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Abstract

MicroRNA (miRNA) are a class of noncoding RNA involved in regulating gene expression by a 

posttranscriptional mechanism. Based on work from our laboratory, this review explores the 

hypothesis that a recently described muscle-specific miRNA, myomiR, network has a central role 

in the regulation of skeletal muscle plasticity by coordinating changes in fiber type and muscle 

mass in response to altered contractile activity.
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INTRODUCTION

MicroRNA (miRNA) represent a family of noncoding RNA of approximately 23 nucleotides 

that regulate gene expression through a posttranscriptional mechanism. Originally described 

as “short temporal RNA” in Caenorhabditis elegans, miRNA emerged from a decade of 

relative obscurity with the observation that let-7 was expressed in a wide range of animals 

and, then a year later, with the identification of 30 to 50 new miRNA in the fly, worm, and 

human (3,15,17,18,29). Since then, there has been an explosion in the number of identified 

miRNA, such that the latest version of miRBase contains more than 17,000 distinct mature 

miRNA (miR) sequences from 142 species with 1048 validated miR in humans (14).

The most recent analysis has revealed that more than 60% of all human protein coding genes 

harbor conserved miRNA target sites within their 3′-untranslated region (UTR), a finding 

consistent with the emerging notion that miRNA are involved in most developmental and 

cellular processes (9). Whereas the precise molecular details remain to be worked out, it is 

well established that miRNA regulate gene expression through a posttranscriptional 

mechanism involving inhibition of translation and/or degradation of the mRNA transcript 

(8). Somewhat contrary to what has been thought historically, Guo and colleagues (11) used 

ribosome profiling to show that the vast majority (>80%) of miRNA repression of gene 

expression is accounted for by changes in transcript levels resulting from mRNA 

destabilization. Although this is potentially a very important finding, it will need to be 

confirmed in vivo, given, at least in human skeletal muscle, that miRNA appear to function 

primarily through inhibition of translation (10). Moreover, beyond the mechanistic 
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implications, this finding has important relevance to experimental design as it indicates that 

expression profiling is in fact a useful tool for identifying potential miRNA target genes.

Based on work from our laboratory, the purpose of this review was to examine the 

hypothesis that members of the muscle-specific miRNA family, designated myomiR, are 

involved in regulating the phenotypic changes that occur in fiber type and mass in response 

to altered patterns of muscle activity. The review provides a brief introduction on myomiR 

and an overview on what is known currently about the role of myomiR in skeletal muscle 

adaptation. It finishes with a presentation of our findings and those of others, suggesting that 

the myomiR network may have a role in coordinating changes in fiber type and muscle mass 

in response to exercise.

MyomiR: Muscle-Specific MiRNA

In addition to discovering that miRNA were conserved phylogenetically, there also was the 

realization that some miRNA seemed to be expressed in a tissue-specific manner. The 

mature form of miRNA-1 (miR-1) was found to be expressed only in the human heart, but 

not in the brain, kidney, liver, lung, or HeLa cells (15,18). The tissue specificity of some 

miRNA was later confirmed by the finding that miR-1, miR-122a, and miR-124a were 

expressed only in the muscle, liver, and brain, respectively (16). Sempere and coworkers 

(31) provided the first description of striated muscle–specific miRNA, miR-1, miR-133a, 

and miR-206, which were designated myomiR subsequently (23,31). The myomiR family 

has expanded to include miR-208a, miR-208b, miR-499, and most recently, miR-486 (Table 

1) (32,35,36). Most myomiR family members are expressed in both the heart and skeletal 

muscle, except for miR-208a, which is cardiac specific, and miR-206, which is skeletal 

muscle specific and enriched in slow-twitch muscles such as the soleus (Table 1) (25).

Since their initial description, a great deal of effort has gone into determining the function of 

myomiR in striated muscle (reviewed in (21)). The finding that overexpression of miR-1 

caused a shift toward a myogenic profile in HeLa cells suggested that myomiR may have a 

fundamental role in promoting a muscle cell identity (20). The importance of myomiR in 

myogenesis was first demonstrated by the finding of Sokol and Ambros (33), who reported 

that the deletion of miR-1 in the fly resulted in premature death from a failure of skeletal 

muscle to grow properly during the second instar. Table 1 lists the known myomiR, their 

host genes, expression patterns, and whether they have been knocked out in the mouse. 

