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MicroRNAs (miRNAs) have emerged as critical regulators
of numerous biological processes by modulating gene
expression at the post-transcriptional level. It has become
increasingly clear that almost all aspects of skeletal muscle
development involve regulation by miRNAs. Many of these
miRNAs have distinct expression profiles in skeletal muscles,
under the regulation by the myogenic program. In the last few
years the field has seen a rapid expansion of our knowledge of
myogenic miRNAs that target a wide range of muscle genes to
coordinately control the myogenic process. In this review we
provide an up-to-date list of reported myogenic miRNAs and
survey their expression patterns, regulation of biogenesis and
gene targets in skeletal muscles. Emerging themes of miRNA
regulation in the context of skeletal myogenesis will also be
discussed.

MicroRNAs (miRNAs) are a class of evolutionally conserved non-
coding RNAs of ~22 nucleotides, which regulate gene expression
predominantly at the post-transcriptional level.! Eight years after
the initial discovery of lin-4 in C. elegans in 1993,%* dozens of
miRNAs were reported simultaneously by several groups,*¢ thus
beginning the miRNA era. Over the last decade, hundreds of
miRNAs were identified or predicted across a wide spectrum of
species.” The prevalence and importance of this small RNA fam-
ily in modulating gene expression has become increasingly clear.
In this review, we will focus on one particular aspect of miRNA
function—regulation of skeletal myogenesis. Intensive research
activities in this area in recent years have led to the revelation that
almost all aspects of skeletal muscle development involve regula-
tion by miRNAs, with these myogenic miRNAs targeting a wide
range of muscle genes to coordinately control the myogenic pro-
cess. Here we will survey the myogenic miRNAs reported so far,
and discuss the regulation of their expression in muscles, their
gene targets and functions in skeletal myogenesis, and emerging
themes of miRNA regulation.

Introduction: miRNA Biogenesis and Targeting
Mammalian miRNAs are encoded in the intergenic or intra-
genic (both intronic and exonic) regions of the genome, their

genes often found clustered.® MiRNA genes are transcribed as
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long primary transcripts (pri-miRNAs), mainly by RNA poly-
merase II,” although polymerase III-dependent transcription has
also been described in reference 10. Pri-miRNAs are processed
co-transcriptionally by the nuclear RNase III Drosha/DGCR8
to generate ~70 bp pre-miRNAs, which are then exported by
Exportin-5 to the cytoplasm in a Ran-GTP dependent man-
ner. In the cytoplasm, pre-miRNAs are further processed by the
RNase III Dicer to yield ~22 nt mature miRNAs (reviewed in ref.
9). The miRNA biogenesis paradigm has recently been expanded
to include “mirtrons” that bypass Drosha processing,''* and
miRNAs (or miRNA-like small RNAs) that are generated inde-
pendently of Dicer.!31¢
miRNAs in microvehicles communicating between cells further
widen the scope of miRNA biogenesis and function.”

Through partial sequence complementarity, miRNAs exert
their functions by binding to the 3'UTR of the target mRNAs'
and subsequently directing them for translational inhibition and
mRNA decay,” although translational activation by miRNAs has
also been reported in reference 20 and 21. A most recent study

In addition, recent discoveries of secreted

has revealed that mammalian miRNAs inhibit gene expression
predominantly through decreasing target mRNA levels.? It has
been estimated that over 60% of the human protein-coding
genes are under selective pressure to maintain miRNA sites.?
With this enormous target repertoire, it is not surprising that
miRNAs have emerged as key regulators for myriads of cellu-
lar and developmental processes. The early embryonic lethality
of Dicer deficient mice and severe phenotypes from conditional
Dicer knockout during different development stages and in vari-
ous adult tissues,**? attest to the pivotal roles of miRNAs.

