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The skeletal muscle

The main subject of the present study is the skeletal muscle, one of three main muscle groups in the human body. In the first part of this section, I will introduce the overview of its cellular and molecular structures, followed by its mechanical function in locomotion. Being one of the most energy-consuming organs in the body, metabolism in skeletal muscle plays a crucial role to sustain its contractile activity. The second part will, therefore, briefly describe how important metabolism is in skeletal muscle hemostasis.

Skeletal muscle structure

The principal component of skeletal muscle is the muscle fiber, also called myofiber.

Myofibers are elongated multinucleated cells with a filamentous organization of myofibrils that occupies a majority of the cytoplasm (Figure 1A-B). A myofibril is composed of a series of smaller subunits arranged in end-to-end series, termed sarcomeres (Figure 1C). Sarcomeres are easily recognizable under light microscopy as a striated pattern. An individual sarcomere contains two types of filaments: the thick filament, composed of myosin, and the thin filament, composed of actin. The thin filaments are attached to a disc-like zone that appears histologically as the Z-line, which also defines each sarcomere's borders (Figure 1C). The I band is situated around the Z line containing only thick filaments, followed by the A band, where thick and thin filaments overlap. The central portion of the A-band is the M-line, which does not contain actin. 

Generality about muscle contraction

The skeletal muscle's structure is tailored to serve its functions in force generation and movement under voluntary control. In 1954, scientists discovered the molecular basis of muscle contraction, which has remained a dogma until today. It is based on the interaction between myosin and actin filaments within sarcomeres 2,3 . By using high-resolution microscopy, A. F. Huxley et al (1954) and H. E. Huxley et al (1954) observed that the length of the A band contains thick filaments of myosin which remains relatively constant while the actin-rich I band shortens during the contraction. This observation was the basic of the slidingfilament theory, where the sliding of actin past myosin generates force (Figure 2). In one cycle of contraction, myosin repeatedly reaches forward, binds to actin, pulls thin actin filament towards M-line, releases actin, and then reaches forward again to bind actin in a new cycle.

The process requires the hydrolysis of ATP, which provides the energy for myosin to do its job. The muscle contraction is initiated when a motor neuron stimulates the muscle, which triggers calcium influx at the T tubules, which triggers calcium release from the sarcoplasmic reticulum into the cytoplasm. Subsequently, calcium binding to troponin induces a conformational change, which shifts tropomyosin away from the myosin-binding sites on actin.

Once the myosin-binding sites are exposed, myosin binds to actin and pulls towards the center of the sarcomere (Figure 2). This process occurs in all the sarcomeres, thus resulting in the shortening of all sarcomeres simultaneously. Once the stimulation from the neuron stops, calcium is pumped back into the sarcoplasmic reticulum, releasing actin from myosin. The filaments return into their unbound state, causing the muscle to relax.

The regenerative capacity of the skeletal muscle

Besides myofibers, the skeletal muscle homes many other cell populations essential for muscle homeostasis: cells from the immune system, fibro-adipogenic progenitors (FAPs), endothelial cells, and muscle stem cells (MuSCs or satellite cells), etc. Among those, MuSC is the second myogenic cell population other than myofiber and is primarily responsible for the ability of the skeletal muscle to regenerate after damage, even after repeated injuries. MuSCs locates between the basement membrane and the plasmalemma of the muscle fiber 4 . MuSCs remain quiescent during normal conditionsa state where the stem cells are under hypoxia, low metabolic rate, high resistance to DNA damage, and kept away from the cell cycle (G0 phase) 5 . The regeneration process can be divided into three distinguishable but interconnected phases: degeneration, early regeneration, and tissue remodeling (Figure 3).

After being damaged, skeletal muscle experiences the degeneration phase with a significant increase of necrosis and inflammation to clear the degenerated debris. In response to injury, MuSCs re-enter the cell cycle and migrate toward the injury site. At this stage, committed MuSCs are termed myoblasts which express the myogenic markers Pax7, and/or Myf5, and/or MyoD (Figure 3, upper panel). After the proliferative phase, myoblasts exit the cell cycle with part of them fusing and differentiating into mature myocytes and part of them replenishing the pool of quiescent satellite cells. This differentiation process is accompanied by a decreased expression of Pax7 and Myf5 and an increase in myogenin (Figure 3, upper panel). New fibers are formed between 3 to 14 days post-injury (Figure 3, upper panel). Then, the muscle gradually returns through the remodeling phase into homeostasis by balancing protein synthesis and degradation 6 . Lastly, the vasculature and innervation patterns are restored.

Although playing a central role, MuSCs must coordinate with other cell populations in the muscle regeneration process (Figure 3, lower panel). Following muscle injury, a highly controlled, time-dependent immune response occurs rapidly 7,8 . The injury causes a release of molecules containing damage-associated molecular patterns that recruit immune cells to the site of trauma 9,10 . The recruited immune cells release pro-inflammatory cytokines, such as IFNγ and TNF, which help to sustain the initial inflammatory response and directly regulate the activation, proliferation, and differentiation of MuSCs 7,11,12 . Another important cellular component is the Fibro/Adipogenic Progenitors (FAPs), which reside in the muscle interstitium, and are able to differentiate into fibroblasts and/or adipocytes. FAPs are quiescent in healthy muscle while they proliferate quickly in response to muscle injury, in which they transiently remodel the extracellular matrix (ECM) components 13 . Depletion of FAPs can impair muscle regeneration and result in a loss of satellite cells under homeostatic conditions, suggesting that FAPs modulate MuSC activity 14 . Regeneration can also attract non-resident blood-derived cells, such as pericytes, located peripheral to the endothelium of microvessels.

Pericytes will fuse with developing myofibres and enter the MuSC niche 15,16 . In the MuSC niche, pericytes secrete molecules such as IGF1, ANGPT1 to modulate the postnatal myofibres growth and MuSC into quiescence 17 . Besides, the quiescence of MuSCs is also maintained by the self-production of extracellular collagen V via Notch signaling 18 .

Figure 3: MuSCs and other stromal cell populations in muscle repair 19 . (Top) Following the injury, quiescent MuSCs rapidly activate, proliferate, differentiate, and fuse to repair the damaged muscle fibers. A subset of MuSCs self-renews and re-enters quiescence. (Bottom) Besides MuSCs, other stromal cells, such as macrophages, monocytes, pericytes, FAPs, and fibroblasts, critically contribute to the regeneration process.

Skeletal muscle is an important metabolic organ

In skeletal muscle, the ATP usage is dominated by myofilament cross-bridge cycling powered by myosin ATPase to generate force, which makes it one of the main energyconsuming organs and an important metabolic organ in the human body [20][21][22] . Different mechanisms of re-synthesizing ATP are required to sustain the contractile activity. The first part of this section will introduce the overview of ATP synthesis pathways in skeletal muscle, followed by a brief introduction of mitochondria and the electron transport chain. Moreover, skeletal muscle is constituted by metabolically heterogeneous myofibers. The last part will present a classification of myofibers into two subgroups, slow and fast fibers, which are highly correlated with their metabolic profiles.

ATP synthesis in the skeletal muscle

There is a series of ATP synthesis pathways that can flexibly adapt to skeletal muscle metabolic needs in various conditions. ATP is generated by a phosphorylation reaction of ADP and inorganic phosphate. The pathways synthesizing ATP include anaerobic and aerobic metabolism, categorized by the use of oxygen in the phosphorylation reaction. Generally, anaerobic metabolism has a higher ATP production rate (quicker) but lower yield (less efficient) than aerobic metabolism. Interestingly, skeletal muscle can optimize energy production by integrating the aerobic and anaerobic systems in the adaptive response to changing conditions.

Anaerobic metabolism, or substrate-level phosphorylation, produces ATP by converting a higher energy substrate into a lower energy product and using the released energy to transfer the phosphoryl group to ADP. Anaerobic metabolism is predominant during short-term but intense activities. In this case, ATP is mainly generated from phosphocreatine and anaerobic glycolysis. Creatine kinase catalyzes the reaction that breaks phosphocreatine into creatine and a high-energy phosphate, which is subsequently transferred to ADP to generate ATP (Figure 4, Anaerobic Metabolism). The second possible source in case of insufficient oxygen supply is reduction of pyruvate, the final product of glycolysis, to lactate together with oxidation of NADH to NAD+, which continues to fuel ATP synthesis by glycolysis (Figure 4, Anaerobic Metabolism).

Figure 4: Different metabolic pathways participate in ATP re-synthesis 23 . Skeletal muscle uses both extra-and intra-muscular sources of CHO and fat to ensure the ATP supply for contraction. FFA, free fatty acids; PM, plasma membrane; FABP, fatty acid-binding protein; FATP, fatty acid transport protein; TG, triglyceride; HK, hexokinase; PFK, phosphofructokinase; LDH, lactate dehydrogenase; Cr, creatine; CK, creatine kinase; mt OM and mt IM, outer and inner mitochondrial membrane; ACT, acyl-CoA transferase; MCT, monocarboxylase transporter; PDH, pyruvate dehydrogenase; ETC, electron-transport chain.

Aerobic metabolism becomes predominant in activities lasting more than several minutes. It relies on mitochondria. The major fuel sources are carbohydrates (CHO) and fatty acids (FA) (Figure 4). CHO metabolism predominates in the medium-and high-intensity exercises, while FA oxidation dominates ATP synthesis in low-intensity and prolonged steady exercises. In skeletal muscle, CHO comes either from glucose uptake from the circulation or from glycogen stores. Both muscle glycogen and glucose are converted into glucose-6phosphate (G6P) before entering the glycolytic pathway. The final product, pyruvate, is later transported into mitochondria and used to produce Acetyl-CoA and reduced cofactor NADH.

FAs are mainly supplied from the circulation or released through intramuscular triacylglycerol (TAG) hydrolysis. FA supply requires a range of transporters and shuttling systems to deliver FA from the extracellular compartments into the cytoplasm, then to cross outer and inner mitochondrial membranes, and eventually to reach the mitochondrial matrix where betaoxidation occurs. The oxidative reaction gives rise to Acetyl-CoA and two reduced cofactors, NADH and FADH2. Acetyl-CoA subsequently enters the TCA cycle to produce one molecule of GTP and more NADH and FADH2.

Mitochondria and the electron transport chain

Mitochondria are the site of aerobic ATP production in the myofibers, as well as in almost all other cell types. A widely accepted endosymbiotic theory about the origin of the mitochondrion is the engulfment of proteobacteria by eukaryotic cells' precursor. The organelle still keeps some of its bacterial ancestors' characteristics, i.e. circular genome and the ability to generate ATP. Mitochondrial DNA (mtDNA) encodes only 22 transfer RNAs and 13 proteins, important components of all the mitochondrial respiratory complexes, except complex II.

Besides 13 mtDNA-coded proteins, there are over 1100 nuclear DNA-encoded proteins reported to function in the mitochondria, according to Mitocarta 3.0 24 .

Mitochondrial morphology is flexible. The shapes can vary greatly from punctate structures to branched elongated tubules thanks to the process of fission and fusion. Two main subpopulations differ in both morphology and function in the skeletal muscle: subsarcolemmal (SS) and intermyofibrillar (IMF) 25 . SS mitochondria locate beneath the sarcomere, are often found in proximity with the capillariesthe site of oxygen and substrate supplyand myonuclei, generally globular in shape with relatively few branches (Figure 5)
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. Conversely, IMF mitochondria locate between the contractile filaments, arranged in pairs at the I-band level in the longitudinal direction, have elongated tubular shapes in transversal cross-section, although the organization is muscle-dependent (Figure 5) 25,27 . These two mitochondrial populations are interconnected, forming a complex but highly organized network that can efficiently distribute energy throughout muscle fibers. Electron micrograph of a cross-section from a human skeletal muscle 26 . Higher magnification images of intermyofibrillar (IMF) in blue and subsarcolemmal (SS) mitochondria in red are also presented.

The aforementioned oxidation of FA and CHO, together with the TCA cycle, results in reduced cofactors, NADH and FADH2. These coenzymes contain electrons with high transfer potential and, therefore, release a large amount of energy upon oxidation. In mitochondria, this is released stepwise via a series of oxidation-reduction (redox) reactions. These reactions transfer electrons from reduced cofactors to oxygen through specific electron carriers that constitute the electron transport chain (ETC) located within the inner mitochondrial membrane.

ETC consists of four complexes: Complex I (NADH-coenzyme Q reductase), Complex II (succinate dehydrogenase), Complex III (coenzyme Q-cytochrome c reductase), and Complex IV (cytochrome c oxidase) (Figure 6). The energy released from redox reactions from Complex I, III, and V is used to pump protons across the inner mitochondrial membrane, creating a proton-motive force, or potential energy. ATP synthase (Complex V) uses the energy stored in the proton gradient to catalyze the reaction of ADP and inorganic phosphate to generate ATP.

Although the enzymatic functions of individual ETC complexes are well-characterized, how different ETC complexes assemble within the inner mitochondrial membrane remains debated. There are two main hypotheses about the organization of mitochondrial ETC complexes. The first hypothesis is known as the "fluid state" model, in which the individual ETC complexes freely move in the inner mitochondrial membrane and the dynamic assembly of different ETC complexes determines electron flux from different substrates through the respiratory chain 28 . The second model supports rigid high-ordered assembles of different ETC complexes known as supercomplexes 29 . Both models are currently accepted, which subsequently forms a novel model of the plasticity of mitochondrial ETC organization 30,31 . 

Different muscle fiber types with different metabolic profiles

Muscle fibers are a heterogeneous group classified by the contractile property of "timeto-peak tension" or "twitch" characteristics into two main groups: slowand fast-twitch fibers (Table 1). The classification coincides with the Myosin ATPase staining, in which slow fibers have low ATPase activity (type I) and fast fibers have high ATPase activity (type II). Type II fibers can be further classified into type IIa, IIb, and IIx. Another common criterion for fiber classification is different isoforms of Myosin Heavy Chain (MHC) protein, since their expression were shown highly correlated with contraction speed and ATPase activity (Table 1) [32][33][34] . In appearance, type I fiber is red, type IIb and IIx are white, and type IIa has intermediate color. The colors reflect the abundance of myoglobin, which is closely related to mitochondrial density and, therefore, oxidative phosphorylation levels in each fiber type. Type I (slow-twitch) fibers, known as oxidative fibers, are high in mitochondria content and primarily undergo oxidative metabolism using FA or triglycerides as substrates for ATP production, and are resistant to fatigue 35 . In contrast, type II (fast-twitch) fibers are glycolytic fibers, relatively low in mitochondria, low oxidative capacity, and undergo glycolytic metabolism, preferably using fast energy sources such as glucose and phosphocreatine 35,36 . 

Dystrophin and Duchenne Muscular Dystrophy

Skeletal muscle has to bear a considerable load due to its function for body movement, therefore subjected to extensive physical stress. The first part of this section will be presenting the dystrophin-associated protein complex (DAPC), a molecular superstructure tailored to minimize its impact on the muscle integrity. Mutations in genes coding for the DAPC proteins can lead to different forms of muscular dystrophies. In particular, mutations in the Dmd gene coding for Dystrophin protein result in a severe clinical presentation -Duchenne Muscular Dystrophy (DMD) or a milder form -Becker Muscular Dystrophy. In the remaining part of this section, I will briefly introduce the DMD's genetic causes, its clinical presentations, followed by the description of DMD mouse models, and summarize different therapeutic approaches in the attempt to treat the disease.

Dystrophin-associated protein complex

DAPC is composed of dystrophin and many dystrophin-associated proteins (Figure 7). In striated muscle, the complex spans from the cytoplasm, across the plasma membrane, to the extracellular matrix. It creates a connection between the extracellular matrix and the intracellular cytoskeleton, therefore, contributes to the physical stabilization of skeletal muscle during repeated cycles of contraction and relaxation.

The first and central component of the DAPC complex is the dystrophin protein. The protein is encoded by the Dmd gene on X chromosome, which spans more than 2.5 million base pairs making it the largest gene described in the human genome. The full-length dystrophin is a rod-shaped protein with a molecular weight of 427 kDa. The protein comprises four functional domains: the amino-terminal domain, the central rod domain, the cysteine-rich domain, and the carboxyl-terminal domain 38 . Many binding partners of dystrophin were identified, including signaling and scaffold proteins via direct and indirect connection, as summarized in Figure 7 39 . Notably, it interacts with the sarcolemma via four binding domains:

the spectrin-like repeats R1-3 and R10-12, the cysteine-rich (CR) and C-terminal (CT) domains 40 . The CT domain also harbors two coiled-coil motifs, which provides the binding sites for dystrobrevin and syntrophins 41 . The positioning of dystrophin at sarcolemma level requires also the binding of the CR domain to ankyrin-B protein 42 . Dystrophin also binds to actin (mainly γ-actin) in the cytoplasm through the actin-binding domain (ABD) and R11-15
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, and interacts with microtubule via R4-15 and R20-23 44,45 (Figure 7).

Figure 7: The dystrophin protein and its binding partners 39 . ABD, actin-binding domain; CNS, central nervous system; CR, cysteine-rich domain; CT, C-terminal domain; DG, dystroglycan; NCX, sodium-calcium exchanger; nNOS, neuronal nitric oxide synthase; NOX2, NADPH oxidase 2; PMCA, plasma membrane calcium ATPase.

The connection of the DAPC complex is further expanded to the extracellular matrix by dystroglycan proteins. α-and β-dystroglycan are originated from one single transcript but are proteolytically processed into two different proteins with different functions. However, the two proteins are highly associated with each other. While β-dystroglycan interacts with dystrophin (in the CR domain), α-dystroglycan serves as a receptor of extracellular matrix protein by binding to laminin-α2 in the skeletal muscle 46 . Dystroglycan proteins can also facilitate the clustering of acetylcholine receptors at the neuromuscular junction 47 . Besides, α-dystroglycan is highly glycosylated and disruption in the α-dystroglycan glycosylation pathway can cause muscular dystrophies with a wide spectrum of phenotypes 48 .

At the sarcolemma, four tightly associated sarcoglycan proteins (α, β, γ, and δ) also form the sarcoglycan complex that interacts with β-dystroglycan. The sarcoglycan subunits assemble and translocate as a complex. A mutation in one sarcoglycan protein can cause a loss of stability and abnormal trafficking of the complex. Mutations in the genes encoding α-, β-, γ-and δ-sarcoglycan cause Limb-Girdle Muscular Dystrophy 2C, 2D, 2E and 2F, respectively. The sarcoglycan complex also interacts with a transmembrane protein, sarcospan. Unlike mutations in sarcoglycan proteins, mutations in sarcospan have not been associated with human diseases 49 and showed only limited dystrophic phenotypes in animal model 50 .

Besides its structural function, the DAPC complex is also considered a transmembrane signaling complex, providing in particular the scaffold for signaling proteins 51 . In particular, the dystroglycan participates in the transduction of extracellular-mediated signals to the muscle cytoskeleton and β-dystroglycan was shown to be involved in MAPK and Rac1 small GTPase signaling [52][53][54] . The sarcoglycan complex also plays a role in intracellular signal transduction. For instance, γ-sarcoglycan is involved in bidirectional integrin signaling 55 while α-sarcoglycan shows ecto-ATPase activity by buffering the extracellular ATP concentration 56 .

Genetic causes of Duchenne Muscular Dystrophy

In 1858, Duchenne de Boulogne for the first time characterized the DMD phenotype as one severe form of progressive muscular dystrophies 57,58 . In 1955, Becker and Kiener described a form that was clinically similar to DMD but had a milder course, which is, nowadays, known as Becker Muscular Dystrophy (BMD). Both DMD and BMD are caused by mutations in the Dmd gene. BMD results primarily from mutations that preserve the integrity of the sarcolemma-anchoring C-terminal domain of the protein, subsequently leading to a shorter size and/or partly functional dystrophin. On the contrary, DMD results mostly from mutations disrupting the reading frame leading to absent or severely reduced quantity of the protein 59 . The prevalence of DMD is 4.78 in 100,000 males 60 .

Many mutations had been reported along the Dmd gene. The most common type is large deletions/insertions which comprises 80% of the total mutations (Table 2) 61 . Among these, 86% are large deletions (1 exon or larger) and 14% large duplications (1 exon or larger) (Table 2). The most common deletion is a deletion of exon 45, which accounts for 4% of the total. Furthermore, the distribution of large deletions was non-random with the majority of large deletions (80%) covering two hot spots: the distal region of the dystrophin gene (exons 45-55) and the proximal region (exons 2-20) 61 . On the other hand, the most common large duplication was the duplication of exon 2 (11% of duplications). Similar to the large deletion, the distribution of large duplication is non-random where 65% of the mutations involve the two hot spots 61 .

The remaining are small mutations accounting for 20% of total DMD mutations (Table 2) 61 . With respect of frequency, deletions (smaller than 1 exon) represent 25%, duplications (smaller than one exon) 9%, splice-site mutations 14%, point mutations 52%, and intronic mutations (0.3%). Most of the point mutations are nonsense mutations representing 50% of all the small mutations, with C-to-T substitution being the most frequent (90%) 61 . non-ambulatory (adolescent/young adult), and late non-ambulatory (adult). In the presymptomatic stage, there may be no distinct signs of DMD, except elevated serum creatine kinase concentration, which is therefore used in the newborn screening 62 . In the early ambulatory stage, some developmental milestones, i.e. walking, crawling, talking are often delayed 63 . DMD children also have difficulties to climb, jump, and run compared to their peers.

The calf muscles may appear to be enlarged, which is known as pseudohypertrophy. Learning or behavioral difficulties may appear at this stage; for example, 40% of the DMD boys had difficulty learning to read 64 65 . Walking and climbing are increasingly harder at the late ambulatory stage as the thigh muscles weaken further. Subsequently, in the early non- The two major causes of morbidity and mortality in DMD patients are respiratory and cardiovascular complications. Respiratory complications include respiratory muscle fatigue, mucus plugging, atelectasis, pneumonia, and respiratory failure 65 . Without treatment and care, patients are at risk of severe dyspnoea and death due to respiratory arrest or respiratoryinduced cardiac arrhythmias 66,67 . Dystrophin deficiency in the heart manifests as cardiomyopathy. A majority of DMD patients experience abnormal electrocardiograms and progressive heart enlargement 65 . In the late non-ambulatory stage, ventricular dysfunction results from progressive myocardial fibrosis, therefore DMD patients are at risks of rhythm abnormalities 65 . Frequent monitoring as well as appropriate medical supports can reduce disease-related morbidity and mortality 65 .

At the histological level, the lack of dystrophin results in various abnormalities that progressively evolve during the course of the disease (Figure 8). At the early stage, DMD muscles present signs of degeneration in parallel with appearance of regenerating fibers.

Macrophages and other inflammatory cells are recruited in the muscle tissue due to the degeneration/regeneration process. In a more advanced stage, adipocytes infiltrate and replace the muscle fibers (Figure 8). 

Animal models of Duchenne Muscular Dystrophy

There are nearly sixty vertebrate animal models that had been discovered as well as developed for the study of Duchenne Muscular Dystrophy 68 . Among them, the most widely used and studied is the mdx mouse, which was discovered almost 40 years ago in the colony of C57BL/10ScSn mice 69 . The mutation in the mdx mouse is a nonsense point mutation (Cto-T transition) in the exon 23 of the dystrophin gene, which aborted the expression of the fulllength protein 70 . Although there is histological evidence of myopathy, the mdx mice present only minimal clinical features compared to DMD patients. For instance, while DMD patients have an average life expectancy 75% shorter than a healthy human being, the average life span of mdx mice only reduces by 25% (Figure 9) 68 . Like the human disease, mdx muscles showed massive degenerative changes with myofiber necrosis, cellular infiltration, altered myofiber sizes, and numerous centro-nucleated myofibers as early as 3 weeks of age [71][72][73] .

However, by 5 weeks of age, the destruction was followed by a robust regeneration phase, which typically results in hypertrophic phenotypes 71,73 . Severe dystrophic phenotypes, such as muscle wasting or heart failure, only present until the age of 15 months or older [74][75][START_REF] Quinlan | Evolution of the mdx mouse cardiomyopathy: physiological and morphological findings[END_REF] .

However, a more severe phenotype can be seen in the diaphragm muscle, which is progressively deteriorating and recapitulates the severe phenotypes in DMD patients' muscles
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. The mdx mouse was also crossed to several genetic backgrounds, including the albino, BALB/c, C3H, C57BL/6, DBA/2, FVB, different immune-deficient strains, and a phenotypic variation was observed. In particular, the DBA/2 mdx mice show an increase in fibrosis and a decrease in regenerative capacity thanks to a polymorphism in the Ltbp4 genea genetic modifier of the fibrosis process [START_REF] Heydemann | Latent TGF-beta-binding protein 4 modifies muscular dystrophy in mice[END_REF][START_REF] Coley | Effect of genetic background on the dystrophic phenotype in mdx mice[END_REF] . However, the mice are difficult to breed and carry additional abnormalities, such as hearing loss, progressive eye abnormalities, and extreme intolerance to alcohol and morphine (jax.org/strain/000671).

Overall, mdx mice is not an adequate model for the human disease. The difference can be explained by the different species but also by the compensatory mechanisms taking place in the mouse but not in human. Indeed, either the humanization of mdx mice or the elimination of compensatory mechanisms can increase the severity of the model (Figure 9A-B). Examples of humanization approaches include the shortening of telomerase RNA (mTR), which is relatively longer in mouse, and genetic knockout of Cmah gene which is inactivated in humans but not mice [START_REF] Sacco | Short telomeres and stem cell exhaustion model Duchenne muscular dystrophy in mdx/mTR mice[END_REF][START_REF] Chandrasekharan | A human-specific deletion in mouse Cmah increases disease severity in the mdx model of Duchenne muscular dystrophy[END_REF] . Both models reduce life expectancy by more than 50% and present more severe phenotypes, such as muscle wasting and cardiac defects (Figure 9B).

The approach of eliminating compensatory mechanisms includes the knockout of utrophin [START_REF] Deconinck | Utrophin-dystrophin-deficient mice as a model for Duchenne muscular dystrophy[END_REF] and α7β1-integrin [START_REF] Guo | Absence of alpha 7 integrin in dystrophin-deficient mice causes a myopathy similar to Duchenne muscular dystrophy[END_REF] , which have a similar function with dystrophin and upregulated in mdx muscle. Another double knockout model was also generated by mutating the Myod1 gene to reduce the regenerative capacity [START_REF] Megeney | Severe cardiomyopathy in mice lacking dystrophin and MyoD[END_REF] . In addition to mouse models, other animal models are increasingly used in preclinical studies. Several dystrophin-null rat models have been recently developed, showed more severe phenotypes in limb muscles (compared to mdx mice), reduced muscle strength and motor functions, and more importantly, signs of dilated cardiomyopathy [START_REF] Larcher | Characterization of dystrophin deficient rats: a new model for Duchenne muscular dystrophy[END_REF][START_REF] Iyer | Muscle phenotype of a rat model of Duchenne muscular dystrophy[END_REF][START_REF] Caudal | Characterization of brain dystrophins absence and impact in dystrophindeficient Dmdmdx rat model[END_REF][START_REF] Szabo | Cardiovascular phenotype of the Dmd(mdx) rat -a suitable animal model for Duchenne muscular dystrophy[END_REF] . Dog models have also been used for more than 50 years with about 20 dystrophin-deficient breeds to date [START_REF] Wentink | Myopathy with a Possible Recessive X-Linked Inheritance in a Litter of Irish Terriers[END_REF][START_REF] Funkquist | Primary progressive muscular dystrophy in the dog[END_REF] .

Generally, canine DMD models' clinical phenotypes are more severe than that of mdx mouse and share a remarkably similar clinical course to that of DMD boys [START_REF] Valentine | Canine X-linked muscular dystrophy. An animal model of Duchenne muscular dystrophy: clinical studies[END_REF][START_REF] Shimatsu | Major clinical and histopathological characteristics of canine X-linked muscular dystrophy in Japan, CXMDJ. Acta myologica : myopathies and cardiomyopathies[END_REF] : limb weakness starts early at the age of 2-3 months 91 , muscle becomes atrophic at 6 months [START_REF] Fan | Characteristics of magnetic resonance imaging biomarkers in a natural history study of golden retriever muscular dystrophy[END_REF] , and death often occurs around 3 years of age (75% reduction of the lifespan). Although recapitulating better human pathology, major drawbacks of using these animals are variability in phenotypes, high cost and difficulties to handle in the laboratory.

Therapeutic approaches for Duchenne Muscular Dystrophy

There is no effective causal treatment for DMD, however, there have been many advances in different therapeutic approaches in the past few decades. The miscellaneous attempts of treating DMD can be divided into two main strategies: one that targets the primary causethe mutation in the Dmd gene and the other that aims to compensate for the secondary pathological defects.

Dystrophin-dependent strategies: correction of genetic defects

Four main approaches will be presented: gene replacement, exon skipping, gene editing, and premature read-through. Except for gene editing, all the approaches have been tested in clinical trials with only exon-skipping approaches getting conditional FDA approval at the time of this writing.

Gene replacement

Gene replacement is a straightforward approach for treating monogenic diseases like DMD. This approach can be done through viral gene transfer, particularly using recombinant Adeno-associated virus (rAAV) vector for which some serotypes present an interesting tropism for the muscle. Although the rAAV vector effectively infects the myofiber and allows long-term in vivo transgene expression, its capacity (5 kb) precludes the use of full-length Dmd cDNA (11kb). To address this issue, the expression cassette was shortened by removing the nonessential domains, which results in micro-dystrophin (MD) [START_REF] Harper | Modular flexibility of dystrophin: implications for gene therapy of Duchenne muscular dystrophy[END_REF][START_REF] Athanasopoulos | Recombinant adeno-associated viral (rAAV) vectors as therapeutic tools for Duchenne muscular dystrophy (DMD)[END_REF] . The design was inspired by the substantial truncation of the dystrophin gene in very mildly affected BMD patients [START_REF] England | Very mild muscular dystrophy associated with the deletion of 46% of dystrophin[END_REF][START_REF] Muntoni | Dystrophin and mutations: one gene, several proteins, multiple phenotypes[END_REF] .

Treatment of AAV-MD has been shown to be effective in the mouse [START_REF] Athanasopoulos | Recombinant adeno-associated viral (rAAV) vectors as therapeutic tools for Duchenne muscular dystrophy (DMD)[END_REF] and canine models of DMD [START_REF] Guiner | Long-term microdystrophin gene therapy is effective in a canine model of Duchenne muscular dystrophy[END_REF] . However, how functional this approach in DMD patients remains uncertain.

Currently, there are three clinical trials of MD1 taking place in the USAone led by Pfizer (ClinicalTrials.gov identifier NCT03362502), one by Sarepta Therapeutics (ClinicalTrials.gov identifier NCT03375164), and the third one led by Solid Biosciences (ClinicalTrials.gov identifier NCT03368742) -and another in preparation by Genethon in Europe (Genethon Press Releases). Sarepta has recently released results of its phase 2 clinical trial (Sarepta, Press Release). At 48 weeks after treatment in a randomised setting, DMD children aged four to seven years showed no statistically significant difference in the primary functional endpoint -NSAA functional motor ability scale, despite the favourable safety profile and high MD expression. These findings raise questions about the approach's effectiveness and highlight the need for alternative and/or complementary therapies.

Complementary to dystrophin replacement, modulation of the expression of utrophina structural and functional autosomal paralog of dystrophin [START_REF] Love | An autosomal transcript in skeletal muscle with homology to dystrophin[END_REF] also showed promising results benefits in the preclinical studies, either by transgenic overexpression 100 , pharmacological modulation 101-103 or a miniaturized utrophin 104,105 .

Exon skipping

The 

Gene editing

The mutations of the Dmd gene can also be subjected to a personalized modification by gene-editing techniques. Among the tools available, CRISPR-mediated gene editing has revolutionized the field (Nobel Prize in Chemistry 2020) by a relatively simple and effective methodology to modify the genome 117 . CRISPR-based gene editing is capable of restoring the full-length dystrophin in exon duplication and pseudo-exon mutations 118,119 . However, in most cases, CRISPR-based gene editing was used to target out-of-frame mutations to generate BMD-like protein 120 . The modifications used to correct DMD mutations by gene editing can be grouped into four categories: exon deletion, exon skipping, exon reframing, and base modification (Figure 10) 120 . Exon deletion requires double cuts by using two sgRNAs that flank and simultaneously cut the mutated DMD exon(s) (Figure 10). This approach has been shown to excise multi-exonic genomic regions surrounding a mutational hotspot exon 45-55 region 121,122 . However, using simultaneously two sgRNAs can cause aberrant splicing at the cut sites, low efficiency of editing, and increases the likelihood of generating off-target effects 123 . On the other hand, many disadvantages of the double-cut approach can be overcome by using only a single sgRNA. This approach creates a single cut in the genome, usually targeting the proximity of the intron-exon region of the out-of-frame exon (Figure 10).

Since the double-strand break will be subjected to non-homologous end-joining, there is a high possibility of the splicing consensus sequence being destroyed and cause exon skipping to restore the ORF (Figure 10). Another outcome of single-cut sgRNA editing is exon reframing when the splice consensus sequence is retained and one-third of the INDELs, statistically, can generate a frameshift and also restore the ORF of dystrophin (Figure 10) 124 .

High-efficiency editing with the single sgRNA has been demonstrated [125][126][127][128] . Additionally, new CRISPR-based technologies, base editing and prime editing, can correct the point mutations, which account for 10% of DMD cases 129,130 . However, these tools are too large to fit in a single AAV, thereby requires a yet relatively inefficient split system 131 . Besides, base editing's major weakness is its limited target specificity resulting in off-targets on both DNA and RNA 132,133 . However, the success of this approach has been largely restricted to in vitro model 

Dystrophin-independent strategies

DMD pathogenesis results from either direct or indirect consequences of lacking dystrophin, which involves many pathological events, including sarcolemma destabilization, disrupted calcium homeostasis, chronic inflammation, fibrosis, and metabolic perturbation. As a rare disease, very few large-scale randomized controlled trials have been completed for DMD, except for glucocorticoids 144 . However, numerous pharmacological approaches targeting these changes are believed to slow down the disease progression. In this section, each of these dysregulations, in respect of the pathological cascades, and correspondingly, the strategies addressing these abnormalities will be summarized.

Sarcolemma destabilization

The DAPC disruption due to the lack of dystrophin protein increases the susceptibility to contraction-induced muscle injury, which leads to numerous membrane micro-lesions 145 .

