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Skeletal Muscle microRNAs: Roles
in Differentiation, Disease and Exercise

Rasmus J. O. Sjogren, Magnus H. L. Lindgren Niss, and Anna Krook

Abstract MicroRNAs (miRNA) are a noncoding RNA species that play important
roles in the regulation of gene expression. Since miRNAs are able to target multiple
genes simultaneously, miRNAs provide a mechanism for efficiently modulating a
whole pathway to change or alter the functional properties in a particular target tissue.
Ablation of miRNA processing specifically in skeletal muscle results in muscle abnor-
malities and perinatal death, underscoring that miRNAs control essential processes in
skeletal muscle development and function. In this chapter we summarise current knowl-
edge on miRNAs involved in skeletal muscle differentiation, disease and exercise.

Discovery and Biological Role of miRNAs

Precise control of gene expression and hence transcriptional regulation is a prerequi-
site for maintaining cellular functions, including growth and metabolic homeostasis.
Several epigenetic factors, including DNA methylation, histone modification and
miRNAs play important roles in gene expression in multicellular organisms. miR-
NAs were first described at the beginning of the 1990s, when it was appreciated that
these short single-stranded non-coding RNAs function to post-transcriptionally regu-
late mRNA abundance and protein translation. Lin-4 and let-7 were the first miRNAs
to be identified and found to be involved in the regulation of larval development of C.
elegans (Lee et al. 1993; Wightman et al. 1993; Reinhart et al. 2000). miRNAs have
since been observed in viruses, plants and mammals (Bartel 2009) and found to regu-
late a wide variety of cellular functions, including proliferation, differentiation and
metabolism (He et al. 2007b; Williams et al. 2009a; Massart et al. 2016).
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miRNA Biogenesis, mRNA Interaction and Target Prediction

miRNAs are expressed in the nucleus as primary-miRNA (pri-miRNA) transcripts,
which require processing before becoming functional miRNAs. Pri-miRNAs con-
tain stem-loop structures that are recognized and cleaved by the RNase III endonu-
clease Drosha to form precursor miRNAs (pre-miRNAs; Lee et al. 2003). The
pre-miRNA is then transported to the cytoplasm, where it is subsequently processed
by RNase III Dicer into a mature miRNA of approximately 21 nucleotides (Hutvagner
et al. 2001). The mature miRNA is then incorporated into the RNA-induced silenc-
ing complex (RISC), where mRNA target interaction takes place (Hammond et al.
2000). The canonical model of miRNA-mRNA interaction occurs by perfect or par-
tial pairing at the 5’-end of the miRNA to a complementary site of the 3’ UTR of the
target. A sequence of 6-8 nucleotides at the 5" end of the miRNA, called the seed
region, guides the RISC complex to targeted mRNAs. Repression of mRNAs may
then occur by inhibition of translation or by degradation of the transcript, ultimately
reducing protein abundance of targeted genes (Melo and Melo 2014).

A key challenge in miRNA research to date involves identifying the target genes
for each miRNA. The seed is a dominant motif in miRNAs and is, therefore, used in
prediction algorithms to identify potential targets. The algorithms are centred on find-
ing complementary sequences in the 3’ UTR of mRNAs. Evolutionary conservation
of the complementary sequence is also taken into consideration, and whether there is
a supplementary pairing site in the 3" part of the miRNA (for review, see Bartel 2009).
However, at present the prediction algorithms have been only partially accurate in
identifying true target sites, yielding both false positive and false negative predictions.
When comparing results from silencing and over-expression experiments, only a
small percentage of mRNA targets were found to be affected by both (Nicolas et al.
2008). Of these, approximately half had a sequence in the 3’-UTR matching the seed,
but none was found by prediction programs (Nicolas et al. 2008). Since miRNAs
exert their function both at the level of mRNA abundance and at protein abundance,
transcriptomic analysis will miss targets that are regulated only at the protein level. To
further add to the complexity of miRNA regulation, one gene may be targeted by
several different miRNAs. Additionally, the same miRNA may have several target
sites on the same gene (Bartel 2009). One miRNA may even have opposing effects on
a target gene in different tissues (Lu et al. 2010; Chuang et al. 2015).