Regulation of miRNA Expression in Skeletal Muscle

During skeletal muscle development, cells from the somites
commit to myogenic lineage and progress along the myogenic
pathway by proliferation, terminal differentiation and formation
of multinucleated myofibers.”® The activation of muscle specific
transcription factors, including MyoD and MEF2 families of
proteins, results in reprogramming of gene expression to govern
skeletal myogenesis.”>*® Modulation of myogenic gene expres-
sion by miRNAs has emerged as a new level of control for myo-
genesis. Mice with Dicer deleted in muscle die perinatally and
display decreased skeletal muscle mass, increased apoptosis of
the muscle cells, accompanied by abnormal myofiber morphol-
ogy.> It is important to note that Dicer is also responsible for the
production of other types of small RNAs, whereas DGCRS, the
binding partner of Drosha, is specific to the miRNA biogenesis
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Table 1. Expression and targets of miRNAs known to function in skeletal myogenesis

microRNA Tissue distribution differentiation
miR-1° muscle-specific Increase
miR-24 ubiquitous Increase
miR-26a ubiquitous Increase
miR-27b ubiquitous Increase
miR-29b/c ubiquitous Increase
miR-125b ubiquitous Decrease
miR-133 muscle-specific Increase
miR-181 ubiquitous Increase
miR-2062 skeletal muscle-specific Increase
miR-208b/499 muscle-specific Increase
miR-214 ubiquitous Increase
miR-221/222 ubiquitous Decrease
miR-322/424 ubiquitous Increase
miR-486 muscle-enriched Increase
miR-503 ubiquitous Increase

Expression upon myoblast

Targets in skeletal muscles

HDAC4,% Cx43,7 Pax7,” c-Met,®° G6PD®*
unknown
Ezh23®
Pax3*>°
YY1,54 COL1AT, ELN®***
IGF-11°¢
SRF,* nPTB,®” UCP2%
Hox-A11°8

DNA pola,” Fstl1, Utrn, Cx43,”° TIMP3,% Pax7,75284 c-Met, 0%
HDAC4®

Sox6,* Purf,* Sp3,* HP-13%
Ezh2,% N-Ras'
p27¢'
Cdc25A%°
FoxO1,°! PTEN,*' Pax7°
Cdc25A%°

2miR-1 and miR-206 presumably share the same targets. Here we list the targets separately based on published experimental evidence.

pathway.” Of significance, striated muscle-specific Dger8 knock-
out mice display severe dilated cardiomyopathy and heart fail-
ure, although characterization of skeletal muscle in those
mice has not been reported. Below we survey the expression of
miRNAs with reported myogenic functions in skeletal muscle
(Table 1).

MiR-1/miR-133/miR-206. The best-studied myogenic miR-
NAs are the miR-1/miR-206 and miR-133a/miR-133b families,
consisting of four mature miRNAs expressed from three chro-
mosomal loci as bicistronic transcripts.”” These miRNAs are
specifically expressed in cardiac and skeletal muscles under the
control of the myogenic transcription factors SRF, MyoD and
MEF2,%%7 and they regulate the fundamental processes of skele-
tal myogenesis including myoblast/satellite cell proliferation and
differentiation (reviewed in ref. 33). Among many miRNAs pro-
filed, miR-1, miR-133 and miR-206 levels are most dramatically
increased during myoblast differentiation.?*4°
Recently, we have reported that miR-1 expression, under the

control of its upstream and intragenic enhancers,**¥

is regulated
by mammalian target of rapamycin (mTOR) signaling.® This
regulation is mediated by mTOR control of MyoD stability.’
MyoD also regulates the expression of miR-133,” and miR-
206,” and, as a key myogenic transcription factor, it is placed
directly upstream of several other candidate myogenic miRNAs
(discussed later). Interestingly, the results of our miRNA profil-
ing suggest that the drastic increase of miR-133 and miR-206
levels during myoblast differentiation, like that of miR-1, is com-
pletely inhibited by the mTOR-specific inhibitor rapamycin.?’ In
addition, several other miRNAs are induced during myogenic
differentiation, albeit to lesser degrees, in a rapamycin-sensitive
manner.”” Hence, it is an intriguing possibility that the mTOR-
MyoD axis may regulate a cohort of miRNAs in the coordinate
regulation of skeletal myogenesis.
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Adding to the complexity of regulation, miR-1, miR-133 and
miR-206 have also been suggested to be controlled at the level of
pri-miRNA processing. The RNA binding protein KSRP* is a
component of both Drosha and Dicer complexes and it promotes
the maturation of a subset of miRNA precursors through binding
to their terminal loops.”> MiR-1, miR-133 and miR-206 appear
to belong to this subgroup of miRNAs. Future studies to exam-
ine the commonality of this regulatory mechanism in myogenic
miRNAs should be illuminating.

