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Abstract

Cardiac and skeletal muscle development are controlled by evolutionarily conserved networks of
transcription factors that coordinate the expression of genes involved in muscle growth,
morphogenesis, differentiation, and contractility. In addition to regulating the expression of protein-
coding genes, recent studies have revealed that myogenic transcription factors control the expression
of a collection of microRNAs, which act through multiple mechanisms to modulate muscle
development and function. In some cases, microRNAs fine-tune the expression of target mMRNAS,
whereas in other cases they function as “on-off” switches. MicroRNA control of gene expression
appears to be especially important during cardiovascular and skeletal muscle diseases, in which
microRNAs participate in stress-dependent remodeling of striated muscle tissues. We review
findings that point to the importance of microRNA-mediated control of gene expression during
muscle development and disease, and consider the potential of microRNAs as therapeutic targets.

Introduction

The development of cardiac and skeletal muscle is orchestrated by evolutionarily conserved
networks of transcription factors that regulate the expression of genes involved in muscle
growth, differentiation, and contractility. The most ancient of these myogenic transcription
factors is the MADS (MCM1, Agamous, Deficiens, Serum response factor) box transcription
factor myocyte enhancer factor-2 (MEF2), which directly activates the majority of muscle
genes through combinatorial interactions with other transcription factors [1]. In cardiac muscle,
MEF2 and another MADS-box transcription factor, serum response factor (SRF),
cooperatively activate cardiac gene expression by association with GATA, T-box, and Nkx2.5
transcription factors, as well as the myocardin family of transcriptional co-activators, whereas
in skeletal muscle MEF2 activates the myogenic differentiation program in conjunction with
the basic-helix-loop-helix (bHLH) transcription factors, MyoD and myogenin [2,3]. Recent
studies have revealed that, in addition to activating genes involved in muscle differentiation
and muscle contraction, these myogenic transcription factors activate the expression of a set
of conserved microRNAs (miRNAs) that function to “fine-tune’ the output of these
transcriptional networks, resulting in precise cellular responses to developmental, physiologic,
and pathologic signals. The integration of miRNAs into the core muscle transcriptional
program expands the precision and complexity of gene regulation in muscle cells because
individual miRNAs are capable of regulating hundreds of MRNAsS, and individual mMRNAS can
be targeted by many miRNAs. In this review, we discuss recent publications that have
illuminated the roles of miRNAs in muscle development and disease.

"Corresponding Author: Eric N. Olson (eric.olson@utsouthwestern.edu).

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 2

mMiRNA Biogenesis and Function

miRNAs are small, evolutionarily conserved noncoding RNAs that are transcribed by RNA
polymerase Il as long pri-miRNAs encoding one or more miRNAs. Most miRNAs are
transcribed as independent transcripts, but approximately a third are embedded within introns
of protein-coding genes and processed following splicing of pre-messenger RNAs [4]. Pri-
miRNAs are processed in the nucleus by the proteins Drosha and DGCRS8, which produce an
~70 nucleotide hairpin RNA, termed the pre-miRNA, which is subsequently exported to the
cytoplasm where it is processed by Dicer to yield a duplex RNA ~22 nucleotides long. This
duplex is released from Dicer and the single-stranded mature miRNA is incorporated into the
RNA-induced silencing complex (RISC) where it associates with complementary target
mRNAs [4,5].

