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Non coding RNAs and Duchenne Muscular Dystrophy 1 

 2 

Abstract 3 

Purpose of review 4 

Non coding RNAs (ncRNAs), such as microRNAs (miRNAs) and long non-coding RNAs 5 

(lncRNAs) modulate gene transcription or translation in response to environmental stressors 6 

and other stimuli. A role for ncRNAs in muscle pathologies has been demonstrated and 7 

further evidence suggests that ncRNAs also play a role in Duchenne Muscular Dystrophy 8 

(DMD). 9 

Key findings 10 

Studies investigating the differential expression of miRNAs in biological fluids between 11 

DMD patients, and models of dystrophin deficiency (the MDX mouse model, canine models 12 

of DMD) and controls have been published, as have their role in fibrosis. miRNA-1, -133a,b, 13 

and -206 are the most reported miRNAs, and have been implicated in myogenic 14 

differentiation, fibrosis, and regulation of utrophin and dystrophin translation. 15 

Overexpression of miR-486 slows down disease progression in the MDX mouse model. 16 

lncRNAs, such as hsa-lnc-31 and linc-MD1, are differentially expressed in DMD patients and 17 

may, in part, have a mechanism of action via targeting of miRNAs, such as miR-133b. 18 

Although many of these recent findings need to be confirmed, ncRNAs may prove to be 19 

useful as potential biomarkers of disease. However, their use as therapeutic targets in DMD 20 

remains unclear. 21 

Summary 22 

There may be a role for using circulating miRNAs as biomarkers of disease status. The use of 23 

ncRNAs as a therapeutic option for DMD remains to be determined. 24 

 25 
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Introduction 28 

Duchenne Muscular Dystrophy (DMD) is the most common muscular dystrophy affecting 29 

children. It is a severe X-linked neuromuscular disease caused by mutations in the dystrophin 30 

gene. DMD is characterized by a rapid progression of muscle degeneration that leads to the 31 

loss of ambulation and death within the second decade of life without medical intervention 32 

[1–3]. 33 

Dystrophin has a major structural role in muscle as it links the internal cytoskeleton to the 34 

extracellular matrix. The amino-terminus of dystrophin binds to F-actin and the carboxyl 35 

terminus to the dystrophin-associated protein complex (DAPC) at the sarcolemma [4]. The 36 

DAPC includes the dystroglycans, sarcoglycans, dystrobrevin and syntrophin, and mutations 37 

in any of these components cause autosomally inherited muscular dystrophies [3]. The DAPC 38 

is destabilized when dystrophin is absent, which results in diminished levels of its composite 39 

proteins [5]. This, in turn, leads to progressive fibre damage and membrane leakage. 40 

Furthermore, the DAPC has a signalling role, the loss of which also contributes to 41 

pathogenesis [4]. DMD patients are usually wheelchair-bound by the age of 12 and die of 42 

respiratory failure in their late teens or, with the help of respiratory support, in the 3
rd

 or 4
th

 43 

decade of life. Cardiac involvement is invariable, indicating that any therapeutic agent must 44 

also target the cardiac muscle. 45 

Noncoding RNAs (ncRNAs) have emerged as novel molecules that may be important in 46 

DMD [6]. ncRNAs can be sub-classified into three groups: housekeeping RNAs (ribosomal, 47 

transfer and splicesomal), long noncoding (pseudogenes, intronic and intergenic), and the 48 

small ncRNAs (piwi-associated RNA, endogenous short interfering RNA (siRNA) and 49 

microRNAs (miRNAs)). Of these, the miRNAs are the most studied in DMD. miRNAs are 50 

small RNAs, consisting of ~22 nts that are highly conserved across species and act as 51 

regulators of both genes and gene networks [7]. They are able to induce messenger RNA 52 
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(mRNA) degradation and/or inhibit mRNA translation, and as many as 60 % of mRNAs may 53 

be targets for miRNAs [8]. miRNAs control the signalling pathways in most cell types, have a 54 

role in development and cellular phenotype and regulate myogenic proliferation and fibrosis. 55 

Hence, miRNAs have been proposed to have a pathophysiological role in DMD. 56 

Furthermore, because miRNAs have been found to be extremely stable in serum, they may 57 

also be used as biomarkers to aid in the DMD diagnosis, as well as monitoring disease 58 

progression, and response to therapy. This review will focus on the association between 59 

miRNAs and DMD by reviewing the current knowledge (Table 1), and also reflect upon the 60 

lesser known, but also important lncRNAs. 61 

 62 

Human 63 

Eisenberg et al (2007) described 185 miRNAs that are up- or down-regulated in 10 major 64 

muscular disorders in humans (DMD, the milder allelic variant Becker muscular dystrophy, 65 

facioscapulohumeral muscular dystrophy, limb-girdle muscular dystrophies types 2A and 2B, 66 

Miyoshi myopathy, nemaline myopathy, polymyositis, dermatomyositis, and inclusion body 67 

myositis). Although five miRNAs were found to be consistently dysregulated in almost all 68 

muscle specimens analysed, pointing to possible involvement of a common regulatory 69 

mechanism, others were dysregulated only in one disease and not at all in the other disorders 70 

[9]. 29 miRNAs were increased in expression in DMD when compared to control patients 71 

(miR-21, -34a, -130a, -146b, -148, -154, -155, -199a, -199b, -210, -214, -221, -222, -299, -72 

335, -368, -376a, -379, -381, -432, -452, -487b, -495,-2537, -4983, -13145, and -13258), and 73 

2 significantly decreased in expression (miR-30a and -11040) [9]. Zaharieva et al (2013) 74 

furthered these studies, and demonstrated that miR-1, -133a,b and -206 were also upregulated 75 

in DMD, and that patients with low forced vital capacity (FVC) values, indicating respiratory 76 

muscle weakness, present with lower levels of serum miR-1 and -133b [10]. Further similar 77 
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studies [11–14], have suggested a panel of miRNAs including miR-1, -31, -133, -206, -208a,-78 

208b, and -499, that may be useful as biomarkers to diagnose patients, as well as profiling of 79 

different muscle cell phenotypes, including cardiac muscles, skeletal muscles, and vascular 80 

and visceral smooth muscles (miR-1, -133a, -145,-206, -208a, -208b, -499) [15]. Of course, 81 

ensuring that a standard SOP is followed by all such studies is vital to ensure the detection of 82 