The expression of these three well-studied myogenic miR-
NAs has also been examined in vivo. MiR-1,*4% miR-133,%
and miR-206, have all been reported to be upregulated dur-
ing muscle regeneration in animals after injury. Interestingly,
a transient drop in these miRNA levels has also been observed
immediately after muscle injury.*4*4% \Whereas this decrease
may be a consequence of muscle damage and induction of fibrosis
independent of muscle regeneration,* a recent report correlated
this early phase of miR-1 and miR-206 suppression with their
anti-proliferation effect on satellite cells.”” miR-1 and miR-133a
levels were also found decreased in skeletal muscles seven days
after functional overload, accompanied by an increase in the cor-
responding pri-miRNAs,*
maturation step. As the authors speculated, potential targets of

implicating regulation at a miRNA

these miRNAs may be involved in muscle growth regulation.®®
Alternatively, it is reasonable to suggest, based on the recent
report,” that satellite cell activation and proliferation in response
to the overload stimulus may require suppression of miR-1.
MiR-208/miR-499. Also displaying a muscle-restricted
expression pattern is a family of intronic miRNAs named
“MyomiRs,™ consisting of miR-208a, miR-208b and miR-499.
Whereas miR-208a is restricted to cardiac muscle, miR-208b
and miR-499 are expressed in both cardiac and skeletal muscles.
These miRNAs are encoded by introns of their host myosin genes,
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o-MHC, B-MHC and Myh7b, respectively, regulating myofiber
type specification.”” Interestingly, miR-499 was found to be the
most dramatically decreased miRNA in a hind limb suspension-
induced atrophy model, suggesting its potential importance in
muscle maintenance.”

MiR-486. Another muscle-enriched miRNA is miR-486.
Encoded in the gene Ankrin-1, the expression of miR-486 is acti-
vated by myocardin-related transcription factor-A (MRTF-A),
SRF and MyoD.' Most recently, miR-486 is reported to be
highly induced during myoblast differentiation, and to exert a
myogenic function.”

Ubiquitously expressed miRNAs with myogenic functions.
In addition to the muscle-restricted and muscle-enriched miR-
NAs described above, some ubiquitously expressed miRNAs also
have myogenic functions, and their expression levels typically
change during myoblast differentiation. MiR-214 expression is
de-repressed from the polycomb protein Ezh2 and stimulated by
MyoD and myogenin during differentiation.”® Similarly, miR-
29b/c expression is suppressed in myoblasts by the repressive
transcription factor YY1; during myoblast differentiation and
muscle regeneration, release from YY1 and stimulation by SRF
and MEF2 lead to the upregulation of miR-29 levels.”* MiR-24
transcription is also upregulated during myoblast differentiation,
upon de-repression from TGFB-Smad signaling.> De-repression
from suppressive signals appears to be a common theme within
this subset of myogenic miRNAs, the upregulation of which cor-
relates with myogenic differentiation.

Several other miRNAs with myogenic functions are also
upregulated during skeletal myogenesis, but the upstream reg-
ulators are yet to be identified. MiR-181 is highly expressed in
neurons and bone marrow but barely detectable in mature myofi-
bers.**” However, miR-181 levels are drastically increased during
myoblast differentiation and muscle regeneration.® Other ubig-
uitously expressed myogenic miRNAs found to be upregulated
during myogenic differentiation include miR-26a,® miR-275b,"
miR-322/424 and miR-503.°

MiRNAs downregulated during myogenic differentiation.
Compared to myogenic miRNAs that are upregulated, fewer
miRNAs with demonstrated myogenic functions are downregu-
lated during myogenic differentiation. MiR-221 and miR-222,
which share sequence similarity and are clustered on chromo-
some X, are found to be highly expressed in quail myoblasts, and
downregulated during differentiation.® A similar expression pat-
tern is found in mouse C2C12 myocytes, although the change
is to a lesser degree.” It has been suggested that the expression
of miR-221/222 is under the control of Ras-MAPK signaling,®!
consistent with a negative role that this pathway plays in myo-

