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Preface to “Understanding Neuromuscular Health
and Disease: Advances in Genetics, Omics, and
Molecular Function”

Recently, the field of neuromuscular research has seen considerable advances in the molecular
and cellular understanding of muscle biology, and the treatment of neuro-muscular disease. These
advances are at the forefront of modern molecular methodologies, often integrating across wet-lab
cell and tissue models, dry-lab computational approaches, and clinical studies. The continuing
development and application of multi-omics methods offer particular challenges and opportunities,
not least in the potential for personalized medicine.

This compilation, entitled “Understanding Neuromuscular Health and Disease: Advances in
Genetics, Omics, and Molecular Function”, encompasses some 15 publications from colleagues
working on diverse aspects of neuromuscular health and disease. It is structured according to the
following broad themes:

- Therapeutics (Buscara et al., Joubert et al.)

- Genotype-phenotype correlations (Anwar et al., Lim et al., Sheikh et al., Connolly et al.)

- Cellular and molecular mechanisms (Sidlauskaite et al., Le Gall et al.)

- Biomarkers (Smeriglio et al., Tawalbeh et al., Heier et al., D’Cruz et al.)

- Omics and mathematical modelling (Speciale et al., Vignier et al., Vasilopoulou et al.)

More than 500 different genes are known to be associated with neuromuscular disorders
(Buscara et al.), and the identification of causative mutations has allowed the development of
personalized therapies (Buscara et al.,, Smeriglio et al.). However, even if great progress has
been made during the past two decades in different subgroups of neuromuscular disorders, there
are still numerous challenges to resolve, such as the optimization of therapeutic knock-down
strategies (Joubert et al.), targeting specific muscles or tissues of the nervous system (Buscara et
al.), identifying genetic modifiers that can impair a therapeutic strategy (Smeriglio et al.), targeting
common pathways being affected in different patient subgroups for a given disease (Le Gall et al.,
Connolly et al.), or understanding the impact of neuromuscular disorders on other tissues that could
be affected but may be understudied.

The neuromuscular pathologies considered in this book include Duchenne muscular dystrophy
(Anwar et al., Lim et al., Tawalbeh et al., Sheikh et al.), facioscapulohumeral dystrophy (Joubert
et al., Heier et al., Sidlauskaite et al.), amyotrophic lateral sclerosis (Le Gall et al., Connolly et al.,
Vasilopoulou et al.), spinal muscular atrophy (Smeriglio et al.), Emery-Dreifuss muscular dystrophy
(Vignier et al.), and rheumatoid arthritis (D’Cruz et al.). Looking across diseases, several themes are
recurrent, such as the efforts to identify genotype-phenotype correlations in DMD (Anwar et al., Lim
etal., Sheikh et al.) and ALS (Le Gall et al., Connolly et al.), the quest for effective biomarkers in many
neuromuscular conditions (Smeriglio et al., Tawalbeh et al., Heier et al., D’Cruz et al.), and the use of
genomic and multi-omic approaches towards better ways to identify biomarkers and to understand
disease (Heier et al., Vasilopoulou et al., Vignier et al.).

The search for genotype—phenotype correlations can be aimed at the improved understanding
of disease (Le Gall et al., Connolly et al., Lim et al., Sheikh et al.), but may also be relevant to potential
therapeutic outcomes (Anwar et al.). Of relevance to this are genotype—phenotype correlations in
DMD (Anwar et al., Lim et al., Sheikh et al.) and in ALS (Le Gall et al., Connolly et al.). It is interesting



to contrast the state of investigations in these two conditions, differences which are related to the
underlying genetics: DMD being due to mutations at a single gene, and, therefore, correlations being
sought between clinical outcomes and specific mutation patterns within that gene (Anwar et al., Lim
et al., Sheikh et al.); ALS being a disease of unclear aetiology for the majority of patients and the
focus of these genotype—-phenotype investigations thus being on the relationship of different genes
and their functional roles to the implicated mechanisms (Le Gall et al.) or clinical outcomes of the
condition (Connolly et al.).

The use of genomics and multi-omics approaches is a theme which itself cuts across the aims
of current research, from the overlay of multiple omics data to achieve a global perspective and
new understanding of Emery—Dreifuss muscular dystrophy (Vignier et al.), to the identification of
novel circulating miRNA and protein biomarkers for FSHD using multi-omics (Heier et al.), through
to the application of machine learning to the genomics of ALS, which is aimed at understanding
the molecular basis of this disease (and is also relevant to genotype-phenotype correlations)
(Vasilopoulou et al.). Deciphering the pathways and gene mutations involved in neuromuscular
diseases may allow for the development of computational models helping our understanding of
muscle pathologies, which could enable preclinical studies of neuromuscular diseases in the context
of personalized medicine (Speciale et al.).

Aside from therapeutic strategy development, the use of biomarkers may be critical as disease
trackers for the development of effective therapeutics (for example, in FSHD, Heier et al.), but also to
the personalized tailoring of existing treatments (such as in DMD, Tawalbeh et al., and in rheumatoid
arthritis, D’Cruz et al.), and may prove useful in a broad sense for improved stratification, diagnosis,
and treatment (e.g., in adult SMA, Smeriglio et al.).

We hope that studies such as these, that integrate modern molecular methodologies across cell
and tissue models, computational approaches, and clinical studies, will continue to drive progress

towards improved neuromuscular health and treatments for these often severe diseases.

William Duddy, Stephanie Duguez
Editors



Journal of

Personalized ﬁ“\l)\l’y
7

Medicine

Review

Of rAAV and Men: From Genetic Neuromuscular
Disorder Efficacy and Toxicity Preclinical Studies to
Clinical Trials and Back

Laurine Buscara !, David-Alexandre Gross 12 and Nathalie Daniele »*

1 Genethon, 91000 Evry, France; Ibuscara@genethon.fr (L.B.); dagross@genethon.fr (D.-A.G.)

2 Université Paris-Saclay, Univ Evry, Inserm, Genethon, Integrare Research Unit UMR_S951,
91000 Evry, France

*  Correspondence: daniele@genethon.fr; Tel.: +33-1-6947-2987

Received: 31 October 2020; Accepted: 23 November 2020; Published: 28 November 2020

Abstract: Neuromuscular disorders are a large group of rare pathologies characterised by skeletal
muscle atrophy and weakness, with the common involvement of respiratory and/or cardiac muscles.
These diseases lead to life-long motor deficiencies and specific organ failures, and are, in their
worst-case scenarios, life threatening. Amongst other causes, they can be genetically inherited
through mutations in more than 500 different genes. In the last 20 years, specific pharmacological
treatments have been approved for human usage. However, these “a-la-carte” therapies cover only a
very small portion of the clinical needs and are often partially efficient in alleviating the symptoms
of the disease, even less so in curing it. Recombinant adeno-associated virus vector-mediated gene
transfer is a more general strategy that could be adapted for a large majority of these diseases and has
proved very efficient in rescuing the symptoms in many neuropathological animal models. On this
solid ground, several clinical trials are currently being conducted with the whole-body delivery of the
therapeutic vectors. This review recapitulates the state-of-the-art tools for neuron and muscle-targeted
gene therapy, and summarises the main findings of the spinal muscular atrophy (SMA), Duchenne
muscular dystrophy (DMD) and X-linked myotubular myopathy (XLMTM) trials. Despite promising
efficacy results, serious adverse events of various severities were observed in these trials. Possible
leads for second-generation products are also discussed.

Keywords: AAV; genetic neuromuscular disorders; gene therapy; clinical trials; toxicity; SMA;
DMD; XLMTM

1. Introduction

Neuromuscular disorders are a group of heterogeneous rare diseases characterised by skeletal
muscle dysfunction and caused primarily by motoneuron, peripheral nerve, motor end plate or
muscle deficiencies. This family of pathologies encompasses a wide clinical spectrum, ranging
from very weak and barely detectable clinical signs to extremely severe and life-shortening forms.
Common symptoms include muscle-specific patterns of atrophy and weakness, occasionally associated
with the involvement of additional organs, the most common complication being cardiac and/or
respiratory failure. These diseases can be caused by many factors, notably autoimmunity; inflammation;
poisoning; toxin accumulation; tumours; environmental agents; neurologic, metabolic or traumatic
syndromes [1-3]; aging [1,4]; and genetic inheritance or spontaneous mutations in muscle or
nerve-essential genes. The large majority of mutations are monogenic, with every nature of mutation
and transmission mode possible. The classification of neuromuscular diseases based on their origins
and phenotypical features is published every year at http://www.musclegenetable. The 2020 update
reports 1042 neuromuscular disorders caused by mutations in 587 different genes, classified in 16 groups,
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and many remain to be discovered [5]. The pathogenic mechanisms are very diverse, as they depend on
the gene involved, and proteins with very different functions and subcellular localisations are affected
(enzymes, structural proteins, metabolic key-players, etc). In this review, we will focus our interest on
genetic neuromuscular diseases currently under interventional clinical trials with whole-body delivery.

2. Marketed Pharmacological Treatments

Before the 1990s, treatment options were limited to supportive therapies aiming at improving life
comfort and lengthening lifespan. Anti-inflammatory drugs proved very efficient in preventing muscle
degeneration and mortality in inflammatory myopathies [6]. Corticosteroids are also commonly used
and show limited success in Duchenne muscular dystrophy (DMD, OMIM 310200), a very severe and
the most common form of degenerative muscular pathology. Long-term clinical trials showed that
prednisolone/prednisone or deflazacort corticosteroids reduce chronic muscle inflammation, stabilise
muscle function, prolong ambulation and improve respiratory function and patients’ survival [7-9].
However, several side effects are associated with the prolonged usage of these immuno-modulators,
the most severe being a drastic inhibition of the immune system’s functionality, occasionally leading to
life-threatening opportunistic infections.

More recently, specifically targeted treatments were developed and approved for human
applications by the regulatory agencies. The USA Food and Drug Administration (FDA) and
the European Medicines Agency (EMA) approved Myozyme® (x-glucosidase, Sanofi-Genzyme,
Cambridge, MA, USA) for long-term enzyme replacement therapy in Pompe patients, who suffer
from a severe metabolic myopathy caused by mutations in the x-glucosidase-encoding gene (glycogen
storage disease type 2 or Pompe Disease, OMIM 232300) [10-12]. The treatment proved particularly
efficient in improving lifespan and muscle, respiratory and cardiac functions in classical infantile-onset
Pompe disease (<1 year of age, with cardiomyopathy) [13,14], with more contrasted results in late-onset
forms of the disease [15,16]. Occasional infusion-associated reactions and adverse events related to the
treatment were reported. Nearly all were resolved with an interruption or reduction of the infusion
rate or symptomatic treatment. In almost every case, repeated bi-monthly intravenous injections of the
product led to the generation of x-glucosidase-specific antibodies [13-16], although seldom showed
evidence of in vitro inhibitory activity. Some patients developed anaphylactic shock [15].

Exondys 51® (Eteplirsen, Sarepta Therapeutics, Cambridge, USA), a drug targeting the DMD
pathology, was granted accelerated approval by the FDA in 2016 on the grounds of phenotype
stabilisation, making it the first FDA-approved drug for DMD [17]. Severe Duchenne myopathy is
caused by a variety of mutations in the dystrophin-encoding DMD gene [18]. The large majority
are out-of-frame mutations resulting in the total loss of dystrophin, while the expression of shorter
forms of dystrophin caused by in-frame DMD mutations leads to the milder Becker phenotype [19].
This observation constitutes the proof of concept that expressing shorter forms of dystrophin could be
a therapeutic option for ameliorating, if not curing, DMD symptoms. Eteplirsen is a 30-nucleotide-long
phosphorodiamidate morpholino oligomer (PMO) designed to skip DMD exon 51 and restore a shorter
but functional reading frame. The weekly intravenous injection of this drug restores partial dystrophin
expression in skeletal fibres [20], prevents muscle loss of function [21-23] and protects pulmonary and
cardiac functions [24,25]. This drug offers a very good safety profile, probably due to its uncharged
chemical nature. Of note, Translarna® (Ataluren, PTC Therapeutics, South Plainfield, NJ, USA),
aread-through RNA interference molecule targeting non-sense mutations in Duchenne, showed a weak
benefit in DMD ambulatory patients in clinical trials [26,27] and was granted conditional approval for
ambulatory patients by the EMA in 2014, but was refused by the FDA. The treatment proved safe and
delayed ambulation loss in longer-term studies compared with a historical cohort [28].

Spinraza® (Nusinersen, Biogen, Cambridge, MA, USA) was the first curative drug for spinal
muscular atrophy (SMA) in paediatric and adult patients to be approved by the FDA in 2016 and
the following year by the EMA [29,30]. SMA, the most common motoneuron degenerative disease
and the leading genetic cause of infant mortality, is due to hereditary bi-allelic mutations in the SMN
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gene [31]. Spinraza® is an antisense oligonucleotide interfering with the splicing of an alternative form
of the gene (SMN?2) and leading to the production of a functional SMN protein. Repeated intrathecal
injections result in an increase in SMN proteins and meaningful improvement in motor development
and function with the associated survival of the patients [32,33]. Just recently, in August 2020, the FDA
approved Evrysdi® (Risdiplam, Genentech/Roche, San Francisco, CA, USA) as the first oral and
at-home treatment for all SMA patients from 2 months of age [34]. Similarly to Spinraza, this SMN2
splicing modifier increases the levels of SMN proteins and shows clinically meaningful improvements
in survival and motor and respiratory functions in SMA patients [35-37]. However, while Spinraza
requires four administrations in the spinal cord a year, Evrysdi is taken orally for systemic distribution
once a day, widening the field of application to patients excluded from intrathecal injections because
of scoliosis.

Even though these drugs ameliorate the patient’s life and prognosis, they do not cure the diseases
and necessitate constant re-dosing, a burdensome shortcoming for patients with an already altered
quality of life. Long-term adverse events due to constant drug re-administration are also an important
issue, especially as an immune response towards the treatment often develops with time, impeding
its efficacy. Moreover, these personalised medicine treatments are generally highly specific for the
targeted disease and mutation. Because of their wider range of application, a very intense research field
is focused on developing gene replacement approaches. These strategies, which take advantage of the
natural capacity of viruses to infect specific human cells, consist of inserting therapeutic genes in place
of viral sequences in vectors devoid of replicative capacity. They offer the advantage of being usable
regardless of the mutation type and position, at least for pathologies caused by losses of function.
After a long period of difficulties linked mostly to the route of administration and to the production of
the therapeutic vectors, the last ten years finally saw the translation of several proofs of concept into
promising clinical trials. The vector favoured for the delivery of genes in neuromuscular tissues is
derived from the adeno-associated virus (AAV). In the last ten years, several AAV-based treatments
have been approved for human usage. In 2012, Glybera® (alipogene tiparvovec, UniQure, Lexington,
KY, USA) was the first to be accepted by the EMA for the correction of a rare inherited metabolic
disorder, substantiating AAV innocuousness and long-term efficacy [38,39]. Luxturna® (Voretigene
Neparvovec, Spark Therapeutics, Philadelphia, PA, USA) was later approved for the local treatment of
a rare retinal disease [40—42]. Very recently, regulatory agencies granted full (FDA) and conditional
(EMA) approval to Zolgensma® (onasemnogene abeparvovec-xioi, AveXis/Novartis, Bannockburn,
IL, USA), the first AAV-based treatment for the whole-body correction of SMA [43-45], paving the way
for other myopathies.

3. The Therapeutic Toolbox for Muscle Gene Therapy

3.1. About Wild-Type AAV

The AAV virus is a 25 nm-diameter non-enveloped human parvovirus, with a simple architecture
composed of a single-stranded 4.7 kb linear DNA genome encapsidated within an icosahedral
protein capsid. The DNA bears four open-reading frames (ORFs) coding, respectively, for the four
non-structural Rep proteins involved in the viral cell cycle (Rep 78, 68, 52 and 40); the three structural
Cap proteins VP1, VP2 and VP3, assembling in a 1:1:10 ratio to constitute the 60 monomers of the
capsid; the assembly-activating protein (AAP), promoting capsid assembly [46]; and the recently
described membrane-associated accessory protein (MAAP) [47]. The ORFs are framed by two highly
structured 145 bp palindromic inverted terminal repeats (ITRs) acting in cis as structural signals to
drive AAV replication and genome packaging. AAV can infect both dividing and quiescent cells [48].

Various AAV serotypes of human and primate origin (AAV1 to AAV13) and more than a hundred
natural variants have been identified (AAV1 [49], AAV2 and AAV3 [50], AAV4 [51], AAV5 [52],
AAV6 [53], AAV7 and AAVS [54], AAV9 [55], AAV10 and AAV11 [56], AAV12 [57] and AAV13 [58]).
Based on VP1-capsid composition, the AAVs were phylogenetically classified into six clades, regrouped
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together according to genetic relatedness [59]. Although many display a broad tissue tropism,
they generally show preferential infections of specific organs. The cell tropisms depend on many
parameters, but subtle differences in the capsid’s amino acid sequence and structure are one essential
feature driving tissue targeting [55,60,61]. Once disseminated in the blood stream, AAVs have to
overcome several barriers to deliver their DNA within host cells’ nuclei. First, AAVs can be neutralised
by pre-existing neutralising antibodies (NAbs), as seroprevalence resulting from natural infections
with wild-type AAV is common in the general human population, with a high cross-reactivity between
serotypes [62-64]. Second, AAVs have to attach to specific receptors before being internalised within
host cells. AAV capsids were shown to interact with specific glycan moieties of host membrane
proteoglycans: heparan sulfate for AAV2 [65]; heparin for AAV3 and AAV6 [66]; sialic acid for AAV1,
AAV4, AAV5 and AAV6 [66-69]; and galactose for AAV9 [70-72]. Transmembrane receptors such as
PDGEFR for AAVS [73] and the 37/67 kDa laminin receptor LamR for AAVS [74] were also reported
to be surface receptors. Their in vivo biodistribution correlates with and could account for virus
tropism. Efficient virus endocytosis requires secondary binding events with membrane co-receptors.
For AAV2, the most widely studied AAV, the hepatocyte growth factor receptor c-Met [75], aV 35
integrin [76] and fibroblast growth factor receptor 1 (FGFR1) [77] were demonstrated to increase AAV
infectiosity and proposed as co-receptors. However, using a candidate approach based on genetic
deletion and supplementation, Pilay et al. demonstrated the existence of a co-receptor common to all
the tested serotypes (AAV1, 2, 3B, 5, 6, 8 and 9), the previously uncharacterised type I transmembrane
protein KIAA0319L, renamed AAVR [78,79]. Within the cell cytoplasm, AAV undergoes intracellular
trafficking via the microtubule network to reach the nucleus [80] and achieves endosomal escape,
nuclear entry and capsid unfolding. The AAV lytic cycle needs co-infection with a helper virus such as
adenovirus [49], herpesvirus [81] or cytomegalovirus [82] for replication to occur. In the absence of this
helper virus, the AAV enters a latent state. Several reports have evidenced the preferential integration
of the AAV genome into the transcriptionally active environment of the AAVS1 locus in the q13.4-Ter
region of host chromosome 19 genomic DNA [83-87]. Other hotspots were evidenced in chromosome
5p13.3 (AAVS2) and chromosome 3p24.3 (AAVS3) [88]. However, these studies were performed in
cell culture, and it was recently evidenced in vivo that AAV mainly persists as transcriptionally active
episomal forms and sometimes integrates randomly in the host genome [89]. Clonal integration
in six oncogenes in liver tissue associated with hepatic tumorigenesis was also identified [89,90].
No specific enrichment was found in major AAV targets previously identified in cell lines [89,90].

3.2. Of the Usage of Recombinant AAV for Central Nervous System (CNS) and Muscle-Specific Targeting

For neuromuscular diseases, AAV vectors stand out as the most promising tools for driving
body-wide muscle gene expression, as their wild-type counterparts have not been associated with a
pathologic condition, they target myocytes and they are relatively poorly immunogenic. Nonetheless,
several factors limit their application, mainly their low packaging capacity (<5 kb), especially as many
neuromuscular genes are larger. Another issue is the targeting specificity, as specific gene delivery is
desirable to reduce the risk of toxic off-target effects.

AAV recombinant vectors (rAAVs) derived from wild-type viruses are devoid of viral genetic
elements, apart from the two ITRs in between which the transgene of interest is inserted. Plasmids
encoding Rep, Cap and a helper are brought in trans within an appropriate production cell line to
achieve DNA packaging [91]. AAV2-based recombinant genomes have been packaged in many different
capsid types, resulting in a wide collection of “pseudotyped vectors” (rAAV2/X, where X stands for
the capsid serotype). In the absence of the Rep gene, in both murine models and cell lines, the rAAV
genome mostly concatamerises and forms circular, transcriptionally active episomes unable to divide
when host cells cycle [92-94], or integrates at a very low rate in the host genome, randomly [48,95-97]
or in preferential regions: near chromosomal instability points or in CpG islands, active genes and
regulatory sequences [98-101]. In cell lines, chromosomal rearrangements were observed near the
AAV-host genome breaking points [102,103]. Importantly, in murine hepatocytes, rAAVs were also
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reported to integrate at a low frequency into chromosome 12, at the Rian locus (RNA imprinted
and accumulated in the nucleus), upregulating neighbouring non-coding RNAs and genes [104,105].
This integration, suggested to participate in murine hepatocellular carcinogenesis, seems specific to
neonate animals and to some genetic backgrounds, and was not seen in adult mice [106].

More than 20 years ago, rAAV2s were the first vectors to prove their efficacy for the efficient
and persistent transduction of post-mitotic neuromuscular cells [95,107]. The local brain delivery of
a reporter transgene placed under the control of a ubiquitous strong promoter resulted in neuron
and, to a lower level, glial cell transduction in rodents [107]. The long-term transduction of muscle
fibres was observed after the intramuscular injection of a reporter gene in wild-type mice and rhesus
monkeys, pointing out the inter-species tropism of this vector [95]. However, rAAV2s have a preference
for slow-twitch muscle fibres, which might restrict their therapeutic benefits [108]. Additionally,
of all the serotypes identified to date, AAV2 is the most common target of pre-existing NAbs in
human populations [62,63], which could potentially prevent effective transduction in most of the
putative patients [109]. Finally, a side-by-side comparative study of rAAV1 to 9 carried out with a
ubiquitously driven luciferase reporter transgene evidenced that rAAV2 is amongst the lowest for
general and muscle-specific transduction after intravenous injection, the optimal administration route
for myopathy [110]. Today, rAAV2 is mainly used for tissue-specific gene therapy, such as local brain
injection in clinical trials aimed at CNS delivery for Parkinson’s disease [111].

Recombinant AAV1, 7, 8 and 9 showed higher muscle transduction than rAAV?2 after local injection
in mice [54,55,112-114] and dogs [115]. Muscle targeting was also achieved, though with lower efficacy
with AAV5 [113] and AAV6 [114].

Apart from very few diseases in which a specific group of muscles are affected and can be targeted
by local delivery, whole-body muscle transfer has to be achieved for myopathy treatments, and the
delivery is usually performed by systemic administration, or specific cerebro-spinal fluid delivery in the
case of CNS-specific pathology. The body-wide intravascular delivery of rAAV packaged with reporter
genes confirmed the widespread dissemination and highest muscle tropism of rAAV1, 7, 8 and 9 in
mice [54,110,116-121], dogs [115,122,123] and monkeys [119,124]. Conflicting publications report on
rAAVY’s preferential tropism for fast fibres [120] or slow fibres [114], but as they were performed with
different promotors and different murine genetic backgrounds, general conclusions cannot be drawn.

The vascular endothelium is a major barrier for rAAV tissue distribution. Its permeation through
the use of vascular endothelium growth factor (VEGF) was once demonstrated to enhance tissue
transduction with rAAV6, largely inefficient by the intravascular route [125], though this effect is lost
at high doses of the vector, and ensuing attempts to use it failed [116]. Muscle ischemia, a feature
associated with some myopathies [126], was also shown to improve muscle targeting, partly for the
same reasons [127].

Skeletal muscles are composed of long-lived mature post-mitotic fibres and of satellite cells,
a population of progenitors crucial for muscle regeneration. Ideally, for expression persistence,
therapeutic vectors should target myofibres and satellite cells, but unfortunately, rAAVs are inefficient
for satellite cell transduction [128]. However, even though the episomal DNA can be diluted
by successive cell divisions during muscle growth or regeneration, the transgene genome was
shown to be stable for years in terminally differentiated myocytes, leading to continuous transgene
expression [95,124,129].

Heart targeting is essential for treating neuromuscular diseases with cardiomyopathic
features. Interestingly, several reports showed that rAAV9s lead to the highest levels in heart
muscle [110,118,119,130,131], although rAAVé’s superior cardiac efficacy was once reported [132].
Differences in the vector doses and systemic routes of administration are likely to account for this
discrepancy. The cardiotropic properties of rAAV9s might originate, at least partly, from their specific
binding to galactose receptors [70,71]. Interestingly, the intravascular delivery of rAAV9 is also an
appealing strategy for CNS targeting, as this serotype is the most efficient for crossing the blood-brain
barrier. Indeed, motoneurons and glial cells were transduced in the spinal cords and brains of
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mice, cats and non-human primates [118,133-138]. This strategy is a safer alternative to local CNS
delivery. This unique feature of rAAV9s could come from increased vascular permeability and/or
from their attachment to specific receptors distinct from those of other serotypes, such as the galactose
receptor [70-72]. Indeed, the crystallographic structure of AAV9 revealed the specificity of the capsid
in regions associated with receptor attachment that could account for its unique cellular tropism [61].
Finally, serotypes AAV1-9 transduce the liver with very high efficacy in mice, dogs and
primates [110,116-120,122,129,135,136], but apart from the transient elevation of the aminotransferase
enzyme related to the expression of the GFP transgene [135], no serious adverse events (SAEs) related
to the capsid were reported during the biodistribution studies. Capsid-specific NAbs commonly
developed with both local and systemic injection, though the levels varied with the dose and route of
administration, but no major immunotoxicity was evidenced [95,110,112,115,135,136].

3.3. Restricting Expression by Muscle and CNS-Specific Promoters

Apart from capsid choice, a careful selection of the transgene regulatory elements, especially the
promoter, is essential for specific expression. Viral promoters, such as the cytomegalovirus (CMV) or
the Rous sarcoma virus (RSV), have generally been used for proofs of concept in early muscular gene
therapy development, as they allow broad and powerful transgene expression [139-142]. The CMV
promoter is currently used in several clinical trials for Duchenne and Becker muscular dystrophies,
sporadic inclusion body myositis and Pompe disease (NCT02354781, NCT01519349, NCT00428935
and NCT00976352) [143-147]. However, it is now known that eukaryotic cells progressively silence
transgene expression driven by viral promoters as a result of an immune mechanism to shut off viral
expression, limiting their use for gene therapy applications where the long-lasting expression of the
transgene is crucial [148-151]. An alternative to limit transgene silencing is the use of eukaryotic
constitutive promoters, such as the elongation factor 1« (EF-1c), phosphoglycerate kinase (PGK),
ubiquitin C (UBC) or hybrid promoters such as the chicken 3-actin promoter coupled with the CMV
early enhancer (CAG promoter), which shows high levels of transgene expression [152]. Interestingly,
the CAG promoter is currently being used in a gene therapy clinical trial aiming at treating SMA type
1 patients: it shows success in driving appropriate expression levels in target tissues, as clinically
meaningful benefits are achieved [153-156]. Nevertheless, constitutive transgene expression, notably
in antigen presenting cells (APCs), was reported to induce an immune response [157-159].

In order to minimise ectopic transgene expression, muscle-specific promoters such as muscle
creatine kinase (MCK) [160], desmin (Des) [161] or a-myosin heavy chain (x-MHC) [162] have been
developed, showing higher muscle specificity compared to constitutive promoters [161]. Transgene
expression efficacy driven by the Des promoter was successfully demonstrated in 2014 in preclinical
studies performed in murine and canine models of X-linked myotubular myopathy (XLMTM) [163] and
has recently shown promising results in a clinical trial with meaningful improvements in neuromuscular
and respiratory functions (NCT03199469) [164].

Despite specific gene expression, muscle-specific promoters usually do not allow a high level
of transgene expression in muscle cells and have a large size, limiting the packaging capacity for
the transgene. Therefore, different laboratories have developed truncated muscle-specific promoters
by selecting specific regulatory sequences to optimise both promoter strength and muscle-specific
expression [165-168]. In 2008, Wang et al. designed compact muscle-specific promoters by combining
an 87 bp proximal basal MCK promoter with a double (dMCK) or a triple (tMCK) tandem of the
modified MCK enhancer [169], leading to highly efficient shorter promoters of 509 bp and 720 bp,
respectively [170]. These two hybrid promoters demonstrate high transgene expression in skeletal
muscles (except for the diaphragm), with no expression in the brain or liver. Interestingly, the dMCK
and tMCK promoters are not active in the heart, which could be an advantage for the gene therapy of
muscular diseases without cardiomyopathies. Following a successful proof of principle of gene transfer
efficacy using tMCK in mouse models of Charcot-Marie-Tooth neuropathy type 1A [171] and limb
girdle muscular dystrophy (LGMD) type 2D [172], this promoter has moved forward to clinical trials
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for these diseases (NCT03520751, NCT01976091 and NCT00494195) [173,174]. However, both dMCK
and tMCK were reported to show fast-twitch myofibre preferences, which could limit treatment efficacy
depending on the pathology [170]. Inversely, the MHCK? promoter (770 bp), based on the assembly
of specific enhancer and promoter regions of MCK and «-MHC, was shown to direct high levels of
transgene expression specifically in the skeletal and cardiac muscles, with the advantage of being
expressed in both fibre types [175], and proved more efficient for muscle expression than MCK1 in a
murine model of Pompe disease [176]. This promoter was shown to direct robust micro-dystrophin
expression in a systemic gene replacement clinical trial for Duchenne muscular dystrophy [177].
Compact muscle-specific promoters were also designed by assembling multiple copies of myogenic
regulatory elements of natural muscle promoters and enhancers. The synthetic muscle-specific C5.12
promoter was reported to present a 6- to 8-fold expression increase over the CMV promoter [178].

The use of tissue-restricted promoters has also revealed their ability to evade undesirable adaptive
immune responses directed against the transgene product. A possible explanation for these results
is the inhibition of transgene expression in transduced professional APCs. Cordier et al. previously
showed that inserting the muscle-specific C5.12 promoter instead of the ubiquitous CMV promoter
enables human y-sarcoglycan expression in mice, probably impairing the anti-transgene immune
response [179]. The same observation was made with x-sarcoglycan driven by the C5.12 promoter [180]
or x-galactosidase A driven by the DC190 liver promoter for treating Fabry disease [181]. Another
hybrid promoter, also based on the MCK enhancer and coupled with the SV40 promoter (MCK/SV40),
resulted in the long-term sustainability of the transgene expression with a minimal cellular and humoral
immune response compared to the ubiquitous CMV and CAG promoters, suggesting benefits for gene
therapy applications with immunogenic transgenes [168].

Liver targeting is important to promote tolerance to the transgene product in order to lead to stable
muscle expression [182,183]. In this context, Colella et al. designed a new tandem promoter enabling the
expression of the transgene in the targeted muscle cells for treatment efficacy, as well as in hepatocytes
to trigger immune tolerance to the transgenic protein [184]. To combine muscle-specific and hepatic
transgene expression, both the apolipoprotein E enhancer (ApoE) and the human alpha-1 anti-trypsin
promoter elements, known to allow tolerogenic transgene expression in the liver, were multiplexed
with the muscle-specific C5.12 promoter. This approximately 1 kb hybrid promoter efficiently promotes
transgene expression in muscles and prevents transgene immunity.

4. Translating Preclinical Studies into Clinical Trials

The achievable skeletal muscle, heart and CNS-specific targeting, together with the apparent
safety of capsids, paved the way for the preclinical assessment of AAV-driven therapies for myopathies.
Dozens of proofs of concept were made, but we will focus this discussion on the strategies that
were translated into clinics for the whole-body treatment of SMA, DMD and XLMTM congenital
myopathy. Nonetheless, Table 1 provides a general overview of the main clinical features and SAEs
observed in all body-wide and CNS-targeted AAV-driven interventional clinical trials ongoing for
neuromuscular disorders.
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4.1. SMA Trial

The ubiquitous SMN protein plays a key role in RNA regulation, and its deficiency in SMA is
associated with cell-specific pre-mRNA splicing defects, possibly accounting for the tissue selectivity
of the pathology [191]. Indeed, lower motoneurons are the cells primarily affected by degeneration
in SMA, but other tissues, in particular, the heart, are also occasionally affected [192]. Local CNS
delivery performed by the intrathecal administration of an rAAV9-hSMN vector proved efficient in
correcting the motoneurons pathology in mice at doses in the 10'% vg/kg range [193]. Widespread
distribution of the transgene was also demonstrated in non-human primate (NHP) spinal cord and
brain motoneurons. However, local delivery might be clinically risky, and limits body-wide vector
distribution and the correction of extra-CNS symptoms. Interestingly, taking advantage of the ability
of AAV9 to cross the blood-brain barrier after systemic administration, three independent laboratories
reported the preclinical safety and efficacy of an rAAV9-human SMN vector in different animal
models [194-197]. All these studies used a self-complementary (sc) vector, which bears a DNA
construct enabling the shunting of the transcription of the second DNA strand and hence leads to
quicker gene expression than conventional single-stranded vectors [198]. A remarkable rescue of the
phenotype was observed in mouse and cat models of SMA receiving intravenous doses ranging from
3x10%t03.3x 10 vg/kg of body weight (see Table 2 for details). The treatments rescued survival and
all the major clinical manifestations, such as muscle atrophy and weakness, respiratory distress, weight
loss and paralysis. The correction of murine cardiomyopathy was also reported [195]. An extensive
motoneuron distribution was confirmed in cynomolgus macaques [194]. The product used by Barkats
and collaborators has similar effects to the one used by Kaspar and collaborators at a 10-fold lower AAV
dosage [194,196] (Table 2). This might be due to the codon-optimised enhancement of the transgene
expression and/or by way of promoter regulation. Widespread motoneuron transduction was observed
in the spinal cord, and the heart, skeletal muscles and liver were also highly transduced. Apart from
the necrosis of the tails and ears seen in long-term survivors and attributed to the lack of SMN in these
tissues [194,196,197], no safety issues were evidenced, and a clinical trial was initiated in 2014 [44].
Fifteen 0.9- to 7.9-month-old patients were treated intravenously with an rAAV9-hSMN product
controlled by the hybrid CMV enhancer/chicken-f3 actin promoter (product referred to as AVXS-101),
either with 6.7 x 1013 vg/kg (three patients) or 2 x 10'* vg/kg (twelve patients) (AveXis/Novartis,
NCT02122952) [44]. To this day, all the patients are alive and show significant amelioration of motor,
respiratory and nutritional functions [44,153]. The improvements are substantial as seen from a
comparison with a natural history cohort [154]. The effect is dose-dependent and related to the
time of initiation: the earlier the injection, the more efficient the treatment [156]. This treatment
proved more efficient than Spinraza® [155]. It is also longer-lived and safer, as Spinraza® necessitates
constant re-administration by the risky intrathecal route [199]. Additional benefits might come
from the widespread correction of SMN-related defects in other organs, the most important being
the cardiac tissue. To date, fifty-six SAEs have been reported, amongst which two are deemed
treatment-related [44]. They are limited to elevated serum aminotransferase levels reaching more than
10 times the normal range, without any other liver enzyme abnormalities or clinical manifestations.
This important elevation of hepatic enzymes was rescued by a short course of glucocorticoids in
the first patient, treated with a low dose (prednisolone, 1 mg/kg/day for 30 days, starting one day
before AAV injection), which was thereafter administered systematically one day before the treatment
administration to prevent liver-related toxicity. Granted these excellent results, the FDA approved
AVXS-101 for usage in SMA patients in the USA in May 2019 [43]. This new drug goes by the name of
Zolgensma and is the third AAV-based gene therapy approved to date for genetic diseases.
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Intriguingly, a preclinical report published after this trial’s initiation demonstrates the acute
toxicity of a closely related product composed of an identical CAG-hSMN cassette packaged in the
rAAV9 variant AAVhu68 and injected into wild-type NHPs and piglets at 2 x 10'* vg/kg (the highest
dose in the SMA trial) [200]. The biological abnormalities did not resolve in one out of three injected
NHPs, leading to euthanasia at Day 5. No piglets died. The vector genome copy number was roughly
1000-fold higher in the liver than in other tissues. Intense dorsal root sensory neuron degeneration
was evidenced in both the NHPs and piglets, with additional acute hepatocellular injury and liver
failure, systemic inflammation and internal haemorrhage in monkeys. Because of the acute time course
(abnormal parameters at Day 4-5), the toxic effects are not thought to be related to the activation of an
adaptive immune response to the capsid or transgene and destruction of hepatocytes. They are more
likely to result from the activation of an intracellular cellular stress pathway linked to genome or capsid
overload in hepatocytes, together with the activation of systemic inflammation and the associated
coagulopathy. In line with these findings, another AAV9-derived vector, AAV-PHP.P, coding for an
unrelated GFP transgene and injected in NHPs at a slightly lower dose of 7.5 x 103 vg/kg (nearly
identical to the lower dose of 6.7 x 101 vg/kg in the SMA trial) led to similar toxic effects on the liver
and to thrombocytopenia and haemorrhage [201]. Here again, the time course of the acute symptoms
is not consistent with an undesirable activation of the adaptive immune system. It is unclear whether
liver damage or coagulopathy is the primary defect, but it is worth mentioning that the liver damage
induced by some viral infections participates in lowering the platelet number, although this mechanism
was not reported for AAV vectors [202]. Whether the toxic effects are related only to the dose or to the
capsid used remains unclear. AAVhu68 and AAV PHP-B are closely related to AAV9 (two and seven
amino acids of variation, respectively), but that could substantially change vector entry and processing.
It would seem so, as high doses of rAAV9 ranging from 7.5 x 10'3 vg/kg [201] to 1-3 x 10'* vg/kg [138]
did not lead to toxicity in NHPs. The toxicity might also be related to the species used (NHPs and
piglets) and the health status (wild-type animals) and will not necessarily translate into human toxicity
in patients, as vector processing might be substantially different. The toxicity could also relate to the
un-unified mode of vector purification and contaminants, especially as the ratio of empty/full capsids
varies according to protocols. Thus, the therapeutic window is probably quite narrow in the SMA trial,
as high levels of vector are necessary to achieve therapeutic benefit.

4.2. DMD Trials

DMD is a devastating and the most common muscle degenerative pathology, and as such,
it has been the subject of many therapeutic attempts. Respiratory and cardiac complications
are common, and patients’ lifespans are severely reduced. DMD is the largest human gene
(14 kb cDNA, NM_004006.2), which impedes its encapsidation within an AAV. Dystrophin is
composed of an N-terminal actin-binding domain, 24 spectrin-like repeats articulated by four hinge
regions and, at the C-terminal extremity, a cysteine-rich domain and a specific C-terminal domain.
This highly flexible molecule interacts with a membrane-bound molecular complex (DAPC for
dystrophin-associated-protein complex) and with sarcomeric actin, ensuring the plasticity of the
muscle structure and resistance to contraction-induced injury. The observation that the deletion of a
large part of the central domain leads to a very mild phenotype in patients set the ground for a large
number of therapeutic trials aiming at expressing dystrophin forms shortened in the spectrin-like
region [19]. Two main paths have been followed: shortening the natural gene by inducing the skipping
of specific exons and restoring the reading frame (mutation-specific therapies) or bringing in trans
a reduced version of the gene (a therapy amenable to all forms of dystrophinopathies). A founder
paper of Chamberlain’s team established the importance of the different domains by investigating the
phenotypes of transgenic mice in which various forms of shortened dystrophin, named micro (<30% of
the full-length coding sequence)- or mini-dystrophin, were expressed [203]. Exon-skipping feasibility
and efficacy was demonstrated by bringing the adequate oligonucleotide within myofibres using a
U7-driven AAV [204-209]. The gene transfer of micro-dystrophin offers more versatile options and
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proved very efficient in improving muscle force, protecting muscle from contraction-induced lesions
and improving heart function in murine and canine models of the disease using the rAAV serotypes
6 [125,210-212], 8 [213-216] and 9 [139,141,217-221] delivered by the intravascular route. The most
commonly used micro-dystrophins are variants of the AR4-R23ACT form, but the inclusion of the
R16-R17 spectrin-like domains, involved in linkage to the membrane-bound cell metabolism regulator
nitric oxide synthase NOS [222], was proposed to have additional therapeutic benefits [140,218].
Based on these preclinical proofs of concept, three clinical trials using micro-dystrophin gene
transfer have been in progress since 2017 (Pfizer [New York, NY, USA], NCT03362502; Sarepta
Therapeutics: NCT03375164; Solid Biosciences [Cambridge, MA, USA], NCT03368742). The three
trials use muscle-specific promoters, rAAV9 or rAAVrh74 serotypes, and high and comparable doses
of vector (1 x 10 to 3 x 10 vg/kg) (see Table 3). AAVrh74 was chosen by one group (Sarepta’s
trial) because of its simian origin, which should decrease the likelihood of pre-existing immunity.
Indeed, in a population of DMD patients, AAVrh74 sero-prevalence was shown to be low (measured in
fewer than 20% of the patients tested) [223], and the average titres were also amongst the lowest [224].
Quite surprisingly, this seems to be a specific feature of DMD, as higher titres of antibodies are measured
in non-DMD children, possibly owing to the small size of the population or to a disease-specific effect
on AAV biology [224]. Another study even showed higher levels of antibodies against rAAVrh74
than against other serotypes in a healthy child population, probably because of cross-reactivity with
serotypes present in humans [225]. Furthermore, AAVrh74’s safety has been demonstrated in a
preclinical dose-escalation study in Duchenne’s model mice and in NHPs [226,227], as well as in
humans in a clinical trial targeting LGMD, though the doses used were 100-fold lower than in the
current DMD trial (1 X 10'? or 3 x 10'? vg/kg in the LGMD trial versus 2 X 10'* vg/kg in the DMD
trial) [228]. The minimal effective dose was defined as 2 x 10 vg/kg in mdx mice, a DMD model,
and safety was confirmed in NHPs at doses reaching up to 6 x 10 vg/kg [226,227,229]. One year after
a single injection of 2 x 104 vg/kg of AAVrh74-MHCK7-coAR4-R23ACT (SRP-9001) in four patients,
the first results are encouraging in terms of safety [177]. No SAEs were reported, and 18 mild or
moderate events were deemed treatment-related. As previously observed in haemophilia [230,231]
and SMA [44] clinical trials, liver enzymes peaked and diminished with a glucocorticoid course
(n = 3). No adverse immune responses occurred, and, as expected, a transitory T cell response and
the development of stable titres of antibodies against AAVrh74 were observed. The product was
highly expressed, as seen in biceps brachii biopsies. Whether the treatment has any beneficial effects
remains to be assessed more closely, although a clinically meaningful improvement of 2.2 to 7 points
on the NorthStar Ambulatory Assessment score (NSAA) multi-parametric scale (maximum score of 34)
suggests motor function improvement. A comparison with a historical cohort of untreated patients
and longer time of treatments is needed to draw more definite conclusions. These encouraging results
preclude dose escalation, and a new randomized, placebo-controlled clinical trial with a much larger
sample size is under way (NCT03769116).
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However, at very close doses, two other products composed of an rAAV9, a muscle-specific
promoter and a micro-dystrophin transgene led to product-related SAEs. In one trial (product
PF-06930026, Pfizer), the six participants included to date have shown a mean of =40%
dystrophin-positive fibres at 1 x 10* vg/kg and ~70% at 3 x 10'* vk/kg in a bicep biopsy
taken two months after injection, corresponding altogether to ~24 to 30% of normal dystrophin
expression [187]. The NSAA score increased by 4.5 points after one year in two participants treated with
the lowest dose. However, one child treated with 3 x 10" vg/kg developed a rapid antibody response
with complement activation, acute kidney injury, haemolysis and thrombocytopenia. A transient 2-fold
elevation of liver serum enzymes was observed, though it was not considered significant enough to
indicate hepatic failure. Suspected complement-mediated nephropathy resulted in a protocol-driven
pause of enrolment. Haemodialysis together with a course of complement inhibitor solved the problem
in fifteen days. In the third trial (product SGT-001, Solid Biosciences), which differs slightly by the
construct used (product SGT-001, different promoter and integration of the nNOS-binding domain in
the transgene), similar treatment-related toxic events were seen in two patients at doses of 5 x 103
and 2 x 1014 vg/kg. To date, six patients have been included, three at low and three at high doses.
The preliminary results showed weak dystrophin expression in the three patients who received
low dosages. The first patient injected at 5 x 10! vg/kg developed complement activation, kidney
failure and platelet count drops without signs of liver damage. The clinical hold [186] was lifted
in 2018 after full symptom resorption following treatment with a modified course of steroids and a
complement inhibitor and a change in the study design (the inclusion of an intravenous glucocorticoid
administration in the first weeks following drug injection). A second patient dosed at 2 x 10! vg/kg
developed the same symptoms together with cardiopulmonary decline, leading to a second FDA
hold of the trial. The SAEs fully resolved, but the clinical trial remained on hold on the grounds of
remaining questions related to the mode of production of the product [185,232] and was finally allowed
to continue in October 2020 [233]. A dose-finding study in a canine model of the pathology did not
evidence any safety issue for this product at doses reaching 5 x 1014 vg/kg [221,234]. These SAEs
could be related to the AAV9 capsid, though no severe side effects were observed in the SMA trial
with this serotype at an equivalent dosage. The genetic background might account for the different
effects between the SMA and DMD trials, whether for vector processing or the immune response.
In the absence of liver injury, an immune response-mediated platelet drop, complement activation and
ensuing nephropathy might be a reasonable hypothetical pathogenic mechanism. This could also be in
line with the incidence of the age of the patients, as younger children are included in the only trial
without SAEs, and the immune system is immature at a younger age [235]. The information on the
three DMD trials is summarised in Table 3.

