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MACF1 controls skeletal muscle function through the microtubule-dependent localization of extra-synaptic myonuclei and mitochondria biogenesis

Keywords: Muscle, Denervation, Nerve crush, Neuromuscular junction, Acetylcholine receptor, synaptic vesicle glycoprotein 2B

Skeletal muscles are composed of hundreds of multinucleated muscle fibers (myofibers) whose myonuclei are regularly positioned all along the myofiber's periphery except the few ones clustered underneath the neuromuscular junction (NMJ) at the synaptic zone. This precise myonuclei organization is altered in different types of muscle disease, including centronuclear myopathies (CNMs). However, the molecular machinery regulating myonuclei position and organization in mature myofibers remains largely unknown. Conversely, it is also unclear how peripheral myonuclei positioning is lost in the related muscle diseases. Here, we describe the microtubule-associated protein, MACF1, as an essential and evolutionary conserved regulator of myonuclei positioning and maintenance, in cultured mammalian myotubes, in Drosophila muscle, and in adult mammalian muscle using a conditional muscle-specific knockout mouse model. In vitro, we show that MACF1 controls microtubules dynamics and contributes to microtubule stabilization during myofiber's maturation. In addition, we demonstrate that MACF1 regulates the microtubules density specifically around myonuclei, and, as a consequence, governs myonuclei motion. Our in vivo studies show that MACF1 deficiency is associated with alteration of extra-synaptic myonuclei positioning and microtubules network organization, both preceding NMJ fragmentation. Accordingly, MACF1 deficiency results in reduced muscle excitability and disorganized triads, leaving voltage-activated sarcoplasmic reticulum Ca 2+ release and maximal muscle force unchanged. Finally, adult MACF1-KO mice present an improved resistance to fatigue correlated with a strong increase in mitochondria biogenesis.
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Introduction

Throughout skeletal muscle development, myonuclei actively move to settle at specific locations in the fully differentiated muscle fibers (myofibers) where they are regularly spaced along the longitudinal fiber axis, sitting at the periphery underneath the surface membrane [START_REF] Roman | Nuclear positioning in skeletal muscle[END_REF]. The density of myonuclei along myofibers' length remains relatively constant with the exception of the neuromuscular junction (NMJ), where ~5-6 myonuclei (synaptic myonuclei) are clustered immediately below the NMJ (Bruusgaard et al., 2006;[START_REF] Manhart | Mechanical positioning of multiple nuclei in muscle cells[END_REF]Ravel-Chapuis et al., 2007).

Failure in proper extra-synaptic myonuclei patterning has been linked to different myopathies and muscle weakness [START_REF] Collins | Emery-Dreifuss muscular dystrophy-linked genes and centronuclear myopathy-linked genes regulate myonuclear movement by distinct mechanisms[END_REF][START_REF] Falcone | N-WASP is required for Amphiphysin-2/BIN1dependent nuclear positioning and triad organization in skeletal muscle and is involved in the pathophysiology of centronuclear myopathy[END_REF][START_REF] Metzger | MAP and kinesindependent nuclear positioning is required for skeletal muscle function[END_REF][START_REF] Perillo | Specialized positioning of myonuclei near Cell-Cell junctions[END_REF]Roman et al., 2017). This precise organization is correlated with a particular 'flatten' shape of the myonuclei, whose alteration has recently emerged as a potential contributor to several muscular diseases (Cho et al., 2017;[START_REF] Janin | Nesprins and lamins in health and diseases of cardiac and skeletal muscles[END_REF][START_REF] Norton | Crossed wires: 3d genome misfolding in human disease[END_REF][START_REF] Puckelwartz | Disruption of nesprin-1 produces an emery Dreifuss muscular dystrophy-like phenotype in mice[END_REF].

Proteins localized inside myonuclei such as Lamin A/C, Emerin, or Nuclear Envelope Proteins (NEPs), connect the nuclear lamina to the cytoskeleton through the 'LInker of Nucleoskeleton and Cytoskeleton' (LINC) complex, which plays a critical role in the maintenance of myonuclei shape and localization [START_REF] Chang | Linker of nucleoskeleton and cytoskeleton (LINC) complex-mediated actin-dependent nuclear positioning orients centrosomes in migrating myoblasts[END_REF][START_REF] Lee | LINC complexes and nuclear positioning[END_REF][START_REF] Levy | Prelamin A causes aberrant myonuclear arrangement and results in muscle fiber weakness[END_REF][START_REF] Mattioli | Prelamin A-mediated recruitment of SUN1 to the nuclear envelope directs nuclear positioning in human muscle[END_REF]. Additionally, molecular motors and Microtubule-Associated Proteins (MAPs), in interaction with actin/microtubule networks, are also involved in myonuclei localization during muscle formation [START_REF] Casey | Muscle-specific microtubule-associated protein 4 is expressed early in Myogenesis and is not sufficient to induce microtubule reorganization[END_REF]Gache et al., 2017;[START_REF] Metzger | MAP and kinesindependent nuclear positioning is required for skeletal muscle function[END_REF][START_REF] Rivero | Microtubule nucleation at the cis-side of the golgi apparatus requires AKAP450 and GM130[END_REF]. Importantly, the specific localization and shape of myonuclei, determined by mechanical forces emanating from different cytoskeleton networks, act directly on chromatin organization and gene expression [START_REF] Chojnowski | Nuclear Lamina remodelling and its implications for human disease[END_REF][START_REF] Kirby | Emerging views of the nucleus as a cellular mechanosensor[END_REF][START_REF] Ramdas | Cytoskeletal control of nuclear morphology and chromatin organization[END_REF][START_REF] Robson | Tissue-Specific gene repositioning by muscle nuclear membrane proteins enhances repression of critical developmental genes during myogenesis[END_REF]). Yet, how myonuclei positioning in mature myofibers is set and how it regulates the signaling pathways maintaining myofiber integrity is still poorly understood.

To identify proteins involved in the maintenance of myonuclei positioning, we used an in vitro primary myotubes/myofibers culture system and identified MACF1 (Microtubule Actin Crosslinking Factor 1) as a regulator of myonuclei positioning during the late phases of myofiber maturation. MACF1 is a member of the spectraplakin family of proteins. It is a huge protein composed of multiple domains that allow its interaction with actin filaments and microtubules to stabilize them as adhesion structures in a variety of tissues [START_REF] Kodama | ACF7: an essential integrator of microtubule dynamics[END_REF][START_REF] Sanchez-Soriano | Mouse ACF7 and Drosophila short stop modulate filopodia formation and microtubule organisation during neuronal growth[END_REF]. MACF1 gene duplication (resulting in a decrease of MACF1 protein) is linked with a neuromuscular disease condition [START_REF] Jørgensen | Duplication in the microtubule-actin cross-linking factor 1 gene causes a novel neuromuscular condition[END_REF] and MACF1 variants are associated with congenital myasthenia [START_REF] Oury | MACF1 links rapsyn to microtubule-and actin-binding proteins to maintain neuromuscular synapses[END_REF]. The C. elegans orthologous, VAB-10 and the Drosophila orthologous, Shot, are essential for nuclei migration in distal tip cells of the somatic gonad and myotendinous junction formation, respectively [START_REF] Bottenberg | Context-specific requirements of functional domains of the spectraplakin short stop in vivo[END_REF][START_REF] Kim | VAB-10 spectraplakin acts in cell and nuclear migration in Caenorhabditis elegans[END_REF][START_REF] Lee | Short stop provides an essential link between F-actin and microtubules during axon extension[END_REF]. Interestingly, Shot was proposed to contribute to the formation and maintenance of a perinuclear shield in muscle from drosophila larvae, contributing to myonuclei localization (Wang and Volk, 2015). However, the analysis of MACF1 functions in the control of extra-synaptic myonuclei position and muscle homeostasis is still pending.

Here, using in vitro and in vivo models, we report that MACF1 is important for the maintenance of myonuclei patterning in mammalian myofibers. MACF1 contributes to extra-synaptic myonuclei motion and positioning through the regulation of microtubules dynamics. We also reveal that MACF1 is essential for proper NMJ formation and mitochondria homeostasis.

Results

MACF1 uses microtubules to set myonuclei spreading during myofibers maturation

To identify new factors that contribute to myonuclei spreading in myofibers, we purified proteins able to bind to Taxol-stabilized microtubules from 3 days primary mouse myotubes and 13 days differentiated myofibers (Figure 1A). The major Microtubule-Associated-Proteins (MAPs) identified by mass-spectrometry using this protocol revealed the significant presence of MACF1 protein (Figure 1-figure supplement 1A-B). MACF1 is a member of the spectraplakin family known to play an architectural role through regulation of the spatial arrangement and function of specific organelles such as the nucleus, the mitochondria, the Golgi apparatus, and the sarcoplasmic reticulum [START_REF] Boyer | Plakins in striated muscle[END_REF]. MACF1 is a large protein mainly described as a cytoskeleton linker that binds and aligns microtubules and actin networks [START_REF] Lo ´pez | Actin-microtubule coordination at growing microtubule ends[END_REF]. In developing myofibers, actin is actively involved in myoblasts fusion and contributes to sarcomere formation [START_REF] Kim | Mechanisms of myoblast fusion during muscle development[END_REF]Sanger et al., 2010) while microtubules actively participate in myofiber elongation and myonuclei spreading [START_REF] Metzger | MAP and kinesindependent nuclear positioning is required for skeletal muscle function[END_REF]. Although MACF1 was initially described to be predominantly expressed in neurons and muscle [START_REF] Bernier | Acf7 (MACF) is an actin and microtubule linker protein whose expression predominates in neural, muscle, and lung development[END_REF], its role in muscle fibers remains MACF1 is an essential regulator of myonuclei positioning in mature myofibers. (A) Scheme presentation of the sequential steps to obtain immature myotubes and mature myofibers from primary mouse myoblasts. Taxol stabilized microtubules proteome was collected either from WT elongated myotubes or from mature contractile myofibers. For downregulating experiments, siRNA/shRNA were transfected in early steps of differentiation just before myotubes formation. (B) Confocal immunofluorescence images (63Â) presenting the organization of MACF1 (green) and total alpha tubulin or F-actin (red) in WT mature mouse primary myofibers. Scale bar = 10 mm. (C) Western blot analysis of MACF1 protein expression (main two isoforms at 830 and 630 kD) in total protein extracts of primary cells at proliferation cycle (GM for growth media) and in 3-or 5 days postdifferentiation myotubes or myofibers. Cells were treated either with a scramble shRNA or a pool of four shRNAs targeting Macf1. GAPDH was used as loading control. (D) Immunofluorescence staining (10Â) of F-actin (green) and myonuclei (red) in primary myofibers treated either with scramble shRNA (left panel) or with a pool of four distinct shRNAs targeting Macf1 (right panel) after 13 days of differentiation. Scale Bar = 50 mm. (E) Representative immunofluorescence microscopy images (63Â) of F-actin (green) and myonuclei (red) in primary myofibers treated with scramble shRNA (left panel) or with a pool of four distinct shRNAs targeting Macf1 (right panel) after 13 days of differentiation. Scale Bar = 10 mm. (F) Sarcomere length measured on the immunofluorescence images of F-actin from 13 days mature primary myofibers treated with either scramble shRNA or a pool of four distinct shRNAs targeting Macf1. Data were obtained from three individual experiments. Line is set at median. Ns stands for not significant (Student's t test). (G) Confocal immunofluorescence images (63Â) presenting the organization of total alpha tubulin (red) or MACF1 (green) in mature primary myofibers following treatment with either scramble shRNA (left panel) or a pool of four distinct shRNAs (right panel) targeting Macf1. Scale bar = 10 mm. (H-J) Mean values for fluorescent intensity of total alpha tubulin (H), myonuclei ferret (I) and distance between adjacent myonuclei (J) measured on mature primary myofibers following treatment with either scramble shRNA or a pool of four distinct shRNAs targeting Macf1. All panels were generated from data obtained from three individual experiments. Line is set at median. *p<0.05 and ***p<0.001 (Student's t test). The online version of this article includes the following source data and figure supplement(s) for figure 1: elusive. We first addressed the localization of MACF1 in mature myofibers formed in vitro. Our immunofluorescence approach revealed a dotted pattern all along the myofibers that mainly colocalized with its cortical microtubule network, in agreement with our mass-spectrometry results (Figure 1B). Of importance, MACF1 accumulates preferentially around the peripheral myonuclei in mature myofibers (Figure 1B, zoom panels). Conversely, MACF1 is clearly excluded from actin network structures (Figure 1B).

Source data 1.
To determine whether MACF1 is important for skeletal muscle development, we addressed its role during myotubes formation and in mature myofibers. Mouse Macf1 mRNA was previously shown to increase steadily during myogenesis [START_REF] Leung | Microtubule actin cross-linking factor (MACF): a hybrid of dystonin and dystrophin that can interact with the actin and microtubule cytoskeletons[END_REF]. We first observed an absence of MACF1 in proliferating myoblasts and confirmed a burst of MACF1 protein expression during the early steps of myotubes formation using primary mouse myoblasts cells and the C2C12 myogenic cell line (Figure 1C, Figure 1-figure supplement 1C-D). MACF1 expression was dramatically reduced upon transfection of siRNA or small hairpin RNA (shRNA) targeting the MACF1 mRNA compared to their respective scrambled (Scr) controls (Figure 1C, Figure 1-figure supplement 1C). MACF1 down-regulation had no impact on myotubes formation and architecture, as reflected by the unaffected ratio of myotube length to myonuclei content (Figure 1-figure supplement 1E-F). In accordance, neither myonuclei distribution as assessed by the mean distance between myonuclei and myotube's centroid nor the statistical distribution of myonuclei along myotubes length were affected following MACF1 down-regulation (Figure 1-figure supplement 1G-I). These results were confirmed in C2C12 myotubes cells where no alteration in myonuclei spreading was observed following MACF1 downregulation (Figure 1-figure supplement 1J).

To further investigate the implication of MACF1 in mature myofibers, primary mouse myotubes were maintained in differentiation media for 10 additional days using a protocol that allows myofibrillogenesis, sarcomeric structures formation and peripheral myonuclei adopting a flatten architecture and regular spreading along myofibers [START_REF] Falcone | N-WASP is required for Amphiphysin-2/BIN1dependent nuclear positioning and triad organization in skeletal muscle and is involved in the pathophysiology of centronuclear myopathy[END_REF]. This long-term differentiation approach showed that MACF1 depletion did not impact the global maturation of myofibers, as reflected by homogeneous myofibers width and unaffected actin network striation (Figure 1D-F; Figure 1-figure supplement 2A). Yet, when addressing the global integrity of the microtubule network in these mature myofibers by immunofluorescence, we found a 50% decrease of the microtubule staining intensity in the vicinity of the myonuclei perimeter and an apparently less dense cortical network (Figure 1G-H). Accordingly, myonuclei shape was much rounder in MACF1depleted condition, as appreciated by a significant reduction of the myonuclei feret diameter (Figure 1I, Figure 1-figure supplement 2B). As microtubules are used in developing myofibers by multiple molecular motors to determine myonuclei spreading (Gache et al., 2017), we investigated the impact of MACF1 depletion on this process and observed a significant reduction in the mean distance between adjacent myonuclei (Figure 1J, Figure 1-figure supplement 2C) in MACF1depleted myotubes.

MACF1 controls microtubules dynamics and myonuclei motion in developing muscle fibers

To better understand the localization of MACF1, as driven by its Microtubule Binding Domain (MTBD), we expressed only the MTBD of MACF1 in immature primary myotubes and in mature primary myofibers (Figure 2A-B). Interestingly, in primary myotubes, MACF1-MTBD appeared as small comets that merged with the microtubule network all along myotubes length (Figure 2A). In contrast, in mature myofibers, we observed a strong accumulation of stable MACF1-MTBD longitudinal bundles close to myonuclei, in addition to small comets dispersed along the myofibers (Figure 2B).

MACF1 was previously shown to regulate microtubules polymerization [START_REF] Alves-Silva | Spectraplakins promote microtubule-mediated axonal growth by functioning as structural microtubule-associated proteins and EB1-dependent +TIPs (tip interacting proteins)[END_REF][START_REF] Ka | MACF1 controls migration and positioning of cortical GABAergic interneurons in mice[END_REF]Wang et al., 2015). We thus questioned, in our system, how microtubule dynamics evolve during the myofibers maturation steps and whether MACF1 depletion impacts this process.

To study the microtubule network dynamics in developing myofibers, we used the tracking of a fluorescently-tagged End Binding protein member (EB3) at different time points during maturation of in vitro primary myofibers (Figure 2C, Video 1). During myofibers maturation process, EB3-comets speed was relatively constant ( » 19 mm/min) until 5 days of maturation. After this time point, EB3comets speed decreased significantly, reflecting a progressive downturn in microtubule dynamics [START_REF] Oddoux | Microtubules that form the stationary lattice of muscle fibers are dynamic and nucleated at Golgi elements[END_REF]; Figure 2C). However, the velocity of EB3 comets was increased by 15% upon MACF1 downregulation and remained high ( » 23 mm/min) all along the process of myofibers maturation (Figure 2C). This is consistent with a role for MACF1 in the regulation of microtubule polymerization, mainly as a stabilization factor. As myonuclei preferentially use the microtubule network to move longitudinally along myotubes (Gache et al., 2017;[START_REF] Metzger | MAP and kinesindependent nuclear positioning is required for skeletal muscle function[END_REF], we next investigated the impact of the increase in microtubule dynamics on myonuclei movements during myofibers maturation. Just before fusion, myoblasts were co-transfected with the lamin-chromobody to visualize myonuclei concomitantly with a shRNA targeting either a scramble sequence or Macf1, and a GFP reporter (Figure 2D, Video 2). We tracked myonuclei in 5-day-differentiated myofibers every 15 min for 14 hr and analyzed their displacement parameters by the SkyPad method (Cadot et al., 2014). In control conditions, myonuclei spent 32% of the time in motion at a median speed of 0.16 mm/min, resulting in a displacement of 24 mm after 14 hr (more than twice bigger than the mean myonuclei feret). Interestingly, in the absence of MACF1, the median velocity of myonuclei was not significantly changed (Figure 2E) but the percentage of time that myonuclei spent in motion was doubled, reaching 66% of the time (Figure 2F). Accordingly, the median motion pause was 530 min in the control conditions while it fell down to 330 min in the absence of MACF1 (Figure 2G). Overall, in the absence of MACF1, myonuclei traveled twice more distance than in control conditions with a mean distance of 44 mm in 14 hr (Figure 2H). Thus, depletion of MACF1 generates increased microtubule dynamics, which in turn elevate myonuclei motion during myofibers maturation, inducing failure in myonuclei spreading in mature myofibers.

Conditional MACF1-KO adult mice show microtubule network disorganization in their skeletal muscle fibers

To further investigate the role of MACF1 in skeletal muscle development, we used a conditional Macf1 knockout mouse line in which exons 6 and 7 of the Macf1 gene are floxed [START_REF] Goryunov | Nervous-tissue-specific elimination of microtubule-actin crosslinking factor 1a results in multiple developmental defects in the mouse brain[END_REF]. Homozygous mice were crossed with mice carrying the Cre-recombinase expression under the control of the Human Skeletal muscle Actin (HSA) promoter [START_REF] Miniou | Gene targeting restricted to mouse striated muscle lineage[END_REF]. Briefly, mice carrying two floxed alleles of Macf1 (Macf1 f/f ) were crossed with heterozygous mice for Macf1 (Macf1 f/-) that carried the HSA::Cre transgene (HSA::Cre; Macf1 f/À ), generating the conditional (shRNA in green and lamin-chromobody in red) taken 5 days post differentiation from primary myotubes treated with either a scramble shRNA (upper panel) or a mix of shRNAs targeting Macf1 (lower level). In the first frame (on the left), myofibers are selected in white, which corresponds to the region used to create the adjacent kymograph. Scale bar = 10 mm. (E-H) Speed (E), Time in motion (F), Duration of pauses (G), and Distance travelled by myonuclei (H) were quantified using SkyPad analysis (Cadot et al., 2014). Quantifications were done on myonuclei within different myofibers from three individual experiments. Line is set at median. Ns stands for not significant, *p<0.05, **p<0.01, and ***p<0.001 (Student's t test). The online version of this article includes the following source data for figure 2: 2C andE-H. Video 1. Time-lapse experiments of primary myoblasts co-transfected with EB3-GFP plasmid and Scramble-siRNA at 1 day, 5 days, and 10 days post 'late differentiation' initiation (left panels) or primary myoblasts co-transfected with EB3-GFP plasmid and Macf1-siRNA at 1 day, 5 days, and 10 days post 'late differentiation' initiation (right panels). Each frames represent 500 milliseconds and was recorded for a period of time of 7 s. https://elifesciences.org/articles/70490#video1 mutant (HSA::Cre; Macf1 f/f ; hereafter referred to as Macf1 Cre+) and control mice (WT; Macf1 f/f referred as Macf1 Cre-) (Figure 3A-B). We quantified the efficiency of this approach by measuring the loss of MACF1 mRNA in muscle lysates and observed that its levels were reduced by 70% (Figure 3C, Figure 3-figure supplement 1A). Besides, MACF1 downregulation was confirmed by western blotting (Figure 3-figure supplement 1B). Macf1 conditional-KO mice were born at Mendelian frequency and appeared indistinguishable from WT littermates (data not shown). Comparing the body weight evolution between conditional-KO (Macf1 Cre+) and control mice (Macf1 Cre-) throughout growing and maturation did not reveal any difference between the two groups (Figure 3-figure supplement 1C-E).

Source data 1.
We first addressed the impact of MACF1 depletion on the cytoskeleton network using mature myofibers extracted from the Tibialis Anterior muscles of WT and conditional MACF1-KO mice. As expected from our in vitro experiments, immunofluorescence approach confirmed the preferred co-localization of MACF1 with the microtubule network rather than with the actin network (Figure 3D). We also observed a clear accumulation of MACF1 in the vicinity of myonuclei (Figure 3D, arrows) as previously reported in Drosophila myofibers but not in murine myofibers [START_REF] Oury | MACF1 links rapsyn to microtubule-and actin-binding proteins to maintain neuromuscular synapses[END_REF]Wang et al., 2015). In Macf1 Cre+ muscle myofibers, MACF1 staining was clearly less intense all along the myofibers and particularly within the myonuclei vicinity. Also, the microtubule network organization was clearly altered in Macf1 Cre+ myofibers while there was no concurrent sign of actin network defect (Figure 3D). The preserved integrity of the actin network was confirmed by the absence of change in sarcomere length at different ages (Figure 3E, Figure 3-figure supplement 1F). To quantify the spatial disorganization of the microtubule network, we used a texture detection tool (TeDT) (Liu and Ralston, 2014). Our data show that the longitudinal microtubule network is the most affected regardless of the age of the animals (2-, 6-, or 12-month-old mice (Figure 3F, Figure 3-figure supplement 1G-H)), in agreement with the loss of MACF1 staining in the Macf1 Cre+ muscle myofibers (Figure 3D). Altogether, these evidences demonstrate that MACF1 stabilizes the microtubule network during myofibers maturation.

