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Duchenne muscular dystrophy (DMD) is a severe genetic disorder characterized
by progressive muscle degeneration, with respiratory and cardiac complications,
caused by mutations in the DMD gene, encoding the protein dystrophin. Various
DMD mutations result in different phenotypes and disease severity.
Understanding genotype/phenotype correlations is essential to optimize
clinical care, as mutation-specific therapies and innovative therapeutic
approaches are becoming available. Disease modifier genes, trans-active
variants influencing disease severity and phenotypic expressivity, may
modulate the response to therapy, and become new therapeutic targets.
Uncovering more disease modifier genes via extensive genomic mapping
studies offers the potential to fine-tune prognostic assessments for individuals
with DMD. This review provides insights into genotype/phenotype correlations
and the influence of modifier genes in DMD.
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1 Introduction

Duchenne muscular dystrophy (DMD) is a recessive genetic disorder characterized by
progressive muscle degeneration caused by truncating mutations in the dystrophin gene
(DMD), located on the X chromosome (Birnkrant et al., 2018; Duan et al., 2021). The
disease, following an X-linked recessive inheritance pattern, primarily affects males.
Females heterozygous for DMD mutations are usually asymptomatic carriers, although
around 8% of female “manifesting carriers” are reported (Taylor et al., 2007; Duan
et al., 2021).

The global prevalence of DMD has been estimated at 4.8 cases per 100,000 individuals,
while in Italy it is estimated to be around 1.7–3.4 cases per 100,000 (Salari et al., 2022; Orso
et al., 2023). DMD is one of the most severe types of muscular dystrophy with childhood
onset (Ryder et al., 2017; Birnkrant et al., 2018; Duan et al., 2021). Skeletal muscle
degeneration and subsequent muscle weakness in DMD typically begin early in life and
progress over time, leading to motor delay, loss of ambulation, respiratory impairment,
cardiac complications, and premature death (Birnkrant et al., 2018; Duan et al., 2021).
Neurocognitive dysfunction may also be present in some children (Ricotti et al., 2016). The
median life expectancy for patients with DMD born after 1990 is now around 30 years
(Crisafulli et al., 2020; Broomfield et al., 2021), and the mean age at diagnosis in DMD is
usually between 4 and 5 years (D’Amico et al., 2017; Ciafaloni et al., 2009; Thomas et al.,
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2022; Aartsma-Rus et al., 2019). A revision of DMD diagnosis in
Italy between 2005 and 2014 identified a tendency to earlier
diagnosis, with a mean age at diagnosis around 3.5 years
(D’Amico et al., 2017).

Dystrophin is a cytoskeletal protein, crucial for the integrity of
muscle fibers. It contains four major functional regions or
domains: an N-terminal actin-binding domain, a rod domain
consisting of 24 spectrin repeats interspersed by 4 “hinge”
regions, a cysteine-rich domain which binds beta-dystroglycan,
and a C-terminal domain mostly involved in the binding of
signaling proteins (Duan et al., 2021). Dystrophin absence or
severe deficiency leads to myofiber damage, cycles of fiber
degeneration and regeneration, and eventually fibro-fatty
substitution, resulting in progressive muscle weakness and loss
of function (Duan et al., 2021; Mackenzie et al., 2021; Markati et al.,
2022). A vast number of mutations have been reported in the
dystrophin gene, the most frequent being large rearrangements,
i.e., single-exon or multi-exon deletions, or more rarely
duplications (Aartsma-Rus et al., 2006; Koeks et al., 2017).
Mutations that disrupt the open reading frame (ORF) of the
gene lead to dystrophin absence, and therefore to the severe
DMD phenotype, while those that maintain an intact ORF,
therefore allowing the expression of a defective protein, are
associated with the milder Becker muscular dystrophy (BMD)
phenotype (Monaco et al., 1988). Even within the spectrum of
severe dystrophinopathy, different phenotypes in DMD have been
distinguished (Humbertclaude et al., 2012), some mutational
groups being associated with later loss of ambulation and
milder respiratory involvement, sometimes defined as
“intermediate” Duchenne/Becker muscular dystrophy (IMD)
(Ferreiro et al., 2009; Gibbs et al., 2019; Zambon et al., 2022;
van den Bergen et al., 2014; Bello et al., 2016a; Winnard et al., 1995;
Wang et al., 2018; Torella et al., 2020).

Therapies aimed at restoring dystrophin expression are a
focus of research. New disease-modifying, dystrophin-
restorative therapies are emerging, representing the
possibility of personalized molecular treatment for DMD,
with the potential to slow disease progression and improve
motor function in patients with specific mutations. The
therapies aim to address the many needs arising from the
primary muscle disease, together with adverse effects from
long-term corticosteroid use as a component of current
standard of care.

