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INTRODUCTION

The percentage of obese individuals has exponentially increased for over 50 years.

According to the World Health Organization, 39% of the world population are overweight with a body mass index (BMI) over 25 kg/m 2 whereas 13% are obese, with a BMI higher than 30 kg/m 2 . Excessive adipose tissue expansion is associated with chronic disorders such as insulin resistance, dyslipidemia, cardiovascular complications, premature senescence, and peripheral tissue lipotoxicity [START_REF] Chooi | The epidemiology of obesity[END_REF][START_REF] Perez-Diaz | Polymerase I and transcript release factor (PTRF) regulates adipocyte differentiation and determines adipose tissue expandability[END_REF].

Long-term obesogenic conditions lead to qualitative and quantitative muscle changes [START_REF] Valenzuela | Obesityassociated poor muscle quality: Prevalence and association with age, sex, and body mass index[END_REF]. While Leptin has been shown to regulate skeletal muscle metabolism [START_REF] Carbó | Short-term effects of leptin on skeletal muscle protein metabolism in the rat[END_REF][START_REF] Ternacle | Short-term high-fat diet compromises myocardial function: A radial strain rate imaging study[END_REF], the cellular and additional molecular mechanisms underlying the systemic impact of adipose tissue on skeletal muscles remain poorly understood.

Skeletal muscle integrity is fundamentally maintained by muscle stem cells, also known as muscle satellite cells (MuSCs). In adults, muscle stem cells constitute a pool of quiescent Pax7expressing cells. Upon muscle damage, muscle satellite cells are activated, co-express Pax7 and MyoD and proliferate, a fundamental process to amplify the pool of myogenic progenitor cells (or myoblasts). While a subset of activated muscle progenitors will downregulate MyoD to restore the pool of muscle stem cells, the majority will activate Myogenin expression, and fuse to regenerate functional multinucleated muscle myofibers. Muscle stem cell status and function are tightly regulated by their niche. Skeletal muscle satellite cells are located between the myofiber sarcolemma and the basal lamina, a specialized extracellular matrix (ECM) that separates muscle stem cells from stroma [START_REF] Zhang | Extracellular matrix: an important regulator of cell functions and skeletal muscle development[END_REF]. The basal lamina is a hub for varied factors that include hormones, cytokines and structurally active ECM components secreted by the muscle fiber, satellite cells and endomysial cell populations [START_REF] Csapo | Skeletal Muscle Extracellular Matrix -What Do We Know About Its Composition, Regulation, and Physiological Roles? A Narrative Review[END_REF].

Fibro-adipogenic progenitors (FAPs), also known as mesenchymal stromal cells or mesenchymal progenitors, are endomysial resident cells that contribute to muscle stem cell maintenance and repair [START_REF] Wosczyna | Mesenchymal Stromal Cells Are Required for Regeneration and Homeostatic Maintenance of Skeletal Muscle In Brief Article Mesenchymal Stromal Cells Are Required for Regeneration and Homeostatic Maintenance of Skeletal Muscle[END_REF]. Following muscle damage, FAPs are activated and proliferate, invading the damaged muscle and secreting trophic myogenic differentiation factors. For efficient regeneration, FAPs undergo a cell death program to restore their homeostatic number, a process required to resolve muscle repair [START_REF] Joe | Muscle injury activates resident fibro/adipogenic progenitors that facilitate myogenesis[END_REF][START_REF] Malecova | Dynamics of cellular states of fibroadipogenic progenitors during myogenesis and muscular dystrophy[END_REF][START_REF] Saito | Exercise enhances skeletal muscle regeneration by promoting senescence in fibro-adipogenic progenitors[END_REF]. However, in pathological conditions, FAPs fate and function is dysregulated, giving rise to deleterious intramuscular fatty-fibrotic scars, a hallmark of impaired muscle regeneration [START_REF] Joe | Muscle injury activates resident fibro/adipogenic progenitors that facilitate myogenesis[END_REF][START_REF] Uezumi | Fibrosis and adipogenesis originate from a common mesenchymal progenitor in skeletal muscle[END_REF].

Nidogens/Entactins are a family of highly conserved proteoglycans composed by Nidogen-1 (NID-1) and Nidogen-2 (NID-2). Nidogens are mainly secreted by fibroblasts [START_REF] Fleischmajer | Skin fibroblasts are the only source of nidogen during early basal lamina formation in vitro[END_REF][START_REF] Nischt | Lack of nidogen-1 and -2 prevents basement membrane assembly in skin-organotypic coculture[END_REF] and their function was classically associated with wound healing and scarring due to their role as ECM organizers linking collagens and laminins [START_REF] Baranowsky | Impaired wound healing in mice lacking the basement membrane protein nidogen 1[END_REF]. In skeletal muscle, NID-1 is a ubiquitous component of the basal lamina, while NID-2 is involved in neuromuscular junction development [START_REF] Fox | A synaptic nidogen: developmental regulation and role of nidogen-2 at the neuromuscular junction[END_REF].

NID-2 can replace NID-1 structural function in NID-1 mutant mice [START_REF] Murshed | The Absence of Nidogen 1 Does Not Affect Murine Basement Membrane Formation[END_REF], whereas double mutants for NID-1 and -2 display limb development abnormalities [START_REF] Böse | Loss of nidogen-1 and -2 results in syndactyly and changes in limb development[END_REF] and perinatal lethality [START_REF] Bader | Compound Genetic Ablation of Nidogen 1 and 2 Causes Basement Membrane Defects and Perinatal Lethality in Mice[END_REF]. In skeletal muscle, loss of MuSCs quiescence and differentiation is associated with a reduction of NID-1 expression (Neu et al., 2006a), while its overexpression promotes myotube stability in vitro [START_REF] Funanage | Entactin promotes adhesion and long-term maintenance of cultured regenerated skeletal myotubes[END_REF][START_REF] Grefte | Impaired primary mouse myotube formation on crosslinked type i collagen films is enhanced by laminin and entactin[END_REF].

The effect of obesity on skeletal muscle has been previously linked with adipose tissue endocrine function [START_REF] Komolka | Molecular Heterogeneities of Adipose Depots -Potential Effects on Adipose-Muscle Cross-Talk in Humans, Mice and Farm Animals[END_REF]. Adipose tissue dysfunctionality and comorbidities are in part due to excessive connective tissue accumulation or fibrosis [START_REF] Marcelin | A PDGFRα-Mediated Switch toward CD9high Adipocyte Progenitors Controls Obesity-Induced Adipose Tissue Fibrosis[END_REF].

Here, we identify NID-1, a component of basal laminae, overexpressed in adipose tissue and skeletal muscle during obesity. We show that NID-1 is overexpressed by muscle FAPs in HFDfed mice. Functionally, we demonstrate that NID-1 impairs myogenesis in cultured human myoblasts in vitro and in mouse skeletal muscle regeneration in vivo, linked with increased intra-muscular fibrosis. Finally, we show that intramuscular overexpression of NID-1 promotes FAPs fibrogenic fate at the expense of adipogenic differentiation. Altogether, we propose that obesity has a systemic impact on muscle homeostasis via NID-1 mediated remodeling of the skeletal muscle basal lamina by mesenchymal progenitor cells.

RESULTS

Human adipose tissue-secreted extracellular matrix components impair myogenesis

To determine whether adipose tissue has a direct impact on human skeletal muscle cells, we generated subcutaneous adipose tissue conditioned media (hSATCM) from twenty upper forelimb human adipose tissue biopsies. We tested these hSATCM by direct exposure of cultured human myoblasts (Sorted for CD56 expression) isolated from healthy adult donors.