MACF1 can modulate microtubule dynamics through the interaction with different partners such as CLAPS2, EB1, CAMSAP3, Nesprin, Map1B, ErbB2 [START_REF] Ka | MACF1 regulates the migration of pyramidal neurons via microtubule dynamics and GSK-3 signaling[END_REF][START_REF] Noordstra | Control of apico-basal epithelial polarity by the microtubule minus-end-binding protein CAMSAP3 and spectraplakin ACF7[END_REF][START_REF] Pereira | Mammalian CLASP1 and CLASP2 cooperate to ensure mitotic fidelity by regulating spindle and kinetochore function[END_REF][START_REF] Ryan | Microtubule stability, golgi organization, and transport flux require dystonin-a2-MAP1B interaction[END_REF][START_REF] Zaoui | ErbB2 receptor controls microtubule capture by recruiting ACF7 to the plasma membrane of migrating cells[END_REF]. In addition, microtubules are subject to a variety of post-translational modifications (PTMs) that are associated with changes in microtubules dynamics [START_REF] Nieuwenhuis | The tubulin detyrosination cycle: function and enzymes[END_REF]. Among these, tubulin de-tyrosination is associated with longer-living microtubules, whereas dynamic microtubules are mainly tyrosinated [START_REF] Bulinski | Stabilization of post-translational modification of microtubules during cellular morphogenesis[END_REF]. To further investigate the role of MACF1 in the long-term balance of microtubule dynamic in myofibers, we addressed the microtubule tyrosination/de-tyrosination status in muscles from our conditional-KO and control mice (Figure 3G-H). In Macf1 Cre-muscle fibers, tyrosinated tubulin is found all along microtubules and in the vicinity of myonuclei along myofibers. Conversely, de-tyrosinated tubulin was found preferentially in the vicinity of myonuclei. While in Macf1 Cre+ muscles, there was no change in the tyrosinated tubulin pattern, de-tyrosinated tubulin staining at myonuclei periphery was either severely reduced or absent (Figure 3G, arrows). Interestingly, this modification was relevant only in muscles from 12-month-old Macf1 Cre+ mice (Figure 3H, Figure 3-figure supplement 1I), suggesting a progressive impact of MACF1 loss on the microtubules pattern. Therefore, MACF1 plays a critical role in the long-term maintenance of stability of the peri-nuclear and longitudinal microtubule network of myofibers.

Muscle-specific conditional MACF1-KO mice exhibit progressive myonuclei mislocalization

We next assessed myonuclei localization along muscle fibers of Macf1 Cre+ mice. Tibialis Anterior myofibers were extracted from 2-, 6-, and 12 months old Macf1 Cre-and Macf1 Cre+ mice and immunofluorescence staining was used to analyze myonuclei distribution (Figure 4A). We found that the shortest distance between neighboring myonuclei was increasing throughout development in wild-type muscles, reaching a plateau at 6 months of age (Figure 4B). In MACF1 depleted myofibers, not only this increase was not observed during development but there was also a significant drop in the value for the distance between myonuclei in myofibers from 12-month-old mice (Figure 4B). In addition, the increase in the myonuclei feret value observed in control myofibers, was abolished in Macf1 Cre+ myofibers (Figure 4C), leading to an increase in myonuclei roundness (Figure 4D), consistent with the slackening of the cytoskeleton pressure on the myonuclei membrane (Wang et al., 2015).

In normal conditions, myonuclei are regularly spaced at the periphery along muscle fibers (Bruusgaard et al., 2006). We compared myonuclei localization in different types of muscles from Macf1 Cre-and Macf1 Cre+ mice by analyzing muscle cross-sections stained with DAPI and laminin (to determine the limit of each myofiber) (Figure 4E, Figure 4-figure supplement 1A). We observed a significant increase in the number of delocalized myonuclei in the Macf1 Cre+ muscles, either at the center or elsewhere dispatched within the myofibers of several skeletal muscles (Tibialis Anterior, Soleus and Gastrocnemius) in 12-month-old mice (Figure 4E-F, Figure 4-figure supplement 1A-B). Interestingly, no significant delocalization of myonuclei was observed in 3-and 8month-old mice (Figure 4-figure supplement 1A-B), suggesting that peripheral myonuclei alteration precede myonuclei internalization. Remarkably, peripheral myonuclei spreading is altered concomitantly with microtubules disorganization, while myonuclei internalization correlates with the disappearance of stable microtubules around myonuclei. With respect to myofiber size, no significant alteration was detected in the cross-sectional area (CSA) in Tibialis Anterior muscles from 3month-old mice (Figure 4G). Nonetheless, we observed a shift of the distribution towards a smaller CSA in muscles from 8-month-old Macf1 Cre+ mice, which was maintained at 12 months of age (Figure 4G). Of note, changes in myonuclei positioning were not associated with an alteration in the total number of myofibers per muscle (Figure 4-figure supplement 1C), nor with a massive regeneration process, as evidenced by the absence of Myogenin or MyoD mRNA upregulation (Figure 4figure supplement 1D-E). Thus, MACF1 is implicated in the maintenance of peripheral myonuclei spreading in adult myofibers as well as in the prevention of myonuclei internalization.

MACF1-deficient muscles exhibit progressive neuromuscular junction alteration

MACF1 contributes to the maintenance of the neuromuscular junction (NMJ) by recruiting microtubules at that location [START_REF] Oury | MACF1 links rapsyn to microtubule-and actin-binding proteins to maintain neuromuscular synapses[END_REF] where synaptic myonuclei are clustered underneath the junction (Bruusgaard et al., 2006). We thus investigated the potential implication of MACF1 in myonuclei clustering at the NMJ. Immunofluorescence staining revealed no clear accumulation or specific localization of MACF1 at the NMJ, in contrast with a previous report on mouse muscle [START_REF] Oury | MACF1 links rapsyn to microtubule-and actin-binding proteins to maintain neuromuscular synapses[END_REF]. However, consistent with observations from this group, there was a clear progressive alteration of acetylcholine receptors (AChRs) patterning in myofibers from Macf1 Cre+ mice, characterized by a decrease of AChRs clusters size and an increase of NMJ fragmentation (Figure 5A-C). This AChRs clustering impairment was confirmed in different muscles (Tibialis Anterior, Extensor Digitorum Longus, and Rectus Lateralis) (Figure 5-figure supplement 1A-B). We also confirmed these results on the neuromuscular junction of Drosophila model, using the muscle-specific driver (Mef2-GAL4) to express RNAi against Drosophila Shot (Macf1 orthologous) (Wang et al., 2015). Immunostaining against Shot confirmed a preferential localization of the protein around myonuclei but not at the NMJ and showed a significant reduction of protein level around myonuclei in Shot-KD larval muscles (Figure 5-figure supplement 1C-D). In accordance with the conditional-KO mouse model, we found that the size of active zones of synaptic buttons and post-synaptic terminals were decreased in Shot-KD larval muscles (Figure 5-figure supplement 1E-F).

We next studied the association of synaptic myonuclei with the NMJ. We observed a progressive recruitment of myonuclei underneath the NMJ in Tibialis Anterior myofibers of control mice with age, concomitant with an enlargement of the area occupied by AChRs. In control mice, the number of synaptic myonuclei increased from approximately 7 at 2 months of age to 11 at 12 months of age (Figure 5D). In MACF1-depleted myofibers (Macf1 Cre+), there was no new recruitment of synaptic myonuclei over the same period and the number of synaptic myonuclei remains close to 7 from 2-to 12 months of age (Figure 5D). As we identified that microtubule network is altered along muscle fibers in MACF1-depleted condition, we analyzed the potential changes in tyrosinated/de- tyrosinated tubulin distribution at the NMJ. Surprisingly, tubulin accumulation was not observed around the synaptic myonuclei of control myofibers, in contrast with the pattern observed at extrasynaptic nuclei (Figure 5E, Figure 3G). Instead, we detected tubulin accumulation close to the NMJ site of MACF1 mutant mice with a blurry patterning. Nonetheless, de-tyrosinated tubulin accumulation appeared highly correlated with AChRs staining even when AChR clusters were fragmented in the conditional-KO mice (Figure 5E, arrows). Finally, the ratio of both tyrosinated and de-tyrosinated tubulin vs total tubulin at NMJs were not different between Macf1 Cre-and Macf1 Cre+ mice (Figure 5F). This suggests that the role of MACF1 at the NMJ is not related to myonuclei clustering nor to the control of microtubule dynamics but is instead associated with AChRs clustering.

To further check that synaptic myonuclei location does not depend on MACF1, we used a sciatic nerve crush protocol to induce denervation (Figure 5G; [START_REF] Milanic | Morphometric characteristics of myonuclear distribution in the normal and denervated fast rat muscle fiber[END_REF]. Using this technique, we clearly observed atrophy of the muscle fibers together with a reduction in the AChRs area in both Macf1 Cre-and Macf1 Cre+ conditions (Figure 5H-I). Interestingly, 15 days following denervation, the similar number of synaptic myonuclei per NMJ was lost in both Macf1 Cre-and Macf1 Cre+ conditions (Figure 5J), confirming that MACF1 is not directly implicated in the maintenance of synaptic myonuclei.

As the role of MACF1 at the NMJ seemed specifically related to AChR clustering, we tested whether MACF1 depletion in myofibers in vitro would fail to precociously cluster AChRs. For this, agrin-supplemented culture medium was used during in vitro differentiation of myofibers as this is known to induce clustering of AChRs [START_REF] Lin | Microtubule actin crosslinking factor 1b: a novel plakin that localizes to the golgi complex[END_REF][START_REF] Schmidt | Agrin regulates CLASP2-mediated capture of microtubules at the neuromuscular junction synaptic membrane[END_REF][START_REF] Vilmont | Dynein disruption perturbs post-synaptic components and contributes to impaired MuSK clustering at the NMJ: implication in ALS[END_REF]Figure 5K). Using immunofluorescence staining, we found that, even though the proportion of shRNA-MACF1-transfected myofibers expressing AChRs was not changed (Figure 5L), they displayed a 20% drop in the number of those presenting AChR clusters with a diameter larger than 8 mm (Figure 5M). This demonstrates that MACF1 is required for efficient AchR clustering in the myofiber.

Altogether, MACF1 is required to maintain the neuromuscular synapse integrity through AChRs clustering in developing and differentiated myofibers, which in turn controls synaptic myonuclei recruitment at the NMJ. panel A) at 2-, 6-, and 12 months of age. Several myofibers were subjected to analysis per mouse and each group is formed from at least three mice. Line is set at median. Ns stands for not significant, *p<0.05, **p<0.01 and ***p<0.001 (Student's t test). (E) Representative confocal images (63Â) presenting tyrosinated tubulin (green), de-tyrosinated tubulin (red), and AChRs clusters (blue) in myofibers isolated from Tibialis Anterior of Macf1 Cre-(three left panels) and Cre+ (three right panels) mice at the age of 12 months. Scale Bar = 10 mm. (F) Quantification of the ratios of fluorescence intensity from tyrosinated tubulin to total tubulin, de-tyrosinated tubulin to total tubulin and de-tyrosinated tubulin to tyrosinated tubulin. The mean fluorescence intensity of each given staining was measured specifically for the post-synaptic NMJs area (as presented in panel E) on NMJs of myofibers isolated from Tibialis Anterior of Macf1 Cre-and Cre+ mice at the age of 12 months. Line is set at median. Ns stands for not significant (Student's t test). (G) Scheme of the strategy used to induce sciatic nerve crush and subsequent analysis of muscle fibers from Macf1 Cre-and Cre+ mice. (H) Distribution of myofibers cross-section areas from non-denervated (referred as ND) and denervated (referred as D) Tibialis Anterior muscles of Macf1 Cre-and Cre+ mice at the age of 8 months. Line is set at mean (with SEM). (I-J) Quantification of post-synaptic NMJs area (I) and number of synaptic myonuclei (J) measured on isolated myofibers from non-denervated (referred as ND) and denervated (referred as D) Tibialis Anterior muscles of Macf1 Cre-and Cre+ mice at the age of 8 months. Line is set at median. *p<0.05, **p<0.01, and ***p<0.001 (Student's t test). (K) Representative fluorescence images (63Â) of AChRs clusters (green) and myonuclei (red) in myofibers treated with scramble shRNA (two upper panels) or with a pool of the four distinct shRNAs targeting Macf1 (two lower panels) after 10 days of differentiation in presence of Agrin in culture medium. Scale Bar = 10 mm. (L) Percentage of myofibers expressing immunofluorescence staining for AChRs in primary myofibers treated with scramble shRNA, with each of the four distinct shRNAs or with a pool of these four distinct shRNAs targeting Macf1 after 10 days of differentiation in the presence of Agrin. Data are from three individual experiments. Line is set at median. Ns stands for not significant (Student's t test). (M) AChRs clustering distribution in cells treated with scramble shRNA, with each of the four individual shRNAs or with a pool of the four individual shRNAs targeting Macf1 after 10 days of differentiation in the presence of Agrin. Data was collected from three individual experiments for each condition. Line is set at median. Ns stands for not significant, *p<0.05 and **p<0.01 (Student's t test). The online version of this article includes the following source data and figure supplement(s) for figure 5: 

Source data 1.

Muscle fibers from MACF1-KO mice show muscle excitability defects and T-tubules alteration with preserved excitation-contraction coupling

To determine whether the above-described alterations impact muscle function, we tested muscular performance in young (4-month-old) and in adult (12-month-old) Macf1 conditional-KO mice compared to age-matched control animals. The formers are mainly characterized by peripheral extra-synaptic myonuclei disorganization, while the latters also exhibit large internalization of extra-synaptic myonuclei mice. We used a strictly non-invasive experimental setup offering the possibility to stimulate the hindlimb muscles in vivo to record force production. Force was measured in response to incremental stimulation frequencies (from 1 to 100 Hz) to obtain the force-frequency relationship. There was no significant difference in the values for maximum force produced between the two groups, irrespective of the mouse age. However, in young mice, there was a large rightward shift of the force production capacity in conditional Macf1 KO mice (Figure 6A), suggesting alteration of either the neuromuscular transmission or of the excitation-contraction coupling process. Of note, this shift was also maintained in adult mice, although in a less pronouced manner (Figure 6A).

In skeletal muscle, triads consist of one transverse tubule (T-tubule) with two appended terminal cisternae of sarcoplasmic reticulum (SR). The triad is the structure where excitation-contraction coupling (ECC) takes place. Efficient triad formation has been linked to microtubule organization in muscle cells [START_REF] Osseni | Triadin and CLIMP-63 form a link between triads and microtubules in muscle cells[END_REF]. Since Macf1 conditional-KO myofibers exhibit microtubule disorganization, we used electron microscopy to study the ultrastructure of muscle in Macf1 Cre+ mice and analyzed T-tubules and SR organization (Figure 6B). We found signs of alteration of the T-tubules in some Macf1 Cre+ myofibers (Figure 6B, white arrows) consistent with a possible alteration of ECC. To test this possibility, we compared voltage-activated SR Ca 2+ release in Flexor Digitalis Brevis (FDB) muscle fibers isolated from conditional Macf1 Cre+ mice and control mice. Confocal staining using di-8-anepps showed an overall comparable structure of T-tubule network in Macf1 Cre-and in Macf1 Cre+ FDB muscle fibers (Figure 6C -top and -middle panels). However, some isolated muscle fibers from the conditional mutant mice exhibited strong alteration of T-tubule orientation without perturbation in T-tubules density or sarcomere length (Figure 6C -Bottom panel, D-F). We next tested if SR Ca 2+ release amplitude and kinetics are affected in Macf1 Cre+ muscle fibers. Figure 6G shows rhod-2 Ca 2+ transients elicited by membrane depolarizing steps of increasing amplitude in a Macf1 Cre-and in a Macf1 Cre+ fibers. As routinely observed under these conditions [START_REF] Kutchukian | Impaired excitation-contraction coupling in muscle fibres from the dynamin2 R465W mouse model of centronuclear myopathy[END_REF], transients in control fibers exhibit a fast early rising phase upon depolarization followed by a slower phase at low and intermediate voltages and by a slowly decaying phase for the largest depolarizing steps. As shown in Figure 6H, rhod-2 transients from Macf1 Cre+ fibers exhibited an overall similar time-course, not distinguishable from control muscle fibers. In each tested fiber, the rate of SR Ca 2+ release was calculated from the rhod-2 Ca 2+ transients. Traces for the calculated rate of SR Ca 2+ release corresponding to the transients shown in Figure 6H are shown in Figure 6I. In both fibers, the rate exhibits a similar early peak, whose amplitude increases with that of the pulse, followed by a spontaneous decay down to a low level. The SR Ca 2+ released peak amplitude was similar in Macf1 Cre-and in Macf1 Cre+ muscle fibers for all voltages (Figure 6I) and the time to reach the peak was also not affected in the Macf1 Cre+ muscle fibers (Figure 6I, values not shown). Mean values for maximal rate of SR Ca 2+ release (Max d[Ca tot ]/ dt), mid-activation voltage (V 0.5 ) and slope factor (k) of the voltage-dependence were statistically unchanged in Macf1 Cre+ muscle fibers compared to control fibers (Figure 6J). Accordingly, there was also no change in the voltage-dependent Ca 2+ channel activity of the dihydropyridine receptor (also referred to as Ca V 1.1, the voltage-sensor of excitation-contraction coupling) in fibers from Macf1 Cre+ mice (not shown).

Overall, despite some structure alterations, myofibers isolated from Macf1 conditional-KO mice exhibit efficient voltage-activated SR-Ca 2+ release, strongly suggesting that altered force-frequency relationship is related to neuromuscular transmission deficiency.

MACF1 controls mitochondria biogenesis in skeletal muscle

During our studies on muscle excitability, measurement of the absolute maximal force developed by Macf1 conditional KO mice was not changed compared to control mice (data not shown) but when we questioned the fatigability of those muscles, we found that in both young and old mice, Macf1 Cre+ are more resistant to fatigue compared to control mice (Figure 7A). Since skeletal muscles are composed of a functional and metabolic continuum of slow (type I) and fast fibers (types IIa and IIx) known to distinctively rely on metabolic pathways and mitochondrial activity, we first questioned whether there were changes in the mitochondrial pool of adult conditional-KO mice. We measured the intensity of succinate dehydrogenase (SDH) staining, indicative of mitochondrial activity, and found a significant increase in the number of fibers with strong positive succinate dehydrogenase staining in Tibialis Anterior muscle from 12-month-old Macf1 Cre+ compared to control mice (Figure 7B-C). As the intensity of SDH staining is commonly used to discriminate slow and fast fibers, we investigated if the proportion of slow fibers was changed in Macf1 Cre+ mice. Cross-sections of 12-month-adult muscles from the Tibialis Anterior, Soleus and Gastrocnemius were analyzed for slow myosin content and no alteration was observed (Figure 7-figure supplement 1A-B).

We next quantified the content of mitochondria and of proteins of the electron transport chain. There was an increase in the total amount of mitochondria (Tom20 relative to actin) in total protein extracts from Gastrocnemius of 12-month-old Macf1 Cre+ mice, as compared to control mice. However, there were no changes in the levels of mitochondrial electron transport chain proteins (CI, II, III, IV, and V, relative to Tom20) (Figure 7D). To confirm the increase of mitochondria pool, we measured the ratio of Mitochondrial-DNA to Genomic-DNA. This ratio did not differ between young (3month-old) and adult (12-month-old) control mice, nor did it between young Macf1 Cre+ and control mice (Figure 7E). Interestingly, adult Macf1 Cre+ mice showed an increased amount of mitochondrial DNA compared to the other groups (Figure 7E). To understand this phenomenon, we followed the expression level of different genes known to contribute to mitochondria fusion/fission/biogenesis such as DNM1, DNM2, PPARGC1A and SLN. Remarkably, we found that only the expression of Sarcolipin, known to promote mitochondria biogenesis in skeletal muscle [START_REF] Maurya | Sarcolipin signaling promotes mitochondrial biogenesis and oxidative metabolism in skeletal muscle[END_REF][START_REF] Maurya | Sarcolipin is a key determinant of the basal metabolic rate, and its overexpression enhances energy expenditure and resistance against Diet-induced obesity[END_REF] was increased in Macf1 Cre+ mice compared to control mice (Figure 7F, Figure 7-figure supplement 1C). We next checked the staining of Cytochrome C, indicative of mitochondria content and spatial organization, in myofibers isolated from Tibialis Anterior muscles from 12-month-old mice. Our immunofluorescence approach showed a strong accumulation of mitochondria in different areas at the periphery of myofibers from the conditional-KO mice compared to control mice (Figure 7G, arrow). Additionally, there was an accumulation of mis-oriented longitudinal staining (Figure 7H), reminiscent of what was observed with the T-tubules staining in certain Macf1 Cre+ myofibers (Figure 6C). This suggests an alteration of myofibrils cohesion at the periphery of the myofibers. In this view, since mitochondria are linked to both the microtubule network and to Desmin intermediate filaments [START_REF] Reipert | Association of mitochondria with plectin and desmin intermediate filaments in striated muscle[END_REF], we questioned the integrity of the Desmin network and found a similar disruption as observed for mitochondria staining (Figure 7-figure supplement 1D-E). Electron microscopy was next used to visualize the ultrastructure of mitochondria in Tibialis Anterior muscle of Macf1 Cre+ mice. This approach confirmed the increase in mitochondria content in Macf1 Cre+ myofibers, associated with the presence of spherical mitochondria inbetween myofibrils (Figure 7I). We next questioned if the mitochondrial network distribution was altered in vitro, in primary myofibers (Figure 7J). In myofibers treated with scrambled siRNA/shRNA, mitochondria lined up in the bulk of myofibers, in-between myofibrils, where they followed the longitudinal axis, just like the microtubule network. However, in Macf1 siRNA/shRNA-treated myofibers, we observed a 30% increase of mitochondria content (Figure 7K). These results confirmed a role of MACF1 in muscles specifically related to mitochondria biogenesis. Consequently, MACF1 is involved in the regulation of mitochondria biogenesis as loss of MACF1 is associated with an increase in Sarcolipin level and redistribution of mitochondrial content.

