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ABSTRACT 26 

Progressive skeletal muscle wasting is a natural consequence of aging and is common 27 

in chronic and acute diseases. Loss of skeletal muscle mass and function (strength) 28 

often leads to frailty, decreased independence and increased risk of hospitalization. 29 

Despite progress made in our understanding of mechanisms underlying muscle 30 

wasting, there is still no treatment available, with exercise training and dietary 31 

supplementation improving, but not restoring muscle mass and/or function. There has 32 

been slow progress in developing novel therapies for muscle wasting, either during 33 

aging or disease, partially due to the complex nature of processes underlying muscle 34 

loss. The mechanisms of muscle wasting are multifactorial, with a combination of 35 

factors underlying age- and disease-related functional muscle decline. These factors 36 

include well characterized changes in muscle such as changes in protein turnover, 37 

and more recently described mechanisms such as autophagy or satellite cell 38 

senescence. Advances in transcriptomics and other high-throughput approaches have 39 

highlighted significant deregulation of skeletal muscle gene and protein levels during 40 

aging and disease. These changes are regulated at different levels, including post-41 

transcriptional gene expression regulation by microRNAs. microRNAs, potent 42 

regulators of gene expression, modulate many processes in muscle, and microRNA-43 

based interventions have been recently suggested as a promising new therapeutic 44 

strategy against alterations in muscle homeostasis. Here, we review recent 45 

developments in understanding the aging-associated mechanisms of muscle wasting 46 

and explore potential microRNA-based therapeutic avenues. 47 

 48 
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INTRODUCTION 56 

As a function of the aging process, muscle loss, referred to as sarcopenia, is a 57 

significant cause of frailty and a contributor to mortality in the elderly population (20). 58 

Diagnosis of sarcopenia is currently based on a reduction in lean body mass (33). The 59 

European Working Group on Sarcopenia in Older People (EWGSOP) defines 60 

sarcopenia as the presence of both decreased muscle mass and reduced muscle 61 

function (strength and performance) due to the non-linearity of mass and strength, as 62 

well as muscle strength not relying explicitly on muscle mass (33). Declining muscle 63 

mass, estimated at up to 40% decrease in the cross-sectional area of the quadriceps 64 

between 20 and 80 years of age, is a significant contributor to impairments in mobility 65 

(73). The rate of muscle loss during aging has been reported at 1-2% loss per year 66 

after age 50, with women reported to lose muscle mass at a slower rate than men 67 

(102).  68 

The reduction in muscle mass and strength in older people is underpinned by 69 

progressive pathophysiological changes, which ultimately perturb the maintenance of 70 

muscle homeostasis. Among proposed mechanisms of sarcopenia, progressive 71 

myofiber atrophy (with type II muscle fibers potentially more susceptible to atrophy 72 

than type I fibers), alterations in satellite cell biology and therefore defective 73 

regeneration, adipose tissue infiltration and chronic inflammation have been proposed 74 

(19, 20, 97, 113, 161). Degeneration of neuronal cells and alterations in 75 

neuromuscular junction (NMJ) morphology, similarly as in neuromuscular disorders 76 

such as amyotrophic lateral sclerosis (ALS), also play a critical role in mediating the 77 

loss of muscle during aging (21, 60, 80, 97, 144). At the cellular level, satellite cell 78 

senescence and defective autophagy have been suggested important players in 79 

muscle wasting (62, 137). The mechanisms underlying sarcopenia have been 80 

comprehensively discussed in a review by Larsson et al. (80). Below, we focus on 81 

selected, some only recently proposed, mechanisms of muscle wasting. 82 

 83 

 84 

 85 

 86 

 87 
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MECHANISMS OF MUSCLE WASTING 88 

 89 

Muscle protein homeostasis. 90 

Skeletal muscle homeostasis depends on an intricate balance between muscle 91 

hypertrophy, atrophy and regeneration. Muscle hypertrophy and atrophy are both 92 

independent, but overlapping, active processes controlled by specific signature 93 

pathways and transcriptional programs (134). During aging and in disease, the 94 

balance between anabolic and catabolic processes in muscle is perturbed, resulting 95 

in a loss of muscle mass and function (2, 20, 40, 97, 134).  96 

The primary anabolic pathway in muscle protein synthesis is the activation of 97 

serine/threonine kinase AKT by phosphoinositide 3-kinase (PI3-k/AKT) which 98 

upregulates mammalian target of rapamycin (mTOR) and is itself regulated by factors 99 

such as insulin-like growth factor-1 (IGF-1), exercise, hormones and amino acid intake 100 

(3, 124). The mTOR signalling pathway is a primary transducer of anabolic signalling 101 

in muscle and is required for cell growth, proliferation and suppression of autophagy 102 

(126). It has been suggested that the reduced mTOR signalling in sarcopenia does 103 

not affect muscle protein synthesis, but rather contributes to insulin and anabolic 104 

resistance following stimuli such as mechanical stress, insulin, and nutrient availability 105 

(87, 126). Contrastingly, skeletal muscle catabolism is activated by ubiquitin 106 

proteasome pathway (UPP) under the control of Forkhead-O (Fox-O) and nuclear 107 

factor-kappa B (NF-κB) (3, 4, 123, 139). Interestingly, these pathways are a part of 108 

physiological responses to stimuli such as exercise, however their dysregulation can 109 

result in muscle wasting. For example, NF-κB activation is a part of adaptation of 110 

muscle to different stressors, such as mechanical stress, however its persistent 111 

activation has been associated with muscle wasting through ubiquitin-proteasome 112 

pathway or cytokine and chemokine release (139). Other key catabolic pathways in 113 

muscle include the myostatin pathway, autophagic-lysosomal proteolysis and 114 

mitochondrial dysfunction (3, 44, 62, 89). Imbalanced protein synthesis and 115 

degradation result in either muscle hypertrophy, such as during resistance exercise, 116 

or atrophy, such as in sarcopenia, respectively. While the net loss of muscle may result 117 

in similar clinical presentation, differences exist in the underlying mechanisms 118 

contributing to muscle loss.  119 

 120 
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Autophagy  121 

A more recently described mechanism associated with sarcopenia, is 122 

macroautophagy (here referred to as autophagy). Autophagy is a highly conserved 123 

process of degradation of cytoplasmic components of the cells, such as damaged 124 

organelles or protein aggregates, often considered a cellular “recycling” machinery 125 

(89). During autophagy, cytoplasmic cargo is delivered to the lysosome through an 126 

intermediate double membrane-bound vesicle (autophagosome) that fuses with the 127 

lysosome to form autolysosome. Autophagy is critical to the function of cells and is 128 

activated upon stimuli such as amino acid deprivation or cellular stress (15). 129 

Dysfunctional autophagy in older people and rodents has been suggested to lead to 130 

sarcopenia (69). Dysregulated autophagy is thought to be responsible for the 131 

accumulation of damaged organelles and proteins (125). Mitophagy, selective 132 

autophagy leading to breakdown of mitochondria, has been suggested to lead to 133 

increase in reactive oxygen species (ROS) production  (163), which in turn has been 134 

proposed to contribute to muscle wasting in both aging (sarcopenia) and disease 135 

(163). Moreover, oxidation-dependent protein alterations have been observed in 136 

people with muscle loss (163). Recent literature further supports a relationship 137 

between ROS, autophagy and muscle weakness; while the mechanisms are not 138 

completely understood, it is suggested ROS may lead to de-regulation of autophagy 139 

(163).  140 

Senescence 141 

Elevated ROS levels are also thought to be associated with cellular senescence (108). 142 

Senescent cells have been suggested to contribute to muscle wasting through 143 

senescence-associated secretory phenotype (SASP) and increased “signalling noise” 144 

(8). Moreover, it has been demonstrated that removal of senescent cells can restore 145 

tissue homeostasis during aging, therefore suggesting that targeted removal of 146 

senescent cells may provide new therapeutic opportunities for aging-associated 147 

muscle wasting (10). Whilst senescence is a phenomenon mainly associated with 148 

mitotic cells, the extent of senescence in skeletal muscle, a post-mitotic tissue is 149 

debatable, with some reports demonstrating elevated levels of senescence-150 

associated proteins in skeletal muscle from old mice (63). Interestingly, it has been 151 
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shown that satellite cells can undergo senescence resulting in their decreased 152 

regenerative potential, which may also contribute to sarcopenia development (137). 153 

Muscle regeneration 154 

Adult skeletal muscle regeneration is largely dependent on satellite cells, the muscle 155 

stem cell population (90). The availability and functionality of satellite cells determine 156 

effective regeneration and changes in satellite cell number have been demonstrated 157 

with aging in human and rodents (13, 18, 31, 72, 152). Moreover, human and rodent 158 

satellite cells from muscle from older individuals show transcriptional profile switch, 159 

dysregulated autophagy and reduced regenerative potential (16, 68, 91, 138). More 160 

recently, it has been demonstrated that satellite cells undergo irreversible senescence 161 

during aging, thus contributing to the reduced regenerative potential of muscle in older 162 

individuals (137). It has been therefore proposed that changes in satellite cells are key 163 

to sarcopenia development (13). However, it has to be noted that satellite cells have 164 

been shown to be dispensable in muscle hypertrophy (96) and the role of satellite cells 165 

in sarcopenia has been suggested to be negligible by others (49). Therefore, the 166 

degree to which satellite cells contribute to the development of sarcopenia remains to 167 

be established. 168 

Fibro-adipogenic progenitor cells  169 

Fibro-adipogenic progenitors (FAPs) are a recently described population of 170 

mesenchymal progenitor cells resident in the interstitial space of the skeletal muscle 171 

fibers which are capable of differentiation into both adipocytes and fibroblasts(70, 172 

141). FAPs are characterized by the expression of PDGFRα and other markers such 173 

as Sca1 (only in mice) and CD34. FAPs are thought to be key for successful muscle 174 

regeneration and repair in healthy and young individuals (107). During normal muscle 175 

regeneration, FAPs proliferate and release signals, such as IL-6, to stimulate satellite 176 

cell differentiation (117) (107). This regenerative potential might be also enforced by 177 

the differentiation of FAPs into fibroblasts, as fibroblasts are necessary for connective 178 

tissue repair of the extracellular matrix (ECM) (81). However, during defective muscle 179 

regeneration in aging or disease, fibrotic scar may be formed, followed by adipose 180 

tissue infiltration. This “fatty degeneration” is characteristic of sarcopenic muscles (20, 181 

107). Fatty degeneration and fibrosis are mediated via TGF-β and PDGFRα signalling 182 

pathways and by the activation of senescence-related markers such as p21 and 183 
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p16INK4a in myofibroblasts (71, 99). Furthermore, uncontrolled activation and 184 

differentiation of FAPs into fibroblasts and adipocytes during muscle wasting in aging 185 

and dystrophic diseases have been demonstrated. This results in the infiltration of fatty 186 

tissue and fibrotic scars, thus limiting the proper regeneration and repair of the muscle 187 

(107, 142). Interestingly, it has been suggested that the presence of senescent FAPs 188 

in Bubr1H/H mice, a premature aging model, rather than senescent satellite cells, may 189 

be a driver of muscle aging (9). Therefore, age-related changes in the function of FAPs 190 

may be a yet undescribed mechanism contributing to sarcopenia development. 191 

MICRORNAs IN MUSCLE WASTING 192 

microRNAs (miRNAs, miRs) are short, non-coding RNAs that regulate gene 193 

expression post-transcriptionally (5). Over 2000 microRNAs have been discovered in 194 

humans and it is believed that miRNAs are predicted to regulate two-thirds of the 195 

human genome, suggesting that miRs modulate many physiological processes (48, 196 

59). miRs have been strongly implicated in regulating muscle development and 197 

homeostasis (56). Mature miRNAs are generated from primary (pri-miRNA) 198 

precursors, which are cleaved in the nucleus by the enzyme Drosha to form the pre-199 

miRNA transcript (79). The pre-miRNA is transported into the cytoplasm and cleaved 200 

by the enzyme Dicer to generate a 19–24 base pairs long miRNA duplex (11). This 201 

duplex is unwound and the mature miRNA strand is incorporated into a protein 202 

complex called RISC (RNA Induced Silencing Complex). The non-incorporated strand 203 

is often degraded, however in some cases it may be incorporated into the RISC 204 

through the Argonaute (AGO) proteins, a family of proteins which bind to small non-205 

coding RNAs and guide them into the RISC complex. miRNAs guide RISC to partially 206 

complementary sequences, usually contained within the 3’ UTR of target mRNA 207 

transcripts. The activity of RISC can be modulated by mRNA-binding proteins which 208 

can, depending on cellular context, prevent or activate microRNA-mediated repression 209 

