Chapter FOUR

MicroRNAs as Central Regulators of Adult Myogenesis
and Proteostasis Loss in Skeletal Muscle Aging
Ioannis Kanakis, Ioanna Myrtziou, Aphrodite Vasilaki, Katarzyna Goljanek-Whysall
CONTENTS
4.1
4.2
4.3
4.4

Introduction / 45
Biogenesis and Regulatory Function of miRs / 46
Myogenesis in Adulthood and Sarcopenia / 46
miRs Role in Adult Myogenesis / 47
4.4.1 Skeletal Muscle-Specific miRs – myomiRs / 47
4.4.2 miR Effects on Satellite Cells / 47
4.4.3 myomiRs-1, -133 and -206 Effects on Skeletal Muscle Cells / 47
4.4.4 miR Involvement in Signaling Pathways / 48
4.5 miRs in Skeletal Muscle Aging and Sarcopenia / 49
4.5.1 Differential Expression of miRs in Young and Old Skeletal Muscle / 49
4.5.2 miR-181a Regulates Skeletal Muscle Aging / 49
4.5.3 miR-Dependent Regulation of Longevity-Related SIRT1 in Aged Skeletal Muscle / 49
4.6 Proteostasis Loss and Autophagy Regulation by miRs in Aged Skeletal Muscle / 50
4.7 Conclusions and Future Perspectives / 51
References / 51

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,
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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
45
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rodents aging, loss of motor neurons also accompanies 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 demyelinated 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 B
 IOGENESIS 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 development, 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 incorporated 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 binding 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
46

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 degradation of the mRNA transcripts via Argonaute-2
(Ago-2) cleaving activity or destabilization of the
mRNA molecule causing direct repression of protein translation.
Despite the knowledge that has been gained
during the last two decades for the miR-mRNA
interactions, there are some mechanistic and regulatory 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 bioinformatics 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 functions and are involved in the interplay between
different cell signaling pathways. Therefore, dysregulation of miR expression has been linked to
cancer, neurodegenerative disorders and cardiomyopathies (Calderon-Dominguez et al., 2020;
Juzwik et al., 2019; Slack and Chinnaiyan, 2019).

4.3 M
 YOGENESIS IN ADULTHOOD AND
SARCOPENIA
The development of skeletal muscle or myogenesis involves defined steps that are well characterized. In brief, myoblasts, originated from activated
muscle stem cells, known as satellite cells, proliferate 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), myogenin, 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 transcription 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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et al., 2013). In the aged skeletal muscle, satellite
cells lose their ability to preserve their quiescent
status with simultaneous deregulation of selfrenewal and regenerative capacity that contributes
to sarcopenia (Snijders and Parise, 2017; SousaVictor et al., 2014).

