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Chapter 11
Noncoding RNAs in Muscle Atrophy

Yongqin Li, Xiangmin Meng, Guoping Li, Qiulian Zhou, and Junjie Xiao

Abstract Denervation, disuse, fasting, and various diseases could induce skeletal 
muscle atrophy, which results in the decline of life quality and increase of the mor-
tality risk for patients. Noncoding RNAs (ncRNAs) are implicated important in 
regulating gene expression. Thus, ncRNAs, especially microRNAs and long non-
coding RNAs (lncRNAs), have gained widespread attention as crucial players in 
numerous physiological and pathological processes, including skeletal muscle atro-
phy. In this review, we comprehensively described the potential of circulating 
microRNAs as biomarkers, summarized the profiling of microRNAs and lncRNAs 
in atrophying muscles, as well as discussed the effects and underlying mechanisms 
of microRNA machinery proteins, microRNAs, and lncRNAs in skeletal muscle 
atrophy. Considering the large quantity and variety of ncRNAs, the understanding 
of ncRNAs in muscle atrophy is still very limited. Future studies are needed to elu-
cidate the possibility of ncRNAs as diagnosis biomarkers and therapeutic targets in 
muscle atrophy.
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11.1  Background

Muscle atrophy is characterized as the decrease in myofiber size, strength, protein 
content, and total muscle mass [1]. Muscle atrophy can be divided into primary 
muscular disease and secondary muscular disorders. Primary muscle atrophy is 
caused by direct diseases of the muscle such as Duchenne muscular dystrophy 
(DMD) [2] and myotonic dystrophy type 1 (DM1) diseases [3]. Secondary muscular 
disorders are usually the complications of other  diseases, which include chronic 
kidney diseases (CKD) [4], sepsis [5], diabetes [6], cancers [7], renal and cardiac 
failure [8], burn injury [9, 10], and HIV/AIDS and neurodegenerative disorders 
[11]. Additionally, secondary muscular disorders can also occur in healthy individu-
als under the conditions such as spaceflight, starvation, aging, hindlimb unloading, 
bed rest, and immobilization [12]. It is well-known that muscle atrophy reduces the 
quality of life and increases the mortality risk for patients [13]. However, effective 
treatment methods for muscle atrophy are currently lacking. Thus, there is an urgent 
need to understand the molecular mechanisms that mediate muscle atrophy, which 
could greatly contribute to design therapies for alleviating muscle atrophy.

Accumulating evidence shows that noncoding RNAs (ncRNAs) play an impor-
tant role in regulating distinct steps of muscle atrophy. ncRNAs comprise a large 
and heterogeneous family including microRNAs (miRs, miRNAs), long noncoding 
RNAs (lncRNAs), circular RNAs (circRNAs), PIWI-interacting RNAs (piRNAs), 
small nucleolar RNAs (snoRNAs), and tRNA derivatives. Among them, miRNAs 
and lncRNAs are the best-studied classes in different physiologic and pathological 
conditions, including muscle development and muscle diseases. miRNAs, short 
ncRNAs (∼22 nucleotides), are endogenous and evolutionarily conserved, which 
mainly repress gene expression posttranscriptionally. One single miRNA has mul-
tiple target mRNAs, while individual mRNA can be modulated by numerous miR-
NAs [14, 15]. miRNAs collectively regulate the expression of 30% of human genes 
[16]. lncRNAs are a diverse class of noncoding RNAs which are more than 200 
nucleotides in length. lncRNAs have been shown vital in regulating gene expression 
both transcriptionally and posttranscriptionally via various mechanisms. Given that 
aberrant gene expression underlies muscle atrophy, it is critically important to 
understand how gene expression is regulated by ncRNAs in response to diverse 
stresses or diseases which lead to muscle atrophy.

In this review, we will focus upon the ncRNAs (miRNAs and lncRNAs) involved 
in regulating muscle atrophy and the underlying molecular mechanisms.

11.2  MicroRNA Machinery Proteins in Muscle Atrophy

It is now evident that miRNAs play important roles in multiple physiological and 
pathological processes including muscle development, muscle regeneration, and 
muscle atrophy. After transcription by RNA polymerase II or III, miRNA precursors 
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are catalyzed by DROSHA/DGCR8 complex and exported from the nucleus to 
cytoplasm by Exportin-5 [17]. Then the enzyme Dicer processes the miRNAs into 
~22 nt RNA duplex in cytoplasm, which are loaded onto RNA-induced silencing 
complex (RISC) and mediate translational repression/mRNA degradation [18, 19].

