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Skeletal muscle is derived from mesodermal tissue, one of the three germ layers determined in early gestation. At the beginning, muscle progenitor cells, also known as myoblasts, proliferate.

A change in gene expression results in the differentiation from myoblasts to mononucleated myocytes that eventually fuse to form multinucleated mature muscle fibers that have the ability to contract [START_REF] Chal | Making muscle: skeletal myogenesis in vivo and in vitro[END_REF]. During this process, myonuclei are initially internalized and once the fiber is mature they migrate to the periphery. One of the hypothesis of this localization is to ensure that all the contractile machinery has enough space in the cytosol [START_REF] Cadot | Moving and positioning the nucleus in skeletal muscle -one step at a time[END_REF].

A small population of precursor muscle cells remain quiescent associated with myofibers, called adult satellite cell (SCs) [START_REF] Mukund | Skeletal muscle: A review of molecular structure and function, in health and disease[END_REF][START_REF] Relaix | Skeletal muscle progenitor cells: from embryo to adult[END_REF].

Mature skeletal muscle is a highly organized organ, its structure is a group of integrated tissues. Each skeletal muscle has three layers of connective tissue (Figure 1) [START_REF] Mukund | Skeletal muscle: A review of molecular structure and function, in health and disease[END_REF]):

• Epimysium: ensures structural integrity and separation from other tissues.

• Perimysium: is a layer that covers groups of fibers, also called fascicles. • Endomysium: inside each fascicle every individual skeletal muscle fiber is covered by this last thin layer of connective tissue that is in contact with the cell membrane.

A muscle fiber is surrounded by the sarcolemma, or muscle cell membrane. Inside the sarcolemma we find bundles of myofibrils that are covered by reticulum and Transverse-tubules (T-tubules), which are invaginations of the plasma membrane [START_REF] Al-Qusairi | T-tubule biogenesis and triad formation in skeletal muscle and implication in human diseases[END_REF]. Each myofibril is composed by groups of sarcomeres that are the contractile units of skeletal muscle.

Skeletal muscles contain a high number of mitochondria. They can undergo mitochondrial biogenesis in case of high energy demand in response to exercise [START_REF] Peterson | Skeletal muscle mitochondria and aging: a review[END_REF]. (Figure 2)

The sarcomere is an organized structure comprised of actin (or thin filaments) and myosin filaments (or thick filaments) organized in parallel. Myosin heads will interact with actin, allowing muscle contraction. When viewed by electron microscopy, sarcomeres display a set of light and dark lines which have been named according to their light or dark coloration. The relative intensities of the bands are related to their protein content [START_REF] Sweeney | Muscle Contraction[END_REF]. From [START_REF] Sweeney | Muscle Contraction[END_REF] Myofibers have a specific intracellular structure named sarcoplasmic reticulum (SR) in contrast to the role of endoplasmic reticulum (ER) which is mainly related to protein modification, SR is specialized in calcium storage and release during muscle contraction. When calcium is released from the SR, this causes a conformational change in actin-associated myosin, inducing sarcomere shortening and muscle contraction. Calcium exposes myosin head binding sites to actin, facilitating this process [START_REF] Kuo | Signaling in muscle contraction[END_REF]. • Ryanodine receptor (RyR1): a calcium release channel located at SR.

• Calsequestrin: calcium buffering protein in the lumen of SR.

• Calmodulin: one of the different calcium channel regulators.

Muscle contraction is triggered by an excitation signal from a motor neuron to a muscle fiber, this signal is transmitted in a specific area named neuromuscular junction (NMJ). At this junction, the acetylcholine released by the motor neurons will be sensed by acetylcholine receptors (AChR) from the muscle cell [START_REF] Mukund | Skeletal muscle: A review of molecular structure and function, in health and disease[END_REF][START_REF] Nishimune | Practical Anatomy of the Neuromuscular Junction in Health and Disease[END_REF]. This will lead to a depolarization of the plasma membrane transmitted through the T-tubule and finally causing a conformational change in DHPR. This change will also lead to an opening of RyR1, enabling the release of calcium from SR resulting in muscle contraction [START_REF] Frontera | Skeletal muscle: a brief review of structure and function[END_REF]. 

Dynamin 2 protein

Dynamin 2 protein is 866 to 876 amino acids, with a molecular weight of around 100kDa. The knowledge of the dynamins mainly comes from studies of neuronal DNM1.

Classical dynamins are multidomain proteins. There are two different nomenclatures: one based on each domain function (Figure 4A) and another one based on the three-dimensional structure of DNM1 (Figure 4B) [START_REF] Antonny | Membrane fission by dynamin: what we know and what we need to know[END_REF][START_REF] Ferguson | Dynamin, a membrane-remodelling GTPase[END_REF]:

• GTPase or G domain: involved in the hydrolysis of GTP to GDP. It is important also for high order oligomerization. • Pleckstrin homology (PH) or Foot: binds to PtdIns(4,5)P2 when the protein is in an openconformation state.

• GTPase effector domain (GED): acts a regulatory part of the GTPase activity

• Proline-rich domain (PRD): allows the interaction with proteins containing Src-homology domain 3 (SH3) domain.

• Neck: also known as 3-helix bundle signaling element (BSE).

Dynamins need to oligomerize to be able to fission membranes, and spontaneously polymerize into rings and helices when incubated in low ionic strength solutions [START_REF] Hinshaw | Dynamin self-assembles into rings suggesting a mechanism for coated vesicle budding[END_REF].

The dimer is considered the basic dynamin unit [START_REF] Faelber | Crystal structure of nucleotide-free dynamin[END_REF]. Structural studies defined 3 different interfaces at Stalk domain that were important for oligomerization: first, the dimerization occurs via interface 2 (Figure 5, labelled as I2) then the dimers oligomerize to form a tetrameric structure. Studies on DNM3 showed that the tetramerization can occur via two additional interfaces: 1 and 3 (I1 and I3 respectively in Figure 5) [START_REF] Reubold | Crystal structure of the dynamin tetramer[END_REF]. Although the exact interactions between subunits are not conserved through all dynamin family, the basic assembly to form helicoidal polymers are shared by dynamin members from bacteria to mammals [START_REF] Ramachandran | The dynamin superfamily[END_REF]. The following scheme shows the different interactions between domains of the DNM3 tetramer (Figure 5). Each dimer is shown in blue and light blue. They are interacting to form a tetramer. The different interfaces are labelled as: I1, I2 and I3. From [START_REF] Reubold | Crystal structure of the dynamin tetramer[END_REF] The interaction of interface 3 is the most important for the creation of helicoidal structures, whereas interface 1 allows the interaction with a neighbour dimer. The tetramer seems to have the ability to bend the membrane facilitating the high order oligomerization [START_REF] Reubold | Crystal structure of the dynamin tetramer[END_REF].

Membrane constriction to inner diameters of less than 16 nm needs active GTP turnover as well as interaction of G domains across helical turns. The diameter of the polymer is around 50 nm [START_REF] Antonny | Membrane fission by dynamin: what we know and what we need to know[END_REF].

G domain has also a role in oligomerization since dynamin oligomerization is favoured in presence of GTP or non-hydrolyzable analogs while GTP hydrolysis leads to a disassembly of the oligomer [START_REF] Danino | Rapid constriction of lipid bilayers by the mechanochemical enzyme dynamin[END_REF][START_REF] Warnock | Ubiquitously expressed dynamin-II has a higher intrinsic GTPase activity and a greater propensity for self-assembly than neuronal dynamin-I[END_REF]. Of note, mutations located in PH domain have been shown to interfere with GTPase activity, suggesting a cross-talk between this two domains [START_REF] Kenniston | Dynamin GTPase regulation is altered by PH domain mutations found in centronuclear myopathy patients[END_REF].

PH domain has been typically related to PtdIns(4,5)P2 binding, although previous studies showed that it may have the ability to bind other phosphoinositides [START_REF] Klein | The pleckstrin homology domains of dynamin isoforms require oligomerization for high affinity phosphoinositide binding[END_REF]. When found alone, it has low affinity to PtdIns(4,5)P2 and its affinity increases with polymerization. The presence of an additional loop has been proposed to have membrane curvature or sensing properties that may enhance PtdIns(4,5)P2 affinity [START_REF] Ramachandran | Membrane insertion of the pleckstrin homology domain variable loop 1 is critical for dynamin-catalyzed vesicle scission[END_REF][START_REF] Zheng | Identification of the binding site for acidic phospholipids on the pH domain of dynamin: implications for stimulation of GTPase activity[END_REF]. However, this domain is not only important for lipid binding: the tetramer coexists in two different conformations, active or autoinhibited in a closed conformation by an interaction of PH and Stalk domains [START_REF] Reubold | Crystal structure of the dynamin tetramer[END_REF]. Another function that has been proposed for PH domain is to facilitate PtdIns(4,5)P2 cluster around DNM binding sites [START_REF] Bethoney | A possible effector role for the pleckstrin homology (PH) domain of dynamin[END_REF]. PRD domain is related to protein-protein interaction. It has a PXXP motif that enables the interaction with SH3 containing proteins, like the interaction occurring between dynamin and amphyphisin [START_REF] Grabs | The SH3 domain of amphiphysin binds the proline-rich domain of dynamin at a single site that defines a new SH3 binding consensus sequence[END_REF].

There are two models proposed to explain dynamin fission activity [START_REF] Antonny | Membrane fission by dynamin: what we know and what we need to know[END_REF]:

• The disassembly model (Figure 6): in which there is a first step where dynamin will bind and constrict lipid membrane enabling the formation of hemifission intermediates which are not stable. The second step occurs after GTP is hydrolyzed, thus loosening the scaffold, allowing the hemifission intermediates to proceed to complete fission. This model is not fully accepted since: the first step requires a high coordination of nucleotide state of all dimers (i.e. all of which should be loaded with GTP at the same time) and the second step may be unlikely as the time that dynamin requires to disassemble is longer than the viscoelastic time of the membrane, meaning the membrane will not be sufficiently destabilized to drive hemifission [START_REF] Bashkirov | GTPase cycle of dynamin is coupled to membrane squeeze and release, leading to spontaneous fission[END_REF].

• Constriction model (Figure 7): dynamin is acting as a motor where the energy created by GTP hydrolysis is spent in a mechanical work to slide adjacent turns in the helix. They propose that there are several cycles of binding/power stroke/dissociation powered by GTP hydrolysis leading to membrane constriction [START_REF] Chappie | G domain dimerization controls dynamin's assembly-stimulated GTPase activity[END_REF][START_REF] Praefcke | The dynamin superfamily: universal membrane tubulation and fission molecules?[END_REF]. This model may be more likely based on current knowledge. To conclude, DNMs displays 3 main properties: (1) the ability to self-oligomerize, (2) GTP-induced conformational change leading to constricting of the polymer and the membrane, and (3) induction of membrane fission dependent on GTP hydrolysis.

Function

Transport and vesicle formation

DNM was related to endocytosis since its early discovery. Studies on shibire mutants from Drosophila melanogaster (explained in Section 2) had a decreased number of vesicles and accumulation of 'collared pits', suggesting a blockage in the endocytic process [START_REF] Kosaka | Possible temperature-dependent blockage of synaptic vesicle recycling induced by a single gene mutation in Drosophila[END_REF].

Nowadays, we know that DNM2 has an important role in endocytosis, as it was demonstrated in mammalian cells with DNM mutants with reduced GTPase activity [START_REF] Van Der Bliek | Mutations in human dynamin block an intermediate stage in coated vesicle formation[END_REF]. Initially, DNM is recruited to the membrane by interaction with PtdIns(4,5)P2 [START_REF] Zoncu | Loss of endocytic clathrin-coated pits upon acute depletion of phosphatidylinositol 4,5-bisphosphate[END_REF] and BAR domain proteins (such as amphiphysin 1 (AMPH), amphiphysin 2 (BIN1) and sorting nexin 9 (SNX9) [START_REF] Grabs | The SH3 domain of amphiphysin binds the proline-rich domain of dynamin at a single site that defines a new SH3 binding consensus sequence[END_REF][START_REF] Lundmark | Regulated membrane recruitment of dynamin-2 mediated by sorting nexin 9[END_REF]). As discussed before, once recruited to the membrane, DNM2 can then polymerize into an helical structure around the neck of nascent vesicles. When GTP is hydrolyzed there is a power stroke that releases the new vesicle.

There are two types of vesicular trafficking: clathrin-dependent and clathrin-independent. In clathrin-mediated endocytosis (CME), clathrin is the scaffold protein to maintain vesicle structure.

It has been shown that clathrin colocalizes with DNM2 during this process [START_REF] Mettlen | Dissecting dynamin's role in clathrin-mediated endocytosis[END_REF]. Additionally, in skeletal muscle clathrin heavy chain and DNM2 are part of the costamere, a specific structure that allows mechanical interaction between the fiber and extracellular matrix [START_REF] Vassilopoulos | Actin scaffolding by clathrin heavy chain is required for skeletal muscle sarcomere organization[END_REF].

In clathrin-independent vesicle transport, DNM2 is required for its role in membrane fission such as in caveolae formation [START_REF] Oh | Dynamin at the neck of caveolae mediates their budding to form transport vesicles by GTP-driven fission from the plasma membrane of endothelium[END_REF]. Caveolin, a specific protein related to this structure, was found to partially colocalize with DNM2 in hepatocytes [START_REF] Henley | Dynamin-mediated internalization of caveolae[END_REF].

Intracellular membrane trafficking

DNM2 has also been found in the Trans-Golgi network (TGN), where it participates in vesicle budding and membrane fission (S. M. [START_REF] Jones | Role of dynamin in the formation of transport vesicles from the trans-Golgi network[END_REF].

DNM2 is also localized to endosomes where it has a dual role: to transport vesicles from late endosomes to the Golgi compartment and the recycling from early endosomes [START_REF] Gonzalez-Jamett | Dynamin-2 Function and Dysfunction Along the Secretory Pathway[END_REF]. However the role of DNM2 in this process remains controversial as different studies found no relation between DNM2 and Golgi transport and others claim that when inhibiting DNM2, protein transport from Golgi to plasma membrane is inhibited (S. M. [START_REF] Jones | Role of dynamin in the formation of transport vesicles from the trans-Golgi network[END_REF][START_REF] Kasai | Dynamin II is involved in endocytosis but not in the formation of transport vesicles from the trans-Golgi network[END_REF]. The different cell types analysed in these experiments may be a confounding factor contributing to the different conclusions made by the authors.

The role of DNM2 in exocytosis is still not clear. Studies on different cell types suggest that DNM2 GTPase activity is important for vesicle release, regulating vesicle fusion with plasma membrane [START_REF] Reid | Dynamin regulates specific membrane fusion events necessary for acrosomal exocytosis in mouse spermatozoa[END_REF][START_REF] Trouillon | Amperometric measurements at cells support a role for dynamin in the dilation of the fusion pore during exocytosis[END_REF].

DNM2 and Cytoskeleton

DNM2 was first identified as a microtubule-associated protein [START_REF] Shpetner | Identification of dynamin, a novel mechanochemical enzyme that mediates interactions between microtubules[END_REF]. Studies showed that PRD domain is able to directly bind microtubules [START_REF] Herskovits | Microtubules and Src homology 3 domains stimulate the dynamin GTPase via its C-terminal domain[END_REF]. DNM2 polymerizes spontaneously in presence of actin bundles and microtubules [START_REF] Ferguson | Dynamin, a membrane-remodelling GTPase[END_REF]. It binds microtubules by interacting with its PRD domain [START_REF] Dong | Expression and purification of dynamin II domains and initial studies on structure and function[END_REF]. Reducing DNM2 by siRNA impacts on the amount of acetylated tubulin which is a more stable form and reduces its growing capacity [START_REF] Thompson | Dynamin 2 binds gamma-tubulin and participates in centrosome cohesion[END_REF]. This suggests DNM2 impacts on microtubule polymerization.