“true” biomarkers. As such, the gold standard for miRNA detection methodology is RT-83 

qPCR and to normalize to a synthetic spike-in control oligonucleotide [16]. 84 

As well as acting as possible disease biomarkers, the targets for some of these miRNAs have 85 

also been described. For example, miR-21 and miR-29 play opposing roles in DMD muscle 86 

fibrosis, likely by targeting Collagen, Type III, Alpha 1 (COL3A1), Fibrillin 1 (FBN1) and 87 

YY1 Transcription Factor (YY1), either directly or indirectly [17]. Regulation of miR-199a-5p 88 

in a serum response factor (SRF)-dependent manner in human primary myoblasts and 89 

myotubes results in changes in cellular size, proliferation, and differentiation, via targeting of 90 

several myogenic cell proliferation and differentiation regulatory factors within the WNT 91 

signalling pathway, including Frizzled Class Receptor 4 (FZD4), Jagged 1 (JAG1), and 92 

Wingless-Type MMTV Integration Site Family Member 2 (WNT2) [18]. Differential Histone 93 

Deacetylase 2 (HDAC2) nitrosylation, observed in DMD when compared to non-disease 94 

controls deregulates miR-1, -29, and -206, which are linked to the G6PD enzyme, to 95 

extracellular proteins and the fibrotic process, and to muscle regeneration through repression 96 

of the satellite cell specific factor, Paired Box 7 (Pax7), in activated satellite cells [19]. 97 

Furthermore, Greco et al (2009) have recently identified miRNAs involved in the 98 

pathological pathways activated in skeletal muscle damage and regeneration triggered by a 99 

lack of dystrophin [20]. These DMD-signature miRNAs are divided into 3 classes. 1) 100 

Regeneration miRNAs (miR-31, -34c, -206, -335, -449, and -494) induced in DMD patients. 101 

2) Degenerative-miRNAs (miR-1, -29c, and -135a) down-modulated in DMD patients and 102 
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linked to myofiber loss and fibrosis. 3) Inflammatory miRNAs (miR-222 and -223), whose 103 

expression correlated with the presence of infiltrating inflammatory cells [20]. Inhibition of 104 

miR-486 in normal muscle myoblasts results in inhibited migration and failure to repair a 105 

wound in-vitro, and its overexpression results in increased proliferation, by regulating the 106 

phosphatase and tensin homolog deleted on chromosome 10/AKT (PTEN/AKT) pathway 107 

[21]. 108 

Interestingly, miRNAs may also be beneficial in improving exon skipping therapy in DMD 109 

patients. Cazzella et al (2012), has shown that the selection of U1 snRNA-antisense 110 

constructs to confer effective rescue of dystrophin synthesis in a ∆44 DMD genetic 111 

background, through skipping of exon 45. The restored dystrophin is able to recover the delay 112 

in myogenic marker expression in differentiating myoblasts, relocalise neuronal nitric oxide 113 

synthase (nNOS) and to rescue expression of miRNAs (including miR-1 and -29c) previously 114 

shown to be sensitive to the Dystrophin-nNOS-HDAC2 pathway [22]. Furthermore, miR-31 115 

represses dystrophin expression by targeting its 3' untranslated region, and in human DMD 116 

myoblasts treated with antisense oligonucleotides to induce exon skipping,  miR-31 inhibition 117 

increases dystrophin restoration, suggesting that modulating miR-31 expression may provide 118 

an additional strategy for those DMD therapies that are aimed at efficiently recovering 119 

dystrophin synthesis [23]. 120 

Other muscle specific miRNAs that are known to control both inflammation and proliferation 121 

in Airway Smooth Muscle (ASM), such as miR-145 [24], miR-150, -371-5p, -718, -940, -122 

1181, -1207-5p, -1915, -3663-3p [25], and miR-221 [26], may also prove important in DMD, 123 

but have yet to be studied. 124 

 125 

MDX mouse 126 
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There is a certain degree of overlap between miRNAs in human DMD and ‘naturally’ 127 

occurring animal models, suggesting evolutionary conservation of miRNA expression during 128 

DMD development. Indeed, Greco et al (2009) not only described the 3 classes of signature 129 

miRNAs (above), in human DMD, but also in MDX mice [20]. Furthermore, miR-1, -21, -29, 130 

-31, -133a, -148, -206, -222, and -335 are expressed in both species; however miR-29, -21 131 

and -148 are differentially expressed [27–36]. miR-23a, -30e, -34c, -193b, -223, -434, -449, 132 

and -494, as yet, remain unique to the MDX mice. The distribution of miRNAs in mouse 133 

muscle is better understood, compared to the human counterpart, with distinct patterns having 134 

been observed in the tibialis anterior (TA) muscle [31], diaphragm [37], heart [38], and the 135 

soleus and plantaris muscles in the leg [37]. miR-206 is particularly important in MDX mice, 136 

as it has been shown to be induced by fibro-adipogenic progenitors (FAPs), which are known 137 

to contribute to the pathogenesis and progression of DMD [39], as well as being modulated 138 

by mouse insulin-like growth factors (mIGF-1) [40]. The activity of miR-206 included both 139 

skeletal muscle regeneration [41], and differentiation of satellite cells via TNF Receptor-140 

Associated Factor 6, E3 Ubiquitin Protein Ligase (TRAF6) regulation [42]. miRNA targets 141 

are also better defined in the MDX model, with roles for the inhibition of dystrophin (miR-31, 142 

-146b and -374) [43] in Becker muscular dystrophy, improvement of disease progression via 143 

targeting of Dedicator Of Cytokinesis 3 (DOCK3) by miR-486 [44], downregulation of 144 

peroxisome proliferator-activated receptor γ1 (Pparγ1) by miR-27b [45], promotion of 145 

myogenic differentiation via miR-1, -133 and -102 targeting of BAF60 [46], and promotion of 146 

myofibroblast differentiation through the action of miR-29 targeting of Microfibrillar 147 