Discussion

Different mechanisms involving actin and microtubule network control myonuclei positioning during muscle fiber development and differentiation [START_REF] Azevedo | Getting into position: nuclear movement in muscle cells[END_REF]. However, the long-term mechanisms allowing myonuclei patterning maintenance in mature muscle fibers are still pending. The present study describes a MACF1-dependent pathway that is critical for proper myonuclei distribution at the periphery of the myofibers, through the ability of MACF1 to control microtubule network dynamics. MACF1 is a giant member of the spectraplakin family, able to simultaneously bind to different cytoskeleton members. Spectraplakins are involved in intracellular trafficking, cellular polarization migration and shaping, cell-cell adhesion and mechanical strength [START_REF] Suozzi | Spectraplakins: master orchestrators of cytoskeletal dynamics[END_REF]. In mononuclear cells, MACF1 acts as a hub between the actin and microtubule networks to promote their alignment, allowing cells structure maintenance [START_REF] Lo ´pez | Actin-microtubule coordination at growing microtubule ends[END_REF]. In skeletal muscle, MACF1 has been implicated in the integrity of the NMJ through its association with rapsyn and actin [START_REF] Antolik | The actin binding domain of ACF7 binds directly to the tetratricopeptide repeat domains of rapsyn[END_REF][START_REF] Oury | MACF1 links rapsyn to microtubule-and actin-binding proteins to maintain neuromuscular synapses[END_REF]. Shot, the Drosophila orthologue participates in the formation and maintenance of a perinuclear shield in muscle (Wang et al., 2015). Still, MACF1 function in muscle remained puzzling as drosophila Shot exhibits a myonuclei-related localization while previous studies in murine models identified MACF1 specifically accumulated at the NMJ.

Our in vitro results show that MACF1 is progressively expressed during muscle fiber maturation and differentiation and accumulates at the periphery of the myofibers where it colocalizes with cortical microtubules (Figure 1, Figure 1-figure supplement 1). In vivo, muscle MACF1 also accumulates strongly in the vicinity of extra-synaptic myonuclei and colocalizes mainly with the longitudinal microtubule network (Figure 3), in accordance with observations from Drosophila myofibers (Figure 5-figure supplement 1; Wang et al., 2015). Interestingly, the MACF1 accumulation pattern along the extrasynaptic myofibers differs from that at the NMJ where there isn't a particular MACF1 meshwork around synaptic myonuclei, nor a colocalization of MACF1 with AChRs (Figure 5, Figure 5-figure supplement 1). Accordingly, extra-synaptic myonuclei positioning is altered in developing myofibers of MACF1-depleted muscles (Figures 1 and4), whereas synaptic myonuclei positioning is not affected (Figure 5). Our in vitro results suggest that the progressive alteration of myonuclei positioning is mainly due to the capacity of MACF1 to freeze myonuclei displacement events (Figure 2). Thus, in the MACF1-depleted condition, myonuclei motion is increased and contributes to the alteration of myonuclei distribution along myofibers that translates into a reduction in the distance between adjacent myonuclei (Figures 1 and4). Interestingly, the in vivo long-term depletion of muscle MACF1 leads to a dramatic change in the location of myonuclei in 12 month-old mice. In these mice, myonuclei are internalized, with no associated signs of regeneration (Figure 4, Figure 4-figure supplement 1). Myonuclei internalizations is concomitant with the appearance of T-tubules enlargement and with continuity breaks of membranes and Desmin structures in the myofibers (Figures 6 and7). In mature myofibers, myonuclei have been found to reach the periphery of myofibers by a process dependent on an interplay between myonuclei rigidity, actin and Desmin network (Roman et al., 2017). Depletion of MACF1 in vitro or in vivo does not impact the actin network integrity, as reflected by unmodified sarcomere's structure (Figures 1 and3, Figure 3-figure supplement 1). In contrast, the myonuclei morphology is modified (Figures 1 and4). We believe that in MACF1 depleted myofibers, the loosened anchorage of peripheral myonuclei is the initial cause of changes in their morphology. Over time, MACF1 depletion affects the Desmin network, which is a myofibril linker known to play a hub role between the sarcolemmal cytoskeleton and nuclei [START_REF] Hnia | Desmin in muscle and associated diseases: beyond the structural function[END_REF]. In this perspective, myonuclei internalization in MACF1-depleted myofibers from old mice is likely the consequence of loosening of the MACF1-dependent meshwork in the vicinity of the myonuclei. This contributes to the long-term enhancement of myonuclei motion, associated with myonuclei shape alteration. Altogether, this internalization requires loss of cohesion within myofibrils, achieved through reorganization of the Desmin network.

Our study shows that MACF1 controls myonuclei displacement through the regulation of microtubules dynamics during myofibers maturation (Figures 2 and3). Early steps of myonuclei positioning in immature myofibers (myotubes) depend on an interplay between microtubules, microtubule-associated-proteins and motors proteins such as MAP4, MAP7, Dynein, and Kif5b [START_REF] Cadot | Nuclear movement during myotube formation is microtubule and dynein dependent and is regulated by Cdc42, Par6 and Par3[END_REF]Gache et al., 2017;[START_REF] Metzger | MAP and kinesindependent nuclear positioning is required for skeletal muscle function[END_REF]Mogessie et al., 2015). Interestingly, we found that MACF1 is not involved in the early steps of myonuclei spreading in myotubes (Figure 1-figure supplement 1). Using EB3 comets tracking, we show that microtubule dynamic progressively decreases within myofibers during maturation, leading to more stabilized microtubules structures (Figure 2). Interestingly, the absence of MACF1 impairs this stabilization and leads to microtubule with a higher polymerization rate (Figure 2). We propose that this enhanced dynamic is correlated with the increased myonuclei movement along myofibers, especially because endogenous MACF1 is in vitro and in vivo clearly located around myonuclei and is co-localized with the longitudinal microtubule network (Figures 1 and3). Progressive microtubule network stabilization during myofibers maturation is associated with de-tyrosinated tubulin accumulation. Interestingly, our microscopy images show that a de-tyrosinated pool of microtubules is present in the vicinity of myonuclei in control mice (Figure 3; [START_REF] Gadadhar | The tubulin code at a glance[END_REF]. In accordance with the elevated microtubule dynamics, detyrosinated tubulin staining around myonuclei is lost in Macf1 KO muscles (Figure 3), supporting a link between microtubule dynamics and myonuclei motion. No direct interplay between MACF1 and tubulin post translational modification (PTMs) has been so far documented, but one can hypothesize that regarding already described MACF1 localization, at the Minus-End of microtubules throught CAMSAP/patronin or at the Plus-End of microtubules throught EB1, MACF1 can influence localization of enzymes controlling tubulin PTMs such as TTL or SVBP [START_REF] Aillaud | Vasohibins/SVBP are tubulin carboxypeptidases (TCPs) that regulate neuron differentiation[END_REF][START_REF] Noordstra | Control of apico-basal epithelial polarity by the microtubule minus-end-binding protein CAMSAP3 and spectraplakin ACF7[END_REF][START_REF] Peris | Tubulin tyrosination is a major factor affecting the recruitment of CAP-Gly proteins at Microtubule plus ends[END_REF][START_REF] Su | MACF1 promotes preosteoblast migration by mediating focal adhesion turnover through EB1[END_REF]. Thus, it is tempting to postulate that in MACF1-depleted myofibers from old mice, this elevated microtubule dynamic is constantly challenging the cohesion between myofibrils through Desmin reorganization, hence contributing to the myonuclei internalization process [START_REF] Heffler | A balance between intermediate filaments and microtubules maintains nuclear architecture in the cardiomyocyte[END_REF]. Interestingly, in the MACF1-depleted myofibers, the tyrosinated/de-tyrosinated ratio of microtubules is not changed at the NMJ supporting alternative tubulin PTMs in the maintenance of the microtubule network cohesion at that location (Osseni et al., 2020). Nonetheless, we show that MACF1 is important for the control of AChR clustering in mature myofibers (Figure 5). Failure of this mechanism in the MACF1-depleted myofibers is the most likely reason for the observed decrease in muscle excitability since it will affect neuromuscular transmission (Figure 6). This interpretation is strengthened by the fact that myofibril genesis is not impacted neither in vitro nor in vivo upon MACF1-depletion and by the fact that there is also no alteration in SR-Ca 2+ release even though the overall structure of T-tubule network was found affected in some of the myofibers (Figure 6).

Our study has also revealed an unexpected role for muscle MACF1 related to mitochondria biogenesis. We observed an increase in the number of oxidative fibers in MACF1-depleted muscles from old mice, with no associated change in the myosins expression levels (Figure 7, Figure 7-figure supplement 1). This alteration is correlated with an increase of mitochondrial DNA and with the increased fatigue resistance of the MACF1 KO mice (Figure 7). In addition, our electron and fluorescence microscopy images revealed an alteration of mitochondria shape and patterning as they appear rounder and accumulated in-between myofibrils (Figure 7). Molecular motors such as Kif5b and Dynein control mitochondrial motion in myoblasts (iqbal and [START_REF] Iqbal | Cytoskeletal regulation of mitochondrial movements in myoblasts[END_REF]. Microtubule network disorganization and loss of myofibrils cohesion may explain mitochondria mislocalization along myofibers. Accordingly, MACF1 has been previously implicated in mitochondria localization and nuclear positioning in oocytes [START_REF] Escobar-Aguirre | Microtubule-actin crosslinking factor 1 (Macf1) domain function in balbiani body dissociation and nuclear positioning[END_REF]. In addition, an increase in microtubules instability directly impacts the local concentration of free tubulin [START_REF] Gache | Identification of proteins binding the native tubulin dimer[END_REF] and free tubulin-bII level can affect mitochondrial metabolism and organization [START_REF] Guerrero | Study of possible interactions of tubulin, microtubular network, and STOP protein with mitochondria in muscle cells[END_REF][START_REF] Guzun | Mitochondria-cytoskeleton interaction: distribution of b-tubulins in cardiomyocytes and HL-1 cells[END_REF][START_REF] Kumazawa | Microtubule disorganization affects the mitochondrial permeability transition pore in cardiac myocytes[END_REF]. Finally, our investigations revealed that the mRNA levels of proteins related to mitochondrial fusion/fission such as DNM1 and DNM2 were unchanged in MACF1 depleted myofibers but the transcripts of Sarcolipin, a protein related to mitochondrial biogenesis, were dramatically increased in conditional old mutant mice compared to controls. One possibility is that this alteration is due to the aberrant myonuclei size/ shape of MACF1 KO myofibers since it has been reported that nuclear alterations can impact gene expression through changes in mechanotransduction processes [START_REF] Robson | Tissue-Specific gene repositioning by muscle nuclear membrane proteins enhances repression of critical developmental genes during myogenesis[END_REF][START_REF] Wang | Mechanotransduction via the LINC complex regulates DNA replication in myonuclei[END_REF]. In any case, our results indicate that the increase in mitochondria number is already present in young mice (Figure 7) and is the most likely explanation for the resistance of both young and old KO mice to fatigue. We thus provide evidence that microtubule organization and dynamics in muscle cells are imporant not only for mitochondria motion and positioning, but also to maintain mitochondria biogenesis [START_REF] Mado | On the role of tubulin, plectin, Desmin, and vimentin in the regulation of mitochondrial energy fluxes in muscle cells[END_REF].

The present results have physiopathological relevance as there are several disease conditions associated with peripheral myonuclei mis-localization in muscle fibers. This is the case for a heterogeneous group of inherited muscle diseases, called CentroNuclear Myopathies (CNMs), which are defined pathologically by an abnormal localization of myonuclei in the center of the myofibers [START_REF] Jungbluth | Pathogenic mechanisms in centronuclear myopathies[END_REF]. Genes implicated in the various forms of CNMs encode proteins that participate in different aspects of membrane remodeling and trafficking such as MTM1, Amphyphisin-2/BIN1, DNM2, and HACD1 [START_REF] Bitoun | Mutations in dynamin 2 cause dominant centronuclear myopathy[END_REF][START_REF] Laporte | A gene mutated in X-linked myotubular myopathy defines a new putative tyrosine phosphatase family conserved in yeast[END_REF][START_REF] Muhammad | Congenital myopathy is caused by mutation of HACD1[END_REF][START_REF] Muller | Targeted disruption of the murine Bin1/Amphiphysin II gene does not disable endocytosis but results in embryonic cardiomyopathy with aberrant myofibril formation[END_REF]. Another example is skeletal muscle biopsies from patients with desminopathies which also present internalized myonuclei [START_REF] Clemen | Desminopathies: pathology and mechanisms[END_REF]. Here, we have identified MACF1, as a critical contributor in the maintenance of extra-synaptic myonuclei positioning, in the maintenance of the NMJ integrity and in mitochondria location and biogenesis. This is of strong relevance to our understanding of muscle diseases associated with centralization of myonuclei and potentially to other pathological muscle defects.

Materials and methods

Cell culture

Primary myoblasts were collected from wild type C57BL6 mice as described before [START_REF] Falcone | N-WASP is required for Amphiphysin-2/BIN1dependent nuclear positioning and triad organization in skeletal muscle and is involved in the pathophysiology of centronuclear myopathy[END_REF]Pimentel et al., 2017). Briefly, Hindlimb muscles from 6 days pups were extracted and digested with collagenase (Sigma, C9263-1G) and dispase (Roche, 04942078001). After a pre-plating step to discard contaminant cells such as fibroblasts, myoblasts were cultured on 1% matrigel coated-dish (Corning, 356231) in growth media (GM: IMDM (Gibco, 21980-032), 20% fetal bovine serum (Gibco, 10270-106), 1% chicken embryo extract (USBiological, C3999), and 1% penicillinstreptomycin (Gibco, 15140-122)). When reached to 90% of confluence, myocytes were induced to differentiate in myotubes for 2-3 days in differentiation media (DM: IMDM (Gibco, 21980-032), 2% of horse serum (Gibco, 16050-122) and 1% penicillin-streptomycin (Gibco, 15140-122)). Myotubes were then covered by a concentrated layer of matrigel and maintained for up to 10 days in long differentiation culture medium (LDM: IMDM (Gibco, 21980-032), 2% of horse serum (Gibco, 16050-122), 0.1% Agrin + 1% penicillin-streptomycin (Gibco, 15140-122)) until the formation of mature and contracting myofibers. LDM was changed every two days.

Mouse myoblast C2C12 cells (ATCC, CRL-1772, RRID:CVCL_0188), tested negative form mycoplasma, were cultured in growth media (DMEM (Gibco, 41966029), 15% fetal bovine serum (Gibco, 10270-106) and 1% penicillin-streptomycin (Gibco, 15140-122)) and were plated on 1% Matrigelcoated dishes for 1-2 days before differentiation. Differentiation was induced by switching to differentiation media (DMEM (Gibco, 41966029)) with 1% horse serum (Gibco, 16050-122).

Production of wild-type Agrin recombinant proteins

For the production of recombinant proteins, the stably transfected HEK293-EBNA cells were grown to about 80% confluence and were transferred to expression medium without FBS. Conditioned medium containing secreted proteins was collected every 3 days and replaced with fresh expression media for 12 days. Conditioned medium was centrifuged at 2000xg for 10 min to pellet the cells before storing at À20˚C. After thawing, recombinant proteins were purified from conditioned media by HPLC, on a HiTRAP Imac HP column (GE Healthcare, 17-0920-03), eluted with imidazol and desalted on silica column with PBS (GE Healthcare, HiPrep 26 /10Desalting) or on a Vivaspin column (Vivaspin Sartorius). The absolute concentration of soluble Agrins was estimated on a coomassie blue stained gel by comparison with a known amount of a commercial purified Agrin.

Cell transfection

For C2C12 cells, scramble or Macf1 targeting siRNAs were transfected in cells using Lipofectamine 2000 (ThermoFisher Scientifics, 11668-019) at the final concentration of 10 nM, following manufacturer instructions, just before differentiation. Same transfection methode was used according to the instructions to deliver scramble or Macf1 targeting shRNAs to cells.

For primaries cells, siRNAs were transfected using Lipofectamine 2000 (ThermoFisher Scientifics, 11668-019) at the final concentration of 2 nM. shRNAs (Geneocopia), MACF1-MTBD-GFP (gift from Carsten Janke team, Institut Curie, Paris, France), EB3-GFP (gift from Annie Andrieux team, Grenoble Institute Neurosciences, Grenoble, France) or RFP-Lamin-chromobody (Chromotek) cDNA were transfected to cells using Lipofectamine 3000 (ThermoFisher Scientifics, L3000-008) following manufacturer instructions, just before differentiation.

siRNA Sense oligonucleotide sequence Anti-Sense oligonucleotide sequence

MACF1 #952 GAGUUUCAAAAGAACCUUAtt UAAGGUUCUUUUGAAACUCtt MACF1 #954 CAAUACAGCUGAAAAAGUUtt AACUUUUUCAGCUGUAUUGgg MACF1 #958 GGAUGAAAUUAAUACUCGAtt UCGAGUAUUAAUUUCAUCCat shRNA Clone Name Target Sequence MACF1 #1 MSH071923-1-CU6 (OS398499) GCACATCAATGATCTCTATGA MACF1 #2 MSH071923-2-CU6 (OS398500) GCAGGTGAAGCTAGTGAATAT MACF1 #3 MSH071923-3-CU6 (OS398501) GCAGATTGCAAACAAGATACA MACF1 #4 MSH071923-4-CU6 (OS398502) GCTAAAGAATATCCGACTACT

Mouse model

Mice that carry a loxP-flanked allele of Macf1 [START_REF] Goryunov | Nervous-tissue-specific elimination of microtubule-actin crosslinking factor 1a results in multiple developmental defects in the mouse brain[END_REF] and Hsa-Cre transgenic mice [START_REF] Miniou | Gene targeting restricted to mouse striated muscle lineage[END_REF] have been described previously. All of the experiments and procedures were conducted in accordance with the guidelines of the local animal ethics committee of the University Claude Bernard -Lyon one and in accordance with French and European legislation on animal experimentation and approved by the ethics committee CECCAPP and the French ministry of research (CECCAPP_ENS_2018_022).

In vivo force measurements

Mice were initially anesthetized in an induction chamber using 4% isoflurane. The right Hindlimb was shaved before an electrode cream was applied at the knee and heel regions to optimize electrical stimulation. Each anesthetized mouse was placed supine in a cradle allowing for a strict standardization of the animal positioning. Throughout a typical experiment, anesthesia was maintained by air inhalation through a facemask continuously supplied with 1.5% isoflurane. The cradle also includes an electrical heating blanket in order to maintain the animal at a physiological temperature during anesthesia. Electrical stimuli were delivered through two electrodes located below the knee and the Achille's tendon. The right foot was positioned and firmly immobilized through a rigid slipper on a pedal of an ergometer (NIMPHEA_Research, AII Biomedical SAS) allowing for the measurement of the force produced by the Hindlimb muscles (i.e. mainly the Gastrocnemius muscle). The right knee was also firmly maintained using a rigid fixation in order to optimize isometric force recordings. Monophasic rectangular pulses of 0.2 ms were delivered using a constant-current stimulator (Digitimer DS7AH, maximal voltage: 400V). The force-frequency curves were determined by stepwise increasing stimulation frequency, with resting periods > 30 s between stimuli in order to avoid effects due to fatigue. For each stimulation train, isometric peak force was calculated. After a 3 min recovery period, force was assessed during a fatigue protocol consisting of 30 Hz stimulation trains of 0.3 s delivered once every second for 180 s. The peak force of each contraction was measured and averaged every five contractions. A fatigue index corresponding to the ratio between the last five and the first five contractions was determined. Force signal was sampled at 1000 Hz using a Powerlab system and Labchart software (ADinstruments).

Sciatic nerve crush

The mice were made unconscious by isoflurane anesthesia prior to the intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg) in order to obtain a deep state of general anesthesia.

To limit the pain on awakening, mice received a subcutaneous injection of buprenorphine at 30 mg/ ml (0.1 mg/g of bodyweight). Once deeply anesthetized mice were shaved at the level of the left hip and the skin incised over 3 mm, then the connective tissue (muscle fascia) was incised. In order to reach the sciatic nerve the muscle mass was pushed back with the delicate help of fine forceps. The exposed sciatic nerve was subjected for two minutes to a drop of lurocaı ¨ne in order to inhibit any nociceptive impulse. Then the nerve was seized using fine forceps and sectioned by ablation of 2-3 mm to avoid any reconnection by scarring. The wound was then stitched up using suture. 15 days later, after killing the mice according to the ethical rules of the establishment, Tibialis anterior muscles were collected for examination.

Mouse genotyping

In order to extract the DNA, samples (mice tales) were incubated in extraction solution (25 mM NAOH, 0.2 mM EDTA) for 30 min at 95˚C. Following the addition of neutralization solution (40 mM Tris-HCL), samples were centrifuged at 13000 RPM for 2 min at RT and the DNA were collected. DNA concentration was evaluated using Nanodrop (ThermoFisher Scientifics). PCR were carried (Hot Start Taq polymerase (QIAGEN, 1007837), PCR buffer mix (QIAGEN, 1005479) DNTP mix (Biolabs, 447)) using the following primers. The same amount of PCR products was loaded in 2X Agarose-1X TAE gels and were migrated for 2H at 130V. Results were obtained using GelDoc (BioRad).

List of the primers used for PCR:

Primer Sequence MACF1 F CATCAGAAGAGATCAACCAACC MACF1 R AAAGGAAGAGAGGTCCAAGGT Cre F GAGTTGATAGCTGGCTGGTGGCAGATG Cre R CCTGGAAAATGCTTCTGTCCGTTTGCC CD8 F GGTGCATTCTCACTCTGAGTTCC CD8 R GCAGACAGAGCTGATTTCCTATGTG
Protein extraction, western blot, and dot blot analysis

For primary cultured cells or C2C12 cell lines, cells were harvested, using 1X Trypsin for 5 min at 37C and centrifuged at 1500 RPM for 5 min at 4˚C. Cell pellets were diluted and incubated in the optimal volume of RIPA lysis buffer containing phosphatases inhibitors (Sigma, P5726-5mL) and proteases inhibitors (Sigma, P8340) for 30 min at 4˚C. Following a sonication and a centrifugation at 12,000 RPM for 10 min at 4˚C, protein samples were collected for further uses. The concentration of proteins was determined using BCA protein assay kit (Thermo Fisher Scientifics, 23225) as described by the manufacturer.

To obtain protein extracts from dissected muscles or other organs, the samples were finely cut onto tubes containing ceramic beads (MP Biomedicals Lysing Matrix D, 6913100) with the optimal volume of RIPA lysis buffer completed with phosphatases inhibitors (Sigma, P5726-5mL) and proteases inhibitors (Sigma, P8340). Tubes were subjected to harsh shaking (6500 rpm, 3 cycles of 15 s with 30 s pause intervals at 4˚C) and rested at 4˚C for 1H. Following a sonication and a centrifugation at 12000 RPM for 10 min at 4˚C, protein samples were collected for further uses. The concentration of proteins was determined using BCA protein assay kit (Thermo Fisher Scientifics, 23225) as described by the manufacturer.

To carry out dot blots, Bio-Dot SF Microfiltration Apparatus plates (BioRad) were used to transfer the protein samples onto the nitrocellulose membranes following protein extraction and dosage.