DNM2 is a component of the centrosome, the main microtubule organizing centre (MTOC), where it binds to gamma-tubulin. The function is unknown, but it seems to impact on mitotic spindle alignment [START_REF] Thompson | The large GTPase dynamin associates with the spindle midzone and is required for cytokinesis[END_REF].

Actin cytoskeleton remodelling is a process that contributes to the correct functioning of cell migration, vesicle formation and mitochondrial fission among other processes. DNM2 has been shown to directly interact with actin via its MIDDLE domain: DNM2 binds to short actin filaments and aligns them into bundles [START_REF] Gu | Direct dynamin-actin interactions regulate the actin cytoskeleton[END_REF]. Two additional proteins involved in actin cytoskeleton interact with DNM2: Actin-binding protein 1 (Abp1, a Src-kinase) and cortactin (involved in CME) [START_REF] Kessels | Mammalian Abp1, a signal-responsive F-actin-binding protein, links the actin cytoskeleton to endocytosis via the GTPase dynamin[END_REF][START_REF] Mooren | Dynamin2 GTPase and cortactin remodel actin filaments[END_REF]. Both proteins are involved at different steps of clathrin-mediated endocytosis. Cortactin-DNM2 interactions together with Arp2/3 (actin related proteins complex) have been found to be important in the global organization of the actomyosin cytoskeleton and to ensure the correct reorganization that will allow lamelipodia formation [START_REF] Krueger | A dynamin-cortactin-Arp2/3 complex mediates actin reorganization in growth factor-stimulated cells[END_REF].

Focal adhesions are large assemblies that allow the interaction between the extracellular matrix and the cell. Integrins are glycoproteins part of this complex. To allow cell migration, focal adhesions should be disassembled. DNM2 participates in disassembly of focal adhesions as well as in beta1-integrin recycling [START_REF] Brinas | Role of dynamin 2 in the disassembly of focal adhesions[END_REF].

Apoptosis

DNM2 overexpression has been shown to cause cell toxicity in HeLa cells by p53 apoptotic pathway [START_REF] Fish | Evidence that dynamin-2 functions as a signaltransducing GTPase[END_REF]. A 5-fold increase was shown to be sufficient to cause it. The capacity to induce apoptosis seems to be restricted to DNM2 since DNM1 overexpression, which was increased up to 200-fold, did not cause cell death. Interestingly, overexpression of DNM2 K44A mutant, defective for GTPase activity, was not able to reproduce the same phenotype, whereas overexpression of DNM2 without PRD domain was causing even a stronger apoptotic effect [START_REF] Fish | Evidence that dynamin-2 functions as a signaltransducing GTPase[END_REF].

Mitochondria fission

Mitochondrial fission is a complex process that requires multiple steps. First, endoplasmic reticulum and actin cytoskeleton should cooperate to constrict mitochondrial membrane so DRP1 can assemble on the mitochondrial outer membrane. DRP1 then further constricts until membrane fission occurs [START_REF] Yu | Regulation of Mammalian Mitochondrial Dynamics: Opportunities and Challenges[END_REF]. In 2016 Lee et al proposed that this process required DNM2 and not DRP1 as the main actor making membrane fission. They suggest that indeed actin and endoplasmic reticulum constrict mitochondria so DRP1 can bind to mitochondrial outer membrane, but the role of DRP1 is to sufficiently constrict mitochondrial membrane so DNM2 can polymerize around it and induce membrane fission [START_REF] Lee | Multiple dynamin family members collaborate to drive mitochondrial division[END_REF].

Three years later, Fonseca et al showed contrary results, claiming DRP1 does not require DNM2 cooperation to ensure mitochondrial fission [START_REF] Fonseca | Mitochondrial fission requires DRP1 but not dynamins[END_REF]. This topic remains controversial and further studies should bring more information on the role of DNM2 in mitochondrial fission.

Autophagic lysosome reformation (ALR) and lipid droplet breakdown

In liver or hepatocytes DNM2 has a specific function in helping lipid droplet breakdown. During lipophagy, lipid droplets are enclosed by membranes creating an autophagosome. Lysosomes will fuse with autophagosomes and help in cargo degradation. Once the process is finished, and to replenish the number of lysosomes in the cell, there is a formation of a tube from the autolysosome that will be fissioned to form a protolysosome. This process is known as autophagic lysosome reformation (ALR) (Y. [START_REF] Chen | Recent progress in autophagic lysosome reformation[END_REF]. In the tubulation step, there is interaction of clathrin, adaptor-protein 2 (AP2) and PtdIns(4,5)P2 enrichment in the tubule. Interestingly, they are all components needed for CME. DNM2 has been proposed to participate in fissioning this tubule and creating protolysosomes (Y. [START_REF] Chen | Recent progress in autophagic lysosome reformation[END_REF].

It has been found that lipophagy also requires DNM2 activity in hepatocytes. Inhibition of DNM2 prevented lipid droplet breakdown in hepatocytes due to a defect in ALR [START_REF] Schulze | Lipid droplet breakdown requires dynamin 2 for vesiculation of autolysosomal tubules in hepatocytes[END_REF].

Additionally, Dnm2 R465W/+ present a defect in autophagosome maturation, suggesting this process may be impaired as well [START_REF] Durieux | A centronuclear myopathy--dynamin 2 mutation impairs autophagy in mice[END_REF].

Viral entry

Viral entry into host cells requires a cascade of events including: receptor binding, membrane fusion and endocytosis. Viruses following an endocytic pathway to enter into their host cells require DNM2 to fission vesicles where they will be transported along the cell. However, it has been shown that DNM2 can stabilize fusion pores [START_REF] Sun | From endocytosis to membrane fusion: emerging roles of dynamin in virus entry[END_REF]. Viruses like HIV have been proposed to enter their host cells by a fusion process in which DNM2 allows the creation of the fusion pore at low oligomeric state (D. M. [START_REF] Jones | Dynamin-2 Stabilizes the HIV-1 Fusion Pore with a Low Oligomeric State[END_REF].

Functions of DNM2 specific to skeletal muscle

In most cells DNM2 localizes at the plasma membrane, perinuclear region, Golgi network and endosomal compartment [START_REF] Zhao | Dynamin 2 (DNM2) as Cause of, and Modifier for, Human Neuromuscular Disease[END_REF]. In skeletal muscle it localizes also in tissue-specific structures such as NMJ (see 1. Introduction to skeletal muscle) and proximal to the Z-line [START_REF] Zhao | Dynamin 2 (DNM2) as Cause of, and Modifier for, Human Neuromuscular Disease[END_REF].

In skeletal muscle there are specific structures that ensure muscle contraction. As introduced in Immunofluorescence experiments showed colocalization of DNM2 with alpha-actinin at the Z-line but not with DHPR receptor on T-tubules in mature muscles [START_REF] Cowling | Increased expression of wild-type or a centronuclear myopathy mutant of dynamin 2 in skeletal muscle of adult mice leads to structural defects and muscle weakness[END_REF]. During development, T-tubules initially have a longitudinal orientation and are then reoriented in the final transverse orientation. In fact, later studies showed that in embryonic day 18.5 (E18.5) DNM2 and BIN1 colocalize in longitudinal tubules, consistent with a role of this two proteins in T-tubule biogenesis [START_REF] Cowling | Amphiphysin (BIN1) negatively regulates dynamin 2 for normal muscle maturation[END_REF]. Moreover, BIN1 is a binding partner of DNM2 by interacting with its PRD domain [START_REF] Nicot | Mutations in amphiphysin 2 (BIN1) disrupt interaction with dynamin 2 and cause autosomal recessive centronuclear myopathy[END_REF].

Recently Fongy et al showed that DNM2 mutations reduce the number of nuclei per myofiber, suggesting a role in muscle growth and myocyte fusion [START_REF] Fongy | Nuclear defects in skeletal muscle from a Dynamin 2-linked centronuclear myopathy mouse model[END_REF].

Costameres are muscle-specific protein structures aligned with Z-line of peripheral myofibrils.

They are localized between plasma membrane and myofibrils and have both a mechanical and signalling role during muscle contraction by stabilizing muscle fibers by binding with the ECM.

Costameres are enriched in actin and DNM2 and require clathrin heavy chain to ensure their formation and maintenance [START_REF] Vassilopoulos | Actin scaffolding by clathrin heavy chain is required for skeletal muscle sarcomere organization[END_REF]. This shows an additional muscle-specific role of DNM2 maintaining myofiber integrity. 

Artificial mutations studied in vitro

Several mutations, artificial or pathogenic, have been studied in vitro to better understand dynamin function. In this section only artificial mutations will be discussed, patient-related mutations will be reported in sections 2.5 and 2.6. A summary of all mutations presented in this thesis is in Figure 14. K44A K44A is the most common dominant negative mutation, and is localized in the GTPase domain.

In vitro studies showed K44A mutant has very low affinity for GTP partially inhibiting GTPase and fission activity [START_REF] Damke | Induction of mutant dynamin specifically blocks endocytic coated vesicle formation[END_REF].

At the structural level K44A forms more constricted helicoidal structures compared to WT protein (Sundborger et al., 2014).

When expressed in cells the K44A mutant blocks clathrin-related vesicle formation, lipid droplet breakdown, lamellipodia formation and actin cytoskeleton remodelling [START_REF] Damke | Dynamin GTPase domain mutants block endocytic vesicle formation at morphologically distinct stages[END_REF][START_REF] Gu | Direct dynamin-actin interactions regulate the actin cytoskeleton[END_REF][START_REF] Schlunck | Modulation of Rac localization and function by dynamin[END_REF][START_REF] Schulze | Lipid droplet breakdown requires dynamin 2 for vesiculation of autolysosomal tubules in hepatocytes[END_REF]. Similarly to ΔPRD, discussed below, K44A is not able to rescue mitochondrial fission in DNM2-depleted cells [START_REF] Lee | Multiple dynamin family members collaborate to drive mitochondrial division[END_REF].

K142A

K142A is a DNM2 mutant with an almost normal GTPase activity but no conformational change is observed after GTP hydrolysis. Expression of this mutant in cells results in a blockage in CME [START_REF] Marks | GTPase activity of dynamin and resulting conformation change are essential for endocytosis[END_REF].

R399A

This mutation localizes in the MIDDLE domain. R399A mutant is unable to form high order oligomers, and remains blocked in a dimeric state. It has 50% less efficient lipid binding and 90% reduced GTPase activity when compared to WT protein [START_REF] Ramachandran | The dynamin middle domain is critical for tetramerization and higher-order self-assembly[END_REF]. The higher reduction observed in GTP hydrolysis may be due to the fact that this mutant cannot form high oligomeric structures that could propagate the conformational change needed to catalyse its enzymatic activity [START_REF] Ramachandran | The dynamin middle domain is critical for tetramerization and higher-order self-assembly[END_REF].

Interestingly, the combination of this mutation with pathogenic DNM2 mutations where GTPase activity was increased, can return the catalytic activity to normal levels [START_REF] Chin | Dynamin-2 mutations associated with centronuclear myopathy are hypermorphic and lead to T-tubule fragmentation[END_REF] ΔPRD This mutant has a deletion of the entire PRD domain, disrupting the interaction with SH3-domain containing proteins.

Structural studies showed that ΔPRD behaves similarly to WT DNM and is able to form helicoidal structures around membrane tubules [START_REF] Zhang | Three-dimensional reconstruction of dynamin in the constricted state[END_REF].

However, ΔPRD is not able to bind SH3-domain containing proteins like BIN1 or cortactin, affecting DNM2 localization and function [START_REF] Mcniven | Regulated interactions between dynamin and the actin-binding protein cortactin modulate cell shape[END_REF]. Interestingly, this mutant is not able to rescue mitochondrial fission in DNM2-depleted cells [START_REF] Lee | Multiple dynamin family members collaborate to drive mitochondrial division[END_REF]. Recent reports showed that expression of ΔPRD DNM2 in DNM triple-KO cells is not able to rescue CME [START_REF] Rosendale | Functional recruitment of dynamin requires multimeric interactions for efficient endocytosis[END_REF]. Only one mutation has been reported at homozygous state causing lethal congenital contracture syndrome [START_REF] Koutsopoulos | Dynamin 2 homozygous mutation in humans with a lethal congenital syndrome[END_REF](MIM#615368).

Associated diseases

Charcot Marie Tooth

Charcot Marie Tooth disease (CMT) is a peripheral neuropathy characterized by loss of sensation, neuropathic pain, distal muscle weakness and atrophy and skeletal deformations such as pes cavus [START_REF] Gonzalez-Jamett | Dynamin-2 in nervous system disorders[END_REF][START_REF] Nave | Myelination of the nervous system: mechanisms and functions[END_REF]. Patients affected with CMT usually experience disease onset in the two first decades of life with various degrees of severity. A subset of patients also develop cataract and neutropenia (abnormally low concentration of neutrophils in blood) [START_REF] Claeys | Phenotypic spectrum of dynamin 2 mutations in Charcot-Marie-Tooth neuropathy[END_REF].

CMT is genetically heterogeneous and is divided in two different categories [START_REF] Berciano | Peripheral neuropathies: Molecular diagnosis of Charcot-Marie-Tooth disease[END_REF]:

• CMT 1: Including demyelinating forms of the disease with reduced nerve conduction velocities.

• CMT 2: Including axonal forms of the disease where nerve conduction velocities are normal but conduction amplitudes are decreased, mostly due to a loss of myelination from large-calibre axons.

There are also 4 dominant intermediate forms of the disease (DI-CMT): DI-CMTA, DI-CMTB, DI-CMTC and DI-CMTD. These forms exhibit characteristics from both demyelinating and axonal forms [START_REF] Tanabe | Dynamin 2 in Charcot-Marie-Tooth disease[END_REF]. Mutations in DNM2 are associated to DI-CMTB [START_REF] Zuchner | Mutations in the pleckstrin homology domain of dynamin 2 cause dominant intermediate Charcot-Marie-Tooth disease[END_REF] and CMT 2 [START_REF] Fabrizi | Two novel mutations in dynamin-2 cause axonal Charcot-Marie-Tooth disease[END_REF]. When peripheral nerves are observed at histological level they display abnormal myelination (Figure 9). Arrow points to an axon with abnormally think myelin layers. From [START_REF] Claeys | Phenotypic spectrum of dynamin 2 mutations in Charcot-Marie-Tooth neuropathy[END_REF].

Since mutations in DNM2 are also causing centronuclear myopathy, a muscle biopsy was performed in CMT-DNM2 affected patient to evaluate a possible overlap between the two diseases. No clinical muscle phenotype was observed in this patient [START_REF] Bitoun | A novel mutation in the dynamin 2 gene in a Charcot-Marie-Tooth type 2 patient: clinical and pathological findings[END_REF]) (Figure 10). Section was stained with Hematein-eosin. Note the absence of nuclei internalization. From [START_REF] Bitoun | A novel mutation in the dynamin 2 gene in a Charcot-Marie-Tooth type 2 patient: clinical and pathological findings[END_REF].

Mouse models for DNM2-related CMT Very recently Pereira et al. reported the creation of the first Dnm2 mouse model carrying a CMT mutation. Surprisingly their study concludes that this mouse model does not display signs of a peripheral neuropathy but of a mild myopathy [START_REF] Pereira | Mice carrying an analogous heterozygous Dynamin 2 K562E mutation that causes neuropathy in humans develop predominant characteristics of a primary myopathy[END_REF].

