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Abstract: Duchenne muscular dystrophy (DMD) is an X-linked progressive disorder associated with
muscle wasting and degeneration. The disease is caused by mutations in the gene that encodes
dystrophin, a protein that links the cytoskeleton with cell membrane proteins. The current treatment
methods aim to relieve the symptoms of the disease or partially rescue muscle functionality. However,
they are insufficient to suppress disease progression. In recent years, studies have uncovered an
important role for non-coding RNAs (ncRNAs) in regulating the progression of numerous diseases.
ncRNAs, such as micro-RNAs (miRNAs), bind to their target messenger RNAs (mRNAs) to suppress
translation. Understanding the mechanisms involving dysregulated miRNAs can improve diagnosis
and suggest novel treatment methods for patients with DMD. This review presents the available
evidence on the role of altered expression of miRNAs in the pathogenesis of DMD. We discuss
the involvement of these molecules in the processes associated with muscle physiology and DMD-
associated cardiomyopathy.
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1. Introduction

Duchenne muscular dystrophy (DMD) is a severe disorder characterised by progres-
sive muscular impairment [1]. The disease usually begins when a child starts to walk [2],
and the early symptoms include difficulties with climbing stairs, muscle weakness, frequent
falls, bone fractures, scoliosis, and a delay in achieving motor milestones [3]. Furthermore,
patients experience symptoms in other systems due to muscle weakness. For example,
deteriorating respiratory muscles may lead to complications such as pneumonia, mucus
plugging, atelectasis, and even respiratory failure [4]. Consequently, the disease leads
to rapid loss of ambulation and a need for assisted ventilation. In recent years, the life
expectancy of patients with DMD has improved. Nevertheless, respiratory or cardiac
insufficiency is significantly associated with premature death, with an average survival
of approximately 28 years for those born after 1990 [5]. Understanding the pathogenesis
of DMD is crucial to developing novel treatment methods. For example, a recent study
demonstrated the important role of the gut microbiome in the pathogenesis of DMD [6].

Non-coding RNAs (ncRNAs) have been reported to regulate the progression of nu-
merous diseases, including cardiological conditions, autoimmune disorders, and malig-
nancies [7-11]. These molecules mediate gene expression; thus, their dysregulation can
significantly contribute to the progression of the disease. Therefore, monitoring ncRNAs
can be used in the diagnostic process, and, importantly, manipulation of ncRNA expression
may induce beneficial effects. ncRNAs are grouped into several families, including mi-
croRNAs (miRNAs), long non-coding RNAs (IncRNAs), and circular RNAs, among others.
MiRNAs can be released into the circulation due to cell damage or the active secretion
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of these molecules in extracellular vesicles [12]. MiRNAs specific to the muscle tissue
are known as myomiRs, and their dysregulation in the circulation has been observed in
muscular diseases, suggesting altered release of these molecules. In this review, we discuss
the available evidence regarding the potential use of miRNAs in the diagnosis of DMD and
their involvement in the pathogenesis of the disease.

2. Duchenne Muscular Dystrophy: Pathogenesis and Epidemiology

There are a broad number of muscular dystrophies, progressive diseases associated
with muscle weakness, that have different genetic backgrounds. The pathogenesis of DMD
and Becker dystrophy is associated with mutations in the gene that encodes dystrophin,
which is located on the X chromosome [13,14]. The incidence of the disease is estimated at
1 in 3600 male liveborn infants [15]. Dystrophin is expressed in skeletal and cardiac muscle,
as well as in the brain, where it is expressed in postsynaptic inhibitory neurons [16-18].
It consists of four major domains, including the N-terminus actin-binding domain, a
central rod domain, a cysteine-rich domain interacting with the transmembrane protein
-dystroglycan, and a C-terminal domain [19]. The protein links muscle cell cytoskeleton
with proteins located in the cell membrane (sarcolemma) [20], and it is involved in the
structure known as the dystrophin-associated protein complex (DAPC), which takes part
in maintaining muscle cell membrane stability during contraction [21]. Furthermore,
dystrophin is involved in the processes of cellular adhesion, morphogenesis of various
tissues, and cellular signalling [22-24]. Dystrophin represents only 0.002% of total muscle
protein, but its deficiency is associated with severe diseases known as dystrophies [25].
These progressive myopathies affect skeletal and cardiac muscles. As the disease progresses,
muscle tissue degenerates and is replaced with fibrotic and fatty tissue. Consequently,
myocytes become unstable due to sarcolemma deformation and micro-tears, which activate
cation channels [26]. Moreover, dystrophin deficiency is associated with an overload of
calcium, an ion that acts as a second messenger. As a result, a cascade of inflammatory
responses is induced, which causes mitochondria to produce reactive oxygen species
(ROS) [27,28]. During early phases, degenerated muscle may be regenerated; however, this
process depends on the number of satellite cells [2,27,29,30]. Muscle stress induced by the
degenerative processes negatively impacts its functionality, and, therefore, more stressed
muscles such as the diaphragm are affected earlier [2,31].

Depending on dystrophin availability and compensatory mechanisms, several phe-
notypes of dystrophies have been described. For example, the course of Becker muscular
dystrophy (BMD) is less severe than that of DMD [2,32,33]. Consequently, establishing a
definite diagnosis may be challenging in several cases. To distinguish dystrophinopathies
and predict the phenotype, a reading frame hypothesis has been proposed and considered
to have great significance [34]. According to this hypothesis, the genetic backgrounds of
BMD and DMD differ. In contrast to BMD, the mutations that lead to DMD frequently
involve deletions or duplications that disrupt the reading frame, as well as nonsense
mutations that result in the formation of unstable dystrophin [2,34]. However, a recent
study demonstrated that the predictive value of this hypothesis was 82.5%, lower than
expected [35]. Due to the length of the gene encoding dystrophin, it is susceptible to
mutations. It is estimated that two-thirds of DMD cases arise due to exon deletion (exons
8-17 and exons 45-53) [36-38].