Western blot or dot blot Membranes were then saturated in 5% milk in TBS for 1H at RT and were incubated in primary antibodies over night at 4˚C. Following washes by 0.1% Tween-20-1X TBS, the membranes were incubated in HRP conjugated secondary antibodies in 5% milk in TBST for 1H at RT. Following washes by 0.1% Tween-20 in TBS the detection of the target proteins was carried out using Super Signal West Femto (Thermo Fisher Scientifics, 34095) and ChemiDoc imaging system (BioRad).

List of antibodies used for western blot: 

Primary cells immunofluorescence staining

Cells were fixed in 4% PFA in PBS for 20 min at 37˚C followed by washes with PBS and permeabilization with 0.5% Triton-X100 in PBS for 5 min at RT. Following washes with PBS, cells were saturated with 1% BSA in PBS for 30 min at RT and incubated in primary antibodies over night at 4˚C. After several washes with 0.05% Triton-X100-1X PBS, cells were incubated in secondary antibodies or dyes for 2H at RT and washed with 0.05% Triton-X100 in PBS before image acquisition. The list of the antibodies used for each staining can be found in the following section.

Isolation of mono-myofibers and immunofluorescence staining

Following the dissection of the whole muscle from the mice, muscle blocks were fixed in 4% PFA in PBS for 2H at RT. After several washes, 30-50 mono-myofibers were isolated per staining from each muscle. Myofibers were then permeabilized using 1% Triton-X100 in PBS for 15 min at 37˚C and saturated in 1% BSA in PBS for 30 min at RT. Based on the experiments, myofibers were incubated in desired primary antibodies at 4˚C for two nights. Following washes with 0.05% Triton-X100 in PBS, myofibers were incubated in secondary antibodies or dyes for 2H at RT and washed several times with 0.05% Triton-X100 in PBS before mounting on slides. Myofibers were mounted on slides using fluromount Aqueous mounting (Sigma, F4680-25mL) and kept at 4˚C utile image acquisition. List of the antibodies used for immunofluorescent staining: 

Histological staining and analysis

Tibialis anterior, Soleus and Gastrocnimius muscles were collected, embedded in tragacanth gum, and quickly frozen in isopentane cooled in liquid nitrogen. Cross-sections were obtained from the middle portion of frozen muscles and processed for histological, immunohistochemical or enzymohistological analysis according to standard protocols. The fiber cross-sectional area and the number of centrally nucleated fibers were determined using Laminin (Sigma L9393) and Dapi-stained sections. Slow myosin antibody (MyHC-I BA-D5) was used to classify muscle fibers types.

SDH staining was performed as previously described [START_REF] Nachlas | Cytochemical demonstration of succinic dehydrogenase by the use of a new p-nitrophenyl substituted ditetrazole[END_REF]. Briefly, transverse sections (8 mm) were cut from the mid-belly of the TA muscles on a cryostat at À20˚C and stored at À80˚C until SDH staining was performed. The sections were dried at room temperature for 30 min before incubation in a solution made up of 0.2M phosphate buffer (pH 7.4), 0.1M MgCl2, 0.2M Succinic Acid (Sigma), and 2.4 mM NitroBlue Tetrazolium (NBT, Sigma) at 37˚C in a humidity chamber for 45 min. The sections were then washed in deionized water for 3 min, dehydrated in 50% ethanol for 2 min, and mounted for viewing with DPX mount medium (Electron Microscopy Sciences). Images were acquired as described above.

Fluorescence microscopy and transmission microscopy were performed using Axioimager Z1 microscope with CP Achromat 5x/0.12, 10x/0.3 Ph1, or 20x/0.5 Plan NeoFluar objectives (Zeiss). Images were captured using a charge-coupled device monochrome camera (Coolsnap HQ, Photometrics) or color camera (Coolsnap colour) and MetaMorph software. For all imaging, exposure settings were identical between compared samples. Fiber number and size, central nuclei and peripheral myonuclei were calculated using ImageJ software.

Analysis of T-tubule network and intracellular Ca 2+ in voltage-clamped fibers

FDB muscle fibers were incubated for 30 min in the presence of 10 mm di-8-anepps in Tyrode solution. Estimation of the T-tubule density from the di-8-anepps fluorescence was carried out from a largest possible region of interest excluding the plasma membrane, within each fiber. For each fiber, two images taken at distinct locations were used. Analysis was carried out with the ImageJ software (National Institute of Health). Automatic threshold with the Otsu method was used to create a binary image of the surface area occupied by T-tubules. The 'skeletonize' function was then used to delineate the T-tubule network. T-tubule density was expressed as the percent of positive pixels within the region. Sarcomere length was estimated from half the number of fluorescence peaks (T-tubules) along the length of the main axis of a given fiber. To assess variability in T-tubule orientation, objects within two T-tubule binary images of each fiber were outlined and particle analysis was performed to determine the angle of all objects yielding a perimeter larger than an arbitrary value of 10 mm. For each fiber, the standard deviation of angle values was then calculated. This analysis was performed on 10 muscle fibers from 3 Macf1f/f Cre-and from 3 Macf1f/f Cre+ mice, respectively.

Single fibers were isolated from FDB muscles as described previously (Jacquemond, 1997). In brief, muscles were incubated for 60 min at 37˚C in the presence of external Tyrode containing 2 mg.mL collagenase (Sigma, type 1). Single fibers were obtained by triturating the collagenasetreated muscles within the experimental chamber.

Isolated muscle fibers were handled with the silicone voltage-clamp technique [START_REF] Lefebvre | Whole-Cell voltage clamp on skeletal muscle fibers with the Silicone-Clamp technique[END_REF]. Briefly, fibers were partly insulated with silicone grease so that only a short portion (50-100 mm long) of the fiber extremity remained out of the silicone. Fibers were bathed in a standard voltage-clamp extracellular solution containing (in mM) 140 TEA-methanesulfonate, 2.5 CaCl2, 2 MgCl2, 1 4-aminopyridine, 10 HEPES and 0.002 tetrodotoxin. An RK-400 patch-clamp amplifier (Bio-Logic, Claix) was used in whole-cell conFigureuration in combination with an analog-digital converter (Axon Instruments, Digidata 1440A) controlled by pClamp nine software (Axon Instruments). Voltage-clamp was performed with a micropipette filled with a solution containing (in mM) 120 K-glutamate, 5 Na2-ATP, 5 Na2-phosphocreatine, 5.5 MgCl2, 15 EGTA, 6 CaCl2, 0.1 rhod-2, five glucose, 5 HEPES. The tip of the micropipette was inserted through the silicone within the insulated part of the fiber and was gently crushed against the bottom of the chamber to ease intracellular equilibration and decrease the series resistance. Intracellular equilibration of the solution was allowed for 30 min before initiating measurements. Membrane depolarizing steps of 0.5 s duration were applied from À80 mV. Confocal imaging was conducted with a Zeiss LSM 5 Exciter microscope equipped with a 63x oil immersion objective (numerical aperture 1.4). Rhod-2 fluorescence was detected in line-scan mode (x,t, 1.15 ms per line) above 560 nm, upon excitation from the 543 nm line of a HeNe laser. Rhod-2 fluorescence transients were expressed as F/F0 where F0 is the baseline fluorescence. The Ca2+ release flux (rate of SR Ca2+ release) was estimated from the time derivative of the total myoplasmic Ca2+ ([Catot]) calculated from the occupancy of intracellular calcium binding sites following a previously described procedure [START_REF] Kutchukian | Impaired excitation-contraction coupling in muscle fibres from the dynamin2 R465W mouse model of centronuclear myopathy[END_REF].

q-PCR RNA extraction and RT-PCR

After the addition of Trizol (Sigma, T9424-200mL) on each sample, lysing matrix D and fast prep system (MPbio, 6913-100) were used for sample digestion and pre-RNA extraction. In order to extract RNA, samples were incubated in chloroform for 5 min at RT, centrifuged for 15 min at 12,000 rcf at 4˚C and incubated in the tubes containing isopropanol (precipitatation of RNA) for 10 min at RT. following a centrifuge of samples for 15 min at 12,000 rcf at 4˚C, samples were washed 2 times with 70% ethanol and the final RNA pellets were diluted in ultra-pure RNase free water (Invitrogen, 10977-035). RNA concentration was calculated using Nanodrop (ThermoFisher Scientifics). Goscript Reverse Transcriptase System (Promega, A5001) was used as described by the manufacturer to produce the cDNA.

DNA extraction

DNA was extracted from frozen whole Gastrocnimius according to the manufacturers' protocol, using a Maxwell 16 Instrument (Promega Corporation, Madison, USA) and a Maxwell 16 Tissue DNA Purification Kit ((Promega Corporation, Madison, USA)). DNA concentration was calculated using Nanodrop (ThermoFisher Scientifics).

q-PCR

Fast Start Universal SYBR Green Master (Rox)(Roche, 04913914001) and CFX Connect Real-Time PCR Detection System (BioRad) were used to carry out the quantitative PCR using the following primer sets. For analysis of genes expression level, The CT of target genes was normalized on four control genes. To compare the level of mitochondrial DNA, CT of mitochondrial DNA was normalized on genomic DNA.

List of the primares used for q-PCR:

Primers Sequence MACF1 F ATTGATTCACCGATACAGGCCC MACF1 R ATCTTCTGCATCTAGCAGTCGG MyoD F AGCACTACAGTGGCGACTCA MyoD R GCTCCACTATGCTGGACAGG Myogenin F CAATGCACTGGAGTTCGGTC Myogenin R ACAATCTCAGTTGGGCATGG Sarcolipin F GGTCCTTGGTAGCCTGAGTG Sarcolipin R CGGTGATGAGGACAACTGTG DNM1 F ATTTCGTGGGCAGGGACTTTC DNM1 R CAGTGCAGGAACTCGGCATA DNM2 F GGACCAGGCAGAGAATGAGG DNM2 R ACGTAGGAGTCCACCAGGTT PPARGC1A F GCAGGTCGAACGAAACTGAC PPARGC1A R CTTGCTCTTGGTGGAAGCAG Gusb F GAGGATTGCCAACGAAACCG Gusb R GTGTCTGGGGACCACCTTTGA RpL4 F GCCATGAGAGCGAAGTGG RpL4 R CTCCTGCAGGCGTCGTAG Myoglobin F CCTGGGTACTATCCTGAAGA Myoglobin R GAGCATCTGCTCCAAAGTCC Betatub F (gDNA) GCCAGAGTGGTGCAGGAAA Betatub R (gDNA) TCACCACGTCCAGGACAG ND1 F (mDNA) CCCAGCTACTACCATCATTCAAGT ND1 R (mDNA) GATGGTTTGGGAGATTGGTTGATGT

Drosophila model and sample preparation

Shot GD9507 UAS-RNAi line from VDRC collection crossed to Mef2-GAL4 driver has been used to attenuate shot gene expression specifically in muscles. Third instar larvae were dissected in physiological salt with 25 mM EDTA. Body wall muscles were fixed with 4% formaldehyde in PBS for 15 min and then rinsed three times for 5 min each in PBS with 0.5% Tween 20 (PBT). Muscles were blocked for 30 min with 20% horse serum in PBT at RT. Staining was performed by using primary antibodies applied overnight at 4˚C and after washing three times in PBT secondary antibodies were applied at RT for 1 hr. The following primary antibodies were used: anti-Brp1 (1:100; DSHB, Nc82-s), anti-Shot (1:100; DSHB, mAbRod1).

Electronic-microscopy

Tissues were cut into small pieces and fixed in 2% glutaraldehyde for 2 hr at 4˚C. Samples were washed three times for 1H at 4˚C and post-fixed with 2% OsO 4 1 hr at 4˚C. Then tissues were dehydrated with an increasing ethanol gradient (5 min in 30%, 50%, 70%, 95%) and tree times for 10 min in absolute ethanol. Impregnation was performed with Epon A (75%) plus Epon B (25%) plus DMP30 (1.7%). Inclusion was obtained by polymerization at 60˚C for 72 hr. Ultrathin sections (approximately 70 nm thick) were cut on a UC7 (Leica) ultra-microtome, mounted on 200 mesh copper grids coated with 1:1000 polylysine, and stabilized for 1 day at room temperature and contrasted with uranyl acetate and lead citrate. Sections were acquired with a Jeol 1400JEM (Tokyo, Japan) transmission electron microscope, 80Kv, equipped with a Orius 600 camera and Digital Micrograph.

Video-microscopy

To analyze the movement of myonuclei, time-lapse 10X images were acquired using Z1-AxioObserver (Zeiss) with intervals of 15 min. Final videos were analyzed using Metamorph (Zeiss) and Sky-Pad plugin as described before (Cadot et al., 2014).

To analyze the dynamic of EB3, 50 stream acquisitions were obtained at 63X with 500 ms of intervals using Z1-AxioObserver (Zeiss). The movement and speed of each comet was further analyzed as described before (Sbalzarini and Koumoutsakos, 2005).

Quantification methods for myonuclei spreading in myotubes in vitro

Quantifications in immature myotubes were assessed using an analysis tool developed in our team. An image analysis performed in ImageJ software is combined with a statistical analysis in RStudio software. This provides quantifications of parameters, ranked by myonuclei content per myotubes, regarding phenotype of myotubes (area, length) and their respective myonuclei positioning compare to centroid of myotubes (DMcM).

MSG diagrams were obtained through the normalization of lengths of all analyzed myotubes (independently to their myonuclei content) to 100%. White lines represent myonuclei density curves assessing the statistical frequency for myonuclei positioning along myotubes. Each color group reflects statistical estimation of myonuclei clustering along myotubes.

Quantification methods for fixed myofibers in vitro

Following fixation and immunofluorescent staining, the following steps were taken to generate data.

The measurement of distance between adjacent myonuclei, myonuclei feret and roundness were done on fibers stained for myonuclei and F-actin.

Microtubules intensity around the myonuclei was assessed on confocal images from total alpha tubulin. An ROI around each myonuclei was selected to measure the mean fluorescent intensity.

The width of each myofiber was measured on F-actin staining in myofibers presenting formed sarcomeres and the sarcomeric length was measured on alpha actinin staining.

Bungarotoxin staining was used to analyze formation of acetylcholine receptors clusters in mature myofibers. Representative images were taken from myofibers of each condition as described. Briefly, a threshold of 8 mm was set as the minimal size for AChRs clusters. Myofibers with at least one cluster of 8 mm or bigger were considered as positive.

Cytochrome C was used to study the mitochondrial content of each myofiber in vitro. On each myofiber, several Regions Of Interest (ROI) were selected randomly. Next, the total number of particles stained for Cytochrome C were quantified per ROI. The particles with circularity equivalent to one were eliminated in order to purify our results from any unwanted background errors. Particles with feret less than 0.75 mm (mean size of mitochondria) were eliminated to purify our results. Finally, the ratio of number of particles per area of ROI was calculated.

All the quantifications/measurements were done using ImageJ software (RRID:SCR_003070).

Quantification methods for fixed myofibers isolated from control or conditional KO mice

After immunofluorescence staining, the distance between each myonuclei and its closest neighbor, myonuclei feret and myonuclei roundness were quantified on 3 mM peripheral Z stacks of each myofiber.

The microtubules orientation was assessed on mono Z images of tubulin staining using TeTD directionality tool as described before (Liu and Ralston, 2014).

To study the microtubules pool around myonuclei, 3 mM peripheral Z stacks of each myofiber were analyzed for tyrosinated or de-tyrosinated tubulin staining. Myonuclei presenting a complete de-tyrosinated tubulin ring around them were considered as positive for stable microtubule.

Each NMJs was studied on Z stack images of bungarotoxin staining as described previously (Jones et al., 2016). To study different pools of microtubules at the NMJs, Z series images were quantified for total, tyrosinated or de-tyrosinated alpha tubulin specifically at post-synaptic muscular region based on the bungarotoxin staining to select the NMJs ROI.

To analyze the organization of mitochondria and Desmin, 3 mM peripheral Z stacks of each myofiber were studied. Any fiber presenting broken or oriented organization instead of clear transversal/ longitudinal organization (that was observed in control myofibers) was considered as a myofiber with irregular staining.

All the quantifications/measurements were done using ImageJ software (RRID:SCR_003070).

Statistical analysis

GraphPad Prism (RRID:SCR_002798) was used to perform statistical analysis (Student's t test or the Mann-Whitney test) according to samples amount and distribution.
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Decision letter https://doi.org/10.7554/eLife.70490.sa1

Author response https://doi.org/10.7554/eLife.70490.sa2 Line is set at median. Ns stands for not significant, *p<0.05 and **p<0.01 (Student's t test). (D) Frames from a 14 hr time-lapse movie of two channels (shRNA in green and lamin-chromobody in red) taken 5 days post differentiation from primary myotubes treated with either a scramble shRNA (upper panel) or a mix of shRNAs targeting Macf1 (lower level). In the first frame (on the left), myofibers are selected in white, which corresponds to the region used to create the adjacent kymograph. Scale bar = 10 mm. (E-H) Speed (E), Time in motion (F), Duration of pauses (G), and Distance travelled by myonuclei (H) were quantified using SkyPad analysis (Cadot et al., 2014). Quantifications were done on myonuclei within different myofibers from three individual experiments. Line is set at median. Ns stands for not significant, *p<0.05, **p<0.01, and ***p<0.001 (Student's t test). Target genes relative expression level to housekeeping genes is presented on each panel. Line is set at mean (with SEM). Ns stands for not significant (Student's t test). Our ability to move and breathe requires an efficient communication between nerve and muscle that mainly takes place at the neuromuscular junctions (NMJs), a highly specialized synapse that links the axon of a motor neuron to a muscle fiber. When NMJs or axons are disrupted, the control of muscle fiber contraction is lost and muscle are paralyzed. Understanding the adaptation of the neuromuscular system to permanent or transient denervation is a challenge to understand the pathophysiology of many neuromuscular diseases. There is still a lack of in vitro models that fully recapitulate the in vivo situation, and in vivo denervation, carried out by transiently or permanently severing the nerve afferent to a muscle, remains a method of choice to evaluate reinnervation and/or the consequences of the loss of innervation. We describe here a simple surgical intervention performed at the hip zone to expose the sciatic nerve in order to obtain either permanent denervation (nerve-cut) or transient and reversible denervation (nervecrush). These two methods provide a convenient in vivo model to study adaptation to denervation.

Figures and figure supplements

Graphical abstract: Background

Neuromuscular disorders constitute a heterogeneous group of more than 200 diseases that present impaired motor function and are often debilitating and prematurely fatal. In vertebrates, the neuromuscular junction (NMJ) is a specialized cholinergic synapse with a complex molecular architecture that ensures reliable conversion of the nerve influx into muscle contraction. In various neuromuscular disorders, genetic alterations result in the failure of the neurotransmission caused by the loss of NMJs, characterized by skeletal muscle weakness and fatigue as observed in Congenital Myasthenic Syndromes, Amyotrophic Lateral Sclerosis, or Spinal Muscular Atrophy. NMJ integrity requires both healthy presynaptic (motoneuronal) and healthy postsynaptic (muscular) compartments. The organization of the postsynaptic region relies on the heparan sulfate proteoglycan agrin secreted by motoneurons at the NMJ (Huzé et al., 2009 and references therein). Agrin binding to the LRP4/MusK complex induces Acetylcholine Receptors (AchR) clustering at the NMJs, as well as the recruitment of approximately 5 myonuclei that specialize in the expression of the genes coding for NMJs components [START_REF] Simon | Spatial restriction of AChR gene expression to subsynaptic nuclei[END_REF][START_REF] Vaittinen | Specific and innervation-regulated expression of the intermediate filament protein nestin at neuromuscular and myotendinous junctions in skeletal muscle[END_REF][START_REF] Méjat | Synapse-specific gene expression at the neuromuscular junction[END_REF]Ravel-Chapuis et al., 2007). Besides the control of postsynaptic gene expression, NMJ structural integrity require a meshwork of intermediate filaments [START_REF] Mihailovska | Neuromuscular synapse integrity requires linkage of acetylcholine receptors to postsynaptic intermediate filament networks via rapsyn-plectin 1f complexes[END_REF], linkers of the actin network such as the dystrophin glycoprotein complex (Belhasan and Akaaboune, 2020) and a precise patterning of the microtubule network (Osseni et al., 2020;[START_REF] Ghasemizadeh | Simple Methods for Permanent or Transient Denervation in Mouse Sciatic Nerve Injury Models[END_REF] that contribute to AChR addressing and clustering at the postsynaptic membrane of myofibers.

Here, we describe how to perform an efficient and rapid intervention on the sciatic nerve to create a permanent or a transient denervation. This method is adapted from standard protocols [START_REF] Méjat | Histone deacetylase 9 couples neuronal activity to muscle chromatin acetylation and gene expression[END_REF][START_REF] Bauder | Reproducible mouse sciatic nerve crush and subsequent assessment of regeneration by whole mount muscle analysis[END_REF][START_REF] Morano | Modulation of the Neuregulin 1/ErbB system after skeletal muscle denervation and reinnervation[END_REF][START_REF] Ghasemizadeh | Simple Methods for Permanent or Transient Denervation in Mouse Sciatic Nerve Injury Models[END_REF]. We explain how to track efficiently the sciatic nerve allowing a simple surgical gesture involving a small incision through the skin and muscle. We propose two alternative methods for sciatic nerve injury: i) a permanent denervation (Nerve-cut), ii) a transient and reversible denervation (Nerve-crush). Each method provides specific advantages to evaluate the effects of denervation and/or monitor axon and NMJs regeneration [START_REF] Morano | Modulation of the Neuregulin 1/ErbB system after skeletal muscle denervation and reinnervation[END_REF][START_REF] Ghasemizadeh | Simple Methods for Permanent or Transient Denervation in Mouse Sciatic Nerve Injury Models[END_REF].

These methods are very simple and permit the in vivo study of the neuromuscular integrity along with regeneration processes. 15. Allow the mice to recover gently from anesthesia in the heating cabinet (25°C). 16. Analysis of denervation effects can be appreciated by following NMJs structural changes on Tibialis anterior isolated muscle fibers. Using immunofluorescence approaches, 3 days post-surgery you will observe the absence of SV2B labeling on isolated fibers (Figure 4A-4B). Likewise, for the nerve crush procedure, you will observe the reinnervation after 15 days as SV2B staining's begins to progressively reappear (Figure 4C-4D). Note that the overall cross section area (CSA) of muscle fibers will decreased rapidly in the course of denervation/regeneration [START_REF] Ghasemizadeh | Simple Methods for Permanent or Transient Denervation in Mouse Sciatic Nerve Injury Models[END_REF]. Alterations of the NMJs structure such as fragmentation of AchRs, disruption of NMJs area and/or decrease of synaptic myonuclei number above the NMJs can be tracked as previously described (Jones et al., 2016;Osseni et al., 2020;[START_REF] Ghasemizadeh | Simple Methods for Permanent or Transient Denervation in Mouse Sciatic Nerve Injury Models[END_REF]. Analysis of transcriptional changes by monitoring gene expression along the regeneration processes also allow characterization of the time course of NMJs alterations. mRNA or proteins encoded by genes such as MyoD (Myoblast determination protein1), Myog (Myogenin), AchR-, , , , (Acetylcholine Receptor , , , , subunits), MITR (MEF2 interacting Transcription Repressor), NRG1-, (Neuregulin-, ) and MusK (Muscle skeletal receptor tyrosine-protein kinase) will be key to determine the correct time course of denervation/reinnervation [START_REF] Méjat | Histone deacetylase 9 couples neuronal activity to muscle chromatin acetylation and gene expression[END_REF][START_REF] Thomas | PAK1 and CtBP1 Regulate the Coupling of Neuronal Activity to Muscle Chromatin and Gene Expression[END_REF][START_REF] Morano | Modulation of the Neuregulin 1/ErbB system after skeletal muscle denervation and reinnervation[END_REF]. 

