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Live-imaging of revertant and therapeutically restored dystrophin in the Dmd EGFP-mdx mouse model for Duchenne muscular dystrophy
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Syncytial nuclear domains compartmentalize sarcolemmal dystrophin and determine response to therapy in a Duchenne muscular dystrophy mouse model

Présidente & Rapporteur

Résumé : La fibre musculaire est un syncytium multinucléé qui exprime la dystrophine de façon homogène le long de sa membrane pour maintenir l'intégrité de celle-ci lors de la contraction. La perte de dystrophine au niveau du sarcolemme conduit à la maladie neuromusculaire fatale, la myopathie de Duchenne (DMD). Nous avons ici étudié l'organisation subcellulaire de la dystrophine sarcolemmale ainsi que la pharmacodynamique de sa restauration dans un modèle murin.

A partir du modèle de souris Dmd EGFP précédemment créé, j'ai participé à la génération du le modèle Dmd EGFP-mdx permettant de suivre l'apparition de dystrophine révertante ou sa restauration thérapeutique.

J'ai analysé la distribution sarcolemmale de la dystrophine chez différents modèles de souris hétérozygotes pour l'allèle Dmd EGFP et Dmd EGFP-mdx ainsi que lors d'apparition de fibres révertantes chez la souris Dmd EGFP-mdx . L'observation in vivo et ex vivo de la protéine de fusion dystrophine-EGFP a permis de décrire l'organisation costamérique de la dystrophine sarcolemmale. Cette organisation est formée par le chevauchement d'unités sarcolemmales de la dystrophine d'environ 80 µm. Ces unités basales compartimentent la dystrophine le long de la fibre musculaire, y compris à la jonction myotendineuse (JMT). Les noyaux spécialisés de cette jonction expriment fortement le gène Dmd de la dystrophine, ce qui entraine une accumulation plus élevée de celle-ci comparé au sarcolemme interjonctionnel. Je n'ai pas observé de récupération de fluorescence après des expériences de photoblanchiment, ce qui suggère que la dystrophine est stablement et restrictivement ancrée au sein des costameres. L'excision de l'exon 23 du gène Dmd par CRISPR/Cas9 transporté par AAV, à un faible titre viral, restaure de façon mosaïque l'unité basale de la dystrophine sarcolemmale. Le traitement par oligonucléotide antisens tricyclo-ADN, pour sauter l'épissage de l'exon 23 du gène Dmd, entraine-lui une restauration de la dystrophine tout le long de la fibre en commençant par la JMT. Une telle restauration de la dystrophine, même à un très faible niveau (<2%), est suffisante pour diminuer les niveaux sanguins de créatine phosphokinase, un biomarqueur de dystrophies musculaires.

Pour résumer, j'ai découvert que la dystrophine sarcolemmale du syncytium musculaire est organisée en chevauchements d'unités basales. La restauration de ce chevauchement le long du sarcolemme est probablement essentielle au succès des stratégies thérapeutiques visant à restaurer la dystrophine dans le cadre de la DMD.

Based on the previously generated Dmd EGFP mouse model, I participate in the generation of a Dmd EGFP- mdx mouse model in order to be able to follow the appearance of revertant and therapeutically restored dystrophin. I then analyzed different states of sarcolemmal dystrophin distribution in heterozygous mice for Dmd EGFP and Dmd EGFP-mdx alleles, as well as in Dmd EGFP-mdx revertant fibers. In vivo and ex vivo observations of native dystrophin-EGFP fusion protein allowed me to describe the costameric organisation of sarcolemmal dystrophin, formed by overlapping sarcolemmal myonuclei-defined units of about 80 µm. Furthermore, these basal sarcolemmal units compartmentalized dystrophin along the myofiber, including the myotendinous junction (MTJ), where the specialized junctional myonuclei highly transcribed Dmd leading to higher dystrophin accumulation levels compared to interjunctional sarcolemma.

Fluorescence recovery after bleaching experiments failed to demonstrate a lateral mobility of sarcolemmal dystrophin, suggesting a stable and restricted anchorage of dystrophin inside the costameres. AAV-mediated CRISPR/Cas9 excision of Dmd exon 23 at low viral titer restored the basal sarcolemmal dystrophin unit in a mosaic pattern. However, treatment with tricyclo-DNA antisense oligonucleotide to skip Dmd exon 23 restored dystrophin in a fiber-wide fashion starting at the MTJ. Such dystrophin restoration, even at low levels <2%, was sufficient to decrease creatine phosphokinase, a serum biomarker of muscular dystrophy.

In summary, I discovered that skeletal muscle sarcolemmal dystrophin is organized in overlapping basal units focalized on a myonuclei. To conclude, restoration of this overlapping along the sarcolemma and at important sites such as the MTJ is likely critical for the success of dystrophin restoring therapeutic strategies in DMD.
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1-Muscle tissue

Skeletal muscle is a highly specialized tissue which generates movement, it accounts for more than half of the human body weight. Muscles can be classified according to different criteria, such as their developmental origin, their specific anatomy and function, and their cellular composition. Muscles are grouped depending their function: into cardiac muscle, smooth muscles and skeletal muscles. My thesis work is related to skeletal musculature which is composed of hundreds of different muscles. Their name, skeletal muscle, comes from the fact that they are attached to skeletal elements to move the body. They serve for voluntary movement, posture maintenance and heat production [START_REF] Biga | Anatomy & Physiology[END_REF][START_REF] Shadrin | Striated muscle function, regeneration, and repair[END_REF].

Skeletal muscles are also called striated muscles, a description based on light microscopy which easily illuminates the ultrastructural elements assembling the sarcomere. Skeletal muscle consists of multiple tissue components which interact with each other. The two most important components are the muscle fibers and the connective tissue as they constitute the principal anatomy (shape and size) and the function (force and rigidity) of muscles. Connective tissue provides a structure to compartmentalize the muscle (Figure 1). The epimysium is a dense and tough layer of connective tissue which encloses each muscle and insures the shape of the muscle and the connection of the fibers to their attached tendon. The epimysium also separates muscle from the rest of the organism allowing its independent contraction and protecting it from friction against neighbouring tissues and organs [START_REF] Biga | Anatomy & Physiology[END_REF][START_REF] Frontera | Skeletal muscle: a brief review of structure and function[END_REF]. The perimysium is a layer of connective tissue that subdivides muscle into fascicles which bundles hundreds of muscle fibers. Finally, the endomysium forms a sleeve around each individual muscle fiber. The endomysium consists mainly of collagen fibrils. Each muscle fibers is surrounded with a basal lamina which consists mostly of laminin and collagen. The basal lamina is mechanically linked to the muscle fiber thereby anchoring muscle fiber into the connective tissue. The whole muscle connective tissue connects to the tendons allowing transmission of forces generated by muscle fibers to the bones [START_REF] Biga | Anatomy & Physiology[END_REF] (Figure 1).

In addition, muscles contain different cellular components such as motor axon, blood vessels, tissue macrophages, stem cells, etc. Vascularisation is assured by a capillary network which supply the muscle with oxygen for gas exchange, electrolytes, nutrients, cytokines, etc... Skeletal muscle fibers are innervated by the efferent axon of a α-motoneuron responsible for muscle fibers contractions and the afferent axon of a γ-motoneuron for proprioception. Specialized

proprioceptive receptors called muscle spindles can be found distributed within each muscle. The muscle spindles serve as stretch sensors and produce a signal in response to muscle stretching. The sensory impulse ascends via the γmotoneuron to the spinal cord where they monosynaptically stimulate the αmotoneuron to induced muscle contraction in response to the muscle stretching [START_REF] Biga | Anatomy & Physiology[END_REF] (Figure 1). The function of the muscle spindle can be easily studied following short stimulus in form of a tendon reflex.

Figure 1. Schematic representation of the organization of a skeletal muscle. [START_REF] Tajbakhsh | Skeletal muscle stem cells in developmental versus regenerative myogenesis[END_REF]. Image on the upper right depicts a mouse single live isolated fiber in differential interference contrast showing the typical mus cle striation (from A. Morin).

2-Organization of the myofibers

The muscle fiber (myofiber) is the basal unit of skeletal muscle. Myofibers are an entity composed of the muscle cell, its basal lamina and its attached muscle stem cells (MuSCs). The plasma membrane of the myofiber is usually called the sarcolemmal membrane or sarcolemma and the cytoplasm is referred to as sarcoplasm. In my thesis, I used the term sarcolemma to describe a histological entity that is composed of the basal lamina and the cell membrane.

The muscle cell is the largest multinucleated syncytium in the mammalian body.

For example, fibers of the sartorius muscle can measure up to 100 µm in diameter and 30 cm in length in human [START_REF] Frontera | Muscle fiber size and function in elderly humans: a longitudinal study[END_REF][START_REF] Harris | Muscle fiber and motor unit behavior in the longest human skeletal muscle[END_REF].

The sarcoplasmic volume could comprise more than 40,000 nuclei (Hansson et al., 2020).

The MuSCs are located at the periphery of muscle cells between the basal lamina and the sarcolemmal membrane, which gave them the name satellite cells (SCs).

They participate in the muscle growth and the regeneration [START_REF] Mauro | Satellite cell of skeletal muscle fibers[END_REF] (cf.

MuSCs chapter).

The skeletal muscle fiber syncytium is compartmentalized to assure different functions: for example, the myotendinous junction (MTJ), neuromuscular junction (NMJ) [START_REF] Kim | Single-nucleus transcriptomics reveals functional compartmentalization in syncytial skeletal muscle cells[END_REF] were describe using histological techniques and more recently using single nuclei RNA (snRNA) sequencing (Dos [START_REF] Santos | Single-nucleus RNA-seq and FISH identify coordinated transcriptional activity in mammalian myofibers[END_REF][START_REF] Kim | Single-nucleus transcriptomics reveals functional compartmentalization in syncytial skeletal muscle cells[END_REF].

A) The sarcoplasm

Interestingly, the whole muscle is subdivided in fascicles. The fascicles subdivide into single myofibers, which divide into myofibrils, which are composed by the repetitive sarcomeric unit, in a fractal-like manner. The sarcomere is the smallest functional and contractile unit of a skeletal muscle. The highly organized protein alignment allows the shortening of the sarcomere underlying muscle contraction. The repetitive striated structure of the sarcomere was classically described using light microscopy allowing to visualize the Z-line, A-bands and I-bands. The Z-lines are composed of α-actinin, the central anisotropic (A) band is mainly composed of myosin-rich myofilaments, while the two light isotropic (I) bands are dominated by actin myofilaments [START_REF] Henderson | Overview of the Muscle Cytoskeleton[END_REF][START_REF] Luther | The vertebrate muscle Z-disc: sarcomere anchor for structure and signalling[END_REF][START_REF] Rassier | Sarcomere mechanics in striated muscles: from molecules to sarcomeres to cells[END_REF](Figure 1). In mice, the size of the sarcomere depends on the contractile state of the myofibers and measures between 2-3 µm in length [START_REF] Rassier | Sarcomere mechanics in striated muscles: from molecules to sarcomeres to cells[END_REF][START_REF] Rassier | Sarcomere length-dependence of activity-dependent twitch potentiation in mouse skeletal muscle[END_REF], such as shown below ex vivo on isolated fibers using fluorescent molecules interacting with the actin filaments (Figure 2). The integrin complex and the dystrophin-associated glycoprotein complex (DAPC) of the cell membrane link the cytoskeleton to the basal lamina and maintain sarcolemmal integrity. Similar as the sarcomeres, these protein complexes are repetitively organized structures called costameres. Their function is to connect the sarcomeres of fiber to its sarcolemmal membrane and to assure mechanotransduction [START_REF] Bloch | Lateral force transmission across costameres in skeletal muscle[END_REF][START_REF] Ervasti | Costameres: the Achilles' heel of Herculean muscle[END_REF][START_REF] Henderson | Overview of the Muscle Cytoskeleton[END_REF] (Figure 3). 

B) The neuromuscular junction

The NMJ is the site where the terminal end of a motor neuron axon connects to the muscle fiber. The NMJ is composed of the presynaptic motor nerve terminal, the synaptic cleft and the postsynaptic end plate membrane [START_REF] Biga | Anatomy & Physiology[END_REF][START_REF] Liu | The Composition, Development, and Regeneration of Neuromuscular Junctions[END_REF][START_REF] Sanes | Induction, assembly, maturation and maintenance of a postsynaptic apparatus[END_REF]. The motor neuron nerve terminal is specialized in acetylcholine (ACh) neurotransmitter release. The end plate membrane clusters the ACh receptors, it consists of numerous invaginations allowing an increase in the exchange surface between ACh and its receptor. The highly specialized function of NMJ depends on the highly specialized organization of the clusters of postsynaptic myonuclei [START_REF] Liu | The Composition, Development, and Regeneration of Neuromuscular Junctions[END_REF].

In addition to the myofibers and the motor neurons, Schwann cells and et al., 2019;[START_REF] Duchenne | De la paralysie musculaire pseudo-hypertrophique ou paralysie myo-sclérosique[END_REF][START_REF] Marty | Excitation-Contraction Coupling Alterations in Myopathies[END_REF]. 

C) The myotendinous junction

Muscle fibers adopt a unique and optimized architecture connecting the muscle to the tendon at their termination. This transitional zone between skeletal muscle and tendon is called the myotendinous junction (MTJ). At the MTJ, collagen digitation from the tendon protrudes into invaginations of the muscle membrane [START_REF] Knudsen | The human myotendinous junction: an ultrastructural and 3D analysis study[END_REF][START_REF] Trotter | Three-dimensional structure of the murine muscle-tendon junction[END_REF] (Figure 5). The MTJ is the most mechanically solicited area of the muscle. Its whole structure serves to transfer forces from the muscle to the tendon. This digit-like ultrastructure increases the contact area between muscle myofibrils and tendon collagen [START_REF] Knudsen | The human myotendinous junction: an ultrastructural and 3D analysis study[END_REF]. The ultrastructure of the MTJ also ensures its stress and tension resistance [START_REF] Tidball | Force transmission across muscle cell membranes[END_REF][START_REF] Tidball | Myotendinous junctions of tonic muscle cells: structure and loading[END_REF]. (B)Scanning electron microscopy (EM) of an isolated myofiber show the typical digitlike architecture in mice, from [START_REF] Trotter | Three-dimensional structure of the murine muscle-tendon junction[END_REF].

At the tip of muscle fibers, actin filaments from the last A-bands attaches DAPC and vinculin-talin-integrin complex at the cytoplasmic side of the sarcolemma, which in return binds to laminin and collagen fibrils of the extracellular matrix (ECM) [START_REF] Henderson | Overview of the Muscle Cytoskeleton[END_REF][START_REF] Shear | Vinculin in subsarcolemmal densities in chicken skeletal muscle: localization and relationship to intracellular and extracellular structures[END_REF].

D) The muscle satellite cells

Muscle satellite cells (MuSCs) in an adult muscle are usually quiescent and have a reduced cystoplasm, which is similar to most adult tissue stem cells [START_REF] Mauro | Satellite cell of skeletal muscle fibers[END_REF])(Figure 6). The opposing plasma membrane of the satellite cells (white arrowheads) and sarcolemma (yellow arrowheads) can be followed. Adapted from [START_REF] Schultz | Satellite cells are mitotically quiescent in mature mouse muscle: an EM and radioautographic study[END_REF] & [START_REF] Mauro | Satellite cell of skeletal muscle fibers[END_REF].

During muscle growth or after damage-induced regeneration, MuSCs can be activated and enter the cell cycle to proliferate and differentiate and fuse to existing fibers or between each other, generating new ones [START_REF] Dhawan | Stem cells in postnatal myogenesis: molecular mechanisms of satellite cell quiescence, activation and replenishment[END_REF][START_REF] Montarras | Direct isolation of satellite cells for skeletal muscle regeneration[END_REF][START_REF] Schultz | Satellite cells are mitotically quiescent in mature mouse muscle: an EM and radioautographic study[END_REF]. In mice, the generation of the MuSC pool develops during embryogenesis until 3 weeks of post-natal life [START_REF] Tajbakhsh | Skeletal muscle stem cells in developmental versus regenerative myogenesis[END_REF].

In addition to MuSCs, others cell types which do not possess myogenic potential are also required for the regenerative process. Indeed, MuSCs are influenced by surrounding structures such as resident immune cells (macrophages), interstitial cells in proximity to capillaries (PICs, FAPs, etc.), myofibers and local ECM, which form the so-called muscle satellite cell-niche, a theoretical concept of these interaction (Figure 7). Together, these structures provide signals which coordinate MuSC activity in a finely regulated manner [START_REF] Evano | Skeletal muscle stem cells in comfort and stress[END_REF]. 

PART II: THE DYSTROPHIN PROTEIN

Dystrophin is a critical component of the DAPC which serves to confer stability to the sarcolemma during force generation.

1-The DMD gene and dystrophin protein isoforms

In humans, the DMD gene encoding dystrophin is localized on the X chromosome at the Xp21 locus and is the largest human gene spanning 2.4 Mb.

The coding sequence is of only 14 kb and represents less than 1% of its genomic DNA sequence and encodes 79 exons resulting in a full length 427 kDa protein (Hoffman et al., 1987;[START_REF] Koenig | Complete cloning of the Duchenne muscular dystrophy (DMD) cDNA and preliminary genomic organization of the DMD gene in normal and affected individuals[END_REF][START_REF] Monaco | Isolation of candidate cDNAs for portions of the Duchenne muscular dystrophy gene[END_REF] (Figure 8). The transcription of the DMD gene is under the control of 7 tissue-specific promoters leading to the translation of 7 different dystrophin isoforms. Three full-length dystrophin isoforms are expressed in the brain (Dp427b) (denoted B), muscle (Dp427m) (denoted M) and Purkinje (Dp427p) (denoted P) using tissue specific promoters. Internal promoters result in 4 shorter isoforms. The Dp260 is expressed in the retina (denoted R). The Dp140 is expressed predominantly in the brain but also in retina and kidney (denoted B3). The Dp116 is expressed by Swann cells (denoted S). The Dp71 is a short isoform expressed by many cell types (denoted G) [START_REF] Constantin | Dystrophin complex functions as a scaffold for signalling proteins[END_REF][START_REF] Morrone | Dystrophin and mutations: one gene, several proteins, multiple phenotypes[END_REF] (Figure 8).

Figure 8. The DMD gene. Schematic organization of (A) the different promotors (black arrows) and (B) protein isoforms. From [START_REF] Morrone | Dystrophin and mutations: one gene, several proteins, multiple phenotypes[END_REF].

Interestingly, the full-length isoforms are highly conserved through evolution in vertebrates but also in invertebrate (drosophila and zebrafish are particularly well studied examples [START_REF] Plantié | Model organisms in the fight against muscular dystrophy: lessons from drosophila and Zebrafish[END_REF]). The evolutionary conservation of dystrophin protein suggest that its large size confers a biological function.

2-Dystrophin in skeletal muscles

The skeletal muscle dystrophin isoform (Dp427) consists of 3,685 amino acids which is composed of the following 4 protein domains [START_REF] Constantin | Dystrophin complex functions as a scaffold for signalling proteins[END_REF]) (Figure 9) :

-The N-terminal domain interacts with the actin cytoskeleton [START_REF] Koenig | The complete sequence of dystrophin predicts a rodshaped cytoskeletal protein[END_REF][START_REF] Norwood | The structure of the Nterminal actin-binding domain of human dystrophin and how mutations in this domain may cause Duchenne or Becker muscular dystrophy[END_REF].

-A central rod domain encoding from exon 8 to 61, represents 75% of the total dystrophin length. These domains consist of 24 spectrin-like repeats of approximatively 100 amino acids each, interrupted by four key prolinerich regions that contribute to the elastic and flexible structure of the dystrophin [START_REF] Koenig | Detailed analysis of the repeat domain of dystrophin reveals four potential hinge segments that may confer flexibility[END_REF]. The central domain interacts with major cytoskeletal components such as actin [START_REF] Amann | A cluster of basic repeats in the dystrophin rod domain binds F-actin through an electrostatic interaction[END_REF] and microtubules [START_REF] Belanto | Microtubule binding distinguishes dystrophin from utrophin[END_REF] and possesses a binding site for sarcolemmal lipids [START_REF] Le Rumeur | Interaction of dystrophin rod domain with membrane phospholipids. Evidence of a close proximity between tryptophan residues and lipids[END_REF] and the nNOS protein [START_REF] Lai | Dystrophins carrying spectrin-like repeats 16 and 17 anchor nNOS to the sarcolemma and enhance exercise performance in a mouse model of muscular dystrophy[END_REF].

-A cysteine-rich region with a WW protein-binding domain, which is named after the presence of two highly conserved tryptophan residues [START_REF] Bork | The WW domain: a signalling site in dystrophin?[END_REF]) (W), binds to β-dystroglycan. The β-dystroglycan interact with the α-dystroglycan which in turn connect the DAPC to the αlaminin of the ECM [START_REF] Judge | Dissecting the signaling and mechanical functions of the dystrophin-glycoprotein complex[END_REF]. Furthermore, the WW site has also been reported in signaling and regulatory molecules [START_REF] Bork | The WW domain: a signalling site in dystrophin?[END_REF]. In addition, two EF-hands domains and a zinc-finger domain participate in calcium binding [START_REF] Anderson | Ca2+-calmodulin binds to the carboxyl-terminal domain of dystrophin[END_REF][START_REF] Koenig | The complete sequence of dystrophin predicts a rodshaped cytoskeletal protein[END_REF].

-Finally, the C-terminal extremity allows connection between syntrophin and α-dystrobrevin [START_REF] Sadoulet-Puccio | Dystrobrevin and dystrophin: an interaction through coiled-coil motifs[END_REF][START_REF] Suzuki | Mammalian alpha 1-and beta 1-syntrophin bind to the alternative splice-prone region of the dystrophin COOH terminus[END_REF]. The principal role of dystrophin is to ensure the stability of the sarcolemma via the assembly of the DAPC. In absence of dystrophin, proteins of the DAPC are reduceds, which destabilizes force transmission and protection of the sarcolemmal membrane [START_REF] Pasternak | Mechanical function of dystrophin in muscle cells[END_REF][START_REF] Petrof | Dystrophin protects the sarcolemma from stresses developed during muscle contraction[END_REF]. Furthermore, it has been suggested that dystrophin, via the DAPC, could constitute a scaffold for numerous signaling proteins [START_REF] Constantin | Dystrophin complex functions as a scaffold for signalling proteins[END_REF][START_REF] Rando | The dystrophin-glycoprotein complex, cellular signaling, and the regulation of cell survival in the muscular dystrophies[END_REF]. For example, the association of certain proteins to DAPC could be regulated in a calciumdependant manner by the zinc-finger motif of the cysteine-rich region of dystrophin [START_REF] Constantin | Dystrophin complex functions as a scaffold for signalling proteins[END_REF].

Dystrophin and DAPC are strongly present at the MTJ and the NMJ [START_REF] Zhao | Dystrophin and a dystrophin-related protein in intrafusal muscle fibers, and neuromuscular and myotendinous junctions[END_REF]. At the myotendinous junction the role of dystrophin and DAPC is particularly important for force transmission [START_REF] Law | Dystrophin deficiency is associated with myotendinous junction defects in prenecrotic and fully regenerated skeletal muscle[END_REF][START_REF] Ridge | Modifications in myotendinous junction surface morphology in dystrophin-deficient mouse muscle[END_REF][START_REF] Yuan | Potential cross-talk between muscle and tendon in Duchenne muscular dystrophy[END_REF]. At the level of the NMJ, the presence of dystrophin is required for the formation of large ACh receptor aggregates [START_REF] Belhasan | The role of the dystrophin glycoprotein complex on the neuromuscular system[END_REF][START_REF] Kong | Dystrophin is required for organizing large acetylcholine receptor aggregates[END_REF][START_REF] Ng | Recent insights into neuromuscular junction biology in Duchenne muscular dystrophy: Impacts, challenges, and opportunities[END_REF].

More recent work describes presence of Dp71 as well as full-length dystrophin isoforms in MuSCs. Dp71 has been described to enhance myoblast proliferation [START_REF] Farea | Dystrophin Dp71ab is monoclonally expressed in human satellite cells and enhances proliferation of myoblast cells[END_REF]. The full-length isoform has been described to be involved in the asymmetric division of MuSCS [START_REF] Dumont | Dystrophin expression in muscle stem cells regulates their polarity and asymmetric division[END_REF].

3-The Dmd EGFP reporter mouse model

In 2016, Petkova et al. generated a dytrophin-EGFP reporter mouse model, called the Dmd EGFP model, to allow the live study of the expression of dystrophin and its different isoforms (Petkova et al., 2016).

This new model was generated through the modification of the murine Dmd gene using a targeting vector (Figure 10A). The natural stop codon of the last dystrophin exon 79 was modified into a leucine encoding codon followed by an in-frame FLAG-EGFP coding sequence allowing the synthesis of a fusion protein dystrophin-EGFP tagged in C-terminal. The hemizygous Dmd EGFP/y males as well as the hetero-and homozygous females proved to be viable and fertile.

In this new model, the presence of dystrophin-EGFP muscle isoform is easily detectable by Western-Blot and more importantly by direct fluorescence imaging, without the need for immunostaining, of either muscle sections or live isolated muscle fibers (Figure 10B-C-D ; Figure supplementary 1). In addition, the insertion of a FLAG-EGFP downstream exon 79 allows all major dystrophin isoforms to express the FLAG-EGFP tag, allowing the study of dystrophin subcellular expression in various tissues including skeletal, smooth and cardiac muscles as well as in the brain, cerebellum and retina. Importantly, since the Cterminal domain of dystrophin is essential for its role in assembling the DAPC, the authors also proved that this tag did not disturb the interaction between dystrophin and its associated proteins which were expressed at the correct localization. The mouse was thoroughly characterized and did not reveal any dystrophic properties even in aged, 10-month old mice (Petkova et al., 2016). Finally, the neomycin cassette was removed by crossing these mice with a cretransgenic mouse strain that ubiquitously expresses Cre recombinase [START_REF] Schwenk | A cre-transgenic mouse strain for the ubiquitous deletion of loxP-flanked gene segments including deletion in germ cells[END_REF]. 

4-Dystrophin associated protein complex

As already discussed, DAPC protects muscle fibers during contraction/relaxation cycles and allows signal transduction through proteins and subcomplexes assembly [START_REF] Ehmsen | The dystrophin-associated protein complex[END_REF] (Figure 11). One of these subcomplexes is the dystroglycan complex which is formed by αdystroglycan on the outside of the sarcolemma connecting to ECM laminin-α2 and β-dystroglycan crossing the membrane to link to dystrophin [START_REF] Ibraghimov-Beskrovnaya | Primary structure of dystrophin-associated glycoproteins linking dystrophin to the extracellular matrix[END_REF]. This complex directly participates in DAPC stability and is necessary to cellular processes such as NMJ formation [START_REF] Jacobson | The Dystroglycan Complex Is Necessary for Stabilization of Acetylcholine Receptor Clusters at Neuromuscular Junctions and Formation of the Synaptic Basement Membrane[END_REF].

The other complex is the sarcoglycan complex, crucial for stabilizing the dystroglycan complex and its interaction with dystrophin. In the skeletal muscle, the sarcoglycan complex is composed of 4 transmembrane proteins, α, β, γ, δ [START_REF] Ozawa | Molecular and cell biology of the sarcoglycan complex[END_REF].

Dystrophin also interacts with different sarcoplasmic proteins such as syntrophin, α-dystrobrevin and nNOS which recruits proteins to the sarcolemma [START_REF] Lai | Dystrophins carrying spectrin-like repeats 16 and 17 anchor nNOS to the sarcolemma and enhance exercise performance in a mouse model of muscular dystrophy[END_REF]. Calveoline-3 is another membrane protein which interacts with dystrophin and other members of the DAPC [START_REF] Song | Expression of caveolin-3 in skeletal, cardiac, and smooth muscle cells. Caveolin-3 is a component of the sarcolemma and co-fractionates with dystrophin and dystrophin-associated glycoproteins[END_REF][START_REF] Sotgia | Caveolin-3 directly interacts with the C-terminal tail of beta -dystroglycan. Identification of a central WW-like domain within caveolin family members[END_REF].

PART III: DYSTROPHINOPATHIES

Mutations of the DMD gene cause a range of muscle disorders of variable phenotypes which depend on how the mutation affects the dystrophin product.

The most severe phenotype, called Duchenne muscular dystrophy (DMD), is usually associated with the complete absence of dystrophin. A less severe phenotype, called Becker muscular dystrophy (BMD), is usually associated with a residual presence of dystrophin to various extends. The X-linked dilated cardiomyopathy (XLDCM) is another form of dystrophinopathy. Furthermore, female carriers of the DMD mutation can be symptomatic to various extends.

1-Duchenne Muscular Dystrophy

DMD is an X-linked recessive disease, affecting about 1 in 5000 new-born boys [START_REF] Emery | Population frequencies of inherited neuromuscular diseases--a world survey[END_REF]. The disease was first described by Guillaume-Benjamin-Armand Duchenne in 1868 [START_REF] Duchenne | De la paralysie musculaire pseudo-hypertrophique ou paralysie myo-sclérosique[END_REF] and William Richard Gowers in 1879 [START_REF] Gowers | Pseudo-hypertrophic muscular paralysis[END_REF]. The underlying mutation in the DMD gene was discovered in 1986 [START_REF] Koenig | Complete cloning of the Duchenne muscular dystrophy (DMD) cDNA and preliminary genomic organization of the DMD gene in normal and affected individuals[END_REF][START_REF] Monaco | Isolation of candidate cDNAs for portions of the Duchenne muscular dystrophy gene[END_REF] before identifying the protein product, dystrophin, absent in DMD patients (Hoffman et al., 1987) (Figure 13).

DMD is the most common hereditary neuromuscular disorder. The disease remains fatal and no therapies are currently available.

DMD can be defined in four pathological stages: early ambulatory, late ambulatory, early non-ambulatory and late non-ambulatory [START_REF] Bushby | Diagnosis and management of Duchenne muscular dystrophy, part 1: diagnosis, and pharmacological and psychosocial management[END_REF].

The initial symptoms become visible between the age of 2 to 5 years old. Initial symptoms include difficulties in running, climbing stairs and a waddling gait that are typical signs of lower limb weakness. One of the characteristic signs of this muscle weakness is the Gower's manoeuvre, a movement by which a child climbs up his thighs when trying to rise from the floor [START_REF] Gowers | Pseudo-hypertrophic muscular paralysis[END_REF] [START_REF] Bushby | Diagnosis and management of Duchenne muscular dystrophy, part 1: diagnosis, and pharmacological and psychosocial management[END_REF][START_REF] Chabrol | Protocole National de Diagnostic et de Soins (PNDS) Dystrophie musculaire de Duchenne[END_REF].

