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ABSTRACT

This manuscript is a comprehensive review focused on the role of microRNAs (miRs)—short RNA molecules—in Limb Girdle
Muscular Dystrophy (LGMD). LGMD encompasses various and heterogeneous rare genetic neuromuscular diseases, charac-
terized by the progressive wasting and deterioration of muscle fibers, predominantly affecting the pelvic and shoulder girdles.
Similar to other muscular dystrophies, LGMD exhibits a dysregulated expression of miRs that are crucial for gene expression reg-
ulation and cellular processes. Notably, myomiRNAs, which are preferentially expressed in muscle tissue and linked to muscle
cell proliferation and differentiation, appear to be particularly affected. Numerous studies have aimed to identify differentially
expressed miRNAs in both physiological and pathological conditions with different purposes: (a) the identification of molecular
markers for diagnostic and prognostic purposes, and for evaluation of the effects of possible therapeutic strategies; (b) the de-
tection of a molecular signature to differentiate both LGMD from other muscular dystrophies and LGMD subtypes from each
other. The main conclusions so far emerged from published studies are: (a) a high number of differentially expressed miRs have
been found in both the serum and muscle fibers of LGMD patients (canonical myomiRNAs, including miR-1, miR-133a/b, and
miR-206, are frequently found to be dysregulated across various LGMD subtypes); (b) circulating levels of miR-206 were found
to be significantly elevated in LGMD patients compared to healthy subjects and have been suggested as a potential biomarker of
general muscle damage in various muscular dystrophies; (c) possible identification of subtype-specific molecular signatures (for
instance, the combination of six specific miRs has been proposed to discriminate LGMD patients from controls and to identify
particular LGMD subtypes, such as LGMDR1, LGMDR2, LGMDR3, and LGMDR4); (d) currently not validated miRNA biomark-
ers have been described for clinical use yet in LGMD due to heterogeneity of published studies (regarding the type of biological
material and techniques used) and limited number of involved patients. Therefore, while miRs show great promise for improving
the molecular understanding, stratification, and management of LGMD patients, further rigorous research and validation in
larger, standardized patient cohorts are necessary to confirm the clinical reliability of these identified miRNAs.

1 | Introduction and in muscle pathologies that recapitulate the development

and differentiation processes of muscle cells [2]. Specifically, mi-
Non-coding RNA molecules have been found to play crucial croRNA (miRNA or miR) levels were found to be dysregulated
roles in key cellular activities such as cell growth, development, in muscular dystrophies, both within muscle fibers and circu-
and differentiation, acting in both the nucleus and cytoplasm lating in serum [3], as well as in limb girdle muscular dystro-
[1]. Their effects have been studied in physiological conditions phies (LGMDs) [4, 5]. Therefore, there is increasing interest in
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studying miRs to clarify the molecular mechanisms underlying
these diseases and to evaluate their severity and progression, ul-
timately aiming to identify new biomarkers [6].

2 | MiRNAs

MiRNAs are small, non-coding RNA molecules, first discov-
ered in C. elegans. These molecules regulate gene expression by
directly binding to complementary messenger RNA (mRNA)
targets within their 3’ untranslated regions (UTRs) as anti-
sense molecules [7, 8] (Figure 1). MiRNA biogenesis begins with
transcription by RNA polymerase II or III, producing primary
miRNAs (pri-miRNAs) that become pre-miRNAs (precursor
miRNAs), with a looped hairpin structure, after being cleaved
in the nucleus by the Drosha/DGCR8 complex. Pre-miRNAs
are subsequently exported to the cytoplasm by RAN-GTP/
Exportin 5 and further processed by the RNase III endonucle-
ase Dicer complex into short, 20-22bp duplexes. These miRNA
duplexes are then integrated into the RNA-induced silencing
complex (RISC). Within the RISC, one strand (the guide strand)
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is utilized by the Argonaute (Ago) subunit to identify comple-
mentary target mRNAs, while the other strand (the passenger
strand) is degraded [8, 9]. Depending on the degree of comple-
mentarity between the miRNA and its target mRNA, the mRNA
will either be degraded or translationally repressed, thereby pre-
venting its expression and function [8].

Mammalian miRNAs are identified and classified according
to their sequence homology with already known miRs from C.
elegans [10]. As both miRNA strands can sometimes target dif-
ferent mRNAs, miRNAs originating from the 5’-or 3’-end of the
pre-miRNA hairpins are now designated as —5p and —3p miR-
NAs, respectively [11]. Furthermore, the prediction of mamma-
lian miRNA target genes is possible using specialized software
and computational methods [12].

MiRNAs are released by various cell types and exhibit stability
in the bloodstream thanks to their ability to circulate via exo-
somes [10]. Their expression levels are often altered in patho-
logical conditions compared to physiological ones [13]. Indeed,
miRNAs play crucial roles in regulating protein functions in
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FIGURE1 | Biogenesis of miRNAs. The process begins with the transcription of primary miRNAs (pri-miRNAs) by RNA polymerase II in the

nucleus. These pri-miRNAs are processed into precursor miRNAs (pre-miRNAs) by the Drosha complex. The pre-miRNAs are then exported to the

cytoplasm via Exportin-5. In the cytoplasm, Dicer, an RNase III enzyme, cleaves the pre-miRNA to generate a mature miRNA duplex. One strand of

the duplex, the guide strand, is loaded onto the RNA-induced silencing complex (RISC), while the passenger strand is typically degraded. The mature

RISC-miRNA complex regulates gene expression post-transcriptionally by binding to complementary target mRNAsS, leading to translational repres-
sion or mRNA degradation. Created in BioRender. Borgatti, M. (2025) https://BioRender.com/5dqop03.
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several conditions such as cardiac function, immune regula-
tion, and cancer [14]. Consequently, their levels are frequently
dysregulated in conditions like cancer and neuromuscular, met-
abolic, and cardiovascular diseases [15-18]. Given their stable
circulation in the bloodstream, miRNAs have been proposed as
promising biomarkers [19, 20] for the diagnosis, monitoring, or
prognosis of different disorders and conditions, including neuro-
muscular diseases [21].

3 | Myogenesis

Myogenesis is a multi-step process consisting of the generation
and development of muscular tissue from undifferentiated cells,
where myoblasts proliferate and differentiate before and after
birth [22]. Briefly, somitic stem cells generate myogenic stem
cells expressing Pax3 and Pax7, which are myogenic precursors.
Some of them will differentiate into proliferating myoblasts,
merging into multinucleated myotubes in the terminal differ-
entiation phase. Finally, myotubes generate mature myofibers,
parallel aligned. Instead of satellite cells, allowing adult (postna-
tal) skeletal muscle to regenerate, they originate from myogenic
precursors: after activation, they generate myoblasts as well [9].

Myogenic stem cells proliferate and differentiate according to
a critical regulation by transcription factors acting in cascade,
whose expression mode is in agreement with their role and regu-
lation. In particular, the gene family of myogenic regulatory fac-
tors (MRFs) includes Myf5, MyoD (myoblast determination gene
number 1), Myogenin (MyoG or Myf4), and Mrf4 (Myf6, also
called Herculin), whose sequences and roles are conserved [9].