The introduction of mutation-specific therapies has made
mutation identification and correct genetic diagnosis of critical
importance in DMD, informing genetic counseling, assessment of
carrier status and family planning and for assessing patient
eligibility for novel molecular treatments. In fact, timely
genetically-confirmed diagnosis is mandatory, as an early start
of treatments has best chance of delivering a beneficial effect when
initiated early in the disease course, before significant muscle
degeneration and fibrosis have occurred (Aartsma-Rus et al.,
2016; Bello and Pegoraro, 2016; Birnkrant et al., 2018; Aartsma-
Rus et al., 2019; Duan et al., 2021).

In this review we will give an overview of the disease and gene
mutations and discuss the personalized approaches to the treatment
of DMD, with a focus on the underlying genotype/phenotype
correlations.

2 Classification and frequency
of mutations

2.1 Insights from the largest human gene and
mutation patterns

The DMD gene is the largest known human gene, with
79 constitutive exons spanning approximately 2.5 million base pairs
of genomic DNA (Muntoni et al., 2003; Aartsma-Rus et al., 2016). The
large size of DMD makes it particularly prone to mutations, and
thousands of different mutations have been identified in patients
with DMD. Mutations can include large deletions, duplications,
insertions, and point mutations (Aartsma-Rus et al., 2006; Ferreiro
et al., 2009; Gibbs et al., 2019; Zambon et al., 2022; van den Bergen et al.,
2014; Bello et al., 2016a;Winnard et al., 1995;Wang et al., 2018; Torella
et al., 2020; Aartsma-Rus et al., 2016; Magri et al., 2011). The high
mutation rate ofDMD implies that about a third of DMD cases are the
result of de novo mutation (Aartsma-Rus et al., 2016). Most patients
have a deletion or duplication of single or multiple exons, but small
mutations may also be present. Each type of mutation can lead to
different functional consequences for the dystrophin protein. Certain
mutations are amenable to mutation-specific therapies, and a number
of gene-based therapeutic strategies are being developed or are under
development, including exon skipping, stop codon read-through,
vector-mediated gene therapy, and gene-editing strategies.

A comprehensive analysis of genetic data for 7,149 DMD
mutations contained in the TREAT-NMD DMD Global database
(http://umd.be/TREAT_DMD/) found that 80% of total mutations
were large mutations, 69% of which were deletions and 11%
duplications of one or more exons, while the remaining 20%
were small mutations (Bladen et al., 2015) (Figure 1, upper panel
A). Of the small mutations, 25% were small deletions, 9% small
insertions, and 14% affected splice sites. Point mutations accounted
for 52% of small mutations; 50% nonsense mutations and 2%
missense mutations (Bladen et al., 2015).

2.2 Insights from the Italian population

In the Italian context, Neri and colleagues reported deletions in
65% of their nationwide cohort of 1,162 patients with DMD or
BMD, while 10% had duplications and 25% small mutations (Neri
et al., 2020) (Figure 1, lower panel A). Among the small mutations,
which were distributed along the whole coding sequence, nonsense
(11%) were the most frequent, followed by frameshifting small
insertion-deletions (7%), while 4%, 1%, and 2% involved
canonical splicing sites, splicing consensus, and rare missense
mutations, respectively. Of note, some regional differences were
described in the distribution of mutations in DMD patients;
deletions were similarly frequent in Northern and Southern Italy
(around 50%–80% in DMD and BMD patients), while they seem
more frequent in Central Italy (around 85%–96% in DMD and BMD
patients) (Neri et al., 2020). The distribution of duplications was
again similar in Northern and Southern regions (around 10%–13%),
and less frequent in Central regions (3%–7%).

Viggiano and colleagues, in their genetic analysis of 467 patients
from Southern Italy with DMD, reported large deletions in 68%,
while 12% had large duplications and 21% point mutations
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(Viggiano et al., 2023). The most frequently deleted exons were
exons 48–50, 45–50, and 46–47, 46–48, and 49–50. Approximately a
quarter of patients had deletions of only one exon, most frequently
of involving exons 51, 44, or 45. The largest deletions were found in a
“distal hotspot” region of the DMD gene (exons 45–55), where
deletions have been shown to cluster preferentially (Aartsma-Rus
et al., 2006; Duan et al., 2021; Andrews et al., 2022). The largest
duplication involved 37 exons from 33 to 60, while single exon
duplications involved exons 2, 12, 44, 50, 51, 52, 54, or 56. The exons
most frequently duplicated were 2 and 44, with duplications
typically occurring at the 5′end in exons 2–23 (“proximal
hotspot”), and less frequently at the 3′end in exons 44–60. Point
mutations, randomly distributed along the DMD gene without
preferential hotspots, were identified in 21% of patients
(Viggiano et al., 2023).