Notes

1. The main difficulty lay in the precision to locate the area for skin incision (Figure 2A). You must not be too much towards the spine or the knee or both too much above the hip or buttock at the same time; otherwise, it will be very difficult to find the nerve. In fact, the nerve comes to the surface close to the skin just behind the hip as it does for you. Outside of this location, the nerve goes deep into the muscle fascia and becomes very difficult to visualize and grasp. 2. Note that the efficiency of the procedures is not easily visible as mice show a quasi-normal behavior after the procedure (see Video 8). Nevertheless, as a consequence of the completed procedure (Nerve-cut or Nervecrush), after waking up, mice drag the denervated leg, as can be seen in Video 8. This situation is definitive for the Nerve-cut procedure whereas, in the case of nerve crush procedure, mice recover gradually the movement of the paw, which appears completely normal 3 weeks after the Nerve-crush procedure.

The building block of skeletal muscle is the post-mitotic muscle fiber (i.e. myofibers). Myofiber is formed by the fusion of hundreds of specialized mononucleated cells, namely myoblasts, which shape syncytial cells, called myotubes. Myotubes are immature myofibers in which positioning of nuclei (i.e. myonuclei) is finely regulated 1 . In the normal course of muscle development, myonuclei are actively spreading within myotubes/myofibers. Myonuclei finally adopt a specific location in the mature myofiber, regularly spaced at its periphery. The peripheral location of myonuclei induces drastic changes in their shape, mainly due to forces applied on their nuclear envelope, as myonuclei are stuck between the plasma membrane of myofibers and myofibril structures 2 . This conformational adaptation of myonuclei is believed to stabilize internal and external mechanical forces and consequently, constrain chromatin organization and gene expression 3,4 . Thus, this myonuclei organization guaranties a spatial coordinated activity that contribute to myofiber functional integrity 5 . Nonetheless, this apparent myonuclei homogeneity along myofibers is reconsidered in specific areas such as the neuromuscular junction (NMJ) or the myotendinous junction (MTJ) where different characteristics such nuclear protein importation or transcriptional activity are modified/specified 6-8 .

Numerous muscle diseases are characterized by myonuclei shape and positioning alterations. In Duchenne muscular dystrophy (DMD), the most common and fatal form of muscular dystrophies, skeletal muscles undergo rapid degeneration followed by regeneration and these chronic cycles progressively lead to the accumulation of damaged myofibers with internalized myonuclei 9 . In a heterogeneous group of inherited muscle diseases, centronuclear myopathies (CNMs) are defined pathologically by an abnormal localization of myonuclei in the center of muscle fibers. We previously show that nuclear positioning within myofibers is required for proper muscle function 10 , suggesting that in mature myofibers, the peripheral myonuclei maintenance is key to adjust optimal muscle behavior.

We and others showed that microtubule-related molecular motors, Microtubule-Associated Proteins (MAPs), and the interplay between actin, microtubule and intermediate filament networks, are involved in different steps of myonuclei localization during myofiber formation and maturation 10-13 .

Additionally, previous studies highlighted critical roles for proteins localized inside myonuclei, such as Lamin A/C, the Nuclear Envelope Proteins (NEPs) that link nuclear lamina to cytoskeleton through the "Linker of Nucleoskeleton and Cytoskeleton" (LINC) complex, or the SUN proteins that anchor myonuclei inside myofibers 14-16 . Delocalization of microtubule nucleation center at myonuclei membrane during myogenesis leads to the accumulation of a meshwork of proteins such as γ-tubulin, AKAP9 or MACF1, that regulate myonuclei availability to different cytoskeleton networks 13,17-21 . Mature muscle fibers are long (centimeter scale) and contain hundreds of myonuclei. How myonuclei position is maintained along myofiber length and the ability of each myonucleus to control its own motion is still pending.

Here we report that the Nuclear Mitotic Apparatus 1 protein (NuMA1) is progressively transferred, during myofiber development and maturation, from the nucleus to the cytoplasm compartment where it accumulates and stabilizes microtubule network. Cytoplasmic NuMA1, in association with Dynein-1 Heavy Chain-1, sets the distance between adjacent myonuclei and is crucial for peripheral myonuclei maintenance along myofibers. Moreover, this study shows that the capacity of myonuclei to retain NuMA1 is correlated with their dynamics in myofibers. Thus, we show that NuMA1 is an essential microtubule-associated protein in myofibers that controls physiological roles in muscle fibers through the regulation of nuclear dynamics.

NuMA1 is required for myonuclear positioning and shape during myofiber formation and maintenance.

To identify new factors that regulate microtubule network architecture and consequently, contribute to the establishment of myonuclear domain during myofiber formation, we purified microtubuleassociated proteins from 3 days differentiated mouse primary myotubes (immature myofibers) as previously described 13 . Surprisingly, mass-spectrometry analysis revealed the significant presence of the Microtubule-Associated Protein NuMA1 (Nuclear mitotic apparatus protein 1) in equivalent amount to proteins known to participate in microtubules remodeling during myotube formation, such as MAP4 or AKAP9 18,22 (Extended Data Fig. 1a). While NuMA1 was previously reported to play important roles in cell division 23,24 , its function in postmitotic myofibers remained unknown.

Therefore, we first addressed the role of NuMA1 in the early steps of myotube formation (Fig. 1a-d).

Primary mouse myoblasts were treated with siRNAs targeting either a scrambled sequence or Numa1 mRNA, before being induced to fuse and form myotubes for 3 days (Fig. 1a-c). At this stage, myonuclei are aligned in the center of myotubes mainly due to an interplay between MAPs and microtubules network 10,11,22 . Interestingly, efficient Numa1 down-regulation (Extended Data Fig. 1bc) resulted in the formation of myotubes that exhibit strong myonuclei aggregation (Fig. 1c). To analyze precisely parameters regarding myotube phenotype and localization of their respective myonuclei, we developed an ImageJ ® plugin, allowing to classify myotubes according to their myonuclei content using a homemade program in RStudio ® software (Fig. 1d, Extended Data Fig. 1df). In control condition, we clearly observed a nearly linear relationship between myonuclei addition into myotubes and myonuclei spreading, reflected by the increase of the mean Distance between Myotubes centroid and Myonuclei (DMcM) (Fig. 1d, Extended Data Fig. 1d). Interestingly, NuMA1 depletion correlates with a failure in myonuclei spreading during myotube expansion, occurring precociously as myotubes containing 5 myonuclei already fail to correctly spread myonuclei (Fig. 1d).

As myonuclei spreading and alignment directly influences elongation and shape of myotubes through microtubules network parallelization 25,26 , we investigated evolution of myotube length and area according to myonuclei content. Each additional myonucleus is associated with a gradual raise of myotube length (+9,6% ± 4,13) and area (+11% ± 3,51) (Extended Data Fig. 1e-f). However, in NuMA1-depleted conditions, length is slightly decreased in myotubes containing 5 to 8 myonuclei and reaches a plateau in myotubes with 9 to 14 myonuclei (Extended Data Fig. 1e). Thus, 8-9 myonuclei constitutes a "breaking point" where myotubes fail to complete the myotube elongation step. Interestingly, NuMA1 depletion impairs myotube elongation while emphasizing myotube expansion, as reflected by a constant increase in myotubes area independently of their myonuclei content (Extended Data Fig. 1f). Of note, NuMA1 depletion in C2C12 myotubes also leads to an accumulation of myotubes with aggregated myonuclei (Extended Data Fig. 2). Altogether, these data support the idea that NuMA1 is involved in the myonuclear positioning during the first steps of differentiation.

To investigate the potential role of NuMA1 in later steps of muscle differentiation, myotubes were induced into a long-termed maturation process 27 . This method allows formation of in vitro mature myofibers with regularly spread and peripherized myonuclei (Fig. 1e). Using short hairpin RNA (shRNA) tagged with GFP, we addressed the consequences of NuMA1 depletion on long-term muscle maturation (Fig. 1e-i). NuMA1 depletion induces a significant increase of aggregated myonuclei (10,3% ± 0,24 in control myofibers versus 37,5% ± 3,23 in NuMA1-depleted myofibers) (Fig. 1h) concomitantly with a drop from half in peripheral myonuclei localization (Fig. 1i).

Interestingly, peripheral myonuclei localization was observed in control myofibers that display myofibril structures (Fig. 1e-g, asterix), while NuMA1-depleted myofibers with impaired myofibril formation show centralized myonuclei (Fig. 1f, arrows). Together, this suggests that NuMA1 regulates myofiber maturation.

To further understand how NuMA1 impacts the integrity of mature myofibers, we depleted NuMA1 in vivo, in Tibialis Anterior (TA) muscles from 8-week old wild-type mice for two weeks (Fig. 1j-m).

Transversal cross-sections of control TA muscles showed that myonuclei are all localized at the periphery of each myofiber where they adopt a flat conformation (Fig. 1k, arrows). In NuMA1depleted myofibers, we observed two major changes: (1) some myonuclei switch orientation/shape resulting in an apparent pointing towards myofiber center (Fig. 1l, orange arrows) and ( 2) some are detached, rounded and localize inside muscle fibers (Fig. 1l, white arrow). Mislocalized myonuclei are nearly 8-fold more present in NuMA1-depleted muscle fibers compared to control (Fig. 1m).

Therefore, our data demonstrate that NuMA1 controls myonuclei localization during early myofiber elongation and late maturation.

NuMA1 is required to maintain myonuclear shape and motion in muscle fibers

Besides myonuclei mislocalization, NuMA1-depleted myofibers also exhibit a strong alteration of the shape of myonuclei that appear much bigger than the ones in control condition (Fig. 1). NuMA has recently been shown to serve as a structural component of the "nuclear matrix" 28 . Indeed, analysis of myonuclei shape parameters in NuMA1-depleted myotubes revealed that both myonuclei area and circularity are significantly increased compared to control (Fig. 2a-d). Nuclei are physically connected to the cell surface by an interplay between cytoskeleton and proteins from the LINC-complex, which contributes to the transmission of mechanical forces that influence many aspects of cell behavior such as myoblast fusion 29 . However, these forces are not restricted to cell surface receptors and adhesions and can occur inside nucleus through other component of the "nuclear matrix" such as nuclear Lamins and Emerin 30 . We thus hypothesized that NuMA1 influences the content of proteins required for nuclear structure maintenance and function (Fig. 2e). Although NuMA1 depletion in myofibers does not impact mRNA expression of both LaminA/C and LaminB, it significantly increases Emerin mRNA expression (Fig. 2e). Thus, NuMA1 depletion in myofibers triggers potential to alteration in membrane myonuclei rigidity.

As we previously showed that myonuclei aggregation could be a consequence of myonuclei motion alteration 11 , we then tested whether loss of NuMA1 impairs myonuclei movements in myofibers (Fig. 3). Myoblasts were co-transfected with RFP-lamin-chromobody ® , allowing the visualization of myonuclei, with either siRNA or shRNA targeting scramble or Numa1 mRNA tagged with a GFP reporter (Fig. 3a, Supplementary movie 1-2). In 5-day differentiated myofibers, myonuclei displacement parameters were extracted and analyzed using SkyPad 31 . In control condition, myonuclei are in motion 90% of the time at a median speed of 0.25 ± 0.02 μm/min which leads to a diffusion coefficient value of 2.4 ± 0.4 and 3.1 ± 0.6 μm 2 /min in siRNA and shRNA conditions, respectively (Fig. 3-b-d). NuMA1 depletion in myofibers does not affect myonuclei percentage of time in motion compared to control condition (Fig. 3b). However, myonuclei speed in NuMA1depleted myofibers decreases by 30% to 40% using either siRNA or shRNA techniques (Fig. 3c).

This drop of myonuclei speed is concomitant with a drastic inhibition of myonuclei diffusion coefficient that fall from 50% to more than 70% in siRNA and shRNA conditions, respectively (Fig. 3d). Thus, myonuclei aggregation in the absence of NuMA1 is a consequence of a dramatic decrease of both myonuclei speed and diffusion inside myotubes.

Altogether, NuMA1 depletion in myofibers leads to myonuclei mis-organization through the control of myonuclei motion.

NuMA1 governs microtubule orientation at the vicinity of myonuclei

As NuMA1 contains tubulin-binding-domain (Extended Data Fig. 3a) that regulates microtubule nucleation during mitosis 32,33 , we investigated the role of NuMA1 in controlling the microtubule network architecture during muscle differentiation/maturation (Fig. 4). In control myotubes (scramble siRNA), microtubules mainly emanate from myonuclei membrane (i.e. nMTOC for nuclear Microtubule Organizing Center) as well as membranes associated nuclear Golgi elements 34,35 , resulting in the formation of a parallel network of microtubules along myotube length 10 (Fig. 4a).

Even though microtubule network parallelization appears at the tip of myotubes, NuMA1-depleted myotubes exhibit an apparent disorganized network at the vicinity of myonuclei aggregates zooms). This result suggests that NuMA1 participates to microtubule orientation, especially at the myonuclei vicinity. This observation was further confirmed using 3-days differentiated primary myoblasts that were co-transfected with GFP-tagged EB1 and either scramble or Numa1 siRNA. EB1 comets allow to assess both microtubule polymerization dynamics and orientation 36 . NuMA1 depletion in myotubes does not affect EB1-GFP comets velocity (Extended Data Fig. 3b-d, Supplementary movie 3-4), suggesting that NuMA1 is not involved in the global microtubule polymerization rate. The organization of microtubule network was examined in specific areas of the myotubes (Fig. 4c-e). In myotube areas devoid of myonuclei, NuMA1 depletion does not affect microtubule growth orientation. Indeed, EB1-GFP comet trajectories are mainly tangential compared to the longitudinal axis of myotubes (56,1% ± 6,62 of EB1-GFP comets orientate in the horizontal axis from -10° to 10° in control compared to 49,5% ± 6,61 in NuMA1-depleted condition) (Fig. 4f).

However, in myotube areas enriched for myonuclei, EB1-GFP comet trajectories are dramatically disrupted upon NuMA1 depletion. While EB1-GFP comet trajectories are mostly in the horizontal axis in control myotubes (47,5% ± 2,73), we observed a 50% drop of longitudinal EB1-GFP comet trajectories that shift to more randomized orientations in NuMA1 depleted myotubes (Fig. 4g).

Microtubule nucleation from the nucleus in myotubes requires the relocalization of microtubule nucleator proteins near the membrane of myoncleus 18,21 . We thus examined the nMTOC organization in NuMA1-depleted myotubes by analyzing both the centrosomal protein Pericentrin and the Golgi complex localization (Fig. 4h-l). In control, Pericentrin and Golgi elements are highly concentrated at the vicinity of myonuclei membranes (Fig. 4h, j, l). However, in NuMA1-depleted myotubes, nuclear Pericentrin accumulation is highly reduced and dispersed within the cytoplasm (Fig. 4i). This phenotype is also associated with a substantial Golgi apparatus fragmentation from the vicinity of myonuclei (Fig. 4k-l). These results suggest that NuMA1, through the maintenance of nMTOC at the vicinity of myonuclei, constrains microtubule growth orientation in the longitudinal axis of myotubes. Finally, we assessed the consequences of NuMA1 depletion on microtubule organization in mature myofibers (Fig. 4m-k). We conducted in vivo NuMA1 depletion in TA muscle, extracted and isolated individual myofibers (Fig. 4m). As expected, microtubule network architecture is highly impacted with an apparent loss of transversally oriented microtubules compared to longitudinally oriented microtubules observed in controls (Fig. 4n-k). These results further confirmed that NuMA1 is required to guide and organize microtubule network in mature myofibers.

Altogether, our data show that NuMA1 in myofibers sets myonuclei positioning and shape through the control of microtubules anchoring point at the vicinity of myonuclei.

NuMA1 associates with dynein-heavy-chain to control myonuclei positioning

Numerous studies have raised the interaction of NuMA1 and the Dynein/Dynactin complex to regulate mitotic spindle orientation 37-39 . We previously edshow that Dynein in muscle is essential for myonuclei position 11,36 . Interestingly, the mass-spectrometry analysis performed on purified microtubule-binding proteins revealed the presence of four components of the Dynein/Dynactin complex, namely the cytoplasmic Dynein-1 Heavy Chain-1 (Dnchc1, most represented), the cytoplasmic Dynein-1 Intermediate Chain-1 and -2 (Dncic1 and Dncic2) and the Dynactin subunit-1 (Dctn1) (Extended Data Fig. 4a). When we down-regulated these specific Dynein/Dynactin protein subunits using siRNA and analyzed myonuclei positioning (DMcM & Myonuclei Spreading Graph)

and specific myotube parameters (area and length) (Fig. 5a, Extended Data Fig. 4b), only the Dnchc1 knockdown recapitulates the aggregation phenotype observed in Numa1-depleted myotubes (Fig. 5bd). Therefore, we analyzed the localization of Dynein Heavy Chain in both immature myotubes and mature myofibers (Fig. 5e-f). NuMA1 and Dynein co-localize at the vicinity of myonuclei in myotubes and myofibers (Fig. 5e, arrows). As well, there was also a co-localization of NuMA1 and Dynein Heavy Chain along the myofiber length (Fig. 5f). Altogether, these results indicate that NuMA1, in association with the cytoplasmic Dynein-1 Heavy Chain-1, contribute to the myonuclei positioning in muscle fibers.

NuMA1 is Progressively excluded from myonuclei during myofiber development.

NuMA1 is a nuclear protein that controls microtubules anchoring specifically during mitosis 23 . This microtubule-related activity is allowed by the fragmentation of nuclear membrane at the beginning of mitosis, leading to the accumulation of cytoplasmic NumMA1. At the end of mitosis, cytoplasmic

NuMA1 is "repumped" and sequestered into the nucleus thanks to NLS sequence 40 . In this context, we investigated subcellular localization in post-mitotic muscle cells throughout myogenesis (Fig. 6).

Our data show that NuMA1 is present in the cytoplasm of myotubes/myofibers and appear excluded from myonuclei (Fig. 5e-f). To analyze the localization of NuMA1, we performed immunostaining on individual myofibers isolated from TA muscle. We found that in mature myofibers, NuMA1 colocalizes partially with the stable microtubule network (i.e. detyrosinated/acetylated tubulin) and preferentially at the vicinity of myonuclei (Fig. 6a, white arrows; Extended Data Fig. 5a). The preferential accumulation of NuMA1 in the cytoplasmic compartment of muscle fibers was also confirmed using subcellular fractionation assays on TA myofibers (Fig. 6b).

We then investigated the expression/localization of NuMA1 during muscle fiber formation. Although we found a net decrease of NuMA1 protein during early steps of C2C12 myotubes formation by western blot, NuMA1 mRNA is slightly increased in mouse primary myofibers compared to myotubes (Extended Data Fig. 5b-c). To explore the dynamic accumulation of NuMA1 in the cytoplasmic compartment of muscle fibers, we performed a subcellular fractionation assay on human primary myoblasts during a differentiation time course (Fig. 6c). Clearly, we showed that a part of NuMA1 pool is present into the cytoplasmic compartment in both myoblasts and myotubes (Fig. 6c).

Similarly, the presence of a cytoplasmic form of NuMA1 was observed in C2C12 myoblasts and myotubes (Extended Data Fig. 5d). Immunostaining on differentiated human primary myoblasts showed a progressive accumulation of NuMA1 in the cytoplasmic compartment during muscle fiber differentiation whereas myonuclei progressively lose NuMA1 staining (Fig. 6d-e). Indeed, while

NuMA1 is highly expressed in nuclei of non-fused myoblasts (Fig. 6d, asterix), myonuclei within myotubes show a mosaic of NuMA1 staining, with some strongly stained myonuclei. Following longer maturation (16 days of differentiation), NuMA1 staining into myonuclei is very weak while there is a clear accumulation into myotube cytoplasm (Fig. 6e). Therefore, our results indicate that
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 1 Figure 1. MACF1 is an essential regulator of myonuclei positioning in mature myofibers. (A) Scheme presentation of the sequential steps to obtain immature myotubes and mature myofibers from primary mouse myoblasts. Taxol stabilized microtubules proteome was collected either from WT elongated myotubes or from mature contractile myofibers. For downregulating experiments, siRNA/shRNA were transfected in early steps of differentiation just before myotubes formation. (B) Confocal immunofluorescence images (63Â) presenting the organization of MACF1 (green) and total alpha tubulin or F-actin (red) in WT mature mouse primary myofibers. Scale bar = 10 mm. (C) Western blot analysis of MACF1 protein expression (main two isoforms at 830 and 630 kD) in total protein extracts of primary cells at proliferation cycle (GM for growth media) and in 3-or 5 days postdifferentiation myotubes or myofibers. Cells were treated either with a scramble shRNA or a pool of four shRNAs targeting Macf1. GAPDH was used as loading control. (D) Immunofluorescence staining (10Â) of F-actin (green) and myonuclei (red) in primary myofibers treated either with scramble shRNA (left panel) or with a pool of four distinct shRNAs targeting Macf1 (right panel) after 13 days of differentiation. Scale Bar = 50 mm. (E) Representative immunofluorescence microscopy images (63Â) of F-actin (green) and myonuclei (red) in primary myofibers treated with scramble shRNA (left panel) or with a pool of four distinct shRNAs targeting Macf1 (right panel) after 13 days of differentiation. Scale Bar = 10 mm. (F) Sarcomere length measured on the immunofluorescence images of F-actin from 13 days mature primary myofibers treated with either scramble shRNA or a pool of four distinct shRNAs targeting Macf1. Data were obtained from three individual experiments. Line is set at median. Ns stands for not significant (Student's t test). (G) Confocal immunofluorescence images (63Â) presenting the organization of total alpha tubulin (red) or MACF1 (green) in mature primary myofibers following treatment with either scramble shRNA (left panel) or a pool of four distinct shRNAs (right panel) targeting Macf1. Scale bar = 10 mm. (H-J) Mean values for fluorescent intensity of total alpha tubulin (H), myonuclei ferret (I) and distance between adjacent myonuclei (J) measured on mature primary myofibers following treatment with either scramble shRNA or a pool of four distinct shRNAs targeting Macf1. All panels were generated from data obtained from three individual experiments. Line is set at median. *p<0.05 and ***p<0.001 (Student's t test). The online version of this article includes the following source data and figure supplement(s) for figure 1:
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 1 Reduction of MACF1 does not affects myotubes formation or myonuclei spreading within myotubes.
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 1 source data 1. Table showing data from experiments plotted in Figure 1-figure supplement 1D,F and G.
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 1 Figure supplement 1-source data 2. Whole immunoblotting membrane for MACF1 and GAPDH plotted in Figure 1-figure supplement 1C.Figure supplement 2. MACF1 is essential for myonuclei positioning and shape in mature myofibers.Figure 1 continued on next page
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 2 Figure supplement 1-source data 2. Whole immunoblotting membrane for MACF1 and GAPDH plotted in Figure 1-figure supplement 1C.Figure supplement 2. MACF1 is essential for myonuclei positioning and shape in mature myofibers.Figure 1 continued on next page
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 1 Figure supplement 1-source data 2. Whole immunoblotting membrane for MACF1 and GAPDH plotted in Figure 1-figure supplement 1C.Figure supplement 2. MACF1 is essential for myonuclei positioning and shape in mature myofibers.Figure 1 continued on next page
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 1 Figure 1 continued Figure supplement 2-source data 1. Table showing data from experiments plotted in Figure 1-figure supplement 2A-C.