All MRFs have myogenic ability that can turn fibroblasts into
myoblasts [9]. Their activation occurs sequentially during em-
bryogenesis, with a specific expression pattern. For example,
in mouse embryogenesis, the first expressed MRF is Myf5 [23],
followed by Myogenin [24], whereas the expression of Mrf4 and
MyoD occurs only later [25, 26]. The Mrf4 transcript levels are
increased after birth when it becomes the leading MRF [25]. The
specificity of MRF gene expression indicates that it may have
different functions during the different myogenesis phases, with
the aim of inducing myogenic gene expression [9].

The interactions and regulations of myogenic regulatory factors
have been extensively reviewed by Chen et al. [9], who listed all
miRNAs implicated in myogenesis as well.

In recent years, the importance of all MRFs for myogenesis has
been demonstrated, together with the miRNA regulation of
their mRNAs [9].

4 | Muscle-Specific microRNAs (myomiRNAs)

The characterization of molecular pathways controlled by miR-
NAs has revealed their involvement in all stages of myogenesis,
where they act synergistically or antagonistically and in close
association with myogenic factors [27].

MiRNAs preferentially found in skeletal muscles and/or in car-
diac muscles, are termed myomiRNAS [28] or myogenic miRNAs

as they are potent activators of myogenesis [9]. Canonical my-
omiRNAs, considered muscle-specific, belong to the miR-1,
miR-206, and miR-133 families, are found in both cardiac and
skeletal muscle [29] and are involved in regulating main muscle
processes such as myogenesis, muscle remodeling, and muscle
development [28, 30-32].

Nowadays the term “myomiRNA” also indicates several muscle-
enriched miRNAs encoded within myosin genes, such as
miR-499 and miR-208, in addition to miRNAs involved in the
development of cardiac muscle [33]. So, currently eight miR-
NAs can be considered myomiRNAs: miR-1, miR-133a, miR-
133b, miR-206, miR-208a, miR-208b, miR-486, and miR-499
[22, 34-36]. All myomiRNAs can be found both in cardiac and
in skeletal muscle, except for miR-206, which is specific for skel-
etal muscle, and miR-208a, which is specific for cardiac muscle
[28]. They can also be detected in other tissues, even though they
preferentially act on muscle [37], like miR-486 that can also be
defined “muscle-enriched” [34, 38].

In humans, canonical myomiRNAs are encoded by genes lo-
cated in bicistronic clusters on human chromosomes [39]:

miR-1-1/miR-133a-2: chromosomal region 20q13.33; intragenic,
located in an intron of the C200rf166 (chromosome 20 open
reading frame 166) gene;

miR-1-2/miR-133a-1: chromosomal region 18q11.2; intragenic,
located in an intron of the MIBI (mindbomb E3 ubiquitin pro-
tein ligase 1) gene;

miR-206/miR-133b: chromosomal region 6p12.2; intergenic.

Consequently, some myomiRNAs are transcribed together.
Even when genomic regions differ, mature miRNAs exhibit
high sequence similarity.

Moreover, canonical myomiRs are evolutionarily and genom-
ically linked [27, 28]. For example, there are no sequence dif-
ferences between miR-1-1 and miR-1-2 that have the same seed
sequence of miR-206 and are different from it by 4 nucleotides
in the 3’ region; also, miR-133a-1 and miR-133a-2 have the same
sequence and are different from miR-133b by 2 nucleotides. On
the contrary, some myomiRNAs are monocistronic and their se-
quences are sited in the coding sequence of specific genes: for
example, miR-208a, miR-208b, and miR-499 are found in the in-
tronic sequences of the myosin heavy chain genes MYH6, MYH7,
and MYH?7B, respectively [40], whereas miR-486 is located in the
intron of the ANK1 (ankyrin 1) gene [34].

The role of myomiRNAs and other miRs in muscle during
myogenesis has been reviewed [41], together with their func-
tions and implications in exercise, atrophy, aging, and diseases
[15, 22, 42-44]. Tt is known that they are involved both in em-
bryonic and in adult myogenesis [13]. Briefly, during myo-
blast differentiation there is an increase of miR-1 and miR-206
[30, 45], which have anti-proliferative effects. Their expression
begins the second differentiation day of myoblasts, promoting
differentiation and blocking proliferation. These two miRNAs
are crucial for correct myoblast differentiation and muscle de-
velopment [46].

TUBMB Life, 2025

30f 17



The regulation of myomiRNAs expression, having an active
role during myogenesis, has been extensively reviewed by
Horak et al. in 2016 [28], as well. In particular, MRFs seem
to be involved in crucial feedback mechanisms [30, 36, 47],
together with other factors like MYOD1, MYF5, MYF6, and
MEF2, MYOG (myocyte enhancer factor 2), MKL1 (mega-
karyoblastic leukemia (translocation) 1), SRF (serum response
factor), and other transcription factors associated with mus-
cle [27, 34, 48-50]. In detail, as reviewed by Costa et al. in
2022 [5], MyoD and IGF-1 (insulin-like growth factor 1) ac-
tivate miR-1 and miR-206, both downregulating Pax3 and
Pax7. So, genes determining MyoD and Myf5 upregulation are
activated, and cell cycle block and proliferation arrest occur,
promoting commitment and proliferation of myoblasts. In ad-
dition, the transcription repressor of many muscle genes like
MyoG and MEF2, histone deacetylase 4 (HDAC4), is inhibited
by miR-1 and miR-206, promoting myoblast differentiation to-
wards myotubes. Also, miR-133a and miR-133b inhibit myo-
blast proliferation and stimulate differentiation by controlling
MAPK signaling and miR-133 expression, whose upregulation
is produced by IGF-1 by inducing MyoG; as a result, a nega-
tive feedback process occurs, resulting in myofibers matura-
tion [28].

Also other not muscle-specific miRNAs have found actively
involved in muscle development, such as miR-26a [51], miR-27
[52], miR-181 [53], miR-221 and miR-222 [54, 55], miR-322/miR-
424 and miR-503 [56], in addition to miR-24, miR-29, miR-125,
miR-214, miR-675 and many others [22, 38], whose number is
progressively increasing.

Furthermore, miRNAs regulate myogenic stem cells (or satel-
lite cells) activation and quiescence. In the adult, these cells are
found between basal lamina and the myofiber. Their activation,
generating proliferating progenitor cells aimed at regenerating
damaged skeletal muscle, is a consequence of damage signals
[9]. For example, among the 412 detected miRNAs by Castel
et al. in 2018 [57] in myogenic stem cells, 249 miRNAs were
differentially expressed in activated, differentiated, and quies-
cent cells.

As a consequence of MRF involvement, a lot of skeletal muscle
disorders are characterized by a deregulation of miRNA expres-
sion [3, 58, 59], generally including myomiRNAs. That's what
happens in muscular dystrophies, as studied by Ballarino et al.
in 2016 [27], where alterations of circulating miRs have also
been documented [4, 60].

Obviously, studying miRNA levels in muscular dystrophies can
help to understand their effect on myogenesis both in pathologi-
cal conditions and in physiological ones. Additionally, advances
in identifying new molecules involved in the regeneration and
differentiation of muscle could allow us to understand the mo-
lecular processes causing these disorders and to identify new
potential therapeutic targets.