miRNAs regulate gene expression through sequence-specific interactions with the 3’
untranslated regions (UTRs) of target mRNAS resulting in translational repression or mMRNA
destabilization [5]. The primary determinant of binding specificity to complementary target
MRNAs is determined by Watson-Crick base-pairing of nucleotides 2 to 8 at the 5’ end of the
miRNA, referred to as the “seed sequence”. However, nucleotides outside of this region also
influence MRNA repression, as does the secondary structure of the surrounding regions of the
MRNA 3" UTR sequence and the location of the miRNA target site relative to the open reading
frame [6]. miRNA target identification and validation remains a major challenge in the field,
as different bioinformatic prediction programs frequently predict remarkably different mMRNA
targets for individual mRNAs, and it is not uncommon for predicted targets to show little or
no regulation by a predicted miRNA when tested biochemically. Another limitation to the
validation of miRNA targets in vivo is that most studies to date have involved over-expression
of miRNAs and analysis of their effects on artificial reporters linked to the 3" UTRs of predicted
mMRNA targets. Even in these cases of miRNA over-expression, the effects of individual
miRNAs on mRNA targets are often quite modest (~2-fold). While some miRNAs may exert
their effects through pronounced repression of a relatively small number of mMRNA targets,
more commonly, miRNAs regulate dozens or hundreds of targets by relatively subtle changes
in expression. Thus, the summation of small changes in multiple MRNAs may be responsible
for phenotypic effects of mMiRNAs. Proteomic methods to analyze global changes in protein
expression in response to miRNA deletion represents a powerful approach to define the
functions of miRNAs, but even in this case, it can be difficult to determine with certainty which
of the changes in mMRNA expression are responsible for the functions of the miRNA [7*,8*].
A recent study also demonstrated the ability of a miRNA to be capable of enhancing translation,
raising interesting new possibilities for the regulatory actions of miRNAs [9]. In addition, there
is also evidence that small RNAs can directly control transcription through sequence-specific
interactions with promoter elements of target genes [10]. Perhaps, miRNAs can also function
in a similar setting by directly conferring transcriptional, as well as post-transcriptional
regulation on target genes.

Muscles without miRNASs

An essential role for miRNAS in mouse development was shown by a loss of function mutation
in the miRNA-generating enzyme, Dicer, which results in embryonic lethality by day 7.5
[11]. In order to circumvent the lethality associated with the deletion of Dicer and to study the
roles of Dicer in specific tissues, several groups have generated conditional null alleles of
Dicer. Deletion of Dicer in cardiomyocytes using a Cre recombinase ‘knocked-in’ to the
endogenous Nkx2.5 locus, which directs expression in cardiac progenitors from embryonic day
(E) 8.5, leads to embryonic lethality by E12.5 due to pericardial edema and a poorly developed
ventricular myocardium [12**]. In addition, post-natal deletion of Dicer in cardiomyocytes
results in a loss of cardiac contractility, cardiac function, and premature death [13,14]. The
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deletion of Dicer from post-natal cardiomyocytes was shown to result in down-regulation of
miRNAS, as predicted. However, intriguingly, a set of miRNAs was also up-regulated in these
mutant hearts [14]. The molecular basis for this observation is unclear, but it may reflect
compensatory changes in miRNA expression in non-myocyte cell populations of the heart.

Deletion of a conditional Dicer allele in embryonic skeletal muscle using a MyoD Cre
recombinase transgene also results in perinatal lethality due to skeletal muscle hypoplasia
[15]. While the above studies illustrate the importance of miRNA processing for muscle
development and function, they do not indicate whether this essential function of Dicer reflects
requisite roles of specific miRNAs or multiple miRNAs in these processes.

Muscle Specific miRNAs

Several individual miRNAs are specifically expressed in cardiac and skeletal muscle (Table
1) [16]. Of these, the most widely studied are members of miR-1/206 and miR-133a/133b
families, which originate from bicistronic transcripts on three separate chromosomes (Figure
1) [17*]. miR-1-1 and miR-1-2 are identical and differ from miR-206 by 4 nucleotides, and
miR-133a-1 and miR-133a-2 are identical and differ from miR-133b by 2 nucleotides. Cardiac
and skeletal muscle specific transcription of miR-1-1/133a-2 and miR-1-2/133a-1 in
vertebrates appears to be controlled by two separate enhancers, one upstream and the other
intronic (Figure 1) [18*-20]. The myogenic transcription factors SRF, MEF2, and MyoD
control the expression of miR-1 and miR-133a in cardiac and skeletal muscle. In the case of
the miR-1-2/133a-1 locus, SRF directs cardiac specific expression through the upstream
enhancer and MEF2 directs ventricular expression through the intronic enhancer [18*,20]. In
addition, amiRNA microarray showed miR-1 and miR-133a to be among the most significantly
down-regulated miRNAs in Srf deficient hearts [21].

