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Abstract: Despite major progress in treating skeletal muscle disease associated with dystrophinopathies,
cardiomyopathy is emerging as a major cause of death in people carrying dystrophin gene mutations
that remain without a targeted cure even with new treatment directions and advances in modelling
abilities. The reasons for the stunted progress in ameliorating dystrophin-associated cardiomyopathy
(DAC) can be explained by the difficulties in detecting pathophysiological mechanisms which can also
be efficiently targeted within the heart in the widest patient population. New perspectives are clearly
required to effectively address the unanswered questions concerning the identification of authentic
and effectual readouts of DAC occurrence and severity. A potential way forward to achieve further
therapy breakthroughs lies in combining multiomic analysis with advanced preclinical precision
models. This review presents the fundamental discoveries made using relevant models of DAC and
how omics approaches have been incorporated to date.

Keywords: muscular dystrophy; dystrophinopathies; dystrophin-associated cardiomyopathy;
multiomic analysis; preclinical precision models

1. Dystrophin-Associated Cardiomyopathy (DAC)

Muscular dystrophy (MD) is an all-encompassing term used to describe rare genetic
disorders affecting skeletal and cardiac muscle function frequently caused by mutations in
the dystrophin gene (DMD) [1]. Inherited or spontaneous DMD gene mutations result in
absent or defective truncated dystrophin protein expression. Dystrophin is a high molec-
ular weight protein (427 kDa) encoded by a large gene (79 exons), it is localised under
the sarcolemma and it is connected to the multi-protein complex called the dystrophin-
glycoprotein complex (DGC) which together links the intracellular actin cytoskeleton
with the extracellular matrix (ECM). These multi-protein interactions underlie the inte-
grative dual function of dystrophin as a mechanical stabiliser and a signalling platform
that is essential for orchestrating ion channel activation, reactive oxygen/nitrogen species
(ROS/RNS) release, membrane lipid arrangement, G-protein-coupled receptor and other
sarcolemma-associated protein assemblies [2]. Consequently, dystrophin deficiency dereg-
ulates cell-signalling and makes myofibres sensitive to mechanical damage, leading to
myocyte death and loss of tissue function. In particular, in cardiac tissue the dystrophin
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deficiency is associated with myocarditis, fibro-fatty substitution, cardiomyocyte death, left
ventricular dysfunction, arrhythmias, dilated cardiomyopathy and heart failure (HF) [3,4].

There is considerable heterogeneity in clinical presentation of dystrophinopathies.
For example, in the most common early onset severe form, named Duchenne muscular
dystrophy (DMD) [5], out-of-frame DMD mutations disrupt full mRNA translation, thus
no dystrophin can be expressed. In contrast, in-frame mutations, such as Becker muscular
dystrophy (BMD), do not fully block dystrophin production but rather result in the ex-
pression of truncated dystrophin isoforms of varying size and functionality. However, the
reading frame rule often does not explain the patients’ phenotype, especially in the cases
with cardiomyopathy involvement [5]. In the pre-steroid era DMD and BMD had a pre-
dictable disease projection with premature death in the early twenties or forties respectively.
However, opportune treatment advances, e.g., nocturnal ventilation and corticosteroid
regimens, opened a new era of treatment [6,7] which necessitates considerable planning
particularly regarding cardiac care but also the choice of outcome measures for clinical
studies or preclinical models.

Dystrophin-associated cardiomyopathy (DAC) phenotypes are clinically heteroge-
neous e.g., age of onset, progression rates and severity [8–10]. Numerous studies have
failed to determine distinct genotype-phenotype correlations or an underlying mechanism
to explain these heterogeneous dystrophic cardiac phenotypes [11]. Furthermore, although
gene-targeting approaches (e.g., restoring partial dystrophin expression) and pharmacologi-
cal treatments (e.g., corticosteroids) reduce skeletal muscle disease and prolong ambulation,
they do not provide clear benefits for the heart. Thus, new therapeutic strategies need
to be undertaken in order to improve the prognosis of patients with MD and cardiac
involvement. Overall, the causal mechanisms defining the final cardiac phenotype likely
involve nuanced activation of known and novel complex pathogenic mechanisms acting
collectively [11]. This will, without doubt, require more precise targeting and increased
modelling resolution (Figure 1). Great encouragement has come from omics studies which
to date have provided significant knowledge on the spectrum of DMD mutations, the
involvement of modifying genes, the alteration of pathogenic signalling mechanisms and
the identification of biomarkers that have supported diagnosis and monitoring the impact
of therapeutic care.

Figure 1. Combining omics technologies with advanced models can support a precision medicine
approach, leading to the development of novel treatments.

2. Omics Application in DAC Searching for Insight

The progress in high-throughput technology (HTT), such as proteomics, genomics
and metabolomics has provided new opportunities to understand the pathophysiology of
complex diseases and generate large amounts of data stratifying different molecular levels.
Proteomic HTT analysis can currently examine proteins in detail (e.g., membrane, cytosol,
microsomal, or nuclear fractions) down to the femtomolar level producing information
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on protein post-translational modification, cellular location and function. Transcriptome
profiling, which enables a large-scale investigation of pathological processes in diseased
tissues, is a well-established and effective method of dissecting and analysing specific
phenotypes. Any changes occurring in response to different healthy or diseased states,
specific genetic and epigenetic programs, or environmental challenges can leave a typical
signature that is detectable at the transcriptome level. Metabolomic profiling which aims
to measure the end products of all of the biological systems’ processes in a ‘here and
now’ context, can provide real-time functional data. To appreciate the complexity of
systems biology, the omics disciplines adopt a holistic view rather than a hypothesis-driven
approach. In other words, omics exploit the simultaneous measurement of a huge number
of features (e.g., genes, proteins or metabolites), without an a priori selection of the factors
of interest which distinguishes omics from the reductionist approach focused on analysing
one or a few known, pre-defined variables. The unbiased analysis of a bulk of variables
through omics techniques allows the development of hypotheses that can be subsequently
tested and validated.