5 | Muscular Dystrophies

Muscular dystrophies are a class of rare and heterogeneous
neuromuscular disorders. They share common clinical and

pathological features, including progressive weakness, mus-
cle wasting and deterioration, with gradual loss of muscle
tissue, necrosis, muscle fiber regeneration, increased fibrosis
and adipose tissue substitution [61, 62]. The different forms
of muscular dystrophies up to now discovered are more than
50, where the clinical phenotype is different according to the
principally involved muscles, the weakness level, the onset
time and the progression rate [63, 64]. Various genes are im-
plicated in the distinct forms of muscular dystrophies and in
the disorder onset, and different pathogenic mutations have
been identified as well [65, 66].

The main muscular dystrophies types are reported in Table 1
[60, 67-73].

The patient’s identification generally relies on histopathologi-
cal analysis, clinical phenotype, and genetic analysis [64], but
also misdiagnoses frequently occur because of the similarity of
clinical symptoms. As in most diseases, miRNAs take part in
the cellular reaction to deregulated proteins; an improvement
of diagnosis, prognosis, or treatment follow-up for muscle disor-
ders could be achieved in these patients by identifying specific
disease-associated miRNAs.

6 | Muscular Dystrophies and myomiRNAs

A demonstration of miRNA expression deregulation in differ-
ent human neuromuscular disorders was provided by a large-
scale miRNA analysis described by Eisenberg et al. in 2007
[3]. The study was aimed at finding muscle-specific miRNAs
potentially associated with Duchenne Muscular Dystrophy
(DMD), Facioscapulo-Humeral Muscular Dystrophy (FSHD),
or Limb Girdle Muscular Dystrophy (LGMD) diseases. In par-
ticular, considering 10 distinct primary muscular diseases and
analyzing muscle biopsies by microarray technique, a total of
185 miRNAs were described that are up- or down-regulated,
demonstrating a differential miRNA profile. Among them, 151
miRNAs resulted up-regulated and 28 miRNAs down-regulated
compared to control, while six miRNAs (miR-30b, miR-92, miR-
361, miR-423, miR-29a, and miR-29b) were found only in some
diseases and without a specific expression pattern. In all the an-
alyzed samples, two miRNAs (miR-146b and miR-221) resulted
dysregulated, while miR-155, miR-214, and miR-222 were found
differentially expressed in all diseases except Becker Muscular
Dystrophy (BMD). Instead, some other miRNAs were differen-
tially expressed only in one of the analyzed diseases: miR-22,
miR-26a, miR-30a-5p, miR-30d, miR-30e-5p, miR-95, miR-101,
miR-193b, miR-331, miR-485-5p, miR-486, ambi-miR-7075, and
ambi-miR-13156 in DMD; miR-517* in FSHD; ambi-miR-10,617
in LGMD2A; miR-301 in LGMD2B; miR-302c* in Miyoshi
Myopathy (MM).

More recently, a review by Zacharewicz et al. [74] focused on
a specific group of miRNAs implicated in muscle develop-
ment, function, and disease, indicating the following miRs,
the so-called “dystromiRs”, as dysregulated in most neuro-
muscular diseases: miR-1, miR-21, miR-31, miR-133a, miR-
142-3p, miR-149-5p, miR-193b-3p, miR-206, miR-378a-3p [13].
Moreover, the expression of some of these dysregulated miRs
was found to be disease-specific [13]. In addition, as miRNAs
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TABLE1 | Main types of muscular dystrophies. The disease incidence, main features, and affected genes are reported.
Name Abbreviation  Incidence Features Affected gene References
Duchenne DMD 11in 3500 The most common and Mutations in the X- Duan et al. [67]
muscular severe muscular dystrophy. linked dystrophin (DYS)
dystrophy Progressive muscle necrosis gene, preventing the
and wasting, leading to production of functional
death in early adulthood due dystrophin protein.
to cardiorespiratory failure.
Becker BMD 3-61in 100,000  The same muscle wasting Mutations in the DYS Straub and
muscular distribution and weakness gene, producing a Guglieri [68]
dystrophy of DMD, but more partially functional
benign disease course. dystrophin protein.
Facioscapulo- FSHD 4-10in Progressive weakness Inappropriate reactivation Salsi et al. [69]
humeral 100,000 (about and atrophy of the of DUX4 gene.
muscular 95% FSHD1, skeletal muscles of face, FSHD1: deletion of repetitive
dystrophy 5% FSHD2) shoulders, arms, legs and elements on DUX4 gene.
abdominal muscles. FSHD2: mutations in
SMCHD1 gene.
Myotonic DM DM1:1in DM1: variable onset from DM1: CTG repeat expansion LoRusso
dystrophy 8000 congenital to very late- in the DMPK gene. et al. [70]
DM2:0.99 onset (most common); DM2: CCTG repeat
in 100,000 distal predominant expansion in the CNBP gene.
muscle weakness; cardiac,
respiratory, and central
nervous system involvement.
DM2: adult-onset or late-
onset; proximal predominant
muscle weakness; less severe
multisystem involvement.
Limb girdle LGMD 1:100,000 Progressive weakness and ~ More than 30 genes involved. ~ Johnson and
muscular wasting of pelvic, scapular For example, calpain3 Statland [71]
dystrophy and trunk muscles. (CAPN3) gene

(calpainopathy), dysferlin
(DYSF) (dysferlinopathy),
sarcoglycan (SGCA, SGCB,
SGCG and SGCD) genes
(sarcoglycanopathies),
transportin-3 (TNPO3)
gene (transportinopathy).

can circulate in the bloodstream through exosomes [10], some
serum miRNA levels seem to be altered in various neuromus-
cular diseases, resulting in a promising possible diagnostic
signature specific for each mutation and for specific neuro-
muscular diseases [13, 75-77].

For example, the small RNA sequencing of plasma from pa-
tients and healthy subjects indicated that levels of miR-19b-3p,
miR-122-5p, miR-192-5p, miR-206, and miR-323b-3p were
able to distinguish LGMD, DMD, and FSHD patients from
controls, with a specific expression pattern according to the
disease [13].

In DMD, one of the most investigated neuromuscular disor-
ders, an increase in the canonical myomiRNAs (miR-1, miR-
133a, and miR-206) levels, both in skeletal muscle biopsies and
in serum, was reported after analysis by real-time quantitative

PCR (qPCR) or droplet digital PCR (ddPCR) [75, 76, 78, 79].
The same increase was found in DMD animal models, includ-
ing mouse models not producing dystrophin and the CXMDj
(canine X-linked muscular dystrophy) Japan dog, respectively
[75, 80-83]. Dystrophin plays a crucial role in muscle differenti-
ation by controlling the switch from the early to the late stages
of the process, by means of a pathway comprising neuronal NOS
(nNOS) and histone deacetylase 2 (HDAC2) [84]. Some miRNAs
implicated in muscle terminal differentiation, such as miR-1
and miR-133, and the more ubiquitous miR-29 and miR-30, were
identified as targets of this pathway [85]. In dystrophic muscles,
the dysregulation of these miRs is correlated with dystrophic
pathogenesis [40, 85]. On the contrary, miR-206 is not involved
in the dystrophin/nNOS/HDAC?2 pathway. Its levels are low in
adult myofibers, whereas they increase during DMD muscle
regeneration [85]. Its deletion made the dystrophic phenotype
in mdx mice more severe [86], while miR-206 over-expression
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stimulated satellite cell differentiation and fusion to generate
new myofibers when the disorder causes damage to the existing
ones [27].