4.3. XLMTM Trial

XLMTM is a very rare congenital centronuclear myopathy caused by mutations in the MTM1 gene,
affecting 1/50,000 boys [236]. Skeletal and respiratory muscles are deeply affected, and many patients
decease before one year of age, mainly from respiratory failure. The MTM1 gene encodes a lipid
phosphatase, myotubularin, involved in PI3P dephosphorylation and membrane remodelling [237,238].
The myotubularin cDNA, together with the regulatory elements, can be packaged in an AAV,
and two very good murine and canine models of the disease recapitulate the main features of
the pathology, noticeably, histological defects specific to centronuclear myopathies, generalised muscle
hypotrophy and weakness, and lifespan reduction [239-241]. With these tools in hand, Buj-Bello and
collaborators established a very convincing proof of concept, first by intramuscular injection with an
rAAV2/1-CMV-mtm1 product [242], and next using the whole-body delivery of an rAAV2/8-Des-mtm1
product in mouse and canine models [163]. In both models, a single intravenous injection of a dose of
~3 x 10'3 vg/kg led to an important improvement of muscle and respiratory functions, and survival
was largely extended. Importantly, therapeutic effects were also observed, though to a lesser extent,
in older mice, showing that pathology reversal, essential in patients presenting the symptoms at
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birth, could be achievable. In 4-year-old, long-term survivor dogs, gait, respiratory and neurological
functions remained comparable to the ones of wild-type, age-matched controls, despite a progressive
decline in the vector copy number in muscles, which reached a plateau after three years of age,
and a diminution of muscle force [243]. A dose study carried out in the canine model established
the dose-dependency of the therapy, with a significant correction achieved from 2 x 101 vg/kg,
a quasi-normalisation of the phenotype at 5 x 10!* vg/kg and no significant side-effects, apart from the
expectable humoral immune response towards the vector and a thickening of the heart septal wall
without functional consequences [244]. In this protocol, muscle expression defects evidenced by a
transcriptomics approach were corrected by the mid-dose of 2 x 10'* vg/kg [245]. Considering that the
doses reversing the pathology are in the 10'# vg/kg range and challenge vector production, an additional
efficacy study was carried out in three infant NHPs [246]. Eight weeks after intravenous injection,
a dose of 8 x 10'* vg/kg did not lead to significant treatment-related adverse events and produced
MTM1 protein expression at levels 8- to 20-fold higher than endogenous levels in target skeletal
muscles [246]. Importantly, despite a high vector copy number in the liver, the myotubularin protein
level remained normal, and serum markers of liver damage did not peak significantly. Altogether,
these results led to the initiation of a clinical trial in 2017 on XLMTM infants. The ASPIRO phase
1/2 trial aims at treating ventilatory-assisted patients aged less than 5 years with ascending doses
(1 x 10" vg/kg or 3 x 10 vg/kg) of an rAAV2/8-Des-hMTMI1 vector (AT132 product, Audentes
Therapeutics [San Francisco, USA], NCT03199469). Until very recently, the results were strikingly
positive. To date, twenty-three patients have been treated, six at 1 X 10'* vg/kg and 17 at 3 x 10 vg/kg:
the CHOP-INTEND (Children’s Hospital Of Philadelphia INfant Test of Neuromuscular Disorders) has
improved by various levels, the limb and trunk strength have increased, and new developmental skills
have been achieved, such as controlling head movement, rolling over or sitting unassisted [247-249].
Respiratory function has improved significantly resulting in patients being weaned off ventilators
completely. One SAE possibly related to the product occurred and was resolved by a course of
intravenous steroids and supportive care. However, since the 5 May 2020, three patients treated
with the highest dose have died. All three patients had progressive liver dysfunction characterised
by hyperbilirubinemia starting a few weeks after dosing. Preliminary findings suggest that two
children died from sepsis and one from gastrointestinal bleeding. The FDA put the trial on hold
on the 29 June [189]. This tragic event remains hard to rationalize, as 14 out of 17 children treated
with the high dose have not developed complications to date. The common features of the three
deceased children were an older age (the boys were at the higher end of the age cut-off), a heavier
weight and a pre-existing hepatobiliary disease of an unknown severity, although one can assume
it to be mild, as hepatic disorders were an exclusion criterion. This condition might have facilitated
liver toxicity due to the large doses of vectors. This toxicity is reminiscent of the one observed in
NHPs [200,201], and the activation of complement through the formation of vector-antibody complexes,
which have been implicated in lethal systemic inflammation with an adenovirus vector [250], has been
hypothesized [251]. Of note, some children dosed at 1 x 10'* vg/kg also had pre-existing liver disorders
and did not develop the complications, despite being years out from treatment.

5. Improvement of the Therapeutic Toolbox

5.1. Towards Safer Next-Generation Muscle and CNS-Restricted AAVs

It is becoming increasingly evident that AAVs should be chosen carefully for every clinical
application, considering specificities such as the patient’s genetic background, age, disease progression,
sex, immunological state and targeted tissues. Capsid engineering is commonly used to develop safer
next-generation AAV variants. These methods rely either on rational design in which capsids are
tailored by targeted modifications, or on directed evolution, consisting of recovering new capsids
from randomly generated high-complexity libraries after selective pressure on a tissue of interest.
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For neuromuscular disorders, the improvement of muscle transduction; reduction of off-targeting,
especially in the liver; and development of vectors escaping the immune response are major endeavours.

AAV2.5, obtained by replacing five residues in the AAV2 capsid with corresponding orthogonal
residues of AAV1 [146] and several other variants generated by variable combinations of 32 capsids’
amino acids [252], improved muscle transduction compared with parental serotype 2 or 1 but were not
assessed for whole-body distribution. Three AAV2 variants, AAV2i8, a chimeric capsid obtained by
replacing a receptor-binding hexapeptide motif in the AAV2 capsid with corresponding residues in the
AAVS capsid [253], and two variants obtained by peptide insertions in a hypervariable loop [254,255]
showed equivalent or improved targeting in skeletal muscles, with an important reduction in the liver
in comparison with AAV2. AAV2i8 was also shown to be less likely to be serum-neutralized than the
parental capsid [253]. The ratio of skeletal muscle/liver transduction was also better than for AAV9 in
mice [256] but not in NHPs [257]. An additional insertion of a galactose-binding footprint on AAV2i8
did not improve the ratio further in mice [256].

Three other variants proved even more efficient than AAV9 for improving the muscle/liver
transduction ratio: (1) AAV-9.45 is an AAV9 variant obtained by the random integration of amino acids
and showing reduced liver expression and identical muscle and heart transduction when compared
with AAV9 [258]. (2) AAVpol is a natural pig isolate that transduces muscles and the heart to a slightly
lower level than AAV9 but presents the advantage of being completely detargeted from the liver [259].
(3) AAV-B1 is a chimeric AAV isolated from a shuffled library consisting of 11 parental serotypes
and displaying reduced liver transduction and at least 10-fold higher muscle and CNS tropism than
AAV9 [260].

A series of mutations on surface phosphorylable residues of the AAV1 and AAV9 capsid improved
vector stability and led to 3 to 10 times lower transduction in the liver than in muscles [261]. AAVMA41
was isolated from a chimeric AAV1 and AAV9 capsid’s shuffled library and reduced both skeletal
muscle and liver targeting while preserving heart transduction compared with AAV9, suggesting
that this serotype could be of interest for rescuing cardiac pathologies [262,263]. Tyrosine-specific
modifications of the AAV6 capsid can improve vector muscle entry [264].

Several variants demonstrated interesting characteristics regarding immune evasion. Bat AAV
serotype 10HB transduced muscle with a higher muscle/liver ratio than primate AAV and showed
a reduced sensitivity to antibody neutralisation [265]. A method consisting of purifying new AAV2
variants by rabbit antibody-specific affinity chromatography resulted in the identification of several
antibody-resistant clones, though neither the relevance to human sera nor variant biodistribution were
assessed [266]. The AAV1 variant CAM130 isolated through multiple rounds of neutralizing-antibody
escape from several species evaded neutralizing antibodies, even at high concentrations, in mice,
NHPs and human sera, while maintaining the tissue tropism of the parental AAV1, suggesting it
could be suitable for clinical trials in large populations, as seropositivity is a common exclusion
criterion [267]. Finally, after applying the double selection of variants resistant to human-serum
neutralization and selected after local muscle transduction, the AAV mutant MuS12 was isolated
and showed immune response escape together with the preservation of muscle tropism, although
transduction was largely reduced by the intravenous route in comparison with AAV9 [268]. Considering
that this variant transduces muscle differently according to the route of administration, low vascular
permeability was hypothesised. Future protocol improvement could aim at selecting new variants
after intravascular injection.

Altogether, these new vectors have the potency to improve targeting efficiency and reduce the
off-target effects and immune response. Their respective characteristics are summarised in Table 4.
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5.2. Enhancing the Repertoire of Muscle and CNS-Restricted Promoters

With the development of in silico analysis technologies, a multistep, genome-wide data-mining
strategy was performed to identify conserved skeletal muscle-specific cis-regulatory modules (Sk-CRMs)
in highly expressed muscle-specific genes. Sk-CRM4, containing binding sites for the E2A, CEBP,
LRF, MyoD and SREBP transcription factors, boosted transgene expression driven by Des or C5.12
promoters in heart and skeletal muscles (up to 400-fold), with a significant improvement of the mdx
mouse phenotype [269]. Similarly, a 1030 bp modular muscle hybrid (MH) promoter composed of two
enhancers (from the Des and Mck genes, respectively), a proximal promoter and an intron (modified
from the Mck gene and core promoter) was more efficient than the Des promoter in skeletal and cardiac
muscles, with limited expression in non-muscle tissues compared with the CMV promoter, showing a
high potential for muscular gene therapy [270].

The presence of large promoters limits the size available for the transgene in the cassette, which
proves problematic for several muscle genes. Promoterless cassettes were recently tested for liver
expression. In this strategy, the transgene, flanked by homology arms, is brought into the cells by
rAAV and integrates by nuclease-free homologous recombination downstream of the native promoter,
where it is regulated like the endogenous gene is. Despite promising results in hepatocytes [271,272],
the promoterless strategy might be limited for muscle application, as muscle cells are mostly quiescent
and homologous recombination is restricted. Nonetheless, it might prove interesting for satellite cell
targeting, provided that muscle progenitor targeting can be achieved.

5.3. Detargeting with miRNA-Based Elements

While regulatory elements such as introns, polyA signals or the Woodchuck hepatitis virus
post-transcriptional regulatory element (WPRE) can be added to improve global transgene expression,
miRNA-based sequences can mitigate tissue-specific transgene expression [273]. MiRNAs are small
(approximately 22-nucleotide-long) non-coding RNAs post-transcriptionally silencing gene expression
in plants and animals. Once bound to complementary target sites (TS) in mRNA, they either reduce its
stability or inhibit its translation, which results altogether in the reduction of protein expression [274].
While the number of identified miRNAs has constantly increased since their discovery in Caenorhabditis
elegans in 1993 [275], the miRBase database reports 1917 annotated hairpin precursors and 2654 mature
sequences in the human genome [276]. Some miRNAs present a tissue-specific pattern of expression,
with expression detectable only in a particular tissue or at least 20-fold higher than in other tissues [277].
Amongst tissue-specific miRNAs are found the MyomiRs, a family of miRNAs expressed in both
cardiac and skeletal muscles, namely, miR-1, miR-133a, miR-122a, miR-124a, miR-208b, miR-499 and
miR-486, with the exception of miR-208a and miR-206, which are specifically expressed in the heart
and skeletal muscles, respectively [278].

One strategy to improve the specificity of AAV-mediated gene delivery, overriding the broad
tissue tropism of AAV vectors and/or promoter leakage in non-targeted tissues, is based on the
miRNA-mediated post-transcriptional regulation of the transgene. Indeed, the insertion of miRNA
TS into the 3’UTR of a gene expression cassette limits transgene expression in tissues expressing the
corresponding miRNA [279]. Due to the small size of miRNAs, it is therefore feasible to insert different
miRNA TS in the 3’UTR of the expression cassette to detarget specific cell types depending on the
application. For neuromuscular disorders, this strategy was applied for the reduction of expression in
the heart [280], liver [281,282] and APCs [283-287].

The control of heart transgene expression is of utmost importance, because even if no specific
cardiac toxicity has been reported to date in clinical trials, preclinical reports have evidenced the danger
of transgene cardiac overexpression when the heart is not the primary target [280] or even when it
is [288]. The insertion of the cardiac-specific miR-208a TS in the cassette was shown to prevent cardiac
transgene expression and rescued the cardiac toxicity resulting from transgene overexpression in this
organ, while maintaining the efficient expression of the transgene in skeletal muscles [280].
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MiR-122 is highly expressed in the liver. The insertion of miR-122 TS in the 3'UTR of a reporter
gene was able to prevent protein expression in the liver after rAAV9 intravenous administration
without interfering with cardiac protein expression [281,282]. The level of transgene repression was
related to the number of repetitive miRNA TS used. However, the recent paper of Kraszewska
et al. challenges this apparently safe approach. Indeed, in some genetic backgrounds, transgene
expression was completely repressed not only in the liver, but also in the cardiac muscle, linked
with the presence of miR-122 in these animals” hearts. MiR-122 was also shown to be present in the
human cardiac tissues of patients with cardiomyopathy and in human iPSC-derived cardiomyocytes.
The cardiac expression showed high variability between different mouse strains, sexes and human
individuals [289]. This publication challenges the liver-specificity of miR-122 and warns against
miRNA inter-individual variability.

As previously mentioned, preventing transgene expression in APCs may avoid undesirable
adaptive immune responses directed against the transgene product. A miR-based approach aiming
at inhibiting transgene expression in APCs by inserting four targets of the endogenous miR-142-3p
(exclusively expressed in the hematopoietic lineage) at the 3’ end of the transgene coding sequence [283]
allowed escaping a deleterious adaptive immune response after gene delivery with either lentiviral [284]
or AAV vectors [285-287].

Most importantly, it is crucial to verify during preclinical studies that miRNAs are not reduced by
the miRNA TS and that their natural targets are not misregulated, as that could induce detrimental side
effects. To our knowledge, no clinical trial has used miRNA TS in the cassette to date. If it ever happens,
checking beforehand the mean level of the targeted miRNA in the treated population will be essential,
as miRNA expression can substantially vary between individuals, sexes or pathologies [289-291].

6. From Preclinical Studies to Clinical Trials ... and Back: General Point of View

The ongoing clinical trials summarised herein show spectacular results in terms of efficacy,
especially in SMA and XLMTM, two very severe conditions characterised by generalised muscle
weakness and respiratory deficiency often leading to infant deaths in the first years of life. The DMD
trials need further investigation. However, this very beautiful landscape has lately been obscured by
SAEs in two DMD and in the XLMLM trials, leading to three children’s deaths in the last case. It is
hard to find common features in the two situations, as, apart from the doses, which are very close,
the genetic background, the age of the patients and the vector capsids are different. DMD-related
adverse events have been proposed to be caused by adverse immune reactions driving acute kidney
failure, while XLMTM fatal hepatotoxicity is not associated with obvious immunotoxicity. Future
investigations will undoubtedly document these side-effects and help with the design of next-generation
products, but for now, with the current state of our knowledge, a lot of effort has to be put into designing
the safest therapeutic strategies for future trials, especially as some diseases are not prone to being
good candidates in terms of the benefit/risk ratio. Several factors have to be considered in the “ideal”
trial design (see Figure 1).

22



J. Pers. Med. 2020, 10, 258

‘Aouwamol [eaprt oy :usw pue AYVIJO ‘I 2InSig

530U313J3) PUE 53sA|EUBOIG
‘saunpacosd Jo uoNESIPIEPUBLS A

Aywo jo
SIaJeWoig 98 ‘jeuad apeday DejpIed .
o »
JuBwssasse AJBIIYT

£ 7
Ry
ooy

S|ew jeau)

Ayamojouad pyy

Suippays 1§ UOBNGLISIPOIG AYY

uopup

[1IWON] 12887 13343 ISIIAPY I|QRAIFSO ON
Aoy

10 siayiewolq "8 ‘|eual ‘Meday ‘Jeipie)

1 &
A

ASojoaixoy Asojendau [eanupasg

EETY
[eduna pue [eduaasd soy ssacoud Jepug
opes prsdes Aydwa/ing ysiH

UO{IBI) PASIPIEPUELS

ECTTRIT LT TIE

R ey

Ea

dn ajeas uonanpoudoig

SaNS51} 550408
uiajoud pajaiie ayy jo uoissaidxs
Jo wianed ayl jo alpapmouy 3Ny .

Aioisiy jeamien

SIIBWIOIG JENDD|OW PUE [BUOTIOUNY a

(s)jppow [ewiue Juenaas ajdiynw/aBuis A

q D

UORESMIIIBIEYD [DPOW [EWUY

uomuyap (gaw) 2500 aMay3 A
Py

(s)japow jeunue Juess|a 1l jduis .

3D &

S3IPN3s [e2IUIPAAd

ones pisdes Adwa/ing yBiH -
UOIEN) P3SIPIEPURIS a
JJU-UNOJOPUT 4

£

uonanpoid 101337

23



J. Pers. Med. 2020, 10, 258

6.1. Defining the Product

The transgene definition is obviously central and often evident, except in large proteins,
where shorter forms have to be assessed with extreme care in preclinical studies to choose the
best product possible. However, improvements can be made even with a full-length transgene.
For example, codon optimisation leading to better protein expression has proven beneficial [196,292].
A thoughtful choice of promoter and other regulatory elements, such as WPRE addition, which proved
efficient in enhancing transgene expression [293], can also improve the efficacy of the products. As for
capsids, the choices are widening deeply, with new attractive vectors improving specific targeting.
However, these vectors have to be assessed more closely in terms of safety before they can be considered
for clinical usage. All these choices are crucial for specific tissue targeting and the reduction of off-target
effects. Fundamentally, a very good knowledge of the levels of the protein to replace in every tissue of
the healthy population is necessary to design the best targeted product. The addition of miRNA TS to
detarget the liver [281], heart [280] and APCs [294] proved efficacious in reducing ectopic expression,
but has not been tried in neuromuscular-deficient patients to date, probably because the underlying
risks have to be assessed more closely. It is also worth mentioning that even with perfect targeting,
the overexpression of transgenic protein in the targeted organs can also lead to toxic effects [295].

6.2. Manufacturing AAV

Vector production is a critical process for gene therapy success and safety. Importantly, the methods
used for vector production and titration are not standardised, complicating the comparability of different
clinical trials. Indeed, it was previously shown that the same production of rAAV8 led to significant
variations in titres when dosed in 16 different laboratories [296]. In the absence of consensual methods,
a common standard used for all clinic-intended rAAV production could help to correct the titres
amongst trials.

Moreover, according to the method of production/purification used, various quantities of toxic
contaminants can be found in AAV production. Indeed, endotoxins are known to be able to activate the
human immune system and lead to SAEs and often contaminate AAV production. It is therefore crucial
to reduce their load in the final product [297]. Their safety limit is defined as 5.0 International Units of
endotoxin per kilogram of body mass by the FDA and the European Pharmacopeia for intravenous
usage in humans [298,299], but could be raised further depending on the patient status (age, disease
severity, etc). Of note, other contaminants, not known or tested, could also play a role in the safety
and/or efficacy of the product. Notably, the presence of empty capsids in the final product was shown
to reduce transduction efficiency and may participate in side effects [300].

6.3. Choosing the Best Preclinical Models

While proof-of-concept and preclinical studies aim at determining the minimal effective dose of
the product, toxicology studies evaluate its safety/toxicity. Although using relevant animal models
mimicking the human disease in proof-of-concept and preclinical studies seems obvious, the choice
of animal models in toxicology studies remains unclear. The assessment of chemical drug toxicity
is traditionally performed on wild-type animals such as rats, dogs or monkeys, as they are relevant
for phase 1 clinical trials aiming at determining the safety in the general population. However, gene
therapy cannot ethically be tested in healthy individuals. The crucial question is the relevance of
extrapolating toxicology findings to human clinical trials. Vector entry relies on cell surface receptors
and co-receptors, and its internal traffic requires components of the host cells. As these processes
are not well deciphered in humans, inter-species variability could preclude toxicity results in some
species. In line with this idea, piglets did not show liver failure and haemorrhage when administered
the same dose of rAAVhu68 as NHPs [200]. Additionally, NHPs are not necessarily the best species
as assumed, since toxicology studies in XLMTM at 8 x 10'* vg/kg did not detect coagulation defects
or acute toxicity [246], while three children died at 3 x 10'* vg/kg. This is not completely surprising,
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as membrane and cytoskeletal remodelling likely alter vector processing in neuromuscular diseases,
possibly significantly modifying AAV efficacy. In line with these considerations, the International
Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH)
defines a relevant species as “one in which the test material is pharmacologically active” and states that if
“no relevant species exists, the use of relevant transgenic animals expressing the human receptor or the use of
homologous proteins should be considered. [ ... ] In certain cases, studies performed in animal models of disease
may be used as an acceptable alternative to toxicity studies in normal animals” [299].

6.4. Defining the Dose

For intravenous administration, the AVV dose administered is proportional to body weight,
regardless of the age, gender, genetic background and disease severity of the individual treated.
However, any of these factors could influence AAV efficacy and toxicity. The relative weight of organs
is not proportional to body weight during development. For example, the liver/body ratio is higher in
children than in adults [301], which could lead to variable levels of transduction and influence vector
biodistribution at different ages. The immune systems of young children are not fully mature [235]
and could therefore facilitate AAV transfer. Although it is not the only difference, the two DMD trials
showing toxicity events potentially linked to immune responses were performed in older patients than
the trial without any SAEs. Sex was also shown to impact AAV transfer in hepatic tissue but not in
other tissues, with the male liver being more transduced than females’ [302]. Finally, the disease itself
can modify the structure and function of various organs, with high variability between individuals of
the same age. Indeed, in the XLMTM trial, the three deceased patients had pre-existing hepatobiliary
diseases and were older than the other infants without SAEs treated at the same dose. Although it is
challenging, finding a better and universal normalisation method for dose calculation could probably
improve clinical trial standardisation and safety.

6.5. Circumventing Immune Response

As previously mentioned, the adaptive immune response directed against a viral-derived vector
restricts the full therapeutic potential of in vivo gene therapy [303]. Thus, in the first clinical trial
showing safe and efficacious liver targeting with an rAAV2 vector carrying the human factor IX
transgene (under the control of a liver-specific promoter), transgene expression was only transient [109].
A decline in expression starting at four weeks was associated with transient liver transaminases and
the detection of CD8+ T cells directed against the AAV2 capsid. This unexpected deleterious cellular
immune response was vector-dose-dependent and, in the absence of preclinical animal models, is
still poorly understood. Nevertheless, a short prednisolone treatment quickly given in response to
liver injury is often sufficient to stabilise transgene expression and has been used since then [230,231].
As a result, anti-AAV neutralizing antibodies are one of the most important remaining barriers,
either impairing the efficacy of gene transfer in a set of patients with a cross-reactive pre-existing
immunity against wild-type AAV, or precluding the redosing of patients developing a rapid and
strong humoral response after the first vector injection. In preclinical models, numerous strategies
targeting the host have been proposed such as plasmapheresis [304], direct tissue injection or isolated
organ perfusion and immunosuppression combining rituximab (anti-CD20 depleting monoclonal
antibody) and others drugs, or synthetic particles encapsulating rapamycin [305,306]. Other strategies
target the rAAV vector itself, such as the use of alternative and less-prevalent serotypes, empty decoy
capsids [307], exosome-enveloped AAV vectors or the generation of novel AAV capsids with optimised
biodistributions and transduction efficacy, as well as the capacity to evade NAbs, as discussed
above [47,305]. The most promising approach to including patients non-eligible to date was recently
reported with the use of an IgG-cleaving endopeptidase from Streptococcus pyogenes (IdeS) [308].
The IdeS enzyme very rapidly (in a few hours) cleaves human IgG into F(ab’)2 and Fc fragments, and is
safe and efficient in patients with donor-specific antibodies undergoing kidney transplantation [309].
In both mouse and NHPs, Leborgne et al. reported that IdeS treatment was able to decrease pre-existing
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anti-AAV antibodies to a level sufficient to enable efficient liver gene transfer, even in the setting
of vector re-administration [308]. Equivalent properties were demonstrated with IdeZ, a homolog
of IdeS [310]. In July 2020, Sarepta Therapeutics announced an agreement with Hansa Biopharma
to develop and promote imlifidase (the commercial IdeS) as a pre-treatment for DMD and LGMD
gene therapy.

6.6. Assessing Long-Term Efficacy

Since the clinical trials using whole-body delivery in neuromuscular diseases are quite recent,
the long-term assessment of efficacy will be made available in the next few years. For CNS-targeted
treatments, a relative stability of the treatment is to be expected, as neurons are the longest living cells
of the body. However, muscles, while being in a post-mitotic state, are remodelled during growth and
following exercise, which could dilute the therapeutic effect. Targeting the treatment to satellite stem
cells could hence be useful to help maintain long-term efficacy. Unfortunately, AAV-driven attempts
to target satellite cells have failed. While reinjection might prove complicated, it might be worth
using lentiviral vectors to target stem cells, as it was demonstrated efficient in transducing satellite
cells in vivo [311], or new rAAV-rDNA integrating vectors, which proved their efficacy for directed
integration in dividing and quiescent cells [312]. Importantly, it was recently shown that the AAV virus
is found in episomal and randomly integrated transcriptionally active forms in human samples of
liver tissues, and while it is impossible to know the time of infection, considering the large number
of samples, it certainly suggests long-term persistence of the virus [89]. Whether this is also true for
rAAV genomes remains to be determined.

6.7. Assessing Long-Term Toxicity

Serious concerns about the long-term safety of rAAV vectors were raised after several genotoxic
studies performed in mice. Recombinant AAV2, 8 and 9 vectors were shown to integrate in the Rian locus
on chromosome 12, irrespective of viral transgene, mouse genotype, sex or genetic background [104,105].
This insertion upregulates non-coding RNA and genes proximal to the Rian locus and is associated
with an increased rate of hepatocellular carcinoma (HCC). The trans-regulatory elements carried
by the vectors influence genotoxicity: sometimes, insertion is seen, but adjacent oncogenes are not
overexpressed and HCC does not develop. Capsid-specific properties may also influence genotoxicity.
These results were all obtained in neonatal mice, and neither integration in the Rian locus nor HCC
were ever observed in older animals [106]. Other results obtained with sc vectors evidenced insertion
within proto-oncogenes injected in young adult mice [313]. As no liver tumours have been seen to date
after rAAV treatment in humans, the risk of insertional mutagenesis is probably very low, if it ever
exists. Nonetheless, patients should be followed longitudinally to monitor long-term effects.

Figure 1 summarises the main steps necessary to push forward an AAV-based gene therapy
medicinal product from preclinical studies to clinical trials

Without minimising the importance of the tragic toxic events seen in the current clinical trials,
it is worth emphasizing that AAV-mediated gene therapy is the only treatment that led to highly
significant disease improvement in severely affected human patients. It is now necessary to go back
to bench work in order to decipher the pathogenic mechanisms underlying AAV-linked toxicity and
design safer next-generation therapeutic cassettes. Indeed, AAV therapy remains the main source of
hope for patients affected by neuromuscular disorders, and there are many more diseases to treat.
Importantly, our laboratory is planning a new rA AV-based clinical trial using micro-dystrophin transfer
in DMD patients, in partnership with Sarepta [314]. The baseline study, aiming at collecting data on
the natural disease course in DMD male subjects aged from 5 to 9 years of age, is currently ongoing
(GNT-014-MDYF, NCT03882827), and the interventional gene therapy trial should start in early 2021.
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Abstract: Facioscapulohumeral dystrophy (FSHD, OMIM: 158900, 158901) is the most common dys-
trophy in adults and so far, there is no treatment. Different loci of the disease have been characterized
and they all lead to the aberrant expression of the DUX4 protein, which impairs the function of the
muscle, ultimately leading to cell death. Here, we used gene editing to try to permanently shut down
DUX4 expression by targeting its poly(A) sequence. We used transcription activator-like effector
nucleases (TALEN) and CRISPR-Cas9 nucleases in vitro on FSHD myoblasts. More than 150 TOPO
clones were sequenced and only indels were observed in 4%. Importantly, in 2 of them, the DUX4
poly(A) signal was eliminated at the genomic level but DUX4 mRNA was still produced thanks to
the use of a non-canonical upstream poly(A) signal sequence. These experiments show that targeting
DUX4 PAS at the genomic level might not be an appropriate gene editing strategy for FSHD therapy.

Keywords: facioscapulohumeral dystrophy; FSHD; TALEN; CRISPR-Cas9; gene editing; muscle;
polyadenylation; D4Z4; DUX4

1. Introduction

Facioscapulohumeral dystrophy (FSHD, OMIM: 158900, 158901) is one of the most
frequent forms of inherited muscular dystrophy with an estimated prevalence of 1:8000 to
1:20,000 [1]. FSHD patients present a selective and asymmetric atrophy of facial, shoulder,
arm and leg muscles. The genetic disease is usually transmitted via an autosomal dominant
mode of inheritance. The vast majority of patients (95%, FSHD1) show partial deletion
of a 3.3 kb tandemly repeated sequence named D474 located on the sub-telomeric region
of chromosome 4 [2]. In the general population, the number of repeats varies from 11 to
150, whereas FSHD1 patients carry between 1 and 10 repeats. The 5% remaining patients
(FSHD2) do not display this D4Z4 contraction but present mutations in epigenetic modifier
genes including SMCHD1, DNMT3B and LRIF1 [3-5]. Both FSHD1 and 2 patients are
phenotypically indistinguishable and share common features. The mutations cause a
chromatin relaxation leading to a D4Z4 derepression associated with aberrant expression
of the DUX4 transcription, whose ORF is within each D474 repeat [3,6,7]. When expressed
in mucles, DUX4 is highly toxic, leading to a transcriptional deregulation cascade, with
ultimately myopathic effects (for review see [8]) and the spreading of the pathological
phenotype [9,10]. DUX4 is expressed at very low levels but is robustly found in adult
and fetal FSHD biopsies and muscle cells [11-13]. There is now a scientific consensus that
FSHD is caused by this aberrant expression of DUX4 is muscles.

At least 5 different DUX4 mRNAs have been characterized leading to either a trun-
cated protein (DUX4-s) or a full-length protein (DUX4-FL) [11]. The DUX4-s isoform is
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non-pathogenic, rarely found in muscle cell or biopsies and results from the use of a cryptic
splicing site located within the ORF, leading to a truncated and non-functional protein.
The two DUX4-FL isoforms are pathogenic, only differ by the presence or the absence of
intron 1 in the 3'UTR of the transcript, and lead to the same toxic protein (for review [14]).
All these 5 isoforms use the same PAS located outside of the D474 region, in the subtelom-
eric region (called PLAM) of the chromosome 4 that is only present in the 4qA variant of
chromosome 4, [15-18].

Because we and others have previously shown that the use of antisense oligonu-
cleotides targeting the 3’ end elements involved in DUX4 mRNA processing is an efficient
therapeutic strategy for FSHD [19-22], in this study, we performed gene editing using
transcription activator-like effector nuclease (TALEN) and CRISPR-Cas9 technology to
permanently inhibit DUX4 expression by targeting its poly(A) signal sequence (PAS).
Even though TALENS initially proved highly efficient nucleases for gene editing, CRISPR-
Cas9 has now superseded TALEN technology due to the simplicity of designing guide
RNAs for sequence-specific DNA cleavage by Cas9 proteins, the only constraint being
the presence of a PAM motif, specific to the different Cas9 proteins available for gene
editing, next to the target sequence. Indeed, gene editing has been successful in correcting
mutations responsible for genetic diseases in several proof-of-principle studies including
for muscular diseases [23].

Here, we designed five TALEN pairs and seven guide RNAs targeting DNA cleavage
at the polyadenylation signal of DUX4. FSHD cells were transfected with the nucleases
and an oligonucleotide to favour homology directed repairs (HDR). More than 150 clones
were generated and sequenced but only two presented an insertion of the oligonucleotides
destroying the DUX4 PAS. However, a redirection of the polyadenylation site was observed
in the modified clones, similar to what we previously observed with an antisense strategy
targeting the DUX4 pre-mRNA with antisense oligonucleotides [19]. Whereas it is possible
to permanently destroy the polyadenylation site of DUX4, this may lead to the use of an
alternative PAS, and DUX4 may not be efficiently silenced.

2. Results
2.1. Nuclease Design and Selection

To achieve permanent inhibition of DUX4 by targeting the polyadenylation site of
DUX4 (Figure 1A), we designed five TALEN pairs (Figure 1B) and six single guide RNAs
(sgRNAs), four for Streptococcus pyogenes Cas9 endonuclease recognizing the NGG and
NAG PAM motifs (Figure 1C) and two for Neisseria meningitides Cas9 endonuclease recog-
nizing the NNNNGATT PAM motif (Figure 1D).

The efficiency of both TALENs and guide RNAs was tested by transfection of the
corresponding plasmids into U20S cells. We have verified that U20S cells contain the
4qA allele and can therefore be used for testing nucleases that target the DUX4 PAS
specific to 4qA. We used the T7 endonuclease 1 assay to evaluate the nuclease efficiencies.
After transfection of the cells with the nuclease plasmids, cells were harvested in bulk and
a PCR flanking the PAS region was realized to determine the percentage of indels using
the T7 endonuclease 1 that that specifically cleaves DNA hetero- but not homoduplexes.
For the TALENS, the highest percentage of indels was 45% and was achieved with pair
406/407 (Figure 2A), whereas with CRISPR/Cas9, the highest percentage was achieved
with SPCas9/sgRNA24 with 22% (Figure 2B,C). The TALEN pair 406/407 was therefore
chosen for further experiments.
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Figure 1. TALEN and gRNA design. TALENs and guide RNAs were designed to target the D474
region (A). 5 TALEN pairs were designed, and their positions are indicated (B). Six single guide
RNAs (sgRNAs), among them, 4 are complexed to Streptococcus pyogenes Cas9 endonuclease (C) and
2 to Neisseria meningitides Cas9 (D). The PAS is indicated in red.
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Figure 2. Nuclease selection. U20S cells were transfected with expression plasmids for TALENs (A) or for guide RNAs
and cognate Streptococcus pyogenes Cas9 (SPCas9 in B) or Neisseria meningitides Cas9 (NmCas9 in C) proteins. Two days after
transfection, DNA was extracted and the frequency of indels in the targeted DUX4 PAS was analysed by the T7E1 assay.
The target region was amplified by PCR, then PCR products were denatured, followed by re-annealing, leading to a population
of double strand fragments, some of which containing mismatches that are detected and cleaved by the T7 endonuclease.
The cleavage products are visible on an agarose gel. PCR product is 500 bp long and after T7E1 digestion, expected bands are
roughly 200 and 300 bp long depending on the position of mutations induced by the nuclease tested. The proportion of indels
was estimated from quantification of the different bands corresponding to non-cleaved and cleaved PCR products.
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2.2. Transfection of the TALEN Expression Plasmids into FSHD Cells

The protocol we followed is described in Figure 3A. Briefly, immortalized FSHD
cells were transfected with the TALEN pair 406 /407, single-stranded DNA donor oligonu-
cleotides (including a miR1) and a CD4-expressing plasmid for the selection of the trans-
fected cells using magnetic beads coupled to anti-CD4 antibodies (MACS column). After
enrichment, 3 to 17% of the transfected cells were harvested and genomic DNA (gDNA) of
the population was sequenced after cloning of the PCR products into TOPO-TA plasmids.
More than 150 TOPO clones were sequenced and small nucleotide insertions or deletions
(indels) were observed in 4% of the TOPO clones. We next performed clonal expansion,
and isolated and sequenced 277 cellular clones. Importantly, because chromosomes 4
and 10 share 98% homology, a PCR differentiating these 2 chromosomes was absolutely
required. We designed two pairs specifically recognizing each chromosome. Both pairs
give rise to PCR products similar in length (Figure 3B). We confirmed the specificity of the
PCR products after digestion by Msel and Xmal restriction enzymes (Figure 3C). Indeed,
Msel restriction site is present only in chromosome 4, whereas the Xmal site is present only
on chromosome 10. PCR products were also sequenced to definitely assess the specificity
of the primers.
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Figure 3. Flow chart and primers validation. The flow chart is described (A). Genomic modifications
are assessed by sequencing, Primers were designed to specifically recognize chromosomes 4 or 10.
The PCR products are similar in length (B) but digestion by Msel (present only on chromosome 4) or
Xmal (present only on chromosome 10) confirmed the PCR specificity (C).

2.3. Selection of the Genetically Modified Clones

Only two clones showed targeted modifications of the DUX4 PAS. The clone#1 pre-
sented the insertion of the mirl sequence into the DUX4 PAS as a result of DNA repair using
ssDNA oligonucleotide miR-1 co-transfected with the TALEN pair 406/407 (Figure 4A).
We chose to incorporate the target sequence of miR-1 into the PAS site because this miRNA
is specifically expressed during differentiation in parallel to DUX4 mRNA [24] and the
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addition of target sequences for miR-1 may be sufficient to inhibit the translation of residual
DUX4 mRNA.

DUX4

B2M W - - -

Figure 4. Characteristics of clone#1. This clone was selected after transfection of TALEN pairs 406-407 with a miR-1 ssDNA
oligonucleotide. (A): The miR-1 sequence (in blue) is inserted within the PAS (in yellow). (B): Myoblasts from clone#1 were
treated with 0.4 mM chaetocin and harvested 24 h later. DUX4 expression was assessed after RT-PCR Parental FSHD cells
and one unmodified clone obtained in parallel to clone#1 were used as controls.

The capability of the clone to express DUX4 was assessed on myoblasts treated with
chaetocin, an inhibitor of the SUV39H1 methyltransferase responsible for establishing the
chromatin repressive mark H3K9me3 and leading to a decreased H3K9me3 at D474 and
to the expression of DUX4-FL [25,26]. We observed that after disruption of the PAS by
insertion of the miR-1 sequence, no DUX4 mRNA was detected (Figure 4B). It was not
possible to further investigate DUX4 expression in this clone because we noted a decrease
in its proliferative capacity and it stopped dividing.

The second clone presented a complex genotype with a recombination between the ss-
DNA oligonucleotides miR-random and miR-upstream and the genomic DNA (Figure 5A).

In order to determine if DUX4 expression was maintained in this clone, we performed a
RT-PCR using primers flanking the two introns of DUX4 which can amplify both the DUX4-
FL isoforms (DUX4-FL1: 368 bp and DUX4-FL2: 504 bp). In the parental cells, DUX4-FL2
only was amplified (Figure 5B). In the clone, it was not possible to amplify DUX4 mRNA
most of the time, but a band corresponding to DUX4-FL2 was also detected (Figure 5B).
A redirection of the polyA and/or cleavage site was thus investigated by 3'RACE nested
PCR. A switch was observed in the mutated clone (Figure 5C) and the sequence of this lower
band revealed that the cleavage occurred ~40 nt upstream of the canonical one (Figure 5D),
as we previously observed with the use of some antisense oligonucleotides targeting the
polyadenylation site of DUX4 pre-mRNA [19]. This result indicates that while it is technically
possible to eliminate the DUX4 poly(A) signal sequence, it does not necessarily result in
DUX4 silencing as another alternative poly(A) site may be used.

We also measured the expression of three well characterized DUX4 downstream
genes: TRIM43, MBD3L2 and LEUTX (Figure 5E). In wells A and C, we observed a 95%
(p < 0.0001) decrease of MBD3L2 and LEUTX, and a 85-90% (p < 0.0001) decrease of TRIM43.
In well B, expression of these genes was also reduced but to a lower extent, a 78% =+ 7
decrease for MBD3L2 (p < 0.0001), a 75% = 9 decrease for LEUTX (p < 0.0001) while
the apparent decrease was TRIM43 was not statistically significant. When wells A and
C are compared to well B, statistical differences were observed for TRIM43 expression
(p < 0.0001). For MBD3L2 and LEUTX, a 68% decrease or more was observed between well
B and wells A/C (Figure 5E). The use of the alternative PAS in well B, leads to a lower
activation of the genes downstream of DUX4 when compared to the parental cells but to a
higher expression when compared to wells A/C.
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Figure 5. Characteristics of clone#2. (A): This clone was selected after transfection of TALEN pair 406-407 with both the
miR-5" and miR-random. The chromosomal modifications are shown. (B): DUX4 mRNA expression was assessed by
RT-PCR in different wells with cells of the clone carrying the modification and in the parental unmodified FSHD cells
(Par). (C): 3'RACE nested PCR using forward primers located in Exon 3 shows the redirection of the cleavage site in the
modified clone (B) compared to the parental cells (Par), as indicated by the red arrows. (D): The sequence shows the
redirection of the cleavage site. The PAS is highlighted in yellow. (E): Expression levels of 3 genes downstream of DUX4
(TRIM43, MBD312 and LEUTX) were measured in parental cells and wells A, B and C. Data are presented as means + SD;
#*#%:p < 0.0001; *: p < 0.05 by one-way ANOVA with Tukey’s post hoc test. When the parental cells are compared to the
clone, statistical analysis are presented in blue. Other analyses are indicated on the graph. Par: parental.
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3. Discussion

During the past 10 years, several strategies aiming at inhibiting DUX4 expression
have been developed (for review see [27]) and the poly(A) signal was already success-
fully targeted to inhibit DUX4 expression [19,21]. Targeting the key elements of DUX4
mRNA’s 3'UTR is attractive for several reasons: (i) correct polyadenylation of mRNAs
is required for their stability, nuclear export and efficient translation, and targeting the
polyadenylation signal can result in decreased gene expression (for review see [20]). (ii)
DUX4 expression is common in FSHD1 and FSHD2 patients and therefore targeting DUX4
will be beneficial to all FSHD patients. (iii) Contraction of the D4Z4 array on chromosome
10, which carries a single point mutation in the polyadenylation signal sequence found on
chromosome 4, does not lead to DUX4 expression [18]. (iv) DUX4 expression has been de-
scribed in keratinocytes [28] and in EBV-immortalized FSHD lymphoblastoid cell lines [29].
Moreover, DUX4 expression [28,29] is normally suppressed in post-mitotic tissues with
the exception of testis where alternative 3’exons are used with a polyadenylation signal
in exon 7 that is approximately 6.5 kb further telomeric to the one used in muscles [11].
Moreover, DUX4 might act as a transcription factor to activate cleavage-stage-specific gene
expression and may be activated in the primary spermatocytes during spermatogonia
and it may therefore be important to target DUX4 in muscles preferentially. Targeting the
polyadenylation signal located in exon 3 may lead to the inactivation of the pathogenic
DUX4 only, the one that is expressed in the skeletal muscle, whereas the DUX4 mRNA
expressed in testis may be spared.