The opportunities enabled by omics analyses concern a broad spectrum of applications
e.g., studying the pathophysiology of a specific disease along with potentially revealing un-
recognised causes of disease onset or progression, reconstructing gene/protein-regulatory
networks, characterizing gene expression dynamics, identifying putative disease-sensitive
targets, finding disease biomarkers for diagnosis, stratifying patients’ prognosis and ulti-
mately translating such knowledge into clinical applications. Integration of these data sets
into multiomics data means that thousands of genes (genomics), RNAs (transcriptomics),
proteins (proteomics) and metabolites (metabolomics) can be studied simultaneously, also
revealing their interaction networks.

Thus, a comprehensive omics approach has the potential to provide useful insight into
DAC pathogenesis and produce a detailed molecular picture enabling the stratification
of patients into well-defined groups in terms of choosing the best disease-management
strategies and treatments, which is the basis of precision medicine [12]. Lastly, omics might
also provide early diagnostic or prognostic information to improve patient care and prevent
adverse outcomes. Thus, identification of biomarkers sensitive and specific enough to
measure clinical benefit would enable a smoother path to demonstrate potential efficacy
for particular interventions. This eventuality could improve the journey of translational
research along the ‘bench-to-bedside’ pipeline to speed up bringing effectual and safe
therapeutics to suitable patients.

3. Genome-Editing-Based Models of DAC

Currently, it is estimated that between 30 and 60 models involving DMD mutations
have been developed from non-mammalian (e.g., C. elegans, D. melanogaster and D. rerio) and
mammalian models (e.g., M. musculus, R. norvegicus, O. cuniculus, F. catus, C. familiaris and
S. domesticus) [13–15]. In this section we focus on models that were specifically genetically
edited with the aim to better recapitulate DAC. Indeed, several of these models have been
investigated via omics analyses, however these studies have mainly focused on skeletal
muscle disease rather than cardiomyopathy.

Genome-editing technology has proven to be the most promising way to enhance both
animal and patient-specific preclinical DAC models to unprecedented levels of affinity to
humans and compatibility with HTT analyses for disease modelling and drug screening.
Such intentionally modified models are fundamental to understanding the influence that
genetic variance has on genotype-phenotype correlations and to evaluate the effectiveness
of gene-modifying therapies. Using gene editing it is theoretically possible to generate
tailored models containing a specific desired mutation in the DMD gene or in additional
genes, thus enabling the possibility to describe correlations between genetic background
and disease phenotype.

In particular, the discovery of the clustered regularly interspaced short palindromic
repeats (CRISPR) and CRISPR-associated proteins (CRISPR/Cas) was a millstone for the de-



Int. J. Mol. Sci. 2021, 22, 8954 4 of 20

velopment, application and accessibility of site-specific gene editing. Unlike zinc-finger nu-
cleases (ZFNs) and transcription activator-like effector nucleases (TALENs), CRISPR/Cas
creates site-specific DNA double-strand breaks using short guide RNA sequences, making
the design and use of this tool easier with respect to ZFNs and TALENS.

Despite being the canonical DMD model, mdx mice do not fully recapitulate the human
phenotype since they do not develop cardiomyopathy and only have a 25% reduction in
lifespan [16,17]. Gene editing has made it possible to recapitulate human DMD mutations
in murine models that are more representative of the clinical scenario, which in turn can
also be used to evaluate the therapeutic value of gene targeting drugs. The majority of these
murine models were generated via CRISPR/Cas9 editing to induce exon deletions [18–22]
or insertion/deletion (indel) mutations [23]. Other editing approaches, e.g., base editing
and TALENs, have also produced point mutations [24] and exon deletions [25] in mdx
mice. A little over half of the reported models (5/8 reports) assessed cardiac tissue which
determined the lack of cardiac dystrophin expression [18–20,22] and variation in myofibre
size, signs of inflammation and presence of infiltrating immune cells [21]. These disease
readouts were sufficient to include a therapeutic research arm, i.e., screening the efficiency
of CRISPR/Cas9-mediated reframing or antisense oligo nucleotide (AON)-targeted exon
skipping in all but one report [21]. Similar CRISPR/Cas9 approaches have been used to gen-
erate rat [26–29], rabbit [30] and non-human primate [31,32] models of dystrophinopathy
that showed progressive heart involvement similar to those observed in humans.

As earlier briefly mentioned, genome-editing tools have been also applied to correct
dystrophin mutations in different animal models including mouse, rabbit, dog and pig. The
development of fully ‘curative’ genetic therapies for patients with DMD mutations is very
challenging due to the large size of the DMD gene (2.2 Mb) and its transcript mRNA (14 kb)
that cannot be inserted into any known vector. Additionally, the approach of gene editing
to completely revert DMD mutations is also complicated since the majority of patients
have deletions of one or more exon [33]. However, different genome-editing approaches
aimed at restoring dystrophin expression were developed and have already been used in
both in vitro and in vivo models [33].

Several studies have demonstrated the ability of CRISPR/Cas9 technology to delete
out-of-frame DMD exons, restoring the expression of semi-functional dystrophin protein
in vivo [19,34–38]. In other works, homology-directed repair was used to restore low-
level dystrophin expression in mdx and other murine dystrophinopathy models [37,39–42].
CRISPR/Cas9 editing approaches were also used to correct DMD exon mutations of
increasing complexity animal models, including mice [24], dogs [43], pigs [44], etc. All
these experiments support the idea that, these models are suitable for screening novel
DMD gene-targeting therapies and, following further development for improved safety,
gene-editing tools, in particular, may be applied to treat dystrophinopathy patients and
ameliorate their quality of life.

Examples regarding the high relevance of the application of omics approaches to the
dystrophinopathy models mentioned above are described in the following paragraphs.

