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4.1  INTRODUCTION

Skeletal muscle is a vital organ in mammals, which 
controls the vast majority of body movements. It is 
also considered as one of the most important and 
highly active metabolic tissues accounting for 40% 
of the total body mass. A 30–50% loss of muscle 
mass occurs between the ages of 50 and 80 years 
that impacts profoundly on the quality of life of 
older people resulting in a reduced ability to carry 
out everyday tasks and increased susceptibility to 
falling (Bortz, 2002; Espinoza and Walston, 2005; 
Fried et al., 2001). All individuals lose muscle 
mass and develop age-related muscle weakness 
(termed sarcopenia when it reaches clinically 
relevant severity). Several factors can lead to this 
dysfunction and degeneration of skeletal muscle 
including inflammation, dysregulation of motor 
neurons and oxidative stress (Narici and Maffulli, 

2010). It has also been shown that aging causes the 
impairment of skeletal muscle stem cells leading 
to a decline in regeneration due to cell senescence 
(Cosgrove et al., 2014; Sousa-Victor et al., 2014). 
Furthermore, sarcopenic patients are more prone 
to develop other age-related pathologies such as 
diabetes, hypertension and complications of the 
cardiovascular system (J. C. Brown et al., 2016; 
Morley, 2008).

Skeletal muscle mass is dictated by the number 
and the size of muscle fibers. The decline in muscle 
mass and strength in people after the age of ~50 
appears primarily due to loss of muscle fibers with 
weakening of the remaining fibers (Lexell et al., 
1986). In addition, a switch from fast type IIa and 
IIx muscle fibers to slow type I has been observed 
during aging (Kosek et al., 2006; Nilwik et al., 
2013). Data clearly indicate that in human and 
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46 PROTEOSTASIS AND PROTEOLYSIS

rodents aging, loss of motor neurons also accom-
panies the loss of muscle fibers (Einsiedel and 
Luff, 1992; Larsson and Ansved, 1995; Lexell et al., 
1988), with a 25–50% reduction in the number 
of α-motor neurons occurring with aging. Several 
studies have also reported loss of axons as well 
as the presence of swollen, segmental demyelin-
ated and remyelinated axons in peripheral nerve 
of old animals and humans (Adinolfi et al., 1991) 
and such neuronal changes have been proposed to 
play a major role in the age-related loss of muscle 
mass and function (Delbono, 2003).

4.2   BIOGENESIS AND REGULATORY 
FUNCTION OF mirs

microRNAs (miRNAs, miRs) are a part of the 
small non-coding RNAs (sncRNAs) and are 19–22 
nucleotides long. miRs control muscle devel-
opment, disease and aging (D. M. Brown and 
Goljanek-Whysall, 2015; Goljanek-Whysall et al., 
2012) through regulation of post-transcriptional 
gene expression. MiR genes are transcribed into 
pri-miRs by RNA polymerase II or III and incor-
porated into pre-miR hairpins by the RNase III 
endonuclease enzyme Drosha (Diebel et al., 2014; 
J. Han et al., 2006). Subsequently, exportin-5 
translocates pre-miRs outside the nucleus, where 
Dicer cleaves the pre-miR haiprins into mature, 
double-stranded short miRs (Winter et al., 2009). 
The miR duplex strands are separated and one 
strand of the mature miR (guide strand) together 
with Argonaute protein and co-factors forms the 
RNA-induced silencing complex (RISC) protein 
complex (Schraivogel and Meister, 2014). The 
other strand (passenger strand) is subsequently 
degraded. After generation of mature miRs, miR 
binding to target mRNA triggers translational 
repression or mRNA degradation (Y. W. Kong 
et al., 2008). The effectiveness of miR-mediated 
translational inhibition largely depends on the 
binding capacity to the target mRNA (Brodersen 
and Voinnet, 2009; Hu and Bruno, 2011; Kim 
et al., 2016). Generally, mRNAs binding sites of 
miRs are located in the 3′-untranslated region 
(UTR) and less frequently in the 5′-UTR, although 
many mRNA molecules have multiple binding 
sites (Hu and Bruno, 2011). Two types of bind-
ing have been identified; the first type refers to 
the perfect complementarity between the 3′-UTR 
of the target mRNA and the 5′-end of the miR, 
which is named as seed site of the miR; the other 

type is incomplete match between the 3′-UTR 
sequence of mRNA and the seed region of miR 
(Quattrocelli and Sampaolesi, 2015). Both types of 
RISC binding, with or without mismatches, lead 
to mRNA suppression of expression either by deg-
radation of the mRNA transcripts via Argonaute-2 
(Ago-2) cleaving activity or destabilization of the 
mRNA molecule causing direct repression of pro-
tein translation.

Despite the knowledge that has been gained 
during the last two decades for the miR-mRNA 
interactions, there are some mechanistic and regu-
latory questions that still need to be addressed. To 
this point, the development of specific software, 
like TargetScan and miRWalk (Dweep et al., 2011; 
Lewis et al., 2005), and the extended use of bio-
informatics tools have largely contributed. Since 
miRs have multiple mRNA targets and one gene 
can be targeted by several miRs, it has been well 
established that miRs regulate different cell func-
tions and are involved in the interplay between 
different cell signaling pathways. Therefore, dys-
regulation of miR expression has been linked to 
cancer, neurodegenerative disorders and cardio-
myopathies (Calderon-Dominguez et al., 2020; 
Juzwik et al., 2019; Slack and Chinnaiyan, 2019).

4.3   MYOGENESIS IN ADULTHOOD AND 
SARCOPENIA

The development of skeletal muscle or myogen-
esis involves defined steps that are well character-
ized. In brief, myoblasts, originated from activated 
muscle stem cells, known as satellite cells, pro-
liferate and differentiate into myocytes, which 
undergo fusion to form myofibers. Myogenesis 
is finely regulated by a complex regulatory gene 
network of expression which involves various 
myogenic regulatory transcription factors (MRFs), 
such as myogenic differentiation (MyoD), myo-
genin, myogenic factor 5 (Myf5) and myogenic 
regulatory factor 4 (MRF4) (Asfour et al., 2018). 
Satellite cells, which are able to self-renew and 
regenerate the tissue, express the paired box tran-
scription factors, Pax3 and Pax7, and not MyoD, 
which maintain them in a quiescent status, but 
upon activation, they co-express Pax7, MyoD and 
Myf5 (Schmidt et al., 2019). During myogenesis, 
Pax expression is repressed, and this is followed 
by enhanced expression of MRFs. On the other 
hand, Pax7 expression is required during skeletal 
muscle regeneration in adulthood (von Maltzahn 
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47MicroRNAs AS CENTRAL REGULATORS

et al., 2013). In the aged skeletal muscle, satellite 
cells lose their ability to preserve their quiescent 
status with simultaneous deregulation of self-
renewal and regenerative capacity that contributes 
to sarcopenia (Snijders and Parise, 2017; Sousa-
Victor et al., 2014).