In normal conditions, such injuries activate repair mechanisms to reseal the injured sarcolemma and maintain cell viability [146][147][148] . Early mitochondrial defects in the dystrophic muscle reduce the ability to repair the plasma membrane, which is, however, associated with a compensatory increase in the dysferlin-mediated membrane repair pathway [149][150][151] .

Re-expression of dystrophin could reverse the sarcolemma repair deficit in a dystrophin expression level-dependent manner 164,165 . Calcium overload may promote irreversible opening of the mitochondrial permeability transition pore (mPTP) and loss of functional mitochondria.

Mitochondrial dysfunctions, which will be presented in more details in the next section, is an early consequence of dystrophin deficiency with decreased respiratory activity and ATP production 150,166-168 , increased reactive oxygen species (ROS) levels 169 , and decreased ability to buffer calcium 170 . In the long-term, this vicious cycle of mitochondrial calcium overload and ATP depletion eventually leads to the death of muscle fibers.

Given that, calcium homeostasis has been an attractive target for DMD therapy.

Pharmacological agents that block calcium channels, including gadolinium, streptomycin, and GsMTx4, were shown to decrease muscle damage correlated with the normalized intracellular calcium level and decreased uptake associated with eccentric contractions 163,[171][172][173] . A different therapeutic strategy is to target the sarcoplasmic reticulum calcium ATPase (SERCA) a protein that pumps calcium out of the cytosol and into the ER store, either by overexpression 174,175 or by pharmacologically protecting it in dystrophic muscle 176 . Besides, inhibiting calcium-dependent downstream molecules, such as protease 177 , calpain 178 , or mPTP 168,179-181 ameliorate the mdx phenotype. Given the protective effects in preclinical mouse models, approaches addressing calcium dysregulation might be a promising candidate in many forms of muscular dystrophies, which are commonly defective in calcium handling.

Metabolic perturbation

Metabolic dysfunction has been considered to be an early event in DMD with a strong body of evidence demonstrating deficiencies of key metabolic systems and regulators [193][194][195][196] . Uses of mPTP inhibitors, including cyclosporin A, alisporivir, Debio025, and TR001, resulted in a partial restoration of the structure and functions of mitochondria 168,179- 181,197,198 . Idebenone, a synthetic short-chain benzoquinone, improves mitochondrial function, showed cardio-protective effect, and improved exercise performance in mdx mice 199,200 .

However, Santhera has recently decided to discontinue the phase III double-blind, randomized, placebo-controlled study (ClinicalTrials.gov Identifier: NCT03603288) since no difference was seen between the treatment and placebo groups in 197 trial participants who were included in the interim analysis (Santhera Press Release).

It is also well demonstrated that slow fibers are more resistant to the pathology in both DMD patients 201 and the mouse model 202 . The fiber transition to slow type is also one of the compensatory mechanisms in the dystrophic muscle [START_REF] Deconinck | Utrophin-dystrophin-deficient mice as a model for Duchenne muscular dystrophy[END_REF]203 . The protective features of slow fiber against DMD contain a natural increase in utrophin expression level 204 , lower release of ROS 205 , relatively higher resistance to fatigue 194 , and higher level of activated AMP-activated protein kinase (pAMPK) 206,207 . Thereby, fiber type switching became another attractive target in DMD therapies. Fiber type switching can be achieved by increasing pAMPK. For instance, pharmacological treatment with metformin 208,209 or AICAR 210,211 showed pAMPK-mediated benefits: increasing slow fibers, normalizing mPTP opening levels, and increasing utrophin level in the sarcolemma. Calcineurin was shown to play an important role in fiber-type switching 212,213 . In ACTN3-deficient muscle, activation of calcineurin slows down disease progression by favouring fiber switch towards the more disease-resistant slow oxidative type, is therefore known to be a genetic modifier in DMD 214,215 . The use of tamoxifen enhances calcineurin expression in mdx muscle and significantly ameliorate the dystrophic phenotype 216 . Besides, fiber type transition can be also achieved by exercises. Particularly, aerobic training (endurance) favors slow fiber transition, which is beneficial in DMD patients and mdx mice 210,217-219 . However, exercise can potentially harm the patients due to the sarcolemmal fragility, a carefully designed protocol is therefore needed to prevent the detrimental effects 220 .

Chronic inflammation

Muscle degeneration activates and is further exacerbated by the chronic immune response, which evident from the high number of immune cells, including T cells, macrophages, mast cells, neutrophils, and eosinophils 221 . These inflammatory cells create a complex environment that promotes both the injury and repair process via a combined action of free radicals, growth factors, cytokines, and chemokines. However, in the dystrophic muscles, an imbalanced inflammatory response favors fibrotic tissue formation and attenuates the regenerative capacity 222,223 .

Glucocorticoids have been widely used in treating both acute and chronic inflammation and are the standard of care for DMD patients 224 . The most commonly recommended steroid regimens are prednisone and deflazacort 225 . Deflazacort is a synthetic oxazoline derivative of prednisolone with higher efficacy but more associated side-effects 226 . In general, glucocorticoid treatment showed beneficial effects in both short-term and long-term treatment, including ambulation and reduced need for scoliosis surgery 227,228 . However, the chronic use of steroids can lead to several serious side effects, for instance, weight gain, bone fragility, pubertal delay, and short stature. Daily use of steroids can promote atrophy. Alternatively, the weekly treatment was suggested to improve the clinical outcomes while limiting atrophic remodeling via epigenetic-metabolic reprogramming 229,230 .

In an attempt to reduce the side effect of conventional glucocorticoids, a new antiinflammatory steroid-like treatment, vamolorone, has been developed. Vamolorone is optimized for NF-κB inhibition, membrane insertion, and glucocorticoid receptor specificity 231 .

Therefore, it provides anti-inflammatory and membrane-stabilizing efficacy independent of hormonal or immunosuppressive effects 231,232 

Regulation of gene expression by microRNAs

MicroRNA (miRNA) is the most abundant small non-coding RNA and is present in all eukaryotic cells. These small RNAs regulate gene expression, therefore, contribute significantly to cellular homeostasis. In this section, basic miRNA biology will be firstly described, followed by an introduction of the miRNA-mediated regulatory network in myogenesis, mitochondrial metabolism, and muscular dystrophies.

Biogenesis and functional mechanisms of miRNAs

The firstly-described miRNA, lin- The miRNAs are short single-stranded endogenous RNAs, only about 20-23 nucleotides in length. The biogenesis of miRNAs is highly regulated at both transcriptional and post-transcriptional levels (Figure 11) 248 . Firstly, the primary miRNA transcript (pri-miRNA) is transcribed in the nucleus from the miRNA gene, which is typically more than 1kb in length, capped, and polyadenylated. Next, the pri-mRNA will be cleaved by the nuclear microprocessor complex formed by the RNAse III Drosha and the DGCR8 protein, resulting in a hairpin precursor (pre-miRNAs) consisting of approximately 70 nucleotides. The pre-miRNA is subsequently exported into the cytoplasm by Exportin-5 to mature and function. In the cytoplasm, pre-miRNA is further processed into unstable, 19-25 nucleotides miRNA duplex structures by the RNase III protein Dicer. The less stable of the two strands in the duplex is incorporated into a multiple-protein nuclease complex, the RNA-induced silencing complex (RISC), while the other gets degraded. Once incorporated into RISC, the miRNA is situated to regulate the target genes by the degradation of the mRNA through direct cleavage or by inhibiting protein synthesis. Plant miRNAs can bind to sequences on target mRNAs by exact or near-exact complementary base pairing and thereby direct cleavage and destruction of the mRNA 249 . In contrast, nearly all animal miRNAs studied so far are usually not exactly complementary to their mRNA targets and seem to inhibit protein synthesis while retaining the stability of the mRNA targets 250 . It has been suggested that transcripts may be regulated by multiple miRNAs and an individual miRNA may target numerous transcripts. In the human genome, it was estimated that about 50% of protein-coding genes are targets of miRNAs 251 248 . In the nucleus, the pri-miRNA is transcribed and cleaved by the microprocessor complex Drosha-DGCR8 resulting in the pre-miRNA. The pre-miRNA is then exported to the cytoplasm where it is cleaved to its mature miRNA. Mature miRNA together with Argonaute protein subsequently from RISC complex, guides RISC to silence or repress the target genes via cleavage, repression, or deadenylation.

MicroRNAs are regulators of myogenesis 35

All the steps during myogenesis were found to be regulated by miRNAs (Figure 12)

252

. By targeting key myogenic factors, miRNAs can either inhibit or promote the myogenesis.

The essentiality of miRNA regulation was demonstrated by the deletion of Dicer ubiquitously or MuSC-restrictedly which both abolished muscle regeneration 253,254 

MicroRNAs are regulators of mitochondrial metabolism

The regulation of mitochondrial metabolism by miRNAs was demonstrated in many cell types and tissues 265,266 , including skeletal muscle [267][268][269][270] . miRNAs can directly and/or indirectly target key regulators of mitochondrial functions, including PGC-1α 271 , TFAM 272 , COX4 273 , and MRPS10 274 . In the myocardial cells, mitochondrial morphology can be regulated by miR-181 via anti-apoptotic Bcl-2 275 or by miR-30 via Dynamin-Related Protein-1 pathway 276 . Recently, miR-1 and miR-133 were showed to lead a cascade governing mitochondrial oxidative respiration during the myogenic differentiation 277 .

Importantly, a subset of miRNAs was found within the mitochondria and was shown to modulate mitochondrial gene expression 266,278 , despite the fact that miRNA typically functions in the cytoplasm 279 . At least 46 miRNAs were identified in the mitochondrial fraction of human skeletal muscle cells, including let-7 family members and muscle-enriched miRNAs -miR-133a, miR-133b, miR-23a, miR-1, and miR-206 280 . miR-1 forms a functional complex with AGO2, binds to mitochondrial transcripts, and surprisingly enhances the translation of these genes 281 . Another example is miR-181 which was found in the mitochondria of the cardiac muscle cells, where it directly targets and represses COX1 protein level, subsequently deregulating complex IV formation 282 .

Additionally, the metabolic identity of muscle fiber types can be regulated by miR-208a, miR-208b, and miR-499, which are embedded in the introns and co-expressed with three myosin genes, Myh6, Myh7, and Myh7b 283,284 . In skeletal muscle, these myosin genes and these intronic miRNAs create a network to regulate muscle gene expression, myofiber specification, and muscle performance.

MicroRNAs are regulators in muscular dystrophies

Under the dystrophic condition, gene expression in skeletal muscle is greatly altered and many layers of regulation, including miRNA, participate in these changes [285][286][287] . Thus, different aspects of DMD pathophysiology, such as inflammation, fibrosis, oxidative stress, and metabolism, were mediated by miRNAs (Figure 12). An immune-related miRNA, miR-155 288,289 , is upregulated in the muscle of patients from different muscular dystrophies in correlation with the level of macrophages in dystrophic muscles 285 . Similarly, a granulocytic miRNA, miR-223, was also found upregulated as consequence of granulocyte infiltration, and normalized by the gene therapy treatment indicating an ameliorated inflammatory state 290,291 .

Pathological fibrosis is also mediated by miRNAs, for instance, miR-21 and miR-29c, which control the fibrosis process in two different directions 292,293 We identified many dysregulated circulating miRNAs, some of which had not been reported before. We developed a novel approach for the biological interpretation of miRNA perturbations, consisting of both the conventional miRNA target prediction method and a novel methodology based on miRNAs-host genes. This bioinformatics approach predicted that lipid metabolism, particularly the SREBP (sterol regulatory element binding proteins) pathway, is central to the metabolic perturbation in DMD. This study will further provide evidence and demonstrate our attempt to address these dysregulations by pharmacologically inhibiting cholesterol biosynthesis in the mdx mouse model.

In our previous investigations of circulating miRNAs in DMD patients (Chapter 3) and in the GRMD dog model 300 , we noted many miRNAs from the same genomic locus, namely Dlk1-Dio3 (DD-miRNAs), coordinately upregulated in the serum in these two dystrophic conditions. The genomic imprinted Dlk1-Dio3 locus contains the largest miRNA cluster in the human genome and three long non-coding RNAs, three protein-coding RNAs, and many snoRNAs. We observed that these miRNAs were dysregulated not only in the serum but also in situ in the muscle of DMD patients and in different DMD animal models, as well as in mouse models for other muscular dystrophies. Although a dysregulation in muscular dystrophies of some of the DD-miRNAs was occasionally reported [285][286][287]306 , the coordinated dysregulation of the entire miRNA cluster was not. In the next two studies, we showed that many DD-miRNAs might altogether control mitochondrial metabolism in the dystrophic muscle.

The investigation described in Chapter 4, entitled "miR-379 links glucocorticoid treatment with the mitochondrial response in Duchenne Muscular Dystrophy", is focused on one of the DD-miRNAs, miR-379. We showed that this miRNA is among the most highly upregulated miRNAs tested in the canine dystrophic muscles, and that dysregulation is partially normalized by glucocorticoid treatment. miR-379 also participates in a molecular cascade, regulating mitochondrial ATP synthase indirectly via the translation initiation factor, EIF4G2.

In However, the mechanism and nature of metabolic dysregulation are still poorly understood. In this study, we discovered and characterized a novel molecular mechanism of metabolic perturbation in DMD.

Findings:

We first sequenced plasma miRNA in a relatively large DMD cohort, comprising of 54 DMD patients treated or not by glucocorticoid, compared to 27 healthy controls, in three groups of the ages of 4-8, 8-12, and 12-20 years. We identified 96 dysregulated miRNAs (adjusted p-value <0.1), of which 74 were up-and 22 down-regulated in DMD. We confirmed the dysregulation in DMD of Dystro-miRs, Cardio-miRs, and many DLK1-DIO3 miRNAs seen in animal models. We also identified numerous dysregulated miRNAs, yet unreported in DMD.

The interpretation of miRNA dysregulation based on the conventional method of predicting miRNA targets confirmed many known pathways for its role in DMD pathology but provided no additional knowledge. We therefore developed an original bioinformatics analysis methodology implementing both target and host genes of the dysregulated miRNAs.

Interestingly, the analysis predicted that lipid metabolism might be a critical metabolic perturbation in DMD. We then used the mdx mouse, a known model for DMD, for the The online version of the article can be found here https://doi.org/10.1002/jcsm.12708.

Introduction

Duchenne muscular dystrophy (DMD) is the most common inherited paediatric muscle disorder. It is an X-linked genetic progressive myopathy characterized by muscle wasting and weakness, which leads to loss of motor functions, cardiac and respiratory involvement, and premature death. 1 DMD occurs at a rate of approximately 1:5000 male births and arises due to mutations in the dystrophin gene. The disease is caused by a deficiency of functional dystrophin, a critical protein component of the dystrophin-glycoprotein complex acting as a link between the cytoskeleton and the extracellular matrix in skeletal and cardiac muscles. 2 The only routinely used medication for DMD patients is glucosteroid drugs, which can at best only slightly delay the progression of the disease. 3 Experimental therapeutic approaches, based on gene therapy, cell therapy, and drug discovery, are focused on the restoration of dystrophin expression. 4 However, despite increasing efficiency in the restoration of dystrophin expression in recent clinical trials, only modest muscle functional improvement has been achieved. 5,6 A recently emphasized aspect of the dystrophic process is a progressive metabolic change of affected muscle. [7][8][9][10][11] Profiling miRNA can be useful for diagnosis, monitoring, and understanding mechanisms of diseases. DMD has been the subject of a large number of miRNA profiling studies. [12][13][14][15][16][17] However, these studies have been hampered by one or a combination of limitations, including the use of animal models rather than human patients, the relatively small size of the studied cohorts, the detection of a small number of predefined miRNAs, or the use of miRNA profiling technologies with low sensitivities. In the present study, we overcame these limitations by profiling circulating miRNAs in the plasma of a relatively large patient cohort, which was composed of three age subgroups between the ages of 4 and 20 years old, and included both glucocorticoids (GC) treated and untreated DMD patients, as well as an age-match control group. Additionally, the profiling technology was of miRNA sequencing, maximizing the detection sensitivity of the entire spectrum of expressed miRNAs. Finally, an original bioinformatics model for the interpretation of miRNA dysregulation was employed.

Interestingly, the bioinformatics analysis of plasma miRNAs dysregulation identified lipid metabolism as the most important metabolic perturbation in DMD. In order to validate this prediction, we screened muscle biopsies of young mdx mice for the expression of factors that are related to lipid metabolism and identified their dysregulation as early as at the age of 5 weeks. Specifically, the mevalonate pathway that controls the synthesis of cholesterol was highly affected and cholesterol level was increased in the dystrophic muscles. A recent paper reported a positive effect of simvastatin on the dystrophic parameters and muscle function in the mdx mouse. Surprisingly, considering the known target of simvastatin, its effect was reported to be unrelated to blood cholesterol. 18 We treated mdx mice with simvastatin and confirmed improved dystrophic muscle parameters. We demonstrated that components of the muscle mevalonate pathway and cholesterol levels were dysregulated in the muscle of mdx mouse compared with those of the healthy control and returned to normal after simvastatin treatment. In addition, the normalization of lipid metabolism correlates with improved dystrophic parameters in mdx dystrophic muscle. In conclusions, besides the discovery of a large number of dysregulated miRNA in the plasma in DMD patients, the present study provides new understanding of the metabolic perturbation in DMD and thus opens up new perspectives for the treatment of DMD.

Methods

Ethical declaration

The human study (DMD patients and controls) was conducted according to the principles of the declaration of Helsinki 'ethical principles for medical research' and was specifically approved by the ethical committee CPP Ile de France VI, on 20 July 2010, and the Comité d'Ethique (412) du CHR La Citadelle (Liège, Belgium) 26 January 2011.

Human patients and cohort composition

Duchenne muscular dystrophy patients were admitted from 10 European medical centres, two of them from Belgium (n = 35), one from Romania (n = 16), and seven from France (n = 49). Healthy control patients were admitted from the same medical centres, Belgium (n = 28), Romania (n = 45), and France (n = 50). Patients were divided into three age groups 4-8, 8-12, and 8-20 years old. In the youngest age group, the same donors contributed the GC-treated and untreated samples, with untreated samples that were obtained before, and treated samples after their first GC treatment, at an interval of less than 6 months. GC-treated and untreated samples for the age groups of 8-12 and 12-20 years old were obtained from distinct DMD patients. Human skeletal muscle tissues were obtained from the Myobank, the tissue bank of the Association Francaise contre les Myopathies (AFM). Open skeletal muscle biopsies were performed after informed consent, according to the Declaration of Helsinki. Muscle biopsies included in this study were derived from the paravertebral (two controls and two DMD), gluteus, and the tensor fasciae latae (one each control and one DMD) from the group aged 8-12 (DMD) and 12-20 (control) years old. 

Enrichment analysis of microRNA targets

The miRNA-target gene enrichment analysis was performed with the web-based mirPath v.3 19 http://snf-515788.vm. okeanos.grnet.gr/, based on predicted miRNA-mRNA interaction in human.

MicroRNA host genes analysis

For this analysis, we considered all the dysregulated miRNAs (P ≤ 0.05) in DMD patients aged 4-12 years old, compared with their age-related healthy controls (Supporting Information, Table S2). MicroRNA host genes were retrieved from the miRIAD database 20 and were manually validated on the Ensembl human genome browser GRCh38.p7. We considered all miRNAs embedded on the sense strand of introns and exons of protein-coding genes. We assigned to the hostgenes the fold change and P-values of their embedded miRNAs. When both À3p and À5p isoforms of the same pre-miRNA were dysregulated, their host-genes were considered only once, with the lower P-value miRNA isoform. Similarly, host genes for a number of different miRNAs in a miRNA cluster were considered only once, with the highest dysregulated miRNA (according to P-value). In miRNAs hosted on more than one host-gene, both host-genes were considered. The table of host-genes with their assigned dysregulation values is in Supporting Information, Table S8. Host genes data were assigned to the core analysis of Ingenuity® Pathway Analysis (IPA®, QIAGEN Redwood City, www.qiagen.com/ ingenuity). Pathway enrichment of the gene list was also performed by ReactomePA and ClusterProfiler R/Bioconductor packages. 21 For the procedures of blood collection, RNA extraction, choice of samples for the miRNA profiling, miRNA sequencing, in vivo mice experiments, RNA expression analysis, western blotting, immunofluorescence, and measurement of plasma free cholesterol, creatine kinase, and myomesin-3 are provided in the extended material and methods section in the supporting information.

Results

Duchenne muscular dystrophy patient characterization and cohort composition

To perform miRNA profiling in the serum of DMD patients, we collected samples of 100 DMD patients and 123 healthy controls from 10 European medical centres (Supporting Information, Table S1). The study was approved by central and local Institutional Review Board (IRB) and recorded on ClinicalTrials.gov (Identifier: NCT01380964). All patients or parents for minors signed informed consent. Following RNA extraction from the plasma and quality control validation, we selected 81 RNA samples and constituted nine groups of nine patients. The groups consist of DMD patients, either untreated (DMD-UT) or receiving treatment with glucocorticoid (DMD-T) and healthy controls, in three age categories of 4-8, 8-12, or 12-20 years old (Figure 1A). The mean age of disease onset of the corresponding cohort was 3 years of age. Walking capacity was preserved in all patients of the first age group, while three patients of the second group (33% of untreated DMD), and all but two patients of the (GC-treated) 12-20 years old had lost their ability to walk (Supporting Information, Table S2). Overall, the mean age of loss of walking ability was 9.6 years. Additional clinical and functional characterization of the patients is shown in Supporting Information, Table S2, and the spectrum of dystrophin mutations present in the patients is depicted in Figure 1B.

MicroRNA dysregulation in Duchenne muscular dystrophy is age-dependent

After size selection, the 81 RNA samples were all individually sequenced using the Illumina technique. All mapped reads were matched to the hg19 (GRCh38) human genome assembly and were assigned to RNA classes, including rRNA, snoRNA, piRNA, tRNA, and miRNA (miRbase v20, June 2013 22 ) (Figure 2A). We obtained 9.37, 3.68, and 2.81 million sequences on average per studied sample for total high quality (high quality reads), human genome mapped (mapped reads), and mature miRNA sequences, respectively (Figure 2B). A principal component analysis (PCA) was used for the identification of overall miRNA profile dysregulation between the different cohort subgroups. PCA failed to separate DMD from control samples (Figure 2C, upper left). In contrast, PCA primary and secondary components separated the DMD (orange dots) from the control (blue dots) of the 4-8 and 8-12 age groups (Figure 2C, upper middle and right, respectively) but not of the 12-20 age group (bottom left). In the 4-12 years old group (combined 4-8 and 8-12 groups), DMD patients were separated from healthy controls (bottom middle). However, PCA failed to separate GC-treated from untreated DMD patients (bottom right). Of note, PCA analysis failed to separate miRNA profiles according country of origin (France, Belgium, and Rumania), in the 4-12 years old DMD patients, excluding hypothesis of strong impact of country of origin (data not shown). Of interest, no significant correlation was found in DMD between the levels of any single circulating miRNA to patients' body mass index (BMI) (data not shown). These results indicate a robust disease effect, but not such robust GC treatment or country of origin effects, on circulating miRNA in DMD. This effect is Cholesterol metabolism is a potential therapeutic target 5 age-dependent as it is no longer observed beyond the age of 12.

Differentially expressed plasmatic microRNAs in Duchenne muscular dystrophy patients

The aforementioned data indicate that the overall miRNA dysregulation in DMD patients is drastically reduced beyond the age of 12. In accordance, upon stratification on age and treatment, we noticed that the largest set of dysregulated miRNAs was identified by comparing the combined GCtreated and untreated 4-12 years old patient group to their age-related healthy controls (Supporting Information, Figure S1), including 65 up-regulated and 25 down-regulated miRNAs (adjusted P-value <0.1) in DMD patients (Supporting Information, Tables S3 andS4, and Figure 3A). Among the dysregulated miRNAs, we validated the dysregulation in DMD of the dystro-miRs, [12][13][14][15] the heart-enriched cardiomiRs, and a large number of miRNAs belonging to the DLK1-DIO3 cluster. 15 Of the newly identified dysregulated miRNAs, we noticed in particular a large number of the Let-7 family members, the entire miR-320 family, and many miRNAs, which are known modulators of diverse biological functions in skeletal and cardiac muscles, including miR-128, 23 miR-199a, 24 miR-223, 25 miR-486, 26 and members of the miR-29 27 and miR-30 28 families. Of interest, six of the dysregulated miRNAs were reported to target dystrophin expression in the dystrophic muscle, including the upregulated miR-494, miR-223, miR-103a, Let-7d and Let-7a, and the down-regulated miR-320a. 29 The proximity between miRNA class members on the Volcano plot suggested their similar dysregulation. Indeed, highly significant expression correlations were identified among miRNA members within the distinct miRNA classes (Supporting Information, Figure S2), supporting their coordinated dysregulation. The dysregulation pattern of a selected number of miRNAs are presented graphically (Figure 3), including the up-regulated miR-206, miR-208a-3p, miR-128-3p, miR-199a-3p, and miR-369-5p (Figure 3B), the down-regulated miR-342-3p, miR-320a, miR-361-3p, miR-29b-3p, and miR-30e-5p (Figure 3C), and the GC-responsive miR-223-3p, miR-379-5p, miR-27b-5p, and Let-7d-5p (Figure 3D). To analyse the glucocorticoid response, we compared miRNA expression before and after glucocorticoid treatment in the 4-12 age group DMD patients and identified 11 miRNAs, which were dysregulated in untreated DMD patients compared with healthy controls, and for which the expression was significantly changed by the glucocorticoid treatment. The expression of nine of these miRNAs shifted toward normalization by the GC-treatment. Of note, miR-27b-5p, let-7i-5p, and miR-379-5p were no longer dysregulated in the group of treated DMD versus healthy control (Supporting Information, Table S5). Similarly, miR-27b-5p and miR-379-5p were not statistically different from healthy controls when all DMD patients (treated + untreated) are grouped together.

Bioinformatics interpretation of miRNA dysregulation

Investigation of predicted target genes for dysregulated miRNAs MicroRNAs control the expression and/or stability of target genes, and consequently, the biological functions of miRNAs are mediated by their targets. A common method for investigating miRNAs functions consists of identifying signalling pathways and cellular functions of these target genes. To identify pathways that dysregulated miRNAs in DMD might control, we used the KEGG function of DIANA TOOLS miRPath V3, 19 considering all upregulated and downregulated miRNAs (adjusted P-value <0.1) of 4-12 years old DMD compared with age-matched controls. The analysis identified 20 distinct significantly enriched (P-value <0.05) pathways, including pathways already suspected of participating in the DMD disease such as extra-cellular matrix (ECM)-receptor interaction, fatty acid biosynthesis, focal adhesion, PI3K-AKT signalling, and Foxo signalling (Supporting Information, Table S6).

Investigation of host-genes for dysregulated microRNAs in Duchenne muscular dystrophy

We also attempted to develop a complementary procedure for the biological interpretation of miRNA dysregulation. More than half of human miRNAs are embedded within introns and exons of protein-coding genes. 20 The embedded miRNAs are often co-expressed with their host genes and can regulate their expression and activity, [30][31][32] which support functional relations between the miRNA, host-gene, target genes, and biological activity. Indeed, we found that 12 of the identified dysregulated miRNAs were embedded in seven host genes that are known to be dysregulated in DMD models and patients (Supporting Information, Table S7). Accordingly, we explored the possibility that analysis of host genes for dysregulated miRNAs may provide an insight into functional causes and consequences of miRNA dysregulation. The Ingenuity pathway analysis (IPA) package (Qiagenbioinformatics) was used for the algorithmic prediction of host-gene networks, assigning the fold change and P-value of their embedded miRNAs (Supporting Information, Table S8). Three networks were identified, all of which including the terms Lipid Metabolism and Small Molecule Biochemistry (Table 1). Of interest, the three networks integrate a number of biomolecules that are known to be involved in DMD pathophysiology, some of which are recognized as therapeutic targets, supporting the relevance of the analysis. It included, in network-1, insulin, MAPK, Erk1/2, PI3K and Akt, all members of the canonical muscle hypertrophy pathway, NF-ĸB, H3/H4 histones, PDGF and PDGFR, Hox9A, and the mediator complex. The SREBP-1 gene was identified as the most connected in the first and largest network (Network 1, Figure 4A). Network 2 includes cholesterol, 18 EGFR, 33 αand β-estradiol, and their oestrogen receptor. 34 Beta-estradiol was the most connected molecule in this network (Network 2, Figure 4B). Network 3 includes TGF-beta and the hepatocyte nuclear factor HNF4a, which is its most connected molecule (Network 3, Figure 4C). Finally, upon integrating the three networks using the IPA software, the SREBP-1 molecule was the most connected molecule of the combined network (Figure 4D). This basic helix-loop-helix transcription factor, as well as its family member SREBP-2, can bind specific sterol regulatory element DNA sequences to up-regulate the synthesis of enzymes involved in sterol biosynthesis, thus are master regulators of lipid metabolism. 35 In a complementary approach, the same 71 host genes (Supporting Information, Table S8) were subjected to a gene ontology (GO) enrichment analysis using the ReactomePA. Particular enrichment was identified for terms that are related to lipid metabolism, including the activation of gene expression by SREBP (at the upper position by P-value), regulation of lipid metabolism by peroxisome proliferator activated receptor alpha (PPARA), COPI mediated transport, regulation of cholesterol biosynthesis by SREBP and metabolism of steroids (Figure 4E). Considering that a large proportion of host genes are involved in lipid metabolism, the ClusterProfiler R package was used on a sub-selection of the host genes which are known to participate in lipid metabolism. This analysis suggested the involvement of this network in the functions of transport to Golgi, PPARA transcriptional activity and regulation of lipid metabolism, regulation of cholesterol synthesis, COPI mediated anterograde transport, metabolism of fat-soluble vitamins (vitamin D) and of steroids (Figure 4F). Thus, two different bioinformatics analyses identified the SREBP-dependent transcription program and the metabolism of lipid and cholesterol in the centre of a network of host genes for dysregulated miRNAs in DMD.

Evidence for lipid metabolism dysregulation in the mdx model

The miRNA-host gene analysis predicted the dysregulation of the SREBP pathway in DMD. To investigate the relevance of this prediction, we quantified the expression level of lipid metabolism components, with a focus on the SREBP pathway in the mdx mouse model (Figure 5A). In addition to SREBP-1 and SREBP-2, this analysis included the SREBP upstream regulator, SCAP, 36 the SREBP-1 target gene, FASN, and the SREBP-2 target genes, HMGCR and LDLR. 37 In 5-week-old mdx mice, four and three (out of the six) transcripts were significantly up-regulated in gastrocnemius (GA) and diaphragm, respectively (Figure 5B,C). At the protein level, FASN, HMGCR, SREBP-1 and SREBP-2 were up-regulated in GA (Figure 5D,E), whereas the FASN, HMGCR, SCAP, and SREBP-2 were significantly up-regulated in diaphragm (Figure 5F,G). Thus, it indicated the up-regulation of both SREBP-1 and SREBP-2 expressions and activities in the dystrophic muscles.

Simvastatin alleviated the dystrophic phenotype and partly normalized muscle cholesterol content in mdx mouse

A positive effect of the cholesterol synthesis inhibitor simvastatin on the dystrophic muscle was previously reported in the mdx mouse model. 18 The observed beneficial effect was attributed to the reduction of oxidative stress, fibrosis, and inflammation. Interestingly, a recent study reported an abnormally higher cholesterol content in muscles of DMD patients. 11 Therefore, we aimed at validating the beneficial effect of simvastatin in the mdx mouse and its possible relation with modulation of muscle cholesterol. Orally administrated simvastatin during a 3-week period significantly reduced the level of serum myomesin-3, a sensitive serum biomarker of Lipid metabolism, molecular transport SREBF1

A pathway analysis was used for the construction of gene networks, using the core analysis of ingenuity® pathway analysis (IPA) with a threshold of 70 molecule per network. The constructed networks are composed of host-genes for dysregulated miRNAs (P < 0.05) in the plasma of the 4-12 years old DMD patients. The P value denotes the 'probability' of the coincidental construction of a network out of its components. The focus molecule (3rd column) denotes the number of the network's principal molecules, and the identity of the most connected molecule of each network is provided in the 4th column. The 4th network was obtained by merging all networks function of IPA algorithm. muscular dystrophy 38 (Figure 6A,B). The level of mCK was reduced as well in the simvastatin-treated mdx mice (Figure 6C). Histological analysis of the diaphragm muscle revealed significantly reduced fibrosis in treated mdx mice (Figure 6D,E). The serum cholesterol level was not reduced by simvastatin (Supporting Information, Figure S3), in agreement with the observation made in a previous study. 18 We sought to investigate the consequences of simvastatin treatment at the level of the muscle tissue. Filipin is a naturally fluorescent polyene antibiotic that binds to free but not esterified sterols and is useful for detecting free cholesterol in biological samples. The specificity of filipin staining to cholesterol was demonstrated by treating C2C12 cells with the cholesteroltrafficking inhibitor U18666A (Supporting Information, Figure S4). Importantly, filipin staining of transversal sections confirmed increased free cholesterol content in the diaphragm of 10-weeks-old mdx mice compared to their wild-type controls (Figure 6F). Quantification of confocal images of the same sections revealed over two-fold (P < 0.001) increased cholesterol expression in the in mdx compared to wild-type controls, and a partial normalization of cholesterol expression in the simvastatin treated group (P < 0.001) (Figure 6G,H). Similar reduced cholesterol content in treated mdx mice were observed also in the GA and TA muscles (Supporting Information, Figure S5). Finally, the quantification of the free cholesterol content in muscle biopsies in a small cohort of human DMD patients (n = 4) confirmed approximately two-fold (P = 0.035) increased free cholesterol in DMD muscles compared to controls (Figure 6I). A western blot analysis demonstrated that simvastatin treatment normalized the expression of SREBP-1, SREBP-2, and HMGCR in the diaphragm of the mdx mouse (Figure 6J,K). Finally, we employed confocal microscopy for the investigation of SREBP-1 and SREBP-2 expression in transversal sections of the diaphragm. Higher levels of both proteins were observed in mdx compared to the wild-type control, and this expression was reversed by simvastatin (Figure 6L,M). Importantly, we noticed the expression of SREBP-1 (Figure 6L) and a more clearly high expression of SREBP-2 (Figure 6M and Supporting Information, Figure S6) inside myonucleus in the mdx mice. The majority of the SREBP-1 and SREBP-2 positive myonucleus was in a central position in the myofibres, indicating regenerated myofibres. Of particular interest, the expression of SREBP-1 and SREBP-2 was only rarely detected in the nuclei of regenerated myofibres of the simvastatin-treated mdx mice. It has been suggested that a positive effect of simvastatin treatment on the dystrophic phenotype in the mdx mouse may result from the capacity of simvastatin to reduced oxidative stress, indicated by the down-regulation of Nox2, and to activate the autophagic flux, indicated by the increased expression of the lipidated form of LC3 (LC3b). 18 A western blot analysis confirmed the up-regulation of Nox2, LC3a (cytoplasmic form of LC3), and the LC3b proteins in the 10-week old mdx mice's diaphragm with, however, no detected effect of the simvastatin on their expressions (Supporting Information, Figure S7). These data supported that in young adult mdx mice, the oxidative stress and autophagy pathways are not the major targets of the observed positive effect of simvastatin. Taken together, these results indicate that (i) muscles of the mdx mouse are characterized by the up-regulation of the transcriptionally active nuclear forms of SREBP-1 and SREBP-2 in the centrally positioned myonucleus of regenerating myofibres. (ii) Muscle fibres of the mdx mouse are characterized by increased cholesterol content, and (iii) simvastatin treated mdx mice presented improved dystrophic phenotype in correlation with normalized muscle SREBP-1 and SERBP-2 expression and cholesterol content.