After 72h of culture, we analyzed the consequence of hSATCM exposure for the expression of Pax7 and MyoD by immunostaining (Fig. 1A). Exposure to hSATCM had no impact on human myoblast identity or activation since the numbers of Pax7 + MyoD -and Pax7 + MyoD + myogenic cells were not changed (Fig. 1B-D and data not shown). We observed that 14 of the 20 hSATCM induced a similar proportion of early differentiating human myoblast (Pax7 -MyoD + ) compared with their controls. Strikingly, exposure to six hSATCM led to a significant reduction in the proportion of differentiating Pax7 -MyoD + myoblasts compared with controls (Fig. 1B,D).

Statistical analysis separated the hSATCM into two groups for further analysis based on the impact on human myogenic cells: CM-N for Conditioned Media with No effect and CM-I for Conditioned Media Inhibiting myogenic differentiation.

To analyze the CM-I composition, four CM-N hSATCM were randomly selected for comparison with four CM-I hSATCM using commercial adipocytokine arrays. Among the 58 adipocytokines evaluated, nine were significantly enriched and one reduced in the CM-I secretome compared with CM-N (Fig. 1E, Supplemental Table 1). This screening unveiled previously described inflammatory and Senescence-Associated Secretory Phenotype (SASP) factors regulating muscle homeostasis [START_REF] Han | Regulation of adipose tissue inflammation by interleukin 6[END_REF][START_REF] Mofarrahi | Angiopoietin-1 enhances skeletal muscle regeneration in mice[END_REF][START_REF] Rahman | PAI-1, the plasminogen system, and skeletal muscle[END_REF][START_REF] Rebalka | Loss of the adipokine lipocalin-2 impairs satellite cell activation and skeletal muscle regeneration[END_REF]. Interestingly, among the adipocytokines, we also identified extracellular matrix (ECM) components which play a critical role in muscle stem cell mobilization and function [START_REF] Baghdadi | Reciprocal signalling by Notch/Collagen V/CALCR retains muscle stem cells in their niche[END_REF]Goel et al., 2017a;[START_REF] Rayagiri | Basal lamina remodeling at the skeletal muscle stem cell niche mediates stem cell self-renewal[END_REF]. Furthermore, we identified Nidogen-1 (NID-1), an ECM organizer which was significantly increased in CM-I over CM-N hSATCM (Fig. 1F). NID-1 has been previously shown to be increased in the adipose tissue stromal vascular fraction of obese compared with lean patients [START_REF] Henegar | Adipose tissue transcriptomic signature highlights the pathological relevance of extracellular matrix in human obesity[END_REF][START_REF] Marcelin | Deciphering the cellular interplays underlying obesityinduced adipose tissue fibrosis[END_REF]. We confirmed the higher expression of NID-1 by obese individual subcutaneous adipose tissue (SAT) compared to lean. However, we did not observe differences for visceral adipose tissues (VAT). Nonetheless, we found a higher expression of NID-1 by the SAT compared to omental depot in obese and a trend in non-obese individuals (Fig. 1G).

NID-1 is secreted by subcutaneous adipose tissue of obese mice

In order to evaluate the expression of NID-1 in the adipose tissue of a preclinical model of obesity [START_REF] Ternacle | Short-term high-fat diet compromises myocardial function: A radial strain rate imaging study[END_REF], two groups of 4-month-old mice were fed with either chowdiet (CD) or high-fat-diet (HFD) for 4 months (Fig. 2A). The HFD group (mean=50.2g, SEM=±3.4) gained on average 40% more weight than the CD group (mean=34.9g, SEM=±5.7) at the time of sacrifice. The subcutaneous adipose tissue of both groups was used to generate conditioned media (CM) and analyze NID-1 and other ECM component expression.

We observed increased NID-1 signal in CMHFD compared to CMCD by western blot (Fig. 2B). As expected, adiponectin was significantly reduced in CMHFD when compared to CMCD [START_REF] Gariballa | Total adiponectin in overweight and obese subjects and its response to visceral fat loss[END_REF]. In agreement with human findings, gene expression analysis of subcutaneous adipose tissue confirmed an increase in nidogen transcripts in association with several other basement membranes proteins and fibrillar collagens in the adipose tissue of HFDfed mice compared with CD-fed mice (Fig. 2C). Interestingly, we also found a positive correlation between donor mouse body weight and NID-1 content of the CM (Fig. 2D).

Obese mouse adipose tissue secretome reduces myogenic cell differentiation in vitro

We next tested the impact of murine adipose tissue conditioned media from CD-and HFD-fed mice (that contain elevated levels of NID-1) on freshly isolated mouse muscle stem cells (Fig. 2E) by evaluating activation, myoblast proliferation and fusion/differentiation. First, we checked MuSCs (Pax7 + ) activation by MyoD staining. Cultured murine muscle satellite cells treated with CMHFD showed a reduction in the activated Pax7 + MyoD + population compared with Pax7 + MyoD -(Fig. 2F). No differences were observed in early differentiation (Pax7 -MyoD + , Data not shown). After activation, myoblasts (MyoD + ) proliferate and express the cell cycle protein Ki67. The reduction in activated MuSCs (Pax7 + MyoD + population) was associated with decreased Ki67 expression in the myogenic cultures (Fig. 2G) treated with CMHFD compared to CMCD. While Pax7 gene expression was not changed (Data not shown), we observed upregulated expression of the transcription factor Myf5, required for early myogenic commitment [START_REF] Beauchamp | Expression of Cd34 and Myf5 Defines the Majority of Quiescent Adult Skeletal Muscle Satellite Cells[END_REF] in the CMHFD treated group (Fig. 2H).

Nidogen-1 has been linked to C2C12 myoblast line myogenic differentiation (Neu et al., 2006a). We observed similar gene expression values for Nid-1 between groups (Data not shown). The expression of Lama1, Nid-2 and Collagen V (Col5a1), essential to maintain the MuSCs niche [START_REF] Baghdadi | Reciprocal signalling by Notch/Collagen V/CALCR retains muscle stem cells in their niche[END_REF][START_REF] Moran | Gene expression changes during mouse skeletal myoblast differentiation revealed by transcriptional profiling[END_REF][START_REF] Neu | Differential expression of entactin-1/nidogen-1 and entactin-2/nidogen-2 in myogenic differentiation[END_REF] were increased in myoblasts treated with CMHFD compared with CMCD (Fig. 2H). Next, we evaluated expression of the myogenic differentiation markers, Myogenin and Myosin heavy chain in cultured myogenic cells after CM treatments. We found a significant increase in total percentage of Myogenin-expressing cells (MyoG + ) (Fig. 2I), MyoD + MyoG + and MyoD -MyoG + in CMHFD exposed group (Data not shown). Moreover, we observed higher fusion index and Myh1 gene expression (Fig. 2J) in CMHFD treated myoblasts compared with CMCD treated myoblasts.

Altogether these results suggest that exposing murine muscle satellite cells to adipose tissue secretome enriched in NID-1 and other ECM components, promotes terminal differentiation to the detriment of myoblast clonal expansion.

We next investigated markers of lipid metabolism in cultured myoblasts. The mRNAs of Pyruvate dehydrogenase kinase 4 (Pdk4) and, Fatty acid binding protein 3 (Fabp3), related to dormant stem cell metabolism [START_REF] Pala | Distinct metabolic states govern skeletal muscle stem cell fates during prenatal and postnatal myogenesis[END_REF], were upregulated in the CMHFD group (Fig. 2K). We did not observe a change in the protein levels of brown adipose tissue transcription factor PRMD16 or mitochondrial UCP-1, nor did we see a change in lipid staining with the lipophilic dye Bodipy between groups (Data not shown). However, protein expression of the lipid chaperone FABP4 was markedly increased in myoblasts treated with CMHFD when compared with CMCD group (Fig. 2K), indicating that metabolic changes are occurring in CMHFD treated myoblasts without affecting their commitment to the myogenic lineage.