We decided to not incorporate a resistance gene in our constructs in order to be as
close as possible to the context of a clinical application. After transfection, we detected
two clones with genetic modifications. This might be due the absence of selection and also
to the difficulty to transfect myoblasts. In order to increase our chance to inhibit DUX4
expression, we co-transfected a double strand oligonucleotide carrying the miR1 target
sequence: in the case of the use of an alternative polyadenylation (APA) signal located
downstream of the regular one, DUX4 translation would have been strongly impaired by
its presence in the DUX4 mRNA. Indeed, miR1 is a well described myomir, which promotes
myoblast-to-myotube differentiation and is up-regulated during this process [30].

It was technically possible to destroy the DUX4 PAS at genomic level, but unfortu-
nately, a redirection of the polyadenylation site, leading to a full length DUX4 mRNA
was observed, leading to a lower activation of several genes downstream DUX4. In the
literature, only two DUX4 APA sites have been described: one in exon 7 [11], which may
be used in testis only and one in exon 3, located ~40 nt upstream of the canonical one,
and sometimes observed after treatment of FSHD cells with antisense oligonucelotides
targeting the DUX4 PAS [19]. Interestingly, here we report the same polyadenylation site
redirection as with the antisense oligonucleotides, suggesting that a steric congestion at the
polyadenylation signal and cleavage site provided by the antisense oligonucleotide may
not be responsible for the redirection. This rather suggests the presence of an unknown,
non-canonical poly(A) signal upstream of the ATTAAA, which may be used in the absence
of the canonical poly(A) signal sequence. The use of this proximal APA has been described
for other mRNAs in the literature (For review see [20]). It leads to a shorter mRNA but to
the same protein since exon 3 is a non-coding exon. Our results suggest that targeting the
DUX4 poly(A) signal using TALENS to destroy the PAS is possible but may not lead to
an efficient extinction of DUX4 and may not be a suitable strategy for FSHD. A strategy
targeting both the canonical and the alternative PAS detected here could give a more robust
extinction of DUX4 expression. This would be possible by inducing the corresponding
deletion with programmable nucleases, for example using two guide RNAs flanking the
PAS and APA sequences with Cas9.
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4. Material and Methods
4.1. TALEN and Guide RNA Plasmid Design and Validation

TALEN and guide RNA expression plasmids were constructed using standard molec-
ular biology cloning methods as detailed in [31]. Expression plasmids were transfected
into U20S (established in 1967 from a moderately differentiated sarcoma of the tibia of
a 15-year-old girl [32,33]) cells using Amaxa-mediated electroporation (Lonza, Colmar,
France) and DNA cleavage activity was assayed indirectly by the T7E1 assay. Primers were
hFSHDcr12 fw (5 gtetgtetttgeccgettee 3') and hFSHDcr12 rev (5 tgectacactctgectacagga 3').
PCR product is 500 bp long and after T7E1 digestion, expected bands are roughly 200 and
300 bp long depending on the position of mutations induced by the nucleases tested.

4.2. Cell Culture

The immortalized myoblasts (54-2) were grown as previously described (Krom et al.
2012). Briefly, cells were grown in 64% DMEM, 16% 199 medium, 20% FBS, supplemented
with fetuin 25 ug/mL, -FGF 0.5 ng/mL, hEGF 5 ng/mL, Insulin 5 ug/mL, Dexametasone
0.2 pg/mL, Gentamycin 50 pg/mL. The transfection was performed using Neon Trans-
fection System (Life technologies, Courtaboeuf, France) on 10° cells with 0.21 ug of both
TALEN plasmids, 0.2 pg of CD4 expression plasmid, and 0.38 pg of single-stranded donor
oligonucleotide (oligonucleotide miR-1 5 GATTAGAGTTACATCTCCTGGATGATTAGTTC
AGAGATATATTatacatacttctttacattcca AAAATGCCCCCTCCCTGTGGATCCTATAGAAGA
TTTGCATCTTTTGTGTG3'; oligonucleotide miR-random 5’ GATTAGAGTTACATCTCCTG
GATGATTAGTTCAGAGATATAT Tcattaccatcaatctcttact AAAATGCCCCCTCCCTGTGGAT
CCTATAGAAGATTTGCATCTTTTGTGTG3'; oligonucleotide miR-1-upstream 5’ ACCTGG
ATTAGAGTTACATCTCCTGGATGATTAGTTCAGAGAatacatacttctttacattccaTATATTAAA
ATGCCCCCTCCCTGTGGATCCTATAGAAGATTTGCATCTTTT3'). After 48 h of incu-
bation, cells were enriched on MACS columns with a CD4 antibody (Miltenyi Biotec,
Paris, France) following manufacturer’s recommendation. Monoclonal cell population
was performed by limiting dilutions, 3 or 4 days later according to the confluency. Briefly,
cells were diluted to seed around 1 cells/well in 96-well plate. After checking under
microscope, and scanning the entire plate, wells with only one cell colony were selected
and, generally after 1-2 weeks, expanded when confluent in 24-well plate, 6-well plate,
and 10 cm dish. For chaetocin treatment, when myoblasts reaching 80% confluency were
treated with 0.4 mM chaetocin (Sigma-Aldrich C9492, Saint Quentin Fallavier, France).

4.3. Genomic DNA Analysis

Genomic DNA was extracted from myoblast culture using EZNA tissues DNA kit
(VWR) according to the manufacturer’s instruction. PCR to amplify DUX4 genomic se-
quence were performed using GoTaq Green Master Mix (Promega, Madison, WI, USA) and
primers specific of chromosome 4 (5'-AGCTGCCAGCGCGGAGCT-3' and 5'-TGATCACCG
AAGTTATGTAAAC-3'), or chromosome 10 (5'-AGGTGCCAGCACGGAGCG-3' and 5'-
TGATCACCGAAGTTATGTAAAT-3'). The size of the resulted amplicon is 362bp and after
digestion by Msel and Xmal, the chromosomic origin can be identified because Msel is
specific of chromosome 4 and Xmal is specific of chromosome 10. The different amplicons
were eventually cloned using Topo-TA cloning kit (Life technologies) and sequenced with
M13 primer (5-GTAAAACGACGGCCAG-3').

4.4. RT-PCR and RT-qPCR

RT-PCR has been described previously [10,13]. 3 RACE PCR was published in [19].
The primers used for the expression levels of the genes downstream of DUX4 were: B2M
(Fwd 5'-CTCTCTTTCTGGCCTGGAGG-3'; Rev 5-TGCTGGATGACGTGAGTAAACC-
3’; amplicon size: 67 bp), TRIM43 (Fwd 5-ACCCATCACTGGACTGGTGT-3’; Rev 5'-
CACATCCTCAAAGAGCCTGA-3'; amplicon size: 100 bp), MBD3L2 (Fwd 5'-CGTTCACC
TCTTTTCCAAGC-3'; Rev 5'-AGTCTCATGGGGAGAGCAGA-3’; amplicon size: 142 bp)
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and LEUTX (Fwd 5-TGGCTACAATGGGGAAACTG-3'; Rev 5-CTGCTGCCTCTTCCATTT
G-3'; amplicon size: 98 bp).

4.5. Statistical Analysis

GraphPad Prism software was used for statistical analyses. Differences between
groups were evaluated by one-analysis of variance (ANOVA) followed by Tukey’s post
hoc tests. ****: p <0.0001; **: p < 0.001; **: p < 0.01; *: p < 0.05.
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Abstract: Duchenne muscular dystrophy (DMD) is a fatal neuromuscular disorder generally caused
by out-of-frame mutations in the DMD gene. In contrast, in-frame mutations usually give rise to the
milder Becker muscular dystrophy (BMD). However, this reading frame rule does not always hold true.
Therefore, an understanding of the relationships between genotype and phenotype is important for
informing diagnosis and disease management, as well as the development of genetic therapies. Here,
we evaluated genotype—phenotype correlations in DMD and BMD patients enrolled in the Canadian
Neuromuscular Disease Registry from 2012 to 2019. Data from 342 DMD and 60 BMD patients
with genetic test results were analyzed. The majority of patients had deletions (71%), followed by
small mutations (17%) and duplications (10%); 2% had negative results. Two deletion hotspots were
identified, exons 3-20 and exons 45-55, harboring 86% of deletions. Exceptions to the reading frame
rule were found in 13% of patients with deletions. Surprisingly, C-terminal domain mutations were
associated with decreased wheelchair use and increased forced vital capacity. Dp116 and Dp71
mutations were also linked with decreased wheelchair use, while Dp140 mutations significantly
predicted cardiomyopathy. Finally, we found that 12.3% and 7% of DMD patients in the registry
could be treated with FDA-approved exon 51- and 53-skipping therapies, respectively.

Keywords: Duchenne muscular dystrophy; Becker muscular dystrophy; dystrophinopathy;
genotype-phenotype correlations; Canadian Neuromuscular Disease Registry; reading frame rule;
dystrophin; multiple logistic regression analysis; exon skipping therapy

1. Introduction

Duchenne muscular dystrophy (DMD) is the most common inherited neuromuscular disorder
worldwide, affecting approximately 20 per 100,000 male births (1:5000) [1,2]. DMD is an X-linked
recessive disorder that is characterized by progressive body-wide muscle degeneration, with proximal
muscle weakness starting at 3-5 years and loss of ambulation during the early teens [3,4]. Cardiac and
respiratory symptoms often appear during the third decade of life, which eventually lead to death.
DMD is primarily caused by mutations in the DMD gene that lead to an absence of dystrophin.
Dystrophin is a protein responsible for stabilizing muscle cell membranes during contraction-relaxation
cycles; its loss increases the susceptibility of muscles to tear during use [5-7]. There is a milder form
of the disease called Becker muscular dystrophy (BMD), which is caused by mutations in the same
gene. However, mutations in BMD patients generally only reduce the amount or functionality of the
dystrophin produced, as opposed to the complete absence of dystrophin seen in DMD [8-10].
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DMD and BMD are part of a group of disorders called the dystrophinopathies, which are
all characterized by mutations in the DMD gene. Stark differences between the fatal DMD and
mild BMD prompt us to understand how differences in genotype (i.e., mutation) impact phenotype
(i.e., clinical outcome). This is especially important since there is no cure for DMD at present. To study
these genotype—phenotype correlations, among other purposes, dystrophinopathy patient registries
were formed by local, national, and international initiatives to collect information on patient clinical
outcomes and DMD mutations. Perhaps the most extensive of these would be the TREAT-NMD
DMD Global Registry [11] and the Leiden Open Variation Database (LOVD) [12,13], each having
data from more than 7000 dystrophinopathy patients across the world. Canada in particular has the
Canadian Neuromuscular Disease Registry (CNDR), a national patient registry established in 2011 that
also contributes to the TREAT-NMD database [14,15]. As of 1 December 2019, with 4310 registrants,
dystrophinopathy patients make up the second-largest disease group in the CNDR at 13.3% [15].
Amyotrophic lateral sclerosis has the most number of registered patients at 36.1%; myotonic dystrophy,
limb—girdle muscular dystrophy, and spinal muscular atrophy patients make up 10.5%, 5.9%, and 5.3%
of CNDR registrants, respectively.

Here, we aimed to evaluate genotype—phenotype correlations specifically in the Canadian
DMD/BMD population, using the information on 402 patients from the CNDR. Similar studies have
been conducted previously [11,16-22]; however, most of these investigated a limited number of
clinical phenotypes. There may also be correlations unique to the Canadian population that would
otherwise not be observed from a global database. We particularly examined the relationships between
patient genotype and clinical diagnosis (DMD/BMD), as well as between patient genotype and clinical
outcomes (e.g., wheelchair use and cardiomyopathy status). We also determined the applicability of
recent U.S. Food and Drug Administration (FDA)-approved exon skipping DMD therapeutics to the
CNDR DMD patient population, given the increasing entry of this class of therapies into the clinic.
Finally, this work provides the most recent characterization of the DMD mutation landscape in Canada.

2. Materials and Methods

2.1. Study Population and Design

This study was approved by the University of Alberta Health Research Ethics Board—Health Panel
(reference Pro00092569). Participants in the CNDR provided informed consent and agreed to have their
data shared for research purposes. For this study, the following information was used from CNDR
patient records, which were provided directly from the clinic by neuromuscular specialists in the CNDR
network: weight, height, clinical diagnosis, genetic data (test information, mutation type, mutation
location), neuromuscular data (motor function, therapies received), cardiac history (presence of
cardiomyopathy, left ventricle ejection fraction (LVEF), cardiac medications received), respiratory data
(use of non-invasive/invasive ventilation, forced vital capacity (FVC)), and gastrointestinal data
(feeding tube use, major nutritional route). Clinical diagnosis (DMD/BMD) was at the discretion of the
neuromuscular specialist attending to the patient on the basis of clinical and genetic characteristics.
All genetic data were derived from accredited testing laboratories across Canada as part of standard
clinical practice. If a patient had information in the registry from more than one visit, data from the
most recent visit was considered for analysis. All patient data were de-identified before provision to
the study team.

The initial study population consisted of 508 dystrophinopathy patients in the CNDR from
1 January 2012 to 3 July 2019. This included 414 DMD patients, 78 BMD patients, 13 female DMD
mutation carriers, 2 intermediate muscular dystrophy (IMD) patients, and 1 with an unknown
diagnosis (Figure 1). We filtered out patients who did not have genetic testing data or a definite
DMD/BMD diagnosis, leaving us with 420 patients (350 DMD patients, 61 BMD patients, 9 female
carriers). Data from these patients were used for comparisons of clinical outcomes across groups.
For correlational analysis between genotype and clinical diagnosis as phenotype, we focused only on
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the 342 DMD and 60 BMD patients with non-negative genetic test results. On the other hand, for the
analysis between genotype and clinical outcomes (wheelchair use, presence of cardiomyopathy, LVEF,
FVC), we restricted our analysis to include only the 342 DMD patients.

clinical data G/P analysis: G/P analysis:
review clinical diagnosis clinical outcomes

DMD: 414 | —> | DMD:350 | =—> | DMD:342 | =—> | DMD: 342
342 DMD patients
BMD: 78 _— BMD: 61 e BMD: 60 —X i non—n’:agative
tests
. > i ) 402 patients with
FC: 13 X non-negative tests

420 patients with
genetic results

pre-analysis

508 patients
from CNDR

Figure 1. Study population and design. Patient data from the Canadian Neuromuscular Disease
Registry between January 2012 and July 2019 were used for this study. The number and groups
of patients evaluated for the various analyses performed are shown. DMD, Duchenne muscular
dystrophy; BMD, Becker muscular dystrophy; FC, female carrier; IMD, intermediate muscular
dystrophy; G/P, genotype-phenotype.

2.2. Statistical Analysis

All statistical analyses and plotting were performed using GraphPad Prism version 8.4.3
(GraphPad Software, San Diego, CA, USA). A two-sided Fisher’s exact test was done to determine
statistically significant differences between groups of categorical variables, while a two-tailed,
unpaired Student’s t-test was done for continuous variables. A multiple logistic or linear (least squares)
regression analysis was used to construct inferential models studying the relationships between
genotypes and clinical outcomes, with the latter serving as dependent variables. Patients with missing
information were excluded from the multiple regression analyses by the software. A p-value of less
than 0.05 was considered statistically significant.

3. Results

3.1. Clinical Characteristics

Table 1 summarizes the clinical characteristics of the three subgroups in our study population:
DMD, BMD, and female carriers. The female carriers all appear to be healthy, at least based on the
parameters reviewed. However, the low number of carriers in our cohort (N = 9) makes it difficult to
accurately compare with other subgroups. Thus, we decided to perform a comparative analysis of
clinical characteristics only between DMD and BMD patients.
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Table 1. Summary of clinical characteristics for patients with genetic data in our study population.

Characteristic DMD'! BMD ! FC! p-Value 2
Number (N) 350 (83) 61 (15) 9(2) -
Age at visit (yr) 10.5 (6.8-14.6) 17.9 (14.1-24.9) 13.0 (11.9-15.0) <0.0001
Body mass index 18.1 (16.2-22.8) 21.3 (17.6-26.6) 17.0 (15.4-25.0) 0.0093
Neuromuscular parameters
Wheelchair use 0.0023
>Permanent 39 (11) 2(3) 0(0)
>Intermittent 98 (28) 10 (16) 0(0)
>Never 156 (45) 43 (70) 8 (89)
>Unknown 57 (16) 6 (10) 1(11)
Can walk without support 189 (62) 43 (78) 9 (100) 0.0175
Can sit without support 244 (81) 52 (95) 9 (100) 0.013
Uses steroids 0.02183
>Deflazacort 231 (91) 6 (67) 1(100)
>Prednisone 19(7) 3(33) 0(0)
>Vamorolone 1(0) 0(0) 0(0)
>Testosterone 3(1) 0(0) 0(0)
Cardiac parameters
Cardiomyopathy 37 (11) 10 (17) 0(0) 0.1928
Age of CM onset (yr) 13.0 (11.0-14.3) 23.0 (16.0-33.0) - 0.0059
Left ventricle ejection fraction (%) 63.0 (58.0-68.0) 60.0 (50.0-65.0) 68.5 (62.0-70.5) 0.0325
Uses cardiac medication 0.0197 4
>ACEi/ARB 69 (70) 9 (43) -
>RB-blocker 18 (18) 5(24) -
>Digoxin 5(5) 0(0) -
>Statin 0(0) 2 (10) -
>Antiplatelet 1(1) 1(5) -
>Anticoagulant 0(0) 3(14) -
>MRA 3(3) 0(0) -
Respiratory parameters
Uses ventilation assistance >0.9999
>Non-invasive 30 (9) 2 (3) 0(0)
>Invasive 1(0) 0(0) 0(0)
Forced vital capacity (%) 76.0 (55.0-93.0) 88.0 (80.0-100.0) 74.0 (59.0-85.3) 0.0018
Sleep apnea 10 (38) 0(0) 0(0) 0.3703
Gastrointestinal parameters
Uses feeding tube 2(1) 0(0) 0(0) >0.9999
Major nutritional route >0.9999
>Oral 132 (99) 16 (100) 2 (100)
>Enteral 1(1) 0(0) 0(0)

! count data: frequency (%), continuous data: median (interquartile range), > DMD versus BMD, ® vamorolone and
testosterone counted as one group, * digoxin up to MRA counted as one group. DMD, Duchenne muscular
dystrophy; BMD, Becker muscular dystrophy; FC, female carrier.

The DMD patients in our population were significantly younger by 7 years (p < 0.0001; mean ages of
10.5 versus 17.9 years old, respectively) and had lower body mass indices (BMlIs) by 3 points (p < 0.005;
mean BMIs of 18.1 versus 21.3, respectively) than the BMD patients. As expected, DMD patients used
the wheelchair significantly more than BMD patients (p < 0.005), required more support for walking
(p < 0.05) or sitting (p < 0.05), and were mostly on deflazacort therapy (p < 0.05). In terms of cardiac
outcomes, no significant differences in cardiomyopathy status between DMD and BMD patients were
observed in our population. However, the age of cardiomyopathy onset was significantly earlier for
DMD at an average of 13.0 years than BMD at an average of 23.0 years (p < 0.05). Despite LVEF values
being significantly lower in BMD than DMD patients (p < 0.05), both subgroups were well within
the healthy LVEF range at >50%. These LVEF results likely reflect how patients from both groups
also received standard cardiac medications in the form of angiotensin-converting enzyme inhibitors,
angiotensin Il-receptor blockers, and 3-blockers, among others. FVC values were significantly reduced
in DMD than in BMD patients (p < 0.005; 76.0% versus 88.0% on average, respectively). Perhaps due
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to scarcity in the available data, no significant differences in other respiratory or gastrointestinal
parameters were found between the two patient subgroups.

3.2. Genetic Characteristics

Genetic testing data was available for 350 of 414 DMD patients (85%) and 61 of 78 BMD patients
(78%) (Figure 1). The majority of mutations were deletions of at least one exon in the DMD gene
in 69% (241/350) of DMD patients and 80% (49/61) of BMD patients, or 71% (290/411) of patients in
total (Figure 2a). This was followed by small mutations, i.e., point mutations and insertions/deletions
within exons or splice sites, in 17% (71/411) of patients, and duplications of at least one exon in 10%
(41/411) of patients. Negative results were found for 2% of patients, i.e., these patients were clinically
diagnosed as having DMD/BMD, but genetic testing failed to identify a variant. However, as these
patients were also not tested via gene sequence analysis, it remains possible that they could have deep
intronic mutations in the DMD gene that were missed.

Mapping out all large deletions (>1 exon) revealed two mutation hotspots, one from exons 3
to 20 and another from exons 45 to 55 (Figure 2b). More than half of all patients with deletions at
~65% had mutations in the distal hotspot, whereas only ~21% were in the proximal hotspot. Moreover,
most deletions in the proximal hotspot were represented by only one patient. The most common
deletion was a deletion of exon 45, which was in 18 out of 290 patients (6%) with large deletion
mutations (Figure 2c). Out of the 18 most common large deletion mutations, 17 were in the distal
exons 45-55 mutation hotspot. Conversely, mapping out all large duplications (>1 exon) in our DMD
and BMD patients revealed one hotspot from exons 3-10 (Figure 2d). However, note that most exon
duplication patterns were represented by only one patient. The most common duplications were an
exon 2 duplication and an extensive exons 5-65 duplication, which were each found in 3 out of 41
patients (7%) with large DMD duplication mutations (Figure 2e).

Small mutations were spread out across the entire gene, ultimately affecting all four major
dystrophin protein regions: the N-terminal actin-binding domain (exons 2-8), the central rod domain
(exons 8-61), the cysteine-rich domain (exons 63-69), and the C-terminal domain (exons 70-79)
(Figure 3a,b). Exons were assigned to protein domains following information from the Leiden
Muscular Dystrophy dystrophin page (https://www.dmd.nl/). Exon 18 harbored the greatest number
of small mutations in our combined DMD and BMD population (Figure 3b). More than half (51%)
of all identified small mutations were nonsense point mutations, followed by 27% being small
insertions/deletions, 13% being splice site mutations, and 4% being missense mutations (Figure 3c).
Interestingly, two DMD patients each carried two different small mutations—one with ¢.8729A>T
and ¢.8734A>G (both missense mutations; reported in the LOVD to frequently co-segregate with each
other and are classified as benign), and one with ¢.10127T > C (a missense mutation) and ¢.10133dup
(a frameshifting insertion mutation). There was also one DMD patient who had both a duplication of
exon 61 and a nonsense ¢.9100C > T point mutation; for purposes of this study, this patient was grouped
with other duplication mutation carriers. A survey of nonsense point mutations in our population
showed that 47% (17/36) involved a C-to-T transition (Figure 3d).

59



J. Pers. Med. 2020, 10, 241

a
[ Deletions
= Duplications
E Small mutation
B Negative
N=350 N=411
DMD BMD Total
b
p— 1
_F ;_
ILRAN ——— E
é .
—
L AT '
0 10 20 30 40 50 60 70 °28
DMD exon Frequency
c . e
- oMo
% 1 [ =Q:10
51
i
E
H
‘?Pﬁ“\ .t“‘\##‘s# ﬂ:‘# o —,‘-‘&9:":? i’aﬁaﬁ:‘qﬂ‘ & * Hgf’ a® o« -Sf'b & @p"
DMD deletion DMD duplication
d
0 ’ 10 20 30 40 50 60 70 orne
DMD exon Frequency

Figure 2. Overview of genetic characteristics in the study population. (a) DMD mutations in patients
grouped according to type (deletions, duplications, small mutations); (b) Map of large DMD deletions
(>1 exon) in Duchenne and Becker muscular dystrophy patients (DMD, BMD), with their frequencies
(# patients) on the right (N = 290); (c) Top 18 most common large DMD deletions in DMD and BMD
patients; (d) Corresponding map of large DMD duplications (>1 exon) in DMD and BMD patients
(N =41); (e) Top 8 most common large DMD duplications in DMD and BMD patients.
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3.3. Relationships between Genotype and DMD/BMD Diagnosis as Phenotype

The reading frame rule predicts at least 90% of the time [11,22] if a given DMD mutation will lead
to a DMD or BMD phenotype. Most out-of-frame mutations give rise to DMD, while most in-frame
mutations give rise to BMD [8]. To determine how well this rule holds in our population, we examined
the frequency of out-of-frame and in-frame deletions in our DMD and BMD patients from the CNDR
(Figure Sla—c). Of the 238 DMD patients in our cohort with deletion mutations not involving either
exon 1 or 79, 87% (208/238) had out-of-frame mutations and 13% (30/238) had in-frame mutations
(Figure 4a). On the other hand, of the 49 BMD patients with corresponding deletions, 16% (8/49) had
out-of-frame mutations and 84% (41/49) had in-frame mutations.

Considering the deletions themselves, 96% (208/216) of observed out-of-frame deletions led to
DMD, with only 4% (8/216) leading to BMD (Figure 4b). The in-frame deletions displayed a less skewed
behavior—with 42% (30/71) giving rise to DMD and 58% (41/71) to BMD. Since the in-frame deletions
did not predominantly favor one phenotype over the other to the same extent as out-of-frame deletions,
we decided to map them out across the DMD exons. This will allow us to see if the location of the
in-frame deletion is a key determinant of whether a patient develops DMD or BMD. The majority
of in-frame deletions leading to DMD were found to start within the N-terminal exons 3-20 hotspot
(Figure 4 and Figure S1b). In particular, of the 19 in-frame deletions solely associated with DMD, 14 or
74% of them started in this region. DMD-associated N-terminal in-frame deletions also tended to
partially or completely remove more functional domains on the resulting dystrophin protein than their
BMD-associated counterparts (Table S1). On the other hand, 67% (10/15) of in-frame deletions located
at the distal half of the gene past exon 43 led to a BMD phenotype or to a mix of either a DMD or BMD
phenotype (Figure 4c).
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Figure 4. Analysis of large deletions and duplications, and their effect on the DMD reading frame.
(a) Distribution of in-frame and out-of-frame deletions in Duchenne and Becker muscular dystrophy
(DMD, BMD) patients; (b) Distribution of phenotypes associated with in-frame and out-of-frame
deletions; (¢) Map of in-frame DMD deletions in DMD and BMD patients, black: DMD, white: BMD,
striped: both; (d) Frequencies of DMD and BMD patients with hybrid or fractional repeat-forming
in-frame deletions; (e-g) Corresponding plots of (a—c) for duplications in DMD and BMD patients.

As these distal in-frame deletions all occur within the central rod domain of the dystrophin
protein, one could model in silico how well these preserve the filamentous, helical structure of the
region. Depending on where the exon breakpoints are, an in-frame deletion can give rise to either a
hybrid or a fractional repeat unit in the rod domain. Hybrid repeats maintain the filamentous structure
of the rod domain, whereas fractional repeats disrupt it [23-25]. Using the eDystrophin database
(http://edystrophin.genouest.org/) [25], we obtained modeling predictions for the repeat structures
formed by the various distal in-frame deletions (Table 2). Although hybrid repeat-forming deletions
were found in more BMD than DMD patients, no significant association was found between clinical
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phenotype (DMD/BMD) and the predicted repeat structure formed by an in-frame deletion in the exons
45-55 hotspot region (Figure 4d). Interestingly, despite giving rise to a predicted fractional repeat unit,
the in-frame deletion of exons 45-47 led to BMD 91% of the time (10/11 patients) rather than DMD
(Table 2).

Table 2. Repeat structure modeling of in-frame DMD deletions within the exons 45-55 hotspot.

In-Frame Deletion lg;:};e::/g I:};;/?Be(r:/:)y Predicted Repeat Structure !
45-47 1(9.1) 10 (90.9) Fractional
45-48 0(0) 4(100) Hybrid
45-49 1 (50) 1 (50) Fractional
45-51 0(0) 2 (100) Hybrid
45-53 0(0) 1 (100) Hybrid
45-55 0(0) 5 (100) Hybrid

47 2 (100) 0(0) Fractional
47-48 1 (100) 0(0) Hybrid

48 3(37.5) 5 (62.5) Fractional
48-49 1(33.3) 2 (66.7) Fractional
48-51 2 (100) 0(0) Fractional
49-51 1 (50) 1 (50) Hybrid
50-51 0(0) 2 (100) Fractional
51-52 2 (100) 0(0) Fractional

1 Information obtained from the online eDystrophin database.

We next examined the frequency of out-of-frame and in-frame duplications in our DMD and BMD
patient population (Figure S2a,b). Of the 35 DMD patients in our cohort with duplication mutations,
83% (29/35) had out-of-frame mutations and 6% (6/35) had in-frame mutations (Figure 4e). Meanwhile,
we only had five BMD patients with duplication mutations, one of which had an out-of-frame
mutation, with the remaining four having in-frame mutations. In terms of the duplications themselves,
out-of-frame duplications led to DMD 97% (29/30) of the time and to BMD 3% (1/30) of the time;
in-frame duplications led to DMD in 60% (6/10) of cases and to BMD in 40% (4/10) of cases (Figure 4f).
Similarly, as we did with the deletions, we mapped out all in-frame duplication patterns across the
DMD exons (Figure 4g). Only nine unique in-frame duplications were found in our population,
with those at the proximal end of the gene mostly associated with BMD and those at the distal end all
associated with DMD.

Notably, less than 10% of small mutations (6/71) were associated with BMD in our study
population. Due to the low representation of this mutation type among BMD patients, an analysis of
genotype—phenotype correlations may be premature and therefore was not performed.

3.4. Relationships between Genotype and Clinical Outcome as Phenotype

We then proceeded to perform a series of multiple regression analyses to determine any
relationships between patient genotypes and clinical outcomes, focusing on data from DMD patients
(Figure 1). For genotype, we considered the location of the mutation according to which dystrophin
protein domain/s or dystrophin isoform/s they affect. Exons were once again assigned to protein domains
following information from the Leiden Muscular Dystrophy dystrophin page (https://www.dmd.nl/).
For clinical outcomes, we looked at wheelchair use (combined permanent and intermittent use),
cardiomyopathy status (presence or absence), LVEF, and FVC. In constructing these models, we also
took into account the effect of other parameters such as age, BMI, steroid use (past or present), and use
of cardiac medications, as appropriate. The results of these analyses are summarized in Table 52 and
Table S3.

Multiple logistic regression analysis revealed that there is a 6.136 times increase in odds
(95% confidence interval (CI): 1.44, 33.99; p < 0.05) that a DMD patient will require wheelchair
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use when they have mutations affecting the dystrophin rod domain (Table 52). Mutations affecting the
C-terminal domain yielded an odds ratio of 0.0281 (95% CI: 0.001, 0.30; p < 0.005), indicating that their
presence was associated with decreased wheelchair use in our DMD patient population. A similar
relationship was found for mutations affecting the Dp116 and Dp71 isoforms (both p < 0.005). Across all
models with wheelchair use as the selected outcome, age had an odds ratio greater than 1.75 (p < 0.0005),
and BMI as well as steroid use were not significant predictors. All area under the receiving operator
curve (AUC) values were at least 0.93. When cardiomyopathy status was used as an outcome,
only mutations affecting the Dp140 isoform showed a significant relationship, with an odds ratio of
0.3662 (95% CI: 0.14, 0.92; p < 0.05) (Table S2). Age gave an odds ratio of at least 1.31 (p < 0.0005),
with BMI and steroid use not being significant predictors of cardiomyopathy status; AUC values were
at least 0.83. Unfortunately, models could not be generated for the other genotype categories, as these
groups did not have any patients with cardiomyopathy.

Multiple linear regression analysis with LVEF as the outcome yielded no genotypes as significant
predictors (Table S3). Age, steroid use, and use of cardiac medications all yielded significant estimates
(B) in the produced regression models (individual R? > 0.3). Age and use of cardiac medications gave
negative estimates (p < 0.0005 and p < 0.005, respectively), while steroid use gave positive estimates
(p < 0.05). On the other hand, when FVC was used as an outcome, mutations in the C-terminal domain
gave a significant 3 in the model at —19.24 (95% CI: -36.56, —1.91; p < 0.05). No other genotype
categories yielded significant 3 values. Age and steroid use had significant estimates in all produced
models for FVC (individual R? values >0.4), with age having negative { values (p < 0.0005) and steroid
use having positive 3 values (p < 0.005).

3.5. Applicability of Exon Skipping Therapy to DMD Patients in Canada

A particularly promising approach to treat DMD is exon skipping using small single-stranded
nucleic acid analogues called antisense oligonucleotides (AOs). In this strategy, AOs are designed to
bind specific splicing enhancer sequences in out-of-frame DMD exons by base pairing. This results
in the exclusion of targeted exons from the final mRNA transcript, restoring the reading frame
and thereby allowing for the synthesis of shorter, partially functional dystrophin proteins [26,27].
With the increasing number of exon skipping therapies entering the clinic and receiving FDA approval,
we sought to determine their applicability to DMD patients in Canada. We evaluated the applicability
of the top 10 single exon skipping strategies that can treat the most number of patients registered
in the global TREAT-NMD DMD database [11], and we also evaluated two multiple exon skipping
strategies that target exons within the DMD mutation hotspots [18]. Exon 51 skipping treated the most
number of DMD patients with deletions at 17%, as well as the most number of DMD patients overall
(with deletions, duplications, and small mutations) at 12.3% in our cohort, which was similar to the
trend observed worldwide in a previous TREAT-NMD study [11] (Table 3). This was followed by exon
45 skipping at 15.8% of DMD patients with deletions or 11.1% of all DMD patients and then by exon
44 skipping at 12.9% of DMD patients with deletions or 9.4% of all DMD patients. Exon 53 skipping
is only the fourth most applicable single exon skipping therapy in our cohort, as opposed to being
ranked second among TREAT-NMD DMD patients [11]. For the multiple exon skipping strategies,
exons 45-55 skipping was applicable to 66.8% of DMD patients with deletions or 50.9% of all DMD
patients in Canada (Table 3). Exons 3-9 skipping was less applicable, at 7.9% of all DMD patients with
deletions or 9.1% of all DMD patients.
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Table 3. Applicability of single and multiple exon skipping strategies to DMD patients in Canada.

Exon/s to Skip % of DMD Patients % of all Rank in Rank in Our
with Deletions DMD Patients ~ TREAT-NMD ! Population

51 17.0 123 1 1
53 9.5 7.0 2 4
45 15.8 11.1 3 2
44 129 9.4 4 3
43 5.0 4.1 5 7
46 7.9 5.8 6 5
50 5.0 3.8 7 8
52 3.7 2.6 8 10
55 5.0 47 9 6
8 29 3.5 10 9

45-55 66.8 50.9 n/a n/a

3-9 7.9 9.1 n/a n/a

1 Rank information obtained from Bladen et al. (2015) [11].

4. Discussion

We characterized DMD mutation data from DMD/BMD patients registered in the CNDR between
2012 and 2019, with a subsequent analysis of genotype—-phenotype correlations. This study partly
builds on previous work done by the Canadian Pediatric Neuromuscular Group (CPNG) in 2011,
who studied the spectrum of DMD mutations in 773 patients across Canada from 2000 to 2009 [16].
We observed a similar abundance of mutation types across patients as the CPNG, with deletions
forming the largest group (71% here compared to 64% from the CPNG study), followed by small
mutations and duplications (Figure 2a). We found similar DMD mutation hotspots, with the exception
that the CPNG observed a more extensive duplication hotspot from exons 2-20. In terms of overall
genetic characteristics, our findings were largely consistent with those from global database studies
(TREAT-NMD, LOVD) [11,18], indicating underlying commonalities in DMD gene mutability between
patients in Canada and the rest of the world.

Perhaps the most well-known genotype—phenotype correlation in the field concerns the reading
frame rule [8]. As in other studies (e.g., [11,16,18,19]) we found exceptions to this rule, with only
87% of DMD patients in our population having out-of-frame deletions and 84% of BMD patients
having in-frame deletions (Figure 4a), for a total exception rate of 13%, which was higher than what
was observed in the TREAT-NMD and LOVD databases [11,18]. Examining the 36 in-frame deletion
patterns in our cohort revealed that deletion location and size matter, particularly if it affects dystrophin
protein-binding domains mostly concentrated at the N-terminal end of the protein (Figure 4c, Table S1).
In-frame deletions within the rod domain-coding region past exon 45, which do not code for any
known protein-binding domains, were mostly associated with BMD. However, the number of impacted
binding domains does not completely predict the disease phenotype of in-frame deletions. Consider our
in-frame deletions that start on exon 13: exons 13-44 and 13-53 deletions lead to BMD, while the
sandwiched exons 13—47 deletion leads to DMD. All three affect the same dystrophin protein-binding
domains (Table S1) and yet have varying clinical consequences.

It is possible that regions other than the currently known protein-binding domains may be more
critical for dystrophin function. For instance, a previous study looked at 97 patients from the Universal
Mutation Database (UMD)-DMD registry with in-frame deletions before exon 35 and suggested that
certain protein-binding domains may be dispensable to dystrophin function [28]. Characterizing these
other potential critical regions in the DMD gene would be essential to understanding patients with
mutations not governed by the reading frame rule. These regions can be identified through a
combination of extensive patient database study and in vitro validation with patient-derived cells or
induced pluripotent stem cell-derived models [29] of patient mutations. The identification of such
regions will also benefit the development of gene replacement or correction therapies for DMD [24] to
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ensure that the dystrophin protein variants used or produced by these approaches are as functionally
close as possible to the full-length version.

One concern for in-frame deletions affecting the central rod domain is also whether or not they
can preserve its repeating, filamentous structure. Intuitively, in-frame mutations that can maintain
this structure would be more likely to lead to BMD. While we observed this to be somewhat true for
hybrid repeat-forming deletions, the same surprisingly cannot be said for fractional repeat-forming
deletions (Figure 4d). In fact, one study of LOVD patients with in-frame mutations between exons
42 and 57 even found that fractional repeat-forming deletions were more commonly associated with
BMD (72% of the time) than DMD [24]. The same study showed that the position of in-frame mutations
relative to hinge 3 (exons 50-51) better determines phenotype than the predicted repeat structure
formed by the deletions, which is a finding corroborated by another report [30]. This suggests that
other parameters should be considered when evaluating the consequences of in-frame mutations on
dystrophin structure, such as effects on overall protein flexibility or intra-protein interactions between
residues. However, it is important to point out that knowing this information would still not be
sufficient to explain certain cases, such as why the same in-frame deletion leads to a mix of DMD and
BMD patients (e.g., deletions of exons 4547, 4549, 48, 4849, and 49-51; Figure 4c and Figure S1b).
In these cases, genetic modifiers [31,32] or spontaneous exon skipping events (as discussed in the next
paragraph) may play a role in determining patient phenotypes.

We also saw a few out-of-frame deletion patients in our cohort to be exceptions to the reading
frame rule, particularly those with deletions in exons 3-6, 3-7, 3-21, 7-8, 42-43, and 43 (Figure S1b).
Two mechanisms have been proposed to explain such exceptions. The first is the use of alternative
translational start sites further downstream in the DMD transcript [33-35]. For instance, a series of
immunofluorescence experiments performed on skeletal muscle biopsies from exons 3 to 7 deletion
patients suggested that there was a potential alternative initiation codon in exon 8 [34]. Dystrophin was
not detectable when antibodies recognizing the 5" end of exon 8 in the protein were used; however,
dystrophin was detected using antibodies recognizing the 3" end of exon 8. This may explain why a
deletion of exons 3-7 is typically associated with BMD or with milder DMD phenotypes [18,35,36].
The second mechanism is the occurrence of spontaneous exon skipping events that convert out-of-frame
into in-frame mutations. A well-documented example is the spontaneous skipping of exon 44 that
occurs when the exons flanking it are deleted [37,38]. In fact, exon 44-skippable deletions are usually
associated with a higher number of dystrophin-revertant fibers and milder DMD phenotypes such as
prolonged ambulation [36,39-42]. In addition, of the six out-of-frame deletions that we have listed as
exceptions, five of them can be converted into in-frame deletions with the skipping of just one exon
adjacent to the deletion. This spontaneous exon skipping may be tied to how the junction sequences
formed by a deletion influences splicing, i.e., if it creates or destroys exon splicing silencer/enhancer
sequences [37]. Further study into this phenomenon may also provide hints regarding the formation
of dystrophin-revertant fibers.

As for correlations between genotypes and clinical outcomes, it is important to emphasize that
the regression analysis performed here produces an inferential model, i.e., a model that best describes
the study population at its current state. There were a number of limitations with the study population
as it is now that may have affected the analysis, mostly concerning low sample sizes for each mutation
pattern observed and incomplete availability of clinical outcome data for all patients. The majority of
DMD patients analyzed were within the younger range as well (Table 1), and so there may be some bias
in the observed phenotypes. For practical reasons, we also limited our analysis to genotypes classified
according to the protein domain or the dystrophin isoform affected by the respective patient mutations.
We acknowledge that use of other stratification procedures may lead to differing conclusions.

With these in mind, we saw an increased likelihood of wheelchair use associated with mutations
affecting the rod domain and, conversely, a decreased likelihood with mutations affecting the C-terminal
domain and Dp116/71 isoforms in our DMD patient population (Table S2). It is interesting that a
positive association with rod domain mutations was observed. Previous reports have shown that
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certain rod domain-coding mutations are associated with prolonged ambulation in DMD patients,
e.g., exon 44-skippable deletions [36,40-42]. Once a sufficient number of patients are available, it may be
worthwhile to further stratify rod domain mutations to pinpoint the importance of specific sub-regions.
The finding regarding the C-terminal domain is striking, since one would expect it to be critical in
localizing dystrophin to the muscle membrane [7]; note that C-terminal domain mutations were also
significantly, positively correlated with FVC in our DMD patient cohort (Table S3). Interestingly,
there has been a previous case of an 8-year-old boy reported to be asymptomatic despite having a
nonsense mutation truncating the C-terminal domain [43]. Microdystrophins lacking most or all of the
C-terminal domain have also been promising in mdx mice with improvements in skeletal and cardiac
muscle phenotypes [44—46]. Our results complement such findings, inviting closer investigation into
the importance of the C-terminal domain for dystrophin function in muscle. However, it is also
important to note that our result is based on a small number of patients with C-terminal domain
mutations (n = 10), and so further validation by conducting a regression analysis with a larger sample
size is recommended.

The association of Dp116 and Dp71 with motor function was likewise unexpected, as these
isoforms are not normally expressed in differentiated skeletal muscle. Dp116 is exclusively expressed
in Schwann cells [47], and Dp71 displays mostly ubiquitous expression but is difficult to detect
in differentiated skeletal muscle [48,49]. While some reports are now claiming otherwise [50,51],
i.e., that these isoforms are in fact expressed in muscle (one study is described in the next section for
Dp116), their functional significance in muscle remains unknown. As for other factors included in the
model for wheelchair use, it was surprising that steroid use did not have a significant impact, contrary
to a previous TREAT-NMD DMD registry report [17]. However, this observation may be restricted to
the particular demographic of the population under study.

Mutations affecting Dp140 was the only genotype group determined to be a significant predictor
of cardiomyopathy (Table 52); no significant genotypes were found as predictors for LVEF (Table S3).
Dp140 is a non-muscle dystrophin isoform typically expressed in the central nervous system and
the kidneys [52]; its expression in the heart (or skeletal muscles) has not yet been demonstrated.
Based on our analysis, Dp140 mutations are apparently associated with the lack of cardiomyopathy.
One group previously studied the relationship between cardiac dysfunction (LVEF <53%)-free survival
and dystrophin isoform mutations, but they did not find any significant association with respect to
Dp140 [51]. Instead, the authors observed that Dp116 mutations were significantly linked to better
rates of cardiac dysfunction-free survival, which we did not see in our analysis. Note that Dp116 was
thought to be a non-muscle dystrophin isoform; however, this study demonstrated that Dp116 mRNA
expression was detectable in both human cardiac and skeletal muscle samples. Therefore, it remains
possible that Dp140 may have a role in the heart, but this will have to be supported first by in vivo
validation of cardiac Dp140 expression similar to what was done for Dp116 in the study above, and then
by further confirmation of our result in other patient registries. Considering other factors in our model,
steroid use was not a significant predictor for cardiomyopathy, but it was significantly, positively
correlated with LVEF. This may be explained in part by the fact that our DMD patient cohort is relatively
young and not well-suited for observing cardiac symptoms that manifest relatively late in the disease.
Cardiac medications were significantly, negatively correlated with LVEF, but they may reflect the bias
that patients with reduced LVEF are typically the ones receiving such treatments—the factor was
included more as a control for other predictors.