(79). 210 

The mechanisms of microRNA-dependent gene silencing are complex and several 211 

models have been proposed (140). Traditionally, microRNAs within RISC (also 212 

referred to as miRISC) pair to sites within mRNAs leading to translation inhibition by 213 

deadenylation of the target mRNA(s), which can be followed by decapping and also 214 

RNA degradation (140). Some of AGO-interacting proteins can accelerate mRNA 215 
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degradation through concentrating miRNA targets with mRNA silencing factors (98). 216 

Interestingly, under certain conditions such as starvation, microRNAs have been 217 

reported to enhance translation of their target mRNAs (151). The mechanism of this 218 

is not well understood, however it appears to be associated with mRNAs lacking cap 219 

and poly(A) tail (151). Furthermore, subcellular localization of microRNAs is important 220 

for miRNA function and may influence their mode of action on target mRNAs. Studies 221 

have indicated P-bodies, cytoplasmic processing bodies, as primary sites of microRNA 222 

activity (46). P-bodies have also been associated with factors involved in mRNA decay 223 

and translational repression (45) miRISC has also been found to co-localise with 224 

polysomes (rough endoplasmic reticulum, ER) in animals; this could be associated 225 

with fast and more effective miRNA-regulated regulation of gene expression in 226 

response to environmental factors (Ref 41, 44). Interestingly, several microRNAs have 227 

been detected within mitochondria (mito-miRs) (41) These miRs can be produced from 228 

the mitochondrial genome or be imported from the cytoplasm through mitochondrial 229 

intermembrane proteins (155). mito-miRs have been reported to block the translation 230 

of mitochondrial mRNAs, for example miR-181c targeting mCox1, but also to stimulate 231 

translation, for example miR-1 stimulating translation of mitochondrial mRNAs (169). 232 

The mode of action of mito-miRs and their relevance to overall tissue homeostasis 233 

remains to be established. Finally, the presence of microRNAs has been 234 

demonstrated in the nucleus of mammalian cells; these miRs were found to be 235 

associated with chromatin or present in the nucleoplasm (116). It has therefore been 236 

suggested that chromatin-associated miRs can regulate translation or splicing, 237 

whereas miRs in nucleoplasm may act through post-transcriptional silencing (140). In 238 

addition to the complexity of miRNA action due to their subcellular localisation and 239 

interacting proteins, miRNA precursors can undergo editing by adenosine deaminases 240 

that catalyze the conversion of adenosine to inosine, altering the base-pairing of 241 

transcripts. These modifications can affect miRNA processing and properties of 242 

mature miRNAs (79). Furthermore, a single microRNA can target multiple mRNAs and 243 

a single mRNA can be targeted by multiple miRs. By influencing expression of multiple 244 

target genes, miRNAs provide a robust and highly responsive mechanism that enables 245 

cells to react to changes within their immediate or surrounding environment. Given 246 

their role as novel regulators of gene expression and their vast deregulation in a variety 247 

of pathophysiological conditions, miRNAs are emerging as powerful regulatory 248 

molecules and potential novel therapeutic agents (146). 249 
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 250 

microRNA role in muscle development and regeneration 251 

Myogenesis, a complex process of muscle formation, occurs during development as 252 

well as in adulthood during muscle regeneration. The cells involved in myogenesis 253 

include, but are not restricted to, muscle stem and progenitor cells from within the 254 

myotome, satellite cells and adult skeletal muscle stem cells (105).  255 

Muscle-specific or –enriched set of microRNAs have been described; these include, 256 

but are not restricted to, mir: -1, miR-133, miR-206, also called “myomiRs”, and miR-257 

208, miR-486 and miR-499 (22, 94, 132, 147). The role of microRNAs in embryonic 258 

and adulthood myogenesis has been demonstrated in Dicer, a key enzyme in 259 

microRNA maturation, knock-out mice, which show delayed myogenesis or inability of 260 

satellite cells to reach terminal differentiation (29, 55). Several microRNAs have been 261 

associated with both muscle development and disease. For example, the expression 262 

of Pax3 and Pax7, key transcription factors in early myogenesis, is regulated by miR-263 

206 in myogenesis during development and adult skeletal muscle regeneration (32, 264 

55). miR-1 and miR-133 have been shown to control the SWI/SNF subunit composition 265 

(chromatin remodelling complex) during development and disease (54, 103, 122) and 266 

miR-208b and miR-499 have been demonstrated to regulate myofiber type 267 

composition (149). Satellite cell depletion, senescence and functional decline have 268 

been proposed to be associated with sarcopenia development (137). Cheung et al. 269 

have demonstrated that mice with satellite cells depleted of Dicer show reduced 270 

muscle regenerative capacity and premature muscle wasting (29). In a different study, 271 

Let-7 family of miRNA, which regulate cellular proliferation and expression of Pax-7, a 272 

key myogenesis transcription factor, was upregulated in muscle of older people and 273 

suggested to play an important role in satellite cell functional decline during aging(40). 274 

Finally, exogenous administration of miR-1, 133 and 206 by local injection has been 275 

shown to accelerate muscle regeneration after injury in rats, suggesting that 276 

microRNAs might be used as a therapeutic strategy against muscle damage (106). 277 

The role of miRs in regulating muscle hypertrophy and atrophy  278 

microRNAs have been shown to maintain muscle homeostasis in adulthood, including 279 

control of muscle hypertrophy and atrophy and muscle adaptation to exercise, which 280 

are disrupted during aging (35, 143). Changes in microRNAs levels in muscle, for 281 
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example miR-133 or miR-206, are associated with a myriad of age-related 282 

degenerative pathologies, including muscle atrophy and aging (20, 27, 30, 40, 58, 75). 283 

Several miRNAs have been shown to be differently expressed in the muscle of older 284 

humans and rodents (Table 1).  285 

Some of the miRs downregulated in muscle of aged mice, such as miR-133 or miR-286 

181, have been shown by us and others to regulate muscle hypertrophy or atrophy 287 

through regulation of anabolic pathways and SIRT-1, respectively (61, 135). Sirt-1 288 

plays an important role in regulating autophagy. Autophagy has been demonstrated 289 

to play a key role in maintaining muscle mass, neuromuscular communication, as well 290 

as stem cell stemness (24, 52, 88).  291 

Anabolic resistance, a process well characterized during sarcopenia and 292 

immobilization, is the inability to effectively initiate protein synthesis following the 293 

ingestion of protein or exercise (34, 114). Several miRs have been shown to be 294 

upregulated following exercise and following protein ingestion (23, 39, 86, 110). 295 

Drummond et al have shown decreased expression of miR-1 expression in the muscle 296 

of younger, but not older, individuals following exercise, whereas the primary but not 297 

mature miR-133a and miR-206 transcripts were differentially regulated in the muscle 298 

of young and older people (39). These data suggest that the lack of change in miR-1 299 

expression in the muscle of older people following exercise and protein ingestion may 300 

contribute to anabolic resistance during aging.  301 

With more data emerging on the capability of microRNAs to regulate muscle mass, it 302 

is possible that microRNA-based approaches could be developed into therapeutic 303 

approaches in the future. 304 

miRs and neuromuscular communication 305 

Deterioration of neuromuscular communication is an important aspect of muscle 306 

wasting in both aging and disease. The expression of miRNAs: miR-23a and miR-29b, 307 

has been shown to be increased in skeletal muscle during aging and in disease, these 308 

miRs have been associated with the disruption of the mitochondrial-related gene 309 

expression in the muscle (20, 63, 121). miR-206 has also been shown to be 310 

upregulated in a mouse model of amyotrophic lateral sclerosis (ALS) (161). ALS is the 311 

most common neurodegenerative disease in adults, characterized by muscle atrophy, 312 

denervation and paralysis. miR-206 deficiency in these mice accelerates the 313 
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progression of the disease (161). Interestingly, the authors suggest that changes in 314 

miR-206 expression are a part of compensatory mechanism aiming at improving 315 

neuromuscular degeneration rather than a part of a mechanisms driving this 316 

degeneration (36). This proposed mechanism is associated with retrograde transport 317 

from muscle to nerve. Another study investigating communication from muscle to 318 

nerve demonstrated that myofibers can release exosomes, membranous vesicles of 319 

approximately 50-150 nm in diameter with roles in cell-to-cell communication, which 320 

contain microRNAs (36). The microRNA content of these vesicles was reported to 321 

change after denervation. More importantly,  microRNAs contained within exosomes 322 

released from myofibers were taken up by other cell types and this was associated 323 

with changes in miRNA and its target levels in the recipient cells (36).  It remains to be 324 

established whether miR-based interventions can restore neuromuscular interactions 325 

during aging. 326 

miRs and cellular senescence 327 

Whilst muscle is a post-mitotic tissue, and therefore unlikely to undergo senescence, 328 

geriatric and senescent satellite cells have been demonstrated in muscle of old mice 329 

(137). Our group has demonstrated an important role of miR-143 in regulating satellite 330 

cell senescence during aging (136). Downregulation of miR-143 in satellite cells from 331 

old mice was associated with increased cell viability; however this was at the cost of 332 

cellular senescence, suggesting miR-143 downregulation in satellite cells during aging 333 

may be a part of a compensatory, rather than causative, mechanism (136). 334 

Another miRNA, miR-29, has been characterized as a senescence-related microRNA. 335 

miR-29 is increased in the skeletal muscle during aging and enhances cellular 336 

senescence by targeting distinct pathways involved in muscle growth and satellite cell 337 

proliferation, including IGF-1, p85 and B-myb (64). However, miR-29 seems to have 338 

an anti-fibrotic activity in multiple tissues (37), and the loss of miR-29 in myoblasts 339 

contributes to the pathogenesis of Duchenne muscular dystrophy by promoting 340 

myoblast trans-differentiation into myofibroblasts (157). As the importance of 341 

senescence in skeletal muscle functional deterioration remains to be established, the 342 

potential of miRs targeting senescence-associated genes as therapeutics for 343 

sarcopenia remains elusive. 344 

 345 
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microRNA-mediated regulation of mitochondrial dynamics 346 

The function of skeletal muscle, an energy-demanding tissue, is associated with 347 

mitochondria. Changes in mitochondrial dynamics have been previously reported and 348 

it has been suggested that dysfunctional mitophagy and mitochondrial generation may 349 

be key to muscle wasting (76). Several miRs have been shown to regulate the 350 

mitochondrial homeostasis and cellular metabolism (83) (25, 130). For example, miR-351 

696 has been shown to target PGC-1α, a transcription factor key to mitochondrial 352 

biogenesis, and its downstream effectors; pyruvate dehydrogenase kinase-4 (PDK4) 353 

and cytochromes c oxidase subunit II (COXIV) (7). miR-696 overexpression led to 354 

decreased fatty acid oxidation (7). Another study has shown that miR-133a-deficient 355 

mice have lower levels of PGC-1α and NRF1 and decreased mitochondrial mass and 356 

exercise tolerance (109) This is phenotypically similar to sarcopenia, suggesting the 357 

role of miR-133a in maintaining mitochondrial dynamics in skeletal muscle. 358 

Furthermore, Russell et al. demonstrated disrupted mitochondrial homeostasis with a 359 

decrease in the levels and activity of PGC1-α, NRF-1, COXIV, ERRα in the mouse 360 

model of ALS. Another miR, miR-23, has been shown to be upregulated in mouse 361 

models of ALS (121, 161) and the overexpression of miR-23 in wild type mice has 362 

been associated with mitochondrial dysfunction similar to the animal models of ALS, 363 

suggesting a causative effect of miR-23 elevated levels in muscle wasting during ALS 364 

(121). However, a different study found miR-23a to decrease the expression of 365 

Atrogin-1 and Murf1, ubiquitin ligases upregulated in models of muscle atrophy, with 366 

miR-23 overexpression protecting against glucocorticoid-induced atrophy (153). In 367 

addition, miR-23 expression is decreased in other models of atrophy in -rat and C2C12 368 

myotubes (66). This suggests that the mechanisms responsible for the different 369 

models of atrophy may differ which is in line with data by Soares et al. demonstrating 370 

that microRNA function is context dependent in different models of muscle atrophy 371 

(134).  372 

microRNAs and FAPs 373 

Interestingly, microRNAs have also been shown to regulate the functionality of FAPs. 374 

For example, fibroblasts growth factor-2 (FGF2) has been shown to induce miR-29a 375 

expression in FAPs and in myogenic progenitors, which in turn stimulated myoblasts 376 

proliferation (50). It has also been reported that activation of the expression of 377 
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myomiRs can block adipogenesis of FAPs and enhance muscle regeneration (122). 378 

