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Dystrophinopathies are a group of X-linked inheritance disorders characterized by loss of limbs, loss of respiratory and
cardiac muscle strength, and destruction of nerve tissue. There are two main forms of dystrophinopathy: Duchenne
muscular dystrophy (DMD), which develops in early childhood and presents with severe symptoms, and Becker muscular
dystrophy (BMD), which develops late as a milder form.
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| 1. microRNAs Associated with Dystrophinopathy
1.1. Importance of miRNA

MiRNAs are small, non-coding RNAs of approximately 22 nucleotides in length [I. miRNA genes can be included in other
genes or can be located in the intron of host genes. Sometimes, miRNA genes are composed of polycistronic clusters and
are expected to be co-expressed [&. The production of mammalian miRNAs is a highly regulated process . In the
nucleus, miRNA is transcribed by RNA polymerase I/l to generate primary miRNA (pri-miRNA), which are modified with
a 7-methylguanosine cap structure and polyadenylation. Pri-miRNA is usually more than one kilobase long and contains a
double-strand area incompletely in the hairpin loop. Through the canonical Drosha/DGCR8 cleavage or non-canocical
pathways, pri-miRNA is converted to a hairpin-like precursor miRNA (pre-miRNA) with a length of about 70-100 nt. This
pre-miRNA is exported from the nucleus to the cytoplasm with the help of Exportin 5, and is further processed by the
RNase called Dicer to generate mature miRNA of ~22 nt in length. Each pre-miRNA can release two mature miRNA
strands (5p and 3p) containing different messenger RNA (mRNA)-targeting sequences. In general, only one single strand
becomes a template loaded into the RISC (RNA-induced silencing complex) to control the fate of specific mMRNAs. The
mature miRNA functions by complementary base-pairing with the miRNA response elements (MRE) located in the target
mMRNA. The 3'-untranslational region (3-UTR) often contains MREs . As a result, it can interfere with the translation of
the transcript or can cause the degradation of the mRNA target directly.

1.2. miRNAs as a DMD Biomarker

MIiRNAs are expressed with tissue specificity. Eight miRNAs, namely miR-1, miR-133a, miR-133b, miR-206, miR-208a,
miR-208b, miR-499a, and miR-499b, were identified as muscle-specific miRNAs MEEI  Except for miR-206
(predominant in skeletal muscle) and miR-208a (predominant in cardiac muscle), they are expressed in both cardiac and
skeletal muscle tissues. Three miR families, miR-1, miR-133, and miR-206, are among the most abundant in muscle cells,
accounting for more than 25% of all miRNAs €. They are involved in skeletal muscle proliferation and differentiation [,

Several microarray analyses have identified DMD-associated miRNAs L9112l For example, muscle-specific mMiRNAs
were found to be differentially expressed in dystrophic muscle tissues in patients and in mdx mice, a well-established
mouse model for Duchenne muscular dystrophy (DMD) research. The miRNAs, miR-1, miR-133, and miR-206, were
decreased in the dystrophic muscles compared with healthy tissue. Moreover, a significant upregulation (~70-fold) of miR-
31 inhibited the dystrophin expression by targeting the 3'-UTR of dystrophin in DMD muscles 3. Importantly, several
muscle-enriched miRNAs (miR-1, miR-133, miR-206, miR-208, and miR-499) were upregulated in the dystrophic sera, not
only in animal models, but also in patients. In particular, the expression of miR-1 and miR-133, as a result of muscle
degeneration, was highly elevated in the dystrophic serum of DMD patients (up to 100-fold in DMD and up to 30-fold in
BMD versus healthy controls) 241,

Several non-muscle-specific miRNAs, including miR-30c, miR-181a, and miR-95, were also elevated in the serum or
plasma of DMD patients (51161,



1.3. microRNAs Associated with DMD Cardiomyopathy

miR-1: Several studies have demonstrated a pathophysiological role for miR-1 in heart disease. For example, an
abnormal expression of miR-1 is involved in electrical remodeling, such as the development of arrhythmias. With respect
to the underlying mechanism, miR-1 directly targets the key proteins that regulate potassium current (e.g., potassium ion
channel and gap junction protein) 12 or proteins involved in muscle cell Ca%* cycling (e.g., protein phosphatase PP2A)
(18] |n addition, miR-1 is associated with mechanical remodeling, suggesting that it has anti-hypertrophic properties. A
reduced miR-1 expression along with miR-133 has been reported in three different mouse models of cardiac hypertrophy
(191 Because miR-1 is transcribed as a bicistronic transcript, together with members of the miR-133 family, it raises the
possibility of cooperation in cardiac hypertrophy. In addition, miR-1 overexpression was shown to attenuate agonist-
induced cardiac hypertrophy in vitro and in vivo 29,