There are other reports of genotype-phenotype correlations with respect to cardiac outcomes in
the literature, with proximal/N-terminal mutations generally associated with worse cardiac symptoms
than distal/C-terminal mutations [21,53-55]. Still, some studies demonstrated a lack of correlation
altogether [21,56,57]. This issue of non-agreement across genotype—phenotype correlation studies is
not only true for cardiac outcomes but also for skeletal muscle phenotypes. This clearly indicates the
need for further work in this area, starting perhaps by standardizing data collection procedures to
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maximize comparability across patient registries as well as the amount of information obtained from
each patient.

Within the last five years, we have seen the approval of three exon skipping AOs for DMD
therapy by the FDA: eteplirsen (brand name Exondys 51, Sarepta) for skipping exon 51 in 2016 [26],
and golodirsen (Vyondys 53, Sarepta) in 2019 [58] as well as viltolarsen (Viltepso, NS Pharma) in
2020 [59] for skipping exon 53; another AO, the exon 45-skipping casimersen (SRP-4045, Sarepta)
is currently under FDA review. These FDA-approved therapies can treat a combined 26.5% of
DMD patients with deletions or 19.3% of all DMD patients in Canada (Table 3), which is incredibly
encouraging. Notably, the applicability of single exon skipping strategies was different for patients in
Canada compared to global estimates from the TREAT-NMD DMD database [11], suggesting potential
implications for future clinical trials. These findings highlight one of the major limitations associated
with personalized therapies such as exon skipping, i.e., low patient applicability. One way to overcome
this would be to develop multi-exon skipping strategies such as exons 45-55 skipping, which could treat
more than half of all DMD patients (Table 3). Our data and those from other patient registries [18,60]
also show that exons 45-55 deletions are commonly associated with mild BMD or asymptomatic
phenotypes (Figure 4c and Figure S1b), confirming the viability of the approach as a treatment for DMD.

This last point raises a concern for other exon skipping strategies, i.e., if the in-frame-skipped
dystrophin proteins they produce are indeed functional or associated with mild phenotypes. We have
seen how some deletions lead to a DMD phenotype despite being in-frame, e.g., in our population,
42% of in-frame deletions were in DMD patients (Figure 4b). Encouragingly, the majority of patients
with deletions equivalent to exon 51-skipped transcripts showed mild phenotypes [61], bearing well for
eteplirsen. Therefore, consulting patient registries such as the CNDR when designing exon skipping
strategies is recommended. Finally, despite the promise of exon skipping therapy, it cannot correct all
mutations, and there remain concerns regarding its efficacy in patients. The continued development of
other therapeutic approaches such as gene replacement with mini/microdystrophins or gene correction
with genome editing strategies, as informed by genotype—phenotype correlation studies from patient
registries, remains critically important.
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analysis for wheelchair use and cardiomyopathy status, Table S3: Multiple linear regression analysis for left
ventricle ejection fraction (LVEF) and forced vital capacity (FVC).
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Abstract: Currently, Duchenne muscular dystrophy (DMD) and the related condition Becker
muscular dystrophy (BMD) can be usually diagnosed using physical examination and genetic
testing. While BMD features partially functional dystrophin protein due to in-frame mutations,
DMD largely features no dystrophin production because of out-of-frame mutations. However,
BMD can feature a range of phenotypes from mild to borderline DMD, indicating a complex
genotype-phenotype relationship. Despite two mutational hot spots in dystrophin, mutations can
arise across the gene. The use of multiplex ligation amplification (MLPA) can easily assess the
copy number of all exons, while next-generation sequencing (NGS) can uncover novel or confirm
hard-to-detect mutations. Exon-skipping therapy, which targets specific regions of the dystrophin gene
based on a patient’s mutation, is an especially prominent example of personalized medicine for DMD.
To maximize the benefit of exon-skipping therapies, accurate genetic diagnosis and characterization
including genotype—phenotype correlation studies are becoming increasingly important. In this article,
we present the recent progress in the collection of mutational data and optimization of exon-skipping
therapy for DMD/BMD.

Keywords: Duchenne muscular dystrophy (DMD); exon-skipping therapies; next-generation
sequencing (NGS); Sanger sequencing; multiplex ligation probe amplification (MLPA); multiplex
polymerase chain reaction (PCR); comparative genomic hybridization array (CGH); viltolarsen;
eteplirsen; golodirsen

1. Introduction

Duchenne muscular dystrophy (DMD), a severe neuromuscular disorder, affects the skeletal
and cardiac muscle of 1 in 5000 newborn boys [1], with very few treatment options available [2].
Frame-shifting mutations in the dystrophin gene [3] cause DMD by removing production of the 427 kDa
protein dystrophin [4]. Without dystrophin, progressive muscle wasting occurs [5]. By contrast,
in-frame dystrophin deletion mutations lead to the related condition Becker muscular dystrophy
(BMD), which ranges in phenotype from subclinical to borderline DMD [6]. For this reason, the term
DBMD is used to indicate the range of conditions that arise from dystrophin mutations. Though most
mutations reported fit the dystrophin reading frame rule stated above, there are a significant number
of exceptions, highlighting an intricate genotype—phenotype relationship [7]. Given the range of
mutations underlying DBMD, precise genetic diagnosis and genotype—phenotype correlation analysis
are crucial to design mutation-specific therapeutics like exon skipping [8,9]. Box 1 describes the
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keywords used in this article. A better understanding of genotype—phenotype relationships in DBMD
patients may lead to better design of exon-skipping therapies [9]. In this review, we describe the recent
advances in molecular diagnostic approaches for DMD/BMD and discuss how exon-skipping therapy
can be optimized.

Box 1. Definitions of keywords used in this article.

Genotype: genes that encode physical characteristics of an organism.

Phenotype: the observed characteristics resulting from the expression of those genes.

Intron: non-coding region of DNA that is removed by splicing prior to translation.

Exon: coding region of gene that appears in the mature RNA transcript.

In-frame mutation: a mutation that does not disrupt the reading frame of a gene during the transcription,
likely not interfering with protein production.

Out-of-frame mutation (also known as frameshift mutation): a mutation that disrupts the reading frame,
likely destroying protein production.

2. Sequencing and Genetic Diagnosis Methodologies Relevant to DBMD

Sequencing and mutation detection strategies are intertwined in DBMD. The key strategies used
to study this disorder are listed below in Table 1.

Table 1. Sequencing and genetic diagnosis methodologies relevant to Duchenne/Becker muscular

dystrophy (DBMD).
Methodology Brief Description
Low throughput, conventional strategy with lower cost than more
Sanger sequencing advanced sequencing [10]. Allows for sequencing the

dystrophin gene.

Class of more advanced sequencing strategies with high
throughput [11]. Can examine whole single genes, panels of
multiples genes, all protein-coding genes, or entire genomes [12].
Single gene sequencing is especially powerful in DMD [11].

Next-generation sequencing (NGS)

Originally the only reliable method for detecting duplication and
Quantitative Southern blot identifying carriers [13]; however, this method requires several
hybridization steps [14].

A strategy that can detect the vast majority of DBMD gene deletions.
An improved multiplex PCR assay can detect deletions and
duplications in all 79 exons of the DMD gene [15].

Multiplex polymerase chain
reaction (PCR)

A prominent first-pass tool for assessing the genetics of DBMD [11].
Multiplex ligation-dependent probe MLPA can screen all 79 dystrophin gene exons for deletions and
amplification (MLPA) duplications in DBMD patients and carriers but cannot detect most
small mutations [12].

This tool probes dystrophin exons and introns and can pinpoint the
location of intronic breakpoints. CGH is a compelling alternative to
MLPA [16].

Comparative genome hybridization
array (CGH)

Sequencing methodologies provide precise genetic testing that can clarify the mutations seen in
patients. Sanger sequencing is performed using nucleotides that lack a 3’-hydroxyl group, preventing
the DNA polymerase from continuing the DNA chain at that position [17]. Though low throughput,
it can complete partial sequencing cheaply.

Southern blot was originally used to examine DMD mutations before other techniques replaced it.
Southern blot analysis using cDNA probes, which were established earlier [18], has been used to detect
deletions and duplications of the dystrophin gene [19-21]. Southern blotting, however, is no longer
commonly employed for DMD since it is time-consuming and requires several hybridization steps [11].

The use of multiplex polymerase chain reaction (PCR) for mutation detection has played a more
prominent role in DMD genetic diagnosis [13]. Multiplex PCR, which allows for rapid detection
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of mutations using small or suboptimal samples of genomic DNA, is more efficient than Southern
blotting [13]. One study indicated that the majority of the deletions detected by use of cDNA probes
and Southern blot in the study could have been also characterized by multiplex PCR [20]. In 2006,
Stockley et al. established the use of quantitative multiplex PCR to screen all 79 exons for deletions
and duplications [15], strengthening the technique’s applicability in DMD.

Multiplex ligation-dependent probe amplification (MLPA) acts well as a first-pass assessment of
DMD due to its speed and cheap cost [22]. This technique detects exon deletions and duplications.
An MLPA probe consists of two probe oligonucleotides that hybridize to adjacent sites of the target
sequence, followed by probe ligation. Probes hybridized are amplified by PCR and quantified,
providing amplification products of unique size. The MLPA approach then provides the relative
copy number of target sequences [22], which can detect most of the deletions and duplications in the
DMD gene.

One rising alternative to MLPA is comparative genomic hybridization (CGH) array [16]. Since 2004,
this approach has marked a new milestone for genetic diagnosis [23]. CGH is performed by using
probes covering dystrophin exons and introns conjugated to a glass slide. Control and patient DNA
is fragmented and hybridized to the probes, allowing for the detection of the relative abundance of
each exon. However, unlike MLPA, it can pinpoint the location of breakpoints within introns [16].
This method can be applied to screen the genome both at the whole-gene level and the individual
exon level for many disease genes including DMD [24]. The CGH platform can detect precise
intron breakpoints in high resolution and sensitivity [25] while also being completely scalable [26].
Through the use of CGH, the ability to capture intronic mutations is notably improved [27]. Due to the
high resolution of CGH [28], this technique has been used to probe intronic mutations in dystrophin
using patient data [29,30]. Therefore, CGH is also a recommended technique used first to look at
DBMD genetics.

Next-generation sequencing (NGS), which refers to sequencing strategies featuring a much greater
sequencing volume than Sanger sequencing [10], is another prominent strategy relevant to DBMD [11]
and can be used alongside other strategies such as MLPA to provide a reliable genetic diagnosis.
Overall, targeted NGS can bolster a more precise understanding of ambiguous mutations [12] in
contrast to MLPA which cannot identify some dystrophin mutations [11].

NGS features several potential diagnostic uses. For instance, NGS can accurately identify
pathogenic small mutations in DBMD patients without a large deletion/duplication, especially in
non-coding regions [31]. Therefore, this technique has great potential to improve the molecular
diagnosis of DBMD. Lastly, whole-exome sequencing, which solely concentrates on the coding exon
regions of the genome, is useful for the quick examination of exonic mutations [32]. Though this
technique is not widely used, it has been used to identify small mutations giving rise to DBMD [33-35].
The broad range of NGS methodologies available supports precise genetic diagnoses [12].

3. Exon-Skipping Therapies for DMD

Exon-skipping therapy is based on the observation that not all of the 79 dystrophin exons are
essential for functional protein [36]. Patients with in-frame deletions typically feature a milder
BMD phenotype, despite not having all exons, which forms the basis for the approach of exon
skipping [37]. Synthetic antisense oligonucleotides (AONs), which are engineered to resist nuclease
degradation, are typically used to target mRNA of the dystrophin gene for removal, thereby restoring
the reading frame and promoting the production of partially functional protein [36]. This truncated
protein then compensates for the function of the full-length protein. Currently, many exon-skipping
therapies are in clinical testing [38]. Thus far, exon skipping has shown effectiveness in delaying DMD
progression [36]. Eteplirsen, which is designed to skip exon 51 [39], and golodirsen, which is designed
to skip exon 53 [40], gained conditional approval in the US in 2016 and 2019, respectively. A newly
approved AON, viltolarsen, has been especially promising. Based on compelling evidence of efficacy,
viltolarsen received approval in Japan for the skipping of exon 53 [41] and was conditionally approved

75



J. Pers. Med. 2020, 10, 111

by the U.S. Food and Drug Administration (FDA) in August 2020 [42]. A Phase II trial of viltolarsen
demonstrated that the low dose group (40 mg/kg) rose from an average dystrophin production baseline
of 0.3% to 5.7% of normal while the high dose group rose from an average dystrophin production
baseline of 0.6% to 5.9% of normal in Western blots [43]. In parallel, the trial strengthened the evidence
that viltolarsen can stabilize or improve muscle strength and functionality based on timed tests. Of the
three approved therapies, which are compared in Table 2, viltolarsen has produced the highest observed
increases in dystrophin production.

Table 2. Comparison of FDA-approved exon-skipping therapies for Duchenne muscular dystrophy
(DMD). Mean dystrophin protein production (as a percentage), relative to healthy controls, is presented
based on Western blot data. Baseline values are included for reference.

Baseline Dystrophin Production

(% of Normal) (% of Normal) Side Effects

Therapy

No severe or moderate adverse events
Eteplirsen [44] 0.08 0.93 8 mild events considered related to
treatment [45]

2 moderate adverse events (infection
and pyrexia)

8 mild events considered related

to treatment

Golodirsen [46] 0.095 1.019

No severe or moderate adverse events
No mild events considered related
to treatment

0.3 (dose of 40 mg/kg) 5.7 (dose of 40 mg/kg)

Viltolarsen [43] 0.6 (dose of 80 mg/kg) 5.9 (dose of 80 mg/kg)

For this therapy to effectively treat patients, it must produce a stable dystrophin protein.
In one study, researchers examined the stability of edited in-frame dystrophins lacking exons 45-53,
exons 46-54, and exon 47-55, respectively; the edited protein lacking exons 46-54 featured the
greatest stability [47]. Though this study provides biochemical and computational prediction of
exon-skipping therapies, it does not demonstrate these results in vivo [9]. Nevertheless, exon-skipping
schemes can cause a myriad of consequences at the protein structure level, which could influence
therapeutic effectiveness.

In DMD, exon skipping is still challenged by its mutation-specific nature. Such therapies could be
spread too thinly across many different mutations even though it can potentially treat many patients
in total. For example, though 47% and 90% of nonsense mutations could be treated using single
and double exon-skipping, respectively, this therapy development could necessitate targeting 68 of
dystrophin’s 79 exons [48]. Although technically more challenging, double exon skipping substantially
raising the applicability of exon-skipping therapies compared to single exon skipping highlights the
power of skipping more than one exon. In a dystrophic dog model, double exon skipping of DMD
exons six and eight induced by cocktail AONSs resulted in the systemic correction of the reading
frame and truncated dystrophin expression in skeletal muscles accompanied by improved running
speed [49]. The potential of multi-exon skipping is supported by the milder BMD phenotypes observed
with the absence of exons 45-55 [50]. In particular, these patients largely featured no mortality and
delayed loss of ambulation [51]. Multi-exon skipping of exons 45-55 is expected to benefit 47% of
DMD patients [51]. In a DMD mouse model with a deletion mutation in exon 52, exons 45-55 skipping
was induced by cocktail AONSs, leading to systemic dystrophin expression and functional rescue [52].
Opverall, successful development of multi-exon skipping will significantly expand the applicability and
optimize the function and stability of truncated dystrophin.

4. Patient Registries and the Personalization of Exon Skipping

To better understand which patients are amenable to mutation-specific therapies, including
exon-skipping, patient data must be collected broadly through studies and registries. In a foundational
study, Baumbach et al. observed that 56% of DMD patients have detectable deletions, 29% of which
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mapped to a region proximal to the 5" end of the gene whereas 69% mapped to a region located
centrally [53]. The Leiden patient registry reflects one major collection of data on the genetics of
DBMD [7]. A large-scale study on the UMD-DMD registry from 2008 was performed on 2405 French
patients with DBMD [54]. DMD patients featured 61% large deletions and 13% duplications whereas
BMD patients featured 81% large deletions and 6% duplications. Comparatively, this indicates a similar
deletion rate to Baumbach et al. Furthermore, this database study indicated that 24% of mutations are
de novo events, reinforcing the relatively frequent occurrence of mutations in the dystrophin gene.
Finally, this large-scale approach to genotype—phenotype in analysis coincides with the development
of other international DMD patients’ registries [54].

TREAT-NMD, an EU-funded multinational network, aims to establish comprehensive information
on the natural history of DMD by acquiring data from a large number of patients from a variety of
countries not limited to Europe [55]. Currently, the TREAT-NMD database contains a lot of mutational
data [56], though as of 2015 15% and 57% of mutations submitted to the registry were from the Americas
and Europe, respectively. In parallel, researchers across many countries are collecting mutational data
on DBMD patients across the world. These efforts supplement consolidation of patient data into a
global registry like TREAT-NMD [57-67].

In 2015, TREAT-NMD's global database was used to assess more than 7000 dystrophin
mutations [56]. Among large mutations, which comprise 80% of total mutations, 86% are deletions
and 14% are duplications. This study, beyond providing an overview of mutations observed in a
global group of DMD patients, also concludes that the skipping of exons 51 (14% of patients), 45 (9% of
patients), 53 (8.1% of patients), and 44 (7.6% of patients) could apply to significant minorities of the
registry’s patients.

Inspired by the TREAT-NMD global registry, Japan established its own registry called Remudy.
In a 2013 study examining 688 DBMD patients, the deletion of exons was most frequent followed by
point mutations and duplications [68,69]. The most recent published analysis of Remudy concluded,
based on a set of 1197 Japanese DMD patients, that 107 patients could benefit from exon 51 skipping
while 111 could benefit from exon 53 skipping [70].

5. Genotype-Phenotype Correlation Studies to Predict the Likely Outcomes of
Exon-Skipping Therapies

Through documenting the genotype—phenotype relationship, researchers may better design
mutation-specific therapies such as exon-skipping. A greater understanding of genotype—phenotype
relationships has been supported by data from clinical studies. Although the reading-frame rule holds
in approximately 90% of DBMD cases [7], there are important exceptions. A 2007 review pooled
DBMD patient data, based on MLPA, Southern blotting, or PCR analysis, concluded that in-frame
deletion patterns result in a mixture of DMD and BMD phenotypes [71]. The deletion of exons 45-47,
for instance, featured a 15% occurrence of DMD whereas the deletion of exons 45-51 featured a 48%
occurrence of DMD (13 out of 27 patients).

Assessing the genotype—phenotype relationship in a subset of DMD patients might more directly
indicate the merits of potential exon-skipping therapies. The 5" region of the gene, which includes
exons 3-9, may be associated with complex genotype—phenotype correlations [72]. In one case study,
a patient with an in-frame deletion of exon five featured a more severe than expected BMD phenotype
despite the continued recognition of exon six [73]. By contrast, an in-frame deletion of exons 3-9,
according to one study, mostly leads to a BMD phenotype [74,75]. The two closely examined patients
featured especially mild BMD with only mild heart impairment. In addition, Nakamura et al. reported
a patient with this deletion showing only a slight decrease in cardiac function but without muscle
involvement at the age of 27 years. By examining this deletion in vivo, the researchers concluded that
the removal of exons 3-9 via multi-exon skipping likely generates a mild BMD phenotype. Based on
these observations, removal of exons 3-9 is a promising treatment for DMD patients with mutations in
this region.
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Findlay et al. examined 41 patients enrolled in the United Dystrophinopathy Project focusing on
in-frame deletions around exon 45 [8]. All patients with A45-46 deletions (n = 4) carried a diagnosis
of DMD whereas most patients with A45-47 deletions (n = 17) and A45-48 deletions (n = 19) were
diagnosed with BMD. Based on these findings, the skipping of exon 46 for patients missing exon 45
may not rescue the DMD phenotype. Instead, the study illustrates how the skipping of exons 46—47
or 46-48 for these patients has a greater likelihood of producing a BMD phenotype. As a result of
this cohort study, a clinical case can be made for multi-exon skipping, which remains in preclinical
testing [76]. From this example, we can see how genotype—phenotype correlations can support the
design of exon-skipping therapies, improving their personalization.

A systematic review of dystrophinopathy data from the published literature and unpublished
databases examined 135 DBMD patients with in-frame deletions equivalent to the skipping of
exon 51 [77]. Of these patients, the majority (n = 81) had BMD whereas 16 patients had more severe
phenotypes and 6 had no definitive phenotype. The authors conclude that exon 51 skipping therapy,
overall, is likely to produce milder BMD phenotypes in many patients.

To understand the genotype—phenotype relationships of in-frame deletions within the exons 45-55
mutational hot spot, 43 patients with DBMD patients were examined using MLPA, Southern blotting,
and multiplex PCR [51]. The deletions examined are as follows: A45-55 (n = 7), A45-51 (n = 6),
A45-48 (n = 5), A45-57 (n = 3). Researchers subdivided these groups into two groups based on truncated
dystrophin conformation: hybrid type (A45-55, A45-58, A45-51) and fractional type (A45-57 and
A45-49). Hybrid type conformation (n = 18) at large features a lower proportion of wheelchair-bound
patients than the fractional type conformation (n = 6). Log-rank tests revealed a statistically significant
difference between the hybrid and fractional groups (p < 0.05) of the age at which patients became
wheelchair-bound. In other words, the fractional type appears to more consistently lead to an earlier
loss of ambulation. This study provides another manner of predicting the viability of dystrophin
protein produced by exon-skipping.

Larger studies of in-frame deletions can more strongly guide exon-skipping development [71].
Looking at in-frame deletions within the hotspot region, researchers determined that some mutations
were unexpectedly severe, leading to a DMD phenotype rather than the expected BMD phenotype.
For example, in-frame deletions starting from exon 49 and exon 50 featured 92% DMD and 90% DMD
proportions, respectively, reinforcing the fact that not all potential exon-skipping strategies will resolve
a severe phenotype.

Genotype—phenotype correlations of in-frame deletions also support multi-exon-skipping
therapies, especially removing exons 45-55. In three patients each featuring in-frame deletion of
the region, two developed heart failure while featuring no overt skeletal pathology whereas a third
patient featured muscle atrophy and weakness [78]. The condition of all remained stable with treatment.
A separate study examined nine patients with the same mutation and indicated that all nine patients
had quadriceps and calf hypertrophy and no respiratory involvement. Meanwhile, two patients
featured dilated cardiomyopathy [79]. These results suggest, like with the previous study, that the
deletion of exons 45-55 is associated with a milder condition compared to smaller in-frame deletions in
this region. A multi-exon-skipping strategy can recapture this phenotype by removing several exons,
rather than simply skipping every exon in the region individually, and potentially treat over 65% of
DMD patients featuring deletions [80].

6. Conclusions

Through comprehensive registries of patient data such as TREAT-NMD with the support of newly
available genetic diagnosis tools, DBMD patients can be classified based on mutations, which will
further help optimize therapy design while offering higher power for clinical trials [55]. Concurrently,
the emergence of multi-exon skipping raises the overall applicability of this treatment strategy,
although it is technically more challenging. For exon-skipping therapies to be as effective as possible,
cohort studies of genotype-phenotype relationships in DBMD patients with the same resulting
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mutation would support their design [9]. Because BMD can feature a plethora of truncated dystrophins,
exon skipping resulting in truncated dystrophins linked to a milder BMD phenotype might be more
beneficial. However, caution should be taken in interpreting these data as other factors, such as
the variability of exon skipping efficacy among different exons, also need to be taken into account.
Nevertheless, larger cohort studies utilizing patient registry data on genotype—phenotype correlation
would greatly contribute to the rational design of mutation-specific therapies including exon skipping
in the personalized medicine era.
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Abstract: Amyotrophic lateral sclerosis is a rare and fatal neurodegenerative disease characterised by
progressive deterioration of upper and lower motor neurons that eventually culminates in severe
muscle atrophy, respiratory failure and death. There is a concerning lack of understanding regarding
the mechanisms that lead to the onset of ALS and as a result there are no reliable biomarkers
that aid in the early detection of the disease nor is there an effective treatment. This review first
considers the clinical phenotypes associated with ALS, and discusses the broad categorisation of
ALS and ALS-mimic diseases into upper and lower motor neuron diseases, before focusing on the
genetic aetiology of ALS and considering the potential relationship of mutations of different genes to
variations in phenotype. For this purpose, a systematic review is conducted collating data from 107
original published clinical studies on monogenic forms of the disease, surveying the age and site of
onset, disease duration and motor neuron involvement. The collected data highlight the complexity
of the disease’s genotype-phenotype relationship, and thus the need for a nuanced approach to the
development of clinical assays and therapeutics.

Keywords: ALS; MND; ALS variants; genotype—phenotype; ALS genes

1. Introduction

Amyotrophic lateral sclerosis, or ALS, is characterised by a progressive and fatal degeneration of
upper and/or lower motor neurons (UMN and LMN, respectively) resulting in muscle weakness and
wasting. Classical ALS is the most common form of motor neuron disease (MND) [1] and is defined by
the selective deterioration of both UMN and LMN [2]. The global incidence of ALS varies between 1
and 2.6 cases per 100,000 people per year [3], with the average age of onset ranging from 54 to 67 years
old [4]. The prevalence of ALS increases with age, reaching 1/5000 among people aged 70-79 years
old [5]. Consequently, as the population ages, it is expected that the world’s total number of cases
will reach more than 375,000 by 2040 [6]. Owing to the lack of a reliable diagnostic test, absence of
validated biomarkers, and phenotypes that are easily confounded with other MNDs, including primary
lateral sclerosis (PLS) and progressive muscular atrophy (PMA), there is a delay of approximately
11-12 months in reaching a definite diagnosis [7]. Currently, diagnosis is based on a set of clinical
criteria (El Escorial [8] and revisions [9], and Awaji-Shima criteria [10]) that can be used to stratify
patients according to the area of initial onset and the progression of symptoms.
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ALS phenotypes vary between patients who can present with different sites of onset and symptom
severity (Figure 1). Concomitant impairments in cognitive ability are sometimes associated with the ALS
phenotype. A recent finding from Chio et al. suggested that 20.5% of ALS patients had frontotemporal
dementia (FTD), and a further 31.3% had a behavioural, cognitive or non-executive impairment [11].

Prognosis
Good ""‘1%01‘
Diagnostic delay  18mths lyr Smiths
Disease progression - e
prog ALSFRS-R score <0.4pts pts >1.4pts

lost per month

25y0  45v0  6lyo  TOvo

-_—

Age of onset Juvcﬁilc Yoimg Classic  Old-onset

ALS ALS ALS ALS
t L 1
Bulbar- and

respiratory-onset ALS
f
NI

Spinal-onset ALS

Onset site

Figure 1. Clinical features of amyotrophic lateral sclerosis (ALS) and their role in prognosis. Diagram
summarising the heterogeneity of clinical features in ALS. Multiple features have been associated with
a poor prognosis, with an elderly onset being associated with a rapid progression of symptoms and a
poor prognosis, especially among elderly females presenting with bulbar-onset phenotype [12]. Disease
progression can be assessed either by diagnostic delay or by the ALS functional rating score (ALSFRS:
amyotrophic lateral sclerosis functional rating scale). Poor prognosis is associated with patients whose
ALS diagnosis has been given less than 8 months after symptom onset, or among those patients losing
more than 1.4 points/month on the ALSFRS scale [13].

In the past 30 years, there have been a large number of studies investigating the genetic underpinnings
of ALS. To date, over 30 genes have been related to the disease; yet it is important to note that mutations
in these genes explain only ~20% of total ALS cases [14] whilst the majority of cases remain unexplained
and present no family history. ALS is therefore considered to be a mainly sporadic disease (sALS),
with ~80% of cases having no known genetic basis [3], although twin studies have estimated heritability
at 40-45% [15] or 61% [16]. Known gene mutations explain some 70% of familial cases (fALS) [17,18],
and they have also been identified in 10% of sporadic cases [18]. In European cohorts, the hexanucleotide
repeat expansion in the C9orf72 gene is the most common genetic cause of fALS (33.7%) and sALS (5.1%),
followed by SOD1 (14.8% in fALS and 1.2% in sALS cases), TARDBP/TDP-43 (4.2% in fALS and 0.8% in
sALS), and FUS (2.8% in fALS and 0.3% in sALS) [19].

To understand the molecular mechanisms underlying ALS, it is useful to study genotype—-phenotype
relationships, to determine whether certain gene mutations are associated with specific clinical features
or outcomes. Genotype-phenotype relationships have previously been examined for certain gene
mutations, and several informatics resources exist to collect genotype—phenotype data [20-24], but a
systematic understanding across different gene mutations has not been established. As a step towards
this, the present review gathers together the clinical summary statistics from previously studied cohorts
across 22 of the more commonly associated genes. Each of the genes are considered in the order in which
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they were discovered and, where available, a summary of the reported phenotypes associated with each
gene is later provided.

2. Pathological Definition of ALS: Clinical Features and Phenotype Variability

2.1. Age of Onset Variation

ALS occurs primarily in patients in their sixth decade, though peak onset is later in sporadic cases
(58-63 years) than in familial cases (47-52 years) [25] (Table 1 and Figure 1). Four periods of onset can be
defined: juvenile (<25 years old); young (2545 years); mid-late adulthood (45-70 years); and elderly
(>70 years). Juvenile ALS is extremely rare (<1/1,000,000 cases) [26], and is usually associated with slower
symptom progression, hence a longer survival time and better prognosis [27]. Some mutations are now
described to be associated with juvenile ALS, such as specific mutations of FUS, ALS2 and SETX genes [26].
UMN rather than LMN dysfunction is predominant among juvenile ALS cases. Young-onset ALS also
shows mainly UMN dysfunction, which is predominant in 60% of those patients [26]. Bulbar-onset
ALS is rare in young patients and represents ~15% of cases [27]. In addition, young-onset ALS affects a
relatively high proportion of males, with a male:female ratio of 3:1 [26]. These young-onset cases are
also associated with a better prognosis than older ALS patients. Elderly-onset patients are more likely to
present with bulbar symptoms and are represented by a greater proportion of female patients (M:F ratio
1-1.6) [12,26]. Symptom onset after 80 years is associated with a more aggressive phenotype and poor
prognosis, with mean survival times of less than 20 months [12].

Table 1. ALS age of onset variability and their clinical features. Summary of clinical features for ALS
in different age periods from Chio et al. [28], Forbes et al. [12], Swinnen et al. [27], Turner at al [26],
Sabetelli et al. [29], and Kiernan et al. [25]. In addition to the classical ALS phenotype with age of
onset ranging from 45 to 70 years old (mean age ~ 61 years old), three additional age of onset periods
(columns) have been observed. Male to female ratios, genetic characteristics, site of onset, estimated
survival time, and clinical features are shown where applicable. sALS: sporadic ALS. fALS: familial
ALS. MN: motor neurons. UMN: upper motor neurons. LMN: lower motor neurons. -: no data.

Juvenile Young ::Ijﬁ;]];:;ed Elderly
Age of onset <25 years old 25 to 45 years old 45 to 70 years old >70 years old
M:F ratio _ 3-3.6:1 1.3-1.56:1 1:1.25
Mostly familial cases o
Genetics (FUS, SETX, ALS2 Mostly familial :?80;0 ?:IES _
mutations) ’
Site of onset:

Limb onset _ _ ~70% ~40%
Bulbar onset _ ~16% ~25% ~50% (M:F = 1:1.6)
Respiratory/ 59

cognitive onset - - © _
Survival (from Variable:
Generally longer survival > 10 years 50%: <30 months ~20 months
symptoms onset) 5-10%: 5-10 years
MN involvement:
UMN+LMN _ ~40% ~80% ~72%
UMN:-predominant Predominant ~60% ~17% _
LMN-predominant _ _ _ ~19%

2.2. Site of Onset Variability

The majority of ALS cases (~70%) have spinal onset, usually presenting with focal limb
weakness [30] such as foot drop or a weak hand [7]. The disease then tends to spread in a contiguous
manner, initiating at distinct focal regions of the body and then propagating from the primarily affected
area to adjuvant secondary sites of the body [31].
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In 25% of ALS cases, symptoms develop initially in the bulbar-innervated muscles [30,32].
Bulbar-onset ALS is more common in women [7], especially after 70 years (M:F ratio 1:1.6 [12]).
Dysarthria almost always predates dysphagia and cognitive impairment is often present [32].

Approximately 3% to 5% of patients [33] present with respiratory or cognitive onset [25]. Thoracic
spinal-onset ALS can present as truncal weakness or respiratory impairment and is associated with
poor prognosis, with a mean survival time of just 1.4 years [27,34].

Cognitive-onset ALS patients usually present symptoms characteristic of frontotemporal dementia
(FTD), such as changes in behaviour, personality and cognition which are all suggestive of frontal
impairments [35].

In summary, initial site of symptom onset varies among ALS patients from classic limb-onset to
rare cognitive-onset phenotypes, and a poor prognosis is often associated with bulbar and respiratory
onset [25].

2.3. Motor Neuron Involvement in ALS Variants

ALS patients can present with either a LMN or UMN predominant phenotype (Figure 2). Signs of
pure LMN dysfunction are considered as progressive muscular atrophy (PMA), whereas predominant
UMN signs are associated with primary lateral sclerosis (PLS) [30]. PMA and PLS are both rare diseases
and represent 5% of MND patients [27].

2.3.1. UMN-Dominant ALS Variants

Patients can present predominant UMN dysfunction as in primary lateral sclerosis (PLS) or
pseudobulbar palsy. The UMN predominant phenotype can then progress to ALS, which is observed
in 40% of PLS cases [36]. Patients diagnosed with PLS for not meeting the diagnostic criteria for
ALS can still slowly develop signs of LMN dysfunction and therefore present both UMN and LMN
signs [27]. However, LMN involvement and limb atrophy in PLS is exceptionally rare [37] and the
prognosis for PLS patients is better than that for patients diagnosed with ALS as symptom progression
is relatively slow.

2.3.2. LMN-Dominant ALS Variants

On the contrary, some patients can develop a LMN-dominant phenotype which can be defined
as progressive muscular atrophy (PMA), and flail-arm or flail-leg syndrome variants. PMA patients
are similar to classic ALS patients without obvious signs of UMN dysfunction. However 50% to
60% of PMA patients develop degeneration of upper motor neurons during the progression of the
disease [38], and post-mortem histopathology has demonstrated that some PMA patients show UMN
involvement which could not be detected upon clinical examination [39,40]. In patients with flail-arm
or flail-leg syndromes, a LMN pattern of weakness and atrophy is observed in the upper limbs or
lower limbs, respectively. Similar to PMA, flail-arm and flail-leg syndrome have been described as
a LMN variant but can show UMN involvement in the later stages of disease [41]. Involvement of
secondary sites should not occur within 12 months of initial onset [42] and prognosis for flail-arm and
flail-leg syndrome is better than that seen in ALS, with median survival times of 5 to 6 years [41,43].

2.4. Non-Motor Involvement in ALS and Overlap with FTD

For many years, ALS was described as a neurodegenerative disorder with no extra-motor involvement.
However, non-motor involvement is now accepted in the ALS phenotype [44], with neuroimaging
demonstrating reduced grey matter in motor and non-motor brain regions of ALS patients [45],
and histopathology suggesting widespread neuronal and glial TDP-43 pathology in the CNS [46].
In regards to symptomology, a low proportion of ALS patients experience non-motor impairment as a first
indication of pathology (3% of sporadic cases and 15% of familial cases) [47]. It has been estimated that
approximatively 35% of ALS patients present behavioural and/or cognitive changes (with 15% meeting
the Neary criteria [48] for FTD diagnosis (ALS-FID) [47]). The reported percentage seems to be much
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lower in most gene-specific studies and varies considerably between them, but it should be noted that
the number of patients and studies for which these clinical parameters are reported is relatively small
(Table S2). ALS and FTD are sometimes described as part of one continuum, with pure ALS patients
(without any non-motor involvement) and pure FTD cases (for whom no motor dysfunction has been
described) representing opposite ends of the spectrum.

Legend

. Corticobulbar (CB) UMN

() Buibar LMN

@ corticospinal (CS) UMN
O Spinal LMN

MN affected in:

| ALS(CS & CB UMN & LMN)

| PLS(CS & CB UMN Only)
Pseudobulbar palsy (CB UMN)
PMA (CB and CS LMN)
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Figure 2. The role of upper and lower motor neurons in different ALS variants. ALS is a disease
with high variability in clinical phenotype. “Classic ALS” patients will present with signs of both
UMN and LMN degeneration. However, patients with progressive muscular atrophy (PMA) and
primary lateral sclerosis (PLS) present with LMN-predominant or UMN-predominant signs, respectively.
LMN-predominant patients also include flail-arm syndrome and flail-leg syndrome ALS variants
where LMN signs are present in upper or lower limbs, respectively. ALS patients might present
symptoms in bulbar-innervated muscles, if UMN signs are predominant, patients are diagnosed with
pseudobulbar-palsy. Blue colour circles indicate motor neurons of the corticospinal tract. Green colour
circles indicate motor neurons of the corticobulbar tract. Solid circles indicate UMNSs and open circles
indicate LMNs. Colour of ticks corresponds to colour of variant label and tick location indicates the
motor neuron populations affected. ALS: amyotrophic lateral sclerosis. PLS: primary lateral sclerosis.
PMA: progressive muscular atrophy. CS: corticospinal. CB: corticobulbar.

ALS patients having FTD usually meet the criteria for behavioural variant FTD characterised by
defects in cognitive functions, personality traits and behavioural collapse. Among ALS cases experiencing
non-motor dysfunction, language (particularly deficits in verbal fluency) and cognition are the most
affected categories [49], and apathy is the most frequently encountered personality impairment [47].
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2.4.1. Dementia in ALS Patients—ALS-FTD Variants

ALS-FTD diagnosis is made upon the presence of an ALS phenotype associated with behavioural or
cognitive defects that fulfil FTD diagnostic criteria: (1) progressive impairment of behavioural/cognitive
functions and observation of at least three behavioural symptoms defined by Rascvosky et al. [50];
or (2) loss of insight and/or presence of psychotic features associated with at least two Rascvosky et al. [50]
symptoms; or (3) language impairment combined with semantic dementia (defined in [48]).

2.4.2. Cognitive Changes in Non-Demented ALS Patients—ALSci and ALSbi Variants

Non-demented ALS patients presenting with behavioural impairment are classified as ALSbi-variant,
while ALS patients experiencing cognitive impairment including language defects are considered to be
ALSci variant [47]. Based on the revised diagnostic criteria from Strong et al. [51], ALS patients can be
diagnosed as ALSci variant if either executive impairment (social cognition), or language dysfunction,
or a combination of the two features are evident during diagnosis. Diagnostic criteria for ALSbi variant
require apathy with or without other behavioural symptoms, or two or more behavioural changes,
such as disinhibition, loss of sympathy/empathy, perseverative/stereotypic/compulsive behaviour, hyper
orality/dietary change, loss of insight and psychotic symptoms.

3. Genetics of ALS

Superoxide dismutase 1 (SOD1) was the first gene demonstrated to be associated with ALS in
1993 [52]. SOD1 is ubiquitously expressed in human cells and serves to protect them from harmful
reactive oxygen species (ROS). Mutated forms of SOD1 are believed to result in a toxic gain of function,
provoking the presence of misfolded protein aggregates, increased endoplasmic reticulum (ER) stress,
and oxidative stress and ultimately accelerating motor neuron degeneration [17].

In 2001, mutations in ALSIN2 (ALS2) were shown to be implicated in juvenile forms of ALS [53-55]
and PLS [56]. The ALS2 protein has been found to act as a guanine nucleotide exchange factor for
the GTPase, Rab5, which is in involved in endosome trafficking [57]. Mutations in ALS2 have been
shown to inhibit activation of Rab5 and its translocation to mitochondria, leaving ALS2 mutated motor
neurons more susceptible to oxidative stress [58]. However, in murine studies, genetic ablation of
ALS2? has failed to recapitulate the pathological features seen in ALS [59,60] although primary motor
neurons from these mice did show greater sensitivity to oxidative stress and aberrant morphology,
suggesting that ALS2 mutations may indeed play a role in motor neuron susceptibility in ALS.

Genetic mutations were next reported in 2004 for the senataxin (SETX), angiogenin (ANG),
and vesicle-associated membrane protein-associated protein B (VAPB) genes. SETX plays a role in numerous
cellular functions including RNA metabolism and has been shown to regulate RNA polymerase
II transcription termination [61] and its yeast homolog, SEN1, has been linked with processing of
non-coding RNA [62]. SETX mutations are strongly associated with juvenile-onset ALS [63] and
associations have been confirmed in American, Italian and Dutch cohorts [63—-65]. ANG is highly
expressed in the human central nervous system [66] and has been reported to show neuroprotective
properties [67]. Indeed, expression of ALS-associated ANG variants has been shown to cause motor
neuron death in cell culture models [67]. ANG has also been reported to play a role in the transcription
of ribosomal RNA [68] and many ALS-associated variants are believed to elicit a loss of function in
ANG, thus eliminating any neuroprotective functionality [69]. VAPB is a protein closely associated
with the endoplasmic reticulum and is thought to be involved in the induction of the unfolded protein
response (UPR) [70], as well as cellular processes including lipid transport [71], protein secretion [72],
and calcium homeostasis [73]. The P56S mutation in VAPB has been implicated in an early-onset and
slow-progressing form of fALS [74] and follow-up studies have highlighted how this mutation can
result in nuclear envelope defects [75], and provoke VAPB ER aggregates [72]. However, murine
models expressing the P56S mutation show widespread VAPB aggregates but demonstrate no motor
neuron pathology or ALS phenotypes [76].
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The next genetic mutation associated with ALS did not arrive until 2008, when mutations in
TAR DNA-binding protein (TARDBP), encoding TDP-43, were reported in patients [77]. TDP-43 is a
RNA/DNA-binding protein that plays important roles in several RNA metabolism processes [78].
Ubiquitinated TDP-43 was first shown to be present in CNS inclusions of ALS patients in 2006 [79] and
subsequent studies have confirmed TDP-43 as the major protein component of pathological inclusions
present in approximately 90% of ALS patients [80]. However, TDP-43 pathology is not unique to ALS
and has been reported in numerous neurodegenerative conditions including FTD [79], Parkinson’s
disease [81], Huntington’s disease [82], Alzheimer’s disease [83], and dementia with Lewy bodies [84].

Then, in 2009, multiple mutations in the nuclear RNA-binding protein, Fused in Sarcoma (FUS)
and FIG4 phosphoinositide 5-phosphatase (FIG4), were associated with ALS [85,86]. FUS is another
RNA/DNA-binding protein involved in mechanisms of RNA splicing and DNA repair [87] and is
implicated in both ALS and FTD [88]. Mutations in FUS, particularly those near the nuclear localisation
signal (NLS) domain, cause cytoplasmic protein mislocalisation and are associated with a severe
phenotype in murine models [89]. FIG4 is involved in vesicle trafficking due to its role in the regulation
of the membrane bound phosphoinositide, PI(3,5)P2 [90]. Mutations in FIG4 were initially shown
to cause neurodegeneration in Charcot-Marie-Tooth (CMT) neuropathy [91]. However, others have
questioned the role of FIG4 in ALS pathology after failing to find pathogenic mutations in their
Taiwanese [92] and Italian [93] cohorts.

In 2010, mutations in Optineurin (OPTN), Spatacsin paraplegia 11 (SPG11), Valosin-containing
protein (VCP), and Ataxin-2 (ATXN2) were all implicated in ALS. Three different OPTN mutations were
identified in ALS patients [94] and researchers were able to demonstrate the increased immunoreactivity
of OPTN in both TDP-43 and SOD1 inclusions found in the spinal cord of sALS patients, suggesting a
role for OPTN in general ALS pathogenesis.