Other miRNAs were found dysregulated in serum or skeletal
muscles of DMD patients, as miR-21, miR-29, miR-31, miR-199a,
miR-208b, miR-486, miR-499 [10]. In particular, miR-31, con-
trolling satellite cell activation and regulating fiber maturation,
shows high levels in pathological muscles, where it is involved
in a delay of muscle differentiation [87]. Interestingly, the dys-
trophin rescue resulted increased in DMD myoblasts by miR-
31 inhibition, after exon skipping treatment [27]. Koutsoulidou
and Phylactou, in 2020, described other miRNAs that sporadi-
cally seem to be involved in DMD [21]. The more recent review
by Kietbowski et al. [76], addressing microRNA alterations in
DMD, summarizes the most recent studies about miRNA dys-
regulation in DMD patients.

Furthermore, in DMD patients, a correlation was found between
the levels of specific myomiRNAs and the severity and progres-
sion of the disease [75, 76], suggesting a possible use of miRNAs
as novel monitoring biomarkers for DMD.

Also in the serum of BMD patients, an increase of myomiR-
NAs (miR-1, miR-133, miR-206) levels was reported in com-
parison to controls, even if it resulted lower than in DMD
patients [75].

As regards other muscular dystrophies, RT-qPCR miRNA
analysis of primary skeletal muscle myoblasts derived from
Myotonic Dystrophy type 1 (DM1) and type 2 (DM2) patients
revealed specific diagnostic signatures of dysregulated microR-
NAs [88, 89], suggesting them as potential biomarkers also for
DM. In particular, in the case of the most frequent form in adult
people, DM1, miR-1 and miR-335 resulted up-regulated, while
miR-29b, miR-29¢, and miR-33 were found down-regulated in
DM1 biopsies compared to control subjects, but not in DM2
patients. The only miR seeming to be specifically modulated
only in DM1, and not in other muscular disorders, was miR-33.
Instead, miR-1, miR-206, and miR-133b displayed an abnormal
cellular localization [88], while their amounts resulted high
in the serum of patients and correlated with muscle wasting
[90]. In addition, in a wider group of DM1 patients, a reverse
transcription (RT)-qPCR validation of miR-27b, miR-140-3p,
miR-454, and miR-574 as plasmatic biomarkers for DM1 was
described [91].

Instead, in a little cohort of DM2 patients, seven of the miRNAs
identified in DM1 patients (miR-1, miR-133a, miR-133b, miR-
140, miR-206, miR-454, and miR-574) resulted dysregulated in
plasma [91]. In addition, in DM2 patients, after miRNA array
analysis, seven miRNAs were found increased in skeletal mus-
cle tissue in comparison to controls (miR-34a-5p, miR-34b-3p,
miR-34c-5p, miR-146b-5p, miR-208a, miR-221-3p, and miR-
381), whereas four miRNAs resulted reduced (miR-125b-5p,
miR-193a-3p, miR-193b-3p, and miR-378a-3p): among them,
miR-193b-3p, miR-208a, and miR-381 were similarly modulated
also in DM1 patients [89]. Anyway, more information is needed
before suggesting miRNAs as biomarkers for the less common
forms of muscular dystrophies like DM2.

Moreover, in FSHD, together with the increased expression of
muscle myomiRNAs, other miRNAs were found dysregulated,
including miR-411, overexpressed in FSHD myoblasts [92, 93].
More specifically, Harafuji et al. [92], after identification of 8 dys-
regulated miRNAs in proliferating FSHD primary myoblasts by
microRNA array analysis, validated the up-regulation of miR-
411 in primary and immortalized FSHD myoblasts in compar-
ison to controls by using qPCR [92]. On the contrary, Dmitriev
et al. [93] evaluated miRNA expression in primary myoblasts
and myotubes from FSHD patients and healthy subjects by
TagMan Low Density Array (TLDA), identifying a specific
miRNA profile of FSHD myoblasts and myotubes. Twenty-nine
total miRNAs were found differentially expressed between pa-
tients and controls: 21 miRNAs resulted up-regulated (miR-1,
miR-7, miR-15a, miR-22, miR-30e, miR-32, miR-107, miR-133a,
miR-133b, miR-139, miR-152, miR-206, miR-223, miR-302b,
miR-331, miR-362, miR-365, miR-382, miR-532, miR-654, miR-
660), while 8 were down-regulated (miR-15b, miR-20b, miR-21,
miR-25, miR-100, miR-155, miR-345, and miR-594) [93].

A study by Koutsoulidou et al. [63], aimed at identifying novel
miRNA in serum as biomarkers for the rarest forms of muscular
dystrophies, detected many miRNAs preferentially associated
with patients rather than with healthy subjects. In particular,
specific serum miRNA signatures were identified in FSHD1,
LGMD2A, and DM2 patients thanks to high-throughput Next-
Generation Sequencing (NGS) of small RNAs. The two best
candidate miRNAs for each disease, chosen and validated in a
greater group of patients, were miR-25-3p and miR-363-3p for
DM2, miR-206 and miR-223-3p for FSHD1, miR-143-3p and
miR-486-3p for LGMD2A.

A genome-wide analysis of differentially expressed small RNAs
in serum of muscular dystrophy patients and healthy subjects
by small RNA NGS was performed by Kakouri et al. in 2022
[72], as well. In patients, an alteration of various miRNAs, al-
ready known and previously uncharacterized, was reported,
with an average of 76 under- and 70 over-expressed miRNAs.
Some of them are common across patients affected by distinct
forms of muscular dystrophies, suggesting that they can be
found in the patient's blood as a consequence of muscle degra-
dation and not specifically related to the disease. For example,
miR-206 has been revealed as a possible biomarker of muscle
damage in various muscular dystrophies [63]. Also, miR-30c
and miR-181 can be used as biomarkers to monitor muscle
wasting, as they have a high expression in muscle, with a sim-
ilar pattern in various muscular dystrophies. On the opposite,
other identified miRNAs are disease-specific, suggesting a dis-
tinctive pattern of circulating miRNAs for the different patient
classes, confirming their involvement in the disorders' patho-
genesis and also the possibility to find a good biomarker for the
different forms of muscular dystrophies [72]. Furthermore, the
target genes of the most notable miRNAs were bioinformati-
cally analyzed, identifying distinct pathways involved in the
various forms of muscular dystrophy. A total of 418, 486, 490,
826, and 308 genes were predicted as targets for DMD, DM2,
DM1, FSHD1, and LGMD R1 calpain3-related, respectively;
in addition, 249 disease-specific gene targets were found for
DMD, 205 for DM2, 252 for DM1, 456 for FSHD1, and 85 for
LGMD R1 calpain3-related [72].
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Some miRNAs, including those identified and investigated
in muscular dystrophies, are involved in the molecular path-
ways underlying key clinical and pathological features, such
as fibrosis, muscle regeneration, and satellite cell survival. An
overview of selected miRNAs that are either regulated or func-
tionally implicated in these three aspects is presented in Table 2
[52, 86, 94-121]. The functional roles of miRNAs have been
explored using various in vivo and in vitro models employing
different detection methodologies (e.g., qPCR- or NGS-based
approaches) across multiple sample types. Importantly, these
clinical features are not independent but interconnected; for in-
stance, muscle regeneration relies on satellite cell activation and
survival, whereas fibrosis under physiological conditions can
also activate regenerative pathways. Therefore, some miRNAs,
such as miR-24 and miR-27, are not exclusively associated with
a single biological mechanism but rather participate in multiple
interconnected processes.