Interestingly, myomiR seem to have uniform expression throughout the muscle (miR-1 and 

miR-133a), independent of fiber type, or are enriched in Type I muscles (miR-206, 

miR-208b, and miR-499); to date, no miRNA has been reported to be enriched specifically 

in fast-twitch Type II muscle. As detailed in Table 1, most of the myomiR have been deleted 

in the mouse with surprisingly little impact on skeletal muscle phenotype (5,22,35–38). For 

example, deletion of skeletal muscle-specific miR-206 resulted in no obvious phenotype, as 

reflected by no change in soleus muscle weight, morphology, or fiber-type distribution; 

however, recovery from denervation was delayed in the muscle of the miR-206 knockout 

(37). This finding is consistent with earlier work by the Olson laboratory, showing that 

miR-208a is necessary for the stress response involved in cardiac hypertrophy (36). 

Collectively, these findings provide credence to the notion that a primary function of miRNA 
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is to mediate the stress response of the cell by helping to restore homeostasis through 

regulating gene expression (19).

Regulation of MyomiR Expression by Changes in Muscle Activity

It is well known that changes in the contractile activity of a muscle can induce a number of 

different stresses, the most obvious being mechanical and metabolic. Accordingly, it is 

reasonable to speculate a priori that miRNA may have a role in the stress response of muscle 

to changes in use. Table 2 summarizes the results of published studies that have examined 

the expression of miRNA in response to changes in contractile activity, with an emphasis on 

myomiR (1,2,7,24,26, 28,30). To aid in identifying a potential pattern in myomiR expression 

in response to different types of activity, Table 2 has been organized into resistance exercise, 

unloading, and endurance exercise (acute and chronic). Most of the studies have focused on 

the canonical myomiR (miR-1, miR-133a, and miR-206), with miR-1 appearing to be the 

most responsive to changes in contractile activity, regardless of the modality. With resistance 

exercise, independent of the species or duration, miRNA expression was down-regulated, 

miR-1 in particular. Similarly, prolonged unloading of muscle, whether by casting, 

spaceflight, or hind limb suspension, resulted in a decrease in miRNA expression. It seems 

that unloading for less than a week brings about little to no change in miRNA expression, 

whereas longer time points (12 and 28 days) lead to a more significant decrease (40%–60%) 

in the myomiR expression.

The results from studies investigating the impact of endurance exercise on miRNA 

expression are less clear than the results from the resistance exercise and unloading studies. 

In humans, a single bout of cycling caused an approximately 40% increase in miR-1 and 

miR-133a expressions, whereas a bout of treadmill running in the mouse resulted in a 

similar increase in the miR-1 expression, but no change in the miR-133a expression (Table 

1). After training, Nielsen and coworkers (28) observed a consistent decrease in myomiR 

expression, whereas Aoi et al. (2) reported the opposite — a uniform increase in myomiR 

expression after endurance exercise training. The reason for the discrepancy in the results of 

these two studies is not known but may be related to a difference in species (human vs 

mouse), exercise modality (cycling vs treadmill running), length of training (12 wk vs 4 wk), 

and/or muscle (vastus lateralis vs gastrocnemius). Interestingly enough, in trained 

individuals, a single bout of cycling no longer induced an increase in myomiR expression as 

observed in untrained persons (28). Collectively, the results of the studies summarized in 

Table 2 provide the first evidence suggesting that myomiR have a role in skeletal muscle 

plasticity.

Given that changes in muscle use can induce muscle injury, one question that comes to mind 

immediately is the possible role of myomiR in muscle repair. If so, do the changes reported 

in myomiR expression after exercise reflect their involvement in the injury/repair process? 

Although no studies to date have addressed this important issue directly, there are studies 

examining muscle regeneration after cardiotoxin injection or laceration (6,27). Together, 

these studies indicate that myomiR can enhance muscle regeneration by promoting satellite 

cell differentiation through the down-regulation of Pax7 expression. It will be of interest to 

see if a similar mechanism is operative during muscle repair in response to exercise.
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MyomiR Network

Although the field has yet to explore fully the role of the new members of the myomiR 

family, our laboratory reported changes in miR-208b and miR-499 expression during muscle 

atrophy that portends a role for these family members in skeletal muscle plasticity (26). 