genic differentiation.*>*

3 MiR-222 expression has also been cor-
related with the presence of infiltrating inflammatory cells in
injured muscles,* and it is highly upregulated in several muscu-
lar dystrophies.** Another miRNA downregulated during myo-
blast differentiation is miR-1256, a ubiquitously expressed
and brain-enriched miRNA. Most recently we have identified
a role for miR-125b as a suppressor of myogenic differentiation
% Expression of miR-125b at the tran-
scriptional level is negatively controlled by mTOR signaling in

and muscle regeneration.
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an mTOR kinase-independent manner.*

status of a master regulator, rapamycin-sensitive mTOR signaling

True to its emerging

regulates the biogenesis of two miRNAs in opposite directions—
enhancing miR-1 levels® and suppressing miR-125b levels,
through mTOR kinase-dependent (our unpublished observa-
tions) and -independent®® pathways, respectively. Further delin-
eation of the regulatory mechanism of miR-125b biogenesis will
require identification of its cis regulatory elements, which is also
the case for many of the other myogenically regulated miRNAs
mentioned above.

MiRNA expression during skeletal myogenesis has been
profiled extensively by numerous groups. Many miRNAs not
mentioned above have been found to be differentially expressed

38-40,47,52,67

during myoblast differentiation in vitro and muscle

development or disease in vivo.**¥¢4% Fyture characterization
of those miRNAs will likely lead to the identification of novel

myogenic regulators.
Gene Targets and Functions of Myogenic miRNAs

Manipulation of miRNA levels in vitro and in vivo, by genetic
and biochemical methods, has become a standard approach
to interrogating miRNA functions. Ultimately, revealing the
gene targets of a miRNA is key to understanding its function.
Identification of biologically important targets remains a major
challenge in miRNA studies, as most metazoan miRNAs pair
with their targets imperfectly. Pairing of miRNA “seed” region
(nucleotide 2—8) to the 3'UTR of the target gene is believed to
be one of the most important parameters that determine efficient
miRNA targeting,”!

documented.”*” Although computational prediction has become
18,74,75

yet “seedless” targeting has also been well

a powerful tool in facilitating miRNA target identification,
the current algorithms remain far from accurate, with high false-
positive and false-negative rates.”® Experimental approaches to
identifying miRNA targets continue to be developed and refined,
but extracting biologically important information from typically
very large data sets from such methods can be daunting. The
reader is referred to Thomas et al.”’ for an excellent review on
current approaches to miRNA target identification.

Despite the technical challenges, in recent years numerous
biological targets for myogenic miRNAs have been revealed, rep-
resenting a wide range of genes in the myogenic program, from
transcription regulators, signaling molecules, to structural pro-
teins. Here we survey the myogenic miRNAs for which gene tar-
gets have been identified or reasonably predicted (Table 1).

MiR-1 and miR-206. miR-1 and miR-206 differ by only
four nucleotides outside the seed region, and they are believed
to share gene targets although not all reported targets have been
experimentally validated for both miRNAs. The gap junction
protein connexin43 (Cx43) is a target of miR-1/miR-206,7%"
the downregulation of which is necessary for myoblast fusion.”
The receptor tyrosine kinase c-Met is also targeted by miR-1/
miR-206, identified in a rhabdomyosarcoma cell line; miR-1/
miR-206 could function as a potent tumor suppressor in c-Met-
overexpressing tumors with aberrant proliferation and cell migra-
tion.®*8! Another target of miR-1/miR-206 is histone deacetylase

443



4 (HDAC4),#2 a transcriptional repressor of muscle gene expres-
sion.® HDAC4 partly mediates the effects of miR-206 in pro-
moting regeneration of neuromuscular synapses and delaying
amyotrophic lateral sclerosis (ALS) in a mouse model.*” Recently,
we have found the myogenic fusion-promoting factor follistatin
to be regulated by miR-1-controlled HDAC4, and uncovered an
mTOR-MyoD-miR-1-HDAC4-follistatin pathway that regulates
myocyte fusion in skeletal myogenesis.*” Moreover, miR-1 and
miR-206 have recently been reported to target Pax7 and, as a
consequence, inhibit satellite cell proliferation and promote myo-
genic differentiation.”>>#4 Interestingly, miR-1 and miR-206 lev-
els undergo a temporary drop during the early phase of muscle