2.3 Deep intronic variants and recursive
splicing mechanisms

Elusive pathogenic mutations in the DMD gene may be due to
deep intronic variants that can cause aberrant splicing and
introduce pseudo-exons (PEs) into the dystrophin coding
sequence (Tuffery-Giraud et al., 2003; Zaum et al., 2017;

Keegan, 2020; Waldrop et al., 2022; Segarra-Casas et al., 2023).
They can be identified by RNA analysis and a multi-omics
approach for their effect on the transcript. Deep intronic
variants can affect pre-mRNA splicing by activating cryptic
intronic acceptor or donor sites, causing PE inclusion, and by
altering regulatory sequence motifs recognized by specific RNA
binding proteins (Vaz-Drago et al., 2017). Although their
frequency in DMD patients has been estimated to be about
0.3% (Bladen et al., 2015), this class of pathogenic variants is
most likely underestimated (Waldrop et al., 2022). For the removal
of long introns, such as in DMD, a non-canonical mechanism of
recursive splicing, first described in Drosophila (Burnette et al.,
2005), has recently been observed in the dystrophin pre-mRNA
(Gazzoli et al., 2016). These recursive intronic splice sites (RS sites)
contain a 3′splice site immediately followed by a sequence
corresponding to a 5′splice site (Sibley et al., 2015), and it is
possible that deep intronic variants affecting RS sites could
contribute to PE activation in DMD (Keegan, 2020). The non-
canonical mechanism of recursive splicing, recently observed in
pre-mRNA of DMD gene, is schematized in Figure 1 panel B. A
deep intronic variant affecting a RS site can cause the retention of a
pseudoexon in the mature transcript of the gene.

Overall, the “genetic architecture” of DMD seems similar across
world populations, with a vast allelic heterogeneity (i.e., thousands

FIGURE 1
(A) Percent distribution ofDMDmutation classes as reported by the TREAT-NMDDMDGlobal database (Bladen et al., 2015) (upper panel), and by an
Italian nationwide study (Neri et al., 2020) (lower panel). (B). Schematic representation of the non-canonical mechanism of recursive splicing recently
observed in the pre-mRNA of the DMD gene. In the absence of mutation, recursive splicing correctly removes the intronic sequence from the mature
transcript (wild type dystrophin gene). A deep intronic variant affecting a recursive intronic splice site (RS site) can cause the retention of a
pseudoexon in the mature transcript of the gene (mutated dystrophin gene). Created with BioRender.com.
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of pathogenetic mutations), a preponderance of large deletions, most
frequently clustered at mutational hotspots, and a high rate of de
novo mutations. As a rule, there are no “founder” mutations with
high allelic frequency in specific world populations, with very few
exceptions (Flanigan et al., 2009), and regional differences described
in the studies reviewed above should be taken with caution, as they
may be at least in part attributed to ascertainment bias (e.g.,
availability of sequencing), to familial clusters, or to chance.

3 Genotype/phenotype correlations

Characterizing mutations in individual patients, and ascertaining
their frequency in DMD populations, is an invaluable tool for
advancing basic scientific research on DMD-causing mutations,
and in determining the accurate genetic diagnosis necessary to
optimize clinical care.

Multiplex ligation-dependent probe amplification (MLPA) can
screen all 79 DMD exons for deletions and duplications, but is
unable to detect small mutations, whereas next-generation
sequencing (NGS) techniques provide a more precise method of
detecting and elucidating small mutations in neuromuscular
diseases. With increasing efficacy, high coverage whole exome
sequencing (WES) and especially whole genome sequencing
(WGS) may also be employed for copy number variant analysis,
and therefore identify large deletions and duplications, enabling
more reliable and accurate genetic diagnosis (Stockley et al., 2006;
Aartsma-Rus et al., 2009; Volk and Kubisch, 2017; Ebrahimzadeh-
Vesal et al., 2018; Sheikh and Yokota, 2020). “Older” analytical
methods, such as Sanger sequencing, multiplex polymerase chain
reaction, and comparative genome hybridization array, also remain
in use for confirming DMD in certain contexts.

Basic research studies into the pathogenesis of DMD have added
to the understanding of the relationship between dystrophin
structure and function, and provided some indication of
dystrophin isoforms connected with muscle involvement,
cognitive impairment, or cardiac disease. For instance, studies
suggest that individual dystrophin isoforms are specific to or
expressed at higher levels in skeletal and cardiac muscle
(Dp427m), brain and CNS (Dp427c), the retina (Dp260), the
central nervous system and kidney (Dp140), the peripheral
nerves and Schwann cells (Dp116), and brain, liver, and cardiac
muscle (Dp71) (Muntoni et al., 2003; Duan et al., 2021). Dp427p has
been described in the Purkinje cells (whence the “p” designation) in
the murine cerebellum, but expression studies in humans find it
virtually absent from the CNS (Doorenweerd et al., 2017).
Altogether, these isoforms influence early aspects of gross motor
and neurocognitive development (Lim et al., 2020; Duan et al., 2021;
Norcia et al., 2021).