Finally, dystrophin mRNA also demonstrated to be targeted by
the inflammatory miR-146b, miR-223, and miR-374a, increasing
in dystrophic muscles according to the severity of the disorder
[122]. In particular, the activation of miR-146b and miR-223 in
dystrophic myofibers depends on inflammation and involves
the TNF-a-induced NF-xB signaling pathway. All of them are
found augmented in different muscle pathologies as well [3, 85],
suggesting that inflammation-associated miRNAs are involved
in all muscle diseases characterized by chronic inflammation,
and their targeting should be evaluated as a possible therapeu-
tic option for muscular dystrophies in combination with other
strategies.

Overall, the interest in the identification of biomarkers for this
class of diseases is continuously increasing in order to evaluate
both the disorder development and the effect of novel therapies.

7 | LGMD

LGMDs are a class of rare heterogeneous hereditary neuromus-
cular disorders sharing a progressive weakness and deteriora-
tion of muscle fibers of the shoulder and pelvic girdle [123-125].

The disease has been found to have an overall incidence of
about 1:100,000 [126]. Clinically, there is a great phenotypic
variability in terms of involved muscles, weakness degree,
onset age, and disease progression. This results in both milder
forms, having a late onset and a slow development, as well as
more severe forms, having an earlier onset and a quicker pro-
gression [4]. Generally, damage to the muscle membrane, to its
repair systems, to sarcomere remodeling, to the cytoskeleton,
and its interactions with membranes can be found in all the
variants [127].

Different alterations have been found in more than 30 genes,
each responsible for a distinct LGMD subtype. These mutations
contribute to a wide difference not only in genotype but also in
phenotype, making it difficult both to diagnose the disease and
to make a prognosis or plan a possible treatment [128].

An exhaustive classification of LGMD forms was provided by
Bouchard and Tremblay in 2023 [125].

Briefly, LGMDs are classified considering genetic inheritance,
the order of discovery, and clinical and histopathological fea-
tures [4, 129]. The name LGMD is associated with the letter R
or D in the case of recessive or dominant disease, respectively,
and to a progressive number according to the discovery order.
To date, 8 autosomal dominant and 23 recessive subtypes are
known [130, 131]. Calpainopathy, dysferlinopathy, sarcogly-
canopathies, and transportinopathy are the most common [132].

The calpainopathy (LGMDR1) is a recessive and the most wide-
spread subtype of LGMD, with about 40%-50% of total cases of
LGMD in European countries [133]. It is caused by a deficiency
of calpain3 (CAPN3), a calcium-activated cysteine protease
specific for skeletal muscle, and essential for muscle regenera-
tion. Calpain-3 regulates sarcomeric protein turnover and helps
to establish self-renewing reserve cells through the control of
MyoD protein level [134-137]. It comprises two subtypes: G1,
where calpain3 is absent, and G2, where calpain3 function is
impaired [127].

LGMDRI displays selective, increasing, and symmetrical weak-
ness of the proximal limb and girdle muscles, especially the
ones of the hips and shoulders. The heart is not involved, and
there is no intellectual disability. In addition, in patients, calf
muscles enlarge, muscles shorten, and harden, causing con-
tractures, and scoliosis and winging of the shoulder blades can
be found [138]. According to how muscle weakness distributes
at the disease onset, two main subtypes have been described:
the most frequently found is the pelvic-femoral, where mus-
cle weakness starts in the pelvic girdle and then moves to the
shoulder girdle; on the contrary, the scapulohumeral subtype
generally has a milder phenotype, and muscle weakness occurs
first in the shoulder girdle and affects the pelvic girdle only later
[139]. Levels of creatinine kinase (CK) are high since child-
hood, whereas the onset age is different, ranging between 2 and
40years.

The dysferlinopathy (LGMDR2) shows weakness and atrophy of
the pelvic and shoulder girdle muscles, with onset in puberty
and slow development [140]. The pathological mutations are in
the DYSF gene, coding for dysferlin, a 230-kDa large transmem-
brane protein taking part in the membrane repair process, in
the intracellular vesicle system and in T-tubule development in
skeletal muscle [141]. Calpain-3 belongs to the dysferlin complex
and has a regulatory function by cutting AHNAK, a protein
complex-associated and implicated in subsarcolemmal cytoar-
chitecture and membrane repair [127]. LGMDR2 can be con-
sidered a calpainopathy as well, because it shows a secondary
reduction of calpain-3 caused by a deficiency of functional dys-
ferlin [127].

Sarcoglycanopathies (LGMDR3-6) originate from alterations
in genes coding for sarcoglycans (SGCA, SGCB, SGCG, and
SGCD), muscle-specific protein subunits of the sarcoglycan
complex. This complex is joined to dystrophin in cardiac and
skeletal muscle [142], anchors the cellular cytoskeleton to the
extracellular matrix [143] and is important in muscle contrac-
tion, maintaining muscle membrane stability. Alterations of sar-
coglycan genes can make muscle fibers more subject to injuries
during muscle contractions [142]. Patients with sarcoglycanopa-
thies show a broad range of clinical phenotypes, including more
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TABLE 2 | Studies on microRNAs (miRs) and their involvement in key clinical aspects of muscular dystrophies. The clinical aspects, miRs, and

detection methodologies are presented.