Discussion

In previous investigations, we profiled circulating miRNA in the serum of animal models for DMD. 14,15,39 Following these studies, we are reporting the profiling of miRNA in the plasma of DMD patients. We validated and confirmed the dysregulation of many of the previously identified dysregulated circulating miRNAs in muscular dystrophy. In addition, we are reporting many newly identified dysregulated miRNAs. An original bioinformatics approach was employed, based both on target and host genes for dysregulated miRNAs. This analysis predicted a central role for the perturbation of lipid metabolism in DMD and particularly of the SREBP/mevalonate/cholesterol synthesis pathway. Analysis of skeletal muscle biopsies of the mdx mouse confirmed dysregulation of the SREBP pathway and increased cholesterol content. Treatment of mdx mice with simvastatin partially normalized the SREBP pathway, reduced cholesterol accumulation in the dystrophic muscles, and improved dystrophic parameters of the treated mice.

The Duchenne muscular dystrophy cohort and microRNA dysregulation

To our knowledge, this is the first study to report global miRNA profiling in the plasma of DMD patients over a large age range, including GC-treated versus untreated patients. The overall miRNA dysregulation decreased in subjects above the age of 12. Thus, this age-dependent dysregulation pattern, which was shown previously with the mCK and the myomiRs, was extended here to a large majority of the dysregulated miRNAs. This pattern may reflect both the reduced muscle mass and physical activity of the older DMD patients (quantitative changes), as well pathophysiological evolution, independently of muscle mass and activity (qualitative changes). We confirmed the up-regulation of many miRNAs identified in previous investigations, including the dystromiRs, the cardiomiRs, and the DLK1-DIO3 clustered miRNAs. 14,15,40 Of interest, we are reporting here, to our knowledge for the first time in DMD, the dysregulation of many members of the Let-7 and miR-320 families. Among the newly identified dysregulated miRNA in DMD plasma, we identified many miRNAs known to play diverse roles in muscle pathophysiology, including miR-128, 23 miR-199a, 24 miR-223, 25 miR-486, 26 and the miR-29 41 and miR-30 28 family members. As in previous investigations, we identified a higher number of up-regulated rather than down-regulated circulating miRNAs in DMD. Of interest in the present study is the large number of down-regulated miRNAs in DMD. The down-regulation of circulating miRNA is not explained by the alteration of sarcolemma permeability. Thus, it is likely to result from transcriptional adaptation in dystrophic tissues. Of the down-regulated circulating miRNAs, we noticed in particular miR-342 and miR-185, both of which target the SREBP/mevalonate pathway and the synthesis of cholesterol. 42 Additionally, we noted the down-regulation of the entire (five members) miR-320 family, of which the biological consequences in the context of muscular dystrophy are as yet unknown.

A holistic bioinformatics analysis of microRNA dysregulation predicted perturbation of cholesterol metabolism

The conventional method for the biological interpretation of miRNA dysregulation is based on the analysis of the consequences of miRNAs dysregulation. This interpretation can be carried out by a pathway enrichment analysis of mRNA targets for the dysregulated miRNAs. The miRNA target genes analysis predicted enrichment for the KEGG pathways of the proteoglycan ECM-receptor interaction, 43 focal adhesion, 44 fatty acid biosynthesis, 45 as well as several signalling pathways: Hippo, 46 PI3K-Akt, oestrogen, 47 FoxO, 48 and ErbB, 49 all of which are known to be dysregulated in DMD. The dysregulation of these pathways is well-known in the field and thus supports the pertinence of our miRNA dysregulation results. However, the target genes analysis failed to produce novel hypotheses or an explanation for the DMD pathophysiology. Importantly, among the dysregulated miRNAs, we noticed some positioned inside mRNA transcripts that are known to be dysregulated in the dystrophic muscle in DMD. This observation supports a hypothesis that, in DMD, miRNAs and their host-gene might be coordinately dysregulated, and thus, miRNA dysregulation may indicate a host-gene dysregulation. Taking these considerations into account, we hypothesized that a biological interpretation approach for circulating miRNA that combines both target and host genes, which is described schematically in Supporting Information, Figure S8, may provide an improved interpretation of DMD pathophysiology. The IPA-based gene-interaction analysis predicted three dysregulated networks, all of which contain the term lipid metabolism. The SREBP-1 molecule was identified as being central to the merged network of dysregulation in DMD. Indeed, in agreement with the bioinformatics prediction, gene expression analysis confirmed the significant up-regulation of members of the SREBP pathway in the gastrocnemius and the diaphragm in the young mdx mouse, providing supporting experimental data for the hypothesis of SREBP pathway dysregulation.

Treating mice by simvastatin

In the short duration of only 3 weeks simvastatin treatment, we observed improved dystrophic parameters, including the reduction of diaphragm fibrosis, which is yet not highly pronounced at the young mdx mouse. Likely, treating older mdx mice for a longer period would result in a stronger anti-fibrotic effect, as previously reported. 18 Of note, Whitehead et al. suggested that the positive effect of simvastatin is cholesterol-independent. 18 Our results support that HMGCR and the accumulation of cholesterol in the muscle are the direct therapeutic targets of simvastatin in DMD. This proposition is in agreement with earlier reports of lipid and particularly of cholesterol metabolism abnormalities in DMD. 11,[50][51][52][53] Of particular interest, Steen et al. reported the improved dystrophic parameters in an mdx mouse that overexpress the NPC1 gene, an accelerator of intracellular cholesterol trafficking, 51 Milad et al. reported the correlation between increased plasma cholesterol and accentuated muscular dystrophy in the mdx mouse, 53 and most recently White et al. reported the high prevalence of plasma lipid abnormalities in DMD patients, 52 which together support that perturbation of cholesterol metabolism affects the DMD phenotype. Not only does our study concords with these previous findings, it also provides a molecular framework for this dysregulation. In summary, from the plasma samples of a large DMD cohort, the present study identified that perturbation of lipid metabolism, and in particular of cholesterol homeostasis, plays an important role in the pathophysiology of DMD. Thus, cholesterol metabolism is a potential therapeutic target in DMD. S3. Up-regulated plasma miRNA 4-12 years old DMD versus control. MiRNAs were ranked by FDR-adjusted pvalue. MiRNA categories include dystromiRs, heart-enriched miRNAs (CardiomiR), miRNAs residing in the DLK1-DIO3 genomic locus, and Let-7 or miR-320 family members. MiRNAs of none of these categories were designed as unclassified. Table S4. Down-regulated plasma miRNA 4-12 years old DMD versus control. MiRNAs were ranked by FDR-adjusted pvalue. MiRNA categories include the miR-320 family members and unclassified miRNAs. Table S5. dysregulation of glucocorticoid-responsive miRNAs in 4-12 years old DMD patients (5a, Table ). Eleven DMD dysregulated miRNAs were GC-responsive. MiRNAs are classified by order of p-value in treated versus untreated DMD patients. All but miR-30e-5p and miR-425-5p were upregulated in DMD and reversed by the GC treatment toward normalization. In contrast, GC-treatment increased the downregulation in DMD of miR-30e-5p and miR-425-5p. Three miRNAs, miR-27-5p, miR-379-5p and let-7i-5p were no longer dysregulated after GC treatment. The miR-27-5p and miR-379-5p were not dysregulated in the group of all DMD patients versus healthy controls (p > 0.05 in red). FC= fold change, UT = untreated. (5b, Figure). Heat map of miRNA dysregulation. The miRNA relative level is illustrated by Z-scores, colored from blue to red, indicating from lowest to highest expression. Table S6. Pathway enrichment analysis of target genes for dysregulated miRNAs, considering up-and down-regulated miRNAs in the 4-12 years old DMD/control samples (Adjusted p-value < 0.1). Pathways are classified according to p-values (FDR-adjusted). Shown are the 20 most enriched pathways. Table S7. List of the host genes of the identified dysregulated intragenic miRNAs that are known to be dysregulated in DMD models and patients. Both 3' (3p) and 5' (5p) mature miRNA forms of a given pre-miRNA were considered when both are dysregulated. The reference column refers to the study that described the dysregulation of the host gene. Table S8. Dysregulated intragenic miRNA in DMD plasma and their related host-gene, considering all miRNAs embedded on the sense strand of introns and exons of protein-coding genes. FC and p (student T-test) values are of miRNA expression in the blood plasma of 4-12 old DMD patients versus healthy controls. When both 3p and 5p isoforms of the same pre-miRNA were dysregulated, their host-genes were considered only once, with the lower p-value miR isoform. Host genes for a number of different miRNAs were considered only once, taking into account FC and p-values of the miRNA with the lowest p-value.13 Table S9. RT-qPCR primers, and antibody information. 

Figure S6. Confocal analysis of SREBP-2 expression in the mouse diaphragm

Transversal sections were immunostained with wheat germ agglutinin (WGA) in green, which stains the sarcolemma and the myonucleus membrane, with DAPI for nuclear staining, and with the anti-SREBP-2 antibody. White arrows indicate myonucleus in a central position in regenerated myofibres. Note that mdx nucleus are positive to all three colors (pink), while only residual faint red dotes can be observed in the nucleus (blue) of the mdx treated by simvastatin, demonstrating the downregulation of nuclear SREBP-2.

Figure S7

. Effect of simvastatin on markers of oxidative stress (Nox2) and autophagic flux (LC3) in the dystrophic skeletal muscle Western blotting analysis (upper panel) and its quantification (lower panel) of diaphragm biopsies of 10 weeks old mice (n=6), treated or not (Simvastatin during three weeks, 80 μg/kg, orally, integrated into the diet). The protein expression is normalized to GAPDH. All markers are upregulated in mdx compared to control mice. No significant differences observed in mdx mice upon simvastatin treatment Figure S8. Approach for the biological interpretation of miRNA dysregulation, based on both target and host genes of the dysregulated miRNAs Transcriptional adaptation in the diseased tissue affects both intergenic miRNAs (miRNA between genes, on the left) and intragenic miRNAs (miRNA inside genes, on the right). Intragenic miRNAs are often co-transcribed with their host genes, cooperatively affecting downstream events. The functional link between a miRNA to its host gene is thought to be strong, while the link between a miRNA to its many predicted target genes is questionable. Dysregulation of intragenic miRNAs and their host genes provides information on upstream signaling in the disease, which causes transcriptional dysregulation, while the analysis of target genes may provide information on downstream events, which are the consequences of miRNA dysregulation. Supplemental table 7. List of the host genes of the identified dysregulated intragenic miRNAs that are known to be dysregulated in DMD models and patients. Both 3' (3p) and 5' (5p) mature miRNA forms of a given pre-miRNA were considered when both are dysregulated. The reference column refers to the study that described the dysregulation of the host gene. Supplemental figure 8. Approach for the biological interpretation of miRNA dysregulation, based on both target and host genes of the dysregulated miRNAs. Transcriptional adaptation in the diseased tissue affects both intergenic miRNAs (miRNA between genes, on the left) and intragenic miRNAs (miRNA inside genes, on the right). Intragenic miRNAs are often co-transcribed with their host genes, cooperatively affecting downstream events. The functional link between a miRNA to its host gene is thought to be strong, while the link between a miRNA to its many predicted target genes is questionable. Dysregulation of intragenic miRNAs and their host genes provides information on upstream signaling in the disease, which causes transcriptional dysregulation, while the analysis of target genes may provide information on downstream events, which are the consequences of miRNA dysregulation. 

Transcriptional adaptation in DMD

Supplemental Extended Materials and Methods

Blood collection. The validated blood collection SOP (Standard operating procedure) was approved by all the participated hospital centers. Samples were collected from individuals with a written informed consent of parents or legal guardians. Human blood samples were collected from male subjects of at least 3 years-old and 15kg body mass in both control and DMD patients. The approved blood collection SOP (Standard operating procedure) was communicated in advance to all the participated hospital centers. Peripheral blood samples were collected into 5 ml K3EDTA tubes (Greiner Bio-One). Plasma was separated from buffy coat and red blood cells after 10 minutes of centrifugation at 1800 g and stored at -80°C until further processing.

RNA extraction and Choice of Samples for the miRNA profiling. RNA was extracted from 0.6 ml whole plasma, using miRVana PARIS (Ambion AM1556), following manufacturer's instructions.

Following the RNA extraction, a sub-cohort of 81 RNA samples was selected for the high throughput sequencing (HTS) cohort (Supplemental table 2). We employed an optimization process for the selection of the most suited RNA samples. This included the selection of (i) plasma samples of OD 414 > 0. 4 , and tRNA 5 . Unique miR reads and their copy numbers were aligned with miRanalyzer online software 6 , using Ensembl human gene browser (genome assembly GRCh38) and (miRbase v20, June 2013 7 ). Raw miRNA counts were normalized and processed for differential expression by the Deseq2 R package 8 .

T-test's significance of miRNAs differential expression was adjusted with a false discovery rate (FDR) method according to 9 .

In vivo mice experiments. All animals were handled according to French and European guidelines for human care and use of experimental animals. Experiments on mice were approved by the ethical committee n°C2AE-51 of Evry and the regulatory affairs of the French Ministry of Research (MESRI).

C57Bl10 (WT/BL10) and Mdx (C57BL/10ScSn-Dmdmdx/J) mice were obtained from Charles River laboratories. Mice were housed in a SPF barrier facility with 12-h light, 12-h dark cycles, and were provided with food and water ad libitum. In this study, only male mice were used. All mice were handled according to the European guidelines for the human care and use of experimental animals, and all procedures on animals were approved by the Genethon's ethics committee under the numbers CE10-122, CE10-123, CE10-124, CE10-127 and CE12-039.

In the treatment of simvastatin, simvastatin was mixed into a standard rodent diet (A04 diet, SAFE, 89290, Augy, France, https://safe-lab.com/safe_en/) at a concentration of 80 mg/kg. Seven weeks old mice were treated during 3 weeks. Muscle biopsies were dissected, snap-frozen in isopentane in liquid nitrogen, and processed for RNA, protein and histological analyses.

RNA expression analysis.

Total RNA was extracted from frozen muscles using Trizol Reagent (Thermo Fisher Scientific), and DNA residues were subsequently removed by TURBO DNA-free kit (Thermo Fisher Scientific), according to the manufacturer protocol. RNA concentration was quantified using a Nanodrop 8000 UV-Vis spectrophotometer (Thermo Fisher Scientific). For the measurement of gene expression, 1000 ng of total RNA was reverse-transcribed using a mixture of random oligonucleotides, oligo-dT, and RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Quantitative PCR was performed using LightCycler 480 system (Roche) with the SYBR™ Green PCR assays (Thermo Fisher Scientific) or Taqman Gene Expression Assay (Thermo Fisher Scientific) according to the manufacturer's protocol. Each PCR reaction was performed in duplicate.

Results obtained with the ubiquitous 60S Acidic Ribosomal Protein P0 gene (Rplp0) were used for data normalization across all samples. Relative expression fold change was calculated using a 2 -∆∆CT method.

A list of primers used in Taqman Gene Expression and SYBR green assay are detailed in Supplemental table 9.

Protein expression analysis by western blotting. Proteins were extracted from tissues by RIPA lysis buffer (Thermo Scientific) supplied with Protease Inhibitor Cocktails (Roche) and Benzonase (Millipore). Total protein concentration was measured by using Pierce™ BCA Protein Assay (Thermo Fisher Scientific). Equal amounts of protein were then loaded and separated by precast 4-12% Bis-Tris polyacrylamide gel (Thermo Fisher Scientific). Subsequently, the protein was transferred to a nitrocellulose membrane using the iBlot2 Dry Blotting system (Thermo Fisher Scientific). As indicated in Chapter 3, we showed that many miRNAs originated from the Dlk1-Dio3 miRNA cluster were dysregulated in the serum of DMD patients and DMD animal models (GRMD dog and mdx mice). In this study, we selected one member of this cluster and studied its biological function(s) in DMD.

Findings:

First, we performed a targeted miRNA profiling in different muscles of GRMD dog and its healthy control to investigate whether the dysregulation seen in serum can also be found in skeletal muscles. We identified that members of the Dlk1-Dio3 miRNA cluster in muscle biopsies of the GRMD dog model were also highly upregulated, as previously seen in the serum. Of these, we selected miR-379 for further investigation since it is among the most highly dysregulated miRNAs in the muscle and also known to be responsive to glucocorticoid, a class of anti-inflammatory drug commonly used in DMD patients (Chapter 3). Bioinformatics analysis predicts that miR-379 targets EIF4G2, a translational factor, which is involved in the control of mitochondrial metabolic maturation. Using in vitro models, we confirmed that EIF4G2 is a direct target of miR-379, and identified the Dapit mitochondrial protein as a translational target of EIF4G2. Knocking down Dapit in skeletal myotubes resulted in reduced ATP synthesis and impaired myogenic differentiation. We also demonstrated that this pathway is glucocorticoid-responsive since treating mice with dexamethasone resulted in reduced muscle expression of miR-379 and increased levels of EIF4G2 and Dapit. Thus, this newly identified pathway may link glucocorticoid treatment to a mitochondrial response in DMD.

Duchenne muscular dystrophy (DMD) is a lethal muscle disorder with a prevalence of 4.78 100,000 male 1 . DMD is caused by mostly out of frame mutations in the DMD gene, located on the X chromosome, leading to a lack or drastically reduced expression of the DMD gene product, dystrophin. Deficiency of the dystrophin protein leads to the degeneration of skeletal and cardiac muscle. Whilst severely affecting motor ability, DMD also leads to premature death by respiratory or cardiac failure 2,3 . Synthetic glucocorticoids (GC) are currently the standard medication for DMD patients 4,5 . GC treatment is associated with a delayed disease progression and a reduced risk of death 6 . The therapeutic effect of GC in DMD is thought to act principally through the reduction of inflammation 7 , yet the complete mechanism of action is still unknown. However, GC drugs elicit a wide range of biological responses, including undesired side effects in DMD patients undergoing long-term treatment, such as obesity, bone fragility, pubertal delay, and short stature 4,6 . The loss of dystrophin initiates a complex pathological cascade, which includes sarcolemma destabilization, calcium influx, activation of proteases, and mitochondrial dysfunction, leading ultimately to fiber degeneration, inflammatory reaction and repeated cycles of myofiber degeneration and regeneration. The dystrophic process leads to a gradual replacement of contractile cells by fibro-adipogenic tissue and a loss of regenerative capacity. The mitochondrial defect associated with DMD pathology is characterized by reduction in expression of components in the electron transfer chain, accompanied open by reduced ATP production (reviewed in 8 . The molecular mechanism(s) of mitochondrial dysfunction in DMD are, however, not entirely understood. It is thought that the calcium influx may lead to a Ca 2+ overload within the mitochondrial matrix that may in turn result in the opening of the mitochondrial permeability transition pore (mPTP) and subsequently in mitochondrial swelling and degeneration 9,10 . However, there is an alternative hypothesis suggesting that the mitochondria dysfunction precedes the increased Ca 2+ load within the organelle 11,12 . MicroRNAs (miRNAs) are short RNA molecules with a major influence on gene expression, due to their capacity to bind to target mRNAs. By profiling miRNA in muscle biopsies, Eisenberg and colleagues demonstrated disease-specific and distinct muscle miRNA profiles 13 . Similarly, by profiling circulating miRNA in mouse models for muscular dystrophies, we demonstrated more recently disease-specific miRNA profiles in the blood serum of these disease models 14 . Specifically for DMD, most prominent is the dysregulation of the myomiRs, which are a small number of miRNAs particularly abundant in myofibers [14][15][16][17][18][19][20][21][22] . However, the myomiRs are not the only dysregulated miRNA in DMD. Indeed, we recently reported such observation in a study performed in the canine GRMD (Golden retriever muscular dystrophy) model of DMD, which reproduces the human disease in many aspects 23 . The dysregulation of a large number of miRNAs in the serum of the GRMD dog model was shown, including miRNAs which are abundant in the heart (cardiomiRs) and a large number of miRNAs residing in two clusters on the genomic imprinted Dlk1-Dio3 locus 20 .

In the present study, we identified one particular member of this cluster, miR-379, as highly dysregulated in muscle biopsies of the GRMD model. We further identified a downstream GC-responding signaling pathway involving the translational factor EIF4G2 and DAPIT, a peptide associated to the mitochondrial ATP synthase. It is of note that a higher expression of DAPIT mRNA correlated with a later loss of ambulation in DMD patients 24 . More recently, DAPIT has been identified as mutated in Leigh syndrome 25 , a neurological disorder with perturbed mitochondrial functions. Thus, the signaling pathway of miR-379, EIF4G2, and DAPIT could be part of the mitochondrial dysfunction, and a target of the GC treatment effect in DMD.

Results

Screening for miRNA dysregulation in muscle biopsy of the GRMD dog model. During our previous investigations on the profiling of circulating miRNAs in animal models of muscular dystrophies 14,20,26 , we identified the dysregulation of the myomiRs, the cardiomiRs and a large number of the Dlk1-Dio3 clustered miRNAs. However, whether or not these miRNAs are also dysregulated in the dystrophic skeletal muscle remains unknown. In the absence of adequate DMD muscle biopsies, we used the GRMD dog (a Golden Retriever DMD dog model), which is a highly useful animal model for DMD disease 27 . The GRMD model is characterized by a large phenotypic variability. In order to take advantage of this variability, the studied cohort was composed of phenotypically distinct 2-month old GRMD dogs: severely affected GRMD dogs (n = 10), characterized by a loss of ambulation before the age of 6 months, and moderately affected GRMD dogs (n = 9), still ambulant at 6 months of age. Healthy littermates (n = 9) were used as controls (Fig. 1a). In addition, we screened two distinct skeletal muscles of the thigh: the Biceps femoris (BF) and the Sartorius cranialis (SC). Initial molecular characterization of the samples was performed through analysis of the expression of a set of muscular dystrophy indicators: myosin heavy chain-8 (MYH8) for muscle regeneration, Col6A3 (a collagen isoform) for muscle fibrosis, and CD11b for muscle inflammation 26 (Fig. 1b). Notably, the dysregulation of mRNA transcripts in these four sample sets correlated with the global severity of the dogs but not with the level of impairment of the two studied muscles.

We profiled in the GRMD muscles the expression of 34 miRNAs, of which three are the myomiRs. The others 31 miRNAs were previously identified as dysregulated in the serum of the mdx mouse 14 of GRMD dogs 20 or DMD patients (Supplemental Table 1), and were considered by us as candidates for the regulation of muscle metabolic and mitochondrial functions. Twenty-six out of the 34 miRNAs were dysregulated (FC > 1.5; p < 0.05) in at least one of the cohort groups (Table 1).

A heat map analysis of miRNA expression clustered muscle biopsies by their GRMD phenotype (severe BF with severe SC and moderate BF with moderate SC), while samples of the same muscle from the severe and moderate phenotype were separated (Fig. 1c). Interestingly, in the cluster of the most highly dysregulated miRNAs, we found the Dlk1-Dio3 rmiRNAs, miR-379, miR-410, miR-431, miR-433 (Table 1 and Fig. 1c), that were previously shown to be elevated in the serum of the GRMD 20 . In contrast, the myomiRs miR-133a, miR-133b and miR-206 clustered together at a reduced dysregulation level (Fig. 1c). A PCA analysis, based on the expression data of all tested miRNAs, separated the healthy control from the GRMD dogs, and to a lesser extent the severe from the moderate GRMD phenotypes (Fig. 1d). In contrast, the Sartorius and Biceps muscle profiles remained mostly indistinguishable (Fig. 1e). Taken together, these results demonstrated that (1) many dysregulated miRNAs in the plasma in condition of dystrophin mutations are also dysregulated in muscles; (2) globally, the miRNA upregulation is stronger in moderate versus severe GRMD muscle and (3) the Dlk1-Dio3 miRNAs (miRs -379, -410, -431, -433) are among the most highly dysregulated miRNAs in the dystrophic GRMD muscle.

MiR-379 represses the expression of EIF4G2 and DAPIT in human myoblasts.

To our knowledge, the Dlk1-Dio3 miRNAs dysregulation is yet to be investigated in the context of muscular dystrophy. We therefore sought to select one Dlk1-Dio3 miRNAs for a detailed investigation. We decided to focus on miR-379, which was reported to be GC responsive in the liver 28 . This point is of interest considering the influence of GC treatment on the DMD phenotype. In addition, miR-379 is reported to be a muscle-specific stem-cell miRNA 29 , thus potentially being involved in muscle regeneration, which is an important aspect of muscular dystrophies. A graphical representation of miR-379 expression in the GRMD BF and SC muscles is shown in Fig. 2a, demonstrating high dysregulation (except in the SC muscle, severe group, FC = 2.1, p = 0.052). In addition, the upregulation of miR-379 was found in the tibialis cranial muscle of 3-month old GRMD (non-significance due to the small number of biopsies), while, in cardiac left ventricles, miR-379 was not dysregulated (supplemental Fig. 1). We used Diana-TarBase 30 and TargetScanHuman 31 for a bioinformatics prediction of miR-379 targets. Among the highest bioinformatics scores, we noticed EIF4G2, which has a binding site for miR-379-5p in its 3' UTR (Fig. 2b). EIF4G2 (also designated DAP5 or NAT1), is a translation factor proposed to promote cap-independent IRES-driven protein translation under cellular stress conditions 32 . In addition, EIF4G2 has been shown to be required for early mouse embryo development 33 , and in a recent study, also shown to promote a mitochondrial shift of glycolytic to oxidative phosphorylation metabolism and subsequently the differentiation capacity of human ES cells 34 . Interestingly, we noted also that miR-139-5p, which is another GRMD dysregulated miRNA (Table 1) was predicted to target EIF4G2 (Supplemental Fig. 2).

To investigate whether this protein is a miR-379 target, human immortalized myoblast AB1190 cells 35 were transfected with miR-379 and miR-139. A western blot analysis confirmed the prediction by demonstrating the downregulation of EIF4G2 in the transfected myoblasts, not only by miR-379 but also, to a very similar level, by miR-139 (Fig. 2c,d). We then used immunoprecipitation of the Argonaut protein (IP-Ago) method (described schematically in Fig. 2e) in order to validate the direct targeting of EIF4G2 by miR-379. After transfection of AB1190 myoblasts by miR-379, an anti-Argonaut antibody was used for the isolation of the RISC complex. The immunoprecipitated samples were analyzed by an RT-qPCR analysis using the PDK1 gene as a positive control, because it is an experimentally confirmed bona fide miR-379 target 36 , and the UQCR10 gene as a negative control, since it has no miR-379 recognition site. Enrichment for PDK1 and EIF4G2, but not for UQCR10, confirmed the targeting in myoblasts of EIF4G2 by miR-379-5p (Fig. 2f). After survey of the literature, we noticed that DAPIT, a mitochondrial protein (encoded by the USMG5 gene), was identified amongst potential translational targets of EIF4G2 in human ES cells (Supplemental material 34 ). Importantly, DAPIT was shown to be expressed nearly 5 fold higher in DMD patients with late, as opposed to early loss of ambulation 24 . We hypothesized thus that miR-379, EIF4G2, and DAPIT may constitute a GC-responsive dysregulated pathway in DMD. We investigated whether the expression of DAPIT could be affected by miR-379. AB1190 human myoblasts were transfected by miR-379, and the mRNA and protein levels EIF4G2 and DAPIT quantified. Despite a slight upregulation of DAPIT mRNA expression in miR-379 transfected myoblasts (Fig. 2g, FC = 1.20), the protein level of DAPIT was significantly downregulated (Fig. 2h, FC = -1.69), supporting thus the hypothesis that within myoblasts DAPIT might be a translational target of EIF4G2. A miR-379-5p binding site could not be identify in the DAPIT UTRs and our bioinformatics analysis did not predict the possibility of a direct targeting of DAPIT transcript by miR-379. Yet, it could be hypothesized that DAPIT expression is somehow affected directly by miR-379-5p, rather than indirectly via translational control of EIF4G2. Yet, to validate the hypothesis that in myogenic cells DAPIT is a translational target of EIF4G2, rather than a direct target of miR-379, we transfected AB1190 cells by shRNA against EIF4G2. The mRNA level of DAPIT was slightly downregulated (Fig. 2i, FC = -1.22), and more clearly downregulated was its protein level (Fig. 2j, FC = -1.34).

Myogenic expression of miR-379 EIF4G2 and DAPIT.

The skeletal muscle is a complex tissue, composed of a wide array of cell types. The origin of miRNA dysregulation in the dystrophic muscle could be of a myogenic or of a non-myogenic linage. To investigate miR-379 expression pattern in the myogenic lineage, muscle satellite cells were sorted from the hind limb muscles of the mdx and wt control mice. Satellite cells were cultured for 4 days in proliferative media (D4 proliferation) and then for additional 5 days in differentiation condition (D5 differentiation). Mir-379 expression was quantified by quantitative PCR (Fig. 3a,b). In agreement with a recent publication 37 , we detected a high-level of miR-379 expression in freshly isolated satellite cells from the control wt mouse, which was sharply downregulated upon myoblast proliferation (Fig. 3b). Unexpectedly, in the freshly isolated satellite cells, miR-379 expression was lower in mdx compared to that in the wt mouse. We then hypothesized that differential expression pattern of miR-379 between mdx and control may evolve through differentiation. The overall morphology of the day 2 and 4 differentiated myotubes was similar between mdx and control mice-derived cultures (Supplemental Fig. 3). However, upon in vitro differentiation, we detected a significantly higher level of miR-379 in mdx than in the wt control (Fig. 3a,b). Taken together, these results demonstrate that miR-379 is expressed in the myogenic lineage, at a high level in satellite cells (lower in mdx than in the control), downregulated upon satellite cells activation and proliferation, and increasingly expressed upon myogenic differentiation, to a higher level in mdx than in the control mouse. EIF4G2 was reported to promote differentiation of ES cells 34 and during embryonic development 33 . Accordingly, we hypothesized that EIF4G2 and DAPIT may promote myogenic differentiation. To explore this aspect, we investigated the expression patterns of EIF4G2 and DAPIT in human AB1190 myoblasts during proliferation and differentiation. RNA levels of both genes were unchanged during these two stages (Fig. 3c). By contrast, the protein levels of both genes rose sharply on proliferation phase and over 3-differentiation days (Fig. 3d,e). EIF4G2 and DAPIT protein expressions were highly correlated over this period (Fig. 3f), indicating a possible translation control of DAPIT by EIF4G2. We used muscle biopsy of the adult mouse for the detection of EIF4G2 and DAPIT expression in situ, and identified in transversal sections a mosaic expression pattern for both proteins. Importantly, enriched expression of the two proteins was detected in the same myofibers (Fig. 3g), which is in agreement with translation control of DAPIT by EIF4G2.

EIF4G2 and DAPIT are required for myogenic differentiation. To explore further the participation of EIF4G2 and DAPIT in myogenic differentiation we investigated the effect of their inhibition. AB1190 myoblasts were transfected by shRNA to knockdown the expression of EIF4G2, or DAPIT, and then shifted to differentiation medium. It is of significance that the knockdown of either gene resulted in an inhibition of myotube formation in the cultured myoblasts (Fig. 4a,b). To understand the molecular basis of this inhibition, we quantified the expression of myogenic factors. We detected only moderately reduced MyoD expression in the proliferating AB1190 myoblasts when EIF4G2 was knocked down (Fig. 4c). In contrast, knocking down DAPIT expression resulted in a strong induction of MyoD1, Pax3 and Myf5 (Fig. 4d). A higher modification of gene expression was detected under differentiation conditions. The expression of the myogenic differentiation-associated factors myogenin, miR-1 and miR-133 was down regulated sharply upon knocking down of EIF4G2 (Fig. 4e) and DAPIT (Fig. 4f) while MyoD expression was unchanged by knocking down EIF4G2, and upregulated by knocking down DAPIT expression. This last observation would indicate a stronger requirement of EIF4G2 rather than that of DAPIT on myotube formation. Thus, knocking down the expression of either EIF4G2 or DAPIT during myoblast differentiation repressed myotube formation, as demonstrated by the phenotype and the downregulation of differentiation-associated gene expression. These results demonstrate that the expression of DAPIT is increased in correlation to the level of EIF4G2, both proteins are co-expressed in the same myofibers in the adult muscle and are required for myogenic differentiation.

DAPIT expression and biological activity in the skeletal muscle.

DAPIT is reported to be a mitochondrial complex 5 ATP synthase associated peptide [38][39][40] . In C2C12 myoblasts, DAPIT is localized on the mitochondria, and a higher DAPIT expression can be observed in mouse oxidative myofibers, as opposed to that found in glycolytic myofibers 41 . In agreement, we confirmed a mosaic expression pattern in the mouse gastrocnemius muscle, with enriched DAPIT expression in oxidative fibers where it co-localized with the mitochondrial ATP synthase ATP5a subunit, and the oxidative enzyme Nicotinamide adenine dinucleotide (NADH) (Fig. 5a). The co-localization of DAPIT with ATP5a was confirmed in single fibers that were isolated from the gastrocnemius muscle (Fig. 5b).