Other tissues which express dystrophin are also affected in DMD, such as smooth muscles leading to complications in digestive function [START_REF] Barohn | Gastric hypomotility in Duchenne's muscular dystrophy[END_REF] or central nervous system associated with behaviour or learning disabilities [START_REF] Bresolin | Cognitive impairment in Duchenne muscular dystrophy[END_REF][START_REF] Yoshioka | Central nervous system involvement in progressive muscular dystrophy[END_REF].

Biological features of DMD include a highly elevated creatine phosphokinase (CPK) serum levels and specific histopathological changes of skeletal muscle such as necrotising myofibers, regenerating fibers, fibrosis, fatty infiltration as well as inflammation due to necrotic fibers and immune cells infiltrations [START_REF] Mcdouall | Nature of the mononuclear infiltrate and the mechanism of muscle damage in juvenile dermatomyositis and Duchenne muscular dystrophy[END_REF][START_REF] Morrone | Dystrophin and mutations: one gene, several proteins, multiple phenotypes[END_REF] (Figure 12). These features are the classical signs of a muscular dystrophy. 

(

2-Becker Muscular Dystrophy

Generally, DMD results in the absence of dystrophin due to mutations that disrupt the open reading frame and prevent dystrophin expression. Differently, in-frame mutations leading to the expression of shorter, partially truncated or residual dystrophin cause the milder Becker dystrophy disorders [START_REF] Koenig | The molecular basis for Duchenne versus Becker muscular dystrophy: correlation of severity with type of deletion[END_REF]) (Figure 13).

Becker muscular dystrophy (BMD) was characterized from DMD in 1955 by Emile

Becker [START_REF] Becker | New X-chromosomal muscular dystrophy[END_REF]. BMD presents a large spectrum of phenotypes. Indeed, age at which symptoms develops and their severity are much more variable than in DMD. The heterogeneity of phenotype goes from severe to almost asymptomatic. The ambulation is lost beyond the age of 16 years old however, many patients never lose the ability to walk. The progression of muscle wasting, respiratory weakness and decline in cardiac function is delayed compared to DMD [START_REF] Bushby | The clinical, genetic and dystrophin characteristics of Becker muscular dystrophy. I. Natural history[END_REF][START_REF] Morrone | Dystrophin and mutations: one gene, several proteins, multiple phenotypes[END_REF]. Finally, for some patients, CPK elevation and mild exercise intolerance are the only disease markers.

Figure 13. DMD vs. BMB representative states of dystrophin expression.

Immunohistochemistry of frozen transverse muscle section from control or patients with DMD and BMD. Immunolabelling was done with two anti-dystrophin antibodies: MANDYS106 (target the exon 43 coded pectrin-like repeat 16 region of human dystrophin) and Dys2 (target the C-terminal region of hulan dystrophin). From [START_REF] Anthony | Dystrophin quantification and clinical correlations in Becker muscular dystrophy: implications for clinical trials[END_REF].

3-Female carriers of DMD

Surprisingly, female carriers of the heterozygous mutation in the DMD gene can sometimes develop disease signs as severe as in DMD boys [START_REF] Sewry | Manifesting carriers of Xp21 muscular dystrophy; lack of correlation between dystrophin expression and clinical weakness[END_REF][START_REF] Soltanzadeh | Clinical and genetic characterization of manifesting carriers of DMD mutations[END_REF].

A) Genetic mosaicism

In biology, mosaicism phenomenon generally refers to the possible existence of genetically different cell lines in the same organism. Two types of mosaicism are described: the somatic mosaicism and the germline mosaicism. The somatic mosaicism represents the finding of genetically separate group of cells within the somatic tissues [START_REF] Hall | Review and hypotheses: somatic mosaicism: observations related to clinical genetics[END_REF], whereas germline mosaicism involves separate groups of cells within the germline tissues [START_REF] Zlotogora | Germ line mosaicism[END_REF]. In regards to the Xchromosome inactivation (XCI), mosaicism naturally exists in women in which Xpaternal chromosome inactivated cells coexist with X-maternal chromosome inactivated cells within the same cell population [START_REF] Lyon | Gene action in the X-chromosome of the mouse (Mus musculus L.)[END_REF].

B) The myonuclear domain theory

The muscle fiber is a syncytium composed of hundreds of nuclei which in female consist of a mosaic state because of the XCI. Interestingly, it has been conceptualized that a single myonuclei could only exercise transcriptional activity in a restricted sarcoplasmic area called the myonuclear domain. The idea of a myonuclear domain is supported by several studies showing that mRNA localize close to the nucleus [START_REF] Pavlath | Localization of muscle gene products in nuclear domains[END_REF] with little diffusion [START_REF] Denes | Microtubule-based transport is essential to distribute RNA and nascent protein in skeletal muscle[END_REF]. Furthermore, protein distribution is likely to remain restricted to the myonuclear domain with the exception of some proteins which are able to diffuse over long distances (Ralston andHall, 1989a, 1989b). For example, syncytial overexpression of mCherry (shown in my results), diffuses in the whole fiber.

C) Female carriers of DMD

Mammalian females carry two X-chromosomes. One X-chromosome is inactivated during early embryonic development, leading to a near-exclusive gene expression from only one of the X-chromosomes. Each progenitor passes on this epigenetic mark to their daughter cells during proliferation and growth of the organism [START_REF] Gartler | Mammalian X-chromosome inactivation[END_REF][START_REF] Lyon | Gene action in the X-chromosome of the mouse (Mus musculus L.)[END_REF][START_REF] Monk | Sequential X chromosome inactivation coupled with cellular differentiation in early mouse embryos[END_REF].

Female carriers of DMD are expected to express dystrophin in only half of their myonuclei which would lead to dystrophin expression in mosaic. Curiously, most female carriers of DMD show little dystrophin deficient fibers on biopsy.

However, most fibers have an inhomogeneous dystrophin staining with sometimes partial loss of the protein. This pattern of dystrophin distribution protects the skeletal muscles of female carriers from severe damages [START_REF] Clerk | Characterisation of dystrophin in carriers of Duchenne muscular dystrophy[END_REF][START_REF] Matthews | Muscle X-inactivation patterns and dystrophin expression in Duchenne muscular dystrophy carriers[END_REF][START_REF] Schmidt-Achert | Myocardial evidence of dystrophin mosaic in a Duchenne muscular dystrophy carrier[END_REF]) (Figure 14).

In female carrier mice of the DMD mutation, a progressive conversion of dystrophin-negative fibers to dystrophin-positive fibers has been observed [START_REF] Karpati | Agerelated conversion of dystrophin-negative to -positive fiber segments of skeletal but not cardiac muscle fibers in heterozygote mdx mice[END_REF]. However, mouse female carriers can develop disease symptoms [START_REF] Meyers | DMD carrier model with mosaic dystrophin expression in the heart reveals complex vulnerability to myocardial injury[END_REF] . About 15% of female carriers of DMD manifest some signs of skeletal muscle damage. It remains debated whether a skewed Xinactivation could cause such defaults [START_REF] Ishizaki | Female dystrophinopathy: Review of current literature[END_REF][START_REF] Pegoraro | Genetic and biochemical normalization in female carriers of Duchenne muscular dystrophy: evidence for failure of dystrophin production in dystrophin-competent myonuclei[END_REF][START_REF] Soltanzadeh | Clinical and genetic characterization of manifesting carriers of DMD mutations[END_REF][START_REF] Viggiano | Determining the role of skewed X-chromosome inactivation in developing muscle symptoms in carriers of Duchenne muscular dystrophy[END_REF]. The theorical concept of myonuclear domain could explain the carrier state of females with heterozygous mutation. [START_REF] Berko | X-linked dilated cardiomyopathy[END_REF].

The mutations causing XLDCM are mostly deletions and have been classified

according to their region of occurrence: the area between the promotor until exon 1, the region comprising exons 2 to 8, the "hot spot" region for mutations in the DMD gene from exons 45 to 55 [START_REF] Blake | Function and genetics of dystrophin and dystrophin-related proteins in muscle[END_REF] and the region above exon 55 [START_REF] Nakamura | X-Linked Dilated Cardiomyopathy: A Cardiospecific Phenotype of Dystrophinopathy[END_REF]. Several hypotheses could explain the phenotype difference in XLDCM compared to DMD and BMD [START_REF] Nakamura | X-Linked Dilated Cardiomyopathy: A Cardiospecific Phenotype of Dystrophinopathy[END_REF].

5-Genetic aspects in dystrophinopathies

DMD is caused by mutations disrupting the open reading frame (ORF), leading to the emergence of a premature stop-codon and the total absence of dystrophin protein through "non-sense mediated mRNA decay" (NMD) system.

Mutations which maintain the ORF usually result in a residual and partially functional dystrophin and thus shifts the disease severity towards the milder BMD phenotype [START_REF] Hyser | Recent advances in Duchenne and Becker muscular dystrophy[END_REF][START_REF] Koenig | The molecular basis for Duchenne versus Becker muscular dystrophy: correlation of severity with type of deletion[END_REF]. The "reading-frame rule" of dystrophin expression depending on the DMD mutation is also called the "Monaco rule" [START_REF] Monaco | An explanation for the phenotypic differences between patients bearing partial deletions of the DMD locus[END_REF].

Exceptions to the Monaco rule exist. For example, mutation disrupting the ORF after exon 74 can result in a BMD phenotype. A possible explanation is a default of the NMD due to the distance of the mutation inside the gene [START_REF] Aartsma-Rus | Entries in the Leiden Duchenne muscular dystrophy mutation database: an overview of mutation types and paradoxical cases that confirm the reading-frame rule[END_REF][START_REF] Kerr | Long mutant dystrophins and variable phenotypes: evasion of nonsense-mediated decay?[END_REF], resulting in residual dystrophin protein. In another example, mutations can result in alternative splicing and allow skipping of the mutated exon [START_REF] Ginjaar | Dystrophin nonsense mutation induces different levels of exon 29 skipping and leads to variable phenotypes within one BMD family[END_REF] and thus dystrophin expression associated to a BMD phenotype. Furthermore, in-frame mutations can result in a DMD phenotype if they impact critical structural domains such as the actin-binding domain or the cysteine-rich region [START_REF] Aartsma-Rus | Entries in the Leiden Duchenne muscular dystrophy mutation database: an overview of mutation types and paradoxical cases that confirm the reading-frame rule[END_REF][START_REF] Matsumura | Deficiency of dystrophin-associated proteins in Duchenne muscular dystrophy patients lacking COOH-terminal domains of dystrophin[END_REF]. These observations highlight the complexity behind the genetics of the DMD gene and the dystrophin function.

6-Pathophysiological aspects of dystrophinopathies

The absence of dystrophin entails a number of pathophysiological consequences (Figure 15):

-Mechanical impact Dystrophin is the key protein in the formation of the DAPC. As mentioned above, this complex links the cytoskeleton to the ECM (Figure 11) thereby generating sarcolemmal stability. The absence of dystrophin reduces the presence of other DAPC members and binding partners [START_REF] Ohlendieck | Duchenne muscular dystrophy: deficiency of dystrophin-associated proteins in the sarcolemma[END_REF], thereby weakening this mechanical link. De facto, during contraction, mechanical forces will generate microlesions at sarcolemmal level [START_REF] Mokri | Duchenne dystrophy: electron microscopic findings pointing to a basic or early abnormality in the plasma membrane of the muscle fiber[END_REF] leading to membrane permeabilization [START_REF] Hamer | Evans Blue Dye as an in vivo marker of myofibre damage: optimising parameters for detecting initial myofibre membrane permeability[END_REF] which finally causes fiber degeneration.

-Calcium homeostasis deregulation

The microlesions resulting from the absence of dystrophin induce an increase in intracellular calcium influx. The intracellular calcium rise could further exacerbate muscle damage. For example, increased intracellular calcium activates the calpains protease pathway [START_REF] Spencer | Overexpression of a calpastatin transgene in mdx muscle reduces dystrophic pathology[END_REF] which leads to digestion of the myofibrils network [START_REF] Bartoli | Calpains in muscle wasting[END_REF].

-Oxidative stress

In DMD muscles, absence of dystrophin leads to elevated intracellular calcium levels and causes dysfunctions of the mitochondria. Mitochondrial dysfunction leads to a significant increase production of reactive oxygen species. This production results in a more expansive activation of the membrane NADPH oxidase and increase of radical oxygen species (ROS). ROS will participate in the inflammatory process, causing loss of membrane depolarization and cell death [START_REF] Allen | Absence of Dystrophin Disrupts Skeletal Muscle Signaling: Roles of Ca2+, Reactive Oxygen Species, and Nitric Oxide in the Development of Muscular Dystrophy[END_REF][START_REF] Feno | Crosstalk between Calcium and ROS in Pathophysiological Conditions[END_REF][START_REF] Mareedu | Abnormal Calcium Handling in Duchenne Muscular Dystrophy: Mechanisms and Potential Therapies[END_REF].

-Nitric oxide synthase perturbation Due to the absence of dystrophin, neural nitric oxide synthase (nNOS) cannot locate to the sarcolemma and interact with the DAPC. In consequence, it sarcolemmal presence decrease together with the nitride oxide (NO) [START_REF] Brenman | Nitric oxide synthase complexed with dystrophin and absent from skeletal muscle sarcolemma in Duchenne muscular dystrophy[END_REF]. Such sarcolemmal loss of NO signaling has been principally associated with increase in muscle fatigability [START_REF] Kobayashi | Sarcolemma-localized nNOS is required to maintain activity after mild exercise[END_REF][START_REF] Percival | Golgi and sarcolemmal neuronal NOS differentially regulate contraction-induced fatigue and vasoconstriction in exercising mouse skeletal muscle[END_REF]. In addition, the sarcoplasmic localization of NO could lead to a protein hyper-nitrosylation, for example of the RyR, which disturbs the calcium homeostasis [START_REF] Bellinger | Remodeling of ryanodine receptor complex causes "leaky" channels: a molecular mechanism for decreased exercise capacity[END_REF][START_REF] Gentil | Variable phenotype of del45-55 Becker patients correlated with nNOSμ mislocalization and RYR1 hypernitrosylation[END_REF].

All these secondary phenomena due to the absence of dystrophin are closely related to each other and interwoven. They lead to fiber necrosis, inflammation, impaired metabolism and impaired regeneration that result in further muscle damage [START_REF] Allen | Absence of Dystrophin Disrupts Skeletal Muscle Signaling: Roles of Ca2+, Reactive Oxygen Species, and Nitric Oxide in the Development of Muscular Dystrophy[END_REF] (Figure 15). From [START_REF] Allen | Absence of Dystrophin Disrupts Skeletal Muscle Signaling: Roles of Ca2+, Reactive Oxygen Species, and Nitric Oxide in the Development of Muscular Dystrophy[END_REF].

PART IV: ANIMAL MODELS FOR DMD

Several animal models for DMD emerged spontaneously or have been engineered through cloning and mutagenesis to study the DMD physiopathology and develop innovative therapies. Nearly 60 different animal models exist for DMD [START_REF] Mcgreevy | Animal models of Duchenne muscular dystrophy: from basic mechanisms to gene therapy[END_REF].

1-The murine models

Muscular dystrophy X-linked mouse (mdx) is the traditional model for DMD research. It was found by Bulfield et al., who identified a colony of C57BL/10ScSn mice with increased blood levels of pyruvate kinase and CPK in the blood that indicated a muscular dystrophy (Bulfield et al., 1984). A non-sense point mutation (C to T transition) was identified later in exon 23 of the Dmd gene, hence the exact nomenclature is mdx23. This mutation leads to a premature stop codon and the absence of the full-length dystrophin isoform in heart, brain and skeletal and smooth muscles [START_REF] Ryder-Cook | Localization of the mdx mutation within the mouse dystrophin gene[END_REF][START_REF] Sicinski | The molecular basis of muscular dystrophy in the mdx mouse: a point mutation[END_REF]. Differently to humans, the mdx23 mice show a remarkably mild phenotype. Indeed, despite the lack of dystrophin, the mdx23 mice show moderate muscle weakness and little histological changes, compared to DMD boys, which consist in moderate fibrosis, fiber size variation, internalized myonuclei. However, at the age of 3 weeks a massive fiber degeneration and regeneration process appears. After 15 months, the regeneration process slowly declines and muscle wasting appears, leading to a reduced lifespan compared to wild-type mice [START_REF] Lefaucheur | Phenotype of dystrophinopathy in old mdx mice[END_REF][START_REF] Pastoret | mdx mice show progressive weakness and muscle deterioration with age[END_REF]. The diaphragm is the most affected muscle compared to relatively well-preserved limb muscles. In the mdx mice, a strong upregulation of the dystrophin homologue, the utrophin protein, is found, which partially compensates for the missing dystrophin and prevents a more severe phenotype [START_REF] Bostick | Prevention of dystrophin-deficient cardiomyopathy in twenty-one-month-old carrier mice by mosaic dystrophin expression or complementary dystrophin/utrophin expression[END_REF][START_REF] Schofield | Expression of the dystrophin-related protein (utrophin) gene during mouse embryogenesis[END_REF][START_REF] Tinsley | Primary structure of dystrophin-related protein[END_REF].

In both humans and mice, utrophin is mainly expressed prenatally and replaced by dystrophin at birth. A utrophin knockout (KO) mouse model was generated and crossed with mdx mice to induce a more severe phenotype [START_REF] Deconinck | Utrophin-dystrophin-deficient mice as a model for Duchenne muscular dystrophy[END_REF][START_REF] Grady | Skeletal and cardiac myopathies in mice lacking utrophin and dystrophin: a model for Duchenne muscular dystrophy[END_REF]. These mice develop a severe muscular dystrophy together with cardiomyopathy and respiratory failure which lead to a reduced lifespan [START_REF] Janssen | Utrophin deficiency worsens cardiac contractile dysfunction present in dystrophin-deficient mdx mice[END_REF][START_REF] Yucel | Humanizing the mdx mouse model of DMD: the long and the short of it[END_REF].

Mdx mice have also been crossed with other mouse models such as α7-integrin KO mice [START_REF] Guo | Absence of alpha 7 integrin in dystrophin-deficient mice causes a myopathy similar to Duchenne muscular dystrophy[END_REF] to better understand the relation between dystrophin and associated proteins while exhibiting more severe phenotypes in the search of clinically more relevant model of DMD.

In humans 60% of the deletions in the Dmd gene leading to DMD are located between exons 45 and 55. A mdx mouse line with a deletion of the exon 52 was generated [START_REF] Araki | Targeted disruption of exon 52 in the mouse dystrophin gene induced muscle degeneration similar to that observed in Duchenne muscular dystrophy[END_REF] which serves to develop therapeutic strategies based on exon-skipping of exon 51 and 53 [START_REF] Aoki | Bodywide skipping of exons 45-55 in dystrophic mdx52 mice by systemic antisense delivery[END_REF] (cf. therapeutic strategy part VI of the introduction). To access an even better model for such exon skipping strategies, the hDMD/mdx and hDMDdel52/mdx transgenic mice models were generated. To generate the hDMD/mdx mice, a full-length human DMD gene was integrate into a mouse autosome and crossed with mdx mice.

Similarly, for the hDMDdel52/mdx mice, a full-length DMD gene carrying an exon 52 deletion was used ('t [START_REF] Hoen | Generation and characterization of transgenic mice with the full-length human DMD gene[END_REF][START_REF] Yavas | Detailed genetic and functional analysis of the hDMDdel52/mdx mouse model[END_REF].

In 2012, new mouse model, the mdx-Xist Δhs , was generated to address the question "which levels of dystrophin restoration are sufficient to rebuild muscle fiber integrity, protect muscle damage and normalize muscle function?" (van Putten et al., 2012). In this model, mutations in the Xist promoter induce skewed X-inactivation results in varying low dystrophin levels between 3 to 47%. The results revealed a dose-dependent beneficial effect of low dystrophin levels (van der [START_REF] Van Der Pijl | Low dystrophin levels are insufficient to normalize the neuromuscular synaptic abnormalities of mdx mice[END_REF][START_REF] Van Putten | Low dystrophin levels in heart can delay heart failure in mdx mice[END_REF][START_REF] Van Putten | The effects of low levels of dystrophin on mouse muscle function and pathology[END_REF].

2-The dystrophic rat models

Even if being ten times bigger than a mouse, the rat is still considered as a small animal model and regularly used in experimental medicine. Dystrophic rat models were developed that resemble better DMD than mdx mice. For example, they develop a pronounced cardiomyopathy [START_REF] Nakamura | Generation of muscular dystrophy model rats with a CRISPR/Cas system[END_REF].

A rat model was generated using CRISPR/Cas9 technology (cf. Part VI-2) to induce deletions in exons 3 and 16 of the Dmd gene [START_REF] Nakamura | Generation of muscular dystrophy model rats with a CRISPR/Cas system[END_REF]. A second rat line was obtained using the TALEN technology to generate deletion in the exon 23 of the Dmd gene leading to an ORF shift and the emergence of a premature stop codon [START_REF] Larcher | Characterization of dystrophin deficient rats: a new model for Duchenne muscular dystrophy[END_REF]. The R-DMDdel52 rat model, was generated to have access to a suitable tool mimicking the human phenotype and to test therapeutic strategies based on exon 51 and 53 skipping. In this model, a deletion of exon 52 lead to a complete lack of dystrophin protein [START_REF] Goddard | DMD TREATMENT: ANIMAL MODELS: P.204R-DMDdel52, a novel preclinical rat model of Duchenne muscular dystrophy[END_REF] .

3-The canine model (GRMD)

The Golden Retriever Muscular Dystrophy (GRMD) dog probably best models the human pathology. The main disadvantage is the costs of breeding maintenance and recent societal and ethical questioning of using large animal models. GRMD dogs develop progressive muscle wasting. Swallowing defects, pneumopathy and cardiac failure commonly lead to premature death. A spontaneous point mutation in the splice acceptor site of intron 6 causes a skipping of the exon 7 during the RNA splicing which provokes a shift in the ORF [START_REF] Kornegay | Canine models of Duchenne muscular dystrophy and their use in therapeutic strategies[END_REF].

4-The Caenorhabditis elegans model

The cellular physiology of C. elegans muscles is similar to vertebrates, particularly the muscles involved for body movement. The main difference is an absence of cell fusion, therefore each muscle remains mononuclear [START_REF] Lecroisey | The C. elegans dense body: anchoring and signaling structure of the muscle[END_REF].

Transparency and well-characterized development and organizational structure make nematodes an elegant model to detect functional and morphological changes in muscles through fluorescent markers. In addition, large-scale screening of chemical compounds is easily achievable due to the small size, short life cycle and easy to reproduce. C. elegans possess a dystrophin homologue gene dys-1 which encode a protein of similar structure and function as human dystrophin [START_REF] Roberts | Dystrophins in vertebrates and invertebrates[END_REF]. The dys-1(cx18) mutant was first described by its hyperactive and hypercontractile phenotype and mild muscle degeneration [START_REF] Bessou | Mutations in the Caenorhabditis elegans dystrophin-like gene dys-1 lead to hyperactivity and suggest a link with cholinergic transmission[END_REF]. Interestingly, this mutation when combined with a temperature-sensitive hlh-1/CeMyoD (a mutation in the nematodes homologue of the myogenic regulatory factor MyoD) leads to a progressive and more severe phenotype caused by stronger muscle degeneration [START_REF] Gieseler | Genetic suppression of phenotypes arising from mutations in dystrophin-related genes in Caenorhabditis elegans[END_REF].

5-The drosophila models

As for C. elegans, Drosophila melanogaster is a quick and ready-to-use animal model: very short reproductive cycle, numerous animals per generation, small in size, well described and easy to genome engineer [START_REF] Zirin | State-of-the-art CRISPR for in vivo and cell-based studies in Drosophila[END_REF]. In drosophila, the coding gene for dystrophin, dys, possesses 54% of similarity with the human Dmd gene [START_REF] Greener | Conservation of components of the dystrophin complex in Drosophila[END_REF]. To produce the DMD model in drosophila, the dys gene can be easily mutated. Interferant RNA are also commonly use to downregulate this gene [START_REF] Plantié | Model organisms in the fight against muscular dystrophy: lessons from drosophila and Zebrafish[END_REF][START_REF] Shcherbata | Dissecting muscle and neuronal disorders in a Drosophila model of muscular dystrophy[END_REF]. These models generally show progressive muscular degeneration and mobility defects (van der [START_REF] Van Der Plas | Drosophila Dystrophin is required for integrity of the musculature[END_REF] as well as dilated cardiomyopathy [START_REF] Taghli-Lamallem | Dystrophin deficiency in Drosophila reduces lifespan and causes a dilated cardiomyopathy phenotype[END_REF].

6-The zebrafish DMD model

Like nematodes and the fruit fly model, zebrafish are mostly used for highthroughput and high-content drug screening [START_REF] Kawahara | Zebrafish based small molecule screens for novel DMD drugs[END_REF]. In addition, the zebrafish is a good model for research on developmental biology and in vivo experiments because of their transparency [START_REF] Bajanca | In vivo dynamics of skeletal muscle Dystrophin in zebrafish embryos revealed by improved FRAP analysis[END_REF]. The muscle structure of the zebrafish show similarity with the mammalian muscle [START_REF] Guyon | The dystrophin associated protein complex in zebrafish[END_REF]. In addition, the dmd zebrafish gene possess more than 50% of homology with the human DMD gene [START_REF] Guyon | The dystrophin associated protein complex in zebrafish[END_REF]. Furthermore, zebrafish express ortholog DAPC proteins [START_REF] Guyon | The dystrophin associated protein complex in zebrafish[END_REF]. For example, the zebrafish model transparency was used to explore the dynamics of dystrophin protein. A human fluorescently labelled dystrophin was injected in zebrafish embryos and fluorescence recovery after bleaching (FRAP) experiments highlighted the dynamic of dystrophin [START_REF] Bajanca | In vivo dynamics of skeletal muscle Dystrophin in zebrafish embryos revealed by improved FRAP analysis[END_REF]. Zebrafish has also been reviewed as a model for DMD [START_REF] Wasala | Duchenne muscular dystrophy animal models for highthroughput drug discovery and precision medicine[END_REF].Zebrafish DMD model can be generated by knocking-out dystrophin expression with oligomorpholinos [START_REF] Guyon | The dystrophin associated protein complex in zebrafish[END_REF] or after ethylnitrosourea mutagenesis [START_REF] Guyon | Genetic isolation and characterization of a splicing mutant of zebrafish dystrophin[END_REF].

7-Other DMD models

A hypertrophic feline muscular dystrophy model has been described which displays a mild pathology in consequence of a point deletion in exon 1, causing the loss of all full-length dystrophin isoforms. This cat model shares limited similarity to DMD. Curiously, this cat develops hypertrophic cardiomyopathy, oesophageal obstruction and kidney failure [START_REF] Gaschen | Changes of skeletal muscle in young dystrophin-deficient cats: a morphological and morphometric study[END_REF][START_REF] Gaschen | Cardiomyopathy in dystrophin-deficient hypertrophic feline muscular dystrophy[END_REF][START_REF] Kohn | Muscular dystrophy in a cat][END_REF].

A porcine DMD model was also created by deleting the exon 27 using CRISPR/Cas9 technology [START_REF] Yu | Porcine Zygote Injection with Cas9/sgRNA Results in DMD-Modified Pig with Muscle Dystrophy[END_REF]. The interest of a porcine model relies on the close similarity between pig and human physiology.

PART V: THE REVERTANT FIBERS

One of the interesting features of DMD in humans and animal models is the spontaneous emergence of myofibers expressing dystrophin protein called "revertant fibers" (RFs) [START_REF] Burrow | Dystrophin expression and somatic reversion in prednisone-treated and untreated Duchenne dystrophy[END_REF][START_REF] Fanin | Dystrophin-positive fibers in Duchenne dystrophy: origin and correlation to clinical course[END_REF][START_REF] Hoffman | Somatic reversion/suppression of the mouse mdx phenotype in vivo[END_REF].

The RFs express a truncated form of dystrophin, suggesting that a molecular mechanism such as an alternative splicing of the mutation re-established the ORF [START_REF] Nicholson | The "rescue" of dystrophin synthesis in boys with Duchenne muscular dystrophy[END_REF]Wilton et al., 1997). Interestingly, RFs are found in clusters and each RF cluster possesses a different dystrophin isoform compared to other clusters. In fact, individual clusters have specific DNA splice pattern (Wilton et al., 1997) leading to varying internally deleted dystrophin isoforms in different clusters (Lu et al., 2000;[START_REF] Thanh | Characterization of revertant muscle fibers in Duchenne muscular dystrophy, using exon-specific monoclonal antibodies against dystrophin[END_REF].

In mdx mice, RFs emerge in short segments at birth. These segments increase in length and new segments appear in neighbouring fibers forming large clusters of dystrophin-positive fibers. The size of each of these clusters can expand up to 100 fibers and span up to 1mm in length by 18 months of age (Lu et al., 2000) (Figure 16). Frequency of RFs represent less than 1% of all the fibers in mdx mice [START_REF] Danko | The frequency of revertants in mdx mouse genetic models for Duchenne muscular dystrophy[END_REF][START_REF] Hoffman | Somatic reversion/suppression of the mouse mdx phenotype in vivo[END_REF][START_REF] Nicholson | Functional significance of dystrophin positive fibres in Duchenne muscular dystrophy[END_REF]. Frequency of RFs is influenced by the type of mutation and the genetic background of the mouse [START_REF] Echigoya | Mutation types and aging differently affect revertant fiber expansion in dystrophic mdx and mdx52 mice[END_REF]. In DMD boys, the frequency of RFs is generally low, ranging between 0.01 and 7% percent and no age-related expansion has been observed [START_REF] Fanin | Dystrophin-positive fibers in Duchenne dystrophy: origin and correlation to clinical course[END_REF][START_REF] Uchino | PCR and immunocytochemical analyses of dystrophin-positive fibers in Duchenne muscular dystrophy[END_REF]. The molecular mechanism behind the formation of RFs has not yet been fully understood. The revertant event is suspected to take place in the muscle progenitors. Such (revertant) MuSCs could contribute to the increase of the cluster size and number in time (Figure 16).