The link between SPG11 and ALS was established when mutations were found to be associated
with autosomal recessive juvenile ALS [95]. Mutations to SPG11 are the most common cause of
autosomal recessive hereditary spastic paraplegia [96] and loss of function mutations have been shown
to elicit lysosomal dysfunction and UMN + LMN degeneration in mice [97]. ATXN2 encoding the
ataxin-2 polyglutamine (polyQ) protein was associated with ALS when researchers identified the
presence of intermediate length polyQ expansions (27-33 Qs) in 4.7% of their North-American ALS
cohort [98]. Ataxin-2 protein has been shown to regulate mRNA stability and translation [99,100] and
upregulation of the fly homolog of Ataxin-2 was found to enhance neurodegeneration in Drosophila
via its interaction with wild-type and mutated forms of TDP-43 [98]. Involvement of Ataxin-2 in ALS
pathogenesis has since been confirmed in European and Chinese patient cohorts [101,102]. VCP is
an ATP-driven chaperone protein that plays a role in ubiquitin-regulated protein degradation [103],
autophagy [104], and mRNA processing [105,106]. VCP mutations were shown to be present in 1-2%
of familial ALS patients in an Italian cohort [107] and mice expressing ALS-associated VCP mutations
have been shown to develop a slow-progressing ALS phenotype [108].

In 2011, mutations in ubiquilin-2 (UBQLN2), sequestosome-1 (SQSTM1), and chromosome 9 open
reading frame 72 (C9orf72) were discovered. Ubiquilin-positive inclusions have been implicated in both
sALS and fALS [109], whilst mutations in SQSTM1 have been observed in rare ALS and FTD cases [110]
and can be shown to lead to p62 protein inclusions in motor neurons of both patient groups [111].
The G4C2 hexanucleotide repeat expansion mutation (HREM) within C9orf72 [112,113] is perhaps
the most significant genetic mutation associated with ALS thus far, and is estimated to be present
in 34% of familial cases, and 5% of sporadic cases in Europe [19,114]. In healthy subjects, the G4C2
repeat length ranges from 2 to 23 units [112], whilst intermediate expansions ranging from 24 to
30 [115] and large expansions ranging from 30 to many hundreds of units have been observed in ALS
patients [112,116]. Although rare, C90rf72 expansions have been implicated in other neurodegenerative
and psychiatric diseases including PD [117] and Schizophrenia [118], suggesting a wider role for
C90rf72 in neuropathology and perhaps offering some insight towards the heterogeneous phenotype
seen in C9orf72 ALS.
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In 2012, Profilin 1 (PFN1) was implicated in familial and sporadic cases of ALS [119]. Mutant PFN1
has been shown to cause motor neuron degeneration through the formation of insoluble aggregates
and disrupted cytoskeleton dynamics in mice [120] and co-aggregation of PFN1 and TDP-43 has been
reported in cell lines expressing mutant PFN1 [119].

Then, in 2013, heterogeneous nuclear ribonucleoprotein A1 (nRNPA1) was reported to be involved in
ALS after researchers identified three inRNPA1 variants—two of which were associated with familial
ALS and the other of which was associated with a sporadic case [121]. hnRNPA1 is known to colocalise
with TDP-43 [121] and post-mortem studies have shown that motor neurons of ALS patients display
marked reductions in hnRNPA1 alongside concomitant TDP-43 inclusions [122].

In 2014, mutations in Tubulin alpha-4A (TUBA4A) and Matrin-3 (MATR3) were implicated in ALS.
Mutations in TUBA4A were first identified in a European and American cohort [123] and then validated
in Belgian and Chinese cohorts in 2017 and 2018 [124,125]. TUBA4A mutations have been shown
to cause cytoskeletal defects in primary motor neurons [123] and are recognised as a rare cause of
ALS and FTD [125].

MATR3 was first associated with ALS after exome sequencing identified mutations in Italian,
UK and US kindreds, alongside increased levels of MATR3 protein in spinal cord sections of ALS patients
relative to controls [126]. MATR3 has been found to interact with TDP-43 and both proteins were shown
to co-aggregate in skeletal muscle tissue of ALS patients [126]. MATR3 is known to play various roles
in RNA metabolism and alternative splicing [127,128] and recent evidence suggests ALS-associated
MATR3 mutations play a role in defective nuclear export of FUS and TDP-43 mRNA [129]

In 2015, NIMA-related kinase 1 (NEK1) was recognised as an ALS-risk gene [130] and was shown to
interact with two other ALS genes, ALS2 and VAPB—both of which are involved in endosomal trafficking.
Subsequent studies provided further evidence for the pathogenic role of NEKT in ALS [131,132] and
pathway analyses have shown NEKI1 to interact with C21orf72—both of which are involved in DNA
repair mechanisms [133]. Mutations in Tank-binding kinase 1 (TBK1) were also associated with ALS in
2015 after exome sequencing identified eight loss of function mutations in 13 fALS pedigrees [134].

Cyclin F (CCNF) was implicated in ALS in 2016 with variants identified in both familial and
sporadic cases [135]. In the same study, researchers were able to demonstrate how mutant CCNF
led to aberrant ubiquitination and aggregation of proteins including TDP-43. More recently, CCNF
was shown to be a binding partner of another ALS protein, VCP. Binding of mutated CCNF to VCP
increased VCP ATPase activity, which in turn led to increased TDP-43 aggregation in U20S cells [136].

Then, in 2018, the most recent genetic mutations implicated in ALS were discovered when research
demonstrated the pathological involvement of Kinesin family member 5A (KIF5A) [137]. KIF5A is a protein
expressed specifically in neurons and is involved in regulating neuronal microtubule dynamics [138,139].
KIF5A is also associated with spastic paraplegia and Charcot-Marie-Tooth neuropathy [140] and
mutations have been reported in ALS patients in Chinese [141], European [142,143], and US cohorts [137].

4. Correlation of Genotype/Phenotype: Methods, Results and Discussion

To evaluate whether there is a correlation between associated genes and phenotype in ALS,
a systematic search of original papers was performed using key words summarised in Table S1,
while adhering to PRISMA guidelines (see checklist in Supplementary Materials).

4.1. Protocol

A systematic search was performed in PubMed using the key words: ALS, genotype phenotype,
patient, and onset. To make sure that clinical data would also be obtained for rare genes involved in
ALS and listed in Vijayakumar et al. [14], the following search terms were added: ALS, phenotype,
patient and the gene name such as TBK1, VCP, SQSTM1, CCNF, NEK1, OPTN, FIG4, PFN1, ATXN2,
VAPB, ANG, ALS2, SPG11, UBQLN2, KIF5A, and MATR3. There were no language, type of study,
or publication date restrictions.
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4.2. Eligibility Criteria

The search combining the different key words resulted in 355 articles. Reviews and duplicated
papers were excluded. To avoid redundancy, papers re-using previously published clinical data
were excluded. All studies used in the systematic review were peer-reviewed, written in English,
and published original clinical data related to patients affected by monogenic forms of ALS. At least
one of the following parameters had to be described in the paper: age of onset, site of onset, motor
neuron population being affected (UMN, LMN, UMN+LMN), disease duration, number of patients
with FTD, and number of patients with cognitive impairment. A total of 107 papers were then eligible
for the analysis (see PRISMA flow chart in Figure 3).
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Figure 3. PRISMA flow chart showing how studies have been selected.

4.3. Data Extractions and Synthesis

The papers were thoroughly reviewed by OC, LLG, VM and SD. Key information was extracted
from each study, and grouped into cohort characteristics (ethnicity/ country of the study, number of
patients), age of onset (distribution and mean and standard deviation (SD)), site of onset (spinal, bulbar,
respiratory, other/unknown), motor neurons being affected (UMN, LMN, UMN+LMN), disease
duration (mean and SD), percentage of patients with FTD, and percentage of patients with cognitive
impairment. All data are collated per gene in Table S2.

For the summary Table (Figure 4), the age of onset and disease duration are presented as the
weighted mean + SD, and the site of onset, motor neuron impairments, and FTD comorbidity are
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presented as weighted percentages, in all cases taking into account the number of patients studied as
described below:

Mean = mean of the parameter of interest given in the referenced study;
n = number of patients studied for the corresponding parameter in the given study;
Sx? = SD*(n—1) + ((Sx)*/n)

X

Weighted mean = ):Zn

2[(Z(84)-($9%)/ Ln
=

Weighted SD =

4.4. Characteristics of Studies

A total of 1630 ALS patients were included in the systematic review. The total number of reported
patients for each gene is shown in Figure 4 column 4. As not all studies reported all clinical parameters,
the total number of patients studied for each parameter is reported in the first subcolumn for each
parameter. On average, 59% of the population was male, with considerable variation between genes
(See Table S2). Most of the studies were conducted in Europe, North America and Asia.

4.5. Overall Findings and Discussion

For most genetic forms of ALS reported in Table S2 and in Figure 4, the age of onset ranges
between 50 and 70 years old. Exceptions to this include cases of juvenile ALS, which are observed
with mutations in SPG11 [95,144], FUS [145,146] and ALS2 [53,55] (Table S2). Whilst FUS patients
are known to show considerable variation in phenotype, with some showing early onset and fast
progression, others show a later age of onset and a slower-progressing phenotype [147]. This variation
in the FUS phenotype has been hypothesised to arise due to the different effects exerted by missense
and truncating mutations [148]. Interestingly, the studies reviewed here suggest that FUS mutations
are indeed associated with a relatively early age of onset (41.8 + 14.5 years) and a fast-progressing
phenotype, with average disease duration lasting 30.6 months (Figure 4). Another gene sometimes
associated with early-onset ALS is SETX. Patients with SETX mutations have been reported to display
a slow-progressing phenotype in which bulbar and respiratory muscles seem largely unaffected [149].
However, in one reported case, a patient did go on to experience bulbar symptoms 3 years after
onset [150]. Moreover, from the studies retrieved in this review, SETX patients do not show an early
age of onset nor a particularly slow phenotype. For instance, the average age of onset for SETX patients
was 59.5 + 24.7 years with an average disease duration of 43.8 + 37.5 months.

Many ALS-associated genes show variation in site of onset. Among the 22 genes included in Figure
4, cases of spinal onset are predominant in 19. This is in line with previous findings that suggest spinal
onset accounts for approximately two-thirds of ALS cases [32]. For example, SOD1, inRNAP1, TUBA4A,
and ALS2 show a high percentage of patients with spinal onset (>80%), while spinal onset in VCP, NEK1,
and TBK1 cases accounted for 50%, 50% and 55% of cases, respectively. Some other ALS-associated gene
mutations were associated with a lower proportion of spinal onset, e.g., 33% of C901f72 cases, and 40% of
UBQLN2 cases. However, previous research suggests that C90rf72 ALS demonstrates frequent occurrence
of both spinal [151] and bulbar onset [152]. Moreover, it has been reported that site of onset in C9orf72
ALS can be used to predict disease duration. For instance, the average age of onset in patients with spinal
onset was 59.3 years, increasing to 62.3 years in patients with bulbar onset, and male patients with spinal
onset seem to display a faster-progressing phenotype [153].

A striking 95% of SOD1 cases were classified as spinal onset. Indeed, animal studies have provided
support for the notion that SOD1 pathology begins at the periphery and proceeds in a retrograde
manner [154,155]. Recently, a homozygous mutation that eliminates the enzymatic activity of SOD1
was found to result in a severe LMN phenotype and mild cerebellar atrophy in a young child [156] and
the presence of a SOD1 p.D12Y variant was shown to result in a LMN-predominant phenotype [157].
Similarly, seven studies reported a non-negligible percentage of patients with pure LMN signs (Table S2,
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Figure 4, 47.6% pure LMN vs. 45.2% UMN+LMN, [158-161]). Overall, these studies seem to suggest
that SOD1 mutations exert profound effects at the distal nerve. In addition, the observation that both
overexpression, and absence of SOD1 activity lead to pathology should be an important consideration in
the development of therapeutics that aim to alter SOD1 levels as a novel treatment in ALS [162].

Figure 4 was sorted in descending order for the percentage of patients showing LMN signs.
Not all studies reported UMN and/or LMN signs, and thus the percentage given in this table only
represents a small proportion of the studies (see Table S2 for more details). However, it is interesting to
see that the majority of the gene mutations do indeed elicit a phenotype that is characterised by both
UMN+LMN signs, consistent with the classical clinical definition of ALS. FUS, C90rf72 and TARDBP
all demonstrated increased presence of both UMN and LMN signs with both neuronal populations
affected in 66.7%, 72.7% and 44.4%, respectively. Surprisingly, only 33% of FIG4, PFN1, MATR3
and NEKI1 cases showed both UMN and LMN signs, although it should be noted that 4 of the 14
studies reviewed in relation to these genes did not provide details regarding the pattern of motor
neuron involvement. Some ALS-associated genes demonstrated >20% of patients with pure LMN
signs (SOD1, FUS, PFN1, ATXN2, TARDBP, TBK1, and hnRNPA1), while pure UMN signs had >20%
preponderance in several genes (ANG, TBK1, FIG4, MATR3, NEK1, hnRNPAT).

Finally, the current review also aimed to collect information regarding the prevalence of cognitive
impairments and FTD in ALS. FTD was most frequent in cases with mutations in either C9orf72,
SQSTM]1, or TBK1 (36%, 67%, and 43%, respectively, Figure 4). Indeed, C90rf72 [163], SQSTM1 [164],
and TBK1 [165] have all previously been linked with FTD onset. However, in a large screen of 121
patients with FTD, genetic mutations were successfully identified only in C90rf72 and SQSTM1, whilst
no TBK1 variants were identified [166]. It is also worth noting that despite the frequent association
between TARDBP and FTD, only 12% of cases reviewed here were found to have concomitant FTD
symptoms. In relation to general cognitive functioning, reports of impairment were observed across 10
AlLS-associated genes, although the number of patients studied for this parameter were often quite low
(Table S2), rendering it difficult to form conclusions.
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5. Conclusions

Over 150 years have passed since ALS was first reported by Charcot and still the aetiology of
the disease remains elusive. Although research is progressing and genetic studies continue to identify
novel gene associations [14,249-251], many questions remain surrounding the pathological mechanisms
associated with already established mutations, their role in the ALS phenotype, and the as yet undiscovered
mechanisms that underlie sporadic onset of disease. Here, we have performed a systematic review in an
attempt to highlight genotype—phenotype correlations for 23 of the more commonly reported mutated
genes in ALS. This has proven to be challenging as many genetic studies do not capture or report a
complete summary of clinical data. Whilst it is understandable that such data are difficult to acquire,
we hope to illustrate that there is a need for improved and more widely available clinical and informatics
resources that would enable genotype-phenotype associations to be easily visualised in ALS.

Whilst we have illustrated the relationship between commonly reported mutated genes and various
clinical measures including age and site of onset, disease duration and motor neuron involvement,
a limitation of the current review is that we do not consider variation among phenotypes of patients
having different mutations of the same gene. For many genes involved in ALS, including FUS,
SOD1, and TARDBP, the phenotype may be different depending upon the specific genetic mutation
in question. In SOD1 patients, for instance, the A4V mutation results in a much more aggressive
phenotype (death occurring ~1.2 years after onset [252]) than the H46R mutation, for which patients
show a relatively mild phenotype (duration of ~17 years [253]). It could be of value in future work to
comprehensively review variations in genotype—phenotype correlations among the different mutations
reported by single-gene studies, which in turn could contribute towards a comprehensive database
of ALS genotype—phenotype correlation. Such a resource could ultimately improve our mechanistic
understanding of ALS by enabling a more robust assessment of how the ALS phenotype responds to
different variants across multiple genes.

Additional limitations include that many of the studies surveyed are relatively small, involving low
numbers of patients, and that, as well as only a subset of studies reporting clinical breakdown of phenotype,
ethnic breakdown is also not always reported and some ethnicities have minimal representation.

Despite these limitations, the collected data reveal a landscape of highly variable phenotypic
associations, underlining the complexity of the disease, and the need for nuanced approaches to the
development of clinical assays and therapeutics.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4426/10/3/58/s1,
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Abstract: Facioscapulohumeral dystrophy (FSHD) is the most frequent muscular disease in adults.
FSHD is characterized by a weakness and atrophy of a specific set of muscles located in the face,
the shoulder, and the upper arms. FSHD patients may present different genetic defects, but they all
present epigenetic alterations of the D474 array located on the subtelomeric part of chromosome
4, leading to chromatin relaxation and, ultimately, to the aberrant expression of one gene called
DUX4. Once expressed, DUX4 triggers a cascade of deleterious events, eventually leading to muscle
dysfunction and cell death. Here, we review studies on DUX4 expression in skeletal muscle
to determine the genetic/epigenetic factors and regulatory proteins governing DUX4 expression,
with particular attention to the different transcripts and their very low expression in muscle.

Keywords: FSHD; DUX4; transcription; muscle; regulation

1. Introduction

Double homeobox 4 (DUX4) is a transcription factor that is normally expressed during embryonic
development and in the human testes but suppressed in somatic tissue (for review see [1]). The recent
finding of DUX4 in an early cleavage-stage embryo raised the hypothesis that DUX4 might act as
a functional transcriptional programmer to activate the cleavage-stage transcriptional platform and
might be a key regulator of zygotic genome activation [2—4]. Moreover, the presence of DUX4 in the
testis suggests that DUX4 may be activated in the primary spermatocytes during spermatogenesis [5].
More recently, DUX4 activation gained a particular interest across cancer research, as DUX4 expression
in tumours results in immune evasion [6].

Despite the awareness of DUX4 expression in normal germline biology, DUX4 is principally
described as a toxic factor involved in facioscapulohumeral dystrophy (FSHD) pathophysiology. Indeed,
in FSHD patients, DUX4 is aberrantly expressed in the muscle tissue [5,7]. The role of DUX4 in FSHD
pathogenesis is intensively investigated, and several reviews have been published in this topic [8,9]
explaining the potential role of DUX4 in cell death and discussing the role of DNA methylation in
FSHDI1 and 2 patients. The current review focuses on the recent understanding and regulation of
DUX4 mRNA expression at the mRNA level in skeletal muscle and myogenic cells.

2. FSHD

FSHD is the third most common genetic muscular dystrophy with a frequency between 1/8000 to
1/20,000 (www.orpha.net, April 2020). The primary manifestation of FSHD is an asymmetric atrophy
of the muscles located in the face, the shoulder, and the upper arm. The pathology often begins during
late adolescence; however, the presence of symptoms at an early age is often associated with more
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severe muscle weakness (reviewed in [10]). The mutation that causes FSHD was identified nearly
30 years ago [11]. FSHD is associated with genetic and epigenetic molecular changes of the D474
microsatellite repeats in the subtelomeric region of chromosome 4 [12,13]. There are two different
genetic mechanisms leading to FSHD, and both are associated with the loss of epigenetic marks
within the D474 and the aberrant expression of DUX4 [14]. The first one concerns 95% of FSHD
patients (known as FSHD1, OMIM#158900) who show a contraction of a tandemly repeated 3.3 kb
microsatellite D474 repeat at the distal end of chromosomal region 4q35. The number of D474 repeats
usually varies from 11 to 150, while fewer repeats are observed in less than 3% of the population [15].
In FSHD1 patients, this number is reduced to 10 and below [16]. This reduction of D474 unit number
is associated with chromosome relaxation and loss of repression of DUX4 gene (OMIM#606009),
allowing DUX4 transcription in muscle cells [17]. The second one concerns the remaining 5% of
FSHD patients (known as FSHD2, OMIM#158901), who do not present a shortened D4Z4 array but
carry a mutation in epigenetic modifier genes. The vast majority of FSHD2 cases have been linked to
mutations in the SMCHD1 (structural maintenance of chromosomes flexible hinge domain containing 1)
gene [18], encoding a remodelling protein essential for DNA methylation. Few FSHD2 cases present a
heterozygous mutation in the DNMT3B (DNA methyltransferase 3 beta) gene [19], which is normally
responsible for the establishment of the cytosine methylation profile during development. The exact
mechanism of how particular mutations cause the FSHD pathology is still under investigation, but the
notion of permissive chromosome 4 is now acknowledged for FSHD patients. This “pathological”
chromosome 4 is characterized by the following: the presence of specific simple sequence length
polymorphism (SSLP) located 3.5 kb proximal to the D474 repeat [20]; the presence of at least one
D474 repeat [21]; a chromatin relaxation within the D474 repeat [17]; and the presence of the 4qA
haplotype [22,23] containing the polyadenylation signal for DUX4 [14]. Indeed, each D474 contains
the open reading frame (ORF) of the DUX4 retrogene [7,24]. DUX4 protein and mRNA are detected in
both FSHD1 and FSHD2 muscle biopsies at very low levels [5] but sufficient to induce a cascade of
mis-regulated genes [25] eventually leading to muscle atrophy and muscle fibre death by the disruption
of multiple cellular processes (for review see [8]).

3. Regulation of DUX4 Expression

There is a consensus in the scientific community on DUX4 expression in FSHD biopsies, but its
regulation still needs to be deciphered. Indeed, DUX4 expression is regulated by several factors
including D474 epigenetic modification, chromosome conformation and the presence of myogenic
enhancers (Figure 1).
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Figure 1. Regulation of DUX4 expression.
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DUX4 expression is regulated by several factors including D474 epigenetic modification, chromatin
structure, regulatory proteins, and myogenic enhancers. DUX4 is composed of 3 exons, exons 1 and 2
are present in each D4Z4 repeat, but exon 3 is located outside of the repeats. Three types of exon 3
have been described: exons 3a and 3b are transcribed from the 4A161L allele (dashed line) and exon 3
from 4A161S allele (plain line). Exon 3 carries the polyadenylation signal. Five DUX4 isoforms have
been characterized. The four leading to the full-length protein (DUX4-fl) are pathogenic, whereas the
one leading to a truncated protein (DUX4-s) is non-pathogenic.

3.1. D474 Epigenetic Modification

Because it is well known that epigenetic modifications play a significant role in gene regulation in
normal and pathological environments, several studies have evaluated whether or not the epigenetic
disruption observed at the 4q35 locus could lead to the expression of DUX4. In 2012, Lemmers and
colleagues reported that antisense nucleotide-mediated exon skipping of SMCHD1 in normal human
myoblasts led to DUX4 expression [18]. Combined with the observation that families with FSHD2
present a haploinsufficiency of SMCHD1 and a hypomethylation of the D474 array [18], a link between
epigenetic modifications and DUX4 expression was established. Since then, several articles have
reinforced the idea of an epigenetic regulation of DUX4 expression. The consequences of SMCHD1
expression level on DUX4 expression were particularly studied, and it was shown that SMCHDI] levels
participate in DUX4 expression in muscle cells. Indeed, depletion of SMCHD1 in FSHD1 myoblasts
increased DUX4 expression [26] whereas its ectopic overexpression resulted in DUX4 silencing in
FSHD1 and FSHD2 myotubes [27]. This is consistent with the fact that DUX4 expression is increased
during muscle differentiation, which correlates with decreased SMCHD1 protein levels at D4Z4 [27].
Moreover, the interaction of SMCHD1 with the chromatin is facilitated by the ligand-dependent nuclear
receptor-interacting factor 1 (LRIF1), which binds to the D4Z4 repeat [28]. Interestingly, mutations in
LRIF1 lead to chromatin relaxation and DUX4 derepression [28], and knockdown of the LRIF1 long
isoform in control myoblasts using siRNA results in the expression of DUX4 [28]. DUX4 expression in
myoblasts was also observed after decreased binding of SMCHD1 to D474 caused by the inhibition
of H3K9me3 (repressive mark associated with heterochromatin formation) using drugs [29]. Finally,
a recent study has also shown that DUX4 is expressed in myocytes obtained from patients presenting a
18p hemizygosity with a decreased of SMCHD1 mRNA [30]. Altogether, these studies suggest a link
between SMCHDI1-mediated epigenetic modifications and DUX4 expression.

Multiple other lines of evidence show a role of epigenetics in DUX4 expression: (i) MyoD-converted
fibroblasts isolated from FSHD2 patients carrying a mutation in the DNA methyltransferase 3B (DNMT3B)
gene express DUX4, suggesting a D474 derepression associated with DUX4 expression [19]. (ii) Several
epigenetic pathways such as ASHIL, BRD2, KDM4C, and SMARC5 were found to regulate DUX4
expression in primary FSHD cells after independent knockdown of multiple chromatin regulators [31].
(iii) Human chromosome 4/CHO hybrid cells treated with 5’-aza-2’deoxycytidine (AZA, a cytosine
analogue that is incorporated into DNA during DNA replication) and/or trichostatin A (TSA,
which inhibits class I and II histone deacetylases) led to DUX4 expression [32,33]. (iv) Two D4Z4
factors, nucleosome remodelling deacetylase (NuRD) and chromatin assembly gactor 1 (CAF-1) were
identified as DUX4 repressors in human skeletal muscle cells using RNA-guided Cas9 nuclease from
the microbial clustered regularly interspaced short palindromic repeats (CRISPR/Cas9) engineered
chromatin immunoprecipitation (enChIP) locus-specific proteomics to characterize D4Z4-associated
proteins [34]. (v) Hemizygous transgenic mice carrying either a 2.5 or 12.5 D4Z4 repeat showed a
chromatin relaxation of the D474 repeats in D4Z4-2.5 mice compared to D4Z4-12.5 mice, associated
with DUX4 expression in the D474-2.5 mouse [35].

Altogether, these studies strongly suggest that chromatin relaxation results in inappropriate DUX4
expression in skeletal muscle. However, regulation of DUX4 expression may be different in other
tissues or during development. Indeed, DUX4 is expressed in early cleavage-stage embryos whereas
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a high methylation level is found at D474 in pluripotent cells in both FSHD1 and controls [4,36],
which goes against a link between D474 hypomethylation and DUX4 expression.

3.2. Chromatin Conformation

D4Z4 chromatin structure was also associated with DUX4 expression/repression in muscle.
Indeed, the 3D organization of chromatin modulates major biological processes including transcription.
In regard of the link between DUX4 expression and chromatin conformation, it was proposed that,
as a single repeat, D474 behaves as a CCCTC-binding factor (CTCF) insulator interfering with
enhancer—promoter communication [37]. However, both its CTCF binding and insulation properties
are suppressed upon multimerization of D4Z4 units, suggesting that FSHD could result from an
inappropriate insulation mechanism and a CTCF-gain of function [37]. Because CTCF can mediate
transcriptional regulation by creating accessible or inaccessible loops of chromatin at specific sites,
the involvement of CTCF in DUX4 expression was proposed [38]. In this study, the authors found
CTCEF to be more readily associated with transcriptionally silent arrays, suggesting a role of CTCF in
repressing DUX4 transcription.

D474 was also described as an insulator shielding from telomeric position effect (TPE). Indeed,
telomeres can regulate gene expression by trapping adjacent heterochromatin. Using isogenic
clones with different telomere lengths, it was demonstrated that telomere shortening led to DUX4
expression [39]. The likely mechanism is that the epigenetic landscape is altered during telomere
shortening resulting in decreased heterochromatin at 4q35 [40,41].

Interestingly, whereas the epigenetic modifications observed in FSHD patients at the D474 array
are not restricted to the muscle tissue [42—44], DUX4 mRNA was found mainly in the skeletal muscle,
testis, and thymus [5,45]. Two enhancers upstream of the D4Z4 that upregulate DUX4 expression in
skeletal myocytes but not in fibroblasts were described [46]. Importantly, these enhancers participate
in DUX4 expression only when the DUX4 promoter is hypomethylated. However, the exact role
of these enhancers in FSHD onset may be questioned as two FSHD1 patients have been identified
with large deletions encompassing this chromosomal region [47]. Moreover, meiotic rearrangements
between chromosomes 4 and 10 [14,48] go against a central role of other regions of chromosome 4 in
DUX4 expression.

3.3. Regulatory Proteins of DUX4 Expression

Transcriptional regulation of DUX4 expression may be also controlled by gene regulatory
proteins that interact with the DUX4 promoter, and one study identified Poly(ADP-Ribose)
Polymerase 1 (PARP1) using a DNA pull-down assay coupled with mass spectrometry and chromatin
immunoprecipitation [49].

Several inhibitors of DUX4 have been published, suggesting that the target inhibitors may play a
role in DUX4 expression. It was shown that activation of the Wnt/[3-catenin signalling reduced DUX4
expression whereas knockdown of Wnt/f3-catenin signalling pathway components activates DUX4 [50].
The mechanism of DUX4 regulation by Wnt/B-catenin is likely independent of direct binding of
-catenin at D4Z4. Bromodomain and extra-terminal (BET)- and 32 adrenergic receptor-mediated
pathways were also associated with DUX4 expression regulation [51]. Using BET inhibitors (BETi)
targeting all proteins of the BET family, DUX4 and DUX4 target candidates were silenced in primary
FSHD muscle cells [51]. The research team suggested that BETi efficiently repressed DUX4 transcription
by lysine deacetylation but not DNA methylation. Similarly, 32 adrenergic receptor agonists activate
signalling pathways known to induce chromatin remodelling. DUX4 and DUX4 target candidates’
expression were both repressed following treatment with 32 adrenergic receptor agonists, suggesting the
role of BET and (2 adrenergic receptor signalling pathways in DUX4 expression in FSHD patients [51].
Since then, the importance of the 32 adrenergic receptor has been confirmed in additional studies [52],
and downstream pathways have been the centre of attention in order to identify therapeutic targets.
P38 mitogen-activated protein kinase is activated by the (32 adrenergic receptor signalling pathway [53].
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In FSHD muscle cells or in a xenograft model of FSHD, pharmaceutical or siRNA-mediated inhibition
of p38 induced a reduction of DUX4 mRNA levels [54]. This suggests that 2 adrenergic receptor
agonist-mediated DUX4 expression is a consequence of p38 kinase activation. Phosphodiesterases, or
PDEs, which are responsible for regulation of available cAMP in the cell, were identified as DUX4
expression regulators [52] by reducing expression levels of both DUX4 and its target genes ZSCAN4
and TRIM43. (32 adrenergic receptor and PDEs are both implicated in cAMP-mediated signalling that
further regulates protein kinase A (PKA) signalling pathways. Both cell-permeable cAMP and catalytic
active PKA were sufficient to reduce DUX4 expression and ZSCAN4 and TRIM43 mRNA levels [52] in
primary FSHD patients’ muscle cells. The authors suggested that 32 adrenergic agonists and PDE
inhibitors mediated a c-AMP and PKA-mediated repression of DUX4 gene expression in FSHD muscle
cells. However, downstream effectors of cAMP also include PKA-independent pathways, and the
results from Campbell et al. suggest a PKA-independent mediated repression of DUX4 [51]. Later, p38«
and p38p MAPK inhibitors were identified as suppressors of DUX4 mRNA transcription in myotubes
and in a xenograft model of FSHD [54], suggesting a positive regulation of DUX4 transcription by both
p38a and p383.

4. DUX4 mRNA

4.1. DUX4 Transcription

The presence of a large ORF encompassing 2 homeoboxes in each D4Z4 repeat was first described in
1995 [55], but the identification of the DUX4 gene occurred in 1999 by the Belayew group [7]. This group
also identified the DUX4 promoter with a variant of TATAA box (TACAA) [7]. The final demonstration
that D474 contains a functional DUX4 transcriptional unit leading to the DUX4 transcription was
made few years later after cloning of the D4Z4 region into a promoter-less vector and transfection
into myoblasts [56]. 5" Rapid amplification of cDNA ends (RACE) PCR lead to the identification of
the 5’ untranslated region (UTR) composed of 97-187 nt [56]. The polyadenylation site was described
after 3 RACE PCR on total RNA extracted from C2C12 mouse myoblasts transfected with a 13.5 kb
genomic fragment of a patient with two D474 repeats [57]: It is the ATTAAA hexanucleotide sequence
(12852-12858 in GenBank accession no. AF117653).

The DUX4 mRNA found in the muscle tissue is composed of 3 exons, with the DUX4 ORF being
entirely within exon 1. Importantly, exons 1 and 2 are present in the D4Z4 repeats but not exon 3,
which is located in region called pLAM. Notably, the pLAM region is not present on the 4qB haplotype
that is classified as non-pathogenic [22,58]. This leads to the hypothesis that DUX4 would only be
transcribed for the most telomeric repeat because only this one would give rise to a polyadenylated
DUX4. The role of this region in DUX4 expression and stability was highlighted by the report of
individuals with a genomic rearrangement between chromosome 4q and 10q. Indeed, the subtelomeric
part of these 2 chromosomes is highly homologous and, importantly, chromosome 10 does not carry the
ATTAAA poly(A) signal found in chromosome 4, but an ATCAAA sequence that is not known to be a
poly(A) signal [14]. Meiotic rearrangements between chromosomes 4 and 10 generated a short hybrid
structure on 4gA where the pLAM sequence was conserved but immediately proximal to a 1.5 D474
repeat coming from chromosome 10, resulting in disease presentation. Transfection experiments with
genomic D4Z4 constructs derived from permissive or non-permissive chromosomes or in which the
poly(A) signals from non-permissive chromosomes are replaced by those from permissive chromosomes
established the importance of this poly(A)signal in the stabilization of DUX4 [14].

Two different DUX4 mRNAs, resulting from the inclusion or exclusion of an alternatively spliced
intron of 136 bp located in the 3'UTR part of mRNA have been described [57]. The two DUX4
mRNAs have also spliced out a 345 bp intron also located in the 3'UTR region [57]. These two DUX4
mRNAs were later renamed DUX4-full length (DUX4-fl) [5]. Recently, other DUX4 mRNAs have
been characterized from a common variant of the most prevalent FSHD-permissive haplotype 4A161
(containing an SSLP of 161 nt and the distal 4qA variant [59]). These two variants present a 1.6 kb
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size difference of the most distal D4Z4 units [60]. Two DUX4 mRNAs are transcribed from this long
allele using 2 alternative 3’ splice sites, leading to either the DUX4-fl 161La or Lb transcripts (Figure 1)
(GenBank accession numbers MF693913 and KQ983258.1). The three pathogenic DUX4-fls share the
pLAM sequence containing the DUX4 poly(A) and lead to the same DUX4 protein. There is no link
between disease severity and transcript variants [60].

4.2. DUX4 Isoforms

DUX4 transcription from the last D474 repeat results in at least 5 different mRNAs, the 4 DUX4-fls
described above, code for the same protein but differ by an altered splicing of intron 1 in the 3’UTR and
by the use 2 alternative 3’ splice sites leading to different types of exon 3. The fifth DUX4 transcript
corresponds to a short version of DUX4 (DUX4-s), in which an alternative donor splice site located in
first exon is used [24], leading to a truncated form of DUX4, lacking the C-terminal part of the protein
containing the transactivation domain [61] and acting as a dominant negative [25]. DUX4-fl isoforms
are mainly found in myotubes and muscles biopsies isolated from FSHD patients, whereas DUX4-s
can be found in both control individuals and FSHD patients [5,62]. DUX4-fl expression increases in
myotubes [5,62,63]. An isoform switch may be possible, since it was shown in iPS cells derived from
control fibroblasts that DUX4-fl is expressed in undifferentiated cells but can switch to DUX4-s in
embryoid bodies [5]. DUX4-fl mRNA is expressed in muscles during development, as both isoforms
are found in foetal muscle biopsies and cells derived from foetal muscle [64,65].

Interestingly, DUX4 mRNA is also found in human testes at a level 100-fold higher compared
to FSHD muscle biopsies [5] but does not seem to be toxic. 3 RACE PCR analysis revealed that
both chromosomes 4 and 10 were used for DUX4 transcription, despite the absence of a permissive
poly(A) signal on chromosome 10. Chromosome 10 and some 4qA transcripts use an alternative poly(A)
located in exon 7. Surprisingly, DUX4 transcripts were also found from the 4qB allele, but the poly(A)
still need to be identified. Exons 3 and 7 are excluded since they are not present in the 4qB allele.
Non-canonical poly(A) signals may be also used in some circumstances, as observed in the presence of
antisense oligonucleotides targeting the poly(A) signal [66]. The use of alternative poly(A) signals
could also explain the normal embryogenesis observed in individuals carrying non-permissive 4q
alleles. Consistent with this hypothesis, studies have also shown that alternative polyadenylation
pattern varies among cell types [67] and during embryonic development [68].

5. DUX4 Low Abundancy and Stochastic Expression

DUX4 mRNA is found at a very low level in both biopsies and muscle cells from both FSHD1
and FSHD2 patients. This low abundance could reflect a uniform low level in all nuclei or a high
expression in a limited number of nuclei. By pooling a different number of nuclei and after assessment
of the presence of DUX4-fl by PCR, it has been estimated that about 1 in 1000 FSHD nuclei are positive
for DUX4 mRNA [5]. The question is how could a gene expressed at such low levels be so toxic?
The presence of the endogenous DUX4 protein in consecutive myotube nuclei, forming an intensity
gradient, suggested a spreading of the protein within the myotubes [69]. This hypothesis was confirmed
by co-culture experiments between FSHD myoblasts and murine C2C12 myoblasts. Whereas DUX4 is
transcribed in human nuclei only, the protein was found in both human and murine nuclei showing
the spreading of the DUX4 protein [70]. The sporadic and asynchronous burst of expression of DUX4
was confirmed using a DUX4-activated reporter [71].

6. Conclusions

During the past decade, our knowledge about FSHD onset considerably improved. Several
genetic and epigenetic defects have been clearly identified that cause FSHD, all leading to the aberrant
expression of the DUX4 transcription factor. Once expressed, DUX4 triggers a cascade of events that
ultimately converge to cell death and impair muscle development and repair (for review see [8]).
After years of controversy, DUX4 is now seen as one of most important players in FSHD onset and
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progression. Some areas remain unelucidated, such as the non-toxic expression of DUX4 during
embryogenesis [2,4] or the different splicings observed in the testis [5]: Are they due to a difference
between pathogenic and healthy environment or are they tissue-specific?

Multiple studies have deciphered the expression of DUX4 in skeletal muscle and demonstrated
that chromatin conformation, DNA methylation and histone modification, myogenic enhancer, and
regulatory proteins are involved in the regulation of its expression. Moreover, some other repressor
proteins or IncRNA that are associated with the D474 repeat may also play a role [32,72].

Several laboratories are developing therapeutic approaches targeting DUX4 by either blocking
DUX4 mRNA synthesis [31,51,52,54], targeting DUX4 mRNA using antisense oligonucleotides [66,73-76],
or targeting the DUX4 protein or its downstream consequences [77-79]. One phase 2 clinical trial
(NCT04003974) aiming at inhibiting or reducing its expression in skeletal muscle is already on-going
and may enable a better understanding of the role of DUX4 in the pathophysiology of FSHD.