Moreover, miR-23a overexpression has been shown to reduce lipid accumulation 379 

within the skeletal muscle by inhibiting the differentiation of PDGFRα+ progenitor cells 380 

into adipocytes (57, 67). MyomiRs have also been shown to regulate FAP functional 381 

phenotype in dystrophic mice through regulation of BAF subunits, part of the SWI/SNF 382 

chromatin remodelling complex (122). Interestingly, regulation of BAF subunits has 383 

also been demonstrated during embryonic myogenesis (54). These data suggest that 384 

microRNAs may serve potent therapeutic tools against fibrosis and fatty degeneration 385 

during sarcopenia and disease by regulating FAPs. 386 

microRNAs are clearly one of the important mechanisms underlying muscle wasting, 387 

and investigation of miRNA-associated mechanisms of muscle wasting will be 388 

important to understanding their full role in the progression of sarcopenia and potential 389 

in the design of novel therapeutics.   390 

 391 

MICRORNAs AND NEW THERAPEUTIC AVENUES 392 

Current interventions for sarcopenia and other muscle wasting disorders, such as  393 

cachexia, focus on progressive resistance training, orexigenic drugs and anabolic 394 

agents (53). Recently, a dual activin-type II receptor (ActRIIA/ActRIIB) antibody 395 

inhibitor to myostatin has been shown to enhance muscle hypertrophy in mice (104), 396 

although challenges remain with respect to human clinical trials (101). Other 397 

interventions focus on either anabolic pathways, as in androgen hormone replacement 398 

and growth hormone secretagogues such as ghrelin (53), or through inhibitory 399 

pathways such as in myostatin blocking therapies, angiotensin receptor blockers and 400 

beta adreno-receptor blocking (53, 112). While these options are being evaluated as 401 

potential treatments for ameliorating muscle loss, few clinically validated options exist, 402 

demanding a need for further investigation. Moreover, the development of novel 403 

therapies for muscle wasting is somewhat slowed down by the lack of robust and 404 

reliable non-invasive biomarkers of muscle wasting, with creatine kinase being the 405 

most commonly used assay (74). Due to their stability in biofluids and reported 406 

changes in circulating miRNA levels in various muscle disorders, miRs have been 407 

proposed novel biomarker of muscle wasting (reviewed in (74, 131)).  Furthermore, as 408 
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miRNAs are small molecules with limited immune concerns, they are excellent 409 

therapeutic candidates. 410 

Investigation into miRNA therapies to treat challenging diseases remains an area of 411 

ongoing interest. Two approaches are currently being used to modulate microRNA 412 

activity: synthetic double-stranded miRs or viral-based miR delivery to overexpress 413 

microRNAs and chemically modified antagomir oligonucleotides to inhibit microRNA 414 

function (146). Several companies have developed or are working towards miRNA 415 

pharmaceuticals in different fields of medical research, including cancers, metabolic 416 

diseases, neurological diseases, cardiovascular disease, inflammatory diseases and 417 

others (38), but few miRNA therapies have gained clinical traction (39). Indeed, over 418 

1.5 thousand microRNA-associated patents for therapeutic purposes have been filed 419 

and one miRNA-based therapeutic, the compound SPC3649 (Miravirsen), an inhibitor 420 

of miR-122 against hepatitis C virus (Santaris Pharma, Denmark), has entered a 421 

phase II of clinical trial (1, 26). Miravirsen was reported to be well tolerated with no 422 

dose-limiting toxic effects or treatment discontinuations due to adverse effects (145) 423 

The miR-34 mimic-based drug (MRX34) for treatment of liver cancer is currently in 424 

Clinical Phase I and other miRNA-based therapeutics are in the preclinical stage (17, 425 

146). These studies provide encouraging evidence that pharmacological modulation 426 

of miRNA activity is feasible in human patients. However, issues remain with the use 427 

of miRNA-based therapies. 428 

Identifying miRNA targets of interest remains an area of critical investigation, and the 429 

heterogeneity of miRNA expression continues to remain a challenge to the 430 

progression of miRNA pharmaceuticals (118). Ensuring the specificity of targets will 431 

also continue to be a challenge in limiting the potential of unwanted off-target effects 432 

and toxicity (148). New methods for improved microRNA target validation and 433 

characterisation of off-target effects are needed to progress the development of miR-434 

based therapeutics. Suitable delivery systems, including tissue-specific delivery, that 435 

allow for stability and safety are also concerns facing current research in miRNA 436 

therapeutics. Other issues remain to be resolved, such as understanding the long-437 

term effects of modulating microRNA activity in vivo, establishing efficacy and safety 438 

of miR-based therapeutics in human patients, and modelling of pharmacokinetics and 439 

pharmacodynamics of these molecules. 440 
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microRNAs are deregulated in muscle in aging and multiple disorders associated with 441 

muscle wasting indicating they could be viable therapeutic targets for muscle loss. 442 

Several issues may impede this development. It appears that changes in microRNA 443 

expression in muscle, as well as microRNA function, can vary depending on the 444 

disease underlying muscle wasting. Moreover, few studies have investigated 445 

microRNA targets and potential off-targets in muscle and other tissues following 446 

systemic microRNA mimic/antagomir delivery. Indeed, functional studies of 447 

microRNAs in skeletal muscle during aging or disease are still in their infancy as 448 

compared to miR research in diseases such as cancer. With local delivery not feasible 449 

due to the size of muscle tissue, tissue-specific delivery will be very important for 450 

muscle therapies to avoid delivery of miR mimics/antagomiRs into other tissues, such 451 

as liver or lungs when using systemic delivery. miRNA therapies for muscle wasting 452 

will also require careful optimization of sufficient but safe doses of miR 453 

mimics/antagomiRs.  454 

In summary, the rapidly expanding number of functional miRNA studies in muscle 455 

provides a basis for development of miR-based approaches for improvement of 456 

muscle mass and function. Despite large numbers of patents filed for therapeutic use 457 

of miRs in different disorders, very few patents have been filed to use microRNA-458 

based approaches for treatment of muscle wasting, and none have been filed for 459 

sarcopenia. Much remains to be learned about the function of miRNAs in muscle 460 

wasting due to aging or disease, and the optimal delivery systems for efficient and 461 

safe manipulation of microRNA activity will be key in development of miR-based 462 

therapies for muscle loss. Nevertheless, the first human trials of miR-based 463 

therapeutics are ongoing, providing proof-of-principle for the use of miR-based 464 

therapies in human patients.  465 

There will inevitably be challenges during the developments of microRNA-based 466 

therapies for treatment of muscle wasting, however if these obstacles can be 467 

overcome, microRNA-based therapeutics hold a potential to be the next generation of 468 

drugs for muscle wasting. 469 
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 480 

Table 1. Summary of microRNAs with known or potential role in regulation of 481 

myogenesis and muscle size and function. 482 

microRNA Chromosome/ 
Cluster 

(humans) 

Function/Mechanism Specie/Cell line Reference 

Let-7  Chr22: let-7a-3, 
miR-4763, let-

7b 
 

Chr19: miR-99b, 
let-7e, miR-125a 

Let-7b/e are upregulated 
during skeletal muscle aging; 
possibly affecting the 
expression of Pax7 through 
the repression of cell cycle 
regulators, impeding satellite 
cell self-renewal 

Human (40) 

Promotes neuronal autophagy 
by repressing mTORC1. Anti-
let-7 resulted in increased lean 
and fat mass 

Primary cortical 
neurons from 
GFP-LC3 
transgenic mice 

(42)  

Let7-b is involved in cellular 
senescence. MitomiR 

Mouse Embryonic 
Fibroblasts 
(MEFs), 
precancerous 
cells, Skeletal 
muscle cells 

(115) 

Let-7e is increased after 
denervation 

Mouse (36) 

miR-1 Chr20: miR-1-1 
 

Chr18: miR-1-2, 
miR-133a-1 

  

MyomiR Human, mouse, 
Human HeLa cells 

(129) (12) 
(78) 

Downregulated in a in vivo 
model of skeletal muscle 
hypertrophy (7 days of 
functional overload of the 
plantaris muscle) 

Mouse (93) 

Mature miR-1 and pri-miR-1-2 
are downregulated in the 
young men followed anabolic 

Human (39) 
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stimulus, but not in the older 
men. At baseline, pri-miR-1-1 
and pri-miR-1-2 are 
upregulated in the older men 
compared to the younger, but 
not the mature miR-1 (vastus 
lateralis muscle) 
Sarcomeric actin organization Zebrafish (100) 
Increased expression 1 hour 
after acute exercise in 
untrained individuals, but 
downregulated 
 at rest after chronic exercise 
(vastus lateralis muscle) 

Human (110) 

Local injections of double-
stranded microRNA accelerate 
muscle regeneration. 
Upregulate MyoD1, myogenin 
and Pax7 

Rat, C2C12 
murine cell line 

(106) 

Induces myogenic 
differentiation during 
development by targeting 
Pax3 

Chicken 
embryo, rat RuGli 
glioblastoma 
Cells 

(55) 

Increased expression 3 hours 
after acute exercise. Remains 
upregulated after 10 days of 
endurance training (vastus 
lateralis muscle). Aerobic 
exercise training restores the 
levels of miR-21 in the soleus 
muscle of spontaneously 
hypertensive rats 

Human, rat (119) (47) 

Downregulated by 
TWEAK/Fn14. TWEAK/Fn14 
induces muscle mass loss 

Mouse (Sato et al. 
2014) 
(111) 

Targets BAF60a and BAF60b, 
inducing myogenic 
differentiation 

Chicken embryo, 
mouse 

(54) (122) 

Inhibits fibro-adipogenic 
progenitors (FAPs) phenotype 
by targeting  BAF60a and 
BAF60b 

Mouse (122) 

Involved in myoblasts 
differentiation 

Piaractus 
mesopotamicus 

(43) 

Higher expression in the 
skeletal muscle of obese rats 

Rat (82) 

miR-16 Chr13: miR-15a, 
miR-16-1 

 
Chr3: miR-15b, 

miR-16-2 

Lower expression in the 
skeletal muscle of obese rats.  
Enhances autophagy and 
inhibits insulin-stimulated 
protein synthesis 

Rat (82) 
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Increased after denervation. Mouse (36) 

miR-19b Chr13: miR-17, 
miR-18a, miR-
19a, miR-20a, 

miR-19b-1, miR-
92a-1 

 
ChrX: miR-106a, 
miR-18b, miR-

20b, miR-19b-2, 
miR-92a-2, miR-

363 

Involved in cellular senescence 
and inflammaging. MitomiR. 
Downregulated in human 
aging 

Human cells (115)  

miR-20a Chr13: miR-17, 
miR-18a, miR-
19a, miR-20a, 

miR-19b-1, miR-
92a-1  

Involved in cellular senescence 
and inflammaging. MitomiR. 
Downregulated in human 
aging 

Human cells (115)  

miR-21 Chr17: miR-21 Inhibits apoptosis, is 
downregulated after ischemia, 
is a cancer biomarker and 
promotes fibrosis. Positive 
regulator of AK signalling 
pathway. Aerobic exercise 
training restores the levels of 
miR-21 in the soleus muscle of 
spontaneously hypertensive 
rats 

Mouse, cardiac 
myocytes, rat 

(128) (47) 

Markedly increased after 
denervation 

Mouse (134) 

miR-23a Chr19: miR-23a, 
miR-27a, miR-

24-2 
 
 

Protects muscles from atrophy 
by targeting MAFbx/atrogin-1 
and MuRF1 

Mouse, C2C12 
murine cell line 

(154) 

Increased expression in 
skeletal muscle of 
amyotrophic lateral sclerosis 
(ALS) patients. miR-23a 
represses the expression of 
PGC-1α, resulting in 
mitochondrial dysfunction 

Human, mouse (120) 

Decreased expression 3 hours 
after acute exercise (vastus 
lateralis muscle) 

Human (119) 

Decreased during diabetes-
induced muscle atrophy. 
Present in exosomes released 
from muscle cells 

Rat, C2C12 
murine cell line 

(65) 

Increased expression 4 hours 
after exercise with post-
exercise protein ingestion 
compared to placebo 

Human (23) 
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ingestion (vastus lateralis 
muscle) 

Inhibits the differentiation of 
PDGFRα+ progenitor cells into 
adipocytes by targeting 
ZNF423 

Fetal bovine 
skeletal muscle 

(57) 

miR-27a-3p Chr19: miR-23a, 
miR-27a, miR-

24-2 
 

Downregulated in skeletal 
muscle during aging 

Human (40) 