Documenting genotype/phenotype relationships is essential to
guide mutation-specific therapies. It is clear that different patterns of
exon deletions or duplications can impact the severity of symptoms
and signs, hence determining the phenotype of the disease. Patients
with deletions of specific exons may exhibit a milder phenotype
compared to those with larger deletions involving multiple exons.
With some exceptions, the size or location of deletions or
duplications leading to out-of-frame mutations do not normally
affect the clinical phenotype, as no functional protein is produced,

resulting in severe DMD phenotypes (Magri et al., 2011; Aartsma-
Rus et al., 2016; Duan et al., 2021). Out-of-frame mutations usually
lead to the total absence of functional dystrophin, whereas in-frame
mutations may allow the production of partially functional
dystrophin, leading to milder phenotypes like BMD (Aartsma-
Rus et al., 2006; Aartsma-Rus et al., 2016; Anwar et al., 2021).
However, approximately 10% of genetic mutations are exceptions to
the reading frame rule, and some patients with in-frame mutations
may present with severe DMD, while patients with out-of-frame
mutations may turn out to have a milder BMD phenotype. The
frequencies of such exceptions have been estimated as around 10%
in BMD, and 5% in DMD, with exceptions occurring more
frequently at the 5’ end of the gene (Aartsma-Rus et al., 2006;
Kesari et al., 2008).

Examples of well-established genotype-phenotype correlations
within the DMD spectrum include several mutations linked to
milder DMD, or IMD, such as deletion of exons 3–7 (Muntoni
et al., 1994; Winnard et al., 1995; Gualandi et al., 2006; Bello et al.,
2016a) or other deletions bordering exon 8 (Wang et al., 2018).
These mutations may be rescued by downstream translational
reinitiation from an alternative ATG codon, a mechanism
probably also shared by exon 2 duplication (Zambon et al., 2022)
and proximal nonsense mutations (Torella et al., 2020).
Additionally, deletions bordering exon 44 are observed (van den
Bergen et al., 2014; Bello et al., 2016a; Pane et al., 2014), probably due
to alternative splicing of this exon, leading to low levels of an in-
frame transcript (Dwianingsih et al., 2014; Coratti et al., 2021;
Muntoni et al., 2023).

Conversely, mutations bordering (and therefore amenable to
skipping of) exon 51 and 53 are considered to be linked to especially
severe DMD phenotypes (Coratti et al., 2021; Muntoni et al., 2023).

4 Genetic modifiers

Disease severity related to a particular mutation may vary quite
substantially, at times even between members of the same family,
with modulation by modifier genes that interact with DMD
pathophysiological events (Vo and McNally, 2015). Identifying
these modifiers can help explain differences in the disease
presentation among individuals with the same DMD mutation;
furthermore, identified modifiers may in themselves become
targets for therapeutic interventions.

Genetic modifiers may be defined as trans-active variants,
i.e., polymorphisms in genes remote from the disease-causing
DMD gene, that may influence disease severity, expressivity of
disease phenotypes and sub-phenotypes (e.g., cardiac,
respiratory), or response to treatments (Figure 2). Several such
variants have been described in DMD, and are thoroughly
reviewed elsewhere (Bello and Pegoraro, 2019; Bello et al., 2023).

A single nucleotide polymorphism (SNP) in the promoter of the
SPP1 gene, encoding the pleiotropic cytokine osteopontin, was the
first variant to be associated with DMD severity, and more
specifically to earlier loss of ambulation (LoA) and lower grip
strength values (Pegoraro et al., 2011). This observation was
validated in some independent DMD cohorts (Bello et al., 2012;
Bello et al., 2015; Chen et al., 2020), but not in others (Flanigan et al.,
2013; Van Den Bergen et al., 2015), possibly due to a role of
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osteopontin in the modification of response to glucocorticoid
treatment, rather than DMD severity per se; a phenomenon that
was also investigated in vitro (Barfield et al., 2014; Vianello et al.,
2017). Importantly, the detrimental SPP1 genotype, while
apparently predisposing to a reduced response to glucocorticoids,
does in no way contraindicate treatment. Osteopontin is implicated
in muscle damage and regeneration, acting both as a pro-
inflammatory cytokine in the acute phase of damage (Vetrone
et al., 2009) and a scaffold for regenerating myotubes during
repair (Uaesoontrachoon et al., 2012; Pagel et al., 2014). All of
these mechanisms are relevant in the degeneration/regeneration
cycles ensued by dystrophin deficiency, and their attenuation by
glucocorticoid treatment.