4.4  mirs ROLE IN ADULT MYOGENESIS

4.4.1  Skeletal Muscle-Specific miRs – myomiRs

Myogenesis regulation by miRs is mainly medi-
ated through modulation of MRFs expression. 
A certain group of miRs, known as myomiRs, 
including miR-1, miR-133a, miR-133b, miR-206, 
miR-208, miR-208b, miR-486 and miR-499, are 
abundantly expressed in skeletal muscle tissue 
(Horak et al., 2016; van Rooij et al., 2009). These 
myomiRs have been shown to control the size of 
muscle fibers as well as the response to aging and 
exercise with regard to muscle fiber type switch. 
miR-499, miR-208 and miR-208b are reported as 
regulators of myosin expression in skeletal mus-
cle as well as of muscle functionality (van Rooij 
et al., 2009). Importantly, conditional knockout of 
Dicer, only in skeletal muscle of mice using MyoD-
Cre mice, results in reduced expression of miR-1, 
miR-133 and miR-206, decreased skeletal muscle 
mass, and alteration of morphological character-
istics of myofibers, indicating that the biogenesis 
and expression levels of specific myomiRs are 
vital for normal skeletal muscle development and 
function. However, when Dicer is depleted during 
adulthood and for lifelong, although miR expres-
sion is reduced, skeletal muscle mass is preserved 
(Vechetti et al., 2019), but muscle regeneration 
is affected (Oikawa et al., 2019). It is impor-
tant to note that skeletal muscle mass reduction 
is observed only when Dicer is inactivated dur-
ing embryonic development, highlighting the 
essential role for Dicer in skeletal muscle and the 
requirement of miRs for embryonic myogenesis 
(O’Rourke et al., 2007).

4.4.2  miR Effects on Satellite Cells

During myogenesis in adulthood, satellite cell 
activation as well as the proliferation of myoblasts 
are also regulated by specific miRs, which target 
transcription factor genes participating in various 
myogenic signaling pathways. For example, miR-1, 
miR-206, miR-27b, miR-486 and miR-133b 

suppress the expression of Pax3/7 and, thus, sat-
ellite cells are activated (Crist et al., 2009; Cui 
et al., 2019; Hirai et al., 2010). In addition, miR-1 
and miR-206 overexpression enhances the acti-
vation of satellite cells, inhibits myoblast prolif-
eration (Chen et al., 2010) and results in timely 
myogenin expression by targeting Pax3 in myo-
blasts (Goljanek-Whysall et al., 2011). Another 
miR that has been implicated in the downregula-
tion of Pax3, with no effect on Pax7, is miR-27b. 
Mice injected with anti-miR-27b antagomirs, in a 
model of muscle injury, showed altered levels of 
Pax3 and delayed regeneration of injured muscle 
(Crist et al., 2009), suggesting that miRs could 
be used as therapeutic interventions for damaged 
muscles.

4.4.3   myomiRs-1, -133 and -206 Effects on 
Skeletal Muscle Cells

Among the known myomiRs, miR-1, miR-133 and 
miR-206 have specific effects on skeletal muscle 
cells. Recently, it has been reported that miR-206 
targets the glucose-6-phosphate dehydrogenase 
(G6PD) gene and suppresses its expression result-
ing in the inhibition of muscle cell proliferation 
and cell cycle arrest in G0/G1 phase (Jiang et al., 
2019).

Both miR-1 and miR-133 are transcribed from 
the same loci on chromosomes 18 and 20 but 
inhibit the expression of different genes. MiR-1 
supports muscle development by repressing his-
tone deacetylase 4 (HDAC4) expression, which 
inhibits myocyte differentiation through sup-
pression of myocyte enhancer factor 2 (MEF2) 
(Chen et al., 2010). The role of miR-133 is still 
debatable since results from different studies 
are contradictory. It is reported that miR-133a 
inhibits the fusion of myoblasts by targeting 
serum response factor (SRF) gene expression, 
which supports the growth and differentiation of 
muscle cells through metastasis-associated lung 
adenocarcinoma transcript 1 (Malat1) modula-
tion (X. Han et al., 2015). Furthermore, miR-133 
decreases Cyclin D1 expression and inhibits myo-
blast proliferation by G1 phase arrest stimulation 
and suppression of the transcription factor Sp1 
(D. Zhang et al., 2012). It has been also demon-
strated that miR-133 may reduce ERK1/2 kinases 
expression and promote myoblast proliferation 
(Feng et al., 2013). It is also of great impor-
tance that the Wnt/β-catenin signaling cascade 
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is involved in skeletal muscle gene regulation by 
myomiRs. In particular, Wnt3 has been proven 
to enhance miR-133b and miR-206 expression, 
which inhibit Pax7, but not miR-1 and miR-133a 
(Cui et al., 2019).

4.4.4  miR Involvement in Signaling Pathways

On the other hand, there are also miRs that 
induce myogenesis by interacting with mole-
cules involved in several cell-signaling pathways. 
For example, miR-26a and miR-214 are upregu-
lated during myogenic differentiation and sup-
press the histone methyltransferase enhancer 
of zeste homolog 2 (Ezh2), a known myogenic 
inhibitor (Juan et al., 2009; Wong and Tellam, 
2008). Furthermore, selected miRs have been 
demonstrated to inhibit the myogenic differen-
tiation acting on transforming growth factor-beta 
(TGFβ) and Wnt/β-catenin signaling. In addition, 
miR-499 induces the proliferation of C2C12 cells 
by decreasing TGFβ-receptor 1 expression, while 
Smad7 is a target for miR-216a altering muscle 
cell differentiation (Wu et al., 2019; Z. Yang et al., 
2019). It is also known that miR-26a, exhibiting 
elevated expression levels in skeletal muscle, 
suppresses Smad1 and Smad4 and causes altera-
tions in TGFβ-signaling pathway which has an 
effect on the expression of MyoD and myogenin 
(Dey et al., 2012). Furthermore, miR-675-3p and 
miR-675-5p target the Smad transcription factors 
Smad1 and Smad5 as well as the DNA replication 
initiation factor Cdc6, resulting in muscle dif-
ferentiation and regeneration (Dey et al., 2014). 
Other miRs enhance myogenesis by targeting 

the NF-κB signaling pathway. miR-29 targets yin 
yang 1 (YY1) transcription factor and its bind-
ing protein Rybp, which repress genes involved 
in myogenic differentiation. The formation of the 
complex Rybp/YY1/Ezh2/HDAC4 leads to sup-
pression of miR-29 expression, but, during myo-
genesis, MyoD/SRF dislocates the complex and 
induces miR-29 expression (Wang et al., 2008; 
Zhou et al., 2012). MiR-17 and miR-20a can also 
promote C2C12 proliferation and primary bovine 
satellite cell activation by targeting Ccnd2, Jak1 
and Rhoc genes that are essential regulators of cell 
proliferation and fusion (D. Kong et al., 2019). 
Further studies have suggested that miR-143-3p 
expression is elevated during C2C12 myoblast 
proliferation and its overexpression decreases 
the expression levels of MyoD, MyoG, myf5 and 
MyHC, by inhibition of Wnt5a, LRP5, Axin2 and 
β-catenin (Du et al., 2016).