Dnm2 +/K562E mice were analyzed by different electrophysiological and behavioural tests that led the authors to conclude that the mutation caused a decrease in muscle force without affecting nerve physiology. Myofibers from this animals have reduced fiber size but no significant change was detected in nuclei position (Figure 11) [START_REF] Pereira | Mice carrying an analogous heterozygous Dynamin 2 K562E mutation that causes neuropathy in humans develop predominant characteristics of a primary myopathy[END_REF]. Muscles were stained with Hematoxylin Eosin (HE). Note the difference in myofiber size from Dnm2 +/K562E animals compared to control. From [START_REF] Pereira | Mice carrying an analogous heterozygous Dynamin 2 K562E mutation that causes neuropathy in humans develop predominant characteristics of a primary myopathy[END_REF].

Transcriptomic analysis of soleus muscles from heterozygous K562E mice showed a downregulation of transcripts related to oxidative metabolism (i.e. mitochondrial oxidative phosphorylation and energy metabolism). On the other hand, there was an enrichment of transcripts related to ECM organization and inflammatory response that was confirmed at histological level by an increase of macrophage number [START_REF] Pereira | Mice carrying an analogous heterozygous Dynamin 2 K562E mutation that causes neuropathy in humans develop predominant characteristics of a primary myopathy[END_REF].

Overall these results point to a possible overlap between DNM2-related CMT and myopathy.

Centronuclear myopathy

Congenital myopathies are a group of muscle disorders characterized by various degrees of muscle weakness. Centronuclear myopathy (CNM) is a type of congenital myopathy. As suggested by the name, it is characterized by the central position of the nuclei in patient myofibers.

There are two types of centronuclear myopathies:

• X-linked myotubular myopathy (XLCNM) caused by mutations in myotubularin 1, MTM1.

It has an estimated incidence of 17 per million of all births [START_REF] Vandersmissen | An integrated modelling methodology for estimating the prevalence of centronuclear myopathy[END_REF].

It will be briefly discussed in the next section.

• Autosomal recessive or dominant CNM caused by mutations in amphiphysin 2 (BIN1), dynamin 2 (DNM2), ryanodine receptor (RYR1), myotubularin-related protein 14 (MTMR14), titin (TTN) or striated muscle preferentially expressed protein kinase (SPEG).

Non-XLCNM has an incidence of 7 per million births [START_REF] Vandersmissen | An integrated modelling methodology for estimating the prevalence of centronuclear myopathy[END_REF]. Only BIN1 and DNM2-related CNM will be discussed in this thesis. BIN1-related CNM will be briefly mentioned in the next section.

Currently, there are no available therapies for CNM patients.

Autosomal dominant DNM2 related CNM

Dominant mutations in DNM2 cause Autosomal Dominant CNM (AD-CNM, MIM#160150) [START_REF] Bitoun | Mutations in dynamin 2 cause dominant centronuclear myopathy[END_REF]. It is estimated that 21 newborns per year are carriers of mutations in DNM2 causing ADCNM. Clinically, patients are very heterogeneous: from mild forms in adult patients to severe forms appearing at birth. Patients with moderate phenotype have delayed milestones, moderate muscle weakness, ptosis and ophthalmoplegia (Figure 12A). On the other hand, patients with neonatal onset have generalized weakness, hypotonia, facial weakness with open mouth, ptosis and ophthalmoplegia [START_REF] Bitoun | Dynamin 2 mutations cause sporadic centronuclear myopathy with neonatal onset[END_REF]. Other phenotypes that can be associated to AD-CNM are: scoliosis, reduced jaw opening and mild pes cavus [START_REF] Bitoun | Dynamin 2 mutations cause sporadic centronuclear myopathy with neonatal onset[END_REF][START_REF] Bohm | Mutation spectrum in the large GTPase dynamin 2, and genotype-phenotype correlation in autosomal dominant centronuclear myopathy[END_REF].

Biopsies from AD-CNM patients show radial arrangement of sarcoplasmic strands that are positive for oxidative staining (named radial sarcoplasmic strands, RSS), nuclear centralization and internalization together with type I fiber predominance and hypotrophy (Figure 12B).

Sometimes there is an increase of adipose endomysial tissue replacing muscle tissue [START_REF] Toussaint | Defects in amphiphysin 2 (BIN1) and triads in several forms of centronuclear myopathies[END_REF]. Those features are only found in DNM2-related cases [START_REF] Romero | Centronuclear myopathies[END_REF]. [START_REF] Aghbolaghi | A rare case of centronuclear myopathy with DNM2 mutation: genotype-phenotype correlation[END_REF][START_REF] Romero | Centronuclear myopathies[END_REF] Ultrastructural analysis by electron microscopy confirmed the presence of RSS impacting on the myofibril size inside the fiber. Surrounding the nuclei accumulation of mitochondria, sarcoplasmic reticulum, Golgi and glycogen can be observed [START_REF] Toussaint | Defects in amphiphysin 2 (BIN1) and triads in several forms of centronuclear myopathies[END_REF]. The most common mutation in AD-CNM is the missense mutation R465W localized in the MIDDLE domain [START_REF] Zhao | Dynamin 2 (DNM2) as Cause of, and Modifier for, Human Neuromuscular Disease[END_REF].

Animal models for DNM2-related CNM The first knock-in mouse model was generated in 2010 expressing R465W mutation.

Heterozygous mice (Dnm2 +/R465W ) developed a mild progressive myopathy whereas homozygous mice (Dnm2 R465W/R465W ) were dying at birth, some of them surviving until 1 week of age.

Dnm2 +/R465W mice lived as long as WT without any defect in growth curve. Histological muscle analysis displayed defects at mitochondrial and sarcoplasmic reticulum organization. No obvious nuclei internalization was observed for this animal model (Figure 13) [START_REF] Durieux | A centronuclear myopathy-dynamin 2 mutation impairs skeletal muscle structure and function in mice[END_REF]. However, a recent study showed that isolated fibers from the same animal display defects of number and spatial distribution of myonuclei [START_REF] Fongy | Nuclear defects in skeletal muscle from a Dynamin 2-linked centronuclear myopathy mouse model[END_REF]. Other ultrastructural analysis revealed defects in the T-tubule network and calcium homeostasis [START_REF] Durieux | A centronuclear myopathy-dynamin 2 mutation impairs skeletal muscle structure and function in mice[END_REF]. HE NADH muscle defects but to a lesser extent than R465W mutant. The overexpression of WT-DNM2 or R465W mutant impacted on muscle force, fiber size and nuclei position. These results combined suggest that CNM-DNM2 mutations are gain of function [START_REF] Cowling | Increased expression of wild-type or a centronuclear myopathy mutant of dynamin 2 in skeletal muscle of adult mice leads to structural defects and muscle weakness[END_REF]. This is supported by in vitro data in which CNM-DNM2 mutants appeared to have higher GTPase activity compared to WT protein [START_REF] Kenniston | Dynamin GTPase regulation is altered by PH domain mutations found in centronuclear myopathy patients[END_REF].

Insights into DNM2 pathogenic mutations

Most of the DNM2 pathogenic mutations are clustered in the PH domain and interface between the PH and MIDDLE domains [START_REF] Bohm | Mutation spectrum in the large GTPase dynamin 2, and genotype-phenotype correlation in autosomal dominant centronuclear myopathy[END_REF].

CMT mutations

Note: K562E is also called K558E; 555delta3 is also called 551delta3, since other reports took other DNM2 isoform as a reference. Here I only used K562E and 555delta3 nomenclature.

Most of the CMT-DNM2 mutations are located at PH domain, in a lipid binding pocket, although some others are found in MIDDLE and PRD domains [START_REF] Bohm | Mutation spectrum in the large GTPase dynamin 2, and genotype-phenotype correlation in autosomal dominant centronuclear myopathy[END_REF][START_REF] Claeys | Phenotypic spectrum of dynamin 2 mutations in Charcot-Marie-Tooth neuropathy[END_REF].

There are two main DNM2 cellular processes that have been related to CMT: membrane binding and microtubule association. Initial experiments hypothesized that CMT-DNM2 mutants have reduced membrane binding in favour of binding to microtubules [START_REF] Zuchner | Mutations in the pleckstrin homology domain of dynamin 2 cause dominant intermediate Charcot-Marie-Tooth disease[END_REF].

As explained before, there is a specific loop in PH domain which has been related to membranecurvature sensing and lipid binding affinity [START_REF] Bethoney | A possible effector role for the pleckstrin homology (PH) domain of dynamin[END_REF]. Most of the mutations of CMT-DNM2 mutations are located in this loop, potentially affecting lipid binding [START_REF] Bohm | Mutation spectrum in the large GTPase dynamin 2, and genotype-phenotype correlation in autosomal dominant centronuclear myopathy[END_REF]. In vitro, CMT-DNM2 mutants, like K562E, are not able to bind lipids and display low GTPase activity [START_REF] Kenniston | Dynamin GTPase regulation is altered by PH domain mutations found in centronuclear myopathy patients[END_REF]. They have low fission activity in vitro [START_REF] Chin | Dynamin-2 mutations associated with centronuclear myopathy are hypermorphic and lead to T-tubule fragmentation[END_REF]. The same mutant when overexpressed in cells was not able to localize at plasma membrane, blocking CME and displaying a similar effect to K44A (GTPase defective mutation). On the other hand, mutants like 555delta3 or G358R did not block endocytosis in COS7 cells, suggesting that DNM2 was still able to localize in the membrane [START_REF] Koutsopoulos | Mild functional differences of dynamin 2 mutations associated to centronuclear myopathy and charcot-marie-tooth peripheral neuropathy[END_REF][START_REF] Tanabe | Dynamic instability of microtubules requires dynamin 2 and is impaired in a Charcot-Marie-Tooth mutant[END_REF]. Some CMT mutations caused DNM2 aggregates in perinuclear region [START_REF] Zuchner | Mutations in the pleckstrin homology domain of dynamin 2 cause dominant intermediate Charcot-Marie-Tooth disease[END_REF].

It remains controversial if microtubule association is a key process affected in presence of CMT-DNM2 mutants since different reports found contrary results. When DNM2 was initially related to CMT, cells transfected with CMT-DNM2 mutants displayed microtubule disorganization with DNM2 colocalization [START_REF] Zuchner | Mutations in the pleckstrin homology domain of dynamin 2 cause dominant intermediate Charcot-Marie-Tooth disease[END_REF]. Later, another study in cells transfected with 555delta3 showed that this mutant has a high affinity to bind microtubules. The authors hypothesized that microtubule-dependent transport would be then inhibited since most of the surface would unavailable because of DNM2 binding. However, the overexpression of K562E did not affect microtubule stability suggesting microtubule binding is not impaired in all CMT-DNM2 mutations [START_REF] Tanabe | Dynamic instability of microtubules requires dynamin 2 and is impaired in a Charcot-Marie-Tooth mutant[END_REF].

Furthermore, organization of actin cytoskeleton was disturbed in various cell types overexpressing K562E mutant [START_REF] Yamada | Expression of a dynamin 2 mutant associated with Charcot-Marie-Tooth disease leads to aberrant actin dynamics and lamellipodia formation[END_REF].

Schwann cells and oligodendrocytes are the cells responsible to ensure myelination in peripheral nerves and central nervous system, respectively [START_REF] Nave | Myelination of the nervous system: mechanisms and functions[END_REF]. Schwann cells wrap around axons of large diameter with myelin, forming a multi-layered membranous system that secures fast conduction of action-potentials. At physiological level, CMT mutations impact CME in Schwann cells and motor neurons and reduce myelination in a dorsal root ganglia culture model [START_REF] Sidiropoulos | Dynamin 2 mutations in Charcot-Marie-Tooth neuropathy highlight the importance of clathrin-mediated endocytosis in myelination[END_REF]. Interestingly, DNM2 appears to be necessary for Schwann cells survival and function, suggesting only peripheral nervous system requires DNM2 for an effective axon myelination. Oligodendrocytes without DNM2 expression were able to survive and ensure central nervous system myelination [START_REF] Gerber | Schwann cells, but not Oligodendrocytes, Depend Strictly on Dynamin 2 Function[END_REF].

Taken together, different cellular processes are implicated in the pathomechanisms causing CMT-DNM2 mutations, and the specific cellular process affected may depend on the location of the mutation in patients.

CNM mutations

The most common CNM-DNM2 mutations are [START_REF] Zhao | Dynamin 2 (DNM2) as Cause of, and Modifier for, Human Neuromuscular Disease[END_REF]:

• R465W, found in 25% of affected families

• E368K and R369W, in 20% of families

• Mutations in residue S619 in 15% of patients

• Mutations in residue S618 in 10% of patients CNM-DNM2 mutant proteins are able to form more stable oligomers and they display a higher GTPase activity in vitro [START_REF] Chin | Dynamin-2 mutations associated with centronuclear myopathy are hypermorphic and lead to T-tubule fragmentation[END_REF]. Lipid binding remains unaffected in CNM mutants.

Their high GTPase activity rates seems to be independent to lipid binding, so called lipid unsensitised [START_REF] Kenniston | Dynamin GTPase regulation is altered by PH domain mutations found in centronuclear myopathy patients[END_REF]. More specifically, S619L mutation, causing a severe form of CNM, behaves as a lipid unsensitised form of DNM2 with high GTPase activity independent of lipid binding together with a high fission activity. S619L has higher propensity to self-assemble into oligomers [START_REF] Kenniston | Dynamin GTPase regulation is altered by PH domain mutations found in centronuclear myopathy patients[END_REF].

In transfected cells, CNM mutants affect DNM2 localization and cause the aggregation of the protein in the cytosol [START_REF] Gonzalez-Jamett | Dynamin-2 mutations linked to Centronuclear Myopathy impair actin-dependent trafficking in muscle cells[END_REF]. This has been also observed in Dnm2 R465W/+ mice, where DNM2 aggregates in the cytosol with Dysferlin [START_REF] Durieux | A centronuclear myopathy-dynamin 2 mutation impairs skeletal muscle structure and function in mice[END_REF].

DNM2 accumulation has been also observed in a patient with E368K mutation [START_REF] Kierdaszuk | A novel mutation in the DNM2 gene impairs dynamin 2 localization in skeletal muscle of a patient with late onset centronuclear myopathy[END_REF]. Of note, two CMT-DNM2 mutants were shown to cause DNM2 aggregation when expressed in cells [START_REF] Koutsopoulos | Mild functional differences of dynamin 2 mutations associated to centronuclear myopathy and charcot-marie-tooth peripheral neuropathy[END_REF].

It remains controversial whether DNM2-CNM mutations have an effect on CME as the data generated appears to depend on the cell line used. For example, COS7 cells transfected with R465W displayed impaired CME whereas no effect was observed in HeLa, C2C12, patient fibroblasts or motor neuronal cells transfected with the same mutation [START_REF] Bitoun | Dynamin 2 mutations associated with human diseases impair clathrin-mediated receptor endocytosis[END_REF][START_REF] Koutsopoulos | Mild functional differences of dynamin 2 mutations associated to centronuclear myopathy and charcot-marie-tooth peripheral neuropathy[END_REF][START_REF] Sidiropoulos | Dynamin 2 mutations in Charcot-Marie-Tooth neuropathy highlight the importance of clathrin-mediated endocytosis in myelination[END_REF].