Author Contributions: The idea of writing this review was done by E.S., L.L.G., V.M. and ].D. All the authors
wrote and edited the review. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work was supported by the FSHD society (grant number FSHS-22018-02 for E.S. salary)
and L.L.G. is funded by the Association Francaise contre les Myopathies AFM-Telethon (grant number # #22582).
V.M. and ].D. are supported by the National Institute for Health Research Biomedical Research Centre at Great
Ormond Street Hospital for Children NHS Foundation Trust and University College London. All research at Great
Ormond Street Hospital NHS Foundation Trust and UCL Great Ormond Street Institute of Child Health is made
possible by the NIHR Great Ormond Street Hospital Biomedical Research Centre. The views expressed are those
of the author(s) and not necessarily those of the NHS, the NIHR, or the Department of Health.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Greco, A,; Goossens, R.; van Engelen, B.; van der Maarel, S.M. Consequences of epigenetic derepression in
facioscapulohumeral muscular dystrophy. Clin. Genet. 2020, 97, 799-814. [CrossRef]

2. Delaco, A,; Planet, E.; Coluccio, A.; Verp, S.; Dug, J.; Trono, D. DUX-family transcription factors regulate
zygotic genome activation in placental mammals. Nat. Genet. 2017, 49, 941-945. [CrossRef]

3. Whiddon, ].L.; Langford, A.T.; Wong, C.J.; Zhong, ].W.; Tapscott, S.J. Conservation and innovation in the
DUX4-family gene network. Nat. Genet. 2017, 49, 935-940. [CrossRef]

4. Hendrickson, P.G.; Dorais, J.A.; Grow, E.J.; Whiddon, ].L.; Lim, ].W.; Wike, C.L.; Weaver, B.D.; Pflueger, C.;
Emery, B.R,; Wilcox, A.L.; etal. Conserved roles of mouse DUX and human DUX4 in activating cleavage-stage
genes and MERVL/HERVL retrotransposons. Nat. Genet. 2017, 49, 925-934. [CrossRef]

5. Snider, L.; Geng, L.N.; Lemmers, R.J.; Kyba, M.; Ware, C.B.; Nelson, A.M.; Tawil, R.; Filippova, G.N,;
van der Maarel, S.M.; Tapscott, S.J.; et al. Facioscapulohumeral dystrophy: Incomplete suppression of a
retrotransposed gene. PLoS Genet. 2010, 6, €1001181. [CrossRef] [PubMed]

6.  Chew, G.L.; Campbell, A.E.; De Neef, E.; Sutliff, N.A.; Shadle, S.C.; Tapscott, S.J.; Bradley, RK. DUX4
Suppresses MHC Class I to Promote Cancer Immune Evasion and Resistance to Checkpoint Blockade.
Dev. Cell 2019, 50, 658-671.e7. [CrossRef] [PubMed]

7. Gabriels, J.; Beckers, M.C.; Ding, H.; De Vriese, A.; Plaisance, S.; van der Maarel, S.M.; Padberg, G.W.;
Frants, RR.; Hewitt, ].E.; Collen, D.; et al. Nucleotide sequence of the partially deleted D4Z4 locus in a
patient with FSHD identifies a putative gene within each 3.3 kb element. Gene 1999, 236, 25-32. [CrossRef]

8.  Lim, K.R.Q.; Nguyen, Q.; Yokota, T. DUX4 Signalling in the Pathogenesis of Facioscapulohumeral Muscular
Dystrophy. Int. |. Mol. Sci. 2020, 21, 729. [CrossRef]

9.  Salsi, V.; Magdinier, F.; Tupler, R. Does DNA Methylation Matter in FSHD? Genes 2020, 11, 258. [CrossRef]
[PubMed]

10. Tawil, R.; Van Der Maarel, S.r.M. Facioscapulohumeral muscular dystrophy. Muscle Nerve 2006, 34, 1-15.
[CrossRef]

11. Wijmenga, C.; Hewitt, J.E.; Sandkuijl, L.A.; Clark, L.N.; Wright, T.J.; Dauwerse, H.G.; Gruter, AM.;
Hofker, M.H.; Moerer, P.; Williamson, R.; et al. Chromosome 4q DNA rearrangements associated with
facioscapulohumeral muscular dystrophy. Nat. Genet. 1992, 2, 26-30. [CrossRef] [PubMed]

119



J. Pers. Med. 2020, 10,73

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

van Deutekom, J.C.; Wijmenga, C.; van Tienhoven, E.A.; Gruter, A.M.; Hewitt, J.E.; Padberg, G.W.; van
Ommen, G.J.; Hofker, M.H.; Frants, R.R. FSHD associated DNA rearrangements are due to deletions of
integral copies of a 3.2 kb tandemly repeated unit. Hum. Mol. Genet. 1993, 2, 2037-2042. [CrossRef] [PubMed]
van der Maarel, S.M.; Frants, R.R. The D474 repeat-mediated pathogenesis of facioscapulohumeral muscular
dystrophy. Am. J. Hum. Genet. 2005, 76, 375-386. [CrossRef] [PubMed]

Lemmers, RJ.; van der Vliet, PJ.; Klooster, R.; Sacconi, S.; Camano, P.; Dauwerse, J.G.; Snider, L.;
Straasheijm, K.R.; van Ommen, G.J.; Padberg, G.W.; et al. A unifying genetic model for facioscapulohumeral
muscular dystrophy. Science 2010, 329, 1650-1653. [CrossRef]

van Overveld, P.G.; Lemmers, R.].; Deidda, G.; Sandkuijl, L.; Padberg, G.W.; Frants, R.R.; van der Maarel, S.M.
Interchromosomal repeat array interactions between chromosomes 4 and 10: A model for subtelomeric
plasticity. Hum. Mol. Genet. 2000, 9, 2879-2884. [CrossRef]

van Deutekom, J.C.; Bakker, E.; Lemmers, R.J.; van der Wielen, ML].; Bik, E.; Hofker, M.H.; Padberg, G.W,;
Frants, R.R. Evidence for subtelomeric exchange of 3.3 kb tandemly repeated units between chromosomes
4q35 and 10q26: Implications for genetic counselling and etiology of FSHD1. Hum. Mol. Genet. 1996, 5,
1997-2003. [CrossRef]

van der Maarel, S.M.; Miller, D.G.; Tawil, R.; Filippova, G.N.; Tapscott, S.J. Facioscapulohumeral muscular
dystrophy: Consequences of chromatin relaxation. Curr. Opin. Neurol. 2012, 25, 614-620. [CrossRef]
Lemmers, R.J.; Tawil, R.; Petek, L.M.; Balog, J.; Block, G.J.; Santen, G.W.; Amell, A M.; van der Vliet, PJ.;
Almomani, R.; Straasheijm, K.R.; et al. Digenic inheritance of an SMCHD1 mutation and an FSHD-permissive
D4Z4 allele causes facioscapulohumeral muscular dystrophy type 2. Nat. Genet. 2012, 44, 1370-1374.
[CrossRef]

Van den Boogaard, M.L.; Lemmers, R.; Balog, J.; Wohlgemuth, M.; Auranen, M.; Mitsuhashi, S.; van der
Vliet, PJ.; Straasheijm, K.R.; van den Akker, R.EP; Kriek, M.; et al. Mutations in DNMT3B Modify Epigenetic
Repression of the D4Z4 Repeat and the Penetrance of Facioscapulohumeral Dystrophy. Am. |. Hum. Genet.
2016, 98, 1020-1029. [CrossRef]

Lemmers, R.J.; van der Vliet, PJ.; van der Gaag, K.J.; Zuniga, S.; Frants, R.R.; de Knijff, P; van der Maarel, S.M.
Worldwide population analysis of the 4q and 10q subtelomeres identifies only four discrete interchromosomal
sequence transfers in human evolution. Am. J. Hum. Genet. 2010, 86, 364-377. [CrossRef]

Tupler, R,; Berardinelli, A.; Barbierato, L.; Frants, R.; Hewitt, ].E.; Lanzi, G.; Maraschio, P.; Tiepolo, L.
Monosomy of distal 4q does not cause facioscapulohumeral muscular dystrophy. J. Med. Genet. 1996, 33,
366-370. [CrossRef] [PubMed]

Thomas, N.S.T.; Wiseman, K.; Spurlock, G.; MacDonald, M.; Ustek, D.; Upadhyaya, M. A large patient study
confirming that facioscapulohumeral muscular dystrophy (FSHD) disease expression is almost exclusively
associated with an FSHD locus located on a 4qA-defined 4qter subtelomere. |. Med. Genet. 2007, 44, 215-218.
[CrossRef] [PubMed]

Lemmers, R.J.; de Kievit, P.; Sandkuijl, L.; Padberg, G.W.; van Ommen, G.J.; Frants, R.R.; van der Maarel, S.M.
Facioscapulohumeral muscular dystrophy is uniquely associated with one of the two variants of the 4q
subtelomere. Nat. Genet. 2002, 32, 235-236. [CrossRef] [PubMed]

Snider, L.; Asawachaicharn, A.; Tyler, A.E.; Geng, L.N.; Petek, L.M.; Maves, L.; Miller, D.G.; Lemmers, R.J.L.E;
Winokur, S.T.; Tawil, R.; et al. RNA transcripts, miRNA-sized fragments and proteins produced from D474
units: New candidates for the pathophysiology of facioscapulohumeral dystrophy. Hum. Mol. Genet. 2009,
18, 2414-2430. [CrossRef]

Geng, LN.; Yao, Z.; Snider, L.; Fong, A.P; Cech, ].N.; Young, ].M.; van der Maarel, S.M.; Ruzzo, W.L,;
Gentleman, R.C.; Tawil, R.; et al. DUX4 Activates Germline Genes, Retroelements, and Immune Mediators:
Implications for Facioscapulohumeral Dystrophy. Dev. Cell 2012, 22, 38-51. [CrossRef]

Sacconi, S.; Lemmers, R.].; Balog, J.; van der Vliet, P].; Lahaut, P.; van Nieuwenhuizen, M.P; Straasheijm, K.R ;
Debipersad, R.D.; Vos-Versteeg, M.; Salviati, L.; et al. The FSHD2 gene SMCHDI1 is a modifier of disease
severity in families affected by FSHD1. Am. ]. Hum. Genet. 2013, 93, 744-751. [CrossRef]

Balog, J.; Thijssen, P.E.; Shadle, S.; Straasheijm, K.R.; van der Vliet, PJ.; Krom, Y.D.; van den Boogaard, M.L.;
de Jong, A_; Lemmers, R.J.L.E; Tawil, R.; et al. Increased DUX4 expression during muscle differentiation
correlates with decreased SMCHD1 protein levels at D4Z4. Epigenetics 2015, 10, 1133-1142. [CrossRef]

120



J. Pers. Med. 2020, 10,73

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Hamanaka, K ; Sikrova, D.; Mitsuhashi, S.; Masuda, H.; Sekiguchi, Y.; Sugiyama, A.; Shibuya, K.; Lemmers, R ;
Goossens, R.; Ogawa, M.; et al. Homozygous nonsense variant in LRIF1 associated with facioscapulohumeral
muscular dystrophy. Neurology 2020, 94, e2441-e2447. [CrossRef]

Zeng, W.; Chen, Y.Y,; Newkirk, D.A.; Wu, B.; Balog, J.; Kong, X.; Ball, AR, Jr.; Zanotti, S.; Tawil, R.;
Hashimoto, N.; et al. Genetic and Epigenetic Characteristics of FSHD-Associated 4q and 10q D4Z4 that are
Distinct from Non-4q/10q D4Z4 Homologs. Hum. Mutat 2014, 35, 998-1010. [CrossRef]

Balog, J.; Goossens, R.; Lemmers, R.; Straasheijm, K.R.; van der Vliet, PJ.; Heuvel, A.V.D.; Cambieri, C.;
Capet, N.; Feasson, L.; Manel, V.; et al. Monosomy 18p is a risk factor for facioscapulohumeral dystrophy.
J. Med. Genet. 2018, 55, 469-478. [CrossRef]

Himeda, C.L.; Jones, T.I; Virbasius, C.M.; Zhu, L.]J.; Green, M.R.; Jones, P.L. Identification of Epigenetic
Regulators of DUX4-fl for Targeted Therapy of Facioscapulohumeral Muscular Dystrophy. Mol. Ther. 2018,
26,1797-1807. [CrossRef]

Cabianca, D.S.; Casa, V.; Bodega, B.; Xynos, A.; Ginelli, E.; Tanaka, Y.; Gabellini, D. A Long ncRNA Links
Copy Number Variation to a Polycomb/Trithorax Epigenetic Switch in FSHD Muscular Dystrophy. Cell 2012,
149, 819-831. [CrossRef] [PubMed]

Huichalaf, C.; Micheloni, S.; Ferri, G.; Caccia, R.; Gabellini, D. DNA methylation analysis of the macrosatellite
repeat associated with FSHD muscular dystrophy at single nucleotide level. PLoS ONE 2014, 9, e115278.
[CrossRef] [PubMed]

Campbell, A.E,; Shadle, S.C.; Jagannathan, S.; Lim, J.W.; Resnick, R.; Tawil, R.; van der Maarel, S.M.;
Tapscott, S.J. NuRD and CAF-1-mediated silencing of the D4Z4 array is modulated by DUX4-induced MBD3L
proteins. Elife 2018, 7. [CrossRef]

Krom, Y.D.; Thijssen, P.E.; Young, ].M.; den Hamer, B.; Balog, J.; Yao, Z.; Maves, L.; Snider, L.; Knopp, P;
Zammit, PS.; et al. Intrinsic Epigenetic Regulation of the D4Z4 Macrosatellite Repeat in a Transgenic Mouse
Model for FSHD. PLoS Genet. 2013, 9, €1003415. [CrossRef]

Dion, C.; Roche, S.; Laberthonniere, C.; Broucqsault, N.; Mariot, V.; Xue, S.; Gurzau, A.D.; Nowak, A.;
Gordon, C.T.; Gaillard, M.C.; et al. SMCHDI is involved in de novo methylation of the DUX4-encoding
D474 macrosatellite. Nucleic Acids Res. 2019, 47, 2822-2839. [CrossRef]

Ottaviani, A.; Rival-Gervier, S.; Boussouar, A.; Foerster, A.M.; Rondier, D.; Sacconi, S.; Desnuelle, C.; Gilson, E.;
Magdinier, F. The D4Z4 macrosatellite repeat acts as a CTCF and A-type lamins-dependent insulator in
facio-scapulo-humeral dystrophy. PLoS Genet. 2009, 5, €1000394. [CrossRef]

Haynes, P.; Bomsztyk, K.; Miller, D.G. Sporadic DUX4 expression in FSHD myocytes is associated with
incomplete repression by the PRC2 complex and gain of H3K9 acetylation on the contracted D474 allele.
Epigenetics Chromatin 2018, 11, 47. [CrossRef]

Stadler, G.; Rahimov, E; King, O.D.; Chen, J.C.; Robin, J.D.; Wagner, K.R.; Shay, ] W.; Emerson, C.P, Jr.;
Wright, W.E. Telomere position effect regulates DUX4 in human facioscapulohumeral muscular dystrophy.
Nat. Struct. Mol. Biol. 2013, 20, 671-678. [CrossRef]

Stadler, G.; King, O.D.; Robin, J.D.; Shay, ].W.; Wright, W.E. Facioscapulohumeral muscular dystrophy:
Are telomeres the end of the story? Rare Dis. 2013, 1, €26142. [CrossRef]

Robin, J.D.; Ludlow, A.T.; Batten, K.; Gaillard, M.C.; Stadler, G.; Magdinier, F; Wright, W.; Shay, J.W. SORBS2
transcription is activated by telomere position effect-over long distance upon telomere shortening in muscle
cells from patients with facioscapulohumeral dystrophy. Genome Res. 2015, 25, 1781-1790. [CrossRef]
Zeng, W.; de Greef, ].C.; Chen, Y.Y.; Chien, R.; Kong, X.; Gregson, H.C.; Winokur, S.T.; Pyle, A.; Robertson, K.D.;
Schmiesing, J.A.; et al. Specific loss of histone H3 lysine 9 trimethylation and HP1gamma/cohesin binding
at D4Z4 repeats is associated with facioscapulohumeral dystrophy (FSHD). PLoS Genet. 2009, 5, e1000559.
[CrossRef] [PubMed]

Jones, T.L; Yan, C.; Sapp, P.C.; McKenna-Yasek, D.; Kang, P.B.; Quinn, C.; Salameh, ].S.; King, O.D.; Jones, P.L.
Identifying diagnostic DNA methylation profiles for facioscapulohumeral muscular dystrophy in blood and
saliva using bisulfite sequencing. Clin. Epigenetics 2014, 6, 23. [CrossRef]

Jones, T.I; King, O.D.; Himeda, C.L.; Homma, S.; Chen, ]J.C.; Beermann, M.L.; Yan, C.; Emerson, C.P, Jr.;
Miller, ].B.; Wagner, K.R; et al. Individual epigenetic status of the pathogenic D474 macrosatellite correlates
with disease in facioscapulohumeral muscular dystrophy. Clin. Epigenetics 2015, 7, 37. [CrossRef] [PubMed]
Das, S.; Chadwick, B.P. Influence of Repressive Histone and DNA Methylation upon D4Z4 Transcription in
Non-Myogenic Cells. PLoS ONE 2016, 11, e0160022. [CrossRef] [PubMed]

121



J. Pers. Med. 2020, 10,73

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Himeda, C.L.; Debarnot, C.; Homma, S.; Beermann, M.L.; Miller, ].B.; Jones, P.L.; Jones, T.I. Myogenic
enhancers regulate expression of the facioscapulohumeral muscular dystrophy-associated DUX4 gene.
Mol. Cell Biol. 2014, 34, 1942-1955. [CrossRef] [PubMed]

Lemmers, R.J.; Osborn, M.; Haaf, T.; Rogers, M.; Frants, R.R.,; Padberg, G.W.; Cooper, D.N.;
van der Maarel, S.M.; Upadhyaya, M. D4F104S1 deletion in facioscapulohumeral muscular dystrophy:
Phenotype, size, and detection. Neurology 2003, 61, 178-183. [CrossRef]

Nguyen, K.; Broucgsault, N.; Chaix, C.; Roche, S.; Robin, ].D.; Vovan, C.; Gerard, L.; Megarbane, A.;
Urtizberea, J.A_; Bellance, R.; et al. Deciphering the complexity of the 4q and 10q subtelomeres by molecular
combing in healthy individuals and patients with facioscapulohumeral dystrophy. J. Med. Genet. 2019, 56,
590-601. [CrossRef]

Sharma, V.; Pandey, S.N.; Khawaja, H.; Brown, K.J.; Hathout, Y.; Chen, Y.W. PARP1 Differentially Interacts
with Promoter region of DUX4 Gene in FSHD Myoblasts. |. Genet. Syndr. Gene Ther. 2016, 7. [CrossRef]
Block, G.J.; Narayanan, D.; Amell, A.M.; Petek, L.M.; Davidson, K.C.; Bird, T.D.; Tawil, R.; Moon, R.T.;
Miller, D.G. Wnt/beta-catenin signaling suppresses DUX4 expression and prevents apoptosis of FSHD muscle
cells. Hum. Mol. Genet. 2013, 22, 390-396. [CrossRef]

Campbell, A.E; Oliva, ].; Yates, M.P.; Zhong, ].W.; Shadle, S.C.; Snider, L.; Singh, N.; Tai, S.; Hiramuki, Y.;
Tawil, R;; et al. BET bromodomain inhibitors and agonists of the beta-2 adrenergic receptor identified
in screens for compounds that inhibit DUX4 expression in FSHD muscle cells. Skelet. Muscle 2017, 7, 16.
[CrossRef] [PubMed]

Cruz, ].M.; Hupper, N.; Wilson, L.S.; Concannon, J.B.; Wang, Y.; Oberhauser, B.; Patora-Komisarska, K;
Zhang, Y.; Glass, D.J.; Trendelenburg, A.U.; et al. Protein kinase A activation inhibits DUX4 gene expression in
myotubes from patients with facioscapulohumeral muscular dystrophy. J. Biol. Chem. 2018, 293, 11837-11849.
[CrossRef] [PubMed]

Yamauchi, J.; Nagao, M.; Kaziro, Y.; Itoh, H. Activation of p38 mitogen-activated protein kinase by signaling
through G protein-coupled receptors. Involvement of Gbetagamma and Galphagq/11 subunits. J. Biol. Chem.
1997, 272, 27771-27777. [CrossRef] [PubMed]

Oliva, J.; Galasinski, S.; Richey, A.; Campbell, A.E.; Meyers, M.].; Modi, N.; Zhong, ].W.; Tawil, R.; Tapscott, S.].;
Sverdrup, EM. Clinically Advanced p38 Inhibitors Suppress DUX4 Expression in Cellular and Animal
Models of Facioscapulohumeral Muscular Dystrophy. ]. Pharmacol Exp. Ther. 2019, 370, 219-230. [CrossRef]
Lee, ].H.; Goto, K.; Matsuda, C.; Arahata, K. Characterization of a tandemly repeated 3.3-kb Kpnl unit in the
facioscapulohumeral muscular dystrophy (FSHD) gene region on chromosome 4q35. Muscle Nerve Suppl.
1995, 2, S6-S13. [CrossRef]

Kowaljow, V.; Marcowycz, A.; Ansseau, E.; Conde, C.B.; Sauvage, S.; Matteotti, C.; Arias, C.; Corona, E.D.;
Nunez, N.G.; Leo, O.; et al. The DUX4 gene at the FSHDIA locus encodes a pro-apoptotic protein.
Neuromuscul. Disord. 2007, 17, 611-623. [CrossRef]

Dixit, M.; Ansseau, E.; Tassin, A.; Winokur, S.; Shi, R; Qian, H.; Sauvage, S.; Matteotti, C.; van Acker, A.M.;
Leo, O.; etal. DUX4, a candidate gene of facioscapulohumeral muscular dystrophy, encodes a transcriptional
activator of PITX1. Proc. Natl. Acad. Sci. USA 2007, 104, 18157-18162. [CrossRef]

Lemmers, R.J.; Wohlgemuth, M.; Frants, R.R.; Padberg, G.W.; Morava, E.; van der Maarel, S.M. Contractions
of D4Z4 on 4qB subtelomeres do not cause facioscapulohumeral muscular dystrophy. Am. J. Hum. Genet.
2004, 75, 1124-1130. [CrossRef]

Lemmers, R.J.; Wohlgemuth, M.; van der Gaag, K.J.; van der Vliet, PJ.; van Teijlingen, C.M.; de Knijff, P.;
Padberg, G.W.; Frants, R.R.; van der Maarel, S.M. Specific sequence variations within the 4q35 region are
associated with facioscapulohumeral muscular dystrophy. Am. J. Hum. Genet. 2007, 81, 884-894. [CrossRef]
Lemmers, R.J.; van der Vliet, PJ.; Balog, J.; Goeman, ].J.; Arindrarto, W.; Krom, Y.D.; Straasheijm, K.R,;
Debipersad, R.D.; Ozel, G.; Sowden, J; et al. Deep characterization of a common D4Z4 variant identifies
biallelic DUX4 expression as a modifier for disease penetrance in FSHD2. Eur. |. Hum. Genet. 2018, 26,
94-106. [CrossRef]

Mitsuhashi, H.; Ishimaru, S.; Homma, S.; Yu, B.; Honma, Y.; Beermann, M.L.; Miller, J.B. Functional domains
of the FSHD-associated DUX4 protein. Biol. Open 2018, 7. [CrossRef] [PubMed]

122



J. Pers. Med. 2020, 10,73

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Jones, T.I; Chen, J.C.; Rahimov, E; Homma, S.; Arashiro, P.; Beermann, M.L.; King, O.D.; Miller, ].B.;
Kunkel, L.M.; Emerson, C.P,, Jr.; et al. Facioscapulohumeral muscular dystrophy family studies of DUX4
expression: Evidence for disease modifiers and a quantitative model of pathogenesis. Hum. Mol. Genet.
2012, 21, 4419-4430. [CrossRef] [PubMed]

Krom, Y.D.; Dumonceaux, J.; Mamchaoui, K.; den Hamer, B.; Mariot, V.; Negroni, E.; Geng, L.N.; Martin, N.;
Tawil, R.; Tapscott, S.J.; et al. Generation of isogenic D474 contracted and noncontracted immortal muscle
cell clones from a mosaic patient: A cellular model for FSHD. Am. . Pathol. 2012, 181, 1387-1401. [CrossRef]
[PubMed]

Broucgsault, N.; Morere, J.; Gaillard, M.C.; Dumonceaux, J.; Torrents, J.; Salort-Campana, E.;
Maues de Paula, A.; Bartoli, M.; Fernandez, C.; Chesnais, A.L.; et al. Dysregulation of 4q35- and
muscle-specific genes in fetuses with a short D474 array linked to Facio-Scapulo-Humeral Dystrophy.
Hum. Mol. Genet. 2013, 22, 4206-4214. [CrossRef]

Ferreboeuf, M.; Mariot, V.; Bessieres, B.; Vasiljevic, A.; Attie-Bitach, T.; Collardeau, S.; Morere, ].; Roche, S.;
Magdinier, F.; Robin-Ducellier, J.; et al. DUX4 and DUX4 downstream target genes are expressed in fetal
FSHD muscles. Hum. Mol. Genet. 2014, 23, 171-181. [CrossRef]

Marsollier, A.C.; Ciszewski, L.; Mariot, V.; Popplewell, L.; Voit, T.; Dickson, G.; Dumonceaux, J. Antisense
targeting of 3’ end elements involved in DUX4 mRNA processing is an efficient therapeutic strategy for
facioscapulohumeral dystrophy: A new gene-silencing approach. Hum. Mol. Genet. 2016, 25, 10. [CrossRef]
Liu, D.; Brockman, J.M.; Dass, B.; Hutchins, L.N.; Singh, P.; McCarrey, ].R.; MacDonald, C.C.; Graber, ].H.
Systematic variation in mRNA 3’-processing signals during mouse spermatogenesis. Nucleic Acids Res. 2007,
35, 234-246. [CrossRef]

Ji, Z.; Lee, ].Y.; Pan, Z.; Jiang, B.; Tian, B. Progressive lengthening of 3" untranslated regions of mRNAs by
alternative polyadenylation during mouse embryonic development. Proc. Natl. Acad. Sci. USA 2009, 106,
7028-7033. [CrossRef]

Tassin, A.; Laoudj-Chenivesse, D.; Vanderplanck, C.; Barro, M.; Charron, S.; Ansseau, E.; Chen, YW.;
Mercier, J.; Coppee, E; Belayew, A. DUX4 expression in FSHD muscle cells: How could such a rare protein
cause a myopathy? J. Cell Mol. Med. 2012, 17, 76-89. [CrossRef]

Ferreboeuf, M.; Mariot, V.; Furling, D.; Butler-Browne, G.; Mouly, V.; Dumonceaux, J. Nuclear protein
spreading: Implication for pathophysiology of neuromuscular diseases. Hum. Mol. Genet. 2014, 23,
4125-4133. [CrossRef]

Rickard, A.M.; Petek, L.M.; Miller, D.G. Endogenous DUX4 expression in FSHD myotubes is sufficient
to cause cell death and disrupts RNA splicing and cell migration pathways. Hum. Mol. Genet. 2015, 24,
5901-5914. [CrossRef] [PubMed]

Gabellini, D.; Green, M.R.; Tupler, R. Inappropriate gene activation in FSHD: A repressor complex binds a
chromosomal repeat deleted in dystrophic muscle. Cell 2002, 110, 339-348. [CrossRef]

Vanderplanck, C.; Ansseau, E.; Charron, S.; Stricwant, N.; Tassin, A.; Laoudj-Chenivesse, D.; Wilton, S.D.;
Coppee, E; Belayew, A. The FSHD Atrophic Myotube Phenotype Is Caused by DUX4 Expression. PLoS ONE
2011, 6, €26820. [CrossRef] [PubMed]

Wallace, L.M.; Liu, J.; Domire, ].S.; Garwick-Coppens, S.E.; Guckes, S.M.; Mendell, J.R.; Flanigan, K.M.;
Harper, S.Q. RNA Interference Inhibits DUX4-induced Muscle Toxicity In Vivo: Implications for a Targeted
FSHD Therapy. Mol. Ther. 2012, 20, 1417-1423. [CrossRef] [PubMed]

Chen, J.C.; King, O.D.; Zhang, Y.; Clayton, N.P,; Spencer, C.; Wentworth, B.M.; Emerson, C.P, Jr.; Wagner, K.R.
Morpholino-mediated Knockdown of DUX4 Toward Facioscapulohumeral Muscular Dystrophy Therapeutics.
Mol. Ther. 2016, 24, 1405-1411. [CrossRef]

Marsollier, A.C.; Joubert, R.; Mariot, V.; Dumonceaux, J. Targeting the Polyadenylation Signal of Pre-mRNA:
A New Gene Silencing Approach for Facioscapulohumeral Dystrophy. Int. J. Mol. Sci. 2018, 19, 1347.
[CrossRef]

Bosnakovski, D.; da Silva, M.T.; Sunny, S.T.; Ener, E.T.; Toso, E.A.; Yuan, C.; Cui, Z.; Walters, M.A.; Jadhav, A ;
Kyba, M. A novel P300 inhibitor reverses DUX4-mediated global histone H3 hyperacetylation, target gene
expression, and cell death. Sci. Adv. 2019, 5, eaaw?7781. [CrossRef]

123



J. Pers. Med. 2020, 10,73

78. DeSimone, A.M.; Leszyk, ].; Wagner, K.; Emerson, C.P,, Jr. Identification of the hyaluronic acid pathway as a
therapeutic target for facioscapulohumeral muscular dystrophy. Sci. Adv. 2019, 5, eaaw7099. [CrossRef]

79. Klingler, C.; Ashley, J.; Shi, K.; Stiefvater, A.; Kyba, M.; Sinnreich, M.; Aihara, H.; Kinter, ]. DNA aptamers
against the DUX4 protein reveal novel therapeutic implications for FSHD. FASEB ]. 2020, 34, 4573-4590.
[CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

124



Journal of

Personalized ﬁ“\l)\l’y
7

Medicine

Review

Molecular and Cellular Mechanisms Affected in ALS

Laura Le Gall 2%, Ekene Anakor ¥, Owen Connolly 't, Udaya Geetha Vijayakumar ',

William J. Duddy ! and Stephanie Duguez "*

1 Northern Ireland Center for Stratified/Personalised Medicine, Biomedical Sciences Research Institute, Ulster

University, Derry-Londonderry BT47, UK; le_gall-l@ulster.ac.uk (L.L.G.); Anakor-EQulster.ac.uk (E.A.);
Connolly-O4@ulster.ac.uk (O.C.); u.vijayakumar@ulster.ac.uk (U.G.V.); w.duddy@ulster.ac.uk (W.].D.)

2 NIHR Biomedical Research Centre, University College London, Great Ormond Street Institute of Child
Health and Great Ormond Street Hospital NHS Trust, London WCIN 1EH, UK; l.gall@ucl.ac.uk

*  Correspondence: s.duguez@ulster.ac.uk

1t These authors contributed equally to this work.

Received: 20 July 2020; Accepted: 22 August 2020; Published: 25 August 2020

Abstract: Amyotrophic lateral sclerosis (ALS) is a terminal late-onset condition characterized by
the loss of upper and lower motor neurons. Mutations in more than 30 genes are associated to the
disease, but these explain only ~20% of cases. The molecular functions of these genes implicate a
wide range of cellular processes in ALS pathology, a cohesive understanding of which may provide
clues to common molecular mechanisms across both familial (inherited) and sporadic cases and could
be key to the development of effective therapeutic approaches. Here, the different pathways that
have been investigated in ALS are summarized, discussing in detail: mitochondrial dysfunction,
oxidative stress, axonal transport dysregulation, glutamate excitotoxicity, endosomal and vesicular
transport impairment, impaired protein homeostasis, and aberrant RNA metabolism. This review
considers the mechanistic roles of ALS-associated genes in pathology, viewed through the prism of
shared molecular pathways.

Keywords: oxidative stress; mitochondria dysfunction; axonal transport; autophagy; endocytosis;
secretion; excitotoxicity; RNA metabolism; MND

1. Introduction

Amyotrophic lateral sclerosis (ALS) is the most frequent motor neuron disease (MND), with an
estimated ~223,000 patients being affected globally in 2015 [1]. The pathology affects both upper motor
neurons (UMN) in the cortex and lower motor neurons (LMN) in the brainstem and spinal cord [2].
Paralysis and death usually occur between three to four years after symptom onset [3], and there are
currently no effective treatments to slow disease progression [4]. Approximately 90% of ALS cases are
sporadic, while 10% are familial, defined by the occurrence of ALS in more than one family member [5].
Around 30 different genes are linked with ALS [5,6], explaining ~20% of all ALS cases and associated
with different molecular functions and disease phenotypes [7], so that the task of understanding the
relationships between affected pathways is complex.

To investigate the different molecular pathways affected in ALS, various in vivo models, including
drosophila [8-11], C-elegans [12], zebrafish [13-16], and rodents [17], as well as in vitro cell models such
as patient lymphoblastoid cell lines [18] and hybrid [19,20] or primary murine cell lines, [21] have been
developed. Most of these models investigate the pathological effects of mutations to ALS genes, including
Fused in Sarcoma (FUS), Superoxide dismutase (SOD1), TAR DNA-binding protein 43 (TDP-43), and Chromosome
9 open reading frame 72 (C9orf72) [22,23]. Their study has resulted in numerous cellular and molecular
mechanisms being proposed to explain motor neuron death. Mechanisms frequently implicated include:
reactive oxygen species (ROS)-associated oxidative stress [24-27], mitochondrial dysfunction [24], axonal
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and vesicular trafficking dysregulation [28,29], glutamate-mediated excitotoxicity [30-33], proteostatic
impairments [34-38], and altered RNA metabolism and/or processing [39-42].

Alteration to one or more of these cellular processes may be present, not only in the motor neurons
themselves but, also, in neighboring cell populations, such as glial cells, peripheral inflammatory
cells, and muscles, as ALS is increasingly considered a multisystemic disease that culminates in
motor neuron death [6,24]. For example, astrocytes and microglia have been implicated in the
release of proinflammatory mediators that lead to chronic neuroinflammation and motor neuron
toxicity [43]. In addition, the selective overexpression of mutant SOD1 in skeletal muscle was shown to
cause mitochondrial abnormalities, induce microglial activation in the central nervous system (CNS),
and result in severe muscle atrophy in mice [44].

Consensus is yet to be reached regarding the causal mechanisms involved in the onset and
propagation of ALS. The aim of this review is to identify and summarize the different molecular
mechanisms implicated in various forms of the disease, including sporadic and familial cases. In doing
s0, it is hoped that new insights may be gained regarding the role of different pathways across different
forms of the disease.

2. Oxidative Stress

Oxidative stress results from an imbalance between the production and elimination of reactive
oxygen species (ROS) [45], as well as an impaired ability to repair ROS-mediated toxicity [46], and has
been of particular interest in ALS pathogenesis ([47] and Figure 1) since the discovery of SOD1
mutations in familial forms of ALS [48]. Increased levels of oxidized proteins, RNA, DNA, and lipids
have been observed in post-mortem tissue from both sporadic and SOD1 ALS cases [27,49,50], as well
as in the cerebrospinal fluid (CSF), serum, and urine of sporadic ALS patients [26].

SOD1 is a major antioxidant enzyme that is ubiquitously expressed and catalyzes radical
superoxide anions into molecular oxygen and hydrogen peroxide [51]. Approximately 80 of the 160
SOD1 mutations reported in ALS are missense mutations that fail to cause a loss of SOD1 activity [52],
and many SOD1 mouse models show a progressive, late-onset motor phenotype with concomitant
astrogliosis and motor neuron pathology when mutated forms of human SOD1 are overexpressed [17].
Evidence from human samples have shown that there is a 42% reduction in overall SOD1 activity
in familial SOD1 patients [53], potentially leading to an imbalance between ROS production and
degradation (Figure 1). This imbalance might be exacerbated by the disruption of the NRF2-ARE
(Nuclear erythroid 2-Related Factor—antioxidant response element) signaling pathway that is observed
in SOD1 ALS [54], thus affecting the expression of antioxidant proteins [55] (Figure 1). Supporting these
hypotheses, oxidative damage such as protein glycoxidation and lipid peroxidation were observed in
the motor neurons of the anterior horn from SOD1 familial ALS (fALS) patients [56] and SOD16%3A
mice [57,58].

The generation of ROS could result from the activity of NADPH oxidase in the lipid raft membrane
compartment. Interestingly, the ATXN2 gene encodes the ataxin-2 polyglutamine (PolyQ) protein,
and intermediate-length PolyQ expansions (27-33 Qs), which are known to be a significant risk for
ALS [59-61], can interact with NADPH oxidase and may lead to an increase in ROS production, DNA
damage, and mitochondrial distress [62] (Figure 1).
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Figure 1. Oxidative stress, mitochondrial dysfunction, axonal transport, and glutamate excitotoxicity in
amyotrophic lateral sclerosis (ALS). An increase in oxidative stress can result from defects in detoxifying
pathways. Such defects include the loss of SOD1 function, aberrant DNA damage repair machinery, or a
decrease in expression of antioxidant genes affecting the NRF2-ARE pathway. Oxidative stress can also be
increased by the stimulation of ROS production via increased NADPH oxidase activity or from disrupted
mitchondrial respiratory chain activity. Mitochondrial activity can be affected by several ALS mutations,
such as those leading to the accumulation of protein aggregates, or to decreased mitochondrial biogenesis
and transport, or to increased cytosolic Ca* (as observed when glutamate receptor activity is stimulated or
when the Ca?*-buffering capacity is decreased). Consequently a disruption of the mitochondrial respiratory
chain will lead to an increase in ROS production and, thus, to an accumulation of oxidized proteins, lipids,
DNA, and RNA. Oxidative damage occurring over time may then stimulate apoptotosis and, thus, cell death.
Defective axonal transport affects not only the mitochondria but, also, the transport of other proteins and RNA,
with consequences on the axon structure and function being accompanied by neurofilament accumulation.
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Defective glutamate uptake by astrocytes, and/or a defect in glutamate receptor clearance or
in AMPA or GABA receptors, can lead to increased Ca?* permeability and can impact the
post-synaptic hyperexcitability and mitochondrial function. ARE: antioxidant response element,
AMPA2: x-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 2, ATXN2: ataxin 2, Bcl2:
B-cell lymphoma 2, C9orf72: Chromosome 9 open reading frame 72, C2lorf2: Chromosome 21
open reading frame 7, CHCHD10: coiled-coil helix coiled-coil helix domain-containing 10, DCTN1:
Dynactin 1, EEAT2: Excitatory amino acid transporter, ER: endoplasmic reticulum, FUS: Fused
in Sarcoma, GABA: gamma-Aminobutyric acid, GlyR: glycine receptor, GlyT: glycine transporter,
KIF5A: Kinesin heavy-chain isoform 5A, MAM: Mitochondria-associated ER membranes, NEFH:
heavy-weighted neurofilaments, NEK1: (NIMA)-related kinase 1, NMDA: N-methyl-D-aspartate
receptor, NRF2: Nuclear erythroid 2-Related Factor, PEN1: profilin-I, PTPIP51: Protein tyrosine
phosphatase-interacting protein 51, SETX: senataxin, SOD: Superoxide dismutase 1, SPG11: Spatacsin,
TDP-43: TAR DNA-binding protein 43, VAPB: vesicle-associated membrane protein-associated protein
B, VCP: valosin-containing protein, and ROS: reactive oxygen species.

Recurrent oxidative stress and/or mitochondrial dysfunction occurring throughout the life of
the cell can lead to DNA damage—damage that can be fixed by activating the DNA damage repair
machinery. Several genes known to encode for proteins involved in DNA damage repair [63-65]
are also associated with ALS: NEK1 [66], C21orf2 [67], and SETX [68]. These encode for the proteins
never in mitosis-A (NIMA)-related kinase 1 (NEK1), cilia and flagella-associated protein 410, and the
DNA/RNA helicase senataxin, respectively. Mutations in these genes may therefore increase the
susceptibility to ALS as a result of dysregulated DNA damage repair machinery [67,69,70], leading
to an impaired ability of motor neurons to cope with oxidative stress, consequently leading to cell
death [64,70] (Figure 1). For example, induced pluripotent stem cell (iPSC) motor neurons derived from
NEK1¢2#34A>T_mutated ALS patients exhibit an increased level of DNA damage, as well as a failure
to repair DNA double-strand breaks [70]. Primary motor neurons from SETXR2136H and SETXL389S
murine models were unable to cope with induced oxidative stress and showed an increased stress
granule formation [71].

Altogether, these studies suggest that oxidative stress might be increased in sporadic and familial
ALS patients. Increased oxidative stress may affect mitochondrial function [72], exacerbate endoplasmic
reticulum stress [73], and impact protein homeostasis mechanisms [74], ultimately leading to cell
damage and neuronal loss.

3. Mitochondrial Dysfunction

Mitochondria are key organelles for ATP generation, calcium buffering, and apoptosis
regulation [75], and their dysfunction in the dorsal root ganglion cells of sporadic ALS patients
has been described previously [76]. Several mechanisms can trigger mitochondrial dysfunction in ALS
(Figure 1).

The maintenance of mitochondrial cristae organization is crucial to ensure respiratory chain
function [77] and requires cardiolipin, the ATP synthase dimer, and large protein complexes such as the
mitochondrial contact site complex (MICOS) and dynamin-like Opal/Mgm1 [78,79]. The coiled-coil
helix coiled-coil helix domain-containing protein 10 (CHCHD10), known to be associated with ALS [23],
is suspected to be either part of [80,81] or interact with MICOS [82]. Consequently, mutations in
CHCHD10 result in the loss of mitochondria cristae [80], mitochondria fragmentation [81], and defective
mitochondrial repair [80,83] (Figure 1).

Mitochondrial biogenesis can also be directly affected, as observed in FUS-mutated conditions [84,85].
While FUS encodes for a DNA/RNA-binding protein [86] predominantly localized to the nucleus, mutated
forms of FUS can accumulate in the cytosol and possibly become toxic [87,88] and affect the mitochondrial
function. For example, the mutated FUSP32L can interact with mitochondrial chaperone proteins and
induce mitochondria fragmentation and elevated ROS production [84,85].
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Aberrant swollen mitochondria morphology has also been observed in neuronal, non-neuronal
cells, and muscle tissue of other fALS cases, such as SOD1 [24,89] and C9orf72 [25,89]-mutated
ALS patients but, also, in both SOD15%*4 and TDP-4343'5T murine models [44,90,91]. The aberrant
morphology may result from a cascade of events involving the mutated protein aggregates. For
example, insoluble mutant SOD1 can aggregate in mitochondria in the spinal cord of SOD16%4
mice [92], causing the formation of vacuoles in the outer- and inter-mitochondrial membrane [93],
affecting mitochondrial respiration, energy production, and ultimately, increasing the level of oxidative
stress [94] (Figure 1). ALS patients with the SOD124V mutation show significant increases in complex I
and III activity of mitochondria in the motor cortex [95,96]. The overactivation of complexes I and III
increased the production of mitochondrial ROS [97] and may explain the high level of oxidative stress
observed in SOD1 mice and patients.

The G4C2 hexanucleotide repeat expansion mutation (HREM) in the C90rf72 gene explains
40-50% of familial ALS cases and 5-10% of sporadic cases [98-101]. There are several hypotheses
regarding the mechanisms by which this leads to toxicity, and evidence exists for both loss and
gain-of-function-mediated toxicity. One hypothesis suggests that the repeat-associated non-AUG (RAN)
translation of G4C2 repeats is causal in the expression of toxic dipeptide repeat (DPR) proteins. RAN
translation can occur in both sense and antisense reading frames [41], resulting in the production of five
different DPRs: glycine-alanine (GA), glycine-arginine (GR), proline-arginine (PR), proline-alanine (PA),
and glycine-proline (GP) [38]. Interestingly, the expression of poly-GR results in early abnormalities in
the mitochondiral respiratory chain by interacting with ATP5A1, a complex V protein, and leads to its
ubiquitination and degradation in C90rf72 ALS-FTD patients [102]. Mitochondrial dysfunction [103]
and an increased oxidative stress [104] are reported in fibroblasts and iPSC-derived astrocytes obtained
from C9orf72 ALS patients (Figure 1).

Nonfunctional and damaged mitochondria can be targeted by NIP3-like protein X (NIX) or
PTEN-induced putative kinase protein 1 (PINK1)-E3 ubiquitin ligase parkin, then sequestered into
isolation membranes and degraded after fusion with the autophagosome or lysosome [105]. Optineurin
(OPTN) and TANK-binding kinase 1 (TBK1) are key actors for mitochondria engulfment [106].
Consequently, ALS mutation in OPTN [107] and TBK1 [23] will affect the mitophagic flux and may
lead to an accumulation of nonfunctional mitochondria over time and result in motor neuron death
(see [108] for review). Taken together, except for CHCHD10, these studies point toward mitochondria
dysfunction and damage being a downstream effect of ALS gene mutations that lead to protein
aggregations and/or proteostasis dysfunction (see Section 7: Impaired Protein Homeostasis).

In addition, damage to mitochondria and alterations in their functions can disrupt calcium
homeostasis, increasing the sensitivity of neurons to glutamate excitotoxicity and the risk of motor
neuron damage ([109], Figure 1). Mitochondrial dysfunction can also activate proapoptotic signals [93],
such as the caspase-dependent [110] or bcl-2-dependant pathways [93], and might lead to motor
neuron degeneration.

4. Axonal Transport

Motor neurons have exceptionally long axons, up to 1 m in length, placing extreme demands on
cellular physiological functions that rely on the axonal transport of organelles such as mitochondria or
of molecules including proteins, lipids, and RNA to and from the synapse [111]. Axonal transport, as
well as the conduction of electrical impulses and the maintenance of the axon structure, are heavily
regulated processes linked with control of the neurofilament structure [112,113]. In both sporadic ALS
(sALS) and fALS patients, the disorganization of neurofilament networks has been reported [38].

Neurofilaments are neuron-specific intermediate filaments that are stretch-resistant and are major
cytoskeleton proteins [114]. They form parallel coiled-coiled heterotetramers composed of light,
medium, and heavy-weighted neurofilaments (NF-L, NF-M, and NF-H, respectively) and «-internexin
or peripherin [112,114]. Eight heterotetramers form cylindrical structures known as unit-length
filaments (ULFs) with the tail domains sticking out [112,114]. A series of ULFs form a filament that
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matures into neurofilament after a radial compaction of the cylindrical structure [112]. Consequently,
variants in the NEFH gene affecting the crosslinking properties of the NF-H protein may result in
abnormal neurofilament accumulations and in axonal transport defects [115].

Neurofilaments form cross-bridges not only with each other but, also, with actin filaments, actin
rings, and microtubules [114], constituing a protein network that might participate to the maintenance
of the axon structure [114,116]. Actin polymerization requires the small actin-binding proteins profilin
I'and II and phosphoinositide islands localized at the membrane [117]. Mutations in the PFN1 gene
encoding profilin-I are associated with ALS [118], and the expression of mutant hPEN1G18V in
murine model resulted in dysregulated actin polymerization [119]. Consequently, the attachement of
actin to the microtubules might be affected, probably impacting anterograde and retrograde transport
and, thus, leading to an accumulation of fragmented mitochondria and, ultimately, to upper and lower
motor neuron death ([119], Section 3 and Figure 1).

Microtubules and motor proteins such as the dynein-dynactin complex [28,120,121] and the
kinesins [120,122,123] are involved in the long-distance transport of cellular cargo. Microtubules are
composed of dimers of «- and 3-tubulin. The alpha tubulin subtype TUBA4A is an ALS-associated
protein [124], and ALS-associated mutations of TUBA4A lead to microtubule polymerization defects
and network destabilization [124].

The dynein-dynactin complex [28,120,121], along with the kinesins [120,122,123], are key drivers
of the anterograde and retrograde movements of diverse cargoes along the microtubule cytoskeleton,
including organelles, vesicles, neurofilaments, AMPA and GABA receptors, and RNAs. Interestingly,
mutations in dynactin subunit 1 (DCTN1) affecting the tertiary structure of the dynactin protein and its
capacity to bind to microtubules can cause ALS [125]. When the interaction between dynein-dynactin
is interrupted by the overexpression of dynamitin, axonal transport is impaired, and mice develop
a late-onset motor pathology that recapitulates late-onset progressive ALS [126]. Kinesins form a
superfamily of molecular motors that can be divided into three groups [120]. KIF5, a member of
kinesin 1-group, is a tetramer with two kinesin heavy chains (KHCs) that contains a motor domain
and two kinesin light chains (KLCs) that facilitate connections with cargo. There are three KIF5
isoforms—KIF5A, KIF5B, and KIF5C—all three isoforms being associated with the neuronal function
and anterograde transport of proteins and organelles [127]. Mutations in the C-terminal of KIF5A,
leading to a loss of function, are associated with ALS [128] and are suspected to disrupt the axonal
transport (Figure 1). This hypothesis is supported by the defective axonal transport of mitochondria,
the local accumulation of neurofilament, and the reduced axonal growth and survival observed in the
primary culture of motor neurons from KIF5A ™~ mice [129].

Distal axonal transport is also affected in SOD15%34 mice at an early stage, with an early decrease
in kinesin expression in asymptomatic mice, followed by a decrease in dynein expression in older
presymptomatic mice [130]. Defective axonal transport may contribute to the accumulation of impaired
mitochondria at distal sites ([93], Figure 1), resulting in decreased ATP production and disrupted
calcium homeostasisis at the neuromuscular junction, consequently leading to a distal axonopathy
in SOD15%34 mice [109,131,132] and SOD1 patients [24,28]. Kinesin-dynein machineries have been
described to be affected in sporadic ALS, where KIF1Bf3 and KIF3A3, two kinesin-related proteins, were
found to be downregulated in motor cortex samples of sporadic patients [133]. However, the expression
level of another kinesin-related protein, KIFAP3, is inversely correlated with sporadic ALS patient
survival [134].