Finally, miRs have been implicated in the 
insulin-like growth factor/insulin-like growth 
factor 1 receptor (IGF/IGF1R) signaling pathway. 
MiR125b, miR133 and miR199a3p decrease cell 
differentiation and muscle regeneration poten-
tial through IGF-1/AKT/mTOR-signaling pathway 
(Ge et al., 2011; Jia et al., 2013). Importantly, miR-
143 regulates the insulin growth factor-binding 
protein 5 (Igfbp5) in primary myoblasts and its 
expression in satellite cells from old mice is dys-
regulated. Thus, suppression of miR-143 in the 
aged skeletal muscle could contribute to myo-
genesis as a compensatory mechanism (Soriano-
Arroquia, McCormick, et al., 2016). The main 
miRs affecting the different stages of skeletal 
myogenesis are summarized in Figure 4.1.

Figure 4.1  A schematic summary of miRs implicated in skeletal muscle myogenesis.
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49MicroRNAs AS CENTRAL REGULATORS

4.5   mirs IN SKELETAL MUSCLE AGING AND 
SARCOPENIA

4.5.1   Differential Expression of miRs in Young 
and Old Skeletal Muscle

A large number of comparative studies of miR 
expression levels between young and old muscle 
tissues of rodents, monkeys and humans have 
demonstrated that miRs play an important role 
in the impairment of skeletal muscle homeostasis 
during aging (Drummond et al., 2008; Hamrick 
et al., 2010; Mercken et al., 2013). Precursor miR 
expression measurements using adult healthy 
skeletal muscle biopsies revealed that miR-1, 
miR-133a and miR-206 were upregulated in aged 
individuals (Drummond et al., 2008), but this dif-
ference was alleviated when the expression of the 
corresponding mature miRs was analyzed, high-
lighting the importance in miR form and balance 
in aging. Another study focused on miR-206 and 
miR-21 reported that these two miRs are essential 
in muscle atrophy by targeting transcription factor 
YY1 and the translational initiator factor eIF4E3 
(Soares et al., 2014). The levels of miR-let-7b and 
-7e were found higher in the elderly in compari-
son to young human subjects (Drummond et al., 
2011). It has been suggested that the miR-let-7 
family targets CDK6, CDC25A and CDC34 result-
ing in the inhibition of satellite cell activation in 
aged skeletal muscle (Drummond et al., 2011).

4.5.2  miR-181a Regulates Skeletal Muscle Aging

Small RNA-sequencing data have reported differ-
ential expression of several miRs after comparison 
between young and aged skeletal muscles in ani-
mal models and human samples (Hamrick et al., 
2010; Mercken et al., 2013; Zheng et al., 2018). 
Many studies have explored the role of miR-181a 
in the aged muscle tissue. During skeletal mus-
cle differentiation, miR-181a is upregulated and 
decreases the expression of the homeobox pro-
tein Hox-A11, which inhibits MyoD, and leads to 
high expression of myogenin (Naguibneva et al., 
2006). In contrast, during aging miR-181a lev-
els are decreased, leading to the upregulation of 
TGFβ-related activin receptor type IIA (ActRIIA) 
which is associated with inhibition of satel-
lite cell proliferation through phosphorylation 
of Smad2 and Smad3 (Zacharewicz et al., 2013). 
Furthermore, miR-181a has been also implicated 
in inflammatory pathways during aging and has 

been found to regulate the expression of pro-
inflammatory cytokines including IL-6-and -8, 
IL-1β and TNF-α resulting in inflammaging (Xie 
et al., 2013). Finally, miR-181a restoration in aged 
skeletal muscle promotes mitochondrial dynam-
ics by regulating p62/SQSTM1, parkin and pro-
tein deglycase DJ-1 (PARK7) (Borja-Gonzalez 
et al., 2020; Goljanek-Whysall et al., 2020).

4.5.3   miR-Dependent Regulation of Longevity-
Related SIRT1 in Aged Skeletal Muscle

Recent studies have highlighted miR-181a as cru-
cial miR in aging due to its interaction with sirtu-
ins, mainly Sirtuin1 (SIRT1). Sirtuins are known 
histone deacetylases which promote longevity by 
inhibition of cellular senescence via interactions 
with IGF1, AMPK and FOXO-signaling pathways 
and support skeletal muscle mass preservation via 
regulation of autophagy (Carnio et al., 2014; Garcia-
Prat et al., 2016; Lapierre et al., 2015; Masiero and 
Sandri, 2010). It is known that miR-181a down-
regulation leads to SIRT1 increase in aged mouse 
skeletal (Soriano-Arroquia, House, et  al., 2016). 
Another miR, miR-195, has been shown to reduce 
SIRT1 and telomerase reverse transcriptase (TERT) 
levels in aged skeletal myogenic cells (Kondo 
et al., 2016), while miR-29 upregulation increases 
senescence-associated β-galactosidase levels by 
targeting IGF-1 and the p85α regulatory subunit 
of PI3K (Hu et al., 2014). In vitro studies suggest that 
miR-431 may support myogenesis in aged mouse 
myoblasts by inhibition of Smad4 (Lee et al., 
2015) while Notch1 suppresses miR-155 expres-
sion, and Notch1 loss induces miR-155 overex-
pression, an inflammation-related miR (Onodera 
et al., 2018). The elevated level of oxidative stress 
is a known factor that contributes to age-related 
skeletal muscle dysfunction and muscle cell apop-
tosis. miR-434-3p expression is reduced in aged 
mice, leading to mitochondrial apoptosis via the 
increase of eukaryotic translation initiation fac-
tor 5A1 (eIF5A1), a factor demonstrated to induce 
apoptosis via the mitochondrial apoptotic path-
way (Pardo et al., 2017). Finally, one more miR 
that may play a central role in sarcopenia is miR-
34, which also targets SIRT1 as well as vascular 
endothelial growth factor (VEGF) and has been 
found increased in elderly people with sarcope-
nia, along with miR-449b-5p and miR-424-5p 
(Connolly et al., 2018; Yamakuchi et al., 2008; 
Zheng et al., 2018).
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4.6   PROTEOSTASIS LOSS AND AUTOPHAGY 
REGULATION BY mirs IN AGED SKELETAL 
MUSCLe