Associated Protein 5 (Mfap5) [47]. Recently, Israeli et al (2016), have reported upon the role 148 

of the above miRNAs (including miR-1, -21, -31, -133, -142-3p, -149-5p, -193b, -206, and -149 

378a-3p) for the evaluation of therapeutic outcome in medical approaches for numerous 150 

muscular dystrophies, including DMD [48]. 151 
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MDX mice are not the only mouse lineage to prove useful in our understanding of DMD. 152 

Indeed, the fact that extraocular muscles (EOM) are “spared” in advanced DMD [49], led to 153 

Zeiger and Khurana (2010), profiling the miRNA signature of EOM in WT mice, and 154 

discovering that miR-1, -133a and -133b are decreased in expression, and miR-206, is 155 

increased in expression, possibly explaining the differential sensitivity of this muscle allotype 156 

to dystrophin-deficiency [50]. Additionally, Ghahramani et al, (2010) preferred to knock-out 157 

dystrophin with RNAi in C57BL10 mice and study the transcriptome [51]. This approach, not 158 

only highlighted a change in expression of known miRNAs such as miR-208b, but also 159 

identified novel miRNAs including miR-128, -684 and -1192 [51]. Furthermore, mouse cell 160 

lines (i.e. C2C12) have proven useful in the study of DMD, to describe the posttranscriptional 161 

regulation of utrophin via miRNA targeting (let-7c, miR-133b, -150, -96b, -206, and -296) 162 

[52,53]. 163 

 164 

Canine and Ovine In-vivo Models 165 

Unlike the MDX mouse, which remains relatively normal (clinically), affected canine models 166 

of DMD develop progressive, fatal disease strikingly similar to the human condition. 167 

Accordingly, studies in the canine dystrophin-deficient models, such as golden retriever 168 

muscular dystrophy (GRMD) and canine X-linked muscular dystrophy in Japan dog model 169 

(CXMD(J)) may be more likely than those in MDX mice to predict pathogenesis and outcome 170 

of treatment in DMD. As yet, however, microRNA studies in these models are limited. Both 171 

miR-1 and -133a have been shown to be decreased in GRMD [54], and 9 miRNAs have been 172 

proposed to act as serum biomarkers (miR-1, -95, -133, -206, -208a, -208b, -378, -499, and -173 

539) [55]. Of these, two miRNAs (miR-208b and -539), have been shown to contribute to 174 

hypertrophy and the functional sparing of the cranial sartorius (SC) muscle [56]. Additional 175 
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studies in the Japanese CXMD(J), further highlight the importance of the microRNAs; miR-1, 176 

-133a and -206 [29]. 177 

Interestingly, two of the most frequently reported muscle miRNAs; miR-1 and -206, are 178 

proposed to target the 3'-UTR of the myostatin gene in the Texel sheep leading to inhibition 179 

of myostatin expression, which likely causes the muscular hypertrophy phenotype of this 180 

breed of sheep [57]. 181 

 182 

lncRNAs 183 

In addition to the miRNA family of short noncoding RNAs (< 200 nucleotides), there is now 184 

accumulating evidence that long noncoding RNAs (lncRNAs) with more than 200 185 

nucleotides can regulate multiple biological responses and that changes in their expression 186 

may be related to the development of disease [58,59]. For example, primary human airway 187 

smooth muscle (ASM) cell phenotype might, in part, be mediated through alterations in 188 

lncRNA expression [25], and targeting of the lncRNA, PVT1, has been demonstrated to 189 

control both the aberrant proliferation and inflammatory mediator release from ASM cells 190 

isolated  from patients with severe asthma [60]. Although studies on lncRNAs in DMD are 191 

limited, a handful of papers are starting to highlight the possible importance of these novel 192 

RNAs. 193 

For example, Ballarino et al, (2015) utilized a transcriptomic approach to identify novel 194 

lncRNAs in murine myoblast differentiation [61]. Furthermore, they demonstrated that lnc-31 195 

and its human homologue hsa-lnc-31 are expressed in proliferating myoblasts, where they 196 

counteract differentiation. This is not the only lncRNA to be commonly expressed in both 197 

mouse models and in humans, but linc-MD1 has been shown to be expressed during early 198 

stages of normal murine myoblast differentiation as well as human primary myoblasts from 199 

DMD patients [62], additionally its mechanism of action as a ‘sponge’ for miR-133b was 200 

Page 9 of 19

https://mc04.manuscriptcentral.com/fm-epi

Epigenomics



For Review
 O

nly

described by Twayana et al, (2013) [63]. Clearly, further studies are needed to delineate the 201 

role of these novel transcripts. 202 

  203 

Conclusion 204 

Recent studies indicate that ncRNAs may be important in diagnosing DMD, and in various 205 

aspects of its pathogenesis. However, although treatment of DMD, and other neuromuscular 206 

diseases currently involves oligonucleotide targeting (extensively reviewed in [64,65]), 207 

targeting of ncRNAs, or indeed, the effect of such therapies upon important ncRNAs remains 208 

to be seen. miRNAs (and to a lesser extent, currently, lncRNAs) appear to be important in all 209 

areas of DMD, and there is a potential for ncRNA research to uncover as yet unknown 210 

mechanisms in the pathogenesis DMD as well as being developed into novel therapies. 211 
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microRNA Function Target 

Human   

miR-21, miR-34a, miR-130a, miR-

146b, miR-148, miR-154, miR-155, 

miR-199a, miR-199b, miR-210, 

miR-214, miR-221, miR-222, miR-

299, miR-335, miR-368, miR-376a, 

miR-379, miR-381, miR-432, miR-

452, miR-487b, miR-495, miR-2537, 

miR-4983, miR-13145, miR-13258 

Increased in DMD muscle [9] 
 

? 

 

miR-30a, miR-11040 Decreased in DMD muscle [9] ? 

miR-1, miR-133b Decreased in DMD patients that had low FVC [10] ? 

miR-1, miR-31, miR-133, miR-206, 

miR-208a, miR-208b, miR-499 

Serum biomarker in patients [10–14] ? 

miR-1, miR-133a, miR-145, miR-

206, miR-208a, miR-208b, miR-499 

Profiling of muscle cells [15] 
 

? 

