exon skipping[END_REF]. Indeed, association of mild clinical presentations with in-frame truncated forms of dystrophin led to the development of therapeutic strategies, mainly gene transfer of functional "minidystrophin" or exon-skipping approaches [START_REF] Ragot | Efficient adenovirus-mediated transfer of a human minidystrophin gene to skeletal muscle of mdx mice[END_REF]. The necessary prerequisite of these approaches is that part of the amino acid sequence can be deleted without major impact on the overall function of the protein. Thus, identifying naturally occurring deletion mutants from genomic explorations in patients affected with muscular dystrophies is a pertinent strategy. A systematic search of disease-associated singleor multiple-exon in-frame deletions, in patients presenting mild phenotypes, should enable the identification of dispensable coding regions, allowing the development of "minigene" or exon-skipping therapeutic approaches.
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RESULTS

Identification of a minidysferlin protein in a patient

Patient F1-26-1-2 was born to distantly consanguineous parents. At the age of 30 years, she noticed proximal weakness with difficulty climbing stairs and running and presented highly elevated serum CK concentrations (2000 to 4000 IU/liter; normal <200 IU/liter). A muscle needle biopsy was initially performed and demonstrated mild aspecific dystrophic pattern (Fig. 1A). Multiplex immunoblot analyses demonstrated total absence of the typical 237-kD band corresponding to full-length dysferlin, without secondary calpain-3 deficiency (Fig. 1B, lane 2). Currently, at the age of 44 years, she presents with walking difficulties, but is still ambulant without a cane. Clinical examination showed atrophy of the calves and weakness affecting selectively the quadriceps muscles of the thighs, consistent with an MM phenotype.

On the basis of this clinical presentation, the patient was included for DYSF mutation analysis as previously described [START_REF] Krahn | Analysis of the DYSF mutational spectrum in a large cohort of patients[END_REF]. Polymerase chain reaction (PCR) with primers for the amplification of DYSF coding exons and flanking intronic boundaries failed to amplify exons 2 to 40 on the DNA of the patient. We thus hypothesized the existence of a large genomic deletion. Using an oligonucleotide-based comparative genomic hybridization (CGH) array for high-throughput detection of exonic deletions or duplications in DYSF (Fig. 2A), we identified a homozygous internal deletion encompassing exons 2 to 40. Genomic quantitative PCR with a TaqMan probe located in exon 30 of DYSF confirmed the presence of a genomic deletion at a homozygous state for the patient and a heterozygous state for her parents (fig. S1A). On the basis of the CGH array findings, we selected primers for long-range PCR to determine the genomic borders/breakpoints. A 3952-base-pair (bp) junction fragment was first obtained in the patient and her parents, with a forward primer located in intron 1 and a reverse primer located in exon 41 (fig. S1B). This junction fragment was sequenced and then "walked" with internal primers until the identification of the genomic junction resulting from the deletion (c.89-643_4474-2493del; Fig. 2B). Analysis of the surrounding sequences did not identify any repeated sequences explaining the deletion event at the molecular level. Fluorescence in situ hybridization (FISH) demonstrated an isolated deletion, without any additional chromosomal rearrangement (Fig. 2C and fig. S1C). Transcriptional analyses from the patient's monocytes indicated that the corresponding deleted (r.89_4410del) messenger RNA (mRNA) is expressed (Fig. 2D). Translation from the native dysferlin initiation codon would result in a reading frameshift encoding a predicted truncated protein of 58 amino acids (p.Gly30_Gln1470delfsX29; including 28 amino acids encoded from DYSF exon 41 but with a +3 reading frame). From our experience, we considered that such a truncated protein, obtained from the native initiation codon, would not explain the relatively mild and late-onset phenotype. Bioinformatic analyses of putative open reading frames (ORFs) within the deleted transcript identified a possible cryptic translation initiation codon, localized 22 bp downstream of the native translation initiation codon (Fig. 2E), which, if used in vivo, would lead to an in-frame rescue and use of the natural stop codon. Translation of the resulting transcript of 1899 nucleotides would produce a truncated minidysferlin protein of 632 residues and 73 kD (as predicted by ExPASy p analysis). The use of the cryptic translation initiation codon would modify the first 21 residues but maintain the wild-type C-terminal part of dysferlin (wild-type residues 1471 to 2080), including the two last C2 and the TM domains (Fig. 2F, with PSORT II and Pfam bioinformatic analysis). Immunoblot experiments with a dysferlin antibody on proteins extracted from the patient's muscle identified a ~73-kD band, supporting the use of the cryptic downstream initiation codon and the expression of a corresponding minidysferlin protein (Fig. 3A).