The disruption of the balance between protein 
synthesis and degradation leads to loss of proteo-
stasis and impairment of the interplay between 
these two procedures. Skeletal muscle is hugely 
affected by this dysregulation as a tissue that 
mainly consists of protein but also actively par-
ticipates in protein homeostasis through basic 
metabolism (Attaix et al., 2005; Fernando et al., 
2019). Evidence from a number of studies sug-
gest that the aged muscle fails to respond to 
external anabolic stimuli, e.g. exercise resis-
tance, and reduces the rates of protein synthesis 
(Breen and Phillips, 2011; Deutz et al., 2014). 
Furthermore, the protein degradation machin-
ery is also affected in skeletal muscle during 
aging (Bowen et al., 2015; Strucksberg et al., 
2010; Wohlgemuth et al., 2010) and especially 
the ubiquitin-proteasome pathway (UPS), which 
induces muscle atrophy (Chai et al., 2003; Sishi 
et al., 2011). Muscle RING finger 1 (MuRF1) and 
muscle atrophy F-box (MAFbx) are E3 ligases 
which are key mediators of protein ubiquitina-
tion in skeletal muscle (Hartmann-Petersen and 
Gordon, 2004; Ratti et al., 2015). It has been 
demonstrated that MuRF1 and MAFbx are upreg-
ulated in atrophic muscle and, reversely, their 
inhibition results in the decrease of muscle loss 
(Clavel et al., 2006; Eddins et al., 2011). miR-23a 
has been implicated in the regulation of MuRF1 
and MAFbx and overexpression of miR-23a in 
mice results in reduced muscle loss, which is 

caused by glucocorticoid treatment (Wada et al., 
2011). Furthermore, miR-1 myomiR is increased 
in the mouse model of dexamethasone-induced 
muscle atrophy, which leads to upregulation of 
MuRF1 and MAFbx expression via the HSP70/
PKB/Akt/FOXO3 signaling pathway (Kukreti 
et al., 2013). Furthermore, miR-199/214 can also 
regulate the UPS via twist basic helix–loop–helix 
transcription factor 1 (TWIST1) (Baumgarten 
et  al., 2013). Recent studies have also shown 
that caloric restriction improves mitochon-
drial proteostasis and may prevent sarcopenia 
through the action of miRs (Rhoads et al., 2020; 
R. Zhang et al., 2019). Overall, miRs are consid-
ered as central regulators of the UPS activation 
and further studies are needed to unravel the 
mechanisms of miR-mediated proteostasis loss 
in sarcopenia.

Another important catabolic biological pro-
cess that contributes to age-related sarcopenia is 
autophagy. Reactive oxygen species (ROS) accu-
mulation during aging, which results in sarcope-
nia onset, is related to autophagy dysregulation 
and excessive activity of autophagosomes causing 
cellular stress (Fan et al., 2016; Terman and Brunk, 
2006). miR-34 is upregulated during aging and is 
known to modulate autophagy-associated pro-
teins (Yamakuchi et al., 2008; J. Yang et al., 2013). 
Recently, it was suggested that miR-378, a highly 
abundant miR in skeletal muscle, promotes nor-
mal muscle homeostasis by coordinating autoph-
agy and apoptosis via FOXO signaling and Caspase 
9 regulation (Li et al., 2018). The roles of specific 
miRs on skeletal muscle aging are illustrated in 
Figure 4.2.

Figure 4.2  miRs involved in post-transcriptional regulation of skeletal muscle aging.
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4.7   CONCLUSIONS AND FUTURE 
PERSPECTIVES

The evolution of miRs has been remarkably rapid 
since their discovery almost three decades ago. 
It is now known that miRs are very important 
regulators of post-transcriptional modifications 
and can have essential effects on a variety of tis-
sues. Skeletal muscle is inevitably affected by a 
large number of miRs, which seem to control 
major biological processes including myogen-
esis, homeostasis and disease development such 
as sarcopenia. Specific miRs play central roles by 
targeting a plethora of genes, which regulate skel-
etal muscle functions via cell signaling pathways. 
Therefore, modulation of miR expression can 
potentially lead to new therapeutic approaches 
and interventions to counteract age-related mus-
cle loss. In support of miR-mediated treatments, 
a recent study reported the therapeutic potential 
of an intramuscular adenoviral delivery of miR-
376c-3p against age-related muscle atrophy by tar-
geting Atrogin-1 in mice (Shin et al., 2020).

reFereNCeS

Adinolfi, A. M., Yamuy, J., Morales, F. R., et al. 
1991. Segmental demyelination in peripheral 
nerves of old cats. Neurobiol Aging, 12(2), 175–179. 
doi:10.1016/0197-4580(91)90058-r

Asfour, H. A., Allouh, M. Z., & Said, R. S. 2018. 
Myogenic regulatory factors: the orchestrators 
of myogenesis after 30 years of discovery. Exp 
Biol Med (Maywood), 243(2), 118–128. doi:10.1177/ 
1535370217749494

Attaix, D., Ventadour, S., Codran, A., et al. 2005. The 
ubiquitin-proteasome system and skeletal muscle 
wasting. Essays Biochem, 41, 173–186. doi:10.1042/
EB0410173

Baumgarten, A., Bang, C., Tschirner, A., et al. 2013. 
TWIST1 regulates the activity of ubiquitin protea-
some system via the miR-199/214 cluster in human 
end-stage dilated cardiomyopathy. Int J Cardiol, 
168(2), 1447–1452. doi:10.1016/j.ijcard.2012.12.094

Borja-Gonzalez, M., Casas-Martinez, J. C., McDonagh, 
B., et al. 2020. Aging science talks: the role of 
miR-181a in age-related loss of muscle mass and 
function. Transl Med Aging, 4, 81–85. doi:10.1016/j.
tma.2020.07.001

Bortz, W. M., 2nd. 2002. A conceptual framework 
of frailty: a review. J Gerontol A Biol Sci Med Sci, 57(5), 
M283–288. doi:10.1093/gerona/57.5.m283

Bowen, T. S., Schuler, G., & Adams, V. 2015. Skeletal 
muscle wasting in cachexia and sarcopenia: 
molecular pathophysiology and impact of exercise 
training. J Cachexia Sarcopenia Muscle, 6(3), 197–207. 
doi:10.1002/jcsm.12043

Breen, L., & Phillips, S. M. 2011. Skeletal muscle pro-
tein metabolism in the elderly: interventions to 
counteract the ‘anabolic resistance’ of ageing. Nutr 
Metab (Lond), 8, 68. doi:10.1186/1743-7075-8-68

Brodersen, P., & Voinnet, O. 2009. Revisiting the 
principles of microRNA target recognition and 
mode of action. Nat Rev Mol Cell Biol, 10(2), 141–148. 
doi:10.1038/nrm2619

Brown, D. M., & Goljanek-Whysall, K. 2015. microR-
NAs: modulators of the underlying pathophysiol-
ogy of sarcopenia? Ageing Res Rev, 24(Pt B), 263–273. 
doi:10.1016/j.arr.2015.08.007

Brown, J. C., Harhay, M. O., & Harhay, M. N. 2016. 
Sarcopenia and mortality among a population-
based sample of community-dwelling older adults. J 
Cachexia Sarcopenia Muscle, 7(3), 290–298. doi:10.1002/
jcsm.12073