Clinical
aspects miRs Methodology References
Fibrosis miR-29b RNA-seq dataset re-analysis (MIENTURNET) and RT-qPCR [94]
validation in muscle tissue sample (murine model)
miRNA expression analysis by RT-qPCR in muscle biopsies [95]
sample and in cell cultures (human model)
miR-146a-5p miRNA expression analysis by RT-qPCR in muscle tissue [96]
sample and in cell cultures (murine model)
miRNA expression analysis by RT-qPCR in [97]
muscle tissue sample (murine model)
miR-1 RNA-seq dataset re-analysis (MIENTURNET) and RT-qPCR [94]
validation in muscle tissue sample (murine model)
miR-27b-3p miRNA expression analysis by RT-qPCR in [98]
muscle tissue sample (murine model)
miR-199a-5p miRNA expression analysis by RT-qPCR and miRNA [99]
array validation in culture of cells derived from muscle
biopsies and their exosomes (human model)
miR-24 miRNA expression analysis by RT-qPCR in muscle tissue [100]
sample and in cell cultures (murine model)
miR-21 miRNA expression analysis by RT-qPCR in muscle tissue [101]
sample and in cell cultures (murine and human model)
miRNA expression analysis by RT-qPCR in muscle biopsies [95]
sample and in cell cultures (human model)
miR-122 miRNA expression analysis by RT-qPCR in muscle tissue [100]
sample and in cell cultures (murine model)
Muscle miR-199-3p miRNA expression analysis in cell cultures, muscle tissue [102]
regeneration sample and free circulating miRNAs in blood, plasma
and exosome by RT-qPCR (murine model)
miR-675-3p/ miRNA expression analysis by RT-qPCR and miRNA array in muscle [103]
miR-675-5p tissue sample and in cell cultures (murine and human model)
miR-31 miRNA expression analysis by in situ hybridization and RT- [104]
gPCR in muscle tissue sample (murine model)
miRNA expression analysis by in situ hybridization [105]
in cells cultures (murine model)
miR-24-3p miRNA expression analysis by RT-qPCR in muscle tissue [106]
sample and in cell cultures (murine model)
miR-431 miRNA expression analysis in muscle tissue sample by northern blot and [107]
expression of miRNAs in cells cultures by RT-qPCR (murine model)
miRNA expression analysis in cell cultures by NGS and miRNAs [108]
in muscle tissue sample by RT-qPCR (murine model)
miR-200c-5p miRNA expression analysis by RT-qPCR in muscle tissue [109]
sample and in cell cultures (murine model)
miR-127 miRNA expression analysis in muscle tissue sample by northern blot [110]
and RT-qPCR. MiRNAs in cells cultures by RT-qPCR (murine model)
miR-206 miRNA expression analysis by northern blot and RT-qPCR in [86]
muscle tissue sample and cell cultures (murine model)
(Continues)
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TABLE 2 | (Continued)
Clinical
aspects miRs Methodology References
miR-133b miRNA expression analysis by RT-qPCR in [111]
muscle tissue sample (murine model)
miR-155 miRNA expression analysis by RT-qPCR in muscle tissue [112]
sample and in cell cultures (murine model)
miR-106b miRNA expression analysis by in situ hybridization and RT-qPCR in [113]
muscle tissue sample, muscle biopsy sample (murine and human model)
Satellite cell miR-378 miRNA expression analysis by RT-qPCR in [114]
survival muscle tissue sample (murine model)
miR-143-3p miRNA expression analysis by RT-qPCR in muscle tissue [115]
sample and cell cultures (murine and human model)
miR-24 miRNA expression analysis by RT-qPCR in muscle tissue [116]
sample and cell cultures (murine and human model)
miR-194-5p miRNA expression analysis by RT-qPCR in muscle tissue sample (rabbit model) [117]
miR-489 miRNA expression analysis using RT-qPCR-based [118]
miRNA arrays in cell cultures (murine model)
miR-195/ miRNA expression analysis using miRNA microarray and [119]
miR-497 RT-qPCR analyses in cell cultures (murine model)
miR-27b miRNA expression analysis by RT-qPCR and in situ [52]
hybridization in cell cultures (murine model)
miR-23b/ miRNA expression analysis by RT-qPCR and miRNA array in [120]
miR-27b muscle tissue sample and cell cultures (human model)
miR-148a-3p miRNA expression analysis by RT-qPCR in muscle [121]

tissue sample and cell cultures (chicken model)

severe and milder forms, with increasing muscle weakness and
atrophy, especially of pelvic and shoulder girdles, together with
cardiac and respiratory involvement [138]. On the contrary, no
cognitive dysfunctions are present. The onset of muscle weak-
ness starts typically during childhood, and the disorder pro-
gresses more rapidly and severely than other LGMDs [144].

The transportinopathy (LGMDD?2) is caused by a mutation in the
TNPO3 gene, encoding for transportin-3, a member of the im-
portin beta family whose function is to translocate proteins from
cytoplasm to nucleus [145]. Particularly, TNPO3 targets are rich
in serine/arginine domains (SR), including proteins implicated
in mRNA splicing and metabolism and essential splicing factors
[146]. LGMDD2 is rare and dominant, and the pathogenic muta-
tion is the deletion of an adenine in the TAG stop codon of the
TNPO3 gene, resulting in a 15 codon lengthening of the read-
ing frame, and producing an altered protein containing 15 extra
amino acids at the C-terminus [147, 148]. Other TNPO3 mutations
have been reported: ¢.2767delC and c.2757delC, leading to elon-
gated proteins as well [149, 150]; a missense mutation, ¢.2453G>A,
producing a dissimilar phenotype from the typical one [151].

The function of TNPO3 in muscle cells and the relationship
between TNPO3 mutations and LGMDD2 clinical features are
still not completely understood. The clinical phenotype includes
severe muscle weakness, starting in the pelvic girdle muscle
and then developing in the shoulder girdle [4, 152]. Sometimes,

scoliosis, arachnodactyly, distal muscle and facial weakness,
scapular winging, and joint contractures can also be observed in
patients [147, 148, 153]. On the opposite, there is no cognitive or
cardiac damage, whereas respiratory or bulbar involvement has
been reported only in some cases, having early onset and severe
phenotype [154]. There is variability both in the onset age, rang-
ing from 1 to 31years, and in the degree of disability of pelvic
girdle muscles [4, 152]. The clinical spectrum, the involved ge-
netic mutations, and the pathogenetic mechanism of LGMDD2
have been reviewed by Costa et al. in 2022 [5].

Although LGMDs have a specific genetic molecular base, a
muscle biopsy analysis—by both immunohistochemistry and
Western blot—is generally still necessary to perform a correct
diagnosis. Nevertheless, this analysis is expensive and invasive,
and does not allow the evaluation of the disorder course or the
efficacy of a therapeutic treatment. CK levels have often been
used as a biomarker, but in some forms of muscular dystrophy
they are only slightly increased and affected by the patient's
clinical picture and treatment. Hence, the identification of novel
non-invasive biomarkers is highly crucial, to monitor the disor-
der course and to assess the efficacy of therapeutic options as
well. Actually, up to now, LGMD patients have not taken ad-
vantage of efficient therapeutic treatments, even though some
therapies are under development and various clinical trials are
ongoing [132]. That's why miRs seem to be encouraging bio-
markers for LGMDs.

TUBMB Life, 2025

9o0f 17



8 | LGMD and myomiRNAs

Many studies demonstrate miRNA involvement in LGMD;
therefore, their possible employment as biomarkers has been
suggested for diagnosing the pathology, monitoring its develop-
ment, and evaluating the effect of a possible therapeutic strategy.
Two main objectives should be achieved: the first is to distin-
guish LGMD from other muscular dystrophies, as they all in-
volve progressive muscle wasting and sometimes share the same
intracellular pathways and signal molecules; the second is to
discriminate between the different forms of LGMD, which have
distinct pathogeneses, onset ages, and slightly different clinical
traits.

Among the first published works, Matsuzaka et al. in 2014 [60]
evaluated the expression of canonical myomiRNAs—miR-1,
miR-133a/b, and miR-206—previously found dysregulated in
DMD patients. The analysis, performed by RT-qPCR on serum
from patients with various muscular dystrophies, including
BMD, DMD, DM1, LGMD, FSHD, and Distal Myopathy with
Rimmed Vacuoles (DMRYV), suggested that miR-1, miR-133a,
and miR-206 could serve as possible biomarkers for BMD,
FSHD, and LGMD. However, the results need a larger sample
size for more robust conclusions.