Indeed, therapeutic approaches such as overexpression of microdystrophin or utrophin diminish muscle dystrophy, muscle degeneration and regeneration, which results in failure of expansion in RFs clusters. RFs expansion was also inhibited following irradiation to block muscle regeneration [START_REF] Wakeford | X-irradiation improves mdx mouse muscle as a model of myofiber loss in DMD[END_REF]. Finally, notexin treatment induced activation of MuSCs and showed formation of new RFs clusters [START_REF] Yokota | Expansion of revertant fibers in dystrophic mdx muscles reflects activity of muscle precursor cells and serves as an index of muscle regeneration[END_REF]. Such dependence of revertant development and degeneration/regeneration cycles is an indirect evidence that RFs originated as a clonal event in MuSCs [START_REF] Partridge | The enigma of the "dystrophin revertant" muscle fibre. Recent Advances in Skeletal Muscle Differentiation[END_REF][START_REF] Yokota | Expansion of revertant fibers in dystrophic mdx muscles reflects activity of muscle precursor cells and serves as an index of muscle regeneration[END_REF]. A more recent study suggested that dystrophin reversion could also occur during adulthood [START_REF] Pigozzo | Revertant fibers in the mdx murine model of Duchenne muscular dystrophy: an age-and muscle-related reappraisal[END_REF]. 

PART VI: THERAPEUTIC STRATEGIES FOR DMD

There are yet no curative therapies for DMD. However, several treatments exist which slow the progression of the disease, improve quality of life and extend the patients lifespan.

For example, corticosteroids were first used in 1974 in a small clinical trial [START_REF] Drachman | Prednisone in Duchenne muscular dystrophy[END_REF]. Corticosteroids treatment improves muscle strength and function at all DMD stages [START_REF] Henricson | The cooperative international neuromuscular research group Duchenne natural history study: glucocorticoid treatment preserves clinically meaningful functional milestones and reduces rate of disease progression as measured by manual muscle testing and other commonly used clinical trial outcome measures[END_REF][START_REF] Matthews | Corticosteroids for the treatment of Duchenne muscular dystrophy[END_REF][START_REF] Mcdonald | Longitudinal pulmonary function testing outcome measures in Duchenne muscular dystrophy: Long-term natural history with and without glucocorticoids[END_REF] and slows disease progression [START_REF] Gloss | Practice guideline update summary: Corticosteroid treatment of Duchenne muscular dystrophy: Report of the Guideline Development Subcommittee of the American Academy of Neurology[END_REF] and therefore has become part of standard of care. Unfortunately, long-term corticosteroid treatment causes side effects such as weight gain, osteopenia and pathological fractures, and growth retardation [START_REF] Schara | Long-Term Steroid Therapy in Duchenne Muscular Dystrophy-Positive Results versus Side Effects[END_REF]. The exact mechanisms by which corticosteroids act on muscle are not fully understood.

1-Exon skipping strategy

Therapeutic exon skipping aims to restore the ORF by removing an additional exon bordering the deletion site in the DMD gene. The restoration of the ORF generates a truncated but partially functional dystrophin which functions similarly to BMD patients [START_REF] Echevarría | Exon-skipping advances for Duchenne muscular dystrophy[END_REF]. Therapeutic exon skipping takes advantage of the physiological splicing process which consists in the maturation of pre-mRNA into mRNA through the excision of the introns. During this molecular event, the spliceosome recognizes a consensus sequence at the exonintron boundaries, the so-called acceptor and donor splicing sites, which results in the removal of the in-between intron. Exon skipping therapeutic approach is achieved using an antisense oligonucleotide (AON) sequence which hybridizes to and masks the consensus splicing sequence to trick the splicing machinery and prevent splicing of a given exon (Figure 17A). These AONs have some As mention above, different mutations can cause DMD. Around 15% of DMD patients present deletions bordering exon 51. In these patients, skipping of exon 51 could restore the ORF (Aartsma-Rus et al., 2009). Among the different AONs tested in patients, the initially promising candidate drugs, 2'-O-methyl phosphorothioate (2'OMe-PS) and the phosphorodiamidate morpholino oligomers (PMO) (Figure 17B), did not achieve a statistically significant therapeutic benefit and have not been approved for clinical use in Europe [START_REF] Echevarría | Exon-skipping advances for Duchenne muscular dystrophy[END_REF][START_REF] Mackenzie | Therapeutic Approaches for Duchenne Muscular Dystrophy: Old and New[END_REF][START_REF] Yokota | Efficacy of systemic morpholino exon-skipping in Duchenne dystrophy dogs[END_REF]. Peptideconjugated PMOs (PPMOs) have been developed to overcome pharmacokinetic limitations. PPMOs allow better AONs distribution, especially in the heart, and they are associated with improved skeletal and cardiac muscle function following treatment in the mouse [START_REF] Wu | Long-term rescue of dystrophin expression and improvement in muscle pathology and function in dystrophic mdx mice by peptide-conjugated morpholino[END_REF].

Tricyclo-DNA oligomers (tcDNAs) conjugated or not with phosphorothioate or palmitic acid (used in my thesis) have demonstrated to yield higher dystrophin restoration potential in skeletal and cardiac muscle and to some extent in the brain after systemic drug delivery as compared to PMO and 2'OMe-PS (Goyenvalle et al., 2015;[START_REF] Relizani | Palmitic acid conjugation enhances potency of tricyclo-DNA splice switching oligonucleotides[END_REF].

An alternative for exon skipping strategy is using adeno associated virus (AAV) vectors containing specific antisense sequences paired with small nuclear RNA (U7 or U1 RNA). The goal of AAV-U7/U1 is to replace costly regular injection of AONs with a single injection sufficient for dystrophin restoration. However, animal experiments showed that AAV is being cleared in tissue in time, thereby losing the initially restored dystrophin due to the degeneration/regeneration cycles (Le Hir et al., 2013). To achieve substantial dystrophin restoration and the maintenance of therapeutic effect through time, AAV-U7/U1 gene therapy would require injection of high viral titers for efficacy [START_REF] Goyenvalle | Enhanced exon-skipping induced by U7 snRNA carrying a splicing silencer sequence: Promising tool for DMD therapy[END_REF][START_REF] Goyenvalle | Rescue of dystrophic muscle through U7 snRNA-mediated exon skipping[END_REF][START_REF] Lorain | Transient immunomodulation allows repeated injections of AAV1 and correction of muscular dystrophy in multiple muscles[END_REF].

(All exon-skipping strategies are reviewed in (Echevarría et al., 2018))

2-Genome editing strategy

Deletion of the mutated exon to re-establish an ORF can also be obtained at the genomic level via the clustered regularly interspaced short palindromic repeats and CRISPR-associated protein 9 (CRISPR/Cas9) based genome editing system.

In this system, AAV vectors deliver directly to the nucleus, a Cas9 nuclease and RNA guide (gRNA). The gRNAs are composed of a complementary sequence to the target DNA sequence and a constant sequence recruiting the Cas9. The Cas9 will precisely cut double-stranded DNA 3 nucleotides before a protospacer adjacent motif (PAM) (Figure 18). The non-homologous end-joining (NHEJ)

DNA repair system of the cell allows reparation of the double-stranded DNA at the site of the cut. Proof of concept has been made in mdx mice (Nelson et al., 2016), human DMD myoblasts [START_REF] Ousterout | Multiplex CRISPR/Cas9-based genome editing for correction of dystrophin mutations that cause Duchenne muscular dystrophy[END_REF] and induced pluripotent human stem cell [START_REF] Young | A Single CRISPR-Cas9 Deletion Strategy that Targets the Majority of DMD Patients Restores Dystrophin Function in hiPSC-Derived Muscle Cells[END_REF]. Current research is ongoing for optimizing genotoxicity (i.e., editing in undesired areas of the genome away from the target site). 

3-Gene replacement therapy

Gene therapies rely on vectors to deliver the therapeutic gene. However, the DMD gene (around 14 kb) exceeds by far the size capacity of viral vectors, which is about 5 kb [START_REF] Wu | Effect of genome size on AAV vector packaging[END_REF]. Therefore, several mini-and micro-dystrophin genes were conceived in silico by maintaining most critical regions required for the correct function (Figure 19). Many dystrophin constructs under investigation include the N-terminal and cysteine-rich domains in addition to a small number of spectrin-like repeats (microdystrophin =4 SR; minidystrophin = 5 SR) and at least two of the four DMD hinges (previously mentioned as proline-rich regions) [START_REF] Bostick | Cardiac expression of a mini-dystrophin that normalizes skeletal muscle force only partially restores heart function in aged Mdx mice[END_REF][START_REF] Foster | Codon and mRNA sequence optimization of microdystrophin transgenes improves expression and physiological outcome in dystrophic mdx mice following AAV2/8 gene transfer[END_REF]. Clinical trials in DMD boys using AAV encoded micro-dystrophin provided very encouraging results [START_REF] Mendell | Assessment of Systemic Delivery of rAAVrh74.MHCK7.micro-dystrophin in Children With Duchenne Muscular Dystrophy: A Nonrandomized Controlled Trial[END_REF].

4-Premature stop codon evasion strategy

Around 10% of DMD patients possess a non-sense mutation leading to a premature stop codon (PSC). Molecules, have been developed to produce a read through of the PSC. These molecules aim to allow dystrophin translation to pursuit despite presence of a PSC. Ataluren is a small RNA interferent agent that reduces ribosomal sensitivity. Ataluren allows the translation to pursue by promoting the insertion of near-cognate transfer RNA into the ribosomal complex at the position of the PSC [START_REF] Roy | Ataluren stimulates ribosomal selection of near-cognate tRNAs to promote nonsense suppression[END_REF]) (Figure 19). 

AIMS

The main aim of my thesis is to understand the compartmentalization of dystrophin in the skeletal muscle fiber syncytium.

Muscle biopsies from human controls as well as from patients with suspected dystrophinopathies are usually obtained from midbelly level. Histopathological analysis of dystrophin is usually performed on muscle cross sections and reveals an ubiquitously expressed dystrophin at sarcolemmal level in controls and its absence in patients to varying degrees. Interestingly, first immunhistochemical studies in the early 90's of the last century also showed that dystrophin is higly enriched at the MTJ [START_REF] Samitt | Immunocytochemical study of dystrophin at the myotendinous junction[END_REF] and NMJ [START_REF] Miyatake | Dystrophin: localization and presumed function[END_REF] compared to the "interjunctional" sarcolemma [START_REF] Zhao | Dystrophin and a dystrophin-related protein in intrafusal muscle fibers, and neuromuscular and myotendinous junctions[END_REF]. However, the cellular and molecular mechanisms of such compartmentalization have little been studied. One of the reasons was the lack of reporter mouse models to deepen our understanding of dystrophin distribution in vivo and ex vivo. Dystrophin restoring strategies promise life changing therapeutic benefits for DMD boys. Two therapeutic strategies are particularly promising for efficient dystrophin restoration: AAV mediated CRISPR/Cas9 to target and edit the mutation at DNA level [START_REF] Amoasii | Gene editing restores dystrophin expression in a canine model of Duchenne muscular dystrophy[END_REF]Nelson et al., 2016;[START_REF] Tabebordbar | In vivo gene editing in dystrophic mouse muscle and muscle stem cells[END_REF] and AONs to target and skip the mutated exon at RNA level (Goyenvalle et al., 2015;[START_REF] Relizani | Palmitic acid conjugation enhances potency of tricyclo-DNA splice switching oligonucleotides[END_REF]. However, it remains little explored, how these novel therapeutic strategies restore dystrophin at the subcellular level. Furthermore, little is known of how the syncytial organization of the muscle fiber impacts on the pharmacodynamics of these therapeutic strategies. Aim 2: Determine whether sarcolemmal dystrophin is organized in nuclear domains.

Rationale: Female carriers of the DMD mutation show a mosaic pattern of dystrophin distribution. Likewise, muscle fibers from mice heterozygous for the Dmd EGFP allele are expected to express dystrophin-EGFP in mosaic, which should correlate to the XCI pattern.

Objective 1: Generate female Dmd EGFP/WT and Dmd EGFP-mdx/EGFP mice and characterize distribution of dystrophin-EGFP.

Objective 2: Use live imaging of isolated single fibers to precisely evaluate sarcolemmal dystrophin distribution in relation to the sarcomeres and myonuclei.

Objective 3: Determine lateral mobility of sarcolemmal dystrophin by performing FRAP.

Aim 3: Characterize the compartmentalization of the sarcolemmal dystrophin-EGFP.

Rationale: MTJs are highly specialized compartments of muscle fibers for which high dystrophin levels have previously been described. However, the underlying subcellular mechanism leading to such compartmentalized distribution remains little explore.

Objective 1: Determine organization of dystrophin in MTJs in vivo and ex vivo.

Objective 2: Determine whether junctional enrichment of dystrophin results from local increase in transcriptional activity from specialized myonuclei.

Objective 3: Determine how the nuclear domain theory applies to the MTJ compartment.

Aim 4: Determine the pharmacodynamic specificities of DNA and RNA targeting therapeutic strategies to restore dystrophin.

Rationale: According to the nuclear domain theory, sarcolemmal dystrophin should be expressed at restricted domains. However, the impact of such biological phenomenon on dystrophin restoring therapeutic strategies remain unexplored.

Objective 1: Restore dystrophin in Dmd EGFP-mdx mice following treatment with AAV mediated CRISPR/Cas9 to excise exon 23 at genomic DNA level. Determine the mode of dystrophin restoration in vivo and ex vivo.

Objective 2: Treat Dmd EGFP-mdx mice with tcDNA to restore dystrophin after exon skipping at RNA level. Determine the mode of dystrophin restoration in vivo and ex vivo.

RESULTS

ARTICLE 1

Context:

During my first year of PhD, I contributed to the characterization of a DMD mouse model allowing live-imaging of revertant or therapeutically restored dystrophin. Results were published in article 1 of my thesis.

Abstract:

Our group previously generated Dmd EGFP reporter mice for live imaging of 

Project contribution:

In this study, I participated in establishing the Dmd EGFP-mdx 

Introduction

The X-chromosome-linked muscular dystrophy (mdx) mouse is the most frequently used animal model in preclinical research for Duchenne muscular dystrophy (DMD), a devastating and the most frequent muscle disease of childhood. The classical mdx mouse, also referred to as Dmd mdx mouse, carries a c.2983C>T nonsense mutation in exon 23 of the Dmd gene (also called the mdx-23 allele), resulting in a termination codon (TAA) in place of a glutamine codon (CAA) [1,2]. The mutation causes complete absence of the Dmd-encoded full-length dystrophin isoform Dp427, which in wild-type is expressed in skeletal, smooth, and cardiac muscle and in the central nervous system [1]. All other shorter dystrophin isoforms (Dp260, Dp140, Dp116, and Dp71) are transcribed from more distal promoters located downstream of Dmd exon 23 and are thus normally expressed in the mdx mouse model [2][3][4][5]. Of note, Dmd exon 23 is one of many exons that encode part of the core region of the dystrophin protein, and its removal would not shift the reading frame. Indeed, the deletion or exclusion of the mutated Dmd exon 23 by alternative splicing restores the open reading frame and entails expression of truncated dystrophin products that ameliorate the pathological mdx phenotype [6][7][8]. Interestingly, in mdx mice, similarly to other DMD animal models as well as in human patients, some myofibres spontaneously overcome the null mutation [9]. Such so-called 'revertant fibres' express internally truncated dystrophin that excludes at least the Dmd exon 23 encoded protein domain [10]. The presence of a nonsense mutation in an 'in frame' exon makes Dmd mdx an ideal animal model for testing therapeutic strategies that aim at restoring the function of the mutated Dmd gene. Such approaches would comprise (i) antisense-induced splice modulation to skip the mutated exon 23 during RNA maturation using antisense oligonucleotides (AON) such as tricyclo-DNA (tcDNA) [11], (ii) stop codon read-trough during translation, and (iii) CRISPR-Cas9-induced genomic deletion of Dmd exon 23 [12].

Hitherto, no Dmd mdx reporter mouse models are available allowing the visualization of dystrophin re-expression in an otherwise dystrophin-negative background. Therefore, current imaging of restored dystrophin in mdx mice relies entirely on immunostaining. However, antibody-dependent protocols have several methodological limitations: (i) they do not allow intravital imaging or live-cell imaging in cell cultures; (ii) it is difficult to quantify signals due to antibody-mediated signal amplification; (iii) nonspecific immunostaining by cross-reacting antibodies is aggravated by the chronic inflammation and by antibody deposition in the mdx muscle, and (iv) using epitope specific anti-dystrophin antibodies, certain dystrophin isoforms might go undetected.

We recently generated the Dmd EGFP reporter mouse line that allows localizing, tracing and analysing dystrophin in and ex vivo by means of native EGFP-fluorescence. We generated Dmd EGFP mice through modification of the Dmd locus by in-frame insertion of a FLAG-EGFP sequence downstream of the last Dmd exon 79. The Dmd EGFP reporter mice express a fluorescently labelled dystrophin-EGFP fusion protein from the endogenous locus, which does not interfere with normal dystrophin function [13]. Dmd EGFP mice show strong native dystrophin-EGFP fluorescence in skeletal and smooth muscle, heart, brain, and the eye that colocalizes with known subcellular sites of dystrophin expression, suggesting proper tagging and distribution of the major dystrophin isoforms. Isolated myofibres and satellite cell-derived myotubes express dystrophin-EGFP in vitro [13].

Here we describe the generation of a novel dystrophin reporter mouse model by crossing the Dmd EGFP allele into the mdx background in cis. The so generated Dmd EGFP-mdx mice carry the mdx exon 23 nonsense mutation and the EGFP sequence on the same allele. We show that dystrophin-EGFP is re-expressed in the dystrophin-negative background of the Dmd EGFP-mdx muscle (i) in revertant fibres, (ii) after therapeutic restoration of the dystrophin reading frame, and (iii) in tissues that express short dystrophin isoforms that are not affected by the mdx-23 mutation.

Materials and Methods

Generation and genotyping of transgenic mice

We conducted all animal experiments according to the National and European legislation as well as to institutional guidelines for the care and use of laboratory animals as approved by the local authorities (LaGeSo Berlin, T 0222/13) and approved by the French Dmd EGFP-mdx reporter mouse 603 government (Minist ere de l'Enseignement Sup erieur et de la Recherche, autorisation APAFiS).

To generate the Dmd EGFP-mdx mice, we crossed the Dmd EGFP mouse line, previously generated in our laboratory on the C57BL/6N background [13], with the conventional Dmd mdx (C57BL/10ScSn-Dmd mdx /J) mouse line that had before been backcrossed into the C57BL6/ N background for >9 generations [14]. We achieved our goal to introduce the Dmd EGFP allele into the mdx background in cis through natural recombination during meiosis in female F1 mice that were heterozygous for both the Dmd EGFP and the mdx-23 allele. We screened for successful crossing over in males of the F2 generation by genotyping. . From the F4 generation onward we were then able to breed the mice as homozygous/hemizygous Dmd EGFP-mdx strains.

Genotyping was performed on genomic DNA isolated from ear clippings. A three-primer PCR allowed the distinction between animals that were heterozygous or homozygous for the EGFP sequence using following primers: FW#1: 5 0 -TGA CTC CCA ATA GTG GCA ACC-3 0 , FW#2 5 0 -GAG CAA AGA CCC CAA CGA GA-3 0 , REV: 5 0 -CCA TGC GGG AAT CAG GAG TT-3 0 (wildtype = 202 bp, Dmd EGFP = 304 bp). Sanger sequencing was done to screen for the mdx mutation using oligonucleotide primers flanking the exon mdx-23 mutation (FW: 5'-AAC TCA AAT ATG CGT GTT AGT-3', REV: 5'-CTC AAT CTC TTC AAA TTC TG-3'). Dmd EGFP and Dmd EGFP-mdx mice were bred and maintained in a standard 12 h light/dark cycle and had ad libitum access to food and water. Mice were weaned at 4 weeks of age and were kept in small colonies of two to five animals per cage.

Antisense oligonucleotide treatment

The tcDNA-AON PS M23D 15-mer (+2-13) (5 0 -pAAC CTC GGC TTA CCT-3 0 ) targeting the donor splice site of exon 23 Dmd pre-mRNA was synthesized by SYNTHENA (Berne, Switzerland) as previously described [11]. Three 6-week-old Dmd EGFP-mdx mice were injected intravenously into the retro-orbital sinus under general anaesthesia using 1.5%-2% isoflurane once a week with the tcDNA compound for an extended period of 20 weeks and at a dose of 200 mg/ kg/week. Intravital imaging was done 1 week after the last injection as described below. The treated mice were killed 3 weeks following the last injection.

AAV-vector cloning

pAAV-SaCas9-sgRNA22 The Staphylococcus aureus Cas9 (saCas9)-3HA-U6-sgRNA scaffold cassette from the pX601 plasmid (Addgene 61591, Watertown, MA, USA) was cloned into an AAV-2 plasmid under the control of the C5.12 promoter. The target sequence TAC ACT AAC ACG CAT ATT TG [15] of intron 22 of the murine Dmd gene, was subsequently cloned 5' of the sgRNA scaffold to obtain the plasmid pAAV-SaCas9-sgRNA22.

pAAV-Cherry-sgRNA23 The U6-sgRNA scaffold cassette from the pX601 plasmid (Addgene 61591) was cloned into an AAV-2 plasmid downstream of a C5.12 Strep Tag mCherry cassette. The target sequence CAT TGC ATC CAT GTC TGA CT [15] of intron 23 of the murine Dmd gene, was subsequently cloned 5' of the sgRNA scaffold to obtain the plasmid pAAV-Cherry-sgRNA23.

AAV production

Adenovirus free rAAV2/9 viral preparations were generated by packaging AAV2-ITR recombinant genomes in AAV9 capsids, using a three plasmid transfection protocol as previously described [16]. Briefly, HEK293 cells were co-transfected with the pAAV-transgene (pAAV-SaCas9-sgRNA22 or pAAV-Cherry-sgRNA23), an AAV9 RepCap plasmid (pAAV2.9, Dr J. Wilson, UPenn) and an adenoviral helper plasmid (pXX6) at a ratio of 1:1:2. Crude viral lysate was harvested at 60 h posttransfection and lysed by freeze-and-thaw cycles. The viral lysate was purified through two rounds of CsCl ultracentrifugation followed by dialysis. Viral genomes were quantified by a TaqMan real-time PCR assay using primers and probes corresponding to the inverted terminal repeat region (ITR) of the AAV vector genome [17]. The primer pairs and TaqMan probes used for ITR amplification were as follows: 1AAV65/Fwd: 5 0 -CTC CAT CAC TAG GGG TTC CTT G-3 0 ; 64AAV65/rev: 5 0 -GTA GAT AAG TAG CAT GGC-3 0 ; and AAV65MGB/ taq: 5 0 -TAG TTA ATG ATT AAC CC-3 0 . 50 µl containing both AAVs (AAV-SaCas9-sgRNA22 and AAV-Cherry-sgRNA23) at a titre of 4.6e10 vg of each were injected into the anterior muscle compartment of the lower leg of 6-week-old Dmd EGFP-mdx mice and killed 5 months post injection.

Intravital confocal and multiphoton scanning microscopy

Mice were anaesthetized with isoflurane. After one longitudinal incision of the skin at the lateral side of the lower hindlimb, the exposed muscle was stably positioned on a coverslip that was fixed to the sample holder, thereby minimizing motion artefacts and enabling high-resolution microscopy over several hours. Mice were kept at 37°C in the microscope's incubation chamber during the entire imaging procedure. Muscles were imaged with a combined confocal/ multiphoton point-scanning microscope (SP8 MP-Leica microsystem, Wetzlar, Germany) equipped with a Ti: Sapphire femto-second laser (Mai Tai Deep see-Spectra Physics) allowing a tuning range for excitation between 690 and 1040 nm. A long-working distance 25x numerical aperture (NA) 0.95/water (Leica) lens was used for intravital deep sectioning up to 300 lm depth at 5-10 lm Z-step size. For the confocal imaging, EGFP was excited with a 488 nm laser line and the fluorescence was collected using classical photomultiplier detectors (PMT). Their spectral detection window was set between 496-546 nm. Multiphoton laser was used to excite EGFP with a wavelength of 900 nm during live-imaging. The emission photons where spectrally separated by a dichroic beam splitter (DM484) and collected on three nondescanned photomultiplier detectors (NDD-PMT), the band pass filter 500-550 nm was used for EGFP signal, the band pass filter 565-605 nm for mCherry signal and the band pass filter 625-675 nm was used to register the tissue autofluorescence signal. The 3D videos were obtained using Arivis Software.

Serum CPK analysis

Blood samples were collected from the facial vein of 8-to 10-month-old wild-type (C57BL/6N) and Dmd EGFP-mdx mice. Serum creatine phosphokinase (CPK) levels were measured based on the quantification of NADPH formation derived from the action of CPK on creatine phosphate as recommended by the International Federation of Clinical Chemistry in an automated biochemistry analyser (AU680, Beckman Coulter, Brea, CA, USA) by the pathology laboratory at Mary Lyon Centre, Medical Research Council, Harwell, Oxfordshire, UK.

Western blot analyses

Total protein was extracted from cryo-sections of different skeletal muscles (biceps brachii, tibialis anterior, triceps brachii, quadriceps, gastrocnemius and diaphragm) and from cardiac muscle of 4-month-old wild-type Dmd EGFP and Dmd EGFP-mdx mice. Protein extracts were obtained from pooled muscle sections in RIPA buffer (25 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate) with 5% SDS and 1x pierce protease inhibitor (Thermo Fisher, Waltham, MA, USA). Samples were denatured in 1x NuPAGE reducing agent (Thermo Fischer: NP0009) with 1x NuPAGE LDS Sample Buffer (Thermo Fischer: NP0008) at 100°C for 3 min. Total protein concentration was determined with BCA protein assay kit (Thermo Fisher) and 25 lg of proteins were loaded onto NuPAGE 3-8% TRIS-acetate protein gels (Invitrogen, Carlsbad, CA, USA) in 1x NuPAGE TRIS-acetate SDS Running Buffer (Thermo Fisher) following manufacturer's instructions.

Dystrophin protein was detected by probing the nitrocellulose membrane with the primary NCL-DYS1 mouse monoclonal antibody (1:130 dilution, NCL-DYS1; Novocastra, Leica Biosystems, Wetzlar, Germany). Vinculin as internal loading control was detected by the primary monoclonal anti-vinculin (mouse IgG1 isotype) antibody (1:10,000 dilution, Sigma Aldrich, St. Louis, MO, USA). EGFP protein was detected with a primary anti-GFP rabbit serum polyclonal antibody (1:700 dilution, Thermo Fisher). Incubations with primary antibodies were followed by incubation with a goat anti-mouse secondary antibody IRDyeâ 800CW (Li-Cor, Lincoln, NE, USA) for dystrophin and vinculin detection and with a goat antirabbit secondary antibody IRDyeâ 700CW (Li-Cor) for GFP, using the iBind Flex Western Device. Membrane fluorescence was converted to value images using the Odysseyâ CLx imaging system (Li-cor). Band fluorescent densities were analysed using the Image Studio TM software (Li-cor). For the purpose of visual presentation of the infrared fluorescent protein bands we allocated green colour to visualize the signal from the goat antimouse secondary antibody IRDyeâ 800CW which bound to anti-dystrophin and anti-vinculin primary antibodies, and red colour to visualize the signal from the goat anti-rabbit secondary antibody IRDyeâ 700CW which bound to the anti-GFP primary antibody.

Histological analyses

Triceps brachii (Tri), tibialis anterior (TA) muscles, diaphragm, heart and ileum were harvested from 5-to 12-month-old Dmd EGFP and Dmd EGFP-mdx mice. The tissues were mounted using either 6% Tragacanth gum 292 (Sigma-Aldrich) or OCT and snap-frozen in liquid nitrogen-cooled isopentane and stored at À80°C. The tissues were then processed for cryo-sectioning. 8-10 lm cross sections were collected and directly mounted with PBS for EGFP visualization or directly fixed with 4% PFA and stained. For imaging of innervating peripheral motor nerve branches, EDL muscles were dissected and directly fixed with 4% PFA; subsequently, smaller bundles were teased/peeled from the muscle and stained.

Immunohistological analyses were performed using primary antibodies against dystrophin (1:50 dilution, DYS2, mouse IgG1, Novocastra), CD31 (1:25 dilution, rabbit, Abcam, Cambridge, UK), MANDYS19 (1:10, mouse IgG1, DSHB, Iowa City, IO, USA), GFP (1:500, rabbit IgG, Thermo Fisher), b-tubulin III (1:500, mouse IgG2a, Sigma-Aldrich) and laminin (1:500, rabbit, Sigma-Aldrich), followed by incubation with fluorochrome-labelled secondary antibodies (1:400, ALEXA Fluorâ goat anti-mouse IgG1-568, IgG2a-568 or IgG (H&L)-568 and goat anti-rabbit 488/647, Thermo Fisher) and mounted using Vectashieldâ Antifade Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA, USA). For all sections incubated with mouse monoclonal antibodies an additional blocking step was performed: after fixation, sections were blocked with mouse IgG blocking solution from the M.O.M. kit (Vector Laboratories). Fluorescence was visualized using a Zeiss Axio Imager with an ORCA camera (Hamamatsu, Japan) and AxioVision software or images were recorded with an inverted fluorescent microscope (Leica DMI4000).

Confocal images were taken at the AMBIO facility at the Charit e University Hospital, Berlin using a Nikon Scanning Confocal A1Rsi + system, with a 40x-Apo-DIC N2 k S objective. Stacks (316.2 9 316.2 9 7.2 µm) of images 0.8 lm apart were captured at 1024 9 1024 pixel resolution. Images were analysed and displayed as videos using the Fiji software.

Haematoxylin-eosin staining was undertaken according to standard procedures, and the images were recorded using a digital slide scanner (Leica) and analysed with the ImageScope software.

Isolation of EDL single myofibres

Extensor digitorum longus (EDL) muscles were dissected and digested in 0.2% collagenase type I (Sigma-Aldrich) in FluoroBrite DMEM media (GIBCO, Thermo Fisher) supplemented with 1% penicillin/streptomycin, 4 mM L-glutamine (GIBCO) and 1% sodium pyruvate (GIBCO). Individual, viable and undamaged myofibres were isolated by gently passing them through Pasteur pipettes with different sized apertures as described in detail elsewhere [18]. The isolated living myofibres were either mounted on slides with PBS for direct EGFP-fluorescence detection or cultured for 40 h in the above mentioned isolation medium that was additionally supplemented with 10% horse serum (GIBCO) and 0.5% chicken embryo extract (MP Biomedicals, Santa Ana, CA, USA). Myofibres were viewed using SteReo Lumar.V12 stereoscope and Zeiss Axio Imager microscope equipped with an Orcaâ camera (Hamamatsu). AxioVision software was used for image acquisition.