44:40,47.66 which correlates well with active

regeneration in animals,
satellite cell proliferation at that stage.®

Several more gene targets have been reported for miR-206,
although it remains to be determined whether they are also
shared by miR-1. Examining the effect of miR-206 overexpres-
sion on mRNA expression profiles in C2C12 myoblasts led to
the identification of DNA polymerase alpha as a bona fide tar-
get of miR-206,7® the downregulation of which may be involved
in the suppression of DNA synthesis upon myogenic differen-
tiation. Butyrate-induced transcript 1 (B-ind1l), monocyte-to-
macrophage differentiation-associated protein (Mmd), and Cx43
were also implicated as miR-206 targets in the same study.”® As
discussed earlier, Cx43 has been identified as a target for both
miR-1 and miR-206 in another study.”” More targets of miR-206
have been computationally predicted and experimentally con-
firmed, including follistatin-like 1 (Fstll),” utrophin (Utrn),”
and tissue inhibitor of metalloproteinase 3 (TIMP3).%¢ Glucose-
6-phosphate dehydrogenase (G6PD) has been reported to be a
miR-1 target; in Duchenne muscular dystrophy the dystrophic
phenotype is partially caused by HDAC2 suppression of miR-1
expression and subsequent G6PD over-production.®

MiR-133. Its genes clustering with those of miR-1 and miR-
206, miR-133 targets SRF, thus enhancing myoblast prolif-
eration and inhibiting myogenic differentiation.® Interestingly,
miR-133 has also been shown to directly promote differentiation
by targeting the alternative splicing factor neuronal polypyrimi-
dine tract-binding protein (nPTB), the downregulation of which
is necessary for the production of muscle-specific transcripts dur-
ing myogenic differentiation.’” MiR-133 is also reported to target
uncoupling protein 2 (UCP2) known to regulate energy expen-
diture and thermogenesis in various organisms and to negatively
impact myoblast differentiation.®

MiR-24. Found to be suppressed by TGF@ signaling, miR-
24 promotes myoblast differentiation.” The targets of miR-24
in myogenesis have not been reported. Interestingly, in non-
myogenic cells miR-24 has been found to target a cohort of cell
cycle regulators, including Myc and E2F.”? Hence, it is conceiv-
able that miR-24 may target these same genes in myoblasts and
support cell cycle exit necessary for myogenic differentiation.

MiR-26a. Upregulated during myoblast differentiation, miR-
26a has been shown to promote differentiation.’® The histone
methyltransferase Ezh2, a polycomb group protein known to
negatively regulate skeletal myogenesis,* is found to be a target
of miR-26a.%® Ezh2 binds to chromatin via its association with
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the transcription factor YY1, and subsequently silences muscle
gene expression through its histone methyltransferase activity.®
Hence, miR-26a suppression of Ezh2 may be necessary for myo-
genic differentiation. Dysregulated expression of miR-26a and
Ezh2 has been found in rhabdomyosarcoma, implicating their
involvement in the pathogenesis of this malignant tumor.”

MiR-27b. In a search for miRNAs that target Pax3, miR-27b
emerged as a strong candidate predicted by multiple computa-
tional algorithms, and a direct targeting was confirmed experi-
mentally”® Pax3 is required for muscle stem cell maintenance
and migration, but its removal is necessary for myogenic differ-
entiation.””> MiR-27b promotes entry into the differentiation
program both in vitro and in regenerating muscles by downregu-
lating Pax3.”

MiR-29. MiR-29 targets the polycomb group protein asso-
ciated transcription factor YY1 YY1 recruits PcG proteins to
suppress muscle gene expression, and is downregulated by NFkB
transcriptionally” and by miR-29 post-transcriptionally®® to
allow myogenic differentiation. In addition, miR-29 targets col-
lagen (COL1AL1) and elastin (ELN) in the extracellular matrix in
cardiac myocytes,” and the same targeting has been suggested to
mediate the fibrosis phenotype in Duchenne muscular dystrophy
due to suppression of miR-29.%

MiR-125b. As one of the few miRNAs downregulated dur-
66 miR-125b is found to negatively
regulate myoblast differentiation and muscle regeneration by tar-

ing myogenic differentiation,

geting IGF-IL,% a critical inducer of skeletal myogenesis.” As dis-
cussed earlier, mTOR signaling regulates miR-125b biogenesis
in this context.®® We have also reported that the transcription of
IGF-II in differentiating myoblasts and regenerating muscles is
regulated by mTOR.?*”” Thus, mTOR controls myogenic IGF-II
production at both transcriptional and post-transcriptional lev-
els, highlighting the critical role of the mTOR-IGF-II axis in
skeletal myogenesis. Other gene targets have been reported for
miR-125b in non-myogenic cells, including Lin-28,° and p53.”
Whether these genes are targeted by miR-125b in muscle and
whether miR-125b targets IGF-II in non-muscle cells are yet to
be determined.