These proteins involved in miRNA biogenesis and production have been shown 
important in regulating muscle development and muscle atrophy. Loss of Dicer 
activity specifically in the myogenic compartment during embryogenesis reduced 
muscle-specific miRNAs, caused perinatal lethality, and resulted in decreased skel-
etal muscle mass and abnormal myofiber morphology [20]. Additionally, specific 
ablation of Dicer1 in postmitotic spinal motor neurons in mice from postnatal day 7 
exhibited signs of denervation-related muscle atrophy, including myofiber type 
grouping, loss of muscle fibers with a large cross-sectional area, and the decreased 
total fiber diameter [21]. Another miRNA machinery protein Argonaute2 (Ago2) 
has also been shown important for regulating skeletal muscle atrophy [22]. 
Crystallin-B (CryAB), a small heat shock protein, interacts with the N and C termini 
of Ago2 [22]. When the endonuclease activity of Ago2 was significantly repressed 
through loss of CryAB in mice, the body weight and myofiber cross-sectional area 
were significantly reduced, while the fibrosis was increased in the skeletal muscle 
[22]. These results indicated that inhibition of Ago2 caused skeletal muscle 
atrophy.

In addition, some RNA-binding proteins were also found to negatively regulate 
miRNA biogenesis. For example, the nuclear factor 90 (NF90; also referred to as 
ILF3, NFAR1, or DRBP76)-nuclear factor 45 (NF45) complex suppresses miRNA 
processing through inhibition of pri-miRNA processing [23]. Adult NF90-NF45 
double-transgenic mice exhibited skeletal muscle atrophy and centronuclear muscle 
fibers [24]. Compared with controls, microarray analysis demonstrated that 
NF90-NF45 overexpression reduced the expression of 23 miRNAs in skeletal mus-
cles, including miR-133a, miR-133b, miR-1, and miR-378 which are reported to 
promote muscle development [24]. Among them, the processing of pri-miR-133a 
was found to be suppressed by NF90-NF45 complex [24]. And concomitantly, 
dynamin 2, a target of miR-133a, is elevated in the muscle of NF90-NF45 double- 
transgenic mice [24]. Therefore, the upstream regulation of miRNAs plays vital 
roles in muscle atrophy.

11.3  MicroRNAs Served as Potential Biomarkers in Muscle 
Atrophy

The reliable and sensitive blood biomarkers are useful, easily accessible, and con-
venient for the diagnosis, monitoring, and potential future therapy of diseases. miR-
NAs are found to be present in blood circulation and have been increasingly 
suggested as biomarkers for several diseases and clinical conditions [25]. As a con-
sequence of fiber damage during atrophy, muscle-expressed miRNAs have been 
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found to be released into the blood, and their levels are usually correlated with the 
severity of muscle diseases. Thus, many scientific reports emphasize the possibility 
of muscle-specific miRNAs as circulating biomarkers for muscle atrophy induced 
by various stimuli.

Muscle atrophy and weakness are the primary characteristics of Duchenne mus-
cular dystrophy and myotonic dystrophy type 1 patients. Quantitative real-time 
polymerase chain reaction (qRT-PCR) analysis demonstrated that several muscle- 
specific miRNAs (miR-1, miR-133a, and miR-206) are increased in the serum of 
mouse and dog models of DMD [2]. Additional studies indicate that miR-1, miR- 
133a, and miR-206 are enriched in serum of DMD patients, and their levels were 
correlated with the severity of DMD disease, indicating that miR-1, miR-133a, and 
miR-206 are new biomarkers for the diagnosis of DMD and for evaluating the out-
comes of therapeutic interventions in humans [26]. By multiplex qRT-PCR analysis 
of 381 miRNAs in 36 consecutive DM1 patients and 36 healthy controls, a signature 
of 9 deregulated miRNAs in plasma samples of DM1 patients was identified [3]. 
miR-133a, miR-193b, miR-191, miR-454, miR-574, miR-885-5p, and miR-886-3p 
were increased, while miR-27b was decreased in DM1 patients [3]. Among them, 
miR-133a was suggested to be used as candidate diagnostic biomarker for DM1 [3]. 
Another study demonstrated that miR-1, miR-133a, miR-133b, and miR-206 were 
increased in the serum from DM1 patients with progressive muscle atrophy com-
pared to disease-stable DM1 patients [27]. And the levels of miR-1, miR-133a, 
miR-133b, and miR-206 were correlated with the progression of muscle atrophy in 
the DM1 patients, supporting their potential as useful and reliable biomarkers for 
DM1 patients [27].