Soluble NID-1 impairs myoblast proliferation and MyoD expression in vitro

Given our finding that both human and murine adipose tissue secrete high levels of NID-1 during obesity, we next evaluated whether soluble NID-1 could mediate the observed effect of CMHFD on MuSCs.

To decipher the effect of NID-1 among the adipose tissue secreted proteins, we supplemented CMCD (poorly enriched in NID-1 compared to CMHFD) with a purified recombinant NID-1 (rNID-1) or vehicle. Later we evaluated the consequences for freshly isolated MuSCs exposed to the different media in vitro (Fig. 3A). Cultures exposed to CMCD supplemented with rNID-1 showed a decrease in Pax7 -MyoD + myoblasts, while Pax7 + MyoD - cells were significantly increased compared to controls (Fig. 3B). Treatment with CMCD supplemented with rNID-1 also reduced proliferation assessed by the expression of Ki67 compared with the control group (Fig. 3C). These data show that CMCD supplemented with rNID-1 display analogous effects to CMHFD and suggest a role of NID-1 in impairing myogenic activation and early differentiation while promoting the maintenance of reserve Pax7 + Ki67 - populations.

To further validate the role of NID-1 in MuSCs activation, we exposed cultured myogenic cells to rNID-1 in the presence of a specific NID-1 blocking antibody. The Pax7 + Ki67 + MuSCs population increased in cultures with NID-1 blocking when compared to NID-1 treated group (Supp. Data 1). NID-1 is an ECM proteoglycan containing an RGD aminoacidic sequence which is implicated in cell-ECM adhesion through integrins [START_REF] Huettner | Discovering Cell-Adhesion Peptides in Tissue Engineering: Beyond RGD[END_REF]. Therefore, we investigated whether the RGDS peptide could mitigate the action of NID-1 and unblock the activation and proliferation of MuSCs. We used different concentrations of RGDS peptide in NID-1-enriched CMHFD to test MuSCs activation and proliferation in vitro.

The number of non-quiescent (Pax7 + Ki67 + ) and activated (Pax7 + MyoD + ) myoblasts increased significantly and dose-dependently in the groups supplemented with RGDS compared with the control group (CMHFD supplemented with vehicle) (Data not shown). These data highlight the ECM´s role in MuSCs behavior. We selected an efficient concentration of 0.1mg/ml RGDS.

Next, we treated cultured myoblasts over the course of 72h with pure rNID-1, rNID-1 and RGDS and vehicle (Fig. 3D). While RGDS peptide did not increase MyoD expression in myoblasts treated with rNID-1 (Data not shown), we observed an increase in Ki67 expression by MuSCs treated by RGDS and rNID-1 at the gene (Fig. 3E) and protein levels (Fig. 3F) compared to the group treated with rNID-1.

Finally, we evaluated whether the effect of soluble NID-1 is maintained in human myoblasts. First, we checked the expression of NID-1 during in vitro differentiation of human myoblasts by western blot (Supp. Data 2A). While MyoD was highly expressed from day two until day eight of culture, Myogenin was significantly expressed at day 10, and NID-1 expression was downregulated from day 2 until day 10 (Supp. Data 2B). Later, different concentrations of rNID-1 were used to treat human myoblasts (Fig. 3G). The highest concentration of rNID-1 significantly diminished the percentage of MyoD + and Ki67 + cells compared with the control group (Fig. 3H,I), demonstrating that soluble NID-1 inhibits activation and decreases proliferation of human myoblasts. These results suggest that NID-1 regulates myoblast proliferation via interaction with integrins, and myoblast activation in collaboration with the ECM.

Adaptive response of muscle satellite cells and fibro-adipogenic progenitor cells to obesity

To investigate the impact of the diets on the skeletal muscle, we evaluated the size, strength and fiber type of tibialis anterior (TA) and quadriceps muscles in our models of obesity (Fig. 4A). Diet did not affect total muscle mass; however, mice that underwent HFD showed a decreased muscle mass per body weight (Fig. 4B) without altering the muscle fibers crosssectional area (CSA) (Fig. 4C) or muscle strength evaluated by grip performance outcomes (Data not shown). Furthermore, we observed a higher percentage of type IIb fast glycolytic fibers to the detriment of oxidative type IIa and slow type I fibers in HFD-compared with CDfed mice (Supp. Data 3).

Next, we analyzed skeletal muscle cellular and molecular composition. Using the lipophilic dye for neutral lipids Bodipy, we confirmed an expansion of the intramuscular adipose tissue in HFD-compared with CD-fed mice [START_REF] Goodpaster | Intramuscular lipid content is increased in obesity and decreased by weight loss[END_REF] (Fig. 4C). We found higher interstitial and basal lamina NID-1 signal at the protein level (Fig. 4D). We observed increased gene expression of nidogens (Nid-1 and Nid-2) and non-fibrillar Col6a1 (Fig, 4E) in muscles of HFD-fed mice compared with CD-fed mice. Similarly increased expression of NID-1 and COL6A1 was observed in overweight donors compared to lean donors respectively (Supp. Data 4A, B). Expression of fibrillar collagens (Collagen I, III and V), the non-fibrillar Collagen IV and Fibronectin as well as, total collagen deposition in murine muscle (Fig. 4F) were not modified between HFD-fed and CD-fed mice (Fig. 4E and data not shown).

Despite no obvious significant differences in collagen deposition or laminin expression (Supp. Data 4C), the muscle basal lamina was thicker and contained more Pax7 + cells per area in HFDfed mice compared to CD-fed mice (Fig. 4G) Cells lineages constituting the mouse skeletal muscle were analyzed using single cell mass cytometry (CyTOF) to characterize myogenic, hematopoietic, endothelial and mesenchymal lineages in mice exposed to different diets (Fig. 4H). We observed an increased number of Pax7 + satellite cells with HFD (Fig. 4H) but we did not detect significant changes in other cell types (Data not shown). In order to characterize the impact of obesity on myogenic cells, we performed RNAseq analysis of freshly isolated muscle stem cells from HFD-fed (MuSCHFD) and CD-fed (MuSCCD) mouse muscles (Fig. 4I). Principal components analysis confirmed that MuSCHFD and MuSCCD transcriptomes were distinct (Supp. Data 5). Gene ontology analysis highlighted several clusters of cell adhesion-related genes upregulated in the MuSCHFD. Moreover, the MuSCHFD showed specific downregulation of gene clusters linked to regulation of transcription (Fig. 4I and Supp. Table 2), suggesting that muscle stem cells from HFD-fed mice might be less activated. In order to validate this analysis, we isolated MuSCHFD and MuSCCD and performed RT-qPCR analysis (Fig. 4J). MuSCHFD showed increased Pax7 and Myf5 expression compared with MuSCCD. We did not identify significant differences in MyoD expression, while the terminal differentiation myogenic transcription factor, MyoG was highly expressed by the pool of MuSCHFD. Metabolic markers of MuSCs quiescence such as Pdk4 and Fabp3 [START_REF] Pala | Distinct metabolic states govern skeletal muscle stem cell fates during prenatal and postnatal myogenesis[END_REF] were upregulated in the MuSCHFD. However, the expression of nidogens was similar between the MuSCHFD and MuSCCD (Fig. 4J).