3. MicroRNAs in the Pathogenesis of Duchenne Muscular Dystrophy
3.1. MicroRNAs Regulating Muscle and Satellite Cells

Non-coding RNAs are frequently dysregulated in inflammatory and neoplastic dis-
eases. Altered expression of ncRNAs changes gene transcription, which then impacts
signalling pathways, leading to aberrant cellular behaviours [7,9]. Several studies have
examined the role of miRNAs in DMD. MyomiRs are important in muscle physiology,
as they regulate skeletal muscle development, cellular proliferation, and differentiation.
This group includes miR-1, miR-206, miR-208b, miR-133a and miR-133b, and miR-499 [39].
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Altered expression of these myomiRs has been associated with the development of DMD.
For example, miR-133b has been implicated in muscle diseases, as its plasma levels are
reduced in patients with sarcopenia [39]. miR-133b might slow the progression of DMD. In
the mdx mouse model, miR-133b deletion reduced the muscle cross-sectional area (CSA).
Moreover, the deletion impaired the myotube formation of satellite cells and reduced mus-
cle regenerative capabilities. Interestingly, deletion of miR-133b might not be an induction
factor for the pathogenesis of DMD; rather, it might contribute to exacerbated pathological
mechanisms. Specifically, deletion of this miRNA in healthy mice was not associated with
broad changes in the transcription profile in healthy mice. By contrast, in mdx mice, its
deletion significantly affected several signalling pathways, including the apelin, peroxi-
some proliferator-activated receptors o (PPARw), and signal transducers and activators
of transcription 3 (STAT3) pathways. Furthermore, it induced significant transcriptional
alterations, including upregulation of miR-133b targets such as RhoA and transcription
factor SP1, among others [40]. Altered expression of these molecules can also contribute to
DMD features. For example, RhoA is antimyogenic and antiadipogenic, while it promotes
osteogenesis. The use of a RhoA inhibitor in a dystrophin/utrophin double-knockout
mouse has been associated with improved myogenic potential [41]. Importantly, other
studies have also highlighted the involvement of RhoA signalling in the pathogenesis of
DMD by contributing to the accumulation of pro-inflammatory macrophages and muscle
calcification [42], the relationship with fibrosis [43], and dysregulation of autophagy [44].
Intriguingly, researchers have demonstrated that the expression profile of miR-133b might
change depending on DMD progression. Taetzsch et al. [40] analysed the expression of
miR-133b in the tibialis anterior muscle of mdx mice at postnatal days 30 and 60. The
authors observed elevated expression of miR-133b at day 30 compared with the control
group. Similarly, there was a higher expression on day 60. However, it was reduced com-
pared with the analysis from day 30. Thus, the authors demonstrated that the expression
of this myomiR increases in a severe period of the disease compared with the subsequent
remission period [40]. Lopez et al. [45] observed reduced expression of miR-133b in human
DMD skeletal muscle as well as in 6-month-old animals. Therefore, the initial upregulation
of miR-133b noted by Taetzsch et al. [40] might represent a compensatory mechanism that
is diminished during the later stages of DMD. Mechanistically, Lopez et al. [45] demon-
strated that the expression of miR-133b might be repressed by Smad8, a molecule that
transduces signals stimulated by bone morphogenic proteins (BMPs). Importantly, Smad8
messenger RNA (mRNA) was upregulated in DMD human tissue and the mouse mdx>c"
model (Figure 1).

SMAD8  — — RhoA

miR-133b
Inflammatory Fibrosis Altered
Macrophage autophagy

Accumulation

Figure 1. Schematic representation of the Smad8/miR-133b/RhoA pathway that is implicated in the
pathogenesis of Duchenne muscular dystrophy.

Another myomiR that has been investigated in the context of DMD is miR-206. Simi-
larly to miR-133b, miR-206 seems to contribute to muscle regeneration. Injecting cardiotoxin
into the tibialis anterior muscle of mice induced upregulation of miR-206. Knockdown
of miR-206 has been associated with delayed muscle regeneration after injury. To study
the impact of miR-206 on DMD, Lu et al. [46] generated mdx mice with miR-206 knock-
down. After 4 weeks, animals lacking this myomiR developed significantly more severe
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dystrophic alterations compared with regular mdx mice. Furthermore, the authors found
that miR-206 regulated satellite cell differentiation, as it affected the expression of negative
regulators of this process, such as Notch3 [46]. Overexpression of miR-206 in dystrophic
tibialis anterior muscle has been associated with upregulation of myogenic regulatory
factors, such as RUNX1, MRF4, and MEF-2C. Furthermore, miR-206 stimulated the ex-
pression of utrophin A [47]. Upregulation of utrophin A is an important regenerative
process in DMD; its elevated expression has been suggested to compensate for the lack
of dystrophin [48]. In addition, miR-206 overexpression in dystrophic muscles has been
associated with enhanced Akt signalling [47]. Importantly, regulating the Akt pathway has
been suggested as a potential beneficial mechanism in DMD animal models [49,50]. Fur-
thermore, dystrophin-deficient myoblasts show enhanced expression of phosphatase and
tensin homologue (PTEN), a negative regulator of this signalling pathway [51]. Targeting
PTEN could improve dystrophic muscle strength and reduce the necrotic area, fibrosis, and
inflammatory infiltration [52]. Additionally, the Akt pathway mediated the pro-myogenic
effects and stimulated hypertrophy of myotubes [53]. Therefore, enhancement of Akt
signalling could be another beneficial mechanism induced by miRNAs in DMDs. PTEN is
targeted by miR-486, a molecule downregulated in murine muscles deficient in dystrophin.
Its overexpression in a murine DMD model improved histology (a decreased number of
centralised myonuclei and increased myofibre size), reduced CK and ALT serum levels,
and enhanced muscle physiology and strength [54] (Figure 2).