4. Proteomic Investigations of Dystrophin Deficiency

Several proteomic preclinical studies performed in the past decades unveiled some
of the molecular pathophysiology of dystrophinopathies (Table 1). The first studies were
mainly based on protein separation by 2D gel electrophoresis coupled to mass spectrometry
(MS) for identification of regulators [45–47]. However, advancements in the MS field
paved the way for the application of gel-free approaches characterised by highly accurate
peptide identification and quantitation [48]. Carr et al. identified 31 proteins that are
commonly modulated in different dystrophin-deficient tissues by integrating data obtained
from nine MS-based studies focused on tissue-specific proteomes of different murine,
canine and porcine models of DMD. The proteins identified were those mainly involved
in maintaining the actin cytoskeleton or in regulating cellular energy metabolism. In
particular, alterations in bioenergetics and mitochondrial functions were shown in skeletal
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muscle, while increased fibrosis was identified in the diaphragm. The same authors
also summarised the results of studies on urine and blood samples designed to search for
potential circulating diagnostic and prognostic biomarkers that would be more specific than
blood creatine kinase and less invasive than muscle biopsies. They identified 33 circulating
proteins modulated by DMD, including leakage proteins associated with muscle damage,
connective tissue remodelling, or proteins involved in inflammation [48].

Table 1. Main studies performed on animal models of dystrophin deficiency using proteomic approach.

Model Age Methods Findings Reference

mdx mice 1,3,5,7,9 months 2D-DIGE and NMR Altered mitochondrial and
glycolytic enzymes Gulston 2008

mdx mice 9 months 2D-DIGE
Altered energy metabolism,
contraction and cytoskeletal

proteins
Lewis 2010

mdx mice 7 weeks and 20 months label free MS-based
method

Reduced laminin, nidogen and
annexin at 20 months Holland 2013

mdx-4cv mice 20 months label-free MS-based
method

Altered basal lamina
components, Ca2+-binding

proteins, ECM proteins,
cardiac myosin light chain

kinase, stress response proteins
and many mitochondrial and

glycolytic enzymes

Murphy 2016

mdx mice 20 weeks MS analysis of dystrophin
interactors

Reduced association of
dystrophin with nNOS and

beta-1-syntrophin in the heart;
altered cardiac ion flux and

sarcomeric contraction

Johnson 2012

mdx mice 50 weeks MS analysis of nitrosylated
peptides

Increased mitochondrial and
sarcomeric protein

nitrosylation
Chung 2017

Pig 2 days and 3 months Offgel prefractionation and
iTRAQ-based MS analysis

Impaired mitochondrial
energy production; increased
inflammation; decreased DGC

components

Tamiyakul 2020

2D-DIGE, two-dimensional difference gel electrophoresis; DGC, dystrophin-glycoprotein complex; ECM, extracellular matrix; iTRAQ,
isobaric tag for relative and absolute quantitation; MS, mass spectrometry; NMR, nuclear magnetic resonance; nNOS, neuronal nitric
oxide synthase.

Notably, a different label-free MS-based proteomic approach comparing the urinary
proteome of MD patients (DMD, BMD and limb-girdle MD) versus healthy subjects,
identified titin fragments as the most promising urinary biomarker for MD screening [49].
These results were also confirmed by enzyme-linked immunosorbent assays in mdx mice at
different ages, in which N-terminal titin fragments showed a dramatic increase coincident
with muscle damage. Furthermore, urinary levels of titin were higher in DMD than in
BMD patients [50]. Thus, urinary titin is now considered as a very promising non-invasive
biomarker not only for MD screening, but also for severity prediction [51,52].

Finding circulating biomarkers for identifying therapy-responsive patients is another
important need that is particularly relevant due to the increasing number of candidate
drugs entering clinical trials and the lack of optimal outcome measures adaptable to the
contemporary natural history of MD [6,7]. In this context, two fragments of the myofibrillar
structural protein myomesin-3 were identified to be abnormally increased in the serum of
MD patients (DMD and limb-girdle MD type 2D) using a comprehensive high-resolution
MS-based approach, and they are thus proposed as biomarkers for assessing experimental
therapies for MD and other neuromuscular disorders [53]. Furthermore, the potential use
of distinct chaperones such as cardiovascular heat shock proteins (HSP), HSPB7, HSPB5
(αBC), HSP70 (HSPA) and HSP90 (HSPC) as dystrophin deficiency disease markers for
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secondary pathological changes or for the evaluation of novel treatments was also recently
proposed [54].

Several proteomic studies have also focused on DAC in animal models of dys-
trophinopathies with the final aim of identifying biomarkers for improved diagnostic
procedures, prognosis of important complications and evaluation of novel drug or cell-
based treatments [55]. Initially, gel-based proteomic approaches were applied to study
alterations of the myocardium in mdx mice. For instance, Gulston et al. compared wild
type (WT) and mdx mice at different ages (1-, 3-, 5-, 7- and 9-month-old mice) by two-
dimensional difference gel electrophoresis (2D-DIGE) in association with nuclear magnetic
resonance (NMR) metabolomic analysis [46]. This multiomic data enabled the classification
of heart tissue as degenerative at all the time points except for 1-month-old mice. The most
pronounced changes observed in 5-month-old mice that were primarily attributed to mito-
chondrial and glycolytic enzymes [46]. Lewis et al. also applied the 2D-DIGE approach to
analyse heart tissue from 9-month-old WT and mdx mice, and identified 26 altered proteins
involved in energy metabolism, cardiac contraction and cytoskeletal organisation [47]. In
particular, a drastic reduction of numerous mitochondrial proteins and metabolic trans-
porters was detected, suggesting that alterations in the mitochondrial proteome might
influence other cellular functions, involved in myofibre contraction making the mdx heart
more susceptible to damage and fibrosis [47–55].