Skeletal muscle NID-1 deposition is mediated by skeletal muscle FAPs in obese mice

Since muscle stem cells did not show significant changes in NID-1 expression in HFDfed mice, we sought to find the skeletal muscle origin of NID-1. We did not find significant differences in plasma circulating NID-1 between diet groups (Data not shown), which suggested NID-1 production within muscle. We analyzed published single-cell transcriptome databases to characterize NID-1 in the various adult skeletal muscle cell lineages. NID-1 was found to be expressed at low levels in muscle satellite cells while mesenchymal progenitor cells are the major Nid-1 expressing population in skeletal muscles (https://tabulamuris.ds.czbiohub.org/). Using dedicated FACS panels, we sorted MuSCs (CD34 + ITGα7 + ), FAPs (CD34 + SCA1 + PDGFRα + ) and a pool of other cell population from limb and trunk muscles of adult CD-Fed mice. RNA was directly isolated from sorted cells, and NID-1 gene expression quantified by RT-qPCR. The level of Nid-1 mRNA in the FAPs fraction was 1000fold higher than in muscle stem cells and 50% higher than in all other combined cell types in control mice (Fig. 4K). Next, we compared NID-1 protein expression between FAPS and MuSCs. FAPs expressed 50% more NID-1 in vitro compared to MuSCs (Fig. 4L). We also found an increased number of PDGFRα-expressing cells by histological immunoassay and increased Pdgfrα gene expression in HFD-fed mice muscle compared with CD-fed muscles (Fig. 4M). FAPHFD upregulated Nid-1 together with other laminar collagens such as Col4a1 and Col6a, and downregulated fibrillary Col1a1. Accordingly, myofibroblast markers such as Ctgf and Acta2 together with PDGFRα, associated to multipotency, were increased in FAPHFD compared to FAPCD (Fig. 4N). Altogether, these data demonstrate that the FAP population acquired a distinct phenotype in the skeletal muscles of HFD-fed mice and that this mesenchymal population is the major source of NID-1.

Impaired muscle regeneration in HFD-fed mice is associated with increased fibrosis

Next, we assessed the impact of obesity on muscle stem cell and FAP function during skeletal muscle regeneration. We performed a TA injury and analyzed the impact on histology 7 days later in 4 month-old HFD or CD -fed mice (Fig. 5A). The TA mass of HFD-fed mice at 7 days post-injury was significantly higher, but lower proportionally to the total body weight compared to their counterparts on the chow diet (Fig. 5B). Using immunostaining, we analyzed NID-1 expression and PDGFRα-expressing FAPs. We observed increased PDGFRα and NID-1 signals in the HFD group compared to CD (Fig. 5C). In addition, HFD-fed mice presented more Pax7 + muscle stem cells but less proliferating Pax7 + Ki67 + per total Pax7 + muscle stem cells compared to CD-fed mice 7 days post-injury (Fig. 5D). Interestingly, the reduced proliferation of muscle stem cells was associated with increased differentiation; the numbers of MYOG-positive cells and regenerating fibers expressing MYH3 were higher in damaged muscle of HFD-fed mice while MYOD expression was not significantly modified compared to CD-fed mice 7-days post-injury (Fig. 5E,F). Gene expression analysis of Nid-1, Pdgfrα, Pax7, MyoD and Myogenin 5 days after injury confirmed these immunostaining data (Supp. Data 6A).

We next evaluated the long-term impact of obesity on skeletal muscle regeneration.

HFD-fed mice presented larger fibers than CD-fed mice 30 days after injury (Fig. 5G) as well as an increase in connective tissue (Fig. 5H). We confirmed the increase in fibrosis with the gene expression of fibrillar Collagen I, III, V (Fig. 5I) and Fibronectin protein expression (Supp. Data 6B, C) in HFD-fed mice muscle compared to controls. Finally, using Perilipin staining to detect adipocytes, we observed that HFD-fed mice showed an overall reduced number of intramuscular adipocytes compared with CD-fed mice. However, HFD-fed mice skeletal muscle contained hypertrophic adipocytes (Fig. 5J), previously shown to display a profibrogenic behavior [START_REF] Jones | The Adipocyte Acquires a Fibroblast-Like Transcriptional Signature in Response to a High Fat Diet[END_REF]. Surprisingly, equal expression of NID-1 and PDGFRα was found between groups (Data not shown). Altogether, these data demonstrate that HFD-fed mice display regeneration defects associated with defective mesenchymal progenitor cell regulation and increased fibrotic deposition.

NID-1 promotes fibrosis during regeneration

Given the impact of obesity for skeletal muscle repair, we analyzed the consequence of NID-1 expression during muscle regeneration. We generated retroviral particles carrying either NID-1 and GFP, or GFP alone (control). Two days after injury we grafted sorted FAPs transduced with viral particles into the muscle (Fig. 6A). Five days following grafting (7-days post-injury), GFP in NID-1 and control group co-localized with PDGFRα expression (Supp. Data 7A). We used immunostaining to quantify NID-1 expression in the GFP-positive area of the regenerating muscle. Expression of NID-1 was significantly upregulated (NID-1) in the damaged area compared with GFP control (Fig. 6B). NID-1 overexpression was also confirmed by western blot (Supp. Data 7B). Since soluble NID-1 led to defective myogenic differentiation in mouse and human primary muscle cells, we assessed myogenesis within the engrafted areas.

We did not observe significant differences in the number of Pax7 + cells (Fig. 6C) in the injected areas, however the percentage of Pax7 + Ki67 + per total Pax7 + satellite cells was reduced in the NID-1 injected areas compared to controls (Fig. 6C). We confirmed the impact of our transgenic FAPs secretome by exposing cultured FAPs supernatants to freshly isolated MuSCs in vitro (Supp. Data 8A). Treatment with FAPNID-1 secreted factors significantly reduced the proliferative pool of MuSCs (Pax7 + Ki67 + ) compared to controls (Supp. Data 8B). Interestingly, the myogenic factors MYOD and MYOG were equally expressed in the TA engrafted areas between groups, but seven days post-injury the regenerating fibers were larger in the NID-1 group compared to control (Fig. 6D), suggesting increased cell fusion in the muscle where NID-1-expressing FAPs were injected.

To evaluate the long-term impact of NID-1 expression during muscle regeneration, we analyzed skeletal muscle histology 30 days after injury. Regenerated muscles grafted with NID-1 expressing FAPs displayed increased fibrosis as shown by the percentage of Sirius Red labelled surface and Fibronectin protein expression (Supp. Data 8C, D) compared to controls (Fig. 6E). Altogether our data support a model whereby obesity promotes NID-1 dysregulation in FAPs, leading to increased fibrosis in regenerating muscles.

NID-1 promotes a fibrogenic fate in FAPs at the expense of their adipogenic potential

In order to validate our hypothesis that FAPs are a key cell type affected by obesity, we isolated FAPs from CD-fed (FAPCD) and HFD-fed (FAPHFD) 8-month-old mice and assessed their fibro-adipogenic potential (Fig. 6F). Cultured FAPHFD presented similar proliferative potential to control FAPCD after 3 days of culture (Fig. 6G). However, when assessed for fibrogenic potential using α-SMA immunostaining, FAPHFD differentiated into an increased number of α-SMA + cells compared to FAPCD after ten days of culture. By contrast, evaluation of adipogenic differentiation using Bodipy immunostaining after ten days of culture showed reduced labelling in FAPHFD compared with control FAPCD (Fig. 6H).

To characterize the role of the adipose tissue on intramuscular FAPs during obesity, isolated FAPs from adult wild-type mice were treated in vitro with conditioned media from adipose tissue originating from HFD-(CMHFD) or CD-fed mice (CMCD) (Fig. 6I and Supp. Data 8E). FAPs exposed to CMHFD showed an increased expression of nidogen (Nid-1, Nid-2) transcripts compared with FAPs treated with CMCD (Fig. 6J). Furthermore, we found an increased expression of laminin α1 subunit (Supp. Data 8F), and basement membrane collagens such as Col4a1 and Col6a1 (Fig. 6J) in FAPs exposed to CMHFD compared to FAPs treated with CMCD. FAPs treated with CMHFD also upregulated the myo-fibrillar markers CD9 and Acta2. We found similar gene expression of early adipogenic transcription factors but a reduction in mature adipose tissue master gene Pparγ in CMHFD treated FAPs (Sup. Fig. 1D).