Muscle atrophy is a common systemic complication of chronic obstructive pul-
monary disease (COPD). The expression of muscle-specific miRNAs was deter-
mined in serum from 31 COPD patients with muscle atrophy and 14 healthy 
age-matched controls by qRT-PCR [28]. The expression of miR-1 was reduced in 
COPD patients compared with controls, but there was no significant difference in 
the expression of miR-499, miR-208, miR-181, miR-145, miR-206, and miR-133 
[28].

Additionally, the serum levels of muscle-specific miRNAs (miR-1, miR-23a, 
miR-133, miR-206, miR-208b, and miR-499) were all significantly elevated after 
hindlimb unloading for 7 days in mice, which could induce severe muscle atrophy 
[29]. Moreover, the serum levels of miR-23a, miR-206, and miR-499 were increased, 
while miR-1, miR-206, and miR-208b were not changed in 15 healthy human par-
ticipants after 45 days of head-down bed rest [29]. And the levels of miR-23a, miR- 
206, and miR-499 were positively correlated with the ratio of soleus volume loss 
induced by head-down bed rest [29], indicating that circulating miR-23a, miR-206, 
and miR-499 could be used as candidate biomarkers for the diagnosis of muscle 
atrophy induced by disuse.

One study selectively characterized the expression of miR-9, miR-206, and miR- 
132  in serum from spinal muscular atrophy (SMA) mice and patients [30]. Both 
miR-9 and miR-132 were elevated in the serum from SMA mice and patients [30]. 
Serum miR-206 was increased in SMA mice compared with controls, but its level 
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in SMA patients has no significant difference [30]. These results indicated the 
potential of miR-9 and miR-132 as candidate serum biomarkers for SMA.

Collectively, some miRNAs have been identified as possible circulating bio-
markers for the diagnosis of DMD, SMA, and DM1 diseases, as well as muscle 
atrophy induced by hindlimb unloading, head-down bed rest, and COPD disease. 
However, the specific, sensitive, and reliable biomarkers are still lacking for muscle 
atrophy.

11.4  MicroRNAs in Muscle Atrophy

To understand the involvement of miRNAs in muscle atrophy, a large number  
of miRNA profiling have been performed in atrophying muscles under different 
conditions such as fasting, denervation, diabetes, disuse, and cancer cachexia.  
The miRNA signature of muscle atrophy has been found peculiar under each  
condition [31].

In primary muscle atrophy caused by direct diseases of the muscle, miRNA 
microarrays in muscle tissues identified 39 miRNAs such as miR-29a, miR-30c, 
miR-30b, miR-92, miR-29c, miR-423, miR-361, miR-299-3p, and miR-181d which 
were upregulated in Duchenne muscular dystrophy patients [32]. Sixty-two miR-
NAs such as miR-16, miR-279, miR-99a, miR-93, miR-455, miR-20b, miR-18a, 
miR-17-5p, miR-152, miR-106a, and miR-106b were upregulated in facioscapulo-
humeral muscular dystrophy patients [32]. The levels of miR-1 and miR-133a/b 
were significantly decreased, while miR-206 was significantly increased in muscles 
of 12 myotonic dystrophy type 1 patients as compared to 6 healthy controls [33].