In conclusion, different mutations associated to ALS can directly alter the architecture and
dynamics of the cytoskeleton, affecting the axonal transport machinery. Interestingly, aberrant axonal
transport has also been observed in sALS patients and in fALS patients harboring mutations in
non-cytoskeletal-related genes. Disrupted transport mechanisms can then affect the mitochondrial
metabolism and degeneration (Section 3), as well as protein degradation (Section 7) and RNA transport
(Section 8), ultimately leading to motor neuron death.
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5. Glutamate Excitotoxicity

Glutamate is the most abundant neurotransmitter in the CNS and is released from presynaptic
neurons into the synaptic cleft, resulting in the activation of NMDA and AMPA receptors that
mediate calcium and sodium influxes in postsynaptic neurons. Excess glutamate may result in the
abnormal activation of glutamate receptors, causing an excessive influx of Ca?* in the postsynaptic
neuron (Figure 1), which leads to extreme neuronal firing [135], resulting in excitotoxicity, which
is potentially implicated in a number of pathological conditions, including multiple sclerosis [136],
Parkinson’s diasease [137], and ALS [138,139]. Glutamate excitotoxicity is thought to occur as a
result of defective glutamate uptake and transport mechanisms that lead to excessive neuronal
Ca?* intake, aberrant Ca?* homeostasis, downstream mitochondrial dysfunction, and increased ROS
production [140,141] (Figure 1). Glutamate-gated AMPA receptors are abundant in human and animal
motor neurons [142,143] and are made up of four subunits, GluAl to GluA4 (also GluR1-4) [144].
The overactivation of AMPA receptors has been shown to result in hindlimb paralysis and motor
neuron degeneration in wild-type rats, highlighting the susceptibility of motor neurons to Ca%*
dysregulation [145]. The Ca* permeability of AMPA receptors is mediated by the presence of the
GluA2 subunit, the absence of which, in addition to impaired transcriptional editing at the Q/R site,
confers increased AMPA Ca2* permeability [146]. Interestingly, spinal motor neurons have been
reported to display a reduced expression of GluA2 relative to dorsal horn neurons from the same region,
providing some explanation for the selective susceptibiltiy of motor neurons in ALS [147], and GluA2
transcriptional editing has been found to be impaired in motor neurons of sporadic ALS patients
relative to controls [148]. Furthermore, evidence suggests that GluA2 editing is also impaired in ALS
oculomotor neurons, despite their spared function in disease. However, spared functionality has been
hypothesized to be the result of increased Ca2+—binding proteins and, in particular, parvalbumin, which
is highly abundant in oculomotor neurons and present at low levels in spinal motor neurons [149].
GluA2 transcriptional editing into the Ca?* impermeable subunit is mediated by adenosine deaminase
acting on RNA 2 (ADAR?2) activity [150,151]. A reduced ADAR?2 expression has been reported in
sporadic ALS patients and has been shown to result in an increased aggregation of TDP-43 in spinal
motor neurons [152]. Taken together, the evidence suggests that a decreased GluA2 expression and
impaired transcriptional editing in spinal motor neuron AMPA receptors is a contributing factor to
the increased uptake of Ca?* and the downstream susceptibility to excitotoxicity in ALS (Figure 1).
Moreover, the finding that AMPA receptor dysfunction can result in the aggregation of misfolded
TDP-43 is an important finding for linking ALS pathology with the glutamate excitotoxicity hypothesis.

In addition to dysregulated GluA2 subunit function, research has reported dysfunctional glutamate
transport mechanisms in ALS. Under normal physiological conditions, glutamate at the synaptic
cleft is cleared by the excitatory amino acid transporter (EAAT2), which functions to maintain low
levels of extracellular glutamate and, thus, prevent excessive increases in intracellular Na* and Ca?*
levels [89,153]. EAAT2 is found primarely on the synaptic processes of astrocytes, and the loss of
EAAT?2 has been reported to induce increased extracellular levels of glutamate and cause motor neuron
toxicity and muscle paralysis in animal models [154], whilst the pharmalogical stimulation of EAAT2
was found to rescue motor neuron degeneration and delay paralysis in SOD15%4 mice [155,156].
Abnormalaties in EAAT2 have been suggested to occur post-translationally after a post-mortem
research highlighted no differences in EAAT2 mRNA expressions between sporadic ALS patients and
controls, despite a 95% decrease in protein levels in sALS subjects [157]. Further support of EAAT2 loss
and its implications in ALS were reported by a separate group who demonstrated a reduced EAAT2
immunoreactivity in anterior horn cells of sporadic ALS and lower motor neuron disease patients
relative to healthy controls [158]. Together, these studies highlight the role of dysfunctional glutamate
uptake and transport mechanisms in sporadic cases of ALS (Figure 1).

Excitotoxicity has also been associated with genetic forms of the disease. SODI mutations have
been implicated in the glutamate excitotoxicity hypothesis, and research has demonstrated an increased
glutamate release [159], as well as motor neuron and inter-neuron hyperexcitability two to three months
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prior to motor neuron degeneration and phenotype onset in SOD15%34 mice [160]. SOD1 mutations have
also been shown to reduce the expression of astrocytic GluA2 in vitro and in vivo, thereby diminishing
their ability to protect against motor neuron excitotoxicity [21]. In patients, the deterioration of neuronal
dendrites was observed in sporadic and familial ALS cases, but not in healthy or Alzheimer’s disease
controls, leading to the suggestion that ALS is a synaptopathy [161], which is perhaps attributable
to the excessive levels of glutamate observed in the CSF of patients [138,139]. Indeed, metabolomic
analyses suggest that ALS patients show elevated serum levels of glutamate [32], and there is evidence
that sporadic and familial ALS cases show heightened levels of cortical excitablity, which can be
detected even in the presymptomatic stages in familial SOD1 mutation carriers [162]. However, other
studies have failed to find evidence for elevated glutamate levels in ALS patients [163-165]. C9orf72
has also been implicated in the glutamate excitotoxicity hypothesis after iPSC motorneurons from
ALS patients were found to have impaired autophagosome formation and aberrant accumulations of
glutamate receptors [166-168]. This has been supported in vivo with C90rf72 knockout mice showing
GluR1 upregulation in the hippocampus and a greater susceptibility to excitotoxicity compared to
controls [166]. In addition, C9orf72 knockout mice demonstrated a complete loss of SMCRS [169],
a protein that functions in a complex with C90rf72 and WD40 repeat domain 41 (WDR41) to regulate
membrane trafficking and autophagy [170]. The concomitant abnormalities in autophagy and aberrant
accumulations of GluR1 has led to the hypothesis that C9orf72 loss-of-function leads to an impaired
clearance of excess glutamate receptors, which, in turn, results in a greater glutamate uptake and
increased susceptibility to excitotoxicity (Figure 1). C9orf72 patients have also been reported to
demonstrate elevated glutamate levels in their cerebropsinal fluid (CSF), which has been hypothesized
to occur as a result of DPR-mediated splicing defects to EAAT2 and subsequent impairments in
glutamate clearance [168]. Research has also implicated ALS2 in the glutamate exicitotoxicity
hypothesis by virtue of its interaction with Rab5 and the endosomal pathway. ALS27" knockout
mice have been reported to show significant increases in glutamate receptor degradation, including
GluA2 [171], the loss of which is believed to contribute to excitotoxicity and motor neuron degeneration.
Similarly, ALS27/~ spinal motor neurons were found to be more susceptible to glutamate excitotoxicity
as a result of reduced GluA2 at the synapses of neurons, which was attributed to an altered glutamate
receptor interacting protein 1 (GRIP1) function, caused by the genetic loss of ALS2 [171].

Although there is evidence to suggest the presence of glutamate transport and uptake defects
in both sporadic and familial cases of ALS, it is unclear how these defects lead to the specific
deterioration of motor neurons in disease. Furthermore, it has been 25 years since the approval of the
antiglutamatergic drug riluzole for the treatment of ALS, yet there is no understanding as to why it,
as well as other antiglutamatergics, including gabapentin, memantine, and ceftriaxone, fail to delay
symptom progressions in ALS by more than ~three months [172,173].

6. Endosomal Pathway and Vesicle Secretion

Extracellular vesicles encompass different types such as apoptotic vesicles, microvesicles,
and exosomes, all of which can affect the functionality of the recipient cells [174-177]. The last
decade has seen several investigations into the relevance of exosomes to ALS, either in propagating the
disease or as biomarkers [6,178-181]. In the ALS context, exosomes secreted by astrocytes, neurons,
or microglia are suspected to carry neurotoxic elements such as mutated SOD1 or C9orf72-derived
DPR and to be responsible for motor neuron death [178,179,182]. Interestingly, sporadic muscle cells
present an accumulation of vacuole and multivesicular bodies in their cytosol, suggesting that vesicle
trafficking is disrupted in these cells ([183] and personal data) and that extracellular vesicle secretion
might have an important role in ALS.

Exosome biogenesis requires the formation of inward buds in the multivesicular body (MVB),
followed by their fission and release as vesicles into the MVB lumen. The generation of intraluminal
vesicles can be either Endosomal Sorting Complex Required for Transport (ESCRT)-dependent or
ESCRT-independent. The ESCRT is composed of four complexes—ESCRT-0, ESCRT-I, ESCRT-II,
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and ESCRT-III—each complex acting one after the other to form intraluminal vesicles. Interestingly,
charged multivesicular protein 2B (CHMP2B) is a component of ESCRT-III involved in the processing
of cargo into intraluminal vesicles and is associated with ALS [184]. The dysfunction of ESCRT-III may
lead to abnormal and dysmorphic endosomes [185] (Figure 2).
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Figure 2. Protein homeostasis dysregulation. Dysregulated protein homeostasis is mediated by
multiple pathways encompassing defects in autophagy, the dysregulated ubiquitin-proteasome system
(UPS), endo-lysosomal pathway disruptions, or endoplasmic reticulum (ER) stress. The presence of
misfolded proteins activates endoplasmic reticulum-associated protein degradation (ERAD), leading
to proteasome-mediated degradation to avoid misfolded protein accumulations in the ER lumen and
subsequent ER stress. Several ALS-associated gene mutations induce proteasome-mediated toxicity via
the sequestration of ubiquilin and chaperone proteins involved in the UPS pathway. The proteolytic
activity of the proteasome has also been demonstrated to be targeted by gene mutations in ALS.
The autophagic pathway involves the formation and maturation of phagophores that engulf selected
transported-cargo and form autophagosomes. Fusion with the lysosome enables the degradation of
autophagosome contents. Defects in autophagy initiation and expansion, dysregulated phagophore
formation, and/or impaired cargo transport are observed in ALS patients. Mutations in ALS-associated
genes also cause defects in mitophagy, a specific form of autophagy. Defects in the endolysosomal
have been associated with ALS gene mutations, including defective endolysosomal trafficking and
altered lysosomal hoemostasis and degradation. Defects in the autophagy/lysosomal pathway may
affect vesicle secretion. Genes implicated in dysregulated protein homeostasis are indicated in red. ER:
endoplasmic reticulum, ERAD: endoplasmic reticulum-associated protein degradation, ALS2: Alsin,
C9orf72: Chromosome 9 open reading frame 72, CCNF: Cyclin F, CHCHD10: coiled-coil helix coiled-coil
helix domain-containing 10, CHMP2B: chromatin-modifying protein 2B, DCTN1: Dynactin 1, FIG4:
Phosphoinositide 5-phosphatase, FUS: Fused in Sarcoma, MATR3: matrin 3, MVB: Multivesicular bodies,
OPTN: Optineurin, SOD1: Superoxide dismutase 1, SPG11: Spatacsin, TDP-43: TAR DNA-binding
protein 43, TBK1: TANK-binding kinase-1, UBQLN2: Ubiquilin-2, VAPB: vesicle-associated membrane
protein-associated protein B, and VCP: valosin-containing protein.

Endocytosis and vesicle trafficking from one cellular compartment to another are regulated
by small Rab GTPases [186]. For example, Rab5 is associated with the formation of early and late
endosomes, while Rabs 11, 35, and 27 have direct roles in exosome biogenesis and secretion. Alsin is an
ALS-associated protein [187] and is a guanine nucleotide-exchange factor involved in endosome motility
and fusion with the lysosome [171]. Consequently, an absence of alsin expression in hippocampal
neurons leads to an accumulation of Rab5-positive vesicles and an enhanced lysosome-mediated
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degradation, suggesting an enhanced degradation of endosomal vesicles [171], thus probably affecting
the production and secretion of exosomal vesicles.

The C9orf72 protein structure presents some similarities with the Differentially Expressed
Normal versus Neoplastic (DENN) guanine nucleotide exchange factor and, thus, may activate Rab
proteins [101] such as RAB8A and RAB39B [188]; Rabla [34]; or Rabs 1, 7, and 11 [189], which are
associated with autophagy and vesicle-trafficking processes [190-192], as well as exosome biogenesis
and secretion [186]. In C90rf72 knockdown cell lines [189], a C90rf72 knockout murine model [193],
and in ALS patient fibroblasts and iPSC-derived motor neurons [194], transgolgi and endosomal
trafficking were reduced, a defective autophagy pathway was observed [34,194], and exosomal secretion
was affected [194].

Vesicle-associated membrane protein-associated protein B (VAPB) is involved in vesicle trafficking
between the endoplasmic reticulum and the golgi apparatus [195,196]. Interestingly, VAPB has been
described to interact with RAB7 and colocalize with CD63 [197], two proteins involved in late-endosome
formation and exosome biogenesis [186]. However, the impact of ALS-associated VAPB mutation in
exosome biogenesis and secretion still needs to be investigated.

Multivesicular body formation is at a crossroad between the autophagy (Figure 2) and secretion
pathways, and an autophagic failure may lead to cell secretion [198]. The VCP gene is associated with
ALS [199] and encodes for a valosin-containing protein, an ubiquitous AAA+ ATPase that interacts
with clathrin to form early endosomes but, also, with the autophagy pathways [200]. In this context,
a mutation in a valosin-containing protein (VCP) may affect the endosomal pathway, and one can
hypothesize that it has an impact on the formation and secretion of exosomes. Other gene mutations
associated to ALS, such as protein polyphosphoinositide 5-phosphatase (FIG4) [201,202] or spastacsin
(Spg11) [203,204], are associated with the blockade of lysosomal clearance (see Section 7)—the blockade
of which could potentially lead to vesicle secretion [198]. However, futher investigations related to
exosome pathways in ALS in vivo are needed.

7. Impaired Protein Homeostasis

Protein aggregates positive for TDP-43 [36,205], neurofilament [41], FUS [87], or SOD1 [206] are
observed in the vast majority of ALS patients, with TDP-43 being present in as many as 98% of sporadic
and familial cases [207], meaning that the presence of such aggregates is widely regarded as a hallmark
feature of ALS pathology. These deposits can occur in the cytoplasm of neurons [208] and skeletal
muscle [99,209], and their presence is highly suggestive of an imbalance between protein synthesis and
degradation pathways (Figure 2).

7.1. Proteasome and Autophagic Degradation Pathways

In the late 1960s and early 1970s, the presence of protein inclusions in the anterior horn cells of
sporadic and familial ALS patients was described [210-212]. Later, these inclusions were found to be
ubiquitin positive [35], and SOD1 was the first ALS-associated protein found to be immunoreactive
within the inclusions of familial patients [213]. Subsequently, ubiquinated inclusions have often been
found to be immunoreactive for the ubiquitin-binding protein p62 [214], and up to 98% of sALS
and fALS cases show inclusions that are TDP-43-positive [215], with the exception being SOD1 [216]
and FUS [216] patients who do not demonstrate TDP-43 inclusions but do demonstrate SOD1 and
FUS immunoreactive inclusions. Other ALS proteins that have been implicated in the formation
of cytoplasmic inclusions include optineurin (OPTN) [107], ubiquilin 2 (UBQLN?2) [217], dynactin
1 (DNCT1) [218], valosin-containing protein (VCP) [219], and matrin 3 (MATR3) [220]. Studying
the structure of the main proteins SOD1, FUS, and TDP-43 helped to unravel potential mechanisms
involved in protein misfolding and self-propagation within the cells and in surrounding cells. SOD1
is a stable homodimer, thanks to the intrasubunit disulfide bond and its ability to bind zinc and
copper. However, a reducing and metal-poor intracellular environment or mutations [221-227] can
abolish these features and destabilize SOD]1, leading to the formation of aggregates and amyloid fibril
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structures [228-231] that can self-propagate in vitro [229,230]. FUS and TDP-43 proteins possess a low
complexity domain that presents similarities with yeast prions [209] and can form large aggregates and
amyloid fibril structures [209,229,232,233]. Interestingly, mutated forms of FUS and TDP-43 can induce
the misfolding of wild type forms of FUS and TDP-43, respectively [229], and have also been shown to
induce the misfolding of wild type forms of SOD1 in vitro [234]. Altogether, these studies suggest a
potential mechanism for the self-propagation of misfolded proteins in vitro—misfolded proteins that
can potentially be transferred from cell to cell via secreted vesicles, thus propagating the misfolding
mechanism to neighboring cells (see Section 6, [178,229,235]). The presence of these protein aggregates
has been suggested to impair the proteasome and autophagic degradation pathways and could be key
mediators in ALS pathogenesis [38,236,237] (Figure 2).

Dysregulation of the Ubiquitin—-Proteasome System (UPS) in ALS patients was first suspected
following the identification of mutations in genes encoding ubiquilin 2 [238] and VCP [199], two
proteins involved in protein clearance via the ubiquitin-proteasome pathway [239]. Mutations in
OPTN [240] and SQSTM1/P62 [241] were then identified, and following this, SOD1 [236], VABP [242],
CYorf72 [25,208], and CCNF (cyclin F) [243] mutations were all reported to reduce UPS activation.
Ubiquitin-positive inclusions were observed in post-mortem neuronal and muscular tissues of fALS
and sALS patients [35] and, more specifically, in C9orf72 patients [244]. Similarly, SOD1 [245], FUS [87],
ubiquilin 2 [246], and C9orf72-derived DPR proteins [247] can generate toxic aggregates positive
for some proteasome components [248]. These ubiquitin-positive inclusions can also contain and
“trap” nonmutated forms of SOD1 [48], TDP-43 [205], optineurin [107], and ubiquilin 2 [249], thus
exacerbating the already disrupted cellular homeostasis in ALS.

The degradation of ubiquitinated proteins through the autophagy/lysosomal pathway occurs in
four steps: (1) the initiation and extension of the bilayer vacuole into phagophores; (2) the transport
of selective cargoes (including ubiquitinated proteins, dysfunctional mitochondria, and protein
aggregates); (3) the maturation into autophagosomes; and (4) fusion with low pH lysosomes to form
autolysosomes where degradation of the cargoes can proceed [250].

The fusion of the endosome with the lysosome for degradation is an tightly regulated event [251]
involving the protein polyphosphoinositide 5-phosphatase, FIG4 [252]. Deleterious mutations in
FIG4 in ALS leads to abnormal lysosomal storage [201,202]. Spastacsin is also involved in lysosomal
clearance, and the absence of Spg11 expression impaired the lysosomal-autophagy pathway and is
accompanied by an accumulation of lipid within the lysosomes [203,204]. Nonfunctional TBK1 [253]
and p62 [254] inhibit the transport of targeted cargoes toward the autophagosome. Interestingly,
impaired autophagosome maturation was also observed in ALS cells mutated for FUS [255], VCP [89],
CHMP2B [184], and OPTN [256]. The importance of autophagy can be observed in studies that
stimulate autophagic activation in the presence of ALS mutations. For instance, the stimulation of
autophagy in murine and human iPSC-derived neurons expressing TARDBP mutations demonstrated
a greater clearance of TDP-43 aggregates relative to nonstimulated cells and resulted in improved
motor neuron survival [257].

C9orf72 mutations can interfere with the autophagy pathway at several levels. When C9orf72
expression is abolished or decreased as suggested by the haploinsufficiency hypothesis [258,259],
autophagy is inhibited [34,189,193,194], leading to simultaneous increases in the number of cytoplasmic
inclusions immunoreactive for ubiquitin, p62, and TDP-43 [34,101,260]. The impairment of autophagy
in C9orf72 cells may also result in the accumulation of cytotoxic DPR proteins encoded by the
G4C2 HREM and, ultimately, lead to neuronal loss [261]. Similarly to cells expressing TARDBP
mutations [257], the stimulation of autophagy abolished the accumulation of poly-DPR proteins and
neuronal toxicity [261].

Altogether, these studies illustrate the importance of autophagy for the efficient clearance of
misfolded and aggregated proteins and is indicative of the underlying impairments in proteostatic
mechanisms that mediate ALS physiopathology (Figure 2).
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7.2. Endoplasmic Reticulum Stress

During the formation of misfolded proteins, the unfolded-protein response (UPR) may be initiated
to transport defective proteins to the endoplasmic reticulum (ER), where ER-resident chaperones will
properly fold the protein [262]. The accumulation of misfolded proteins in the ER activates the ER stress
response pathway, also known as the endoplasmic reticulum-associated protein degradation (ERAD)
pathway. The ERAD pathway involves the translocation of misfolded proteins from the ER lumen to
the cytosol, where they undergo ubiquitination and degradation through the ubiquitin-proteasome
pathway [262]. In ALS patient cells, mutated SOD1 agregates were observed in ER and colocalized
with UPR markers, leading to an increase in ER stress [263] by interacting with ER stress response
proteins and inhibiting their function in the ERAD response [236]. The presence of poly (GA)
aggregates, observed in neuronal post-mortem C90rf72 ALS patients, can inhibit proteasome activity
and induce ER stress, which can be abolished when using ER stress inhibitors such as salubrinal and
tauroursodeoxycholic acid (TUDCA) [208]. Concordantly, the cerebropsinal fluid (CSF) of sporadic
ALS patients displays an accumulation of ER stress markers [263], and when healthy neurons were
exposed to patient CSF, the ER became fragmentated and caspase-dependent apoptosis was activated,
suggesting an increase in ER stress [264].

Vesicle-associated membrane protein-associated protein B (VAPB) is localized in the endoplasmic
reticulum membrane and has a key role in vesicle trafficking between the endoplasmic reticulum, golgi
apparatus, and the nuclear envelope [195-197]. The VAPB®* mutation associated with ALS leads to a
misfolded protein that accumulates in the ER [265] and can cause a defect in nuclear envelope protein
transport, leading to an aberrant nuclear envelope structure [266]. Interestingly, the accumulation of
VAPB has also been observed in the endoplasmic reticulum of peripheral blood mononuclear cells of
sporadic ALS [267].

Optineurin is a TBK1 partner and is involved in mitophagy (Section 3). When the association of
optineurin with myosin VI is disrupted, as osberved in fALS cases associated with OPTN mutations,
optineurin is diffused in the cytosol of neuronal cells and results in ER stress and Golgi apparatus
fragmentation, as well as an inhibition of the autophagy pathway ([256], Figures 1 and 2).

Altogether, these studies suggest that protein degradation could be directly and indirectly affected
in ALS, causing protein aggregation that leads, in turn, to the disruption of the function of organelles
such as nuclei (Section 7.2) and mitochondria (Section 3) or to the blockage of lysosomal activity that
can potentially affect cell-cell communication (Section 6).

8. Aberrant RNA Metabolism

FUS [86,268] and TDP-43 [269] are RNA-binding proteins involved in multiples steps of RNA
metabolism. In ALS patients, mutations in both genes give rise to the translation of proteins frequently
mislocalized to the cytoplasm [87,88,270] and, subsequently, result in downstream complications that
affect RNA-processing mechanisms. Dysregulated RNA metabolism is another key feature of ALS
pathogenesis and includes transcription defects, alternate splicing changes, miRNA biogenesis, stress
granule formation, and RNA nucleocytoplasmic transport (Figure 3).
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Figure 3. RNA and miRNA biogenesis defects in ALS. Many processes in RNA and miRNA pathways
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of ALS motor neurons, leading to a probable loss and/or toxic gain-of-function of these proteins.
ANG: Angiogenin, ATXN2: Ataxin-2, C9orf72: Chromosome 9 open reading frame 72, DCTN1:
Dynactin 1, elF2a: Eukaryotic translation initiation factor 2A, ELP3: Elongator protein 3, FUS: Fused in
Sarcoma, G3BP1: Ras GTPase-activating protein-binding protein 1, ANRNPA1: Heterogeneous nuclear
ribonucleoprotein A1, hnRNPA2B1: Heterogeneous nuclear ribonucleoprotein A2B1, MATR3: matrin 3,
NEFH: Neurofilament heavy subunit, PABP1: Polyadenylate-binding protein 1, PFN1: Profilin, SETX:
Senataxin, SOD1: Superoxide dismutase 1, TDP-43: TAR DNA-binding protein 43, and TIA-1: TIA1

Cytotoxic Granule-Associated RNA-Binding Protein.
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8.1. RNA Splicing and Translation

Given the large number of possible protein-protein interactions between FUS or TDP-43 and
their partners, it is easy to expect alterations to important RNA-processing mechanisms in ALS
patients [89]. FUS and TDP-43 also regulate the expression of multiple proteins involved in neuronal
physiology, including components of the synaptic plasticity pathways [39,271,272] and dendritic
branching processes [272-274]. In addition, the HREM in C90rf72 generates repeat RNA and RNA
foci, which repress the gene expression of RNA metabolism regulators (such as hinRNPA3) [275] or
sequester TDP-43 [275,276] and FUS [275] proteins and, thus, indirectly inhibits the transcription
of RNA metabolism-associated genes. Similarly to C9orf72-mediated RN A-processing defects, FUS
mutations have been associated with major transcriptional defects [268].

Ataxin-2 is a polyglutamine (polyQ) protein that is involved in mRNA translation, and it interacts
with RNA-binding proteins such as TDP-43 and FUS [277]. In ALS spinal cords, ataxin 2 exhibited
significant cytoplasmic accumulation and enhanced the toxicity of TDP-43 in Drosophila via RNA
binding [59].

TDP-43, FUS, hnRNPA1, nRNPA2B1, and MATR3 are associated with ALS and involved in
pre-mRNA processing [220,278-281]. Consequently, TDP-43 knockdown in murine tissues results in
the alternate splicing dysregulation of numerous mRNA transcripts [42,282], and the loss-of-function
of FUS also induces many splicing defects [39], suggesting important alternate splicing events in ALS
patients (Figure 3). These downstream complications are not surprising given the ability of the protein
FUS to sequester numerous components of the splicing process, such as key splicing factors [283] U1
snRNP and U11/U12 snRNPs [274,284], which are involved in minor intronic splicing. Alternative
splicing changes have been identified in neuronal genes involved in cytoskeleton organization, axonal
growth, and guidance in FUS-mutated ALS patients [285,286], and, interestingly, axonopathy and axon
retraction occur in the early stages of ALS [287].

ALS-linked MATR3%%°C and MATR3"1%% mutations were observed to affect Matrin 3 interactions
with the TRanscription and EXport (TREX) protein complex, altering the global nuclear export of
mRNA [288]. As a result, mRNA is sequestered within the nucleus, causing export defects of TDP-43
and FUS mRNA [288], which may affect mRNA splicing directly [289] and indirectly [278] (Figure 3).
Consequently, as observed in the MATR3%%°C murine model, dysfunctional MATR3 may lead to
astrocyte and microglia activation and result in spinal motor neuron degeneration [290].

The ELP3 gene encodes for elongator protein 3, a histone acetyltransferase subunit of the RNA
polymerase II elongator complex responsible for RNA translation (Figure 3). Mutations in the ELP3
gene are associated with ALS [291,292] and result in the shortening and abnormal branching of motor
neurons, as observed in ELP3 knockdown in zebrafish embryos [291], and altered tRNA modification,
triggering proteome impairment and the subsequent aggregation of susceptible proteins [292].

Angiogenin, encoded by the hypoxia-inducible gene ANG, is a member of the pancreatic ribonuclease
superfamily [293] and, as well as angiogenesis, is also involved in ribosomal biogenesis [294,295]. Defects
in this protein are associated with the impairment of its nuclear localization and diminished ribonucleolytic
activity [295] (Figure 3), both of which are essential for normal ANG functioning and motor neuron viability.

Together, these findings suggest that RNA processing is a key pathway affected in ALS, either
due to mutations directly affecting proteins involved in RNA processing or as a consequence of
protein aggregations.

8.2. RNA Foci

Sense and antisense RNA generated from the bidirectional transcription of G4C2 repeats have
been proposed to induce a toxic gain-of-function in ALS C9orf72 patient cells by forming RNA
foci that may sequester RNA-binding proteins, thus disrupting RNA metabolism and processing
in cells [101] (Figure 3) widely throughout the central nervous system [296,297]. Both sense and
antisense RNA foci are frequently observed in nucleoli, with antisense RNA foci being denser [296].
In addition, the antisense RNA foci correlate with TDP-43 aggregation in the cytosol of C9orf72 motor
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neurons [296,297]. An in situ hybridization of post-mortem C90rf72 ALS tissue revealed that 78.7% of
the neurons and 24.9% of the glial cells in the motor brain and spinal cord regions were positive for
antisense RNA foci [297]. Interestingly, extra-motor brain regions also show a high percentage of cells
positive for antisense RNA foci, with 89.4% of neurons and 46.1% of glia being positive [297].

8.3. Epigenetic Modulation

Epigenetic mechanisms such as microRNA regulation maintain cell type and tissue identity
and may be involved in the onset and progression of neurodegenerative diseases, including ALS.
The decreased expression of miRNAs, including miRNAs let-7e, miR-148b-5p, miR-577, miR-133b,
and miR-140-3p, were observed in post-mortem spinal cords of sporadic ALS patients [298], suggestive
of impairment in the genes and pathways associated with miRNA biogenesis, neuroinflammation,
and apoptosis.

Interestingly, the class II ribonuclease, Drosha, interacts with TDP-43, FUS, and C9orf72-mediated
DPRs [299-301], while the Dicer enzyme interacts with TDP-43 protein [301] and FUS can interact
with pri-miRNA [302] (Figure 3). Consequently, mutated TDP-43 may impair the post-transcriptional
regulation of miRNAs and lead to an altered expression of miR-132-3p and miR-132-5p (involved
in the regulation of neuronal outgrowth [301]), miR-143-3p and miR-143-5p (involved in myoblast
cell differentiation [303]), miR-558-3p (involved in neurofilament stability [304]), and miR-574-3p
(associated with stroke [305]) [301]. Similarly, the downregulation of FUS in a neuroblastoma cell
line had a considerable impact on the biogenesis of miRNAs, with an altered expression of miR-9,
miR-125b, and miR-132 implicated in neuronal differentiation, activity, and function [302], while
mutated FUS affected the expression levels of miR125 and miR192 [302], which are involved in early
neural conversion [306] or senescence [307].

Altogether, these findings are consistent with defective miRNA processing in ALS patients, which
may affect downstream pathways with an impact on motor neuron survival.

8.4. Stress Granules and Nucleocytoplasmic Transport

In response to stressful conditions, RNA granules, also known as stress granules, are generated
and can recruit FUS and TDP-43 [41,308]. Mutations in FUS and TDP-43 can increase the persistence of
stress granules in the cytoplasm, resulting in a possible toxic gain-of-function [237] by inhibiting mRNA
translation and, thus, contributing to the progression of ALS pathology (Figure 3). The heterogeneous
nuclear ribonucleoprotein particle proteins hrnRNPA1 and hnRNPA2B1 are RNA-binding proteins
and binding partners of TDP-43 and are involved in RNA processing, including miRNA maturation,
the nucleocytoplasmic transport of mRNA, and RNA metabolism [300,309]. Mutations in the prion-like
domains of hnRNPA2/B1 and hnRNPAT1 increase fibril formation and aggregation potential, as well
their hyperassembly into stress granules [310,311]. Stress granules are then targeted to the lysosome by
the autophagic machinery involving VCP. Indeed, the pharmacological inhibition or RNAi knockdown
of VCP is accompanied by reduced stress granule clearance, while Hela cells expressing VCPA232E
and VCPR15H mutations showed a constitutive appearance and accumulation of stress granules
containing TDP-43 [312]. Concordantly, the ALS-VCP mutation is accompanied by an increase in stress
granules [313].

In C9orf72 patients, stress granules are also involved in the sequestration of proteins required for
effective nucleoplasmic transport, such as RAN GAP [40], or importing and exporting proteins [40,41].
The impairment of the nucleoplasmic transport of molecules in C90rf72 ALS cells is controverisal.
Indeed, while some studies observed that newly formed DPRs such as poly-PR can bind to nuclear
pore transporters, thereby impairing the subsequent translocation of molecules [314], other studies
did not observe any disruption in the nucleocytoplasmic transport with poly-GR or poly-PR [314].
However, with the expression of poly-GA, defects were observed both in import and in export in a
SH-SY5Y cell line and in iPSC-derived motor neurons, respectively [101].
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9. Concluding Remarks

Over 150 years have passed since ALS was first reported by Charcot, and still, the etiology of the
disease remains elusive. Although research is progressing and genetic studies continue to identify novel
gene mutations in familial cases of ALS [315], many questions remain surrounding the pathological
mechanisms associated with already established mutations, their roles in the disease phenotype, and the
as-yet-undiscovered mechanisms that underly sporadic onset. The most investigated mechanisms
revolve around neurocentric deficits in dysfunctional mitochondria and oxidative stress, axonal
transport, glutamate excitotoxity, protein homeostasis, and RNA processing (Figure 4).
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Figure 4. Summary of the different molecular and cellular mechanisms involved in ALS pathogenesis.
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Among the most studied and well-established pathways are: oxidative stress, mitochondrial dysfunction,
axonal transport, glutamate excitotoxicity, endosomal and vesicle secretions, protein homeostasis,
and RNA metabolism. One pathway may lead to another, exacerbating the disruption of cellular
homeostasis. The disruption of these pathways can lead to microglia activation, neuroinflamation,
astrocytosis, and, ultimately, to motor neuron death and muscle denervation.

By detailing, as has been done in this review, the molecular events of the various pathways that
are implicated in ALS, it becomes clear that these pathways can be linked to each other—in some cases,
with one leading to another. For example, disrupted axonal transport can lead to an accumulation of
nonfuctional mitochondria, while ATP deficiency and increased oxidative stress may damage proteins
and DNA, which, in turn, could exacerbate the disruption of cellular homeostasis, leading to motor
neuron death (Figure 4). These pathways are disrupted not only in motor neurons [24] but, also,
in astrocytes [316,317], microglia [318,319], peripheral blood cells [43,320], and muscle [37,321-323],
suggesting multisystemic [6] involvement in motor neuron death. Thus, by considering ALS from the
perspective of shared molecular pathways [6,324], a cohesive understanding may yet emerge of the
cellular mechanisms driving this pathology. It may be that different molecular pathways correspond
to sub-strata of patients, such as among those with known genetic forms of ALS, as suggested in [6].
However, the identification of these strata may prove to be extremely challenging in non-monogenic
forms of the disease [324].
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Abstract: Spinal muscular atrophy (SMA) is currently classified into five different subtypes, from
the most severe (type 0) to the mildest (type 4) depending on age at onset, best motor function
achieved, and copy number of the SMN2 gene. The two recent approved treatments for SMA patients
revolutionized their life quality and perspectives. However, upon treatment with Nusinersen, the
most widely administered therapy up to date, a high degree of variability in therapeutic response
was observed in adult SMA patients. These data, together with the lack of natural history information
and the wide spectrum of disease phenotypes, suggest that further efforts are needed to develop
precision medicine approaches for all SMA patients. Here, we compile the current methods for
functional evaluation of adult SMA patients treated with Nusinersen. We also present an overview of
the known molecular changes underpinning disease heterogeneity. We finally highlight the need for
novel techniques, i.e., -omics approaches, to capture phenotypic differences and to understand the
biological signature in order to revise the disease classification and device personalized treatments.

Keywords: spinal muscular atrophy; adult patients; disease heterogeneity; Nusinersen; disease
modifiers; functional outcomes; biomarkers; epigenetic changes; -omics approaches

1. Introduction

Spinal muscular atrophy (SMA) is a neurodegenerative disease affecting motoneurons (MN) in
the brainstem and spinal cord caused by the homozygous mutation of the Survival of Motor Neuron 1
(SMN1) gene [1]. The disease presents with a wide spectrum of clinical severity and patients are
classified into five types, depending on the age of onset and motor milestones achieved. Patients with
type 0 SMA are the most extreme cases with death early after birth. Severity decreases from type 1
to type 4 SMA, which only presents mild symptoms starting at the adult age and have a very slow
evolution over time (reviewed in [2], see Table 1 and Figure 1A). Attempts to explain this phenotypic
variability have been made and several disease modifiers are known [3]. The most widely accepted
modifier is the copy number of the SMN2 gene, a centromeric paralog of SMN1. Following a cytosine
to thymine transition in exon 7, which creates an exon splicing suppressor (ESS), the transcription of
SMN?2 leads to 90% of transcripts coding for a truncated SMN protein. The remaining 10% produces a
full-length (FL) SMN protein, thus inducing low levels of SMN expression.

SMN?2 copy number is directly correlated with the SMN expression level; therefore, a higher copy
number is associated with a milder phenotype [4]. SMN2 copy number is used, together with age of
onset and motor abilities achieved, as an additional parameter to stratify SMA patients (Table 1 and
Figure 1B). This additional factor is, however, still insufficient to explain the phenotypic variability
among siblings carrying the same mutation in SMN1 and same SMN2 copy number [5,6].
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Table 1. Current classification of spinal muscular atrophy (SMA) patients in 5 types. The subtypes,
age of onset (mo.: months; y.: years), level of motor functions, life expectancy, and frequency of SMN2
copy number (SMN2cn) are reported [7]. Background colors are used to differentiate SMA types.

SMA Type Subtype Ageof Onset Level of Motor Functions Life Expectancy = SMN2cn (%)

0/1a pre-natal Need respiratory assistance <1 month
1 0-6 mo. Cannot sit independently <2 years 2 (73.4%)
1b Absence of head control and
ability to roll over
1c Sometimes gain head control

or the ability to roll from
supine to prone position

2 <18 mo. Cannot stand independently ~ >2 years 3 (81.8%)
2a Independent sitting lost
2b Independent
sitting conserved
3 >18 mo. Able to stand and walk Adulthood 3-4
independently (50.6%; 45.5%)
3a 18 mo.-3y.
3b >3y.
4 >20y. Weaknesses in lower limbs Adulthood

In the last few years, other gene modifiers have been described, such as Plastin 3 (PLS3) [8],
Coronin 1C (COROIC) [9], and Neurocalcin Delta (NCALD) [10] (Figure 1C). It remains puzzling to
note that the expression changes of these genes do not fully explain the phenotypic heterogeneity in
the SMA population. Additional modifier conditions to be considered are (i) the environmental factors
that may influence the final phenotype of the patients [11] and (ii) the differential vulnerability of MN
subtypes that is affected by the level of SMN protein [12,13]. Although all of these factors are known
contributors to the differential disease severity, other unknown aspects might need to be considered in
the future for a comprehensive description of the disease.

Recent advances in the SMA field have led to the development of therapeutic approaches, aiming
to increase the level of SMN protein targeting SMN2 through an antisense (AS) oligonucleotide [14,15]
or a pre-mRNA splicing modifier drug [16], as well as inducing the restoration of the SMN protein via
gene therapy [17].

Approved by the Food and Drug Administration in 2016, Nusinersen is an AS oligonucleotide that
targets exon 7 of SMIN2 to facilitate its inclusion and trigger a higher production of the full-length SMN
transcript. Nusinersen is administered via intrathecal injection, directly into the cerebrospinal fluid
(CSF), in a two-phase treatment: (1) a loading phase of four doses 14, 14, and 30 days apart followed
by (2) a maintenance phase with a dose every four months. Treatment with Nusinersen showed very
promising results in young type 1 patients [14,15] and some positive effects in type 2 and 3 patients
(no type 4 patients have been enrolled in clinical trials to date) [18-20]. Unexpectedly, the latter studies
which include adult SMA patients (>18 years old) showed that their response to Nusinersen, evaluated
as motor function improvement, was highly variable, with 40-50% of responders at best [18-20].
These observations suggest that factors modulating response to treatment, in particular for the older
patients, remains to be uncovered. Moreover, due to the lack of natural history data and the higher
heterogeneity among the adult SMA patient population, therapeutic monitoring of these patients
is particularly challenging [21,22]. Therefore, an exceptional effort is needed to facilitate further
characterization of the clinical and molecular profiles of these SMA patient populations.

In this context, the identification of novel biomarkers and precise methods for functional outcomes
evaluation are unmet needs. Reaching these goals will provide the means to (i) redefine patients’
classification, (ii) characterize the full molecular profile of therapy responders or non-responders, and
(iii) determine inclusion criteria in clinical trials and treatment protocols. Therefore, several types
of biomarkers have been evaluated in order to capture patients’ pre-existing differences and their
response to treatment.
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As previously reviewed, biomarkers can be classified as biomolecular, mirroring the molecular
changes, and functional to picture the phenotypic disease progression [23]. This review will initially
focus on the most promising biomarkers for adult SMA (>18 years old). Data on therapeutic monitoring
are gathered through the different studies reporting results from treatment with Nusinersen, the most
widely used therapy for SMA worldwide up to date. Current available information on the molecular
signature of SMA patients will be then presented, including gene modifiers, epigenetic changes, and
putative molecular biomarkers. Furthermore, although various molecular biomarkers have been
proposed in the last few years as possible candidates, no factor has been proven to date to faithfully
follow the disease progression in all SMA types. Therefore, here we will also discuss the potential
of unbiased -omics (e.g., proteomics) approaches as valuable tools for the identification of novel
SMA-specific biomarkers.

In perspective, an in-depth analysis of both functional outcomes’ evaluation and molecular
biomarkers, would help determine the differences that define the wide spectrum of clinical features
among SMA patients and their disparate response to treatment. Efforts in this direction could lead to
the development of personalized medicine approaches in the future.

2. Evaluation of Functional Outcomes in Adult Patients

Functional outcomes are essential to monitor disease progression and to precisely understand
where the patient stands in the wide spectrum of the disease phenotypes. For chronic diseases, the
longitudinal study of functional outcomes contributes to define the natural history of the disease
and can also be used to monitor the therapeutic response. In SMA, several tests have been used
for diagnosis, prognosis, or therapeutic monitoring. These tests have frequently turned out to be
unadaptable to the adult SMA patient population (>18 years of age) due to its high heterogeneity.
This group of patients still needs a precise characterization and patient-specific therapeutic adjustments
or development. Therefore, this section of the review will focus on functional outcomes reported to
reliably assess the Nusinersen response in SMA adult patients. Data collected in younger patients will
be presented as comparison.

Gradual motor function loss is a common feature of all SMA types. While adult patients are
generally classified as less severe cases than type 1 children, their motor function also declines
progressively [24]. The motor abilities can be monitored by a variety of measurements, spanning
from scales assessing the general mobility or muscle function, to the more global walking analysis.
Respiratory function is also frequently assessed in adult SMA patients, as respiratory failure is still the
most frequent cause of morbidity in SMA patients [25]. In this section, we are documenting functional
outcomes to assess (i) general mobility; (ii) motricity of the upper or lower limbs, in conjunction with
muscle strength or fatigue; (iii) level of ambulation; and (iv) respiratory function in adult SMA patients.

2.1. General Mobility Tests

The Hammersmith Functional Motor Scale Expanded (HFMSE) is a functional scale used for
the assessment of physical abilities. It was adapted from the classic HFMS adding 13 new items that
allow to capture a wider range of motor skills [26]. Therefore, the HFMSE has been proven to be a
reliable indicator of the wide arrays of movements in adult SMA patients types 2 and 3. In the effort
to correlate the HFMSE score with the adult SMA types and subtypes, we collected the most recent
available data on SMA types 2 and 3 (Table 2).

Independent studies exploring this aspect showed a consistent range of HFMSE score: between
0 and 20 for type 2 and between 25 and 66 for type 3 patients [27-29]. A larger range was recorded
for the type 3 patients followed up by Walter and colleagues [18]. A similar trend, but with lower
HEMSE score, for type 3b patients (with symptoms onset after 3 years of age) has been described very
recently by Kessler et al. [30]. Despite the variability for subtypes 3 and 3b, HFMSE seems to be a
reliable indicator of the differences among SMA types.
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Table 2. Summary of representative Hammersmith Functional Motor Scale Expanded (HFMSE)
scores by SMA subtype. Graphical representation of the HFMSE scores in SMA patients from five
independent studies. Columns are named as follows. References: bibliographic citations of the natural
history or Nusinersen-related studies. Cohort: cohort composition in SMA patients with specified type
or subtype when the information is available. T: time when the analysis was performed; 0: baseline;
+10 mo: 10 months after first Nusinersen dose. HMSFE: scores represented as a boxplot; values are
indicated as median + standard deviation (s.d.). A HMFSE (T — Ty) indicates the increment score
between the baseline before treatment (Tp) and the final after treatment timepoint (T). N: number of
patients included. Age: age of the subject in years as reported in the relative study (median (s.d.)).
Colors of boxplot and dots are related to the cohort characteristics (SMA type): mustard: SMA type 2;
green: type 3; light green: subtype 3b. Background color associates consecutive table entries referring
to the same study.