Subsequently, a haplotype of four coding SNPs in the gene
encoding Latent Transforming growth factor β Binding Protein 4
(LTBP4) was associated to age at LoA in severe dystrophinopathy
(Flanigan et al., 2013). Again, the association was validated
independently (Bello et al., 2015; Van Den Bergen et al., 2015),
although not in all studied populations (Barp et al., 2015; Chen et al.,
2020; Kosac et al., 2022). The homozygote state for the protective
Isoleucine-Alanine-Alanine-Methionine (IAAM) haplotype was
associated to later LoA, and the resulting isoprotein is predicted
to give rise to a stable latent complex with TGF-β, which prevents

this potent pro-fibrotic cytokine from interacting with its cell surface
receptors (Ceco et al., 2014). This anti-fibrotic action of the IAAM
haplotype of LTBP4 may also explain its apparent protective
function from the onset and progression of DMD-related
cardiomyopathy (Barp et al., 2015; Bello et al., 2023).

Following the first two described modifiers, several other loci
have been linked to modulation of DMD severity, including CD40, a
signaling molecule involved in the transition from innate to specific
immunity and the modulation of pro-inflammatory (M1) versus
pro-regenerative (M2) macrophage pools (Bello et al., 2016b);
ACTN3, encoding the sarcomeric protein actinin-3, which is
specific to fast-twitch muscle fibers and is missing because of a
common nonsense SNPs in 18% of healthy individuals (Hogarth
et al., 2017); TCTEX1D1, encoding a protein with scarce functional
annotations, but emerging from a WES scan of extremely severe
DMD patients (Spitali et al., 2020); THBS1, encoding
thrombospondin-1, a protease activator of the LTBP/TGF-β
complex (Weiss et al., 2018).

The described effect size of genetic modifiers is generally smaller
than that of the specific DMDmutations described above (i.e., del 3-
7, deletions bordering exon 44), and do not allow strong prognostic
predictions in individual patients. However, they may be of use in
post-hoc analyses of observational and interventional cohort

FIGURE 2
Specific expression of dystrophin isoforms and modulation of DMD severity by genetic modifiers. Figure shows the localization of the different
dystrophin isoforms within cells or organs and the influence of genetic modifiers (variants of genes unrelated to dystrophin) in either protecting (green
lines) or worsening (red lines) DMD severity. ACTN3, actinin-3 gene; IAAM, Isoleucine-Alanine-Alanine-Methionine haplotype; LTBP4S, Latent
Transforming growth factor β Binding Protein 4 gene; SPP1, osteopontin gene; TCTEX1D1, Tctex1 domain containing 1 gene; THBS1,
thrombospondin-1 gene.
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studies in DMD, allowing a better resolution and interpretation
of the variability observed in outcomes (Bello et al., 2023). Many
of the described modifiers focus on pathways implicated in
muscle inflammation, regeneration, and fibrosis, highlighting
the importance of these mechanisms in the downstream effects
of dystrophin deficiency (Bello and Pegoraro, 2019). More
modifiers may yet be undiscovered; their full characterization,
which may be attained by large scale genomic mapping studies in
collaborative international DMD cohorts, may allow the
identification of novel therapeutic targets, and, through the
implementation of multi-locus interaction models, to
improved genetic counseling and prognosis for the DMD
population.

5 Personalized treatments

Although no definitive cure is available for DMD, mutation-
specific therapies may target individual mutations, and innovative

therapeutic approaches have been developed over recent decades or
are undergoing clinical investigation. The most researched of these
approaches include exon skipping, vector-mediated gene therapy,
stop codon read-through, and gene-editing strategies. Gene-based
therapeutic strategies targeting dystrophin have the potential to
deliver durable benefits in DMDwith one-time treatment (Yao et al.,
2021) (Figure 3).

5.1 Exon skipping therapy

Antisense oligoribonucleotide (AON)-mediated exon skipping
therapies aimed at restoring the reading frame and gene replacement
therapies have emerged as promising treatments and are being
investigated in clinical trials. Exon skipping aims to “skip”,
i.e., exclude from being spliced into the mature messenger RNA,
specific exons bordering out-of-frame deletions in the DMD gene,
thereby restoring the ORF and allowing the production of a
truncated but partially functional dystrophin protein, analogous