miR-133: MiR-133 has been implicated in myocardial remodeling. Similar to miR-1, miR-133 overexpression suppresses
cardiac cell hypertrophy 29, In contrast, miR-133 inhibition induces cardiac hypertrophy by targeting cytoskeletal and
myofibrillar rearrangement-related proteins (e.g., RhoA and CDC42) 19, Decreased miR-133 promotes the progression of
cardiac fibrosis. Several central mediators in tissue fibrosis, such as TGF-B1 (transforming growth factor-p1), CTGF
(connective tissue growth factor), and COL1A1 (collagen type l-alpha 1), have been identified as direct targets of miR-
133 (22223 The accumulation of these miR-133 target molecules contributes to collagen deposition and fibrosis.
Interestingly, miR-133 can be directly regulated by other noncoding RNA, such as linc-MD1. A muscle-specific long non-
coding RNA (IncRNA), linc-MD1, binds to miR-133a and acts as a competitor RNA for targets of miR-133, including
MAML1 (Mastermind-like 1) and MEF2C (Myocyte Enhancer Factor 2C) transcription factors 24, The expression of linc-
MD1 is diminished in Duchenne patient myoblasts. Although the role of IncRNAs in DMD pathogenesis is still unclear,
understanding the INcRNAs—-miRNAs—-mRNAs network is important to explore the molecular mechanism of DMD.

miR-208a: The miR-208 family, which contains miR-208a/b and miR-499, contributes significantly to cardiac hypertrophy
and arrhythmias. These three miRNAs are located in the introns of the genes encoding myosin heavy chain isoforms,
which regulate the expression of sarcomeric contractile proteins 23], Transgenic mouse studies have shown that miR-
208a, a heart-enriched miRNA, is associated with hypertrophic cardiomyocyte growth and the upregulation of
hypertrophy-related genes by targeting THRAP1 (thyroid hormone receptor-associated protein 1) and myostatin 2 23],
Cardiac conduction abnormalities have also been reported in both miR-208a deletion mice and miR-208 overexpressing
mice 23] |n addition, miR-208a null mice exhibited a reduction in cardiac contractility (131 As miR-208a can be released
from heart muscle cells into the serum and plasma in response to cardiac pathogenesis, several studies have evaluated
their diagnostic value. For example, the sensitivity and specificity of circulating miR-208a were reported in patients with
myocardial damage 28, severe COVID-19 24, and heart failure with reduced ejection fraction (28],

miR-339-5p: It was recently shown that miR-339-5p is upregulated and released by exosomes from DMD patient-induced
pluripotent stem cell-derived cardiomyocytes (DMD-iCMs). Downregulation of miR-339-5p directly modulated stress-
response genes and reduced cardiomyocyte death in DMD-iCMs. These data indicate a pathological role of elevated miR-
339-5p in DMD cardiomyocytes 22,

Serum miRNAs in disease carriers: Even without skeletal muscle symptoms, heart symptoms often occur in female
DMD/BMD carriers for the asymptomatic form with mild abnormalities to progressive heart failure B2 and dilated
cardiomyopathy B, which may require heart transplantation B2, Therefore, early detection of heart disease in female
carriers is important. Changes in the miRNA levels associated with heart and/or skeletal muscle pathologies, including
cardiac hypertrophy (e.g., miR-22 and miR-26a), fibrosis (e.g., miR-26a, miR-222, and miR-378a-5p), muscle cell death
(e.g., miR-342), and regulation of skeletal muscle mass (e.g., miR-378 and miR-29c) regulators have been detected in the
biofluids of disease carriers 2313435 |nterestingly, a significant downregulation of miR-29¢ was only found in the blood of
female DMD carriers with cardiac symptoms detected by cardiovascular magnetic resonance B3, It is worth determining
whether this miR-29¢c downregulation is female-specific and whether its expression is comparable to healthy controls
before cardiomyopathy in men with DMD.