Inhibits estradiol (E2) 
production and promotes 
apoptosis by targeting Creb1 

Mouse, mouse 
primary ganglion 
cells (GCs) 

(158) 

Promotes myoblasts 
proliferation through 
upregulating MyoD and 
myogenin and by targeting 
myostatin 

Mouse C2C12 cell 
line 

(28)  

Inhibits satellite cell 
proliferation by targeting 
Pax3, inducing differentiation 

Goat (84) (32) 

Increased after denervation Mouse (36) 

Increased expression in 
obesity and insulin resistance. 
miR-27a is released from 
adipocytes resulting in skeletal 
muscle insulin resistance by 
targeting PPARγ 

Human, mouse, 
mouse C2C12 cell 
line 

(165) 

miR-29 Chr7: miR-29b-
1, miR-29a 

 
Chr1: miR-29b-

2, miR-29c 

Promotes myogenesis and 
differentiation by targeting 
HDAC4, attenuating the 
negative effects of TGF-β in 
muscle differentiation 

Mouse primary 
cells, mouse 
C2C12 cell line 

(162) 

Increased expression of miR-
29b in skeletal muscle of 
amyotrophic lateral sclerosis 
(ALS) patients 

Human (120) 

Inhibits proliferation and 
favours myoblasts 
differentiation by targeting 
Akt3 

C2C12 cell line, 
mouse satellite 
cells and primary 
myoblasts 

(160) 

Enhances cellular senescence, 
inhibits fibrosis and supresses 
tumor growth through the 
activation of p53 pathway. 
Increased expression in aged 
mice 

Mouse, rat, 
C2C12 cell line, 
mouse primary 
myoblasts 

(157) (64) 
(37) 

Increased expression of miR-
29b after 10 days of 
endurance training (vastus 
lateralis muscle) 

Human (119) 
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FGF2 induces the expression 
of miR-29a in fibro-adipogenic 
progenitors (FAPs) and 
myoblasts, promoting 
myogenic proliferation 

Mouse, human (50) 

miR-29b and miR-29c are 
increased after denervation 

Mouse (36) 

miR-106a ChrX: miR-106a, 
miR-18b, miR-

20b, miR-19b-2, 
miR-92a-2, miR-

363 

Involved in cellular 
senescence. MitomiR. 
Downregulated in human 
aging 

Human cells (115) 

Increased after denervation Mouse (36) 

miR-133a Chr18: miR-1-2, 
miR-133a-1 

 
Chr20: miR-

133a-2 

MyomiR Human, mouse (129) (12) 
(78) 

Downregulated in a in vivo 
model of skeletal muscle 
hypertrophy (7 days of 
functional overload of the 
plantaris muscle) 

Mouse (93) 

Pri-miR-133a-1 and pri-miR-
133a-2 are downregulated in 
the young men followed 
anabolic stimulus, but not in 
the older men. At baseline, 
pri-miR-133a-1 and pri-miR-
133a-2 are upregulated in the 
older men compared to the 
younger, but not the mature 
miR-133a (vastus lateralis 
muscle) 

Human (39) 

Sarcomeric actin organization Zebrafish (100) 
Increased expression after 
acute exercise in untrained 
individuals, but it is 
downregulated at rest after 
chronic exercise (vastus 
lateralis muscle) 

Human (110) 

Local injections of double-
stranded microRNA accelerate 
muscle regeneration. 
Upregulate MyoD1, myogenin 
and Pax7 

Rat, C2C12 
murine cell line 

(106) 

Downregulated in skeletal 
muscle during aging 

Human (40) 

Increased expression 3 hours 
after acute exercise (vastus 
lateralis muscle) 

Human (119) 

Downregulated by 
TWEAK/Fn14. TWEAK/Fn14 
induces muscle mass loss 

Mouse (127) 
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Promotes slow-to-fast muscle 
fibre type shifting by targeting 
TEAD1 

Mouse, C2C12 
cell line 

(168) 

Inhibits fibro-adipogenic 
progenitors (FAPs) phenotype 
and promotes myogenic 
differentiation by targeting  
BAF60a and BAF60b 

Mouse (122) 

Involved in myoblasts 
proliferation 

Piaractus 
mesopotamicus 

(43) 

Important for mitochondrial 
biogenesis and exercise 
tolerance 

Mouse (109) 

Increased after denervation Mouse (36) 
miR-133b Chr6: miR-206, 

miR-133b 
MyomiR Human, Human, 

mouse, HeLa cells 
(129) (12) 
(78) 

Downregulated at rest after 
chronic exercise (vastus 
lateralis muscle) 

Human (110) 

Local injections of double-
stranded microRNA accelerate 
muscle regeneration. 
Upregulate MyoD1, myogenin 
and Pax7 

Rat, C2C12 
murine cell line 

(106) 

Downregulated in skeletal 
muscle during aging 

Human (40) 

Increased expression 3 hours 
after acute exercise (vastus 
lateralis muscle) 

Human (119) 

Muscle regeneration and 
development 

Mouse (14) 

Involved in cellular 
senescence. MitomiR 

Human skeletal 
primary 
myoblasts 

(115) 

Downregulated by 
TWEAK/Fn14. TWEAK/Fn14 
induces muscle mass loss 

Mouse (127) 

Targets BAF60a and BAF60b, 
inducing myogenic 
differentiation 

Chicken embryo (54) 

Involved in myoblasts 
proliferation 

Piaractus 
mesopotamicus 

(43) 

Increased expression 4 hours 
after exercise with post-
exercise protein ingestion 
compared to placebo 
ingestion (vastus lateralis 
muscle) 

Human (23) 

Lower expression in the 
skeletal muscle of obese rats 

Rat (82) 
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Increased after denervation Mouse (36) 

miR-143 Chr5: miR-143, 
miR-145 

Downregulated in satellite 
cells and primary myoblasts 
during aging. Inhibits cellular 
senescence by targeting 
Igfbp5 

Human, mouse (136) 

Increased after denervation Mouse (36) 

miR-146a Chr5: miR-146a Involved in cellular senescence 
and inflammaging. MitomiR 

Bone marrow-
derived dendritic 
cells, dermal 
fibroblasts, 143B 
human cells 

(115) 

miR-181a Chr1: miR-181a-
1, miR-181b-1 

 
Chr9: miR-181a-
2, miR-181b-2 

 
 

Increased after 10 days of 
endurance training (vastus 
lateralis muscle) 

Human (119) 

Involved in cellular senescence 
and inflammaging. MitomiR 

Dermal 
fibroblasts, CD4 T 
cells, Human 
primary 
myoblasts, 143B 
human cells, 
HEK293 
and HeLa 

(115) 

Increased expression of miR-
181 4 hours after exercise 
with post-exercise protein 
ingestion compared to 
placebo ingestion (vastus 
lateralis muscle) 

Human (23) 

Regulates myotube size by 
targeting Sirt-1 

Mouse, C2C12 
cell line 

(135) 

miR-206 Chr6: miR-206, 
miR-133b 

MyomiR. Skeletal muscle 
specific 

Human, mouse, 
HeLa cells 

(129) (92) 
(78) 

Pri-miR-206 (but not the 
mature miR-206) is 
upregulated in the young and 
older men followed anabolic 
stimulus but at different time 
points (vastus lateralis muscle) 

Human (39) 

Involved in myoblasts 
differentiation 

Rat (95) 

Delays Amyotrophic lateral 
sclerosis (ALS) progression. 
miR-206 is upregulated in a 
mouse model of ALS although 
its deficiency accelerates ALS. 
It is needed for the 
regeneration of 

Mouse (161) 
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neuromuscular synapses after 
acute injury 
Downregulated at rest after 
chronic exercise (vastus 
lateralis muscle) 

Human (110) 

Local injections of double-
stranded microRNA accelerate 
muscle regeneration. 
Upregulate MyoD1, myogenin 
and Pax7 

Rat, C2C12 
murine cell line 

(106) 

Induces myogenic 
differentiation by targeting 
Pax3 and Pax7 during 
development and skeletal 
muscle regeneration in the 
adult 

Chicken 
embryo, rat RuGli 
glioblastoma 
Cells, C2C12 cell 
line, mouse 
primary 
myoblasts 

(55) (38) 

Increased expression of miR-
29b in skeletal muscle of 
amyotrophic lateral sclerosis 
(ALS) patients 

Human (120) 

Downregulated by 
TWEAK/Fn14. TWEAK/Fn14 
induces muscle mass loss 

Mouse (85) 

Enriched in slow twitch muscle 
fibres such as soleus 

Mouse (127) 

Fibrosis/ Duchenne Mouse (14) 
Promotes myogenesis and 
differentiation by targeting 
HDAC4, attenuating the 
negative effects of TGF-β in 
muscle differentiation 

Piaractus 
mesopotamicus, 
mouse primary 
cells, mouse 
C2C12 cell line 

(43) (162) 

Targets BAF60a and BAF60b, 
inducing myogenic 
differentiation 

Chicken embryo, 
mouse 

(54) (122) 

Inhibits fibro-adipogenic 
progenitors (FAPs) phenotype 
by targeting  BAF60a and 
BAF60b 

Mouse (122) 

Markedly increased after 
denervation 

Mouse, C2C12 
murine cell line 

(134) (36) 

miR-208b Chr14: miR-
208b 

MyomiR Mouse (150) (149) 
Enriched in slow twitch muscle 
fibres such as soleus. Favours 
slow-twitch muscle fibre 
conversion and increases 
exercise endurance. Targets 
Sox6. Sox6 induces a fast 
twitch phenotype 

Rat, mouse, 
C2C12 cell line, 
mouse primary 
myoblasts 

(95) (149) 
(51) (168) 
(167) 
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miR-378  Chr5: miR-378a 
Chr8: miR-378d-

2 
Chr3: miR-378b 
Chr10: miR-378c 
Chr4: miR-378d-

1 
Chr5: miR-378e 
Chr1: miR-378f 
Chr1: miR-378g 
Chr5: miR-378h 
Chr22: miR-378i 
Chr17: miR-378j  

Inhibits estradiol (E2) 
production by targeting 
aromatase 

Porcine granulosa 
cells 

(164) 

Downregulated in skeletal 
muscle during aging 

Human (40) 

Delays satellite cells activation 
through targeting Igf1r 

Mouse (166) 

Increased after denervation Mouse (36) 

miR-486 Chr8: miR-486-
2, miR-486-1 

MyomiR Mouse (133) 

Induces hypertrophy by 
targeting PTEN and FoxO1 

Mouse (133) 

Induces myoblasts 
differentiation by targeting 
Pax7 

C2C12 cell line, 
mouse primary 
myoblasts 

(38) 

miR-499 Chr20: miR-
499a, miR-499b 

Muscle enriched Zebrafis, mouse (77) (149) 
Enriched in slow twitch muscle 
fibres such as soleus. Favours 
slow-twitch muscle fibre 
conversion and increases 
exercise endurance. Targets 
Sox6. Sox6 induces a fast 
twitch phenotype 

Rat, mouse, 
C2C12 cell line, 
mouse primary 
myoblasts, 
Piaractus 
mesopotamicus, 
mouse primary 
ganglion cells 
(GCs) 

(95) (149) 
(51) (168) 
(43) (167) 
(159) 

miR-696 *Not described 
in humans  

Negatively affects fatty acid 
oxidation and mitochondrial 
biogenesis by targeting PGC-
1α 
 
High expression in the skeletal 
muscle; lower expression 
during myoblast 
differentiation 

Mouse, C2C12 
murine cell line 

(6) 
 
(156) 
 

 483 
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 484 

Figure 1. Proposed model of microRNAs regulating muscle homeostasis during 485 

aging and disease. Skeletal muscle homeostasis and plasticity depends on the ability 486 

of the muscles fibers to use energy efficiently under diverse metabolic demands, this 487 

is associated with mitochondrial dynamics.  Skeletal muscle insulin resistance, as well 488 

as inflammation, fibrosis and disrupted neuromuscular junctions greatly contribute to 489 

the loss of muscle mass and strength during ageing and disease. On the molecular 490 

levels, some of the key pathways involved in regulation of muscle homeostasis include 491 

FoxO and AKT/mTOR, which can be modulated by insulin-like growth factors such as 492 