While we did not observe differences in the mesenchymal marker Sca1, we found higher levels of Pdgfrα transcript in the CMHFD group compared to CMCD (Supp. Data 8F). Altogether these data demonstrate that FAPs exposed to the secretome of obese adipose tissue show an adaptive metabolic and pro-fibrotic response, suggesting a feed-forward mechanism involving NID-1 expression.

To evaluate the fibro-adipogenic potential of the FAPs overexpressing NID-1, we cultured them in commercial adipogenic or fibrogenic media for 5 to 10 days in-vitro (Fig. 6K).

The supernatants were collected, and NID-1 expression was tested by western blot. We confirmed the enrichment in NID-1 in FAPNID-1 supernatants. In control FAPs, the endogenous expression of NID-1 was reduced after culture in adipogenic and fibrogenic media compared with the undifferentiated FAPs, suggesting a role for NID-1 role in undifferentiated FAPs. On the contrary, FAPs overexpressing NID-1 maintained the expression of NID-1 in adipogenic or fibrogenic media (Fig. 6L) Gene expression analysis of undifferentiated FAPs overexpressing NID-1 showed a reduction of Nid-2, fibrillar collagens transcripts such as Col1a1, Col3a, Col5a1 and nonfibrillar Col6a1 by FAPNID-1 compared to controls. Collagen IV (Col4a1), the canonical ligand for NID-1 was upregulated by FAPNID-1 compared with FAPcontrol. Pdgfrα was reduced in FAPNID-1 compared with the controls (Fig 6L). Expression of the lipid chaperone Fabp4 and Pparγ was severely reduced in FAPNID-1 compared to FAPcontrol. FAPNID-1 showed increased fibrogenic-specific Ctgf gene expression compared to FAPcontrol (Fig. 6M). Altogether, these data show that NID-1 expression promotes fibrosis in place of adipogenesis in FAPs.

We further tested this hypothesis by exposing control and NID-1 overexpressing FAPs to adipogenic or fibrogenic media (Fig. 6K). As expected, Fabp4 and Pparγ gene expression were stimulated after exposure to the adipogenic cocktail, and their expression was repressed by the fibrogenic media treatment (Data not shown). Following stimulation of adipogenesis or fibroblast differentiation we stained for triglycerides (Bodipy) and myofibroblasts marker αSMA, respectively. The lipid content after adipogenic cocktail treatment was drastically reduced in FAPNID-1 compared to control FAPs (Fig. 6N). By contrast, fibrogenic media treatment led to robust expression of SMA in FAPs overexpressing NID-1 compared with the FAPControl (Fig. 6O).

DISCUSSION

Currently, the knowledge of molecular and cellular mechanisms by which adipose tissue drives tissue fibrosis is scarce [START_REF] Datta | Fat fibrosis: friend or foe?[END_REF]. Here we provide evidence supporting a model for NID-1 as a mediator of obesity leading to skeletal muscle fibrosis. We found that NID-1, previously described as highly secreted by subcutaneous adipose tissue during obesity in humans and mice [START_REF] Dahlman | Changes in adipose tissue gene expression with energy-restricted diets in obese women[END_REF][START_REF] Reggio | Increased Basement Membrane Components in Adipose Tissue During Obesity: Links With TGFβ and Metabolic Phenotypes[END_REF] is also expressed in excess by the skeletal muscle of obese patients and mice undergoing HFD, possibly as a consequence of the diet effect on intramuscular adipose tissue.

Chronic obesogenic conditions trigger changes in skeletal muscle mass and function.

Our models of obesity showed a proportional decrease in muscle mass, without altering the fiber size in the selected muscles or grip performance, as other authors have previously described [START_REF] De Sousa | The effects of diet composition and chronic obesity on muscle growth and function[END_REF]. Serial rounds of muscle injury in obese and lean mice have not revealed a drastic effect of obesity on muscle [START_REF] Geiger | Dual effects of obesity on satellite cells and muscle regeneration[END_REF]. In concordance with previous studies, we found a switch to type IIb fibers at the expense of type I and IIa [START_REF] He | Skeletal muscle lipid content and oxidative enzyme activity in relation to muscle fiber type in type 2 diabetes and obesity[END_REF][START_REF] Tanner | Muscle fiber type is associated with obesity and weight loss[END_REF]. Type IIb fibers are low oxidative, insulin resistant and limited in lipids storage. Due to such muscle fiber changes, intramuscular adipose tissue progenitors may become activated as an adaptive response to hypercaloric diets and eventually modify skeletal muscle stroma. Recent studies have described the auxiliary effect of FAPs on MuSCs´ myogenesis in vivo after boosting their stem potential with short-term HFD [START_REF] Reggio | Metabolic reprogramming of fibro/adipogenic progenitors facilitates muscle regeneration[END_REF]. In the present work, we unveiled and described a new mechanism that helps in the understanding of the dual effects of FAPs, in muscle physiopathology through their ECM secretome [START_REF] Natarajan | Fibro/adipogenic progenitors: a double-edged sword in skeletal muscle regeneration[END_REF]. We showed that obesity promotes PDGFRα + progenitors' expansion into the muscle, probably in order to buffer the lipids surplus and thus avoid fiber lipotoxicity. Furthermore, it has been well demonstrated that the FAPs play a supportive role for MuSCs [START_REF] Biferali | Fibro-Adipogenic Progenitors Cross-Talk in Skeletal Muscle: The Social Network[END_REF][START_REF] Wosczyna | Mesenchymal Stromal Cells Are Required for Regeneration and Homeostatic Maintenance of Skeletal Muscle In Brief Article Mesenchymal Stromal Cells Are Required for Regeneration and Homeostatic Maintenance of Skeletal Muscle[END_REF]. Thus, the increase of FAPs may provide to muscle progenitors a beneficial niche during homeostasis and explain the higher number of Pax7 + cells observed in NID-1-enriched microenvironments.

Nevertheless, long-term HFD triggers a shift towards a myofibroblast, collagen secretory phenotype in PDGFRα + mesenchymal cells [START_REF] Marcelin | A PDGFRα-Mediated Switch toward CD9high Adipocyte Progenitors Controls Obesity-Induced Adipose Tissue Fibrosis[END_REF], adipocytes [START_REF] Jones | The Adipocyte Acquires a Fibroblast-Like Transcriptional Signature in Response to a High Fat Diet[END_REF] and skeletal muscle [START_REF] Buras | Fibro-adipogenic remodeling of the diaphragm in obesityassociated respiratory dysfunction[END_REF]. The effect of obesity on adipose tissue fibrosis has been well characterized in the HFD model [START_REF] Pessin | How does high-fat diet induce adipose Tissue fibrosis?[END_REF] and while extracellular matrix secretion has been previously shown in obese patients [START_REF] Henegar | Adipose tissue transcriptomic signature highlights the pathological relevance of extracellular matrix in human obesity[END_REF][START_REF] Marcelin | Deciphering the cellular interplays underlying obesityinduced adipose tissue fibrosis[END_REF], the mechanistic consequences of such secretion had remained unclear. Previous studies have directly linked adipokines such as leptin, osteopontin or thrombospondin with fibroblasts modulation and fibrosis in peripheral organs [START_REF] Inoue | Thrombospondin 1 mediates high-fat diet-induced muscle fibrosis and insulin resistance in male mice[END_REF][START_REF] Sawaki | Visceral adipose tissue drives cardiac aging through modulation of fibroblast senescence by osteopontin production[END_REF]. Importantly, our data show that exposure of HFD-fed mice adipose tissue conditioned media in vitro led to increased NID-1 expression in FAPs and may justify the elevated NID-1 expression by our model of obesity in vivo. Moreover, we described a mechanism by which NID-1 primed FAPs for a mesenchymal-to-myofibroblast transition. Our in vitro assays with fibrogenic treatments, engraftment experiments of FAPs overexpressing NID-1, and the response of HFD-fed mice mesenchymal progenitors to muscle repair, suggest similar pro-fibrotic positive feedback via long-range secretion of ECM components [START_REF] Parker | Fibrotic extracellular matrix activates a profibrotic positive feedback loop[END_REF].