Calderon-Dominguez, M., Belmonte, T., Quezada-
Feijoo, M., et al. 2020. Emerging role of 
microRNAs in dilated cardiomyopathy: evi-
dence regarding etiology. Transl Res, 215, 86–101. 
doi:10.1016/j.trsl.2019.08.007

Carnio, S., LoVerso, F., Baraibar, M. A., et al. 2014. 
Autophagy impairment in muscle induces neuro-
muscular junction degeneration and precocious 
aging. Cell Rep, 8(5), 1509–1521. doi:10.1016/j.
celrep.2014.07.061

Chai, J., Wu, Y., & Sheng, Z. Z. 2003. Role of ubiquitin-
proteasome pathway in skeletal muscle wasting in 
rats with endotoxemia. Crit Care Med, 31(6), 1802–1807. 
doi:10.1097/01.CCM.0000069728.49939.E4

Chen, J. F., Tao, Y., Li, J., et al. 2010. microRNA-1 and 
microRNA-206 regulate skeletal muscle satellite 
cell proliferation and differentiation by repress-
ing Pax7. J Cell Biol, 190(5), 867–879. doi:10.1083/
jcb.200911036

Clavel, S., Coldefy, A. S., Kurkdjian, E., et al. 2006. 
Atrophy-related ubiquitin ligases, atrogin-1 and 
MuRF1 are up-regulated in aged rat tibialis ante-
rior muscle. Mech Ageing Dev, 127(10), 794–801. 
doi:10.1016/j.mad.2006.07.005

Connolly, M., Paul, R., Farre-Garros, R., et al. 2018. 
miR-424-5p reduces ribosomal RNA and protein 
synthesis in muscle wasting. J Cachexia Sarcopenia 
Muscle, 9(2), 400–416. doi:10.1002/jcsm.12266

Cosgrove, B. D., Gilbert, P. M., Porpiglia, E., et al. 2014. 
Rejuvenation of the muscle stem cell population 

BK-TandF-CHONDROGIANNI_9780367499327-211112-Chp04.indd   51 17/08/21   5:12 PM



52 PROTEOSTASIS AND PROTEOLYSIS

restores strength to injured aged muscles. Nat Med, 
20(3), 255–264. doi:10.1038/nm.3464

Crist, C. G., Montarras, D., Pallafacchina, G., et 
al. 2009. Muscle stem cell behavior is modi-
fied by microRNA-27 regulation of Pax3 expres-
sion. Proc Natl Acad Sci U S A, 106(32), 13383–13387. 
doi:10.1073/pnas.0900210106

Cui, S., Li, L., Mubarokah, S. N., et al. 2019. Wnt/beta-
catenin signaling induces the myomiRs miR-133b 
and miR-206 to suppress Pax7 and induce the myo-
genic differentiation program. J Cell Biochem, 120(8), 
12740–12751. doi:10.1002/jcb.28542

Delbono, O. 2003. Neural control of aging skel-
etal muscle. Aging Cell, 2(1), 21–29. doi:10.1046/ 
j.1474-9728.2003.00011.x

Deutz, N. E., Bauer, J. M., Barazzoni, R., et al. 2014. 
Protein intake and exercise for optimal muscle 
function with aging: recommendations from the 
ESPEN Expert Group. Clin Nutr, 33(6), 929–936. 
doi:10.1016/j.clnu.2014.04.007

Dey, B. K., Gagan, J., Yan, Z., et al. 2012. miR-26a is 
required for skeletal muscle differentiation and 
regeneration in mice. Genes Dev, 26(19), 2180–2191. 
doi:10.1101/gad.198085.112

Dey, B. K., Pfeifer, K., & Dutta, A. 2014. The H19 long 
noncoding RNA gives rise to microRNAs miR-
675-3p and miR-675-5p to promote skeletal muscle 
differentiation and regeneration. Genes Dev, 28(5), 
491–501. doi:10.1101/gad.234419.113

Diebel, K. W., Claypool, D. J., & van Dyk, L. F. 
2014. A conserved RNA polymerase III promoter 
required for gammaherpesvirus TMER transcrip-
tion and microRNA processing. Gene, 544(1), 8–18. 
doi:10.1016/j.gene.2014.04.026

Drummond, M. J., McCarthy, J. J., Fry, C. S., et al. 
2008. Aging differentially affects human skeletal 
muscle microRNA expression at rest and after an 
anabolic stimulus of resistance exercise and essen-
tial amino acids. Am J Physiol Endocrinol Metab, 295(6), 
E1333–1340. doi:10.1152/ajpendo.90562.2008

Drummond, M. J., McCarthy, J. J., Sinha, M., et al. 
2011. Aging and microRNA expression in human 
skeletal muscle: a microarray and bioinformat-
ics analysis. Physiol Genomics, 43(10), 595–603. 
doi:10.1152/physiolgenomics.00148.2010

Du, J., Zhang, Y., Shen, L., et al. 2016. Effect of miR-
143-3p on C2C12 myoblast differentiation. Biosci 
Biotechnol Biochem, 80(4), 706–711. doi:10.1080/0916
8451.2015.1123604

Dweep, H., Sticht, C., Pandey, P., et al. 2011. miRWalk-
database: prediction of possible miRNA binding 
sites by “walking” the genes of three genomes. 

J  Biomed Inform, 44(5), 839–847. doi:10.1016/j.
jbi.2011.05.002

Eddins, M. J., Marblestone, J. G., Suresh Kumar, K. G., 
et al. 2011. Targeting the ubiquitin E3 ligase MuRF1 
to inhibit muscle atrophy. Cell Biochem Biophys, 60(1–
2), 113–118. doi:10.1007/s12013-011-9175-7

Einsiedel, L. J., & Luff, A. R. 1992. Alterations in the 
contractile properties of motor units within the age-
ing rat medial gastrocnemius. J Neurol Sci, 112(1–2), 
170–177. doi:10.1016/0022-510x(92)90147-d

Espinoza, S., & Walston, J. D. 2005. Frailty in older 
adults: insights and interventions. Cleve Clin J Med, 
72(12), 1105–1112. doi:10.3949/ccjm.72.12.1105

Fan, J., Kou, X., Jia, S., et al. 2016. Autophagy as a 
potential target for sarcopenia. J Cell Physiol, 231(7), 
1450–1459. doi:10.1002/jcp.25260

Feng, Y., Niu, L. L., Wei, W., et al. 2013. A feedback 
circuit between miR-133 and the ERK1/2 pathway 
involving an exquisite mechanism for regulating 
myoblast proliferation and differentiation. Cell Death 
Dis, 4, e934. doi:10.1038/cddis.2013.462

Fernando, R., Drescher, C., Nowotny, K., et al. 2019. 
Impaired proteostasis during skeletal muscle 
aging. Free Radic Biol Med, 132, 58–66. doi:10.1016/j.
freeradbiomed.2018.08.037

