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Following injury, skeletal muscles can regenerate from muscle specific stem cells, called satellite cells.
Quiescent in uninjured muscles, satellite cells become activated, proliferate and differentiate into
myotubes. Muscle regeneration occurs following distinct main overlapping phases, including inflam-
mation, regeneration and maturation of the regenerated myofibers. Each step of muscle regeneration is
orchestrated through complex signaling networks and gene regulatory networks, leading to the
expression of specific set of genes in each concerned cell type. Apart from the well-established tran-
scriptional mechanisms involving the myogenic regulatory factors of the MyoD family, increasing data
indicate that each step of muscle regeneration is controlled by a wide range of non-coding RNAs. In this
review, we discuss the role of two classes of non-coding RNAs (microRNAs and long non-coding RNAs) in
the inflammatory, regeneration and maturation steps of muscle regeneration.
© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

Skeletal muscles are able to regenerate following a range of
muscle injuries, including trauma linked to physical exercise and
chronic damage in degenerative diseases, as muscle dystrophies
[1]. Located between the basal lamina and the plasmamembrane of
muscle fibers, the muscle stem cells or satellite cells (SC) are the
myogenic source that is absolutely necessary for muscle regener-
ation following an acute injury [2]. Immobile and quiescent in
uninjured muscles, these Pax7 expressing cells become activated
and migrate along the persistent basal lamina of the degenerated
myofiber followingmuscle injury [3]. Strong in vitro evidence based
on cultured fibers and myoblasts and a recent in vivo study in
zebrafish suggest that some of the first satellite cell divisions are
asymetric generating a self-renewing stem cell and a myogenic
precursor cell (mpc) prone to proliferate and differentiate [4,5].
Mpc fuse to each other to form newmyofibers or fuse with existing
neighbor myofibers [5,6].

Each step of myogenesis is regulated and controlled by complex
networks of signaling pathways. Historically, the identified net-
works were based on proteins and the messenger RNAs encoding
tes.fr (A.-S. Armand).
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them. However, protein-coding sequences represent less than 2% of
the human genome [7], while the vast majority of the genome
(about 62%) encodes for non-coding RNAs [8,9], which possess
intrinsic abilities to modulate gene expression via transcriptional,
post-transcriptional, epigenetic mechanisms and nuclear genome
organization [10e12]. Non-coding RNAs have been divided into two
classes depending on their size. Small ncRNAs (<200 nt) include
microRNAs (miRs), small nucleolar RNAs (snRNAs) and piwi-
interacting RNAs (piRNAs). Long ncRNAs (>200 nt) include circu-
lar non coding RNAs (circRNAs) and other non coding RNAs
(lncRNAs) [10]. Transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs)
belong to the class of structural RNAs. Among the ncRNAs, two of
them received lately extensive attention: miRNAs and lncRNAs.
Several review the role of miRNAs and/or lncRNAs in embryonic or
adult skeletal myogenesis and muscle diseases [13e17]. In this re-
view, we present an update of the implication of both miRNAs and
long ncRNAs in the main events of muscle regeneration in healthy
mammals (Tables 1 and 2).
2. miRNAs

The miRNA class of small ncRNAs is a group of RNAs transcribed
by type II or type III RNA polymerase [18]. The primary transcript is
a long primarymiRNA (pri-miRNA) with a cap and a poly-A tail, and
contains a double stranded stem of about 30 base pairs, a terminal
Ai Communications Co., Ltd. This is an open access article under the CC BY-NC-ND

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:anne-sophie.armand@parisdescartes.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ncrna.2017.03.003&domain=pdf
www.sciencedirect.com/science/journal/24680540
http://www.keaipublishing.com/en/journals/non-coding-rna-research/
http://dx.doi.org/10.1016/j.ncrna.2017.03.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.ncrna.2017.03.003
http://dx.doi.org/10.1016/j.ncrna.2017.03.003


Table 1
Role of major miRNAs in skeletal muscle regeneration.

miRNA Function in muscle regeneration Experimental design Ref

miR-1 Promotes satellite cell differentiation In vitro gain and loss of function experiments [121]
Promotes myogenic differentiation In vitro gain and loss of function experiments;

in vivo gain of function experiments
[157]

miR-17-92 Promotes myoblast proliferation In vitro and in vivo gain of function experiments [129]
miR-20a/b Repress myoblast proliferation In vitro gain and loss of functions experiments [130]
miR-23a Protection from myofiber atrophy In vitro gain and loss of function experiments;

transgenic mice
[168]

Specification of muscle fibers In vitro gain and loss of function experiments [167]
miR-27b Promotes satellite cell differentiation In vitro loss of function experiments;

In vivo gain and loss of function experiments
[96]

Inhibition of adipogenic differentiation of FAPs In vitro loss of function experiments [90]
miR-29a Promotes satellite cell proliferation In vitro and in vivo loss of function experiments [128]
miR-31 Maintenance of satellite cell quiescence In vitro gain of function experiments;

In vivo loss of function experiments
[102]

miR-34c Represses myoblast proliferation In vitro gain and loss of function experiments [147]
miR-125b Inhibits myoblast differentiation In vitro and in vivo gain and loss of function experiments [150]
miR-133 Promotes myoblast proliferation In vitro gain and loss of function experiments;

in vivo gain of function experiments
[157]

miR-155 Activation of macrophages Knock out mice [87]
miR-195/497 Maintenance of satellite cell quiescence In vitro gain of function experiments;

in vivo gain and loss of function experiments
[105]

miR-206 Promotes satellite cell differentiation In vitro gain and loss of function experiments [118]
miR-208b Specification of muscle fibers In vitro gain of function experiments; Knock out mice [165]
miR-351 Promotes myoblast proliferation In vitro gain and loss of function experiments [84]
miR-378 Promotes myogenic differentiation In vitro gain and loss of function experiments [143]
miR-410 Promotes myogenic differentiation In vitro gain and loss of function experiments [162]
miR-431 Promotes satellite cell differentiation In vitro gain of function experiments; Transgenic mice [117]
miR-433 Promotes myogenic differentiation In vitro gain and loss of function experiments [162]
miR-486 Promotes satellite cell differentiation In vitro gain and loss of function experiments [118]
miR-489 Maintenance of satellite cell quiescence In vitro and in vivo gain and loss of function experiments [104]
miR-499 Specification of muscle fibers In vitro gain of function experiments;

Knock out and transgenic mice
[165]

miR-501 Promotes myogenic differentiation In vitro gain and loss of function experiments;
in vivo loss of function experiments

[164]

miR-675 Promotes myogenic differentiation In vitro and in vivo gain and loss of function experiments [109]
miR-715 Inhibits myogenic differentiation In vitro gain and loss of function experiments [148]