Localization of the minidysferlin to the muscle membrane

Fluorescence-activated cell sorting (FACS) and immunofluorescence experiments, using the patient's monocytes, revealed the presence of dysferlin-positive monocytes and peripheral labeling, suggesting the proper targeting of the minidysferlin to the plasma membrane (fig. S2, A andB).

We used ectopic expression experiments in wild-type fibroblasts (Fig. 3B) to determine the stability and localization of the minidysferlin. As expected, transfection of a plasmid encoding a green fluorescent protein (GFP) full-length DYSF fusion transcript (p.GFP-DYSF) resulted in plasma membrane staining (Fig. 3B). We replaced the full-length DYSF sequence with the patient's deleted cDNA in p.GFP-DYSF (p.GFP-natATG-DYSFdel). When translated from the native translation initiation codon, the produced GFP-fused peptide only led to patchy cytoplasmic staining. Conversely, initiation of translation from the predicted cryptic translation initiation codon, with another plasmid, deleted of the 22 initial nucleotides (p.GFP-cryptATG-MiniDYSF), resulted in membrane targeting of the minidysferlin (Fig. 3B). Together, these results confirmed the use of the cryptic initiation codon and localization of the corresponding protein at the membrane.

Reparation of membrane after minidysferlin gene transfer in dysferlin-deficient mice

To further evaluate the functionality of this minidysferlin, we constructed rAAV vectors containing the ORF expressed from the cryptic initiation codon and placed under the control of the C5.12 promoter ( 26). Intramuscular injection of MiniDYSF-rAAV in the tibialis anterior (TA) and foot flexor digitorum brevis (FDB) of 1.5-or 3-month-old C57Bl/6 and dysferlin-deficient female mice led to a clear and highlevel expression of the minidysferlin protein after 1 month of expression (Fig. 4, A and B), indicating the stability of the produced protein.

Immunohistochemical analysis revealed that minidysferlin correctly localized to the sarcolemma (Fig. 4B). This localization corresponds to the presence of minidysferlin in intracytoplasmic membrane networks (fig. S3A). RyR colocalization experiments in sections of muscles from treated dysferlin-deficient mice demonstrated that minidysferlin localized to the T-tubule network (fig. S3B), indicating that minidysferlin expression in deficient muscles reproduces the spatiotemporal expression of dysferlin during normal development [START_REF] Klinge | Dysferlin associates with the developing T-tubule system in rodent and human skeletal muscle[END_REF][START_REF] Klinge | From T-tubule to sarcolemma: Damage-induced dysferlin translocation in early myogenesis[END_REF]. Gene transfer of minidysferlin did not cause any morphological deterioration in treated muscles as compared by hematoxylin-phloxine-saffron (HPS) staining of TA sections from treated and dysferlin-deficient muscles (Fig. 4C).
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To evaluate the efficacy of minidysferlin in sarcolemmal repair, we used a membrane repair assay in FDB-isolated muscle fibers after intramuscular injection in mice. This assay is based on membrane wounding of isolated FDB fibers with a two-photon laser-scanning microscope in the presence of FM1-43 dye [START_REF] Bansal | Defective membrane repair in dysferlin-deficient muscular dystrophy[END_REF]. Mice were injected with either MiniDYSF-rAAV vectors or vehicle alone. In dysferlin-deficient fibers injected with vehicle only in the presence of calcium, FM1-43 dye penetrated continuously into the damaged fiber as seen in representative images and box plots (Fig. 4, D andE). In contrast, MiniDYSF-rAAV-injected fibers were able to halt the penetration of FM1-43 dye, indicating efficient membrane repair compared to fibers from C57Bl/6 mice. In some dysferlin-deficient fibers injected with MiniDYSF-rAAV, fluorescence levels were observed at intensities similar to that in fibers from dysferlindeficient noninjected muscle, probably due to the presence of nonexpressing fibers. These findings correlate with the immunohistochemical analyses, which evidenced incomplete transduction efficiencies. Nevertheless, a significant difference (P = 0.012) was observed when comparing muscle fibers from MiniDYSF-rAAV-injected and vehicle-injected fibers.