Results

Generation and validation of the Dmd EGFP-mdx dystrophic reporter mouse model For the generation of the Dmd EGFP-mdx mice, we used our previously characterized Dmd EGFP mouse line that we crossed with the congenic Dmd mdx mouse line on the C57BL/6N background. The female F1 mice were heterozygous for Dmd EGFP and Dmd mdx alleles. They were crossed with Dmd EGFP males, and F2 males were screened for crossover events during meiosis that would recombine both alleles in cis. We had calculated this event to be present in 1:100 oocytes given the genetic distance of %1.1 Mbps between exons 23 and 79 of the Dmd gene (Figure 1A), which would equal %1 centiMorgan (cM). If the mdx-23 nonsense mutation and the EGFP-tag are on the same allele, male mice will not express the EGFP-tag due to the intervening premature termination codon, at least not for the fulllength muscle isoform. The EGFP-tag will be (re-) expressed if the reading frame of exon 79 is restored, such as observed in revertant fibres.

We obtained the first desired crossover in the 163rd animal. Further crosses between the Dmd EGFP-mdx male and heterozygous females led to the establishment and expansion of a stable line of hemizygous male and homozygous female Dmd EGFP-mdx mice (Figure 1B). The mice were genotyped for both the presence of the EGFPsequence by triple oligonucleotide primer PCR (Figure 1) and for the mdx-23 mutation by Sanger sequencing (Figure 1D). There was no significant difference in the postnatal viability until 21 days of age of the new Dmd EGFP-mdx line in comparison to the wild-type Dmd EGFP mice (Figure 1E). Since the generation of the mouse line, many mice lived until 24 months of age with no increased spontaneous death rate during ageing.

Western blot analysis confirmed the absence of fulllength dystrophin-EGFP in protein lysates from Dmd EGFP-mdx heart, diaphragm, as well as biceps brachii, triceps brachii, quadriceps femoris, gastrocnemius and tibialis anterior muscles. Expression of the full-length Dp427-EGFP isoform was present in positive controls from wild-type Dmd EGFP muscle lysates (Figure 2A). Interestingly, Western blots of wild-type Dmd EGFP muscle lysates revealed two separate bands when stained with anti-DYS1 antibody, whereas only the upper band was EGFP positive.

When performing histology, native dystrophin-EGFPfluorescence was visible in fresh cryosections at the sarcolemma of Dmd EGFP skeletal, heart and in smooth muscle of the ileum, but absent in Dmd EGFP-mdx mice, except for sporadic revertant fibres (Figure 2B).

Skeletal muscle from adult Dmd EGFP-mdx mice showed the same histopathological alterations as observed in dystrophic Dmd mdx mice. These changes comprised increased variation of myofibre size, myofibre necrosis, internally positioned myonuclei, fatty replacement, mononuclear cell infiltrates, as well as fibrosis (Figure 2C). Serum levels of creatine phosphokinase were up to 20-fold elevated in Dmd EGFP-mdx mice, thereby confirming the presence of muscular dystrophy (Figure 2D). 

Revertant dystrophin-EGFP co-localizes with antidystrophin immunostaining

Revertant myofibres expressing native dystrophin-EGFP were easily identified by epifluorescence microscopy after cross-sectioning (Figure 3). For this, a coverslip was mounted on the slide using a drop of PBS, allowing microscopic inspection immediately after sectioning. Dystrophin-EGFP-negative myofibres were invisible when fluorescence intensities of revertant myofibres were set at comparable levels to those of myofibres from wild-type Dmd EGFP mice. Furthermore, we compared dystrophin-EGFP fluorescence intensity of the identical revertant myofibre clusters before and after immunostaining (Figure 3). The native dystrophin-EGFP-fluorescence of revertant myofibres decreased only slightly during subsequent immunostaining steps and co-localized exactly with the signals from antidystrophin and anti-laminin staining, thereby confirming the presence of revertant dystrophin (Figure 3).

Expression of non-muscle dystrophin-EGFP isoforms

Moreover, we analysed the expression of shorter dystrophin-EGFP isoforms in non-muscle tissues, which should have remained unaffected as their initiation codons are located downstream of the mdx-23 mutation. Indeed, we detected strong native EGFP-fluorescence corresponding to the Dp71 isoform in the cerebral blood vessels, expressing CD31 (Figure S1A). However, we did not detect any native EGFP-fluorescence in neurons (data not shown).

We previously demonstrated that retina from wildtype Dmd EGFP mice expressed full-length Dp427 as well as the retina-specific Dp260 dystrophin isoforms at the photoreceptor terminals [13]. Dp427 can be detected specifically using the anti-dystrophin antibody MAN-DYS19, which recognizes an epitope encoded by exon 21 that is located N-terminally of the premature termination codon of exon 23. In wild-type Dmd EGFP mice, we observed strong native EGFP-fluorescence at the photoreceptor terminals of the retina that co-localized with the signal obtained by immunofluorescence using the MAN-DYS19 antibody and which corresponds to Dp427 isoform (Figure S1B). In Dmd EGFP-mdx mice, however, we did not detect full-length Dp427 at the photoreceptor terminals using MANDYS19 antibodies, whereas a native EGFP-signal was still present, corresponding to the Dp260 retina-specific isoform (Figure S1B).

Dp116 is a Schwann cell-specific isoform encoded by Dmd exons 56-79 [19]. We confirmed the presence of Dp116 expression in Dmd EGFP-mdx mice following co-immunostaining of a peripheral motor nerve branch and in a transverse section of the sciatic nerve using an anti-GFP antibody for signal enhancement along with b-tubulin III as neuronal marker (Figure S2A, B, Videos S1 and S2).

Live-imaging of sarcolemmal dystrophin-EGFP

Intravital microscopy of the lateral part of tibialis anterior (TA) muscle in anaesthetized Dmd EGFP mice revealed homogeneous dystrophin-EGFP expression at the sarcolemma (Figure 4A, Video S3). In Dmd EGFP-mdx mice, only dot-like autofluorescent structures were visible at different emission wavelengths, likely corresponding to macrophages, whereas sarcolemmal dystrophin-EGFP was entirely absent (Figure S3A, B and Video S4). Occasionally, we found dystrophin-EGFP-expression in single myofibres or in small fibre clusters (Figure 4D). The dystrophin-EGFP-signal was present along smaller or larger segments of these fibres at the sarcolemma thus qualifying them as being 'revertant'.

Next, we isolated whole myofibres from the extensor digitorum longus (EDL) muscles of adult wild-type C57BL6, Dmd EGFP and Dmd EGFP-mdx mice. Living myofibres from wild-type mice and Dmd EGFP-mdx mice did not show any fluorescence (Figure S3C-F), whereas myofibres from Dmd EGFP mice expressed dystrophin-EGFP homogeneously along the sarcolemma (Figure 4B). Revertant myofibres from Dmd EGFP-mdx mice were detectable under the binocular microscope by their green fluorescence and could be isolated for subsequent live-imaging experiments using higher resolution microscopy or for subsequent myofibre culture (Figure 4E and Figure 3G,H). We next cultured single myofibres from Dmd EGFP and revertant myofibres from Dmd EGFP-mdx mice and demonstrated that dystrophin-EGFP-expression persisted at the sarcolemmal position after 2 days in culture (Figure 4C,F). 

Live-imaging of therapeutically restored dystrophin

In order to evaluate the efficacy of our mouse model for evaluating dystrophin restoration we performed two different therapeutic approaches. For the first approach, we targeted the RNA of dystrophin, by systemically treated adult Dmd EGFP-mdx mice with weekly doses of 200 mg/kg tcDNA to induce Dmd exon-23 skipping, as previously published [11]. Following 20 weeks of tcDNA treatment, dystrophin-EGFP was restored along the entire sarcolemma of all myofibres as revealed by intravital microscopy, whereas less autofluorescent macrophages were visible (Figure 5A and Video S5). In the second therapeutic approach, we targeted the DNA by injecting AAV-SaCas9-sgRNA22 combined with AAV-Cherry-sgRNA23 vectors into the anterior muscle compartment of lower legs of adult Dmd EGFP-mdx mice to induce Dmd exon-23 excision. Five months following AAV injection, a large number of myofibres expressed mCherry in the cytoplasm, demonstrating successful transduction of many myofibres (Figure 5C'). Dystrophin was found only in short sarcolemmal segments of these mCherry-positive myofibres, suggesting that exon 23 excision occurred only in a small percentage of myonuclei, thereby preventing widespread dystrophin restoration (Figure 5C).

Moreover, we isolated whole myofibres from the extensor digitorum longus (EDL) muscles of Dmd EGFP-mdx mice following tcDNA or AAV treatment. As expected from intravital imaging, single myofibres from tcDNAtreated mice expressed widespread dystrophin-EGFP along the sarcolemma (Figure 5B), whereas AAV-treated myofibres expressed dystrophin-EGFP only in short segments (Figure 5D-D').

Discussion

Here we describe the generation, the phenotype and the experimental usefulness of the first dystrophin-EGFP reporter mouse in the mdx context, which we named Dmd EGFP-mdx mouse.

We designed the Dmd EGFP-mdx mice by introducing an EGFP-coding sequence fused in-frame to Dmd exon 79 into the mdx-23 allele, which harbours a nonsense mutation in exon 23. Dmd EGFP-mdx mice developed the identical muscular dystrophy phenotype as ordinary mdx mice as evidenced by the presence of typical histopathological hallmarks and increased serum CPK levels. The presence of the mdx-23 mutation resulted in the absence of fulllength Dp427 dystrophin in skeletal, heart and smooth muscle. Importantly, we observed sporadic revertant myofibres and revertant fibre clusters, both in skeletal and heart muscle. Those fibres expressed the dystrophin-EGFP fusion protein at the expected subsarcolemmal location. We were also able to detect the expression of the shorter dystrophin isoforms in the retina (Dp260), in the peripheral nerve (Dp116) and in the brain (Dp71), which are all unaffected by the mdx-23 mutation.

We demonstrated that dystrophin-EGFP could be restored at its sarcolemmal position by therapeutic modulation of splicing as well as by genome editing, thereby confirming previous results in classical Dmd mdx mice [11,15]. We achieved widespread restoration of dystrophin following tcDNA-induced exon 23 skipping, whereas dystrophin expression was patchy following AAV induced exon 23 excision. It should be noted, however, that we here injected relatively low viral titres of slightly different AAV constructs as compared to previously published data [15], which may be the reason for the failure to achieve widespread dystrophin restoration.

We succeeded in visualizing dystrophin in living skeletal muscle without antibody staining at the correct subcellular position in vivo as well as ex vivo. During intravital microscopy, dystrophin-EGFPfluorescence persisted without much photobleaching for at least 1 hour in anaesthetized mice. Muscle could be imaged for up to a depth of 150 µm maximum following cutaneous incision and by leaving the muscle fascia intact. At the end of imaging and after cutaneous suture, mice recovered rapidly and could be kept for further experiments. Our future goal is to develop live pharmacodynamics for dystrophin restoration therapies. For this, we are currently developing a transcutaneous window allowing repetitive live-imaging of skeletal muscle for up to several weeks, similarly as co-authors of this work recently developed for tumour imaging [20]. Such longitudinal observations are essential to determine dosages and dosage intervals for long-term treatment protocols. Such a study protocol could also drastically reduce the number of required animals according to the 3R principles of Russell & Burch [21].

We also showed that fluorescence of sarcolemmal dystrophin-EGFP was maintained during culture of isolated myofibres for up to 2 days. We are currently testing the maximum duration of such cultures and we are developing a protocol for time-lapse imaging of individual fibres at specific subcellular positions.

Dmd EGFP-mdx mice bear some additional advantages over classical mdx mice for research on dystrophin expression. Their use makes immunohistological processing redundant, allowing fast sample processing, avoiding antibody related signal amplification artifacts as well as avoiding antibody induced nonspecific background staining, often being present in inflamed mdx muscle. Of note, nonspecific background staining can be reduced using specific blocking protocols or using anti-dystrophin antibodies produced in other species than mice.

Disadvantageous is the autofluorescence following oxidation of the EGFP signal, which, however, only appears after prolonged storage at air oxygen levels before fixation of the material. We found that rapid tissue processing and immediate viewing after cryo-sectioning yielded best results.

We previously demonstrated the presence of two separate bands at the position of Dp427 full-length dystrophin in Western blots from wild-type and from Dmd EGFP muscle [13], a result that we herein reproduced. Although both bands were positive for DYS1 antibody staining (directed against the rod domain), only the upper and more slowly migrating band was also positive for H4 antibody staining (directed against the C-terminus) and EGFP. This suggests the presence of an alternatively spliced isoform at the Cterminus along with the full-length isoform, which now becomes further separated due to the larger molecular weight of the dystrophin-EGFP fusion protein.

In conclusion, we show that the Dmd EGFP-mdx mouse is a very useful model due to its potential applications for live kinetic and quantitative analyses of spontaneously or therapeutically restored dystrophin expression in vivo and ex vivo.

Supporting information

Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Figure S3. Live-imaging of therapeutically restored dystrophin. (A,B) Intravital multiphoton microscopy of TA muscle from control Dmd EGFP-mdx mice using a 500-550 nm band pass filter did not reveal any sarcolemmal dystrophin-EGFP-fluorescence (A). Only dot-like structures were visible, which were also visible using the 625-675 nm band pass filter (B), thus qualifying them as autofluorescent signals, likely originating from inflammatory cell infiltrates that are characteristic of dystrophic muscle. Scale bar: 200 µm. (C,D) Isolated myofibre from EDL muscle from wild-type C57BL6 mice did not show any signal in the GFP channel under live-imaging using epifluorescence microscopy directly after isolation, whereas the myofibre was visible with Nomarski imaging. Scale bar: 50 µm. (E,F) Isolated myofibre of EDL muscle from control Dmd EGFP-mdx mice did not show any signal in the GFP channel under live-imaging using epifluorescence microscopy directly after isolation (applying same imaging parameters as for Dmd EGFP myofibres), whereas the myofibre was visible with Nomarski imaging. N> 20. Scale bar: 50 µm. (G,F) Floating isolated myofibres of EDL muscle from control Dmd EGFP-mdx mice were live imaged using a stereomicroscope immediately after isolation. EGFP-fluorescence of revertant fibre segments was easily detectable, whereas the nonrevertant fibre was only visible by dark-field microscopy. Videos S1. The videos are the recordings of two confocal microscopy stacks of bundles of myofibres from Dmd EGFP-mdx EDL muscle together with their innervating peripheral motor nerve branches. The double immunolabelling with anti-GFP (green) and anti-btubulin III antibodies (red) confirms co-expression of Dp116 and b-tubulin III in the peripheral motor nerve (yellow). The striation of skeletal muscle fibres is visible in the images recorded by Nomarski imaging in grey. Videos S2. The videos are the recordings of two confocal microscopy stacks of bundles of myofibres from Dmd EGFP-mdx EDL muscle together with their innervating peripheral motor nerve branches. The double immunolabelling with anti-GFP (green) and anti-btubulin III antibodies (red) confirms co-expression of Dp116 and b-tubulin III in the peripheral motor nerve (yellow). The striation of skeletal muscle fibres is visible in the images recorded by Nomarski imaging in grey. Video S3. 3D-volume representation of a multiphoton scanning image stack from a wild-type Dmd EGFP mouse. The mouse was anaesthetized and the lateral aspect of the lower leg muscles was imaged in vivo. Native dystrophin-EGFP-expression can be observed along the sarcolemma of the muscle fibres. Video S4. 3D-volume representation of a multiphoton scanning image stack from a Dmd EGFP-mdx mouse. The mouse was anaesthetized and the lateral aspect of the lower leg muscles was imaged in vivo. Native dystrophin-EGFP-fluorescence was absent at the sarcolemmal level of the muscle fibres. However, green fluorescent signals appeared as scattered spots. These spots were positive for red fluorescence as well, thereby qualifying them as autofluorescence (see green/red overlay at the end of the video). Most likely the signal represents macrophages, which are known to be autofluorescent and abundant in the mdx dystrophic muscle. Video S5. 3D-volume representation of a multiphoton scanning image stack from a dystrophic Dmd EGFP-mdx mouse treated with tcDNA for 20 weeks. The mouse was anaesthetized and the lateral aspect of the lower leg muscles were imaged in vivo. Restoration of native dystrophin-EGFP was be observed at the sarcolemma. Autofluorescent cells were less abundant (green, red and yellow overlay signal at the end of the video) than in Dmd EGFP-mdx control mice (for comparison see video 4).

Article 1 Figures

Figure 1. Generation and genotyping of the Dmd EGFP-mdx reporter mouse line. (A)

Scheme depicting the breeding programme to introduce the Dmd EGFP allele into the mdx background in cis after natural recombination during meiosis in female F1 mice that are heterozygous for both alleles. The physical genomic distance between the mdx-23 mutation and C-terminal EGFP tag is 1.1 Mbps corresponding to a recombination frequency of ≈1 centiMorgan (cM). Successful crossing-over could then be detected in the male progeny of the F2 generation (Dmd EGFP-mdx/y ). (B) Schematic pedigree with all possible genotypes illustrating the breeding strategy. Squares depict male, circles female animals. The EGFP-allele is depicted in green, the mdx allele in red. After successful crossing-over, expected to occur in ≈1:100 progeny from the F2 generation, further breeding with Dmd EGFP-mdx/y males and Dmd EGFP- mdx/EGFP females and subsequent genotyping resulted in a mdx-EGFP line starting from F4. (C) PCR genotyping for the EGFP sequence using a three oligonucleotide primer PCR. The presence of the EGFP sequence results in a 350 bp band, and its absence in a 202 bp band. Homo/hemizygous animals can be easily distinguished from heterozygous ones. (D) Sanger sequencing for the mdx mutation leading to a premature TAA termination codon at p.Q995 of the dystrophin protein. (E) The viability of Dmd EGFP-mdx neonates, before weaning (21 days) was compared to wild-type Dmd EGFP mice. Values are depicted as dot-plots with interquartile range, the difference of the survival rate was not significant, P = 0.8304 (n = 10 breeding cages, two-tailed, nonparametric Mann-Whitney U-test). 

ARTICLE 2 Context:

The second and third year of my PhD I devoted to discover the subcellular organization of syncytial dystrophin in multinucleated muscle fibers. I also determined how syncytional organization of dystrophin impacts the pharmacodynamics of dystrophin restoring therapies. My results led to the writing of a manuscript that has been submitted to a peer-reviewed scientific journal.

Abstract:

The multinuclear myofiber syncytium homogeneously expresses dystrophin, which is lost in Duchenne Muscular Dystrophy. Here we investigated the subcellular organization of murine sarcolemmal dystrophin and its therapeutic restoration.

We first analyzed different states of sarcolemmal dystrophin distribution in mosaic in heterozygote mice for Dmd EGFP and Dmd EGFP-mdx alleles as well as in Dmd EGFP-mdx revertant fibers. In vivo, in situ and ex vivo observation of native dystrophin-EGFP fusion protein revealed a sarcolemmal organization of dystrophin in costameric pattern that was composed of overlapping myonucleidefined units of about 80 µm in diameter. These basal sarcolemmal units compartmentalized dystrophin along the myofiber, including at myotendinous junctions (MTJ), where junctional myonuclei highly transcribed Dmd to enrich junctional transcripts and accumulate about 6-fold higher dystrophin protein levels than in inter-junctional sarcolemma. We observed no fluorescence recovery of dystrophin-EGFP after photobleaching, suggesting absence of lateral mobility of dystrophin and stable sarcolemmal anchorage. AAV-mediated CRISPR/Cas9 excision of Dmd exon 23 restored basal sarcolemmal dystrophin units in mosaic.

Treatment with tricyclo-DNA antisense oligonucleotides to skip Dmd exon 23, however, restored first measurable dystrophin quantities at the MTJ, with a yield of <2% restoration levels in Western blot. Such low restoration was sufficient to decrease creatine phosphokinase, a serum biomarker for muscle damage.

Longer treatment caused fully compartmentalized restoration of dystrophin, with high levels at MTJ and low confluent levels along the entire inter-junctional sarcolemma, prompting normalization of CPK and muscle structure.

In conclusion, skeletal muscle dystrophin is organized in compartments that are composed of basal units. Restoration of MTJ dystrophin initiates the therapeutic response and complete restoration of dystrophin compartmentalization stops the muscle dystrophic process.

Dystrophin myonuclear domain restoration governs treatment efficacy in dystrophic muscle
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Abstract:

Dystrophin is essential for muscle health: its sarcolemmal absence causes the fatal, Xlinked condition, Duchenne muscular dystrophy. However, its normal, spatial organization remains poorly understood, which hinders interpretation of efficacy of its therapeutic restoration. Here we reveal that dystrophin distribution is unexpectedly compartmentalized, being restricted to myonuclear-defined sarcolemmal territories extending ~80 µm. These territories were further specialized at myotendinous junctions, where both Dmd transcripts and dystrophin protein were enriched. Gene editing in X-linked muscular dystrophy mice restored a mosaic of separated dystrophin domains, whereas transcript-level Dmd correction restored dystrophin initially at junctions before the entire fiber -with levels ~2% sufficient to moderate the dystrophic process. We conclude restoration of fiber-widespread dystrophin is likely critical for therapeutic success in DMD, but most importantly at muscle-tendon boundaries.

One-Sentence Summary: Syncytial nuclear domains compartmentalize sarcolemmal dystrophin and define therapeutic response in dystrophic muscle.

Main Text:

The loss of sarcolemmal dystrophin in the X-linked condition Duchenne muscular dystrophy (DMD) causes necrosis of muscle fibers, which over time leads to muscle wasting, paralysis, and early death of affected boys. To date, there is no cure. We previously developed two strategies for antisense mediated exon skipping and therapeutic dystrophin restoration, tricyclo-DNA (tcDNA) oligomers and AAV-U7 gene therapy (1,2). Although both strategies restored high levels of skeletal muscle dystrophin, we found that only tcDNA completely normalized serum creatine kinase (CPK) activity a biomarker of muscle fiber necrosis and dystrophic processes. CPK activity decreased but remained elevated after gene therapy, implying that ongoing muscle fiber damage was responsible for the observed loss of the AAV genome and that dystrophin restoration has only been temporary (3,4). This differential response to therapy despite equal amounts of restored dystrophin led us to question whether subcellular properties within the multinucleated myofiber syncytium might cause distinct pharmacodynamics and be important for directed therapies.

In order to assess dystrophin expression or restoration and localization in wild-type or dystrophic mice we have generated and described two mouse models. Firstly, we have generated the Dmd EGFP reporter mouse which harbors an in-frame insertion of the EGFP coding sequence behind the last Dmd exon 79, which is known to be expressed in all major dystrophin isoforms, thus allowing visualization of dystrophin-EGFP fusion protein in live mice and live muscle fibers (5,6). Secondly, we have generated a dystrophic reporter Dmd EGFP-mdx mouse model carrying the C-terminal EGFP tag and the mdx-23 non-sense mutation in Dmd exon 23, allowing direct live visualization of spontaneously or therapeutically restored dystrophin-EGFP fusion protein either after natural fiber reversion or therapeutic skipping of exon 23 (6).

We first examined how sarcolemmal dystrophin is spatially arranged within skeletal muscle myofibers by exploiting random X inactivation in heterozygous female mice, harboring one Dmd EGFP allele encoding a dystrophin-EGFP fusion protein and one wildtype Dmd allele (Dmd EGFP/WT mice) (5). Live imaging of freshly isolated extensor digitorum longus (EDL) muscle fibers showed a continuous dystrophin-EGFP localization along the sarcolemma in the control homozygous Dmd EGFP fibers while fibers isolated from heterozygous Dmd EGFP/WT mice revealed a mosaic of positive and negative dystrophin-EGFP segments (Figure 1A), whereas live staining of the membrane with Mem-Bright or immunostaining against C-terminal dystrophin domain revealed a continuous signal, confirming the integrity of the sarcolemma (Figure 1B,D). The smallest dystrophin-EGFP segments consistently extended a similar length (~80 µm) along the longitudinal fiber axis, corresponding to about 40 sarcomeres of 2 µm each (Figure 1B,D,G): we termed such minimal segments the "basal sarcolemmal dystrophin unit" (BSDU). BSDUs had a myonucleus at their center (Figure 1B), and 3D reconstruction showed that these territories extended a similar distance circumferentially around the myofiber (~50% of the fiber perimeter; Figure S1A). Analysis of sarcolemmal fluorescence intensities along the longitudinal fiber axis showed the highest dystrophin-EGFP values in the center of each BSDU, tapering toward the periphery, confirming the visual observations. Maximum fluorescence intensities varied up to 5-fold (Figure 1C), confirming the previously observed variability in dystrophin intensities between fibers ( 6), but the distribution pattern of fluorescence remained consistent within individual units. Taken together, these results suggest that the BSDU represents a nuclear domain for dystrophin. We never found fibers in which BSDUs were strictly arranged in alternating blocks of positive and negative segments along the entire fiber. Dystrophin-EGFP-positive andnegative segments of Dmd EGFP/WT fibers were often larger than 80 µm in size (Figure 1A). Such different segment sizes were likely caused by a stochastic distribution of maternal or paternal X-inactivated myonuclei during fiber formation, which organized the syncytium into clusters of adjacent nuclei with more than one nucleus having inactivated the same X-chromosome. Moreover, these larger segments often had varying intensities, suggesting a degree of overlap between BSDUs (Figure 1A). The sarcolemmal extension of the nuclear domains is usually considered as adjacent units, expressed as total fiber surface divided by the number of myonuclei. Treating EDL myofibers as ideal cylinders, using previously published parameters ( 7) (~50 µm diameter, 3.8mm length, 260 myonuclei) gives a minimal territory of ~2300 µm 2 per myonucleus. The ~80 µm diameter measured here for BSDUs however gives an area closer to 5000 µm 2 , approximately twice the theoretical core domain size: this strongly supports an overlapping organization of BSDUs, assuring an uniform sarcolemmal dystrophin distribution, as found in homozygous Dmd EGFP (Figure 1A), which guarantees sarcolemmal stability.

We next examined the distribution of sarcolemmal dystrophin-EGFP in Dmd EGFP/EGFP- mdx female carriers with the Dmd-exon 23 mutation (8), where ~50% of myonuclei would be expected to produce no dystrophin protein. We postulated that such local deficiencies in dystrophin might affect the size and properties of BSDUs generated by adjacent Dmd EGFP -active (dystrophin positive) myonuclei. Single fibers from Dmd EGFP/EGFP-mdx EDL muscles consisted of positive and negative dystrophin-EGFP-positive segments as expected (Figure S2A), however measured BSDU parameters were essentially unchanged: minimal dystrophin-EGFP territories were approximately 80 µm in length, with a gradient of fluorescence intensity focused around a subsarcolemmal nucleus, which we assumed being Dmd EGFP -active (Figure 1E,G), (Figure S1B). This suggests that BSDUs do not exhibit significant compensatory changes in response to dystrophin deficiency in adjacent nuclear domains and that excursion of dystrophin protein from each expressing nucleus is finite. Thus, previously observed increase in dystrophin expression with increasing age in female mdx carrier mice must be based on a different, yet unexplored mechanism (9).

We also analyzed the distribution of dystrophin-EGFP in so-called revertant fibers (RFs), which spontaneously arise in otherwise dystrophin-deficient hemizygous male and homozygous female Dmd EGFP-mdx mice (8). Examined at the single fiber level, most RFs exhibited only one small revertant (EGFP-positive) segment (Figure 1F). Less frequently, we found RFs with repeated revertant segments that were usually short and interspersed with large negative segments (Figure S2B). The size and shape of BSDUs in RF segments were largely consistent with those of heterozygous females (Figure 1G and S1C), suggesting that most revertant segments corresponded to a single nuclear domain.

The myotendinous junction (MTJ) is a specialised myofiber compartment adapted for longitudinal force transmission: absence of dystrophin at the MTJ destabilizes the fiber and reduces resistance to tear stress (10). The cellular and molecular mechanism of the previously observed accumulation of dystrophin in the junctional site is still unknown (11). In vivo, in situ, and ex vivo imaging of Dmd EGFP muscle fibers revealed high dystrophin-EGFP levels in the digital protrusions of the MTJ compared with low interjunctional dystrophin-EGFP levels (Figure 1A and2A-C, supplemental Video 1). Increased junctional dystrophin-EGFP was associated with increased subjunctional actin accumulation, as shown in situ, ex vivo, and on cryosections (Figure 2B andS3A-B), consistent with the attributed importance of actin-dystrophin interaction for junctional mechanotransduction (12). Curiously, MTJs in different mosaic states were often only partially dystrophin-EGFP positive, suggesting that junctional dystrophin is also organized into units corresponding to nuclear domain areas (Figure 2D, Figure S3C). Dystrophin-EGFP accumulation in MTJ can partly be attributed to an optical effect of junctional membrane folding, as shown by the parallel increased junctional accumulation of the membrane marker MemBright in fibers from Dmd EGFP and Dmd EGFP-mdx mice (Figure 2C-D), however increases in MTJ membrane area are not accompanied by concomitant increases in myonuclear number (as shown by others ( 13)), implying higher local dystrophin synthesis by these junctional nuclei. Indeed, RNA-Sequencing of single myonuclei revealed higher Dmd transcription in MTJ nuclei (Figure S4), and RNA-FISH similarly confirmed the local enrichment of Dmd transcripts at the MTJ in single fibers of wild-type EDL muscles (Figure 2E). MemBright accumulated at the MTJ in the presence (white arrow) or absence (white arrowheads) of dystrophin-EGFP. A small MTJ segment from the Dmd EGFP-mdx mice expressed revertant dystrophin-EGFP (yellow arrow) (E) Confocal microscopy of an isolated EDL fiber from wild-type (C57Bl/6) mice after RNA-FISH to detect Dmd transcripts. The tip of the fiber appears on the left side. 5'-Dmd probe (green) and DAPIstained nuclei (blue). Nascent transcripts are detected with the 5'-Dmd probe and appear as large intranuclear foci (white arrowheads), while smaller sarcoplasmic foci concentrate mostly at the fiber tip (yellow arrows).

Figure 2. Compartmentalization of dystrophin at the myotendinous junction (MTJ).