Fried, L. P., Tangen, C. M., Walston, J., et al. 2001. 
Frailty in older adults: evidence for a pheno-
type. J Gerontol A Biol Sci Med Sci, 56(3), M146–156. 
doi:10.1093/gerona/56.3.m146

Garcia-Prat, L., Martinez-Vicente, M., Perdiguero, 
E., et al. 2016. Autophagy maintains stemness by 
preventing senescence. Nature, 529(7584), 37–42. 
doi:10.1038/nature16187

Ge, Y., Sun, Y., & Chen, J. 2011. IGF-II is regulated by 
microRNA-125b in skeletal myogenesis. J Cell Biol, 
192(1), 69–81. doi:10.1083/jcb.201007165

Goljanek-Whysall, K., Sweetman, D., Abu-Elmagd, 
M., et al. 2011. MicroRNA regulation of the paired-
box transcription factor Pax3 confers robustness 
to developmental timing of myogenesis. Proc Natl 
Acad Sci U S A, 108(29), 11936–11941. doi:10.1073/
pnas.1105362108

Goljanek-Whysall, K., Pais, H., Rathjen, T., et al. 2012. 
Regulation of multiple target genes by miR-1 and 
miR-206 is pivotal for C2C12 myoblast differentia-
tion. J Cell Sci, 125(Pt 15), 3590–3600. doi:10.1242/
jcs.101758

Goljanek-Whysall, K., Soriano-Arroquia, A., 
McCormick, R., et al. 2020. miR-181a regulates 
p62/SQSTM1, parkin, and protein DJ-1 promoting 
mitochondrial dynamics in skeletal muscle aging. 
Aging Cell, 19(4), e13140. doi:10.1111/acel.13140

BK-TandF-CHONDROGIANNI_9780367499327-211112-Chp04.indd   52 17/08/21   5:12 PM



53MicroRNAs AS CENTRAL REGULATORS

Hamrick, M. W., Herberg, S., Arounleut, P., et al. 
2010. The adipokine leptin increases skeletal mus-
cle mass and significantly alters skeletal muscle 
miRNA expression profile in aged mice. Biochem 
Biophys Res Commun, 400(3), 379–383. doi:10.1016/j.
bbrc.2010.08.079

Han, J., Lee, Y., Yeom, K. H., et al. 2006. Molecular 
basis for the recognition of primary microRNAs by 
the Drosha-DGCR8 complex. Cell, 125(5), 887–901. 
doi:10.1016/j.cell.2006.03.043

Han, X., Yang, F., Cao, H., et al. 2015. Malat1 regu-
lates serum response factor through miR-133 as a 
competing endogenous RNA in myogenesis. FASEB 
J, 29(7), 3054–3064. doi:10.1096/fj.14-259952

Hartmann-Petersen, R., & Gordon, C. 2004. Proteins 
interacting with the 26S proteasome. Cell Mol Life 
Sci, 61(13), 1589–1595. doi:10.1007/s00018-004- 
4132-x

Hirai, H., Verma, M., Watanabe, S., et al. 2010. 
MyoD regulates apoptosis of myoblasts through 
microRNA-mediated down-regulation of Pax3. J Cell 
Biol, 191(2), 347–365. doi:10.1083/jcb.201006025

Horak, M., Novak, J., & Bienertova-Vasku, J. 2016. 
Muscle-specific microRNAs in skeletal muscle 
development. Dev Biol, 410(1), 1–13. doi:10.1016/j.
ydbio.2015.12.013

Hu, Z., & Bruno, A. E. 2011. The influence of 3′ 
UTRs on microRNA function inferred from 
human SNP data. Comp Funct Genomics, 2011, 910769. 
doi:10.1155/2011/910769

Hu, Z., Klein, J. D., Mitch, W. E., et al. 2014. 
MicroRNA-29 induces cellular senescence in aging 
muscle through multiple signaling pathways. 
Aging (Albany NY), 6(3), 160–175. doi:10.18632/
aging.100643

Jia, L., Li, Y. F., Wu, G. F., et al. 2013. MiRNA-199a-3p 
regulates C2C12 myoblast differentiation through 
IGF-1/AKT/mTOR signal pathway. Int J Mol Sci, 15(1), 
296–308. doi:10.3390/ijms15010296

Jiang, A., Dong, C., Li, B., et al. 2019. MicroRNA-206 
regulates cell proliferation by targeting G6PD in 
skeletal muscle. FASEB J, 33(12), 14083–14094. 
doi:10.1096/fj.201900502RRRR

Juan, A. H., Kumar, R. M., Marx, J. G., et al. 2009. 
Mir-214-dependent regulation of the polycomb 
protein Ezh2 in skeletal muscle and embryonic 
stem cells. Mol Cell, 36(1), 61–74. doi:10.1016/j.
molcel.2009.08.008

Juzwik, C. A., Drake, S. S., Zhang, Y., et al. 2019. 
microRNA dysregulation in neurodegenerative 
diseases: a systematic review. Prog Neurobiol, 182, 
101664. doi:10.1016/j.pneurobio.2019.101664

Kim, Y. K., Kim, B., & Kim, V. N. 2016. Re-evaluation 
of the roles of DROSHA, Export in 5, and DICER 
in microRNA biogenesis. Proc Natl Acad Sci U S A, 
113(13), E1881–1889. doi:10.1073/pnas.1602532113

Kondo, H., Kim, H. W., Wang, L., et al. 2016. Blockade 
of senescence-associated microRNA-195 in aged 
skeletal muscle cells facilitates reprogramming to 
produce induced pluripotent stem cells. Aging Cell, 
15(1), 56–66. doi:10.1111/acel.12411

Kong, Y. W., Cannell, I. G., de Moor, C. H., et al. 2008. 
The mechanism of micro-RNA-mediated trans-
lation repression is determined by the promoter 
of the target gene. Proc Natl Acad Sci U S A, 105(26), 
8866–8871. doi:10.1073/pnas.0800650105

Kong, D., He, M., Yang, L., et al. 2019. MiR-17 and 
miR-19 cooperatively promote skeletal muscle cell 
differentiation. Cell Mol Life Sci, 76(24), 5041–5054. 
doi:10.1007/s00018-019-03165-7

Kosek, D. J., Kim, J. S., Petrella, J. K., et al. 2006. 
Efficacy of 3 days/wk resistance training on myo-
fiber hypertrophy and myogenic mechanisms in 
young vs. older adults. J Appl Physiol (1985), 101(2), 
531–544. doi:10.1152/japplphysiol.01474.2005

Kukreti, H., Amuthavalli, K., Harikumar, A., et al. 
2013. Muscle-specific microRNA1 (miR1) tar-
gets heat shock protein 70 (HSP70) during dexa-
methasone-mediated atrophy. J Biol Chem, 288(9), 
6663–6678. doi:10.1074/jbc.M112.390369