DISCUSSION

Our results identify a natural minidysferlin protein that retains at least partial functionality, as shown by the restoration of membrane resealing activity, the main physiological function attributed to dysferlin. These findings could be important for the development of possible therapeutic approaches for dysferlinopathies. The specific expression in skeletal muscle fibers of full-length dysferlin is sufficient to rescue the muscular dystrophy in dysferlin-deficient mice [START_REF] Millay | Genetic manipulation of dysferlin expression in skeletal muscle: Novel insights into muscular dystrophy[END_REF]. Unfortunately, the coding sequence of dysferlin is too large for single rAAV vector gene transfer. Concatemerization of rAAV vectors has been shown to be an alternative but is limited by a decrease of efficiency as compared to single rAAV gene transfer [START_REF] Lostal | Efficient recovery of dysferlin deficiency by dual adeno-associated vectormediated gene transfer[END_REF]. The size of the minidysferlin cDNA identified in this study is within the optimal packaging size of rAAV vectors. In addition, our findings demonstrate the modularity of the dysferlin protein, an essential prerequisite for minigene and exonskipping approaches. The identification of this partially functional minidysferlin was based on a clinical observation and subsequent functional evaluations, whereas previous studies on possible modularity of dysferlin used empiric constructions based on structural information of the dysferlin protein [START_REF] Klinge | From T-tubule to sarcolemma: Damage-induced dysferlin translocation in early myogenesis[END_REF][START_REF] Hernández-Deviez | Aberrant dysferlin trafficking in cells lacking caveolin or expressing dystrophy mutants of caveolin-3[END_REF].

Notably, the minidysferlin identified in this report contains the last two C-terminal C2 domains, a functional structure for vesicle trafficking and membrane exocytosis observed in synaptotagmin VII, a protein implicated in membrane fusion events, leading to neurotransmitter release [START_REF] Reddy | Plasma membrane repair is mediated by Ca 2+ -regulated exocytosis of lysosomes[END_REF]. In dysferlin, these C2 domains together with the TM domain constitute a possible minimal configuration for functionality regarding the role of the protein in sarcolemma repair. Besides, the importance of this C-terminal region is supported by the existence of severe phenotypes associated with mutations in this region [START_REF] Nguyen | Dysferlin mutations in LGMD2B, Miyoshi myopathy, and atypical dysferlinopathies[END_REF][START_REF] Krahn | Analysis of the DYSF mutational spectrum in a large cohort of patients[END_REF]. At the histological level in mouse muscles, the almost absent correction of the dystrophic pattern could be explained by the fact that fixing the membrane repair capacity is not sufficient to restore the entire functionality of dysferlin. Additional C2 domains, absent in this minidysferlin, might confer specific functional roles and be necessary for full dysferlin functionality. This could explain why, although moderate, a phenotype is still observed associated with the reported natural minidysferlin in the patient. The mild histologic pattern observed, as compared to those associated to other mutations in DYSF, suggests a slowing down of the dystrophic process.