Specifically, we found that the expressions of miR-208b and miR-499 were decreased 

significantly by 60% and 40%, respectively, in the rat soleus muscle after 28 days of hind 

limb unloading (26). In contrast, there was no change in the canonical myomiR after 2 and 7 

days of hind limb loading, although it remains to be determined if the expression of these 

miRNA are changed after a longer period of unloading. Our finding that miR-208b and 

miR-499 expression was down-regulated during muscle atrophy was exciting but took on 

new meaning when it was realized that these miRNA were part of a recently described 

myomiR network (34).

The idea of a myomiR network was proposed originally by the Olson laboratory in a review 

article discussing the emerging role of miRNA in muscle (34). The first clue of a myomiR 

network appeared in a study by van Rooij and coworkers (36), in which they showed that 

inactivation of miR-208 (now referred to as miR-208a) blunted induction of the Myh7 gene 

in response to a hypertrophic stimulus or hyperthyroidism in the heart; Myh7 encodes the β-

myosin heavy-chain (β-MHC) protein. The discovery that a miRNA derived from an intron 

of a myosin gene (miR-208a is encoded by an intron of Myh6, which encodes the α-MHC 

protein) regulated the expression of a second myosin gene, the β-MHC, was an intriguing 

revelation and suggested that other such interactions might exist. In a tour de force study, the 

Olson laboratory provided proof of the myomiR network recently and laid out in detail the 

components and interactions of the network (35).

The portion of the myomiR network that is operative in skeletal muscle is presented in the 

Figure; the full myomiR network includes Myh6/miR-208a, which is not expressed in 

skeletal muscle under normal conditions (35). As depicted, the miR-208b is encoded by 

intron 31 of Myh7, and miR-499 is derived from intron 19 of the Myh7b gene. The 

expression of these myomiR parallels the expression of their respective host genes, such that 

miR-208b is enriched in slow-twitch Type I muscles with a very low expression in the heart, 

whereas miR-499 is expressed in the heart and enriched in Type I muscles (Table 1). These 

miRNA have been shown to regulate the expression of transcription factors (Sox6, Purβ, and 

Sp3) that are known to repress the expression of the slow-twitch phenotype, as assessed by 

β-MHC expression (12,13,35). In particular, studies have provided strong evidence that Sox6 
is a potent repressor of β-MHC expression (12,35).

The study by van Rooij and colleagues (35) demonstrated that the myomiR network sets 

fiber type in skeletal muscle by repressing the expression of transcription factors, that is, 

Sox6, known to inhibit the expression of slow-twitch genes such as the β-MHC gene; in 

essence, miR-208b and miR-499 repress the repressors, thereby promoting the slow-twitch 

phenotype (35). These molecular interactions establish a feedback circuit in which 

miR-208b regulates the expression of Sox6, which in turn represses Myh7 expression, the 

host gene of miR-208b. As proof of this feedback mechanism, inactivation of both 

miR-208b and miR-499 resulted in a significant loss of Type I fibers in the soleus muscle 
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that was associated with a 60% decrease in β-MHC expression concomitant with increased 

expression of Sox6 (35). Conversely, overexpression of miR-499 caused the complete 

conversion of all fibers in the soleus muscle to Type I from about 55% Type I in the wild-

type mouse soleus. The conversion of skeletal muscle to a Type I phenotype by 

overexpression of miR-499 increased running performance as the miR-499 transgenic strain 

ran 50% longer than the wild-type strain in a run to exhaustion bout (35). Interestingly, 

overexpression of Sox6 caused almost complete loss of β-MHC and slow troponin I (Tnni1) 

expression but did not alter the expression of the fast troponins (Tnni2 and Tnnt3), 

indicating that target genes other than Sox6 are involved in the regulation of fast-twitch fiber 

gene expression (35). Together, the results of this study show that the myomiR network is a 

master regulator of fiber type in adult skeletal muscle (35).

MyomiR Network Regulation During Fast to Slow Fiber-Type Transition

What role does the myomiR network have in skeletal muscle plasticity? Whereas this 

question remains to be explored fully, results from our laboratory provided the first evidence 

suggesting that the myomiR network may be operative during periods of muscle plasticity. A 

hallmark of the fiber-type transition associated with skeletal muscle atrophy is the down-

regulation of the slow-twitch myosin heavy-chain gene, the β-MHC. Accordingly, the 

decreases in miR-208b and miR-499 expressions we observed with muscle atrophy resulted 

in a greater than twofold increase in Sox6 expression, which, in turn, was associated with 

repression of β-MHC expression by 28% (26). Although these results are highly suggestive, 

we need to perform the same experiments using the miR-208b- and miR-499-knockout mice 

to confirm the involvement of the myomiR network in the fiber-type transition associated 

with muscle atrophy. Furthermore, it will be of great interest to determine if the myomiR 

network is involved in regulating the phenotypic transition known to occur with skeletal 

muscle hypertrophy.