PI3K

—>  PTEN — \L
mMiR-486

Akt <—
miR-206
Reduced muscle strength

Fibrosis
Inflammation

Figure 2. Simplified representation of the impact of miR-206 and miR-489 on the phosphoinositide
3-kinase (PI3K)/ Akt signalling pathway.

Another miRNA downregulated in the skeletal muscles of mdx mice is miR-499-
5p. It targets transforming growth factor-f3 receptors (TGF-fR), thus inhibiting TGF sig-
nalling [55]. Decreasing the activity of this pathway seems to be of particular interest due
to its promotion of fibrosis. TGF-{3 levels have been correlated with fibrosis in patients with
DMD [56]. Specifically, its presence has been associated with the activity of fibroadipogenic
progenitors (FAPs) in mice with severe DMD. Targeting TGF-f has been suggested to reduce
muscle degeneration and inflammatory cell infiltration in vivo [57]. Interestingly, reduced
levels of miR-499-5p can be rescued by using Wharton's jelly-derived mesenchymal stem
cells (WJ-MSCs). Intravenous administration of WJ-MSCs to mdx mice induced anti-fibrotic
effects in the diaphragm [55]. MSCs are self-regenerative cells that have immunomodula-
tory properties. They secrete cytokines and EVs, which contain bioactive cargo, including
miRNAs [58]. Therefore, structures secreted by MSCs can act as nanocarriers that deliver
molecules to change the expression profile in targeted cells. For example, co-culture of
placenta-derived MSCs (P-MSCs) with myoblasts resulted in the transduction of miR-29¢, a
molecule that is downregulated in the skeletal muscles of patients with DMD and mdx mice.
There were similar results when myoblasts were treated with P-MSC-derived exosomes.
Moreover, treatment of DMD myoblasts with these structures could reduce the expression
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of collagen and TGF-f3, demonstrating an anti-fibrotic potential. In an in vivo experiment,
treatment of mdx mice with these exosomes was associated with reduced skeletal fibrosis,
decreased inflammation, and increased utrophin expression [59].

As mentioned previously, upregulation of utrophin represents a promising DMD
treatment. miRNAs target mRNAs and repress their translation. Importantly, utrophin
mRNA contains binding sites for miRNAs. Consequently, deletion of these sequences
might be associated with elevated expression of utrophin. Indeed, inhibition of miR-196b,
let-7c, miR-150, miR-296-5p, and miR-133b binding sites was associated with elevated
utrophin expression in human-induced pluripotent stem cells (hiPSCs) induced from the
fibroblasts of a patient with DMD. Furthermore, differentiation of these cells towards my-
otubes was associated with elevated expression of x-sarcoglycan compared with unedited
cells [60]. Intriguingly, there was a miR-133b binding site in the utrophin sequence. As
previously mentioned, this miRNA acts as a protective factor in the development of DMD.
Nevertheless, miRNAs are involved in a broad interaction network and frequently regulate
the expression of numerous mRNAs. Therefore, their activity may depend on the cellular
context and/or other regulators.

Another alteration that occurs in patients with DMD involves changes in energy
metabolism and mitochondrial functionality. Patients with dystrophy seem to have im-
paired glucose tolerance; their blood glucose levels are significantly elevated in an oral
glucose tolerance test (OGTT) compared with controls [61]. Recently, Xu et al. [62] found
alterations in several metabolic pathways in patients with DMD, including amino acids,
D-glutamine and D-glutamate, and linoleic acid, among others. miRNAs might also be
involved in the metabolic dysregulation observed in patients with DMD. Mdx mice with
miR-378 deficiency demonstrated improved glucose tolerance after an OGTT. Moreover,
there was decreased hepatic expression of interleukin 6 (IL-6) and tumour necrosis fac-
tor o (TNF«) in these animals. In addition, a lack of miR-378 changes the expression of
several genes associated with lipid metabolism [63]. There was dysregulation of energy
metabolism, which may result from impairment of mitochondria in DMD, impaired resting
adenosine triphosphate (ATP) production, complex-I-driven respiration, as well as function-
ality of the citric acid cycle [64]. Dysregulated mitochondrial functionality is also correlated
with miRNAs. Specifically, Hong et al. [65] demonstrated that mitochondrial genes are
regulated by miRNAs located in the DLK1-Dio3 cluster, known as DD-miRNAs. The
authors demonstrated transcriptional similarities between the mdx diaphragm and muscles
overexpressing DD-miRNAs, thus suggesting their involvement in the pathogenesis of
the disease.

Muscular damage is reversed by a group of muscle stem cells known as satellite
cells. They possess self-renewing features and can generate myoblasts. Nevertheless, they
lose their regenerative properties during the progression of DMD [66]. Investigating the
miRNA expression profile of satellite cells demonstrated that DMD alters the expression of
these molecules. In satellite cells obtained from mdx mouse models, miR-1 and miR-206
were found to be upregulated [67]. Perhaps the observed upregulation might indicate
activation or regenerative processes, as knockdown of miR-206 is associated with delayed
differentiation. Specifically, miR-206 deficiency suppresses elongation and fusion of satellite
cells, as well as reducing the expression of myosin heavy chain, a differentiation marker [46].
Additionally, miR-1, which was found upregulated in the previously mentioned study, also
enhances satellite cell differentiation and suppresses their proliferation through targeting
Pax7 [68]. MiR-27b was also found to regulate the expression of Pax3, thus mediating
myogenic differentiation as well [69]. Intriguingly, the differentiation, proliferation, and
viability of muscle satellite cells are also regulated by miRNAs. For example, the activity
of these cells is mediated by miR-381 [70], miR-378 [71], and miR-377 [72], among many
miRNAs. Perhaps manipulation of miRNAs that regulate the viability and functionality of
satellite cells could enhance dystrophic muscle regeneration.