Previous investigation demonstrated that in vitro knockdown of DAPIT expression in Hela cells resulted in reduced ATP production 42 . In addition, mutations in DAPIT were identified in Leigh syndrome, a severe neurological disorder characterized by a mitochondrial dysfunction 25,43 . We thus hypothesized a mitochondrial malfunction in muscle cells with reduced DAPIT expression. In transformed cell lines, mitochondrial physiology often changes into a glycolytic metabolism 44,45 . Thus, transformed cell lines might be unsuitable for mitochondria physiological investigations. In contrast, normal mitochondrial physiology is essential for the maintenance of pluripotency and the differentiation potential of pluripotent stem cells 45,46 , which makes iPS cells a better choice for mitochondrial functional analyses. We therefore selected an iPS-based experimental system for the investigation of mitochondrial functions. The iPS M180 cells were derived from human muscle biopsies and have the potential of mesodermal engagement and myogenic differentiation 47 . M180 iPS cells were transfected by shRNA against EIF4G2 (Fig. 5c,d). Following downregulation of EIF4G2, a significant downregulation of DAPIT was detected only at the protein level (DAPIT FC = -1.87, Fig. 5d) but not at the RNA level. This result confirms that, similarly to the AB1190 myoblasts, EIF4G2 controls the translation of DAPIT in M180 cells as well.

We then tested the activity of the mitochondrial complexes 1 and 5, and found that knocking-down of either EIF4G2 or DAPIT in skeletal muscle precursor cells derived from the M180 iPS cells (skMPC), resulted in a decreased ratio of complex 5 to complex 1 (C5/C1) activity (Fig. 5e). This decreased ratio C5/C1 was caused by conjoint reduced complex-5 and increased complex 1 activities (Fig. 5f,g respectively). Increased complex 1 activity could be explained by the increased density of mitochondria in the treated cells, possibly due to compensatory mitochondria biosynthesis. In fact, we identified the upregulation of the mitochondrial transcription regulators TFAM and PGC1α (Fig. 5h,i respectively) in the shDAPIT-treated skMPCs. Such increased of TFAM and PGC1α levels was not detected in the shEIF4G2 treated skMPCs. This divergence between the mitochondrial outcomes of knocking down EIF4G2 versus DAPIT may result from the effect of EIF4G2 on the translation of other mitochondrial Oxphos-related proteins in addition to DAPIT 35 . Taken together, it is possible that knocking down DAPIT expression in the skMPCs resulted in reduced complex 5 activity and compensatory mitochondrial biosynthesis.

Next, we investigated the effect of reduced DAPIT expression in skeletal myotubes on ATP production. DAPIT expression was knocked down in AB1190 myotubes. ATP to ADP ratio (ATP/ADP) was significantly reduced in sh-DAPIT as compared to sh-Scramble (p < 0.043, Fig. 5j), indicating that DAPIT knockdown lowered the myotubes ATP production. This data support the hypothesis that reduced DAPIT expression in skeletal myoblasts results in reduced ATP synthesis.

The pathway of miR-379, EIF4G2 and DAPIT is glucocorticoid responsive. Because miR-379 was previously demonstrated to be glucocorticoid-responsive 28 , and considering the effect of GC on the phenotype of DMD, we investigated whether GC can have an effect on the muscle expression of miR-379, EIF4G2 and DAPIT. For this purpose, we treated mice with a subcutaneous injection of dexamethasone (2 mg /kg, n = 11) for 5 days. The upregulation of Foxo1 indicated the expected GC response. The expression of miR-379 was significantly reduced, while the mRNA levels EIF4G2 and DAPIT were significantly increased (Fig. 6a). In agreement, the protein levels of Foxo1, EIF4G2 and DAPIT were significantly upregulated (Fig. 6b,c). Lastly, we evaluated the GC response of miR-139 and miR-379 in DMD patients. In the absence of adequate muscle biopsies, we turned our attention to the circulating miRNAs. Blood plasma samples of 54 DMD and 27 healthy control patients were divided into three age groups. Of the DMD patients, half were treated by glucocorticoid. Both miR-139 and miR-379 were found upregulated in DMD plasma and partially normalized by GC treatment (FC = 0.625, p < 0.047 and FC = 0.710, p < 0.041, respectively for miR-139 and miR-379) (Fig. 6d). Thus, in the mouse, GC treatment correlated with the reduced expression of miR-379 and with the increased levels of EIF4G2 and DAPIT in the muscle. In DMD patients, GC treatment correlated with normalized expression of miR-139 and 379 in the blood plasma.

Discussion

Following the identification of a large number of dysregulated miRNAs in plasma samples from DMD patients and GRMD dogs, we have now demonstrated the dysregulation of many of these miRNAs, including Dlk1-Dio3 miRNAs, within the skeletal muscle, using the GRMD dog as a model of DMD. Furthermore, we have shown that the Dlk1-Dio3 miRNAs are not only dysregulated, but are in fact among the most highly dysregulated miRNAs in the GRMD dystrophic muscle, to a higher level than the myomiRs. This observation suggests an as yet unrecognized significant participation of these miRNAs in the dystrophic process. Of these Dlk1-Dio3 miRNAs, we selected miR-379 for further investigation. We showed subsequently that this miR is expressed within the myogenic lineage. Further investigation demonstrated an axis where miR-379 controls the expression of the EIF4G2 translation factor, which itself controls the translation of the mitochondrial protein DAPIT. We then demonstrated that this signaling pathway is not only dysregulated in DMD but also reversed toward normalization by a GC treatment. Importantly, we found that miR-379 and miR-139 are GC responsive following the determination of expression level in plasma samples of DMD patients. Thus, the data suggesting that miR-379 may participate in the GC response in the dystrophic muscle, linking therefore a glucocorticoid effect to DAPIT-related mitochondrial dysfunction and highlighting a new aspect of the DMD pathophysiology.

The involvement of Dlk1-Dio3 miRNAs in muscle pathophysiology. The Dlk1-Dio3 miRNAs are processed from long noncoding RNA (lncRNA) genes expressed from the maternal chromosome of the highly conserved Dlk1-Dio3 imprinted genomic locus. A critical involvement of these lncRNAs in mammalian striated muscle development was demonstrated in mice, where the deletion of the Gtl2 lncRNA resulted in skeletal muscle developmental defect and perinatal death 48 . Another study demonstrated that the Dlk1-Dio3 lncRNAs and the processed miRNAs are upregulated in the myogenic lineage by the MEF2A transcription factor and that this pathway is involved in muscle differentiation and regeneration 49 . In a third example, Gao et al. 50 created a mouse model with deletion of the miR-379-544 cluster that presented skeletal muscle hypertrophy. Two recent investigations, focused on muscle precursor cells, identified a large number of Dlk1-Dio3 miRNAs which are highly expressed in quiescent muscle satellite cells 37 , and participate in the control of their metabolic maturation and mitochondrial functions 51 . Taken together, these studies provide compelling evidence for the critical involvement of the Dlk1-Dio3 clustered miRNAs in muscle function. Relatively few studies have focused on the muscle functions of individual miRNAs of this locus. Of these, miR-431 has been proposed as promoting the regeneration of old and of dystrophic muscles, due to the inhibition respectively of SMAD4 52 , and Pax7 53 . miR-410 has been proposed as a participant in diverse cardiomyopathies 54 . As for miR-379, apart from the observations of its dysregulation in the serum and muscles in muscular dystrophies 13,20 , no previous publications have identified a role for this microRNA in muscle pathology.

Dysregulation of the miR-379 EIF4G2 DAPIT mitochondria pathway in DMD disease. The mitochondrial Oxphos respiration, which is required for myoblast differentiation 55 , is dysfunctional in the muscles in DMD 8 , which suggested the possible involvement of EIF4G2 in muscular dystrophy. Of the potential mitochondrial targets of EIF4G2, we decided to study DAPIT, because it is associated to the ATP synthase complex and has been reported to be expressed higher in relatively moderate as compared severe DMD patients 24 . DAPIT is a mitochondrial ATP synthase non-catalytic subunit 38,39 , which is required for the dimerization of the ATP Synthase 40 . Thus, whereas DAPIT has no role in the production of ATP per se, the dimerization of mitochondrial ATP synthase is required for the shaping of the mitochondrial cristae 43,[56][57][58] and the subsequent optimal ATP production 25,59 . In agreement, it was shown that knocking down DAPIT in Hela cells resulted in approximately 40% reduced ATP production 42 . It is of particular interest that most recently a mutation in the DAPIT gene was found in Leigh syndrome, characterized by a severe neurodevelopmental regression and early childhood death, and at the cellular level by disorganized skeletal muscle mitochondria, reduced crista density and ATP production 25,43 . Important in the context of DMD disease, a 2011 paper identified higher DAPIT expression in muscle biopsies of DMD patients with a late, as compared to early, loss of walking capacity 24 . Taken all together, it is reasonable to hypothesize that reduced DAPIT expression may participate in mitochondrial dysfunction in the dystrophic muscle. Our data support the hypothesis that one cause of the mitochondrial defect in DMD is the upregulation of miR-379. Accordingly, in addition to mechanical destabilization and elevated cytosolic Ca 2+ , an increased expression of miR-379, results in reduced expression of EIF4G2, reduced expression of DAPIT, reduced ATP synthase dimerization and reduced ATP production. Thus, in agreement with a previous proposition 11 , our data supports a revised mitochondrial dysfunction model in DMD, in which a mitochondrial internal defect in DAPIT expression and ATP production may precede and synergize with an extra-mitochondrial damage cascade (Fig. 7). The effect of glucocorticoid treatment in DMD. The mechanism by which the GCs protect the dystrophic muscle in DMD patients is yet not completely understood. It has been suggested that immunosuppressive and anti-inflammatory activities may mediate the beneficial GC effects. Additionally, it was shown recently that GCs are involved in the regulation of metabolic pathways 60 and accelerated sarcolemma repair 61 . Here, we are proposing a link between GCs and the modulation of a critical mitochondrial function. Accordingly, the GC treatment would reduce the expression of both miR-379 and miR-139, and ultimately provide a positive effect on the mitochondrial function in DMD through the cascade identified here. A previous investigation has identified the upregulation of miR-379 in the liver of a mouse model for hyperglucocorticoidemia 28 . It is however well documented that the glucocorticoid transcription response can vary for a given target between up and down regulation in a cell type and physiological context dependent manner 62,63 . Of interest, a recent paper suggested that in tuberculosis patients, dexamethasone treatment provides protection not by immunosuppression (as previously proposed), but rather by reversing a signaling pathway that involves mitochondrial ATP depletion 64 , providing thus another example for GC reversion of mitochondrial dysfunction.

In summary, in the present study we identified a signaling pathway, which (1) links miR-379 to mitochondrial function, (2) is dysregulated in the dystrophic muscle, and (3) partially normalized by glucocorticoids. These findings supporting an updated model of mitochondrial dysfunction and glucocorticoid effect in DMD.

Materials and Methods

Animal care and use. All animals were handled according to French and European guidelines for human care and use of experimental animals. Procedures on GRMD dogs were approved by the ethical Committee Afssa/EnvA/UPEC n°CNRE-EA-16f under the number n° 12-095 / notice n° 20/12/12-19. Experiments on mice were approved by the ethical committee n°C2AE-51 of Evry and the regulatory affairs of the French Ministry of Research (MESRI) under the number APAFIS#3519. Dogs were bred and housed at the facility of the National Veterinary School of Alfort (France). Canine biopsies from the Biceps femoris and Sartorius cranialis were sampled at the age of 2 months on normal (n = 9), severely (n = 10) and moderately (n = 9) affected dogs. GRMD clinical stratification was based on the ambulatory status of the dogs at the age of 6 months: severe cases being characterized by a loss of ambulation before this age, and moderately affected dogs, still ambulant at the age of 6 months and usually keeping the ambulation ability 65 . 75 . Accordingly, in the absence of dystrophin, Ca 2+ entry via sarcolemma leakiness and/or activated ion channels is initiating a cytoplasmic pathological cascade (see main text for details) that culminate by the opening of the mitochondrial permeability transition pore (mPTP) and mitochondrial degeneration. In the modified model, presented on the image lower part, it is proposed that the absence of dystrophin induces gene-expression changes, activating miR-379 expression, reducing EIF4G2 and DAPIT expression, reducing ATP synthase activity and ATP production, (see main text for details), which might synergizes with the external Ca 2+ overload, to produce mitochondrial damage. C57Bl10 (WT) and Mdx (C57BL/10ScSn-Dmdmdx/J) mice were obtained from Charles River laboratories. Mice were housed in a SPF barrier facility with 12-h light, 12-h dark cycles, and were provided with food and water ad libitum.

In vivo mice experiments. Subcutaneous injections of 2 mg/kg/dose of dexamethasone (Sigma Aldrich, D2915) were performed over 5 consecutive days at 7-8 weeks of age in C57Bl/10 (n = 11) and mdx (n = 6). Mice were sacrificed the day after the last injection and skeletal muscles were frozen.

RNA Expression analysis in the dog study.

Total RNA was extracted from frozen muscles or cells using Trizol (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer protocol. Total RNA was quantified using a Nanodrop 8000 spectrophotometer (Labtech, Wilmington Delaware). To measure microRNA expression, 10 ng of total RNA were reverse-transcribed using Exiqon Universal cDNA Synthesis Kit II (Exiqon). Real-time PCR was performed using LightCycler 480 system (Roche, Bâle, Switzerland), with the Exiqon miRNAs assays and miRCURY LNA SYBR Green Master Mix (Exiqon) for the 34 miRNAs indicated in Table 1 and three normalizers. Results obtained with hsa-miR-93-5p, hsa-miR-16-5p and the U6 small nuclear RNA were used to normalize data across samples. Each experiment was performed in duplicate. To measure gene expression, 1 µg of total RNA was reverse-transcribed using a mixture of random oligonucleotides and oligo-dT and RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Real-time PCR was performed using LightCycler 480 system (Roche, Bâle, Switzerland) with the following Taqman Gene Expression assays (Thermo Fisher Scientific): Col6A3 (Cf02702942_m1), Cd11b (Cf02663762_m1), Myh8 (Cf02730386_m1), EIF4G2 (Hs00154952_m1), PDK1 (Hs01561847_m1), UQCR10 (Hs00912476_m1), USMG5/DAPIT (Hs00910071_g1), Myogenin (Hs01072232_m1) and MYOD1 (Hs00159528_m1) according to the manufacturer's protocol. Results obtained with the ubiquitous acidic ribosomal phosphoprotein gene (P0/ RPLP0) were used to normalize the data across samples. The primers and Taqman probe used for P0 amplification were: P0.F (5′-CTCCAAGCAGATGCAGCAGA-3′), P0.R (5′-ACCATGATGCGCAAGGCCAT-3′) and P0.P (5′-CCGTGGTGCTGATGGGCAAGAA-3′). Amplification of human Pax3 and Myf5 was performed using primers AGTTCCATCAGCCGCATC and TTCTTCTCGCTTTCCTCTGC for Pax3, AACCCTCAAGAGGTGTACCAC and AGGACTGTTACATTCGGGCAT for Myf5.

Satellite cell isolation from mouse muscles. Satellite cells were isolated from limb muscles as follows.

All hind limb muscles of 5-weeks old mice were collected and minced together in a Petri dish using scissors. The samples were put in a digestion medium [DMEM, Dispase II (3U/ml), Collagenase A (0.5 U/ml), 0.2% BSA, Pen-Strep; 10 ml for one mouse] for two hours at 37 °C with gentle shaking. Mononucleated cells were collected after passing through successive strainers (mesh diameters of 100, 70 and 40 µm) in ice-cold DMEM to eliminate fibers and debris. After washing in ice-cold PBS 0.1% BSA and centrifugation at 2000 rpm for 2 min at 4 °C, the samples were treated using 1 ml Red Blood Cell Lysis (Versalyse -A09777 Beckman Coulter) for 5-10 min at RT to eliminate the blood cells. After a final centrifugation at 2000 rpm for 2 min at 4 °C, the cells were resuspended in 1 ml ice-cold PBS 0.1% BSA before FACS sorting for CD45-(BD Biosciences 559864), Sca1-(BD Biosciences 553108), CD31-(BD Biosciences 551262), and Vcam1 + (BD Biosciences 553331) cells.

Cell culture and differentiation. Myogenic cell line (AB1190, paravertebral muscle, 16 years old healthy male) 35 , were grown in proliferation medium (Promocell, Ref. C-23060) supplemented with 15% of fetal calf serum and 1% GlutaMAX (Thermo Scientific, Ref. 35050061). Differentiation into myotubes was performed at 80% confluence using differentiation medium (Promocell, Ref. C-23061) supplemented with the according Supplemental Mix provided by the manufacturer. Differentiated myotubes were blindly counted (n = 3, average myotubes for 5 images per transfection) on phase microscopy images. The M180 human iPS cell line, from a healthy donor (14-year-old female) 47 M180 iPS cells were differentiated toward skeletal muscle lineage (skMPC) using commercial media designed from Caron's work 66 . (Skeletal Muscle Induction medium SKM01, Myoblast Cell Culture Medium SKM02, Myotube Cell Culture Medium SKM03, (AMSbio, Milton Park, Abingdon, OX14 4SE, UK)). This protocol is a 2D directed differentiation that uses 3 consecutive defined media (SKM01 from day 0 to 10, SKM02 from day 10 to 17 and SKM03 from day 17 to d25) and cell passages at day 7 and day 10. Cells were seeded at 3,500 cells/cm 2 at day 0, 13,000 cells/cm 2 at day 7 and 5000 cells/cm 2 at day 10 on BioCoat Collagen I cultureware (356485, Corning Incorporated). Skeletal Muscle Precursor Cells M180 were frozen at day 17 of differentiation until further use.

Transfection.

For miR-379-5p overexpression, immortalized myoblasts were plated (80 000 cells) in 6-well plates. The day after the cells were transfected by hsa-miR-379-5p mimics (miRCURY LNA, Exiqon, Ref. 470847-001) using Lipofectamine RNAiMAX (Thermo Scientific, Ref. 13778075) at 0.5, 1 or 5 nM final concentrations, for 48 hours until analysis. A scramble LNA was used as negative control (Negative Control 5, miRCURY LNA, Exiqon, Ref. 479904-001). For gene inhibition experiments, cells were transfected by MISSIONesiRNA for human EIF4G2 and USMG5 (DAPIT) (Sigma Aldrich, Ref. EHU032391-50UG and EHU103831-50UG, respectively) at 10, 15 or 30 nM, using Lipofectamine RNAiMAX (Thermofisher 13778150). The negative control was the universal-1 negative control (MISSION = , Sigma Aldrich, Ref. SIC001-5×1NMOL). For the transfection of in vitro differentiated myotubes (for the ATP/ADP quantification experiment), five-day in vitro differentiated AB1190 myotubes were transfected (Lipofectamine RNAiMAX Thermofisher 13778150) with either human Si-USMG5 (DAPIT) or Si-scramble, at a final concentration 30 nM, for 48 hours. DAPIT knockdown (60%) was confirmed by RT-qPCR.

Histological staining and labelling of muscle sections. Mouse muscles (psoas, tibialis anterior, quadriceps, gastrocnemius and diaphragm) were sampled and frozen in isopentane cooled in liquid nitrogen. Transverse cryosections (8-10 µm) were prepared from frozen muscles and were processed for hematoxylin-phloxine-saffron (HPS) histological staining.

Immunostaining of single myofibers. Gastrocnemius muscles from 10-week old C57Bl/10 mice were dissected from tendon to tendon. The muscle was washed twice in PBS and incubated in 1% w/v Collagenase A (Sigma, 11088793001)/DMEM for 90 minutes on an orbital shaker at 25 rpm, in 37 °C incubator. Single myofibers were released, washed in PBS, fixed immediately in 3.7% PFA for immuno-histofluorescence staining. Myofibers were permeabilised for 15 minutes in 0.3% Triton X-100 (Sigma Aldrich) and blocked in Blocking Buffer, of 5% Goat Serum (Gibco) + 10% Fetal Bovine Serum in 1X PBS, for 1 hour at room temperature. Fibers were then incubated with primary antibodies diluted in 1/10 Blocking Buffer (Usmg5, ProteIntech 17716-1-AP, 1:100; ATP5a, Abcam sc-58613, 1:100) overnight at 4 °C. Samples were washed with 1X PBS twice and incubated with Alexa-conjugated secondary antibodies diluted in 1/10 Blocking Buffer (Life Technologies, 1/1000) for 45 min at room temperature. After washing twice in 1X PBS, samples were mounted in DAPI Fluoromount-G (Southern Biotech, O100-20). Confocal microscopy images were acquired with Leica TCS-SP8, using a 63x oil objective.

Mitochondrial activity measurement.

The measure of activity of complexes I and V of the mitochondria respiratory chain was performed by spectrophotometry using a Cary 60 apparatus (Agilent Technologies), following a published protocol 67 . Each sample contained approximatively 2 million cells. For normalization, the level of protein was measured by BCA Pierce Assay (Thermo Scientific) at the end of the experiment. Complex activities were calculated according to the Beer-Lambert formula, then a ratio between the 2 activities was calculated.

ATP/ADP of in vitro differentiated myotubes. ATP/ADP ratio was assayed with the ATP/ADP assay kit of Sigma (MAK135) following manufacturer's instructions. AB1190 myoblast were grown in a low glucose (1 g/L) DMDM (Thermo-Fisher, 22320-022), 15% fetal calf serum. Confluent myoblasts were shifted to a low glucose/ low horse-serum (5%), DMEM differentiation medium, for 5 days until the appearance of myotubes. In vitro differentiated myotubes were transfected (as described in the transfections section). ATP/ADP ratio was assayed with the ATP/ADP assay kit of Sigma (MAK135) following manufacturer's instructions.

Protein analysis. Proteins were extracted from tissues or cells by cell lysis buffer (RIPA Buffer, Thermo Scientific), Protease Inhibitor Cocktails (Complete PIC, Roche) and benzonase 1:10 000 (Millipore) after homogenization using pellet pestles in the case of tissues. The samples were prepared following the NuPAGE Gel protocol (ThermoFisher). The proteins were separated using a NuPAGE pre-cast 4-12% Bis-Tris gel and then transferred to nitrocellulose membrane with iBlot2 Dry Blotting system (ThermoFisher) using the 8 min30/20 V program in the case of detection of proteins with a size higher than 10 kDA. In the case of proteins with lower size, the proteins were separated using a NuPAGE pre-cast 10-20% Tricine gel and then transferred to PVDF membrane with iBlot2 Dry Blotting system using the 7 minutes/10 V program. Detection of proteins was performed using standard Odyssey protocol by incubation with primary specific antibodies: EIF4G2 (BD Biosciences, 610742), PDK1 (Santa Cruz, sc-293160), USMG5/DAPIT (Abcam, ab108225), Actin (Sigma Aldrich, A2066) and α-actinin (Santa Cruz, sc-15335). All antibodies were diluted between 1:2000 and 1:1000 in PBS/Odyssey 1:1 buffer. Membranes were incubated with antibodies either 2 h RT or 4 °C overnight. Western blot were revealed using Odyssey secondary antibodies donkey anti mouse (DAM) 680, donkey anti goat (DAG) 680 and donkey anti rabbit (DAR) 800 diluted 1:1000, 1H30 hour at room temperature and then scanned with the Odyssey machine. Band density was quantified using the Image Studio Lite 4.0 software (LI-COR Biosciences, Lincoln, NE). The integrated density of assayed proteins were normalized by the Alpha-actinin or alpha actin values.

Ago 1/2/3 immunoprecipitation. The Ago 1/2/3 immunoprecipitation was performed using the miRNA Target IP (Active Motif, n°25500) following the manufacturer's protocol. After immunoprecipitation, RT-qPCR was performed with Taqman Gene Expression primers of target genes of interest (PDK1, EIF4G2 and UQCR10) with P0 as a normalizer. The IP-Ago/IP-Negative control ratio was calculated for each sample, and this ratio was compared between hsa-miR-379-5p-treated samples and scramble-treated samples. A ratio higher in hsa-miR-379-5p-treated samples for an mRNA was considered positive enrichment of the IP-Ago fraction. A ratio at least as high as the positive control one indicated that the mRNA was a target of miR-379-5p.

Measure of miRNA level in human plasma. The human study (DMD patients and controls) was conducted according the principles of the declaration of Helsinki "ethical principles for medical research", and was specifically approved by the ethical committee CPP Ile de France VI, on July 20, 2010, and the Comité d'Ethique (412) du CHR La Citadelle (Liège, Belgium) January 26, 2011. Samples were collected from individuals under a written informed consent of parents or legal guardians. DMD patients and healthy controls were admitted from 10 European medical centers, two of them from Belgium, one from Romania, and seven from France. The entire studied miRNA-sequencing cohort was composed of 54 DMD patients and 27 healthy controls (N = 81) divided into 9 groups of 9 subjects, composed of three age groups (4-8, 8-12, and 12-20 years old), of DMD patients treated by GCs, of untreated DMD patients, and of age matching healthy controls. In the younger age group (4-8 years old), the same donors contributed to the GC-treated and untreated samples, with untreated samples obtained before and treated samples after their first GC treatment, with less than 6-month interval. Peripheral blood samples were collected into 5 ml K3EDTA tubes (Greiner Bio-One). Plasma was separated from buffy coat and red blood cells after 10 minutes centrifugation at 1800 g and stored at -80 °C. Three hundred µl human plasma were used for RNA extractions, employing the mirVana PARIS kit (ThermoFisher). MiRNA sequencing was performed by Integragen (Evry, France). Library cloning was modified from 68 . Libraries were quantified by qPCR, to load precisely 7pM pool per line of HiSeq Flow-Cell. The HiSeq. 36b and index (barcode) sequencing was done as instructed (Illumina) with a SBS V3 kit leading on 150 million passing filter clones. All clean reads were compared to the Rfam database (http://rfam.xfam.org/), repeatmasker (http://www.repeatmasker. org/, UCSC download 01/04/2014), and the NCBI RefSeq. 69 , download 10/04/2014). Unique miR reads and their copy numbers were aligned with miRanalyzer online software 70 , using Ensembl human gene browser (genome assembly GRCh38) and (miRbase v20, June 2013 71 ). MiR count Raw data were processed for differential expression analysis with the Deseq. 2 R and ggplot2 packages 72 . The significance of miRNAs differential expression was ranked by T-test, with a false discovery rate (FDR) correction according 73 . P values and fold change values were used for the classification of differential expression.

Statistical analysis.

Expression results were processed using R version 3.6.0 (2019-04-26) and PCA analysis using the FactoMineR packages 74 . Data for each group are represented as the means plus standard error of the mean (SEM). P-values were calculated by the Student test. Statistical significance is represented by stars: (*) for P < 0.05, (**) for P < 0.01 (***), for P < 0.001 and (****) for P < 0.0001.

INTRODUCTION

Duchenne Muscular Dystrophy (DMD) is an X-linked severe progressive muscle disease caused by mutations in the Dmd gene that codes for the dystrophin protein 1 . The disease severely affects the motor ability and leads to the premature death of the patient, primarily due to respiratory and cardiac failures [2][3][4] . In striated muscle, dystrophin and its associated proteins link the intracellular cytoskeletal network and the extracellular matrix to stabilize the mechanical stress during muscle contraction. Therefore, the lack of dystrophin protein results in a structural defect in the sarcolemma and impairs contractile activity. It is also thought to subsequently lead to many pathological consequences, including calcium overload, oxidative stress, hyperactive proteases, mitochondrial damages, chronic inflammation, impaired regeneration capacity, muscle degeneration, and in advanced stage, the replacement of the contractile tissue by fibrotic and fat tissues 1 .

We recently identified a coordinated dysregulation in DMD of many miRNAs originated from Dlk1-Dio3 locus [5][6][7] . Dlk1-Dio3 locus is paternally imprinted and highly conserved in mammalian genomes 8,9 . This genomic locus hosts the largest miRNA mega-cluster in the human genome, in addition to three protein-coding genes (Dlk1, Rtl1, and Dio3) and many other non-coding RNAs 8,9 . Dlk1-Dio3 miRNAs (DD-miRNAs) play a critical role in fetal development and postnatal growth [10][11][12][13][14] . DD-miRNAs are also known to be essential in both embryonic and somatic stem cells [15][16][17][18] . However, the biological functions of these miRNAs in the context of Muscular Dystrophies remains unknown.

In the present study, we showed that the DD-miRNA dysregulation is generic in Muscular Dystrophies since it was also found in several mouse models of Limb-Girdle Muscular Dystrophies. We then used the mdx mouse model for investigating DD-miRNAs expression control and biological functions in dystrophic musclethe primary organ affected by the disease. We found that in dystrophic muscle, the upregulation of DD-miRNAs correlates with epigenetic changes at two regulatory regions of the Dlk1-Dio3 locus. Combined analysis of DD-miRNA target prediction and transcriptome of dystrophic muscles revealed that DD-miRNAs might target mitochondrial metabolism, notably oxidative phosphorylation system (OxPhos). Indeed, in vivo overexpression of 14 selected DD-miRNAs in healthy muscles drastically reduced mitochondrial metabolism, and importantly, reassembled partly dystrophic transcriptome. Furthermore, knocking down the entire DD-miRNAs in hiPSC-derived myotubes resulted in increased OxPhos components RNAs, proteins, and activity levels. This data suggested a possible cooperative regulation of mitochondrial functions by DD-miRNAs in DMD and other muscular dystrophies.

MATERIALS AND METHODS

Muscle biopsies. Human skeletal muscle tissues were obtained from Myobank, the tissue bank of the Association Francaise contre les Myopathies (AFM). Open skeletal muscle biopsies were performed after informed consent, according to the Declaration of Helsinki. Muscle biopsies included in this study were derived from paravertebral (two controls and two DMD), gluteus, and tensor fasciae latae (one each control and one DMD) muscles. Details of patients and the biopsies are presented in Table 1. AAV construction and production. The 14 pre-miRNA sequences were obtained from UCSC website (https://genome-euro.ucsc.edu), spaning 100 nucleotides before and after the mature miRNA sequences. The selected pre-miRNA sequences were then arranged consecutively, which respect the genomic sequences of the miRNAs. Two or three pre-miRNAs will be used per AAV construct. The constructed sequences were then synthesized (Genewiz) and subcloned into a donor plasmid (AAV-CMV-eGFP) by classical molecular biology technique. AAV9 viral vector production was performed as already described (Israeli et al., 2019). Titration was performed by qRT-PCR using primers corresponding to the sequences of AAV ITR or eGFP.

Animal care and use. Then, homogenates were immediately fixed in 1% formaldehyde for 10 minutes, quenched in 0.125M glycine, and washed twice in ice-cold PBS. Subsequently, the lysates were sonicated for 15 cycles of 30 seconds ON, 30 seconds OFF using Bioruptor Pico (Diagenode). Diluted lysates at this step were used as Input Control. The magnetic beads, which were already incubated with antibodies, were then incubated with the sheared chromatin for 2 hours at 4ºC on the orbital shaker. After that, the formaldehyde crosslinks of the bound chromatin and Input Control were reversed and un-crosslinked DNA could be purified. Purified DNA was subjected to qPCR using SYBR Green PCR assays (Thermo Fisher Scientific). Each PCR reaction was performed in duplicate. Level of Input Control DNA was used to normalize the data across samples. Besides, ChIP reactions using rabbit and mouse IgG were also used as negative controls. The antibodies and PCR primers used in ChIP-PCR were detailed in Supplemental Table 1. The location of ChIP-PCR primers was illustrated in Supplemental Figure S2D.

RNA expression analysis. Total RNA was extracted from frozen muscles or cells using Trizol (Thermo Fisher Scientific). DNA contamination from RNA samples was subsequently removed by TURBO DNA-free kit (Thermo Fisher Scientific). For the measurement of miRNA expression, 500 ng of total RNA were reverse-transcribed using TaqMan™ MicroRNA Reverse Transcription Kit (Thermo Fisher Scientific). Quantitative PCR was performed using LightCycler 480 system (Roche), with the Applied Biosystems TaqMan MicroRNA Assays (Thermo Fisher Scientific), according to the manufacturer's protocol. Each PCR reaction was performed in duplicate. Results obtained with miR-93-5p or U6 small nuclear RNA were used to normalize data across samples. For the measurement of gene expression, 1000 ng of total RNA was reverse-transcribed using a mixture of random oligonucleotides and oligo-dT and RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Quantitative PCR was performed using LightCycler 480 system (Roche) with the SYBR™ Green PCR assays (Thermo Fisher Scientific) or Taqman Gene Expression Assay (Thermo Fisher Scientific reductase, malonate-sensitive activity); and citrate synthase (CS) was determined as described 21 . On the other hand, complex V (ATP synthase, oligomycin-sensitive activity) activity was measured according to 22 . The measurement was performed in muscle homogenates for skeletal muscles and isolated mitochondria for hiPSC-derived myotubes. Muscle homogenates and myotube mitochondria were subjected to three freeze-thaw cycles to increase rotenone sensitivity. Subsequently, the OxPhos and CS activities were determined spectrophotometrically with Cary 60 UV-Vis spectrometer (Agilent)

or Spark Cyto (Tecan). CS activities were used to normalize across samples as an indicator of mitochondrial mass.

Data presentation and statistical analysis. The results were presented as mean ± standard error of the mean (SEM) of at least three replicates. The software PRISM 7.01 program (GraphPad) was used for statistics. Comparisons between two groups were done using student t-test assuming one-tailed distribution. Comparisons between two groups according to the levels of two categorical variables were done using two-way ANOVA. Significance was defined as *p<0.05, **p<0.01, ***p<0.001.

RESULTS

Dlk1-Dio3 miRNAs dysregulation is a hallmark in DMD and other Muscular Dystrophies

In previous studies, we identified dysregulation of a large number of miRNAs from the Dlk1-Dio3 microRNA cluster (DD-miRNAs) in the serum of well-known DMD models: the GRMD dog 6 and the mdx mouse, as well as in the plasma of DMD patients 5 . To identify the tissue-of-origin of the circulating miRNA upregulation, we quantified the level of mature DD-miRNAs in a collection of organs from 5week-old C57Bl6 mice. The highest expression was detected in the brain, followed by the skeletal muscles (Supplemental Figure 1A), supporting that circulating DD-miRNAs dysregulation can be contributed by these organs. We focused on the skeletal muscle because it is the primary organ affected by DMD. Indeed, a targeted miRNA profiling in the GRMD dog indicated that the miRNA cluster is upregulated in the muscles 7 . This observation can also be found across species. In particular, we quantified DD-miRNAs in muscle biopsies of DMD patients (Figure 1A, n=4) and mdx mice (Figure 1B, 5-week-old mice, diaphragm muscle, n=6) and confirmed their upregulation in the dystrophic muscles. Moreover, Dlk1-Dio3 locus was identified as a selectively active region for the miRNA secretion to the circulation, mainly via exosomes 24 . It supported the hypothesis that the dystrophic muscle might contribute to circulating DD-miRNAs upregulation seen in DMD patients and animal models.