MiR-181. The homeobox protein Hox-A11, reported to repress
transcription of MyoD,! is found to be a target for miR-181.%
The transient expression of miR-181 during myoblast differen-
tiation and muscle regeneration, and the lack of its detection in
adult muscles, suggest that this microRNA is involved in muscle
formation but not maintenance.®

MiR-208b and miR-499. Produced from introns of two myo-
sin genes—B-MHC and Myh7b, miR-208b and miR-499 share
the same seed sequence and presumably the same set of targets.
These two miRNAs function redundantly to target the transcrip-
tional repressors of slow myofiber genes, including Sox6, Purf3,
Sp3 and HP-1PB, thus governing myofiber type switch.”

MiR-214. Like miR-26a, miR-214 also targets Ezh2,? a
repressor of muscle gene expression. In addition, N-Ras has been
found to be a target of miR-214 through transcriptional profil-
ing of miR-214-overexpressing C2C12 myoblasts.'”" Since Ras
promotes cell cycle entry and inhibits differentiation, miR-214
suppression of N-Ras facilitates cell cycle exit and subsequent

Volume 10 Issue 3



| miR-1 || miR-133 |

o
@

J_ | I

D

I

A }A{ B C

D miR-1 E miR-208b
—» < | miR-206 _I{ miR-499

miR-486

Ceanz>

miRNAs and their gene targets” for details.

Figure 1. MiRNAs and their targets form feedback loops in the regulation of skeletal myogenesis. See text under “Regulatory feedbacks between

myogenic differentiation.””" In zebrafish, miR-214 is involved in
muscle fate determination by modulating Hedgehog signaling.'®?
It will be interesting to see whether this function is conserved in
mammals.

MiR-221 and miR-222. MiR-221 and miR-222 target the cell
cycle inhibitor p27%" in cancer cells.'”!** The same targeting has
been implicated in myoblasts, and miR-221/miR-222 inhibits
myogenic differentiation possibly through interfering with cell
cycle withdrawal involving p27.%" It has been suggested that p27
may also control myoblast differentiation through other cellular
targets beyond cell cycle regulation.'®

MiR-322/424 and miR-503. MiR-322/424 (miR-424 is the
human ortholog of mouse miR-322) and miR-503 have very
similar seed sequences, and their genes are clustered. These
two miRNAs are reported to target Cdc25A,%° a phosphatase
responsible for removing inhibitory phosphorylation of Cdk2.
Upregulation of miR-322/424 and miR-503 in differentiating
C2Cl12 cells leads to cell cycle withdrawal through downregula-
tion of Cdc25A, thus promoting myogenesis.®

MiR-486. Found to be enriched in cardiac and skeletal
muscles, miR-486 was reported to target two negative regula-
tors in the PI3K pathway—PTEN and FoxOla—in rat cardio-
myocytes.”! Given the essential role of PI3K signaling in skeletal
myogenesis,'° it was a reasonable prediction that miR-486 would
be required therein. Indeed, miR-486 has recently been shown
to positively regulate myoblast differentiation.”> However, in that
study Pax7 is identified as the direct target of miR-486,% along
with miR-206 (discussed earlier).