Both miniprotein and exon-skipping approaches have previously been evaluated at the preclinical level as possible therapeutic approaches for Duchenne muscular dystrophy (DMD). A natural proof of concept for functional redundancy of specific domains of the dystrophin protein was demonstrated in patients affected with the milder allelic disease, Becker muscular dystrophy. In these patients, in-frame internal deletions of the dystrophin gene lead to the expression of truncated dystrophins maintaining partial functionality [START_REF] Béroud | Multiexon skipping leading to an artificial DMD protein lacking amino acids from exons 45 through 55 could rescue up to 63% of patients with Duchenne muscular dystrophy[END_REF]. Notably, exon-skipping strategies recently led to promising results in clinical trials in DMD patients [START_REF] Aartsma-Rus | Theoretic applicability of antisense-mediated exon skipping for Duchenne muscular dystrophy mutations[END_REF]. In a recent report based on a natural proof of principle that a deletion of dysferlin exon 32 leads to a mild and late phenotype [START_REF] Sinnreich | Lariat branch point mutation in the dysferlin gene with mild limb-girdle muscular dystrophy[END_REF], we demonstrated the pertinence and feasibility of antisense-induced exon skipping to bypass mutations in dysferlin exon 32 [START_REF] Wein | Efficient bypass of mutations in dysferlin deficient patient cells by antisense-induced exon skipping[END_REF]. The identification of a partially functional minidysferlin in the present report and, as a consequence, the modularity of the dysferlin protein further outline dysferlinopathies as the second group of muscular dystrophies to be possibly targeted by exon-skipping strategies.

MATERIALS AND METHODS

Patient and healthy control materials Informed consent was obtained from all individuals included in this study. Genomic DNA, protein extracts, and lymphoblastoid cell lines were obtained with standard protocols. CD14 + CD16 + monocytes were obtained from peripheral blood mononuclear cells isolated from whole blood with the EasySep Human Monocyte Enrichment kit (Stem Cell) according to the manufacturer's recommendations. mRNA was obtained from total peripheral blood mononuclear cells with the Nucleospin RNA II kit (Clontech).

Genomic and transcriptional mutation analyses

Genomic PCR amplification of DYSF exons and flanking intronic boundaries was performed as previously described [START_REF] Nguyen | Dysferlin mutations in LGMD2B, Miyoshi myopathy, and atypical dysferlinopathies[END_REF]. CGH array analysis was performed as described [START_REF] Saillour | Detection of exonic copy-number changes using a highly efficient oligonucleotide-based comparative genomic hybridization-array method[END_REF] on four-plex custom oligonucleotide arrays specifically designed to cover the genomic DYSF locus. Arrays were scanned at a 2-mm resolution with a NimbleGen MS 200 Microarray Scanner. Fluorescence intensity raw data were obtained from scanned images of the oligonucleotide tiling arrays with NimbleScan 2.0 extraction software (Roche NimbleGen Inc.) and interpreted with SignalMap software (Roche NimbleGen Inc.). Long-range PCR was used for the determination of the genomic deletion breakpoint as previously described [START_REF] Krahn | Analysis of the DYSF mutational spectrum in a large cohort of patients[END_REF] with primer pairs 5′-GTCTTTTGCTCCCTCTCACG-3′ (forward) and 5′-GCTCCACCAATCGATGAACT-3′ (reverse). The obtained junction fragment was sequenced by "walking" with internal primers to identify the genomic junction sequence resulting from the deletion. One particular forward primer (5′-CAGGCACTTGCCCCTTCATGC-3′) in intron 1 revealed the genomic junction. The RNA obtained from the patient's monocytes was reverse transcription PCR-amplified with specifically designed primers (forward, 5′-TCTAAGCCAGGAGCCAGAGA-3′; reverse, 5′-GATGTAAGGATCACACTTTCCA-3′; amplification conditions available upon request), sequenced on an ABI3130xl Genetic Analyzer (Applied Biosystems), and analyzed with Sequencher software (Gene Codes Corporation). Mutational data are described with the nomenclature of the Human Genome Variation Society (http:// www.hgvs.org/mutnomen). Nucleotide numbering reflects cDNA numbering, with +1 corresponding to the A of the ATG translation initiation codon in the reference sequence (human DYSF, GenBank NM_003494.2). The native initiation codon is codon 1.