 

miR-21, miR-29 Reduced in DMD muscle and myoblasts [17] Likely: 

COL3A1, 

FBN1 and 

YY1 

miR-199a Dysregulated in dystrophin-deficient zebrafish, MDX 

mice, and DMD human muscle biopsies [18] 

FZD4, 

JAG1, and 

WNT2 

miR-1, miR-29, miR-206 Deregulated by HDAC2 nitrosylation [19] Pax7 

miR-1, miR-29, miR-135a Linked to myofiber loss and fibrosis [20] ? 

miR-1, miR-29 Recovery through exon 45 skipping [22] ? 

miR-486 

 

Regulates PTEN/AKT pathway in dystrophin-

deficient muscle [21] 

PTEN/AKT 

pathway 

miR-31 Represses dystrophin expression at 3’-end [23] Dystrophin 

MDX Mice   

miR-1, miR-23a, miR-29, miR-30e, 

miR-31, miR-34c, miR-133a, miR-

193b, miR-206, miR-222, miR-223, 

miR-335, miR-434, miR-449, miR-

494 

Increased in MDX mice [20,27–34] 
 

HDAC2, 

β1-

syntrophin 

 

 

miR-21, miR-143, miR-146a, miR-

148, miR-429, miR-451 

Decreased in MDX mice [34–36] ? 

miR-18a, miR-21, miR-34b, miR-

146b, miR-501, miR-675, miR-1983 

Increased in MDX mice TA muscle [31] ? 

miR-29c, miR-101b, miR-143, miR-

181a, miR-329, miR-337, miR-381, 

miR-434, miR-539 

Decreased in MDX mice TA muscle [31] ? 

miR-206 Increased in MDX mouse diaphragm [37] ? 

miR-448 Decreased in the hearts of MDX mice [38] Ncf1 

miR-133a Decreased in MDX mouse soleus and plantaris [37] ? 

miR-1, miR-133a, miR-145, miR-

206, miR-208a, miR-208b, miR-499 

Profiling of muscle cells [15] ? 

miR-199a 

 

Dysregulated in dystrophin-deficient zebrafish, MDX 

mice, and human muscle biopsies [18] 

FZD4, 

JAG1, and 
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WNT2 

miR-206 Induced by FAPs [39] ? 

miR-31, miR-146b, miR-374 Inhibits dystrophin [43] Dystrophin 

miR-486 Overexpression halts disease progression [44] DOCK3 

miR-1, miR-29, miR-135a Linked to myofiber loss and fibrosis [20] ? 

miR-24, miR-206 Modulated by mIGF-1 expression [40] ? 

miR-27b NO increased expression leading to downregulation 

of Pparγ1 expression [45] 

Pparγ1 

miR-1, miR-206 Promote differentiation of satellite cells [42] ? 

miR-1, miR-133, miR-102 Promotes myogenic differentiation [46] BAF60A, 

BAF60B 

miR-206 Promotes skeletal muscle regeneration [41] ? 

miR-21, miR-29 Reduced in DMD muscle and myoblasts [17] Likely: 

COL3A1, 

FBN1 and 

YY1 

miR-29 Regulated by TGF-β, and promotes myofibroblast 

differentiation [47] 

Mfap5 

miR-486 Regulates PTEN/AKT pathway in dystrophin-

deficient muscle [21] 

PTEN/AKT 

pathway 

WT Mice   

miR-206 Increased in EOM [50] ? 

miR-1, miR-133a, miR-133b Decreased in EOM [50] ? 

C57BL10 mice   

miR-128, miR-208b, miR-684, miR-

1192 

Dysregulated by dystrophin deficiency [51] ? 

C2C12 Mouse cell line   

miR-206, let-7c, miR-133b, miR-

150, miR-196b, miR-296 

Posttranscriptional regulation of utrophin [52,53] Utrophin 

GRMD   

miR-1, miR-133a Decreased in GRMD [54] ? 

miR-1, miR-95, miR-133, miR-206, 

miR-208a, miR-208b, miR-378, 

miR-499, miR-539 

Serum biomarker in GRMD [55] ? 

miR-208b, miR-539 Contributes to hypertrophy and functional sparing of 

the CS [56] 

? 

CXMD(J)   

miR-1, miR-133a, miR-206 Increased in CXMD(J) [29] ? 

Texel Sheep   

miR-1, miR-206 Causes muscular hypertrophy in Texel sheep [57] Myostatin 

Table 1. microRNAs and DMD 212 

Definition of abbreviations: FVC, forced vital capacity; COL3A1, Collagen, Type III, Alpha 213 

1; FBN1, Fibrillin 1; YY1, YY1 Transcription Factor; MDX, X chromosome-linked muscular 214 

dystrophy; FZD4, Frizzled Class Receptor 4; JAG1, Jagged 1; WNT2, Wingless-Type 215 

MMTV Integration Site Family Member 2; Pax7, Paired Box 7; HDAC2, Histone 216 

Deacetylase 2; PTEN, Phosphatase And Tensin Homolog; AKT, V-Akt Murine Thymoma 217 

Viral Oncogene Homolog; TA, Tibialis anterior; Ncf1, Neutrophil Cytosolic Factor 1; FAP, 218 
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Fibro-adipogenic progenitor; DOCK3, Dedicator Of Cytokinesis 3; mIFG1, mouse Insulin-219 

Like Growth Factor 1; NO, nitric oxide; Pparγ1, Peroxisome proliferator-activated receptor 220 

γ1; TGF, Transforming growth factor; EOM, extraocular muscle; GRMD, Golden retriever 221 

muscular dystrophy; CXMD(J), canine X-linked muscular dystrophy in Japan.  222 

Page 13 of 19

https://mc04.manuscriptcentral.com/fm-epi

Epigenomics



For Review
 O

nly

Reference List 223 

 224 

 1.  Mercuri E, Muntoni F (2013) Muscular dystrophy: new challenges and review of the current 225 

clinical trials. Curr Opin Pediatr 25: 701-707. 10.1097/MOP.0b013e328365ace5 226 

[doi];00008480-201312000-00012 [pii]. 227 

 2.  Hoffman EP, Brown RH, Jr., Kunkel LM (1987) Dystrophin: the protein product of the 228 

Duchenne muscular dystrophy locus. Cell 51: 919-928. 0092-8674(87)90579-4 [pii]. 229 