Lapierre, L. R., Kumsta, C., Sandri, M., et al. 2015. 
Transcriptional and epigenetic regulation of 
autophagy in aging. Autophagy, 11(6), 867–880. 
doi:10.1080/15548627.2015.1034410

Larsson, L., & Ansved, T. 1995. Effects of ageing 
on the motor unit. Prog Neurobiol, 45(5), 397–458. 
doi:10.1016/0301-0082(95)98601-z

Lee, K. P., Shin, Y. J., & Kwon, K. S. 2015. microRNA 
for determining the age-related myogenic capabili-
ties of skeletal muscle. BMB Rep, 48(11), 595–596. 
doi:10.5483/bmbrep.2015.48.11.211

Lewis, B. P., Burge, C. B., & Bartel, D. P. 2005. Conserved 
seed pairing, often flanked by adenosines, indicates 
that thousands of human genes are microRNA tar-
gets. Cell, 120(1), 15–20. doi:10.1016/j.cell.2004.12.035

Lexell, J., Downham, D., & Sjostrom, M. 1986. 
Distribution of different fibre types in human skel-
etal muscles: fibre type arrangement in m. vastus 
lateralis from three groups of healthy men between 
15 and 83 years. J Neurol Sci, 72(2-3), 211–222. 
doi:10.1016/0022-510x(86)90009-2

Lexell, J., Taylor, C. C., & Sjostrom, M. 1988. What 
is the cause of the ageing atrophy? Total num-
ber, size and proportion of different fiber types 

BK-TandF-CHONDROGIANNI_9780367499327-211112-Chp04.indd   53 17/08/21   5:12 PM



54 PROTEOSTASIS AND PROTEOLYSIS

studied in whole vastus lateralis muscle from 15- 
to 83-year-old men. J Neurol Sci, 84(2–3), 275–294. 
doi:10.1016/0022-510x(88)90132-3

Li, Y., Jiang, J., Liu, W., et al. 2018. microRNA-378 
promotes autophagy and inhibits apoptosis in 
skeletal muscle. Proc Natl Acad Sci U S A, 115(46), 
E10849–E10858. doi:10.1073/pnas.1803377115

Masiero, E., & Sandri, M. 2010. Autophagy inhibi-
tion induces atrophy and myopathy in adult skel-
etal muscles. Autophagy, 6(2), 307–309. doi:10.4161/
auto.6.2.11137

Mercken, E. M., Majounie, E., Ding, J., et al. 2013. Age-
associated miRNA alterations in skeletal muscle 
from rhesus monkeys reversed by caloric restric-
tion. Aging (Albany NY), 5(9), 692–703. doi:10.18632/
aging.100598

Morley, J. E. 2008. Sarcopenia: diagnosis and treat-
ment. J Nutr Health Aging, 12(7), 452–456. doi:10.1007/
BF02982705

Naguibneva, I., Ameyar-Zazoua, M., Polesskaya, A., 
et al. 2006. The microRNA miR-181 targets the 
homeobox protein Hox-A11 during mammalian 
myoblast differentiation. Nat Cell Biol, 8(3), 278–284. 
doi:10.1038/ncb1373

Narici, M. V., & Maffulli, N. 2010. Sarcopenia: charac-
teristics, mechanisms and functional significance. 
Br Med Bull, 95, 139–159. doi:10.1093/bmb/ldq008

Nilwik, R., Snijders, T., Leenders, M., et al. 2013. 
The decline in skeletal muscle mass with aging is 
mainly attributed to a reduction in type II muscle 
fiber size. Exp Gerontol, 48(5), 492–498. doi:10.1016/j.
exger.2013.02.012

O’Rourke, J. R., Georges, S. A., Seay, H. R., et al. 2007. 
Essential role for Dicer during skeletal muscle devel-
opment. Dev Biol, 311(2), 359–368. doi:10.1016/j.
ydbio.2007.08.032

Oikawa, S., Lee, M., & Akimoto, T. 2019. Conditional 
deletion of Dicer in adult mice impairs skeletal mus-
cle regeneration. Int J Mol Sci, 20(22). doi:10.3390/
ijms20225686

Onodera, Y., Teramura, T., Takehara, T., et al. 2018. 
Inflammation-associated miR-155 activates differ-
entiation of muscular satellite cells. PLoS One, 13(10), 
e0204860. doi:10.1371/journal.pone.0204860

Pardo, P. S., Hajira, A., Boriek, A. M., et al. 2017. 
MicroRNA-434-3p regulates age-related apoptosis 
through eIF5A1 in the skeletal muscle. Aging (Albany 
NY), 9(3), 1012–1029. doi:10.18632/aging.101207

Quattrocelli, M., & Sampaolesi, M. 2015. The mesmi-
Rizing complexity of microRNAs for striated mus-
cle tissue engineering. Adv Drug Deliv Rev, 88, 37–52. 
doi:10.1016/j.addr.2015.04.011

Ratti, F., Ramond, F., Moncollin, V., et al. 2015. 
Histone deacetylase 6 is a FoxO transcription 
factor- dependent effector in skeletal muscle atro-
phy. J Biol Chem, 290(7), 4215–4224. doi:10.1074/jbc.
M114.600916

Rhoads, T. W., Clark, J. P., Gustafson, G. E., et al. 
2020. Molecular and functional networks linked 
to sarcopenia prevention by caloric restriction 
in rhesus monkeys. Cell Syst, 10(2), 156–168 e155. 
doi:10.1016/j.cels.2019.12.002

Schmidt, M., Schuler, S. C., Huttner, S. S., et al. 2019. 
Adult stem cells at work: regenerating skeletal mus-
cle. Cell Mol Life Sci, 76(13), 2559–2570. doi:10.1007/
s00018-019-03093-6

Schraivogel, D., & Meister, G. 2014. Import routes and 
nuclear functions of Argonaute and other small 
RNA-silencing proteins. Trends Biochem Sci, 39(9), 
420–431. doi:10.1016/j.tibs.2014.07.004

Shin, Y. J., Kwon, E. S., Lee, S. M., et al. 2020. A 
subset of microRNAs in the Dlk1-Dio3 cluster 
regulates age-associated muscle atrophy by tar-
geting Atrogin-1. J Cachexia Sarcopenia Muscle, 11(5), 
1336–1350. doi:10.1002/jcsm.12578

Sishi, B., Loos, B., Ellis, B., et al. 2011. Diet-induced 
obesity alters signalling pathways and induces atro-
phy and apoptosis in skeletal muscle in a prediabetic 
rat model. Exp Physiol, 96(2), 179–193. doi:10.1113/
expphysiol.2010.054189

Slack, F. J., & Chinnaiyan, A. M. 2019. The role of non-
coding RNAs in oncology. Cell, 179(5), 1033–1055. 
doi:10.1016/j.cell.2019.10.017

Snijders, T., & Parise, G. 2017. Role of muscle stem cells 
in sarcopenia. Curr Opin Clin Nutr Metab Care, 20(3), 
186–190. doi:10.1097/MCO.0000000000000360