Fluorescence in situ hybridization

FISH experiments were performed on lymphoblastoid cell lines from the patient and control subjects as previously described [START_REF] Delague | Screening for subtelomeric rearrangements using automated fluorescent genotyping of microsatellite markers: A Lebanese study[END_REF] with bacterial artificial chromosome (RP11-356H17, RP11-161M21) and fosmid (WI2-1887A12) clones obtained from the Sanger Institute (http://www. sanger.ac.uk), specifically selected in the region of the DYSF locus.

Immunoblot

Detection of dysferlin was performed with standard protocols with primary antibodies to dysferlin (NCL-Hamlet, Novocastra) diluted 1:300 on human muscle protein extracts, and diluted 1:500 on protein extracts from murine muscles.

Histology and immunohistochemistry

Cryosections (8-or 10-mm thickness) were prepared from frozen muscles. Histological staining was performed with hematoxylin-phloxinesaffron (HPS). Histological alterations in dysferlin-deficient mice before gene transfer have been extensively quantified [START_REF] Lostal | Efficient recovery of dysferlin deficiency by dual adeno-associated vectormediated gene transfer[END_REF]. Immunodetection was performed with the monoclonal antibody dysferlin-Hamlet (NCL-Hamlet, diluted 1:20), and sections were examined under a Leica confocal microscope. Sections were mounted with Fluoromount-G (Southern Biotech).

Ectopic expression experiments p.GFP-DYSF (30) was a gift from K. Bushby (Institute of Human Genetics, Newcastle, UK). To generate p.GFP-natATG-DYSFdel, we used a fusion PCR protocol. Two PCR fragments were amplified from p.GFP-DYSF, respectively, with primer pairs 5′-GACCTCCATAGAAGACACCG-3′ (forward)/5′-ACCAGGACGTCCACAGGATG-3′ (reverse) and 5′-CCAGGAGCCAGAGATTCG-3′ (forward)/5′-AAATGATGGAAGTGG-GGTGA-3′ (reverse). These two PCR fragments were then fused by PCR amplification with the forward primer 5′-GACCTCCATAGAAGACA-CCG-3′ and the reverse primer 5′-AAATGATGGAAGTGGGGTGA-3′. The obtained fragment was inserted into the Eco RI-Cla I sites of p.GFP-DYSF. We next generated p.GFP-cryptATG-MiniDYSF by amplifying a PCR fragment from p.GFP-natATG-DYSFdel with the forward primer 5′-AAAAGAATTCATGCCGAGAACGTCCACACACCCG-3′ and the reverse primer 5′-AAATGATGGAAGTGGGGTGA-3′. The obtained fragment was inserted into the Eco RI-Cla I sites of p.GFP-natATG-DYSFdel. Constructs were sequenced on an ABI3130xl Genetic Analyzer and analyzed with Sequencher software. According to the manufacturer's instructions, nucleofection was performed with program P-22 and NHDF kits (Amaxa) on human primary fibroblasts (AG16409; Coriell Cell Repository). These cells were fixed with 4% paraformaldehyde for 10 min. DNA labeling was performed with 4′,6-diamidino-2-phenylindole (50 ng/ml). Slides were observed on a DMR microscope (Leica), and pictures were taken with a CoolSnap camera (Roper Scientific).