 3.  Dalkilic I, Kunkel LM (2003) Muscular dystrophies: genes to pathogenesis. Curr Opin Genet 230 

Dev 13: 231-238. S0959437X03000480 [pii]. 231 

 4.  Blake DJ, Weir A, Newey SE, Davies KE (2002) Function and genetics of dystrophin and 232 

dystrophin-related proteins in muscle. Physiol Rev 82: 291-329. 233 

10.1152/physrev.00028.2001 [doi]. 234 

 5.  Straub V, Campbell KP (1997) Muscular dystrophies and the dystrophin-glycoprotein 235 

complex. Curr Opin Neurol 10: 168-175. 236 

 6.  Erriquez D, Perini G, Ferlini A (2013) Non-coding RNAs in muscle dystrophies. Int J Mol Sci 14: 237 

19681-19704. ijms141019681 [pii];10.3390/ijms141019681 [doi]. 238 

 7.  Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116: 281-239 

297. S0092867404000455 [pii]. 240 

 8.  Friedman RC, Farh KK, Burge CB, Bartel DP (2009) Most mammalian mRNAs are conserved 241 

targets of microRNAs. Genome Res 19: 92-105. gr.082701.108 242 

[pii];10.1101/gr.082701.108 [doi]. 243 

 9.  Eisenberg I, Eran A, Nishino I, Moggio M, Lamperti C, Amato AA, Lidov HG, Kang PB, North 244 

KN, Mitrani-Rosenbaum S, Flanigan KM, Neely LA, Whitney D, Beggs AH, Kohane IS, 245 

Kunkel LM (2007) Distinctive patterns of microRNA expression in primary muscular 246 

disorders. Proc Natl Acad Sci U S A 104: 17016-17021. 0708115104 247 

[pii];10.1073/pnas.0708115104 [doi]. 248 

 10.  Zaharieva IT, Calissano M, Scoto M, Preston M, Cirak S, Feng L, Collins J, Kole R, Guglieri M, 249 

Straub V, Bushby K, Ferlini A, Morgan JE, Muntoni F (2013) Dystromirs as serum 250 

biomarkers for monitoring the disease severity in Duchenne muscular Dystrophy. 251 

PLoS One 8: e80263. 10.1371/journal.pone.0080263 [doi];PONE-D-13-25591 [pii]. 252 

 11.  Matsuzaka Y, Kishi S, Aoki Y, Komaki H, Oya Y, Takeda S, Hashido K (2014) Three novel serum 253 

biomarkers, miR-1, miR-133a, and miR-206 for Limb-girdle muscular dystrophy, 254 

Facioscapulohumeral muscular dystrophy, and Becker muscular dystrophy. Environ 255 

Health Prev Med 19: 452-458. 10.1007/s12199-014-0405-7 [doi]. 256 

 12.  Li X, Li Y, Zhao L, Zhang D, Yao X, Zhang H, Wang YC, Wang XY, Xia H, Yan J, Ying H (2014) 257 

Circulating Muscle-specific miRNAs in Duchenne Muscular Dystrophy Patients. Mol 258 

Ther Nucleic Acids 3: e177. mtna201429 [pii];10.1038/mtna.2014.29 [doi]. 259 

Page 14 of 19

https://mc04.manuscriptcentral.com/fm-epi

Epigenomics



For Review
 O

nly

 13.  Hu J, Kong M, Ye Y, Hong S, Cheng L, Jiang L (2014) Serum miR-206 and other muscle-specific 260 

microRNAs as non-invasive biomarkers for Duchenne muscular dystrophy. J 261 

Neurochem 129: 877-883. 10.1111/jnc.12662 [doi]. 262 

 14.  Cacchiarelli D, Legnini I, Martone J, Cazzella V, D'Amico A, Bertini E, Bozzoni I (2011) miRNAs 263 

as serum biomarkers for Duchenne muscular dystrophy. EMBO Mol Med 3: 258-265. 264 

10.1002/emmm.201100133 [doi]. 265 

 15.  Endo K, Weng H, Naito Y, Sasaoka T, Takahashi A, Fukushima Y, Iwai N (2013) Classification 266 

of various muscular tissues using miRNA profiling. Biomed Res 34: 289-299. 267 

DN/JST.JSTAGE/biomedres/34.289 [pii]. 268 

 16.  Roberts TC, Coenen-Stass AM, Wood MJ (2014) Assessment of RT-qPCR normalization 269 

strategies for accurate quantification of extracellular microRNAs in murine serum. 270 

PLoS One 9: e89237. 10.1371/journal.pone.0089237 [doi];PONE-D-13-44374 [pii]. 271 

 17.  Zanotti S, Gibertini S, Curcio M, Savadori P, Pasanisi B, Morandi L, Cornelio F, Mantegazza R, 272 

Mora M (2015) Opposing roles of miR-21 and miR-29 in the progression of fibrosis in 273 

Duchenne muscular dystrophy. Biochim Biophys Acta 1852: 1451-1464. S0925-274 

4439(15)00119-2 [pii];10.1016/j.bbadis.2015.04.013 [doi]. 275 

 18.  Alexander MS, Kawahara G, Motohashi N, Casar JC, Eisenberg I, Myers JA, Gasperini MJ, 276 

Estrella EA, Kho AT, Mitsuhashi S, Shapiro F, Kang PB, Kunkel LM (2013) MicroRNA-277 