Figure 2 .

 2 Figure 2. MACF1 regulates myonuclei dynamics through the control of microtubules. (A-B) representative confocal immunofluorescence images (63Â) presenting MACF1-MTBD (green) and tyrosinated alpha tubulin (red) in primary myotubes (A) or alpha actinin (red) in primary myofibers (B). Scale bar = 10 mm. (C) Quantification of EB3 comets speed in primary cells treated with either scramble siRNA or a pool of 3 individual siRNAs targeting Macf1 in primary myotubes at three different time points during maturation. At least 200 comets from three individual experiments were mapped per condition. Line is set at median. Ns stands for not significant, *p<0.05 and **p<0.01 (Student's t test). (D) Frames from a 14 hr time-lapse movie of two channels Figure 2 continued on next page
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 2 Time-lapse experiments of primary myoblasts co-transfected with Lamin-Chromobody-RFP plasmids and either Scramble shRNA (left panel) or a pool of four individual Macf1 shRNA (rigth panel). Time laps images were captured form myotubes 5 days after starting differentiation process. Primary myotubes were recorded every 15 min for a period of time of 14 hr. https://elifesciences.org/articles/70490#video2 Ghasemizadeh et al. eLife 2021;10:e70490. DOI: https://doi.org/10.7554/eLife.70490
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 3 Figure 3. MACF1 is necessary for global and perinuclear microtubules organization within skeletal muscles in vivo. (A) Scheme of the strategy used to generate muscle specific Macf1 knockout mouse model. (B) Representative PCR gel confirming the floxed Macf1 gene in mutant mice carrying Cre transgene. (C) Quantification of efficacy of the Cre-lox system in our muscle specific mouse model by analyzing the Macf1 gene expression level. qRT-PCR was carried out on total mRNA extracted from Gastrocnemius of 3 WT and 3 Macf1 KO mice of 12-month-old. Following the calculation of relative gene expression level on housekeeping genes for each mouse, the mean expression level of Macf1 was calculated for the WT mice. To generate the graph, the Macf1 expression level of each WT and KO mouse was then normalized on the previously calculated mean value. Line is set at mean (with SEM). ***p<0.001 (Student's t test). (D) Representative confocal images (63Â) of isolated myofibers from Tibialis Anterior of Macf1 Cre-(upper panel) and Cre+ (lower panel) mice, showing MACF1 (green), myonuclei (blue) and microtubules or F-actin (red). Scale Bar = 15 mm. (E) Sarcomere length quantified from the alpha actinin staining from 3 Macf1 Cre-and 3 Macf1 Cre+ 12-month-old mice. Following myofibers isolation from Tibialis Anterior, the distance between alpha actinin transverse bands of 3 myofibers per mouse was measured. Line is set at mean (with SD). Ns stands for not significant (Mann-Whitney test). (F) Microtubules network organization analysis of at least three myofibers from each of the three WT and three conditional Macf1-KO mice using TeDT software. The final generated graph presents a global score for each given degree of microtubules orientation, with 0 and 180 degrees corresponding to the longitudinal microtubules and 90 degrees corresponding to the transverse microtubules. Mean values (with SEM) is presented. (G) Representative confocal images (63Â) from myofibers isolated from Tibialis Anterior issued from 12-month-old Macf Cre-(upper panel) or Cre+ (lower panel) mice, presenting tyrosinated tubulin (green), de-tyrosinated tubulin (red) and myonuclei (blue). White arrows point to myonuclei. Scale Bar = 15 mm. (H) Quantification of the percentage of myonuclei presenting the total de-tyrosinated tubulin ring. Quantifications were done on confocal images obtained from several isolated myofibers from Tibialis Anterior of three WT and three conditional Macf1-KO mice at the age of 12 months. Line is set at median. ***p<0.001 (Student's t test). The online version of this article includes the following source data and figure supplement(s) for figure 3: Source data 1. Table showing data from experiments plotted in Figure 3C,E,F and H.Figure supplement 1. MACF1 conditional KO mice present progressive microtubules disorganization.Figure supplement 1-source data 1. Table showing data from experiments plotted in Figure 3-figure supplement 1A and C-I.
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 3 figure supplement 1A and C-I.
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 4 Figure 4. Loss of MACF1 alters myonuclei shape and positioning progressively with age. (A) Representative confocal images (63Â) of myofibers isolated from Tibialis Anterior of Macf1 Cre-(upper panel) and Cre+ (lower panel) mice at the age of 12 months presenting alpha-actinin (green) and myonuclei (red). Scale Bar = 15 mm. (B-D) Quantification of distance between the nearest myonuclei (B), myonuclei feret (C) and myonuclei roundness (D) measured on isolated myofibers from Tibialis Anterior of Macf1 Cre-and Cre+ mice (as presented in panel A) at 2-, 6-, and 12 months of age. Several myofibers were subjected to analysis per mouse. Each group gathers data obtained from myofibers of 3 or more mice. Line is set at median. **p<0.01 and ***p<0.001 (Student's t test). (E) Representative images of Tibialis Anterior muscle cross-section from Macf1 Cre-(left panels) and Macf1 Cre+ (right panels) mice at the age of 8 and 12 months, stained for myonuclei (red) and Laminin (green). Examples of myofibers with mis-localized myonuclei are indicated by white arrows. Scale Bar = 150 mm. (F) Quantification of the percentage of myofibers with mis-localized myonuclei in Tibialis Anterior of 3, 8, and 12 months-old Macf1 Cre-and Macf1 Cre+ mice. Line is set at median. Ns stands for not significant and ***p<0.001 (Student's t test). (G) Distribution of myofibers cross-section area in the Tibialis Anterior from 3-, 8-, and 12-months-old Macf1 Cre-and Macf1 Cre+ mice. Line is set at mean (with SEM). Ns stands for not significant, *p<0.05 and **p<0.01 (Student's t test). The online version of this article includes the following source data and figure supplement(s) for figure 4: Source data 1. Table showing data from experiments plotted in Figure 4B-D and F-G.Figure supplement 1. Mis-localization of myonuclei in MACF1 conditional KO mice is independent from muscular regeneration.Figure supplement 1-source data 1. Table showing data from experiments plotted in Figure 4-figure supplement 1B-E.

Figure supplement 1 .

 1 Mis-localization of myonuclei in MACF1 conditional KO mice is independent from muscular regeneration.
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 5 Figure 5. MACF1 controls AChRs clustering but has no impact on synaptic myonuclei at the NMJ. (A) Representative confocal images (63Â) of postsynaptic NMJs within isolated myofibers from Tibialis Anterior of Macf1 Cre-(left panel) and Cre+ (right panel) mice at the age of 12 months presenting MACF1 (green), AChRs clusters (red) and myonuclei (blue). Scale Bar = 10 mm. (B-D) Quantification of post-synaptic NMJs area (B), number of AChRs clusters (C) and number of synaptic myonuclei (D) measured on myofibers isolated from Tibialis Anterior of Macf1 Cre-and Cre+ mice (as presented in Figure 5 continued on next page
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 6 Figure 6. Muscle-specific Macf1 knockout affects muscle force production and T-tubule organization but leaves SR Ca 2+ release unchanged. (A) Force production from the Hindlimb muscles in young (4 months) and adult (12 months) Macf1 Cre-and Macf1 Cre+ mice in response to various incremental stimulation frequencies (from 1 to 100 Hz). Line is set at median. *p<0.05 and **p<0.01 (Student's t test). (B) Representative electron microscopy images of myofibrils and T-tubule organization within Tibialis Anterior muscles from 12-month-old Macf1 Cre-and Macf1 Cre+ mice. Scale Bar = 0.5 mm. (C) Figure 6 continued on next page
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 6 Figure 6 continued Representative fluorescence microscopy images of di-8-anepps staining of the T-tubule network in Flexor Digitalis Brevis muscle fibers of 12-month-old Macf1 Cre-and Macf1 Cre+ mice. Scale Bar = 15 mm. (D-F) Quantification of T-tubules density index (D), Sarcomere length (E) and T-tubules orientation (F) in Flexor Digitalis Brevis muscle fibers from 12-month-old Macf1 Cre-and Macf1 Cre+ mice. Mean with SD is showing. Ns stands for not significant and *p<0.05 (Student's t test). (G) Representative rhod-2 Ca 2+ transients in a Macf1 Cre-and in a Macf1 Cre+ fiber in response to 0.5 s-long depolarizing pulses from À80 mV to the range of indicated values, with intervals of 10 mV. (H) Corresponding Ca 2+ release flux (d[Ca Tot ]/dt) traces calculated as described in the Materials and methods. (I) Mean voltage-dependence of the peak rate of SR Ca 2+ release in Macf1 Cre-and in a Macf1 Cre+ fibers. (J) Inset shows the mean values for maximal rate, half-activation voltage and steepness factor (k) for SR Ca 2+ release in the two groups of fibers, as assessed from Boltzmann fits to data from each fiber. The online version of this article includes the following source data for figure 6: Source data 1. Table showing data from experiments plotted in Figure 6A,D-F and I.
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 7 Figure 7. Muscle specific MACF1 knockout affects mitochondrial content and organization. (A) Quantification of the fatigue index from the Hindlimb muscles in young (4 months) and adult (12 months) Macf1 Cre-and Macf1 Cre+. Line is set at median. *p<0.05 (Student's t test). (B) Representative images of transversal cross-section of Tibialis Anterior muscle from 12-month-old Macf1 Cre-(left panel) and Macf1 Cre+ (right panel) mice stained for Succinate DeHydrogenase activity. Scale Bar = 150 mm. (C) Quantification of the Succinate DeHydrogenase activity relative to myofibers distribution in conditional Macf1-KO mice compared to control mice. Line is set at median. Ns stands for not significant, **p<0.01 (Student's t test). (D) Western blot analysis of OXPHOS mitochondrial electron transport chain, TOM20 and actin proteins expression in total extracts from Gastrocnemius muscles of 12month-old Macf1 Cre-and Macf1 Cre+ mice. (E) QPCR quantification of the ratio between mitochondrial and genomic DNA in total DNA extracts obtained from Gastrocnemius muscles of three individual Macf1 Cre-and Macf1 Cre+ mice at each given age. Line is set at mean (with SEM). (F) QRT-PCR results presenting relative gene expression level for SLN in Macf1 Cre-and Cre+ at each given age. Following the calculation of relative gene expression level with reference to housekeeping genes for each mouse, the mean expression level of SLN was calculated for the WT mice. Next, the expression level of each WT and KO mouse was normalized to the previously calculated mean value. Line is set at mean (with SEM). Ns stands for not significant and **p<0.01 (Mann-Whitney test). (G) Representative confocal images (63Â) from isolated myofibers of Tibialis Anterior stained for Cytochrome C in Macf1 Cre-(left panel) and Cre+ (right panel) mice of 12-month-old mice. Scale Bar = 15 mm. (H) Quantification of the percentage of myofibers with irregular (broken/oriented/accumulated) mitochondrial staining in isolated myofibers of Tibialis Anterior muscles from three individual Macf1 Cre-and Cre+ mice at the age of 12 months. Line is set at median. **p<0.01 (Student's t test). (I) Representative electron microscopy images of myofibrils and mitochondria organization within Tibialis Anterior muscles from 12-month-old Macf1 Cre-(upper panels) and Macf1 Cre+ (lower panels) mice. Scale Bar = 1, 0.5, 0.2 mm. (J) Confocal immunofluorescence images (63Â) presenting the organization of Cytochrome C (green) in primary myofibers treated either with scramble shRNA (upper panel) or with a pool of four distinct shRNAs targeting Macf1 (lower panel) after 13 days of differentiation. Myonuclei are presented in red. Scale Bar = 10 mm. (K) Quantification of mitochondrial content per area in primary myofibers treated either with scramble shRNA or with a pool of four distinct shRNAs targeting Macf1 after 13 days of differentiation. Line is set at median. **p<0.01 (Student's t test). The online version of this article includes the following source data and figure supplement(s) for figure 7: Source data 1. Table showing data from experiments plotted in Figure 7A,C,E-F,H and K.Figure 7 continued on next page
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 7 continued on next page Ghasemizadeh et al. eLife 2021;10:e70490. DOI: https://doi.org/10.7554/eLife.70490

Figure 7 continued

 7 Figure 7 continued Source data 2. Whole immunoblotting membrane for OXPHOS, TOM20, and actin plotted in Figure 7D. Figure supplement 1. MACF1 conditional KO mice present normal distribution of different skeletal muscles types but disorganized Desmin network. Figure supplement 1-source data 1. Table showing data from experiments plotted in Figure 7-figure supplement 1B-C and E.

Figure 1 .

 1 Figure 1. MACF1 is an essential regulator of myonuclei positioning in mature myofibers. (A) Scheme presentation of the sequential steps to obtain immature myotubes and mature myofibers from primary mouse myoblasts. Taxol stabilized microtubules proteome was collected either from WT elongated myotubes or from mature contractile myofibers. For downregulating experiments, siRNA/shRNA were transfected in early steps of differentiation just before myotubes formation. (B) Confocal immunofluorescence images (63Â) presenting the organization of MACF1 (green) and total alpha tubulin or F-actin (red) in WT mature mouse primary myofibers. Scale bar = 10 mm. (C) Western blot analysis of MACF1 protein expression (main two isoforms at 830 and 630 kD) in total protein extracts of primary cells at proliferation cycle (GM for growth media) and in 3-or 5 days postdifferentiation myotubes or myofibers. Cells were treated either with a scramble shRNA or a pool of four shRNAs targeting Macf1. GAPDH was used as loading control. (D) Immunofluorescence staining (10Â) of F-actin (green) and myonuclei (red) in primary myofibers treated either with scramble shRNA (left panel) or with a pool of four distinct shRNAs targeting Macf1 (right panel) after 13 days of differentiation. Scale Bar = 50 mm. (E) Representative immunofluorescence microscopy images (63Â) of F-actin (green) and myonuclei (red) in primary myofibers treated with scramble shRNA (left panel) or with a pool of four distinct shRNAs targeting Macf1 (right panel) after 13 days of differentiation. Scale Bar = 10 mm. (F) Sarcomere length measured on the immunofluorescence images of F-actin from 13 days mature primary myofibers treated with either scramble shRNA or a pool of four distinct shRNAs targeting Macf1. Data were obtained from three individual experiments. Line is set at median. Ns stands for not significant (Student's t test). (G) Confocal immunofluorescence images (63Â) presenting the organization of total alpha tubulin (red) or MACF1 (green) in mature primary myofibers following treatment with either scramble shRNA (left panel) or a pool of four distinct shRNAs (right panel) targeting Macf1. Scale bar = 10 mm. (H-J) Mean values for fluorescent intensity of total alpha tubulin (H), myonuclei ferret (I) and distance between adjacent myonuclei (J) measured on mature primary myofibers following treatment with either scramble shRNA or a pool of four distinct shRNAs targeting Macf1. All panels were generated from data obtained from three individual experiments. Line is set at median. *p<0.05 and ***p<0.001 (Student's t test).

Figure 1 -

 1 Figure 1-figure supplement 1. Reduction of MACF1 does not affects myotubes formation or myonuclei spreading within myotubes. (A) Table showing mass spectrometry identification of MACF1 and Kif4b in 3-and 13-day-old primary myotubes and myofibers, respectively. (B) Schematic representation of MACF1 identified domains. ABD is the 'Actin Binding Domain' and MTBD is the 'Microtubule Binding Domain'. (C) Western blot analysis of MACF1 protein expression (main two isoforms at 830 and 630 kD) in total protein extracts of primary cells in myotubes and myofibers at 3and 5 days post-differentiation, respectively. Cells were treated with a scramble siRNA or a pool of three individual siRNAs targeting Macf1. GAPDH was used as loading control. (D) QRT-PCR analysis of Macf1 gene expression level relative to housekeeping genes in proliferating C2C12 cells (GM) and after 1, 3, or 5 days of differentiation. Data are from three individual experiments. Mean (with SEM) values are presented. (E) Immunofluorescence staining of Myosin Heavy Chain (green) and myonuclei (red) in primary myotubes treated with scramble siRNA (left panel) or a pool of three distinct siRNAs targeting Macf1 (right panel) after 3 days of differentiation. Scale Bar = 150 mm. (F-G) Values for myotube's length (F) and mean distance between myonuclei and myotube's centroid (G) ranked by myonuclei content per myotubes were quantified after 3 days of differentiation on cells treated with a scramble siRNA or a pool of three individual Macf1 siRNAs. At least three individual experiments per condition were quantified. Line is set at median. (H-I) Myonuclei Spreading Graph (MSG) representing the statistical spatial distribution of myonuclei along myotubes in cells treated with scramble siRNA (H) or with a pool of three individual siRNAs (I) after 3 days of differentiation. (J) Immunofluorescence staining of Myosin Heavy Chain (green) and myonuclei (red) in 5-day-differentiated C2C12 myotubes treated with scramble siRNA (left panel) or a pool of three individual siRNAs targeting Macf1 (right panel). Scale Bar = 50 mm.

Figure 1 -

 1 Figure 1-figure supplement 2. MACF1 is essential for myonuclei positioning and shape in mature myofibers. (A-C) Myofibers width (A), myonuclei ferret (B) and distance between adjacent myonuclei (C) measured on mature primary myofibers treated with either scramble siRNA, three individual siRNAs targeting Macf1 or a pool of the three siRNAs targeting Macf1 in addition to cells treated with scramble shRNA, four individual shRNAs targeting Macf1 or a pool of the four shRNAs targeting Macf1. All panels were generated from data obtained from three individual experiments. Line is at median. Ns stands for not significant and ***p<0.001 (Student's t test).

Figure 2 .

 2 Figure 2. MACF1 regulates myonuclei dynamics through the control of microtubules. (A-B) representative confocal immunofluorescence images (63Â) presenting MACF1-MTBD (green) and tyrosinated alpha tubulin (red) in primary myotubes (A) or alpha actinin (red) in primary myofibers (B). Scale bar = 10 mm. (C) Quantification of EB3 comets speed in primary cells treated with either scramble siRNA or a pool of 3 individual siRNAs targeting Macf1 in primary myotubes at three different time points during maturation. At least 200 comets from three individual experiments were mapped per condition.Figure 2 continued on next page

Figure 2

 2 Figure 2. MACF1 regulates myonuclei dynamics through the control of microtubules. (A-B) representative confocal immunofluorescence images (63Â) presenting MACF1-MTBD (green) and tyrosinated alpha tubulin (red) in primary myotubes (A) or alpha actinin (red) in primary myofibers (B). Scale bar = 10 mm. (C) Quantification of EB3 comets speed in primary cells treated with either scramble siRNA or a pool of 3 individual siRNAs targeting Macf1 in primary myotubes at three different time points during maturation. At least 200 comets from three individual experiments were mapped per condition.Figure 2 continued on next page

Figure 3 .

 3 Figure 3. MACF1 is necessary for global and perinuclear microtubules organization within skeletal muscles in vivo. (A) Scheme of the strategy used to generate muscle specific Macf1 knockout mouse model. (B) Representative PCR gel confirming the floxed Macf1 gene in mutant mice carrying Cre transgene. (C) Quantification of efficacy of the Cre-lox system in our muscle specific mouse model by analyzing the Macf1 gene expression level. qRT-PCR was carried out on total mRNA extracted from Gastrocnemius of 3 WT and 3 Macf1 KO mice of 12-month-old. Following the calculation of relative gene expression level on housekeeping genes for each mouse, the mean expression level of Macf1 was calculated for the WT mice. To generate the graph, the Macf1 expression level of each WT and KO mouse was then normalized on the previously calculated mean value. Line is set at mean (with SEM). ***p<0.001 (Student's t test). (D) Representative confocal images (63Â) of isolated myofibers from Tibialis Anterior of Macf1 Cre-(upper panel) and Cre+ (lower panel) mice, showing MACF1 (green), myonuclei (blue) and microtubules or F-actin (red). Scale Bar = 15 mm. (E) Sarcomere length quantified from the alpha actinin staining from 3 Macf1 Cre-and 3 Macf1 Cre+ 12-month-old mice. Following myofibers isolation from Tibialis Anterior, the distance between alpha actinin transverse bands of 3 myofibers per mouse was measured. Line is set at mean (with SD). Ns stands for not significant (Mann-Whitney test). (F) Microtubules network organization analysis of at least three myofibers from each of the three WT and three conditional Macf1-KO mice using TeDT software. The final generated graph presents a global score for each given degree of microtubules orientation, with 0 and 180 degrees corresponding to the longitudinal microtubules and 90 degrees corresponding to the transverse microtubules. Mean values (with SEM) is presented. (G) Representative confocal images (63Â) from myofibers isolated from Tibialis Anterior issued from 12-month-old Macf Cre-(upper panel) or Cre+ (lower panel) mice, presenting tyrosinated tubulin (green), de-tyrosinated tubulin (red) and myonuclei (blue). White arrows point to myonuclei. Scale Bar = 15 mm. (H) Quantification of the percentage of myonuclei presenting the total de-tyrosinated tubulin ring. Quantifications were done on confocal images obtained from several isolated myofibers from Tibialis Anterior of three WT and three conditional Macf1-KO mice at the age of 12 months. Line is set at median. ***p<0.001 (Student's t test).