Int. J. Mol. Sci. 2024, 25, 6108

6 of 19

3.2. MicroRNAs Regulating DMD-Associated Cardiomyopathy

Dystrophin is also present in cardiac muscle, so its deficiency in DMD also affects
the heart. The incidence of DMD-associated cardiomyopathy rapidly increases with age
and is challenging to diagnose. The pathophysiology of dystrophin-deficient cardiomy-
opathy involves cardiac fibrosis and progressive left ventricle (LV) dysfunction, which
ultimately leads to heart failure [73]. Similarly to skeletal muscle, a lack of dystrophin
disrupts its connections between the cytoskeleton and the extracellular matrix, which
induces cardiomyocyte degeneration [74]. Recent studies have investigated pathogenetic
mechanisms that are associated with the development of cardiomyopathy. For example,
calcium overload has been suggested as an important aspect of myocardial remodelling
and fibrosis [75]. Importantly, dysregulated miRNAs could also contribute to the devel-
opment of DMD-associated cardiomyopathy. Using DMD cardiomyocytes obtained from
iPSCs, Gartz et al. [76] found that the expression of miR-485-3p, miR-338-3p, let-7b-5p, and
miR-298 was reduced in exosomes obtained from dystrophin-deficient cells. By contrast,
miR-98-5p, mir-431, miR-346, miR-135b-5p, miR-124-3p, and miR-339-5p were upregulated
in DMD cardiac cells compared with controls. Importantly, the introduction of dystrophin
could normalise the expression of these molecules. miR-339-5p was greatly overexpressed
in DMD exosomes, and the authors analysed its effect on cardiomyocytes. Specifically,
exposure to miR-339-5p-depleted EVs could decrease stress-induced cell death and im-
prove the mitochondrial membrane potential [76]. Therefore, this study demonstrated
that DMD-cardiomyocytes can secrete exosomes with dysregulated miRNAs that alter the
behaviour of other cardiac cells, making them more susceptible to damage.

Another miRNA involved in the functionality of the heart is miR-448-3p. Its down-
regulation induces cardiac remodelling and promotes fibrosis. In dystrophic hearts, there
was reduced expression of miR-448. Mechanistically, it was found to target Ncf1, a sub-
unit of nicotinamide adenine dinucleotide oxidase 2 (NOX2), an enzyme associated with
ROS [77]. Gonzalez et al. [78] found that NOX2 protein expression is increased fivefold in
mdx hearts. Furthermore, the authors revealed elevated levels of ROS in mdx hearts, and
the use of NOX inhibitors could reduce ROS generation. Consequently, miR-448 seems to
mediate cardioprotection from oxidative stress that is implicated in cardiac impairment in
DMD-related cardiomyopathy.

As we mentioned previously, the DMD pathogenesis involves calcium overload. Sar-
coplasmic reticulum ATPase 2a (SERCAZ2a) is an enzyme responsible for calcium reuptake
in cardiac cells. Its expression is downregulated in DMD animal models. Interestingly,
it is regulated by miR-25, a molecule upregulated in DMD. Introduction of the decoy
miR-25 through adenovirus was associated with improved myocyte contractility, fractional
shortening, and prolonged survival in mdx/utrn (+/—) mice. Mechanistically, suppression
of miR-25 could suppress the activity of the mitogen-activated protein kinase (MAPK)
pathway [79]. The miRNAs that are involved in the pathogenesis of DMD are summarised
in Table 1.

Table 1. Summary of microRNA (miRNA) dysregulation that has been suggested to contribute to the
pathogenesis of Duchenne muscular dystrophy (DMD).

Molecule Mechanism Reference
. Deletion of miR-133b was associated with reduced cross-sectional area, fewer satellite cells, and
miR-133b. . e [40]
decreased muscle regenerative capabilities.
Knockdown of miR-206 in mdx mice further exacerbated dystrophic alterations. [46]
miR-206.
Overexpression of miR-206 enhanced the expression of myogenic regulatory factors and utrophin A.  [47]
miR-486 Overexpression of miR-486 in dystrophin-deficient murine models improved muscle histology, 54]

strength, and physiology.
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Molecule Mechanism Reference
miR-499-5 Administration of Wharton's jelly mesenchymal stem cells into mdx mice increase the expression of [55]
p miR-499-5p, which has anti-fibrotic effects.
. Exosomes from placenta-derived mesenchymal stem cells can transfer miR-29c to myoblasts, thus
miR-29¢ . . . . . [59]
reducing fibrosis and inflammation.
miR-378 Mdx mice lacking miR-378 demonstrated improved glucose tolerance, reduced expression of [63]
inflammatory mediators in the liver, and altered expression of lipid metabolism-related genes.
miR-339-5p DMD—derlyed cardiomyocytes secrete exosomes containing miR-339-5p that impairs the response of [76]
other cardiac cells to stress.
. Downregulation of miR-448-3p, which is observed in dystrophic hearts, was associated with the
miR-448-3p . . . . . . [77]
induction of fibrosis and cardiac remodelling.
miR-25 Suppression of overexpressed miR-25 in DMD animal models was associated with improved [79]

myocyte contractility and enhanced survival.

DMD: Duchenne muscular dystrophy; miRNA: microRNA; W]-MSC: Wharton's jelly mesenchymal stem cells.