As discussed previously, DNM2 may have a role in T-tubule biogenesis or maintenance. In vitro and in vivo experiments suggested that DNM2-CNM mutants are defective in this process, giving a possible explanation of the tissue-specificity of the disease [START_REF] Chin | Dynamin-2 mutations associated with centronuclear myopathy are hypermorphic and lead to T-tubule fragmentation[END_REF][START_REF] Gibbs | The myopathy-causing mutation DNM2-S619L leads to defective tubulation in vitro and in developing zebrafish[END_REF].

In this thesis only the following mutations will be further studied: Myotubularin 1 (MTM1), Amphyphisin 2 (BIN1) and Dynamin 2 they have been hypothesized to be in the same pathway. In this section the different proteins will be briefly introduced as well as the interactions between them.

Membrane remodeling

As discussed in previous sections, DNM2 is a large GTPase involved mostly in membrane fission events. There are several studies that place the three different proteins in the same pathway. The main feature they have in common is that their function is mostly related to membranes:

• MTM1 is a lipid phosphatase regulating membrane phosphoinositides

• BIN1 is a BAR-domain protein with membrane-curvature sensing properties

• DNM2 is a large GTPase as well as a mechanoenzyme able to fission membranes.

Myotubularin 1

The locus for MTM1 was first identified by linkage analysis in the X chromosome [START_REF] Thomas | X linked neonatal centronuclear/myotubular myopathy: evidence for linkage to Xq28 DNA marker loci[END_REF]. Several studies on patients affected with X-linked myotubular myopathy, a disease caused by deletions in MTM1, allowed to finally clone and identify the MTM1 gene [START_REF] Laporte | A gene mutated in X-linked myotubular myopathy defines a new putative tyrosine phosphatase family conserved in yeast[END_REF].

MTM1 is ubiquitously expressed and has a muscle-specific alternative transcript thanks to the use of an alternative polyadenylation signal. MTM1 gene is 100kb long including 15 exons [START_REF] Laporte | MTM1 mutations in X-linked myotubular myopathy[END_REF]. This gene encodes for Myotubularin 1 protein and it was the first member identified of the Myotubularin protein family.

MTM1 protein has the following different domains (Figure 15A) [START_REF] Raess | WANTED -Dead or alive: Myotubularins, a large disease-associated protein family[END_REF]):

• PH-GRAM domain (Pleckstrin Homology-Glucosyltransferase, Rab-like GTPase Activator and Myotubularin): allows binding to lipids, especially to phosphatidylinositol-3,5biphosphate (PtdIns(3,5)P2) but it can also interact with effector proteins.

• RID domain (Rac1-Induced recruitment Domain): can interact with Desmin and plasma membrane.

• Phosphatase domain: it is a catalytic domain. It contains a motif conserved among other phosphatases that is required to dephosphorylate phosphoinositides

• SID (SET-protein interaction domain)

• Coiled coil

• PDZ binding site: mediates protein-protein interactions Most of the members from the myotubularin family can interact with themselves or other myotubularins.

MTM1 catalyzes the dephosphorylation of PtdIns(3,5)P2 to PtdIns(5)P and PtdIns(3)P to PtdIns (Figure 15B) [START_REF] Lorenzo | Systematic analysis of myotubularins: heteromeric interactions, subcellular localisation and endosome related functions[END_REF][START_REF] Tronchere | Production of phosphatidylinositol 5-phosphate by the phosphoinositide 3phosphatase myotubularin in mammalian cells[END_REF]. Phosphoinositide signalling has many implications in the cell. One of the most important relates to cellular transport and membrane recycling. In this regard, substrates of MTM1 have specific localizations: PtdIns(3)P are components of early endosomes, PtdIns(3,5)P2 are mainly found in endosomes. The product from its catalytic activity, PtdIns(5)P, are components of late endosomes [START_REF] De Craene | Phosphoinositides, Major Actors in Membrane Trafficking and Lipid Signaling Pathways[END_REF]. MTM1 has also been found to have a role in autophagy [START_REF] Al-Qusairi | Lack of myotubularin (MTM1) leads to muscle hypotrophy through unbalanced regulation of the autophagy and ubiquitin-proteasome pathways[END_REF][START_REF] Gavriilidis | The MTM1-UBQLN2-HSP complex mediates degradation of misfolded intermediate filaments in skeletal muscle[END_REF]. In skeletal muscle, immunogold labelling showed that MTM1 localizes in the SR [START_REF] Amoasii | Myotubularin and PtdIns3P remodel the sarcoplasmic reticulum in muscle in vivo[END_REF].

Mutations in MTM1 cause a severe form of centronuclear myopathy. Interestingly, mutations in other members of the myotubularins protein family, for example MTMR2, cause Charcot Marie Tooth neuropathy (Raess, Cowling, et al., 2017).

X-linked myotubular myopathy (XLCNM)

Mutations in MTM1 cause XLCNM (MIM#310400) [START_REF] Laporte | A gene mutated in X-linked myotubular myopathy defines a new putative tyrosine phosphatase family conserved in yeast[END_REF], which is one of the most severe congenital muscle disorders with an incidence of 1/50.000 newborn males. More than 300 1999;[START_REF] Laporte | Cloning and characterization of an alternatively spliced gene in proximal Xq28 deleted in two patients with intersexual genitalia and myotubular myopathy[END_REF].

XLCNM is clinically characterized by severe hypotonia, muscle atrophy and generalized weakness at birth. Very often patients present respiratory insufficiency and swallowing difficulties, requiring ventilation support and a feeding tube to prevent early death (Figure 16A). Some patients develop external ophthalmoplegia, a condition characterized by weakness of the eye muscles [START_REF] Romero | Centronuclear myopathies[END_REF]. The large majority of patients die within the first months of life, only a small proportion survive into childhood and even adulthood [START_REF] Jungbluth | Centronuclear (myotubular) myopathy[END_REF].

Female carriers can present a wide spectrum of clinical and pathological involvement: from severe muscle weakness with loss of ambulation to no muscle weakness but signs of an asymmetric phenotype [START_REF] Cocanougher | Adult MTM1-related myopathy carriers: Classification based on deep phenotyping[END_REF].

Histological analysis of patient muscle biopsies shows a high number of small fibers with centralized nuclei and type I fiber predominance (Figure 16B). Ultrastructural visualization shows that myofibrils are misoriented and preferentially localize at the periphery of the fiber. In contrast, central areas of the myofiber are mostly occupied by glycogen and mitochondrial aggregates.

Oxidative staining, such as Nicotinamide adenine dinucleotide tetrazolium reductase (NADH) or succinate dehydrogenase (SDH), shows that some fibers have accumulation around the cytosol.

Due to their appearance they are called necklace fibers (Figure 16C). Animal models for XLCNM Several animal models have been created in order to study XLCNM.

The first animal model generated was a mouse model with a deletion of Mtm1 exon 4 (Mtm1 -/y ) [START_REF] Buj-Bello | The lipid phosphatase myotubularin is essential for skeletal muscle maintenance but not for myogenesis in mice[END_REF]. These mice have a reduced lifespan, not surviving more than 7 weeks due to a progressive myopathy that impacts their ability to breath and feed. Mtm1 -/y mice have reduced body weight and muscle weakness starting at 3 weeks of age. At 6 weeks of age they develop kyphosis and ptosis. Morphological analysis showed myofiber hypotrophy with around 30% of fibers with internalized nuclei. Oxidative staining revealed the presence of necklace fibers, with accumulation of staining at the sarcolemma. Ultrastructural analysis indicated that mitochondria were affected showing an abnormal shape and localization. Abnormal triads were also reported together with a reduction in triad number.

In 2009, using morpholino antisense technology, they generated a zebrafish model with reduced amount of myotubularin protein [START_REF] Dowling | Loss of myotubularin function results in T-tubule disorganization in zebrafish and human myotubular myopathy[END_REF]. This reduction lead to impaired motor In 2010 it was reported the first case of dogs affected with sporadic cases of XLCNM [START_REF] Beggs | MTM1 mutation associated with X-linked myotubular myopathy in Labrador Retrievers[END_REF]. The myopathy appeared at around 10 weeks of age. Affected dogs exhibited pelvic limb weakness that progressed to an inability to rise or walk. Morphological analyses showed myofiber size variability with necklace fibers when stained with oxidative staining.

A second mouse model was generated carrying the R69C mutation in the Mtm1 gene (Pierson et al., 2012). This animal has a less severe phenotype than the previously mentioned KO. The presence of the mutation induces exon 4 skipping, leading to a premature termination of myotubularin translation. However, some full-length Mtm1 mRNA was still detected. In Mtm1 R39C/y animals, muscle weakness is appearing at 2 months and they survive up to 16,5 months.

Amphyphisin 2

Since this thesis is not focused on Amphyphisin 2, it will only be briefly introduced.

Amphyphisin 2, also known as Bridging interactor 1 (BIN1) was initially identified as an interactor of the oncogene Myc. The same year the human gene was cloned. There are two different Amphyphisin genes: Amphyphisin 1 which is mainly expressed in neurons and Amphyphisin 2 which is ubiquitously expressed. Similarly to DNM2, BIN has a muscle-specific isoform which contains a specific exon not found in other tissues. There are also cardiac and neuronal specific isoforms.

Autosomal recessive BIN1 related CNM

Recessive or compound heterozygous mutations in BIN1 cause Autosomal Recessive or Dominant CNM (AR-CNM, MIM#255200 and [START_REF] Bohm | Adult-onset autosomal dominant centronuclear myopathy due to BIN1 mutations[END_REF]). The phenotype observed in patients is variable: from moderate to severe. Main features of AR-CNM include: delayed motor milestones, muscle atrophy, weakness, facial diplegia and ophthalmoplegia [START_REF] Toussaint | Defects in amphiphysin 2 (BIN1) and triads in several forms of centronuclear myopathies[END_REF].

Morphological analysis from muscles of AR-CNM patient reveals several small rounded type I fibers with central nuclei. A special feature from AR-CNM is the clustering of several nuclei in the center of the fiber (Figure 17). Ultrastructure analysis shows accumulation of mitochondria and tubular structures around the nuclei [START_REF] Cowling | Defective membrane remodeling in neuromuscular diseases: insights from animal models[END_REF][START_REF] Romero | Centronuclear myopathies: a widening concept[END_REF]. HE staining shows fiber size variability. Zoomed image depicts several nuclei accumulated in the center of the fiber. NADH Oxidative staining presents radial staining. Adapted from [START_REF] Romero | Centronuclear myopathies: a widening concept[END_REF][START_REF] Romero | Centronuclear myopathies[END_REF].

Interactions between MTM1, BIN1 and DNM2

Since MTM1, BIN1 and DNM2 have been related to membrane remodelling and mutations in their genes cause CNM disease, it has been proposed that they are part of the same pathway.

Moreover, studies modulating DNM2 and BIN1 levels have showed positive effects in Mtm1 -/y and Bin1 -/-mouse models [START_REF] Cowling | Reducing dynamin 2 expression rescues X-linked centronuclear myopathy[END_REF][START_REF] Cowling | Amphiphysin (BIN1) negatively regulates dynamin 2 for normal muscle maturation[END_REF][START_REF] Lionello | Amphiphysin 2 modulation rescues myotubular myopathy and prevents focal adhesion defects in mice[END_REF].

In vitro experiments showed that BIN1 can interact with DNM2 by an SH3 -PRD domain interaction from each protein. This was confirmed by transfection experiments where it was showed that BIN1 without SH3 domain was not able to collocalize with DNM2. Interestingly, cotransfection of both proteins promotes membrane tubulation in cells [START_REF] Nicot | Mutations in amphiphysin 2 (BIN1) disrupt interaction with dynamin 2 and cause autosomal recessive centronuclear myopathy[END_REF].

Bin1 -/-mice have a poor life expectancy, all of them dying perinatally. It has been shown that reducing DNM2 by genetic cross rescues lifespan of Bin1 -/- [START_REF] Cowling | Amphiphysin (BIN1) negatively regulates dynamin 2 for normal muscle maturation[END_REF].

So far, there is no data showing a direct interaction between MTM1 and DNM2.

In conclusion, different experiments showing direct interaction between MTM1, BIN1 and DNM2

and the therapeutic effect of modulating this proteins in CNM models with mutations in their partner genes, suggest they are in a common pathway. Membrane tubulation seems to be a common role with all three proteins and it remains to be discovered if additional partners participate in this process.

HE NADH 4. Therapies in centronuclear myopathies

Nowadays, no specific therapy exists to treat CNM although some proof-of-concept have been established and some approaches are being tested in patients.

Dynamin 2 as a therapeutic target

In 2014 Cowling et al. found that XLCNM patients and mouse model have an increased DNM2 level. They identified a 1.5-fold increase in DNM2 level in MTM1-XLCNM affected patients. In Mtm1 -/y mice, reducing this level by genetic cross rescues the disease phenotypes and lifespan.

Interestingly Dnm2 +/-mice are clinically and physiologically similar to WT littermates [START_REF] Cowling | Reducing dynamin 2 expression rescues X-linked centronuclear myopathy[END_REF]. This was another evidence suggesting DNM2 in CNM acts in a gain-of-function way, and that bringing its activity/quantity to normal levels has a therapeutic effect.

Recently, Chen et al. proposed that miR199a1, a microRNA involved in muscle development and targets nonmuscle myosin IIA (NM IIA), was the one responsible for XLCNM pathology (X. [START_REF] Chen | The intragenic microRNA miR199A1 in the dynamin 2 gene contributes to the pathology of Xlinked centronuclear myopathy[END_REF]. miR199a1 is one of the intragenic microRNA found in DNM2 gene [START_REF] Aranda | The miR-199-dynamin regulatory axis controls receptor-mediated endocytosis[END_REF]. Their study suggests that miR199a1 is upregulated along with Dnm2 in Mtm1 -/y animals. They also showed that a genetic cross of Mtm1 -/y with miR199a -/-mice improved Mtm1 -/y lifespan by 30%. The main hypothesis was that miR199a-1 targets NM IIA, which is an important protein in de novo assembly of contractile myofibrils [START_REF] Wang | Nonmuscle myosin II in cardiac and skeletal muscle cells[END_REF], inhibiting muscle postnatal development. They also pointed at signal transducer and activator of transcription 3 (STAT3) as the main transcription factor causing the upregulation of Dnm2 and miR199a1, since there was an upregulation of STAT3 levels and phosphorylation in Mtm1 -/y animals (X. [START_REF] Chen | The intragenic microRNA miR199A1 in the dynamin 2 gene contributes to the pathology of Xlinked centronuclear myopathy[END_REF].

To establish a translatable therapeutic approach based on DNM2 reduction, antisense oligonucleotides (ASO) targeting Dnm2 transcript were injected in Mtm1 -/y mice. ASO are molecules that promote RNA degradation by the RNase H pathway [START_REF] Seth | Design, synthesis and evaluation of constrained methoxyethyl (cMOE) and constrained ethyl (cEt) nucleoside analogs[END_REF]. ASO treatment efficiently prevented and reverted disease phenotypes associated to MTM1 loss in mice [START_REF] Tasfaout | Antisense oligonucleotide-mediated Dnm2 knockdown prevents and reverts myotubular myopathy in mice[END_REF]. The same approach was tested using shRNA-dependent DNM2 reduction

showing an improvement of muscle phenotype [START_REF] Tasfaout | Single Intramuscular Injection of AAV-shRNA Reduces DNM2 and Prevents Myotubular Myopathy in Mice[END_REF]. In Dnm2 R465W/+ the same strategy with ASO and shRNA-dependent DNM2 reduction was also tested giving an improvement in muscle function [START_REF] Buono | Reducing dynamin 2 (DNM2) rescues DNM2-related dominant centronuclear myopathy[END_REF]. Of note, no increase in DNM2 protein has been described in Dnm2 R465W/+ [START_REF] Durieux | A centronuclear myopathy-dynamin 2 mutation impairs skeletal muscle structure and function in mice[END_REF]. In this mice, 50% of total DNM2 level was enough to rescue the muscle phenotypes observed [START_REF] Buono | Reducing dynamin 2 (DNM2) rescues DNM2-related dominant centronuclear myopathy[END_REF]. Altogether shows DNM2 reduction is a promising therapeutic approach that may be commonly used in different CNM forms.