The third cluster of muscle specific miRNAs encoding miR-206 and miR-133b is expressed
specifically in skeletal muscle [17*]. Skeletal muscle specific transcription of the
miR-206/133b transcript is thought to be controlled by an up-stream regulatory region that is
enriched for MyoD binding in ChlP-on-chip assays using chromatin from C2C12 muscle cells
(Figure 1) [19]. Also, using a MyoD deficient fibroblast cell line, MyoD was shown to directly
activate transcription of miR-206/133b [22].

In vitro and in vivo studies have demonstrated that miR-1 and miR-133a regulate fundamental
aspects of muscle biology such as differentiation and proliferation (Figures 2 and 3). In C2C12
skeletal muscle cells, miR-1 represses the expression of histone deacetylase 4 (HDAC4), a
negative regulator of differentiation and a repressor of the MEF2 transcription factor [17*].
Thus, the repression of HDAC4 by miR-1 establishes a positive feed-forward loop in which
the up-regulation of miR-1 by MEF2 causes further repression of HDAC4 and increased
activity of MEF2, which drives myocyte differentiation [3] (Figure 2). In mice, over-expression
of miR-1 in embryonic cardiomyocytes results in decreased proliferation of cardiomyocytes,
a phenotype that has been attributed to a decrease in the expression of Hand2, a transcription
factor that promotes cardiomyocyte proliferation [20]. Consistent with this model, miR-1-2
deficient mice have an increase in Hand2 expression and an increased number of proliferating
cardiomyocytes (Figure 3) [12**].

In C2C12 myaoblasts, miR-133a promotes proliferation, at least in part, by repressing SRF
[17*]. Genetic deletion of both miR-133a-1 and miR-133a-2 showed that SRF is a direct target
of miR-133a in vivo and suggested that miR-133a suppresses proliferation of cardiomyocytes
by repressing cyclin D2 expression (Figure 3) [23**]. The genetic interaction between
miR-133a and SRF constitutes a negative feedback loop in which the up-regulation of
miR-133a by SRF results in increased repression of SRF (Figure 2). Indeed, the in vitro and
in vivo results seem conflicting regarding a role for miR-133a in regulating proliferation;
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however, SRF has previously been shown to be capable of functioning as an activator of
proliferation and differentiation depending on its association with co-factors such as
myocardin, HOP, and EIk-1 [2].

Viral expression of miR-1 and miR-133a in mouse and human embryonic stem (ES) cells also
showed that both of these miRNAs promote the differentiation of ES cells into mesodermal
progenitors; however, only miR-1 is capable of inducing the differentiation of mesodermal
progenitors to the muscle lineage [24**]. An especially fascinating finding of the latter study
was the ability of miR-1 to substitute for SRF and promote mesoderm formation in SRF-null
ES cells, which are otherwise unable to form mesoderm. This function was attributed to, at
least in part, the repression of the Notch ligand Delta-like 1 (DLL1) [24**].

Together, these results suggest that the primary function of miR-1 is to induce the
differentiation of mesodermal and muscle lineages and the function of miR-133a is to regulate
proliferation and differentiation; albeit in a cell type- and signal-specific manner. Given the
ability of miR-1 to induce mesoderm formation in stem cells, it is curious that global deletion
of Dicer in mice or zebrafish does not prevent the early specification of muscle cells, but instead
seems to act at later steps in muscle development [11,25].

Other functions have been attributed to miR-1 and miR-133a such as regulation of apoptosis
in cardiomyocytes and alternative splicing during myoblast differentiation by regulation of the
alternative splicing factor nPTB [26,27]. Recently, miR-1 was shown to regulate
neuromuscular synapse function in C. elegans through the inhibition of the MEF2 transcription
factor [28*]. miR-1 and miR-133a have also been shown to have functions within the vertebrate
cardiac conduction system. miR-1-2 deficient mice exhibit electrophysiological defects such
as a shortened PR interval and prolonged QRS complex, which have been attributed to the
increase in expression of IRX5 [12**]. Manipulation of miR-1 expression in adult ischemic
rat hearts through the delivery of oligonucleotides demonstrated that over-expression of miR-1
is capable of causing arrhythmias, while the knock-down of miR-1 expression is capable of
suppressing arrhythmias through the inhibition of Connexin 43 and KCNJ2 expression [29].
In addition miR-1 and miR-133 were shown to suppress the expression of other mMRNAS
encoding components of the cardiac conduction system, such as ether-a-go-go related gene
(HERG) and the pacemaker channel genes Hcn2 and Hen4 [30,31].