IGF-1, resistance exercise and food intake. Protein degradation and muscle atrophy 493 

is driven by FoxO and NFkB pathways under cytokines and chemokines stimuli and 494 

trough the ubiquitin-proteasome system. Myostatin, a cytokine member of the TGFβ 495 

family, is known to supress muscle growth by inducing FoxO, whereas myostatin 496 

inhibitors such as ActRIIA/ActRIIB, follistatin and miR-27a promote muscle 497 

hypertrophy. mTOR pathway is also essential for satellite cell activation and de novo 498 

synthesis of macromolecules needed for cell proliferation. Senescent cells, which are 499 

permanently in cell arrest, are metabolically active (inducing mass growth and 500 

hypertrophy) and may adopt a pro-inflammatory phenotype (SAPS) contributing to 501 

chronic inflammation. Cell proliferation and differentiation are also regulated by 502 

physiological concentrations of reactive oxygen species (ROS). ROS is autoregulated 503 

by the antioxidant system in response to increased levels of AMPK and PGC-1α. 504 



26 
 

During ageing, Sirt-1 is unable to deacetylate and activate PGC-1α. Impaired activity 505 

of PGC-1α has been shown to correlate with oxidative stress, mitophagy, muscle 506 

atrophy as well as a more glycolytic phenotype, which may contribute to slow muscle 507 

fibers to become insulin resistant. 508 

Abbreviations:  ActRIIA/ActRIIB:  dual activin-type II receptor antibody inhibitor to 509 

myostatin; Akt: serine/threonine-specific protein kinase (also protein kinase B, PKB); 510 

AMPK: 5' AMP-activated protein kinase; ATP: adenosin triphosphate; CAT: catalase; 511 

CDK2: cyclin-dependent kinase 2; ETC: electron transport chain; FAO: fatty acid 512 

oxidation; FoxO: forkhead box-O; G6P: glucose 6-phosphate; Glut-4: glucose 513 

transporter type 4; GPX: glutathione peroxidase; GSH: glutathione; IGF-1: insulin-like 514 

growth factor 1; IRS-1: insulin receptor substrate 1; MAPK: mitogen-activated protein 515 

kinase; MFF: mitochondrial fission factor; mTOR: mammalian target of rapamycin; 516 

mTORC1: mammalian target of rapamycin complex 1 ; mTORC2: mammalian target 517 

of rapamycin complex 2; NADPH: nicotinamide adenine dinucleotide phosphate; NF-518 

κB: nuclear factor kappa-light-chain-enhancer of activated B cells; p21: cyclin 519 

Dependent Kinase Inhibitor 1A; p27: cyclin Dependent Kinase Inhibitor 1B; p38 MAPK: 520 

p38 mitogen-activated protein kinases; p53: tumour protein p53 or TP53; PDH: 521 

pyruvate dehydrogenase; PDK: pyruvate dehydrogenase kinase; PDK1: pyruvate 522 

dehydrogenase kinase 1; PGC-1α: peroxisome Proliferator-Activated Receptor 523 

Gamma Coactivator-1-Alpha; PI3K: phosphoinositide 3-kinase; PIP3: 524 

Phosphatidylinositol (3,4,5)-trisphosphate; PTEN: phosphatase and tensin homolog; 525 

RB: retinoblastoma tumor supressor; ROS: reactive oxygen species; SAPs: 526 

senescence-associate secretory phenotype; Sirt-1: NAD-Dependent Protein 527 

Deacetylase Sirtuin-1; SODs: superoxide dismutases; Sox6: SRY (Sex Determining 528 

Region Y)-Box 6; TAC: tricarboxylic acid cycle; TGFβ: transforming growth factor beta; 529 

TNF-α: tumor necrosis factor alpha; UCP3: mitochondrial uncoupling protein 3; UKL1: 530 

uridine kinase-like protein 1. 531 

 532 

References 533 

1. Miravirsen works against hepatitis C virus. Bmj 346: f2069, 2013. 534 
2. Acunzo M, and Croce CM. MicroRNA in Cancer and Cachexia--A Mini-Review. The Journal of 535 
infectious diseases 212 Suppl 1: S74-77, 2015. 536 



27 
 

3. Ali S, and Garcia JM. Sarcopenia, cachexia and aging: diagnosis, mechanisms and therapeutic 537 
options - a mini-review. Gerontology 60: 294-305, 2014. 538 
4. Altun M, Besche HC, Overkleeft HS, Piccirillo R, Edelmann MJ, Kessler BM, Goldberg AL, 539 
and Ulfhake B. Muscle wasting in aged, sarcopenic rats is associated with enhanced activity of the 540 
ubiquitin proteasome pathway. The Journal of biological chemistry 285: 39597-39608, 2010. 541 
5. Ambros V. microRNAs: tiny regulators with great potential. Cell 107: 823-826, 2001. 542 
6. Aoi W, Naito Y, Mizushima K, Takanami Y, Kawai Y, Ichikawa H, and Yoshikawa T. The 543 
microRNA miR-696 regulates PGC-1{alpha} in mouse skeletal muscle in response to physical activity. 544 
Am J Physiol Endocrinol Metab 298: E799-806, 2010. 545 
7. Aoi W, Naito Y, Mizushima K, Takanami Y, Kawai Y, Ichikawa H, and Yoshikawa T. The 546 
microRNA miR-696 regulates PGC-1α in mouse skeletal muscle in response to physical activity. 547 
American Journal of Physiology - Endocrinology And Metabolism 298: E799-E806, 2010. 548 
8. Baar MP, Perdiguero E, Munoz-Canoves P, and de Keizer PL. Musculoskeletal senescence: a 549 
moving target ready to be eliminated. Curr Opin Pharmacol 40: 147-155, 2018. 550 
9. Baker DJ, Weaver RL, and van Deursen JM. p21 both attenuates and drives senescence and 551 
aging in BubR1 progeroid mice. Cell reports 3: 1164-1174, 2013. 552 
10. Baker DJ, Wijshake T, Tchkonia T, LeBrasseur NK, Childs BG, van de Sluis B, Kirkland JL, and 553 
van Deursen JM. Clearance of p16Ink4a-positive senescent cells delays ageing-associated disorders. 554 
Nature 479: 232-236, 2011. 555 
11. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116: 281-297, 556 
2004. 557 
12. Beuvink I, Kolb FA, Budach W, Garnier A, Lange J, Natt F, Dengler U, Hall J, Filipowicz W, 558 
and Weiler J. A novel microarray approach reveals new tissue-specific signatures of known and 559 
predicted mammalian microRNAs. Nucleic Acids Res 35: e52, 2007. 560 
13. Blau HM, Cosgrove BD, and Ho AT. The central role of muscle stem cells in regenerative 561 
failure with aging. Nat Med 21: 854-862, 2015. 562 
14. Boettger T, Wust S, Nolte H, and Braun T. The miR-206/133b cluster is dispensable for 563 
development, survival and regeneration of skeletal muscle. Skeletal muscle 4: 23, 2014. 564 
15. Bonaldo P, and Sandri M. Cellular and molecular mechanisms of muscle atrophy. Disease 565 
models & mechanisms 6: 25-39, 2013. 566 
16. Bortoli S, Renault V, Eveno E, Auffray C, Butler-Browne G, and Pietu G. Gene expression 567 
profiling of human satellite cells during muscular aging using cDNA arrays. Gene 321: 145-154, 2003. 568 
17. Bouchie A. First microRNA mimic enters clinic. Nat Biotechnol 31: 577, 2013. 569 
18. Brack AS, and Rando TA. Intrinsic changes and extrinsic influences of myogenic stem cell 570 
function during aging. Stem cell reviews 3: 226-237, 2007. 571 
19. Brooks SV, and Faulkner JA. Contraction-induced injury: recovery of skeletal muscles in 572 
young and old mice. Am J Physiol 258: C436-442, 1990. 573 
20. Brown DM, and Goljanek-Whysall K. microRNAs: Modulators of the underlying 574 
pathophysiology of sarcopenia? Ageing research reviews 24: 263-273, 2015. 575 
21. Butikofer L, Zurlinden A, Bolliger MF, Kunz B, and Sonderegger P. Destabilization of the 576 
neuromuscular junction by proteolytic cleavage of agrin results in precocious sarcopenia. FASEB J 25: 577 
4378-4393, 2011. 578 
22. Callis TE, Deng Z, Chen JF, and Wang DZ. Muscling through the microRNA world. Exp Biol 579 
Med (Maywood) 233: 131-138, 2008. 580 
23. Camera DM, Ong JN, Coffey VG, and Hawley JA. Selective Modulation of MicroRNA 581 
Expression with Protein Ingestion Following Concurrent Resistance and Endurance Exercise in 582 
Human Skeletal Muscle. Frontiers in physiology 7: 87-87, 2016. 583 
24. Carnio S, LoVerso F, Baraibar MA, Longa E, Khan MM, Maffei M, Reischl M, Canepari M, 584 
Loefler S, Kern H, Blaauw B, Friguet B, Bottinelli R, Rudolf R, and Sandri M. Autophagy impairment 585 
in muscle induces neuromuscular junction degeneration and precocious aging. Cell reports 8: 1509-586 
1521, 2014. 587 



28 
 

25. Carrer M, Liu N, Grueter CE, Williams AH, Frisard MI, Hulver MW, Bassel-Duby R, and Olson 588 
EN. Control of mitochondrial metabolism and systemic energy homeostasis by microRNAs 378 and 589 
378*. Proceedings of the National Academy of Sciences of the United States of America 109: 15330-590 
15335, 2012. 591 
26. Chakraborty C, Sharma AR, Sharma G, Doss CGP, and Lee SS. Therapeutic miRNA and siRNA: 592 
Moving from Bench to Clinic as Next Generation Medicine. Molecular therapy Nucleic acids 8: 132-593 
143, 2017. 594 
27. Chen LH, Chiou GY, Chen YW, Li HY, and Chiou SH. MicroRNA and aging: a novel modulator 595 
in regulating the aging network. Ageing Res Rev 9 Suppl 1: S59-66, 2010. 596 
28. Chen X, Huang Z, Chen D, Yang T, and Liu G. Role of microRNA-27a in myoblast 597 
differentiation. Cell biology international 38: 266-271, 2014. 598 
29. Cheung TH, Quach NL, Charville GW, Liu L, Park L, Edalati A, Yoo B, Hoang P, and Rando TA. 599 
Maintenance of muscle stem-cell quiescence by microRNA-489. Nature 482: 524-528, 2012. 600 
30. Choi SW, Lee JY, and Kang KS. miRNAs in stem cell aging and age-related disease. Mech 601 
Ageing Dev 2017. 602 
31. Collins CA, Zammit PS, Ruiz AP, Morgan JE, and Partridge TA. A population of myogenic 603 
stem cells that survives skeletal muscle aging. Stem Cells 25: 885-894, 2007. 604 
32. Crist CG, Montarras D, Pallafacchina G, Rocancourt D, Cumano A, Conway SJ, and 605 
Buckingham M. Muscle stem cell behavior is modified by microRNA-27 regulation of Pax3 606 
expression. Proc Natl Acad Sci U S A 106: 13383-13387, 2009. 607 
33. Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T, Landi F, Martin FC, Michel JP, 608 
Rolland Y, Schneider SM, Topinkova E, Vandewoude M, Zamboni M, and European Working Group 609 
on Sarcopenia in Older P. Sarcopenia: European consensus on definition and diagnosis: Report of 610 
the European Working Group on Sarcopenia in Older People. Age Ageing 39: 412-423, 2010. 611 
34. Cuthbertson D, Smith K, Babraj J, Leese G, Waddell T, Atherton P, Wackerhage H, Taylor 612 
PM, and Rennie MJ. Anabolic signaling deficits underlie amino acid resistance of wasting, aging 613 
muscle. The FASEB journal 19: 422-424, 2005. 614 
35. D'Souza RF, Markworth JF, Aasen KMM, Zeng N, Cameron-Smith D, and Mitchell CJ. Acute 615 
resistance exercise modulates microRNA expression profiles: Combined tissue and circulatory 616 
targeted analyses. PloS one 12: e0181594, 2017. 617 
36. De Gasperi R, Hamidi S, Harlow LM, Ksiezak-Reding H, Bauman WA, and Cardozo CP. 618 
Denervation-related alterations and biological activity of miRNAs contained in exosomes released by 619 
skeletal muscle fibers. Sci Rep 7: 12888, 2017. 620 
37. Deng Z, He Y, Yang X, Shi H, Shi A, Lu L, and He L. MicroRNA-29: A Crucial Player in Fibrotic 621 
Disease. Mol Diagn Ther 21: 285-294, 2017. 622 
38. Dey BK, Gagan J, and Dutta A. miR-206 and -486 Induce Myoblast Differentiation by 623 
Downregulating Pax7. Molecular and Cellular Biology 31: 203-214, 2011. 624 
39. Drummond MJ, McCarthy JJ, Fry CS, Esser KA, and Rasmussen BB. Aging differentially 625 
affects human skeletal muscle microRNA expression at rest and after an anabolic stimulus of 626 
resistance exercise and essential amino acids. American journal of physiology Endocrinology and 627 
metabolism 295: E1333-1340, 2008. 628 
40. Drummond MJ, McCarthy JJ, Sinha M, Spratt HM, Volpi E, Esser KA, and Rasmussen BB. 629 
Aging and microRNA expression in human skeletal muscle: a microarray and bioinformatics analysis. 630 
Physiological genomics 43: 595-603, 2011. 631 
41. Duarte FV, Palmeira CM, and Rolo AP. The Role of microRNAs in Mitochondria: Small 632 
Players Acting Wide. Genes (Basel) 5: 865-886, 2014. 633 
42. Dubinsky AN, Dastidar SG, Hsu CL, Zahra R, Djakovic SN, Duarte S, Esau CC, Spencer B, Ashe 634 
TD, Fischer KM, MacKenna DA, Sopher BL, Masliah E, Gaasterland T, Chau BN, Pereira de Almeida 635 
L, Morrison BE, and La Spada AR. Let-7 coordinately suppresses components of the amino acid 636 
sensing pathway to repress mTORC1 and induce autophagy. Cell Metab 20: 626-638, 2014. 637 