Other therapeutic proof-of-concept have been established to treat DNM2-related ADCNM. Two different approaches aimed to specifically correct or inactivate the mutated alleles. First, Trochet et al successfully replaced the mutated sequence in Dnm2 R465W/+ mice through spliceosomemediated RNA trans-splicing [START_REF] Trochet | Reprogramming the Dynamin 2 mRNA by Spliceosome-mediated RNA Trans-splicing[END_REF]. Another study, used siRNA technology against sequences of human or murine with R465W. After screening, the best candidate was tested in Dnm2 R465W/+ by AAV-mediated shRNA expression. 3 months postinjection, AAV-injected mice showed an improvement in muscle function [START_REF] Trochet | Allele-specific silencing therapy for Dynamin 2-related dominant centronuclear myopathy[END_REF].

Lastly, CRISPR/Cas9 system allowed to correct the mutation in Dnm2 R465W/+ immortalized myoblasts. This approach rescued a defect in endocytosis and autophagy that were previously linked to R465W DNM2 mutation [START_REF] Rabai | Allele-specific CRISPR-Cas9-mediated inactivation or correction of a heterozygous dynamin 2 mutation rescues centronuclear myopathy cellular phenotypes[END_REF].

Other therapeutic approaches

Other therapeutic approaches have been tested in different animal models, most of them in Mtm1 - /y .

PtdIns are molecules implicated in many processes in the cell and they have a signalling role.

MTM1 acts as a PtdIns phosphatase catalysing the conversion from PtdIns(3,5)P2 to PtdIns(5)P and PtdIns(3)P to PtdIns (Section 3.2. Myotubularin 1). Loss of MTM1 has been shown to cause PtdIns(3)P accumulation [START_REF] Amoasii | Myotubularin and PtdIns3P remodel the sarcoplasmic reticulum in muscle in vivo[END_REF]. Several kinases are implicated in PtdIns(3)P generation such as: class-II kinases (for example PIK3C2) and class-III kinases (such as VPS34 and PIK3C3) [START_REF] De Craene | Phosphoinositides, Major Actors in Membrane Trafficking and Lipid Signaling Pathways[END_REF]. Several strategies were explored to see if PtdIns(3)P level normalization had a positive effect in XLCNM animal models. Removal of PIK3C2β had positive effects both in Drosophila melanogaster [START_REF] Velichkova | Drosophila Mtm and class II PI3K coregulate a PI(3)P pool with cortical and endolysosomal functions[END_REF]. Following this study, Mtm1 -/y mouse with a PIK3C2β muscle-specific deletion was created. Loss of PIK3C2β protein in mice prevented the myopathy and improved survival, body weight and muscle clinical phenotypes.

Surprisingly, this was not achieved when removing PIK3C3, which worsened the CNM phenotype [START_REF] Sabha | PIK3C2B inhibition improves function and prolongs survival in myotubular myopathy animal models[END_REF]. Following these studies, several inhibitors were tested in zebrafish mtm1 model. panPIK3 inhibitors had a positive effect in treated mtm1 larvae at survival, morphological and motor levels [START_REF] Sabha | PIK3C2B inhibition improves function and prolongs survival in myotubular myopathy animal models[END_REF]. This was also observed in Mtm1 -/y mouse.

However, nowadays there are no specific PIK3C2β inhibitors and PIK3C1 and PIK3C3 inhibition did not improve the observed XLCNM phenotype.

Defects in neuromuscular junction have been reported in XLCNM and ADCNM animal models, suggesting DNM2 and MTM1 may have a role in NMJ regulation [START_REF] Gibbs | Neuromuscular junction abnormalities in DNM2-related centronuclear myopathy[END_REF][START_REF] Mercier | In vivo imaging of skeletal muscle in mice highlights muscle defects in a model of myotubular myopathy[END_REF]. Electron microscopy imaging from patient muscle biopsies showed shallow primary synaptic clefs with few vesicles, indicating poor NMJ transmission [START_REF] Robb | Impaired neuromuscular transmission and response to acetylcholinesterase inhibitors in centronuclear myopathies[END_REF].

Acetylcholinesterase are enzymes responsible to degrade acetylcholine neurotransmitter.

XLCNM and DNM2-related ADNCM patients treated with an acetylcholinesterase inhibitor (pyridostigmine) showed a significant clinical improvement by increasing acetylcholine half-life [START_REF] Gibbs | Neuromuscular junction abnormalities in DNM2-related centronuclear myopathy[END_REF][START_REF] Robb | Impaired neuromuscular transmission and response to acetylcholinesterase inhibitors in centronuclear myopathies[END_REF].

Other therapeutic approaches have been tested in animal model, such as:

• Myostatin inhibition: myostatin is a skeletal muscle-specific protein that regulates fiber size by binding to different receptors. Myostatin inhibition promotes muscle growth and appears as a potential therapy in CNM where there is a strong muscle atrophy [START_REF] Koch | Myostatin: a Circulating Biomarker Correlating with Disease in Myotubular Myopathy Mice and Patients[END_REF].

• Autophagy regulation: Autophagy is a process that has been found dysregulated in Mtm1 - /y and Dnm2 R465W/+ models [START_REF] Durieux | A centronuclear myopathy--dynamin 2 mutation impairs autophagy in mice[END_REF][START_REF] Gavriilidis | The MTM1-UBQLN2-HSP complex mediates degradation of misfolded intermediate filaments in skeletal muscle[END_REF]. Inhibition of mTOR, which is a negative regulator of autophagy, had positive effects on Mtm1-/y muscle, reducing desmin accumulation and increasing muscle mass [START_REF] Fetalvero | Defective autophagy and mTORC1 signaling in myotubularin null mice[END_REF]. Since autophagy defects have been reported in models from both MTM1 and DNM2 related CNM, its regulation can be a common therapeutic approach for both forms.

Objectives of this thesis

Bottlenecks

First, there is a lack of understanding how DNM2 leads to CNM or CMT diseases and the reason for this tissue specificity. It is not clear if an overlap between this two diseases exists.

There is not a clear idea of how different mutations in DNM2 cause different forms of CNM (with adult or neonatal onsets) and CMT disease. It is not fully understood which mechanisms in skeletal muscle are impaired by those mutations.

In vitro data has shown how artificial mutations in DNM2 protein can modulate its different activities: from GTP hydrolysis to membrane binding and oligomerization. It is not known if there are specific activities of DNM2 which are linked to specific muscle functions.

Reducing DNM2 has shown promising effects in different CNM models but it was not tested in severe DNM2-related CNM.

Aims

• To gain insight in DNM2 mutations and their pathomechanisms in skeletal muscle.

• To better understand how artificial mutations can impact on DNM2 function in healthy and XLCNM-affected muscle.

• To establish a faithful mouse model for severe form of DNM2-related CNM.

• To validate a therapeutic approach in a mouse model for severe form of DNM2-related

CNM

Strategies

Different strategies and tools were used including: AAV intramuscular injection, genetically modified mouse models, skeletal muscle characterization techniques as well as basic molecular biology tools.

Publication 1: Different in vivo impacts of Dynamin 2 mutations implicated in Charcot-Marie-Tooth neuropathy or centronuclear myopathy Introduction Mutations in the ubiquitously expressed DNM2 GTPase cause CMT or CNM. However it remains unclear why there is this tissue specificity and how this mutations impact differentially in skeletal muscle physiology.

In vitro studies suggested CNM mutations are gain-of-function, displaying a higher GTPase activity that is not modulated by lipid binding. On the other hand, CMT mutations have very low

GTPase activity and they are defective in lipid binding (see section 2.6. Insights into DNM2 pathogenic mutations).

In this study we overexpressed different DNM2 mutations associated to CNM or CMT using AAV in skeletal muscle of WT mice and compared the phenotypes obtained.

Aims of the study

To understand the different pathomechanisms associated to DNM2 mutations related to CNM or CMT diseases, and their effect in skeletal muscle.

Results

• We observed that overexpressing WT-DNM2 and CNM-DNM2 mutations decreases muscle force and increases the percentage of fibers with internalized and centralized nuclei. Overexpression of both WT and CNM-DNM2 recreate a CNM-like phenotype.

• Overexpression of CMT-DNM2 caused a decrease in muscle force without recapitulating most of CNM features such as internalized nuclei or myofiber atrophy, suggesting another pathomechanism is involved and affects skeletal muscle.

• Ultrastructural analysis of muscles injected with CNM-DNM2 mutants revealed enlarged mitochondria. This phenotype was not present in CMT-DNM2.

• We observed defects in all mutants in T-tubule circularity and NMJ integrity. CMT-DNM2 mutant had the strongest decrease in NMJ count giving a possible explanation of the decreased force observed. Here we created the novel Dnm2 +/S619L mouse model carrying a patient mutation that causes neonatal severe form of CNM. This will be a precious tool to study new therapies and understand the pathophysiology of severe forms of CNM.
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Results

• Dnm2 +/S619L have early decreased body weight and impaired motor function.

• Muscles from this mice have accumulation of DNM2 protein when evaluated by western blot, this accumulation is not due to an increase in RNA level.

• Homozygous is lethal from E18.5 to P2 and there is a slight mortality of heterozygous animals from P2 to P10.

• At histological level, heterozygous males have smaller fibers and oxidative staining reveals abnormal accumulations in the center of the fiber.

• Electron microscopy analysis revealed a population of swollen and enlarged mitochondria in muscles from heterozygous males.

• Decreasing DNM2 protein level by ASO treatment improved motor function, histological features and mitochondrial defects 3 weeks after treatment.

Conclusion

Here we show the first validation of a mammalian model for the severe form of DNM2-related CNM, associated to S619L mutation. We also found that reducing DNM2 total protein level by ASO treatment improves motor function and muscle histology in Dnm2 +/S619L animals.

Contribution

In this work I performed mice phenotyping, treatment. I did all histological and ultrastructural analysis, immunofluorescence and molecular biology experiments.

Christine Kretz performed mice phenotyping and animal treatment.

Roberto Silva-Rojas did in vivo muscle force measurements.

Julien Ochala performed all single myofiber experiments.

Alexia Menuet helped in mice phenotyping and animal treatment.

Norma B Romero analysed biopsies from patients at histological, ultrastructural and molecular levels.

This work was supervised by Belinda Cowling and Jocelyn Laporte.

Publication 3: Tamoxifen prolongs survival and alleviates symptoms in mice with fatal X-linked myotubular myopathy In this study the effect of Tamoxifen treatment in Mtm1 -/y mouse model was evaluated.

Results

• Tamoxifen treatment increases Mtm1 -/y lifespan in a dose-dependent manner.

• Mtm1 -/y treated animals display better performance in motor function tests such as hanging test (named grid test in the paper).

• In vivo force measurements of Mtm1 -/y treated animals showed that tamoxifen promotes an increase in muscle force.

• At histological level, there is a reduction in the percentage of fibers with internalized nuclei but there is no change in myofiber size in treated animals.

• At ultrastructural level, there is an improvement of sarcomeric structure and increase in the number of identifiable triads per sarcomere in treated Mtm1 -/y animals.

Conclusion

This study demonstrates that tamoxifen, a drug that has been approved and used for long time, has the ability to improve the CNM phenotype and survival of Mtm1 -/y mice, appearing as a promising candidate for repurposing to treat XLCNM.

Contribution

In this work I participated doing all the histological (fiber size, nuclei position) and ultrastructural analysis (triad count, T tubule circularity) from all the cohorts. I compared the effect of overexpressing different DNM2 mutations in WT skeletal muscle, pointing at different mechanisms that could be implicated in the pathogenic effect of those mutations. I also tried to disrupt different DNM2 protein functions to find the main activities related to its pathogenicity in Mtm1-/y animal model. I validated a novel mouse model carrying the S619L mutation in the Dnm2 gene. This mutation in human causes a neonatal severe form of DNM2-related CNM. This mouse faithfully reproduces many features also present in patients. I found that this model had an increase in DNM2 protein level and treatment with ASO to reduce it had a significant therapeutic effect after 3 weeks of weekly injections.

Lastly, I participated in a project to study the effect of tamoxifen treatment in Mtm1 -/y mouse model.

With this study we showed that tamoxifen improves survival and some CNM phenotypes. Since tamoxifen is an FDA approved drug currently used in clinic for other indications, this therapeutic effect in XLCNM mouse model opens the possibility of repurposing this drug for XLCNM patients.

DNM2: a mechanoenzyme with signaling abilities

After several years of research, our vision of how DNM2 functions has progressed. Initially, its role was mainly related to membrane fission in endocytosis, but nowadays we know that DNM2 plays a role in many different cellular aspects from cellular adhesion to cytoskeleton remodeling.

Currently we have a model that can explain membrane fission activity, as explained previously (Introduction, 2.2. Dynamin protein).

In summary below are the key steps for DNM2-related membrane fission: 1) Protein switch to open conformation 2) Potential interaction with additional partners that would facilitate membrane binding 3) Dynamic membrane binding 4) Change in GDP/GTP load 5) High order oligomerization stabilizing membrane binding 6) GTP hydrolysis and powerstroke

7) Membrane fission and release

Similarly to the way it tubulates membranes, DNM2 can bundle actin filaments and microtubules by direct binding [START_REF] Gu | Direct dynamin-actin interactions regulate the actin cytoskeleton[END_REF][START_REF] Hamao | New function of the proline rich domain in dynamin-2 to negatively regulate its interaction with microtubules in mammalian cells[END_REF] affecting its organization. It can also participate in actin remodeling by interacting with other proteins like for example NWASP [START_REF] Franck | Clathrin plaques and associated actin anchor intermediate filaments in skeletal muscle[END_REF].

In these two processes it seems the mechanism of action as a mechanoenzyme is very similar.

However, there are other cellular processes where DNM2 plays a role and it is not clear how is working. For example, it was mentioned before that DNM2 can play a role in apoptosis but the mechanism of action it remains unknown [START_REF] Fish | Evidence that dynamin-2 functions as a signaltransducing GTPase[END_REF].

Overall, considering all the activities where DNM2 is implicated in the cell, this may suggest the mechanism of action may not be the same in all cell types. In conclusion, DNM2 should be considered as a mechanoenzyme with additional cell signaling abilities.

Several CNM models have increased DNM2 protein level

In this thesis I presented two studies where I overexpressed human WT or mutated DNM2 in mouse skeletal muscle (Publication 1 and preliminary data). Interestingly, overexpression of WT-DNM2 caused a CNM-like phenotype, as shown previously [START_REF] Cowling | Increased expression of wild-type or a centronuclear myopathy mutant of dynamin 2 in skeletal muscle of adult mice leads to structural defects and muscle weakness[END_REF]. This is in accordance with the CNM phenotype observed in XLCNM mouse model, where DNM2 is increased [START_REF] Cowling | Reducing dynamin 2 expression rescues X-linked centronuclear myopathy[END_REF]. At that time, only one DNM2 mouse model was available, with the mutation R465W, causing mild CNM. The DNM2 protein level in these animals is equivalent to WT [START_REF] Durieux | A centronuclear myopathy-dynamin 2 mutation impairs skeletal muscle structure and function in mice[END_REF]. Here I presented the creation of a novel model for severe DNM2-related CNM in which we detected an approximate 2 protein fold-increase compared to WT (Publication 2). In both CNM-DNM2 models it has been shown that reducing DNM2 level improves their phenotype ( [START_REF] Buono | Reducing dynamin 2 (DNM2) rescues DNM2-related dominant centronuclear myopathy[END_REF], Publication 2).