199a is induced in dystrophic muscle and affects WNT signaling, cell proliferation, 278 

and myogenic differentiation. Cell Death Differ 20: 1194-1208. cdd201362 279 

[pii];10.1038/cdd.2013.62 [doi]. 280 

 19.  Cacchiarelli D, Martone J, Girardi E, Cesana M, Incitti T, Morlando M, Nicoletti C, Santini T, 281 

Sthandier O, Barberi L, Auricchio A, Musaro A, Bozzoni I (2010) MicroRNAs involved 282 

in molecular circuitries relevant for the Duchenne muscular dystrophy pathogenesis 283 

are controlled by the dystrophin/nNOS pathway. Cell Metab 12: 341-351. S1550-284 

4131(10)00265-2 [pii];10.1016/j.cmet.2010.07.008 [doi]. 285 

 20.  Greco S, De SM, Colussi C, Zaccagnini G, Fasanaro P, Pescatori M, Cardani R, Perbellini R, 286 

Isaia E, Sale P, Meola G, Capogrossi MC, Gaetano C, Martelli F (2009) Common 287 

micro-RNA signature in skeletal muscle damage and regeneration induced by 288 

Duchenne muscular dystrophy and acute ischemia. FASEB J 23: 3335-3346. fj.08-289 

128579 [pii];10.1096/fj.08-128579 [doi]. 290 

 21.  Alexander MS, Casar JC, Motohashi N, Myers JA, Eisenberg I, Gonzalez RT, Estrella EA, Kang 291 

PB, Kawahara G, Kunkel LM (2011) Regulation of DMD pathology by an ankyrin-292 

encoded miRNA. Skelet Muscle 1: 27. 2044-5040-1-27 [pii];10.1186/2044-5040-1-27 293 

[doi]. 294 

 22.  Cazzella V, Martone J, Pinnaro C, Santini T, Twayana SS, Sthandier O, D'Amico A, Ricotti V, 295 

Bertini E, Muntoni F, Bozzoni I (2012) Exon 45 skipping through U1-snRNA antisense 296 

molecules recovers the Dys-nNOS pathway and muscle differentiation in human 297 

DMD myoblasts. Mol Ther 20: 2134-2142. mt2012178 [pii];10.1038/mt.2012.178 298 

[doi]. 299 

 23.  Cacchiarelli D, Incitti T, Martone J, Cesana M, Cazzella V, Santini T, Sthandier O, Bozzoni I 300 

(2011) miR-31 modulates dystrophin expression: new implications for Duchenne 301 

Page 15 of 19

https://mc04.manuscriptcentral.com/fm-epi

Epigenomics



For Review
 O

nly

muscular dystrophy therapy. EMBO Rep 12: 136-141. embor2010208 302 

[pii];10.1038/embor.2010.208 [doi]. 303 

 24.  O'Leary L, Sevinc K, Papazoglou IM, Tildy B, Detillieux K, Halayko AJ, Chung KF, Perry MM 304 

(2016) Airway smooth muscle inflammation is regulated by microRNA-145 in COPD. 305 

FEBS Lett 590: 1324-1334. 10.1002/1873-3468.12168 [doi]. 306 

 25.  Perry MM, Tsitsiou E, Austin PJ, Lindsay MA, Gibeon DS, Adcock IM, Chung KF (2014) Role of 307 

non-coding RNAs in maintaining primary airway smooth muscle cells. Respir Res 15: 308 

58. 1465-9921-15-58 [pii];10.1186/1465-9921-15-58 [doi]. 309 

 26.  Perry MM, Baker JE, Gibeon DS, Adcock IM, Chung KF (2014) Airway smooth muscle 310 

hyperproliferation is regulated by microRNA-221 in severe asthma. Am J Respir Cell 311 

Mol Biol 50: 7-17. 10.1165/rcmb.2013-0067OC [doi]. 312 

 27.  Nguyen-Tran DH, Hait NC, Sperber H, Qi J, Fischer K, Ieronimakis N, Pantoja M, Hays A, 313 

Allegood J, Reyes M, Spiegel S, Ruohola-Baker H (2014) Molecular mechanism of 314 

sphingosine-1-phosphate action in Duchenne muscular dystrophy. Dis Model Mech 315 

7: 41-54. dmm.013631 [pii];10.1242/dmm.013631 [doi]. 316 

 28.  Deng Z, Chen JF, Wang DZ (2011) Transgenic overexpression of miR-133a in skeletal muscle. 317 

BMC Musculoskelet Disord 12: 115. 1471-2474-12-115 [pii];10.1186/1471-2474-12-318 

115 [doi]. 319 

 29.  Mizuno H, Nakamura A, Aoki Y, Ito N, Kishi S, Yamamoto K, Sekiguchi M, Takeda S, Hashido K 320 

(2011) Identification of muscle-specific microRNAs in serum of muscular dystrophy 321 

animal models: promising novel blood-based markers for muscular dystrophy. PLoS 322 

One 6: e18388. 10.1371/journal.pone.0018388 [doi]. 323 

 30.  Roberts TC, Godfrey C, McClorey G, Vader P, Briggs D, Gardiner C, Aoki Y, Sargent I, Morgan 324 

JE, Wood MJ (2013) Extracellular microRNAs are dynamic non-vesicular biomarkers 325 

of muscle turnover. Nucleic Acids Res 41: 9500-9513. gkt724 326 

[pii];10.1093/nar/gkt724 [doi]. 327 

 31.  Roberts TC, Johansson HJ, McClorey G, Godfrey C, Blomberg KE, Coursindel T, Gait MJ, Smith 328 

CI, Lehtio J, El AS, Wood MJ (2015) Multi-level omics analysis in a murine model of 329 

dystrophin loss and therapeutic restoration. Hum Mol Genet 24: 6756-6768. ddv381 330 

[pii];10.1093/hmg/ddv381 [doi]. 331 

 32.  Roberts TC, Blomberg KE, McClorey G, El AS, Godfrey C, Betts C, Coursindel T, Gait MJ, Smith 332 

CI, Wood MJ (2012) Expression analysis in multiple muscle groups and serum reveals 333 

complexity in the microRNA transcriptome of the mdx mouse with implications for 334 

therapy. Mol Ther Nucleic Acids 1: e39. mtna201226 [pii];10.1038/mtna.2012.26 335 

[doi]. 336 

 33.  De A, V, Serra F, Cogoni C, Vivarelli E, Monaco L, Naro F (2010) beta1-syntrophin modulation 337 

by miR-222 in mdx mice. PLoS One 5. 10.1371/journal.pone.0012098 [doi]. 338 

 34.  Vignier N, Amor F, Fogel P, Duvallet A, Poupiot J, Charrier S, Arock M, Montus M, Nelson I, 339 

Richard I, Carrier L, Servais L, Voit T, Bonne G, Israeli D (2013) Distinctive serum 340 

miRNA profile in mouse models of striated muscular pathologies. PLoS One 8: 341 

e55281. 10.1371/journal.pone.0055281 [doi];PONE-D-12-22512 [pii]. 342 

Page 16 of 19

https://mc04.manuscriptcentral.com/fm-epi

Epigenomics



For Review
 O

nly

 35.  Acuna MJ, Pessina P, Olguin H, Cabrera D, Vio CP, Bader M, Munoz-Canoves P, Santos RA, 343 

Cabello-Verrugio C, Brandan E (2014) Restoration of muscle strength in dystrophic 344 

muscle by angiotensin-1-7 through inhibition of TGF-beta signalling. Hum Mol Genet 345 