Figure 3 -Figure 3 -

 33 Figure 3-figure supplement 1. MACF1 conditional KO mice present progressive microtubules disorganization. (A) Quantification of efficacy of Crelox system in our muscle specific mouse model by analyzing the Macf1 gene expression level. QRT-PCR was carried out on total mRNA extracted from Figure 3-figure supplement 1 continued on next page
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 444 Figure 4. Loss of MACF1 alters myonuclei shape and positioning progressively with age. (A) Representative confocal images (63Â) of myofibers isolated from Tibialis Anterior of Macf1 Cre-(upper panel) and Cre+ (lower panel) mice at the age of 12 months presenting alpha-actinin (green) and myonuclei (red). Scale Bar = 15 mm. (B-D) Quantification of distance between the nearest myonuclei (B), myonuclei feret (C) and myonuclei roundness (D) measured on isolated myofibers from Tibialis Anterior of Macf1 Cre-and Cre+ mice (as presented in panel A) at 2-, 6-, and 12 months of age. Several myofibers were subjected to analysis per mouse. Each group gathers data obtained from myofibers of 3 or more mice. Line is set at median. **p<0.01 and ***p<0.001 (Student's t test). (E) Representative images of Tibialis Anterior muscle cross-section from Macf1 Cre-(left panels) and Macf1 Cre+ (right panels) mice at the age of 8 and 12 months, stained for myonuclei (red) and Laminin (green). Examples of myofibers with mis-localized myonuclei are indicated by white arrows. Scale Bar = 150 mm. (F) Quantification of the percentage of myofibers with mis-localized myonuclei in Tibialis Anterior of 3, 8, and 12 months-old Macf1 Cre-and Macf1 Cre+ mice. Line is set at median. Ns stands for not significant and ***p<0.001 (Student's t test). (G) Distribution of myofibers cross-section area in the Tibialis Anterior from 3-, 8-, and 12-months-old Macf1 Cre-and Macf1 Cre+ mice. Line is set at mean (with SEM). Ns stands for not significant, *p<0.05 and **p<0.01 (Student's t test).

Figure 5 .

 5 Figure 5. MACF1 controls AChRs clustering but has no impact on synaptic myonuclei at the NMJ. (A) Representative confocal images (63Â) of postsynaptic NMJs within isolated myofibers from Tibialis Anterior of Macf1 Cre-(left panel) and Cre+ (right panel) mice at the age of 12 months presenting Figure 5 continued on next page

Figure 5 continued

 5 Figure 5 continued MACF1 (green), AChRs clusters (red) and myonuclei (blue). Scale Bar = 10 mm. (B-D) Quantification of post-synaptic NMJs area(B), number of AChRs clusters (C) and number of synaptic myonuclei (D) measured on myofibers isolated from Tibialis Anterior of Macf1 Cre-and Cre+ mice (as presented in panel A) at 2-, 6-, and 12 months of age. Several myofibers were subjected to analysis per mouse and each group is formed from at least three mice. Line is set at median. Ns stands for not significant, *p<0.05, **p<0.01 and ***p<0.001 (Student's t test). (E) Representative confocal images (63Â) presenting tyrosinated tubulin (green), de-tyrosinated tubulin (red), and AChRs clusters (blue) in myofibers isolated from Tibialis Anterior of Macf1 Cre-(three left panels) and Cre+ (three right panels) mice at the age of 12 months. Scale Bar = 10 mm. (F) Quantification of the ratios of fluorescence intensity from tyrosinated tubulin to total tubulin, de-tyrosinated tubulin to total tubulin and de-tyrosinated tubulin to tyrosinated tubulin. The mean fluorescence intensity of each given staining was measured specifically for the post-synaptic NMJs area (as presented in panel E) on NMJs of myofibers isolated from Tibialis Anterior of Macf1 Cre-and Cre+ mice at the age of 12 months. Line is set at median. Ns stands for not significant (Student's t test). (G) Scheme of the strategy used to induce sciatic nerve crush and subsequent analysis of muscle fibers from Macf1 Cre-and Cre+ mice. (H) Distribution of myofibers cross-section areas from non-denervated (referred as ND) and denervated (referred as D) Tibialis Anterior muscles of Macf1 Cre-and Cre+ mice at the age of 8 months. Line is set at mean (with SEM). (I-J) Quantification of post-synaptic NMJs area (I) and number of synaptic myonuclei (J) measured on isolated myofibers from non-denervated (referred as ND) and denervated (referred as D) Tibialis Anterior muscles of Macf1 Cre-and Cre+ mice at the age of 8 months. Line is set at median. *p<0.05, **p<0.01, and ***p<0.001 (Student's t test). (K) Representative fluorescence images (63Â) of AChRs clusters (green) and myonuclei (red) in myofibers treated with scramble shRNA (two upper panels) or with a pool of the four distinct shRNAs targeting Macf1 (two lower panels) after 10 days of differentiation in presence of Agrin in culture medium. Scale Bar = 10 mm. (L) Percentage of myofibers expressing immunofluorescence staining for AChRs in primary myofibers treated with scramble shRNA, with each of the four distinct shRNAs or with a pool of these four distinct shRNAs targeting Macf1 after 10 days of differentiation in the presence of Agrin. Data are from three individual experiments. Line is set at median. Ns stands for not significant (Student's t test). (M) AChRs clustering distribution in cells treated with scramble shRNA, with each of the four individual shRNAs or with a pool of the four individual shRNAs targeting Macf1 after 10 days of differentiation in the presence of Agrin. Data was collected from three individual experiments for each condition. Line is set at median. Ns stands for not significant, *p<0.05 and **p<0.01 (Student's t test).
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 556 Figure 5-figure supplement 1. MACF1 orthologue, Shot, is essential for NMJs organization in Drosophila. (A-B) Representative images of myofibers extracted from Rectus Lateralis muscle stained for myonuclei (blue), presynaptic markers (Neurofilament and Synaptic vesicles 2) (red) and AChRs Figure 5-figure supplement 1 continued on next page

Figure 7 .

 7 Figure 7. Muscle specific MACF1 knockout affects mitochondrial content and organization. (A) Quantification of the fatigue index from the Hindlimb muscles in young (4 months) and adult (12 months) Macf1 Cre-and Macf1 Cre+. Line is set at median. *p<0.05 (Student's t test). (B) Representative images of transversal cross-section of Tibialis Anterior muscle from 12-month-old Macf1 Cre-(left panel) and Macf1 Cre+ (right panel) mice stained for Succinate DeHydrogenase activity. Scale Bar = 150 mm. (C) Quantification of the Succinate DeHydrogenase activity relative to myofibers distribution in conditional Macf1-KO mice compared to control mice. Line is set at median. Ns stands for not significant, **p<0.01 (Student's t test). (D) Western blot analysis of OXPHOS mitochondrial electron transport chain, TOM20 and actin proteins expression in total extracts from Gastrocnemius muscles of 12month-old Macf1 Cre-and Macf1 Cre+ mice. (E) QPCR quantification of the ratio between mitochondrial and genomic DNA in total DNA extracts obtained from Gastrocnemius muscles of three individual Macf1 Cre-and Macf1 Cre+ mice at each given age. Line is set at mean (with SEM). (F) QRT-PCR results presenting relative gene expression level for SLN in Macf1 Cre-and Cre+ at each given age. Following the calculation of relative gene expression level with reference to housekeeping genes for each mouse, the mean expression level of SLN was calculated for the WT mice. Next, the expression level of each WT and KO mouse was normalized to the previously calculated mean value. Line is set at mean (with SEM). Ns stands for not significant and **p<0.01 (Mann-Whitney test). (G) Representative confocal images (63Â) from isolated myofibers of Tibialis Anterior stained for Cytochrome C in Macf1 Cre-(left panel) and Cre+ (right panel) mice of 12-month-old mice. Scale Bar = 15 mm. (H) Quantification of the percentage of myofibers with irregular (broken/oriented/accumulated) mitochondrial staining in isolated myofibers of Tibialis Anterior muscles from three individual Macf1 Cre-and Cre+ mice at the age of 12 months. Line is set at median. **p<0.01 (Student's t test). (I) Representative electron microscopy images of myofibrils and mitochondria organization within Tibialis Anterior muscles from 12-month-old Macf1 Cre-(upper panels) and Macf1 Cre+ (lower panels) mice. Scale Bar = 1, 0.5, 0.2 mm. (J) Confocal immunofluorescence images (63Â) presenting the organization of Cytochrome C (green) in primary myofibers treated either with scramble shRNA (upper panel) or with a pool of four distinct shRNAs targeting Macf1 (lower panel) after 13 days of differentiation. Myonuclei are presented in red. Scale Bar = 10 mm. (K) Quantification of mitochondrial content per area in primary myofibers treated either with scramble shRNA or with a pool of four distinct shRNAs targeting Macf1 after 13 days of differentiation. Line is set at median. **p<0.01 (Student's t test).

Figure 7 -

 7 Figure 7-figure supplement 1. MACF1 conditional KO mice present normal distribution of different skeletal muscles types but disorganized Desmin network. (A) Representative microscopy images of transverse cross sections from Tibialis Anterior muscle of 12-month-old Macf1 Cre-(left panel) and Figure 7-figure supplement 1 continued on next page
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  This protocol was validated in: eLife (2021), DOI: 10.7554/eLife.70490

Figure 1 .Figure 2 .

 12 Figure 1. Isoflurane anesthesia set-up.

Video 4 .

 4 Sciatic nerve isolation. 11. Apply drops (2-3) of lurocaïne directly on the incised zone to perform a local anesthesia of the nerve. Wait at least 2 min to continue the procedure. For definitive denervation procedure 12. Using a fine forceps (Moria N°5 or equivalent) in order to cut a small part of the nerve (1-3 mm) (Figure 3A) (see Video 5). Cite as: Osseni, A. et al. (2022). Simple Methods for Permanent or Transient Denervation in Mouse Sciatic Nerve Injury Models. Bio-protocol 12(11): e4430. DOI: 10.21769/BioProtoc.4430. Published: Jun 05, 2022 Video 5. Sciatic nerve section surgery.For a transient denervation (nerve crush procedure)[START_REF] Ghasemizadeh | Skeletal muscle MACF1 maintains myonuclei and mitochondria localization through microtubules to control muscle functionalities[END_REF]. Pinch for 30 s the exposed sciatic nerve with a hemostatic clip (Figure3B) (see Video 6). Video 6. Sciatic nerve crush surgery.

Figure 3 .

 3 Figure 3. Sequential approaches to reach the sciatic nerve.

Figure 4 .

 4 Figure 4. Sciatic nerve denervation procedure effects. Isolated fibers of tibialis anterior muscle from 2-months-old WT double-stained with an antibody against synaptic vesicle glycoprotein 2B (SV2B, in green) to label the presynaptic domain of NMJs and withbungarotoxin-A594 (in red) to label the postsynaptic domain of NMJs. Representative immunofluorescence images of non-injured nerve (A), definitive denervation procedure (B) after 3 days and transient denervation procedure after 3 days (C) or 18 days (D). Scale bars, 10 μm.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  Table showing data from experiments plotted in Figure 1F,H,I and J. Source data 2. Whole immunoblotting membrane for MACF1 and GAPDH plotted in

  Table showing data from experiments plotted in Figure 1-figure supplement 2A-C.

	Research article	Cell Biology Developmental Biology
	Ghasemizadeh et al. eLife 2021;10:e70490. DOI: https://doi.org/10.7554/eLife.70490	4 of 32

  Table showing data from experiments plotted in Figure

  Table showing data from experiments plotted in Figure 3C,E,F and H. Figure supplement 1. MACF1 conditional KO mice present progressive microtubules disorganization. Figure supplement 1-source data 1. Table showing data from experiments plotted in

  Table showing data from experiments plotted in Figure 4-figure supplement 1B-E.

	Research article	Cell Biology Developmental Biology
	Ghasemizadeh et al. eLife 2021;10:e70490. DOI: https://doi.org/10.7554/eLife.70490	10 of 32

  Table showing data from experiments plotted in Figures 5B-D,F,H-J and L-M. Figure supplement 1. MACF1 orthologue, Shot, is essential for NMJs organization in Drosophila.

11-month-old 15-month-old μ 11-month-old 15-month-old 11-month-old 15-month-old 11-month-old 15-month-old

  Macf1 Cre+ (right panel) mice stained for slow myosin (red), Laminin (green) and myonuclei (blue). Scale Bar = 150 mm. (B) Quantification of the percentage of myofibers with slow myosin expression in Tibialis Anterior, Soleus and Gastrocnemius muscles from 12-month-old Macf1 Cre-and Macf1 Cre+ mice. Mean values (with SEM) is presented. Ns stands for not significant (Student's t test). (C) QRT-PCR results presenting relative gene expression levels for Dnm1, Dnm2, and PPARGC1A in total mRNA extracts from Gastrocnemius of Macf1 Cre-and Cre+ at each given age. Following the calculation of relative gene expression level with reference to housekeeping genes for each mouse, the mean expression level of each target gene was calculated for the WT mice. Next, the expression level of each WT and KO mouse was normalized to the previously calculated mean value. Line is set at mean (with SEM). Ns stands for not significant (Student's t test). (D) Representative confocal images (63Â) from isolated myofibers of Tibialis Anterior stained for Desmin in Macf1 Cre-(left panel) and Cre+ (right panel) mice of 12-month-old mice. Scale Bar = 15 mm. (E) Quantification of the percentage of myofibers with irregular (broken/oriented/accumulated) Desmin staining in isolated myofibers of Tibialis Anterior muscles from three individual Macf1 Cre-and Cre+ mice at the age of 12 months. Line is set at median. **p<0.01 (Student's t test).
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Cytoplasmic NuMA1 promotes microtubule stabilization and controls myonuclear spreading and dynamics in skeletal muscle

Nathalie Couturier 1 , Alireza Ghasemizadeh 1 , Emilie Christin 1 , Alexandre Janin 1 , Alexis Osseni 1 , Jean-Luc Thomas 1 , Laurent Schaeffer 1 , Stéphane Konig 2 , Jessica Brunetti 2 , Maud Frieden 2 , Yohann Couté 3 , Alexandra Kraut 3 , Julien Courchet 1 and Vincent Gache Skeletal muscle consists in a bundle of thousands of post-mitotic multinucleated cells, called myofibers, in which myonuclei are evenly spaced and positioned at the periphery. This myonuclear positioning is driven by cytoskeleton and associated proteins and is required for proper myofiber function. In numbers of muscle diseases (i.e. myopathies), internalized and mispositioned myonuclei impair myofiber function, supporting the need to better understand the fundamental mechanisms that regulates myonuclei dynamics. Here we identify the microtubule-associated protein NuMA1 as an essential regulator of microtubule architecture and myonuclear spreading/positioning. Strikingly, loss of NuMA1 disrupts myonuclear organization in both in vitro and in vivo muscle fibers. While NuMA1 is expressed in nuclei of undifferentiated cells, it progressively transits in the cytoplasm during muscle cell differentiation to regulate the nucleus-microtubule-organizing-center (nMTOC) integrity. Furthermore, we show that during muscle fiber formation, NuMA1 associates with the Dynein-1 Heavy Chain-1 to shape microtubule orientation. Therefore, our results show that NuMA1 localization (nucleus versus cytoplasmic) controls myonuclei motion and is a marker of dynamic myonuclei inside myofibers. Altogether, our data identify a novel mechanism by which nuclear sequestration of a microtubule-associated protein allows to couple nuclear positioning and motion.

to the cytoplasm as myotubes differentiate.

To analyze NuMA1 localization in mature myofibers, we used primary myoblast cultures that were differentiated onto micro-patterns to form functional myofibrils, reflected by the typical staining of the F-actin cross-linker protein, alpha-actinin (Fig. 6f). Under this condition, we still observed NuMA1 accumulation in the cytoplasm and weaker NuMA1 myonuclei staining compared to immature human myotubes (Fig. 6d-f). Interestingly, a few myonuclei still contains high concentration of NuMA1 inside the same myofibers, suggesting different capacities for myonuclei to constrain NuMA1 (Fig. 6f, asterix).

Together, our experiments demonstrate that NuMA1 is in both compartment (nucleus and cytoplasm) in proliferating myoblasts. Once fusion occurs, NuMA1 is progressively cleared out from myonuclei and accumulates subsequently in the cytoplasm, on stable microtubule lattice, thus controlling the microtubule network organization and consequently, myonuclei positioning.

NuMA1 is a marker of myonuclei dynamics in myofibers.

As we observed that immature myotubes contain a mixed population of myonuclei with high and low content of NuMA1 (Fig. 6d), we hypothesized that these two populations have distinct motion behavior inside myofibers. To address this question, primary mouse myoblasts were transfected with full-length human NuMA1 tagged with GFP (h-FL-NuMA1, Fig7a). As expected, NuMA1 localizes in the nucleus compartment and partially accumulates on microtubules at the vicinity of myonuclei (Fig7a, Arrows). h-FL-NuMA1-expressing cells were induced to form immature myofibers (myotubes) during 3 days (Fig. 7b). Interestingly, we observed a mosaic of myonuclei according to NuMA1 content, suggesting that all myonuclei do not share the same status concerning NuMA1 protein uptake (Fig. 7b). In this condition, cytoplasmic-NuMA1 accumulation on microtubule network was visible only in some myotubes with apparent microtubules bundles (Extended Data Fig. 6a). Of note, the mosaic pattern was also observed in vivo in NuMA1-electroporated TA muscles from 8-week old wild-type mice (Extended Data Fig. 6b). Tracking the motion of NuMA1-positive and -negative myonuclei by time-lapse video-microscopy confirmed that myonuclei are in motion 90% of the time independently of NumMA1 expression (Fig. 7b). However, NuMA1-positive myonuclei move with a median speed of 0,149 ± 0,01 μm/min leading to a diffusion coefficient value of 0,7 ± 0,2 μm 2 /min, while NuMA1-negative myonuclei move 40% slower with a speed of 0,094 ± 0,007 μm/min that leads to a 60% drop of the diffusion coefficient value (0,28 ± 0,08 μm 2 /min) (Fig. 7c-d). These data suggest that myonuclei motion relies on their capacity to restrain NuMA1. In other words, myofibers with dynamic myonuclei exhibit more NuMA1-positive myonuclei along their length.

Interestingly, in Duchenne muscular dystrophy (DMD), it was shown that myonuclei within the myofibers display increased mobility 41 . This led us to hypothesize that NuMA1 expression is increased in DMD myonuclei. To address this question, we isolated individual myofibers from TA muscles of 8-week old MDX mice, a mouse model of human DMD, and analyzed NuMA1 localization (Fig7e, Extended Data Fig. 6c). Strikingly, we observed that myofibers present: (1) a higher number of NuMA1-positive myonuclei (Fig7e, red arrows), and ( 2) several areas where NuMA1 accumulates in the microtubule lattice (Fig7e, blue arrows), consistent with a microtubule disorganization (Extended Data Fig. 6c).

Altogether, our data show that NuMA1 is progressively cleared out from myonuclei during muscle fiber maturation and transits to stable microtubules in order to control microtubule network organization and myonuclei motion (Fig. 8).

Nuclear spreading at the periphery of muscle fibers is a prerequisite to obtain fully functional mature myofibers. Diverse motions controlled by a succession of mechanisms allow the spacing of adjacent myonuclei, initially during immature myofiber formation (myotubes) and subsequently in mature myofibers. These processes are affected in many muscle disorders, leading to aberrant myonuclei localization and shape that ultimately impact myonuclei integrity through changes in mechanotransduction processes 3,42,43 . Here, we elucidate the mechanism by which myofibers control both myonuclei spreading and motion during muscle fiber formation and maintenance. We demonstrate that the microtubule binding protein NuMA1 is present in the cytoplasm of developing post-mitotic muscle fibers where it controls myonuclei positioning through the establishment of a specific microtubule architecture at the vicinity of myonuclei in relation with Dynein-1 Heavy Chain-1 (Fig1-5). Furthermore, cytoplasmic NuMA1 remains present in mature myofibers where it is essential for the maintenance of peripheral myonuclei. Finally, we show that NuMA1 accumulation inside myonucleus is a marker of myonuclei dynamics and is highly expressed in myofibers of Duchenne muscular dystrophy (DMD) mouse model (Fig. 56).

A cytoplasmic form of NuMA1 controls myonuclei positioning and motion through microtubules network integrity.

Nuclear movements within immature myofibers have been described to depend mainly on microtubule associated proteins and molecular motors 11,44,45 . During myofiber maturation, myofibril formation and bundling contribute to push myonuclei at the periphery of the fibers 12 . Once at the periphery, myonuclei are thought to be anchored at the plasma membrane by a protein meshwork that contributes to stabilize their localization 46 . Recent studies have shown that, although myonuclei stick to the periphery of mature myofibers, they still possess the ability to move between the plasma membrane and myofibrils 13,47 . According to our experimental data, myonuclei motion in mature myofibers results from an interplay between (1) the ability to maintain a polarized architecture of microtubules in the vicinity of each myonuclei and (2) a suitable myonuclei shape that depends on both nuclear stiffness and forces exerted by other structures than microtubules around myonuclei.

Microtubule structures are dynamic networks that constitute a central node with multiple cytoskeleton networks 48,49 to control muscle fibers homeostasis. In mature myofibers, accumulating posttranslational modifications of tubulin contributes to increase microtubule stability, that allows maintenance of functional muscles 13,50,51 . Our results suggest that cytoplasmic NuMA1 specifically targets stable microtubules in mature myofibers. Thus, NuMA1 depletion affects the topology of microtubules dynamics, resulting in mis-orientation of microtubules network in combination with nMTOC components instability. Our data show that depending on the ability of myonucleus to exclude NuMA1, it directly impact myonucleus motion. Future work should address the contribution of both cytoplasmic and nuclear NuMA1 on myonucleus maturation during muscle fiber formation.

A new way to control microtubule network in cells through myonuclei exclusion of NuMA1.

Our experiments suggest that right after the fusion, new nuclei entering myotubes are loaded with NuMA1 protein in both the nuclear and cytoplasm compartments. During muscle fiber formation, cytoplasmic NuMA1 uptake inside myonuclei is progressively blocked. This leads to a complete and exclusive relocalization of NuMA1 in the cytoplasm compartment of mature myofibers, where it orients microtubule lattice and controls myonuclei motion. Cytoplasmic sequestration of nuclear proteins is a common mechanism that regulates the activity of transcription factors. For example, in muscle, such mechanisms apply to proteins such as NF-kappaB 52 and FOXO 53 that control the expression of genes involved in muscle atrophy, or NFAT that controls fiber type 54 . Our results show that muscle cells can also use nuclear sequestration to regulate the cytoplasmic activity of a protein controlling microtubule dynamics. By restraining NuMA1, myonucleus prevents the organization of a stable microtubule network that will be incompatible with their motility required for myonuclei alignment in immature myotubes. During myotube maturation, myonuclei progressively release NuMA1 (or block its uptake) so that it can organize and stabilize the microtubule network adapted to the postmitotic functions of muscle cells. In the future, it will be interesting to investigate the signals that trigger and control the balance between cytoplasmic and nuclear fraction of NuMA1 in these post-mitotic cells.