29 
 

43. Duran BOdS, Fernandez GJ, Mareco EA, Moraes LN, Salomão RAS, Gutierrez de Paula T, 638 
Santos VB, Carvalho RF, and Dal-Pai-Silvca M. Differential microRNA Expression in Fast- and Slow-639 
Twitch Skeletal Muscle of Piaractus mesopotamicus during Growth. PLoS ONE 10: e0141967, 2015. 640 
44. Elkina Y, von Haehling S, Anker SD, and Springer J. The role of myostatin in muscle wasting: 641 
an overview. Journal of cachexia, sarcopenia and muscle 2: 143-151, 2011. 642 
45. Eulalio A, Behm-Ansmant I, Schweizer D, and Izaurralde E. P-body formation is a 643 
consequence, not the cause, of RNA-mediated gene silencing. Molecular and cellular biology 27: 644 
3970-3981, 2007. 645 
46. Eulalio A, Tritschler F, and Izaurralde E. The GW182 protein family in animal cells: new 646 
insights into domains required for miRNA-mediated gene silencing. RNA 15: 1433-1442, 2009. 647 
47. Fernandes T, Nakamuta JS, Magalhaes FC, Roque FR, Lavini-Ramos C, Schettert IT, Coelho 648 
V, Krieger JE, and Oliveira EM. Exercise training restores the endothelial progenitor cells number 649 
and function in hypertension: implications for angiogenesis. Journal of hypertension 30: 2133-2143, 650 
2012. 651 
48. Friedman RC, Farh KK, Burge CB, and Bartel DP. Most mammalian mRNAs are conserved 652 
targets of microRNAs. Genome research 19: 92-105, 2009. 653 
49. Fry CS, Lee JD, Mula J, Kirby TJ, Jackson JR, Liu F, Yang L, Mendias CL, Dupont-Versteegden 654 
EE, McCarthy JJ, and Peterson CA. Inducible depletion of satellite cells in adult, sedentary mice 655 
impairs muscle regenerative capacity without affecting sarcopenia. Nat Med 21: 76-80, 2015. 656 
50. Galimov A, Merry TL, Luca E, Rushing EJ, Mizbani A, Turcekova K, Hartung A, Croce CM, 657 
Ristow M, and Krützfeldt J. MicroRNA-29a in Adult Muscle Stem Cells Controls Skeletal Muscle 658 
Regeneration During Injury and Exercise Downstream of Fibroblast Growth Factor-2. STEM CELLS 34: 659 
768-780, 2016. 660 
51. Gan Z, Rumsey J, Hazen BC, Lai L, Leone TC, Vega RB, Xie H, Conley KE, Auwerx J, Smith SR, 661 
Olson EN, Kralli A, and Kelly DP. Nuclear receptor/microRNA circuitry links muscle fiber type to 662 
energy metabolism. The Journal of Clinical Investigation 123: 2564-2575, 2013. 663 
52. Garcia-Prat L, Martinez-Vicente M, Perdiguero E, Ortet L, Rodriguez-Ubreva J, Rebollo E, 664 
Ruiz-Bonilla V, Gutarra S, Ballestar E, Serrano AL, Sandri M, and Munoz-Canoves P. Autophagy 665 
maintains stemness by preventing senescence. Nature 529: 37-42, 2016. 666 
53. Glass D, and Roubenoff R. Recent advances in the biology and therapy of muscle wasting. 667 
Ann N Y Acad Sci 1211: 25-36, 2010. 668 
54. Goljanek-Whysall K, Mok GF, Fahad Alrefaei A, Kennerley N, Wheeler GN, and 669 
Munsterberg A. myomiR-dependent switching of BAF60 variant incorporation into Brg1 chromatin 670 
remodeling complexes during embryo myogenesis. Development 141: 3378-3387, 2014. 671 
55. Goljanek-Whysall K, Sweetman D, Abu-Elmagd M, Chapnik E, Dalmay T, Hornstein E, and 672 
Munsterberg A. MicroRNA regulation of the paired-box transcription factor Pax3 confers robustness 673 
to developmental timing of myogenesis. Proceedings of the National Academy of Sciences of the 674 
United States of America 108: 11936-11941, 2011. 675 
56. Goljanek-Whysall K, Sweetman D, and Munsterberg AE. microRNAs in skeletal muscle 676 
differentiation and disease. Clinical science 123: 611-625, 2012. 677 
57. Guan L, Hu X, Liu L, Xing Y, Zhou Z, Liang X, Yang Q, Jin S, Bao J, Gao H, Du M, Li J, and 678 
Zhang L. bta-miR-23a involves in adipogenesis of progenitor cells derived from fetal bovine skeletal 679 
muscle. Scientific Reports 7: 43716, 2017. 680 
58. Güller I, and Russell AP. MicroRNAs in skeletal muscle: their role and regulation in 681 
development, disease and function. J Physiol 588: 2010. 682 
59. Hammond SM. An overview of microRNAs. Adv Drug Deliv Rev 87: 3-14, 2015. 683 
60. Hettwer S, Lin S, Kucsera S, Haubitz M, Oliveri F, Fariello RG, Ruegg MA, and Vrijbloed JW. 684 
Injection of a soluble fragment of neural agrin (NT-1654) considerably improves the muscle 685 
pathology caused by the disassembly of the neuromuscular junction. PLoS One 9: e88739, 2014. 686 
61. Hitachi K, and Tsuchida K. Role of microRNAs in skeletal muscle hypertrophy. Front Physiol 687 
4: 408, 2013. 688 



30 
 

62. Hood DA, Memme JM, Oliveira AN, and Triolo M. Maintenance of Skeletal Muscle 689 
Mitochondria in Health, Exercise, and Aging. Annu Rev Physiol 2018. 690 
63. Hu Z, Klein JD, Mitch WE, Zhang L, Martinez I, and Wang XH. MicroRNA-29 induces cellular 691 
senescence in aging muscle through multiple signaling pathways. Aging 6: 160-175, 2014. 692 
64. Hu Z, Klein JD, Mitch WE, Zhang L, Martinez I, and Wang XH. MicroRNA-29 induces cellular 693 
senescence in aging muscle through multiple signaling pathways. Aging (Albany NY) 6: 2014. 694 
65. Hudson MB, Woodworth-Hobbs ME, Zheng B, Rahnert JA, Blount MA, Gooch JL, Searles 695 
CD, and Price SR. miR-23a is decreased during muscle atrophy by a mechanism that includes 696 
calcineurin signaling and exosome-mediated export. Am J Physiol Cell Physiol 306: C551-558, 2014. 697 
66. Hudson MB, Woodworth-Hobbs ME, Zheng B, Rahnert JA, Blount MA, Gooch JL, Searles 698 
CD, and Price SR. miR-23a is decreased during muscle atrophy by a mechanism that includes 699 
calcineurin signaling and exosome-mediated export. American Journal of Physiology - Cell Physiology 700 
306: C551-C558, 2014. 701 
67. Iwayama T, Steele C, Yao L, Dozmorov MG, Karamichos D, Wren JD, and Olson LE. 702 
PDGFRalpha signaling drives adipose tissue fibrosis by targeting progenitor cell plasticity. Genes Dev 703 
29: 1106-1119, 2015. 704 
68. Jejurikar SS, Henkelman EA, Cederna PS, Marcelo CL, Urbanchek MG, and Kuzon WM, Jr. 705 
Aging increases the susceptibility of skeletal muscle derived satellite cells to apoptosis. Exp Gerontol 706 
41: 828-836, 2006. 707 
69. Jiao J, and Demontis F. Skeletal muscle autophagy and its role in sarcopenia and organismal 708 
aging. Current opinion in pharmacology 34: 1-6, 2017. 709 
70. Joe AW, Yi L, Natarajan A, Le Grand F, So L, Wang J, Rudnicki MA, and Rossi FM. Muscle 710 
injury activates resident fibro/adipogenic progenitors that facilitate myogenesis. Nature cell biology 711 
12: 153-163, 2010. 712 
71. Jun JI, and Lau LF. Cellular senescence controls fibrosis in wound healing. Aging (Albany NY) 713 
2: 627-631, 2010. 714 
72. Kadi F, Charifi N, and Henriksson J. The number of satellite cells in slow and fast fibres from 715 
human vastus lateralis muscle. Histochemistry and cell biology 126: 83-87, 2006. 716 
73. Kalyani RR, Corriere M, and Ferrucci L. Age-related and disease-related muscle loss: the 717 
effect of diabetes, obesity, and other diseases. Lancet Diabetes Endocrinol 2: 819-829, 2014. 718 
74. Kemp GJ, Birrell F, Clegg PD, Cuthbertson DJ, De Vito G, van Dieen JH, Del Din S, Eastell R, 719 
Garnero P, Goljanek-Whysall K, Hackl M, Hodgson R, Jackson MJ, Lord S, Mazza C, McArdle A, 720 
McCloskey EV, Narici M, Peffers MJ, Schiaffino S, and Mathers JC. Developing a toolkit for the 721 
assessment and monitoring of musculoskeletal ageing. Age and ageing 47: iv1-iv19, 2018. 722 
75. Kim JY, Park YK, Lee KP, Lee SM, Kang TW, Kim HJ, Dho SH, Kim SY, and Kwon KS. Genome-723 
wide profiling of the microRNA-mRNA regulatory network in skeletal muscle with aging. Aging 724 
(Albany NY) 6: 2014. 725 
76. Kim Y, Triolo M, and Hood DA. Impact of Aging and Exercise on Mitochondrial Quality 726 
Control in Skeletal Muscle. Oxid Med Cell Longev 2017: 3165396, 2017. 727 
77. Kloosterman WP, Steiner FA, Berezikov E, de Bruijn E, van de Belt J, Verheul M, Cuppen E, 728 
and Plasterk RH. Cloning and expression of new microRNAs from zebrafish. Nucleic Acids Res 34: 729 
2558-2569, 2006. 730 
78. Koutsoulidou A, Mastroyiannopoulos NP, Furling D, Uney JB, and Phylactou LA. Expression 731 
of miR-1, miR-133a, miR-133b and miR-206 increases during development of human skeletal muscle. 732 
BMC Developmental Biology 11: 34, 2011. 733 
79. Krol J, Loedige I, and Filipowicz W. The widespread regulation of microRNA biogenesis, 734 
function and decay. Nat Rev Genet 11: 597-610, 2010. 735 
80. Larsson L, Degens H, Li M, Salviati L, Lee YI, Thompson W, Kirkland JL, and Sandri M. 736 
Sarcopenia: Aging-Related Loss of Muscle Mass and Function. Physiol Rev 99: 427-511, 2019. 737 
81. Laumonier T, and Menetrey J. Muscle injuries and strategies for improving their repair. 738 
Journal of Experimental Orthopaedics 3: 15, 2016. 739 