Bioinformatic analysis

PSORT II was used to predict protein subcellular localization (http:// www.psort.org/). Prediction of the molecular weight, ORF, and protein sequence comparison were performed with http://expasy.org/ tools/pi_tool.html, http://www.ncbi.nlm.nih.gov/projects/gorf/, and http://expasy.org/tools/blast/, respectively.

rAAV production Adenovirus-free rAAV2/1 and rAAV2/9 viral preparations were generated as described [START_REF] Bartoli | Safety and efficacy of AAV-mediated calpain 3 gene transfer in a mouse model of limb-girdle muscular dystrophy type 2A[END_REF][START_REF] Duque | Intravenous administration of self-complementary AAV9 enables transgene delivery to adult motor neurons[END_REF]. Crude viral lysate was harvested at 60 hours after transfection. To facilitate viral particle release, we sequentially treated crude lysate with four rounds of freeze-thaw, digestion with benzonase (15 s at 37°C), and ammonium sulfate precipitation. Finally, the viral lysate was purified through two rounds of CsCl ultracentrifugation followed by dialysis to eliminate CsCl. After DNA extraction by successive treatments with deoxyribonuclease I and proteinase K, viral genomes were quantified by a TaqMan real-time PCR assay with primers and probes corresponding to the inverted terminal repeat (ITR) region of the AAV vector genome [START_REF] Rohr | Fast and reliable titration of recombinant adeno-associated virus type-2 using quantitative real-time PCR[END_REF]. The primer pairs and TaqMan probes used for ITR amplification were as follows: 1AAV65/Fwd, 5′-CTCCATCACTAGG-GGTTCCTTGTA-3′; 64AAV65/rev, 5′-TGGCTACGTAGATAAGTAG-CATGGC-3′; and AAV65MGB/taq, 5′-GTTAATGATTAACCC-3′. Titration of MiniDYSF-rAAV vectors is expressed as viral genome per milliliter (vg/ml).

In vivo experiments C57Bl/6 and A/J mice were purchased from Charles River Laboratories. A/J mice backcrossed onto C57Bl/6 background through N4 were used in this study. Previous experiments by Lostal and colleagues indicated that such a background did not change the overall muscle presentation [START_REF] Lostal | Efficient recovery of dysferlin deficiency by dual adeno-associated vectormediated gene transfer[END_REF]. All mice were handled according to the European guidelines for use of experimental animals. Mice were injected into the right TA muscle with 30 ml of phosphate-buffered saline (PBS) and into the left TA with 30 ml of MiniDYSF-rAAV (1.5 × 10 12 vg/kg) and with 15 ml in FDB (0.75 × 10 12 vg/kg) for membrane repair monitoring. One month after the injection, mice were sacrificed and muscles were removed and quickly frozen in liquid nitrogen-cooled isopentane.

Membrane injury and membrane repair monitoring

The assay was performed on isolated single fibers from the FDB muscles of 3-to 4-month-old dysferlin-deficient mice injected (n = 4) or not (n = 3) and C57Bl/6 mice (n = 3) in the presence or absence of calcium and in the presence of FM1-43 dye (final concentration, 4 mM; Invitrogen). To induce damage, we irradiated an area at the sarcolemma (~5 mm 2 ) of the muscle fiber at full power for 1 s with a two-photon confocal laser-scanning microscope. The multiphoton microscope consisted of a Radiance 2100 MP scan head (Bio-Rad) equipped with a mode-locked titanium-sapphire laser system (Coherent Verdi-Mira, Science and Technology Facilities Council) pumped at 10 W and tuned to an 800-nm excitation with 100-fs pulses at 76 MHz. The microscope was an inverted Nikon TE300 (Nikon Instruments Inc.) with Nikon objectives (dry CFI Plan APO, ~20 Å; numerical aperture, 0.75). Images were captured for 3 min after the irradiation at 7-s intervals. For every image taken, the fluorescence intensity at the site of the damage was measured by ImageJ on an area of ~0.01 mm 2 . The rate of fluorescence influx for each group was represented as box plots.