Interestingly, skeletal muscle PDGFRα + FAPs isolated from HFD-fed mice in steady state or FAPs treated in vitro with CMHFD shifted to a fibrogenic signature characterized by the overexpression of non-fibrillar collagens (Col4a1 and Col6a1) and Nidogens (Nid-1, Nid-2), and may explain the thicker basal lamina, rather than classical fibrosis observed in obese mice in steady state [START_REF] Zhang | Extracellular matrix: an important regulator of cell functions and skeletal muscle development[END_REF]. NID-1 is an essential basal lamina factor secreted by murine muscle satellite cells (Bentzinger et al., 2013a;[START_REF] Sanes | The basement membrane/basal lamina of skeletal muscle[END_REF] and importantly secreted by nonactivated human myoblasts. Previous studies using the C2C12 myogenic cell line where the expression of NID-1 has been dysregulated have shown a direct effect on myogenesis [START_REF] Neu | Differential expression of entactin-1/nidogen-1 and entactin-2/nidogen-2 in myogenic differentiation[END_REF]. However, NID-1 and other basal lamina components are primarily secreted by the stromal fraction. Here we clearly show that skeletal muscle mesenchymal progenitor cells or FAPs extensively secrete NID-1, with mRNA levels of Nid-1 over 1000-fold higher than in muscle satellite cells. The basal lamina is known to maintain cell properties in different tissues.

Recent studies have described basal lamina [START_REF] Rayagiri | Basal lamina remodeling at the skeletal muscle stem cell niche mediates stem cell self-renewal[END_REF] and NID-1 involvement in maintaining stem cell niche integrity [START_REF] Balzano | Nidogen-1 Contributes to the Interaction Network Involved in Pro-B Cell Retention in the Peri-sinusoidal Hematopoietic Stem Cell Niche[END_REF], highlighting the essential role of the ECM in controlling MuSCs function.

Our results regarding myogenesis have shown a dichotomy when the muscle progenitor pool has been exposed to NID-1-rich and NID-1-poor environments. We have shown with in vivo and in vitro experiments that NID-1 exposure to myogenic cells maintained the murine muscle progenitor identity (Pax7 expression) while simultaneously blocking myoblast clonal expansion, but curiously also supported terminal differentiation and fusion. For efficient muscle repair, the basal laminae must be dissolved to physically allow the muscle progenitors to expand. Afterwards, the original basal lamina organization must be rebuilt to ensure proper muscle function [START_REF] Loreti | The jam session between muscle stem cells and the extracellular matrix in the tissue microenvironment[END_REF][START_REF] Rayagiri | Basal lamina remodeling at the skeletal muscle stem cell niche mediates stem cell self-renewal[END_REF]. Overexposure of NID-1 along with other basal lamina components may send homeostatic/non-regenerative signals to myogenic cells. In contrast, the absence or pharmacological interruption of cell-ECM interaction may activate proliferation but hinder myotube enlargement and also impair MuSC quiescence due to a lack of cell adhesion to the niche. A well-organized basal lamina may then maintain MuSCs quiescent, while blocking myoblast proliferation as well as providing the solid mature microenvironment to complete myogenesis and stabilize myotubes. New studies must address these functions and evaluate how the different muscle progenitors' stages are affected by ECM organization. We observed that muscle stem cells showed an upregulation of genes ontologically related to cell adhesion in obese mice. Previous studies had shown that adhesion molecules are important regulators of MuSCs function [START_REF] Baghdadi | Reciprocal signalling by Notch/Collagen V/CALCR retains muscle stem cells in their niche[END_REF]Goel et al., 2017b;[START_REF] Rayagiri | Basal lamina remodeling at the skeletal muscle stem cell niche mediates stem cell self-renewal[END_REF], potentially modulated by mechanical forces and extracellular tensions [START_REF] Tatsumi | Mechanical stretch induces activation of skeletal muscle satellite cells in vitro[END_REF][START_REF] Yamada | Matrix metalloproteinases are involved in mechanical stretch-induced activation of skeletal muscle satellite cells[END_REF].

Muscle regeneration is a dynamic and tightly orchestrated process. Upon injury, the muscle structure is disorganized and activated satellite cells proliferate, interacting with infiltrating macrophages, activated FAPs and other muscle cell types (Bentzinger et al., 2013b).

While muscle fibrosis is a typical consequence of muscle stem cell dysfunction and/or altered muscle regeneration [START_REF] Alexakis | Implication of the satellite cell in dystrophic muscle fibrosis: A self-perpetuating mechanism of collagen overproduction[END_REF][START_REF] Hogarth | Fibroadipogenic progenitors are responsible for muscle loss in limb girdle muscular dystrophy 2B[END_REF], the role and dynamics of secreted extracellular matrix proteins remain poorly understood in the course of regeneration.

Recent studies have found NID-1 as a signature factor for resting, non-activated, FAPs at late regeneration stages [START_REF] Oprescu | Temporal Dynamics and Heterogeneity of Cell Populations during Skeletal Muscle Regeneration[END_REF]. Here we show that increased NID-1 expression during the regeneration process leads to fibrotic deposition and compromised regeneration, confirming the requirement for a finely regulated matrix expression during tissue repair.

In conclusion, this work proposes a specific mechanism contributing to obesity's effects on remote organs via extracellular matrix protein secretion targeting the skeletal muscle mesenchymal progenitor cells. Future studies will evaluate how distinct components of the extracellular matrix secreted by different cell types may be orchestrating the regulation of muscle stem cell function in physiological and pathological conditions and whether this mechanism is conserved in other distant organs displaying impaired function in obese patients and sharing analogous PDGFRα + progenitors, such as the kidney or heart. F. Top: MuSCs cultures were treated with 0µM of rNID-1 and 0 mg/ml of RGDS (Vehicle, black), 200 µM rNID-1 (orange), or 200 µM rNID-1 and 0,1 mg/ml RGDS (dark orange) and stained for Pax7 (green) and Ki67 (red). Nuclei are stained by Hoechst (blue). Bottom panels represent higher magnification of the areas surrounded by a white dotted line in top images.

Scale bars: 50 µm. Bottom: Quantification in percentage of Pax7 + Ki67 + and Pax7 + Ki67 -cells.

The results are presented as mean ± SEM. Dots are the average of independent experiments (n=4).

G. Experimental scheme of in vitro CD56 + human myoblast cultures treated for 72h with a recombinant NID-1 (rNID-1) and maintained up to 10 days in culture before analysis.

H. CD56 + human myoblast cultures were exposed for 73h to 0µM (vehicle, black), 125, 250 and 500 µM rNID-1 (light to dark red) and stained for Pax7 (green) and MyoD (red). Nuclei K. Experimental scheme to generate transgenic FAP lines overexpressing NID-1 (FAPNID-1) and control line (FAPcontrol) to study FAP fate after treatment with adipogenic and fibrogenic media for 5 and 10 days respectively. L. Top: Western blot immunoassay against Nidogen-1 in supernatants generated by FAPcontrol (black) and FAPNID-1 (blue) cultured in control media, pro-adipogenic medium, or profibrogenic medium (500 ng/ml TGF β-1). Bottom: Quantification of NID-1 expression in densitometric units (D.U.). The results are total mean ± SEM. Dots are the average of 3 independent cell infections, supernatant collections and western blots. 