Table 2
Role of major lncRNAs in skeletal muscle regeneration.

lncRNA Function in muscle regeneration Experimental design Ref

CEeRNA Promotes myogenic differentiation In vitro loss of function experiments [136]
Dum Promotes satellite cell differentiation In vitro and in vivo loss of function experiments [126]
Linc-MD1 Promotes myogenic differentiation In vitro gain and loss of function experiments [160]
Linc-MYH Specification of muscle fibers In vivo gain and loss of function experiments [166]
Linc-RAM Promotes myogenic differentiation In vitro loss and gain of function experiments;

Knock out mice
[141]

Linc-YY1 Promotes myogenic differentiation In vitro gain and loss of function experiments;
in vivo loss of function experiments

[144]

Lnc-31 Promotes myoblast proliferation In vitro loss of function experiments [135]
LncMyoD Promotes myoblast differentiation In vitro loss of function experiments [138]
Malat1 Promotes myoblasts differentiation In vitro loss of function experiments [154]
MUNC Promotes myogenic differentiation In vitro gain and loss of function experiments;

in vivo loss of function experiments
[137]

Sirt1 AS Promotes myoblast proliferation In vitro and in vivo gain of function experiments [132]
SRA Promotes myogenic differentiation In vitro gain and loss of function experiments [139]
Yam-1 Inhibits myogenic differentiation In vitro and in vivo loss of function experiments [148]
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loop and two flanking single stranded tails. Within the nucleus, the
RNase III enzyme Drosha associated to a double stranded-RNA
binding protein, Di George syndrome critical region 8 gene
(DGCR8), cleaves the pri-miRNA into short 70 nucleotides precursor
miRNAs (pre-miRNAs) [18]. The precursor miRNA is then exported
into the cytoplasm via exportin-5 [19,20]. Once in the cytoplasm,
pre-miRNAs are cleaved by the RNase III enzyme Dicer, producing
miRNA duplexes (ds-miRNAs) of around 22 nt with its 2 nt over-
hang at its 30 ends [21e23]. The mature ds-miRNA, called miRNA/
miRNA* duplex, binds with a member of the Argonaute (Ago)
family proteins into the RNA-induced silencing complex (RISC) [24].
One strand of the miRNA duplex, the “passenger” strand, is recog-
nized by the TRBP protein (trans-activation response RNA-binding
protein), which loads the ds-miRNA in the correct orientation on
Ago proteins. Ago proteins eject the passenger strand from the RISC
complex and retain the other miRNA strand, the “guide” strand
[20,25].

Most of the miRNAs are processed following this canonical
pathway. However, alternative (non canonical) pathways exist,
bypassing several biogenesis steps described above. Mirtrons are a
family of microRNAs, which are processed independently from
Drosha. Mirtrons are localized inside introns of host genes. The pre-



T.J.M. Gonçalves, A.-S. Armand / Non-coding RNA Research 2 (2017) 56e6758
miRNA is generated by splicing and debranching of the host intron
and later cleaved by Dicer according to the miRNA canonical
maturation [26,27]. A new class of miRNA-like small non-coding
RNAs has been recently identified, the agotrons [28]. They are
localized in short introns and their mature form resembles to pre-
miRNA (80e100 nt). Their biogenesis is independent from Drosha
and Dicer, and they associate with Ago proteins as an unprocessed,
full-length intron to regulate gene expression in a miRNA-like
manner.

miRNAs regulate gene expression at cytoplasmic and nuclear
levels by complex mechanisms, recently reviewed [11]. The mini-
mal RISC (a particular Ago protein combined with a miRNA mole-
cule) is associated with proteins from the Ago and TNRC6 families
(the mammalian homologs of the Drosophila protein GW182)
together with many other accessory proteins. The fate of the target
mRNA is defined by the composition of the RISC complex, com-
bined with the degree of complementarity between the miRNA
seed sequence (sequence spanning from position 2 to 8 at the 50

end) and sequences usually located on the 30UTR of the target
mRNA. A perfect match between the miRNA seed sequence with
the mRNA sequence could induce a direct degradation of the latter
mRNA by Ago2, the only Ago isoform containing an endonucleolytic
activity [29]. However, this mRNA degradation is very rare in
mammals. Increasing works demonstrate that microRNAs first
repress translation through competing with the cap binding pro-
tein elF4E and/or interfering with ribosome scanning, before
inducing mRNA decay by recruiting deadenylating/decapping en-
zymes (for details see Ref. [30]). Increasing studies show the
presence of RISC proteins andmicroRNAs in mammalian nuclei and
suggest its implication in the regulation of transcription and
splicing (for review, see Ref. [31]). Complementary sequences of
miRNA seed sequences exist on gene promoters where miRNA can
activate or silence gene transcription by multiple mechanisms,
sharing similarities to classical proteinmechanisms of transcription
and splicing [31].

3. lncRNAs

Despite their poor conservation at the sequence level across
species, lncRNAs represent the vast majority of ncRNAs [32]. Their
promoter regions have been shown to be generally more conserved
than promoters of protein-coding genes [8]. Based on their genomic
localization in relation to protein-coding genes, most of the
lncRNAs can be classified in four classes [33]. 1/Antisense lncRNAs
are transcripts intersecting any coding-protein exon on the oppo-
site strand or have been shown to be an antisense regulation of a
coding gene. 2/Long intergenic ncRNAs (lincRNAs) are transcribed
between coding gene loci. 3/Sense overlapping lncRNAs contain a
coding gene within one of its introns. 4/Sense intronic ncRNAs are
transcribed within an intron of a protein coding gene.

Most of these lncRNAs share mRNAs-like features, as they are
transcribed by RNA polymerase II [34], they appear to be capped,
spliced and polyadenylated at their 30 end. However, they tend to be
expressed at lower levels than protein-coding genes, and specific to
tissues [33]. They are devoid of any typical open reading frame
(ORF) as found in mRNAs [8]. However, most of them are associated
to ribosomes, which could suggest that they might be a source of
peptides [35]. In 2006, Frith et al. analyzed for the first time the size
and the nature of the mammalian peptidome [36]. They identified
novel translated proteins, shorter than 100 amino acids, raising the
question of functional short (<100 nt) open reading frames within
the genome (sORF). Many sORF have been described within the
genome. 7.3% of them found in intergenic regions likely encodes
novel peptides, half of them are conserved in humans [36]. Most of
these intergenic sORF were found on expressed RNAs, indicating a
putative expression. In most lncRNAs, such sORF were identified
[37]. In rare and very recent cases in mammals, some functional
peptides have indeed been described to be translated from lncRNAs
[38e40]. These recent works support that many transcripts anno-
tated as “lncRNAs”might encode for small peptides with important
biological functions, even if they are named “non-coding RNAs”
(see below, section 4.6).