MyomiR Network Regulation of Muscle Mass

One aspect of the myomiR network that has not been investigated is the possibility that the 

network also will be involved in regulating skeletal muscle mass. A predicted target gene of 

miR-208 and miR-499 is myostatin (Mstn), a major regulator of skeletal muscle mass. Callis 

and colleagues (5) reported that miR-208 can repress Mstn expression; first, by an in-vitro 
3′-UTR reporter gene assay and then in vivo, showing increased myostatin protein in the 

miR-208a knockout and decreased myostatin protein in transgenic miR-208a 

overexpression, which was associated with cardiac hypertrophy. Bell et al. (4) extended 

these findings by showing that miR-499 also was capable of repressing Mstn expression. 

The miR-208b- and miR-499-knockout mice will be an invaluable resource for determining 

if, in fact, the myomiR network does have a role in regulating skeletal mass in addition to 

fiber type.

SUMMARY

The MiRNA have emerged as important players in the regulation of gene expression. The 

notion that they are involved primarily in the stress response of the cell makes them ideal 
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candidates for mediating the response of skeletal muscle to changes in contractile activity. 

Although it is still early, the findings of the studies presented in Table 2 suggest that muscle-

specific miRNA, the myomiR, will have a central role in skeletal muscle plasticity. This 

optimism, however, is tempered by the realization that the findings to date, which support a 

role for myomiR in muscle plasticity, are correlative. The challenge for the field will be to 

move beyond these descriptive studies by performing gain- and loss-of-function studies 

using the genetic mouse models described in Table 1. Moreover, to understand fully the 

molecular mechanism by which myomiR regulate skeletal muscle plasticity, it will be 

essential to identify and validate by microarray analysis and 3′-UTR assay, respectively, 

target genes. It will be exciting to see if the myomiR network is involved truly in the acute 

response to changes in contractile activity as well as coordinating the change in fiber type 

and muscle mass that are known to occur with extended training.
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Figure. 
The muscle-specific microRNA (myomiR) network in skeletal muscle. A schematic diagram 

of the myomiR network in skeletal muscle. MiRNA-208b and miR-499 are each encoded by 

an intron (31 and 19, respectively) within myosin heavy-chain (MHC) (Myh) genes 7 and 

7b, respectively. Myh7 encodes the β-MHC protein that is expressed highly in slow-twitch 

skeletal muscle. Both miR-208b and miR-499 have been shown experimentally to regulate 

the expression of transcriptional repressors (Sox6, Purβ, and Sp3) of β-MHC expression. 

Multiple lines of evidence indicate that Sox6 is a major repressor of β-MHC expression in 

skeletal muscle. In addition to regulating fiber type, miR-208b and miR- 499 have been 
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shown to regulate myostatin (Mstn) expression, suggesting that the myomiR network may 

coordinate changes in fiber type and muscle mass.
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TABLE 1

MyomiR: muscle-specific microRNA.

MyomiR Host Gene Expression Pattern Knockout Phenotype Study

MiR-1-1 Mib1 Heart, skeletal muscle No knockout —

MiR-1-2 Intergenic Heart, skeletal muscle 50% lethal, cardiac defect Zhao et al., 2007 (38)

MiR-133a-1 Mib1 Heart, skeletal muscle No overt phenotype Liu et al., 2008 (22)

MiR-133a-2 Intergenic Heart, skeletal muscle No overt phenotype Liu et al., 2008 (22)

MiR-206 Intergenic Skeletal muscle (Type I) No overt phenotype Williams et al., 2009 (37)

MiR-208a Myh6 Heart Blunted stress response van Rooij et al., 2007 (36)

Conduction defects Callis et al., 2009 (5)

MiR Myh7 Heart (low), skeletal muscle (Type I) No overt phenotype van Rooij et al., 2009 (35)

MiR Ank1 Heart, skeletal muscle No knockout —

MiR Myh7b/14 Heart, skeletal muscle (Type I) No overt phenotype van Rooij et al., 2009 (35)
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