23: 1237-1249. ddt514 [pii];10.1093/hmg/ddt514 [doi]. 346 

 36.  Ardite E, Perdiguero E, Vidal B, Gutarra S, Serrano AL, Munoz-Canoves P (2012) PAI-1-347 

regulated miR-21 defines a novel age-associated fibrogenic pathway in muscular 348 

dystrophy. J Cell Biol 196: 163-175. jcb.201105013 [pii];10.1083/jcb.201105013 349 

[doi]. 350 

 37.  McCarthy JJ, Esser KA, Andrade FH (2007) MicroRNA-206 is overexpressed in the diaphragm 351 

but not the hindlimb muscle of mdx mouse. Am J Physiol Cell Physiol 293: C451-352 

C457. 00077.2007 [pii];10.1152/ajpcell.00077.2007 [doi]. 353 

 38.  Kyrychenko S, Kyrychenko V, Badr MA, Ikeda Y, Sadoshima J, Shirokova N (2015) Pivotal role 354 

of miR-448 in the development of ROS-induced cardiomyopathy. Cardiovasc Res 355 

108: 324-334. cvv238 [pii];10.1093/cvr/cvv238 [doi]. 356 

 39.  Giordani L, Sandona M, Rotini A, Puri PL, Consalvi S, Saccone V (2014) Muscle-specific 357 

microRNAs as biomarkers of Duchenne Muscular Dystrophy progression and 358 

response to therapies. Rare Dis 2: e974969. 10.4161/21675511.2014.974969 359 

[doi];974969 [pii]. 360 

 40.  Pelosi L, Coggi A, Forcina L, Musaro A (2015) MicroRNAs modulated by local mIGF-1 361 

expression in mdx dystrophic mice. Front Aging Neurosci 7: 69. 362 

10.3389/fnagi.2015.00069 [doi]. 363 

 41.  Liu N, Williams AH, Maxeiner JM, Bezprozvannaya S, Shelton JM, Richardson JA, Bassel-Duby 364 

R, Olson EN (2012) microRNA-206 promotes skeletal muscle regeneration and delays 365 

progression of Duchenne muscular dystrophy in mice. J Clin Invest 122: 2054-2065. 366 

62656 [pii];10.1172/JCI62656 [doi]. 367 

 42.  Hindi SM, Kumar A (2016) TRAF6 regulates satellite stem cell self-renewal and function 368 

during regenerative myogenesis. J Clin Invest 126: 151-168. 81655 369 

[pii];10.1172/JCI81655 [doi]. 370 

 43.  Fiorillo AA, Heier CR, Novak JS, Tully CB, Brown KJ, Uaesoontrachoon K, Vila MC, Ngheim PP, 371 

Bello L, Kornegay JN, Angelini C, Partridge TA, Nagaraju K, Hoffman EP (2015) TNF-372 

alpha-Induced microRNAs Control Dystrophin Expression in Becker Muscular 373 

Dystrophy. Cell Rep 12: 1678-1690. S2211-1247(15)00856-6 374 

[pii];10.1016/j.celrep.2015.07.066 [doi]. 375 

 44.  Alexander MS, Casar JC, Motohashi N, Vieira NM, Eisenberg I, Marshall JL, Gasperini MJ, Lek 376 

A, Myers JA, Estrella EA, Kang PB, Shapiro F, Rahimov F, Kawahara G, Widrick JJ, 377 

Kunkel LM (2014) MicroRNA-486-dependent modulation of DOCK3/PTEN/AKT 378 

signaling pathways improves muscular dystrophy-associated symptoms. J Clin Invest 379 

124: 2651-2667. 73579 [pii];10.1172/JCI73579 [doi]. 380 

 45.  Cordani N, Pisa V, Pozzi L, Sciorati C, Clementi E (2014) Nitric oxide controls fat deposition in 381 

dystrophic skeletal muscle by regulating fibro-adipogenic precursor differentiation. 382 

Stem Cells 32: 874-885. 10.1002/stem.1587 [doi]. 383 

Page 17 of 19

https://mc04.manuscriptcentral.com/fm-epi

Epigenomics



For Review
 O

nly

 46.  Saccone V, Consalvi S, Giordani L, Mozzetta C, Barozzi I, Sandona M, Ryan T, Rojas-Munoz A, 384 

Madaro L, Fasanaro P, Borsellino G, De BM, Frige G, Termanini A, Sun X, Rossant J, 385 

Bruneau BG, Mercola M, Minucci S, Puri PL (2014) HDAC-regulated myomiRs control 386 

BAF60 variant exchange and direct the functional phenotype of fibro-adipogenic 387 

progenitors in dystrophic muscles. Genes Dev 28: 841-857. gad.234468.113 388 

[pii];10.1101/gad.234468.113 [doi]. 389 

 47.  Wang L, Zhou L, Jiang P, Lu L, Chen X, Lan H, Guttridge DC, Sun H, Wang H (2012) Loss of 390 

miR-29 in myoblasts contributes to dystrophic muscle pathogenesis. Mol Ther 20: 391 

1222-1233. mt201235 [pii];10.1038/mt.2012.35 [doi]. 392 

 48.  Israeli D, Poupiot J, Amor F, Charton K, Lostal W, Jeanson-Leh L, Richard I (2016) Circulating 393 

miRNAs are generic and versatile therapeutic monitoring biomarkers in muscular 394 

dystrophies. Sci Rep 6: 28097. srep28097 [pii];10.1038/srep28097 [doi]. 395 

 49.  Kaminski HJ, al-Hakim M, Leigh RJ, Katirji MB, Ruff RL (1992) Extraocular muscles are spared 396 

in advanced Duchenne dystrophy. Ann Neurol 32: 586-588. 10.1002/ana.410320418 397 