Nuclear mis-positioning and myopathies

Numerous muscles diseases are characterized by alterations of myonuclei shape and myonuclear domain alterations. In Duchenne muscular dystrophy (DMD), the absence of Dystrophin leads to the most frequent form of muscular dystrophy. Repetitive degeneration/regeneration cycles progressively trigger accumulation of damaged myofibers with aberrant myonuclei positioning 9 . Dystrophin is a microtubule associated protein and in DMD animal models, alteration of microtubules network and myonuclei motion has been observed 47,55 . Our experiments suggest that NuMA1 positive myonuclei Source data are available in Supplementary Table 1. 3. Source data are available in Supplementary Table 4. h-k. Representative immunofluorescence images of 3-days knocked-down myotubes with scrambled or Numa1 siRNA and stained for Pericentrin (green, h-i) and Golgi apparatus (green, j-k). l. Quantifications of Golgi apparatus patches number Representative immunofluorescence images of 6-days knocked-down C2C12 myotubes with scrambled or Numa1 siRNA and stained for myosin heavy chain (MHC, green) and nuclei (red).

Scale bar: 50 µm. c. Quantifications of myonuclei positioning phenotypes in 6-days differentiated mouse C2C12 myotubes knocked down with scrambled or Numa1 siRNA as described 11,43 . Data from three independent experiments were combined. Center lines show the medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles, outliers are represented by dots. Source data are available in Supplementary Table 8. 

Video legend

Supplementary video 1 & 2: Time-lapse experiments of primary myoblasts co-transfected with

Lamin-Chromobody-RFP plasmids and with either Scramble siRNA (Supplementary video-1), Numa1 siRNA (Supplementary video-2) and induced to form myotubes during 5 days after starting differentiation process. Primary myotubes were recorded every 20 minutes for a period of time of 16 hours.

Supplementary video 3 & 4:

Time-lapse experiments of primary myoblasts co-transfected with EB1-GFP plasmids and with either Scramble-siRNA (Supplementary video-3) or NuMA1-siRNA (Supplementary video-4) and induced to differentiate into myotubes for 3 days. EB1-GFP comets were recorded in primary myotubes every 150 milliseconds for a period of time of 15 seconds.

Materials and methods

Cell culture

Primary mouse myoblasts were purified from wild type C57BL6 newborn mice as described before 27,57 . Myoblasts were cultured on 1% growth factor reduced Matrigel ® /IMDM coated-dish (Corning, 356231; ibidi µ-Slide 4 Well, 80426) and induced to differentiate in myotubes for 2 to 3 days in differentiation media (IMDM (Gibco, 21980-032) + 2% of horse serum (Gibco, 16050-122) + 1% penicillin-streptomycin (Gibco, 15140-122)). Myotubes were then covered by a layer of 50% growth factor reduced Matrigel ® /IMDM and maintain in culture up to 10 days (IMDM (Gibco, 21980-032) + 2% of horse serum (Gibco, 16050-122) + 0.1% Agrin + 1% penicillinstreptomycin (Gibco, 15140-122)). Half of medium volume was changed every other day.

Mouse myoblast C2C12 cells were cultured in Dulbecco's modified Eagle's medium (DMEM (Gibco, 41966029) + 15% fetal bovine serum (Gibco, 10270-106) + 1% penicillin-streptomycin (Gibco, 15140-122)) and were plated on 1% matrigel-coated dishes for 1-2 days before induction of differentiation by a switching into differentiation media (DMEM + 1% horse serum).

Primary human myoblasts were plated on 1% Matrigel-coated dishes and cultured in a proliferative medium containing 40% Skeletal Muscle cell Growth Medium with supplemented Mix (Promocell, C-23060), 30% DMEM, High Glucose, Pyruvate (Gibco, 41966029), 20% decomplemented FBS (Gibco, 10270-106), 9% Medium 199, GlutaMAX Supplement (Gibco, 41150-020), 1% penicilline -streptomycine (Gibco, 15140-122), 0.005% Puromycin et 0.003% Dexamethasone. Differentiation was induced by a switch into differentiation media (Skeletal Muscle Cell Growth Medium, Promocell, C-23060). Differentiation medium was changed every other day.

Cell transfection

C2C12 and primary myoblasts cell were transfected with either Lipofectamine RNAiMAX (ThermoFisher Scientifics, 13778-150) for siRNA transfection or with Lipofectamine 3000 (ThermoFisher Scientifics, 11668-019) for shRNA transfection, in accordance with manufacturer instructions. Co-transfection experiments (i.e. plasmids and siRNA) were performed using Lipofectamine 2000 (ThermoFisher Scientifics, 11668-019) in accordance with manufacturer instructions. The list of siRNA and shRNA used is described in supplementary table 1.

Video-Microscopy

Myonuclei tracking: timelapse images were acquired every 20 min using Z1-AxioObserver (Zeiss). Myonuclei were manually tracked using Metamorph (Zeiss) and analyzed using SkyPad ® plugin as described before 31 .

EB1 tracking: timelapse images were acquired every 150 milliseconds using Ti Eclipse (Nikon) microscope 60X oil objective, Plan Apo, NA: 1.4, WD: 0.13, coverglass thickness: 0.17. EB1 comets trajectory were extracted using ImageJ ® . To determine EB1 comets orientation, Six continuous frame of a time-lapse movie of EB1-GFP were overlapped, the first three are colorcoded in green and the last three are color-coded in red as described before 36 . EB1 comets velocity was measured using Particle Tracker in ImageJ ® 56 .

Primary cells immunofluorescence staining

Cells were fixed in 4% Paraformaldehyde -4% sucrose in PBS for 20 min at 37°C followed by washes with PBS and membrane permeabilization with 0.5% Triton-X100 in PBS for 5 min at Room Temperature (RT). Following washes with PBS, cells were saturated with 1% BSA in PBS for 30 min at RT and incubated in primary antibodies overnight at 4°C. Following washes with 0.05% Triton-X100 in PBS, cells were incubated in secondary antibodies or dyes for 2h at RT followed by washes with 0.05% Triton-X100 in PBS and a last wash in PBS. Cultured myofibers were imaged using Z1-AxioObserver (Zeiss) with a 10X objective N-Achroplan, 0.25 Ph1, N.A 0.25 or confocal LSM880 microscope (Zeiss). The list of antibodies used for immunostaining is described in supplementary table 2.

Protein sample preparation

Cells were harvested using trypsin (Gibco, 15400054) for 5min at 37°C and centrifuged at 1500RPM for 5 min at 4°C. Cell pellets were diluted and incubated in the optimal volume of RIPA lysis buffer containing phosphatases inhibitors (Sigma, P5726) and proteases inhibitors (Sigma, P8340) for 10 min at 4°C. Following a sonication at 4°C, protein samples were collected for further uses. The concentration of proteins was determined using BCA protein assay kit (Thermo Fisher Scientifics, 23225) as described by the manufacturer.

Subcellular fractionation assays

• On cell cultures Cells were harvested, using Trypsin for 5min at 37°C and centrifuged at 1500RPM for 5min at 4°C. Cell pellet was washed in PBS at 4°C, diluted into TSE containing 10mM Tris pH 7.4, 250mM sucrose, 1mM EDTA, phosphatases inhibitors (Sigma, P5726) and proteases inhibitors (Sigma, P8340), and then passed 40 times through a 27G needle (Dutscher, 050100B). Cell lysates were centrifuged at 1500 RPM, for 5 min at 4°C. Supernatants containing cytoplasmic fractions were collected and stored at -80°C for further use. Nuclear pellets were washed in TSE 1X, passed 10 times through a 27G needle and centrifuged at 1500RPM for 10 min at 4°C. This step was repeated 3 times. Purified nuclear pellets were diluted in 1% NP40 -TSE 1X and incubated at 4°C for 1h before being stored at -80°C for further use.

• On Tibialis Anterior muscles Total extract of Tibialis Anterior were obtained by cutting the muscles into small pieces and were resuspended into SDC buffer containing 600mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50mM Tris-HCl pH 8, protease and phosphatase inhibitors. Using ophthalmic scissors, small pieces of muscles are cut until muscle pieces are no more visible.

To obtain nuclear and cytoplasmic fractions, muscle mash was resuspended into 5 volumes of E1 lysis buffer containing 50mM HEPES-KOH, 140mM NaCl, 1mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, 1mM DTT and protease inhibitor cocktail. Muscle pieces size was reduced by using ophthalmic scissors and then a loose Dounce homogenizer pestle. Muscle lysates were centrifuged at 1100g, for 2min at 4°C. Supernatants containing cytoplasmic fractions were collected. Nuclear pellet was washed in E1 lysis buffer and centrifuged at 1100g, for 2min at 4°C. This step was repeated once. Supernatant was discarded and purified nuclear pellet was resuspended into 2 volumes of SDC buffer. Cytoplasmic and nuclear fractions were sonicated and a centrifugation at 6000g, for 10 min at 4°C was performed to remove cell debris. Extracts were then stored at -80°C for further use.

Western blot analysis

Samples were loaded onto 6% acrylamide gels and migrated at 130V for 10 min followed by 90min at 160V. Wet blotting system (BioRad) was used to transfer proteins to PVDF membranes (Millipore, Immobilon-P, IPVH00010). Membranes were then saturated in 5% milk in 0.1% Tween20 -1X TBS for 1hr at RT and were incubated in primary antibodies in 1% milk in TBS overnight at 4°C. Following washes by 0.1% Tween20 -1X TBS, membranes were incubated in HRP conjugated secondary antibodies in 1% milk in TBST for 1hr at RT. Following washes in 0.1% Tween20 -1X TBS, detections of target proteins were carried out using clarity Western ECL substrate (BioRad, 1705060) and ChemiDoc imaging system (BioRad). The list of antibodies used for western blotting is described in supplementary table 2.

RNA extraction

After addition of Trizol (Sigma, T9424), samples were incubated in chloroform for 5min at RT, centrifuged for 15 min at 12000g at 4°C and incubated in tubes containing isopropanol for 10 min at RT. Samples were then centrifuge for 15 min at 12000 g at 4°C, washed two times with 70% ethanol and RNA pellets were diluted into ultra-pure RNase free water (Invitrogen, 10977-035). RNA concentration was analyzed using Nanodrop® (ThermoFisher Scientifics).

RT-q-PCR

Goscript Reverse Transcriptase System (Promega, A5001) was used as described by the manufacturer to produce the cDNAs. Fast Start Universal SYBR Green Master (Rox) (Roche, 04913914001) and CFX Connect™ Real-Time PCR Detection System (BioRad) were used to carry out quantitative PCR using primer described in supplementary table 3. Normalization was performed using three housekeeping genes (Gapdh; GusB and Rpl41).

Mice electroporation

8 weeks old male C57BL/6 WT mice were anesthetized with intraperitoneal injection of Ketamin (100mg/kg) -Xylazin (10mg/kg). Hind legs were shaved and 20µg of plasmid DNA diluted into 0.9% NaCl were injected in both contralateral Tibialis Anterior muscles. Injected muscles received a short massage and a thin layer of ultrasound gel was applied. Electrodes were positioned on both side of muscles and an electrical field was applied characterized by 8 pulses of 20ms spaced 500ms apart, at 200V/cm of thickness of muscle (i.e. 80V). Two weeks postelectroporation, mice were sacrificed and muscles were harvested. The whole experiment procedure is in accordance with the guidelines of the local animal ethics committee of the University Claude Bernard -Lyon 1 and in accordance with French and European legislation on animal experimentation and approved by the ethics committee CECCAPP and the French ministry of research.

Isolation of mono-myofibers, immunofluorescence staining

Following dissection of the whole muscle from the mice, Tibialis Anterior muscles were fixed in 4% PFA in PBS for 30 min at RT. After washes, 30 to 50 mono-myofibers were isolated per condition from each muscle. Myofibers were permeabilized using 1% Triton-X100 in PBS for 15 min at RT and saturated in 1% BSA in PBS for 30 min at RT. Myofibers were then incubated in primary antibodies at 4°C for 2 nights. Following 0.05% Triton-X100 in PBS washes, myofibers were incubated in secondary antibodies or dyes overnight at 4°C. Then, washes with 0.05% Triton-X100 in PBS and a last wash in PBS were carried. Myofibers were mounted on slides using Fluromount Aqueous mounting (Sigma, F4680) and kept at 4°C. Analysis were conducted using confocal LSM880 microscope (Zeiss). Microtubule architecture organization was analyzed using TeDT software described 58

Microtubule architecture organization

Microtubule architecture organization was analyzed using TeDT software as previously described 58 Transversal muscles immunostaining and analysis Tibialis anterior, muscles were collected, embedded in tragacanth gum, and quickly frozen in isopentane cooled in liquid nitrogen. Cross-sections (10μm thick) were obtained from the middle portion of frozen muscles and processed for immunostaining. Images were acquired using Z1-AxioObserver (Zeiss). The myofiber cross-sectional area and the number of centrally nucleated fibers were determined using Laminin and DAPI-stained sections. Cross-sectional areas and myonuclei misorientation within electroporated myofibers were measured and quantified manually using ImageJ® software.

Quantification methods for myonuclei spreading in myotubes

Quantifications in immature myotubes were assessed using an analysis tool developed in our team. An image analysis performed in ImageJ® software is combined with a statistical analysis in RStudio® software. This provides quantifications of parameters, ranked by myonuclei content per myotubes, regarding phenotype of myotubes (area, length) and their respective myonuclei positioning compare to centroid of myotubes (DMcM). MSG diagrams were obtained through the normalization of lengths of all analyzed myotubes (independently to their myonuclei content) to 100%. White lines represent myonuclei density curves assessing the statistical frequency for myonuclei positioning along myotubes. Each color group reflects statistical estimation of myonuclei clustering along myotubes.

Statistical analysis

The statistical analyses were performed using Student's t test according to samples amount and distribution.
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Cell transfection

For C2C12 cells, 3 different siRNAs Silencer per gene were transfected using Lipofectamine 2000 (ThermoFisher Scientifics, 11668-019) at the final concentration of 10 nM, following manufacturer instructions, 2 days before differentiation. For shRNA cDNA (Geneocopia) transfection, Lipofectamine 2000 (ThermoFisher Scientifics, 11668-019) was used following manufacturer instructions.

For primary cells, siRNA were transfected using Lipofectamine 2000 (ThermoFisher Scientifics, 11668-019) at the final concentration of 2 nM. shRNA (Geneocopia), Eb1 or RFP-Lamin-chromobody (Chromotek) cDNA were transfected using Lipofectamine 3000 (ThermoFisher Scientifics, L3000-008). For the list of siRNA, shRNA and DNA constructs, refer to supplementary table 1.

Protein sample preparation

For primary cultured cells or C2C12 cell lines, cells were harvested, using Trypsin for 5min at 37°C and centrifuged at 1500RPM for 5min at 4°C. Cell pellets were diluted and incubated in the optimal volume of RIPA lysis buffer containing phosphatases inhibitors (Sigma, P5726-5mL) and proteases inhibitors (Sigma, P8340) for 10min at 4°C. Following a sonication and a centrifugation at 12000RPM for 10min at 4°C, protein samples were collected for further uses. The concentration of proteins was determined using BCA protein assay kit (Thermo Fisher Scientifics, 23225) as described by the manufacturer.

Western blot

To carry out western blots, the same amount of sample were loaded in 6% acrylamide gels and were migrated at 130V for 10min followed by 160V for 90min. iBlot 2 mini slacks (Thermo Fisher Scientifics, IB23002) semi-dry system was used to transfer the proteins to nitrocellulose membranes. Membranes were then saturated in 5% milk in TBS for 1h at room temperature (RT) and were incubated in primary antibodies in 5% milk in TBS over night at 4°C. Following washes by 0.1% Tween-20-1X TBS, the membranes were incubated in HRP conjugated secondary antibodies in 5% milk in TBST for 1h at room temperature (RT). Following washes by 0.1% Tween-20-1X TBS the detection of the target proteins was carried out using Super Signal West Femto (Thermo Fisher Scientifics, 34095) and ChemiDoc imaging system (BioRad).

Antibodies

Cells were fixed in 4%PFA in PBS for 20min at 37°C followed by washes with PBS and permeabilization with 0.5% Triton-X100 in PBS for 5min at RT. Following washes with PBS, cells were saturated with 1% BSA in PBS for 30min at 37°C and incubated in primary antibodies over night at 4°C. Following washes with 0.05% Triton-X100 in PBS, cells were incubated in secondary antibodies or dyes for 2hrs at RT followed by washes with 0.05% Triton-X100 in PBS and a last wash in PBS. Cultured myofibers were imaged using either Z1-AxioObserver (Zeiss) or confocal SP5 microscope (Leica). For the list of antibodies and dilution, refer to supplementary table 2.

Video-Microscopy

Time-lapse images were acquired using Z1-AxioObserver (Zeiss) with intervals of 20 minutes. Final videos were analyzed using Metamorph (Zeiss) and SkyPad plugin as described before (Cadot et al., 2014).

Adeno-Associated Virus production and in vivo transduction

A cassette containing the small hairpin (sh) RNA under the control of H1 RNA polymerase III promoter was inserted in a pSMD2 expression plasmid. AAV vectors (serotype 1) were produced in HEK293 cells after transfection of the pSMD2-shRNA plasmid, the pXX6 plasmid coding for viral helper genes essential for AAV production and the pRepCap plasmid (p0001) coding for AAV1 capsid as described previously (Riviere et al, 2006). Viral particles were purified on iodixanol gradients and concentrated on Amicon Ultra-15 100K columns (Merck-Millipore). The concentration of viral genomes (vg/ml) was determined by quantitative real-time PCR on a LightCycler480 (Roche diagnostic, France) by using TaqMan probe. A control pSMD2 plasmid was tenfold serially diluted (from 10 7 to 10 1 copies) and used as a control to establish the standard curve for absolute quantification. Male wild type and heterozygous KI-Dnm2 R465W mice were injected under isoflurane anesthesia. Two intramuscular injections of 30 µl within 24h interval were performed using 29G needle in TA muscles corresponding to 10 11 viral genomes per muscle.

All of the experiments and procedures were conducted in accordance with the guidelines of the local animal ethics committee of the University Claude Bernard -Lyon 1 and in accordance with French and European legislation on animal experimentation and approved by the ethics committee CECCAPP and the French ministry of research.

Muscle contractile properties

The isometric contractile properties of TA muscles were studied in situ on mice anesthetized with 60 mg/kg pentobarbital. The distal tendon of the TA muscle was attached to a lever arm of a servomotor system (305B Dual-Mode Lever, Aurora Scientific). The sciatic nerve was stimulated by a bipolar silver electrode using a supramaximal (10 V) square wave pulse of 0.1 ms duration. Absolute maximal isometric tetanic force was measured during isometric contractions in response to electrical stimulation (frequency of 25-150 Hz; train of stimulation of 500 ms). All isometric contraction measurements were made at optimal muscle length. Force are expressed in grams (1 gram = 9.8 mNewton). Mice were sacrificed by cervical dislocation and TA muscles were weighted. Specific maximal force was calculated by dividing absolute force by muscle weight.

RNA extraction

After the addition of Trizol (Sigma, T9424-200mL) on each sample, lysing matrix D and fast prep system (MPbio, 6913-100) were used for sample digestion and pre-RNA extraction. In order to extract RNA, samples were incubated in chloroform for 5min at RT, centrifuged for 15min at 12000 rcf at 4°C and incubated in the tubes containing isopropanol (precipitatation of RNA) for 10min at RT. following a centrifuge of samples for 15min at 12000rcf at 4°C, samples were washed 2 times with 70% ethanol and the final RNA pellets were diluted in ultra-pure RNase free water (Invitrogen, 10977-035). RNA concentration was calculated using Nanodrop (ThermoFisher Scientifics).

RT-q-PCR on cells

Goscript Reverse Transcriptase System (Promega, A5001) was used, as described by the manufacturer to produce the cDNA. Fast Start Universal SYBR Green Master (Rox)(Roche, 04913914001) and CFX Connect™ Real-Time PCR Detection System (BioRad) were used to carry out the quantitative PCR using the following primer sets. The CT of target genes were normalized on 3 control genes. For the list of primers used, refer to supplementary table 1.

RT-q-PCR on muscle samples 50 longitudinal sections (12 µm) of TA muscles were cut and used for RNA isolation and RT-qPCR. Total RNA was extracted from muscle by using NucleoSpin (Macherey-Nagel). RNA (200 ng) was reverse transcribed using Reverse Transcription Core Kit (Eurogentec). Real-time PCR was performed in a 20 µL final volume using the Takyon No Rox SYBR kit (Eurogentec). Fluorescence intensity was recorded using a CFX96 Real-Time PCR Detection System (Bio-Rad) and the data analyzed using the ∆∆Ct method of analysis. Reference gene 18s was used to normalize the expression level of the gene of interest as previously described (Pfaffl et al., 2001). The selected forward and reverse primer sequences are listed in Table 1. Statistical analyses were performed using GraphPad PRISM 5.0 (La Jolla). Data were analyzed for normal distribution using Shapiro-Wilk test. Non-parametric one-way Anova (n = 4-6) was used to determine transcripts expression level. Primers were designed using Primer 3 software from gene sequences obtained from Genebank. Primer specificity was determined using a BLAST search. For the list of primers used, refer to supplementary table 1.

Histological staining and analysis

Tibialis anterior muscles were collected, embedded in tragacanth gum, and quickly frozen in isopentane cooled in liquid nitrogen. Cross-sections (10μm thick) were obtained from the middle portion of frozen muscles and processed for histological, immunohistochemical, enzymohistochemical analyses according to standard protocols. The fibre crosssectional area and the number of centrally nucleated fibers were determined using Laminin and Dapi-stained sections.

Fluorescence microscopy and transmission microscopy were performed using Axioimager Z1 microscope with CP Achromat 5x/0.12, 10x/0.3 Ph1, or 20x/0.5 Plan NeoFluar objectives (Zeiss). Images were captured using a charge-coupled device monochrome camera (Coolsnap HQ, Photometrics) or color camera (Coolsnap colour) and MetaMorph software. For all imaging, exposure settings were identical between compared samples. Fiber number and size, central nuclei and peripheral myonuclei were calculated using ImageJ software.

Quantification methods for myonuclei spreading in myotubes

Quantifications in immature myotubes were assessed using an homemade analysis tool. An image analysis performed in ImageJ® software is combined with a statistical analysis in RStudio® software. This provides quantifications of parameters, ranked by myonuclei content per myotubes, regarding phenotype of myotubes (area, length) and their respective myonuclei positioning compare to centroid of myotubes (DMcM).

MSG diagrams were obtained through the normalization of lengths of all analyzed myotubes (independently to their myonuclei content) to 100%. White lines represent myonuclei density curves assessing the statistical frequency for myonuclei positioning along myotubes. Each color group reflects statistical estimation of myonuclei clustering along myotubes.
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