More recently, in 2021, Pegoraro and Angelini [4] confirmed
that the circulating miR-206 amount was significantly high
in LGMD patients in comparison to healthy subjects. Indeed,
they also studied the possible role of the myomiRNA miR-206
in evaluating the disorder development in patients suffering
from LGMD. Eleven patients were enrolled, with distinct
forms of LGMD: transportinopathy, sarcoglycanopathy, and
calpainopathy. The miR-206 amount in serum was analyzed
by RT-qPCR, and the values were found significantly higher
in LGMD patients than in healthy controls, reaching a peak
of expression 50-80 fold higher in two LGMD subjects hav-
ing a severe and quick disorder progression in transportinop-
athy and calpainopathy forms. This study provided the first
evidence of a possible prognostic use of miR-206 to monitor
disease course.

A more recent work [13] aimed to non-invasively find a mo-
lecular signature for LGMD useful to distinguish LGMD from
other muscular dystrophies and for patient prognosis and strati-
fication. Plasmatic miRNAs were analyzed by whole miRNome
sequencing in LGMD patients and healthy subjects, comparing
them with other muscular dystrophies such as DMD and FSHD.
A differential expression of 13 miRNAs was found in LGMD
patients compared to controls: 10 of them resulted up-regulated
(miR-29a-3p, miR-122-5p, miR-122b-3p, miR-192-5p, miR-
203a-3p, miR-203b-5p, miR-574-3p, mir-885-3p, miR-4646-3p,
and miR-6511a-3p), while three of them were found significantly
down-regulated (miR-19b-3p, miR-323b-3p, miR-7706). After
validation by RT-qPCR, a bioinformatic analysis was performed
and target genes were identified, showing that the most affected
pathways are muscle development, senescence and regenera-
tion, and cell cycle. In particular, miR-122-5p, miR-192-5p, and
miR-323b-3p levels were found to be enough specific and sen-
sitive to discriminate LGMD, DMD, and FSHD patients from
healthy subjects, suggesting a possible clinical use for LGMD
patients stratification and prognosis.

Furthermore, Mousa et al. [155] studied the diagnostic poten-
tial for neuromuscular diseases of some miRNAs involved in
physiological and pathological muscle processes: miR-103a-3p,
miR-103a-5p, miR-191, miR-206, miR-208a, miR-223, miR-499
[156, 157]. The analysis was performed on peripheral blood
samples collected from patients with various forms of muscu-
lar dystrophy: BMD, Congenital Muscular Dystrophy (CMD),
Congenital Myopathy (CM), DMD, LGMD, and Spinal Muscular
Atrophy (SMA), including clinical phenotypes of calpainopathy,
dysferlinopathy, sarcoglycanopathy, and titinopathy. By using
RT-qPCR, circulating miR-499 amount was found to be more
elevated in neuromuscular patients compared to controls, with
different values in the different diseases, making it possible
to distinguish all the tested disorders. On the contrary, in this
work, miR-206 resulted down-regulated in pathological condi-
tions: it showed a potential to discriminate patients from healthy
subjects, to differentiate between DMD and all other diseases
but not to distinguish among the other disorders. A significantly
down-regulated level of miR-208a was found in SM A patients, al-
lowing their discrimination from other neuromuscular patients.
Circulating miR-103a-3p was down-regulated in BMD and up-
regulated in DMD, allowing us to distinguish between these
disorders but not among other neuromuscular diseases. Instead,
miR-103a-5p showed a highly significant down-regulation in
75% of SMA patients in comparison to healthy control subjects
and to other diseases. MiR-191 levels were found low in all pa-
tients, and statistical analysis showed that it can distinguish
between SMA and other disorders, between DMD and BMD,
and between DMD and LGMD. Finally, miR-223 resulted up-
regulated in all neuromuscular diseases except for SMA, where
it was down-regulated. So it was suggested its possible use to
discriminate between SMA and other diseases but not between
different muscular dystrophies.

With the same aim as the previous studies, Magri et al. [138] tried
to identify the miRNA signature in LGMD for patient screening
and stratification. In this study, an array analysis of 179 miRs in
serum from 16 LGMD patients and from healthy subjects was
performed and subsequently confirmed by RT-qPCR, resulting
in 107 total dysregulated miRs in LGMD patients in comparison
to the control group. Among them, six miRNAs appeared down-
regulated: let-7f-5p (in LGMDRI1), miR-20a-5p (in LGMDR?2),
miR-130b-5p and miR-378a-5p (both in LGMDR3), miR-376¢-3p
and miR-382-5p (both in LGMDR4). The combination of six
miRNAs allowed for discrimination of LGMD patients from
controls, while the amounts of single miRNAs allowed for iden-
tification of a particular LGMD subtype. This is very important
since the different LGMD forms have different clinical pheno-
types and progression, and the possibility to stratify and man-
age LGMD patients through specific circulating miRs molecular
signatures remains a challenge [13].

Recently, Oliveira et al. [6] published a review about the associ-
ation between miRNA levels and disease severity, course, and
response to therapeutic treatments in animal models of different
subtypes of LGMD. Five studies were analyzed, published from
2013 to 2019 [77, 80, 158-160], evaluating the miRNA expres-
sion in muscle, serum, or both of mice models of the following
subtypes of LGMD: LGMDR1, —R2, —R3, —R5, and —R6. MiR-1,
miR-133a, and miR-206 result differentially expressed in serum
and muscle across disease subtypes, with levels depending on
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muscle regeneration, fibrosis, inflammation degree, and disease
course. These miRs are highly expressed in pathological mus-
cles, and reversed dose-dependently after treatment, confirming
their involvement in disease progression, seriousness, therapeu-
tic response, and suitability as clinical biomarkers.

Finally, Aguennouz et al. in 2016 [127] carried out a study about
skeletal muscle miRNA expression in three cohorts of patients
with different forms of calpainopathy: primary deficiency (G1),
autocatalytic activity deficiency (G2), and secondary deficiency
(G3) or dysferlinopathy, respectively. Healthy subjects were used
as controls. The analysis was performed by TLDA. Among the
384 analyzed miRs, 187 total miRNAs resulted significantly
dysregulated in all patients in comparison to controls. In par-
ticular, 17 miRNAs displayed a similar expression trend in all
the analyzed cohorts. For example, 5 miRNAs, involved in cell
growth and differentiation, were up-regulated: miR-34a and
miR-198, reducing motogenic and mitogenic pathways and thus
decreasing cell growth and movement; miR-432, with a role in
muscle development; miR-503, promoting cell cycle arrest; and
miR-650, involved in cell proliferation and survival. In addition,
other miRNAs resulted differentially expressed in the three an-
alyzed patient cohorts, suggesting that the onset and course of
the specific diseases involve different molecular mechanisms
and could serve as potential biomarkers. In particular, 29 miR-
NAs were dysregulated only in G1 patients, 45 miRNAs only
in G2 patients, and 14 miRNAs only in G3 patients, whereas 6
miRNAs had an opposite regulation in G1 and G2 versus G3:
miR-154, miR-184, miR-485-3p, miR-493, miR-519¢, and miR-
654. The last two miRNAs have a role in cell-cycle arrest, an
important process for muscle regeneration. MiR-200, which was
found more expressed in primary CAPN3 deficit than in CAPN3
autocatalysis deficit, is involved in myoblast fusion as a compen-
satory way in the dystrophic muscle to promote muscle regener-
ation. In the secondary deficit, two miRNAs resulted strongly
down-regulated, miR-184 and miR-493, both having as a target
the calcium metabolic pathway and being involved in inflam-
matory processes as well. As previously reported, also miR-
143-3p and miR-486-3p serum levels were found dysregulated in
LGMDRI1 patients in comparison to control subjects [63].