FIGURE 3
Schematic overview of DMD therapeutic approaches. Vector mediated gene therapy: adeno-associated viral vectors deliver mini-dystrophin gene
to muscle cells. After binding to the cell membrane, the vector delivers its content which is maintained as an episome in the host cell nucleus, leading to
the expression of the therapeutic protein. Read-through therapy: nonsensemutations in theDMD gene introduce premature stop codons resulting in the
synthesis of truncated, non-functional dystrophin. The read-through of the premature stop codon achieved by drugs allows for the continued
translation process yielding at least partly functional dystrophin. Exon skipping: mutations in the coding sequence disrupt the translational reading frame
of the gene. Interruption or deletion of coding regions result in truncated or non-functional dystrophin. Antisense oligoribonucleotide (AON) selectively
“skips” specific exons aiming to restore the reading frame of the gene, facilitating the production of a partially functional dystrophin protein. Gene editing:
CRISPR/Cas9-mediated gene editing allows the specific modification of a target sequence. The repaired DNA can be translated in a fully functional
protein. Created with BioRender.com.
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with that typically found in patients with BMD (Bello and Pegoraro,
2016). This approach is currently applied only to deletions and can
be tailored to the individual’s specific mutations, making it a
personalized treatment option.

The peculiar pathogenetic mechanism of the deep intronic
variant that introduces PEs in the DMD transcript may be of
particular interest for more targeted and personalized therapies.
In fact, while currently available and experimental therapeutic
strategies may only lead to a more functional dystrophin with
minimal regression of disease severity, antisense oligonucleotide-
mediated PE skipping may be a promising precision medicine
strategy that can potentially transform a DMD/BMD phenotype
into a healthy one (Gurvich et al., 2008; Rimessi et al., 2010;
Enkhjargal et al., 2023).

Several versions of AONs, such as phosphorodiamidate
morpholino oligomers (PMO) compounds were developed,
including molecules designed to skip exon 51 (Charleston et al.,
2018; McDonald et al., 2021), exon 53 (Frank et al., 2020; Clemens
et al., 2023) and exon 45 (Wagner et al., 2021). These therapeutic
molecules have received regulatory approval by the US Food and
Drug Administration (FDA), but European Medicines Agency
(EMA) approval awaits long-term safety and efficacy data.

Weekly intravenous infusions of PMO AONs are generally safe
and well tolerated in DMD patients at high dosing levels. However,
the long-term effectiveness of PMO exon skipping therapies in
delaying DMD progression have not been established, and their
clinical usefulness is limited due to sub-optimal tissue targeting
resulting in low levels of dystrophin restoration in skeletal and
cardiac muscle (Fortunato et al., 2021). Improvements to PMO
technology, such as conjugation with cell-penetrating peptides (Lim
et al., 2022), or delivery through receptor-based platforms
(Desjardins et al., 2022), may allow increased efficacy and
hopefully translate into higher dystrophin restoration levels and
clinical benefit.

5.2 Vector-mediated gene therapy

Recent advances in gene replacement therapy approaches that
involve delivering a functional version of the DMD gene into
muscle cells using adeno-associated virus (AAV) vectors have
shown promising results in preclinical and clinical trials,
prompting optimism that a potential treatment or long-term
improvement of DMD may be possible. However, substantial
obstacles remain. In particular, the large size of the full-length
DMD transcript in relation to the carrying capacity of the AAV
vector has necessitated the use of shortened transgenes that code
for mini- and micro-dystrophin proteins (Barthelemy and Wein,
2018; Grages et al., 2020; Fortunato et al., 2021). However, as with
other gene-based therapies, pre-existing immunity, potential
immune responses towards both the vector capsid and
microdystrophin itself, duration of response, and the inability
of re-dosing are issues that must be addressed (Elangkovan and
Dickson, 2021; Fortunato et al., 2021).

Delandistrogene moxeparvovec-rokl (Sarepta Therapeutics) is a
recombinant vector-mediated gene transfer therapy containing a
micro-dystrophin transgene. Following a randomized controlled
trial that confirmed expression and correct localization of micro-

dystrophin after administration, suggestive of potential clinical
benefit (Mendell et al., 2023; Zaidman et al., 2023),
delandistrogene moxeparvovec received accelerated approval by
the FDA for use in ambulatory children with a confirmed
mutation in the DMD gene (U. S. Food & Drug Administration
FDA, 2023; Hoy et al., 2023). Further research into the therapy
continues in several confirmatory trials.

Other AAV-mediated gene therapies that have been investigated
or are under active development include SGT-001 (NCT03368742)
and PF-06939926 (NCT03362502, NCT04281485) (Barthelemy and
Wein, 2018; Elangkovan and Dickson, 2021).