To define whether these dysregulations are specific of the dystrophin deficiencies or are related to the dystrophic process, we quantified DD-miRNAs in the serum and muscle biopsies of a collection of mouse models for limb-girdle muscular dystrophies (n=4, samples from C57Bl6 mouse are served as To confirm the in vivo relevance of epigenetic control in DMD, we used transcriptomic analysis for a global unbiased view (5 weeks old male mdx, diaphragm muscle, n=4). The diaphragm muscle was selected due to a high level of DD-miRNAs dysregulation and histologically pathological relevance seen in DMD patients' muscles (Figure 1A-B) 29 . We identified 84 transcripts of epigenetic control enzymes, which may act on histones, including lysine methyltransferases, demethylases, acetyltransferases, and deacetylases. Twenty-two out of these 84 transcripts were significantly dysregulated in the mdx diaphragms, including members of all four classes mentioned above (Figure 2A). Similarly, we identified the significant dysregulation of five out of 21 DNA methylation enzymes (Figure 2A). A Western blot analysis was used in order to validate some of these changes at the protein level. We confirmed in the mdx diaphragm the dysregulation at the protein level of enzymes for both methylation and acetylation of histones. Interestingly, upregulation was of both active (H3K4me3, H3K36me3, H4K16ac, H3k9ac) and repressive (H3K9me3, H3K27me3) histones markers. We confirmed the upregulation of the DNA methylation enzymes in the mdx diaphragm of TET2 and the downregulation of Dnmt3a (Figure 2B). Taken together, the data supporting a drastic epigenetic adaptation response in the mdx diaphragm.

We then focused on the Dlk1-Dio3 locus. A ChIP-qPCR approach was used for the detection histone epigenetics modification of IG-DMR and Meg3-DMR control regions. We found a significantly reduced percentage of H3K27me3 histone repressive marker in both IG-DMR (p=0.001, two-way ANOVA test) and Meg3-DMR (p=0.009, two-way ANOVA test) of the mdx diaphragm as compared to control (Figure 2C). No significant differences were detected for the H3K4me3 and the H3K9ac histone markers. This data indicated that histone modifications of the IG-DMR and Meg3-DMR control regions in the diaphragm of the mdx mouse are compatible with increased DD-miRNAs expression.

Similarly, DNA methylation enzymes showed dysregulation at both transcriptomic (Figure 2D) and protein levels (Figure 2E). The reduction in DNA methylation level at IG-DMR (Figure 2F 

DD-miRNAs affect mitochondrial functions in the dystrophic muscle

Clustered miRNAs are thought to coordinately regulate genes that are functionally related 33 . In agreement, the clustered DD-miRNAs were shown to cooperatively control mitochondrial functions in hematopoietic stem cells 18 and myogenic cells during differentiation 16 . In the dystrophic muscle, we have recently shown that one specific DD-miRNA, namely miR-379-5p, is acting on the mitochondrial oxidative phosphorylation pathway 7 . Taken together, we hypothesized that, in the dystrophic muscle, DD-miRNAs might coordinately regulate mitochondrial functions.

Is it possible to estimate the global level mitochondrial adaptation that occurs in the dystrophic muscle?

Is it possible to estimate the relative role that DD-miRNAs might fulfill in a mitochondrial adaptive response? To provide such estimations, we used our transcriptomic data of the mdx diaphragm and the DD-miRNAs overexpressed muscles, combined with the Mitocarta database of mitochondrial genes 34 .

Of the 7406 dysregulated (adjusted p-value < 0.05) transcripts in the mdx diaphragm, 788 (10.64%) were found to be mitochondrial. Similarly, of the 2048 dysregulated transcripts in the TA-DD-miRNAs, 265 (12.94%) were found to be mitochondrial (Figure 6A), of which 250 (out of 265) were commonly dysregulated in the mdx diaphragm and therefore potentially regulated by DD-miRNAs in the mdx diaphragm. Thus, of the 788 mitochondrial transcripts dysregulated in the mdx diaphragm, about onethird could be impacted by DD-miRNAs. This is however an underestimation, because of all dysregulated DD-miRNAs 5,6 , only 14 were ectopically overexpressed in the TA muscle. 

DD-miRNAs modulate the mitochondrial oxidative phosphorylation

The gene expression data and the pathway analyses that were described above indicated that mitochondrial oxidative phosphorylation might be one of the most affected mitochondrial functions downstream to the dysregulation of DD-miRNAs (Figure 4D,F). We therefore attempted to characterize it further. GSEA profiles presented reduced RNA expression of OxPhos-related genes in mdx diaphragm and TA-DD-miRNAs (Figure 7A-B). Similar reduction of OxPhos RNA level was observed in the muscle biopsies from two large cohorts of young DMD patients compared to its agematched healthy controls (Figure 7C-D) (data was taken from GEO accession: GSE6011 35 and GEO accession: GSE38417). As expected, expression level of Meg3 transcripts are highly significantly upregulated within the DMD groups' muscles (GSE6011: n=13/23, p-value=0.0009; GSE38417: n=6/16, p-value<0.0001) (Figure S4). This data demonstrates a reduced OxPhos and its negative correlation with Dlk1-Dio3 maternal transcripts in muscle biopsies of human DMD patients too.

A western blot analysis demonstrated reduced expression of proteins belonging to all four mitochondrial respiratory chain complexes and ATP synthase (Figure 7E We hypothesized that in DMD, epigenetic control may mediate the dysregulation of DD-miRNAs. To test the likelihood of DD-miRNAs being subjected to epigenetic control in the myogenic system, we selected the C2C12 myoblasts system. Global epigenetic analysis was made with the non-specific miRNAs. To answer this question, we selected 14 DD-miRNA for their overexpression in the healthy muscle. We then compared transcriptomic, protein level, and mitochondrial activity of the mdx muscle to those of the DD-miRNA overexpressing C57Bl/6 muscle. We detected a surprisingly high overlap between omics of the normal muscle overexpressing DD-miRNAs, and of the dystrophic muscle naturally having elevated DD-miRNA levels. Of particular interest, the mitochondrial OxPhos, which is the highest bioinformatics-predicted target pathway for DD-miRNAs, was experimentally detected as the most downregulated pathway in both systems. It strongly supports that the DD-miRNAs are direct endogenous repressive mediators of OxPhos system in the dystrophic muscle. Furthermore, not only as expected, we found an overlap in the downregulated transcripts (which are the direct targets of DD-miRNAs), surprisingly, a high overlap was also found in the upregulated transcripts, supporting that non-direct effects of DD-miRNAs may similarly occurs in the two systems. Taken together, the data support that DD-miRNAs upregulation plays an important role in mediating omics changes and mitochondrial activity in the dystrophic muscle. A definitive evaluation of the importance of the biological functions of DD-miRNAs in DMD may come from the in vivo deletion of DD-miRNAs in a relevant dystrophic model. Efforts from many research groups for the creation of a mouse model with the deletion of the entire Dlk1-Dio3 locus were failed 9,49,50 . To our knowledge, as of today, there is no viable relevant Dlk1-Dio3 knockout mouse, to be crossed with the mdx model. Thus, a mouse model for the in vivo modeling of the DD-miRNA deletion on a dystrophic background could not be created.

We selected therefore an in vitro iPS-based strategy for the modeling of mitochondrial effect of DD-miRNAs removal in the muscle. The CRISPR-Cas9 deletion of the IG-DMR was shown to reduce the maternal expression from the Dlk1-Dio3 locus 37 . Using the same strategy, we validated a drastically reduced DD-miRNA expression in the in vitro differentiated skeletal myotubes derived from a human iPS cell line. The analysis of mitochondrial gene expression and activity in myotubes derived from two independent clones confirmed that even a basal level of DD-miRNA might control mitochondrial OxPhos in the muscular system. While waiting for definitive approval in the dystrophic system, the present data supports the previous investigation 16 that linked DD-miRNAs with the control of mitochondrial activity in the muscle.

DD-miRNAs are highly expressed in the quiescence satellite cell and down-regulated upon its activation 26 or in dystrophic satellite cells (Figure 1E). Of note, it has recently been suggested that activation of the satellite cells in the exercised muscle is OxPhos-dependent 51 . It is tempting to speculate that at non-exercising condition, DD-miRNAs are involved in the maintenance of quiescence of the muscle satellite cell by inhibiting mitochondrial OxPhos.

Updated model for mitochondrial dysfunction in DMD. Wrogemann and Pena 52 suggested many years ago that the entry of Ca 2+ , which is provoked in muscular dystrophy by sarcolemma instability, is followed by a pathological cascade that leads to myogenic degeneration. This model of mitochondrial dysfunction in muscular dystrophy is still widely accepted today. We have recently demonstrated that increased miR-379 expression in the dystrophic muscle interferes with the OxPhos system and ATP production. Based on this discovery, we proposed a modified model for mitochondrial dysfunction in DMD. Our updated model for mitochondrial participation in the dystrophic cascade supports that in muscular dystrophy, not only miR-379, but also many other DD-miRNAs are coordinately upregulated and cooperatively affect mitochondrial functions in the dystrophic muscle.

In summary, the present investigation exposes a fundamental mechanism of mitochondrial adaptation in the dystrophic muscle and therefore opens a new perspective for therapeutic intervention. 

Identification of many novel plasmatic miRNA biomarkers

Following the identification of circulating miRNA biomarkers in DMD animal models However, the downregulation of many miRNAs suggested that miRNA dysregulation can also be caused by transcriptional adaptation of the dystrophic tissues.

Besides, the wide range of patient and healthy control age groups allowed us to observe the age-dependent evolution of miRNA dysregulation in DMD. Indeed, miRNA dysregulation was detected in DMD principally in patients younger than 12 years old. After the age of 12, the dysregulation level reduced significantly, as was similarly observed in other DMD serum biomarkers, such as myomiRs or creatine kinase. This pattern may reflect both the reduced muscle mass and physical activity of the older DMD patients, as well pathophysiological evolution, independently of muscle mass and activity.

Cholesterol metabolism is a novel pathological candidate and a promising therapeutic target in treating DMD

We assumed that the dysregulation of circulating miRNA can uncover novel aspects of DMD pathophysiology. However, the conventional methodologies for the interpretation of miRNA dysregulation, based on miRNA target prediction, resulted in expected pathways that are already known to contribute to DMD. In Chapter 3, we developed a novel miRNA interpretation method based on the miRNAs host genes. The rationale is that miRNAs residing in the exon or intron of genes (host genes) are often co-transcribed; therefore, miRNA dysregulation may indicate its host gene dysregulation. Interestingly, host gene analysis of dysregulated miRNAs found in DMD patients predicted the involvement of lipid metabolism, particularly the SREBP1/2 pathways in DMD, which to our knowledge was not reported before.

Members of the SREBP family are master regulators of lipid metabolism, where SREBP1 controls fatty acid biogenesis and SREBP2 is responsible for cholesterol metabolism 308 . Since the participation of SREBP pathways was identified via the miRNA profile in DMD patient's serum, we attempted to characterize these pathways in the dystrophic muscles.

Interestingly, in young mdx mice, the expression level of these two transcription factors and their downstream targets were confirmed to be globally upregulated in different muscles despite that mdx phenotype at the young age is relatively mild. It indicated that dysregulation of SREBP signaling pathways, notably cholesterol metabolism, in mdx mice is early and global. Additionally, free cholesterol was found accumulated in the dystrophic myofibers of both mdx mice and human biopsies, which is in agreement with previous findings 309-312 . However, unlike mere observation from previous studies, we presented here its underlying molecular mechanismdysregulation of SREBP signaling. Our ongoing investigations are to extrapolate further the pathological cascade regarding the upstream regulators and downstream effects of the cholesterol perturbation in various DMD models.

The above finding indicated that the inhibition of cholesterol synthesis might be beneficial. Cholesterol synthesis can be inhibited by statins, which target the rate-limiting enzyme HMG-CoA reductase. Coincidently, the use of simvastatinan FDA-approval statin was tested and showed beneficial impacts on mdx mice via a proposed mechanism that included improved autophagy, reduced oxidative stress, fibrosis, and inflammation 313 . Our study suggests that simvastatin ameliorates the dystrophic phenotype by its canonical mechanism, lowering cholesterol levels. Upon simvastatin treatment, SREBP pathway components were normalized, which correlates with a reduction in the cholesterol level.

Although total cholesterol level matters, our preliminary data support that intra-myofiber cholesterol distribution is perhaps even more important. Besides, given the unsatisfied results obtained in some recent gene therapy clinical trials, we suspect that the stand-alone reintroduction of dystrophin protein may not reverse some of the DMD secondary pathologies. Therefore, we currently examine the combination of strategies targeting cholesterol metabolism and dystrophin gene therapy to address genetic and pathological defects simultaneously. The combined approach may integrate and synergize therapeutic benefits.

Regulation of mitochondrial metabolism by DD-miRNAs in DMD

In previous studies, we noted that many dysregulated circulating miRNAs in DMD patients and two DMD animal models are originated from the Dlk1-Dio3 locus 300,307 . We later found a similar dysregulation of these miRNAs (DD-miRNAs) in the serum of many mouse models of LGMD, suggesting that Dlk1-Dio3 miRNAs may impact muscular dystrophies in general. Indeed, we observed an upregulation of DD-miRNAs in muscle biopsies of all those conditions. One important question followed is whether and how DD-miRNAs contribute to the dystrophic process.

In Chapter 4, my colleagues and I focused on miR-379, one of DD-miRNAs. This miRNA was selected because of its high expression and dysregulation in DMD patients' serum and GRMD dogs' muscle. Interestingly, this miRNA is among a few miRNAs being normalized by glucocorticoid treatment in DMD patients 307 . Using in vitro models, we identified a novel cascade: miR-379 represses the expression of EIF4G2, an translation initiation factor exclusively responsible for the translation of serval proteins, including DAPIT. Lack of either EIF4G2 or DAPIT led to failed myogenic differentiation, indicating their crucial functions in myogenesis. Importantly, DAPIT is a component of mitochondrial Oxphos complex V.

Therefore, the inhibition of DAPIT expression by miR-379 might reduce oxidative phosphorylation capacity. Of interest, metabolic implications of the maternal components of Dlk1-Dio3 locus were also mentioned previously in mitochondrial metabolism 277,314 and gluconeogenesis 315,316 . It supported a possible connection of DD-miRNAs, miR-379 included, to mitochondrial metabolism.

Therefore, in continuation to the single-miRNA study, I took a more systematic approach to investigate multiple DD-miRNAs' functions. This study is described in Chapter 5.

First, 14 DD-miRNAs were selected for the in vivo investigation, based on their expression and dysregulation levels in different dystrophic models and patients. Then, these miRNAs were cloned into AAV vectors for their in vivo overexpression to evaluate their cumulative biological functions. DD-miRNAs overexpression led to a severe reduction of mitochondrial metabolism, especially of the OxPhos system, to a comparable level to the dystrophic muscle. 

Final remarks

Although the initial aim of profiling circulating miRNA in DMD patients and other animal models was to provide biomarkers for DMD diagnosis and monitoring, the results provided several important findings concerning fundamental aspects of DMD pathophysiology and treatment. One study reported SREBP signaling as a novel pathological and therapeutic DMD, mais beaucoup de progrès ont été observés au cours des dernières décennies dans les différentes approches thérapeutiques. Les divers essais de traitement de la DMD peuvent être divisés en deux stratégies principales : l'une vise à cibler la cause principale, c'est-à-dire la mutation dans le gène DMD, et l'autre vise à compenser les défauts pathologiques secondaires.

Objectifs

Notre groupe s'intéresse depuis longtemps à l'étude des microARN (miARN), de petits ARN non codant, dans la DMD, ayant réalisé plusieurs projets de profilage des miARN dans le sérum de modèles murins pour les dystrophies musculaires 301 , le modèle de chien GRMD pour DMD 300 , et chez les patients atteints de DMD 307 . Bien que les miARN aient été largement exploré pour la DMD en tant que biomarqueurs de diagnostic, pronostic et surveillance de la maladie, seules quelques études étudient la contribution des miARN à la physiopathologie de la DMD. Au cours de cette thèse, j'ai cherché à tirer parti de nos résultats des profils de biomarqueurs afin de répondre à plusieurs questions: (1) Comment la dérégulation des miARNs circulants se produitelle? (2) Comment la dérégulation des miARNs circulants affecte-t-elle le muscle dystrophique? (3) Que pouvons-nous apprendre de cette dérégulation sur la pathophysiologie de la dystrophie musculaire ? (4) Est-il possible d'appliquer ces connaissances pour le développement d'approches thérapeutiques?

Résultats et discussion

Les différents études que j'ai menées se sont articulées autour de trois découvertes-clés correspondant elles-mêmes à trois questions principales: a. 

Conclusion

Bien que l'objectif initial de l'étude des miARNs circulants chez les patients Duchenne Muscular Dystrophy (DMD) is a lethal muscle disease with no curative treatment. It is caused by mutations in the DMD gene, that encodes a protein participating in the linkage between the cytoskeleton and the extracellular matrix in skeletal and cardiac muscles. In this thesis, I am presenting 3 studies that led to the discovery of new pathophysiological aspects in DMD related to metabolism. The first study was entitled "Cholesterol metabolism is a potential therapeutic target in DMD". We sequenced plasma miRNA in a DMD cohort comprising 54 DMD patients compared to 27 healthy controls. We identified 96 dysregulated miRNAs with many of them not previously reported in DMD. We developed an bioinformatics approach based on both targets and host genes of miRNAs for the interpretation of miRNA dysregulation. This analysis predicted that dysregulation of lipid metabolism has a central role in DMD. Further investigation in the mdx mouse revealed dysregulation of transcription factors of fatty acid (SREBP1) and cholesterol metabolism (SREBP2), perturbation of the mevalonate pathway, and accumulation of cholesterol in skeletal muscles. Elevated cholesterol was also found in biopsies of DMD patients. Treatment of mdx mice with Simvastatin normalized these perturbations and partially restored dystrophic parameters. This investigation supports the hypothesis that cholesterol metabolism and the mevalonate pathway are potential therapeutic targets in DMD.

The second and third studies focussed on mitochondrial perturbations in DMD. We noticed the dysregulation in DMD patients of many miRNAs residing in the DLK1-DIO3 locus (DD-miRNAs). In the study entitled "miR-379 links glucocorticoid treatment with the mitochondrial response in DMD", we selected one specific DD-miRNAs, miR-379. Using an in vitro model system, we identified a novel glucocorticoid-responsive signaling cascade: miR-379 represses the expression of EIF4G2, a translation initiation factor that promotes the expression of DAPIT protein.

DAPIT is a component of Oxidative Phosphorylation (OxPhos) complex V. We demonstrated that in DMD, DAPIT inhibition by the identified signaling pathway results in reduced OxPhos capacity.

In the last study, entitled "The DLK1-DIO3 cluster miRNAs regulate mitochondrial functions in the dystrophic muscle in DMD", we undertook a more global approach. The combination of bioinformatics analysis and the in vivo simultaneous overexpression of 14 DD-miRNAs, in the healthy muscle suggested that DD-miRNAs may cooperatively modulate OxPhos capacity. Transcriptomic analysis revealed a high degree of similarity between the dystrophic muscle and a normal muscle that ectopically overexpressed the 14-DD-miRNAs, supporting that DD-miRNAs mediate mitochondrial adaptation in DMD. Knocking down the entire DD-miRNA cluster in iPS-derived myotubes resulted in increased mitochondrial activity and OxPhos. Together, the two last studies provide evidence for the modulation of mitochondrial activity in the dystrophic muscle by the upregulated DD-miRNAs and support an updated model for understanding mitochondrial dysfunction in DMD. The prevailing hypothesis for the dominant molecular mechanisms in DMD is of mechanical destabilization of the myofibers in the dystrophic muscle. Yet, accumulating evidence supports a critical role for metabolic and mitochondrial perturbations in DMD, in addition to mechanical destabilization. However, the nature of these metabolic perturbations has remained poorly understood. The studies reported here contribute to a better understanding of these metabolic aspects and, therefore, promote translational development and improved therapeutic care in DMD.
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Figure 1 :

 1 Figure 1: Organization of skeletal muscle from high-to the molecular level 1 .

Figure 2 :

 2 Figure 2: Sliding filament theory (Source: http://droualb.faculty.mjc.edu)

Figure 5 :

 5 Figure 5: Morphology of the mitochondrial network in skeletal muscle. Electron micrograph of a cross-section from a human skeletal muscle 26 . Higher magnification images of intermyofibrillar (IMF) in blue and subsarcolemmal (SS) mitochondria in red are also presented.

Figure 6 :

 6 Figure 6: TCA cycle generates reducing equivalents, NADH and FADH2, required for oxidative phosphorylation (OXPHOS). Electron transport chain (ETC) includes NADH dehydrogenase (I), succinate dehydrogenase (II), cytochrome c reductase (III), and cytochrome c oxidase (IV). Complex I reduces NADH to NAD+, pumps protons across the

  ambulatory stage, DMD children lose the ability to walk independently and become wheelchair-dependent by age 12. Muscles in the upper limb are affected, resulting in weakness in arms, although most DMD patients can still use their fingers. As the disorder progresses, life-threatening heart and respiratory conditions become more prevalent in the late non-ambulatory stage. Scoliosis and tight joints (contractures) may develop. Nowadays, more patients are in their thirties and forties due to improved supportive care.

Figure 8 :

 8 Figure 8: Histological comparison of control and DMD muscle. A. Control muscle shows regular architecture with no sign of centro-nucleation, fibrosis, or adipocytes. B. From left to right, histology of DMD muscles shows a progressive evolvement corresponding to the advancement of the disease from early to advanced stages. Image source: https://www.pathologyoutlines.com/.

Figure 9 :

 9 Figure 9: Many mouse models had been developed for the study of DMD pathophysiology and gene therapies (adapted from 68 ). A. Representative images of selected DMD mouse models at different ages. B. Comparison of life expectancy between affected human and mouse models versus healthy controls.

  out-of-frame Dmd mRNA can be restored to the proper open reading frame (ORF) by exon skipping. In this strategy, antisense oligonucleotides (AONs) are utilized to interfere with splicing signals or regulating elements in the exon, leading to the skipping of the targeted exon(s) at the precursor mRNA, thus giving rise to an internally truncated but functional protein 106-109 . An alternative by using AAV-based AONs can further overcome the difficulty of delivery and potential toxicity of conventional antisense sequences. The approach also demonstrated efficient rescue of dystrophin in mouse models 110-112 and a partial recovery in the canine GRMD model 113,114 . Following the success in preclinical studies, several compounds have been evaluated in the clinical trials 115 . Eteplirsen (marketed as Exondys 51 by Sarepta Therapeutics), Golodirsen (marketed as Vyondys 53 by Sarepta Therapeutics), and Viltolarsen (marketed as Viltepso by NS Pharma) are the three AONs-based treatments approved by the Food Drug Administration (FDA) (USA) to date. Eteplirsen was approved in September 2016 for the treatment of DMD patients amenable to exon 51 skipping, while the approvals of Golodirsen in December 2019 and Viltolarsen in August 2020 target the patients amenable to exon 53 skipping. Although promising, none of the approved AON-based treatments have demonstrated clear clinical benefits 116 . The European Medicine Agency, therefore, refused the marketing of Eteplirsen in late 2018 due to its lack of efficiency (www.ema.europa.eu/en/medicines/human/EPAR/exondys).

Figure 10 : 2 . 5 . 1 . 4 .

 102514 Figure 10: Different CRISPR-based approaches to modify the Dmd out-of-frame mutation (adapted from 120 )

Figure 11 :

 11 Figure 11: Biogenesis of miRNA and the formation of the RISC complex248 . In the nucleus, the pri-miRNA is transcribed and cleaved by the microprocessor complex Drosha-DGCR8 resulting in the pre-miRNA. The pre-miRNA is then exported to the cytoplasm where it is cleaved to its mature miRNA. Mature miRNA together with Argonaute protein subsequently from RISC complex, guides RISC to silence or repress the target genes via cleavage, repression, or deadenylation.

Figure 12 :

 12 Figure 12: Summary of miRNA regulation during myogenesis and muscle diseases 252 .

Chapter 5 :

 5 The DLK1-DIO3 cluster miRNAs regulate mitochondrial functions in the dystrophic muscle in DMD, our focus was on a more global effect of DD-miRNAs in the dystrophic muscles. By the knocking down and overexpression of DD-miRNAs, we showed that mitochondrial oxidative phosphorylation is inversely correlated with DD-miRNA expression levels. Moreover, DD-miRNA overexpression in healthy muscle recapitulates other dystrophic features, besides mitochondrial metabolisms, such as inflammation and fibrosis. Besides the hallmarks of DMD pathophysiology, such as chronic inflammation, impaired regeneration, fibrosis, etc., a recently emphasized secondary aspect of the dystrophic process is a progressive change in the metabolism of the dystrophic tissues.

  investigation of this hypothesis. Analysis of skeletal muscles of the mdx mouse uncovered dysregulation of transcription factors of fatty acid and cholesterol metabolism (SREBP-1 and SREBP-2), perturbation of the mevalonate pathway, and the accumulation of cholesterol in the dystrophic muscles. Elevated cholesterol level was also found in muscle biopsies of DMD patients. Treatment of mdx mice with Simvastatin, a cholesterol-reducing agent, normalized these perturbations and partially restored the dystrophic parameters. Therefore, this study supports the hypothesis that cholesterol metabolism and the mevalonate pathway are potential therapeutic targets in DMD.

  co-first author of this study, shared with Fatima Amor. I performed a part of bioinformatics work. I designed, conducted, and analyzed experiments regarding characterization of SREBP dysregulation in the mdx mouse model and treatment with Simvastatin. I participated in the writing of the manuscript with guidance from IR and DI. The study was published on the Journal of Cachexia, Sarcopenia and Muscle on 26 May 2021.
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Figure 1

 1 Figure 1 DMD cohort characterization. (A) cohort subgroups and age composition. DMD patients and healthy controls were classified into three age groups of 4-8, 8-12 and, 12-20 years old. DMD patients were glucocorticoid treated (DMD T) or untreated (DMD UT). The figurine symbols represent the ages of individual patients on the horizontal axis, black for untreated DMD, grey figures for treated DMD, and brown figures for healthy controls. Treated and untreated DMD of the 4-8 group of age are the same patients before and after GC treatment (except one patient). (B) A graphical presentation of the spectrum of dystrophin mutations by age group. Dystrophin's gene 79 exons and protein domains are presented on respectively the upper and lower vertical bands. Patients of the 4-8 age years old group are represented twice in the cohort (with the exceptions of D8 and D17), before and after glucocorticoid treatment, by samples D1 to D9 and D10 to D18, respectively. Del (blue) = deletion; dup (red) = duplication; St (black) = stop codon mutation; poi (in black) = point mutation.

Figure 2

 2 Figure 2 Characterization of circulating RNA by high throughput sequencing. (A) schematic presentation of plasma sample processing. Small RNA high quality reads (high quality reads) were mapped on the human genome (mapped reads). Mapped reads were classified to miRNA and other small RNA classes. (B) Graphical presentation of high quality reads (blue), mapped reads (red), and miRNA (green) in the cohort subgroups are presented as average ± SEM. (C) PCA analysis of cohort segregation according to miRNA expression in DMD (orange dots) and healthy control (green dots) by age groups (panels 1 to 5) and treated (red dots) versus untreated (black dots) DMD patients (panel bottom right).

Figure 3

 3 Figure 3 Plasma miRNA profiling in the DMD cohort. (A) a volcano plot of miRNA dysregulation in the plasma of 4-12 years old DMD patients (treated and untreated together, n = 36) versus healthy control (n = 18). Up-regulated miRNA in DMD are on the right side and down-regulated on the left side of the threshold lines (|FC| ≥ 1.5). MiRNAs above the horizontal line are differentially expressed with adjusted p < 0.1). DystromiRs in yellow, cardiomiRs in red, DLK1-DIO3 miRs in green, Let-7 family miR in blue, miR-320 family in brown, unclassified miR in black. (B) A graphical presentation of miRNA up-regulated in DMD. (C) A graphical presentation of miRNA down-regulated in DMD. (D) Glucocorticoid responsive miRNAs in DMD. Each dot represents one patient, n = 9, error bar = SEM.

Figure 4 Figure 5 10 F

 4510 Figure 4 Bioinformatic analysis of host-genes for dysregulated miRNAs in DMD plasma. (A) Network 1: Lipid metabolism, molecular transport, small molecule biochemistry, neurological disease, cancer, organismal, injury and abnormalities. (B) Network 2: lipid metabolism, small molecule biochemistry, molecular transport. (C) Network 3, lipid metabolism, small molecule biochemistry, dermatological diseases and conditions. (D) Merged networks 1-3, lipid metabolism. The connected molecules in each network are in blue. Red is up-regulated, green is down-regulated, continuous and discontinuous arrows are respectively direct and indirect relations, except in (D). (E) GO terms of host genes for dysregulated miRNAs, classified by P-value. (F) Lipid dysregulation network in DMD. A graphical presentation of a sub-selection of miRNA host genes, which are participating in lipid metabolism, and their related GO terms. Round circle = complex; rhombus = enzyme; inverse triangle = kinase; flat

Figure 6

 6 Figure 6 Simvastatin effect on skeletal muscle in the mdx mouse. Seven-week-old (young adult) control mice, and mdx mice untreated (mdx) or treated (mdx-Simva) by simvastatin during a 3 weeks period (n = 6). (A, B) Serum myomesin-3 (Myom3) and its graphical presentation. (C) Muscle creatine kinase (mCK) in the blood serum. (D, E) fibrosis staining (Sirius red) of diaphragm transversal sections and its graphical presentation. (F) Images of free cholesterol staining (Filipin) of transversal sections of a whole diaphragm. (G, H) Confocal images of diaphragm transversal sections (G) and its quantification (H). (I) Cholesterol content of skeletal muscle biopsies of DMD patients and their healthy controls (n = 4). (J, K) A western blot analysis (J) and its graphical presentation (K) of SREBP-1, SREBP-2 and HMGCR in the diaphragm muscle of control, mdx, and treated mdx mice. (L, M) Confocal microscopy images of SREBP-1, SREBP-2 in the diaphragms of the same mice. Notice that the wheat germ agglutinin (WGA) lectin stains both the sarcolemma and the myonuclear membranes. Blue arrows denote SREBP positive myonucleus inside regenerated myofibres (in the centre of the myofibre). Pink arrows denote SREBP negative myonuclei in regenerated myofibres.

Figure S1 .

 S1 Venn diagram analysis of differentially expressed miRNAs in age and treatment stratified groups (a) Venn diagram of age-specific and age overlapping dysregulated miRNAs between DMD and healthy control samples and a table presentation of (a) is shown in (b). (c) Dysregulated miRNAs in the 4-20 years old. (d) Specific and overlapping dysregulated miRNAs in the 4-12 YO group between treated and untreated DMD versus healthy control. 34 and 49 miRNAs are dysregulated in the 4-8 and 8-12 years old group, respectively (a and b). No miRNA (fdr<0.1) is differentially-expressed between DMD and healthy control in the 12-20 YO group. When age groups are combined, 90 and 45 miRNAs are dysregulated in the 4-12 and 4-20 years old groups, respectively (a and b). Dysregulated miRNAs in the 4-12 years old DMD patients included all but one (miR-122) of the dysregulated miRNAs in the 4-20 years old group (c). When looking only at the 4-12 years old group, the classification into GC-treated and untreated as compared to the healthy control samples reduced the number of dysregulated miRNAs from 90 to 77 (d).

Figure S2 .

 S2 Correlogram of plasma miRNA expression in DMD patients of the 4-12 years old age group 14 F. Amor et al. Expression correlations were analyzed among members of miRNA classes that were identified as dysregulated in the plasma in DMD patients. Dysregulated miRNA classes included the (a) MyomiRs, (b) CardiomiR, (c) Let-7 miRs, (d) miR-320 and (e) DLK1-DIO3 cluster miRNAs. Presented only significant Spearman correlations (r <0.05), whereas "X" represents the absence of correlation. The elliptic shape and the relative intensity of the blue color are proportional to the level of positive correlation. Correlation r values are presented inside the elliptic shapes. The r values for the correlations in the DLK1-DIO3 miRNAs (e) are presented in (f).

Figure S3 .

 S3 Cholesterol level in the serum of mdx mice treated by Simvastatin. Serum cholesterol in a 7-week old (young adult) mdx and control mice treated by Simvastatin during three weeks Figure S4. Filipin staining of free cholesterol in C2C12 cells C2C2 myoblast were treated by the cholesterol trafficking inhibitor U18666A (Lu et al., 2015), without (middle) or with (right) 24 hours treatment by the cholesterol synthesis inhibitor, simvastatin. Nucleus was stained by Syto13. Accumulated free cholesterol was stained with filipin. Figure S5. Confocal analysis of cholesterol expression in transversal sections of the Tibialis anterior and the Gastrocnemius muscles Transversal sections of mdx and control healthy C57Bl/10 mice, Gastrocnemius (GA) and Tibialis Anterior (TA), were labeled by Syto13 (nucleus) in blue, and Filipin (cholesterol) in red. Mdx mice were untreated (center; mdx), or treated (right; mdx + Simv) by Simvastatin.

Supplemental figure 2 .

 2 (a) is shown in (b). (c) Dysregulated miRNAs in the 4-20 years old. (d) Specific and overlapping dysregulated miRNAs in the 4-12 YO group between treated and untreated DMD versus healthy control. 34 and 49 miRNAs are dysregulated in the 4-8 and 8-12 years old group, respectively (a and b). No miRNA (fdr<0.1) is differentially-expressed between DMD and healthy control in the 12-20 YO group. When age groups are combined, 90 and 45 miRNAs are dysregulated in the 4-12 and 4-20 years old groups, respectively (a and b). Dysregulated miRNAs in the 4-12 years old DMD patients included all but one (miR-122) of the dysregulated miRNAs in the 4-20 years old group (c). When looking only at the 4-12 years old group, the classification into GC-treated and untreated as compared to the healthy control samples reduced the number of dysregulated miRNAs from 90 to 77 (d). Correlogram of plasma miRNA expression in DMD patients of the 4-12 years old age group. Expression correlations were analyzed among members of miRNA classes that were identified as dysregulated in the plasma in DMD patients. Dysregulated miRNA classes included the (a) MyomiRs, (b) CardiomiR, (c) Let-7 miRs, (d) miR-320 and (e) DLK1-DIO3 cluster miRNAs. Presented only significant Spearman correlations (r <0.05), whereas "X" represents the absence of correlation. The elliptic shape and the relative intensity of the blue color are proportional to the level of positive correlation. Correlation r values are presented inside the elliptic shapes. The r values for the correlations in the DLK1-DIO3 miRNAs (e) are presented in (f).