Like miR-1, miR-206 has been shown to promote differentiation of C2C12 myoblasts in vitro
[32,33]. miR-206 induces muscle differentiation by repressing the expression of a subunit of
DNA polymerase alpha (Polal), connexin 43 (Cx43); as well as follistatin-like 1 (Fstl1) and
utrophin (Utrn) [22,32,33]. Also, miR-206 was reported to repress estrogen receptor alpha
(ERa) protein expression in ER negative breast cancer cells [34]. The function of miR-206 and
miR-133b in skeletal muscle is currently unknown, but many functions have been proposed
such as a regulator of slow muscle fiber identity, a mediator of skeletal muscle hypertrophy,
and a regulator of skeletal muscle regeneration [35-37].

Although expressed in a similar manner in response to various developmental and stress
signals, the sequences of miR-1 and miR-133 are quite divergent (sharing only 4 nucleotides).
Indeed, miR-1 and miR-133 are only predicted to share approximately 38 target genes (~10%
of total) compared to 480 total predicted target genes for miR-1 and 351 total predicted target
genes for miR-133 using the microRNA target prediction program TargetScan [6]. The
bioinformatically predicted targets and experimentally determined functions for miR-1 and
miR-133 suggest that these two miRNAs share divergent and overlapping functions.
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Proper function of the heart depends on the expression of myosin heavy chain (MHC) proteins
MYHS6 (a-MHC) and MYH7 (3-MHC). Cardiac injury results in a decrease in the expression
of the adult myosin gene, Myh6, and an increase in the expression of the embryonic myosin
gene, Myh7. Recently, it was discovered that these myosin genes also encode a family of
miRNAs, called MyomiRs, which have important functions in regulating myosin content and
stress-dependent cardiac remodeling [38].

a-MHC, the major contractile myosin in the adult murine heart co-expresses the heart specific
miRNA, miR-208. miR-208 deficient mice are viable but show an inability to up-regulate the
expression of B-MHC in response to injury and hypothyroidism [39**] (Figure 4). In addition
to the significant attenuation of B-MHC expression, hearts from miR-208 deficient animals
have increased expression of fast skeletal genes, less fibrosis, and maintain cardiac contractility
and cardiac function following stress compared to wild-type animals. This function of miR-208
was attributed to the repression of protein levels of the thyroid hormone receptor coregulator
1 (THRAP1), which exerts positive and negative effects on the thyroid hormone receptor
depending on genomic context (Figure 4). Loss- and gain-of-function experiments with
THRAPL1 in the heart have not yet been reported, but will be of particular interest.

B-MHC, the major contractile protein in slow skeletal muscle and in the embryonic and failing
murine heart encodes miR-208b. Since a-MHC and B-MHC are expressed in an opposing
manner during cardiac development and remodeling, miR-208 and miR-208b are also co-
expressed in an opposing manner. Since miR-208b differs from miR-208 by only 3 nucleotides,
this type of regulation maintains a constant level of ‘miR-208 activity’ in the heart [38]. The
third member of the MyomiR family, miR-499, is co-expressed with Myh7b. The precise
functions of miR-208b and miR-499 are currently unknown and determination of their roles
in the control of stress induced remodeling of cardiac and skeletal muscle is a key challenge
for the future.

The functions of MyomiRs in the human heart also remain to be defined. Since a-MHC
represents a very minor fraction of the total myosin content in the human heart, whereas -
MHC is highly abundant, it is conceivable that miR-208b, encoded by the B-MHC gene, fulfills
the functions of miR-208 in the rodent heart.

miRNAs with Functions in Muscle

In addition to muscle-specific miRNAs, there are also examples of ubiquitously expressed
miRNAs that have been shown to have functions in muscle. In zebrafish, miR-214 was shown
to act as a positive regulator of the slow muscle phenotype, by targeting suppressor of fused
(Su(fu)), a negative regulator of hedgehog signaling [40]. miR-138 was reported to contribute
to chamber-specific gene expression patterns in the zebrafish heart by targeting aldehyde
dehydrogenase-1a2 (RALDH2), a regulator of retinoic acid biosynthesis [41]. The miR-181
isoforms, miR-181a and miR-181b, were shown to be induced upon the initiation of
myogenesis and regulate myoblast differentiation by repressing HoxA-11 protein levels [42].