It remains to be confirmed if the increase in DNM2 protein is also seen in patients carrying the same mutations. In Publication 2 an immunoblot for a S619L patient shows no obvious protein increase but an abnormal protein band pattern that may indicate an increased protein oligomerization or oligomer stability. All this raises the question if DNM2 pathogenic mutations for CNM and CMT play also a role in protein stability.

shown in Publication 1, WT-DNM2 overexpression induces a CNM-like phenotype, suggesting DNM2 cDNA expression has a pathogenic effect in CNM. miR133a is a microRNA involved in cardiac and skeletal muscle development. Its role is mainly related to heart development and function and myoblast proliferation and differentiation (J. F. [START_REF] Chen | The role of microRNA-1 and microRNA-133 in skeletal muscle proliferation and differentiation[END_REF][START_REF] Liu | microRNA-133a regulates cardiomyocyte proliferation and suppresses smooth muscle gene expression in the heart[END_REF]. One of the targets from miR133a is DNM2 [START_REF] Horak | Muscle-specific microRNAs in skeletal muscle development[END_REF]. Liu et al. showed that miR133a KO mice develop a DNM2-related CNM [START_REF] Liu | Mice lacking microRNA 133a develop dynamin 2-dependent centronuclear myopathy[END_REF]. Those animals displayed a 2-fold increase in Dnm2 RNA together with a 7-fold increased protein level. miR133a KO animals had abnormal mitochondria localization and shape, together with a strong increase in the proportion of fibers with internalized nuclei. Myofiber size was also shown to be heterogeneous [START_REF] Liu | Mice lacking microRNA 133a develop dynamin 2-dependent centronuclear myopathy[END_REF]. The target site of miR133a in DNM2 is located at the 3'UTR region. It seems unlikely that a mutation in the coding region of the gene can have an effect on miR133a binding. Also, only protein was found to be increased with a normal RNA level in our novel Dnm2 +/S619L mouse model (Publication 2). However, we cannot conclude if there is a possible dysregulation of miR133a level in the different animal models with an increased DNM2 level that may contribute to the pathology. Nevertheless, similarly to what I mentioned before, the expression of DNM2 cDNA is already causing a CNM-like phenotype, meaning not only miR133a dysregulation can play a role in the disease.

Artificial mutations and DNM2 role in nuclei position

In previous sections, I presented AAV-mediated expression of different DNM2 artificial or pathogenic mutations (Publication 1 and preliminary data). In both cases, one of the aims was to evaluate how different mutations impact skeletal muscle physiology. Surprisingly, we found differences for each artificial mutation studied. In summary: Interestingly, not all the mutants studied here have the ability to induce nuclei mislocalization when overexpressed in muscle. More precisely, R399A and K562E-CMT do not have a strong impact on myonuclei position unlike the other mutants explored (Publication 1 and preliminary data). These two mutants have in common a defect in lipid binding: R399A has 50% less affinity to bind lipids than WT-DNM2 and K562E-CMT is not able to bind them at all [START_REF] Kenniston | Dynamin GTPase regulation is altered by PH domain mutations found in centronuclear myopathy patients[END_REF][START_REF] Ramachandran | The dynamin middle domain is critical for tetramerization and higher-order self-assembly[END_REF]. Furthermore both mutants have reduced GTPase activity. Additionally, R399A has a strong defect in forming high order oligomers [START_REF] Ramachandran | The dynamin middle domain is critical for tetramerization and higher-order self-assembly[END_REF]. Taking together these points and the fact that we did not observe the same effect in GTPase-defective mutants (Preliminary data), it seems that lipid binding is one of the most important functions involved in nuclei position.

Mutation

Playing on DNM2 activity in XLCNM mouse model: DNM2 lipid binding as a potential therapeutic target

It has been shown that reducing DNM2 protein level has a therapeutic effect in several CNM mouse models. Here we wanted to explore how targeting specific DNM2 protein functions could impact on improving CNM-related phenotypes.

With the preliminary data included in this thesis (Preliminary data), it seems K562E expression causes an improvement in muscle phenotypes analyzed. We observed an improvement in the histology and ultrastructure of the skeletal muscle of Mtm1 -/y animals expressing K562E.

However, further analysis is needed of the other mutants injected. Interestingly, ΔPRD and R399A may have a milder positive effect when expressed in Mtm1 -/y mice since we observe an increase of muscle weight although to a lesser extent than in the case of expressing DNM2-K562E mutant.

In accordance with the discussion above, it looks like lipid binding may be one of the most pathogenic functions of DNM2 that should be targeted to improve CNM disease. However, we cannot exclude that due to the lack of lipid binding the real reason of this improvement is that DNM2 is not able to form high order oligomers, which may have a strong impact in membrane remodeling and fission.
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We also observed a mild improvement in muscle weight expressing ΔPRD, a mutant that prevents the interaction with SH3 domain containing proteins. There are several SH3-domain containing proteins involved in the first-stages of endocytosis that interact with DNM2 (Sundborger & Hinshaw, 2014). This interaction may be an alternative way for DNM2 to be recruited to the membrane, so inhibiting this interaction may have a mild positive effect.

A further analysis of muscles injected with these mutants is needed to better understand the effect of inhibiting specific DNM2 functions in an XLCNM mouse model.

What we can learn from DNM2 animal models: similarities and differences

Since DNM2 was related to CNM and CMT diseases, several animal models have been generated to further understand their pathomechanism, from zebrafish to mouse models. Here I presented the creation of a novel mouse model that faithfully reproduces some CNM features. Nowadays, there are 4 DNM2 mouse models available: 3 of them carrying pathogenic mutations and 1 KO. NMJ fragmentation.

Investigation of the Dnm2-KO animal model provided a better understanding of which neuromuscular functions DNM2 may be involved in. A strong defect in axons and neuromuscular junction was described, along with reduced muscle weight and the number of mitochondria was reduced with abnormal shape [START_REF] Tinelli | Muscle-specific function of the centronuclear myopathy and Charcot-Marie-Tooth neuropathy-associated dynamin 2 is required for proper lipid metabolism, mitochondria, muscle fibers, neuromuscular junctions and peripheral nerves[END_REF]. Recently, several studies confirmed a possible involvement of DNM2 in neuromuscular junction and mitochondria fission. DNM2 seems to play a role in neuromuscular junction maturation by its actin bundling ability [START_REF] Lin | Dynamin-2 regulates synaptic podosome maturation to facilitate neuromuscular junction development[END_REF]. It may be also involved in mitochondrial fission by partnering with DRP1, although different reports found contrary results on this topic [START_REF] Kamerkar | Dynaminrelated protein 1 has membrane constricting and severing abilities sufficient for mitochondrial and peroxisomal fission[END_REF][START_REF] Lee | Multiple dynamin family members collaborate to drive mitochondrial division[END_REF].

Taking together these studies, we decided to investigate these features in the new mouse model carrying the S619L mutation and found a defect in muscle and body weights together with a strong defect in mitochondria. No defect was observed at neuromuscular junction or sciatic nerve. One of the most interesting points is that the abnormal mitochondria observed in S619L has the same shape than the one present in Dnm2-KO. However it remains unclear how introducing a mutation that has been shown to increase protein activity in vitro may cause a similar effect than removing the protein in mitochondrial wellness.

Nuclei centralization is not a common feature in DNM2-CNM mouse models and a comparable percentage of fibers with internalized nuclei was only achieved in mice by exogenous overexpression of human DNM2 (Publication 2). In XLCNM patients, the percentage of fibers with internalized nuclei is very heterogeneous among patients, with a range from 2% to 60% [START_REF] Pierson | X-linked myotubular and centronuclear myopathies[END_REF], which is similar to what is observed in Mtm1 -/y mouse model [START_REF] Buj-Bello | The lipid phosphatase myotubularin is essential for skeletal muscle maintenance but not for myogenesis in mice[END_REF] (and also Preliminary data, EMPTY injected Mtm1 - /y muscles). In ADCNM patients a range of 20% to 40% of fibers with internalized nuclei was observed [START_REF] Jeannet | Clinical and histologic findings in autosomal centronuclear myopathy[END_REF]. Two different hypothesis may explain why this phenotype is not easily reproduced in DNM2 mouse models: (i) that human and mouse DNM2 may not have equivalent functions or (ii) that the level of overexpression achieved by AAV injection is too high and pushes the system to an abnormal situation.

Similarly to patients, R465W mouse model shows a milder phenotype than S619L, since no obvious differences were observed in body weight and motor function is less impaired than in S619L. Interestingly, not the same defects are observed in both animals. For example, DNM2 localization is not affected in the Dnm2 +/S619L and it was reported to be altered in the Dnm2 +/R465W .

Myofibers of Dnm2 +/R465W mice had an abnormal DNM2 accumulation in the center of the fiber that was colocalizing with dysferlin, a protein involved in muscle contraction [START_REF] Durieux | A centronuclear myopathy-dynamin 2 mutation impairs skeletal muscle structure and function in mice[END_REF]. Muscle ultrastructural analysis of Dnm2 +/R465W animals was similar to WT littermates, only a slight increase in mitochondrial density and reduced myofibril size was reported [START_REF] Durieux | A centronuclear myopathy-dynamin 2 mutation impairs skeletal muscle structure and function in mice[END_REF]. In Publication 1, by AAV-mediated expression we were able to recreate some of these phenotypes in WT skeletal muscle. Overexpressing R465W lead to an increase of mitochondrial density and size. Whereas S619L overexpression caused a strong disruption of mitochondria cristae system. Considering the combined results, it seems that a different pathomechanism may be linked to each mutation, which may also explain the difference of severity.

In Publication 2 we also presented a biopsy from a patient with an S619L mutation and found that mitochondria was similarly affected. In other CNM models, mitochondria was found mislocalized, in most cases collapsing in the perinuclear area [START_REF] Buj-Bello | The lipid phosphatase myotubularin is essential for skeletal muscle maintenance but not for myogenesis in mice[END_REF], but no such alterations (i.e. swollen mitochondria with strongly disrupted cristae system) were reported before. Here we showed that ultrastructural analysis from the Dnm2 +/S619L mice was very similar to what was observed in a S619L affected patient, making this animal an attractive model to study DNM2related severe CNM pathomechanisms and therapies.

Very recently, the creation of a novel mouse model carrying the K562E mutation, linked to CMT disease, was reported [START_REF] Pereira | Mice carrying an analogous heterozygous Dynamin 2 K562E mutation that causes neuropathy in humans develop predominant characteristics of a primary myopathy[END_REF]. Unexpectedly, this animal has no obvious signs of a peripheral neuropathy but shows signs of a mild myopathy. Only a mild defect was detected at muscle response to motor axon stimulation. However, body weight and muscle weight were reduced and there was a reduction of myofiber size. No ultrastructural data is available for this animal [START_REF] Pereira | Mice carrying an analogous heterozygous Dynamin 2 K562E mutation that causes neuropathy in humans develop predominant characteristics of a primary myopathy[END_REF]. In Publication 1, we also overexpressed K562E in WT skeletal muscle. We observed no obvious change in muscle ultrastructure or histology, but detected a strong decrease of neuromuscular junction number and area. A patient carrying another DNM2related CMT mutation was biopsied and no strong defect was observed at skeletal muscle level [START_REF] Bitoun | A novel mutation in the dynamin 2 gene in a Charcot-Marie-Tooth type 2 patient: clinical and pathological findings[END_REF]. It is difficult to conclude how K562E may affect muscle physiology, here we reported a strong alteration of neuromuscular junction that did not correlate with what was observed in the Dnm2 +/K562E animal model. However, the analysis of this animal raised the question again if K562E patients may have an overlooked defect in skeletal muscle that should be further analyzed.

Lastly, a similar study to Publication 1 was published at the same time and reported no strong defects at the neuromuscular junction or skeletal muscle level when expressing another CMT mutation (G537C) in zebrafish [START_REF] Zhao | Insights into wild type dynamin 2 and the consequences of DNM2 mutations from transgenic zebrafish[END_REF].

DNM2 mutations in CMT have been typically categorized as loss of function, since they display lower GTPase activity and lipid binding in vitro. On the other hand, as mentioned in the introduction (2.6. Insights into DNM2 pathogenic mutations), CNM mutants have higher GTPase activity that is not regulated by lipid binding [START_REF] Kenniston | Dynamin GTPase regulation is altered by PH domain mutations found in centronuclear myopathy patients[END_REF] I also showed preliminary data of AAV-mediated expression of different DNM2 artificial mutants.

In an Mtm1 -/y mouse model I obtained promising results overexpressing K562E mutation, linked to CMT disease and that impairs lipid binding. Further analysis are needed to confirm this improvement and several question will need to be answered. For example, it will be needed to assess the preferential location for each DNM2 mutant and confirm to which cellular structures is preferentially located. Since they are DNM2 mutants, their overexpression may have additional pathogenic phenotypes. Before establishing which function of DNM2 should be targeted possible on-target effects should be analyzed across tissues and for cellular functions. This of special importance for K562E, a mutant that in patients causes a peripheral neuropathy, making it necessary to evaluate how neuromuscular junctions and nerves respond to its expression as a therapy in CNM.

In line with this point, I found that mutants impairing lipid binding do not cause nuclei centralization.

This raises the question to understand how DNM2 lipid binding may be responsible for nuclei centralization. Further studies will be needed to conclude if lipid binding or the consequent high order oligomerization are responsible for this abnormal feature, which is a hallmark of CNM disease.

In conclusion, in this thesis I obtained new data that will help to better understand DNM2 pathophysiology in CNM and CMT diseases as well as its normal function in skeletal muscle.

Résumé scientifique 'Physiopathologie et thérapies dans les myopathies liées à la mecanoenzyme dynamine'

1) Introduction

La dynamine 2 (DNM2) est une GTPase exprimée ubiquitairement et impliquée dans plusieurs processus allant de la régulation du cytosquelette au remodelage de la membrane et de l'endocytose. Des mutations dominantes de DNM2 ont été associées à deux maladies : la myopathie centronucléaire (CNM) et la neuropathie de Charcot-Marie-Tooth (CMT). Le rôle de la DNM2 est peu connu, c'est pourquoi dans cette thèse on cherche à :

• Comprendre les effets de différentes mutations en lien avec CNM et CMT dans le muscle squelettique qui pourront aider à comprendre la physiopathologie des deux maladies.

• Établir un modèle de la forme sévère de CNM due à DNM2 et valider une approche thérapeutique.

• Identifier les fonctions importantes de la DNM2 dans le muscle et impactées dans les CNM. Ce travail de thèse permettra de mieux comprendre le rôle physiologique de DNM2 et son rôle dans la maladie. Cela permettra également d'avoir un outil précieux pour étudier de potentielles thérapies pour la CNM due à des mutations de la DNM2.

2) Méthodologie

Ce travail de thèse étudie les phénotypes associés à la surexpression du transgène humain DNM2 dans un modèle de souris en utilisant des AAV (virus adéno-associé -AAV) qui ont été injectés dans le muscle de souris sauvages. Pour comprendre les fonctions de la DNM2 impliquées dans les CNMs, un modèle de souris de la forme sévère liée au chromosome X (XLCNM) a été utilisé, dans lequel des injections d'AAV intramusculaire ont été faites. Enfin, un nouveau modèle de souris portant la mutation DNM2 S619L liée à la CNM et une approche thérapeutique par thérapie antisens (Antisens oligonucléotide ASO) contre DNM2 ont été validés.