| 2. microRNAs with Therapeutic Potential
2.1. Restoration of Dystrophin or Utrophin Expression

miR-31: MiR-31 is expressed in regenerating fibers, which are activated at the onset of DMD in both mouse and human
muscles 8, DMD myoblasts with accumulated miR-31 exhibit a lower differentiation potential and miR-31 has been
shown to target dystrophin mRNA 28], Importantly, the inhibition of miR-31 function may improve the therapeutic efficacy
of restoring the dystrophin expression. In human DMD myoblasts, miR-31 inhibition increased dystrophin synthesis with



exon 51 skipping 221, In the skeletal muscle, miR-31 also regulates myogenesis by inhibiting MYF5 (myogenic factor 5),
an activator of muscular satellite cells, which are identical to myogenic stem cells €. Thus, miR-31 inhibition represents a
therapeutic strategy to improve DMD muscle function by improving dystrophin synthesis and muscle differentiation.
Furthermore, miR-31 has a role in cardiac remodeling. For example, atrial miR-31 inhibition contributes to electrical
remodeling, such as the termination of atrial fibrillation, by the restoring dystrophin and nNOS (neuronal nitric oxide
synthetase) levels B4, The cardioprotective effects of miR-31 silencing have also been reported in rats with myocardial
infarction B8], Mechanistically, miR-31 represses TNNT2 (troponin T2), E2F6 (E2F Transcription Factor 6), NR3C2
(Nuclear Receptor Subfamily 3 Group C Member 2), and TIMP4 (Metalloproteinase inhibitor 4) by binding to their
respective target 3'-UTR sequences.

miR-206: Skeletal muscle-specific miR-206 is considered a new target for DMD therapy because of its ability to regulate
the expression of utrophin. In humans, utrophin is nearly 80% identical to dystrophin B and it is naturally increased in the
sarcolemma of dystrophic skeletal muscles as a compensatory mechanism for dystrophin deficiency in mice 2341 gnd
humans 22, In mdx mice, downregulation of miR-206 resulted in a higher utrophin expression and an improvement in the
dystrophic phenotype ¥, In addition to miR-206, the suppression of utrophin by several miRNAs, including let-7c, miR-
150, miR-196b, miR-296-5p, and miR-133b, was demonstrated 4443l A therapeutic strategy to enhance utrophin
production could be applicable to BMD patients, as well as all DMDs, regardless of the type of dystrophin mutation.
Currently, several drugs that stabilize the utrophin—glycoprotein complex, including TVN-102 (recombinant human
biglycan) and rhAKM111 (recombinant human protein laminin-111), have been developed for utrophin therapy 48!,
Meanwhile, miR-206 has been characterized as a cardioprotective molecule. It is upregulated in response to stress and
promotes the survival of heart muscle cells in vitro and in vivo 4.

2.2. Inhibition of Pathogenic Muscle Remodeling: Anti-Fibrosis

miR-21: MiR-21 is upregulated in DMD fibroblasts, the major collagen-producing cells, and is correlated with the
expression of pro-fibrotic genes 8. Histological evaluations have shown that the inhibition of miR-21 reduces
diaphragmatic fibrosis in mdx mice. In addition, in the diaphragm where miR-21 was overexpressed, the soluble collagen
content was reduced compared with the control group 8. MiR-21 is also tightly linked to cardiac fibrosis. Elevated miR-21
promotes cell transition from cardiac fibroblasts to myofibroblasts, resulting in pathogenic heart modeling 2. MiR-21 is
considered a potential therapeutic target for the treatment of cardiomyopathies 2. With respect to fibrosis, Regulus
therapeutics is currently conducting a phase 2 clinical trial jointly with Sanofi Genzyme to evaluate the safety and efficacy
of anti-miR-21 oligonucleotides (RG-012) in Alport patients (ClinicalTrials.gov Identifier: NCT02855268).

miR-29: MiR-29 has pro-myogenic activity and anti-fibrotic properties in DMD. Downregulation of all three members of the
miR-29 family, miR-29a, miR-29b, and miR-29c, were detected in dystrophic mouse muscles, including the limb muscles,
diaphragm, and heart 21, A reduced miR-29a and miR-29¢c expression has also been found in human DMD myoblasts 48],
Systemic delivery of miR-29 mimics into mdx mice promotes diaphragm muscle regeneration and inhibits the
development of fibrosis in the diaphragm by directly repressing extracellular matrix components, such as microfibrillar-
associated protein 5 and collagen 2. The overexpression of miR-29¢ reduces muscle fibrosis in dystrophin and utrophin
double-knockout mice 2. The co-overexpression of miR-29 in DMD mice with micro-dystrophin restores fibrosis and
muscle function to a similar levels to that of normal mice, suggesting a possible combination treatment strategy 22, The
therapeutic effects of miR-29 have been extensively studied in multiple organ fibrosis, including the heart B3, Currently,
the oligonucleotide mimic of miR-29b (Remlasten or MRG-201) is in phase 2 clinical trials for cutaneous fibrosis
(ClinicalTrials.gov Identifier: NCT03601052).