mMiRNAS in Muscle Disease

Several important studies have indicated that miRNA expression is dysregulated in cardiac and
skeletal muscle disease and in some cases individual miRNAs have been shown to cause or
alleviate disease. The first series of such studies focused on the profiling of miRNAs in
hypertrophic murine and human hearts and revealed a common set of miRNAs that are elevated
in hypertrophic hearts [43-46]. One of these miRNAs, miR-195, was shown to be sufficient
to induce heart failure and death due to loss of cardiac muscle cells when over-expressed in
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the hearts of transgenic mice under control of a cardiac-specific promoter [46]. Through
profiling of miRNAs dysregulated following myocardial infarction (MI) in mice, we found
that the miR-29 family of miRNAs is down-regulated following MI and this miRNA family
functions to control cardiac fibrosis through the direct regulation of collagen expression
[47%].

Further studies demonstrated an induction of fetal miRNAs in adult human failing hearts
compared to healthy hearts, a subset of which are sufficient to induce fetal gene reprogramming
in cultured cardiomyocytes [48]. Additionally, global profiling of miRNAs in different forms
of human heart disease demonstrated that miRNA gene expression signatures are diagnostic
for distinct but related forms of heart disease such as dilated cardiomyopathy, ischemic
cardiomyopathy, and aortic stenosis [49]. In this regard, miRNA-based diagnostics are likely
to emerge as a useful means of molecularly defining specific forms of heart disease and disease
progression.

Several studies have also focused on the identification of miRNAs dysregulated in skeletal
muscle regeneration and muscular dystrophy. Kunkel and colleagues profiled miRNAs in
muscle samples from a variety of human patients with primary muscle disorders and found a
collection of MiRNAs commonly dysregulated among patients with different types of muscle
disorders [50]. The muscle-specific miRNA, miR-206, was found to be up-regulated in the
diaphragm of dystrophin deficient (mdx) mice, a model of muscular dystrophy [37]. Another
recent study demonstrated that miR-206 is up-regulated in the skeletal muscle of mdx mice
and also upon injection of cardiotoxin, a potent inducer of muscle regeneration; however, the
expression of miR-1 and miR-133a were not changed [51]. Also, a positive feed-forward
mechanism involving genetic interactions between the transcription factors NF-xB and Y'Y
and the miRNA, miR-29, demonstrated that miR-29 regulates myoblast differentiation and
functions as a tumor suppressor in rhabdomyosarcomas, a tumor resulting from the
dysregulated proliferation of muscle progenitor cells [52*].

Collectively, these studies demonstrate that the expression patterns of miRNAs are
dramatically and distinctly altered during various types of cardiac and skeletal muscle disease
and that the manipulation of disease-associated miRNAs represents a potentially powerful
diagnostic and therapeutic approach to treat muscle disease.

Therapeutic manipulation of miRNAs with antagomiRs and miR mimics

Therapeutic manipulation of miRNAS represents a potentially powerful approach to treat
cardiovascular and skeletal muscle diseases. In this regard, cholesterol-modified antisense
oligonucleotides, referred to as antagomiRs, show remarkable efficacy in the inhibition of
miRNAs following intravenous delivery in vivo [53]. Engelhardt and colleagues showed that
delivery of an antagomiR to miR-21, amiRNA up-regulated in failing hearts, preserved cardiac
function and reduced cardiac fibrosis following pressure overload, which they proposed to be
mediated by up-regulation of sprouty homolog 1 (SPRY 1), an inhibitor of MAP kinase
signaling [54**]. Delivery of an antagomiR that blocks the activity of miR-133 was shown to
induce cardiac hypertrophy, which was proposed to be mediated by the derepression of MRNAs
encoding proteins involved in cytoskeletal rearrangements such as Cdc42 and RhoA [53,55].
However, genetic deletion of miR-133a-1 and miR-133a-2 did not result in cardiac hypertrophy
[23**].