Sarcolemmal dystrophin-EGFP displayed a 'woven' pattern after in vivo and ex vivo imaging, and regular repeats were visible along the longitudinal axis of the myofibers, corresponding in size and position to the sarcoplasmic striation stained with Sir-actin (Figure 3A-B, supplemental Video 1). Live imaging thus confirmed the previously described costameric organization of dystrophin ( 14), suggesting specific sarcolemmal anchoring at these sites and consequent lateral immobility. We tested this hypothesis by measuring fluorescence recovery after photobleaching (FRAP) in isolated EDL myofibers from Dmd EGFP mice (Figure 3C). Measurements of basal sarcoplasmic fluorescence were low and comparable with extracellular noise, arguing against the existence of a mobile, soluble dystrophin pool that might equilibrate with sarcolemmal dystrophin: this suggested that the behavior of dystrophin within adult mammalian myofibers differs from that within developing myofibers in zebrafish embryos (15) where rapid turnover of cytoplasmic mobile dystrophin is found. Sarcolemmal fluorescence in defined longitudinal regions conversely decreased sharply following intentional bleaching and no gradient in fluorescence recovery was observed after repeated intensity measurements when normalized to unbleached sarcolemmal stretches (Figure 3D). The tendency of isolated fibers to become hypercontractile following bleaching precluded measurements longer than 60 seconds, thus we repeated the FRAP assay in vivo. No recovery of sarcolemmal fluorescence was observed even 20 minutes after bleaching (Figure 3E-F). This suggests that dystrophin from the unbleached sarcolemma did not move into the bleached zone, consistent with the previously observed immobile dystrophin in zebrafish MTJs (15). In contrast to the isolated ex vivo fibers, in vivo we detected weak sarcoplasmic fluorescence, however this also did not recover after bleaching (Fig. 3E-F), suggesting that sarcolemmal dystrophin in neighboring fibers is the most likely source for this background signal (a phenomenon that is largely unavoidable when FRAP is performed in solid tissue). Taken together, our results suggest that dystrophin is not freely mobile along the sarcolemma, and explaining its territorial organization in BSDUs. We next investigated the pharmacodynamics of dystrophin following therapeutic restoration at the genomic-(via gene editing) or transcript-(via antisense tcDNA) level. First, we targeted Dmd DNA by injecting 4.6e10 vg AAV-SaCas9-sgRNA22 in combination with AAV-mCherry-sgRNA23 vectors into the tibialis anterior (TA) muscle group of adult Dmd EGFP-mdx mice, to induce excision of the mutant Dmd exon23 containing the premature termination codon. Seven weeks after AAV injection, large numbers of myofibers expressed cytoplasmic diffusible mCherry, demonstrating successful transduction. Accordingly, dystrophin-EGFP was also restored in these mCherry-positive myofibers, but crucially, restoration appeared in a segmental fashion (Figure 4A). Dystrophin positive segments were randomly distributed, approximately 80 µm in length, and centered around individual myonuclei with EGFP fluorescence extending outward in a gradient (Figure S5A-B). We also frequently found partial recovery of dystrophin-EGFP at the level of MTJs (Figure S5C). These results indicate that AAV-mediated gene editing restored dystrophin as single, separate BSDUs, likely due to the pharmacokinetics of AAV vectors (which cannot exit and reenter other myonuclei once within a nucleus ( 16)). Next, we treated Dmd EGFP-mdx mice for 20 weeks with tcDNA at a dose of 200 mg/kg, a dosing regime we have used previously (2). This approach gives robust exon skipping (as determined via qPCR) and ~50% dystrophin restoration levels via Western blot (Figure S6), which was associated with normalization of histopathological signs (Figure S7). Remarkably, in vivo and ex vivo imaging revealed low levels of homogeneously distributed dystrophin-EGFP at interjunctional sarcolemma and high levels in the MTJs, suggesting that tcDNA treatment produces modest restoration in essentially all BSDUs (Figure 4B-C, S7B). Furthermore, serum CPK activities completely normalized (Figure S6E), which was unexpected, given that mosaic in mdx-Xist Δhs mice with >30% dystrophin levels produced no such benefit (17).

We recently prepared palmitoyl-conjugated-(P-)tcDNA oligomers in order to improve pharmacokinetics (18). We observed the onset of dystrophin restoration after two or four once-weekly systemic injections of 50 mg/kg P-tcDNA (mice were analyzed 14 days after the last injection). qPCR showed that Dmd-exon 23 skipping was ~3% after two injections in the TA muscle, increasing to ~8% after four injections, with similarly low levels found in other muscles (Figure S8A-B). Western blot showed recovery of ~2% and ~6% dystrophin-EGFP after two and four injections, respectively (Figure S8C-E).

On single EDL myofibers, first sarcolemmal dystrophin-EGFP appeared as rare, interspersed, and faint patches a few micrometers in size after only two injections, whereas higher levels of dystrophin-EGFP were already present at the MTJ (Figure 4D-F), suggesting widespread initiation of dystrophin restoration. After four injections, recovery at the MTJ increased, and a continuous low intensity of sarcolemmal dystrophin-EGFP became visible along the entire fiber syncytium (Figure 4D-F), again suggesting low but ubiquitous restoration of dystrophin across all BSDUs. Furthermore, while young adult untreated Dmd EGFP-mdx had markedly elevated serum CPK activities (15,886 ± 2,455 IU/l, compared with a mean of 1,902 ± 532 IU/l in Dmd EGFP controls), as few as two or four P-tcDNA injections were sufficient to significantly reduce CPK activities (to 4,885 ± 1,343 IU/l or 5,534 ± 2,490 respectively, Figure 4G). This suggests that restoration of dystrophin-EGFP across all BSDUs, even at a level of below 2%, was sufficient to increase myofiber stability compared with mosaic states in mdx-Xist Δhs mice, where more than 15% of dystrophin levels were required to reduce CPK levels (17). In summary, our results provide conclusive evidence that sarcolemmal dystrophin is organized into highly focal and non-mobile nuclear domains, and our data suggest that this organization persists even following therapeutic genomic correction of the Dmd mutation in individual nuclei, precluding more widespread distribution when only some nuclear dystrophin loci are edited. Our results further show that modest but ubiquitous correction at the transcript level results in distributions of dystrophin protein that are therapeutically highly efficient, with very low levels of dystrophin at the MTJ being sufficient to attenuate myofiber injury. Gene editing treatments or gene therapies might then require comprehensively distributed nuclear targeting and restoration of dystrophin in order to ensure adequate sarcolemmal protection.

Materials and Methods

Mouse models

All animal experiments were conducted according to National and European legislation and institutional guidelines for the care and use of laboratory animals approved by the French government (Ministère de l'Enseignement Supérieur et de la recherche, authorization APAFiS). Mice were bred in the Plateforme 2Care animal facility, UFR des Sciences de la Santé, Université de Versailles-Saint Quentin, and were maintained in a standard 12-h light/12-h dark cycle with free access to food and water. Mice were weaned after 4 weeks postnatally, and two to five individuals were housed per cage.

To generate heterozygous Dmd EGFP/+ female mice, hemizygous male Dmd EGFP/y mice (5) were crossed with wild-type female C57BL/6 mice purchased from Charles River Laboratories (USA). To generate heterozygous Dmd EGFP-mdx/EGFP females, male Dmd EGFP- mdx/y mice ( 8) were crossed with homozygous Dmd EGFP/EGFP female mice. For clarity, homozygous females and hemizygous males are designated as Dmd EGFP and Dmd EGFP- mdx as previously described (5,8). All the animal studies were performed on adult mice.

Gene editing

pAAV-SaCas9-sgRNA22, pAAV-mCherry-sgRNA23 were cloned as previously described (8). Adenovirus free rAAV2/9 viral preparations were generated by packaging AAV2-ITR recombinant genomes in AAV9 capsids, using a three plasmid transfection protocol (8). Viral suspensions (50µL) containing the combination of rAAV2/9-SaCas9-sgRNA22 and rAAV2/9-mCherry -sgRNA23 at a titer of 4.6e10 vg each were injected intramuscularly into the tibialis anterior (TA) muscle of 6/7-week-old Dmd EGFP-mdx . Mice were sacrificed 7 weeks post-injection and muscles harvested as described below.

Antisense oligonucleotide treatment

Tricyclo-DNA (tcDNA) and palmitoyl-conjugated tricyclo-DNA (P-tcDNA) antisense oligonucleotides (AON) (SQY Therapeutics, France) were used to target the donor splice site of murine Dmd exon 23 as previously described ( 2), (18). Adult 6-week-old Dmd EGFP-mdx mice, under general anesthesia using 1.5-2% isoflurane, were given tcDNA via systemic injection into the retro-orbital sinus in three experimental protocols: i) two injections of P-tcDNA at 50 mg/kg once weekly; ii) four injections of P-tcDNA at 50 mg/kg once weekly; and iii) 20 injections of tcDNA at 200 mg/kg once weekly. Mice were euthanized two weeks following the last injection and muscles were harvested as described below.

Tissue preparation, histology and immunocytochemisty

Muscles were mounted on 6% Tragacanth gum 292 (Sigma-Aldrich, USA), snap-frozen in liquid nitrogen-cooled isopentane and stored at -80°C. Hematoxylin-eosin staining was performed using a multistainer LEICA ST5020 following standard procedures. Images were recorded using a digital slide scanner (Leica Biosystems, Germany) and analyzed using ImageScope software (Leica Biosystems, Germany).

Isolated muscle fibers were prepared from extensor digitorum longus (EDL) muscle as described by us and others (8,20). The isolated live myofibers were either immediately mounted on slides for direct EGFP-fluorescence imaging or mounted following a 10 min incubation with SiR-actin (1:1000 dilution Spirochrome, Switzerland), Lipilight (1:1000 dilution, 550 Lipilight by MemBright, Idylle, France) and Hoechst (1:1000 dilution, Sigma-Aldrich, USA) in isolation medium (FluoroBrite DMEM media [Ther-moFisher, USA] supplemented with 1% penicillin/streptomycin, 4 mM L-glutamine [ThermoFisher, USA] and 1% sodium pyruvate [ThermoFisher, USA]).

For immunocytochemistry, muscle fibers were fixed with 4% PFA directly after isolation. Immunostaining was performed as previously described ( 20) using primary antibodies against dystrophin (1:10 dilution, NCL-DYS2, mouse IgG1, Leica Biosystems, Germany), GFP (1:500 dilution, chicken pAb IgG, Abcam, UK) incubated overnight at 4°C, followed by incubation for one hour at room temperature with fluorochrome-labeled secondary antibodies (1:400, Alexa Fluor goat anti-mouse IgG1-555, goat antichicken IgGỿ-555/647). Fibers were then mounted on slides using Fluoromount-G (SouthernBiotech, USA).

Fluorescence imaging

Fluorescent images of freshly isolated or stained single fibers, as well as freshly cut or stained muscle sections, were acquired with either an epifluorescence microscope or a confocal microscope as specified in the figure legends. Epifluorescence imaging was conducted with a Zeiss Axio Imager microscope equipped with Orca camera (Hamamatsu, Japan) and AxioVision software (Carl Zeiss, Germany). Confocal imaging was conducted with a Leica SP8 white light laser scanning confocal microcope with LAS X software (Leica Biosystems, Germany). Intravital and in situ muscle fluorescence images were acquired using a combined confocal/multiphoton point-scanning microscope (SP8 MP-Leica microsystem, Wetzlar, Germany) as previously described (8). Briefly, for intravital imaging, a longitudinal skin and subcutaneous incision was made laterally in the pelvic limb, distal to the femorotibial joint to expose the underlying TA muscle. Mice were kept at 37°C in the microscope's incubation chamber and the exposed muscle was stably positioned on a coverslip fixed to the sample holder to lower motion artefacts. For in situ-ex vivo confocal imaging, TA muscles were dissected and incubated with SiR-actin (as described above) and weighed down using metallic coins in µ-Dish 35mm, high Glass Bottom (Ibidi, Germany) filled with PBS to prevent dehydration. The 3D videos were obtained using Imaris Software (Bitplane AG, Switzerland).

RNA analysis

Total RNA was isolated from intervening muscle sections collected during cryosection using TRIzol reagent according to the manufacturer's instructions (ThermoFisher Scientific, USA). 500 ng of total RNA was used for RT-PCR analysis using the Access RT-PCR System (Promega, USA) in 50 μl reactions using gene-specific primers to dystrophin: Ex20Fo (5′-CAGAATTCTGCCAATTGCTGAG-3′) and Ex26Re (5′-TTCTTCAGCTTGTGTCATCC-3′). cDNA synthesis was carried out at 45 °C for 45 min, directly followed by primary PCR: 30 cycles of 95 °C (30 s), 55 °C (1 min) and 72 °C (2 min). 2 μl of each primary reaction were then re-amplified via nested PCR: 22

anti-rabbit IgG IRDye® 680RD (both Li-COR Biosciences, USA) were used for dystrophin/vinculin detection and EGFP, respectively, using the iBind Flex Western Device (ThermoFisher Scientific, USA). The membrane was scanned on the Odyssey® CLx imaging system (Li-COR Biosciences, USA). Fluorescence intensities were analyzed using the Image Studio™ software (Li-COR Biosciences, USA), and dystrophin signal was normalized to vinculin before comparison to a standard curve (see above) to determine restoration percentage.

Serum analysis

Analyses of serum creatine phosphokinase (CPK) activities were performed by the pathology laboratory at the Mary Lyon Centre, Medical Research Council, Harwell, Oxfordshire, UK.

Fluorescence recovery after photobleaching (FRAP)

FRAP was performed to bleach regions of interest (ROIs) such as sarcolemmal, cytoplasmic or NMJ dystrophin-EGFP intravitally (as described above) or on live isolated fibers from Dmd EGFP mice. FRAP experiments were conducted by using a combined confocal/multiphoton point-scanning microscope (SP8 MP-Leica microsystem, Wetzlar, Germany). Images were obtained before and after photobleaching in the 488-channel at 4% or 14% laser power, for SF and intravital muscle respectively. ROIs were bleached by 100% laser power in the 488-nm channel for 6-7 iterations during a total of 1.6-2 seconds. FRAP image acquisition time is described for each experiment in the figure legends. Pixel intensities of the ROIs were acquired using Icy software. Control ROIs of an unbleached dystrophin-EGFP area (as illustrated in the figures) were also acquired as an internal control of photobleaching during imaging and for normalization of the pixel intensity of FRAP ROIs at the same time points.

Quantification of sarcolemmal Dystrophin-EGFP

The size of small individual dystrophin positive areas (basal sarcolemmal dystrophin units [BSDU]) was measured on single fibres of EDL muscles from experimental mice as detailed in the text using a stage micrometer (S12, Graticules Optics Ltd). Length of BSDUs was shown on live fibres for representative images, and quantification was performed on fixed single fibers that were immunostained against EGFP as described above. Both methods gave comparable values. The extremities of BSDU were defined as the position at which intensities dropped to background levels.

For quantification of dystrophin-EGFP fluorescence intensities, images were acquired using the same acquisition parameters between samples. The fluorescence intensity of basal dystrophin units was quantified using Adobe Photoshop 2020 software. 4 µm square ROIs were laid along the sarcolemma of entire basal segments and fluorescence intensity determined for each ROI. Background fluorescence was determined from three ROIs outside the fibers. Fluorescence intensity of dystrophin-EGFP in myotendinous junctions (MTJ) of single fibers from Dmd EGFP mice, nontreated and P-tcDNA-treated Dmd EGFP-mdx mice was measured using Image J software. From each image, 5-7 different ROI of the same size were selected from MTJ. Background fluorescence was determined from three ROIs in the cytoplasmic region of each fiber. 

GENERAL DISCUSSION

In my PhD thesis I determined the subcellular organization of dystrophin distribution in the muscle fiber syncytium. I also determined the pharmacodynamics of dystrophin restoring therapeutic strategies in vivo and ex vivo.

Here, I would like to discuss our results in a different context and in addition to the specific discussions of the research articles (chapter Results).

Reflection on dystrophin isoforms

The Dmd EGFP mice model possesses an in-frame insertion of a FLAG-EGFP sequence fused to the 3' end of Dmd exon 79. This model expresses a functional recombinant dystrophin-EGFP fluorescent protein and is free of any damaging phenotype. Dystrophin isoforms are fused with this EGFP tag due to its position downstream the last Dmd exon.

Curiously, WBs for dystrophin in mouse muscle, and also sometimes in fetal as well as adult human muscle, show the presence of two bands at the position of dp427 [START_REF] Clerk | Characterisation of dystrophin during development of human skeletal muscle[END_REF][START_REF] De Feraudy | Very Low Residual Dystrophin Quantity Is Associated with Milder Dystrophinopathy[END_REF]. This double band could simply be explained as being an artefact due to protein migration during electrophoresis or effects on protein folding. Alternatively, this isoform could correspond to the developmental isoform that results from alternative splicing of exon 78 [START_REF] Feener | Alternative splicing of human dystrophin mRNA generates isoforms at the carboxy terminus[END_REF][START_REF] Rau | Abnormal splicing switch of DMD's penultimate exon compromises muscle fibre maintenance in myotonic dystrophy[END_REF]. In WBs of our Dmd EGFP mice, we also found these double bands, as well as in Dmd EGFP-mdx splicing leads to the re-expression of an embryonic dystrophin instead of the adult Dp427 isoforms and is supposed to disrupt muscle fiber stability [START_REF] Rau | Abnormal splicing switch of DMD's penultimate exon compromises muscle fibre maintenance in myotonic dystrophy[END_REF]. Further work is required to explore the impact of splicing on dystrophin function in normal physiological and pathophysiological situations.

The basal sarcolemmal dystrophin unit

A wealth of data demonstrated states of dystrophin distribution in mosaic in female carriers, in revertant fibers and after gene therapy. However, these data were mostly obtained from histological sections and thus do not inform about These segments were round and had a vaulted-shape, and they regularly centered around a nucleus. The segments had the highest dystrophin levels in the center that tapered towards the periphery. These results provide conclusive evidence that such limited dystrophin areas correspond to the sarcolemmal extension of nuclear domains, hence I called such area a "basal sarcolemmal dystrophin unit" (BSDU). These results suggest that Dmd mRNA, translation and dystrophin distribution are territorially restricted around a given nucleus, excluding the existence of their long-range transport along the myofiber. The ratio of myonuclear number and theoretical fiber surface implies that these basal dystrophin units overlap, allowing for homogeneous dystrophin levels along the sarcolemma. Previous studies on myotubes supported the existence of an intracellular domains that are restricted in size around a given myonuclei: the mRNA being translated closed to their nucleus; the diffusion of intracytoplasmic proteins only from 50 µm to 100 µm away from the source nucleus (Ralston andHall, 1989a, 1989b). A more recent study demonstrated that mRNA closely accumulated around myonuclei in muscle fibers but could diffuse tens of microns away (~20-50 µm) [START_REF] Denes | Microtubule-based transport is essential to distribute RNA and nascent protein in skeletal muscle[END_REF]. These previous publications are in range of my findings and explain the strongest dystrophin fluorescence close to the myonucleus in BSDUs. My results argue against long-range diffusion of dystrophin. They suggest a very short distance between ribosomes that translate Dmd and sarcolemmal costamers in which dystrophin will be anchored [START_REF] Bloch | Lateral force transmission across costameres in skeletal muscle[END_REF][START_REF] Ervasti | Costameres: the Achilles' heel of Herculean muscle[END_REF][START_REF] Henderson | Overview of the Muscle Cytoskeleton[END_REF].

The organization of sarcolemmal DAPC in costameres has previously observed on fixed tissue following immunohistochemistry and electron microscopy [START_REF] Minetti | Dystrophin at the plasma membrane of human muscle fibers shows a costameric localization[END_REF]. I here confirmed, using live imaging, such ultrastructural organization of dystrophin. Furthermore, my team examined protein turnover using FRAP and revealed no fast recovery of dystrophin-EGFP, suggesting that sarcolemmal dystrophin-EGFP is not laterally mobile. This finding accords with its expected anchorage in costameres-organized DAPC, thereby restricting diffusion of its associated protein.

I was astonished that the average size of BSDUs was similar i) in females that carried two functional Dmd alleles, ii) in female carriers of the mdx mutation, iii)

for revertant fiber segments, and iv) following gene editing mediated restoration. This suggests that the size of dystrophin nuclear domains cannot enlarge and cannot compensate for missing sarcolemmal dystrophin of neighboring dystrophin-negative units. Thus, previously observed increase in dystrophin with increasing age in female mdx carrier mice is likely based on a different mechanism [START_REF] Watkins | Dystrophin distribution in heterozygote MDX mice[END_REF]. My time was too short to explore the mechanism underlying this dystrophin-negative to dystrophin-positive fiber conversion in mdx carriers. I hypothesize the existence of a positive selection of progenitors with XCI of the mdx allele. Indeed, Dumont et al., recently support that asymmetric division of MuSCs depends on dystrophin and DAPC polarization [START_REF] Dumont | Dystrophin expression in muscle stem cells regulates their polarity and asymmetric division[END_REF]. I speculate, that MuSCs expressing the non-mutated Dmd allele would generate more progenitors than dystrophin-negative MuSCs, and with time increase the numbers of dystrophin-positive fibers.

Another hypothesis could be a random preferential selection of dystrophinpositive fibers in time, whereas negative-fibers undergo cycles of degeneration/regeneration until their eventual disappearance. A yet other, rather daring hypothesis would be XCI reactivation, such phenomen existing for initial X-paternal chromosome inactivation (X P CI) during early stage of embryogenesis [START_REF] Kobayashi | Live imaging of X chromosome reactivation dynamics in early mouse development can discriminate naïve from primed pluripotent stem cells[END_REF], or the non-mutated Dmd allele escape XCI gene silencing as observed for a number of developmental genes [START_REF] Berletch | Genes that escape from X inactivation[END_REF][START_REF] Carrel | X-inactivation profile reveals extensive variability in X-linked gene expression in females[END_REF].

One question that I did not address, concerns the dystrophin unit size of internalized nuclei in dystrophic fibers. I failed to systematically determine whether all revertant segments were centred around one myonucleus. I performed this experiment using epifluorescence microscopy. Epifluorescence allows two dimensional imaging. Thus, depending on the fiber shape and the position of dystrophin-positive segments (on the top, on the bottom or at the side of the fiber), the associated myonuclei was not always reliably imaged.

Confocal imaging and 3D reconstruction would have been too laborious for quantifying BSDU size. Improved imaging methods are required for future work (cf. outlook).

As discussed above, my experiments fail to answer whether internalized nuclei in dystrophic muscle participate in sarcolemmal dystrophin synthesis. However, sarcolemmal dystrophin is not impaired in myotubular and centronuclear myopathies showing that centralized myonuclei produce dystrophin [START_REF] Lawlor | Skeletal Muscle Pathology in X-Linked Myotubular Myopathy: Review With Cross-Species Comparisons[END_REF][START_REF] Mora | Fetus-like dystrophin expression and other cytoskeletal protein abnormalities in centronuclear myopathies[END_REF]. I therefore must assume that revertant segments in DMD muscle can originate from internalized nuclei.

Female mdx carrier mice might not be the best model for systematic quantification of the dystrophin segments due to their high numbers and overlapping nature. It would be worthwile reproducing data using the mdx-Xist Δhs model in which skewed XCI reduce the presence of sarcolemmal dystrophin [START_REF] Van Putten | The effects of low levels of dystrophin on mouse muscle function and pathology[END_REF]. This model would possibly allow to better discriminate how overlapping segments evolve. I started investigating this question and quantified all revertant segments found in single fibers from dystrophin on the expression of other DAPC proteins and basal lamina binding partners. I generated some preliminary data in female carrier and mdx mice showing that laminin-α2 highly cumulates at sites of dystrophin and lowly where dystrophin is lacking (Figure 21). Moreover, higher laminin staining is observed Lastly, I did not investigate how BSDUs develops from embryonic to post-natal and adult stages. Does the size of the BSDU remain stable during fiber development? This is an interesting question since the nuclear domain size increases during fiber growth [START_REF] Cramer | Nuclear numbers in syncytial muscle fibers promote size but limit the development of larger myonuclear domains[END_REF][START_REF] Hansson | Myonuclear content regulates cell size with similar scaling properties in mice and humans[END_REF][START_REF] White | Dynamics of muscle fibre growth during postnatal mouse development[END_REF]. Myonuclei are positioned in a row in fetal muscle fibers (Figure 22), thus one could easily answer this question in heterozygous Dmd EGFP/WT female mice. In fact, I believe that fetal muscle would be a very good model for studying dystrophin mosaic [START_REF] Stantzou | BMP signaling regulates satellite cell-dependent postnatal muscle growth[END_REF](Figure 22).

Lastly the question remains open whether there exist interspecies differences in the development and syncytial orgaisation of BSDU. 

Distribution of dystrophin in MTJ

Using in vivo, in situ and ex vivo microscopy, I demonstrated higher dystrophin protein levels at MTJs than at interjunctional sarcolemma. I also found that dystrophin at MTJs was segmentally organized , suggesting that nuclear-defined units persisted in this compartment. I demonstrated a higher Dmd transcription in myonuclei of the MTJ compartment leading to local transcript enrichment, which explains the accumulation of junctional dystrophin.

Actin was also enriched at the subjunctional level. I obtained preliminary results,

showing that sarcomeres and subjunctional actin could be detached from MTJ in absence of dystrophin in Dmd EGFP-mdx mice (Figure 23). This latter finding accords with previous electron microscopy studies showing that terminal thin filaments extended into junctional protrusions to laterally associate with the junctional cell membrane in wildtypes [START_REF] Trotter | Three-dimensional structure of the murine muscle-tendon junction[END_REF]. In lack of dystrophin, however, MTJ folding was rarified and cell terminus was partially filled with myonuclei and cytoplasm deprived of sarcomeres and thin terminal filaments [START_REF] Law | Dystrophin deficiency is associated with myotendinous junction defects in prenecrotic and fully regenerated skeletal muscle[END_REF]. Such junctional desorganisation could explain the failure to resist passive stretch and the susceptibility of muscle to tear at the site of MTJ [START_REF] Hakim | The passive mechanical properties of the extensor digitorum longus muscle are compromised in 2-to 20-mo-old mdx mice[END_REF]. This highlights the specific importance of high MTJ enriched dystrophin and actin as well as a correct junctional microarchitecture for myofiber integrity. *

Impact of sarcolemmal dystrophin distribution on pharmacodynamics of dystrophin restoring therapeutic strategies

I showed that AAV mediated gene therapy restored dystrophin in form of BSDUs leading to dystrophin mosaic. Such restoration follows the logic of pharmacokinetic properties of AAV vectors. Following endocytosis, AAV vectors translocate into the nucleus, where vector genomes are released and acquire episomal position [START_REF] Penaud-Budloo | Adeno-associated virus vector genomes persist as episomal chromatin in primate muscle[END_REF]. Once translocated into the nucleus, AAV cannot exist and diffuse between myonuclei and the fiber syncytium [START_REF] Kelich | Super-resolution imaging of nuclear import of adeno-associated virus in live cells[END_REF]. In consequence, dystrophin (or microdystrophin) will be restored in mosaic in case of low transduction efficacy (as in our case) or more widespread following high/complete transduction efficacy.

Like all other dystrophin restoring therapies, gene therapy for DMD aims at a secondary disease prevention. Thus, the therapeutic effect would be as higher suggesting that the dystrophic process was not entirely stopped (Le [START_REF] Guiner | Long-term microdystrophin gene therapy is effective in a canine model of Duchenne muscular dystrophy[END_REF][START_REF] Mendell | Assessment of Systemic Delivery of rAAVrh74.MHCK7.micro-dystrophin in Children With Duchenne Muscular Dystrophy: A Nonrandomized Controlled Trial[END_REF]. Similarly, AAV-U7 mediated exon skipping in GRMD dogs and mdx mice also restored dystrophin in mosaic. However, the muscle was cleared from vector genomes and dystrophin was subsequently lost (Le Hir et al., 2013;[START_REF] Vulin | Muscle function recovery in golden retriever muscular dystrophy after AAV1-U7 exon skipping[END_REF]. This suggests that dystrophin restoration in mosaic is insufficient for maintaining long-term therapeutic benefits. In summary, the specific pharmacokinetics of AAV mediated gene therapy, the likely incomplete transduction and incomplete dystrophin restoration, and impossibility of repeating dosing together with a progressive dilution of transduced myonuclei with non-transduced myonuclei, will likely result in a limited and transient therapeutic benefit. The challenge of AAV gene therapy for muscular dystrophies is discussed in a recent review by Pr. Jenny Morgan and Pr. Francesco Muntoni (Morgan and Muntoni, 2021).

Differently to AAV mediated gene therapy, I showed that tcDNA restored fiberwide dystrophin. Intriguingly, imaging suggests that restoration started at the MTJ prior to restoration at the interjunctional level. We found as little quantities as I believe that restoration of junctional dystrophin is essential to achieve myofiber stability and slow DMD boys' disease progression. However, muscle biopsies during clinical trials are obtained from mid-belly regions. Thus, they are little informative about whether dystrophin was restored in MTJs. One could imagine that certain clinical studies restored dystrophin at MTJs whereas little restoration was found elsewhere. Thus, potentially protective drugs (e.g. Eteplirsen) should not be falsely judged as insufficiently effective because of missing data on compartmentalized dystrophin distribution.

In conclusion, my data show that sarcolemmal dystrophin is organized in territorially restricted nuclear domains. Genome editing in individual myonuclei restored individual domains, whereas RNA targeting strategies led to widespread restoration of dystrophin. Fiber-wide restoration, even at very low levels, was therapeutically efficient. The principle of syncytial organization in basal sarcolemmal dystrophin units and in fiber compartments must be considered when studying pharmacodynamics and clinical benefit of dystrophin restoring therapies.

OUTLOOK

Characterize the syncytial organization of dystrophin mosaic in female mdx carrier mice during development

Female DMD carriers can develop muscular dystrophy to varying extents. However, the vast majority of cases are little symptomatic or "asymptomatic" with CPK elevation often as the only sign of some degree of muscle fiber damage [START_REF] Clerk | Characterisation of dystrophin in carriers of Duchenne muscular dystrophy[END_REF][START_REF] Matthews | Muscle X-inactivation patterns and dystrophin expression in Duchenne muscular dystrophy carriers[END_REF][START_REF] Vainzof | Dystrophin immunofluorescence pattern in manifesting and asymptomatic carriers of Duchenne's and Becker muscular dystrophies of different ages[END_REF][START_REF] White | Dynamics of muscle fibre growth during postnatal mouse development[END_REF].

In female mdx carrier mice, a conversion from dystrophin-deficient to dystrophin-positive myofibers occurs with age [START_REF] Clerk | Characterisation of dystrophin in carriers of Duchenne muscular dystrophy[END_REF][START_REF] Matthews | Muscle X-inactivation patterns and dystrophin expression in Duchenne muscular dystrophy carriers[END_REF][START_REF] Vainzof | Dystrophin immunofluorescence pattern in manifesting and asymptomatic carriers of Duchenne's and Becker muscular dystrophies of different ages[END_REF]. Such finding could explain the observation of muscle biopsies from human DMD carriers and the asymptomatic state for most of them. Indeed, biopsies from carriers show a near absence of dystrophin mosaic with very few dystrophin-negative fibers. Understanding how dystrophin-deficient muscle fibers become dystrophin-positive could help find novel therapeutic strategies to increase dystrophin levels in DMD patients. To solve this puzzle, it is necessary to better characterize the mosaic state of dystrophin in animal models for DMD carriers and to understand the development of this mosaic during postnatal to adult development.