2.3. Restoration of Abnormal Calcium Homeostasis

miR-1: RyR stabilization may prevent Ca?* leakage from the SR, thereby reducing intracellular Ca2* accumulation. For
example, pharmacological stabilization of the RyR Ca?* release channel attenuates the disease phenotype in mdx mice
(341 |n addition, treatment with RyR stabilizing molecules increased the efficacy of exon-skipping drugs in DMD cell culture
models 251, with respect to microRNAs, elevated miR-1 can hyperactivate the RyR2 channel by inhibiting the PP2A
regulatory subunit B56a, which is a scaffold for the RyR2 complex (18],

miR-25: Overall, the SERCA pump overexpression has shown beneficial effects in dystrophic mice. Importantly, severe
dilated cardiomyopathy was ameliorated by SERCA2a gene transfer in aged mdx mice B8l Several miRNAs, including
miR-25, have been identified that target SERCA2a mRNA. The therapeutic potential of inhibiting miR-25 has also been
evaluated in a mouse model of heart failure BZ; however, the expression profile and muscle-related function of miR-25 in
DMD have not been reported. Clinical studies of SERCA2a gene therapy have been conducted for heart failure 58159
which may serve as an important basis for designing DMD and DMD cardiomyopathy therapies. Moreover, given the



therapeutic implications of targeting Ca®* cycling, in-depth studies of specific miRNAs that regulate Ca®* mishandling in

DMD are warranted. In particular, research on miRNAs that regulate calcium metabolism in heart disease is being actively
conducted 69,

References

10.

11.

12.

13.

14

15.

16.

17.

18.

19.

. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281-297.
. Tanzer, A.; Stadler, P.F. Molecular evolution of a microRNA cluster. J. Mol. Biol. 2004, 339, 327-335.
. Bartel, D.P. MicroRNAs: Target recognition and regulatory functions. Cell 2009, 136, 215-233.

. Sempere, L.F.; Freemantle, S.; Pitha-Rowe, |.; Moss, E.; Dmitrovsky, E.; Ambros, V. Expression profiling of mammalian

microRNAs uncovers a subset of brain-expressed microRNAs with possible roles in murine and human neuronal
differentiation. Genome Biol. 2004, 5, R13.

. Van Rooij, E.; Sutherland, L.B.; Qi, X.; Richardson, J.A.; Hill, J.; Olson, E.N. Control of stress-dependent cardiac

growth and gene expression by a microRNA. Science 2007, 316, 575-579.

. McCarthy, J.J. MicroRNA-206: The skeletal muscle-specific myomiR. Biochim. Biophys. Acta 2008, 1779, 682—691.

. Van Rooij, E.; Quiat, D.; Johnson, B.A.; Sutherland, L.B.; Qi, X.; Richardson, J.A.; Kelm, R.J., Jr.; Olson, E.N. A family

of microRNAs encoded by myosin genes governs myosin expression and muscle performance. Dev. Cell 2009, 17,
662—-673.

. Chen, J.F,; Mandel, E.M.; Thomson, J.M.; Wu, Q.; Callis, T.E.; Hammond, S.M.; Conlon, F.L.; Wang, D.Z. The role of

microRNA-1 and microRNA-133 in skeletal muscle proliferation and differentiation. Nat. Genet. 2006, 38, 228—233.

. Chen, J.F,; Tao, Y.; Li, J.; Deng, Z.; Yan, Z.; Xiao, X.; Wang, D.Z. microRNA-1 and microRNA-206 regulate skeletal

muscle satellite cell proliferation and differentiation by repressing Pax7. J. Cell Biol. 2010, 190, 867-879.

Eisenberg, I.; Eran, A.; Nishino, I.; Moggio, M.; Lamperti, C.; Amato, A.A.; Lidov, H.G.; Kang, P.B.; North, K.N.; Mitrani-
Rosenbaum, S.; et al. Distinctive patterns of microRNA expression in primary muscular disorders. Proc. Natl. Acad. Sci.
USA 2007, 104, 17016-17021.