Supplemental figure 3 .Supplemental figure 4 .

 34 Cholesterol level in the serum of mdx mice treated by Simvastatin. Serum cholesterol in a 7-week old (young adult) mdx and control mice treated by Simvastatin during three weeks Filipin staining of free cholesterol in C2C12 cells. C2C2 myoblast were treated by the cholesterol trafficking inhibitor U18666A (Lu et al., 2015), without (middle) or with (right) 24 hours treatment by the cholesterol synthesis inhibitor, simvastatin. Nucleus was stained by Syto13. Accumulated free cholesterol was stained with filipin. Supplemental figure 5. Confocal analysis of cholesterol expression in transversal sections of the Tibialis anterior and the Gastrocnemius muscles. Transversal sections of mdx and control healthy C57Bl/10 mice, Gastrocnemius (GA) and Tibialis Anterior (TA), were labeled by Syto13 (nucleus) in blue, and Filipin (cholesterol) in red. Mdx mice were untreated (center; mdx), or treated (right; mdx + Simv) by Simvastatin.

Supplemental figure 6 .

 6 Confocal analysis of SREBP-2 expression in the mouse diaphragm.Transversal sections were immunostained with wheat germ agglutinin (WGA) in green, which stains the sarcolemma and the myonucleus membrane, with DAPI for nuclear staining, and with the anti-SREBP-2 antibody. White arrows indicate myonucleus in a central position in regenerated myofibres. Note that mdx nucleus are positive to all three colors (pink), while only residual faint red dotes can be observed in the nucleus (blue) of the mdx treated by simvastatin, demonstrating the downregulation of nuclear SREBP-2.Supplemental figure 7. Effect of simvastatin on markers of oxidative stress (Nox2) and autophagic flux (LC3) in the dystrophic skeletal muscle. Western blotting analysis (upper panel) and its quantification (lower panel) of diaphragm biopsies of 10 weeks old mice (n=6), treated or not (Simvastatin during three weeks, 80 µg/kg, orally, integrated into the diet). The protein expression is normalized to GAPDH. All markers are upregulated in mdx compared to control mice. No significant differences observed in mdx mice upon simvastatin treatment

  miRNAs effects on target genes Biological functions of confirmed host gene Biological functions of predicted target gene

Figure 1 .

 1 Figure 1. GRMD cohort and miRNA expression. 1a. Phenotype variations through ages of GRMD dogs. 1b. Fold change of normalized mRNA abundance in muscle biopsies of 2-month old dogs (n = 9-10). CD11b: CD11 Antigen-Like Family Member, Col6a: collagen 6a3; MYH8: myosin heavy chain 8; BF: Biceps Femoris; SC: Sartorius Cranialis. 1c. Heat map classification of miRNA dysregulation in GRMD muscle biopsies, Biceps Femoris (BF) and Sartorius Cranialis (SC) moderate and severe phenotypes. The myomiRs and miRNAs from the Dlk1-Dio3 locus are marked by black arrows. 1d. Principal component analysis of muscle (combined SC and BF) miRNA expression in dog groups, wild type (WT), GRMD severe (SEV), and GRMD moderate (MOD). 1e. Principal component analysis of miRNA expression in GRMD muscles (combined moderate and severe group) Sartorius cranialis (SC) and biceps femoral (BF). Circles mark the aggregation of the individuals according to their group. Small circles denoted 95% confident interval of the gravity center, while the larger discontinued-line circles surrounds 95% of the dots.

Figure 2 .

 2 Figure 2. miR 379 target validation, EIF4G2 and DAPIT regulation by miR-379. 2a. miR-379 expression in GRMD muscle biopsy (a graphical presentation of miR-379 data of Table 1, (n = 9 or 10)); BF Biceps femoris; SC Sartorius cranialis. (b) Bioinformatics prediction of the binding site of miR-379 on EIF4G2 in human, dog and mouse. MiR-379-5p seed and complementary targets sequences are in respectively in blue and red. (c) EIF4G2 expression in miR-379 and miR-139 transfected AB1190 human myoblasts, shown representative results of three experiments. (d) Graphical presentation of (c). (e) Schematic description of the IP-Ago method for miRNA target validation. (f) IP-Ago enrichment for miR-379 targets sequences in AB1190 human myoblasts, shown result of one out of two independent experiments. (g) and (h) EIF4G2 and DAPIT mRNA (2 g) and protein expressions (2 h) in miR-379 overexpressing AB1190 myoblasts. (i,j) EIF4G2 and DAPIT mRNA (2i) and protein expressions (2j) in shEIF4G2 overexpressing AB1190 myoblasts.

Figure 3 .

 3 Figure 3. Myogenic expression of miR-379, EIF4G2 and DAPIT. 3a. Images of freshly isolated, proliferating and differentiated muscle stem cells (MuSC). Scale bar = 200 µm. (b) miR-379 relative abundance in freshly isolated Fr-MuSC; Day 4 proliferation MuSC (D4 prolif MuSC), day 2 and 5 of differentiation of the same cells. (c) to (e) EIF4G2 and DAPIT mRNA (c) and protein (d,e) expressions during AB1190 human myoblasts proliferation (day 0) and differentiation (Days 1, 2 and 3). (f) Correlation of DAPIT to EIF4G2 protein expression in AB1190 myoblasts during proliferation (Day 0) and differentiation (Days 1, 2 and 3). Dotted line = linear regression. (g) immunofluorescence detection of EIF4G2 and DAPIT in transversal sections of the quadriceps muscle of adult mdx and C57Bl/10 mouse.

Figure 4 .

 4 Figure 4. Myogenic effect of inhibition of EIF4G2 and DAPIT. (a,b) Knocking down of EIF4G2 and DAPIT expression delays differentiation of AB1190 myoblast. AB1190 myoblast were treated by shRNA (shScramble, shEIF4G2, shDAPIT). Cells were differentiated for 4 days. Myotubes containing 6 or more nuclei (yellow arrows in representative images in 3 h) were counted (presented graphically in b). (c,d) Muscle regulatory factors (MRF) expression in AB1190 myoblast with knocked-down expression by shRNA of EIF4G2 (c) and DAPIT (d). (e,f) Transcriptional expression of genes associated with myogenic differentiation in shRNA knock-down EIF4G2 (e) and DAPIT (f).

Figure 5 .

 5 Figure 5. DAPIT IHC localization, mitochondrial functional studies in M180 iPS cells. (a) Co-localization of DAPIT with ATP5a (mitochondrial complex 5) into oxidative fibers (NADH positive) in transversal section of quadriceps muscle from adult C57Bl/10 mouse. (b) Co-localization DAPIT and ATP5a in single fibers isolated from the gastrocnemius of adult C57Bl/10 mouse. (c,d) EIF4G2 and DAPIT mRNA (c) and protein expressions (d) in EIF4G2 and DAPIT knocked-down M180 iPS-derived skeletal myoblasts (skMPC). (e,f,g) Mitochondrial complex 5 to 1 activity ratio (e) and absolute activity (f,g) in EIF4G2 and DAPIT knocked-down skMPC. (h,i) TFAM (h) and PGC-1α (i) expression in knocked-down skMPC. (j) ATP to ADP ration in DAPIT knockdown (sh-DAPIT) versus control (sh-Scramble) and untreated AB1190 (n = 4, in 3 independent experiments) in vitro differentiated myotubes.

Figure 6 .

 6 Figure 6. Glucocorticoid response of miR-379, EIF4G2 and DAPIT. (a) Foxo1, EIF4G2 and USMG5 mRNAs (normalized to p0 (RPLP0)), and miR-379-5p (normalized to U6/miR-93/miR-16), relative abundance in the gastrocnemius muscle of C57Bl/10 (n = 11), treated by dexamethasone (D), and untreated control (C). (b) and (c), Protein expression levels of Foxo1, EIF4G2 and DAPIT (normalized to total protein) in the gastrocnemius muscle of C57Bl/10 treated by dexamethasone (D) and untreated (C). (d) miR-139-5p and miR-379-5p expression in the plasma in a human cohort (each dot represents one patient, n = 9). Healthy control (Cont), DMD patients, untreated (DMD UT), and treated by glucocorticoid (DMD GC), of the age groups 4-8, 8-12 and 12-20 years old.

Figure 7 .

 7 Figure 7. Revised model for mitochondria dysfunction in the DMD disease. Graphical model for mechanisms of mitochondrial dysfunction in the DMD disease. The Ca 2+ hypothesis, which is presented on the model upper part, was proposed initially by Wrogemann and Pena at 197675 . Accordingly, in the absence of dystrophin, Ca 2+ entry via sarcolemma leakiness and/or activated ion channels is initiating a cytoplasmic pathological cascade (see main text for details) that culminate by the opening of the mitochondrial permeability transition pore (mPTP) and mitochondrial degeneration. In the modified model, presented on the image lower part, it is proposed that the absence of dystrophin induces gene-expression changes, activating miR-379 expression, reducing EIF4G2 and DAPIT expression, reducing ATP synthase activity and ATP production, (see main text for details), which might synergizes with the external Ca 2+ overload, to produce mitochondrial damage.

  , were grown in mTESR1 medium (Stemcell, Ref. 85850) supplemented by Rock Inhibitor (Stemcell, Ref.10,72304 µM final and using Matrigel as coating (Corning, Ref. 354234).

Figure 1 :

 1 Figure 1: DD-miRNAs dysregulation is identified in different Muscular Dystrophies and it is originated from regenerating myofibers. A. Relative expression levels of DD-miRNAs in muscle biopsies of DMD patients compared to healthy controls (n=4). B. Relative expression levels of DD-miRNAs in diaphragm muscle of mdx mouse model compared to C57Bl10 control (n=6). C-D. Relative expression levels of DD-miRNAs representatives in the serum (C) and muscle (D) of 3 LGMD mouse models compared to C57Bl6 control (n=4). E. ISH of miR-127-3p (upper panels) and miR-379-5p (lower panels) in diaphragm muscles of mdx and wild-type mice. Nucleus was colored in pink while miRNAs of interest was colored in dark blue. Mdx muscle stained with scramble probes served as the negative control. Scale bar: 100 μm. F. Relative expression of three DD-miRNAs representatives during in vitro differentiation of satellite cells isolated from muscles of 5-week-old mdx and C57Bl10 control mice (n=3). G. Heatmap presenting expression level of DD-miRNAs, other transcripts from Dlk1-Dio3 locus, and myogenic transcription factors during in vivo acute muscle regeneration (n=2-3).

  , p=1.06E-05, two-way ANOVA test), but not Meg3-DMR, correlates with the upregulation of DD-miRNAs expression from the locus.

Figure 2 :

 2 Figure 2: Epigenetic changes lead to DD-miRNA upregulation in mdx dystrophic muscle. A. RNA expression levels of different histone modification enzymes and DNA methylation enzymes in diaphragm muscles of mdx and C57Bl10 control mice (n=4). B. Western blot of different histone modification markers, Dnmt3a, and TET2 proteins in diaphragm muscles of mdx and C57Bl10 control mice (n=6). The quantification is also presented (right). Histone modifications were normalized by total H3, while Dmnt3a and TET2 proteins were normalized by total protein quantification. C. ChIP-PCR of H3K27me3, H3K4me3, and H3K9ac in selected regions in IG-DMR and Meg3-DMR in diaphragm muscles of mdx and C57Bl10 control mice (n=4). D. DNA methylation levels of 29 CpGs in IG-DMR and 8 CpGs in Meg3-DMR in diaphragm muscles of mdx and C57Bl10 control mice (n=6).

Figure 3 :

 3 Figure 3: In vivo overexpression of DD-miRNAs results in reduced muscle mass and functions. A. Selection of dysregulated DD-miRNAs from miRNA profiling in the serum of DMD patients and GRMD dog models, in the diaphragm muscle of mdx mouse model (GEO accession: GSE36257 30 ), and during the activation of muscle satellite cells in the mouse 26 . B. AAV construct to overexpression 14 DD-miRNAs in skeletal muscle. C. Experimental design of in vivo overexpression of DD-miRNAs by intramuscularly injecting 5 AAVs encoding for 14 pre-DD-miRNAs sequences in the wild-type 4week-old TA muscle. D. Masses of TA muscles after 1-month and 3-month post-injection (n=10). E-H. In situ max tenanic (E) and max twitch (G) forces of TA muscles 3-month post-injection (n=5). The mechanical force normalized by TA mass is also presented (F,H).

Figure 4 :

 4 Figure 4: Overexpression of DD-miRNAs in vivo partly reassembles the dysregulation of mdx diaphragm. A. Vein diagram of lists of significantly dysregulated genes found in mdx diaphragm compared to wild-type control and DD-miRNAs-overexpressed TA muscles compared to TA muscles injected with AAV-Empty control vector. B. Dot plot of log2 fold change values of 1520 commonly dysregulated genes in 2 transcriptomes and its Pearson correlation test. C, E. Volcano plots of mdx/WT transcriptome (C) and miRs/ Emp transcriptome (E). Blue dots represent significantly down-regulated genes with fold change of mdx versus WT less than -2. Red dots represent significantly up-regulated genes with fold change of mdx versus WT greater than 2. D, F. Volcano plots of list of geneset from GSEA analysis, comparison of mdx/WT transcriptome (D) and miRs/Emp transcriptome (F). Blue dots represent significantly down-regulated pathways in mdx compared to WT. Red dots represent significantly up-regulated pathways in mdx compared to WT.

Figure 5 :

 5 Figure 5: Dlk1-Dio3 miRNAs were predicted to target many metabolic pathways in skeletal muscle. A. Vein diagram of lists of significantly down-regulated genes found in mdx/WT and miRs/Emp transcriptome and list of DD-miRNAs's predicted targets. B. Pathway analysis of 286 predicted targets for DD-miRNAs. C-D. Validation at RNA (C) and protein (D) levels of selected predicted targets.

  Strikingly, the GSEA scores of these two systems demonstrated very high similarities of mitochondrial pathways, including fatty acid beta-oxidation, electron transport chain, and oxidative phosphorylation (OxPhos) (Figure4D, F), supporting thus that DD-miRNAs are likely playing an important role in modulating mitochondrial functions in the dystrophic diaphragm. We then attempted to characterize in more detail the mitochondrial adaptive response of the DD-miRNAs overexpressed muscle as compared to the mdx diaphragm. Mitochondrial DNA copy number (Figure6B, E), citrate synthase levels (Figure 6C, F), and resting ATP concentration level (Figure 6D, G) were both significantly reduced in mdx compared to WT and in TA-DD-miRNAs compared to TA-Empty control. Immunohistochemistry of cytochrome oxidase (COX) and succinic dehydrogenase (SDH) in mdx diaphragm and TA-DD-miRNAs muscle confirmed a reduction of mitochondrial activities in those two muscles (Figure 6H-I). Taken together, the data supporting that DD-miRNAs are acting on the mitochondria of the dystrophic muscle.

Figure 6 :

 6 Figure 6: DD-miRNAs affect mitochondrial functions in the dystrophic muscle. A. Vein diagram of a list of mitochondrial genes (Mitocarta 2.0) and lists of significantly dysregulated genes found in mdx/WT and miRs/Emp transcriptomes. B, E. Levels of mitochondrial DNA in mdx versus WT diaphragm muscles (B, n=6) and miRs versus Emp TA muscles (E, n=4). C, F. Citrate Synthase activities in mdx versus WT diaphragm muscles (C, n=6) and miRs versus Emp TA muscles (F, n=6). D, G. ATP concentration in mdx versus WT diaphragm muscles (D, n=6) and miRs versus Emp TA muscles (G, n=6). H, I. Staining of COX (upper panels) and SDH (low panels) activities in mdx versus WT diaphragm muscles (H) and miRs versus Emp TA muscles (I).

  ), in the same two systems. Of interest, of the five proteins that were monitored in this experiment, two are potential targets of DD-miRNAs (SDHA is a potential target of miR-411-5p, and UQCRC2 is of miR-409-3p) while the other three (CI-NDUFA9, CIV-MTCO1, and CV-ATPA5) are not predicted to be direct targets of any DD-miRNA. It indicates that the downregulation of OxPhos proteins in the conditions of elevated DD-miRNA in the muscle involved a global downregulation of mitochondrial complexes, rather than (or in addition to) the direct targeting by DD-miRNAs. We then tested the activities of the different mitochondrial complexes (normalized to Citrate Synthase activity (CS)an indicator of mitochondrial mass)21 .Reduced complex activities were observed in complexes I, II, and IV in both systems, while complex III and V presented reduced activity only in the TA-DD-miRNAs muscles (Figure7F-G). Significant reductions were also detected for the combined activity of complex I+III (NADH cytochrome c oxidoreductase) in both systems (Figure7F-G), indicating possible reduced Coenzyme Q10 metabolism.

Figure 7 :

 7 Figure 7: DD-miRNAs modulate the mitochondrial oxidative phosphorylation. A-B. GSEA analysis of OxPhos geneset comparing mdx versus WT diaphragm muscles (A) and miRs versus Emp TA muscles (B). C-D. GSEA analysis of OxPhos geneset comparing transcriptomes of muscle biopsies from DMD patients to healthy controls in two different datasets. E. Western blots of five representatives for five OxPhos complexes comparing mdx versus WT diaphragm muscles and miRs versus Emp TA muscles (n=4). Quantification was also presented (right). F-G. Activities of different OxPhos enzymes comparing mdx versus WT diaphragm muscles (F, n=5-6) and miRs versus Emp TA muscles (G, n=6).

  inhibitors of DNA methylation (5-Azacytidine), and histone deacetylation (Givinostat and TSA) and confirmed this possibility. Gene expression analysis in the mdx diaphragm validated global changes in genes of epigenetic control. The analysis of epigenetic marks at IG-DMR and Meg3-DMR supported that the decreased expression of the repressive H3K27me3 marker and the decreased DNA methylation level (of IG-DMR only) are the direct causes of DD-miRNAs upregulation in the dystrophic diaphragm. In vivo validation of control of mitochondrial Oxphos by DD-miRNAs. We wondered to what degree the dystrophic changes in the mdx muscle might be explained by the upregulation of DD-

Supplemental Figure 2 :

 2 Epigenetic drugs affect the expression levels of Dlk1-Dio3 locus in myogenic cells. Relative expression of some maternal and paternal Dlk1-Dio3 transcripts in C2C12 cells treated with Givinostat (A), Trichostatin A (B), and 5-azacytidine (C) compared to DMSO control treatment (n=4). D. The illustration of PCR amplicons in Figure 2C-D. TSA, Trichostatin A; 5-Aza, 5azacytidine; BS-PCR, PCR from bisulfite-converted DNA; ChIP, Chromatin ImmunoPrecipitation.

  pathophysiology. Throughout my training, I went beyond these biomarkers findings to address several additional questions: (1) Why does circulating miRNA dysregulation occur? (2) How does circulating miRNA dysregulation affect the dystrophic muscle? (3) What can we learn from this dysregulation on the pathophysiology of muscular dystrophy? (4) Is it possible to translate this knowledge into the development of therapeutic approaches? I presented in this thesis three studies in this line (Chapter 3-5). In Chapter 3, circulating miRNA profiling was performed in a large cohort of DMD patients. A novel method for interpreting miRNA dysregulation data based on miRNAs host genes was developed and applied. We identified the involvement of the SREBP pathwaymaster regulators of lipid metabolismin DMD. Particularly, cholesterol metabolism was found dysregulated in dystrophic muscles and reversed by the treatment of cholesterol-lowering drug, simvastatin.The finding therefore importantly opened a new perspective for DMD treatment of targeting cholesterol metabolism. In Chapters 4 and 5, my colleagues and I focus on a subset of miRNAs (DD-miRNAs) identified in Chapter 3 that is co-ordinately upregulated in DMD serum and originated from the Dlk1-Dio3 genomic locus. These two studies used two distinct approaches to investigate miRNA function: while the study described in Chapter 4 is explicitly focused on one of DD-miRNAs -miR-379, in the Chapter 5 study, we looked for a more global effect of multiple DD-miRNAs. Interestingly, the two studies came to a similar conclusion that DD-miRNAs modulate mitochondrial activities in the dystrophic muscle. Given that the common knowledge about mitochondrial defects mainly hinges on the notion of calcium elevation subsequent to sarcolemma instability, our discovery added a novel miRNA-mediated mechanism explaining mitochondrial alteration in dystrophic muscle.Here I summarized three key discoveries, corresponding to three main questions throughout my training and across different studies: 1. Identification of many novel plasmatic miRNA biomarkers in DMD, 2. Cholesterol metabolism is dysregulated and is becoming a therapeutic target in DMD, and 3. The novel mechanism causing mitochondrial defects by DD-miRNAs in dystrophic muscle.

Furthermore, the knocking

  down of the endogenous DD-miRNAs by CRISPR-Cas9 in hiPSCderived myotubes resulted in increased OxPhos level, indicating that mitochondrial OxPhos activity might be constitutively downregulated in this model by the DD-miRNAs. Taken together, the results presented in Chapters 4 and 5 support that DD-miRNAs may coordinately control mitochondrial activity, particularly the OxPhos pathway, in the dystrophic muscle. These results are important since it updates explanations for the molecular mechanisms of mitochondrial dysfunction in DMD.Indeed, mitochondrial dysfunction has long been recognized as an important DMD hallmark, even before the discovery of the dystrophin gene. DMD mitochondria showed abnormal morphology and distribution, reduced expression of key components, and impaired functions170,[182][183][184] . It is widely accepted that mitochondrial defects are consequences of prolonged Ca 2+ overload due to membrane instability and the opening of ion channels, leading to prematurely opening of the permeability transition pore179,181,211 . However, accumulated evidence shows that the mitochondrial defects appear relatively early in pathological cascade(s) without or little contribution of mechanical stress167,[317][318][319][320][321][322] . Therefore, other mechanism(s) for mitochondrial dysfunctions/adaptations may exist in dystrophic muscle. Our two studies suggest that DD-miRNAs are indeed involved in this process. A limitation of the present study is that the knock-down DD-miRNA expression was achieved for the moment only in in vitro models and not in vivo in a dystrophic model. Thus, we are still unable to directly examine in vivo DD-miRNA's role on mitochondrial functions and overall phenotypes in muscular dystrophy. Ongoing experiments are on the development of strategies for knocking out DD-miRNAs in the mdx model.Besides, there is one interesting phenomenon when DD-miRNAs are overexpressed in wild-type muscle. The dysregulation driven by artificial overexpression is highly similar to what was seen in mdx mice: not only many downregulated genes and pathways, which supposedly due to miRNA regulation, are overlap between 2 transcriptomes, but also many that are upregulated. Overlapped upregulated pathways include inflammatory responses and fibrosis, indicating that DD-miRNA overexpression triggered dystrophic-like phenotypes without any genetic defect. Although we have not investigated how mitochondrial metabolism -a target of DD-miRNAsis involved in immune response and fibrosis in the current thesis, mitochondria and other dystrophic hallmarks are seemingly interconnected[323][324][325] .

L

  'identification de nombreux nouveaux biomarqueurs miARNs plasmatiques dans DMD, b. La demonstration de la dérégulation du métabolisme du cholestérol qui devient une cible thérapeutique dans DMD, et c. L'identification d'un nouveau mécanisme provoquant des défauts mitochondriaux par DD-miARNs dans le muscle dystrophique. a. Identification de nombreux nouveaux biomarqueurs de miARN plasmatiques Suivant l'identification des biomarqueurs miARNs circulants dans des modèles animaux DMD 300,301 , nous avons effectué un séquencage à grande profondeur des miARN dans le sérum de patients atteints de DMD, comme détaillé au Chapitre 3. En comparaison avec les études précédemment menées par notre groupe et d'autres groupes, certaines améliorations notables ont été apportées: le nombre d'échantillons de sérums testés, l'inclusion de patients traités par glucocorticoïdes et la profondeur du séquençage. Par conséquent, cette étude fournit une caractérisation profonde et complète du profil de miRNA dans le sérum des patients de DMD, qui surmonte beaucoup d'obstacles des études précédentes pour l'identification de la dérégulation de miRNA dans la DMD. une dérégulation d'un total de 96 miRNAs a été identifiée dans le sérum du patient de DMD comparé aux contrôles sains. De nombreux miARNs identifiés concordent avec les résultats précédents, dont les dystro-miARNs, les cardio-miARNs et les Dlk1-Dio3 miARNs. De plus, de nouveaux miARNs ont été observés pour la première fois dans la DMD, tels que des membres de la famille let-7 et le miR-320. Notamment, 22 miRNAs sur 96 ont été trouvés sous-régulés dans le sérum du patient DMD. Il est à noter que dans de nombreuses études précédentes, la majorité des miARN DMD circulants ont été trouvés surexprimés, ce qui peut-être expliqués par une perméabilité et une fuite accrue du sarcomère. Cependant, la sous-régulation de nombreux miARN suggère que la dérégulation des miARN peut également être causée par l'adaptation transcriptionnelle des tissus dystrophiques. Le large éventail de patients et leur groupes d'âge nous a permis d'observer que la dérégulation de miRNA dans DMD est dépendante de l'âge. En effet, la dérégulation des miARN a principalement été détectée chez les patients DMD de moins de 12 ans. Après l'âge de 12 ans, le niveau de déregulation diminue de manière significative, comme cela est également observé pour d'autres biomarqueurs sériques, tels que myomiRs ou la créatine kinase. Cette observation peut correspondre à la réduction de la masse et de l'activité physique des muscles de patients DMD plus âgés, mais aussi de l'évolution de la pathophysiologie. b. Le métabolisme du cholestérol est une nouvelle cible thérapeutique prometteuse dans le traitement de DMD Nous avons supposé que la dérégulation des miRNA circulants pourrait permettre de découvrir de nouveaux aspects de la pathophysiologie de la DMD. Cependant, l'utilisation des méthodologies conventionnelles pour l'interprétation de la dérégulation des miARN, basées sur la prédiction de la cible des miARN, ont abouti à l'identification de voies qui sont déjà connues pour contribuer à DMD. Dans le Chapitre 3, nous avons développé une nouvelle méthode d'interprétation des miARN basée sur la connaissance des gènes hôtes des miARN. Le raisonnement est que les miARN résidant dans l'exon ou l'intron des gènes (gènes hôte) ont souvent le même profil d'expression; par conséquent, la dérégulation de miRNA peut indiquer la dérégulation du gène d'hôte et vice versa. Il est intéressant de noter que cette analyse a conduit à l'identification de l'implication du métabolisme des lipides, et en particulier les voies SREBP1/2 dans DMD, ce qui, à notre connaissance, n'avait jamais été rapportée. Les membres de la famille SREBP sont des régulateurs principaux du métabolisme des lipides, où SREBP1 contrôle la biogenèse des acides gras et SREBP2 est responsable du métabolisme du cholestérol 308 . Puisque la participation des voies de SREBP a été identifiée par l'intermédiaire du profil de miRNA dans le sérum des patients de DMD, nous avons ensuite caractérisé ces voies dans les muscles dystrophiques. Fait intéressant, chez les jeunes souris mdx, la dérégulation du niveau d'expression de ces deux facteurs de transcription et de leurs cibles a été confirmé dans différents muscles bien que le phénotype mdx au jeune âge soit relativement modéré. En parallèle de la démonstration de la dérégulation précoce et générale des voies de signalisation SREBP, notamment le métabolisme du cholestérol, chez les souris mdx, nous avons montré que le cholestérol libre s'accumulait dans les muscles des souris mdx et les biopsies humaines. Nous avons demonstré ici le mécanisme moléculaire sous-jacentla dérégulation de la signalisation SREBP. Nos investigations en cours explore davantage la cascade pathologique au niveau des régulateurs en amont et des effets en aval de la perturbation du cholestérol dans divers modèles de DMD.La conclusion énoncée ci-dessus indique que l'inhibition de la synthèse de cholestérol pourrait être salutaire. La synthèse du cholestérol peut être inhibée par les statines, qui ciblent l'enzyme limitant la HMG-CoA réductase. Par conséquence, la simvastatineune statine approuvée par la FDAa été testée et a montré des effets bénéfiques sur les souris mdx via un mécanisme qui comprend l'augmentation de l'autophagie, une réduction du stress oxydatif, de la fibrose et de l'inflammation 313 .Notre étude suggère également que la simvastatine améliore le phénotype dystrophique par son mécanisme canonique, abaissant des niveaux de cholestérol.Avec un traitement par simvastatine, des composants de voie de SREBP ont été dystrophique. Ces résultats sont importants puisqu'ils apportent de nouvelles explications concernant les mécanismes moléculaires du dysfonctionnement mitochondrial dans la DMD.En effet, le dysfonctionnement mitochondrial a longtemps été identifié comme aspect important de la DMD, même avant la découverte du gène Dmd. Les mitochondries de DMD ont une morphologie et une distribution anormales, et il est décrit une expression réduite des composants clés et une altération des fonctions170,[182][183][184] . Il est largement admis que les défauts mitochondriaux sont les conséquences d'une surcharge prolongée de Ca 2+ due à l'instabilité de la membrane et à l'ouverture des canaux ioniques, conduisant à l'ouverture prématurée du pore de transition de perméabilité179,181,211 . Cependant, les preuves accumulées montrent que les défauts mitochondriaux apparaissent relativement tôt dans la ou les cascades pathologiques, sans ou peu de contribution de stress mécanique167,[317][318][319][320][321][322] . Par conséquent, d'autres mécanismes de dysfonctionnements/adaptations mitochondriaux peuvent exister dans le muscle dystrophique. Nos deux études suggèrent que les DD-miARN sont en effet impliqués dans ce processus. Une limite de la présente étude est que l'excision de DD-miARNs a été réalisée pour le moment seulement dans les modèles in vitro mais pas dans un modèle dystrophique in vivo. Ainsi, nous n'avons pas pu examiner directement in vivo le rôle de DD-miARNs sur les fonctions mitochondriales et les phénotypes globaux dans la dystrophie musculaire. Des expériences sont en cours sur le développement de stratégies pour éliminer les DD-miARNs dans le modèle mdx. En outre, nous avons observé un phénomène intéressant lorsque les DD-miARNs sont surexprimés dans les muscles sains. La dérégulation entraînée par la surexpression artificielle est très similaire à ce qui a été vu chez les souris mdx: non seulement de nombreux gènes et voies se chevauchent entre deux transcriptomes et sont sous-régulés, possiblement donc selon une régulation par les miARNs, mais sont également beaucoup surrégulés. Les voies surrégulées communes incluent des réponses inflammatoires et une fibrose, indiquant que la surexpression de DD-miARNs a déclenché une réaction dystrophique-like. Bien que nous n'ayons pas étudié dans cette thèse comment le métabolisme mitochondrial -une cible des DD-miARN -est impliqué dans la réponse inflammatoire et la fibrose, les mitochondries et d'autres caractéristiques dystrophiques sont apparemment interconnectées 323-325 .