Role of miRNAs in the Regulation of Skeletal Muscle
Development

Skeletal Muscle Development and Regeneration

Skeletal muscle has been shown to express several RNA species (Gallagher et al.
2010), and dysregulation of skeletal muscle miRNAs has been implicated in a num-
ber of different disease states (Williams et al. 2009a; Massart et al. 2016). Skeletal
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muscle has a large adaptive potential in response to contractile activity. This plastic-
ity is necessary to modify contractile features and adapt metabolic capacity to new
requirements following endurance and/or resistance exercise. Skeletal muscle also
has a high regenerative capacity in response to injury or damage. Critical to this plas-
ticity and the regenerative potential of skeletal muscle are myogenic progenitor cells,
termed satellite cells (Dumont et al. 2015). In adults, satellite cells are quiescent but
they can, in response to injury or increased contractile activity, re-enter the cell cycle
and proliferate and thereafter differentiate, fuse, and regenerate myofibres.

Skeletal muscle development has been studied extensively in vitro through isola-
tion, growth and differentiation of satellite cells and in vivo during embryogenesis
(see Fig. 1). Molecular regulation of cell determination to the myogenic lineage and
proliferation of these cells involves the paired box transcription factors PAX3 and
PAX7 (Braun and Gautel 2011). Pax3 loss-of-function during embryogenesis in
mice results in the absence of musculature in the trunk region due to reduced migra-
tion of satellite cells (Bober et al. 1994; Tremblay et al. 1998). While Pax7 deletion
in animals has little effect on embryogenic muscle formation (Oustanina et al.
2004), it is essential for satellite cell formation and adult myogenesis (Sambasivan
etal. 2011). When activated, satellite cells can migrate and re-enter the cell cycle to
start proliferation. The processes of satellite cell commitment and differentiation
into multinucleated myotubes are controlled by a group of basic helix-loop-helix
transcription factors known as myogenic regulatory factors (MRFs). The MRFs
consist of four members: myogenic factor 5 (MYFS5), myogenic differentiation 1
(MYOD1), myogenin (MYOG), and myogenic regulatory factor 4 (MRF4). These
transcription factors promote terminal differentiation by regulating the expression
of several myogenic genes (Braun and Gautel 2011). Satellite cells committed to the
myogenic program and myogenesis are termed myoblasts, which typically express
PAXT7 and early MRFs such as MYOD and MYF5. Expression of these early MRFs
is crucial for myoblast maturation because a combined Myod and Myf5 loss-of-
function results in the absence of skeletal muscle formation during embryogenesis
(Rudnicki et al. 1993). MYF5 and MYOD are considered determination factors
required for establishment of myogenic identity since they are upstream transcrip-
tional regulators of late MRFs, MYOG and MRF4 (Braun and Gautel 2011).
Myoblasts will leave the cell cycle for terminal differentiation by lowering PAX7
and MYFS5 expression while inducing the late MRFs. The late MRFs are important
for terminal differentiation, and lack of, for example, Myog in mice leads to postna-
tal lethality due to muscle deficiency (Hasty et al. 1993).

miRNA Regulation of Myogenesis In vitro and In vivo

miRNAs are important regulators of cell proliferation and differentiation, processes
that are critical to proper tissue development and maintenance. The relative expres-
sion of miRNAs is tissue dependent, with several miRNAs showing enrichment in
skeletal muscle (and heart muscle). These muscle-enriched miRNAs are termed
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“myomiRs” (Sempere et al. 2004). Some members of the myomiRs are organized
in bicistronic clusters with genomic colocalisation of miR-1-1/miR-133a-2, miR-
1-2/miR-133a-1 and miR-133b/206. Thus, these miRNAs share similar expression
patterns and are induced during skeletal muscle cell differentiation by upstream
transcriptional regulation of different MRF members, including MYOD and MYOG
(Rao et al. 2006; Sweetman et al. 2008). Besides sharing similar regulation of
expression, they also share similar sequences. For example, miR-133a-1/2 (identi-
cal sequences) and miR-133b differ by only one single nucleotide outside of the
seed region, and miR-1-1/2 (identical sequences) and miR-206 differ in four nucle-
otides at the 3" end but share identical seed sequences in humans. Thus, miR-1 and
miR-206, and miR-133a and miR-133b, respectively, regulate a set of similar, but
not identical, target genes.