Statistical analysis

Comparisons of means were performed with the Student-Newman-Keuls post hoc test after significant analysis of variance (ANOVA).
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 1 Fig. 1. Muscle histology and multiplex immunoblot. (A) Fibers are regular, and central nuclei are numerous (arrows). No necrosis, fibrosis, tubular aggregate, or inflammation was observed. 1: hematoxylin and eosin staining; 2: NADH (reduced form of nicotinamide adenine dinucleotide) dehydrogenase staining. Scale bar, 100 µm. (B) Multiplex immunoblot using dystrophin, myosin heavy chain (MHC), dysferlin, and calpain-3 antibodies. Lane 1: protein extracted from a nonafflicted patient muscle; lane 2: protein extracted from patient F1-26-1-2 muscle. Only the band corresponding to dysferlin is absent in patient F1-26-1-2.

Fig. 2 .

 2 Fig. 2. Identification of a homozygous genomic internal deletion encompassing exons 2 to 40 of DYSF in patient F1-26-1-2. (A) CGH array analysis of the DYSF locus identified a genomic internal deletion encompassing exons 2 to 40 included (left panel). The vertical axis shows the rank position of each probe along the genome, and the horizontal axis shows the log 2 ratios (Cy3/Cy5 ratio). The patient sample was fluorescently labeled with Cy3, and a control sample (of same gender) was fluorescently labeled with Cy5. (B) Sequence analysis of the genomic breakpoint evidenced the junction between introns 1 and 40, resulting from the homozygous genomic deletion (c.89-643_4474-2493del). (C) FISH experiments on lymphocytes of the patient using two specific fluorescent probes: RP11-356H17 (H17, labeled in green), selected to overlap the expected 3′ breakpoint, and WI2-1887A12 (A12, labeled in red), selected within the deleted region. H17 hybridized to chromosome 2 of the patient and a control on both chromosomes (arrows). A12 only hybridized on both chromosomes from the control, but not from the patient (arrowheads). (D) Sequence analysis of the DYSF transcript performed on cDNA obtained from the patient's monocytes, revealing a deletion of exons 2 to 40 (r.89_4410del). (E) Bioinformatic analysis using ORF Finder for putative ORF within the r.89_4410del cDNA. Top: putative ORF predicted using the native start codon (in red) and terminating by a premature termination codon (PTC; in red) in exon 41; bottom: ORF predicted using the cryptic start codon (in green) at position 23 and terminating by natural stop codon (in green). Nucleotide positions are indicated on the r.89_4410del cDNA. (F) Scheme of the predicted minidysferlin protein according to bioinformatic analyses of protein domains, in comparison to wild-type dysferlin. Location of the NCL-Hamlet epitope (amino acids 1999 to 2016) is also depicted. NLS, nuclear localization signal.
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 34 Fig. 3. Identification of a minidysferlin protein expressed by translation from a cryptic initiation codon. (A) Immunoblot experiments with dysferlin antibodies on muscle biopsies from a healthy control (lane 1), patient F1-26-1-2 (lane 2), and a patient affected with dysferlinopathy (lane 3). A single band around the predicted molecular size of 73 kD, corresponding to the minidysferlin, was detected in patient F1-26-1-2. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) labeling was used to evaluate the loading. (B) Ectopic expression experiments in wildtype fibroblasts with different GFPDYSF fusion transcripts detailed below and in Materials and Methods (p.GFP-DYSF: plasmid containing GFP cDNA fused to full-length DYSF cDNA; p.GFP-natATG-DYSFdel: plasmid containing GFP cDNA fused to the entire r.89_4410del cDNA identified in the patient, resulting in a PTC and precluding translation until the C terminus of dysferlin; p.GFP-cryptATG-MiniDYSF: plasmid containing GFP cDNA fused to the r.89_4410del cDNA, deleted from its 22 initial nucleotides, allowing for in-frame translation from the cryptic translation initiation codon to the C terminus of dysferlin; p.GFP: control GFP plasmid). Only p.GFP-DYSF and p.GFP-cryptATG-MiniDYSF constructs allowed the localization of the protein at the periphery of the cells (white arrows). Scale bar, 8 mm; zoom scale bar, 2 mm.