4.4 miRs ROLE IN ADULT MYOGENESIS
4.4.1 Skeletal Muscle-Specific miRs – myomiRs
Myogenesis regulation by miRs is mainly mediated 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 muscle as well as of muscle functionality (van Rooij
et al., 2009). Importantly, conditional knockout of
Dicer, only in skeletal muscle of mice using MyoDCre mice, results in reduced expression of miR-1,
miR-133 and miR-206, decreased skeletal muscle
mass, and alteration of morphological characteristics 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 expression is reduced, skeletal muscle mass is preserved
(Vechetti et al., 2019), but muscle regeneration
is affected (Oikawa et al., 2019). It is important to note that skeletal muscle mass reduction
is observed only when Dicer is inactivated during 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, satellite 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 activation of satellite cells, inhibits myoblast proliferation (Chen et al., 2010) and results in timely
myogenin expression by targeting Pax3 in myoblasts (Goljanek-Whysall et al., 2011). Another
miR that has been implicated in the downregulation 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 m
 yomiRs-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 resulting 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 histone deacetylase 4 (HDAC4) expression, which
inhibits myocyte differentiation through suppression 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) modulation (X. Han et al., 2015). Furthermore, miR-133
decreases Cyclin D1 expression and inhibits myoblast proliferation by G1 phase arrest stimulation
and suppression of the transcription factor Sp1
(D. Zhang et al., 2012). It has been also demonstrated that miR-133 may reduce ERK1/2 kinases
expression and promote myoblast proliferation
(Feng et al., 2013). It is also of great importance 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 molecules involved in several cell-signaling pathways.
For example, miR-26a and miR-214 are upregulated during myogenic differentiation and suppress 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 differentiation 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 alterations 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 differentiation 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 binding protein Rybp, which repress genes involved
in myogenic differentiation. The formation of the
complex Rybp/YY1/Ezh2/HDAC4 leads to suppression of miR-29 expression, but, during myogenesis, 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 potential through IGF-1/AKT/mTOR-signaling pathway
(Ge et al., 2011; Jia et al., 2013). Importantly, miR143 regulates the insulin growth factor-binding
protein 5 (Igfbp5) in primary myoblasts and its
expression in satellite cells from old mice is dysregulated. Thus, suppression of miR-143 in the
aged skeletal muscle could contribute to myogenesis as a compensatory mechanism (SorianoArroquia, 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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4.5 m
 iRs IN SKELETAL MUSCLE AGING AND
SARCOPENIA
4.5.1 D
 ifferential 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 difference was alleviated when the expression of the
corresponding mature miRs was analyzed, highlighting 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 comparison to young human subjects (Drummond et al.,
2011). It has been suggested that the miR-let-7
family targets CDK6, CDC25A and CDC34 resulting 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 differential expression of several miRs after comparison
between young and aged skeletal muscles in animal 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 muscle differentiation, miR-181a is upregulated and
decreases the expression of the homeobox protein Hox-A11, which inhibits MyoD, and leads to
high expression of myogenin (Naguibneva et al.,
2006). In contrast, during aging miR-181a levels are decreased, leading to the upregulation of
TGFβ-related activin receptor type IIA (ActRIIA)
which is associated with inhibition of satellite 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 proinflammatory 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 dynamics by regulating p62/SQSTM1, parkin and protein deglycase DJ-1 (PARK7) (Borja-Gonzalez
et al., 2020; Goljanek-Whysall et al., 2020).
4.5.3 m
 iR-Dependent Regulation of LongevityRelated SIRT1 in Aged Skeletal Muscle
Recent studies have highlighted miR-181a as crucial miR in aging due to its interaction with sirtuins, 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; GarciaPrat et al., 2016; Lapierre et al., 2015; Masiero and
Sandri, 2010). It is known that miR-181a downregulation 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 expression, and Notch1 loss induces miR-155 overexpression, 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 apoptosis. miR-434-3p expression is reduced in aged
mice, leading to mitochondrial apoptosis via the
increase of eukaryotic translation initiation factor 5A1 (eIF5A1), a factor demonstrated to induce
apoptosis via the mitochondrial apoptotic pathway (Pardo et al., 2017). Finally, one more miR
that may play a central role in sarcopenia is miR34, which also targets SIRT1 as well as vascular
endothelial growth factor (VEGF) and has been
found increased in elderly people with sarcopenia, 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 P
 ROTEOSTASIS LOSS AND AUTOPHAGY
REGULATION BY miRs IN AGED SKELETAL
MUSCLE
The disruption of the balance between protein
synthesis and degradation leads to loss of proteostasis 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 participates in protein homeostasis through basic
metabolism (Attaix et al., 2005; Fernando et al.,
2019). Evidence from a number of studies suggest that the aged muscle fails to respond to
external anabolic stimuli, e.g. exercise resistance, and reduces the rates of protein synthesis
(Breen and Phillips, 2011; Deutz et al., 2014).
Furthermore, the protein degradation machinery 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 ubiquitination in skeletal muscle (Hartmann-Petersen and
Gordon, 2004; Ratti et al., 2015). It has been
demonstrated that MuRF1 and MAFbx are upregulated 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 mitochondrial proteostasis and may prevent sarcopenia
through the action of miRs (Rhoads et al., 2020;
R. Zhang et al., 2019). Overall, miRs are considered 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 process that contributes to age-related sarcopenia is
autophagy. Reactive oxygen species (ROS) accumulation during aging, which results in sarcopenia 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 proteins (Yamakuchi et al., 2008; J. Yang et al., 2013).
Recently, it was suggested that miR-378, a highly
abundant miR in skeletal muscle, promotes normal muscle homeostasis by coordinating autophagy 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 C
 ONCLUSIONS 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 tissues. Skeletal muscle is inevitably affected by a
large number of miRs, which seem to control
major biological processes including myogenesis, homeostasis and disease development such
as sarcopenia. Specific miRs play central roles by
targeting a plethora of genes, which regulate skeletal muscle functions via cell signaling pathways.
Therefore, modulation of miR expression can
potentially lead to new therapeutic approaches
and interventions to counteract age-related muscle loss. In support of miR-mediated treatments,
a recent study reported the therapeutic potential
of an intramuscular adenoviral delivery of miR376c-3p against age-related muscle atrophy by targeting Atrogin-1 in mice (Shin et al., 2020).
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