Soares, R. J., Cagnin, S., Chemello, F., et al. 2014. 
Involvement of microRNAs in the regulation of 
muscle wasting during catabolic conditions. J 
Biol Chem, 289(32), 21909–21925. doi:10.1074/jbc.
M114.561845

Soriano-Arroquia, A., House, L., Tregilgas, L., et al. 
2016. The functional consequences of age-related 
changes in microRNA expression in skeletal mus-
cle. Biogerontology, 17(3), 641–654. doi:10.1007/
s10522-016-9638-8

Soriano-Arroquia, A., McCormick, R., Molloy, A.  P., 
et  al. 2016. Age-related changes in miR-143-
3p:Igfbp5 interactions affect muscle regeneration. 
Aging Cell, 15(2), 361–369. doi:10.1111/acel.12442

Sousa-Victor, P., Gutarra, S., Garcia-Prat, L., et al. 2014. 
Geriatric muscle stem cells switch reversible quies-
cence into senescence. Nature, 506(7488), 316–321. 
doi:10.1038/nature13013

BK-TandF-CHONDROGIANNI_9780367499327-211112-Chp04.indd   54 17/08/21   5:12 PM



55MicroRNAs AS CENTRAL REGULATORS

Strucksberg, K. H., Tangavelou, K., Schroder, R., et al. 
2010. Proteasomal activity in skeletal muscle: a mat-
ter of assay design, muscle type, and age. Anal Biochem, 
399(2), 225–229. doi:10.1016/j.ab.2009.12.026

Terman, A., & Brunk, U. T. 2006. Oxidative stress, 
accumulation of biological ‘garbage’, and aging. 
Antioxid Redox Signal, 8(1–2), 197–204. doi:10.1089/
ars.2006.8.197

van Rooij, E., Quiat, D., Johnson, B. A., et al. 2009. 
A family of microRNAs encoded by myosin genes 
governs myosin expression and muscle perfor-
mance. Dev Cell, 17(5), 662–673. doi:10.1016/j.
devcel.2009.10.013

Vechetti, I. J., Jr., Wen, Y., Chaillou, T., et al. 2019. 
Life-long reduction in myomiR expression does not 
adversely affect skeletal muscle morphology. Sci Rep, 
9(1), 5483. doi:10.1038/s41598-019-41476-8

von Maltzahn, J., Jones, A. E., Parks, R. J., et al. 
2013. Pax7 is critical for the normal function of 
satellite cells in adult skeletal muscle. Proc Natl 
Acad Sci U S A, 110(41), 16474–16479. doi:10.1073/
pnas.1307680110

Wada, S., Kato, Y., Okutsu, M., et al. 2011. Translational 
suppression of atrophic regulators by microRNA-
23a integrates resistance to skeletal muscle atrophy. 
J Biol Chem, 286(44), 38456–38465. doi:10.1074/jbc.
M111.271270

Wang, H., Garzon, R., Sun, H., et al. 2008. NF-kappaB-
YY1-miR-29 regulatory circuitry in skeletal myo-
genesis and rhabdomyosarcoma. Cancer Cell, 14(5), 
369–381. doi:10.1016/j.ccr.2008.10.006

Winter, J., Jung, S., Keller, S., et al. 2009. Many roads to 
maturity: microRNA biogenesis pathways and their 
regulation. Nat Cell Biol, 11(3), 228–234. doi:10.1038/
ncb0309-228

Wohlgemuth, S. E., Seo, A. Y., Marzetti, E., et al. 2010. 
Skeletal muscle autophagy and apoptosis during 
aging: effects of calorie restriction and life-long 
exercise. Exp Gerontol, 45(2), 138–148. doi:10.1016/j.
exger.2009.11.002

Wong, C. F., & Tellam, R. L. 2008. MicroRNA-26a 
targets the histone methyltransferase enhancer of 
Zeste homolog 2 during myogenesis. J Biol Chem, 
283(15), 9836–9843. doi:10.1074/jbc.M709614200

Wu, J., Yue, B., Lan, X., et al. 2019. MiR-499 regu-
lates myoblast proliferation and differentiation by 
targeting transforming growth factor beta recep-
tor 1. J Cell Physiol, 234(3), 2523–2536. doi:10.1002/
jcp.26903

Xie, W., Li, M., Xu, N., et al. 2013. MiR-181a regulates 
inflammation responses in monocytes and macro-
phages. PLoS One, 8(3), e58639. doi:10.1371/journal. 
pone.0058639

Yamakuchi, M., Ferlito, M., & Lowenstein, C. J. 2008. 
miR-34a repression of SIRT1 regulates apopto-
sis. Proc Natl Acad Sci U S A, 105(36), 13421–13426. 
doi:10.1073/pnas.0801613105

Yang, J., Chen, D., He, Y., et al. 2013. MiR-34 modu-
lates Caenorhabditis elegans lifespan via repressing 
the autophagy gene atg9. Age (Dordr), 35(1), 11–22. 
doi:10.1007/s11357-011-9324-3

Yang, Z., Song, C., Jiang, R., et al. 2019. Micro-
ribonucleic acid-216a regulates bovine primary 
muscle cells proliferation and differentiation via 
targeting SMAD nuclear interacting protein-1 
and Smad7. Front Genet, 10, 1112. doi:10.3389/
fgene.2019.01112

Zacharewicz, E., Lamon, S., & Russell, A. P. 2013. 
MicroRNAs in skeletal muscle and their regulation 
with exercise, ageing, and disease. Front Physiol, 4, 
266. doi:10.3389/fphys.2013.00266

Zhang, D., Li, X., Chen, C., et al. 2012. Attenuation 
of p38-mediated miR-1/133 expression facili-
tates myoblast proliferation during the early stage 
of muscle regeneration. PLoS One, 7(7), e41478. 
doi:10.1371/journal.pone.0041478

Zhang, R., Wang, X., Qu, J. H., et al. 2019. Caloric 
restriction induces microRNAs to improve mito-
chondrial proteostasis. iScience, 17, 155–166. 
doi:10.1016/j.isci.2019.06.028

Zheng, Y., Kong, J., Li, Q., et al. 2018. Role of miR-
NAs in skeletal muscle aging. Clin Interv Aging, 13, 
2407–2419. doi:10.2147/CIA.S169202

Zhou, L., Wang, L., Lu, L., et al. 2012. A novel target 
of microRNA-29, Ring1 and YY1-binding protein 
(Rybp), negatively regulates skeletal myogenesis. J 
Biol Chem, 287(30), 25255–25265. doi:10.1074/jbc.
M112.357053

BK-TandF-CHONDROGIANNI_9780367499327-211112-Chp04.indd   55 17/08/21   5:12 PM



BK-TandF-CHONDROGIANNI_9780367499327-211112-Chp04.indd   56 17/08/21   5:12 PM