[doi]. 398 

 50.  Zeiger U, Khurana TS (2010) Distinctive patterns of microRNA expression in extraocular 399 

muscles. Physiol Genomics 41: 289-296. 00169.2009 400 

[pii];10.1152/physiolgenomics.00169.2009 [doi]. 401 

 51.  Ghahramani Seno MM, Trollet C, Athanasopoulos T, Graham IR, Hu P, Dickson G (2010) 402 

Transcriptomic analysis of dystrophin RNAi knockdown reveals a central role for 403 

dystrophin in muscle differentiation and contractile apparatus organization. BMC 404 

Genomics 11: 345. 1471-2164-11-345 [pii];10.1186/1471-2164-11-345 [doi]. 405 

 52.  Moorwood C, Soni N, Patel G, Wilton SD, Khurana TS (2013) A cell-based high-throughput 406 

screening assay for posttranscriptional utrophin upregulation. J Biomol Screen 18: 407 

400-406. 1087057112465648 [pii];10.1177/1087057112465648 [doi]. 408 

 53.  Basu U, Lozynska O, Moorwood C, Patel G, Wilton SD, Khurana TS (2011) Translational 409 

regulation of utrophin by miRNAs. PLoS One 6: e29376. 410 

10.1371/journal.pone.0029376 [doi];PONE-D-11-08322 [pii]. 411 

 54.  Cassano M, Berardi E, Crippa S, Toelen J, Barthelemy I, Micheletti R, Chuah M, 412 

Vandendriessche T, Debyser Z, Blot S, Sampaolesi M (2012) Alteration of cardiac 413 

progenitor cell potency in GRMD dogs. Cell Transplant 21: 1945-1967. 414 

ct0507cassano [pii];10.3727/096368912X638919 [doi]. 415 

 55.  Jeanson-Leh L, Lameth J, Krimi S, Buisset J, Amor F, Le GC, Barthelemy I, Servais L, Blot S, Voit 416 

T, Israeli D (2014) Serum profiling identifies novel muscle miRNA and 417 

cardiomyopathy-related miRNA biomarkers in Golden Retriever muscular dystrophy 418 

dogs and Duchenne muscular dystrophy patients. Am J Pathol 184: 2885-2898. 419 

S0002-9440(14)00439-8 [pii];10.1016/j.ajpath.2014.07.021 [doi]. 420 

 56.  Nghiem PP, Hoffman EP, Mittal P, Brown KJ, Schatzberg SJ, Ghimbovschi S, Wang Z, 421 

Kornegay JN (2013) Sparing of the dystrophin-deficient cranial sartorius muscle is 422 

associated with classical and novel hypertrophy pathways in GRMD dogs. Am J 423 

Pathol 183: 1411-1424. S0002-9440(13)00534-8 [pii];10.1016/j.ajpath.2013.07.013 424 

[doi]. 425 

Page 18 of 19

https://mc04.manuscriptcentral.com/fm-epi

Epigenomics



For Review
 O

nly

 57.  Ma G, Wang Y, Li Y, Cui L, Zhao Y, Zhao B, Li K (2015) MiR-206, a key modulator of skeletal 426 

muscle development and disease. Int J Biol Sci 11: 345-352. 10.7150/ijbs.10921 427 

[doi];ijbsv11p0345 [pii]. 428 

 58.  Taft RJ, Pang KC, Mercer TR, Dinger M, Mattick JS (2010) Non-coding RNAs: regulators of 429 

disease. J Pathol 220: 126-139. 10.1002/path.2638 [doi]. 430 

 59.  Ponting CP, Oliver PL, Reik W (2009) Evolution and functions of long noncoding RNAs. Cell 431 

136: 629-641. S0092-8674(09)00142-1 [pii];10.1016/j.cell.2009.02.006 [doi]. 432 

 60.  Austin PJ, Tsitsiou E, Boardman C, Jones SW, Lindsay MA, Adcock IM, Chung KF, Perry MM 433 

(Transcriptional profiling identifies the lncRNA PVT1 as a novel regulator of the 434 

asthmatic phenotype in human airway smooth muscle. Journal of Allergy and Clinical 435 

Immunology . doi: 10.1016/j.jaci.2016.06.014. 436 

 61.  Ballarino M, Cazzella V, D'Andrea D, Grassi L, Bisceglie L, Cipriano A, Santini T, Pinnaro C, 437 

Morlando M, Tramontano A, Bozzoni I (2015) Novel long noncoding RNAs (lncRNAs) 438 

in myogenesis: a miR-31 overlapping lncRNA transcript controls myoblast 439 

differentiation. Mol Cell Biol 35: 728-736. MCB.01394-14 [pii];10.1128/MCB.01394-440 

14 [doi]. 441 

 62.  Cesana M, Cacchiarelli D, Legnini I, Santini T, Sthandier O, Chinappi M, Tramontano A, 442 

Bozzoni I (2011) A long noncoding RNA controls muscle differentiation by 443 

functioning as a competing endogenous RNA. Cell 147: 358-369. S0092-444 

8674(11)01139-1 [pii];10.1016/j.cell.2011.09.028 [doi]. 445 

 63.  Twayana S, Legnini I, Cesana M, Cacchiarelli D, Morlando M, Bozzoni I (2013) Biogenesis and 446 

function of non-coding RNAs in muscle differentiation and in Duchenne muscular 447 

dystrophy. Biochem Soc Trans 41: 844-849. BST20120353 448 

[pii];10.1042/BST20120353 [doi]. 449 

 64.  Wilton SD, Fletcher S (2005) RNA splicing manipulation: strategies to modify gene expression 450 

for a variety of therapeutic outcomes. Curr Gene Ther 5: 467-483. 451 

 65.  Muntoni F, Wood MJ (2011) Targeting RNA to treat neuromuscular disease. Nat Rev Drug 452 

Discov 10: 621-637. nrc3459 [pii];10.1038/nrd3459 [doi]. 453 

 454 

 455 

Page 19 of 19

https://mc04.manuscriptcentral.com/fm-epi

Epigenomics