Adopting a label-free MS-based proteomic approach, Holland, Dowling et al. com-
pared control and mdx mice hearts prior to the occurrence of extensive cardiac dam-
age (i.e., in 7-week-old mice) and when profound cardiac dysfunctions were evident
in 20-month-old mice [56,57]. Results from this study clearly demonstrated increased
transferrin and immunoglobulin expression, the latter being probably responsible for an
autoimmune response to the degenerating myocardium. As expected, a marked reduction
of proteins involved in stabilising the basal lamina and organising the cytoskeletal net-
work, fibre contraction and energy metabolism were also identified. Specifically, the most
altered proteins were laminin, nidogen and annexin, which increased with age but were
dramatically reduced in 20-month-old mdx mice. These studies formed the hypothesis that
the absence of dystrophin alters the DGC that consequently affects basement membrane
components such as reduced nidogen (a sulphated glycoprotein present in basement mem-
branes with a role in cardiac and lung development) and annexin (responsible for Ca2+

homeostasis and cytoskeleton and ECM maintenance). Together these alterations could be
the trigger for progressive fibrosis that characterises the dystrophic deficient heart [57].

These results were partially confirmed by a study that compared senescent 20-month-
old mdx-4cv mice with age-matched WT mice, by means of a MS-based proteomic ap-
proach [58]. Murphy et al. demonstrated the complete absence of the full-length dystrophin
isoform and a significant reduction of the dystrophin ligand α-syntrophin and other protein
components of the DGC in the heart. Furthermore, the study also showed distinct alter-
ations in basal lamina components, Ca2+-binding proteins (e.g., sarcalumenin), proteins
of the ECM (e.g., periostin), proteoglycans (e.g., lumican), cardiac-specific myosin light
chain kinase, proteins involved in the response to stress (e.g., HSPs) and a large number of
mitochondrial and glycolytic enzymes, confirming previous results in mdx mice. Notably,
they also demonstrated a decrease of laminin, confirming the hypothesis that this protein
could trigger whole-organ alterations [56]. Interestingly, Johnson et al. specifically analysed
the DGC in the skeletal muscles and hearts of 20-week-old mdx mice by immunoprecip-
itating the protein complex using an antibody directed against a portion of dystrophin
not involved in the interaction with other known members of the complex that were later
identified by MS [59]. A total of 15 proteins were detected in skeletal and cardiac muscles
that had reduced association with dystrophin, such as neuronal nitric oxide synthase (NOS)
and beta-1-syntrophin in the heart. Furthermore, they identified novel cardiac-specific
interactors, including cavin-1, crystallin alpha B, anhak1 and cypher, suggesting a direct
link between dystrophin and two major cardiac signalling mechanisms that are disrupted
in dystrophin deficient hearts i.e., the regulation of ion flux and sarcomeric contraction [59].
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Dystrophin deficient muscle pathophysiology also involves increased intracellular
nitrosative stress [60] caused by NOS delocalisation following the loss of dystrophin-
sarcoglycan linkage and increased NOS activity due to high levels of Ca2+ coupled with
hyper-activation of the nonselective cation channel transient receptor potential canonical
channel 6 (Trpc6). Notably, selective pharmacological suppression of Trpc6 or TRPC6 gene
deletion normalises mechanosensitive Ca2+ and force responses in young mice. Following
on from this, Chung et al. focused attention on nitrosylated proteins in heart tissue of
mdx versus WT mice with or without the deletion of TRPC6 [61]. The application of a
dual labelling MS-based proteomic approach allowed them to selectively enrich more
than 1200 nitrosylated peptides, most of which were present in both mdx and WT mice,
but with a higher abundance in mdx mice. The majority of myocardial proteins with
increased nitrosylation were mitochondrial or sarcomeric proteins e.g., the important
antioxidant defence protein peroxiredoxin. Interestingly, TRPC6 deletion reversed the
nitrosylation of 70% of the identified peptides in addition to improving cardiac dysfunction
and remodelling. It can be surmised that deleting a pathological source of Ca2+ (i.e.,
through Trpc6 pharmacological inhibition or genetic deletion) can rebalance the NO-ROS
axis and reduce S-nitrosylation [61]. Results from this study suggested a deleterious role for
increased S-nitrosylation in DAC which contrasts a protective effect previously observed in
an ischaemic injury model via the protection of specific cysteine residues from irreversible
oxidation [62]. However, it has also been demonstrated that excessive S-nitrosylation
can contribute to the pathogenesis of other diseases e.g., Alzheimer’s and Parkinson’s
diseases [63].

Since mdx mice do not completely recapitulate DMD, particularly DAC, Tamiyakul et al.
performed a proteomic study on the porcine DMD model [64]. Using an isobaric tag for
relative and absolute quantitation (iTRAQ) quadro plex-based proteomic approach coupled
with OFFGEL pre-fractionation of peptides before MS analysis, they compared heart tissue
from WT and DMD pigs at different ages (2-day-old representing an early pre-symptomatic
stage and 3-month-old to account for a more advanced disease stage). In the myocardium
of 3-month-old DMD pigs they found a decreased abundance of several mitochondrial
proteins, e.g., those involved in beta-oxidation and respiratory chain functions, indicat-
ing impaired mitochondrial energy production. This is in line with previous findings
obtained in mdx and mdx-4cv mice. In parallel, increased levels of acute-phase proteins,
which are associated with the inflammatory response, were also detected. In 2-day-old
and 3-month-old pigs, they also showed that several proteins playing an important role
in heart muscle function were altered and that many ribosomal proteins were markedly
reduced, suggesting decreased translation activity connected to significantly reduced heart
weight and cardiomyocyte diameter. Furthermore, decreased levels of DGC components
indicate sarcolemma destabilisation and impaired signal transduction. A direct comparison
of the degree of proteome alterations in skeletal muscle and heart tissue indicated that
DAC progression is not only slower compared to skeletal muscle but also characterised by
different biological and biochemical alterations [64].

Overall, proteomic studies performed in the past two decades in different animal
models highlight that aged hearts of dystrophin-deficient animals display impaired mito-
chondrial metabolism, altered Ca2+-flux, basement membrane deficiencies, ECM changes
and high cell stress responses. The absence of dystrophin in cardiac fibres appear re-
sponsible for the degeneration of contractile myocytes followed by the replacement with
non-contractile cells that cause severe functional decline [65,66]. Lastly, mitochondrial
dysfunction in combination with Ca2+-dependent activation of proteolytic processes are
among the most important mediators of myofibre degeneration and fibrosis initiators in
the dystrophin-deficient heart [67].