Lipopolysaccharide, cancer cachexia, and chronic alcohol exposure are the path-
ological stimuli for muscle atrophy. Small RNA deep sequencing in pig skeletal 
muscles analyzed the miRNA expression profiles during lipopolysaccharide- 
induced wasting [34]. Four miRNAs (miR-146a-5p, miR-221-5p, miR-9860-5p, 
and miR-148b-3p) were significantly upregulated, while three miRNAs (miR-192, 
miR-215, and miR-429) were downregulated in the lipopolysaccharide-challenged 
samples [34]. Cancer cachexia-induced muscle atrophy is a direct cause in the func-
tional decline of cancer patients [35]. By injecting Lewis lung carcinoma cells into 
C57BL/6 J mice to induce muscle atrophy, miRNA sequencing identified nine dys-
regulated miRNAs including miR-147-3p, miR-299a-3p, miR-1933-3p, miR- 
511- 3p, miR-3473d, miR-233-3p, miR-431-5p, miR-665-3p, and miR-205-3p in 
the tibialis anterior muscles injected by Lewis lung carcinoma cells [36]. Utilizing 
a zebrafish model of muscle atrophy induced by chronic alcohol exposure, miRNA 
microarray identified that 14 miRNAs were upregulated, while 47 miRNAs were 
downregulated more than twofold in skeletal muscles [37]. Among them, miR- 
140- 3p was downregulated, whereas miR-146a was upregulated. Interestingly, the 
potential targets of both miR-140-3p and miR-146a include several members of the 
Notch signaling pathway [37].

Recently, RNA sequencing was performed to assess the whole transcriptome  
in mouse models of denervation-induced muscle atrophy [38]. There were 671  

11 Noncoding RNAs in Muscle Atrophy



254

differentially expressed miRNAs in gastrocnemius muscles at different time points 
(1 week, 2 weeks, 4 weeks, and 8 weeks) after nerve injury compared with controls 
[38]. At an early denervation stage, another miRNA microarray analysis in rats 
showed that miR-206, miR-195, miR-23a, and miR-30e were differentially 
expressed in the slow muscles, while other miRNA molecules (miR-214, miR-221, 
miR-222, miR-152, miR-320, and let-7e) were differentially expressed in the fast 
muscles compared to controls [39]. These studies indicated that miRNAs were 
dynamically altered in the progression of muscle atrophy and miRNAs in different 
types of skeletal muscles respond to the same stimuli in distinct ways.

Amyotrophic lateral sclerosis (ALS) is characterized by the signs of denervation- 
induced muscle atrophy. In human studies of ALS, miR-206 was elevated in mus-
cles of four early-stage ALS patients [40] and characterized as a potential biomarker 
for ALS patients [41]. Using small RNA-seq, the expressions of small RNAs in 
muscle tissues of ALS patients and healthy age-matched controls were compared 
[42]. Nineteen miRNAs such as miR-100, miR-10a, miR-125a, miR-125b, miR- 
1260a, miR-128, miR-1291, miR-132, miR-133a, and miR-151a were upregulated, 
while 10 miRNAs such as miR-126, miR-1285, miR-1303, miR-150, miR-191, and 
miR-28 were downregulated in the ALS groups [42]. Interestingly, this study did 
not find changes in the expression of miR-206 in ALS patients [42], which might be 
due to the differences in study populations.

Spinal cord injury can induce severe skeletal muscle atrophy and the transforma-
tion toward fast-twitch, type II fibers. In human, miR-208b and miR-499-5p expres-
sions were progressively declined in skeletal muscle during the first year after spinal 
cord injury [43]. Moreover, miR-208b and miR-499-5p were inversely correlated 
with the expression of myostatin, an inhibitor of muscle growth, in human skeletal 
muscle after spinal cord injury [43]. miR-208b reduced myostatin expression in 
intact mouse skeletal muscle after spinal cord injury, whereas miR-499-5p had no 
obvious effect [43].

Addition of dexamethasone (Dex) leads to a distinct atrophic phenotype in dif-
ferentiated C2C12 myotubes, which is the in vitro model of Dex-induced muscle 
atrophy [44]. miR-1, miR-322, miR-351, and miR-503-3p were found to be upregu-
lated in Dex-treated C2C12 cells compared to controls, while miR-708 and miR- 
147 were downregulated [44]. miR-18a expression is declined during C2C12 
myoblast differentiation [45]. And in vitro overexpression of miR-18a induces myo-
tube atrophy via the PI3K/AKT pathway through Igf1 [45]. miR-182 expression is 
dramatically decreased in C2C12 myotubes treated with Dex [46]. miR-182 was 
enriched in exosomes isolated from the media of C2C12 myotubes, and Dex treat-
ment could increase its abundance in exosomes [46].