4. MicroRNA Alterations in Duchenne Muscular Dystrophy

In the previous section, we discussed the involvement of miRNAs in the pathogenesis
of DMD. However, several studies have demonstrated alterations in circulating levels
of miRNAs in DMD patients. These alterations could result from miRNA secretion or
release due to muscle degeneration, which has been observed in dystrophic muscles [80].
Interestingly, the levels of the circulating miRNAs might also correlate with disease stage.
Perhaps muscle activity is required to regulate the secretion of myomiRs, and terminal
stages of the disease could suppress the release of RNA molecules, which was suggested
in a study investigating circulatory miRNAs in amyotrophic lateral sclerosis [81]. In this
section, we will discuss the relevant studies by dividing them as follows: (i) the diagnostic
potential of miRNAs; (ii) miRNA levels in ambulant versus non-ambulant patients; and
(iii) the role of miRNAs in detecting carriers. Table 2 provides more detailed data regarding
the studies we discuss below.
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Table 2. Summary of recent studies regarding microRNAs (miRNAs) in patients with Duchenne muscular dystrophy patients (ordered by their appearance in

the text).
Ref. Year Population Comparison Assessed miRNAs Outcome Methodology
12 patients 10 age- and miR-1, miR-29¢, miR-124a, miR-135a, miR-516-3p, 1 miR-31, miR-43c, miR-206, miR-222, miR-223, miR-335, miRNAs in human
[82] 2009 wi t‘;\ DMD sex-matched miR-31, miR-43c, miR-206, miR-222, miR-223, miR-449, and miR-494 in patients with DMD quadriceps femoris
controls miR-335, miR-449, and miR-494 J miR-1, miR-29¢, and miR-135a in patients with DMD  biopsies by qPCR
5 patients with miRNAs in
DMD (serum) 3age-matched  miR-95, miR-208a, miR-208b, miR-410, miR-433, | MiK-9% miR-208b, and miR-499 and | mik-539 in serum and
[83] 2014 . . . . . . serum of patients with DMD paravertebral/dorsal
3 patients with DMD  controls miR-494, miR-495, miR-499, and miR-539 . . . . L.
(muscle biopsy) J miR-499 in muscle of patients with DMD muscle biopsies by
qRT-PCR
1 miR-1a-3p, miR-133a-3p, miR-206-3p, and miR-483-5p
in patients with DMD
[84] 2018 28 patients 16 HCs miR-1a-3p, miR-133a-3p, miR-206-3p, miR-483-5p, ROC analysis showed significant values for DMD vs miRNAs in serum by
with DMD and miR-483-3p HCs (AUC)—miR-1a-3p: (0.980); miR-133a-3p: (0.915);  qRT-PCR
miR-206-3p: (0.998); miR-483-5p: (0.819);
miR-483-3p: (0.531)
T m1R—f:50c—5p and miR-206 in patients with DMD over miRNASs in serum by
13 patients the entire study length ddPCR at the three
[85] 2020 wi tIl; DMD 13 HCs miR-181a-5p, miR-30c-5p, and miR-206 ROC analysis DMD vs BMD (AUC)—miR-206: (0.82), fimepoints over
(0.95), and (0.75) at the first, second, and third 4 eal:;‘s
timepoints, respectively y
D 199 ——— D 10h. 1 miR-122-5p, miR-192-5p, miR-19b-3p, miR-323b-3p, . .
[86] 2022 5 patients with DMD 5 HCs ﬁiﬁéggbﬂ; n;‘fdlizﬂf_gb?ﬂ{ 19b-3p, and miR-206 in patients with DMD E“Rll\jéi in plasma
b ROC analysis DMD vs HCs—AUC > 0.9 for all miRNAs > ¢
1 miR-1, miR-133, and miR-206 in patients with DMD
ROC analysis DMD vs. BMD and DMD vs. HCs—
. miR-206: AUC always > 0.94, p < 0.001 . .
26 patients . . . . 5 1 ¢ miRNAs in serum by
[87] 2011 with DMD 7 HCs miR-1, miR-133, miR-206, and miR-233 miR-1: AUC always > 0.84, p < 0.01 qRT-PCR

miR-133: AUC always > 0.76, p < 0.01
Inverse correlation between miR-1, miR-133, and
miR-206 and NSAA scores
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Table 2. Cont.

Ref.

Year

Population Comparison

Assessed miRNAs

Outcome

Methodology

[88]

2013

44 patients

with DMD 14 HCs

miR-1, miR-206, miR-31, miR-133a, and miR-133b

T miR-1, miR-206, miR-31, and miR-133b in patients
with DMD

1 miR-1, miR-206, miR-31, miR-133a, and miR-133b in
ambulant patients with DMD compared with
non-ambulant patients with DMD

No correlation between miRNAs and NSAA scores
Positive correlation between miR-1 and miR-133b and
FVC values

miRNAs in serum by
qRT-PCR

[89]

2014

39 patients

with DMD 36 HCs

miR-1, miR-133, and miR-206

1 miR-1, miR-133b, and miR-206 in patients with DMD
Inverse correlations between miR-1 and miR-206 and
muscle strength; miR-1, miR-133, and miR-206 and
muscle function; miR-1, miR-133, and miR-206 and QoL
ROC analysis DMD vs HCs (AUC)—miR-1: (0.93);
miR-133: (0.90); miR-206: (0.96)

miRNAs in serum by
qRT-PCR

[90]

2014

52 patients

with DMD 23 HCs

miR-1, miR-133, miR-206, miR-208a, miR-208b,
and miR-499

1 miR-1, miR-133, miR-206, miR-208a, miR-208b, and
miR-499 in patients with DMD

ROC analysis showed significant values for DMD vs
HCs (AUC), DMD vs BMD [AUC]—miR-1: (0.8227);
miR-133: (0.8119), [0.6756]; miR-206: (0.9156), [0.7090];

miR-208a: (0.8127); miR-208b: (0.9323), [0.7115]; miR-499:

(0.9900), [0.6987]

Positive correlation between miR-206, miR-208b, and
miR-499 and both age and type IIc muscle fibre content
in patients with DMD

miRNAs in serum by
qRT-PCR

[91]

2017

21 patients
with DMD

22 age-matched
HCs

miR-30c-5p and miR-181a-5p

1 miR-30c-5p and miR-181a-5p in patients with DMD
No correlation between miR-30c-5p and miR-181a-5p
and NSAA scores

miRNAs in serum by
ddPCR

[92]

2022

48 patients

with DMD 53 HCs

miR-1, miR-133a, miR-133b, miR-206, miR-208a,
miR-208b, and miR-499

1 miR-1, miR-133a, miR-133b, miR-206, miR-208a,
miR-208b, and miR-499 in patients with DMD

ROC analysis DMD vs HCs—AUC > 0.747 for all miRNAs
Positive correlation between all miRNAs and lower limb
distal muscle strength

Negative correlation between miR-499, miR-208b,
miR-133a, and miR-133b and Gowers’ time

miRNAs in serum by
qPCR
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Table 2. Cont.

Ref. Year Population Comparison Assessed miRNAs Outcome Methodology
54 patients with J miR-29¢-3p in patients with DMD compared with HCs
DMD: 20 age-matched  miR-21-5p, miR-22-3p, miR-23b-3p, miR-20c-3p 1 in ambulant patients with MD compared miRNASs in urinary
[93] 2018 ambulant (n = 31) HCs and miR-103a-3 with HCs exosomes by qPCR
non-ambulant P J miR-21-5p and miR-23b-3p in non-ambulant patients y4
n= wit compared wit S
(n=23) ith DMD pared with HC
1 miR-1-3p, miR-133a-3p, and miR-29¢-3p in patients
28 patients with with DMD compared with HCs
DI\ED' 1 miR-1-3p, miR-133a-3p, miR-133b and miR-136-5p in Free circulatin
: miR-1-3p, miR-133a-3p, miR-133b, miR-200c-3p, ambulant patients with DMD compared with HCs . . &
ambulant (n = 15) 8 HCs . . . . . . . miRNAs in serum by
miR-660-5p, miR-29¢c-3p and miR-136-5p 1 miR-133a-3p in non-ambulant patients with DMD
non-ambulant . qRT-PCR
(n=13) compared with HCs
[94] 2020 - 1 miR-660-5p and miR-29¢-3p in ambulant patients with
DMD compared with non-ambulant patients with DMD
1 miR-133a-3p and | miR-29¢-3p in patients with DMD
16 patients with compared with HCs . .
DMD: 8 HCs miR-1-3p, miR-133a-3p, miR-133b, miR-199a-5p, 1 miR-133a-3p and miR-199a-5p in ambulant patients itgflfxid miRNAs
ambulant (1 = 8) miR-33a-5p, miR-660-5p, and miR-29¢-3p with DMD compared with HCs RT-PCR y
non-ambulant (n = 8) 1 miR-133a-3p in non-ambulant patients with DMD q
compared with HCs
1 miR-133a-3p, miR-206, miR-21-5p, miR-31-5p,
miRNA miR-128-3p, and miR-144-3p in ambulant compared
28 patients correlation with with non-ambulant patients with DMD
with DMD: muscle injur miR-1-3p, miR-133a-3p, miR-206, miR-21-5p, Positive correlation between all miRNAs and ALT, AST, miRNAs in serum b
[95] 2022 jury P P P y
ambulant (n = 18) and circulating =~ miR-31-5p, miR-128-3p, and miR-144-3p and CK qRT-PCR
non-ambulant (n =6) metabolic Negative correlation between miR-133a-3p, miR-206,
parameters miR-21-5p, miR-31-5p, miR-128-3p, and miR-144-3p and
the Vignos scale score
1T miR-206 in DMD carriers . .
[96] 2016 23 DMD carriers 24 control miR-206 ROC analysis for DMD carriers vs control women miRNAs in serum by
Yy
women qRT-PCR

(AUC)—miR-206: (0.803), p < 0.0001




Int. J. Mol. Sci. 2024, 25, 6108

11 0f 19

Table 2. Cont.

Ref. Year

Population

Comparison

Assessed miRNAs

Outcome

Methodology

[97] 2020

29 patients
with DMD
29 DMD carriers

10 HCs for each
group

miR-499, miR-103a-3p, miR-223, miR-208a,
miR-103a-5p, miR-206 and miR-191-5p

T miR-499, miR-103a-3p and | miR-208a, miR-103a-5p,
miR-206, and miR-191-5p in patients with DMD
compared with HCs

T miR-499 and miR-103a-3p and | miR-208a,
miR-103a-5p, miR-206, and miR-191-5p in DMD carriers
compared with HCs

ROC analysis showed significant values for patients
with DMD vs HCs (AUC) and DMD carriers vs HCs
[AUC]—miR-499: (1.000), [1.000]; miR-206: (0.887),
[0.918]; miR-191-5p: (0.887), [0.932]

miRNAs in plasma
by qPCR

[98] 2020

34 DMD carriers

33 control
women

miR-1, miR-133a, miR-133b, miR-206, miR-208a,
miR-208b, and miR-499

1 miR-1, miR-133a, miR-133b, miR-206, miR-208a,
miR-208b, and miR-499 in DMD carriers