Figure 1 .

 1 Figure 1. Nidogen-1 is expressed by adipose tissue and represses human myoblast differentiation.

Figure 2 .

 2 Figure 2. HFD adipose tissue conditioned media express elevated NID-1 and impair myogenesis in mouse MuSCs in vitro.

Figure 3 .

 3 Figure 3. NID-1 treatment inhibits myogenic differentiation.

  are stained by Hoechst (blue). Inset: higher magnification of the areas surrounded by a white dotted line in Merge images. Scale bars: 50 µm. I. Quantification graphs showing the percentage of Pax7 + MyoD -(left), Pax7 -MyoD + (center) and Ki67 + (right) CD56 + human myoblasts treated with vehicle 0µM (vehicle, black), 125, 250 and 500 µM rNID-1 (light to dark red, left and center graphs) or 0µM (vehicle, black) and 500 µM rNID-1 (rNID-1, red), right graph. The results are presented as mean ± SEM. Dots are the average of independent experiments (n=3).

Figure 4 .

 4 Figure 4. NID-1 is secreted by FAPs in HFD mice.

Figure 5 .

 5 Figure 5. Skeletal muscle regeneration in HFD-fed mice leads to fibrosis.

Figure 6 .

 6 Figure 6. NID-1 promotes a fibrogenic fate in FAPs.

M

  . Gene expression analysis of FAPscontrol (black) and FAPsNID-1 (blue) in absence of stimulation for nidogens (Nid-1 and Nid-2) (top left), Pdgfrα (top center), adipocyte markers (Fabp4 and Pppaγ) (top right), and selected fibrillar (Col1a1, Col3a1 and Col5a1) and nonfibrillar (Col4a1 and, Col6a1) collagens (bottom left) and fibroblast markers (Ctgf and Acta2) (bottom right). The results are given as fold change mean ± SEM relative to β-Actin. Dots are single sample values (n=3-4/group) of 3 independent experiments plotted together. N. Left: FAPscontrol and FAPsNID-1 were cultured for 10 days in adipogenic medium and stained for adipocyte lipid content using the lipophilic dye Bodipy (yellow). Nuclei are stained by Hoechst (blue). Scale bars: 50 µm. Right: Quantification of Bodipy + cell as percentage of total cells in FAPcontrol (Black) and FAPNID-1 (Blue). The results are the total mean ± SEM. Dots are the average of 3 independent experiments. O. Left: FAPcontrol and FAPNID-1 were cultured for 5 days in fibrogenic medium and stained for αSMA (red). Nuclei are stained by Hoechst (blue). Scale bars: 50 µm. Right: Quantification of αSMA + cell as percentage of total cells in FAPcontrol (Black) and FAPNID-1 (Blue). The results are the total mean ± SEM. Dots are the average of 3 independent experiments.
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Supplemental Data 1

A. Experimental scheme for rNID-1-Anti NID-1 competitive treatments of MuSCs in vitro.

B. Top: MuSCs cultures were treated with 0µM of rNID-1 and 0 ng/ml of Anti NID-1 (Vehicle, black), 22µg/ml Anti NID-1 (Light orange), 200 µM rNID-1 (orange), or 200 µM rNID-1 and 22µg/ml Anti NID-1 (dark orange) and stained for Pax7 (green) and Ki67 (red). Nuclei are stained by Hoechst (blue). Bottom panels represent higher magnification of the areas surrounded by a white dotted line in top images. Scale bars: 50 µm. Bottom: Quantification in percentage of Pax7 + Ki67 + cells in the Pax7 + population. The results are presented as mean ± SEM. Dots are the average of independent mice (n=5).

Supplemental Data 2

A. Experimental scheme of CD56 + human myoblast culture.

B. Left, western blot analysis of Nidogen-1, MyoD and Myogenin expression by CD56 + myoblasts for 10 day of culture. Right, quantification of Nidogen-1, MyoD and Myogenin expression levels in densitometric units (D.U.). Actin immunoassay was used as a loading control. The results are presented as mean ± SEM. Every dot is the average of independent experiments (n=3). 
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KEY RESOURCES TABLE

See key resources table

CONTACT FOR REAGENT AND RESOURCE SHARING

For further information and requesting of reagents and resources please contact the lead contact, Frederic Relaix (frederic.relaix@inserm.fr)

METHOD DETAILS

Human samples

Supra-deltoid (Subcutaneous) adipose tissues from individuals without previously described chronic diseases undergoing routine muscle evaluation were collected in DMEM high glucose (Thermo Fisher Scientific. Ref:31966021) Subcutaneous samples in the periumbilical area and visceral depot were also obtained from subjects with severe obesity. As previously described, these subjects were non-diabetic individuals whose adipose tissue samples were collected prior to bariatric surgery [START_REF] Rouault | Senescence-associated βgalactosidase in subcutaneous adipose tissue associates with altered glycaemic status and truncal fat in severe obesity[END_REF], as part of the Prospective Bariatric Surgery Cohort of the Nutrition Department at Pitié-Salpêtrière Hospital (studies registered on ClinicalTrials.gov (NCT00476658, NCT01655017, NCT01454232)). Subjects all met standard bariatric surgery recommendations and are monitored according to bariatric surgery guidelines. All patients provided informed consent.

Murine models and samples

Wild-type C57BL/6N male mice (Janvier Labs. Ref: SC-C57N-M) were fed with chowdiet or high-fat-diet (Research Diets. Ref: D12492) for 4 months and sacrificed following ethical methods at the age of 5-8 months-old according to the experimental procedure. To stimulate muscle regeneration, animals were anesthetized with isoflurane and TA muscles were injected with 30µl of 0.6% Bacl2 (Sigma-Aldrich. Ref: 342920) in DPBS. Two days after injury 100,000 FAPs were injected using a Hamilton® syringe (VWR). Subcutaneous murine adipose tissues were washed with DPBS and either frozen at -80ºC for molecular analysis, or weighed and transferred to DMEM high glucose, 1% streptomycin-penicillin, 1% Bovine serum albumin (BSA) free of fatty acids to generate 1 mg adipose tissue per ml of media for 48 hours. After the incubation, the media loaded with the adipose tissue secretome and the adipocytokine-free control media were collected and centrifuged at 600g for 5 minutes. The supernatants were filtered with 0.45µm pore filters and stored until use. The fore and hind limbs, gluteal, dorsal and pectoralis muscles were transferred to DMEM high glucose, 1% streptomycin-penicillin to isolate the mononuclear fraction by enzymatic digestion as previously described (Machado et al. 2017) and bulk muscle was stored in liquid nitrogen. Biceps and quadriceps were frozen at -80ºC for gene expression analysis. TA muscles were anatomically dissected. The complete muscles were transferred to 2 % Paraformaldehyde (PFA) (Thermo Fisher Scientific. Ref: 11586711), in DPBS for 2 hours. The muscles were washed 3 times for 30 minutes with DPBS rocking and incubated overnight in 25% sucrose (Merck. Ref: S7903) in DPBS in a rocker. The following day, the muscles were washed 3 times for 30 minutes with DPBS on a rocker then flash frozen in liquid nitrogen-cooled isopentane (VWR. Ref: 24872.298) for 45 seconds and stored at -80ºC. Frozen muscles were micro-sliced with a Cryostat Leica CM3050S.