State-of-the-art proteomic approaches have been implemented for protein biomarker
identification and mechanistic insights using animal models of dystrophin deficiency. Their
translation to human models, particularly models of DAC, should be considered as a new
frontier given the differences observed in skeletal versus cardiac muscle.
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5. Transcriptomic Approaches to Uncover DAC Pathological Mechanisms

Despite its recognised value for inferring pathogenetic mechanisms underlying car-
diovascular diseases [68–70], transcriptome profiling has not been substantially employed
for studying or characterising the cardiac involvement in various types of dystrophin-
deficient models.

Rather, the usefulness of transcriptome profiling in the context of dystrophinopathies
was primarily supported by microarray analyses of skeletal muscle pathophysiology [71–79].
Both patients’ biopsies and animal models have been used to infer the molecular mech-
anisms underlying particular dystrophinopathies, offering useful insights into the con-
nection between a specific genetic background and the disease phenotype through the
transcriptome footprint.

Chen et al. compared skeletal muscle tissue from control donors and patients with dys-
trophin or alpha-sarcoglycan deficiencies, providing a description of common and unique
variations in gene expression for these two forms of dystrophinopathy [71]. Whereas one
aspect mainly concerned the levels of dystrophin expression, the authors identified several
shared differentially expressed genes (DEGs) suggestive of diverse pathophysiological
aspects of the disease such as, those affecting mitochondrial function, energy metabolism
dysregulation, calcium-regulated signalling, muscle fibre developmental program, dedif-
ferentiation of dystrophin deficient muscle and inflammatory signature and immune cell
infiltration i.e., dendritic and mast cells. Similarly, Haslett et al. found that DEGs in skeletal
muscle biopsies from DMD patients were related to muscle structure and regeneration,
immune response and ECM compared to unaffected controls [72].

In order to characterise temporal specific gene expression patterns of the pre-symptomatic
phase of DMD and define the temporal molecular signatures of DMD progression, Pesca-
tori et al. worked on skeletal muscle biopsies from very young subjects (<2 years) affected
by DMD and compared them to biopsies from children with DMD older than 5 years
who represent a more advanced stage of disease [73]. The authors proposed that DMD
muscle is programmed early to express a distinct gene expression pattern that differs
significantly from that of the age-matched muscle biopsies taken from unaffected children.
The molecular signature of the dystrophic phenotype was typified by a co-ordinated ac-
tivation of genes involved in the inflammatory response, ECM remodelling and muscle
regeneration, as well as decreased transcription of genes involved in energy metabolism.
By analysing DMD time-course biopsies, the authors further demonstrated that certain
genes, including members of three morphogenetic signalling pathways (Wnt, Notch and
bone morphogenetic proteins) were gradually induced or repressed during the natural
history of DMD. Other studies highlighting pathogenetic mechanisms of DMD have been
based on the already mentioned mdx mouse model. Molecular characterisation of the mdx
phenotype, including its intrinsic propensity to regenerate skeletal muscle, or of disease
progression itself, appear to mirror those involved in humans, for example those related to
immune response and inflammation, cell adhesion, muscle structure and regeneration and
ECM remodelling [74–78].

Despite the shared aetiology and these mechanistic similarities, it is important to
note that the phenotypic differences between DMD patients and the mdx mouse model
(e.g., presentation of minimal clinical symptoms and a small reduction in lifespan in mdx
mice) suggest that disease severity may depend in large part on a different response of
various skeletal muscles to dystrophin deficiency (both ‘between’ and ‘within’ humans and
mice) [79].

Although the use of microarray platforms is still employed, the technological advance-
ment of next generation sequencing (NGS) has greatly improved the quality of measuring
RNAs over probe-hybridisation-based technology. RNA-sequencing (RNA-seq), the NGS
technique used to profile RNAs, has a broader dynamic range of RNA quantification and
allows simultaneous detection of nucleotide variation at the RNA sequence level (e.g.,
expressed single nucleotide polymorphisms, insertions or deletions) and allelic-specific
expression. This enables the reconstruction and identification of novel transcripts, gene
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fusions or splice variant isoforms which cannot be directly detected at genome level [80]. In
other words, RNA-seq captures a level of complexity of the transcriptome that probe-based
microarray cannot.

The increasing widespread use of NGS in the last 15 years has further accelerated the
evolution of advanced methods that allow an even more precise and detailed assessment
of RNAs even at single-cell and tissue spatial resolution. Compared to traditional bulk
RNA analysis, which represents an ‘averaged’ RNA signal from the different cells within
the tissue, single-cell RNA (scRNA)- and single-nuclei RNA (snRNA)-seq and spatial
transcriptomics have paved the way to study cell-tissue heterogeneity, enabling the RNA
profiling of rare cells, the discovery and description of previously unknown cell types
or subtypes and the quantification and visualisation of the spatial distribution of RNAs
within tissue sections [81–84].

Van Pelt et al. used a multiomics approach, including RNA-seq transcriptome pro-
filing, to compare TA muscles from male mdx/mTR mice, which lack both a functioning
dystrophin and a telomerase RNA component, with those from WT mice. The authors
highlighted a number of pathogenic alterations in protein synthesis and degradation,
muscle fibre contractility, cytoskeletal architecture, ECM and skeletal muscle metabolism,
with dystrophic muscles exhibiting increased glycolytic metabolites. RNA-seq results also
suggested that an inflammatory component, fibrotic expansion of the ECM and matrix
metalloproteinase activity are responsible for the pathological increase in muscle mass
observed in mdx/mTR mice [81].