In addition to the miRNA profiling studies, functional studies using cellular and 
animal models have disclosed multiple important miRNAs in muscle atrophy. 
Spinal and bulbar muscular atrophy (SBMA) is an inherited neurodegenerative dis-
order caused by the expansion of a polyglutamine repeat in the androgen receptor 
(AR-polyQ) [47, 48]. SBMA is characterized by proximal muscular atrophy, 
 weakness, contraction fasciculation, and bulbar involvement [49]. miRNA  
microarray analysis identified that miR-196a, miR-196b, miR-496, miR-323-3p, 
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and miR- 29b- 3p were upregulated more than twofold in the spinal cords of male 
SBMA mice expressing full-length human AR with 97 glutamine residues (AR-97Q) 
compared to the male mice expressing wild-type human AR [50]. Among them, 
miR-196a was found to enhance the decay of the AR mRNA by silencing CUGBP, 
Elav-like family member 2 (CELF2) [50]. Further studies demonstrated that adeno-
associated virus (AAV) vector-mediated delivery of miR-196a exhibited the strong 
and continuous inhibition of CELF2 expression and ameliorated the SBMA pheno-
types in a mouse model [50]. Importantly, miR-196a was upregulated and the 
CELF2 mRNA was downregulated in the thoracic spinal cord of patients with 
SBMA, and miR-196a treatment could downregulate both the AR and CELF2 
mRNAs and proteins in the fibroblasts obtained from patients with SBMA [50]. 
Thus, overexpression of miR- 196a can be considered as the potential strategy for 
treating SBMA. Another report found that miR-298 could ameliorate the phenotype 
of SBMA in mice [51]. In vitro studies demonstrated that miR-298 directly bound 
to the 3′-untranslated region (UTR) of the human AR transcripts and reduced AR 
mRNA and protein levels [51].

miR-1 is specifically expressed in muscles and plays important roles in myogen-
esis, muscle regeneration, as well as muscle atrophy. High doses of Dex or myo-
statin (Mstn) induce severe skeletal muscle atrophy [52]. miR-1 was found to be 
elevated in both C2C12 myotubes and mouse models of Dex-induced atrophy [52]. 
Both Dex and Mstn could induce miR-1 expression through glucocorticoid receptor 
(GR) [52]. And miR-1 elevation promotes skeletal muscle atrophy through targeting 
HSP70 and reducing its levels, which led to decreased phosphorylation of AKT, 
enhanced activation of FOXO3, and upregulation of MuRF1 and Atrogin-1 [52]. In 
addition, miR-1 was found to be unchanged in soleus muscle of rats with muscle 
atrophy induced by hindlimb suspension [53]. Similar to miR-1, miR-133 also has 
important roles in the myogenesis and muscle development [54, 55]. However, the 
functional study of miR-133 in muscle atrophy is much more less.

Denervation is a common cause of muscle atrophy, and miR-351, miR-21, and 
miR-206 have been identified as important regulators of denervation-induced mus-
cle atrophy. Following sciatic nerve transection, miR-351 was gradually reduced 
with time, and overexpression of miR-351 significantly repressed the decrease of 
the wet weight ratio and cross-sectional area of the tibialis anterior muscle in rats 
[56]. Mechanically, miR-351 is able to downregulate TRAF6 expression by directly 
targeting its 3’-UTR [56] and negatively regulate the two downstream signaling 
molecules of TRAF6, MuRF1 and MAFBx, in tibialis anterior muscles after sciatic 
nerve transection [56]. By miRNA profiling in mouse denervated muscles, miR-21 
and miR-206 were found to be strongly induced after denervation [31]. Induction of 
miR-206 and miR-21 in adult mouse muscle contributes to muscle atrophy induced 
by denervation, whereas repression of miR-206 and miR-21 partially protects 
against denervation-induced atrophy in  vivo [31]. More importantly, luciferase 
assays confirmed that YY1 was the target gene of miR-21, and eIF4E3 and Pdcd10 
were the target genes of both miR-21 and miR-206  in denervated muscles [31]. 
However, in rats, miR-206 was found to increase the number of differentiating 
(MyoD1+/Pax7+) satellite cells and counteract denervation-induced atrophy 
through TGF-β1/Smad3 signaling pathway [57]. Moreover, miR-206 is dramatically 
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increased in a mouse model of amyotrophic lateral sclerosis (ALS), which exhibited 
denervation and atrophy of targeted muscles [58]. miR-206-deficient mice form 
normal neuromuscular synapses during development, but loss of miR-206 acceler-
ated ALS progression in mouse model and induced severe skeletal muscle atrophy 
through targeting histone deacetylase 4 (HDAC4) [58].