ROC analysis showed significant values for DMD
carriers vs control women (AUC)—miR-1: (0.771);
miR-133a: (0.701); miR-133b: (0.779); miR-206: (0.655);
miR-208b: (0.730), and miR-499 (0.786)

miRNAs in serum by
qRT-PCR

1, increased; |, decreased; ALT, alanine transaminase; AST, aspartate transaminase; AUC, area under the receiver operating characteristic curve; BMD, Becker muscular dystrophy;
ddPCR, droplet digital polymerase chain reaction; DMD, Duchenne muscular dystrophy; EVs, extracellular vesicles; FVC, forced vital capacity; HCs, healthy controls; NSAA, North Star
Ambulatory Assessment; QoL, quality of life; qPCR, quantitative polymerase chain reaction; qRT-PCT, quantitative reverse transcription polymerase chain reaction; ref., reference.
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4.1. Diagnostic Potential of microRNAs

In the clinical part of their study, Greco et al. [82] compared the expression of several
miRNAs between patients with DMD and age- and sex-matched controls. They assessed
them with quadriceps femoris biopsies. miR-31, miR-43c, miR-206, miR-222, miR-223,
miR-335, miR-449, and miR-494 were increased, while miR-1, miR-29¢, and miR-135a
were decreased in patients with DMD compared with controls. Jeanson-Leh et al. [83]
investigated a small group of patients with DMD. They found that miR-95, miR-208b, and
miR-499 were upregulated, while miR-539 was downregulated in the serum of patients
with DMD compared with healthy controls. Moreover, they showed decreased expression
of miR-499 in the muscles of patients with DMD. Coenen-Stass et al. [84] found that miR-
la-3p, miR-133a-3p, miR-206-3p, and miR-483-5p were higher in patients with DMD than
in controls. Moreover, the ROC (receiver operating characteristic) curve analysis showed
that the above miRNAs could effectively discriminate between patients with DMD and
healthy people. Trifunov et al. [85] performed a longitudinal study assessing the levels of
miR-181a-5p, miR-30c-5p, and miR-206. They showed that miR-30c-5p and miR-206 levels
were higher in patients with DMD compared with healthy controls over the entire study
length (at three timepoints over 4 years). Moreover, ROC curve analysis showed that miR-
206 could be useful in differentiating between patients with DMD and patients with BMD.
Garcia-Giménez et al. [86] reported upregulation of miR-122-5p, miR-192-5p, miR-19b-3p,
miR-323b-3p, and miR-206 in patients with DMD compared with controls. ROC curve
analysis showed strong performance for all miRNAs in differentiating between patients
with DMD and healthy individuals: each miRNA presented an area under the curve
(AUC) of >0.9. Cacchiarelli et al. [87] investigated miR-1, miR-133, miR-206, and miR-233
serum levels in patients with DMD and their role as potential biomarkers. miR-1, miR-133,
and miR-206 were upregulated in patients with DMD compared with healthy controls.
Moreover, all three miRNAs were able to discriminate patients with DMD from healthy
controls and patients with BMD with very high sensitivity and specificity. Further, all three
miRNAs were inversely correlated with the North Star Ambulatory Assessment (NSAA)
score, showing that disease progression is associated with an increase in these miRNA levels.
Zaharieva et al. [88] found that patients with DMD had higher levels of miR-1, miR-206,
miR-31, and miR-133b compared with healthy controls. miR-1, miR-206, miR-31, miR-133a,
and miR-133b expression was higher in ambulant patients with DMD than in non-ambulant
patients with DMD. Contrary to Cacchiarelli et al. [42], the authors found no correlation
between these miRNAs and the NSAA scores. However, there was a positive correlation
between miR-1, miR-133b, and forced vital capacity (FVC) values [88]. Hu et al. [89]
confirmed miR-1, miR-133, and miR-206 upregulation in patients with DMD compared
with healthy controls. Moreover, they found that these miRNAs correlated inversely
with clinical factors: muscle strength, muscle function, and quality of life. ROC analysis
revealed that all three miRNAs could discriminate between patients with DMD and healthy
individuals. Li et al. [90] observed increased miR-1, miR-133, miR-206, miR-208a, miR-208b,
and miR-499 expression in patients with DMD compared with healthy individuals. In the
ROC analysis, the authors found the ability of all studied miRNAs to differentiate patients
with DMD from healthy controls, and the ability of miR-133, miR-206, miR-208b, and
miR-499 to differentiate patients with DMD from patients with BMD. Importantly, serum
creatine kinase (CK) could not discriminate patients with DMD from patients with BMD.
Finally, there was a positive correlation between miR-206, miR-208b, and miR-499 and both
age and type Ilc muscle fibre content in patients with DMD, indicating the potential role
of these miRNAs in assessing disease severity and progression [90]. Llano-Diez et al. [91]
measured miR-30c-5p and miR-181a-5p expression levels using a technique called digital
droplet polymerase chain reaction (ddPCR). Both miRNAs were elevated in patients with
DMD compared with control individuals. Nevertheless, they did not find a statistically
significant correlation between these miRNA levels and the NSAA scores. Meng et al. [92]
found that the levels of miR-1, miR-133a, miR-133b, miR-206, miR-208a, miR-208b, and miR-
499 were higher in patients with DMD than in healthy individuals. In ROC curve analysis,
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all miRNAs had an AUC > 0.747 for discriminating patients with DMD from healthy
people. The authors observed a positive correlation between all miRNAs and lower limb
distal muscle strength and a negative correlation between miR-499, miR-208b, miR-133a,
miR-133b, and Gowers’ time, which may be valuable in the assessment of disease severity.