Overall, these studies underline the possible use of miRs as diag-
nostic biomarkers for LGMD, as well as to stratify patients and
evaluate therapeutic strategies. However, further research and
validation in larger patient groups are necessary to confirm their
potential clinical application.

9 | Conclusion and Perspectives

Muscular dystrophies, including LGMD, are rare and hetero-
geneous neuromuscular disorders showing increasing muscle
wasting and degeneration. For these diseases, a definite therapy
is not available yet, even though several approaches are under
development [73, 161]. An early specific diagnosis remains cru-
cial for both genetic counseling and effective clinical manage-
ment of patients [5].

Currently, CK levels in serum are regularly employed as a clin-
ical biomarker to diagnose muscular dystrophies since they are
generally increased in patients [64]. However, CK values are

dysregulated in a variety of conditions, such as vigorous exer-
cise, decreased renal function, pregnancy, alcohol consumption,
and skeletal muscle mass [162]. In combination with CK levels
and clinical examination, a muscle biopsy is generally needed to
discriminate among different forms of muscular dystrophy, but
it is invasive and expensive, and it does not allow for evaluating
the disorder progression or for assessing the effects of a thera-
peutic intervention. Genetic tests can also help with the diagno-
ses, whereas physical examinations of patients by the clinicians
remain the main tool to follow the progress of the disease.

That's why new non-invasive biomarkers are highly needed.
Indeed, in recent years the interest in biomarkers identifi-
cation for this class of disorders is progressively increasing.
Nevertheless, the greatest effort was made in identifying bio-
markers for DMD, whereas a lower number of studies have been
reported to address the rarer forms of muscular dystrophies, in-
cluding LGMD.

Even if LGMD is a rare disease with variable progression, some
clinical symptoms can be handled. Therefore, in addition to the
other previously mentioned reasons, it should be useful to be
able to discover patients susceptible to a quicker disease devel-
opment. Non-invasive and accurate biomarkers are required to
give information about diagnosis, clinical parameters, and pro-
gression rate.

MiRs are good biomarker candidates for neuromuscular dis-
eases, including muscular dystrophies, as they remain stable
in blood and participate in the regulation of muscular protein
expression, in the maintenance of healthy muscle status, and in
muscle cell regeneration. In addition, they have been found dys-
regulated in pathological conditions, and their levels are often
related to disease severity and progression. A lot of studies were
performed in this respect, and the possible employment of miR-
NAs as biomarkers has already been described for various disor-
ders and conditions [20].

Many miRNAs have been identified as potentially useful to dis-
criminate muscular dystrophy patients from healthy individuals
because of a different expression, and their number is continu-
ously increasing thanks to the availability of high-throughput
detection techniques.

In particular, myomiRNA detection in skeletal muscle is pri-
marily achieved through biopsy, followed by homogenization
and RNA extraction using methods like phenol-chloroform or
commercial kits to yield a high concentration of RNA [163].
These muscle-specific miRNAs are then quantified using highly
sensitive and specific techniques such as qRT-PCR, which is
considered the gold standard, or high-throughput methods like
NGS and microarrays [164]. In contrast, serum myomiRNA de-
tection is a non-invasive approach that faces the challenge of low
RNA concentration and the presence of inhibitors. It requires
specialized extraction kits and can be prone to contamination
from hemolysis [81]. Due to the limited amount of myomiRNAs,
quantification often necessitates highly sensitive methods like
pre-amplification before qRT-PCR or the use of Digital PCR
(dPCR) for absolute quantification [165]. While skeletal mus-
cle provides a rich source for analyzing myomiRNA expres-
sion, serum offers a powerful tool for biomarker discovery and
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disease monitoring. Both techniques require rigorous standard-
ization to ensure reliable and reproducible results, with a key
challenge in both tissues being the selection of appropriate in-
ternal controls for accurate normalization.

Regarding the specific myomiRNAs, some of them, as the canoni-
cal myomiRNAs miR-206, miR-1, and miR-133, are shared by dif-
ferent muscular dystrophies, whereas others seem to be specific to
the type of muscular dystrophy, as already reported [3, 63, 72, 76].
Nevertheless, it is still difficult to identify the most relevant altered
myomiRNAs that could be promising for diagnosis or prognosis of
each disease. Indeed, published studies are very heterogeneous for
the number of investigated miRNAs and the type of analyzed bio-
logical material (muscle biopsy or isolated cells, plasma or serum),
since also a quantitative difference between circulating miRNAs
and miRNA levels in muscle tissue should be expected. In addi-
tion, they enroll a few number of available patients, different from
one study to another and having different clinical parameters and
characteristics. Therefore, the results obtained by the different
studies described in literature are often uncomparable. Moreover,
further analyses of dysregulated miRNAs are required to investi-
gate their target genes, their biological role, and the pathways they
are involved in for each type of considered muscular dystrophy.

In LGMDs, circulating miR levels could be helpful as non-
invasive molecular biomarkers both to specifically identify
and evaluate LGMD patients, and to discriminate the different
LGMD subtypes. They can give a kind of molecular signature
useful as a reference point for patient stratification and man-
agement, for disease monitoring, and to evaluate the effects of a
therapeutic approach [10].

Among the different published and previously described stud-
ies, a lot of miRNAs, including the universally recognized
myomiRNAs, were analyzed, and several of them were found
differentially expressed in LGMD patients with respect to other
neuromuscular patients. In addition, different miR levels were
found among the different LGMD subtypes. Such works have
additionally increased our understanding of LGMD pathophysi-
ology, and some identified miRs have been proposed as possible
biomarkers for LGMD.

Nevertheless, some issues should be addressed: first, neuromus-
cular diseases are rare, limiting the number of samples available
to identify a specific molecular signature, and therefore requir-
ing further validation of the experimental results in a higher
number of patients. Second, as a consequence, some studies
obtained opposite results regarding the expression of the same
miRNA, or the results of different studies were not overlapping.
A lot of potentially useful miRNAs were identified, but some-
times neither their molecular targets nor the cellular pathways
they are involved in are known. As also underlined by Mousa
et al. in 2023 [155], it would be helpful to clarify the exact miR-
NAs' role in muscle differentiation and regeneration to better
understand their roles in different muscle disorders.

In conclusion, while various miRNAs have been suggested as
possible biomarkers for LGMD, currently no validated miRNA
biomarkers have been described for clinical use yet. Further
research is necessary to better understand both physiological
and pathological processes in muscle cells, and to evaluate the

reliability of these miRNAs as biomarkers for LGMD diagnosis,
progression, and therapeutic monitoring.
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