31 
 

82. Lee DE, Brown JL, Rosa ME, Brown LA, Perry RA, Jr., Wiggs MP, Nilsson MI, Crouse SF, 740 
Fluckey JD, Washington TA, and Greene NP. microRNA-16 Is Downregulated During Insulin 741 
Resistance and Controls Skeletal Muscle Protein Accretion. Journal of cellular biochemistry 117: 742 
1775-1787, 2016. 743 
83. Li P, Jiao J, Gao G, and Prabhakar BS. Control of mitochondrial activity by miRNAs. Journal of 744 
Cellular Biochemistry 113: 1104-1110, 2012. 745 
84. Ling Y-H, Sui M-H, Zheng Q, Wang K-Y, Wu H, Li W-Y, Liu Y, Chu M-X, Fang F-G, and Xu L-N. 746 
miR-27b regulates myogenic proliferation and differentiation by targeting Pax3 in goat. Scientific 747 
Reports 8: 3909, 2018. 748 
85. Liu N, Williams AH, Maxeiner JM, Bezprozvannaya S, Shelton JM, Richardson JA, Bassel-749 
Duby R, and Olson EN. microRNA-206 promotes skeletal muscle regeneration and delays 750 
progression of Duchenne muscular dystrophy in mice. The Journal of Clinical Investigation 122: 2054-751 
2065, 2012. 752 
86. Margolis LM, Lessard SJ, Ezzyat Y, Fielding RA, and Rivas DA. Circulating MicroRNA Are 753 
Predictive of Aging and Acute Adaptive Response to Resistance Exercise in Men. The journals of 754 
gerontology Series A, Biological sciences and medical sciences 72: 1319-1326, 2017. 755 
87. Markofski MM, Dickinson JM, Drummond MJ, Fry CS, Fujita S, Gundermann DM, Glynn EL, 756 
Jennings K, Paddon-Jones D, Reidy PT, Sheffield-Moore M, Timmerman KL, Rasmussen BB, and 757 
Volpi E. Effect of age on basal muscle protein synthesis and mTORC1 signaling in a large cohort of 758 
young and older men and women. Experimental gerontology 65: 1-7, 2015. 759 
88. Masiero E, Agatea L, Mammucari C, Blaauw B, Loro E, Komatsu M, Metzger D, Reggiani C, 760 
Schiaffino S, and Sandri M. Autophagy is required to maintain muscle mass. Cell Metab 10: 507-515, 761 
2009. 762 
89. Masiero E, and Sandri M. Autophagy inhibition induces atrophy and myopathy in adult 763 
skeletal muscles. Autophagy 6: 307-309, 2010. 764 
90. Mauro A. Satellite cell of skeletal muscle fibers. J Biophys Biochem Cytol 9: 493-495, 1961. 765 
91. McArdle A, Dillmann WH, Mestril R, Faulkner JA, and Jackson MJ. Overexpression of HSP70 766 
in mouse skeletal muscle protects against muscle damage and age-related muscle dysfunction. 767 
FASEB journal : official publication of the Federation of American Societies for Experimental Biology 768 
18: 355-357, 2004. 769 
92. McCarthy JJ. MicroRNA-206: the skeletal muscle-specific myomiR. Biochim Biophys Acta 770 
1779: 682-691, 2008. 771 
93. McCarthy JJ, and Esser KA. MicroRNA-1 and microRNA-133a expression are decreased 772 
during skeletal muscle hypertrophy. J Appl Physiol 102: 2007. 773 
94. McCarthy JJ, and Esser KA. MicroRNA-1 and microRNA-133a expression are decreased 774 
during skeletal muscle hypertrophy. Journal of applied physiology 102: 306-313, 2007. 775 
95. McCarthy JJ, Esser KA, Peterson CA, and Dupont-Versteegden EE. Evidence of MyomiR 776 
network regulation of beta-myosin heavy chain gene expression during skeletal muscle atrophy. 777 
Physiol Genomics 39: 219-226, 2009. 778 
96. McCarthy JJ, Mula J, Miyazaki M, Erfani R, Garrison K, Farooqui AB, Srikuea R, Lawson BA, 779 
Grimes B, Keller C, Van Zant G, Campbell KS, Esser KA, Dupont-Versteegden EE, and Peterson CA. 780 
Effective fiber hypertrophy in satellite cell-depleted skeletal muscle. Development 138: 3657-3666, 781 
2011. 782 
97. McDonagh B, Sakellariou GK, Smith NT, Brownridge P, and Jackson MJ. Differential cysteine 783 
labeling and global label-free proteomics reveals an altered metabolic state in skeletal muscle aging. 784 
Journal of proteome research 13: 5008-5021, 2014. 785 
98. Meister G. Argonaute proteins: functional insights and emerging roles. Nat Rev Genet 14: 786 
447-459, 2013. 787 
99. Mendias CL, Gumucio JP, Davis ME, Bromley CW, Davis CS, and Brooks SV. Transforming 788 
growth factor-beta induces skeletal muscle atrophy and fibrosis through the induction of atrogin-1 789 
and scleraxis. Muscle Nerve 45: 55-59, 2012. 790 



32 
 

100. Mishima Y, Abreu-Goodger C, Staton AA, Stahlhut C, Shou C, Cheng C, Gerstein M, Enright 791 
AJ, and Giraldez AJ. Zebrafish miR-1 and miR-133 shape muscle gene expression and regulate 792 
sarcomeric actin organization. Genes Dev 23: 619-632, 2009. 793 
101. Mitchell P. MorphoSys, CAT fight. Nat Biotechnol 19: 703, 2001. 794 
102. Mitchell WK, Williams J, Atherton P, Larvin M, Lund J, and Narici M. Sarcopenia, dynapenia, 795 
and the impact of advancing age on human skeletal muscle size and strength; a quantitative review. 796 
Frontiers in physiology 3: 260, 2012. 797 
103. Mok GF, Lozano-Velasco E, Maniou E, Viaut C, Moxon S, Wheeler G, and Munsterberg A. 798 
miR-133-mediated regulation of the Hedgehog pathway orchestrates embryo myogenesis. 799 
Development 145: 2018. 800 
104. Morvan F, Rondeau JM, Zou C, Minetti G, Scheufler C, Scharenberg M, Jacobi C, Brebbia P, 801 
Ritter V, Toussaint G, Koelbing C, Leber X, Schilb A, Witte F, Lehmann S, Koch E, Geisse S, Glass DJ, 802 
and Lach-Trifilieff E. Blockade of activin type II receptors with a dual anti-ActRIIA/IIB antibody is 803 
critical to promote maximal skeletal muscle hypertrophy. Proceedings of the National Academy of 804 
Sciences of the United States of America 114: 12448-12453, 2017. 805 
105. Munsterberg AE, Kitajewski J, Bumcrot DA, McMahon AP, and Lassar AB. Combinatorial 806 
signaling by Sonic hedgehog and Wnt family members induces myogenic bHLH gene expression in 807 
the somite. Genes Dev 9: 2911-2922, 1995. 808 
106. Nakasa T, Ishikawa M, Shi M, Shibuya H, Adachi N, and Ochi M. Acceleration of muscle 809 
regeneration by local injection of muscle-specific microRNAs in rat skeletal muscle injury model. J 810 
Cell Mol Med 14: 2495-2505, 2010. 811 
107. Natarajan A, Lemos DR, and Rossi FM. Fibro/adipogenic progenitors: a double-edged sword 812 
in skeletal muscle regeneration. Cell Cycle 9: 2045-2046, 2010. 813 
108. Nelson G, Kucheryavenko O, Wordsworth J, and von Zglinicki T. The senescent bystander 814 
effect is caused by ROS-activated NF-kappaB signalling. Mechanisms of ageing and development 170: 815 
30-36, 2018. 816 
109. Nie Y, Sato Y, Wang C, Yue F, Kuang S, and Gavin TP. Impaired exercise tolerance, 817 
mitochondrial biogenesis, and muscle fiber maintenance in miR-133a-deficient mice. Faseb j 30: 818 
3745-3758, 2016. 819 
110. Nielsen S, Scheele C, Yfanti C, Akerstrom T, Nielsen AR, Pedersen BK, and Laye MJ. Muscle 820 
specific microRNAs are regulated by endurance exercise in human skeletal muscle. J Physiol 588: 821 
4029-4037, 2010. 822 
111. Panguluri SK, Bhatnagar S, Kumar A, McCarthy JJ, Srivastava AK, Cooper NG, Lundy RF, and 823 
Kumar A. Genomic Profiling of Messenger RNAs and MicroRNAs Reveals Potential Mechanisms of 824 
TWEAK-Induced Skeletal Muscle Wasting in Mice. PLOS ONE 5: e8760, 2010. 825 
112. Passey SL, Hansen MJ, Bozinovski S, McDonald CF, Holland AE, and Vlahos R. Emerging 826 
therapies for the treatment of skeletal muscle wasting in chronic obstructive pulmonary disease. 827 
Pharmacol Ther 166: 56-70, 2016. 828 
113. Pradat PF, Barani A, Wanschitz J, Dubourg O, Lombes A, Bigot A, Mouly V, Bruneteau G, 829 
Salachas F, Lenglet T, Meininger V, and Butler-Browne G. Abnormalities of satellite cells function in 830 
amyotrophic lateral sclerosis. Amyotrophic lateral sclerosis : official publication of the World 831 
Federation of Neurology Research Group on Motor Neuron Diseases 12: 264-271, 2011. 832 
114. Rennie MJ. Anabolic resistance in critically ill patients. Crit Care Med 37: S398-399, 2009. 833 
115. Rippo MR, Olivieri F, Monsurro V, Prattichizzo F, Albertini MC, and Procopio AD. MitomiRs 834 
in human inflamm-aging: a hypothesis involving miR-181a, miR-34a and miR-146a. Exp Gerontol 56: 835 
154-163, 2014. 836 
116. Robb GB, Brown KM, Khurana J, and Rana TM. Specific and potent RNAi in the nucleus of 837 
human cells. Nat Struct Mol Biol 12: 133-137, 2005. 838 
117. Rodeheffer MS. Tipping the scale: muscle versus fat. Nat Cell Biol 12: 102-104, 2010. 839 
118. Rupaimoole R, and Slack FJ. MicroRNA therapeutics: towards a new era for the 840 
management of cancer and other diseases. Nat Rev Drug Discov 16: 203-222, 2017. 841 



33 
 

119. Russell AP, Lamon S, Boon H, Wada S, Guller I, Brown EL, Chibalin AV, Zierath JR, Snow RJ, 842 
Stepto N, Wadley GD, and Akimoto T. Regulation of miRNAs in human skeletal muscle following 843 
acute endurance exercise and short-term endurance training. J Physiol 591: 4637-4653, 2013. 844 
120. Russell AP, Wada S, Vergani L, Hock MB, Lamon S, Leger B, Ushida T, Cartoni R, Wadley GD, 845 
and Hespel P. Disruption of skeletal muscle mitochondrial network genes and miRNAs in 846 
amyotrophic lateral sclerosis. Neurobiol Dis 49C: 2012. 847 
121. Russell AP, Wada S, Vergani L, Hock MB, Lamon S, Leger B, Ushida T, Cartoni R, Wadley GD, 848 
Hespel P, Kralli A, Soraru G, Angelini C, and Akimoto T. Disruption of skeletal muscle mitochondrial 849 
network genes and miRNAs in amyotrophic lateral sclerosis. Neurobiol Dis 49: 107-117, 2013. 850 
122. Saccone V, Consalvi S, Giordani L, Mozzetta C, Barozzi I, Sandona M, Ryan T, Rojas-Munoz 851 
A, Madaro L, Fasanaro P, Borsellino G, De Bardi M, Frige G, Termanini A, Sun X, Rossant J, Bruneau 852 
BG, Mercola M, Minucci S, and Puri PL. HDAC-regulated myomiRs control BAF60 variant exchange 853 
and direct the functional phenotype of fibro-adipogenic progenitors in dystrophic muscles. Genes 854 
Dev 28: 841-857, 2014. 855 
123. Sakellariou GK, Lightfoot AP, Earl KE, Stofanko M, and McDonagh B. Redox homeostasis 856 
and age-related deficits in neuromuscular integrity and function. Journal of cachexia, sarcopenia and 857 
muscle 8: 881-906, 2017. 858 
124. Sakuma K, Aoi W, and Yamaguchi A. Molecular mechanism of sarcopenia and cachexia: 859 
recent research advances. Pflugers Arch 469: 573-591, 2017. 860 
125. Sandri M. Protein breakdown in muscle wasting: role of autophagy-lysosome and ubiquitin-861 
proteasome. The international journal of biochemistry & cell biology 45: 2121-2129, 2013. 862 
126. Sandri M, Barberi L, Bijlsma AY, Blaauw B, Dyar KA, Milan G, Mammucari C, Meskers CG, 863 
Pallafacchina G, Paoli A, Pion D, Roceri M, Romanello V, Serrano AL, Toniolo L, Larsson L, Maier 864 
AB, Munoz-Canoves P, Musaro A, Pende M, Reggiani C, Rizzuto R, and Schiaffino S. Signalling 865 
pathways regulating muscle mass in ageing skeletal muscle: the role of the IGF1-Akt-mTOR-FoxO 866 
pathway. Biogerontology 14: 303-323, 2013. 867 
127. Sato S, Ogura Y, and Kumar A. TWEAK/Fn14 Signaling Axis Mediates Skeletal Muscle 868 
Atrophy and Metabolic Dysfunction. Frontiers in immunology 5: 18, 2014. 869 
128. Sayed D, He M, Hong C, Gao S, Rane S, Yang Z, and Abdellatif M. MicroRNA-21 is a 870 
downstream effector of AKT that mediates its antiapoptotic effects via suppression of Fas ligand. J 871 
Biol Chem 285: 20281-20290, 2010. 872 
129. Sempere LF, Freemantle S, Pitha-Rowe I, Moss E, Dmitrovsky E, and Ambros V. Expression 873 
profiling of mammalian microRNAs uncovers a subset of brain-expressed microRNAs with possible 874 
roles in murine and human neuronal differentiation. Genome Biol 5: R13, 2004. 875 
130. Shinde S, and Bhadra U. A Complex Genome-MicroRNA Interplay in Human Mitochondria. 876 
BioMed Research International 2015: 206382, 2015. 877 
131. Siracusa J, Koulmann N, and Banzet S. Circulating myomiRs: a new class of biomarkers to 878 
monitor skeletal muscle in physiology and medicine. Journal of cachexia, sarcopenia and muscle 9: 879 
20-27, 2018. 880 
132. Small EM, O'Rourke JR, Moresi V, Sutherland LB, McAnally J, Gerard RD, Richardson JA, 881 
and Olson EN. Regulation of PI3-kinase/Akt signaling by muscle-enriched microRNA-486. 882 
Proceedings of the National Academy of Sciences of the United States of America 107: 4218-4223, 883 
2010. 884 
133. Small EM, O’Rourke JR, Moresi V, Sutherland LB, McAnally J, Gerard RD, Richardson JA, 885 
and Olson EN. Regulation of PI3-kinase/Akt signaling by muscle-enriched microRNA-486. 886 
Proceedings of the National Academy of Sciences of the United States of America 107: 4218-4223, 887 
2010. 888 
134. Soares RJ, Cagnin S, Chemello F, Silvestrin M, Musaro A, De Pitta C, Lanfranchi G, and 889 
Sandri M. Involvement of microRNAs in the regulation of muscle wasting during catabolic conditions. 890 
The Journal of biological chemistry 289: 21909-21925, 2014. 891 