A loss of muscle mass during muscle atrophy results from an imbalance of pro-
tein synthesis and degradation with a reduction in synthesis. miR-424-5p expression 
was increased in patients with conditions associated with muscle wasting (COPD 
patients, patients undergoing aortic surgery, and patients with ICU-acquired weak-
ness) [59]. In mice, overexpression of miR-322 (rodent miR-424 orthologue) pro-
moted muscle atrophy and reduced ribosome RNA levels [59]. Ago2 pull-down 
assays showed that miR-424-5p bound to mRNAs encoding proteins required for 
ribosomal RNA transcription and protein synthesis, PolR1A and upstream binding 
transcription factors [59].

A common clinical feature in patients with severe burns is skeletal muscle atro-
phy. miR-628 was increased in tibialis anterior muscle after burn injury in rats [9, 
10]. Overexpression of miR-628 in rat muscle activates the IRS1/Akt/FoxO3a sig-
naling pathway and promotes cell apoptosis [9]. IRS1 was identified as direct target 
of miR-628 [9].

Most of miRNAs mentioned above have been shown vital for only one model of 
muscle atrophy. A systematic study using different models of muscle atrophy identi-
fied that miR-29b was elevated in multiple in vivo atrophy models (denervation, 
Dex, fasting, cancer cachexia, and aging), as well as the in vitro atrophy models 
(primary myoblasts treated with Dex and myotubes differentiated from C2C12 
treated with Dex, TNF-α, or H2O2) [60]. miR-29b overexpression induces muscle 
atrophy, and its inhibition attenuates muscle atrophy induced by multiple stimuli 
both in vitro and in vivo [60]. IGF-1 and PI3K(p85α) were identified as the direct 
targets of miR-29b [60].

miR-23a has also been found to be important in multiple models of muscle atro-
phy. In patients with chronic kidney disease (CKD), a decline in muscle mass is 
associated with increased morbidity and mortality [4]. Exercise can ameliorate the 
phenotype of muscle atrophy induced by CKD [4]. miR-23a was decreased, while 
miR-27a was unchanged in CKD mice muscle, and resistance exercise elevated 
miR-23a and miR-27a expression in CKD mouse muscle [61]. Overexpression of 
miR-23a/miR-27a in CKD mice attenuated muscle loss, improved grip strength, 
reduced caspase activity, and increased markers of muscle regeneration [61]. In 
primary satellite cells, PTEN and caspase-7 were identified as targets of miR-23a 
and FoxO1 was identified as a target of miR-27a [61]. Ectopic expression of miR- 
23a was sufficient to prevent Dex-induced muscle atrophy both in vitro and in vivo 
[62]. Furthermore, miR-23a transgenic mice showed resistance against Dex-induced 
skeletal muscle atrophy [62]. miR-23a repressed the translation of both MAFbx/
atrogin-1 and MuRF1 in a 3’ UTR-dependent manner, which were involved in pro-
moting atrophy-associated protein degradation [62]. miR-23a was also reduced 
both in the atrophying muscles of rats with acute streptozotocin-induced diabetes 
and the C2C12 myotubes treated with Dex [63]. In-depth study demonstrated that 

Y. Li et al.



257

the decrease of miR-23a was due to the attenuation of calcineurin signaling and the 
promotion of exosome-mediated export of miR-23a caused by atrophy-inducing 
conditions [63].

Collectively, in vivo studies demonstrated that miR-196a, miR-298, miR-351, 
miR-23a, and miR-27a suppressed, while miR-1, miR-21, miR-424-5p, miR-628, 
and miR-29b promoted the progression of muscle atrophy (Fig. 11.1). Particularly, 
miR-206 suppressed ALS-induced muscle atrophy in mice and denervation-induced 
muscle atrophy in rats and promoted the denervation-induced muscle atrophy in 
mice (Fig. 11.1). Future studies based on these results will provide the potential 
therapeutic targets for muscle atrophy.