Despite their possibility to code for peptides, lncRNAs are
believed to be bifunctional as they are also involved, as transcripts,
in diverse biological functions, as positive or negative regulators of
chromatin remodeling, transcription, splicing and translation in
development, differentiation and human diseases [13,41,42].
LncRNAs are found in the nucleus and in the cytoplasm of cells,
giving them the possibility to modulate a vast number of cellular
processes. How lncRNAs exert their functions is poorly understood.
In a limited number of cases, a function has been defined. In the
nucleus, lncRNAs are proposed to act in cis (acting on nearby genes)
and/or trans (acting on genes in a different locus) to alter tran-
scription by diverse mechanisms. LncRNAs transcribed from the
promoter region have a strong influence on the neighboring
protein-coding genes. In mammals, promoters with CpG islands
tend to have a bidirectional promoter activity. Antisense lncRNAs
derived from such promoters (pancRNAs) participate to the acti-
vation of their partner genes through sequence-specific DNA
methylation [43e45]. Some lncRNAs regulate gene expression
through direct base pairing between RNA and DNA sequences
forming a triple helix in the promoter of the target gene, interfering
with its transcription [46]. Furthermore, transcription is also acti-
vated by distal regulatory enhancer elements, which are brought
close to their target promoters by chromatin looping. This mecha-
nism involves the recruitment of transcription factors [47] and a
class of lncRNA, called enhancer RNA (eRNA) [48,49]. LncRNAs can
also modulate chromatin remodeling. Indeed, some lncRNAs
interact with the chromatin remodeling complex SWI/SNF either to
inhibit binding of this complex to chromatin [50,51], to promote its
binding on promoters of target genes [52], or to inhibit the chro-
matin remodeling activity [53]. Furthermore, genome-wide RNA
immunoprecipitation sequencing revealed that many lncRNAs
associate with the polycomb repressive complex PRC2, which me-
diates methylation of lysine 27 on histone 3 (H3K27me) [54], to
overall promote PRC occupancy at genomic target sites and there-
fore repressing gene transcription [55]. Transcription is also regu-
lated by lncRNAs, through a direct interactionwith RNA polymerase
II to repress transcription [56,57]. Moreover, several lncRNAs act
directly on specific transcription factors, such as SMAD2/3 [58],
STAT3 [59], transcription factors of the NF-kB pathway [60] to
positively or negatively regulate transcription of target genes. Be-
sides their role in transcription regulation, some lncRNAs have been
shown to interferewith splicing events, globally by interacting with
splicing factors [61e64], and in the nuclear organization, particu-
larly in the formation of speckles, paraspeckles and polycomb
bodies (for review, see Ref. [65]).

In the cytoplasm, many lncRNAs could regulate translation
through different mechanisms. SINEUPs are a new class of anti-
sense lncRNAs, which carry an inverted SINEB2 (short interspersed
repetitive element B2) sequence to up-regulate translation in a
gene-specific manner [66]. Their activity depends on two RNA re-
gions: a SINEUP binding domain, that overlaps in an antisense
orientation to the sense target protein-coding mRNA; and an
effector domain, containing the inverted SINEB2 sequence, which is
required to activate translation [66]. Translation is also down-
regulated by miRNAs, which could be targeted by competing
endogenous RNAs (ceRNAs). These RNAs are sponges for miRNAs,
leading to a reduction in the level of freemiRNAs, thus reducing the
availability of thesemiRNAs to bind their targetmRNAs and thereby
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protecting their target RNAs from repression [67]. On the other
hand, lncRNAs can also be a source of miRNAs [68]. Some non-
coding RNAs from another type of non-coding RNAs, circular
RNAs (circRNAs), have been shown to potentially serve as miRNA
sponges or competing endogenous RNAs [69]. Due to their circular
structure, these ncRNAs are resistant to degradation by exo-
nucleases and are highly stable in cells, making them excellent
candidates for competing endogenous RNA activity [70]. However,
the ceRNA function remains controversial, since no explanation has
been found so far to understand how the change in expression of
one single ceRNA gene, which corresponds to a very small fraction
of the miRNA targets, could significantly influence the activity of
this miRNA across all of its target sites, in physiological conditions
[71e73].

Non-coding RNAs are important players with many different
biological functions. In this review, we will explore the current
literature on the role of ncRNAs in regulating skeletal muscle
regeneration, in non-pathological conditions (Tables 1 and 2).

4. Non-coding RNA in skeletal muscle regeneration

The muscle regeneration process is triggered by myofiber ne-
crosis, after acute injury or in degenerating diseased muscles [74].
Following necrosis, three distinct overlapping phases are
commonly distinguished: 1/an inflammatory reaction, mainly
characterized by the invasion of macrophages on the injured area,
to phagocyte necrotic debris and promote the myogenic response;
2/the activation and differentiation of satellite cells; 3/the matu-
ration of newly formed myofibers and remodeling of regenerated
muscle [1].

4.1. Necrosis and inflammatory response

Very shortly after acute muscle injury (15 min later), likely
during the acute muscle degeneration phase, specific miRNAs (miR-
1, miR-133a and miR-206) are released into the circulation [75].
These extracellular miRNAs appear to be highly stable in a
nuclease-rich extracellular environment as serum. They are known
to be released in vesicle-free protein [76] or lipoprotein [77] com-
plexes, or in lipid membrane bound vesicles, as microvesicles,
exosomes [78] or apoptotic bodies [79]. In the case of muscle
regeneration after experimentally induced muscle injury or in
dystrophic mice, miRNAs released in the serum are protected from
RNase-mediated degradation by association with proteins as Ago2
rather than encapsulation in extracellular vesicles [75]. The physi-
ological function of these circulating miRNAs is currently not un-
derstood, but we can suggest that they might participate to
intercellular communication, what could improve muscle regen-
eration. This process is indeed influenced by different cell types.
MiRNAs-containing exosomes released from non muscle cells are
indeed able to promote skeletal muscle regeneration. In vitro
myogenic differentiation as well as in vivo skeletal muscle regen-
eration are promoted by exosomes purified from mesenchymal
stem cells [80]. Altogether, these data suggest that muscle regen-
eration might be regulated by many different cell types and
extracellular miRNAs could be one of the communication tools
between these cells.