  DMD et d'autres modèles animaux ait été de fournir des biomarqueurs pour le diagnostic et la suivi des patients DMD, les résultats ont fourni plusieurs résultats importants concernant les aspects fondamentaux de la physiopathologie et du traitement de la DMD. Une première étude a montré la signalisation SREBP comme nouveau candidat thérapeutique dans les muscles dystrophiques, et les deux autres études ont identifié un nouveau mécanisme modulant l'adaptation mitochondriale par DD-miARNs. Ces découvertes sont nouvelles et offrent de nouvelles perspectives vers un meilleur traitement de DMD. Cependant, il existe encore de nombreuses lacunes dans nos connaissances, à la fois fondamentales et translationnelles; un effort de recherche continu doit contribuer au développement de solutions thérapeutiques améliorées.Thesis summary in EnglishTitle: Novel pathological mechanisms support new therapeutic opportunities in Duchenne Muscular Dystrophy Duchenne Muscular Dystrophy (DMD) is a lethal muscle disease with no curative treatment. It is caused by mutations in the DMD gene, that encodes a protein participating in the linkage between the cytoskeleton and the extracellular matrix in skeletal and cardiac muscles. The primary consequence of the disruption of this link is thought to involve a cascade of sarcolemma destabilization, perturbation of Ca2+ homeostasis, activation of proteases, mitochondrial damage, and tissue degeneration.A recently emphasized secondary aspect of the dystrophic process is a progressive metabolic change. However, the mechanism and nature of this change are yet poorly understood. In this thesis, I am presenting three studies that led to the discovery and characterization of new pathophysiological aspects in DMD related to metabolism.The first study was entitled "Cholesterol metabolism is a potential therapeutic target in Duchenne Muscular Dystrophy". We sequenced plasma miRNA in a DMD cohort comprising 54 DMD patients compared to 27 healthy controls in three age groups. We identified 96 dysregulated miRNAs with many of them not previously reported in DMD. We developed an original bioinformatics approach based on both targets and host genes of miRNAs for the biological interpretation of miRNA dysregulation. This analysis predicted that dysregulation of lipid metabolism has a central role in DMD. Further investigation in the mdx mouse revealed dysregulation of transcription factors of fatty acid (SREBP1) and cholesterol metabolism (SREBP2), perturbation of the mevalonate pathway, and accumulation of cholesterol in skeletal muscles. Elevated cholesterol was also found in biopsies of DMD patients. Treatment facteurs de transcription lié aux acides gras (SREBP1) ou au métabolisme du cholestérol (SREBP2), une perturbation de la voie de mévalonate, et une accumulation du cholestérol dans les muscles squelettiques. Un taux de cholestérol élevé a été également montré dans des biopsies des patients de DMD. Un traitement de souris mdx avec de la Simvastatine a normalisé ces perturbations et partiellement restauré des paramètres dystrophiques. Cette étude suggère que le métabolisme de cholestérol et la voie de mevalonate puissent être des cibles thérapeutiques potentielles dans DMD. Les deuxième et troisième études incluses dans cette thèse sont orientés sur l'étude des perturbations mitochondriales dans DMD suite à la démonstration d'une dérégulation de nombreux miRNAs résidant dans le locus DLK1-DIO3 (DD-miRNAs) chez les patients DMD. Dans l'étude intitulée "miR-379 links glucocorticoid treatment with the mitochondrial response in Duchenne Muscular Dystrophy", nous nous sommes concentrés sur un DD-miRNAs particulier, le miR-379. Nous avons constaté que miR-379 est fortement dérégulé dans le sérum des patients atteints de DMD et le modèle de chien GRMD. En utilisant un modèle in vitro, nous avons identifié une nouvelle cascade de signalisation glucocorticoïde-sensible où ce miR est impliqué: miR-379 réprime l'expression d'EIF4G2, un facteur d'initiation de traduction qui favorise l'expression des protéines mitochondriales, y compris DAPIT. DAPIT est un composant du complexe de phosphorylation oxydative mitochondrique (OxPhos). Nous avons démontré que dans DMD, l'inhibition de l'expression de DAPIT par la voie de signalisation identifiée aboutit à une réduction de la capacité d'OxPhos mitochondriale. Dans la dernière étude, intitulée "The DLK1-DIO3 cluster miRNAs regulate mitochondrial functions in the dystrophic muscle in DMD", nous avons entrepris une approche plus globale pour étudier la fonction biologique des DD-miRNAs dans DMD. La combinaison d'une analyse bioinformatique et de la surexpression simultanée in vivo de 14 DD-miRNAs dans le muscle sain a suggéré que les DD-miRNAs peuvent moduler en coopération la capacité mitochondriale d'OxPhos dans le muscle dystrophique. Une analyse transcriptomique a montré une importante similitude entre le muscle dystrophique et un muscle normal surexprmant ectopiquement les 14-DD-miRNAs, suggèrant que les DD-miRNAs puissent médier l'adaptation mitochondriale dans DMD. L'inactivation de l'ensemble du cluster DD-miRNA dans des myotubes dérivés d'iPS a entraîné une augmentation de l'activité mitochondriale et de l'OxPhos. Ensemble, les deux études apportent des évidences de la modulation de l'activité mitochondriale dans le muscle dystrophique par les DD-miRNAs et soutiennent un modèle actualisé pour comprendre le dysfonctionnement mitochondriale dans DMD. L'hypothèse dominante pour les mécanismes moléculaires dans DMD est une déstabilisation mécanique des myofibres dans le muscle dystrophique. Cependant, de nombreux éléments proposent un rôle critique des perturbations métaboliques et mitochondriales dans DMD, en plus de la déstabilisation mécanique. Les études rapportées ici contribuent à une meilleure compréhension de ces aspects métaboliques et, par conséquent, pourraient favoriser le développement translationnel et l'amélioration des soins thérapeutiques dans le DMD. Titre: Découverte de nouveaux mécanismes pathologiques soutenant de nouvelles opportunités thérapeutiques dans la dystrophie musculaire de Duchenne Mots clés : dystrophie musculaire de Duchenne, microARN, cholestérol, mitochondriale La dystrophie musculaire de Duchenne est une myopathie conduisnat à une réduction de la durée de vie et pour laquelle il n'existe pas de traitement curatif. Elle résulte de mutations dans le gène DMD, qui code une protéine participant à la liaison entre le cytosquelette et la matrice extracellulaire dans les muscles squelettiques et cardiaques. Dans cette thèse, je présente trois études qui ont conduit à la découverte de nouveaux aspects pathophysiologiques dans DMD reliés au métabolisme. La première étude s'intitule "Cholesterol metabolism is a potential therapeutic target in DMD". Nous avons séquencé les miRNA plasmatiques dans une cohorte comprenant 54 patients DMD comparés à 27 contrôles sains. Nous avons identifié 96 miARNs dérégulés, dont beaucoup n'avaient jamais été rapportés dans DMD. Nous avons développé une approche bioinformatique basée à la fois sur les cibles et les gènes hôtes des miARNs pour l'interprétation de leur dysrégulation. Cette analyse a prédit que la dysrégulation du métabolisme lipidique a un rôle central dans DMD. Des investigations chez la souris mdx ont montré une dérégulation des facteurs de transcription lié aux acides gras (SREBP1) ou au métabolisme du cholestérol (SREBP2), une perturbation de la voie de mévalonate, et une accumulation du cholestérol dans les muscles squelettiques. Un taux de cholestérol élevé a été également montré dans des biopsies des patients de DMD. Un traitement de souris mdx avec de la Simvastatine a normalisé ces perturbations et partiellement restauré des paramètres dystrophiques. Cette étude suggère que le métabolisme de cholestérol et la voie de mevalonate puissent être des cibles thérapeutiques potentielles dans DMD. Les deuxième et troisième études incluses dans cette thèse sont orientés sur l'étude des perturbations mitochondriales dans DMD suite à la démonstration d'une dérégulation de nombreux miRNAs résidant dans le locus DLK1-DIO3 (DD-miRNAs) chez les patients DMD. Dans l'étude intitulée "miR-379 links glucocorticoid treatment with the mitochondrial response in DMD", nous nous sommes concentrés sur un DD-miRNAs particulier, le miR-379. En utilisant un modèle in vitro, nous avons identifié une nouvelle cascade de signalisation: miR-379 réprime l'expression d'EIF4G2, un facteur d'initiation de traduction qui favorise l'expression de protéine DAPIT. DAPIT est un composant de phosphorylation oxydative (OxPhos). Nous avons démontré que dans DMD, l'inhibition de DAPIT par la voie de signalisation identifiée aboutit à une réduction de la capacité d'OxPhos. Dans la dernière étude, intitulée "The DLK1-DIO3 cluster miRNAs regulate mitochondrial functions in the dystrophic muscle in DMD", nous avons entrepris une approche plus globale. La combinaison d'une analyse bioinformatique et de la surexpression simultanée in vivo de 14 DD-miRNAs dans le muscle sain a suggéré que les DD-miRNAs peuvent moduler en coopération la capacité d'OxPhos. Une analyse transcriptomique a montré une importante similitude entre le muscle dystrophique et un muscle normal surexprmant ectopiquement les DD-miRNAs, suggèrant que les DD-miRNAs puissent médier l'adaptation mitochondriale dans DMD. L'inactivation de l'ensemble du cluster DD-miRNA dans des myotubes dérivés d'iPS a entraîné une augmentation de l'OxPhos. Ensemble, les deux études apportent des évidences de la modulation de l'activité mitochondriale dans le muscle dystrophique par les DD-miRNAs et soutiennent un modèle actualisé pour comprendre le dysfonctionnement mitochondriale dans DMD. Les études rapportées ici contribuent à une meilleure compréhension de ces aspects métaboliques et, par conséquent, pourraient favoriser le développement translationnel et l'amélioration des soins thérapeutiques dans le DMD. Title: Novel pathological mechanisms support new therapeutic opportunities in Duchenne Muscular Dystrophy Key words: Duchenne Muscular Dystrophy, miRNA, cholesterol, mitochondria

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 : Characteristics of Human Skeletal Muscle Fiber Types 37
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Table 2 : Types and number of DMD mutations 61 2.3. Clinical presentations

 2 

	Total	7,149	100%
	Large mutations	5,682	79%
	Large deletions (≥ 1 exon)	4,894	68%
	Large duplications (≥ 1 exon)	784	11%
	Small mutations	1,445	20%
	Small deletions (<1 exon)	358	5%
	Small insertions (<1 exon)	132	2%
	Splice sites (<10 bp from exon)	199	3%
	Point mutations	756	11%
	Nonsense	726	10%
	Missense	30	0.4
	Mid-intronic mutations	22	0.3

.2.2. Disrupted calcium homeostasis

  

	membrane. Despite the intrinsic upregulation of membrane repair pathways as a protective
	mechanism of the dystrophic muscle, protein supplementation of these proteins was shown to
	facilitate the healing process. However, the benefits are limited to the mouse models or ex
	vivo myofibers only. Given that many muscular dystrophies experience membrane instability,
	these approaches might be a universal solution to protect the muscle from physical damages.
	2.5Sarcolemma instability results in abnormal intracellular calcium entry and dysregulated
	calcium-responsive pathways. Elevated calcium concentration in muscle fibers from DMD
	patients and mdx mice has been demonstrated 158,159 . However, the mechanism of how
	calcium accumulated in the dystrophic muscle remains inconclusive, either by passively
	entering via microlesions in the sarcolemma 160 or actively by activated non-selective cation
	calcium-permeable channels 161-163 . A persistently high calcium level can activate calcium-
	dependent proteases, including the calpains, which degrade muscle membrane proteins and
	contribute to muscle necrosis
	152,153 . Besides, therapeutic approaches that
	involve membrane repair mechanisms were investigated. Annexin A6 (Anxa6) was first
	identified as a modifier of membrane damage in the γ-sarcoglycan knock-out mouse model
	154,155 , and was then overexpressed in mdx myofibers showing an enhanced repaired capacity
	156 . Another healing candidate was Mitsugumin 53 (MG53) -a muscle-specific TRIM family
	protein. It nucleates the recruitment of intracellular vesicles to the injury site for the patch
	formation 157 . Recombinant MG53 protein therapy in mdx mice showed a reduced level of
	serum Creatine Kinase and lowered Evan blue dye uptake, which indicates a more stable

5.2.5. Fibrosis

  

	Fibrosis is a deposition of extracellular matrix (ECM) components during the repair
	process upon injury and is another important hallmark of DMD pathology. After an injury, an
	efficient regeneration requires a strict balance between ECM production and ECM
	degradation. In dystrophic muscle, repeated rounds of degeneration and regeneration
	remodel the ECM incompletely. Thus matrix components accumulate, which may eventually
	replace the myofibers 237,238 . This transformation plays a decisive role in the clinical decline in
	the advanced stage of DMD patients. TGF-β signaling is crucial both in response to tissue
	injury and in DMD pathological fibrosis 239 ; 238 . Latent TGF-β resides in the ECM until it is
	activated by the regenerative signals. The canonical TGF-β pathway induces the
	phosphorylation of Smad proteins which activate profibrotic genes in the nucleus.
	Alternatively, TGF-β can function via other signal transducers, such as ERK and MAPK
	signaling pathways.
	Given that, directly targetting TGF-β by neutralizing antibody 240 or reducing active
	TGF-β level by targeting the latent TGF-β -binding protein (LTBP4) 78 can modulate the
	fibrosis biogenesis in the mdx mice. Similarly, the antifibrotic treatment that inhibits the TGF-
	β activity (i.e. by Decorin, Losartan) or suppresses the collagen synthesis (i.e. by
	Halofuginone, Fibrinogen) can also inhibit the TGF-β signaling pathway and reduce fibrosis
	level 241-243 . However, whether advanced fibrosis can be reversed to the level that muscle
	. Both non-clinical and clinical data showed that phenotype can be restored remains controversial. Recently, FDA has granted Orphan Drug
	vamolorone treatment results in significantly improved muscle functions in a dose-responsive Designation for pamrevlumab (FG-3019, FibroGen) -an anti-fibrosis treatment for DMD
	manner, yet minimalized harsh side-effects as seen in the treatment with glucocorticoids patients (ClinicalTrials.gov Identifier: NCT02606136) after it was showed to reduce some
	(weight gain, behavioral problems, water retention) 231-236 . As of this writing, scientists have dystrophic parameters and improve muscle strength in mdx mice 244 .
	released the interim analysis of the long-term clinical data, including the 24-week Phase 2a
	trial (ClinicalTrials.gov Identifier: NCT02760277) and the first 12 months of the open-label
	extension trial (ClinicalTrials.gov Identifier: NCT03038399), which showed significant
	improvements in the motor performance with a favorable safety profile 236 .

2.

Chapter 3: Cholesterol metabolism is a potential therapeutic target in Duchenne Muscular Dystrophy. In

  this study, we sequenced small RNA in serum samples of a large cohort of DMD patients and age-matched healthy controls.

	ATP synthase 296 . Besides, several miRNAs were shown to target Dmd expression level, Duchenne Muscular Dystrophy has long been the subject of intensive fundamental,
	initiating a self-sustaining feedback loop potentially exacerbating the pathology 297 . translational, and medical research. The field has been moved forward rapidly in recent years
	Besides being seen as regulators in pathological events, circulating miRNAs have thanks to many technological advance and increasing interest in rare diseases in general and
	been widely used in the early diagnosis, prognosis, measurement of the extent of disease in DMD in particular. Our group is interested in the profiling of circulating miRNAs in muscular
	progression, and therefore an important assessment of the efficacy of the therapy in DMD 298 . dystrophy for disease diagnostic and monitoring 296,300,301 . In this context, the present thesis
	The miR-1, miR-133, and miR-206 were found to be upregulated in the serum of DMD patients was focused on different aspects of miRNA perturbations: their causes and consequences in
	and animal models 299-301 , and these levels in the serum are inversely related to the North Star DMD. Three related but distinct investigations are presented in detail.
	Ambulatory Assessment score of DMD patients 299 , indicating a negative correlation between The first study is presented in
	the levels of these circulating miRNAs and the clinical presentations. The presence of
	myocardial fibrosis can be monitored by the levels of circulating miR-26a, miR-222, and miR-
	378a-5p in DMD patients 302 or by the level of miR-29c in cardiomyopathy-associated DMD
	female carriers 303 . Other circulating miRNAs, for instance, miR-30c and miR-181a, can also
	be used as a predictive signature of the severity of an individual patient's case 304 . Additionally,
	extracellular miRNA from urine samples might also be an accurate non-invasive biomarker 305 .
	Catapano, et al. 305 identified that miR-29c-3p was downregulated in the urine of ambulatory
	DMD patients while miR-23b-3p and miR-21-5p were both downregulated in the urine of non-
	ambulatory DMD patients.
	. In aged-associated muscle
	dystrophy, miR-21 was found upregulated in DMD patients and mdx mice, promoted fibrosis
	via inhibiting PTEN phosphatase, enhancing fibroblast proliferation, and worsening dystrophic
	phenotype 292 . Conversely, NO-dependent miR-29, which was found to be downregulated in
	both DMD patient and mouse model, targets collagen protein Col1a1 and elastin, therefore
	beneficially reduced the level of fibrosis 291,293 . Glucose-6-phosphate dehydrogenase (G6PD),
	an enzyme that regulates the antioxidant molecules, is a direct target of miR-1 and miR-206,
	therefore upregulation of these miRNA results in increased oxidative stress in the dystrophic
	muscles 294,295 . Our group recently reported that miR-379-5p is involved in the metabolic
	adaptation of dystrophic muscle by indirectly targeting DAPIT protein -a key component of

Table 1

 1 Network analysis of host genes for dysregulated miRNAs

				Number focus	Most connected
		Network	Score	molecules	molecule
	1	Lipid metabolism, small molecule biochemistry molecular transport	1 e-64	31	SREBF1
	2	Lipid metabolism, small molecule biochemistry, molecular transport	1 e-41	22	Beta estradiol
					(oestrogen)
	3	Lipid metabolism, small molecule biochemistry, dermatological	1 e-32	18	HNFA4
		diseases, and conditions			
	4				
	(Merged 1-3)				

Table S1 .

 S1 Cohort's medical center composition

Table S2 .

 S2 Clinical features of the DMD patients.

	Glucocorti-
	coid treated (T) patients are in blue. Untreated patients
	(UT) are in black. (*) from Martinique; (**) Mother from
	the Reunion island and Martinique, Father Caucasian, (***)
	Mother from Brazil, Father Caucasian. NA: not available.
	ND: not done.
	Table

table 1 . Cohort's medical center composition
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table 3 .

 3 Up-regulated plasma miRNA 4-12 years old DMD versus control. MiRNAs were ranked by FDR-adjusted p-value. MiRNA categories include dystromiRs, heart-enriched miRNAs (CardiomiR), miRNAs residing in the DLK1-DIO3 genomic locus, and Let-7 or miR-320 family members. MiRNAs of none of these categories were designed as unclassified.

		miRNA	miR-class	FC DMD/Ctrl	p-value	padj
	1	miR-128-3p	Unclassified	3.17	5.09E-11	7.59E-08
	2	miR-199a-3p miR-199b-3p	Unclassified	3.22	1.09E-10	8.10E-08
	3	miR-30e-3p	Unclassified	2.93	2.40E-09	1.19E-06
	4	miR-299-5p	DLK1-DIO3	9.58	4.11E-09	1.53E-06
	5	miR-1277-3p	Unclassified	3.33	1.37E-08	3.41E-06
	6	miR-369-5p	DLK1-DIO3	5.70	1.21E-08	3.41E-06
	7	let-7d-5p	Let7	2.78	3.26E-08	6.16E-06
	8	miR-598-3p	Unclassified	3.40	3.30E-08	6.16E-06
	9	miR-487b-5p	DLK1-DIO3	5.34	1.11E-07	1.85E-05
		miR-23a-3p	Unclassified	2.54	2.42E-07	3.62E-05
		miR-208b-3p	CardiomiR	494.90	4.42E-07	5.99E-05
		miR-487b-3p	DLK1-DIO3	4.21	8.52E-07	1.06E-04
		miR-499a-5p	CardiomiR	101.27	1.38E-06	1.58E-04
		miR-484	Unclassified	2.48	2.52E-06	2.51E-04
		miR-139-5p	Unclassified	2.08	3.98E-06	3.71E-04
		let-7g-5p	Let7	1.92	5.40E-06	4.03E-04
		miR-106b-3p	Unclassified	2.14	5.04E-06	4.03E-04
		miR-208a-5p	CardiomiR	218.94	5.41E-06	4.03E-04
		miR-374b-3p	Unclassified	3.36	4.78E-06	4.03E-04
		miR-221-5p	Unclassified	2.90	5.73E-06	4.07E-04
		miR-103a-3p	Unclassified	1.71	9.10E-06	5.57E-04
		miR-22-5p	Unclassified	4.26	8.68E-06	5.57E-04
		miR-28-5p	Unclassified	1.84	1.00E-05	5.57E-04
		miR-323a-3p	DLK1-DIO3	2.80	9.79E-06	5.57E-04
		miR-208a-3p	CardiomiR	199.19	1.34E-05	7.12E-04
		miR-3120-3p	Unclassified	2.51	1.82E-05	9.35E-04
		miR-95-3p	Unclassified	6.86	2.64E-05	1.27E-03
		miR-206	DystromiR	211.52	2.74E-05	1.28E-03
		miR-381-3p	DLK1-DIO3	2.57	4.50E-05	2.04E-03
		miR-32-3p	Unclassified	3.07	6.84E-05	2.76E-03
		miR-10a-3p	Unclassified	3.31	7.28E-05	2.86E-03
		miR-494-3p	DLK1-DIO3	3.21	9.33E-05	3.57E-03
		miR-340-3p	Unclassified	4.69	1.06E-04	3.96E-03
		let-7b-3p	Let7	3.88	1.26E-04	4.60E-03
		miR-889-3p	DLK1-DIO3	2.70	1.65E-04	5.25E-03
		miR-92b-3p	Unclassified	2.38	1.92E-04	5.97E-03
		miR-223-3p	Unclassified	1.91	2.26E-04	6.89E-03
		let-7d-3p	Let7	2.18	2.77E-04	7.40E-03
		miR-154-5p	DLK1-DIO3	2.81	2.60E-04	7.40E-03

table 4 . Down-regulated plasma miRNA 4-12 years old DMD versus control.

 4 MiRNAs were ranked by FDR-adjusted p-value. MiRNA categories include the miR-320 family members and unclassified miRNAs.

		miRNA	miR-class	FC DMD/Ctrl	p-value	padj
	1	miR-342-3p	Unclassified	-2.26	1.62E-04	5.25E-03
	2	miR-320a	miR-320	-4.35	2.94E-04	7.69E-03
	3	miR-320b	miR-320	-3.70	1.04E-03	1.95E-02
	4	miR-320d	miR-320	-6.07	1.60E-03	2.69E-02
	5	miR-2110	Unclassified	-2.40	1.95E-03	3.19E-02
	6	miR-361-3p	Unclassified	-3.36	2.23E-03	3.51E-02
	7	miR-320e	miR-320	-12.69	2.47E-03	3.81E-02
	8	miR-1290	Unclassified	-69.06	2.89E-03	4.35E-02
	9	miR-29b-3p	Unclassified	-3.64	3.05E-03	4.42E-02
	10	miR-30e-5p	Unclassified	-1.85	3.68E-03	5.18E-02
	11	miR-320c	miR-320	-3.13	3.66E-03	5.18E-02
	12	miR-769-5p	Unclassified	-2.52	4.26E-03	5.77E-02
	13	miR-181c-3p	Unclassified	-2.78	5.16E-03	6.64E-02
	14	miR-191-5p	Unclassified	-1.70	5.82E-03	7.30E-02

table 5 : dysregulation of glucocorticoid-responsive miRNAs in 4-12 years old DMD patients. (5a, Table).

 5 Eleven DMD dysregulated miRNAs were GC-responsive. MiRNAs are classified by order of p-value in treated versus untreated DMD patients. All but miR-30e-5p and miR-425-5p were upregulated in DMD and reversed by the GC treatment toward normalization. In contrast, GCtreatment increased the downregulation in DMD of miR-30e-5p and miR-425-5p. Three miRNAs, miR-27-5p, miR-379-5p and let-7i-5p were no longer dysregulated after GC treatment. The miR-27-5p and miR-379-5p were not dysregulated in the group of all DMD patients versus healthy controls (p > 0.05

	miR-name	UT DMD / Healthy	Treated DMD /Untreated DMD	Treated DMD /Healthy	All DMD /Healthy
		FC	p value	FC	p value	FC	p value	FC	p value
	miR-223-3p	2,14	1,62E-05	-1,27	3,15E-03	1,68	5,06E-03	1,91	2,26E-04
	miR-221-5p	3,55	1,45E-06	-1,57	3,19E-03	2,26	1,54E-03	2,90	5,73E-06
	miR-27b-5p	1,52	3,04E-02	-1,47	8,03E-03	1,03	8,89E-01	1,27	2,04E-01
	let-7d-5p	3,34	6,32E-06	-1,50	1,78E-02	2,22	1,69E-04	2,78	3,26E-08
	miR-28-5p	2,08	3,94E-05	-1,31	3,28E-02	1,60	9,26E-04	1,84	1,00E-05
	miR-30e-5p	-1,44	1,07E-02	-1,27	3,55E-02	-2,10	1,44E-03	-1,85	3,68E-03
	miR-139-5p	2,44	1,91E-04	-1,41	4,12E-02	1,73	2,36E-04	2,08	3,98E-06
	let-7i-5p	1,52	2,61E-03	-1,25	4,36E-02	1,22	1,51E-01	1,37	1,13E-02
	miR-1277-3p	3,89	3,70E-06	-1,40	4,68E-02	2,78	3,97E-05	3,33	1,37E-08
	miR-379-5p	1,88	2,19E-02	-1,60	4,73E-02	1,18	5,62E-01	1,53	7,91E-02
	miR-425-5p	-1,44	2,33E-02	-1,28	4,93E-02	-1,84	2,40E-03	-1,62	6,34E-03
	Supplemental 5b							

in red). FC= fold change, UT = untreated. (5b, Figure). Heat map of miRNA dysregulation. The miRNA relative level is illustrated by Z-scores, colored from blue to red, indicating from lowest to highest expression.

table 6 .

 6 Pathway enrichment analysis of target genes for dysregulated miRNAs, considering up-and down-regulated miRNAs in the 4-12 years old DMD/control samples (Adjusted pvalue < 0.1). Pathways are classified according to p-values (FDR-adjusted). Shown are the 20 most enriched pathways.

		KEGG pathway	padj	No Genes No miRNA
	1	Proteoglycans in cancer (hsa05205)	1.95E-11	114	58
	2	Signaling pathways regulating pluripotency of stem cells (hsa04550)	1.14E-10	88	54
	3	ECM-receptor interaction (hsa04512)	1.87E-10	43	42
	4	Morphine addiction (hsa05032)	4.29E-09	51	42
	5	Fatty acid biosynthesis (hsa00061)	8.06E-09	5	12
	6	GABAergic synapse (hsa04727)	6.16E-08	46	40
	7	Hippo signaling pathway (hsa04390)	2.00E-07	85	50
	8	Hedgehog signaling pathway (hsa04340)	1.91E-05	37	37
	9	Axon guidance (hsa04360)	1.91E-05	71	49
	10	Cocaine addiction (hsa05030)	2.08E-05	28	42
	11	Gap junction (hsa04540)	2.08E-05	50	47
	12	Prostate cancer (hsa05215)	2.08E-05	55	53
	13	Focal adhesion (hsa04510)	2.08E-05	113	57
	14	PI3K-Akt signaling pathway (hsa04151)	4.80E-05	170	64
	15	Estrogen signaling pathway (hsa04915)	1.19E-04	53	55
	16	Circadian entrainment (hsa04713)	1.39E-04	48	47
	17	FoxO signaling pathway (hsa04068)	1.39E-04	75	52
	18	ErbB signaling pathway (hsa04012)	1.54E-04	54	52
	19	Pathways in cancer (hsa05200)	2.17E-04	191	58
	20	Thyroid hormone signaling pathway (hsa04919)	2.89E-04	61	55

table 8 .

 8 Dysregulated intragenic miRNA in DMD plasma and their related host-gene, considering all miRNAs embedded on the sense strand of introns and exons of protein-coding genes. FC and p (student T-test) values are of miRNA expression in the blood plasma of 4-12 old DMD patients versus healthy controls. When both 3p and 5p isoforms of the same pre-miRNA were dysregulated, their host-genes were considered only once, with the lower p-value miR isoform. Host genes for a number of different miRNAs were considered only once, taking into account FC and p-values of the miRNA with the lowest p-value.

	miRNA	FC	Plasma DMD/control p-value Padj	Chr	Gene symbol	Host gene function	Implication in DMD	Refs
	miR-128-1-3p miR-128-2-3p	3.17	2.01E-11	1.50E-08	2q21 3p22	R3HDM1 ARPP21 R3HDM3	unknown unknown	Up in dystrophin-knockdown mouse myoblast Down in dystrophin-knockdown mouse myoblast	Ghahramani Seno 2010
	miR-1307-3p	-2.4	8.7E-03	9.9E-02				Higher in muscle biopsies of
	miR-1307-5p	-3.4	2.7E-02	1.9E-01	10q24	USMG5 DAPIT	Mitochondrial complex 5 associated subunit	moderate versus severe DMD patients. Downregulated in dystrophic	Pegoraro 2011 Sanson 2020
									mdx muscle
	miR-149-5p	2		1.50E-02	1.40E-01	2q37	GPC1	Heparan sulfate proteoglycan	Up in DMD quadriceps biopsies	Fadic R 2006
	miR-335-3p	2		2.50E-02	1.80E-01	7q32	MEST	paternally imprinted mesoderm-specific	miR-335 and MEST higher in mdx muscle	Hiramuki 2015
	miR-188-5p	2.5		2.00E-02	1.60E-01			transcript	
	miR-362-5p	-7.4	7.9E-03	9.2E-02	Xp11	CLCN5	Chloride ion channel	Up in mdx muscle	Mizbani 2016
	miR-501-3p	2.3		4.1E-04	9.5E-03				

table 9 . List of primers and reagents used in the study qPCR primers

 9 

		Forward	Reverse		
	SREBP1	AGATGTGCGAACTGGACAC	GTCACTGTCTTGGTTGTTGATG		
	SREBP2	GCTGGGCGATGGATGAG	CCACTTGATTGCTGACAAACTG		
	HMGCR	TCAGCTGCACCATGCCATCG	CTCCTTGAACACCTAGCATCTG		
	FASN	GTCTGGAAAGCTGAAGGATCTC	GGTTGATACCTCCATCCACAAT		
	LDLR	Taqman Gene Expression ID Mm01177349_m1		
	SCAP	Taqman Gene Expression ID Mm01260176_m1		
	Primary antibodies				
		Supplier	Reference	WB	IF
	Anti-SREBP1 antibody	Abcam	ab28481	1/500	1/100
	Anti-SREBP2 antibody	Abcam	ab30682	1/400	1/100
	Anti-HMGCR antibody	Abcam	ab174830	1/300	1/50
	Anti-FASN antibody	Santa Cruz	sc-55580	1/100	
	Anti-SCAP antibody	Abcam	ab190103	1/1000	
	GAPDH	Sigma	PLA0302	1/1000	
	MYOM3	Proteintech	176921-AP	1/1000	
	NOX2	Abcam	ab129068	1/1000	
	LC3A/B	Bio-Rad	AHP2167	1/2000	
	Secondary antibodies				
		Supplier	Reference	Dilution	
	Wheat Germ Agglutinin,				
	Alexa Fluor™ 488				
	Conjugate	Thermo Fisher Scientific	W11261	1/1000	
	Alexa Fluor 488 Goat Anti-Mouse IgG (H+L)	Thermo Fisher Scientific	A-11001	1/1000	
	Donkey anti-Rabbit IgG (H+L) Alexa Fluor 594	Thermo Fisher Scientific	A-21207	1/1000	
	Donkey anti mouse 680	Licor	92668072	1/10000	
	Donkey anti rabbit 800	Licor	92632213	1/10000	
	Filipin	Sigma	SAE0088-1ML	1/100	
	Syto13	Thermo Fisher Scientific	S7575	1/10000	

Supplemental figure 1. Venn diagram analysis of differentially expressed miRNAs in age and treatment stratified groups (a)

  Venn diagram of age-specific and age overlapping dysregulated miRNAs between DMD and healthy control samples and a table presentation of

379 links glucocorticoid treatment with the mitchondrial response in Duchenne Muscular Dystrophy SHORT SUMMARY Questions:

  To detect the proteins of interest, the membrane was first blocked in Odyssey Blocking Buffer (LI-COR) for one hour at room temperature before incubated with primary antibodies diluted in Odyssey Blocking Buffer overnight at +4 °C. The membrane was washed and incubated with secondary antibodies diluted in the Odyssey Blocking Buffer for one hour at room temperature. Images were acquired in the Odyssey

	Infrared Imaging System. Revert 700 Total Protein (LI-COR) staining, or GAPDH level were used to
	reference the protein quantification. A list of primary and secondary antibodies is detailed in
	Supplemental table 9.
	Immunohistofluorescence. The transversal sections of 8-μM thickness were prepared from frozen
	muscles in the cryostat (Leica). The sections were subsequently fixed in 4% methanol-free
	paraformaldehyde (Thermo Fisher Scientific) for 10 minutes, permeabilized in 0.1% Triton X-100
	Chapter 4.
	Measurement of creatine phosphokinase level in the serum. 10 μl of mouse serum was used to
	colorimetrically measure creatine phosphokinase concentration by FUJI DRI-CHEM nx500 system
	(DMV Imaging).

(Sigma) before blocked in the Blocking Buffer containing 10% Goat Serum (Gibco) in 1X PBS for one hour at room temperature. The blocked tissues were then incubated with primary antibodies in 1% Goat Serum (Gibco) in 1X PBS overnight at +4 °C. Samples were washed and incubated with Alexaconjugated secondary antibodies ((Life Technologies) in 1% Goat Serum (Gibco) in 1X PBS for 45 min at room temperature. After rewashing in 1X PBS, samples were mounted in DAPI Fluoromount-G (Southern Biotech) and stored at +4 °C. Images were acquired with confocal microscopy Leica TCS-SP8 or ZEISS Axio Scan.Z1. A list of primary and secondary antibodies is detailed in Supplemental table 9.

Measurement of free cholesterol level in muscle.

Lipid was first extracted from frozen muscle biopsies by homogenizing in Chloroform: Isopropanol: NP-40 (7:11:0.1), and the organic solvents were subsequently eliminated by vacuuming for 30 minutes. The concentration of free cholesterol in the extracted lipid was then measured using Cholesterol/ Cholesteryl Ester Assay Kit (ab65359, Abcam) according to the manufacturer's protocol. Approximately 10 mg of muscle tissue was used for the measurement.

miR-

Table 1 .

 1 MiRNA

			Fold-change (GRMD vs WT)		p-value (GRMD vs WT)		
		Chr.	Severe GRMD	moderate GRMD	Severe GRMD	moderate GRMD
	miR name	Hs	Biceps f.	Sartorius c.	Biceps f.	Sartorius c.	Biceps f.	Sartorius c.	Biceps f.	Sartorius c.
	miR-30e-3p	1	-1.46	-1.84	-1.09	-1.18		*		
	miR-30e-5p	1	-1.29	-2.24	1.08	1.15				
	miR-128-3p	2	1.19	-1.67	1.98	1.3			**	
	miR-149-5p	2	1.37	1.39	2.45	2.61			***	***
	let-7g-5p	3	-1.02	-1.25	2.01	2.02			**	**
	miR-103a-3p	5	1.36	1.9	1.63	2.48		*	**	****
	miR-378a-5p	5	1.03	-1.92	2.13	1.41			**	
	miR-133b	6	-1.27	-1.68	1.53	1.47		*	*	
	miR-206	6	-1.02	-1.42	1.58	1.55				
	miR-106b-3p	7	1.07	-1.07	1.71	2.23				**
	miR-106b-5p	7	1.13	1.12	1.93	1.84			**	*
	miR-320a	8	1.06	-1.18	1.32	1.34				
	let-7d-5p	9	1.54	1.46	2.01	2			**	**
	miR-1307-3p	10	1.42	1.44	1.96	2.54			**	**
	miR-139-5p	11	1.5	-1.23	3.26	3.01			***	*
	miR-342-3p	14	1.3	1.14	1.93	1.89			**	*
	miR-379-5p	14	2.41	2.07	3.3	2.92	**		**	***
	miR-410-3p	14	5.05	5.3	8.37	7.21	**	**	**	***
	miR-431-5p	14	12.41	14.89	22.09	17.61	***	**	**	***
	miR-433	14	4.87	4.77	7.43	6.39	**	*	***	**
	miR-487b-3p	14	1.29	1.2	1.37	1.42				
	miR-193b-3p	16	-1.2	-1.61	1.9	1.72			**	
	miR-484	16	-1.41	-1.3	-1.14	1.65				
	miR-142-3p	17	3.1	4.15	3.09	5.12	**	*	**	**
	miR-21-5p	17	4.83	10.18	2.63	8.28	**	**	**	****
	miR-451a	17	-1.13	1.58	1	1.9				*
	miR-133a	18	-1.28	-1.91	1.69	1.51		*	*	
	miR-23a	19	1.32	1.55	2.21	2.51			**	**
	miR-199a-3p	19	1.04	1.1	-1.05	1.42				
	miR-185-5p	22	-1.65	-1.36	-1.18	1.3				
	miR-361-3p	X	1.77	1.79	2.31	2.32		*	**	*
	miR-361-5p	X	1.23	1.02	2.25	2.13			**	**
	miR-98-5p	X	-1.05	-1.47	1.16	1.55				
	miR-223-3p	X	3.15	8.86	1.97	6.34	*	*		**

expression in GRMD muscle biopsies. MiRNAs are classified according chromosomal location order. Fold change GRMD/control is indicated in the middle part of the table. Respective p values are indicated *p < 0.05, **p < 0.001, ***p < 0.0005, ****p < 0.0001.