Greco, S.; De Simone, M.; Colussi, C.; Zaccagnini, G.; Fasanaro, P.; Pescatori, M.; Cardani, R.; Perbellini, R.; Isaia, E.;
Sale, P.; et al. Common micro-RNA signature in skeletal muscle damage and regeneration induced by Duchenne
muscular dystrophy and acute ischemia. FASEB J. 2009, 23, 3335-3346.

Roberts, T.C.; Blomberg, K.E.; McClorey, G.; El Andaloussi, S.; Godfrey, C.; Betts, C.; Coursindel, T.; Gait, M.J.; Smith,
C.l.; Wood, M.J. Expression analysis in multiple muscle groups and serum reveals complexity in the microRNA
transcriptome of the mdx mouse with implications for therapy. Mol. Ther. Nucleic Acids 2012, 1, e39.

Cacchiarelli, D.; Incitti, T.; Martone, J.; Cesana, M.; Cazzella, V.; Santini, T.; Sthandier, O.; Bozzoni, |. miR-31
modulates dystrophin expression: New implications for Duchenne muscular dystrophy therapy. EMBO Rep. 2011, 12,
136-141.

. Cacchiarelli, D.; Legnini, I.; Martone, J.; Cazzella, V.; D’Amico, A.; Bertini, E.; Bozzoni, I. miRNAs as serum biomarkers

for Duchenne muscular dystrophy. EMBO Mol. Med. 2011, 3, 258-265.

Llano-Diez, M.; Ortez, C.I.; Gay, J.A.; Alvarez-Cabado, L.; Jou, C.; Medina, J.; Nascimento, A.; Jimenez-Mallebrera, C.
Digital PCR quantification of miR-30c and miR-181a as serum biomarkers for Duchenne muscular dystrophy.
Neuromuscul. Disord. 2017, 27, 15-23.

Jeanson-Leh, L.; Lameth, J.; Krimi, S.; Buisset, J.; Amor, F.; Le Guiner, C.; Barthelemy, |.; Servais, L.; Blot, S.; Voit, T,;
et al. Serum profiling identifies novel muscle miRNA and cardiomyopathy-related miRNA biomarkers in Golden
Retriever muscular dystrophy dogs and Duchenne muscular dystrophy patients. Am. J. Pathol. 2014, 184, 2885-2898.

Yang, B.; Lin, H.; Xiao, J.; Lu, Y.; Luo, X.; Li, B.; Zhang, Y.; Xu, C.; Bai, Y.; Wang, H.; et al. The muscle-specific
microRNA miR-1 regulates cardiac arrhythmogenic potential by targeting GJA1 and KCNJ2. Nat. Med. 2007, 13, 486—
491.

Terentyev, D.; Belevych, A.E.; Terentyeva, R.; Martin, M.M.; Malana, G.E.; Kuhn, D.E.; Abdellatif, M.; Feldman, D.S.;
Elton, T.S.; Gyorke, S. miR-1 overexpression enhances Ca(2+) release and promotes cardiac arrhythmogenesis by
targeting PP2A regulatory subunit B56alpha and causing CaMKII-dependent hyperphosphorylation of RyR2. Circ. Res.
2009, 104, 514-521.

Care, A.; Catalucci, D.; Felicetti, F.; Bonci, D.; Addario, A.; Gallo, P.; Bang, M.L.; Segnalini, P.; Gu, Y.; Dalton, N.D.; et
al. MicroRNA-133 controls cardiac hypertrophy. Nat. Med. 2007, 13, 613-618.



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Karakikes, I.; Chaanine, A.H.; Kang, S.; Mukete, B.N.; Jeong, D.; Zhang, S.; Hajjar, R.J.; Lebeche, D. Therapeutic
cardiac-targeted delivery of miR-1 reverses pressure overload-induced cardiac hypertrophy and attenuates
pathological remodeling. J. Am. Heart Assoc. 2013, 2, e000078.

Duisters, R.F,; Tijsen, A.J.; Schroen, B.; Leenders, J.J.; Lentink, V.; van der Made, I.; Herias, V.; van Leeuwen, R.E.;
Schellings, M.W.; Barenbrug, P.; et al. miR-133 and miR-30 regulate connective tissue growth factor: Implications for a
role of microRNAs in myocardial matrix remodeling. Circ. Res. 2009, 104, 170-178.