Inflammatory cells are among the non muscle cells which
actively participate tomuscle regeneration. A large number of them
infiltrate shortly the injured area [81]. This inflammatory phase
plays an important role in the first steps of regeneration and in-
volves the recruitment of specific myeloid cells. This is character-
ized by a transient wave of neutrophils, followed by an infiltration
of macrophages mainly derived from circulating monocytes. Two
populations of macrophages were described in regenerating
muscles: M1 and M2 macrophages [82]. The proinflammatory M1
macrophages appear soon after injury and they stimulate satellite
cell proliferation. In contrast, M2 macrophages play an anti-
inflammatory role and they promote myoblast fusion and myo-
tube hypertrophy [83]. A genome wide analysis has revealed that a
number of miRNAs are up-regulated immediately after injury [84].
Most of these miRNAs are probably involved in the early steps of
inflammation. Indeed, two of them, miR-147 and miR-223, can be
associated to inflammation, since they are induced in multiple
immune cells, such as neutrophils and macrophages [85,86].
However, very few miRNAs were further analyzed in a context of
muscle regeneration. MiR-155 has been shown to be enriched in
myeloid cells and its expression is increased upon muscle injury
[87]. This miRNA promotes muscle regeneration by regulating the
balance between M1 and M2 macrophage activation, and targeting
SOCS1 (suppressors of cytokine signaling 1), a negative regulator of
the JAK/STAT signaling pathway. In absence of miR-155, skeletal
muscle regeneration is delayed.

Other inflammatory cell types appear to be involved in muscle
regeneration. Eosinophils release interleukin-4, which stimulates
fibro-adipocyte progenitors (FAPs), a muscle resident mesenchymal
stem cell population [88,89]. In turn, FAPs inhibit their adipogenic
differentiation, proliferate as fibroblasts and phagocyte necrotic
debris. MiR-27b is highly expressed in proliferating FAPs and its
expression is reduced when FAPs undergo adipocyte differentiation
[90]. One of the target mRNAs of miR-27b codes for the pro-
adipogenic protein PPARg (peroxysome proliferator-activated re-
ceptor g) [91]. Therefore, miR-27b could participate to the inhibi-
tion of adipogenic differentiation of FAPs by down-regulating pro-
adipogenic genes, such as PPARg.

Very recently, a new type of inflammatory cells has been shown
to accumulate in injured skeletal muscles [92,93]. The regulatory T
cells (Treg) would promote the M1 to M2 switch in macrophages
and the activation of satellite cells [92]. The gene expression profile
of Treg cells isolated from injured muscles is different from Treg
cells from lymphoid organs [92]. Since Treg cells from lymphoid
organs have been shown to express many different miRNAs [94], it
could be very interesting to extend the analysis of non-coding gene
expression in the muscle Treg cells.

Inflammatory and immune cells have a central role in the
regeneration process. Very few studies focused their analyses on
the role of non-coding RNAs in regulating these inflammatory cells
in a context of muscle injury. This inflammatory response is a co-
ordinated process which should be finely regulated to efficiently
regenerate the muscle tissue. The identification of ncRNAs involved
in this process would give valuable information to better under-
stand how each inflammatory cell participates to this process.

4.2. Satellite cell quiescence and activation

In resting adult muscles, satellite cells are quiescent (in a non-
dividing state) and express high levels of the transcription factor,
Pax7, although a subset of satellite cells also expresses Pax3 in
specific adult muscles [95,96]. The expression of Pax7 is essential
for the establishment and maintenance of adult satellite cells
[95,97,98]. Themyogenic determination factors MyoD andMyf5 are
direct targets of Pax3/7 [99,100]. However, these mRNA are not
translated in quiescent satellite cells, until they are activated to
regenerate injured myofibers [101]. It has been shown that Myf5
mRNAs are sequestered in mRNA-containing ribonucleoprotein
(mRNP) granules as long as satellite cells remain quiescent
[101,102]. miR-31 is sequestered with Myf5 transcripts in mRNP
granules of quiescent cells, where they target Myf5 transcripts
preventing the accumulation of Myf5 proteins [102]. As satellite
cells are activated, mRNP granules dissociate, Myf5 transcripts are
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Fig. 1. Role of ncRNAs in the early differentiation of satellite cells. Upon muscle injury,
Pax7 positive satellite cells are activated and differentiate into MyoD positive myogenic
cells. Several non-coding RNAs have been described in the literature as regulating Pax7,
Pax3 or MyoD expression in the early differentiation process of satellite cells.
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released leading to the translation and the accumulation of Myf5
proteins, and promoting myogenesis. MiR-31 is therefore a key
element to maintain satellite cells in a quiescent state.

MyoD translation is repressed through a different mechanism
[103]. The mRNA decay factor Tristetrapolin is expressed in quies-
cent SCs, binds the 30UTR of myod transcripts promoting its decay.
Once SC activates, Tristetrapolin is inhibited by p38a/b MAPK
signaling and myod mRNAs are stabilized and translated. These
studies indicate that the quiescent state of SCs is protected by
several critical post-transcriptional regulatory mechanisms. SC-
specific conditional deletion of Dicer in mice shows that many
miRNAs might protect SCs from activation [104]. Indeed, SCs
spontaneously exit quiescence in absence of Dicer to enter into the
cell cycle. 351 miRNAs are differentially regulated in activated SCs
compared to quiescent ones. Among them, 22 are highly expressed
in quiescent SCs and their level decreases as SCs are activated [104].
MiR-489 is one of them. In this study, the authors showed that miR-
489 targets mRNAs coding for the oncogene Dek in quiescent cells,
blocking therefore the proliferative expansion of myogenic pro-
genitors. Cell cycle arrest of quiescent satellite cells is also
controlled by two other miRNAs, miR-195 and miR-497, members
of the miR-15 family with the same seed sequence [105]. Highly
expressed in quiescent SCs, miR-195/497 target transcripts of genes
coding for cell cycle activators of the cyclin family (Ccnd2) and cell
division cycle families (Cdc25a and Cdc25b), protecting quiescent
SCs from cell cycle entry.

The imprinted gene encoding the H19 lncRNA is highly
expressed in satellite cells [106]. Mice carrying a targeted deletion
of the H19 gene present a 50% loss of SCs in adult muscles. This
analysis suggests that the H19 lncRNA is probably essential to
maintain the quiescent SC pool. Conditional deletion of the
maternal H19-DMR (an epigenetic regulator that controls expres-
sion of H19) has previously been shown to reduce adult hemato-
poietic stem cell quiescence, by activating the Igf2-Igf1r (Insulin-
like Growth factor 2eIgf-1 receptor) pathway [107]. In the placenta,
H19 has been shown to also be a precursor of miR-675, which in
turn targets Igf1r mRNAs [108,109]. Therefore, the authors showed
in hematopoietic stem cells that miR-675 is reduced in H19 defi-
cient cells, and the Igf2-Igf1r pathway activated, leading to activa-
tion of stem cells [107]. It remains to determine whether the H19
lncRNA protects SCs from activation through a similar mechanism.
In the adult tibialis muscle, Igf2 transcript levels were increased in
H19 deficient muscles compared to control muscles but Igf1r was
not modulated [106]. It would be very interesting to analyze the
activation of the Igf2-Igf1r signaling pathway in purified quiescent
vs activated satellite cells to better characterize the molecular
mechanism by which H19 participates to the maintain of satellite
cells in a quiescent state.