Of particular interest are the analogies and differences in the
design of micro-dystrophins brought on in different programs
(McGreevy et al., 2015). All designs retain the essential
N-terminal (actin-binding) and cysteine-rich (β-dystroglycan-
binding) domains, as well as the spectrin repeats adjacent to
those respective domains, i.e., the first (R1) and the last (R24);
and all dispense with the C-terminal domain, which has signaling
rather than structural functions. On the other hand, differences
include: the total number of spectrin repeats included (4 or 5, out of
the 24 of wild-type dystrophin); the choice of spectrin repeats other
than 1 and 24, only one construct including the neuronal nitric oxide
synthase (nNOS) binding repeats 16 and 17; and the choice of hinge
domains, which confer flexibility to the rod structure of dystrophins
(although all micro-dystrophins contain three hinges, as opposed to
the four hinges of the full-length protein).

Possible concern for this treatment is due to the T-cell immune
response observed upon AAV-delivered micro-dystrophin, as some
patients involved in three different trials showed an immune
response directed against peptide pools within exons 8–11,
nonself epitopes within the micro-dystrophin construct
(Bonnemann et al., 2023). Ongoing research is addressed to
better understand the specific regions involved in the immune
response to provide adjusted immunomodulation protocols
ensuring the safety of the treatment.

5.3 Read-through therapy

Nonsense mutation-related premature stop codons in the DMD
gene sequence prematurely terminating the translation of
dystrophin during protein synthesis, result in truncated and
dysfunctional dystrophin protein (Fortunato et al., 2021) and/or
degradation of the transcript through nonsense-mediated decay.
Promotion of read-through of the premature stop codon has the
potential to suppress the premature stop signal, leading to
production of at least partly functional dystrophin (Fortunato
et al., 2021). An oral drug, ataluren (PTC-124, PTC
Therapeutics) designed to bind ribosomal RNA subunits to
impede the recognition of stop codons, was developed and
received regulatory approval in Europe in 2014 (Fortunato et al.,
2021), for ambulatory patients aged 5 years and older, and was later
extended to 2 and older. Dystrophin restoration data in patient
muscle biopsies are less well characterized than for exon skipping
and gene replacement therapies, but indicate some level of
dystrophin restoration (Finkel et al., 2013). Ataluren has shown
clinical benefits, such as a slowing of disease progression as
measured by the 6 min walk test and North Star Ambulatory
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Assessment (NSAA). Although it failed to meet primary study
endpoints in three placebo-controlled studies (Bushby et al.,
2014; McDonald et al., 2017; McDonald et al., 2023), it did
demonstrated efficacy throughout a series of outcomes, especially
in specific sub-groups, such as patients with an “intermediate”
(i.e., not too mildly, nor too severely impaired) ambulatory
function. A post-marketing registry of patients treated with
commercial ataluren has confirmed a reassuring safety profile as
well as suggested prolongation of independent ambulation in treated
patients compared to “natural history” controls treated with
standards of care (Mercuri et al., 2020). In September 2023 EMA
recommended against renewing the authorization for ataluren
(European Medicines Agency EMA, 2023), decision confirmed on
26 January 2024 following re-examination of data of a post-
authorization study and of data comparing two patients registries
(European Medicines Agency, 2024).

5.4 Gene editing

Editing the genome to permanently correct genetic effects is
emerging as a promising therapeutic approach in DMD. The most
advanced of the gene editing methods being studied for DMD is
CRISPR/Cas9. CRISPR/Cas9-mediated gene editing systems
provide effective, specific, and versatile technologies utilizing
programmable nucleases, and have transformed basic science
research while offering enormous potential for individualized
treatment of a broad range of DMD mutations, including single-
or multi-exon deletions (Fortunato et al., 2021). The technology
allows the generation of a range of genomic variations in the target
region, including deletions, insertions, and substitutions, designed to
correct, interrupt, or eliminate gene defects (Bello and Pegoraro,
2016; Fortunato et al., 2021; Happi Mbakam et al., 2022). The
specific mutation and DNA sequence of each patient allow a great
flexibility in selecting the target site for gene editing, according to the
specific purpose. Nevertheless, in some cases, there may be limited
target DNA sequence, reducing the chance for an effective editing of
the CRISPR/Cas9 system (Happi Mbakam et al., 2022). In addition,
delivery approaches should be implemented to specifically target
different tissues (Happi Mbakam et al., 2022).

There is preclinical evidence that CRISPR/CAS9 systems can
reframe mutated DMD, potentially allowing dystrophin restoration,
although the technology is yet to be demonstrated successfully in
patients. Of note, a recent case report details an unforeseen event in a
patient with DMD who experienced acute respiratory distress and
cardiac arrest, leading to a fatal outcome at day 8 following the
delivery of CRISPR/CAS9 via AAV9 (Lek et al., 2023).