Castoldi, G.; Di Gioia, C.R.; Bombardi, C.; Catalucci, D.; Corradi, B.; Gualazzi, M.G.; Leopizzi, M.; Mancini, M.; Zerbini,
G.; Condorelli, G.; et al. MiR-133a regulates collagen 1A1: Potential role of miR-133a in myocardial fibrosis in
angiotensin lI-dependent hypertension. J. Cell Physiol. 2012, 227, 850-856.

Yu, B.T.; Yu, N.; Wang, Y.; Zhang, H.; Wan, K.; Sun, X.; Zhang, C.S. Role of miR-133a in regulating TGF-betal
signaling pathway in myocardial fibrosis after acute myocardial infarction in rats. Eur. Rev. Med. Pharmacol. Sci. 2019,
23, 8588-8597.

Cesana, M.; Cacchiarelli, D.; Legnini, |.; Santini, T.; Sthandier, O.; Chinappi, M.; Tramontano, A.; Bozzoni, |. Along
noncoding RNA controls muscle differentiation by functioning as a competing endogenous RNA. Cell 2011, 147, 358—
369.

Callis, T.E.; Pandya, K.; Seok, H.Y.; Tang, R.H.; Tatsuguchi, M.; Huang, Z.P.; Chen, J.F.; Deng, Z.; Gunn, B.; Shumate,
J.; et al. MicroRNA-208a is a regulator of cardiac hypertrophy and conduction in mice. J. Clin. Invest. 2009, 119, 2772—
2786.

Wang, G.K.; Zhu, J.Q.; Zhang, J.T.; Li, Q.; Li, Y.; He, J.; Qin, Y.W.; Jing, Q. Circulating microRNA: A novel potential
biomarker for early diagnosis of acute myocardial infarction in humans. Eur. Heart J. 2010, 31, 659-666.

Garg, A.; Seeliger, B.; Derda, A.A.; Xiao, K.; Gietz, A.; Scherf, K.; Sonnenschein, K.; Pink, |.; Hoeper, M.M.; Welte, T.; et
al. Circulating cardiovascular microRNAs in critically ill COVID-19 patients. Eur. J. Heart Fail. 2021, 23, 468-475.

Li, D.M.; Li, B.X.; Yang, L.J.; Gao, P.; Ma, Z.Y.; Li, Z.J.D. Diagnostic value of circulating microRNA-208a in
differentiation of preserved from reduced ejection fraction heart failure. Heart Lung 2021, 50, 71-74.

Gartz, M.; Beatka, M.; Prom, M.J.; Strande, J.L.; Lawlor, M.W. Cardiomyocyte-produced miR-339-5p mediates
pathology in Duchenne muscular dystrophy cardiomyopathy. Hum. Mol. Genet. 2021, 30, 2347—-2361.

Komoriyama, H.; Fukushima, A.; Takahashi, Y.; Kinugawa, S.; Sera, F.; Ohtani, T.; Nakamura, A.; Sakata, Y.; Anzai, T.
Rapidly Progressive Heart Failure in a Female Carrier of Becker Muscular Dystrophy with No Skeletal Muscle
Symptoms. Intern. Med. 2019, 58, 2545-2549.

Walcher, T.; Kunze, M.; Steinbach, P.; Sperfeld, A.D.; Burgstahler, C.; Hombach, V.; Torzewski, J. Cardiac involvement
in a female carrier of Duchenne muscular dystrophy. Int. J. Cardiol. 2010, 138, 302—305.

Papa, A.A.; D’Ambrosio, P.; Petillo, R.; Palladino, A.; Politano, L. Heart transplantation in patients with
dystrophinopathic cardiomyopathy: Review of the literature and personal series. Intractable Rare Dis. Res. 2017, 6,
95-101.

Florian, A.; Patrascu, A.; Tremmel, R.; Rosch, S.; Sechtem, U.; Schwab, M.; Schaeffeler, E.; Yilmaz, A. Identification of
Cardiomyopathy-Associated Circulating miRNA Biomarkers in Muscular Dystrophy Female Carriers Using a
Complementary Cardiac Imaging and Plasma Profiling Approach. Front. Physiol. 2018, 9, 1770.

Becker, S.; Florian, A.; Patrascu, A.; Rosch, S.; Waltenberger, J.; Sechtem, U.; Schwab, M.; Schaeffeler, E.; Yilmaz, A.
Identification of cardiomyopathy associated circulating miRNA biomarkers in patients with muscular dystrophy using a
complementary cardiovascular magnetic resonance and plasma profiling approach. J. Cardiovasc. Magn. Reson. 2016,
18, 25.