4.3. Satellite cell activation and early differentiation

Upon injury, satellite cells are activated, which is mediated in
part by the expression of the muscle specific transcription factors,
MyoD and Myf5 [110e114]. A genome wide analysis comparing
proliferating vs. quiescent human satellite cells in culture showed a
global up-regulation of miRNAs in proliferating SCs [115], sug-
gesting that miRNAsmight be largely implicated in the activation of
SCs and their subsequent proliferative step (Table 1). The involve-
ment of non-coding RNAs in these steps of muscle regeneration is
indeed well documented.

Once activated, satellite cell progeny follow a fate, which de-
pends on MyoD expression. If SCs downregulate MyoD, they self-
renew, and replenish the satellite cell pool. In the case SC prog-
eny starts expressing MyoD proteins, Pax7 will be down-regulated,
leading to the rapid expansion of muscle progenitor cells
(myoblasts) to repair the damaged muscle fibers. In adult muscles,
two subpopulations of SCs have been identified, depending on their
level of Pax7 expression [116]. Pax7Lo cells are primed to differen-
tiate in myogenic cells, whereas Pax7Hi cells better self-renew.
Controlling Pax7 expression would therefore establish and main-
tain the two SC subpopulations. In miR-431 overexpressing mice,
the Pax7Lo population is highly enriched showing the involvement
of miR-431 in the control of the ratio between Pax7Hi and Pax7Lo

SCs in adult muscles [117]. miR-431 is probably not involved in the
self-renewal of these cells, since the satellite cell pool was not
depleted after two rounds of injury in miR-431 transgenic mice.
However, miR-431 promotes myogenic differentiation by targeting
Pax7 transcripts in Pax7Lo SCs (Fig. 1). Muscle regeneration is
indeed accelerated in miR-431 transgenic mice compared to con-
trol. Pax7 transcripts are targeted by several other miRNAs. Once
MyoD is expressed, it directly activates the expression of the miR-
486 host gene, Ank1.5, leading to the expression of miR-486 [118].
MyoD also activates expression of miR-206 [119], miR-1 and miR-
133a [120], all muscle enriched miRNAs that are part of the myo-
miR family of short ncRNAs. miR-486, miR-206 and miR-1 target
Pax7 transcripts and facilitate SC differentiation (Fig. 1) [118,121].
miR-1, miR-133a and miR-206 expression are inhibited by an
adaptor protein, which also functions as an E3 ubiquitin ligase, the
Tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6)
[122]. Absence of TRAF6 expression in SCs induces increased levels
of these myomiRs leading to a precocious differentiation of these
satellite cells. Although the mechanism by which TRAF6 inhibits
miR1, miR-206 and miR-133a remains unknown, data suggest that
the c-Jun/AP-1 transcription factor is probably involved in this
regulation. By inhibiting miR-1, miR-206 and miR-133a expression,
TRAF6 favors Pax7 expression in satellite cells. Traf6 mRNAs harbor
a Staufen-binding site in their 30 UTR [123]. These types of mRNAs
are prone to Staufen 1 (Stau1)-mediatedmRNA decay (SMD), which
involves a base-pairing interaction between the mRNA 30UTR
containing short interspersed element (SINE) and SINE-containing
lncRNAs. The duplex is stabilized by Stau1 and mRNA degraded.
Traf6 mRNAs are targeted by the ½-sbsRNA(B2) lncRNA, which re-
duces the half-life of Traf6 mRNAs and therefore the levels of Traf6
proteins in cultured C2C12 cells. Whether this lncRNA is involved in
activation of satellite cells remains to be determined.

In addition, miR-27 expression is turned on in activated SCs,
inducing in vitro and in vivo a repression of Pax3 by targeting the
30UTR of Pax3 transcripts [96]. miR-27 is down-regulated by the
homeobox transcription factor Pitx2c in muscle progenitors,
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maintaining cells in a pre-differentiated state [124] (Fig. 1). Inde-
pendently from Pax3 and miR-27 regulation, Pitx2c also promotes
myoblast proliferation, by down-regulating the expression of a
miRNA set, comprising miR-15b, miR-23b, miR-106b, and miR-503
[125]. All four miRNAs directly target mRNAs coding for cyclin D1
and cyclin D2. Furthermore, miR-106b directly targets Myf5 tran-
scripts in satellite cells [125] (Fig. 2). In total, Pitx2 promotes sat-
ellite cells to get a myogenic fate and to proliferate.

The lncRNA, Dum (developmental pluripotency-associated 2
(Dppa2) Upstream binding Muscle lncRNA) was found to be
induced during the early regeneration stage, when satellite cells
become activated, proliferate and start to differentiate [126]. Its
expression is induced by MyoD upon muscle differentiation. Dum
transcripts silence in cis transcription of its far upstream neighbor
gene, Dppa2, coding for a pluripotency regulator, promoting then
early differentiation (Fig. 1). Dum inhibits Dppa2 expression by
interacting and recruiting DNA methyltransferases (Dnmts) to
Dppa2 promoter, leading to CpG site hypermethylation and gene
silencing. Dum silencing in injured muscles decreased Pax7 and
MyoD positive cells suggesting that Dum could be involved in SC
activation, proliferation or self-renewal capacity.

4.4. Myoblast proliferation

A subset of satellite cells expresses MyoD and rapidly pro-
liferates before differentiating into mature myofibers. Both prolif-
eration and differentiation programs represent critical points
in muscle regeneration. Several non-coding RNAs have been
identified as regulator of the proliferative step of myoblasts
(Tables 1 and 2).

Even if MyoD is expressed in proliferating myoblasts, its level
remains relatively low compared to cells undergoing terminal dif-
ferentiation. MyoD expression is indeed limited through Trans-
forming Growth Factor - beta signals (TGFb) [127]. TGFb reduces
MyoD expression in differentiating C2C12 cells by suppressing
levels of miR-29 and miR-206. Both miRNAs target HDAC4 (histone
deacetylase 4) transcripts (Fig. 3). An increase in HDAC4 expression
has negative effects on muscle specific genes, limiting therefore
MyoD expression.