The anti-Cas9 immune response is a significant challenge for
gene editing application by limiting the safety and efficacy of
therapies, leading to unfavorable immune reaction (Crudele and
Chamberlain, 2018; Ewaisha and Anderson, 2023).

Thus, issues remain to be addressed, including targeting
specificity, possible off-target mutagenetic effects resulting in
genome instability or genotoxicity, optimal delivery of the gene
editing components, and potential immune reactions (Choi and
Koo, 2021; Duan et al., 2021; Elangkovan and Dickson, 2021;
Fortunato et al., 2021). Gene editing techniques need to be
implemented before the use in DMD patients.

5.5 Other approaches

Other therapeutic approaches include cell therapy targeted to
dystrophin replacement or repair. For example, stem cells
containing a functional copy of DMD genetically modified
in vitro from the patient’s own cells (autologous transplantation),
or already functional, dystrophin-competent cells sourced from a
donor (allogeneic transplantation) have the potential to effect
muscle repair upon transplantation into affected muscle
(Barthelemy and Wein, 2018; Grages et al., 2020; Duan et al.,
2021; Fortunato et al., 2021; Markati et al., 2022). However, cell
survival and migration into damaged target muscle in the host is
limited, and restoration of dystrophin expression may be transient.
Furthermore, the need of arterial injection poses several practical
difficulties, not only due to procedural risks, but also because of the
difficulty to reach crucially important axial, respiratory, and
cardiac muscles.

Upregulation of utrophin, a dystrophin surrogate protein, is
another potential therapeutic strategy under investigation, as the
gene encoding utrophin is not mutated and may be able to deliver a
degree of functional redundancy at the sarcolemma during muscle
development (Grages et al., 2020).

Lastly, allogeneic cardiosphere-derived cell (CDCs) therapy is
being investigated as a potential regenerative treatment for DMD.
CDCs are stromal cells secreting exosomes which fuse with
macrophages and fibroblasts, delivering information to
“reprogram” the target cell. As a result, macrophages turn from a
pro-inflammatory to a protective phenotype and fibroblasts revert
from fibrotic to antifibrotic phenotype slowing disease progression
(de Couto et al., 2015; Tseliou et al., 2015; McDonald et al., 2022).

6 Discussion

Individual mutations in the dystrophin gene provide the
opportunity for mutation-specific targeted personalized therapies
to slow DMD progression or revert DMD into a milder phenotype
(Bello and Pegoraro, 2016). The emerging evidence suggests that
personalized treatments for DMD have the potential to increase
dystrophin production and improve motor function in patients with
specific mutations, slowing disease progression or resulting in
leading towards the milder phenotype of BMD (Fortunato et al.,
2021). In this landscape, genetic assessment emerges as a pivotal
tool, enabling the identification of individual mutations necessary to
guide the application of targeted therapies. As molecular treatments
aimed at dystrophin restoration in DMD are increasingly available
as commercialized drugs or within clinical trials, genetic diagnosis
has become an indispensable tool in order to determine eligibility for
these treatments, which can reduce disease progression and improve
the quality of life for affected individuals.

To better understand which patients are amenable to mutation-
specific therapies, patient data must be collected broadly through
studies and registries (https://www.dmd.nl/; http://umd.be/TREAT_
DMD/). Registries provide a source of information for
understanding the disease, its management, the efficacy and
safety in the long-term, and the cost-effectiveness of new
therapies (Koeks et al., 2017). Indeed, through documenting the
genotype–phenotype relationship, researchers may better design
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mutation-specific therapies, ensuring they are precisely tailored to
individual needs, for the selection of the treatment with respect to
the feature of the single patient. The potential long-term benefits of
these innovative therapies can significantly improve the QoL of
DMD patients (Schwartz et al., 2023).

The ongoing research and progress in personalized treatments
promises a more positive future for individuals with DMD.
Continued efforts to better understand genotype/phenotype
correlations with the collection of detailed neuromuscular disease
natural history data, developing relevant patient and mutation-
specific models (Bartoli et al., 2023), and expanding treatment
options can be expected to significantly impact the lives of those
affected by this debilitating condition. However, despite the
significant progress in mutation-specific therapies for DMD,
challenges in developing personalized treatments for DMD
remain, including cost, ensuring widespread accessibility, possible
vector-associated immune responses, long-term efficacy, the
duration of responses, and whether re-dosing will be required to
maintain benefits.

Guidance from regulatory agency is needed in this direction,
pointing to personalized assessment and mitigation strategies that
can be implemented for individuals receiving genetic medicine
approaches, including screening for immune responses and
engineering proteins to silence immunodominant epitopes
(Ewaisha and Anderson, 2023).

Questions also remain as to how genetic modifiers can influence
the efficacy of genetic approaches such as exon skipping, stop codon
read-through, and vector-mediated gene therapy.
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