Using normal and dystrophic tibialis anterior (TA) muscles of mice lacking DMD exon
51 (∆Ex51), Chemello et al. [85] assessed by RNA-seq and snRNA-seq the transcriptional
abnormalities and heterogeneity associated with individual myofibre nuclei that contribute
to DMD skeletal muscle pathology. The authors found large gene expression differences
between TA muscles from ∆Ex51 and WT mice, with cytokine production, inflammatory
response and apoptotic signalling the most prominently altered pathways in ∆Ex51 TA
muscles, whereas genes down-regulated in ∆Ex51 TA muscles were related to growth stim-
ulus and development of healthy skeletal muscle. The use of snRNA-seq was motivated by
the fact that the syncytial nature of skeletal muscle poses issues about the degree to which
individual nuclei may exhibit transcriptional diversity. By comparing different cell popula-
tions in the skeletal muscles of DMD and WT mice by snRNA-seq Chemello et al. were
also able to identify heterogeneous nuclei populations that were grouped into three main
clusters, namely myonuclei of myofibres, nuclei of the regenerative pathway and nuclei
of mononucleated cells of skeletal muscle, each characterised by its own transcriptional
heterogeneity and expression of specific myofibre isoforms. This study is one of the first in
this field that clearly demonstrates the advantages of using gene expression profiling via
RNA-seq and snRNA-seq to explore complex tissues in order to more precisely unravel
disease-related phenotypes at single cell/nuclei resolution. This ground-breaking study
strongly motivates the use of snRNA-seq-based approaches for studying DAC, which
could identify novel evidence to understand the physiological changes causing DAC.

Another way of successfully applying RNA-seq is as a clinical diagnostic tool. Al-
though the great technical advance of NGS has improved genetic diagnostics for patients,
e.g., the use of whole-exome sequencing, a critical issue in the dystrophinopathy field
is the number of cases that still remain with unidentified mutations despite extensive
genetic analysis. In this context, RNA-seq approaches have been proposed as a reliable
method for detecting novel mutations, thus improving the diagnosis and indexing of dys-
trophinopathies. Indeed, Gonorazky et al. identified a deep intronic (non-coding) mutation
in the DMD gene of a MD patient by RNA-seq, highlighting the potential of RNA-seq to
identify mutations occurring outside the coding exonic sequence of the DMD gene but also
those affecting RNA expression or processing [86] that lead to a pathological phenotype.

Despite its indisputable potential, it must be pointed out that transcriptome profiling,
either by bulk RNA-seq or sc/snRNA-seq, in the context of DAC has not yet gained much
attention. Nevertheless, there could be plausible reasons for the lack of studies imple-
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menting these technologies. One possible explanation is that the most outstanding and
innovative platforms for NGS, including those for scRNA-seq and spatial transcriptomics,
are still very expensive and require a high technical and analytical level of expertise which
limits their extensive use, at least for the present. Another major obstacle related to the
study of DAC by transcriptome profiling is certainly the difficulty of obtaining human
diseased cells/tissues through non-invasive methods. Optionally, in vitro modelling of
DAC could be achieved by differentiating heart-like organoids from primary cells or in-
duced pluripotent stem cells (iPSC) derived from patients to investigate subject-specific
characteristics of diseased tissue and test putative therapeutic strategies, by either phar-
macological or gene therapies. RNA-seq- and sc/snRNA-seq-based analyses could also
serve this setting to both monitor the effects produced by therapeutic interventions and
provide novel insights on the affected processes downstream of dystrophin deficiency that
contribute to skeletal or cardiac muscle pathology [87].

A further possibility to study dystrophinopathies is represented by the use of surrogate
tissues accessible through minimally invasive practices and often as part of regular clinical
visits, e.g., blood, that could provide important information on the immunological status
reflecting a specific disease state. This could be extremely relevant for the comprehension
of the immune response in dystrophinopathies and particularly for understanding how it
shapes and is related to different phenotype or modifies specific therapeutic interventions,
such as assessing immune reactions to exon skipping or gene therapy. Modulating inflam-
mation or controlling pathogenic adaptive immune activity by inducing immunological
tolerance to de novo dystrophin expression are, in fact, two options that are assumed to
be fundamental for applying successful dystrophin-rescue therapies. In this framework,
both whole blood transcriptome profiling and specific T and B immune cell repertoire
sequencing could effectively describe the relationship between adaptive immune profiles
and DAC phenotypes at a systemic level, reflecting the local immune responses and could
offer novel opportunities for clinical evaluation and intervention [88–90].

The genomic analyses, particularly transcriptomics carried out to date (Table 2),
have the capability to unveil distinct genotype-phenotype relationships and characterise
underlying DAC mechanisms that explain the heterogeneous cardiac phenotypes. New
studies based on genome-wide approaches aimed at unravelling these genotype-phenotype
associations are needed to improve our understanding of the mechanisms that ultimately
determine DAC therefore enhancing patient care.
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Table 2. The main studies performed on dystrophin deficient models using transcriptomic approaches. DAC, Dystrophin-associated cardiomyopathy; DMD, Duchenne muscular
dystrophy; ECM, extracellular matrix; iPSC, induced pluripotent stem cells; MS, mass spectrometry; RNA-seq, RNA-sequencing; snRNA-seq, single-nuclei RNA-sequencing; scRNA-seq,
single-cell RNA-sequencing.

Model Tissue Method Findings Reference

human, DMD and alpha-sarcoglycan
deficiency muscle biopsy microarray

developmental genes (e.g., alpha-actinin) overexpression;
energy metabolism dysregulation; Ca2+ signalling;

inflammation
Chen 2000

C57BL/10ScSn-Dmdmdx/J mouse, mdx
gastrocnemius and

soleus muscle microarray upregulation of secreted phosphoprotein 1 (minopontin,
osteopontin) Porter 2002

human, DMD skeletal muscle microarray overexpression of immune response signals and ECM genes Haslett 2002

C57BL/10ScSn-Dmdmdx/J mouse, mdx
gastrocnemius and

soleus muscle microarray ECM and inflammation transcript dysregulation Porter 2003

C57BL/10ScSn-Dmdmdx/J
B6Ros.Cg-Dmdmdx−5cv mouse, mdx

diaphragm, extensor digitorum longus,
gastrocnemius, quadriceps, soleus and

tibialis anterior muscles
microarray muscle specific molecular signatures explain fragility of

muscle tissues Haslett 2005

human, DMD skeletal muscle microarray
dystrophinopathy molecular

signature characterised by genes involved in inflammation,
ECM, muscle regeneration and energy metabolism