3) Résultats essentiels

Étude du mécanisme physiopathologique des mutations de DNM2 liées aux CNM dans le muscle squelettique comparé aux mutations de DNM2 impliquées dans les CMT pour mieux comprendre 162 pourquoi certaines mutations de la DNM2 mènent à une maladie affectant davantage le muscle et d'autres à une maladie neurologique, différentes mutations ont été introduites grâce à des AAV.

Dans des modèles de souris sauvages, différentes mutations ont été introduites par voie intramusculaire:

• La DNM2 sauvage a été introduite

• Deux mutations causant soit une forme néonatale ou une forme adulte de CNM ont été introduites, respectivement la mutation DNM2 S619L ou la mutation R465W

• La mutation K562E causant la CMT a été introduite 

4) Conclusion

Dans cette thèse, diverses mutations de DNM2 liées aux maladies CNM et CMT ont été étudiées. 
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Figure 1 .

 1 Figure 1. Muscle structure. From https://opentextbc.ca/anatomyandphysiology/chapter/10-2-skeletal-muscle/

Figure 2 .

 2 Figure 2. Electron micrograph showing the different bands and lines of the sarcomere.

Figure 3 .

 3 Figure 3. Image of myofiber organization with zoom on triad structure. From (Al-Qusairi & Laporte, 2011) Triads are specific muscle structures responsible for excitation-contraction coupling (ECC) (Figure 3). They are composed by a T-tubule tightly associated with two SR on both sides. (Al-Qusairi & Laporte, 2011). There are several proteins involved in ECC: • Dihydropyridine Receptor (DHPR): a voltage gated calcium channel located at T-tubule membrane.

  Figure 4. Dynamin 2 domain organization.

•

  MIDDLE or Stalk: allows the dimerization in a cross-like fashion, with the two G domains oriented in opposite directions.

Figure 5 .

 5 Figure 5. Image of two dynamin dimers.

Figure 6 .

 6 Figure 6. Disassembly model (A) Schematic view of the process. (B) Scheme showing the different DNM domains and their role in the process (see text). From (Antonny et al., 2016).

Section 1 .

 1 Introduction to skeletal muscle, triads are muscle-specific structures responsible for excitation-contraction coupling (ECC). The biogenesis of this structure requires extensive membrane remodelling during muscle development. Several membrane binding proteins have been related to this structure such as caveolin and BIN1 (Al-Qusairi & Laporte, 2011).

Figure 8 .

 8 Figure 8. Summary of DNM2 cellular functions.

  Dominant mutations in DNM2 have been associated to two different diseases: Autosomal dominant centronuclear myopathy (ADCNM, MIM#160150), Charcot Marie Tooth Neuropathy (CMT, MIM#606482).
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 9 Figure 9. Sural nerve biopsy from a CMT-DNM2 patient carrying the K562E mutation.

Figure 10 .

 10 Figure 10. Muscle biopsy from a CMT patient carrying K559del mutation.

Figure 11 .

 11 Figure 11. Tibialis anterior muscle section from 2-month old control and Dnm2 +/K562E

Figure 12 .

 12 Figure 12. Main features of DNM2-related AD-CNM (A) Picture of DNM2 showing facial muscle weakness. (B) Histological analysis of patient muscles showing fiber size variability in HE and radial strands by oxidative staining (NADH). Images from a patient carrying R465W mutation.[START_REF] Aghbolaghi | A rare case of centronuclear myopathy with DNM2 mutation: genotype-phenotype correlation[END_REF][START_REF] Romero | Centronuclear myopathies[END_REF] 

Figure 13 .

 13 Figure 13. Histological analysis of TA muscles from Dnm2 +/R465W mouse model. HE and NADH images from TA muscles of Dnm2+/R465W animals. NADH staining shows an abnormal accumulation at the center of the fiber. From (Durieux, Vignaud, et al., 2010) The following year Cowling et al. published a model with AAV-mediated expression of WT and R465W DNM2 in skeletal muscle. Interestingly, increased expression of WT-DNM2 induced some

Figure 14 .

 14 Figure 14. Summary of DNM2 mutations included in this thesisThe mutations listed in this figure are the ones that will be considered in this thesis. Upper part shows artificial mutations, below pathogenic mutations for CNM and CMT (in red) diseases.

Figure 15 .

 15 Figure 15. Scheme of MTM1 (A) Protein domains and (B) catalytic reactions.

  identified on this gene, most of them are loss-of-function mutations that cause a strong decrease of MTM1 protein(Buj-Bello, Biancalana, Moutou, Laporte, & Mandel, 

Figure 16 .

 16 Figure 16. Overview of XLCNM features. (A) Affected boy. (B) Histology analysis showing centralized nuclei in HE and abnormal accumulation in oxidative NADH staining. (C) Zoomed images, arrowhead points at necklace fibers in HE and oxidative staining (SDH). Adapted from[START_REF] Romero | Centronuclear myopathies: a widening concept[END_REF][START_REF] Romero | Centronuclear myopathies[END_REF][START_REF] Toussaint | Defects in amphiphysin 2 (BIN1) and triads in several forms of centronuclear myopathies[END_REF].

  activity and changes in muscle morphology. At histological level, they observed abnormally nuclei and fiber hypotrophy. Electron microscopy analysis pointed to defects in T-tubules and abnormal membranous accumulations in some fibers.

Figure 17 .

 17 Figure 17. Histological features of BIN1 AR-CNM.

Figure 1 .

 1 Figure 1. DNM2 overexpression in WT muscles impacts on muscle force but not in muscle weight. (A) Immunoblotting of muscle lysates showing AAV-mediated overexpression of different constructs. (B) In vivo specific muscle force of tibialis anterior muscles expressing different DNM2 mutants. (C) Muscle weight comparing the percentage of weight change versus the EMPTYinjected contralateral muscle.

Figure 2 .

 2 Figure 2. DNM2 overexpression in WT muscle impacts on fiber size and nuclei position. (A) Transverse 8μm TA muscle sections stained with HE (Scalebar=50μm). (B) Fiber diameter distribution and (C) mean fiber diameter. (D) Quantification of percentage of fibers with specific nuclei positions.
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 34 Figure 3. Overexpression of lipid binding defective mutant in Mtm1-/y TA seems to have a positive impact on muscle weight. (A) Immunoblotting of muscle lysates showing AAVmediated overexpression of different constructs in Mtm1 -/y TA. (B) In vivo specific muscle force in TA from Mtm1 -/y animals. (C) Percentage of change in muscle weight compared to emptyinjected contralateral muscle. E M P T Y K 4 4 A K 1 4 2 A K 5 6 2 E D e lt a P R D

  Introduction XLCNM is a severe congenital muscle disease caused by mutations in the MTM1 gene. Patients display generalized muscle weakness and hypotonia usually leading to early death in the first years of life. Nowadays, no specific treatment exists. Tamoxifen is a drug commonly used in breast cancer treatment. Tamoxifen treatment of mouse models of Duchenne muscle disease counteracted the symptoms, showing this drug as a potential candidate to improve symptoms of skeletal muscle diseases.

I

  was supervised by Belinda Cowling and Jocelyn Laporte. The work was done in a collaboration with Olivier Dorchies' team. I investigated the role of DNM2 in different forms of CNM using two different systems: AAV-mediated overexpression and a genetically modified mouse model carrying a Dnm2 mutation.

  , DNM2 overexpression, of WT or some artificial mutants, caused myonuclei mislocalization. One of the possible explanations of this is the potential effect caused by overexpressing DNM2 itself since WT-DNM2 overexpression strongly affects nuclei position.

L

  'expression de la DNM2 sauvage et des mutants CNM recréent un phénotype de myopathie centronucléaire, ce qui suggère que les mutations CNM sont de type gain de fonction. Les souris qui ont été injectées avec de différentes mutations de la DNM2 CNM ou CMT présentent une localisation anormale de la DNM2 autour du noyau et de la membrane plasmique. Étonnamment, la surexpression de la DNM2 sauvage et des mutants CNM chez une souris WT altèrent la position du noyau dans beaucoup de fibres alors que ce n'est pas le cas pour la mutation retrouvée dans la CMT. Toutes ces mutations ont résulté en une distribution anormale des tailles des fibres. De plus, des défauts histologiques ont été observés par la coloration SDH (activité oxidative mitochondriale) dans les muscles injectés par la DNM2 sauvage et dans les muscles où les mutations CNM ont été ajoutées. De même, des défauts histologiques ont été observés par la coloration NADH (activité oxidative générale) dans les muscles injectés par la DNM2 sauvage, les DNM2-CNM et la DNM2-CMT, ce qui suggère des défauts dans l'organisation du réticulum sarcoplasmique et/ou de la fonction mitochondriale. Enfin, des défauts de localisation de protéines connues pour être importantes dans la fonction musculaire ont été observés, comme la desmine, la dysferline et la bêta-intégrine. En résumé, l'expression de DNM2 sauvage ou CNM induit un phénotype CNM alors que l'expression de DNM2 CMT induit des défauts neuromusculaires différents.Comprendre la physiopathologie de la forme néonatale autosomale dominante de la myopathie centronucléaire et validation d'un traitementUn précédent modèle murin avec une forme modérée de la CNM-DNM2 portant la mutation R465W (forme adulte modérée) présente un phénotype progressif très faible du muscle, excluant une analyse détaillée du mécanisme pathologique et la validation de l'effet de potentielles thérapies. Pour ce faire, le modèle de souris Dnm2S619L a été généré, reproduisant la mutation hétérozygote la plus commune associée à la forme sévère néonatale. Les patients porteurs de cette mutation ont des symptômes associés au CNM comme une faiblesse musculaire, notamment dans les membres inférieurs et des muscles faciaux, une ophtalmoparésie et une prédominance des fibres de type I. J'ai montré que les souris Dnm2S619L/+ ont une forte faiblesse musculaire précoce avec un fort impact sur l'homéostasie mitochondriale. Par stimulation du nerf sciatique, des défauts de contraction musculaire ont pu être observés. Une augmentation du niveau protéique de DNM2 a été observée dans ce modèle, c'est pourquoi une thérapie antisens a été initiée afin de normaliser le niveau total de DNM2.Cette augmentation du niveau protéique de DNM2 a été reportée dans d'autres modèles de CNM, comme dans le modèle Mtm1y/-(XLCNM), et la réduction du niveau protéique par thérapie antisens a permis d'améliorer le phénotype de la maladie[START_REF] Tasfaout | Antisense oligonucleotide-mediated Dnm2 knockdown prevents and reverts myotubular myopathy in mice[END_REF]. La thérapie antisens a également été testée dans le modèle Dnm2S619L, ce qui a permis une amélioration très substantielle de la force musculaire ainsi qu'un rétablissement partiel de la mitochondrie et des tailles des fibres.Identification des fonctions importantes de la DNM2 pour le muscle et qui sont impliqués dans les CNMPour comprendre quelles sont les fonctions essentielles à la DNM2 dans le muscle, les domaines responsables de l'activité GTPase, de l'oligomérisation, de la liaison des protéines et des lipides, ont été mutés artificiellement. Par l'usage d'AAV, la DNM2 sauvage et les mutations perte/gain de fonction ont été insérées dans le muscle squelettique de souris sauvage et chez des souris Mtm1 -/y . Les muscles ont été analysés au niveau de leur fonction et de leur masse, ainsi qu'au niveau histopathologique et moléculaire.Mutation AAV-DNM2 perte de fonction : notre équipe a récemment montré que la réduction génétique de la DNM2 dans un modèle de souris Mtm1 -/y permet de rallonger l'espérance de vie des souris, de prévenir le phénotype myopathique et d'améliorer le poids des souris. Dans cette thèse, l'évaluation de différents AAVs, exprimant soit la GTPase inactive de DNM2, soit une la DNM2 ne liant plus ces partenaires protéiques ou lipidiques dans le modèle de souris Mtm1 -/y a été étudiée ; le but étant de tester quelle activité de DNM2 il faut réduire pour rétablir le phénotype.La mutation DNM2-K44A induit l'impossibilité de liaison au GTP.La mutation DNM2-K124A permet l'hydrolyse du GTP en GDP, mais ne subit pas de changement de conformation en raison de ce processus. Une construction portant la mutation DNM2-K562E (mutation CMT) ne permet pas la liaison aux lipides. Enfin, la construction DNM2-ΔPRD a été réalisée, où le domaine PRD de la DNM2, responsable de l'interaction avec des protéines régulatrices contenant le domaine SH3, a été retiré. Toutes ces constructions ont été clonées, et les AAV ont été préparés et injectés intra-musculairement chez les souris. Les résultats préliminaires ont montré que les muscles de souris issus du phénotype Mtm1 -/y ne présentent pas d'amélioration après la surexpression de la DNM2-K142A ou DNM2-ΔPRD. Mais l'injection de l'AAV-DNM2 K562E a un effet positif sur les souris de phénotype Mtm1 -/y , ce qui suggère que la liaison aux lipides de DNM2 est une des potentielles cibles thérapeutiques pour traiter les souris MTM1-CNM et potentiellement les patients XLCNM.

L

  'expression de la DNM2-sauvage ou de DNM2-CNM recrée le phénotype CNM, ce qui suggère que ces mutations sont de type gain de fonction, alors que l'expression du mutant DNM2-CMT n'entraine pas une internalisation des noyaux, qui est une caractéristique des CNMs, ce qui laisse penser que les mutations causant des CMT altèrent différentes fonctions de la DNM2 ou ont un impact différent (perte de fonction au lieu de gain de fonction). Par la même approche, différentes fonctions de DNM2 ont été étudiées et j'ai montré que la liaison de DNM2 aux lipides est une des potentielles cibles thérapeutiques pour traiter les myopathies centronucléaires liées au chromosome X. Cette thèse fournit également la validation d'une nouvelle lignée de souris DNM2KI-S619L comme un modèle fiable pour les mutations DNM2 affectant les enfants. Nous avons également montré que la diminution du niveau de DNM2 par des injections d'antisens permet d'améliorer le phénotype de myopathie. Enfin, cette étude a permis l'identification de potentiels pathomécanismes lié à la DNM2 dans les CNM et CMT.

  

  

  The different features are listed in the following table.