The proportional contribution of dystrophin isoforms during the development of female mdx carrier is not clear. The quantification of dystrophin-isoforms could be performed by Western blot (WB) at different ages (embryonic, postnatal and adult) of Dmd EGFP/mdx and Dmd EGFP/WT females. In addition, immunohistochemistry against the different domains of dystrophin as well as of dystrophin-EGFP should be performed. They will allow quantification of the proportion of positive and negative fiber sections as well as the participation of the different isoforms in these sections.

Serum biomarkers for muscular dystrophy such as CPK and myomesin-3 negatively correlate with the level of dystrophin [START_REF] Rouillon | Serum proteomic profiling reveals fragments of MYOM3 as potential biomarkers for monitoring the outcome of therapeutic interventions in muscular dystrophies[END_REF][START_REF] Van Putten | The effects of low levels of dystrophin on mouse muscle function and pathology[END_REF]. I would expect that an increase in the proportion of dystrophinpositive fibers in female Dmd EGFP/mdx carriers during muscle growth should reduce levels of these biomarkers.

My results imply that BSDU size is similar in different genotypes. I did not yet study the development of BSDUs in Dmd EGFP/mdx carriers. The questions remain unresolved whether during development exists: i) an increase in the BSDU size, and/or ii) an increase in the overlapping? To answer these questions, the size of the BSDU should be determined in isolated fibers from foetal, post-natal, young adult and old Dmd EGFP/mdx carrier mice compared to Dmd EGFP/WT females.

The age-related conversion of dystrophin is not necessarily provoked by a reversal of the X-inactivation from the mutated to the non-mutated allele within myonuclei. Indeed, it is also possible that myonuclei expressing the mutated allele undergo a revertant event. A massive alternative splicing in these myonuclei could then be responsible for the accumulation of dystrophin. To investigate this hypothesis, it would be necessary to detect the formation of revertant dystrophin-EGFP as well as to quantify its frequency of occurrence. To determine such an event, a Dmd WT/EGFP-mdx mice expressing a WT Dmd allele and a Dmd allele carrying the exon 23 mutation and fused to an EGFP tag should be generated. In addition, the quantities of revertant dystrophin-EGFP between Dmd WT/EGFP-mdx carriers and Dmd EGFP-mdx males could be measured at various ages of the mice using the recent fast and highly sensitive capillary WB technique [START_REF] Anderson | Western blotting using capillary electrophoresis[END_REF][START_REF] Castle | Application of high-throughput, capillary-based Western analysis to modulated cleavage of the cellular prion protein[END_REF][START_REF] Fourier | Development of an automated capillary nano-immunoassay-Simple Western assay-to quantify total TDP43 protein in human platelet samples[END_REF].

Characterize the difference in dystrophin restoration between AON and CRISPR/Cas9 technologies

As discussed earlier, gene therapy, to date, consists of a single time point treatment and cannot be repeated. In consequence, a dilution of transduced myonuclei must be expected in growing boys. Such dilution would decrease the percentage of sarcolemmal coverage with dystrophin as the size of the BSDU cannot increase in adult.

The decrease in dystrophin coverage renders fibers more likely to degenerate.

Currently, the distribution and proportion of transduced myonuclei within the fibers are not exactly explored and described. Research in mouse models will remain little informative in regard to the human situation due to the differences in myonuclei number and fiber size. Indeed, in recent studies, the amount of viral vectors injected in mice varies between a titer of 10 11 and 10 14 v.g. to achieve dystrophin restoration and achieving therapeutic benefit [START_REF] Bengtsson | Muscle-specific CRISPR/Cas9 dystrophin gene editing ameliorates pathophysiology in a mouse model for Duchenne muscular dystrophy[END_REF]Nelson et al., 2016). Current gene therapy trials in patients apply up to x10 14 vg/kg, risking severe adverse immune response [START_REF] Fausther-Bovendo | Pre-existing immunity against Ad vectors: humoral, cellular, and innate response, what's important?[END_REF][START_REF] Wilson | Lessons learned from the gene therapy trial for ornithine transcarbamylase deficiency[END_REF]. The question arises as to the long term therapeutic benefit when restoring dystrophin in mosaic. Direct comparison of therapeutic strategies should be performed to determine the minimal dystrophin restoration levels required for a therapeutic benefit. In fact, these levels may be very different for gene therapies and RNA targeting therapies.

Comparative studies describe the relatively low efficiency of AAV in SCs targeting [START_REF] Arnett | Adeno-associated viral (AAV) vectors do not efficiently target muscle satellite cells[END_REF]. However, CRISPR/Cas9 shows great promise of genome editing in satellite cells. This would allow for stem cell correction in vivo instead of stem cell transplantation, and allow for regeneration of dystrophin expressing muscle in time.

MTJ dystrophin

My [START_REF] Esteves De Lima | Unexpected contribution of fibroblasts to muscle lineage as a mechanism for limb muscle patterning[END_REF][START_REF] Lima | BMP signalling directs a fibroblast-to-myoblast conversion at the connective tissue/muscle interface to pattern limb muscles[END_REF]. The increasing knowledge on the compartmentalization of the myofiber syncytium will hopefully lead to the generation of novel transgenic mouse models allowing to conditionally knockout dystrophin at specific subcellular locations [START_REF] Bassett | Dystrophin is required for the formation of stable muscle attachments in the zebrafish embryo[END_REF]. This would allow to refine our knowledge on its function in different fiber compartments.

In conclusion, sarcolemmal dystrophin is highly compartmentalized, which impacts on response to therapies aiming to restore dystrophin.

BIBLIOGRAPHY Introduction

La dystrophie myotonique de Duchenne (DMD) est une maladie génétique rare, récessive et liée à l'X qui affecte un nouveau-né garçon sur 5000. La DMD se développe dès le plus jeune âge et les premiers symptômes deviennent visibles entre 2 et 5 ans. Ces premiers symptômes comprennent une difficulté à courir, à monter les escaliers et une démarche dandinante, signes typiques d'une faiblesse des muscles des membres inférieurs. Les garçons Duchenne sont généralement facilement fatigables et intolérants à l'exercice à cause des douleurs musculaires que ce dernier peut entrainer. La faiblesse musculaire est progressive et touche tous les muscles. Au niveau des muscles paravertébraux celle-ci entraine une scoliose. Sans traitement, les patients Duchenne perdent la marche autour de 12 ans et la diminution progressive de leur fonction respiratoire et cardiaque entrainent leur mort avant leur troisième décade. Aujourd'hui, les traitements standards comportent des corticostéroïdes, des médicaments pour protéger la fonction cardiaque, une assistance respiratoire et une arthrodèse vertébrale. Ces traitements ont permis d'améliorer grandement la qualité de vie et l'espérance de vie des garçons Duchenne. Le tableau clinique de la DMD est représenté au point de vue biologique par une augmentation de biomarqueur sérique tel que la créatine phosphokinase (CPK) et de nombreux changements histologiques : fibres musculaires en nécrose entrainant une inflammation, fibres en régénération, fibrose musculaire, infiltration de cellule immunitaire et infiltration adipeuse (Figure 11).

La myopathie de Duchenne est généralement due à des mutations qui décalent le cadre de lecture du gène DMD, entrainant l'apparition d'un codonstop prématuré et conduisant à l'absence de dystrophine au sein de ses tissues d'expression.

Le gène humain codant la dystrophine, DMD, est situé sur le chromosome X. C'est le plus long gène humain avec 2,4 Mb. Sa séquence codante ne représente que 1% du génome ADN avec seulement 14 kb et code 79 exons pour une protéine de longueur totale de 427 kDa. La transcription du gène DMD est sous le contrôle de 7 promoteurs tissue-spécifiques conduisant à la traduction de 7 isoformes protéiques différents. Trois isoformes sont dits de longueur totale, l'un est exprimé dans le cerveau (Dp427b), l'un dans les cellules de Purkinje (Dp427p) et le dernier dans le muscle squelettique (Dp427m). Quatre promoteurs alternatifs sont situés au sein du gène de la dystrophine et codent des isoformes dits courts. La Dp260 est exprimée dans la rétine, la Dp140 est principalement exprimée dans le cerveau, la Dp116 est exprimée par les cellules de Swann et l'isoforme le plus court, Dp71, est exprimé par de nombreux types cellulaires (Figure 8).

Dans le muscle squelettique, qui nous intéresse pour cette thèse, l'isoforme long de la dystrophine Dp427m est une protéine de 3685 acides aminés formant 4 domaines protéiques (Figure 9) :

-Un domaine N-terminal interagissant avec l'actine du cytosquelette.

-Un domaine central composé de répétitions de spectrine espacées par 4 régions riches en cystéine participant à l'élasticité de la dystrophine et interagissant avec des composants majeurs du cytosquelette. -Un domaine riche en cystéine liant la dystrophine aux complexes de dystroglycan de la membrane de la fibre musculaire. -Un domaine C-terminal permettant de lier de nombreuses protéines musculaires.

Le rôle principal de la dystrophine au sein du muscle squelettique est d'assurer la stabilité de la membrane de la fibre musculaire (sarcolemme) via l'assemblage d'un complexe protéique, le DAPC. Le DAPC, pour complexe protéique associé à la dystrophine, permet aux fibres musculaires de résister au stress et à la tension lors de la contraction musculaire. La transmission de la force musculaire se fait grâce au lien entre le cytosquelette, la dystrophine et le DAPC (Figure 11).

La dystrophine est donc une protéine s'associant à un complexe sous la membrane de la fibre musculaire. Il est important de noter que, dans le muscle squelettique, la fibre musculaire ou cellule musculaire est un syncytium multinucléé. Il existe un concept théorique appelé domaine nucléaire. D'après ce concept, un noyau de la fibre musculaire (myonucleus) exercerait une activité transcriptionnelle restreinte au sein du cytoplasme de la fibre musculaire (sarcoplasme), dans un volume appelé domaine nucléaire. Cette idée est supportée par de nombreuses études montrant une expression d'ARN messager proche des myonuclei et ne diffusant que très peu. De même, bien que les protéines puissent diffuser dans le sarcoplasme ou le sarcolemme, celles-ci sont le plus souvent restreintes dans le domaine nucléaire.

Ce concept de domaine nucléaire du syncytium musculaire est d'une importance conséquente pour la dystrophine, il pourrait en effet expliquer l'état des mères porteuse de la myopathie de Duchenne.

En effet, chez les mammifères, les femelles portent deux chromosomes X, passé le développement, seul l'un des deux allèles est actif tandis que l'expression du deuxième est inactivée par apposition d'une marque épigénétique. Cette marque épigénétique est transmise par les cellules précurseurs à leurs cellules filles durant la croissance. Ainsi les femmes porteuses d'une mutation conduisant à la DMD expriment en théorie cette mutation dans seulement la moitié de leur myonuclei et donc devraient présenter une distribution en mosaïque de la dystrophine au sein du syncytium musculaire. Or, de manière curieuse les mères porteuses de la DMD ne montrent que de faible signe de déficience en dystrophine sur leurs biopsies musculaires. La plupart des fibres musculaires présentent cependant une distribution inhomogène de la dystrophine le long de leur membrane et rarement une perte partielle de dystrophine (Figure 14).

Chez un modèle de souris de la DMD, les mères porteuses présentent une curieuse et inexpliquée conversion, liée à l'âge, de fibres absentes de dystrophine vers des fibres présentant de la dystrophine. De manière intéressante, 15% de ces mères porteuses souris développent des symptômes associés à des signes de dommages au sein de leurs muscles squelettiques. L'une des hypothèses débattues pour expliquer ces phénotypes est une possible inactivation biaisée de l'X.

Il existe par ailleurs de nombreux modèles animaux d'étude de la myopathie de Duchenne. La souris mdx, ou souris portant une dystrophie musculaire liée à l'X, est le plus célèbre. Ce modèle porte une mutation nonsens, transition de C vers T, au sein de l'exon 23 du gène Dmd de la dystrophine. Cette mutation entraine l'apparition d'un codon-stop prématuré qui conduit à l'absence des isoformes longs de la dystrophine. Bien que ces souris possèdent, de façon remarquable, un phénotype bien moins sévère que les patients hommes de la DMD, elles présentent quand même des signes modérés de fibrose, de régénération, d'internalisation de noyaux, etc… Ces souris ont, elles aussi, une espérance de vie réduite causée par une dégénérescence musculaire lente. Il très intéressant de noter que ces souris, comme tous les modèles animaux de la DMD et l'homme lui-même, présentent des fibres dites révertantes (RFs). C'est-à-dire que certaines fibres musculaires expriment une dystrophine tronquée mais fonctionnelle à la suite d'un évènement aujourd'hui encore peu connue, postérieure à la mutation causant la myopathie de Duchenne (Figure 16). Cependant, cette réexpression de dystrophine chez l'homme et les différents modèles animaux n'est jamais suffisante à une correction du phénotype.

Ces souris ont servi à caractériser les processus physiopathologiques de la DMD et l'importance du rôle de la dystrophine au sein du syncytium musculaire. Ce sont notamment les femelles porteuses de cette mutation qui ont servi pour les découvertes citées plus haut. Les souris mdx sont aussi beaucoup utilisées pour le développement et l'évaluation des bénéfices de nouvelles stratégies thérapeutiques contre la myopathie de Duchenne.

A ce jour, le traitement le plus standard dans le cadre de la myopathie de Duchenne est celui aux corticostéroïdes. Ce dernier améliore la force et la fonction musculaire à tous les stades de la DMD et permet de ralentir la progression de la maladie. Cependant, ces traitements comportent des effets secondaires lourds : gain de poids, ostéopénie et fracture pathologique ainsi que retard de croissance. Avec l'augmentation du nombre d'outils pharmacologiques à sa disposition, la recherche se concentre désormais sur le développement de nouvelles stratégies thérapeutiques.

Parmi ces nouvelles stratégies thérapeutiques, le saut d'exon vise à restaurer le cadre de lecture en retirant un exon voisin du site de la mutation dans le gène DMD. La restauration du cadre de lecture permet de générer une dystrophine tronquée mais partiellement fonctionnelle. Une telle dystrophine permet de déplacer le phénotype de la DMD vers un phénotype moins grave caractérisant une autre dystrophie musculaire, la dystrophie musculaire de Becker. Le saut d'exon thérapeutique utilise le processus naturel de maturation de l'ARN messager par épissage des introns. Des séquences oligonucléotides antisens (AONs) sont utilisées pour masquer les sites donneurs et accepteurs de l'épissage d'un exon donné, celui-ci sera alors excisé par le processus d'épissage des introns voisins. Les AONs partagent des similarités avec l'ADN mais leur squelette chimique a été modifié pour résister à la dégradation des nucléases. Pour cette thèse, j'ai notamment utilisé des ADN-tricyclo oligomères (tcDNA) conjugués ou non avec un acide palmitique ou un thiophosphate. Ces AONs ont démontré un plus grand potentiel de restauration de la dystrophine comparé à d'autres molécules similaires (Figure 17). L'édition du génome par CRISPR/Cas9 est une autre grande voie thérapeutique explorée dans le cadre de la myopathie de Duchenne. Dans cette méthode, une capside virale d'adénovirus (AAV) est utilisée pour transfecter les cellules cibles avec le système CRISPR/Cas9 et des ARN guides. Les ARN guides sont complémentaires de séquences ADN cibles et permettent de recruter la nucléase Cas9 pour couper précisément l'ADN au niveau de ces séquences. Le système de réparation des jonctions d'extrémités non homologues répare naturellement l'ADN autour des sites de coupure (Figure 18).

Objectifs

Le but de ma thèse est de comprendre la compartimentalisation de la dystrophine au sein du syncytium de la fibre musculaire.

En effet, si la dystrophine est distribuée de façon homogène le long du sarcolemme de la fibre musculaire, de nombreuses études ont montré une accumulation de dystrophine supérieure au niveau de la jonction entre le muscle et le tendon, la jonction myotendineuse (JMT) et de la jonction entre le muscle et l'axone du nerf moteur, la jonction neuromusculaire (JNM) par rapport au sarcolemme interjonctionnel. Cependant, le manque de modèle animal rapporteur permettant l'étude in vivo et ex vivo de la dystrophine fait que les mécanismes cellulaires et moléculaires d'une telle compartimentalisation ont peu été étudiés.

De même, bien que les nouvelles stratégies thérapeutiques contre la DMD telles que le saut d'exon et l'édition du génome soient particulièrement prometteuses. La manière dont celle-ci restaurent la dystrophine au niveau subcellulaire reste peu explorée. De plus, l'impact de l'organisation du syncytium musculaire sur la pharmacodynamique de ces nouvelles thérapies est peu connu. J'ai consacré mon doctorat à répondre à la question suivante : comment le syncytium multinucléé des fibres musculaires organise-t-il la distribution de la dystrophine sarcolemmal ? Je me suis également demandé si le concept théorique de domaine nucléaire s'applique à l'organisation subcellulaire de la dystrophine sarcolemmal.

Le laboratoire de recherche dans lequel j'ai réalisé ma thèse a récemment généré une lignée de souris rapporteuses Dmd EGFP par l'insertion en respectant le cadre de lecture d'un tag-EGFP fusionné à l'extrémité C-terminale du gène codant la dystrophine. Il en résulte que tous les isoformes de la dystrophine expriment ce tag-EGFP à l'exception de l'isoforme épissé de l'exon 78 et de formes tronquées, absentes de l'extrémité C-terminale. La protéine de fusion qui en résulte permet l'imagerie en direct de la dystrophine in vivo et ex vivo et constitue un outil précieux pour étudier la dystrophine dans divers tissus par imagerie vivante (Figure 10 ; Figure S1).

Pour pouvoir répondre aux questions précédemment abordées, j'ai participé à la génération et à la validation d'un modèle de souris rapporteuse Dmd EGFP-mdx possédant à la fois la mutation de l'exon 23 du gène Dmd des souris mdx classiques et le tag-EGFP après le dernier exon 79 de ce gène. Une fois cette lignée de souris établie, j'ai généré des souris hétérozygotes hébergeant à la fois un allèle dystrophine-EGFP et à la fois un allèle dystrophine sauvage ou bien un allèle porteur de la mutation nulle du gène Dmd dans l'exon 23 pour pouvoir visualiser différents états de distribution de la dystrophine en mosaïque.

Dans une deuxième partie de ma thèse, j'ai comparé la pharmacodynamique de la restauration de la dystrophine après édition du génome ou saut d'exon dans le modèle de souris Dmd EGFP-mdx .

Résultats

Dans un premier article, j'ai participé à la validation d'un modèle de souris rapporteur nouvellement créé par mon équipe. Le modèle Dmd EGFP-mdx a été obtenu par croisement de souris Dmd EGFP et de souris mdx. Une recombinaison homologue durant la méiose a permis l'introduire l'allèle Dmd EGFP dans le fond génétique mdx en cis. L'analyse par Western blot (WB) de ce modèle montre bien l'absence de dystrophine-EGFP dans les lysats de muscles. L'analyse histologique des muscles de ces souris a confirmé la présence d'altérations histopathologiques typiques des muscles dystrophiques tandis que les niveaux sériques de CPK sont eux bien supérieurs à 20 fois ceux d'une souris sauvage. La réexpression de dystrophine observée avec l'apparition de fibres révertantes est facilement détectable dans ce modèle in vivo par imagerie sur souris vivante ainsi que ex vivo sur des fibres musculaires isolées. Sur ce point, la fluorescence naturelle de la dystrophine-EGFP colocalise bien avec la fluorescence d'un marquage par un anticorps fluorescent anti-dystrophine. Pour finir, ce modèle permet aussi d'évaluer la restauration de la dystrophine via différentes approches thérapeutiques. En effet, après traitement systémique par tcDNA durant 20 semaines, il est possible d'observer une restauration de la dystrophine tout le long du sarcolemme par imagerie intravitale et sur fibre isolée. La restauration de la dystrophine dans ce nouveau modèle a pu être observée d'une manière différente. J'ai injecté de façon combinée, un vecteur viral AAV comportant une Cas9 et un ARN guide et un vecteur viral AAV comportant un gène rapporteur mCherry couplé à un second ARN guide, dans le muscle Tibialis Anterior (TA) de la patte inférieure. L'observation de nombreuses fibres mCherry positive a prouvé le succès de la transduction. La restauration de la dystrophine n'a cependant pu être observée que par la présence de courts segments sur la fibre ce qui suggère que l'édition de la mutation, par excision de l'exon 23 au niveau ADN, n'a eu lieu que dans un nombre limité de noyaux musculaires.

Ces résultats dans leur ensemble montrent que le modèle de souris Dmd EGFP-mdx est valide en tant que modèle rapporteur de la dystrophine et de la myopathie de Duchenne.

Dans un second article, j'ai exploré l'organisation de la dystrophine sarcolemmal au sein du syncytium musculaire et l'impact qu'une telle organisation pouvait avoir sur les stratégies thérapeutiques visant à restaurer la dystrophine. J'ai d'abord généré des souris femelles hétérozygotes soit entre l'allèle Dmd sauvage et l'allèle Dmd EGFP (Dmd EGFP/WT ), soit entre l'allèle Dmd EGFP et l'allèle Dmd EGFP-mdx (mère porteuse Dmd EGFP/EGFP-mdx ). Dans ces deux modèles j'ai pu observer une distribution mosaïque de la dystrophine avec une alternance de segment positif et de segment négatif in vivo et ex vivo. Je me suis assuré de l'intégrité de la membrane ex vivo par l'ajout d'un marqueur de la bicouche lipidique et après fixation de fibres isolées et immunomarquage contre la dystrophine. Curieusement la taille minimale de ces segments semblait toujours la même. La taille de ces segments sur fibres isolées a été systématiquement mesurée autour de 80 µm. La reconstruction 3D de ces segments a montré qu'ils sont toujours centrés autour d'un noyau musculaire et d'une forme circulaire au niveau du sarcolemme autour du dit noyau. Mon équipe et moi avons appelé ces segments : unité sarcolemmal basale de la dystrophine. Il est intéressant de noter que la taille de ces segments reste la même entre les souris Dmd EGFP/WT et les souris hétérozygotes porteuses de la mutation Dmd EGFP/EGFP-mdx . De plus, la taille de cette unité basale ne change pas non plus chez les souris Dmd EGFP-mdx au niveau de fibres révertantes ou après restauration de la dystrophine par CRISPR/Cas9 médiée par vecteurs viraux AAV. Cela suggère que la taille de l'unité basale de la dystrophine sarcolemmal est invariable et n'est pas dépendante du contexte du muscle. De manière intéressante, cette unité basale est plus large que la surface de fibre théorique associée à un domaine nucléaire. Mon équipe et moi suggérons que cela permet un recouvrement total de la fibre musculaire par la dystrophine. Dans un contexte dystrophique, il n'y a pas de possibilité d'une augmentation de la taille de ce recouvrement pour pallier à l'absence locale de dystrophine au niveau du sarcolemme. J'ai aussi confirmé pour la première fois in vivo l'organisation costamérique de la dystrophine, c'està-dire associée à des structures protéiques répétitives le long du sarcolemme appelées costamères et participant à la stabilité du sarcolemme. Le fait que des expériences de FRAP n'aient pas montré de mobilité latérale de la dystrophine sarcolemmal semble suggérer que la restriction de la dystrophine en unité basale le long du sarcolemme est due à son ancrage dans les complexes membranaires costamériques. Nous avons aussi pu montrer in vivo l'accumulation de dystrophine au niveau de la JMT. Cette accumulation est en partie due à un effet optique de repliement de la membrane mais aussi à une plus grande transcription du gène Dmd par les noyaux spécialisés de la jonction qui implique une plus grande synthèse locale de dystrophine. Ceci prouve qu'il existe différents compartiments au sein du syncytium musculaire. Il est important de noter que la dystrophine sarcolemmal de la JMT semble elle aussi organisée en unités basales. Comme dans l'article 1, la pharmacodynamique de la restauration de la dystrophine dans les souris Dmd EGFP-mdx après traitement AAV montre une distribution segmentée de la dystrophine en mosaïque d'unités basales. Au contraire, après un long traitement de 20 semaines, la restauration de la dystrophine après saut d'exon thérapeutique par AONs permet une restauration homogène de la dystrophine tout le long du sarcolemme des fibres musculaires et très fortement au niveau de la JMT. Ce profile de distribution de la dystrophine restaurée est associé à des niveaux de restauration dystrophine musculaire allant jusqu'à 50% en WB et à des niveaux sériques de la CPK totalement normalisés. Mon équipe a récemment utilisé des AONs conjugués à un palmitoyl (P-tcDNA) pour améliorer leur pharmacocinétique. J'ai effectué des traitements courts (2-4 semaines) de ces P-tcDNA par injection systémique dans nos souris Dmd EGFP-mdx . De tels traitements permettent une restauration de la dystrophine entre 2% et 6% respectivement. Il est très intéressant de noter que dans ce cas, la restauration semble être initiée au niveau de la JMT. Au niveau du sarcolemme interjonctionnel, elle est présente sous forme de petits points le long de la membrane à 2 semaines tandis qu'à 4 semaines une faible mais homogène quantité de dystrophine est présente le long de la membrane du sarcolemme. Cela suggère une restauration faible mais ubiquitaire de la dystrophine dans toutes les unités basales. Il est aussi important de remarquer que ces courts traitements associés à une faible restauration de la dystrophine sont néanmoins suffisants pour réduire de manière significative les niveaux sériques de CPK.

Ces résultats fournissent des preuves concluantes quant à l'organisation de la dystrophine sarcolemmal en domaine nucléaire hautement localisé et non mobile. Ces résultats montrent de plus qu'une restauration modeste mais ubiquitaire de la distribution de la dystrophine est probablement très efficace sur le plan thérapeutique.

Discussions et Perspectives

J'ai montré que la dystrophine sarcolemmal est distribuée le long du syncytium musculaire en unités basales de taille fixe. Chez l'homme, les mères porteuses d'une mutation causant la DMD sont pour la plupart asymptomatiques. Chez la souris mdx, une conversion de fibres musculaires dystrophine-négatives en fibres dystrophine-positives apparaît avec l'âge. Cette conversion ne semble pas pouvoir être expliquée par une augmentation de la taille de l'unité basale de la dystrophine sarcolemmal. Cependant, comprendre comment les fibres musculaires déficientes en dystrophine deviennent des fibres exprimant la dystrophine chez les souris mères porteuses mdx pourrait aider à trouver des thérapies pour augmenter les niveaux de dystrophine. Cela pourrait également être utilisé pour potentialiser l'effet des thérapies géniques visant à restaurer la dystrophine. Pour résoudre cette énigme, il est nécessaire de mieux caractériser l'état de mosaïque de la dystrophine des souris femelles porteuses mdx et l'évolution de cette mosaïque tout au long de la vie des souris.

Les thérapies géniques utilisant des vecteurs AAV rencontrent certaines difficultés de mise en place. Premièrement, un dépistage systématique des patients doit être effectué pour vérifier leur séropositivité acquise contre la capside virale. Deuxièmement, une injection de vecteurs AAV entraîne une immunité acquise contre la capside virale et ne peut donc pas être répétée. Une unique dose de vecteurs injectée chez de jeunes garçons atteints de myopathie de Duchenne serait diluée par le recrutement de noyaux musculaires non transduits pendant la croissance musculaire. En théorie, une telle dilution diminuerait le pourcentage de recouvrement du sarcolemme par la dystrophine puisque la taille de l'unité basale ne peut pas augmenter chez l'adulte. La diminution du recouvrement par la dystrophine rend les fibres plus susceptibles à la dégénérescence. Actuellement, la distribution et la proportion de noyaux transduits dans les fibres musculaires ne sont pas bien caractérisées. De plus, la question se pose de savoir quel est le bénéfice thérapeutique à long terme d'une restauration de la dystrophine en mosaïque. Une comparaison directe des différentes stratégies thérapeutiques devrait être effectuée pour déterminer les niveaux minimaux de restauration de la dystrophine requis pour un bénéfice thérapeutique. En effet, ces niveaux pourraient être très différents pour les thérapies géniques comparées aux thérapies ciblant l'ARN.

Dans une précédente étude, mon laboratoire a montré que de faibles niveaux de dystrophine sont suffisants pour atténuer le phénotype de la myopathie de Duchenne vers la forme plus légère de Becker. Il serait intéressant de déterminer la localisation exacte de cette dystrophine résiduelle. Il se pourrait en effet que celle-ci s'accumule préférentiellement au niveau de la JMT. Ainsi, la restauration de la dystrophine jonctionnelle pourrait être efficace sur le plan thérapeutique. J'ai en effet montré qu'après traitement par AONs, la restauration de la dystrophine commençait au niveau de la JMT et que de très faibles niveaux de restauration étaient quand même associés à une diminution de la CPK, ce qui implique une protection suffisante des fibres musculaires contre la dégénérescence. L'amélioration des connaissances sur la compartimentation du syncytium des fibres musculaires devrait conduire à la génération de nouveaux modèles de souris transgéniques permettant la délétion conditionnelle de la dystrophine à des emplacements subcellulaires spécifiques. Cela permettrait d'affiner nos connaissances sur la fonction de la dystrophine dans les différents compartiments des fibres et ainsi d'améliorer les stratégies thérapeutiques contre la myopathie de Duchenne.

En conclusion, la dystrophine sarcolemmal est fortement compartimentée, ce qui impacte la réponse aux thérapies de restauration de la dystrophine.

  'organisation du syncytium en domaines nucléaires compartimente la dystrophine sarcolemmale et détermine la réponses aux thérapies d'une souris modélisant la Dystrophie Myotonique de Duchenne Mots clés : Myopathie de Duchenne ; stratégies thérapeutiques ; dystrophine ; souris mdx ; mères porteuse ; domaine nucléaire
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Figure 2 .

 2 Figure 2. Sarcomeric organization of a mouse myofiber. Ex vivo confocal microscopy of a single live myofiber, which was isolated from EDL muscle of a Dmd EGFP mouse. Dystrophin-EGFP (in green) represents the sarcolemmal membrane, SiR-actin interacts with actin-fillaments (in grey) and represents the sarcomeres and MemBright (in red) is inserted within the lipid layer of cell membrane (from A. Morin).

Figure 3 .