Why might an antagomiR evoke a different phenotype than genetic deletion of a miRNA? One
possibility is that antagomiRs do not completely eliminate the targeted miRNA, in contrast to
a genetic deletion. Thus, residual levels of a miRNA might be sufficient for certain functions.
Alternatively, genetic deletion eliminates the expression of a miRNA throughout the

embryogenesis and the lifetime of an organism, which might allow for compensatory pathways
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that are not operative in the transient setting of antagomiR-based inhibition. Finally,
antagomiRs do not affect the accumulation of pre-miRNAs or miRNA passenger strands (also
referred to as star strands), whereas most gene deletion strategies eliminate these sequences.
Perhaps, these molecular intermediates have additional functions that are not completely
understood. In this regard, the regulation of the processing and subcellular localization of
miRNAs is beginning to be recognized as additional layers of potential regulation [56-59]. It
will be interesting to determine if these additional types of miRNA regulation have any function
in the settings of muscle biology and disease.

Alternatively, one could reconstitute the expression of a miRNA that is down-regulated in a
disease through the delivery of amiR mimic, an oligonucleotide that contains a mature miRNA
sequence and can function to repress endogenous target genes. Future studies will need to
improve the pharmacodynamic properties and delivery of these modified oligonucleotides to
achieve successful over-expression and knock-down of miRNAs in vivo.

Conclusions

Although many important findings have been made within the past few years, our current
knowledge about the function of miRNAs in muscle development and disease is still quite
limited given the multitude of possible interactions between transcription factors, miRNAs,
and their target mMRNASs. Future studies will need to focus on characterizing the in vivo
functions of individual vertebrate miRNAs followed by the identification of their downstream
target mMRNASs. Identification of the miRNA expression signatures of human diseases
represents a rich area of future research with the potential to identify new therapeutic targets.
The sequence-specific actions of miRNAs coupled with recent advances in the delivery of
modified oligonucleotides suggests that modulation of miRNA expression may constitute a
new therapeutic approach to treat cardiac and skeletal muscle disease in the near future.
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Figure 1. Three bicistronic clusters of muscle-specific miRNAs

Three bicistronic gene clusters each encoding two miRNAs are shown. miR-1-1, -1-2 and -206
are nearly identical in sequence, as are miR-133a-2, -133-a-1 and -133b. Cis-regulatory
elements that direct muscle-specific expression of each locus are indicated by black boxes, and
the transcription factors that act through these elements are shown.
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MEF2 and MyoD control expression of miR-1, miR-133 and miR-206 in skeletal muscle.
Targets for repression by these miRNAS, and the processes they regulate during skeletal muscle

development, are shown.
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Figure 3. miRNA-transcription factor circuits involved in cardiac growth and development
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Expression of miR-1 and miR-133 in cardiac muscle is controlled by MEF2 and SRF. Targets
for repression by miR-1 and miR-133, and the processes they regulate during cardiac growth

and development, are shown.
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Figure 4. Control of cardiac remodeling by MyomiRs

The alpha- and beta-MHC genes encode miR-208 and miR-208b, respectively. miR-208
represses expression of the thyroid hormone receptor-associated protein, THRAP1, which acts
as a positive and negative regulator of thyroid hormone receptor-dependent transcription.
miR-208 is required for up-regulation of beta-MHC expression and for hypertrophy and
fibrosis in response to cardiac stress.
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Table 1
Muscle Specific miRNAs
miR Target Gene(s) Function References
miR-1 Hdac4 Myoblast Differentiation 17
Irx5, Connexin 43, Kcnj2, Hen2, Hend Cardiac Conduction System 12'29130
Hand2 Cardiac Proliferation 12,20
DIl Cardiac Mesoderm Differentiation 24
Mef2 Neuromuscular Synapse Function 28
miR-133 Srf Myoblast Proliferation, Smooth Muscle Gene Expression 1723
Cyclin D2 Cardiac Proliferation 23
Rhoa, Cdc42, Whsc2 Cardiac Hypertrophy 55
Ether-a-go-go, Hen2 Cardiac Conduction System 30’31
miR-206 Polal, Connexin 43, Fst1, Utrn Myoblast Differentiation 22’32'33
miR-208 Thrapl B-MHC Gene Expression 39
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