The aforementioned myomiRs are all potent regulators of satellite cell differen-
tiation and proliferation. miR-1 and miR-206 are induced upon satellite cell com-
mitment and differentiation, and increased expression promotes differentiation of
these cells (Fig. 1; Chen et al. 2006; Kim et al. 2006). miR-1 and miR-206 induce
differentiation by targeting several repressors of skeletal muscle cell differentiation,
including histone deacetylase 4 (Hdac4); Chen et al. 2006; Williams et al. 2009b),
Pax3 (Goljanek-Whysall et al. 2011) and Pax7 (Chen et al. 2010). The effects of
miR-133a/b on myogenesis are still debated. It is clear that miR-133, like several
other myomiRs, is induced during skeletal muscle differentiation (Chen et al. 2006;
Kim et al. 2006), whereas different effects of miR-133 on the myogenic process
have been reported. Initial observations have indicated that miR-133 promotes the
proliferative state of myoblasts by repressing Serum Response Factor (Srf; Chen
et al. 2006). More recent evidence suggests that miR-133 instead functions by
inhibiting myoblast proliferation to promote muscle cell differentiation (Zhang
et al. 2012; Feng et al. 2013). These effects of miR-133 are due to targeting of pro-
proliferative target genes. Such targets include SP1 transcription factor (Spl), an
upstream regulator of Cyclin D1 expression, and Fibroblast Growth Factor Receptor
1 (Fgfrl) and Protein Phosphatase 2 Catalytic Subunit Alpha (Pp2ac), which are
important for regulation of ERK1/2 phosphorylation status (Zhang et al. 2012; Feng
et al. 2013). The differences in results noted could indicate that miR-133 can influ-
ence both proliferation and differentiation in a context-dependent manner.

While the effects of miR-1 and miR-206 on skeletal muscle cell differentiation
in vitro are clear, ablation of miR-1-2 or miR-206 in mice did not result in disturbed
skeletal muscle development during embryogenesis in vivo (Zhao et al. 2007;
Williams et al. 2009b). Nevertheless, genetic deletion of miR-206 negatively
affected post-embryonic regeneration of muscle and neuromuscular connections
following injury (Williams et al. 2009b; Liu et al. 2012). Furthermore, miR-206
deletion exacerbated the dystrophic phenotype in a mouse model of muscular dys-
trophy (Liu et al. 2012). Contrary to these results, deletion of the miR-206/miR-
133b cluster was found not to be required for proper muscle regeneration (Boettger
et al. 2014). These differences, and the absence of a robust phenotype following
myomiR loss-of-function during embryogenesis, could be explained by the large
redundancy in this group of myomiRs. Not only are there several genomic copies of
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miR-1 and miR-133a, but they also share similar sequences with miR-206 and miR-
133b, respectively. Thus, miR-1 and miR-133a could compensate for the loss of
miR-206/133b expression (Boettger et al. 2014). In contrast, D. melanogaster has
only one genomic copy of miR-1 and, in this context, the absence of miR-206 is
coincident with severely deformed musculature in miR-1 mutant larvae (Sokol and
Ambros 2005), implicating that the presence of several genomic copies, as found in
other species, provides system redundancy. Furthermore, a double knockout of
miR-133a-1 and miR-133a-2 in mice resulted in cardiomyopathy and lethal defects
in approximately 50% of offspring, whereas mice lacking only miR-133a-1 or miR-
133a-2 did not show this phenotype (Liu et al. 2008). The miR-133a double knock-
out mice that survived until adulthood also showed skeletal muscle defects, including
mitochondrial dysfunction and centronuclear myopathy of type II fibres (Liu et al.
2011).

Skeletal muscle-specific Dicer ablation in mice results in reduced muscle-
specific miRNA expression and perinatal death, abnormal muscle morphology and
reduced skeletal muscle mass (O'Rourke et al. 2007), indicating that proper miRNA
maturation is essential for overall muscle function and development. Conditional
knockout of Dicer in satellite cells in adult mice results in satellite cells exiting
quiescence and entering the cell cycle, leading to severely impaired regeneration
following skeletal muscle injury (Cheung et al. 2012). Collectively, evidence points
towards a central function of miRNAs, not only for normal embryonic skeletal mus-
cle biogenesis but also for adult muscle function and repair.