		Dnm2 muscle-specific Dnm2 muscle-specific Dnm2 muscle-specific Dnm2 muscle-specific	Dnm2 R465W Dnm2 R465W Dnm2 R465W Dnm2 R465W	Dnm2 K562E Dnm2 K562E Dnm2 K562E Dnm2 K562E	Dnm2 S619L Dnm2 S619L Dnm2 S619L Dnm2 S619L	
		KO KO KO KO	(Adolescent/adult onset (Adolescent/adult onset (Adolescent/adult onset (Adolescent/adult onset	(CMT) (CMT) (CMT) (CMT)	(Neonatal onset (Neonatal onset (Neonatal onset (Neonatal onset
			CNM) CNM) CNM) CNM)		severe CNM) severe CNM) severe CNM) severe CNM)	
	Neuromuscular	Muscle specific KO increase of small caliber Enlarged NMJ area	Not analyzed	muscle action potential Only checked by	equivalent Equivalent to WT to	WT.
	junction	animals live until 10 fibers.	Few homozygous mice	amplitude). Very mild electrostimulation	(Maximum	age
	days of age. Oxidative staining Not analyzed	survived until weaning Accumulation of oxidative	changes in g-ratio. Not analyzed analysis and no major	analyzed: 2 years of Accumulation of
		MOLECULAR BIOLOGY ANALYSIS staining in the center of defect observed.	age) oxidative staining in the
	Comparison of available mouse models DNM2 protein level Low protein expression Equivalent to WT Not analyzed myofibers ADDITIONAL PHENOTYPES	Only one homozygous Increased center of myofibers
	Nuclei position in Immune system	at P5, almost no protein Not analyzed Not analyzed	Equivalent to WT. In old Not analyzed	Not analyzed, but no Increase in number of	found born but dead, Equivalent to WT. Not analyzed
	skeletal muscle	Dnm2 muscle-specific at P10.	Dnm2 R465W mice defects in the number	Dnm2 K562E obvious defect observed macrophages populating	Dnm2 S619L most of homozygous
	Dnm2 RNA level	KO Not analyzed	(Adolescent/adult onset Equivalent to WT. of nuclei per fiber,	(CMT) Not analyzed in histological images. skeletal muscle. There is	(Neonatal onset not found from E18.5 Same than WT, small
	Mouse generation Body weight DNM2 protein Skeletal muscle Lipid droplet Reference Tibialis anterior localization in ultrastructure muscle weight muscle Main genotype T tubules Motor function Mitochondria analyzed Skeletal muscle Phenotype relative	CNM) inserted homologous recombination. Mutation by Homozygous animals had a suggesting defects in Equivalent to WT small decrease. myocyte fusion. Equivalent to WT, striated Equivalent to WT with a Defect in autophagosome Decreased at 8 and 32 and perinuclear. Some slight increase in maturation that may impact (Durieux, Vignaud, et al., weeks of age fibers have internal mitochondrial density and in lipid droplet degradation, 2010) accumulation that reduced myofibril size. but no obvious defect Heterozygous collocalizes with dysferlin. Equivalent to WT observed by ultrastructural Decreased TA muscle force NEUROMUSCULAR PHENOTYPING Mutation homologous inserted recombination. not neutropenia as in by Decreased at P2 and Floxed exon 2 Decreased at 8 weeks some K562E patients. P10. Not analyzed Not analyzed Reduction in Not analyzed Dysregulation of lipid No obvious defects (Tinelli, Pereira, & Suter, 2013) Not analyzed but Decreased at 8 weeks mitochondrial density. droplets in skeletal observed. (Pereira et al., 2020) gastrocnemius muscle muscle from KO animals weight was decreased at P5 and P10. Homozygous for muscle-specific KO of Heterozygous at P2 and P10. Not analyzed Not analyzed Not analyzed. Less distance travelled in Swollen and disrupted Increased mitochondrial Not analyzed analysis. Dnm2 at 3, 8 and 32 weeks of age. open-field Muscles from P5 and Mild reduction in fiber size. Reduced fiber size cristae system content in transversal Force reduction.	severe CNM) onwards. decrease in skeletal Mutation inserted by Decreased at P2 and muscle isoform homologous from 3 weeks of age Equivalent to WT Alteration in No obvious defects recombination. Decreased at 8 weeks mitochondrial density observed. Publication 2 and sarcomere organization Not analyzed Heterozygous Impaired hanging test Swollen and disrupted and in vivo force Smaller fibers and cristae system
	Survival histology to AAV-mediated Nerve physiology expression (Publication 1)	GENERAL CLINICAL PHENOTYPING Equivalent to WT. (Maximum age analyzed: 1.5 years of age) Equivalent to WT (Maximum age analyzed: 1 year of age) P10 displayed less Complete KO is lethal. appearing at P10. No Nuclei internalization ultrastructural images Axonal degeneration. Not analyzed Muscle response to motor number of fibers. At P5 Myofiber size reduction. mitochondria alterations axon stimulation is increase of large caliber Abnormal mitochondria size observed at P5. reduced (compound fibers whereas at P10 and location.	measurements. abnormal oxidative From P2 to P10 some Not analyzed staining pups are dying. After P10 survival is

  . For this reason, it has been typically said that CNM-DNM2 mutations lead to a gain of function whereas DNM2-CMT mutations cause a loss of function of the protein. However, here I presented a defect in NMJ due to DNM2-CMT expression in skeletal muscle (Publication 1), and Pereira et al. reported that Dnm2 +/K562E animals display signs of a myopathy, indicating that we cannot exclude that CMT mutations cause additional muscle defects. However, the defect at NMJ level was not reproduced in zebrafish or in a mouse model with the same mutation. For this reason, further studies are needed to determine if DNM2-CMT mutations affect not only peripheral nerves but also muscle physiology. Additionally, the results from the different studies (AAV-mediated human DNM2 expression in mouse skeletal muscle, mouse model generation with Dnm2 mutation and zebrafish stable transgenic expressing human DNM2) suggest that the conservation of DNM2 function may be different through species (Publication 1 and[START_REF] Pereira | Mice carrying an analogous heterozygous Dynamin 2 K562E mutation that causes neuropathy in humans develop predominant characteristics of a primary myopathy[END_REF][START_REF] Zhao | Insights into wild type dynamin 2 and the consequences of DNM2 mutations from transgenic zebrafish[END_REF].

	Conclusion and perspectives
	During my thesis project, I used two different approaches to study DNM2 pathophysiology linked
	to different mutations: AAV-mediated expression and a genetically modified mouse model. On
	one hand I focused in pathogenic mutations to better understand which is the mechanism that
	leads to CNM and CMT diseases. On the other hand, I used different artificial DNM2 mutations
	already described to affect specific DNM2 functions with two different aims: to understand how
	they would affect WT skeletal muscle physiology and to determine which function of DNM2 should
	be inhibited to rescue a XLCNM mouse model.
	Regarding CNM mutations, I presented the creation of a novel mouse model that mimics some of
	the phenotypes observed in a patient carrying the same mutation. I also showed that reducing
	DNM2 in this mouse has a positive effect in motor function together with an improvement in
	mitochondrial wellness and muscle ultrastructure. However, considering the controversy with
	DNM2's role in mitochondrial fission, it remains to be clarified how reducing DNM2 may have such
	an effect in this mouse model.

AAV-mediated expression of DNM2 mutants linked to CNM or CMT diseases in WT skeletal muscle lead to different defects. Overexpression of CNM mutants altered muscle ultrastructure with a strong effect on mitochondria, whereas overexpression of K562E-CMT mutant affected NMJ, causing a decrease of NMJ number and area. In this thesis I showed that, although CMT is a peripheral neuropathy, some defects may appear in skeletal muscle. Interestingly, expression of CNM mutants caused NMJ fragmentation. These results suggest that an overlap may exist between CNM and CMT diseases.
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Part 2 Results

Conclusion

WT and CNM mutants recreate a CNM-like phenotype, suggesting CNM mutations are gain-offunction. The different analysis performed in this study point to different pathomechanisms associated to CNM and CMT-DNM2 mutations affecting skeletal muscle: CNM mutants seem to primarily affect mitochondria in muscle, while CMT mutant seems to impact neuromuscular junction.

Contribution

In this study, I performed all AAV intramuscular injections, histological and ultrastructural analysis and immunofluorescence experiments. I analyzed all the data obtained from force measurements and histology images. I also participated in muscle force measurements. Suzie Buono cloned and produced all pAAV plasmids with different DNM2 mutations and performed muscle force measurements.

Pascale Koebel produced all the AAV used for intramuscular injections. This work was supervised by Jocelyn Laporte and Belinda Cowling.

Preliminary data: Rescuing Mtm1-/y by modulating specific DNM2 functions Introduction Mtm1 -/y , a mouse model for XLCNM disease displays high DNM2 protein level. Reduction of DNM2 level by genetic cross improved the CNM phenotype and survival of Mtm1 -/y animals. This was validated by two other techniques such as ASO and shRNA injections against DNM2 (as discussed in section 4. Therapies in centronuclear myopathies). However, all strategies mentioned aim to reduce the total protein amount of DNM2 without distinguishing which function is responsible for the disease.

Here we created AAV containing DNM2 mutations that were reported to have specific protein functions disrupted in vitro, to evaluate their effect in disease rescue by intramuscular injection in Mtm1 -/y . The effect in WT muscles was also evaluated to elucidate the importance of different DNM2 protein functions in normal muscle physiology.

The following constructs were used: 

Mutation

Results

WT Animals

AAV-Mediated overexpression of different DNM2 mutants in WT muscle impact on muscle force, fiber size and nuclei position

Expression of human cDNA was achieved by AAV intramuscular injection in 3-week old mice.

First, DNM2 overexpression was confirmed by immunoblotting of TA muscle lysates (Figure 1A).

DNM2 exogenous expression was confirmed although we observed that some constructs achieve higher levels of protein expression than others even injecting the same amount of viral particles.

The same tendency was observed in the previous publication. Expression of all the analyzed constructs seem to have an impact on muscle force (Figure 1B) but no obvious difference is seen at muscle weight level (Figure 1C). Of note, DeltaPRD construct may have an effect reducing muscle weight.

At histological level, there are differences between constructs regarding fiber size and nuclei position (Figure 2A). These differences were confirmed by fiber diameter quantification: while most of the constructs have an impact on fiber size, R399A and K562E seem to follow a similar distribution than empty injected muscles (Figure 2B,C). When analyzing nuclei position, the same two construct seem not to affect nuclei internalization or centralization (Figure 2D).

In summary, we observe differences in the overexpression of different DNM2 mutants that should be confirmed with additional datapoints and further histological and ultrastructural analysis.

Interestingly, impacting on DNM2's function of lipid binding or oligomerization is not affecting nuclei position and it seems to have a different effect in skeletal muscle than changing GTPase activity or protein interaction (Figure 2). We also observed that seems that the constructs with abnormal lipid binding or oligomerization are highly expressed than the others even injecting the same amount of viral particles (Figure 1A). We next explored the possibility of improving the CNM phenotype observed in Mtm1 -/y by modulating different DNM2 functions. DNM2 exogenous expression was confirmed although, as discussed previously, we observed that some constructs achieve higher levels of protein expression than others even injecting the same amount of viral particles (Figure 3A). In vivo muscle force post-injection experiments did not show a clear improvement, although it remains to be confirmed since not all the constructs were tested and some of them present variability (Figure 3A). Surprisingly, injection of K562E mutant seems to increase muscle weight when compared to contralateral empty-injected muscle (Figure 3B). Overexpression of the two mutants impacting GTPase activity seem to decrease the already low muscle force in Mtm1 -/y animals (Figure 3C).

DeltaPRD mutant overexpression needs the confirmation with additional experiments, only one muscle presented a major force increase, making it very difficult to conclude (Figure 3C).

Preliminary histological analysis shows a change in fiber size and nuclei position for the analyzed constructs (Figure 4A). When quantifying fiber size, we observe that WT-DNM2 overexpression aggravates myofiber atrophy whereas K562E increases fiber diameter (Figure 4B, C and Supplementary Figure 1). Surprisingly, nuclei position seems to be improved when overexpressing WT-DNM2 and K562E, although it remains to be confirmed (Figure 4D).

Summarizing, K562E mutant seems to improve muscle weight and fiber size of Mtm1-/y muscles (Figure 3B and4B, C), suggesting lipid binding as a potential DNM2 function that could be used as a therapeutic target. The further study of the remaining constructs should give more information on DNM2 pathomechanism in XLCNM models and the confirmation if other DNM2 functions may be used for this purpose. Unexpectedly, overexpression of WT-DNM2 seems to impact on nuclei position, reducing nuclei internalization (Figure 4D) but still decreasing fiber size (Figure 4B,C), raising the question of how different DNM2 isoforms may impact on XLCNM and their role in skeletal muscle physiology.

Conclusion

In conclusion, in WT muscles we observed potential differences with all DNM2 constructs explored although their effect on other DNM2 cellular functions remains to be explored. It seems that K562E and R399A do not impair nuclei position.

Overexpression of lipid defective K562E DNM2 mutant seems to improve some CNM features in Mtm1 -/y . Other constructs should be explored before concluding

Contribution

In this preliminary study I did all AAV injections and muscle analysis.

Suzie Buono cloned and produced all pAAV plasmids.

Pascale Koebel produced the AAV for intramuscular injection.

Roberto Silva-Rojas and Juliana Neves helped in muscle force measurements.

Coralie Borne helped in western blot and fiber size analysis.

All these results point to DNM2 protein increase as a pathogenic mechanism in CNM disease.

Hypothetical mechanisms leading to DNM2 protein increase

It is still not well understood how DNM2 protein increase can be responsible for CNM pathogenicity.

Taking the example of the Mtm1 -/y mouse model, different strategies have been shown to improve its phenotype:

-Gene replacement, in which the gene was provided by an AAV vector [START_REF] Buj-Bello | AAV-mediated intramuscular delivery of myotubularin corrects the myotubular myopathy phenotype in targeted murine muscle and suggests a function in plasma membrane homeostasis[END_REF] -Enzyme replacement, in which MTM1 was fused to a mice antibody and injected in Mtm1 - /y improving the clinical phenotype [START_REF] Lawlor | Enzyme replacement therapy rescues weakness and improves muscle pathology in mice with X-linked myotubular myopathy[END_REF] -BIN1 overexpression, which is a protein involved in CNM and directly binding MTM1 [START_REF] Lionello | Amphiphysin 2 modulation rescues myotubular myopathy and prevents focal adhesion defects in mice[END_REF] -MTMR2 expression, which is a protein from the same family than MTM1 (Raess, Cowling, et al., 2017) -Tamoxifen treatment, which normalized DNM2 level in treated animals (Publication 3 and [START_REF] Maani | Tamoxifen therapy in a murine model of myotubular myopathy[END_REF].

-Genetic ablation of PI3KC2B, which is the kinase acting in the reverse direction to the phosphoinositide phosphatase MTM1 [START_REF] Sabha | PIK3C2B inhibition improves function and prolongs survival in myotubular myopathy animal models[END_REF] -DNM2 reduction by genetic cross, shRNA-AAV or ASO treatment [START_REF] Cowling | Reducing dynamin 2 expression rescues X-linked centronuclear myopathy[END_REF][START_REF] Tasfaout | Antisense oligonucleotide-mediated Dnm2 knockdown prevents and reverts myotubular myopathy in mice[END_REF][START_REF] Tasfaout | Single Intramuscular Injection of AAV-shRNA Reduces DNM2 and Prevents Myotubular Myopathy in Mice[END_REF] Whether the latter three therapeutic approaches may relate to each other by playing on DNM2 expression it is not clear. Only tamoxifen treatment showed a normalization of DNM2 protein level similar to what is achieved by ASO treatment or genetic cross (Publication 3).

Recently, an additional pathomechanism involving DNM2 regulation was proposed for Mtm1-/y mouse model. Chen et al. pointed to miR199A1, a DNM2 intragenic microRNA, as a key player responsible for XLCNM disease in this mouse (X. [START_REF] Chen | The intragenic microRNA miR199A1 in the dynamin 2 gene contributes to the pathology of Xlinked centronuclear myopathy[END_REF]. They proposed that, similarly to DNM2 upregulation in this mouse, there is an upregulation of miR199A1 and pointed to STAT3

as the key transcriptional factor involved in this mechanism. A genetic cross between Mtm1 -/y and miR199A1 -/-animals showed that double KO animals have improved lifespan and muscle function (X. [START_REF] Chen | The intragenic microRNA miR199A1 in the dynamin 2 gene contributes to the pathology of Xlinked centronuclear myopathy[END_REF]. Further studies are required to understand if the same mechanism may be responsible for the increased DNM2 protein level detected in other CNM animal models. However, considering that miR199a1 is located at the intronic part of DNM2 [START_REF] Aranda | The miR-199-dynamin regulatory axis controls receptor-mediated endocytosis[END_REF], and as