 3 Figure 3. Subcellular organization of the skeletal muscle: costameres anchor complex. (A) Schematic representation of the costameres is composed of the integrins complex (on the right) and the DAPC (on the left). (B) Costameres are repetitive structures that connect the extra-cellular matrix to the sarcomeres.[START_REF] Feher | 3.5 -Contractile Mechanisms in Skeletal Muscle[END_REF].

  kranocytes shape the NMJ. Terminal Schwann cells uphold the structure of the NMJ via secretion of trophic and adhesion factors and can modulate the neurotransmission. The kranocytes could play a role in the regeneration of the NMJ[START_REF] Court | Identity, developmental restriction and reactivity of extralaminar cells capping mammalian neuromuscular junctions[END_REF] (Figure4).The motor neuron generates an action potential (AP), which is a short membrane depolarization that propagates along the cell membrane of the axon as a wave until the axon terminal. The depolarization at the axon terminal generates a calcium influx which entails release of ACh and its diffusion across the synaptic cleft. The binding of ACh to its receptor on the sarcolemmal membrane induces depolarization of the sarcolemmal membrane that propagates along the entire myofiber through the cell membrane invaginations called transverse tubules (Ttubules). Depolarization at the level of T-tubules activates the calcium L-type calcium channel dihydropyridine receptors (DHPR). Activation of the DHPR results in calcium influx which opens the ryanodine receptors (RyRs), which are located on the sarcoplasmic reticulum (SR), which initiates massive calcium influx from the SR to the sarcoplasm required for excitation-contraction coupling(Biga 

Figure 4 .

 4 Figure 4. Cellular components of the NMJ. Three significant elements comprise the NMJ: the presynaptic motor nerve terminal, the synaptic cleft and the postsynaptic membrane (end-plate) from (Liu and Chakkalakal, 2018).

Figure 5 .

 5 Figure 5. Ultrastructure of the MTJ. (A) Schematic representation of the MTJ structure, collagen type 1 fibers are anchored perpendiculary the the muscle digit-like protrusion. Actin filament from the last Z-band are connected to the tendinous extracellular matrix. Af: actin filaments; Hb: H-band; M: muscle; T: tendon; Zb: Z-band.(B)Scanning electron microscopy (EM) of an isolated myofiber show the typical digitlike architecture in mice, from[START_REF] Trotter | Three-dimensional structure of the murine muscle-tendon junction[END_REF].

Figure 6 .

 6 Figure 6. Electron microscopy of a satellite cell. Transverse section of a skeletal muscle from mice (left) and rat (right) showing the typical localization of satellite cells beneath the basal lamina (black arrows).The opposing plasma membrane of the satellite cells (white arrowheads) and sarcolemma (yellow arrowheads) can be followed. Adapted from[START_REF] Schultz | Satellite cells are mitotically quiescent in mature mouse muscle: an EM and radioautographic study[END_REF] &[START_REF] Mauro | Satellite cell of skeletal muscle fibers[END_REF].

Figure 7 .

 7 Figure 7. Organization of the satellite cell niche. Interactions between MuSCs and their microenvironment regulate the activation state of the MuSCs. From (Evano and Tajbakhsh, 2018).

Figure 9 .

 9 Figure 9. Structure and interactions of the Dp427m isoform. The 4 dystrophin domains are represented. Actin-binding domain (ABD) and lipid-binding domains (LBD) are given as examples of interactions. The spectrin-liked repeat frame in red (R1-3) is an example of one of the LBD. From (Dos Santos Morais et al., 2018).

Figure 10 .

 10 Figure 10. The generation of the Dmd EGFP reporter mouse as described by Petkova et al. (A) Generation of the mice. The constructed vector included: modified Stop codon in exon 79 (indicated with an asterisk), in-frame insertion after exon 79 of FLAG-EGFP and a loxP flanked neomycin cassette in the 3' UTR. The cassette allowed the selection of the embryonic stem cells which were correctly targeted by the vectors after electroporation. Modified embryonic stem cells were injected in C57Bl/6N blastocysts to generate chimeras. A F1 generation of heterozygous females was obtained by germline transmission of the targeted Dmd allele.Finally, the neomycin cassette was removed by crossing these mice with a cretransgenic mouse strain that ubiquitously expresses Cre recombinase[START_REF] Schwenk | A cre-transgenic mouse strain for the ubiquitous deletion of loxP-flanked gene segments including deletion in germ cells[END_REF]. (B) Western-Blot of Tibialis Anterior (TA) muscle extract using dystrophin

  (B) Western-Blot of Tibialis Anterior (TA) muscle extract using dystrophin antibodies (DYS1), the C-terminal domain (H4) and EGFP allowing to detect the full length Dp427 dystrophin-EGFP isoform. (C-D) TA cross-section (C) and ex vivo isolated single fibers (D) from WT and Dmd EGFP mice showing natural dystrophin-EGFP fluorescence.

Figure 11 .

 11 Figure 11. Dystrophin-associated protein complex interactions. Dystrophin and DAPC connect the actin cytoskeleton and the ECM through several protein subcomplexes. From (Starosta and Konieczny, 2021).

Figure 12 .

 12 Figure 12. Typical DMD skeletal muscle histology. Hematoxylin-eosin staining of a DMD patient biopsy shows characteristic dystrophic muscle histology: central nuclei and necrotic fibers (left image), bundles of tiny regenerative fibers (middle image), fibrosis and fatty infiltration (right image). Courtesy of Pr. Amthor.

Figure 14 .

 14 Figure 14. Dystrophin expression in a female carrier of a DMD gene mutation. Immunohistochemistry with anti-dystrophin antibodies MANDRA1 (target exon 71 coded C-terminal domain of the human dystrophin) from the female carrier muscle biopsy, highlight dystrophin negative fibers (black asterisks), dystrophinnegative/dystrophin-positive mosaic fibers (red asterisks) and fibers with partially reduced dystrophin expression (black arrows). Courtesy of Pr. Amthor.

Figure 15 .

 15 Figure 15. Representation of fiber damage mechanisms in dystrophic muscle.From[START_REF] Allen | Absence of Dystrophin Disrupts Skeletal Muscle Signaling: Roles of Ca2+, Reactive Oxygen Species, and Nitric Oxide in the Development of Muscular Dystrophy[END_REF].

Figure 16 .

 16 Figure 16. Age-related expansion of RFs. (A) Tibialis anterior muscle cross-sections from 2, 6, 12-and 18-months-old wild-type or mdx mice stained against antidystrophin C-terminal antibodies (green) and DAPI (blue) marking the nuclei. Representative images of the highest cluster of RFs at each age. 20x objective lens, scale bar = 100 µm, from (Echigoya et al., 2013). (B) Schematic representation of the clonal expansion of RF clusters in the mdx mouse. From (Partridge and Lu, 2008).

  similarity with DNA but has chemically engineered backbones allowing to avoid rapid degradation by nucleases. Different chemistries have been developed for AONS and are describe in Figure 167B.

Figure 17 .

 17 Figure 17. Exon skipping approach and AONs chemistries. (A)The rationale for antisense-mediated exon skipping in DMD. In the left panel, deletion of exon 50 creates an out-of-frame mRNA leading to the synthesis of a non-functional truncated dystrophin. Exon 51 skipping via AON can restore the ORF and generate an internally deleted but partially functional dystrophin (right panel). (B) Chemical structures of oligonucleotide analogues tested as antisense agents (2′OMe, 2′OMethyl; 2′MOE, 2′OMethoxyethyl; LNA, locked nucleic acid; PMO, phosphorodiamidate morpholino oligomer; PNA, peptide nucleic acid; tc-DNA, tricyclo-DNA). From[START_REF] Echevarría | Exon-skipping advances for Duchenne muscular dystrophy[END_REF].

Figure 18 .

 18 Figure 18. CRISPR/Cas9 genome editing in the Dmd gene of mdx mice. (A) gRNAs (illustrated in blue) are designed to guide the Cas9 nuclease (illustrated in yellow) to target introns 22 and 23. (B) Mutated exon 23 is cut and deleted from genomic DNA and the NHEJ DNA repair system re-establishes the ORF. From (Nelson et al., 2016).

Figure 19 .

 19 Figure 19. Schematic representation of gene replacement and readthrough therapeutic strategies. (A) In gene replacement therapies, AAV vectors deliver microor mini-dystrophin to produce partially functional dystrophin. (B) Stop codon readthrough strategies use small molecules like ataluren to reduce ribosomal sensitivity to mRNA stop codon and promote ongoing dystrophin translation. From (Mackenzie et al., 2021).

  The research laboratory, in which I performed my thesis, generated a Dmd EGFP reporter mouse line through the in-frame insertion of an EGFP tag fused to the C-terminal end of dystrophin. All the dystrophin isoforms express the EGFP tag except for the exon 78 spliced and C-terminally truncated isoform(Petkova et al., 2016). The resulting dystrophin-EGFP fusion protein allows live imaging of dystrophin in vivo and ex vivo, and provides a valuable tool to study the dystrophin in various tissues by live-cell imaging (FigureS1, article 2).

IAim 1 :Objective 1 :Objective 2 :Objective 3 :

 1123 devoted my PhD to the question: how does the multinuclear muscle fiber syncytium organize the distribution of sarcolemmal dystrophin? I questioned also whether the theorical concept of myonuclear domain applies to the subcellular organisation of sarcolemmal dystrophin. To approach these questions of how muscle fibers organize the dystrophin distribution, I first contributed to the development of dystrophin reporter mice, in particular I participated in generating the Dmd EGFP-mdx reporter mouse model. Once the reporter mice were established, I generated heterozygous mice harboring one dystrophin-EGFP allele and one allele with wildtype dystrophin or one allele carrying a Dmd null mutation. This allowed to visualize different states of dystrophin distribution in mosaic. In the last part of my thesis, I compared the specific pharmacodynamics of dystrophin restoration following gene editing and tricyclo-DNA AON treatment in the Dmd EGFP-mdx mouse. Specific aims: Generate a novel dystrophin reporter mouse model for exploration of revertant fibers and therapeutically restored dystrophin. Rationale: As mention above, my team recently generated in collaboration with Pr. Markus Schuelke's team at the Charité University Hospital in Berlin, the Dmd EGFP reporter mouse model. However, this mouse line models distribution of dystrophin in a wildtype context, thus neither allowing to monitor the emergence of RFs, nor dystrophin restoration strategies, as not harboring the mdx mutation. Crossing the Dmd EGFP allele into the mdx background in cis to generate mice carrying the mdx23 mutation and the EGFP sequence on the same allele following spontaneous homologenous recombination. Characterize phenotype of newly generated Dmd EGFP-mdx . Determine emergence of dystrophin-EGFP revertant fibers.

  dystrophin. The mdx mice model harboring a non-sense mutation in Dmd exon 23 is one of the most common DMD animal models frequently used to test dystrophin restoration strategies. Here, we generated a Dmd EGFP-mdx mouse model carrying in cis the mdx-23 mutation and a C-terminal EGFP-tag allowing direct visualization of spontaneously and therapeutically restored dystrophin-EGFP. We used gene editing and RNA targeted exon-skipping strategies to modulate the expression of the dystrophin-EGFP.
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Figure 1 .

 1 Figure 1. Generation and genotyping of the Dmd EGFP-mdx reporter mouse line. (A) Scheme depicting the breeding programme to introduce the Dmd EGFP allele into the mdx background in cis after natural recombination during meiosis in female F1 mice that are heterozygous for both alleles. The physical genomic distance between the mdx-23 mutation and C-terminal EGFP tag is 1.1 Mbps corresponding to a recombination frequency of %1 centiMorgan (cM). Successful crossing-over could then be detected in the male progeny of the F2 generation (Dmd EGFP-mdx/y ). (B) Schematic pedigree with all possible genotypes illustrating the breeding strategy. Squares depict male, circles female animals. The EGFP-allele is depicted in green, the mdx allele in red. After successful crossing-over, expected to occur in %1:100 progeny from the F2 generation, further breeding with Dmd EGFP-mdx/y males and Dmd EGFP-mdx/EGFP females and subsequent genotyping resulted in a mdx-EGFP line starting from F4. (C) PCR genotyping for the EGFP sequence using a three oligonucleotide primer PCR. The presence of the EGFP sequence results in a 350 bp band, and its absence in a 202 bp band. Homo/ hemizygous animals can be easily distinguished from heterozygous ones. (D) Sanger sequencing for the mdx mutation leading to a premature TAA termination codon at p.Q995 of the dystrophin protein. (E) The viability of Dmd EGFP-mdx neonates, before weaning (21 days) was compared to wild-type Dmd EGFP mice. Values are depicted as dot-plots with interquartile range, the difference of the survival rate was not significant, P = 0.8304 (n = 10 breeding cages, two-tailed, nonparametric Mann-Whitney U-test). [Colour figure can be viewed at wileyonlinelibrary.com] © 2020 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd on behalf of British Neuropathological Society

Figure 2 .

 2 Figure 2. Characterization of the Dmd EGFP-mdx mouse. The Dmd EGFP-mdx mouse, like the mdx mouse, does not express Dp427 and develops a muscular dystrophy. (A) Western blot analysis of protein extracts from heart, diaphragm (Dia), biceps brachii (Bi), triceps brachii (Tri), quadriceps femoris (Quad), gastrocnemius (Gas) and tibialis anterior (TA) muscles using DYS1 anti-dystrophin antibody against the rod domain, anti-GFP antibody and anti-vinculin antibody as internal loading control. Two secondary antibodies labelled with near-infrared dyes were used and for the purpose of visual presentation of the infrared fluorescent protein bands, we allocated green colour to visualize dystrophin and vinculin bands and red colour to visualize the EGFP-Dp427 band. The full-length Dp427 isoform was present in Dmd EGFP (D) and wildtype muscle and absent in Dmd EGFP-mdx (M) muscle. The anti-GFP antibody (in red) detected the tagged Dp427-EGFP protein only in Dmd EGFP muscle and co-localized only with the upper band of the two separate bands obtained with the Dys1 antibody (in green). (B) Unstained crosssections of skeletal, cardiac and smooth muscles revealed native EGFP-fluorescence (green) in Dmd EGFP mice, but not in Dmd EGFP-mdx mice. A single revertant myofibre expressing native dystrophin-EGFP can be seen on the image of the diaphragm and heart (arrow). Ileum was also shown following Haematoxylin-Eosin (HE) staining. Layers: 1muscularis externa, 2muscularis interna, 3muscularis mucosa/submucosa, 4 mucosa. Scale bar: 20 µm. (C) HE staining of triceps brachialis muscle and diaphragm cross-sections of 5-month-old Dmd EGFP-mdx mice showed signs of the presence of muscular dystrophy, such as internalized myonuclei (In), necrosis (Ne), mononuclear cell infiltration (Mo), fatty degeneration (Fa) and fibrosis (Fi) in comparison to age-matched Dmd EGFP controls. Scale bar: 200 µm. (D) Serum creatine phosphokinase (CPK) activities were pathologically increased in sera from Dmd EGFP-mdx mice (n = 5, 9-to 13-month-old mice) as compared to wild-type mice (n = 6, 8-to 10-month-old mice). Values are depicted as dot-plots with mean AE SEM, the difference was significant with P < 0.01 (two-tailed, nonparametric Mann-Whitney U-test). [Colour figure can be viewed at wileyonlinelibrary.com] © 2020 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd on behalf of British Neuropathological Society

Figure 3 .

 3 Figure 3. Revertant dystrophin-EGFP co-localizes with the anti-dystrophin immunosignal. Cross sections of the tibialis anterior muscle from Dmd EGFP-mdx mice showing dystrophin-EGFP expression at the level of the sarcolemma of a revertant myofibre cluster before and after immunostaining. We stained serial sections from the same region of interest with antibodies against the C-terminal dystrophin domain (DYS2, red) in conjunction with laminin, a basement membrane protein (magenta). We observed exact co-localization between the native dystrophin-EGFP-fluorescence and the anti-dystrophin immunosignal. Merged images additionally depict the nuclei stained with DAPI (blue). Native dystrophin-EGFP-fluorescence does not fade during subsequent immunostaining procedures. Scale bar: 10 µm. [Colour figure can be viewed at wileyonlinelibrary.com] © 2020 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd on behalf of British Neuropathological Society

Figure 4 .

 4 Figure 4. Live-imaging of sarcolemmal dystrophin-EGFP. (A) Confocal intravital microscopy of Dmd EGFP tibialis anterior muscle revealed homogeneous fluorescence of dystrophin-EGFP protein at the sarcolemma of superficial myofibres. Scale bar: 100 µm. (B-C) Isolated myofibres from Dmd EGFP EDL muscle. Native dystrophin-EGFP was homogeneously expressed along the sarcolemma when live-imaged by epifluorescence microscopy directly after isolation (T0; image B) or after 40 h in culture (T40; image C). Scale bar: 50 µm. (D) Confocal intravital microscopy of Dmd EGFP-mdx tibialis anterior muscle revealed patchy dystrophin-EGFP expression at the sarcolemma of two revertant myofibres. Revertant dystrophin-EGFP was not expressed homogeneously, but in a segmental fashion. Scale bar: 100 µm. (E-F) Isolated revertant myofibres from Dmd EGFP-mdx EDL muscle. Native dystrophin-EGFP was expressed along the sarcolemma of a short revertant myofibre segment when viewed using epifluorescence microscopy directly after isolation (T0; image E) or after 40 h in culture (T40; image F). Scale bar: 50 µm. [Colour figure can be viewed at wileyonlinelibrary.com] © 2020 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd on behalf of British Neuropathological Society

Figure 5 .

 5 Figure 5. Live-imaging of therapeutically restored dystrophin. (A) Dmd EGFP-mdx mice were systemically treated for 5 months with 200 mg/kg/week tcDNA. Multiphoton intravital microscopy of TA muscle revealed homogeneous restoration of dystrophin-EGFP protein at the sarcolemma of superficial myofibres. N = 3. Scale bar: 100 µm. (B) Isolated myofibre from EDL muscle from tcDNAtreated Dmd EGFP-mdx mice. Native dystrophin-EGFP was seen to be expressed along the sarcolemma by live-imaging using epifluorescence microscopy directly after isolation. N>20. Scale bar: 50 µm. (C and C') Anterior muscle compartment of the lower leg of Dmd EGFP-mdx mice was injected with AAV-SaCas9-sgRNA22 along with AAV-Cherry-sgRNA23 vectors. Confocal intravital microscopy of TA muscle was performed after 5 months of transduction. Restoration of dystrophin-EGFP was found in short segments of transduced myofibres. Successful transduction of myofibres with AAV-Cherry-sgRNA23 was revealed by cytoplasmic mCherry fluorescence. N = 5. Scale bar: 100 µm. (D and D') Isolated myofibre of EDL muscle from AAV injected mice was live-imaged using epifluorescence microscopy directly after isolation. Native fluorescence of restored sarcolemmal dystrophin-EGFP was found in a short fibre segment, whereas mCherry was expressed throughout the cytoplasm. Hoechst showing myonuclei. N>20. Scale bar: 50 µm. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure S1 .

 S1 Figure S1. Detection of the dystrophin isoforms Dp71 and Dp260 in Dmd EGFP-mdx mice. (A)The left image depicts a brain cross-section emitting native EGFP-fluorescence (green). Scale bar: 100µm. A higher magnification of a brain blood vessel (green) shows partial colocalization of the Dp71 EGFP-positive isoform with the endothelial cell marker CD31 (red). Scale bar: 10 µm. (B) Wild-type Dmd EGFP retina was labelled with a MAN-DYS19 antibody to visualize full-length dystrophin in photoreceptor terminals. The MANDYS19 signal (red) and the native fluorescence of the dystrophin-EGFP fusion protein (green) co-localized at the same photoreceptor terminals (yellow), whereas the Dp260 isoform corresponds to the EGFP-only signal. The lower three images depict the retina from Dmd EGFP-mdx mice. The MANDYS19 signal is absent, whereas the native EGFPfluorescence persisted, corresponding to the Dp260 retinal isoform. Right images depict a magnified section of the adjacent image. Scale bar: 10 µm.

Figure S2 .

 S2 Figure S2. Detection of the dystrophin isoform Dp116 in Dmd EGFP-mdx mice. (A) The confocal microscopy images (one representative image from the Z-stack) depict a bundle of myofibres from Dmd EGFP-mdx EDL muscle together with their innervating peripheral motor nerve branch. The double immunolabelling with anti-GFP (green) and anti-b-tubulin III antibodies (red) reveals co-expression of Dp116 and b-tubulin III at peripheral motor nerve branches (yellow). The striation of skeletal muscle fibres is visible with Nomarski imaging (grey). (B) Staining of a sciatic nerve cross section with anti-GFP (green) and anti-b-tubulin III (red) confirms the expression of Dp116 in the peripheral nerve. b-Tubulin III expression can be observed in the central neurofilaments that are surrounded by the Dp116 signal from the Schwann's cells. The right image depicts a magnified section of the adjacent image. Scale bar: 100 µm.FigureS3. Live-imaging of therapeutically restored dystrophin. (A,B) Intravital multiphoton microscopy of TA muscle from control Dmd EGFP-mdx mice using a 500-550 nm band pass filter did not reveal any sarcolemmal dystrophin-EGFP-fluorescence (A). Only dot-like structures were visible, which were also visible using the 625-675 nm band pass filter (B), thus qualifying them as autofluorescent signals, likely originating from inflammatory cell infiltrates that are characteristic of dystrophic muscle. Scale bar: 200 µm. (C,D) Isolated myofibre from EDL muscle from wild-type C57BL6 mice did not show any signal in the GFP channel under live-imaging using epifluorescence microscopy directly after isolation, whereas the myofibre was visible with Nomarski imaging. Scale bar: 50 µm. (E,F) Isolated myofibre of EDL muscle from control Dmd EGFP-mdx mice did not show any signal in the GFP channel under live-imaging using epifluorescence microscopy directly after isolation (applying same imaging parameters as for Dmd EGFP myofibres), whereas the myofibre was visible with Nomarski imaging. N> 20. Scale bar: 50 µm. (G,F) Floating isolated myofibres of EDL muscle from control Dmd EGFP-mdx mice were live imaged using a stereomicroscope immediately after isolation. EGFP-fluorescence of revertant fibre segments was easily detectable, whereas the nonrevertant fibre was only visible by dark-field microscopy. Videos S1. The videos are the recordings of two confocal microscopy stacks of bundles of myofibres from Dmd EGFP-mdx EDL muscle together with their

Figure 1 .

 1 Figure 1. Generation and genotyping of the Dmd EGFP-mdx reporter mouse line.

Figure 2 .

 2 Figure 2. Characterization of the DmdEGFP-mdx mouse. The Dmd EGFP- mdx mouse, like the mdx mouse, does not express Dp427 and develops a muscular dystrophy. (A) Western blot analysis of protein extracts from heart, diaphragm (Dia), biceps brachii (Bi), triceps brachii (Tri), quadriceps femoris (Quad), gastrocnemius (Gas) and tibialis anterior (TA) muscles using DYS1 antidystrophin antibody against the rod domain, anti-GFP antibody and antivinculin antibody as internal loading control. Two secondary antibodies labelled with near-infrared dyes were used and for the purpose of visual presentation of the infrared fluorescent protein bands, we allocated green colour to visualize dystrophin and vinculin bands and red colour to visualize the EGFP-Dp427 band. The full-length Dp427 isoform was present in Dmd EGFP (D) and wild-type muscle and absent in DmdEGFP-mdx (M) muscle. The anti-GFP antibody (in red) detected the tagged Dp427-EGFP protein only in Dmd EGFP muscle and co-localized only with the upper band of the two separate bands obtained with the Dys1 antibody (in green). (B) Unstained cross-sections of skeletal, cardiac and smooth muscles revealed native EGFP-fluorescence (green) in Dmd EGFP mice, but not in Dmd EGFP- mdx mice. A single revertant myofibre expressing native dystrophin-EGFP can be seen on the image of the diaphragm and heart (arrow). Ileum was also shown following Haematoxylin-Eosin (HE) staining. Layers: 1 -muscularis externa, 2 -muscularis interna, 3 -muscularis mucosa/submucosa, 4 -mucosa. Scale bar: 20 µm. (C) HE staining of triceps brachialis muscle and diaphragm crosssections of 5-month-old Dmd EGFP-mdx mice showed signs of the presence of muscular dystrophy, such as internalized myonuclei (In), necrosis (Ne), mononuclear cell infiltration (Mo), fatty degeneration (Fa) and fibrosis (Fi) in comparison to age-matched Dmd EGFP controls. Scale bar: 200 µm. (D) Serum creatine phosphokinase (CPK) activities were pathologically increased in sera from Dmd EGFP-mdx mice (n = 5, 9-to 13-month-old mice) as compared to wildtype mice (n = 6, 8-to 10-month-old mice). Values are depicted as dot-plots with mean ± SEM, the difference was significant with P < 0.01 (two-tailed, nonparametric Mann-Whitney U-test).

Figure 2 .

 2 Figure 2. Characterization of the Dmd EGFP-mdx mouse. The Dmd EGFP- mdx mouse, like the mdx mouse, does not express Dp427 and develops a muscular dystrophy.

Figure 3 .

 3 Figure 3. Revertant dystrophin-EGFP co-localizes with the anti-dystrophin immunosignal. Cross sections of the tibialis anterior muscle from DmdEGFP- mdx mice showing dystrophin-EGFP expression at the level of the sarcolemma of a revertant myofibre cluster before and after immunostaining. We stained serial sections from the same region of interest with antibodies against the C-terminal dystrophin domain (DYS2, red) in conjunction with laminin, a basement membrane protein (magenta). We observed exact co-localization between the native dystrophin-EGFP-fluorescence and the anti-dystrophin immunosignal. Merged images additionally depict the nuclei stained with DAPI (blue). Native dystrophin-EGFP-fluorescence does not fade during subsequent immunostaining procedures. Scale bar: 10 µm

Figure 3 .

 3 Figure 3. Revertant dystrophin-EGFP co-localizes with the antidystrophin immunosignal.

Figure 4 .

 4 Figure 4. Live-imaging of sarcolemmal dystrophin-EGFP. (A) Confocal intravital microscopy of Dmd EGFP tibialis anterior muscle revealed homogeneous fluorescence of dystrophin-EGFP protein at the sarcolemma of superficial myofibres. Scale bar: 100 µm. (B-C) Isolated myofibres from Dmd EGFP EDL muscle. Native dystrophin-EGFP was homogeneously expressed along the sarcolemma when live-imaged by epifluorescence microscopy directly after isolation (T0; image B) or after 40 h in culture (T40; image C). Scale bar: 50 µm. (D) Confocal intravital microscopy of Dmd EGFP- mdx tibialis anterior muscle revealed patchy dystrophin-EGFP expression at the sarcolemma of two revertant myofibres. Revertant dystrophin-EGFP was not expressed homogeneously, but in a segmental fashion. Scale bar: 100 µm. (E-F) Isolated revertant myofibres from Dmd EGFP-mdx EDL muscle. Native dystrophin-EGFP was expressed along the sarcolemma of a short revertant myofibre segment when viewed using epifluorescence microscopy directly after isolation (T0; image E) or after 40 h in culture (T40; image F). Scale bar: 50 µm.

Figure 4 .

 4 Figure 4. Live-imaging of sarcolemmal dystrophin-EGFP.

Figure 5 .

 5 Figure 5. Live-imaging of therapeutically restored dystrophin. (A) Dmd EGFP- mdx mice were systemically treated for 5 months with 200 mg/kg/week tcDNA. Multiphoton intravital microscopy of TA muscle revealed homogeneous restoration of dystrophin-EGFP protein at the sarcolemma of superficial myofibres. N = 3. Scale bar: 100 µm. (B) Isolated myofibre from EDL muscle from tcDNA-treated Dmd EGFP-mdx mice. Native dystrophin-EGFP was seen to be expressed along the sarcolemma by live-imaging using epifluorescence microscopy directly after isolation. N>20. Scale bar: 50 µm. (C and C') Anterior muscle compartment of the lower leg of Dmd EGFP-mdx mice was injected with AAV-SaCas9-sgRNA22 along with AAV-Cherry-sgRNA23 vectors. Confocal intravital microscopy of TA muscle was performed after 5 months of transduction. Restoration of dystrophin-EGFP was found in short segments of transduced myofibres. Successful transduction of myofibres with AAV-Cherry-sgRNA23 was revealed by cytoplasmic mCherry fluorescence. N = 5. Scale bar: 100 µm. (D and D') Isolated myofibre of EDL muscle from AAV injected mice was live-imaged using epifluorescence microscopy directly after isolation. Native fluorescence of restored sarcolemmal dystrophin-EGFP was found in a short fibre segment, whereas mCherry was expressed throughout the cytoplasm. Hoechst showing myonuclei. N>20. Scale bar: 50 µm.

Figure 5 .

 5 Figure 5. Live-imaging of therapeutically restored dystrophin.

Figure S1 .

 S1 Figure S1. Detection of the dystrophin isoforms Dp71 and Dp260 in Dmd EGFP-mdx mice. (A) The left image depicts a brain cross-section emitting native EGFP-fluorescence (green). Scale bar: 100µm. A higher magnification of a brain blood vessel (green) shows partial co-localization of the Dp71 EGFPpositive isoform with the endothelial cell marker CD31 (red). Scale bar: 10 µm. (B) Wild-type Dmd EGFP retina was labelled with a MANDYS19 antibody to visualize full-length dystrophin in photoreceptor terminals. The MANDYS19 signal (red) and the native fluorescence of the dystrophin-EGFP fusion protein (green) co-localized at the same photoreceptor terminals (yellow), whereas the Dp260 isoform corresponds to the EGFP-only signal. The lower three images depict the retina from Dmd EGFP-mdx mice. The MANDYS19 signal is absent, whereas the native EGFP-fluorescence persisted, corresponding to the Dp260 retinal isoform. Right images depict a magnified section of the adjacent image. Scale bar: 10 µm.

Figure S1 .

 S1 Figure S1. Detection of the dystrophin isoforms Dp71 and DP260 inDmd EGFP-mdx mice.

Figure S2 .

 S2 Figure S2. Detection of the dystrophin isoform Dp116 in DmdEGFP- mdx mice. (A) The confocal microscopy images (one representative image from the Z-stack) depict a bundle of myofibres from Dmd EGFP-mdx EDL muscle together with their innervating peripheral motor nerve branch. The double immunolabelling with anti-GFP (green) and anti-β-tubulin III antibodies (red) reveals co-expression of Dp116 and β-tubulin III at peripheral motor nerve branches (yellow). The striation of skeletal muscle fibres is visible with Nomarski imaging (grey). (B) Staining of a sciatic nerve cross section with anti-GFP (green) and anti-β-tubulin III (red) confirms the expression of Dp116 in the peripheral nerve. β-Tubulin III expression can be observed in the central neurofilaments that are surrounded by the Dp116 signal from the Schwann's cells. The right image depicts a magnified section of the adjacent image. Scale bar: 100 µm.

Figure

  Figure S2. Detection of the dystrophin isoform Dp116 in DmdEGFPmdx mice.

Figure S3 .