Table 1 : Human muscle biopsies used in the present study
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	Myobase ID	Group	Patient	Muscle	DMD mutation
	30,013		8 years old male	Tenseur du facia lata	non specify
	25,453 27,004	DMD	11 years old male 15 years old male	Fessier Paravertebral	Deletion Exon 3-37 Deletion Exon 10-11
	23,663		15 years old male	Paravertebral	Deletion Exon 50-52
	23,875		14 YO Female	Paravertebral	
	23,684 30,694	Healthy	14 YO male 15 YO Male	Paravertebral Grand fessier	None
	28,592		19 YO Male	Facia Lata	

  All animals were handled according to French and European guidelines for human care and the use of experimental animals. All procedures on animals were approved by Genethon's ethics committee under the numbers CE10-122, CE10-123, CE10-124, CE10-127, and Polymerase (New England Biolabs, Reference M0481) with touch-down thermocycler program. Each PCR reaction was performed in triplicate. The amplified PCR products were subsequently subjected to Sanger sequencing (Genewiz), and the levels of modification at single nucleotides were quantified byEditR (Kluesner et al., 2018). The primers used in bisulfite PCR were taken from the previous study(Sato et al., 2011) and detailed in Supplemental Table1.

	Chromatin immunoprecipitation. Chromatin immunoprecipitation (ChIP) of frozen muscle biopsies
	was performed using MAGnify Chromatin Immunoprecipitation System (Invitrogen) according to the
	manufacturer's protocol with minor modifications. First, 50-100 mg muscle tissues were minced
	quickly on ice by scissor, and homogenized thoroughly by sequential uses of 16G, 18G, and 21G needle.

Table 1 .

 1 ). Each PCR reaction was performed in duplicate. Results obtained with Rplp0 (for muscle samples) or Acta1 (for in vitro cells) were used to normalize the data across samples. Relative expression fold change was calculated using 2 -∆∆CT method, as previously described (Livak and Schmittgen, 2001; Pfaffl, 2001).Sequences and references of primers used in the study are presented in Supplemental RNA sequencing and transcriptomic analysis. RNA quality was first examined by Bioanalyzer 2100 (Agilent). Samples with RNA integrity number greater than 7.5 were then subjected to RNA sequencing (Genewiz). The sequencing libraries were prepared using the Stranded Total RNA Library Prep Kit (Illumina) and sequenced according to the Illumina protocol by NovaSeq instrument (Illumina), Total protein (for muscle samples) measured by Revert 700 Total Protein (LI-COR) (for muscle samples) or Actin (for in vitro cells) was used as loading controls for quantification. Details of antibodies used in this study are presented in Supplemental Table1.

	resulting in approximately 20M paired-end reads per library. Filtration and quality control were done
	by fastp (Chen et al., 2018). The pair-end reads were subsequently mapped into GRCm38/mm10
	genome by HISAT2 (Kim et al., 2015; Li et al., 2009), and count tables were produced by FeatureCount
	(Liao et al., 2014). Differentially expressed genes were identified by DESeq2 R package (Love et al.,
	2014). Pathway analysis was performed in RStudio (version 4.0.3), either by over-representation
	methods using Gene Ontology and ReactomePA or functional class scoring using Geneset Enrichment
	Analysis (GSEA). The list of R packages used in the analysis can be found in Supplemental Table 1.
	Computational prediction of DD-miRNA targets. Targets of Dlk1-Dio3 miRNAs were predicted by
	using R package miRNAtap (Pajak M, 2019), compiling data from five public databases: DIANA,
	Targetscan, PicTar, Miranda, and miRDB. The targets used in the subsequent analysis are genes that
	were predicted by at least two databases.
	Cell culture and in vitro study. Myoblast C2 cells were maintained in the proliferating medium
	containing DMEM (Thermo Fisher Scientific) supplied with 10% Fetal Bovine Serum and 1X

Table 1 . Measurement of mitochondrial OxPhos enzymatic activities. Enzymatic
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	activities of complex I

Supplemental Table 1: List of primers, antibodies, and reagents used in the present study.

  Our group has been interested in studying miRNA in DMD for a long time, including several miRNA profiling projects in the serum of mouse models for muscular dystrophies 301 , the GRMD dog model for DMD 300 , and in DMD patients 307 . Although extracellular miRNAs have been extensively explored for DMD as biomarkers of diagnosis, prognosis, and disease monitoring, only few papers elaborate on the contribution of circulating miRNAs to DMD

	Uqcrc2		TTCAGCAATTTAGGAACCACCC	GGTCACACTTAATTTGCCACCAA
	Bisulfite PCR primers (mmu) Mt-CYB ATCACTCGAGACGTAAATTATGGCT	TGAACTAGGTCTGTCCCAATGTATG
	Targets Cox7b		Forward CTTGGTCAAAAGCGCACTAAATC	Reverse AAAATCAGGTGTACGTTTCTGGT
	IG-DMR Cox5a	TGTGTTGTGGATTTAGGTTGTAGTTTA ATCCAGTCAGTTCGCTGCTAT	TAATCCCATTCCCAATCTATAAAAATA CCAGGCATCTATATCTGGCTTG
	Meg3-DMR Cox6a1	AAATTTTGTAAGGAAAAGAATTTTTAGG AGTTGGTGTGTCCTCGGTTTC	TTCAAAATTACTAATCAACATAAACCTC GTGAGAGTCTTCCACATGCGA
	Cox7a1		CCGCTTTCAGAACCGAGTG	CCCTTCAGGTACAACGGGA
	ChIP PCR primers (mmu) Mt-COI GACGTAGACACACGAGCATATTTCA	AGGACATAGTGGAAGTGAGCTACAAC
	Targets Atp5f1		Forward AGGTCCAGGGGTATTGCAG	Reverse TCCTCAGGGATCAGTCCATAAC
	IG-DMR_R1 Atp5e		GCCTCGCGGCCTGTCTACG GTGGCCTACTGGAGACAGG	CGGTAAACCCACATACGTGTGCCA GGAGTATCGGATGTAGCTGAGT
	IG-DMR_R2 Atp5a1		TGCCAGAGCAGTGCTACACGA GTATTGCCCGCGTACATGG	CAGCCTGGGTCCACAGCACA AGGACATACCCTTTAAGCCTGA
	IG-DMR_R3 Atp5b		GCGCTGCAGCCGCTATGCTA CCTGTCAGGGACTATGCGG	CAGCACCGGAGAGGACAGCC TCCTTACTGTGCTCTCACCCA
	IG-DMR_R4 Atp5c1		TCAGCCACAGTTCCCAGGCA TCACCAGGAGACTAAAGTCCATC	GCCTGTTTTGGGGGCAGCTT TATTTTGCTGCCGCTACCATT
	IG-DMR_R5 Mt-ATP6		CCTTGGCATCCTGGCTCACCG TAGCCATACACAACACTAAAGGACGA	CCCGGGGCTCAGGAGTAGGG GGGCATTTTTAATCTTAGAGCGAAA
	IG-DMR_R6 Gpd2		CGCAGGTCCTAACACGGCAC GGCAGTGAAAGGGACGATTCT	GAGCGTTGGAGCCTTGAGCC GCTGCTTTAACATAGGCCAGGT
	IG-DMR_R7 Bnip3		GGCTCAAGGCTCCAACGCTC CAGGGCTCCTGGGTAGAACT	TGAAGACCCCTGGCGAGCAA CTACTCCGTCCAGACTCATGC
	Meg3-DMR_R1 Slc25a20		CATGTTGCCCCCTTTGCCACTTAG GACCAGCCAAAACCCATCAG	CCCAGCAACCCGGAGTGTACTGTG AGAGGGTGACCGACGAACA
	Meg3-DMR_R2 Sar1b		AAGCATTACCACAGGGACCCCATT TACAGTGGTTTCAGCAGTGTG	CCCAAATGTTAGCCTGGAGGCTGT AGTGGGATGTAATGTTGGGACA
	Meg3-DMR_R3 Acta1		CAAGATAGTCCGTCAGAATCGGGG GGCATTCACGAGACCACCTAC	GGGCGATTTGTAGACAGAAACTGG CGACATGACGTTGTTGGCATAC
	Meg3-DMR_R4 Tfam		ACCTTTATCCTTGGTCGCCTGAGA ATGGCGTTTCTCCGAAGCAT	GCATTCTGCTGCAATGCGCTCATT TCCGCCCTATAAGCATCTTGA
	Meg3-DMR_R5 Ppargc1a		TGGGTGCGGCTACAGCAATTTGTC TCTGAGTCTGTATGGAGTGACAT	ATGTCGTCTTCATTTTTGCACATC CCAAGTCGTTCACATCTAGTTCA
	Meg3-DMR_R6		GCGCCCACAGAAGAATCTCTTACC	TTAATCAGGGTCTCTACCGCGCTG
	Meg3-DMR_R7 Other qPCR primers	GGGTCCGGTCCACTAGGGCTTTTT	CCCACGTTCCGCCGAGAACCTGGC
	Targets		Forward	Reverse
	qPCR-GE primers (mmu) mitoDNA (mmu) CTAGAAACCCCGAAACCAAA	CCAGCTATCACCAAGCTCGT
	Genes gDNA (mmu)		Forward ATGGGAAGCCGAACATACTG	Reverse CAGTCTCAGTGGGGGTGAAT
	Meg3			TTGCACATTTCCTGTGGGAC	AAGCACCATGAGCCACTAGG
	Rian sgRNAs for IG-DMR KO in iPSCs CGTGTGTGTGTGTGTGTGGT	GCCAAGGTCTCTACCAGCAG
	Mirg sgIGKO_5end		GGCAAGGTCTAGGATGGACA GAACCCAACUGUGUGUGACA	CGCCAGCTTCTGAATACTCC
	Dlk1 sgIGKO_3end		GACCTGGAGAAAGGCCAGTA GCAUUGAAUGUAUGGCCACG	AGGGAGAACCATTGATCACG
	Sar1b Primers for screening IG-KO clones TTCCTTGGATTGGATAATGCCG	GCCAGCAATAGTAAGCTCTTCTG
	Bnip3	F1		TCCTGGGTAGAACTGCACTTC GGTGAGCTTGCATTCAAAGG	GCTGGGCATCCAACAGTATTT
	Hsd17b4 R1		AGGGGACTTCAAGGGAATTGG GAATGCAATGGTCTGTGGCT	GCCTGCTTCAACTGAATCGTAA
	Cycs	F2		CCAAATCTCCACGGTCTGTTC CTACACTCACCCTAGCCTCC	ATCAGGGTATCCTCTCCCCAG
	Pex19	R2		GACAGCGAGGCTACTCAGAG CGAGAGTCTGGCCTTATGTAC	GCCCGACAGATTGAGAGCA
	Uqcc			TTGCTGGTGCGAGTCCTTAG	GTGTCCGCTCCAACAGTCT
	Timm44 Antibodies		CTAGGCAGCGGAATCCAATTT	GCAAGCCTGACAAAAACCCTTT
	Ndufs1 Cs Protein Gpd2 H3K4me3 Slc25a20 H3K9me3 Rplp0 H3K36me3 H3K79me2		AGGATATGTTCGCACAACTGG GGACAATTTTCCAACCAATCTGC Supplier GAAGGGGACTATTCTTGTGGGT Abcam GACGAGCCGAAACCCATCAG Abcam CTCCAAGCAGATGCAGCAGA Active Motif Milipore	TCATGGTAACAGAATCGAGGGA Reference TCGGTTCATTCCCTCTGCATA ab8580 GGATGTCAAATTCGGGTGTGT ab8898 AGTCGGACCTTGACCGTGT 61102 ATAGCCTTGCGCATCATGGT 04-835	Dilution (WB) 1/1000 1/700 1/1000 1/2000
	H3K27me3 qPCR-GE primers (hsa) Genes H4K16ac Ndufs1 TTAGCAAATCACCCATTGGACTG Milipore Forward Active Motif H3K9ac Active Motif Ndufv1 AGGATGAAGACCGGATTTTCAC H3 Abcam Ndufb4 ATGTCGTTCCCAAAGTATAAGCC Dnmt3a Novusbio Ndufb2 GGAGGCCGCCTTTTCAGAA TET2 ProteinTech Ndufb11 CGTCCGCTGGGAATCTAGC ACTIN Sigma Ndufs2 GTCCGATTGCCGATTCAGC SLC25A20 Abcam Mt-ND1 CCACCTCTAGCCTAGCCGTTTA BNIP3 Abcam Mt-ND6 CAAACAATGTTCAACCAGTAACCACTAC SAR1b Abcam Sdha CAAACAGGAACCCGAGGTTTT NDUFA9 Abcam Shdb ACAGCTCCCCGTATCAAGAAA SDHA Abcam Sdhd ATTTCTTCAGGACCGACCTATCC UQCRC2 Abcam Uqcrfs1 CTGAATACCGCCGCCTTGAA MT-COI Abcam Uqcrc1 GGGGCACAAGTGCTATTGC COXIV Abcam Uqcrb GGTAAGCAGGCCGTTTCAG ATP5A Abcam	07-449 39929 Reverse 39918 CCCCTCTAAAAATCGGCTCCTA ab1791 CAGTCACCTCGACTCAGGGA 64B1446 GAAGCAGGTACTCTCGTTTCAG 21207-1-AP GGAAGGATCAGGATACGGAAAGT A2066 ACGGGGTCCTTGTCATAACCA ab82678 GCTTGGGTACATAACAGCTCC ab10433 GGGTCATGATGGCAGGAGTAAT ab155278 ATATACTACAGCGATGGCTATTGAGGA ab14713 CAGCTTGGTAACACATGCTGTAT ab14715 GCATGATCTTCGGAAGGTCAA ab14745 CAGCCTTGGAGCCAGAATG ab14705 ATGCGACACCCACAGTAGTTA ab64885 GTTGTCCAGCAGGCTAACC AGGTCCAGTGCCCTCTTAATG ab14748	1/1000 1/500 1/500 1/1000 1/500 1/500 1/250 1/500 1/500 1/1000 1/1000 1/2000 1/1000 1/1000 1/500 1/1000
	Uqcrq			CGCGAGTTTGGGAATCTGAC	TAGTGAAGACGTGCGGATAGG

  Compared with previous studies both from our group and others, some notable improvements of this study include: the study was conducted in DMD patients and healthy control, it includes a large number of serum samples plus information about glucocorticoid treatment, and the use of the deep sequencing technology. Therefore, this study provides a deep and comprehensive characterization of miRNA profile in serum of DMD patients, which overcomes many obstacles in the previous investigations for the identification of miRNA dysregulation in DMD.

	300,301 , we conducted a large and deep miRNA profiling in the serum of DMD patients in
	Chapter 3. The profiling identified in total 96 dysregulated miRNAs in DMD patient's serum
	compared to healthy control. Many identified miRNAs agree with previous findings, including
	dystro-miRNAs, cardio-miRNAs, and Dlk1-Dio3 clustered miRNAs. Besides, many miRNAs
	are reported for the first time in DMD, such as many let-7 and miR-320 family members.
	Notably, 22 miRNAs out of 96 were found down-regulated in DMD patient's serum. It is
	noteworthy that in many previous investigations, the majority of circulating DMD miRNAs were
	found upregulated, possibly explained by increased sarcolemma permeability and leakiness.
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We found that DD-miRNAs dysregulation is not specific to DMD since it was also observed in the mouse models for LGMD R1, R5, and R3 muscular dystrophies. We showed that upregulation of DD-miRNAs in the dystrophic muscle of the mdx mouse was controlled epigenetically by DNA and histone methylation levels at the DLK1-DIO3 Intergenic Differentially Methylated Region (IG-DMR). The expression DD-miRNAs in mdx was drastically reduced in satellite cells, and on the contrary, highly upregulated in differentiated myotubes and regenerating myofibers of mdx origin compared to control. Unsupervised bioinformatics analysis predicted that DD-miRNAs might regulate mitochondrial functions; notably, oxidative phosphorylation is of the highest prediction. It supported their involvement in mitochondrial adaptation in DMD, as was shown independently in Chapter 3 for one DD-miRNA, miR-379. The in vivo simultaneous overexpression of 14 DD-miRNAs in the healthy muscle resulted in a drastic downregulation of mitochondrial oxidative phosphorylation.

Transcriptomic analysis revealed a high degree of similarity between the dystrophic muscle of the mdx mouse and the normal muscle that ectopically overexpressed 14 DD-miRNAs, supporting experimentally that DD-miRNAs are mediators of mitochondrial adaptation in DMD.

Knocking down the entire DD-miRNA cluster in iPS-derived skeletal muscle myotubes resulted in increased mitochondrial activity and oxidative phosphorylation. The present study provides evidence for the modulation of mitochondrial activity in the dystrophic muscle by the upregulated DD-miRNAs and supports an updated model for mitochondrial dysfunction in DMD.
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ABSTRACT

Duchenne Muscular Dystrophy (DMD) is a severe muscle disease caused by the impaired expression of dystrophin. In previous investigations, we identified the dysregulation of a large number of miRNAs that reside in the Dlk1-Dio3 imprinted genomic locus, the largest miRNA cluster in the human genome, in both serum and muscles of DMD animal models and patients. The object of the present study was to define the biological function of Dlk1-Dio3 miRNAs (DD-miRNAs) in the dystrophic muscle. First, we demonstrated that DD-miRNAs dysregulation is not specific to DMD since it is also observed in mouse models for several Limb-Girdle Muscular Dystrophies. Upregulation of DD-miRNAs in the dystrophic muscle of the mdx mouse was controlled epigenetically by DNA and histone methylation levels at the Dlk1-Dio3 Intergenic Differentially Methylated Region (IG-DMR). The expression DD-miRNAs in mdx was drastically reduced in satellite cells, and on the contrary, highly upregulated in differentiated myotubes and regenerating myofibers of mdx origin compared to control. Bioinformatics analysis predicted that DD-miRNAs could regulate mitochondrial functions, which supports the hypothesis of their involvement in mitochondrial adaptation in DMD. In vivo simultaneous overexpression of 14 DD-miRNAs in the healthy muscle resulted in a drastic downregulation of mitochondrial oxidative phosphorylation. Transcriptomic analysis revealed a high degree of similarity between the dystrophic muscle of the mdx mouse and the normal muscle that ectopically overexpressed these DD-miRNAs, supporting experimentally that DD-miRNAs are mediators of mitochondrial adaptation in DMD. Knocking down the entire DD-miRNA cluster in iPS-derived myotubes resulted in increased mitochondrial activity and oxidative phosphorylation. The present study provides evidence for the modulation of mitochondrial activity in the dystrophic muscle by the upregulated DD-miRNAs and supports an updated model for mitochondrial dysfunction in DMD. CE12-039. C57Bl10, C57Bl6, and C57BL/10ScSn-Dmd mdx /J mice were obtained from Charles River laboratories. Mice were housed in an SPF barrier facility with 12-h light, 12-h dark cycles and were provided with food and water ad libitum. Only male mice were used in the present study. The animals were anesthetized with a mix of ketamine (100 mg/kg) and xylazine (10 mg/kg). For intramuscular injections, a volume of 25 µl containing 1.0E10vg AAV vectors was injected into each TA muscle. For the duration of the study, all animals were observed twice daily. All animals were weighed on the day of treatment as well as on the day of the necropsy.

Satellite cell isolation from skeletal muscles and their in vitro differentiation. Satellite cells were isolated from limb muscles as described (Liu et al., 2015) with some small modifications. All hind limb muscles of 5-weeks old mice were collected and minced by using scissors. The samples were then put in the digestion medium of DMEM with 3U/ml Dispase II (Thermo Fisher Scientific), 0.5 U/ml Collagenase A (Sigma), 0.2% BSA (Sigma), and 1X Pen-Strep (Thermo Fisher Scientific) for two hours at 37°C with gentle shaking. The lysates were then passed through successive strainers (100, 70, and 40 µm) to eliminate fibers and debris. Subsequently, red blood cells were removed from the samples by Versalyse (Beckman Coulter, Reference A09777). The mono-nucleated cells were then blocked by Mouse BD Fc Block (BD Pharmingen, Reference 553142), stained with CD31-APC, CD45-APC, Sca1-PE, Vcam1-PE.Cy7 and viability marker 7AAD. The corresponding isotype controls were used in parallel to determine the non-specific binding of antibodies. The cells were then FACS-sorted by Astrios Cell Sorter (Beckman Coulter). Satellite cells, marked as CD31 -CD45 -Sca1 -Vcam1 + , were directly placed in the proliferating medium containing Ham's F-10 (Hyclone) supplemented with 10% horse serum and 2.5 ng/ml bFGF (PeproTech, Reference 100-18B), and incubated at 37ºC, 5% CO2 for 3 days. Proliferated cells were then switched into a differentiation medium containing DMEM and 5% Horse Serum (Gibco) and kept at 37ºC, 5% CO2 for 5 days.

Bisulfite Conversion and DNA methylation analysis. Genomic DNA of muscle tissues was extracted by Phenol:Chloroform:Isoamyl Alcohol standard protocol. Purified DNA was then treated with sodium bisulfite by using EpiTech Bisulfite Kit (Qiagen, Reference 59104) according to the manufacturer's protocol. Subsequently, bisulfite-converted DNA was amplified by PCR using OneTaq HotStart DNA Gentamycin at 37ºC, 5% CO2. Human induced pluripotent stem cells (hiPSCs) were maintained in mTeSR medium (Stemcell Technologies, Reference 05850) on Matrigel-coated plate (Corning, Reference 356230). To differentiate hiPSCs into skeletal muscle linage, 2D directed differentiation protocol was used as previously described 19 . The hiPSCs were placed in three consecutive defined media as followed: SKM01 (AMSbio) from day 0 to 10, SKM02 (AMSbio) from day 10 to 17, and SKM03 (AMSbio) from day 17 to 20 (Figure S5B). The positions of primers and the sizes of the PCR amplicons were illustrated in Figure S5A. The sequences of selected sgRNAs and PCR primers for screening were detailed in Supplemental Table 1.

Genomic deletion using

We selected two single clones with no IG-DMR deletion in both alleles from the same screening process, used as control (IG-DMR +/+ ) in subsequent experiments.

Immunofluorescence. The transversal sections of 8-μm thickness were prepared from frozen muscles in the cryostat (Leica). The sections were subsequently fixed in 4% methanol-free paraformaldehyde for 10 minutes before blocked in the Blocking Buffer 10% Goat Serum (Gibco) in 1X PBS for 1 hour wild-type control), including LGMDR1 (calpainopathy), LGMDR5 (gamma sarcoglycanopathy) and

LGMDR3 (alpha sarcoglycanopathy). Interestingly, we found DD-miRNAs upregulation in both serum and muscles of all these models in a severity-dependent manner (Figure 1C-D). It suggested that DD-miRNA dysregulation is related to the dystrophic process.

Dlk1-Dio3 miRNAs dysregulation in dystrophic muscle originates from regenerating myofibers

Since the skeletal muscle is a complex tissue composed of many cell types, we attempted to clarify which cells overexpress Dlk1-Dio3 miRNAs within this organ. We first localized the DD-miRNAs expression by in situ hybridization (ISH) of two representatives with relatively high expression levels, miR-127-3p and miR-379-5p, in the diaphragm of 5-week-old mdx mice and wild-type control (Figure 1E). ISH of miR-127-3p and miR-379-5p showed a similar pattern of a high expression in regenerating small-diameter centro-nucleated myofibers as well as in muscle mono-nucleated cells (mMNCs) in the regenerating areas (Figure 1E).

To further explore DD-miRNAs expression profile within mMNC subpopulations, we FACS-sorted different mMNC fractions using the CD31, CD45, Sca1, and Vcam1 markers from the hind limb muscles of the mdx and control mice and quantified expression of four representatives DD-miRNAs (Supplemental Figure 1B,n=3). Five subpopulations that are typically found in skeletal muscle include hematopoietic cells (CD45+), endothelial cells (CD31+), mesenchymal stem cells (Sca1+), satellite cells (Vcam1+), and the cells that are negative for all four markers (CD45-/CD31-/Sca1-/Vcam1-) 25 . We found that the high expression DD-miRNAs in the CD31-/CD45-/Sca1+ fraction, corresponding to the Fibro-Adipocyte Progenitors (FAPs), and in the CD31-/CD45-/Sca1-/Vcam1+ cells that correspond to the satellite cell fraction as well as in a CD31/CD45/Sca1/Vcam1 negative cellular fraction (Supplemental Figure 1B). Importantly, DD-miRNAs were expressed to similar levels in the FAP cells derived from mdx and control mice (Supplemental Figure 1B). In contrast, a lower DD-miRNAs expression was detected in mdx satellite cells (Figure 1F, Supplemental Figure 1B), which can be explained by its activated state due to the repeated regeneration process within the dystrophic muscle, subsequently result in reduced DD-miRNAs level 26 .

Next, we characterized DD-miRNAs expression during in vitro myogenic differentiation and in vivo muscle regeneration. In the in vitro model of myogenic differentiation from satellite cells, in agreement with our previous results concerning miR-379 7 , we detected higher expression levels of all tested DD-miRNAs in differentiated myotubes of the mdx as compared to control mice (Figure 1F,n=3). In vivo, we explored DD-miRNA expression in the model of Notexin-induced muscle damage. Expression levels of a collection of DD-miRNAs, along with other maternal as well as paternal transcripts from the same locus (Meg3, Rian, Mirg, Dlk1, and Rtl1), increased gradually from day 7 to day 14 post-injection, confirming increased expression in the regenerating muscle independently of the DMD context (Figure 1G).

In vivo DD-miRNAs overexpression reduces muscle mass

To investigate the functions of DD-miRNAs, in vivo in the muscle, we selected the most relevant DD-miRNAs in the context of DMD, for their simultaneous overexpression. We identified 15 DD-miRNAs which are commonly dysregulated in the serum of DMD patients 5 and GRMD dog models 6 , in the diaphragm muscle of mdx mouse model (Figure 1B and GEO accession: GSE36257 30 ), and during the activation of muscle satellite cells in the mouse 26 . From these 15 commonly dysregulated DD-miRNAs, 13 were selected further, based on their high expression level and high fold-change. Additionally, we added miR-541-3p that was among the most highly expressed and dysregulated in mdx diaphragm and quiescent satellite cells (Figure 3A) 26,30 . Dysregulation and expression levels of the selected DD-miRNAs in the mouse diaphragm are presented (Supplemental Figure 3A).

The mouse pre-miRNA sequences of these 14 miRNAs were sub-cloned into five AAV expression vectors (four that contained each a tandem of three DD-miRNAs and one with two DD-miRNAs) that co-express the GFP protein, as schematically described in (Figure 3B). These five AAV vectors were co-administrated by an intramuscular (IM) injection into the tibialis anterior (TA) muscle of young adult control mice. Mice were co-administrated the 5 AAV-DD-miRNAs, as compared to a negative control of AAV vector with the same expression cassette, with GFP-only. Treated mice were analyzed after one month histologically and molecularly, and after three months, for muscle functional evaluations (Figure 3C). Analysis of the injected muscles confirmed the overexpression of all injected DD-miRNAs (Supplemental Figure 3B), to a comparable level to the endogenous DD-miRNAs in the diaphragms of the young adult mdx mice (Supplemental Figure 3C). Injection the TA muscle of DD-miRNAs overexpressing mice presented a significantly reduced muscle mass (Figure 3D), at both 1 and 3 months after injection. At 3 months after injection, in situ mechanical force measurement had been performed on AAV-injected TA muscles. Both absolute value of maximum tetanic force and maximum twitch force of DD-miRNA overexpressed muscles significantly dropped at 27.2% and 29.1%, respectively (Figure 3E,G), which are lower rates compared to the 44.4% reduction in muscle mass. Therefore, the normalized values to muscle mass of tetanic force and twitch force were slightly

Overexpression of DD-miRNAs in vivo partly reassembles the dysregulation of mdx diaphragm

To understand the consequences of DD-miRNA overexpression in the dystrophic muscle, we compared transcriptomics of the dystrophic muscles to the DD-miRNA overexpressing healthy muscle. In the dystrophic diaphragm, 8309 differentially expressed genes (DEGs) were identified (n=4, BH-adjusted p-value < 0.05) (Figure 4A,C). A similar analysis was applied to one-month treated muscles, which were injected with AAV-DD-miRNAs or negative control. DD-miRNAs overexpression resulted in 2048 DEGs (n=3, BH-adjusted p-value < 0.05) (Figure 4A,E). Of that, 74.2% (1520) of total DEGs were dysregulated in the dystrophic muscle, which accounts for 18.3% of total changes (Figure 4A). Furthermore, a highly significant correlation was observed between the level of dysregulation (log2 fold change) of 1520 common DEGs within the two datasets (Pearson correlation test, R=0.73, p-value < 2.2E-16) (Figure 4B). This data indicates that the majority of changes driven by DD-miRNAs overexpression in the normal muscle may contribute to the transcriptomic dysregulation seen in the mdx muscle. Next, the gene set enrichment analysis (GSEA) method was utilized to interpret the transcriptomic changes at the pathway level 31,32 . Pathways related to immune response and fibrosis progression were found highly upregulated in the mdx muscle, while many metabolic pathways were significantly downregulated (Figure 4D). Strikingly, similar observations were also identified in the DD-miRNAs overexpressed muscle, compared to negative controls (Figure 4F). Although the common DEGs account for only 18.3% of mdx transcriptomic changes and the typical miRNA function inhibiting gene expression (Figure 4C,E), DD-miRNAs overexpression mostly recapitulated both up-and downpathway dysregulation seen in mdx muscle (Figure 4D,F).

Reduction in DD-miRNA expression level increased OxPhos expression and activities

The next question is whether we can enhance mitochondrial activities by reducing DD-miRNA expression. However, no viable mouse model with a reduced level of almost DD-miRNAs. Therefore, we decided to create an in vitro myogenic knockout model for the locus. A human induced pluripotent stem cell (hiPSC) line, namely M180, was subsequently selected because it is among few cell lines that exclusively retains a high DD-miRNA level throughout in vitro myogenesis 36 . We noted from the previous studies that the expression level of maternal Dlk1-Dio3, including DD-miRNAs, was abolished in cells lacking its IG-DMR, notably in IG-DMR -/-mouse embryonic stem cells 37 , or IG-DMR -/+ E16 embryos 38 . Therefore, we created an IG-DMR knockout hiPSCs (IG-KO) by deleting the corresponding human IG-DMR. The deletion of the 11 kb region was done by double-cut CRISPR/spCas9 strategy, in which the two sgRNAs target two ends of IG-DMR (Figure 8A). Clonal selection by PCR was followed to select and verify homologous deletion (Figure S5A). Then, IG-DMR +/+ (Ctrl) and IG-DMR -/-(IG-KO) clones are sequentially differentiated into myotubes (Figure S5B-C). IG-KO clones showed normal differentiation and were able to convert into myotubes (Figure S5C). However, while complete KO of DD-miRNA levels was seen in the pluripotent state (D0) (Figure S5D), only incomplete but significant reduction was unexpectedly achieved in D20 myotubes (Figure S5E). The re-activation of DD-miRNAs suggested that other regulatory regions, such as Meg3-DMR, also essentially drive DD-miRNA expression, and IG-DMR is more likely to serve as an enhancer for the expression of maternal components 37 in the differentiated myotubes.

We then investigate the mitochondrial responses in hiPSC-derived myotubes with reduced DD-miRNA levels. At the RNA level, IG-KO clones showed a global upregulation of transcripts of all five OxPhos complexes, although with variation between clones in the level of some genes (n=4, student t-test) (Figure 8B). Besides, increased mRNA levels in two IG-KO clones were also seen in two master regulators of mitochondrial biogenesis (Tfam and Ppargc1a), four DD-miRNAs predicted targets (Figure 8B), and two validated targets (Eif4g2, Usmg5) 7 . Similarly, the protein levels of five representatives for five OxPhos complexes in the two IG-KO clones also showed a global increase compared to the control (Figure 8C). More importantly, activities of all five OxPhos complexes in the supported that reduced DD-miRNAs can enhance mitochondrial biogenesis, particularly the OxPhos system in differentiated myotubes. 

DISCUSSION

The DD-miRNA cluster regulates mitochondrial OxPhos in the dystrophic muscle. The regulation of mitochondrial functions by miRNAs from the Dlk1-Dio3 locus has been reported before. In the hematopoietic system, inhibiting the AKT/mTOR signaling to modulate mitochondrial OxPhos by DD-miRNAs was shown to preserve the long-term repopulation capacity of stem cells 18 . In the muscular system, the metabolic maturation of muscle precursor cells was shown to be dependent on the inhibition of the miRNA cluster, which resulted in the activation of mitochondrial functions and myogenic differentiation 16 . In the context of muscular dystrophy, we have most recently demonstrated the participation of the DLK1-DIO3 miR-379 in the modulation of mitochondrial activity in the dystrophic muscle 7 , pointing toward the possible regulation of mitochondrial functions by DD-miRNAs in muscular dystrophy. Of note, rather than a priori assuming mitochondrial modulation by DD-miRNAs in a hypothesis-driven study, we undertook in the present investigation a strategy of a non-supervised approach, consisted of the in vivo co-overexpression of a 14 DD-miRNAs, and global transcriptomic bioinformatics analysis. This analysis pointed toward lipid metabolism and mitochondrial functions as the most dysregulated pathways downstream to the DD-miRNAs, supporting experimentally strongly that the mitochondrial OxPhos system is indeed the most affected pathway in the dystrophic muscle by the cooperative activity of the DD-miRNAs. Importantly, the activation of DD-miRNAs was also observed in the muscle and serum of three LGMD mouse models and during regeneration of normal muscle subjected to Notexin injury. This data strongly supports that the involvement of DD-miRNAs in mitochondrial functions might be associated with diverse situations of muscle injury and regeneration.

Epigenetic control of DD-miRNA dysregulation in the dystrophic diaphragm. DNA methylation and post-translational modifications of core histones at differentially CpG methylated regions (DMRs) are the most characterized epigenetic mechanisms controlling Dlk1-Dio3 imprinting and expression 9,37- 40 . In other non-muscular systems, the increased expression of DD-miRNA was shown to be associated with DNA hypomethylation [41][42][43][44] , and aberrant histone modifications 45,46 at these DMRs. Epigenetic control was shown to play a key role in the regulation of muscle functions in muscular dystrophy 47,48 . The prevailing hypothesis for the dominant molecular mechanisms in DMD is of mechanical destabilization of the myofibers in the dystrophic muscle. Yet, accumulating evidence supports a critical role for metabolic and mitochondrial perturbations in DMD, in addition to mechanical destabilization. However, the nature of these metabolic perturbations has remained poorly understood. The studies reported here contribute to a better understanding of these metabolic aspects and, therefore, promote translational development and improved therapeutic care in DMD. 
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