Myoblast proliferation is promoted by many growth factors,
released in the extracellular matrix, including Fibroblast Growth
Factor 2 (FGF2). During muscle regeneration, FGF2 induces the
expression of miR-29a, which leads to reduction of key elements of
the basement membrane, as fibrillin-1 (Fbn1), sparc, collagen-IV
(Col4a1), laminin gamma-1 (lamc1), nidogen-2 (Nid2) and hepar-
ane sulfate proteoglycan-2 (Hspg2) [128]. This could promote the
dismantling of the basement membrane, promoting the release of
growth factors from the basement membrane and facilitating their
Myoblast pro
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Fig. 2. Control of the proliferative step of myoblasts by non-coding RNAs. During muscle r
proliferative step is regulated by many non-coding RNAs targeting key cell cycle proteins a
access to their receptors.
MiR-351 is transiently expressed in vitro by proliferating myo-

blasts and in vivo during muscle regeneration [84]. In vitro, miR-351
is required for myoblast proliferation and would protect them from
apoptosis as myoblasts start differentiating. The cell cycle is
controlled by a transcriptional network involving the retinoblas-
toma protein (pRb). miR-351 would control the cell cycle of myo-
blasts by targeting transcripts coding for the E2F3 transcription
factor, which directly interacts with pRb [84] (Fig. 2). Another
member of the E2F family, E2F1, activates the expression of two
miRNA clusters, miR-17-92 and miR-106a-363, in proliferating
myoblasts [129,130]. The three miRNAs produced by miR-17-92
(miR-17, miR-20a and miR-92a) target the 30UTR of transcripts
coding for enigma homolog 1 (ENH1). This scaffold protein mod-
ulates the subcellular localization of a natural inhibitor of myogenic
factors, Id1. When ENH1 is silenced, Id1 is accumulated in the nu-
cleus, where it can repress myogenic differentiation gene expres-
sion [129,131]. By this mechanism, E2F1 promotes myoblast
proliferation (Fig. 2). However, a negative feedback loop exists in
which miR-20a and miR-20b, produced respectively by the E2F1
transcriptional targets pri-miR-17-92 and pri-miR-106a-363,
directly target E2F1 mRNAs [130] (Fig. 2).

Myoblast proliferation is also promoted by an antisense lncRNA,
Sirt1 AS [132]. Sirt1 AS lncRNA is transcribed from the antisense
strand of the gene coding for Sirt1, a NAD-dependent class III
protein deacetylase, which promotes cell proliferation by inhibiting
cell cycle inhibitor expression [133,134]. When Sirt1 AS is overex-
pressed, cyclin B, D and E are overexpressed and C2C12 cell dif-
ferentiation inhibited. Sirt1 AS lncRNA interacts with the 30UTR of
Sirt1mRNA forming an RNA duplex to protect Sirt1 transcripts from
degradation mediated by miR-34a. As Sirt1 AS, lnc-31 sustains
myoblast proliferation and inhibit their differentiation, although
the mechanism remains unknown [135]. Lnc-31 harbors precursor
sequences for miR-31 and can be converted into miR-31 or into
mature lnc-31. Lnc-31 is only expressed in proliferating myoblasts
and is required to maintain the expression levels of cyclin D1
(Ccnd1), cyclin E (Ccne1) and Cdc25a cell cycle genes, independently
from miR-31 (Fig. 2).

4.5. Muscle differentiation

Among the MyoD target genes activated during differentiation,
myogenin expression is a key step in the commitment of myogenic
progenitors to differentiate. Both MyoD and myogenin have been
shown to be regulated by eRNAs, transcribed from two develop-
mentally important MyoD enhancers, the core enhancer (CE) and
the distal regulatory regions (DRR), located upstream of the MyoD
coding sequence [136]. CEeRNA stimulates MyoD expression by
liferation
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egeneration, MyoD positive cells proliferate before differentiating into myotubes. This
nd repressing the myogenic differentiation gene program.



Fig. 3. Role of ncRNAs in skeletal muscle differentiation. The committed myoblasts exit cell cycle to elongate and fuse into myotubes. Cell cycle withdrawal and myogenic dif-
ferentiation are orchestrated by a network of non-coding RNAs controlling the muscle specific transcription factors, MyoD and myogenin, and different signaling pathways pro-
moting myogenic differentiation.
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facilitating in cis chromatin access to RNA polymerase II on the
MyoD locus (Fig. 3). In contrast to CEeRNA, DRReRNA (also called
MyoD upstream noncoding or MUNC) acts in trans to enhance
MyoD binding to certain MyoD target sites, activating MyoD, myo-
genin, and Myh3 (myosin heavy chain 3) transcription [136,137]
(Fig. 3). Even if some MUNC dependent genes are not recognized
as MyoD target genes, MUNC stimulates overall similar pro-
myogenic genes as MyoD, to promote in vitro and in vivo muscle
differentiation. MyoD directly activates the expression of another
lncRNA, lncMyoD, encoded 30 kb upstream the MyoD1 gene [138].
As myoblast differentiate, lncMyoD is accumulated and binds Igf2
mRNA-binding proteins (IMPs). Its binding with IMP2 particularly
competes out other mRNAs including transcripts coding for pro-
liferation genes, such as c-Myc, Nras, and Ccng1 (coding for Cyclin
G1) [138] (Fig. 3). Translation of these mRNAs is then inhibited and
myoblasts are able to exit the cell cycle and therefore to differen-
tiate. Other pro-proliferative genes, such as the DNA replication
initiation factor, Cdc6 or the proliferation promoting Smad tran-
scription factors are repressed by two miRNAs, miR-675-5p and
miR-675-3p respectively [109]. These two miRNAs are produced by
the first exon of the H19 gene and their expression is required for
proper muscle differentiation in vitro and muscle regeneration
in vivo (Fig. 3).

During muscle differentiation, MyoD protein levels and activity
increase. The SRA (steroid receptor RNA activator) ncRNA is a co-
activator of MyoD, which accumulates during differentiation of
primary human muscle cells [139]. SRA serves as a scaffold for
MyoD and two members of the DEAD-box family of RNA helicases,
p68 and p72, to mediate transcriptional activation of MyoD-
regulated genes [140]. p68/p72 and SRA are required for undiffer-
entiated myoblasts to properly mature into myotubes. Alternative
spliced variants of SRA transcripts encode for an SRA protein
(SRAP), which is more abundant inmyoblasts than inmyotubes and
prevent the SRA RNA-activation of the MyoD activity [139]. linc-
RAM (linc-RNA Activator of Myogenesis) is a lncRNA, whose
expression is regulated by MyoD during muscle differentiation
[141]. Once expressed, this lncRNA directly interacts with MyoD
and enhances MyoD transcriptional activity by promoting the as-
sembly of the epigenetic complexMyoD-Baf60c-Brg1 on regulatory
elements of target genes, independently from the linc-RAM enco-
ded micropeptide, myoregulin (see below, section 4.6) [141].