34 
 

135. Soriano-Arroquia A, House L, Tregilgas L, Canty-Laird E, and Goljanek-Whysall K. The 892 
functional consequences of age-related changes in microRNA expression in skeletal muscle. 893 
Biogerontology 17: 641-654, 2016. 894 
136. Soriano-Arroquia A, McCormick R, Molloy AP, McArdle A, and Goljanek-Whysall K. Age-895 
related changes in miR-143-3p:Igfbp5 interactions affect muscle regeneration. Aging cell 15: 361-896 
369, 2016. 897 
137. Sousa-Victor P, Gutarra S, Garcia-Prat L, Rodriguez-Ubreva J, Ortet L, Ruiz-Bonilla V, Jardi 898 
M, Ballestar E, Gonzalez S, Serrano AL, Perdiguero E, and Munoz-Canoves P. Geriatric muscle stem 899 
cells switch reversible quiescence into senescence. Nature 506: 316-321, 2014. 900 
138. Thalacker-Mercer AE, Dell'Italia LJ, Cui X, Cross JM, and Bamman MM. Differential genomic 901 
responses in old vs. young humans despite similar levels of modest muscle damage after resistance 902 
loading. Physiological genomics 40: 141-149, 2010. 903 
139. Thoma A, and Lightfoot AP. NF-kB and Inflammatory Cytokine Signalling: Role in Skeletal 904 
Muscle Atrophy. Advances in experimental medicine and biology 1088: 267-279, 2018. 905 
140. Trabucchi M. Subcellular Heterogeneity of the microRNA Machinery. Trends Genet 35: 15-906 
28, 2019. 907 
141. Uezumi A, Fukada S, Yamamoto N, Takeda S, and Tsuchida K. Mesenchymal progenitors 908 
distinct from satellite cells contribute to ectopic fat cell formation in skeletal muscle. Nat Cell Biol 12: 909 
143-152, 2010. 910 
142. Uezumi A, Ikemoto-Uezumi M, and Tsuchida K. Roles of nonmyogenic mesenchymal 911 
progenitors in pathogenesis and regeneration of skeletal muscle. Frontiers in Physiology 5: 68, 2014. 912 
143. Ultimo S, Zauli G, Martelli AM, Vitale M, McCubrey JA, Capitani S, and Neri LM. Influence 913 
of physical exercise on microRNAs in skeletal muscle regeneration, aging and diseases. Oncotarget 9: 914 
17220-17237, 2018. 915 
144. Valdez G, Tapia JC, Kang H, Clemenson GD, Jr., Gage FH, Lichtman JW, and Sanes JR. 916 
Attenuation of age-related changes in mouse neuromuscular synapses by caloric restriction and 917 
exercise. Proc Natl Acad Sci U S A 107: 14863-14868, 2010. 918 
145. van der Ree MH, van der Meer AJ, van Nuenen AC, de Bruijne J, Ottosen S, Janssen HL, 919 
Kootstra NA, and Reesink HW. Miravirsen dosing in chronic hepatitis C patients results in decreased 920 
microRNA-122 levels without affecting other microRNAs in plasma. Aliment Pharmacol Ther 43: 102-921 
113, 2016. 922 
146. van Rooij E, and Kauppinen S. Development of microRNA therapeutics is coming of age. 923 
EMBO molecular medicine 6: 851-864, 2014. 924 
147. van Rooij E, Liu N, and Olson EN. MicroRNAs flex their muscles. Trends Genet 24: 159-166, 925 
2008. 926 
148. van Rooij E, Purcell AL, and Levin AA. Developing microRNA therapeutics. Circ Res 110: 496-927 
507, 2012. 928 
149. van Rooij E, Quiat D, Johnson BA, Sutherland LB, Qi X, Richardson JA, Kelm RJ, Jr., and 929 
Olson EN. A family of microRNAs encoded by myosin genes governs myosin expression and muscle 930 
performance. Dev Cell 17: 662-673, 2009. 931 
150. van Rooij E, Sutherland LB, Qi X, Richardson JA, Hill J, and Olson EN. Control of stress-932 
dependent cardiac growth and gene expression by a microRNA. Science 316: 575-579, 2007. 933 
151. Vasudevan S, Tong Y, and Steitz JA. Switching from repression to activation: microRNAs can 934 
up-regulate translation. Science 318: 1931-1934, 2007. 935 
152. Verdijk LB, Koopman R, Schaart G, Meijer K, Savelberg HH, and van Loon LJ. Satellite cell 936 
content is specifically reduced in type II skeletal muscle fibers in the elderly. Am J Physiol Endocrinol 937 
Metab 292: E151-157, 2007. 938 
153. Wada S, Kato Y, Okutsu M, Miyaki S, Suzuki K, Yan Z, Schiaffino S, Asahara H, Ushida T, and 939 
Akimoto T. Translational suppression of atrophic regulators by microRNA-23a integrates resistance 940 
to skeletal muscle atrophy. J Biol Chem 286: 38456-38465, 2011. 941 



35 
 

154. Wada S, Kato Y, Okutsu M, Miyaki S, Suzuki K, Yan Z, Schiaffino S, Asahara H, Ushida T, and 942 
Akimoto T. Translational Suppression of Atrophic Regulators by MicroRNA-23a Integrates Resistance 943 
to Skeletal Muscle Atrophy. Journal of Biological Chemistry 286: 38456-38465, 2011. 944 
155. Wang G, Chen HW, Oktay Y, Zhang J, Allen EL, Smith GM, Fan KC, Hong JS, French SW, 945 
McCaffery JM, Lightowlers RN, Morse HC, 3rd, Koehler CM, and Teitell MA. PNPASE regulates RNA 946 
import into mitochondria. Cell 142: 456-467, 2010. 947 
156. Wang H, Shi L, Liang T, Wang B, Wu W, Su G, Wei J, Li P, and Huang R. MiR-696 Regulates 948 
C2C12 Cell Proliferation and Differentiation by Targeting CNTFRα. International journal of biological 949 
sciences 13: 413-425, 2017. 950 
157. Wang L, Zhou L, Jiang P, Lu L, Chen X, Lan H, Guttridge DC, Sun H, and Wang H. Loss of miR-951 
29 in myoblasts contributes to dystrophic muscle pathogenesis. Molecular therapy : the journal of 952 
the American Society of Gene Therapy 20: 1222-1233, 2012. 953 
158. Wang M, Liu W, Jiao J, Li J, Wang C, and Zhang L. Expression Profiling of mRNAs and Long 954 
Non-Coding RNAs in Aged Mouse Olfactory Bulb. Sci Rep 7: 2079, 2017. 955 
159. Wang XY, Chen XL, Huang ZQ, Chen DW, Yu B, He J, Luo JQ, Luo YH, Chen H, Zheng P, and 956 
Yu J. MicroRNA-499-5p regulates porcine myofiber specification by controlling Sox6 expression. 957 
Animal : an international journal of animal bioscience 11: 2268-2274, 2017. 958 
160. Wei W, He HB, Zhang WY, Zhang HX, Bai JB, Liu HZ, Cao JH, Chang KC, Li XY, and Zhao SH. 959 
miR-29 targets Akt3 to reduce proliferation and facilitate differentiation of myoblasts in skeletal 960 
muscle development. Cell Death Dis 4: 2013. 961 
161. Williams AH, Valdez G, Moresi V, Qi X, McAnally J, Elliott JL, Bassel-Duby R, Sanes JR, and 962 
Olson EN. MicroRNA-206 delays ALS progression and promotes regeneration of neuromuscular 963 
synapses in mice. Science 326: 1549-1554, 2009. 964 
162. Winbanks CE, Wang B, Beyer C, Koh P, White L, Kantharidis P, and Gregorevic P. TGF-β 965 
Regulates miR-206 and miR-29 to Control Myogenic Differentiation through Regulation of HDAC4. 966 
The Journal of Biological Chemistry 286: 13805-13814, 2011. 967 
163. Wohlgemuth SE, Seo AY, Marzetti E, Lees HA, and Leeuwenburgh C. Skeletal muscle 968 
autophagy and apoptosis during aging: effects of calorie restriction and life-long exercise. 969 
Experimental gerontology 45: 138-148, 2010. 970 
164. Xu S, Linher-Melville K, Yang BB, Wu D, and Li J. Micro-RNA378 (miR-378) Regulates Ovarian 971 
Estradiol Production by Targeting Aromatase. Endocrinology 152: 3941-3951, 2011. 972 
165. Yu Y, Du H, Wei S, Feng L, Li J, Yao F, Zhang M, Hatch GM, and Chen L. Adipocyte-Derived 973 
Exosomal MiR-27a Induces Insulin Resistance in Skeletal Muscle Through Repression of PPARgamma. 974 
Theranostics 8: 2171-2188, 2018. 975 
166. Zeng P, Han W, Li C, Li H, Zhu D, Zhang Y, and Liu X. miR-378 attenuates muscle 976 
regeneration by delaying satellite cell activation and differentiation in mice. Acta biochimica et 977 
biophysica Sinica 48: 833-839, 2016. 978 
167. Zhang D, Li Y, Yao X, Wang H, Zhao L, Jiang H, Yao X, Zhang S, Ye C, Liu W, Cao H, Yu S, 979 
Wang YC, Li Q, Jiang J, Liu Y, Zhang L, Liu Y, Iwai N, Wang H, Li J, Li J, Li X, Jin ZB, and Ying H. miR-980 
182 Regulates Metabolic Homeostasis by Modulating Glucose Utilization in Muscle. Cell Rep 16: 757-981 
768, 2016. 982 
168. Zhang D, Wang X, Li Y, Zhao L, Lu M, Yao X, Xia H, Wang YC, Liu MF, Jiang J, Li X, and Ying H. 983 
Thyroid hormone regulates muscle fiber type conversion via miR-133a1. The Journal of cell biology 984 
207: 753-766, 2014. 985 
169. Zhang X, Zuo X, Yang B, Li Z, Xue Y, Zhou Y, Huang J, Zhao X, Zhou J, Yan Y, Zhang H, Guo P, 986 
Sun H, Guo L, Zhang Y, and Fu XD. MicroRNA directly enhances mitochondrial translation during 987 
muscle differentiation. Cell 158: 607-619, 2014. 988 

 989 

 990 



36 
 

 991 

 992 

 993 

 994 

 995 

 996 

 997 

 998 

 999 