Not only is the expression of several myomiRs altered in response to satellite cell
expansion and differentiation, but also several non-muscle enriched miRNAs are
temporally regulated in expression during muscle cell differentiation (see Fig. 1).
Several studies have determined miRNA expression profiles during differentiation
in vitro and during myogenesis in vivo (Chen et al. 2011; Cheung et al. 2012;
Koning et al. 2012; Dmitriev et al. 2013; Sjogren et al. 2015). We identified 44 miR-
NAs, including the canonical myomiRs, to be altered during primary human skele-
tal muscle cell differentiation (Sjogren et al. 2015), comparable to the 60 miRNAs
altered in a similar study (Dmitriev et al. 2013). Nevertheless, these miRNAs might
not influence either the proliferation or differentiation process but may be involved
in other phenotypic changes associated with muscle cell differentiation, such as
metabolism, hypertrophy or mitochondrial function. Examples of non-muscle-
enriched miRNAs identified to have altered expression and directly affecting prolif-
eration or differentiation of skeletal muscle cells include, for example, miR-26a
(Dey et al. 2012), miR-30 (Fig. 1; Guess et al. 2015) and miR-199a-5p (Alexander
et al. 2013). Future studies are required to determine the targets and effects on skel-
etal muscle cell proliferation and differentiation, both in vivo and in vitro, of several
of the miRNAs that have altered expression during satellite cell activation and
differentiation.
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Skeletal Muscle miRNA in Metabolic Disease

Approximately half of the total body mass in healthy individuals consists of skeletal
muscle, representing a substantial part of whole-body metabolism (DeFronzo and
Tripathy 2009). Skeletal muscle also represents a primary target for insulin-mediated
glucose disposal, and skeletal muscle insulin resistance is a characteristic feature in
type 2 diabetes and in conditions of impaired glucose metabolism transport activity
(Krook et al. 2000; Ryder et al. 2000). Furthermore, skeletal muscle function is
crucial for proper posturing and locomotion patterns, and disruption in metabolic or
motile functionality may greatly decrease an individual’s quality of life. While there
is good evidence that miRNAs play a key role in the regulation of muscle growth
and differentiation, dysregulation of skeletal muscle miRNA expression in disease
states has been less well studied, in particular in human cohorts.

Several miRNAs were found to be downregulated in response to a 3-h
euglycaemic-hyperinsulinaemic clamp in human skeletal muscle, including miR-1
and miR-133a (Granjon et al. 2009). Expression profiles of skeletal muscle miR-
NAs have been reported in a number of different rodent models of obesity and dia-
betes, including Goto-Kakizaki (GK) rats, a non-obese spontaneous T2D model (He
et al. 2007a; Huang et al. 2009; Herrera et al. 2010), rats rendered diabetic by a
combination of high fat diet and a low dose of streptozotocin (Karolina et al. 2011),
as well as mice fed a high fat diet (Chen et al. 2012; Mohamed et al. 2014). These
different models share skeletal muscle insulin resistance as a key characteristic.
When miRNA profiles from patients with type 2 diabetes were compared against
these different animal models, eight upregulated miRNAs found in type 2 diabetic
patients were also found to be upregulated in at least one of the rodent arrays (for
review and analysis, see Massart et al. 2016). Similarly, 16 of the downregulated
miRNAs were recapitulated in rodent studies. Interestingly, two thirds of the com-
monly regulated miRNAs have been identified in mice rendered insulin resistant in
response to a high fat diet (Massart et al. 2016). However, different miRNAs showed
altered expression depending on the model. For example, miR-99a and miR-100,
which were downregulated in skeletal muscle from patients with type 2 diabetes and
in mice fed a high fat diet, were upregulated in rats on a high fat diet rendered dia-
betic with streptozotocin, suggesting that the aetiology of the insulin resistance
influenced the miRNA expression signature. As yet, only a few of these miRNAs
have been studied in vitro and/or in vivo in relation to metabolic disease, and their
targets remain poorly characterized.

Skeletal Muscle miRNAs in Response to Exercise

Skeletal muscle responds rapidly to exercise, and even a single bout of acute exer-
cise is sufficient to induce changes in gene expression. In response to many bouts of
acute exercise, i.e., exercise training, skeletal muscle adapts by altering protein
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production, which impacts the functional as well as the metabolic properties of the
exercised muscle. The inter-individual variability in skeletal muscle hypertrophic
response to resistance exercise has been attributed to variations in the ability of
satellite cell mobilization to proliferate and subsequent fuse with existing muscle
fibres (Petrella et al. 2006, 2008). As detailed above, several miRNAs regulate skel-
etal muscle satellite cell quiescence, activation and differentiation, indicating poten-
tial roles for these miRNAs in skeletal muscle hypertrophy.