MyoD activity is also modulated by its natural inhibitor, MyoR, a
bHLH protein, which binds E-proteins directly on MyoD target DNA
sequences [142]. A feed forward loop has been identified where
MyoD down-regulates its own inhibitor by activating the expres-
sion of miR-378, which targets MyoR during myoblast differentia-
tion [143], leading to a progressive up-regulation of MyoD-
responsive target genes. Among the MyoD target genes, the
lncRNA, linc-YY1, is generated from the opposite strand of the
transcription factor Yin Yang 1 (YY1) gene and transcribed from YY1
promoter [144]. Linc-YY1 binds YY1 to promote myogenic differ-
entiation and muscle regeneration. In proliferating myoblasts, YY1
is activated by NF-kB and recruits the PRC2 histone methyl-
transferase Ezh2, to silence transcription of its target genes, such as
Myosin Heavy chain (MyHC), but also miR-29, miR-1, miR-133, and
miR-206. miR-29 and miR-1 are able, in turn, to target their
repressor YY1 [145,146] (Fig. 3). As myoblasts undergo differenti-
ation, YY1 is inhibited by miR-34c [147] and MyoD activates linc-
YY1 expression, which could destabilize the YY1/PRC2 complexes,
leading to the activation of these pro-differentiation genes [144]. In
addition to its function as a gene repressor, YY1 also activates many
genes among which 63 potential lincRNAs, named Yam (YY1
associated muscle lincRNAs) [148]. Yam-1 is activated by YY1 in
proliferating C2C12 cells, as well as in the first steps of muscle
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regeneration. Yam-1 activates in cis miR-715 expression, which in
turn directly targets Wnt7b transcripts to inhibit myogenic differ-
entiation (Fig. 3). Other Yams regulatemyogenic differentiation, but
their specific mechanism should be determined. As Yam-1, Yam-3
promotes the expansion of proliferating myoblasts, whereas Yam-2
and Yam-4 enhance early myogenic differentiation [148].

The Igf signaling, and particularly Igf2, is essential for efficient
muscle differentiation, in part by up-regulating myogenin expres-
sion [149]. During myoblast differentiation, the mammalian target
of rapamycin (mTOR) signaling pathway is also activated, that in-
duces a down-regulation of miR-125b [150]. Consequently, miR-
125b targets, as Igf2 and Lin-28 transcripts, are released [150,151]
(Fig. 3). Lin-28 is a small RNA binding protein, which increases ef-
ficiency of target mRNAs translation, as Igf2 [152]. Therefore, Igf2
transcripts are more abundant and their translation is more effi-
cient, thus increasing Igf2 protein synthesis and probably rein-
forcing myogenin expression (Fig. 3). Myogenin up-regulation
activates in parallel a negative feedback loop, by up-regulating
miR-133 expression [149]. MiR-133 directly represses Igf1r
expression, modulating then the Igf signaling pathway.

During myoblast differentiation, the competing endogenous
lncRNA Malat1 (Metastasis-associated lung adenocarcinoma tran-
script 1) is up-regulated [153] and acts as a sponge for miR-133,
preventing miR-133 from inhibiting its target mRNAs, such as SRF
(serum response factor) [154] (Fig. 3). SRF is therefore expressed
and able to promote terminal differentiation of the muscle pro-
genitor cells. miR-133a is derived from the samemiRNA polycistron
as miR-1. Expression of this polycistron is controlled by SRF [155],
but also by the mTOR complex 1 (mTORC1) signaling through
MyoD [156] (Fig. 3). In contrast to miR-133, miR-1 targets the 30UTR
of mRNA coding for HDAC4. HDAC4 interacts with the transcription
factor MEF2C (myocyte-specific enhancer factor 2C) to repress
MEF2C target gene expression [157,158]. Therefore miR-1 promotes
myogenic differentiation, by releasing MEF2C from HDAC4 (Fig. 3).
Repression of HDAC4 by miR-1 also leads to the expression of fol-
listatin, which promotes the fusion of myocytes in vitro and in vivo
[156] (Fig. 3). If miR-1 represses its target transcripts in cytoplasm
of differentiating myoblasts, Zhang et al. described an unexpected
mechanism, in which miR-1 enters the mitochondria to stimulate
mitochondrial translation of multiple mtDNA-encoded transcripts
during muscle differentiation [159] (Fig. 3). By this mechanism,
miR-1 enhances protein synthesis and ATP production in the
mitochondria of differentiatedmuscle cells, without any increase in
mtDNA copy number or transcription.

miR-133 and miR-135 are both targeted by a competing
endogenous lncRNA, linc-MD1 (long intergenic noncoding RNA-
muscle differentiation 1) [160]. The pro-myogenic transcription
factors MEF2C andMAML1were identified as two natural targets of
miR-133 and miR-135. Linc-MD1 would therefore activate the
expression of these transcription factors, by sponging miR-133 and
miR-135 (Fig. 3). As an alternative to its “sponge” function, linc-
MD1 transcripts could be a source of miR-133b, since it contains
a pri-miRNA-133b sequence, which could be cleaved by Drosha
[160]. The balance between generating or sponging miR-133b is
controlled by the RNA binding HuR protein (Human antigen R),
whose transcripts are targeted by miR-133 [161]. HuR proteins
associate with linc-MD1 and protect the lncRNA from Drosha
cleavage and then repress miR-133b synthesis from linc-MD1. On
the other hand, HuR facilitates the interaction between linc-MD1
and miR-133/135, enhancing the sponge activity of linc-MD1 [161].

Another member of the MEF2 family of transcription factors,
MEF2A, directly activates the expression of a cluster of miRNAs,
called Gtl2-Dio3 [162]. More than 40 miRNAs are expressed from
this cluster. Many of them target mRNAs coding for secreted
Frizzled-related proteins (sFRPs) 1, 2 and 4members of inhibitors of
the canonical Wnt signaling pathway. TwomiRNAs within the Gtl2-
Dio3 cluster, miR-410 and miR-433, directly inhibit Sfrp2 expres-
sion [162]. MEF2A therefore activates the Wnt signaling pathway
during muscle regeneration by repressing Wnt inhibitors via a se-
ries of miRNAs (Fig. 3).