11.5  lncRNAs in Muscle Atrophy

lncRNAs are characterized as noncoding RNA sequences >200 nucleotides [64]. 
lncRNAs have been regarded as critical epigenetic regulators of gene expression in 
multiple physiological and pathological conditions [65]. The number of lncRNAs in 
the human genome is estimated to be no less than protein-coding genes [66]. A 
substantial number, but not all of the lncRNAs, are transcribed by RNA polymerase 
II, 5′-capped, spliced, and polyadenylated at the 3′ end, undergoing similar 

Anti-atrophy miRNAs 
Pro-atrophy miRNAs 

Fig. 11.1 MicroRNAs in muscle atrophy. Dex dexamethasone, CKD chronic kidney diseases, ALS 
amyotrophic lateral sclerosis
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posttranscriptional processing as mRNAs [67]. Compared with miRNAs, little is 
known about the biological roles of lncRNAs, and even less about their mechanism 
of action. In mammalian cells, the wide variety of subcellular localizations, expres-
sion levels, and stabilities of lncRNAs have been observed and a broad array of 
diverse mechanisms has been suggested. Based on the examples of well-studied 
lncRNAs, lncRNAs can either repress or activate gene expression through regulat-
ing gene transcription, mRNA stability, pre-mRNA splicing, protein translation, and 
protein stability [64]. Additionally, lncRNAs can serve as “sponge” RNAs for miR-
NAs through pairing to miRNAs and titrating them away from their mRNA targets 
[68]. Similarly, lncRNAs have been reported as a decoy that titrate the protein away 
from its potential targets, such as lncRNA Gas5 and glucocorticoid receptor [69] 
and sno- lncRNAs and Fox2 [70]. To date, many studies mainly focused on the physi-
ological function of lncRNAs in muscles, and the number of lncRNAs identified as 
regulators of muscle atrophy so far is still exiguous. Therefore, our understanding 
of lncRNAs in muscle atrophy, especially in stress-induced muscle atrophy, is much 
more limited.

Myogenesis is a complex process required for regeneration and growth of myo-
fibers in adults and begins with the activation and differentiation of muscle stem 
cells. Multiple lncRNAs were reported to be associated with myogenesis and mus-
cle regeneration. lncRNA SRA [71, 72], H19 [73], MUNC [74], lncMyoD [75], 
lnc-MD1 [76], lnc-mg [77], MAR1 [78], lnc-YY1 [79], Myolinc [80], and Dum 
[81] are confirmed as important positive regulators of myogenesis. In contrast, 
recent studies have shown that certain lncRNAs negatively regulate myogenesis, 
including SINE-containing lncRNAs [82], Yam-1 [83], Lnc-31 [84], Malat1 [85], 
and Sirt1 AS lncRNAs [86]. During muscle atrophy, impaired myogenesis is a com-
mon underlying mechanism [87]. Thus, the aberrant expression of these myogenesis- 
related lncRNAs might contribute to muscle atrophy. So far, among the lncRNAs 
mentioned above, only the roles of lncRNA MAR1 and lnc-mg have been investi-
gated in cellular and animal models of muscle atrophy.

lncRNA MAR1 (muscle anabolic regulator 1) was significantly downregulated 
in the mouse gastrocnemius muscle during aging and unloading condition [78]. In 
C2C12 cells, MAR1 was found to promote the myogenic differentiation through 
serving as the sponges for miR-487b to regulate Wnt5a expression, which is an 
important factor during myogenesis [78]. Moreover, therapeutic enforced MAR1 
expression in skeletal muscle of mice could counteract either age-related muscle 
atrophy or hindlimb suspension-induced muscle atrophy mice [78].

A myogenesis-associated lncRNA named as lnc-mg is specifically enriched in 
skeletal muscle and was shown to be induced in muscle stem cell differentiation 
[77]. According to the in vitro analysis of primary skeletal muscle cells and in vivo 
analysis of conditional knockout mice, lnc-mg promotes myogenesis by serving as 
a sponge for miR-125b to elevate the protein abundance of insulin-like growth fac-
tor 2 [77]. Conditional knockout of lnc-mg in mouse skeletal muscle results in mus-
cle atrophy and the loss of muscular endurance during exercise [77]. However, 
muscle loss is not significantly improved after denervation in transgenic mice of 
lnc-mg [77]. Thus, the rescue effect of lnc-mg on stress-induced skeletal muscle 
atrophy needs to be carefully elucidated.
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Spinal muscular atrophy is an inherited neuromuscular disorder, caused by reces-
sive mutations of the survival motor neuron 1 (SMN1) gene and retention of vari-
able copy numbers of the highly homologous SMN2 gene [88, 89]. lncRNA 
SMN-AS1 arises from the antisense strand of SMN and is highly enriched in neu-
rons [90]. SMN-AS1 recruited PRC2 to the SMN promoter and transcriptionally 
repressed SMN expression [90]. Delivery of SMN-AS1 antisense oligonucleotides 
(ASOs) elevated the SMN expression in patient-derived fibroblast cells, cultured 
neurons, and a mouse model of severe SMA [90]. Combining SMN-AS1 ASOs with 
SMN2 splice-switching oligonucleotides additively increased SMN expression and 
ameliorated SMA in mouse model [90]. Similarly, another independent group also 
reported that selective disruption of SMN-AS1-mediated PRC2 recruitment could 
activate SMN and ameliorate SMA phenotypes in mice [91].