Identification of pathways and molecular mechanisms regulating skeletal muscle
exercise adaptation has been a key focus from a number of different angles; from
probing understanding of athletic performance to alterations relevant for metabolic
disease. Different modes of exercise training lead to different adaptive responses;
for example, strength training leads to more hypertrophic responses whereas aero-
bic exercise increases endurance. These differences are also mirrored in the differ-
ent intracellular signalling pathways that are activated (for review, see Egan and
Zierath 2013). Several lines of evidence suggest an important role for miRNAs in
skeletal muscle development and hypertrophy (for review see Zacharewicz et al.
2013; Kovanda et al. 2014).

Several human studies have reported that short exercise bouts/training duration
lead to increased skeletal muscle expression of miR-1 (Nielsen et al. 2010; Russell
et al. 2013), whereas longer endurance training protocols lead to miR-1 downregu-
lation (Nielsen et al. 2010; Drummond et al. 2011; Keller et al. 2011). Rodent stud-
ies are in general agreement regarding regulation of myomiRs in response to
exercise (for review see Zacharewicz et al. 2013). In contrast, although several of
the classical myomiRs have been noted to respond to exercise, a clear consensus has
yet to emerge regarding which other miRNAs are regulated in response to exercise.
These inconsistencies in the literature may be due to species differences as well as
differences in the exercise protocols used, but they may even depend on different
RNA extraction protocols (for more in depth discussion see Zacharewicz et al.
2013).

miRNA Regulation of Skeletal Muscle Atrophy and During
States of Muscle Mass Loss

Skeletal muscle is the largest organ in adult mammals and muscle function is critical
to metabolic homeostasis and health across the whole life span. Loss of skeletal
muscle mass (atrophy) and function, also referred to as sarcopenia, occurs with
aging (Cartee et al. 2016). Muscle loss is also noted in obese individuals, a phenom-
enon known as sarcopenic obesity, and is associated with lowered skeletal muscle
insulin sensitivity. In addition, individuals with cancer, HIV-AIDS, chronic heart
failure, chronic obstructive pulmonary disease, renal failure, rheumatoid arthritis,
and osteoarthritis can all experience a dramatic loss of muscle mass (Wolfe 2006).
Thus understanding the regulation of skeletal muscle mass and function is of clini-
cal relevance.
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Three members of the myomiR family, miR-208a, miR-208b and miR-499, are
encoded and expressed from sequences embedded within heart- and skeletal muscle-
enriched myosin genes, MYH6, MYH7 and MYH7B, respectively (van Rooij et al.
2009). miR-208a is exclusively expressed in heart muscle, whereas miR-208b and
miR-499 are expressed both in heart muscle and in type I (oxidative) skeletal mus-
cle fibres. Loss of function of both miR-208b and miR-499 in mice results in loss of
type I fibres and is associated with increased expression of miR-208b and miR-499
pro-atrophic target genes, including purine rich element binding protein beta (Purb)
and SRY-box containing gene 6 (Sox6; van Rooij et al. 2009). Furthermore, four
weeks of hind limb suspension, resulting in severe skeletal muscle atrophy, reduces
expression of miR-208b and miR-499 in rat skeletal muscle (McCarthy et al. 2009).
In humans with skeletal muscle loss due to spinal cord injury, expression of miR-
208b and miR-499-5p is reduced and inversely related to expression of myostatin, a
critical regulator of skeletal muscle mass (Boon et al. 2015). These miRNAs also
participate in a transcriptional network together with estrogen-related receptors
(ERRs) and members of the peroxisome proliferator activated receptor (PPAR)
family to coordinate the regulation of skeletal muscle energy metabolism and fibre
type specification (Gan et al. 2013).