4.6. Maturation of regenerating myofibers

The regenerative process is complete when injured myofibers
rescue their functional performance and contractile apparatus,
which is efficient when myofibers are effectively innervated. The
role of the nerve in controlling maturation of myofibers can be
monitored by the expression of MyHC isoforms. Nascent regener-
ating myotubes initially express developmental MyHC forms, as
embryonic or neonatal MyHC, whereas maturating myofibers ex-
press adult fast and slow MyHC forms [163]. Expression of em-
bryonic MyHC (coded by the MYH3 gene) is protected in newly
regenerating myofibers by a miRNA, miR-501, expressed from an
intron of isoform-2 of the Clcn5 (chloride channel 5) gene [164].
Inhibition of miR-501 in regenerating skeletal muscle inhibits
appearance of embryonic MyHC and to a lesser extent adult myosin
isoforms. MiR-501 directly represses mRNAs coding for gigaxonin,
an E3 ligase adaptor, targeting proteins, such as MyHC-emb, for
degradation by the proteasome [164]. A family of miRNA, including
miR-208a/b and miR-499, are all intronic miRNAs located and co-
transcribed with different MYH genes. MiR-208a is processed
from the intronic RNA of the cardiac specific MYH6 gene, whereas
miR-208b and miR-499 are processed from introns in MYH7 and
MYH7b genes, respectively and are both expressed in slow-type
skeletal muscle fibers [165]. Loss and gain of function analyses
revealed that miR-208b and miR-499 redundantly reinforce the
slow-muscle gene expression program by directly repressing
translation of the transcriptional repressors Sox6, Purb, Sp3 and
HP-1b. On the other hand, slow genes are silenced in fast myofibers
by a lncRNA identified in the cluster of fast MYH genes [166]. Linc-
MYH is transcribed from the same enhancer as fast MYH genes and
is required for full expression of fast genes [166]. Themechanism by
which linc-MYH regulates expression of these fiber-type specific
genes remains to be determined. mRNAs coding for all three adult
fast MyHC (MyHC IIa, IIx and IIb) have been shown to be directly
repressed by miR-23a [167]. Since miR-23a is highly expressed in
the slow-twitch soleus muscle, compared to the fast-twitch plan-
taris muscle [168], we could argue that miR-23a could protect slow
fibers from expression of fast fiber specific genes. Despite its role in
repressing expression of fast MyHC, miR-23a also regulates fiber
growth, by protecting cells from atrophy. One of the hallmarks of
muscle atrophy is protein degradation through activation of the
ubiquitin-proteasome pathway. Two E3 ubiquitin ligases appear to
be essential for accelerated muscle protein loss in muscle atrophy:
MAFbx/atrogin-1 (muscle atrophy F-box/muscle-specific ubiquitin
E3-ligases atrophy gene-1) and MuRF1 (muscle ring-finger protein
1). The 30UTR of mRNAs coding for these two E3 ubiquitin ligases
are targeted by miR-23a, resulting in resistance to muscle atrophy
when overexpressed in myotubes and myofibers [168].

Very recent papers demonstrate that a subset of transcripts
annotated as lncRNAsmay encode 'hidden' polypeptides. This is the
case of LINC00961 which encodes a lysosomal type I trans-
membrane polypeptide, SPAR (Small regulatory Polypeptide of
Amino acids Response) [169]. This peptide is localized to the late
endosome/lysosome to negatively regulate mTORC1 activation.
Upon acute muscle injury, LINC00961 is down-regulated in skeletal
muscles, enabling efficient activation of mTORC1 and promoting
muscle regeneration.

Muscle contraction depends on release of Ca2þ from the sarco/
endoplasmic reticulum (S/ER), the main source of intracellular
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calcium, and reuptake by the S/ER Ca2þ Adenosine triphosphatase
(SERCA) pump. Four functional polypeptides encoded by lncRNAs
have been reported tomodulate calcium handling intomuscle cells.
Myoregulin (MLN) is a micropeptide encoded by an annotated
lncRNA, recently called linc-RAM (LINC00948 in humans and
2310015B20Rik in mice) [39,141]. As phospholamban or sarcolipin
proteins, MLN interacts with SERCA to inhibit its activity. In contrast
to phospholamban and sarcolipin which are only expressed in slow
muscles, MLN inhibits the SERCA pump in all skeletal muscles. In
only slow muscles, the inhibitory effect of MLN, phospholamban
and sarcolipin peptides on the SERCA pump activity is counteracted
by another micropeptide, DWORF (Dwarf Open Reading Frame),
encoded by a “lncRNA” (NONMMUG026737 in mice and
LOC100507537 in humans) [38]. Very recently, two new micro-
peptides encoded by so called lncRNAs have been identified:
endoregulin (ELN), encoded by the lncRNA 1110017F19Rik/SMIM6
and another-regulin (ALN), encoded by the 1810037I17Rik lncRNA
[40]. As MLN, they both bind and inhibit the SERCA pump activity,
but their contribution in muscle cell contraction is lower than MLN
since they are weakly expressed in adult muscles. The involvement
of these described SERCA-inhibitory micropeptides remains to be
determined in a context of muscle regeneration. Even if these
lncRNAs code for micropeptides, we cannot exclude that they could
play additional functions as ncRNAs.

5. Conclusions

Increasing evidence indicate that non-coding RNAs participate
to the regulation of multiple steps of skeletal muscle regeneration,
from the inflammatory response to the maturation of the regen-
erating myofibers (Tables 1 and 2). However, the understanding of
the different mechanisms by which these ncRNAs modulate
genome expression is in its infancy. If the cytoplasmic function of
miRNAs in regulating gene expression seems to be well character-
ized, a recent paper described an unconventional function, where
miR-1 stimulates translation of its target transcripts in mitochon-
dria [159]. In addition, growing data indicate that miRNAs also have
specific nuclear functions, among them a miRNA-guided tran-
scriptional control of gene expression [31]. In contrast to miRNAs,
the role of lncRNAs in myogenesis has just begun to emerge and the
molecular mechanisms through which most of the lncRNAs
modulate gene expression and cellular functions is still poorly
understood. Future investigations will likely uncover new molec-
ular mechanisms for ncRNAs and characterize new ncRNAs
involved in the different steps of skeletal muscle regeneration.
Muscle regeneration is compromised in many muscular dystro-
phies. Increasing data describe an up-or down-regulation of
ncRNAs expression in pathological tissues, as dystrophic tissues
[170]. Future studies will likely uncover to what extent dysregula-
tion of ncRNAs would impact muscle waste and regeneration in
muscle dystrophies. Examining their interactionwith other ncRNAs
and proteinsmay provide very interestingmechanistic insights into
their mode of action in healthy and pathological myogenesis.
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