 S3 Figure S3. Live-imaging of therapeutically restored dystrophin. (A,B)Intravital multiphoton microscopy of TA muscle from control DmdEGFP-mdx mice using a 500-550 nm band pass filter did not reveal any sarcolemmal dystrophin-EGFP-fluorescence (A). Only dot-like structures were visible, which were also visible using the 625-675 nm band pass filter (B), thus qualifying them as autofluorescent signals, likely originating from inflammatory cell infiltrates that are characteristic of dystrophic muscle. Scale bar: 200 µm. (C,D) Isolated myofibre from EDL muscle from wild-type C57BL6 mice did not show any signal in the GFP channel under live-imaging using epifluorescence microscopy directly after isolation, whereas the myofibre was visible with Nomarski imaging. Scale bar: 50 µm. (E,F) Isolated myofibre of EDL muscle from control DmdEGFP-mdx mice did not show any signal in the GFP channel under live-imaging using epifluorescence microscopy directly after isolation (applying same imaging parameters as for DmdEGFP myofibres), whereas the myofibre was visible with Nomarski imaging. N> 20. Scale bar: 50 µm. (G,F) Floating isolated myofibres of EDL muscle from control DmdEGFP-mdx mice were live imaged using a stereomicroscope immediately after isolation. EGFP-fluorescence of revertant fibre segments was easily detectable, whereas the nonrevertant fibre was only visible by dark-field microscopy.

Figure S3 .

 S3 Figure S3. Live-imaging of therapeutically restored dystrophin.

Figure 1 .

 1 Figure 1. Organization of dystrophin in basal sarcolemmal units. Live imaging of single fibers freshly isolated from extensor digitorum longus (EDL) muscles except for the fiber in (D). (A) Epifluorescence microscopy of Dmd EGFP and Dmd EGFP/WT fibers. Example of a small dystrophin-EGFP-positive segment (arrow). Example of a larger segment with varying dystrophin levels (arrowhead). Yellow arrows point to myotendinous junctions. (B) Confocal microscopy of a Dmd EGFP/WT myofiber section. Native dystrophin-EGFP (green), SiR-actin (gray), MemBright (red), Hoechst (blue). Basal sarcolemmal dystrophin unit (BSDU, arrow). Central nucleus (arrowhead). (C) Quantification of fluorescence intensities of BSDUs from Dmd EGFP/WT mice (n = 30 segments of fibers from 3 mice). (D) Confocal microscopy of a Dmd EGFP/WT myofiber section after immunocytochemistry using anti-EGFP (green) and anti-DYS2 (red) antibodies. (E-F) Confocal microscopy of a Dmd EGFP/EGFP-mdx myofiber section (E) and Dmd EGFP-mdx myofiber section (F). Native dystrophin-EGFP (green), SiR-actin (gray), Hoechst (blue). (G) The length of BSDUs was measured in myofibers from Dmd EGFP/WT mice (n = 35 myofibers), Dmd EGFP/EGFP-mdx mice (n = 114 myofibers), and Dmd EGFP-mdx mice (n = 86 myofibers). Data are presented as Whiskers-Tukey boxplots. Boxes indicate interquartile ranges (IQR), whiskers indicate [1.5 x IQR].

Figure 1 .

 1 Figure 1. Organization of dystrophin in basal sarcolemmal units.

Figure 2 .

 2 Figure 2. Compartmentalization of dystrophin at the myotendinous junction (MTJ). (A) In vivo multiphoton intravital microscopy of the tibialis anterior (TA) muscle of Dmd EGFP mouse. Left image shows native dystrophin-EGFP. MTJ (white arrows). The right image shows dystrophin-EGFP together with second harmonic generation (SHG) to highlight the collagen fibrils of the tendon (yellow asterisks). (B) In situ confocal microscopy shows TA muscles from Dmd EGFP mice. Dystrophin-EGFP (green), SiR-actin (red), SHG (gray). SiR-actin at MTJ level (white arrows). Tendon (yellow asterisk). (C-D). Ex vivo epifluorescence microscopy shows live single myofibers freshly isolated from EDL muscles of Dmd EGFP mice (C) and Dmd EGFP-mdx mice (D).MemBright accumulated at the MTJ in the presence (white arrow) or absence (white arrowheads) of dystrophin-EGFP. A small MTJ segment from the Dmd EGFP-mdx mice expressed revertant dystrophin-EGFP (yellow arrow) (E) Confocal microscopy of an isolated EDL fiber from wild-type (C57Bl/6) mice after RNA-FISH to detect Dmd transcripts. The tip of the fiber appears on the left side. 5'-Dmd probe (green) and DAPIstained nuclei (blue). Nascent transcripts are detected with the 5'-Dmd probe and appear as large intranuclear foci (white arrowheads), while smaller sarcoplasmic foci concentrate mostly at the fiber tip (yellow arrows).

Figure 3 .

 3 Figure 3. Sarcolemmal dystrophin is organized in a costameric pattern and lacks lateral mobility. (A) In vivo multiphoton microscopy of hindlimb muscle of Dmd EGFP mice revealed a costameric pattern of dystrophin-EGFP. The inset shows the sarcolemma in higher magnification. (B) 3D reconstruction of ex vivo confocal microscopy of live EDL fibers from heterozygous Dmd EGFP-mdx/EGFP mice. Dystrophin-EGFP (in green) and SiR-actin (gray). (C) Ex vivo confocal microscopy of live single fibers from Dmd EGFP mouse and (E) in vivo confocal microscopy of hindlimb muscle of Dmd EGFP mouse after photobleaching of selected regions with a high-intensity laser pulse. Rectangles show regions of interest where EGFP fluorescence intensity was measured for sarcolemmal (white) and cytoplasmic (cyan) EGFP in bleached and non-bleached regions. (D, F) Normalized fluorescence intensity curves of bleached/unbleached ROIs for FRAP recovery up to 1 min (D) and 20 min (F) after bleaching of dystrophin-EGFP in sarcolemma (D, F) and cytoplasm (F), (two mice, n = 6 ROIs for cytoplasmic or sarcolemmal EGFP).

Figure 3 .

 3 Figure 3. Sarcolemmal dystrophin is organized in a costameric pattern and lacks lateral mobility.

Figure 4 .

 4 Figure 4. Experimental restoration of dystrophin-EGFP. (A) Epifluorescence microscopy shows single living myofibers isolated from EDL muscles of Dmd EFGFP-mdx mouse after injection of AAV-SaCas9-sgRNA22 and AAV-Cherry-sgRNA23 vectors. Dystrophin-EGFP in green (left image), Hoechst in blue (middle image), mCherry in red (right merged image). Restored BSDU (arrowheads) and central myonucleus (arrowheads). (B) In vivo multiphoton microscopy of hindlimb muscle from untreated Dmd EGFP-mdx control mice (left image) with autofluorescent macrophages (white arrowheads), and muscle from tcDNA-treated Dmd EGFP-mdx mice (right image) with restored dystrophin-EGFP at the MTJ (yellow arrows) and interjunctional sarcolemma (white arrows). (C) Epifluorescence microscopy of a single living myofiber from untreated Dmd EGFP-mdx mice (top image; dotted line outlines fiber), and after tcDNA treatment (bottom image). MTJ (yellow arrow) and interjunctional sarcolemma (white arrow). (D-E) Epifluorescence microscopy with identical microscopy settings of living single myofibers from EDL muscles of untreated Dmd EGFP mice, untreated Dmd EGFP-mdx mice, after two P-tcDNA and after four P-tcDNA injections of Dmd EGFP-mdx mice (from left to right) of interjunctional sarcolemma (D) and fiber tips (E). Interspersed dystrophin-EGFP patches (white arrowheads), MTJ (yellow arrows) and interjunctional sarcolemma (white arrows). (F) The corrected total intensity of native dystrophin-EGFP fluorescence was measured and compared between the different genotypes and conditions at the MTJ level. The dot plots show the values of the analyzed areas with a histogram of the average and SEM (between 8 and 38 fibers were analyzed). P values were calculated using the Mann-Whitney test. (G) Serum creatine phosphokinase (CPK) levels were quantified in Dmd EGFP mice in comparison with untreated and treated Dmd EGFP-mdx mice. All values are expressed as mean ± SEM. Points represent individual mice from each group (n = 4-6 mice). Statistical analyses were performed using one-way ANOVA followed by Sidak multiple comparison test (ns = not significant; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).

Figure 4 .

 4 Figure 4. Experimental restoration of dystrophin-EGFP.

Figure S1 .

 S1 Figure S1. Organization of the BSDU.

Figure S2 .

 S2 Figure S2. Distribution of sarcolemmal dystrophin-EGFP. Epifluorescence microscopy of dystrophin-EGFP was performed on live single myofibers that were freshly isolated from EDL muscles of (A) Dmd EGFP/EGFP-mdx female carrier mice and (B) Dmd EGFP- mdx mice. Differential interference contrast (DIC) revealed position of myofiber. Arrows point to myotendinous junctions (MTJs) with complete (yellow), partial revertant (red) or no dystrophin-EGFP distribution.

Figure S2 .

 S2 Figure S2. Distribution of sarcolemmal dystrophin-EGFP.

Figure S3 .

 S3 Figure S3. Dystrophin and actin accumulation at the myotendinous junction (MTJ). (A)Epifluorescence images of freshly cryosectioned and unfixed TA muscles from Dmd EGFP mice. Dystrophin-EGFP (green), SiR-actin (red). MTJ (arrowheads) and distal tendon (asterix). Differential interference contrast (DIC) visualized the tissue. (B) Ex vivo epifluorescence microscopy of a MTJ of a live single myofiber, which was isolated from EDL muscle of Dmd EGFP mice. (C) Ex vivo epifluorescence microscopy of a MTJ of fixed and immunostained single myofibers with an antibody against dystrophin (DYS2). Single myofibers were isolated from EDL muscle of heterozygous Dmd EGFP/WT and Dmd EGFP/EGFP-mdx female mice.

Figure S3 .

 S3 Figure S3. Dystrophin and actin accumulation at the myotendinous junction (MTJ).

Figure S4 .

 S4 Figure S4. Compartmentalisation of Dmd transcripts in muscle fibers. Single myonucleus RNA-sequencing of myofibers from muscles of HSA-Cre;H2B-GFP reporter mice revealed higher Dmd transcription in myonuclei of the MTJ-A cluster, as compared to the bulk of all myofiber nuclei. Data was extracted from(9) on ArrayExpress under accession numbers E-MTAB-862 (https://shiny.mdc-berlin.de/MyoExplorer/).

Figure S4 .

 S4 Figure S4. Compartmentalisation of Dmd transcripts in muscle fibers.

Figure S5 .

 S5 Figure S5. Restoration of BSDUs following gene editing using AAV-SaCas9-sgRNA22 and AAV-mCherry-sgRNA23 vectors. (A) The diagram depicts the length of restored BSDUs in EDL myofibers in an AAV treated Dmd EGFP-mdx mouse (n=26 segments from 26 myofibers from 4 mice). Data are depicted as Whiskers-Tukey box plots. Median is indicated by horizontal line; box indicates interquartile range (IQR); whiskers indicate [1.5 x IQR]. (B) Quantification of fluorescence intensity of restored BSDUs (n = 19 segments from 19 myofibers from 4 mice). (C) Epifluorescence microscopy shows the MTJ of a single living myofiber isolated from Dmd EGFP-mdx EDL muscle after AAV injection. Partial restoration of dystrophin-EGFP in a MTJ (arrow). Dystrophin-EGFP (green) and mCherry (red).

Figure S5 .

 S5 Figure S5. Restoration of BSDUs following gene editing using AAV-SaCas9-sgRNA22 and AAV-mCherry-sgRNA23 vectors.

Figure S6 .

 S6 Figure S6. Restoration of dystrophin-EGFP following 20 weeks of treatment of Dmd EGFP-mdx mice with tcDNA. Mice were systemically treated with 20, once-weekly tcDNA injections and sacrificed two weeks after the last injection. Following tissues were analysed: tibialis anterior (TA), gastrocnemius (G), quadriceps (Q), triceps brachii (TB), biceps brachii (BB), diaphragm (D), heart (H), stomach (St), duodenum (Duo) and ileum (Ile). (A) RT-PCR agarose gel depicts bands of unskipped mRNA (upper bands) and exon 23 skipped mRNA (lower bands) of muscles from tcDNA treated Dmd EGFP-mdx mice compared to untreated mice, for which only bands of unskipped mRNA were detected. (B) Quantification of exon 23 skipping by RT-qPCR. Results are expressed as mean ± SEM (n=3 mice), dots represent values of each individual mouse. (C) Western blot image shows dystrophin-EGFP expression in pooled Dmd EGFP muscle diluted from 60% to 0% with untreated Dmd EGFP-mdx muscles (lanes 1-6), and restored dystrophin-EGFP in TB muscle from treated Dmd EGFP-mdx mice (lane7-9, respectively named m1-3). DYS1 anti-dystrophin antibody was used (directed against the dystrophin rod domain), and anti-EGFP antibody and anti-vinculin antibody as internal loading control. Two secondary antibodies labelled with near-infrared dyes were used. For the purpose of visual presentation of the infrared fluorescent protein bands, green colour was allocated to visualize dystrophin and vinculin bands. Red colour was allocated to visualize the EGFP-Dp427 band. (D) Quantification of dystrophin-EGFP restoration after Western blot analysis. EGFP and DYS1 bands were both quantified. Values are expressed as % of dystrophin restoration in TB muscles and quadriceps muscles. All values are mean± SEM, dots represent values of individual mice (n=3 mice, 2 muscles per mouse). (E) Activities of serum creatine phosphokinase (CPK) were quantified in untreated Dmd EGFP mice, untreated Dmd EGFP-mdx mice, and treated Dmd EGFP-mdx mice. All values are shown as mean ± SEM. Dots represent individual mice of each group (n=3-6 mice). Statistical analysis was performed using Mann Whitney test (E), (ns = not significant, *P<0.05, **P<0.01).

Figure S6 .

 S6 Figure S6. Restoration of dystrophin-EGFP following 20 weeks of treatment of Dmd EGFP-mdx mice with tcDNA.

Figure S7 .

 S7 Figure S7. Improvement of muscle morphology following 20 weeks treatment of Dmd EGFP-mdx mice with tcDNA.

Figure S8 .

 S8 Figure S8. Restoration of dystrophin-EGFP following 2 or 4 weeks treatment of Dmd EGFP-mdx mice with P-tcDNA. Mice were systemically treated with two or four once-weekly P-tcDNA injections and sacrificed two weeks after the last injection. The following muscles were analysed: tibialis anterior (TA), quadriceps (Q), triceps brachialis (TB), diaphragm (D) and heart (H). (A) RT-PCR agarose gel depicts bands of unskipped mRNA (upper bands) and exon 23 skipped mRNA (lower bands) of muscles from P-tcDNA treated Dmd EGFP-mdx mice compared to untreated mice, for which only unskipped mRNA was detected. (B) Quantification of exon 23 skipping by RT-qPCR. Results are expressed as mean ± SEM. Dots represent individual values (mean of technical triplicate, n=5-6 mice). (C) Quantification of dystrophin-EGFP restoration in TA muscle after western blot analysis. EGFP and DYS1 bands were both quantified. All values are mean± SEM (n=5-8 mice).(D-E) Western blot images show dystrophin-EGFP expression in protein extractions from pooled Dmd EGFP muscle diluted from 10% to 0% with untreated Dmd EGFP-mdx muscles (lanes 1-5), and restored dystrophin-EGFP in muscles from twice P-tcDNA injected (D) and four-times P-tcDNA injected (E) Dmd EGFP-mdx mice (lanes 6-9, respectively named m1-4). DYS1 anti-dystrophin antibody was used (directed against the dystrophin rod domain), and anti-EGFP antibody and anti-vinculin antibody as internal loading control. Two secondary antibodies labelled with near-infrared dyes were used and for the purpose of visual presentation of the infrared fluorescent protein bands. Green colour was allocated to visualize dystrophin and vinculin bands. Red colour was allocated to visualize the EGFP-Dp427 band. Statistical analyses were performed using 2-way Anova (B), Mann-Whitney test (C), (ns= not significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).

Figure S8 .

 S8 Figure S8. Restoration of dystrophin-EGFP following 2 or 4 weeks treatment of Dmd EGFP-mdx mice with P-tcDNA.

  subcellular dystrophin distribution along entire myofibers. With the new Dmd EGFP and Dmd EGFP-mdx mice models, I was able to generate heterozygous female mice allowing improved visualisation of the mosaic pattern of dystrophin by taking advantage of native dystrophin-EGFP fluorescence for in vivo and ex vivo imaging.I analyzed different states of mosaic and revealed segmental expression of dystrophin-EGFP along the myofiber sarcolemma. I noted that dystrophin-EGFP positive segments could be of different lengths, sometimes spanning large parts of myofibers. However, I never found fibers with complete dystrophin-EGFP coverage. Interestingly, when I started live viewing a large number of fibers from mice with different states of mosaic, I was intrigued by the frequent presence of dystrophin-EGFP positive segments that were short and appeared to have a similar size. I decided to systematically explore these short segments; in fact they ranged from about 60 µm to 100 µm and were randomly distributed along fibers.

  at the MTJ compared to the interjunctional sarcolemma. I did not yet test the distribution of other DAPC proteins such as dystroglycans or sarcoglycans. Nevertheless, I hypothesize that focal lack of dystrophin entails focal destabilisation of DAPC and basal lamina, thereby decreasing sarcolemmal stability. Indeed, female DMD carriers have frequently elevated serum CPK levels.

Figure 21 .

 21 Figure 21. Sarcolemmal laminin alpha-2 is enriched at sites of increased dystrophin-EGFP. Epifluorescence microscopy shows single myofibers from EDL muscles of Dmd EGFP , Dmd EGFP/EGFP-mdx and Dmd EGFP-mdx mice co-immunostained against laminin alpha-2 (cyan) and EGFP to depict dystrophin-EGFP (red). Differential interference contrast (DIC) illustrates the morphology of myofibers. (A) Dmd EGFP myofiber. Sarcolemma was homogeneously stained for dystrophin-EGFP and laminin alpha-2. (B) Dmd EGFP myofiber. Dystrophin-EGFP and laminin alpha-2 accumulated more highly at MTJ (arrow) than at interjunctional sarcolemma (arrowheads). (C) Dmd EGFP/EGFP-mdx myofiber. Laminin alpha-2 enriched more strongly in dystrophin-EGFP positive segments (arrows). (D) Dmd EGFP-mdx myofiber. Laminin alpha-2 enriched more strongly in the segment positive for revertant dystrophin-EGFP (arrow).

Figure 22 .

 22 Figure 22. Myonuclear organization in mice fetus isolated single fibers. Ex vivo epifluorescence of single live fibers separated from the forelimb of E18.5 mouse fetus depicts the myonuclei fusion and organization probably in long muscle. Differential interference contrast (in grey) and Dapi (in yellow). Courtesy of Dr. Asfour.

Figure 23 .

 23 Figure 23. Actin can be detached from the MTJ in Dmd EGFP-mdx mice. In situ confocal microscopy depicts TA muscle from Dmd EGFP-mdx mice. Tendon is highlighted (yellow asterisk). SiR-actin accumulated at MTJ in the absence (white arrowhead) of dystrophin-EGFP. One MTJ expressed revertant dystrophin (yellow arrow) but detached actin (white asterisk).

  as earlier the treatment is initiated during the disease course. Ideally, therapy should start years before the loss of ambulation and, if possible, at presymptomatic age. Repeated gene therapy is currently impossible because of the acquired immune response against the AAV capsid. Treatment of young DMD boys will lead to a steady decrease in the proportion of transduced nuclei in time because of the continuous recruitment of non-transduced myonuclei during juvenile muscle growth. Such dilution will decrease the percentage of sarcolemmal coverage with dystrophin as the size of the basal dystrophin unit cannot increase, thereby risking fiber degeneration. It remains unknown which proportion of transduced and non-transduced myonuclei is required to prevent fiber degeneration and stop the dystrophic process. Systemic treatment with AAV-microdystrophin of GRMD dogs and DMD patients achieved dystrophin restoration in mosaic. However, CPK remained pathologically elevated,

  

  

  

  

  

  

if you're going to try, go all the way. otherwise, don't even start. if you're going to try, go all the way. this could mean losing girl- friends, wives, relatives, jobs and maybe your mind. go all the way. it could mean not eating for 3 or 4 days. it could mean freezing on a park bench. it could mean jail, it could mean derision, mockery, isolation. isolation is the gift, all the others are a test of your endurance, of how much you really want to do it. and you'll do it despite rejection and the worst odds and it will be better than anything else you can imagine. if you're going to try, go all the way. there is no other feeling like that. you will be alone with the gods and the nights will flame with fire. do it, do it, do it. do it.

  

  During the late ambulatory stage, walking becomes more and more difficult. Scoliosis develops with progressive muscle weakness in paravertebral muscles. Without treatment, most of the DMD patients lose ambulation by the age of 12 years old. Progressively, respiratory and cardiac functions start to decline. Only a few patients survived until the third decade of

	their life. Today, standard care includes treatment with corticosteroids, drugs
	preventing deterioration of the cardiac function, ventilatory assistance and
	vertebral arthrodesis, which have enormously increased the patients quality of
	life and life expectancy

. DMD boys are usually very fatigable and can experience exercise induced muscle pain and exercise intolerance.

  In the patients suffering from Myotonic Dystrophy, RNA with multiple CUG repeats are retained in the nucleus and alter the activity of splicing factors which can result in abnormal splicing of the DMD exon 78. Such

	mice after dystrophin
	restoration following treatment with tcDNA. Whereas these bands can be
	extremely close and difficult to separate in wild-type mice, they separate futher
	in Dmd EGFP mice as dystrophin size is increased because of the fused EGFP. The
	two separate bands can be clearly distinguished (cf. article 2 figure S6/S8). Of
	note, anti-EGFP antibodies show only staining of the upper band. I suggest that
	one band represents dystrophin fused with EGFP fusion protein whereas the
	other not. I believe that the EGFP-negative band could represent C-terminally
	truncated isoform, which may in fact be the exon 78 alternatively spliced isoform.
	The presence such C-terminal truncated isoform in adult muscle raises the
	question of whether it has a specific function in skeletal muscle physiology.
	Further questions rise from this hypothesis : Is this isoform distributed to specific
	compartments? Or does it simply represent an alternative splicing without
	functional significance?

  1-2% of restored dystrophin quantity in Western blots. Such low levels were already sufficient to decrease CPK levels. Prolonged tcDNA treatment increased restored dystrophin levels up to 50%, normalized muscle histology, and biomarkers of muscle damage dropped to normal. Such a drop in CPK contrasts previous studies in non-random X-inactivated mdx carrier mice (mdx-Xist Δhs ),

expressing dystrophin in mosaic, which required dystrophin levels >30% to significantly reduce CPK levels

[START_REF] Van Putten | The effects of low levels of dystrophin on mouse muscle function and pathology[END_REF]

. Together these findings imply that widespread dystrophin restoration protects muscle more efficiently from damage than dystrophin distribution in mosaic. Moreover, already very low restoration, with dystrophin visible only at MTJ was sufficient to initiate therapy response. I do not yet understand the pharmacokinetics of tcDNA underlying fiber-wide dystrophin restoration. However, small molecule size, high molecule load per injection, repetitive injections and tcDNA enrichment in muscle in time may allow its widespread myonuclear distribution and exon skipping. My team planned fluorescence in situ hybridization (FISH) experiments on single fibers to inform about the distribution of tcDNA within the muscle syncytium.

  laboratory has shown that low levels of dystrophin are sufficient to mitigate disease phenotype towards milder BMD[START_REF] De Feraudy | Very Low Residual Dystrophin Quantity Is Associated with Milder Dystrophinopathy[END_REF].

		It would be
	interesting to explore the exact localization of residual dystrophin in these
	patients. Does residual dystrophin preferentially accumulates in MTJ ? Could
	restoration of junctional dystrophin be therapeutically efficient? I showed that
	dystrophin restorations started at MTJs following treatment with tcDNA, and
	very low restoration levels sufficient to decrease serum CPK levels. Additional
	work is required to better understand whether dystrophin at MTJ is sufficient to
	protect muscle fibers from degeneration, and how such high junctional
	dystrophin is regulated.	A recent publication highlights the different
	developmental origin of the MTJ myonuclei as compared to other myonuclei
	(Esteves de	
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Supplementary Information

The corrected total cell fluorescence (CTCF) was calculated from extracted values as: CTCF = (integrated density) -([area of selected cell] x [mean fluorescence of background readings]). Background value was subtracted from the average of CTCF value of MTJ for each individual fiber.

RNAscope multiplex in situ hybridization (ISH)

RNAscope (ACDbio, USA) was performed essentially as previously published [START_REF] Hildyard | Multiplex in situ hybridization within a single transcript: RNAscope reveals dystrophin mRNA dynamics[END_REF]. EDL single fiber ISH used the method of Kann and Krauss [START_REF] Kann | reverse: 5'-CTTCAGCCATCCATTTCTGTAAGGT-3'; Probe: 5'-ATGTGATTCTG-TAATTTCC-3') (Integrated DNA technology, USA). 150 ng of cDNA (prepared as above) was used per reaction and all assays were carried out in triplicate. Assays were performed under fast cycling conditions on a CFX384 Touch Real-Time PCR Detection System (BioRad, USA), and data were analyzed using the absolute copy number method. For a given sample, the copy number of the skipped product (exon 22-24 assay) and unskipped product (exon 23-24 assay) was determined using the standards Ex20-26 and Ex20-26Delta23 respectively (gBlocks gene fragments, Integrated DNA technology, USA). Exon 23 skipping was expressed as a percentage of total dystrophin (calculated by the addition of exon 22-23 and exon 22-24 copy numbers). Western blot analysis Total protein was extracted from cryo-sections (30 sections of 20 μm each) of different skeletal muscles (TA, triceps brachii, TB, and quadriceps) in RIPA buffer (25 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate) supplemented with 5% SDS and protease inhibitors (Pierce, ThermoFisher Scientific, USA). Tissues were dissociated via bead-homogenization (Precellys®, Bertin technologies, France) at 10 000 rpm, 2 cycles of 20s with a pause of 10 sec[END_REF] with Mm-Dmd (452801) andMm-Dmd-O1 (529881-C2), C1 andC2 probes, targeting 5' (exons 2-10) and3' (exons 64-75) regions of the dp427 transcript respectively. Unless indicated otherwise, 5' probe (C1) was assigned TSA-Cy3 labelling, while 3' (C2) was assigned TSA-Cy5 (Akoya biosciences, USA). Both dyes were used at 1/500 dilution.

Statistical analysis

Data were analyzed with GraphPad Prism 7 software (GraphPad, USA). Values for replicates ("n") are indicated in the legends. Experimental groups were compared using non-parametric Mann-Whitney U-tests for two-group comparisons and ANOVA tests for comparison of three or more groups followed by multiple comparison tests as specified in the figure legends. Significance values were set at *p < 0.05, **p < 0.001, ***p < 0.0001, and ****p < 0.00001. How frequent is this phenomen? Does it evolve from spontaneous alternative splicing? Does such low MTJ dystrophin occur only in fibers with revertant segments? Could such low MTJ dystrophin contribute to the protection of fibers from damage and hence explain the mild phenotype of mdx mice? In DMD boys, revertant dystrophin is described as strong immunofluorescence of sparse fibers. However, often a diffuse labelling of dystrophin can sometimes be observed with certain antibodies, which is considered as residual dystrophin [START_REF] Arechavala-Gomeza | Revertant fibres and dystrophin traces in Duchenne muscular dystrophy: implication for clinical trials[END_REF]. Indeed, DMD patients with splice site mutations, intronic mutations or nonsense mutations in "skippable" exons, can produce varying levels of residual dystrophin associated with milder dystrophic phenotype [START_REF] De Feraudy | Very Low Residual Dystrophin Quantity Is Associated with Milder Dystrophinopathy[END_REF]. Further research is required to understand and characterize the relation between alternative splicing, the localization of residual dystrophin and the impact on the disease phenotype.

Supplementary Figures

In my PhD thesis I did little explore the consequence of syncytial organisation of However, the quantification methods used for this work need to be improved. Indeed, the BSDU is a 3D structure but confocal fluorescence imaging is not fit for multiple analyses of different isolated fibers or the analysis of one fiber in its entirety. Classic epifluorescence imaging is faster and easier to set up but does not allow to visualize the fiber in its volume. Immunofluorescence microscopy is the primary basis of dystrophin quantification [START_REF] Anthony | Dystrophin quantification: Biological and translational research implications[END_REF]. New techniques have been developed and used to quantify more precisely dystrophin [START_REF] Vetter | Automated immunofluorescence analysis for sensitive and precise dystrophin quantification in muscle biopsies[END_REF]. These techniques use automated immunofluorescence analysis to substantially and accurately quantify dystrophin in muscle biopsies. The interest of these new methods is the fast and reliable analysis of the fluorescence avoiding human bias. Combining these fluorescence analyses with microscope methods specializing in 3D and large samples imaging such as Light Sheet microscopy [START_REF] Buglak | Light sheet fluorescence microscopy as a new method for unbiased three-dimensional analysis of vascular injury[END_REF][START_REF] Chatterjee | Recent Progress in Light Sheet Microscopy for Biological Applications[END_REF] could allow high three-dimensional spatial resolution, high signalto-noise ratio and fast imaging acquisition rate of the BSDU.

Single-nuclei (sn) and single-cell (sc) RNA sequencing analysis recently demonstrated the compartmentalized organization of the fiber syncytia (Dos [START_REF] Santos | Single-nucleus RNA-seq and FISH identify coordinated transcriptional activity in mammalian myofibers[END_REF][START_REF] Kim | Single-nucleus transcriptomics reveals functional compartmentalization in syncytial skeletal muscle cells[END_REF]. Dmd EGFP allele's heterozygosity could be used to differentiate between the X paternal chromosome inactivation (X P CI) and the X maternal chromosome inactivation (X M CI) single nuclear transcriptomes of Dmd expressing cells. Single-nuclei RNA sequencing could be performed on post-natal and adult skeletal muscle from Dmd EGFP/WT and Dmd EGFP/mdx female mice compared to Dmd EGFP and Dmd mdx male mice. In parallel, the proportion of X P CI and X M CI could be determined among the myonuclei and MuSCs population of Dmd mdx , Dmd EGFP , Dmd EGFP/WT and Dmd EGFP/mdx mice. Together, these experiments could highlight a potential change in the proportion of dystrophin competent and dystrophin incompetent nuclei of MuSCs and muscle cells. In addition, new mouse models are required to to determine the exact contribution of X P CI and X M CI myonuclei in the formation of the BSDU. Kobayashi et al. developed in 2016[START_REF] Kobayashi | Live imaging of X chromosome reactivation dynamics in early mouse development can discriminate naïve from primed pluripotent stem cells[END_REF] 
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