Pescatori 2007

C57BL/10ScSn-Dmdmdx/J and Fiona
transgenic line mouse, mdx

Tibialis anterior muscle microarray utrophin modulates gene expression profile, thus is likely
to be beneficial in dystrophin deficiency Baban 2008

C57BL/10ScSn-mdx mouse, mdx medial gastrocnemius microarray
upregulated genes related to inflammation, ECM, muscle
regeneration; identified candidate genes declining muscle

necrosis, possible therapeutic targets;
Marotta 2009

human, DMD skeletal muscle RNA-seq clinical genetic diagnostics, identification of intronic
mutation Gonorazky 2015

C57BL/10ScSn-Dmdmdx/J; B6C3Fe
a/a-Largemyd/J; and double mutant
Dmdmdx/J/Largemyd/J mouse, mdx

calf muscle microarray model signatures differ in genes regulating immune system,
muscle degeneration/regeneration and ECM remodelling Almeida 2016

C57/BL6N-Dmd∆Ex51 mouse tibialis anterior muscle RNA-seq; and snRNA-seq myonuclei subtypes marker identification Chemello 2020
human, DMD; and C57BL/10ScSn-Dmdmdx/J

mouse, mdx
DMD patient-specific iPSC-derived

cardiomyocytes; and mouse left ventricle RNA-seq and scRNA-seq assessment for DAC modelling, comparing profiling of
DMD patients, with animal and in vitro models. Kamdar 2020

mouse, mdx/mTRG2 plantaris and TA muscles

RNA-seq;
Proteomics,

metablomics
lipidomics (MS)

DMD transcriptome and proteome signatures are different
in protein balance, contractile elements, ECM and

metabolism
Van Pelt 2021

human, DMD; and C57BL/10ScSn-Dmdmdx/J
mouse, mdx

human and mouse blood RNA-seq DMD progression and therapy response evaluation in
surrogate tissue Signorelli 2021
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6. Bioinformatics for Omic Data Integration

Technological progress in the field of biotechnology has undoubtedly contributed
to the development of increasingly sophisticated HTT platforms that are continuously
generating new data. While progress in understanding biological systems is made, the
complexity, volume and resolution of the generated data can also challenge scientists’ ability
to efficiently manage the amount of data. Tackling this challenge requires continuous
refinements in analysis tools, software design and pipeline development that provide
adequate means to answer biological and clinically relevant questions.

Computational approaches for analysing high-dimensional data have advanced con-
siderably since the aforementioned foundational studies and a broad variety of elaborative
bioinformatic resources are now available as open source tools enabling any researcher to
infer physio-pathological mechanisms from multiomic data. One of the most important
resources is the ‘Bioconductor’ project that provides core data structures and methods
for the analysis of high-throughput data in the context of the R programming environ-
ment [91]. Bioconductor is an ever-developing environment and at present it offers more
than 3000 applications, including software for high-level statistical analysis, annotation,
experimental data packages and specific workflows, designed for a variety of omics data.

In the era of precision medicine an increasing number of omics studies focus on identi-
fying specific disease biomarkers from high-dimensional and heterogeneous datasets, and
translating them to clinical practice. Concerning cardiovascular research, large quantities
of biomedical, clinical and operational data are generated as part of patient care delivery,
in addition to omics data coming from clinical and research laboratories. Therefore, to
holistically confront complex diseases, it is crucial to take an approach that first combines
multiomics with clinical data and/or experimental data (i.e., ‘data-integration’) and then
extract hidden useful information [92,93].

Data-integration, which combines information across multiple data sources, promises
to deliver more comprehensive insights into the biological system under study i.e., joining
data from different domains such as genetics, genomics, transcriptomics, epigenomics, pro-
teomics and metabolomics [94]. We report, for illustrative purposes, three novel methods
for the integration of multiomics and clinical data: (i) the ‘mofa’ R package infers the best
low-dimensional representation from multiomics datasets capturing the major source of
variation across data and that can be correlated with clinical variables [95]. Alternatively,
group samples can be identified by (ii) applying a partial least squares approach on sev-
eral omics data layers in a supervised fashion, i.e., ‘MixOmics’, or (iii) build a patients’
similarity-based network, i.e., ‘NetDX’ [96,97].

Building robust and accurate prediction models for medicine needs machine learning
approaches that allow the search for informative features within large data sets, possibly
combining data from different omics layers [98]. To date, few tools have been specifically
dedicated to the application of machine learning to omics data. Indeed, well-known statis-
tical approaches for classification and regression, included in widely used software such as
the ‘caret’ and ‘e1071′ R packages, were conceived to work with general, low dimensional
datasets. To face this issue for transcriptomic data, two authors from this review have
specifically developed open source tools, the R/Bioconductor packages DaMiRseq [99]
and GARS [100], which perform comprehensive machine learning analysis starting from
raw RNA-Seq data (adaptable also for microarray), e.g., normalizing data, identifying and
removing known batch effects and latent source of variation, performing robust feature
selection and building accurate classification models.

Following this great leap in technology development, the methods for the analysis
of omics data and their integration require constant updating as well. This therefore
calls for an interdisciplinary approach combining expertise from physicians, biologists
and bioinformaticians.
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7. Relevance of Omics for In Vitro DAC Modelling

Despite still being the main source of knowledge of dystrophinopathies, animal mod-
els are low throughput and often not representative of the human mechanisms, especially
regarding cardiac involvement [13,101]. Considering the low availability of both skeletal
and cardiac human tissue samples and the low proliferative activity of mature primary
cardiomyocytes (CMs), iPSCs offer an interesting alternative. However, the main limit
of applying iPSC-derived cardiomyocytes (iPSC-CMs) to model DAC is the inability to
sufficiently guide cardiac differentiation and maturation. Moreover, compatibility with the
high resolution of HTT, which are able to resolve individual disease phenotypes, calls for
standardised and highly reproducible protocols (for more details the reader is directed to
the following literature [102–105]). The path for a precision medicine approach to DAC
depends on the ability of in vitro models to reproduce the patients’ clinical phenotype and
to provide prognostic information.