Muscular dystrophy is characterized by muscle atrophy and weakness. A large
microarray-based study found expression of 185 miRNAs to be altered in skeletal
muscle in at least one of 10 common muscular disorders, including Duchenne mus-
cular dystrophy (DMD; Eisenberg et al. 2007). Several miRNAs have been noted to
be dysregulated both in human Duchenne muscular dystrophy and in a mouse model
of the disease (Greco et al. 2009). Examples of dysregulated miRNAs include miR-
206, which was upregulated in states of muscular dystrophy (McCarthy et al. 2007,
Greco et al. 2009), potentially due to constant regenerative processes in dystrophic
skeletal muscle. However, as mentioned above, mice lacking miR-206 have a mus-
cle dystrophic phenotype (Liu et al. 2012), underscoring the complexity of miRNA
regulation. In the case of muscular dystrophy, a number of miRNAs has been pro-
posed to have possible therapeutic potential. For example, overexpression of miR-
486, another muscle-enriched miRNA with decreased expression in muscle
dystrophy (Eisenberg et al. 2007), improved muscle function in a mouse model of
muscle dystrophy (Alexander et al. 2014). Another example is miR-431, where
transgenic miR-431 mice with muscular dystrophy have improved skeletal muscle
fatigability and force generation, potentially due to improved muscle regeneration
and enhanced muscle cell differentiation capacity in vitro (Wu et al. 2015).

miRNAs are also potent regulators of signalling pathways known to regulate
muscle atrophy. Two critical regulators of skeletal muscle atrophy are F-box Protein
32 [FBXO32; also known as Muscle atrophy F-box (MAFbx)] and Tripartite Motif
Containing 63 [TRIM63; also known as Muscle RING finger 1 (MuRF1)], which
regulate protein degradation through regulation of ubiquitination. The family of
Forkhead Box O (FOXO) transcription factors, especially FOXO1 and FOXO3, are
strong upstream regulators of both these genes during skeletal muscle atrophy
(Glass 2010). FOXO1 activity was reduced following miR-486 overexpression in
skeletal muscle cells in vitro, both through decreased FOXO1 expression and
through increased FOXO1 phosphorylation (inhibitory) through direct miR-486-
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targeting of Phosphatase and Tensin Homolog (PTEN), a negative regulator of
FOXO1-upstream kinase AKT (Xu et al. 2012). miR-486 overexpression also
reduced induction of FOXOI targets MAFbx and MuRF-1 protein expression in
primary mouse muscle cells following treatment with dexamethasone, a potent
inducer of muscle atrophy (Xu et al. 2012). In addition, overexpression of miR-486
protected against skeletal muscle loss in a mouse model of chronic kidney disease
(Xu et al. 2012). Furthermore, miR-486 inhibition in vitro slightly reduced myotube
diameter, and inhibition in vivo reduced the cross-sectional area of muscle fibres,
confirming the effects of miR-486 on regulation of skeletal muscle mass (Hitachi
etal. 2014). MAFbx and MuRF]1 are also directly under miRNA-dependent regula-
tion by two different miRNAs, miR-23a and miR-23b (Wada et al. 2011). miR-23a
overexpression either in vitro or with a transgene in mouse skeletal muscle pro-
tected against dexamethasone-induced muscle atrophy (Wada et al. 2011). Cellular
miR-23a is decreased in dexamethasone-induced skeletal muscle atrophy, poten-
tially through a mechanism including enhanced exosomal release of miR-23a
(Hudson et al. 2014).

miRNA expression has also been assessed following age or sarcopenia-induced
skeletal muscle loss (Drummond et al. 2011; Rivas et al. 2014; Zacharewicz et al.
2014). Nevertheless, the overlap of miRNA signatures is small between these stud-
ies, potentially due to the small number of biological replicates in each study or due
to different platforms to assess miRNA expression. Further studies will be needed
to determine the impact of miRNA expression and regulation of target genes in
human sarcopenia and muscle loss with ageing.

Conclusions

miRNAs are critical regulators of skeletal muscle function and play important roles
in maintaining muscle function and regulating adaptation to different situations,
including muscle use and disuse, as well as in different disease states. While the role
of some of the classical myomiRs is increasingly appreciated and well understood,
the challenge for the field lies in understanding not only the precise regulation of
different miRNA species but also in dissecting and understanding the precise targets
regulated by each miRNA or combination of miRNAs. Unravelling these molecular
signatures could facilitate targeted and tissue-specific miRNA interventions in dif-
ferent disease states affecting skeletal muscle function and metabolism.
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