Retrovirus

The mouse 3.74kb Nid1 coding sequence was PCR amplified from a commercially available ORF (Genomics-online GmbH) to clone into the replication defective gamma retroviral MIGR vector [START_REF] Pear | Efficient and Rapid Induction of a Chronic Myelogenous Leukemia-Like Myeloproliferative Disease in Mice Receiving P210 bcr/abl-Transduced Bone Marrow[END_REF]. To overcome unavailability of 3' cloning sites all present in the full CDS, 5' and 3' fragments were generated using primers providing restriction sites for XhoI (Thermo Fisher Scientific. Ref: FD0694) and ApaL1 (Thermo Fisher Scientific. for MIGR:helper and 2:1 for MIGRmNid1: helper to compensate for size differences. After 24h, the medium was removed and 7ml of fresh medium was added. After another 48h, the medium containing viral particles was carefully collected, spun 5' at 3000 rpm to clear supernatant from cellular and serum debris, and immediately used for in vitro transduction, intramuscular injection with FAPs or frozen at -80°C until further use. A viral titer estimate was performed by applying serial dilutions of 100µl of viral supernatant over 104 cells per 0.92cm 2 wells for 7 days in the presence of 4µg/ml Polybrene (1,5-Dimethyl-1,5diazaundecamethylene polymethobromide. Sigma-Aldrich. Ref: TR-1003). After this period, the wells were inspected for GFP-positive colonies and the viral supernatant dilution factor before that with no colonies was used to extrapolate a minimal titer.

Cell sorting

Muscle mononuclear fractions were centrifuged at 600g for 5 minutes. Later, the supernatants were discarded, and the pellet was resuspended with 500µl DMEM high glucose, were incubated with the bulk muscle for 30 minutes at 4ºC in a rocker. Afterwards, cells were centrifuged at 600g for 5min, washed with DPBS and the pellet resuspended in 500µl DMEM high glucose, 1% streptomycin-penicillin, 0.2% BSA. The cells were sorted with a BD Influx™ (BD Bioscience) at the Flow Cytometry Platform of the Henri Mondor Hospital (Creteil, France). The MuSCs (CD45 -Ter119 -Sca1 -CD34 + Integrinα7 + ), FAPs (CD34 + Sca1 + PDGGRα + ) and the negative fraction were collected in 1ml of DMEM high glucose, 1% streptomycinpenicillin, 20% FBS. The sorted populations were centrifuged at 1200g for 5min, washed with DPBS and the pellet frozen for gene expression analysis or reconstituted with the maintenance medium for in vitro cultures. 

Cell culture and treatments

Immunoassays

Adipocytokine Arrays. hSATCMs from the CM-N group: 2, 7,10 and 13 and, CM-I: 5,12,14 and 15 compositions were tested using a commercial adipocytokine array following the manufacturer's recommendations (R&D Systems. Ref: ARY024).

Western Blot. Cultured myoblasts were lysed using 1ml/100cm3 of RIPAbuffer for 20 minutes at 4ºC on a rocker [START_REF] Perez-Diaz | PTRF acts as an adipokine contributing to adipocyte dysfunctionality and ectopic lipid deposition[END_REF]. The lysates and conditioned media were centrifuged at 1500 rpm, 5 minutes at 4ºC and the supernatant protein concentrations were calculated using Later, permeabilized cells and 0,07µm sections of frozen TA muscle, were washed with DPBS and subsequently blocked for 30 min at room temperature with 10% BSA. The samples were washed and stained with the antibodies of interest overnight at 4ºC in 5% BSA 0.1% Triton™ X-100 in PBS. The following day the samples were washed with 0.2% DPBS-TWEEN® 20 3 times for 10 minutes and incubated for 30 minutes at 37ºC with secondary antibodies (See table of antibodies in Key resource table). The secondary antibodies were removed, the cells/sections washed with 0.2% DPBS-TWEEN® 20 3 times for 10 minutes and the DNA stained with 1/1000 Hoescht (Merck. Ref: B2261) for 30 seconds. Finally, the cells/sections were prepared for observation using Fluoromount-G ™ (Thermo Fisher Scientific. Ref: 00-4958-02) and the pictures acquired and processed using a Zeiss Axio imager 2 (Carl Zeiss). Basal laminae thickness, fiber cross-sectional area, fibrosis and adipocyte diameter were measured using ImageJ (ImageJ software) Mass cytometry (CyTOF). Antibodies were covalently linked to heavy metals using Fluidigm's Maxpar X8 antibody labeling kit (Fluidigm. Ref:201149A). Muscles were prepared following the above described FACS protocol. Stained samples with Pax3/7-161Dy, CD31-165Ho, CD45-89Y, Sca1-164Dy, PDGFRα-160Gd were analyzed using a Helios mass cytometer as previously described [START_REF] Giordani | High-Dimensional Single-Cell Cartography Reveals Novel Skeletal Muscle-Resident Cell Populations[END_REF]. CyTOF data was analyzed using Cytobank. viSNE analysis was performed with 3000 iterations. Manual gating was used to quantify distinct cell populations.

Gene expression analysis

RT-qPCR. Subcutaneous adipose tissue, ten-30µm thick human muscle slices per patient and complete murine TA were lysed using 500µl TRIzol™ (Thermo Fisher Scientific. Ref: Sequences for primers are provided in the Key Resources Table . Gene values were calculated by the ddCT method [START_REF] Livak | Analysis of relative gene expression data using real-time quantitative PCR and the 2-ΔΔCT method[END_REF] RNA yield was measured using the Qubit Hs RNA assays (Invitrogen. Ref: Q32852) on a QubitTM 3.0 fluorometer (Thermo Fischer Scientific). RNA quality was assessed using the Tapestation 4200 with High Sensitivity RNA screentape (all from Agilent) by the RNA integrity number (RIN) algorithm. Samples with a RIN between 8.5 and 9.4 were used for library preparation. Libraries were prepared using the Ovation® solo RNA-Seq system. (Tecan.

Ref: 0501), with ribosomal RNA depletion and double indexing following the manufacturer's instructions. Next generation sequencing was performed using the NextSeq 500/550 High Output Kit v2.5 (Illumina. Ref: 20024906) on the NextSeq500 system (Illumina). Runs were carried out over 75 cycles, to obtain 75-bp single reads. The data was analyzed using the Galaxy web platform [START_REF] Afgan | The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2016 update[END_REF], public server https://usegalaxy.org. FASTQ files were formatted as Sanger using the FASTQ groomer tool [START_REF] Blankenberg | Manipulation of FASTQ data with Galaxy[END_REF]. FASTQ Sanger files were aligned to the mouse genome (mm10), using Bowtie2 v2.3.4.2 [START_REF] Langmead | Fast gapped-read alignment with Bowtie 2[END_REF]. Gene counts were calculated using featureCounts v1.6.3+galaxy2 [START_REF] Liao | featureCounts: an efficient general purpose program for assigning sequence reads to genomic features[END_REF] and differentially expressed genes were identified using DESeq v2.11.40.6+galaxy1 [START_REF] Love | Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2[END_REF]. The sequence values were used to generate a ratio between Chow-and High-fat diet mice and to test the ratio significance (n=3). Sequence ratio values above and under one with adjustable p-value < 0,05 were considered significant. The genes were clustered ontologically using https://maayanlab.cloud/Enrichr/. The data is available under GSE202827.

QUANTIFICATION AND STATICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism 8 (GraphPad software.inc) after empirical rule μ ± 2σ score analysis to discard outliers. Results with p-value < 0,05 and suitable trends (p-value ≤ 0.07) have been added to the corresponding experiment graph. Figure 2F, G, I, J immunofluorescence and K western blot. Results are presented mean ± SEM. Dots represent the average percentage of an independent experiment (n≥3). To calculate the pvalue, all independent experiment values for CMCD were grouped, compared with the grouped values for CMHFD and tested using paired t-test assuming Gaussian distribution. The p-value was computed from the fisher exact test which is a proportion test that assumes a binomial distribution and independence for probability of any gene belonging to any set as described in https://maayanlab.cloud/Enrichr/.