In general, while the translation to more complex methods for research purposes is
evolving (e.g., the decryption of specific molecular mechanisms in the context of MD skele-
tal and cardiac muscles) [106,107] it is far from reaching the ‘bed side’ (i.e., personalised
medicine approach) or even towards the evaluation of novel pharmacological compounds
with HTT.

The implementation of omics-based approaches could optimise the standardisation
of advanced in vitro DAC models. First, omics could provide a quantitative description
of the reproducibility of samples obtained from in vitro culture. iPSC-based culture, after
the somatic cell reprogramming procedure, starts with the selection of clones considered
representative of an ideal pluripotent state. However, making this selection free from
arbitrariness, through a standardised multifactorial analysis, could be the first step towards
the optimisation of the whole procedure [108–110]. Second, a deep understanding of
the developmental trajectory leading to iPSC differentiation into specific cardiomyocyte
subtypes or cardiovascular cell types, e.g., atrial cardiomyocytes or cardiac fibroblasts
which both arise from second heart field progenitors [111,112], could guide standardised
protocols and the interpretation of results. For instance, through a genomic approach, the
relevance of activating specific mechanisms for in vitro maturation could be highlighted,
as proposed by Friedman et al. [113], who demonstrated that hypertrophy and maturation
of iPSC-CMs in vitro is secondary to the activation of the cardiac regulatory gene HOPX,
suggestive of a possible quality check for cell cultures. Furthermore, the impact of the co-
culture approach is supported by the work of Ruan et al. who used a scRNA-seq approach
to underline a differentiation trajectory (involving Wnt-modulation), that demonstrated
the supportive role of endothelial cells on CM maturation via ETS1 [114]. Similarly, tissue-
specific fibroblasts and cardiac fibroblasts possess a reported capacity to enhance CM
maturation in vitro [115,116]. Nevertheless, only a scRNA-seq approach enabled Zhang
and colleagues [117] to untangle the regulatory pathways controlling differentiation of
tissue-specific fibroblasts, thus paving the way to develop methods to obtain iPSC-derived
cardiac fibroblasts.

Omics approaches are also needed in order to describe the in vivo system, thus offering
a control to demonstrate to what extent the in vitro model represents the in vivo scenario.
For example, through a proteomics approach Doll and colleagues [118], obtained a map
of the heart, describing the specificity of the cell types found in different cardiac regions
and suggesting cell-surface markers representative of a pathological phenotype. In the
same direction, but taking a step forward, Kamdar et al. [87] used transcriptome analysis
to highlight that iPSC-CMs shared similarly dysregulated pathways with ex vivo primary
cardiac cells. Thus, transcriptional profiling could follow in vitro experiments for drug
testing, in order to identify the signalling pathways activated by potential beneficial drugs
for DAC and possibly speeding their clinical translation [87,119].

Overall, exploitation of iPSC technology has the potential for disease modelling in
general, and for DAC, in particular. However, it needs to take into account the complexity of
living tissues, ranging from their multicellularity to their 3D structure [120]. This therefore
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calls for the design of advanced in vitro models that incorporate bioengineered solutions.
Validation of these complex models necessitates the application of an integrated multiomic
approach which to date remains missing.

8. Concluding Remarks

The effects of dystrophin deficiency on the skeletal muscles have been widely studied,
thus therapeutic protocols and effective pharmacological treatments are available in clinical
practice. More recently, the increase in the lifespan of patients with a dystrophinopathy
encouraged focusing research on cardiac involvement. In particular, multiomic approaches
promise substantial improvements towards understanding the underlying DAC mecha-
nisms owing to increased information sourced from different disciplines that can promote
our capacity to recapitulate the systemic complexity of DAC.

Indeed, omics data generated through single techniques (transcriptomics, proteomics,
metabolomics, etc.,) enable researchers to capture only a small part of a much more complex
picture governing the molecular mechanisms that shape a particular phenotype. While the
most commonly used approach is to analyse data from omics platforms independently from
each other, modelling sets of different features through the use of multivariate approaches
can leverage information obtained from diverse data types to provide a more accurate and
in-depth picture of the system under study. With this integrative approach the existing
relationships between different biomolecules, which can act in concert to modulate and
influence biological systems and signalling pathways, could provide crucial biological
information and increase the understanding of pathophysiological mechanisms. While
being recently proposed for the study of the skeletal muscle involvement in MD [81], such
an integrated approach is still missing for the study of DAC. Nevertheless, the findings
summarised in Tables 1 and 2 (proteomics and transcriptomics approach, respectively)
suggest consistency between the biological mechanisms or pathways identified by the
different studies (e.g., inflammation, ECM remodelling) that, although using different
techniques, indicate the general feasibility of an integrated approach.

However, much work is still needed before this research proves clinically beneficial e.g.,
identifying relevant biomarkers for patient stratification, forming networked consortia with
data-sharing agreements and common goals. One such effort has resulted in the creation of
Muscle Gene Sets (http://www.sys-myo.com/muscle_gene_sets/; Accessed on 19 August
2021; also available via Enrichr, MsigDB/GSEA or WebGestalt), that provided a tool for
functional genomics in neuromuscular conditions. While not yet extended to proteomic
data, this tool offers the ability to study the behaviour of gene lists across more than
1100 comparisons of muscle conditions [121]. Extending the efforts of such a consortium
by including tissue biobanks would provide the opportunity for using platform-type
approaches for analysing multiomic data for DAC. As described in this review, omics, by
generating and integrating multiomic quantitative data through advanced models, enables
a multiscale and insightful overview of DAC pathology that offers enhanced possibilities
capable of leading to a precision medicine approach. Meeting this objective will require
leveraging the collective contributions of various stakeholders namely, representatives
from MD patients’ groups, academia, industry and regulatory agencies [122].
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