Emerging Themes of miRNA Regulation
in Myogenesis

Some common themes have emerged from our current under-
standing of myogenic miRNA function and regulation. It is clear
that these features are universal for miRNAs that function in all
aspects of biology, rather than being unique to myogenesis.
Regulatory feedbacks between miRNAs and their gene tar-
gets. In several cases a miRNA is found to be under the regulation
of its own target, forming a feedback loop. For instance, miR-1
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targets HDAC4 and subsequently activates MEF2, which in turn
stimulates miR-1 expression; at the same time, miR-133 targets
SREF, a regulator of miR-133 transcription (Fig. 1A).*° MiR-29
expression is suppressed by its target YY1 (Fig. 1B).”* During
myogenic differentiation, miR-29 is induced and it inhibits the
expression of YY1, resulting in a robust upregulation of this
myogenic miRNA.>*!7 In rhabdomyosarcoma cells and primary
tumors where YY1 is elevated, miR-29 is silenced and differentia-
tion is therefore impaired.**'"” Similarly, miR-214 expression is
suppressed in myoblasts by its target Ezh2. Upon differentiation
Ezh2 is disengaged from the miR-214 promoter, which is then
occupied and activated by MyoD and myogenin, leading to miR-
214 expression. MiR-214 in turn downregulates Ezh2 expression,
forming a feedback loop ensuring the progression of myogenic
program (Fig. 1C).* In the case of miR-1, miR-206 and miR-486
(Fig. 1D), they all target Pax7,“°* which promotes the expres-
sion of Id2, an inhibitor of MyoD; the derepression of MyoD in
turn activates the expression of these miRNAs, driving a MyoD-
dependent differentiation state.” Another example is the intronic
MyomiRs, miR-208b and miR-499 (Fig. 1E), that are expressed
along with their host myosin genes and target the repressors of
the transcription of those genes, thus effecting myofiber type
specification and muscle performance.?” This mode of feedback is
likely to ensure robustness of responses that drive developmental
switches such as myogenic differentiation.

Multiplicity of miRNA targeting. The combinatorial effects
of co-functioning miRNAs and their multi-gene targeting are one
of the defining features of miRNA regulation. MiRNAs having a
common seed sequence may share gene targets, which can result
in redundancy or cooperation of regulation. Myogenic miRNAs
characterized so far that fall into that category include (pair-wise)
miR-1/miR-206, miR-221/miR-222, miR-208/miR-499 and
miR-322/424/miR-503. In addition, many myogenic miRNAs
have closely related isoforms that most likely share gene targets
and therefore function redundantly, although not all of them
have been studied. The contribution of each miRNA isoform to
a specific process will likely depend on the expression level of that
isoform. For instance, of the two miR-125 isoforms, miR-125b
appears to play a dominant role in negatively regulating skeletal
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myogenesis while miR-125a levels in both myoblasts and myo-
tubes are very low."¢%1% The functional redundancy of miRNAs
extends beyond miRNA families, as it has become apparent that
a gene can be simultaneously targeted by multiple miRNAs with
unrelated sequences. Examples discussed in this review include
Pax7 targeting by miR-1/miR-206 and miR-486, and Ezh2 tar-
geting by miR-24 and miR-214. Conversely, a single miRNA
often exerts its function by targeting multiple genes. MiR-1 and
miR-206 illustrate this principle nicely, their reported targets
including a DNA polymerase, a gap junction protein, a muscle
structural protein, a transcriptional regulator, an oncogenic
receptor tyrosine kinase and others. It is expected that many
more cases of multi-targeting in both modes will be discovered,
as myogenic miRNAs continue to be characterized.

Concluding Remarks

Over the last decade, our insights into miRNA regulation
and function have grown exponentially, with paradigms being
established, although working models are still constantly modi-
fied by the continuous output of a tremendous volume of data.

The regulatory roles of miRNA have been established in almost

199 with a dozen

every aspect of skeletal muscle development,
or so myogenic miRNAs identified and their targets revealed
(Table 1). However, this is unlikely to be a complete list. Future
work, partly inspired by the sizable number of miRNAs found
to be differentially expressed during skeletal myogenesis and
powered by recent technological advances in biochemical puri-
fication of miRNA targets and deep sequencing,’”” will likely
expand the family of myogenic miRNAs significantly. As our
knowledge of individual myogenic miRNAs accumulates, it will
be desirable and potentially feasible, to piece together a network
of miRNAs and their targets and achieve an understanding of
the circuitry at a systems biology level. Towards that goal, it will
also be interesting to probe sufficiency of miRNA regulation—
is there a subset of miRNAs that is sufficient for governing each
key step of skeletal myogenesis? Adding individual or groups
of miRNAs back into miRNA-depleted (e.g., Dgcr8 knockout)
myocytes or muscles could help tackle this issue. Finally, as a
new class of regulators of skeletal myogenesis, miRNAs hold
the potential for the development of novel biomarkers and ther-
apeutic strategies for muscular diseases.
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