Catapano, F.; Domingos, J.; Perry, M.; Ricotti, V.; Phillips, L.; Servais, L.; Seferian, A.; Groot, |.; Krom, Y.D.; Niks, E.H.;
et al. Downregulation of miRNA-29, -23 and -21 in urine of Duchenne muscular dystrophy patients. Epigenomics 2018,
10, 875-889.

Crist, C.G.; Montarras, D.; Buckingham, M. Muscle satellite cells are primed for myogenesis but maintain quiescence
with sequestration of Myf5 mRNA targeted by microRNA-31 in mRNP granules. Cell Stem Cell 2012, 11, 118-126.

Reilly, S.N.; Liu, X.; Carnicer, R.; Recalde, A.; Muszkiewicz, A.; Jayaram, R.; Carena, M.C.; Wijesurendra, R.; Stefanini,
M.; Surdo, N.C.; et al. Up-regulation of miR-31 in human atrial fibrillation begets the arrhythmia by depleting dystrophin
and neuronal nitric oxide synthase. Sci. Transl. Med. 2016, 8, 340ra374.

Martinez, E.C.; Lilyanna, S.; Wang, P.; Vardy, L.A.; Jiang, X.; Armugam, A.; Jeyaseelan, K.; Richards, A.M. MicroRNA-
31 promotes adverse cardiac remodeling and dysfunction in ischemic heart disease. J. Mol. Cell Cardiol. 2017, 112,
27-39.



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58

Love, D.R.; Hill, D.F.; Dickson, G.; Spurr, N.K.; Byth, B.C.; Marsden, R.F.; Walsh, F.S.; Edwards, Y.H.; Davies, K.E. An
autosomal transcript in skeletal muscle with homology to dystrophin. Nature 1989, 339, 55-58.

Amenta, A.R.; Yilmaz, A.; Bogdanovich, S.; McKechnie, B.A.; Abedi, M.; Khurana, T.S.; Fallon, J.R. Biglycan recruits
utrophin to the sarcolemma and counters dystrophic pathology in mdx mice. Proc. Natl. Acad. Sci. USA 2011, 108,
762-767.

Banks, G.B.; Combs, A.C.; Odom, G.L.; Bloch, R.J.; Chamberlain, J.S. Muscle structure influences utrophin expression
in mdx mice. PLoS Genet. 2014, 10, e1004431.

Kleopa, K.A.; Drousiotou, A.; Mavrikiou, E.; Ormiston, A.; Kyriakides, T. Naturally occurring utrophin correlates with
disease severity in Duchenne muscular dystrophy. Hum. Mol. Genet. 2006, 15, 1623-1628.

Bulaklak, K.; Xiao, B.; Qiao, C.; Li, J.; Patel, T.; Jin, Q.; Li, J.; Xiao, X. MicroRNA-206 Downregulation Improves
Therapeutic Gene Expression and Motor Function in mdx Mice. Mol. Ther. Nucleic Acids 2018, 12, 283-293.

Basu, U.; Lozynska, O.; Moorwood, C.; Patel, G.; Wilton, S.D.; Khurana, T.S. Translational regulation of utrophin by
miRNAs. PLoS ONE 2011, 6, e29376.

Morgoulis, D.; Berenstein, P.; Cazacu, S.; Kazimirsky, G.; Dori, A.; Barnea, E.R.; Brodie, C. sPIF promotes myoblast
differentiation and utrophin expression while inhibiting fibrosis in Duchenne muscular dystrophy via the H19/miR-
675/let-7 and miR-21 pathways. Cell Death Dis. 2019, 10, 82.

Barraza-Flores, P.; Fontelonga, T.M.; Wuebbles, R.D.; Hermann, H.J.; Nunes, A.M.; Kornegay, J.N.; Burkin, D.J.
Laminin-111 protein therapy enhances muscle regeneration and repair in the GRMD dog model of Duchenne muscular
dystrophy. Hum. Mol. Genet. 2019, 28, 2686—2695.

Yang, Y.; Del Re, D.P.; Nakano, N.; Sciarretta, S.; Zhai, P.; Park, J.; Sayed, D.; Shirakabe, A.; Matsushima, S.; Park, Y.;
et al. miR-206 Mediates YAP-Induced Cardiac Hypertrophy and Survival. Circ. Res. 2015, 117, 891-904.