In addition to the myogenesis-related lncRNAs as potential candidates, lncRNA 
profiling has been performed to identify more important lncRNAs in the animal 
models of muscle atrophy. Severe thermal trauma covering more than 30% of the 
total body surface area triggers severe muscle atrophy. Microarray was used to 
determine the lncRNA expression levels in skeletal muscle tissues of three pairs of 
burned rats at the early flow phase, compared with sham rats [92]. An average of 
117 lncRNAs were significantly differentially expressed (1.5-fold) [92]. Recently, 
the expression patterns of lncRNAs were also detected using RNA sequencing in 
the mouse gastrocnemius muscle after nerve injury at different time points and com-
pared to that obtained in the control group [38]. There were 664 differentially 
expressed lncRNAs (75 upregulated and 87 downregulated at 1 week, 78 upregu-
lated and 80 downregulated at 2 weeks, 89 upregulated and 77 downregulated at 
4  weeks, and 76 upregulated and 102 downregulated at 8  weeks) in denervated 
muscle atrophy compared to control groups [38]. Two selected lncRNAs were vali-
dated using qRT-PCR and their changes were consistent with the RNA-seq data 
[38]. Another microarray analysis compares the differentially expressed lncRNAs 
in gastrocnemius muscle between adult (6-month-old) and aged mice (24-month- 
old) [78]. And 894 lncRNAs were identified to be downregulated, while 1051 
lncRNAs were upregulated more than twofold in aged muscle tissues compared 
with controls [78].

Collectively, very few lncRNAs including lnc-mg, MAR1, and SMN-AS1 are 
uncovered to regulate muscle atrophy (Fig. 11.2). And the studies of myogenesis- 
related lncRNAs and profiling of lncRNAs in muscle atrophy have shown the 
deserving hints for further investigation of lncRNAs in muscle atrophy.

11.6  Conclusions and Perspectives

Skeletal muscle atrophy undergoes remarkable adaptations in response to numerous 
conditions, which significantly diminished quality of life. As we reviewed here, 
studies published in the past couple years emphasized identifying the potential 
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miRNAs as biomarkers, profiling the changes of miRNAs and lncRNAs, and uncov-
ering the roles and mechanisms of miRNAs and lncRNAs in diverse muscle 
atrophy.

To date, numerous miRNAs have been found to be altered in the serum of patients 
with muscle atrophy compared with healthy controls. And several of them have 
been shown correlated with the different stages and severity of the diseases. 
However, the possible inconsistencies in the results and the specificity of this kind 
of biomarker remain the major critical challenges. One of the major reasons is the 
human subject variability, and therefore recruiting large cohorts of patients could 
greatly improve the future biomarker studies.

The quantity and variety of miRNAs and lncRNAs are very large, and many of 
them have been shown changed in atrophying muscles. However, at present, only a 
few miRNAs and exiguous lncRNAs were investigated in depth. Our current under-
standing about the mechanisms of miRNAs and especially the lncRNAs are  still 
very limited. Besides, other ncRNAs such as circular RNAs are emerging as the 
vital regulators of various diseases. One recent RNA sequencing has identified 236 
circular RNAs which were differentially expressed in the mouse gastrocnemius 
muscle after nerve injury at different time points [38] . Although this sequencing 
data provides a theoretical basis for studying circular RNAs in denervated muscle 
atrophy, the roles of circular RNAs in muscle atrophy are still unknown [38]. In the 
immediate future of ncRNA study, deciphering more important ncRNAs in muscle 
atrophy and uncovering their intrinsic mechanisms are highly needed, which will 
enhance our ability to gain a better understanding of muscle atrophy and provide 
novel diagnosis markers and therapeutic targets.

Fig. 11.2 lncRNAs in muscle atrophy
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