4.2. MicroRNA Levels in Ambulant versus Non-Ambulant Patients

Catapano et al. [93] compared the levels of miR-21-5p, miR-22-3p, miR-23b-3p, miR-
29¢-3p, and miR-103a-3p in urinary exosomes between patients with DMD and healthy
individuals. Patients with DMD were further divided into two groups: (i) ambulant
and (ii) non-ambulant. The authors found that miR-29¢-3p levels decreased overall in
all patients with DMD compared with healthy controls and in ambulant patients with
DMD compared with healthy controls. On the other hand, miR-21-5p and miR-23b-3p
decreased in non-ambulant patients with DMD compared with healthy controls [93]. The
same group also assessed both free-circulating miRNAs as well as miRNAs derived from
extracellular vesicles (EVs) in serum [94]. Regarding the free-circulating miRNAs, they
found upregulation of miR-1-3p, miR-133a-3p, and miR-29¢-3p in patients with DMD
compared with healthy controls. Further analysis after dividing patients with DMD into the
ambulant and non-ambulant groups revealed other expression differences. Regarding EV-
derived miRNAs, miR-133a-3p was increased while miR-29¢c-3p was decreased in patients
with DMD compared with healthy individuals. Almeida-Becerril et al. [95] compared the
levels of several miRNAs between ambulant and non-ambulant patients with DMD. They
found that miR-133a-3p, miR-206, miR-21-5p, miR-31-5p, miR-128-3p, and miR-144-3p
levels were higher in the ambulant group. The authors observed a negative correlation
between these miRNA levels and the Vignos scale score. Other scales assessing muscular
function also showed correlations with some of the investigated miRNAs. Moreover, all the
above-mentioned miRNAs and miR-1-3p positively correlated with alanine transaminase
(ALT), aspartate transaminase (AST), and CK values.

4.3. The Role of microRNAs in Detecting Carriers

Anaya-Segura et al. [96] assessed whether miR-206 could be used to differentiate
between DMD carriers and healthy women. First, they found that miR-206 levels were
higher in DMD carriers. Further, the ROC curve analysis showed that miR-206 levels were
able to discriminate DMD carriers from healthy women with high sensitivity (78.26%) and
specificity (70.83%). Mousa et al. [97] studied patients with DMD and their families, includ-
ing the mothers of patients with DMD (DMD carriers). They observed the upregulation
of miR-499 and miR-103a-3p as well as the downregulation of miR-208a, miR-103a-5p,
miR-206, and miR-191-5p in patients with DMD compared with healthy controls. The same
deregulation pattern was observed in DMD carriers compared with healthy individuals.
ROC curve analysis showed the perfect ability of miR-499 to discriminate patients with
DMD from healthy individuals and DMD carriers from healthy individuals, with sensitivity
and specificity equal to 100%. miR-206 and miR-191-5p were also good at differentiating
between those groups, but they performed worse than miR-499 [97]. Zhang et al. [98]
investigated the levels of miR-1, miR-133a, miR-133b, miR-206, miR-208a, miR-208b, and
miR-499 in DMD carriers. All miRNAs were upregulated in DMD carriers compared with
control women. ROC curve analysis of the ability to discriminate DMD carriers from
healthy controls revealed that all miRNAs showed an AUC > 0.600, with only miR-208a
not showing statistical significance. The combination of all seven miRNAs presented an
AUC of 0.872, higher than the AUC for CK [98]. Therefore, these studies suggest that
miRNAs demonstrate promising diagnostic potential. However, it is important to combine
knowledge about the expression of miRNAs in the muscles with their circulating levels
to understand the mechanisms occurring in dystrophic muscles. For instance, higher ex-
pression of miR-206 in the muscles might suggest that regenerative mechanisms have been
initiated in the skeletal tissue. By releasing miR-206 into circulation, this phenomenon
occurring in the muscles could be detected.
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5. Conclusions and Future Perspectives

DMD is a disease with a complex pathology. The current available evidence has
demonstrated that miRNAs are dysregulated in patients with DMD and in DMD animal
models. Damage to muscle cells may be responsible for elevated levels of certain muscle-
specific miRNAs observed in the blood. Importantly, dysregulated molecules could be
implemented in the DMD diagnostic process, as several studies have demonstrated that
they could discriminate between patients and healthy controls. Moreover, miRNAs have
been suggested to discriminate between patients with DMD and patients with BMD. Per-
haps monitoring a specific miRNA profile could enhance the diagnosis of DMD in the early
stages of the disease or point towards a specific dystrophic diagnosis. In addition, in the
future, miRNAs may be implemented to monitor disease progression and indirectly suggest
muscle conditions. Furthermore, these molecules seem to be involved in the pathogenesis
of DMD. By regulating gene expression, their downregulation may be associated with the
overexpression of genes that are involved in muscle fibrosis or inflammatory infiltration.
Conlflicting results have been published regarding certain molecules, which could result
from different animal models or different stages of the disease at the time of analysis.
miRNAs regulate signalling pathways, muscle strength, mitochondrial functionality, and
cardioprotection. Therefore, manipulation of miRNA expression could represent an in-
teresting approach to treating DMD. This could be achieved by using MSCs. Specifically,
gene transfection may allow for the isolation of miRNA-overexpressing exosomes, which
could serve as drug nanocarriers. Future studies need to examine methods to successfully
manipulate miRNA expression or EV secretion. For example, a recent study demonstrated
that stimulation of fibro-adipogenic progenitors with a histone deacetylase inhibitor could
increase the secretion of miR-206 in EVs, which could provide beneficial effects in dys-
trophic muscles [99]. Therefore, pharmacological interventions may also be associated
with altered miRNA secretion and gene expression. Additionally, apart from miRNAs,
there are other classes of ncRNAs that are involved in the regulation of gene expression,
including IncRNAs. There is limited information about the role of these molecules in
DMD, and future studies should explore their influence on dystrophic muscles and hearts.
IncRNAs interact with a wide range of miRNAs. For example, X-inactive-specific transcript
RNA (XIST), the most significantly downregulated molecule in one study, was predicted
to interact with 27 miRNAs [100]. Another IncRNA, H19, interacts with dystrophin, thus
suppressing its degradation [101]. Understanding these mechanisms might result in the
development of novel, targeted therapies in the future.
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