Zanotti, S.; Gibertini, S.; Curcio, M.; Savadori, P.; Pasanisi, B.; Morandi, L.; Cornelio, F.; Mantegazza, R.; Mora, M.
Opposing roles of miR-21 and miR-29 in the progression of fibrosis in Duchenne muscular dystrophy. Biochim.
Biophys. Acta 2015, 1852, 1451-1464.

Dai, B.; Wang, F.; Nie, X.; Du, H.; Zhao, Y.; Yin, Z,; Li, H.; Fan, J.; Wen, Z.; Wang, D.W.; et al. The Cell Type-Specific
Functions of miR-21 in Cardiovascular Diseases. Front. Genet. 2020, 11, 563166.

Surina, S.; Fontanella, R.A.; Scisciola, L.; Marfella, R.; Paolisso, G.; Barbieri, M. miR-21 in Human Cardiomyopathies.
Front. Cardiovasc. Med. 2021, 8, 767064.

Wang, L.; Zhou, L.; Jiang, P.; Lu, L.; Chen, X.; Lan, H.; Guttridge, D.C.; Sun, H.; Wang, H. Loss of miR-29 in myoblasts
contributes to dystrophic muscle pathogenesis. Mol. Ther. 2012, 20, 1222-1233.

Heller, K.N.; Mendell, J.T.; Mendell, J.R.; Rodino-Klapac, L.R. MicroRNA-29 overexpression by adeno-associated virus
suppresses fibrosis and restores muscle function in combination with micro-dystrophin. JCI Insight 2017, 2, €93309.

Liu, M.N.; Luo, G.; Gao, W.1.; Yang, S.l.; Zhou, H. miR-29 family: A potential therapeutic target for cardiovascular
disease. Pharmacol. Res. 2021, 166, 105510.

Capogrosso, R.F.; Mantuano, P.; Uaesoontrachoon, K.; Cozzoli, A.; Giustino, A.; Dow, T.; Srinivassane, S.; Filipovic, M.;
Bell, C.; Vandermeulen, J.; et al. Ryanodine channel complex stabilizer compound S48168/ARM210 as a disease
modifier in dystrophin-deficient mdx mice: Proof-of-concept study and independent validation of efficacy. FASEB J.
2018, 32, 1025-1043.

Barthelemy, F.; Wang, R.T.; Hsu, C.; Douine, E.D.; Marcantonio, E.E.; Nelson, S.F.; Miceli, M.C. Targeting RyR Activity
Boosts Antisense Exon 44 and 45 Skipping in Human DMD Skeletal or Cardiac Muscle Culture Models. Mol. Ther.
Nucleic Acids 2019, 18, 580-589.

Wasala, N.B.; Yue, Y.; Lostal, W.; Wasala, L.P.; Niranjan, N.; Hajjar, R.J.; Babu, G.J.; Duan, D. Single SERCA2a
Therapy Ameliorated Dilated Cardiomyopathy for 18 Months in a Mouse Model of Duchenne Muscular Dystrophy. Mol.
Ther. 2020, 28, 845-854.

Wabhlquist, C.; Jeong, D.; Rojas-Munoz, A.; Kho, C.; Lee, A.; Mitsuyama, S.; van Mil, A.; Park, W.J.; Sluijter, J.P,;
Doevendans, P.A.; et al. Inhibition of miR-25 improves cardiac contractility in the failing heart. Nature 2014, 508, 531—
535.

. Greenberg, B.; Butler, J.; Felker, G.M.; Ponikowski, P.; Voors, A.A.; Desai, A.S.; Barnard, D.; Bouchard, A.; Jaski, B.;

Lyon, A.R.; et al. Calcium upregulation by percutaneous administration of gene therapy in patients with cardiac disease
(CUPID 2): Arandomised, multinational, double-blind, placebo-controlled, phase 2b trial. Lancet 2016, 387, 1178—
1186.



59. Lyon, A.R.; Babalis, D.; Morley-Smith, A.C.; Hedger, M.; Suarez Barrientos, A.; Foldes, G.; Couch, L.S.; Chowdhury,
R.A.; Tzortzis, K.N.; Peters, N.S.; et al. Investigation of the safety and feasibility of AAV1/SERCA2a gene transfer in
patients with chronic heart failure supported with a left ventricular assist device—The SERCA-LVAD TRIAL. Gene Ther.
2020, 27, 579-590.

60. Park, J.H.; Kho, C. MicroRNAs and Calcium Signaling in Heart Disease. Int. J. Mol. Sci. 2021, 22, 10582.

Retrieved from https://encyclopedia.pub/entry/history/show/61829