References  Cohort T HFMSE N Age
Natural history studies 0, 10,2030 40,30 €0,

Kaufmann etal. [27]  type2 / —e— 41 9.1(7.4)
type 3 / — 38 13.7(10.8)
Montes et al. [31]  type 2 / —o— 67 109 (8.3)
type 3 / —— 59  13.4(10.7)
Faravellietal. [29]  type3 / —— 12 29 (15-35)
Walter et al. [18]  type 3 / e 19 29 (15-35)

Kessler et al. [30] type 3b 0 — 7 39 (13)

A HFMSE (T — Tp)

. . -4 -2 0 2 4 6 8 10
Nusinersen-related studies I SRR S S

Kessler et al. [30] type3b +10 mo. e 7 39 (13)
Hagenacker etal. [19]  type2 +10 mo. r® 30
type3  +10 mo. 3 ® 60 37(12)

Furthermore, this scoring system showed that there was a progressive gain during the course of
the Nusinersen treatment, with an average gain of 3.12 points at 14 months after the first injection in
57 patients [19]. Results differed between SMA types 2 and 3, with a higher average HFMSE increase
for SMA type 3 patients. Interestingly, no correlation was observed between the age at treatment and
the evolution of the functional score during the treatment [19,29].

2.2. Revised Upper Limb Module

The revised upper limb module (RULM) (see Table 3), a reconsidered version of the original
upper limb module (ULM) [32], has been created to measure upper limb function in a wider range
of patients [33] than the non-ambulatory young children and weaker patients [32]. The RULM
includes 20 tasks based on a scale of 3 scores: 0 (unable), 1 (able, with modification), and 2 (able,
no difficulty) [33]. A large natural history study across three countries analyzed the RULM score for
114 SMA type 2 and 3 patients, ranging from weak non-ambulant to stronger ambulant, over the
course of 12 months [34]. This analysis confirms that the RULM scale can detect a wide spectrum of
upper motor abilities even in ambulant patients where the ceiling effect was rarely reached (11.4% of
the cohort), overcoming the ULM scale limitations. Furthermore, it has been demonstrated that the
RULM score is more useful than the HFMSE to picture motor differences in wheelchair-dependent
adult SMA type 2 and 3 patients [35], suggesting that it can be used as diagnostic marker. Moreover,
in patients treated with Nusinersen, RULM was shown to be more accurate than the HMFSE in
detecting the improved motor abilities of type 2 and 3 patients (both young and adults) treated
with Nusinersen [18,19] at later time points (10-14 months after the first injection). All these data
demonstrate that the RULM scale is a sensitive marker for both diagnostic and therapeutic monitoring
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purposes and it could be used in combination with a more general scale to reveal the finest motor
differences for the large spectrum of adult patients.

Table 3. Summary of representative results for the Revised Upper Limb Module (RULM). Graphical
representation of the RULM scores in SMA patients from three independent studies. Columns are
named as follows. References: bibliographic citations of the natural history or Nusinersen-related
studies. Cohort: cohort composition in SMA patients with specified type or subtype. T: time when
the analysis was performed; 0: baseline; +10 mo: 10 months after first Nusinersen dose. RULM:
scores represented as a boxplot; values are indicated as median + sd. A RULM (T — Tp) indicates the
increment score between the baseline before treatment (Tp) and the final after treatment timepoint (T).
N: number of patients included. Age: age of the subject in years as reported in the relative study (age
range); NA: not available. Colors of boxplot and dots are related to the cohort characteristics (SMA
type): mustard: SMA type 2; green: type 3. Background color associates consecutive table entries
referring to the same study.

References  Cohort T RULM N Age
Natural history studies R R U
Stolte etal. [36]  type 2 / —o— 9  24to48
type 3 0 — 19 18to6l
Walter et al. [18]  type 3 0 —®— 19 18t059
ARULM (T — Tp)
Nusinersen-related study 2.0 8
Hagenacker etal. [19]  type2 +10mo. e 30 NA
type3  +10 mo. e 58  NA

2.3. Quantitative Assessment of Ambulation Capacity

Among the five SMA types, only type 3 and 4 patients can walk unassisted. This is the highest
milestone achievable by these patients; however, the probability of remaining ambulant decreases with
aging. According to a study of natural history for type 3 SMA patients published by Zerres et al. [37],
the probability of preserving ambulation throughout life is tightly linked to the age of disease onset.
The authors showed that 83.7% of patients (n = 72) with symptomatic appearance between 18 and
35 months of age—corresponding to SMA type 3a—are able to walk 10 years after disease onset, and
this percentage plummeted to 30% at 25 years after disease onset. Accordingly, among patients with a
disease onset between 3 and 15 years old (n = 109)—corresponding to SMA type 3b subset—an average
95% were able to walk 10 years after disease onset and 75% at 25 years. These data clearly showed that
the loss of the ability to walk declines slowly in patients with a later disease onset, suggesting that this
outcome can be monitored to assess disease progression. Several functional scales have been exploited
to strictly monitor the ability to walk, such as the 6-min walking test (6MWT).

The 6MWT is a functional test designed for ambulant patients, aiming to measure the distance
that a patient can cover during a six-minute timelapse. The test can also document the gait pace by
minute and indirectly describes motor fatigue over time. Guidelines for this test were published in
2002 by the American Thoracic Society (ATS) [38]. The 6MWT has been approved as an endpoint
outcome in SMA patients motor function assessment [39]. As described in the ATS statement for the
6MWT, individual factors might influence the outcome of the test, including sex, age, height, and
weight, but also the personal motivation of the patient. For healthy subjects between 10 and 59 years
of age, the 6MWT values range approximately from 600 to 850 meters (m) [40]. In SMA patients, the
distance covered in 6 minutes is affected by both age and the type of SMA. Montes et al. [28] showed
that the median value is generally higher for SMA subtype 3b averaging at 368 m (n = 28) compared to
253 m for subtype 3a (see Table 4). However, the mean rate of progression in the two SMA subtypes
did not differ significantly after 1 years from the baseline obervation. Moreover, one can notice the
internal variability into each subtype and the important overlap between subtypes 3a and 3b.
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The analysis of the ambulation is a valuable tool to follow up the response to treatment and few
studies reported data obtained with the 6MWT. Recently, Hagenacker et al. [19] published the results of
a multicenter, observational study on a cohort of 173 adult SMA patients treated with Nusinersen and
followed up to 14 months. The 6MWT was used as a secondary endpoint for ambulant patients (n = 46
at baseline; see Table 4). At all time points analyzed (6, 10, and 14 months) patients showed a significant
increase in the outcome of the SMWT with an average gain of 22.1 m (8.7 m-35.6 m; 95% Confidence
Interval) after 6 months and 46 m (25.4 m—66.6 m; 95% C.L.) after 14 months. Very interestingly, along
the course of treatment, few non-ambulatory patients gained the ability to walk. This large cohort
study provides evidence for the efficacy of Nusinersen treatment to improve the ambulatory function
in adult SMA patients.

While the 6tMWT gave some indications about treatment response in walking adult SMA patients,
the variability in the degree of ambulation at both baseline and after treatment should be further
explored and correlated to other functional and molecular parameters to better understand the disease.

Table 4. Summary of representative results for the 6-Minute-Walk-Test ((MWT) by ambulatory
patients. Graphical representation of the 6MWT in healthy and SMA patients from four independent
studies. Columns are named as follows. References: bibliographic citations of the natural history or
Nusinersen-related studies. Cohort: cohort composition in healthy and/or SMA patients with specified
type or subtype when the information is available. T: time when the analysis was performed. Distance:
distance reported in meters and represented as a boxplot; values are indicated as median + standard
deviation (s.d.). A Distance (T — Tp) indicates increment distance covered between the baseline before
treatment (Tp) and the final after treatment timepoint (T). N: number of patients included. Age: age
of the subject in years as reported in the relative study (age range or mean (s.d.)); NA: not available.
Colors of boxplot and dots are related to the cohort characteristics (SMA type or controls): gray: healthy
subject; green: SMA type 3; dark green: SMA subtype 3a; light green: SMA subtype 3b. Background
color associates consecutive table entries referring to the same study.

References  Cohort T Distance (m) N Age
0 200 400 600 800
Natural history studies
Mckay et al. [40] ~ Healthy / o 400 20 to59
Montes et al. [28]  type 3a 0 —o— 57 103 (9.8)
type 3b 0 —o— 28 25.6 (12.5)
A Distance (T — Tp)
[ S
Montes etal. [28]  type3a  +1y g 57 10.3(9.8)
type3b  +ly =y 28 25.6 (12.5)
Nusinersen-related studies :
Hagenacker et al. [19] type3  +6 mo. P e 47 NA
+10 mo. e 37 NA
+14 mo. P —@— 25 NA

2.4. Lung Function Tests

Respiratory function is impaired in SMA patients as the diaphragm and intercostal muscles are
affected by the progression of the disease. The association of this alteration with recurrent scoliosis in
patients can result in restrictive lung disease. Difficulty to cough can contribute to a reduced clearance
and facilitate the onset of respiratory infections. This decline in the respiratory function is associated
with mortality and morbidity in SMA patients of all types [14,25]. For this reason, many efforts have
been devoted in the last few years to the search for appropriate parameters to assess this function.

The natural history study of lung function in SMA patients, reported by Wijngaarde et al. [25],
analyzed the Forced Expiratory Volume in 1 second (FEV1) in a cohort of 170 patients SMA types 1lc
to 4. Using these data, the authors were able to build age-dependent models of the evolution of this
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measure for 131 patients—subtypes 1c to 3b. The linear models obtained, as expected, showed a
progressive annual decrease of the FEV; from 100.35% predicted in newborns subtype 3b—almost
normal lung function—to 42.12% in 1c newborns. They reported a 1.29% and 1.37% annual rate of
decline for subtypes 2a and 2b, respectively, which was associated with an early start of mechanical
ventilation (median 12.3 and 16.8 years old, respectively). Subtypes 3a showed a milder 0.73% annual
rate of decline, with a median age of 39.9 years old at start of mechanical ventilation. However, this
analysis demonstrated that the average annual decline is dependent on age—faster decline in younger
patients. Unfortunately, the effect of Nusinersen on the respiratory function in adult patients has been
poorly studied so far. An encouraging 5% increase in the average Force Volume Capacity (FVC) of
the lungs has been recently reported in Walter et al. [18]. Further studies need to be performed to
comprehensively evaluate the impact of Nusinersen treatment on SMA adult population and to define
the appropriate outcome measures for lung functional evaluation.

2.5. Additional Tests

Together with the tests discussed above, a series of other functional measures have been widely
used to assess the electrophysiological activity of motor neurons, the axon number and reinnervation
potential, and the structural changes in spinal cord and muscles. For example, electromyography
(EMG), compound muscle action potential (CMAP), and motor neuron number index (MUNIX) have
been classically used in patients affected with neuromuscular disorders to assess the functional status
of the motor unit [41-44]. The EMG and CMAP methods have been used for SMA diagnosis [43,45,46]
and the CMAP has also been demonstrated to be a good prognostic marker [47]. The scarcity of
available data on the use of EMG and CMAP for the adult patient population has discouraged the
attribution of these tests as ideal outcomes for adult SMA patients at the moment.

Computed from CMAP and electromyography interference pattern, the MUNIX is a quantitative
test that aims to estimate the number of functional motor units in a specific muscle [44]. Overall,
MUNIX and MUSIX are very interesting tests for the assessment of the number and size of motor
units, which have been demonstrated to be directly correlated with motor function in adult type 2 and
3 patients [48]. However, no data is currently available on the reliability of this test to capture adult
patients’ response to treatment (clinical trial NCT04139343 is currently recruiting patients to monitor
MUNE in adults with SMA). Alterations in the cervical spinal cord of adult SMA patients have also
been described due to a fine-tuned magnetic resonance imaging (MRI) [49] that can provide structural
markers of the disease. Further refinement of the MRI techniques will certainly improve the sensitivity
of the method [50] and apply it to a wider number of patients. It remains to be assessed whether it
would be a reliable method to follow the response to treatments. Overall, the detailed evaluation
of different functional outcomes gives insights regarding the disease progression. These efforts will
contribute to a novel description of SMA patients, based on the classical definition of types and a more
precise clinical assessment. However, observations made at the macro scale need to be complemented
by molecular characterization in order to explain patient’s variability and device powerful predictive
models of disease progression.

3. Genetic and Epigenetic Etiology of Clinical Heterogeneity

The discordance between genotype and phenotype among patients with same genetic mutation
and same SMN2 copy number can be explained by several factors, including (i) the presence of genetic
modifiers and (ii) the epigenetic profile. These parameters need to be considered for both the natural
history and to monitor the treatment response of SMA patients.

3.1. SMN2 and Other Genetic Modifiers

Several genes have been identified in the last few years as SMA disease modifiers. These include
Survival of Motor Neuron 2 (SMN2) [1,51], Plastin 3 (PLS3) [8], Coronin 1C (CORO1C) [9] and
Neurocalcin Delta (NCALD) [10], Small EDRK-Rich Factor 1 (SERF1) [52], NLR Family Apoptosis
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Inhibitory Protein (NAIP) [53], General Transcription Factor IIH subunit 2 (i) [54], and Tolloid Like 2
(TLL2) [55]. Here, we will focus on the most documented genes.

The SMN2 gene is the main modifier gene in SMA. Only 10% of the mRNA transcribed from
the SMN2 gene produces the functional FL-SMN protein. The number of copies of the SMN2
genes is directly correlated to the level of functional FL-SMN and affects the severity of the disease
(see Figure 1B) [1,7,47,51,56-75].

A SMA type 0

._.
N
w
S

Disease severity

Disease modifiers

B sMN2 C Other modifier genes

Gene Expression

Wﬁﬁmlﬁlmmmlﬂlﬂm il PLASTIN3 e |

Copy number

¢.8590>C Om
CORO1C
[Promarer | [7] 7] [7] [7] [7] ] [7] [] ] Variant —=

NCALD |

4:-‘
Promoter |[7] [2¢] [#] [3] [#] [¥] [¢] [7]1[?] Methylation

Figure 1. Known molecular disease modifiers. (A) Current classification of SMA as a discrete
projection of a continuous spectrum of disease severity. This spectrum results from the combination
of (B) disease modifiers such as SMN2 copy number, SMN2 variant, and methylation state; (C) level
of expression of COROIC and PLASTIN3 was associated with milder phenotype, while NCALD
overexpression was associated with more severe phenotype.

However, there are exceptions to this paradigm. Indeed, several type 2 and 3 SMA patients
have been described to carry only two copies of SMN2 instead of the expected three or four copies.
This phenotype is often due to a rare single nucleotide variant (SMN2 ¢.859G>C) in exon 7 that impacts
SMN?2 gene splicing [11,76-78], inducing a higher rate of production of the FL-SMN protein (Figure 1B).
Moreover, research from several groups described a variability of clinical phenotypes in siblings
carrying the same SMNI mutation and identical SMN2 copy number [5,58,79-81]. These events
suggested the presence of modifier factors other than the SMN2 gene are able to alter the severity of
the disease and to be considered to define its full molecular signature.

3.2. Plastin3

F-actin bundling protein plastin 3 (PLS3) has been identified as the first gene, besides SMN2,
to be able to attenuate the disease severity when upregulated (see Figure 1C). PLS3 encodes a
Ca?*-dependent F-actin-binding protein involved in neurotransmitter release and vesicle recycling
at the presynaptic site [82]. The seminal work of Oprea et al. [8] demonstrated elevated levels of
PLS3 in asymptomatic females of SMA type 2- or 3-affected sibling pairs where the males were
always symptomatic. Each analyzed sibling pair carried identical homozygous SMN1 deletion and
the same number of SMN2 copies. An additional study, described that the PLS3 higher expression is
maintained after generation and differentiation of induced pluripotent stem cells from fibroblasts of
asymptomatic but not symptomatic siblings [83]. Unfortunately, no association of PLS3 expression
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was found in discordant female sibling pairs in an Iranian population [84]. Highly divergent results
have also been shown about the role of PLS3 in mouse models of SMA. While two independent studies
described an amelioration of the SMA phenotype upon overexpression of PLS3 in mice [82,85], another
report showed that a randomly integrated PLS3 allele expressed in the severely affected A7-SMA
mouse model failed to show rescue of the mice survival or motor function [86]. These discrepancies
can be attributed to the fact that PLS3 is directly regulated by the SMN protein [87]; therefore, its
overexpression is effective only when used as an adjuvant treatment to the classic SMN induction
therapy [9]. It is plausible that the expression of PLS3 is affected by the SMA currently administered
therapies and it could be used as a putative molecular biomarker.

3.3. PLS3-Interacting Protein CORO1C and CHP1

As a PLS3 binding partner, CORO1C regulates synaptic vesicles recycling in a calcium-dependent
manner [9]. When overexpressed, COROIC induced a significant amount of F-actin, therefore
ameliorating endocytosis at the neuromuscular junctions [9,86] (see Figure 1C). Recently identified
using a yeast-two-hybrid screen, the calcineurin-like EF-hand protein 1 (CHP1) is a novel PLS3
interacting protein [88] upregulated in SMA mice. Treatment of SMA mice with a low dose of
AS oligonucleotide-SMN combined with CHP1 downregulation improved the survival extension
of the animals compared to the single SMN therapy [88]. The authors showed that the negative
modulation of CHP1 induced an activation of calcineurin with consequent restoration of endocytic
protein phosphorylation. In the case where COROIC and CHP1 are differentially expressed in SMA
patients, their modulation could also be beneficial to improve therapeutic effects.

3.4. NCALD

NCALD is calcium sensor protein suggested to negatively impact SMA via repression of
endocytosis [10]. Reduced expression of NCALD was shown to be protective in a four-generation
discordant family with five asymptomatic and two SMAIl-affected individuals [10]. Moreover,
reducing NCALD levels either in vitro or in vivo significantly ameliorated SMA pathology across SMA
species [10]. Based on these encouraging results, Torres-Benito et al. [89] developed an ASO-based
therapy to target Ncald in mouse spinal cord and used it in combination with low-dose SMN splice
switching ASOs to design an efficient combinatorial therapy in SMA mice [89]. Therefore, repression
of NCALD is considered protective for SMA.

3.5. NAIP

Another gene located in the same chromosomic region (5q13) of SMN1 and -2 is NLR Family
Apoptosis Inhibitory Protein (NAIP). The functional role of NAIP in the pathogenesis of SMA has not
been fully elucidated. However, some reports have demonstrated a correlation between deletion of
the NAIP gene and severity of SMA [53,90] (see Figure 1). This gene was also found to be frequently
deleted in 45% of the Egyptian patients [91]. Further investigation needs to be performed to validate
the accuracy of this gene as a biomarker for SMA.

3.6. Epigenetic Modifiers (Methylation)

Epigenetic marks have been demonstrated to modulate the expression of the modifier genes
in SMA. In particular, methylation in the promoter of the SMN2 gene was reported to reduce its
transcription and consequently the expression of the SMN protein, independently of the SMN2
copy number (see Figure 1B). Studies on the methylation level of different CpGs on the SMN2
genes revealed that hypomethylation was associated with reduced disease severity [92]. In fact,
SMA type 3 exhibited a lower degree of methylation in the SMIN2 gene compared to type 1 or 2
patients [93]. After profiling the methylation in SMA patients and healthy controls, Zheleznyakova et al.
identified differential degrees of methylation at CpG sites in the following genes; CHM Like Rab
Escort Protein (CHML), Rho GTPase Activating Protein 22 (ARHGAP22), Cytokinesis And Spindle

167



J. Pers. Med. 2020, 10, 75

Organization B (CYTSB), Cyclin Dependent Kinase 2 Associated Protein 1 (CDK2AP1), and Solute
Carrier Family 23 Member 2 (SLC23A2) [94]. Moreover, SLC23A2 was significantly hypomethylated
in type 3 and 4 patients compared to type 1 [95]. Thus, DNA methylation may regulate the SMA
disease phenotype by modulating gene transcription and could be the molecular mechanism beyond
the genotype—phenotype discrepancy often observed in SMA. Whether these changes are induced by
environmental factors variations [96] and whether they are dependent or not on the absence of SMN,
remain open questions.

3.7. Histone Deacetylases (HDAC) Inhibitors

Many efforts have also been made to target the HDACs and impact the transcription of the SMN2
gene and its transduction into a functional SMN protein. Inhibition of HDACs impairs the removal
of acetyl groups from the histone proteins and promotes gene transcription by mediating a more
permissive, open, chromatin. In 2001, Chang et al. first identified an effect of a HDAC inhibitor,
sodium butyrate, on SMA. Treatment with this epigenetic drug was able to increase the FL-SMN both
in vitro and in vivo [97]. This discovery led to multiple investigations in the attempt to find more
potent and stable HDAC inhibitors for SMA treatment. Valproic acid (VPA) [98,99], suberoylanilide
hydroxamic acid (SAHA) [100,101], M344 [102], thricostatin A [103], and romidepsin [92] have also
been suggested as promising treatments for SMA. The LBH589 molecule showed a higher potential
than all other inhibitors, with the ability to induce a strong upregulation of SMN at very low doses [104].
Additionally, a combined therapy using the LBH589 inhibitor together with the Nusinersen drug
showed a synergistic effect than the single treatments on SMA cellular models [105]. Despite the
number of HDAC inhibitors tested and the encouraging results, only phenylbutyrate and VPA
have entered clinical trials for human use. Valproic acid was tested in five Phase I/II clinical trials
(NCT00374075, NCT00227266, NCT00481013, NCT00661453, and NCT01033331) [106-111] and showed
outcomes variability. All the studies mentioned above were included in the meta-analysis performed
by Elshafay et al. [112] suggesting the VPA administration was safe, although some adverse effects
were recorded, and it induced a major improvement of motor function. The results of the SMA
VALIANT trial (NCT00481013) on adult patients did not show any positive outcome on the motor
function at either 6- or 12-month timepoints underlying that this treatment might have limited effects
on the adult population [110]. A similar moderate success appeared from the pilot studies based
on administration of phenylbutyrate to SMA patients [113-115]. More work needs to be done to
establish whether these therapies could be used in combination with other approaches to efficiently
ameliorate the SMA condition, even in the adults who seem less responsive to the currently approved
therapies. The advantage of using HDAC inhibitors for SMA therapy, as other epigenetic drugs, is
their ability to act on the chromatin without permanently affecting the DNA sequence. Moreover, some
HDAC inhibitors have been demonstrated to reduce the methylation on the SMN2 promoter [92,101],
therefore establishing a link between the two epigenetic modifications could be positively exploited in
novel therapies.

4. Molecular Biomarkers

Biomarkers are needed in the field to provide the necessary insights to guide the decision-making
in personalized medicine. There are several aspects to be considered in the identification of reliable
biomarkers, like reproducibility and accuracy of measurements. We will discuss below the factors that
have been identified as putative biomarkers for SMA.

4.1. SMN Protein

The SMN protein is considered the biomarker of choice for SMA, as all the approved therapies
are aimed to restore its expression. SMN is ubiquitously expressed [116] and regulates several
key processes in neuronal cells including ribonucleoprotein assembly, RNA metabolism [117],
actin cytoskeleton dynamics [118], mRNA transport [119], ubiquitin homeostasis [120], bioenergetics
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pathways [121], synaptic vesicle release [122], and local protein translation [123-125]. Therefore,
SMN-reduced expression in SMA has a devastating impact on many aspects of the neuronal
homeostasis and survival. In fact, MNs expressing lower amounts of the SMN protein are more
vulnerable to cell death [12] and this contributes to disease variability. The goal of the approved
therapies for SMA is to re-express SMN in the affected tissues, mainly in MNs, but the scenario
has become more complex since multiple studies published in the last few years have reported the
importance of re-expressing SMN in peripheral tissues in addition to the CNS [126,127]. However, little
is known on the specific tissue requirement for SMN; only recently a study from Ramos et al. described
a variable level of SMN expression in different tissues and a general decline with aging [128]. Moreover,
no robust correlations between SMN2 copy number, and therefore SMA types, and SMN protein levels
could have been demonstrated probably due to the tissue-specific SMN expression profile [70,128,129].
On the contrary, an analysis of SMN expression in spinal cord resident cells of treated patients revealed
a higher amount of SMN protein in motor neurons after Nusinersen therapy [128]. These data
suggest that SMN levels could serve as a potential biomarker to follow disease progression, although
the reported discrepancies between SMN protein and mRNA expression [128,129] warrant more
investigation. Additionally, as mentioned above, the tissue-specific requirement for SMN and its
correlation with the patient’s response to treatment is largely unexplored and future research should
address these problems to obtain a thorough follow-up, in particular for the adult SMA population.

4.2. Neurofilaments

Neurofilaments (NFs) are intermediate filaments of the neuronal axons, and they are abnormally
released into the extracellular fluids, namely, CSF and peripheral blood, upon axonal damage in
traumatic injuries or neurodegenerative disorders (reviewed in [130,131]). Constituted of three
chains, light (NFl), medium (NF-M) and heavy (NF-H), based on their molecular weights, NFs
are post-transcriptionally regulated [132]. In particular, the phosphorylation, abundant on the NF-H,
ensures protection from degradation [133]. Although NFs seem to be reliable biomarkers for SMA
infants, as their level is reduced upon Nusinersen treatment and this is generally correlated with an
improved motor function [134], few recent publications have described contradicting results for the
use of NFs as biomarkers for adult SMA patients’ response to therapy [29,135]. Eleven SMA type 3
patients (all adults—38.5 years mean age) analyzed for their pNF-H content in blood and CSF showed
no change after administration of the Nusinersen loading doses [136]. In agreement with this effect,
no significant difference was observed in the amount of NfL and pNF-H in another group of SMA
patients (types 2 and 3) after the fourth injection of Nusinersen [135]. On the other hand, outcomes of a
recently published analysis on a cohort of SMA type 3 patients (including kids, adolescents, and adults)
showed a significant reduced amount of NFl and pNF-H after three injections with Nusinersen [29].
These discrepancies could be due to the different duration of follow-up, six months in the latter study
against two months post-treatment for the previous ones. Technical limitations might also significantly
contribute to the divergent outcomes (e.g., different sensitivity of the ELISA kits used). It is to be
noted that at the analyzed time points, despite a decrease in the NFs levels, no locomotor function
amelioration was observed in adult patients, suggesting that this aspect should be examined to a
greater extent.

4.3. Protein Tau

Like neurofilaments, Tau is a neuron-specific structural protein, generally considered as a
cortical neuronal marker. It was observed to be high in the CSF of patients with stroke [137],
Alzheimer’s disease [138] and Amyothrophic lateral sclerosis (ALS) [139]. In SMA children, the
baseline level of Tau in the CSF was significantly higher than in controls and it decreased with
Nusinersen treatment [140]. On the contrary, the eleven SMA type 3 patients also analyzed for the
NF content, described above by Totzeck et al. [136], did not exhibit alteration in the amount of tau
protein. The analyses of tau protein and the discordant outcomes highlight once again the importance
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of defining bigger cohorts of patients, in particular adults, to study putative molecular biomarkers
for SMA.

4.4. Serum Creatinine

Most biomarker studies published to date for SMA are focusing on neuronal-related molecules as
previously discussed. If neurofilament and tau levels can mirror neuronal death, it is also known that
the skeletal muscle metabolism is altered in neuromuscular disorders, and this could be another aspect
to investigate in the search for molecular biomarkers. Indeed, due to either progressive denervation
and also to the autonomous reduced level of SMN [141,142], metabolic activity of muscles is impaired
as the disease progresses. Few biomarkers of muscle activity are known such as creatinine, a waste
product from the phosphorylation of adenosine diphosphate by creatine that mostly occurs in skeletal
muscles. Levels of creatinine are relatively lower in patients with SMA than controls [143], as reported
in a longitudinal study of a 238 SMA patient cohort. Indeed, in these SMA patients, creatinine levels
correlated closely with maximum CMAP and MUNE values, even after correction for confounding
factors such age and lean mass (muscle atrophy). These data suggest that serum creatinine could
constitute an interesting biomarker of the muscle deterioration and, more generally, of the disease
progression. However, the study failed to provide insights regarding the intra-type correlation of
creatinine levels and MUNE or CMAP outcomes. A fundamental problem, especially for type 3
patients, is the wide range of phenotype and a very variable disease progression. Additionally,
the range of variability from visit to visit, which is what would be needed to guide therapeutic
strategies, seems to be very wide. Therefore, additional studies should be performed in clinical trials
to explore if the therapies would affect the creatinine levels, and if so, whether these differences would
be distinguishable from natural variations in patients.

5. Strategies for the Discoveries of Novel Biomarkers Towards the Development of Personalized
Medicine Approaches for SMA

The quest for biomarkers in SMA is still ongoing. Monitoring neurofilaments levels seems
to be a very promising biomarker for the prognosis of treated infant patients [134], but does not
appear to constitute a robust biomarker for adults patients. Indeed, studies including only adults
patients showed comparable values between SMA patients and controls (see results published in [29]),
suggesting that the variability observed in SMA samples could be unrelated to the SMA pathogenesis.
Consequently, no prognosis biomarker for the outcome of therapies in adult patients is known to date.

Here, we review the strategies that could help tackle this problem, highlighting the approaches
used in recent papers and based on the advantages of the unbiased -omics toolbox (Table 5). We then
discuss perspectives on the use of these novel techniques for the future development of personalized
medicine for SMA.
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5.1. Multi-Omics Approaches for the Identification of SMA Biomarkers and Potential Therapeutic Targets

The first comprehensive -omics investigation of unprecedented scale and scope has been BforSMA
(Biomarkers for SMA) [144]. The novelty of this study consisted on the use of several unbiased methods
(metabolomics, proteomics, and transcriptomics) for the search of biomarkers in a large well-defined
SMA patient cohort and age-matched healthy controls. Despite the identification of several putative
biomarkers, further validation is needed to confirm these findings. The field is now widely relying
on the use of unbiased approaches to highlight potential molecular candidates. Transcriptomic and
proteomic approaches are our best hope to grasp the complex mechanism that shapes the landscape of
SMA clinical heterogeneity. A genome-wide RNA sequencing analysis on MNs differentiated from
patient-derived induced pluripotent stem cells (iPSC) revealed that endoplasmic reticulum stress is
upregulated in SMA, representing a novel potential target pathway [145]. A similar transcriptomic
analysis on iPSC has been used to identify enriched motifs in differentially expressed genes between
SMA and control cells, and pinpoints synaptogamin binding cytoplasmic RNA interacting protein
(SYNCRIP) as a key modulator of SMN [146].

Furthermore, an interesting strategy published by Nizzardo et al. [147] took advantage of the
known pathophysiological processes in motor neuron disorders (MND) to perform a comprehensive
transcriptomic analysis. In particular, the authors started from the observation that specific types of
MN:s are spared during the progression of the MND, like SMA and ALS. They then compared the
transcriptomic profile of affected MNs of the brainstem and spinal cord with the rather unaffected
ocular MNs in ALS [147]. This approach led to the identification of several differentially expressed
genes (DEGs), including synaptotagmin, which was demonstrated to be a neuroprotective protein
in ALS. These results, also confirmed in SMA patient-derived MNs, opened new avenues for the
investigation of potential novel biomarkers for SMA. In an independent study, a proteomic approach
has been used to screen for candidate proteins regulated by the Nusinersen treatment in a cohort
of ten type 2 and 3 patients [30]. Different proteomic clusters were identified containing proteins
that are differentially expressed before and after six Nusinersen injections. This analysis allowed the
identification of neuronal and non-neuronal proteins that could not only be valuable biomarkers but
they could also be putative targets of SMA combined therapies.

Table 5. Overview of multi-omics approaches used to date to characterize SMA and its progression.
References: bibliographic citations of the -omics studies. -Omics: Specific techniques employed in each
study. Samples’ source: biological material analyzed. Highlights: main insights on SMA pathogenesis
gained in each study. Background colors are used to differentiate the cited studies.

References -Omics Samples’ Source Highlights

Finkel et al. [144] Metabolomic, Plasma and urine from 108 97 proteins and 59 metabolites
transcriptomic, SMA patients type 1,2 and 3 in the plasma together with
proteomic (between 2 and 12 years of age) 44 metabolites in the urine
correlated with functional score
Rizzo et al. [146]  Transcriptomic iPSCs-derived motorneurons NRXN2 protein downregulation
from SMA patients and healthy ~was identified as potentially

controls neuroprotective.

Nizzardo et al. [147]  Transcriptomic ~Spinal and ocular  Synaptogaminl3 was identified
motoneurons isolated from as a putative neuroprotective
human central nervous system  protein in MND.
sections from MND patients

Kessler et al. [30]  Proteomic CSF  samples from 10 No correlation between protein
Nusinersen-treated ~ adults profiling and functional score
SMA type 2 and 3 evolution, over 10 months

treatment
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5.2. Perspectives for Personalized Medicine in Neuromuscular Disorders

Successful examples of personalized medicine approaches relying on multi-omics tools come
from the cancer field. Indeed, a great effort in the last decade was focused in designing targeted
therapies based on cancer mutation profiles [148]. The combination of molecular screening and
analysis of predictive biomarkers represents a successful emerging strategy for cancer treatment [148].
Similarly, for high-burden bacterial infections, next-generation sequencing (NGS) of the patient’s
fluids will surely revolutionize the diagnostic process. The pathogen can be easily identified thanks
to available bioinformatic data analyzed via artificial intelligence (AI) workflows and, consequently,
the appropriate therapy can be quickly determined [149,150]. For SMA and other neuromuscular
disorders, these approaches could ideally lead to personalized therapies but major hurdles need to be
overcome. First, for these diseases the affected tissues are not readily available for biopsy and, second,
the disease spectrum is highly complex, as thoroughly discussed above [151]. Thus, further endeavors
are necessary to define personalized medicine approaches for the broad SMA population.

6. Conclusions and Discussion

The complexity of the SMA phenotypes, and the discrepancies between patients’ genotype (as per
current definition) and phenotype, have fostered the search for functional and molecular biomarkers
that could help to better classify patient types. The discovery of several disease modifier genes, starting
with SMN?2 [1], and epigenetic factors [92] has revolutionized the traditional classification and account
for a wider complexity. This aspect will further change in light of the recently approved therapies
that are modifying the course of the disease and increasing patients’ survival. For the functional
measurements, it is now clear that the available tests to date are inappropriate to grasp the small
changes in locomotor abilities or electrophysiological parameters of adult SMA patients. In fact, these
changes seem to fall into a different scale compared to the ones form younger patients that have been
widely investigated. Therefore, refining the existing scales and finding novel functional measures is
a priority [152]. On the other hand, many efforts have been devoted to the identification of reliable
molecular biomarkers but all the proposed candidates have revealed some limitations. Therefore, novel
screening methods, approaches for an accurate prognosis, and biomarkers for treatment follow-up are
being identified. Recent technological advances have allowed the development of many tools that will
considerably improve the extent of the analysis. For example, novel sensitive techniques such as NGS
can currently identify a broader range of genetic and epigenetic differences that can be explored as
possible biomarkers. Therefore, further investigation needs to be performed to unbiasedly identify
putative biomarkers for accurate diagnosis, prognosis, and treatment monitoring in SMA. These efforts,
combined with refined Al approaches, will represent a milestone for a successful personalized medicine
development in SMA.
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Abstract: Prednisone (Pred) and Deflazacort (Dfz) are commonly used glucocorticoids (GCs) for
Duchenne muscular dystrophy (DMD) treatment and management. While GCs are known to delay the
loss of ambulation and motor abilities, chronic use can result in onerous side effects, e.g., weight gain,
growth stunting, loss of bone density, etc. Here, we use the CINRG Duchenne natural history
study to gain insight into comparative safety of Pred versus Dfz treatment through GC-responsive
pharmacodynamic (PD) biomarkers. Longitudinal trajectories of SOMAscan® protein data obtained
on serum of DMD boys aged 4 to 10 (Pred: n = 7; Dfz: n = 8) were analyzed after accounting for
age and time on treatment. Out of the pre-specified biomarkers, seventeen candidate proteins were
differentially altered between the two drugs (p < 0.05). These include IGFBP-2 and AGER associated
with diabetes complications, and MMP-3 associated with extracellular remodeling. As a follow-up,
IGFBP-2, MMP-3, and IGF-I were quantified with an ELISA using a larger sample size of DMD
biosamples (Dfz: n = 17, Pred: n = 12; up to 76 sera samples) over a longer treatment duration.
MMP-3 and IGFBP-2 validated the SOMAscan® signal, however, IGF-I did not. This study identified
GC-responsive biomarkers, some associated with safety, that highlight differential PD response
between Dfz and Pred.

Keywords: Duchenne muscular dystrophy; pharmacodynamic biomarkers; prednisone; deflazacort;
glucocorticoids; corticosteroids; safety

1. Introduction

Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder affecting the expression
of dystrophin protein, an essential protein that maintains muscle fiber integrity and function [1].
The lack of dystrophin expression leads to muscle inflammation at an early stage of the disease,
followed by progressive muscle degeneration and wasting [2]. While there are promising gene therapy
and exon-skipping treatments, some of which have received conditional approval from the EMA [3]
and FDA [4-7], these are mutation-specific and only restore a partial amount of truncated dystrophin
protein [8]. Hence, DMD patients will continue to need combination therapy using the current standard
of care: glucocorticoids (GCs). GC use helps reduce muscle inflammation and delay the loss of motor
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abilities [9], delay loss of independent ambulation, improve pulmonary function, and delay the onset
of cardiomyopathy [10-12]. However, a GC regimen can have many side effects, such as weight gain,
growth stunting, loss of bone density, hirsutism, Cushingoid features, osteoporosis, hypertension,
diabetes, behavioral disturbances, and difficulty in sleeping [12-14]. Commonly used steroidal drugs
for DMD are prednisone (Pred) and deflazacort (Dfz). Prednisone has been used to treat DMD patients
in the USA since the seventies [15]. In February 2017, the FDA approved deflazacort to treat DMD
patients aged five years and older [16] although this same drug has been widely used in Europe to
treat DMD patients for years. Figure 1 shows structures of prednisone and deflazacort along with their
respective active metabolites: prednisolone and 21-desacetyl deflazacort, respectively. Both drugs are
given to patients in their prodrug forms, which are then metabolized to their active forms in the liver.
The active metabolite prednisolone has a hydroxyl group at carbon 17, while the active 21-desacertyl
deflazacort has an oxazoline structure at that same position (red arrow in Figure 1).

Prednisone Deflazacort
[+]

Prodrugs

~-

Active drugs

o~

Figure 1. 2D structures of Prednisone and Deflazacort (top panels) and their active drugs: prednisolone
and 21-desacetyl deflazacort. The similarities are clear. The red arrows point to the structural differences
between the active drugs.

Many efforts have been undertaken to investigate the use of biomarkers in DMD [17-19] and
the efficacy and safety of Pred versus Dfz [10-12,20,21]. Both drugs are known to be efficacious in
prolonging ambulation [10,11,14,22]. For our purposes here, we provide a small review on safety
comparisons from the literature. These studies were compared to clinical outcome measures like
changes in height, weight, Cushingoid features, and erythema, among others to evaluate differences in
safety. A comparison of high dose Dfz and Pred in 70 systemic lupus patients concluded that Pred was
associated with a significant increase in weight gain, Cushingoid severity index, and hirsutism compared
to Dfz [23]. In a double-blind, randomized study on 196 DMD subjects, Pred was found to be associated
with more weight gain than Dfz [10]. In another randomized study (18 DMD patients), patients
treated with Pred showed higher weight gain compared to Dfz-treated patients [13]. As compared
to other studies [10,14], a comparison of prednisone/prednisolone versus Dfz treated patients using
340 participants from the Cooperative International Neuromuscular Research Group Duchenne Natural
History Study (CINRG-DNHS) showed that participants treated with Dfz had increased frequency
of Cushingoid appearance, cataracts, and growth delay. Another study [13] reported that the time
of initiating, dosing, and duration of treatments were associated with side effects; longer duration
and increased Dfz dosage predicted growth stunting and Dfz was reported to be associated with
lighter weight and shorter heights compared to Pred [13]. To summarize, these studies suggest that
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treatment with Pred is associated with relatively more weight gain, whereas Dfz treatment is associated
with relatively more growth stunting. While these studies provide important comparisons between
Dfz and Pred, the underlying molecular mechanism leading to these differences, remain unknown.
Furthermore, predictive outcome measures, especially for adverse effects are highly desirable.

There are ongoing debates among families, clinicians, and regulatory agencies over which GC
drug (Pred or Dfz) and regimen is better for DMD boys. GC responsive biomarkers (for both safety
and efficacy) have been defined and confirmed in different diseases and multiple cohorts [17,24,25],
using data with pooled corticosteroid drugs not differentiating between Pred and Dfz and different
regimens [22]. However, much remains unknown about the comparative effects of Pred vs. Dfz on
blood accessible biomarkers and how they can inform clinical decision-making and drug development.
Adding pharmacodynamic (PD) biomarkers to the evidence from the aforementioned clinical outcome
studies could bring insights into differences between Pred and Dfz at the molecular level. To the
best of our knowledge, we are the first to compare serum accessible PD biomarkers in DMD patients
(4-16 years old) treated with Dfz or Pred to gain insight into differences at the serum protein level.
For this, we use data generated by a high-throughput SOMAScan® technique, followed by confirmation
of a specific set of PD biomarkers by ELISAs. The objective here is to define PD biomarkers that differ
in their response to Pred and Dfz, and investigate if these biomarkers are known to be associated with
reported differences in term of side effects between these two drugs.

2. Materials and Methods

The study protocol was approved by Institutional Review Boards at all participating institutions
that provided serum samples. These included, the Office of Research IRB administrations at the
University of California Davis, Davis, CA, the University of Pittsburgh, Pittsburgh, PA, Children’s
National Health System, Washington DC, the Conjoint Health Research Ethics Board, University
of Calgary and the Human Subject Research Review Committee at Binghamton University, NY.
Informed written consent was obtained from the parents of the participants or their legal guardians for
biomarker studies at each site.

2.1. SOMAscan® Dataset

The CINRG-DNHS is a natural history study of 440 DMD boys. The CINRG-DNHS investigators
enrolled these subjects at 20 centers in nine countries [11]. In this prospective cohort study, subjects
genetically confirmed to have DMD were followed for up to 10 years. Details about the study, including
informed consent and others, have previously been published [26]. At entry, some DMD subjects were
steroid-naive and were then treated during follow up visits, some remained steroid-naive throughout,
while others were already on GCs [26]. Characteristics (height, weight, age, time on GC treatment,
and type of GC) were recorded on follow-up visits as well as clinical outcome data on time to run/walk,
time to stand, and time to climb until loss of ability [26]. Note that six-minute walk distance and the
NorthStar Ambulatory Assessment score were measured for a small subset of patients enrolled later
during the study [26]. Blood samples for biomarker investigations were collected by the CINRG-DNHS
investigators during some visits on a subset of participants. GC-treated patients were on Pred or Dfz
with variation in dose and dose schedules (intermittent or daily). In a recent study [17], we generated
biomarker data on a subset of these DMD samples (1 = 31 boys, 4 to 10 years old) and used steroid-naive
and steroid-treated paired samples to define 107 (false discovery rate-adjusted p-values < 0.05) PD
biomarkers from 1310 serum proteins (SOMAscan® array).

Based on the above-mentioned study [17], we pre-specified the 107 PD biomarkers of interest and
focused on an analysis of 35 longitudinal samples from 8 Pred-treated and 7 Dfz-treated ambulatory
patients only (screening dataset A) to identify potential candidate serum proteins differentially
altered between Pred and Dfz. These subjects were age-matched (see Table 1 for a summary of their
characteristics). For these longitudinal data, only subjects with at least 2 visits were used. The name
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of the study, type of treatment, duration of treatment, age, and some clinical measurements (height,
weight, BMI) are tabulated in Supplementary Table S1.

Table 1. Characteristics of patients/samples for SOMAscan® screening dataset A. All samples were
from ambulatory patients.

Average Number of Age Range at Sample Average Time between

Treatment Number of Patients Visits (Min, Max) Collection (Years) Biosample (;ollechon Regimen
(Days) (Mix, Max)

Deflazacort 8 25(2,4) 4.7-94 465 (56, 1268) Daily on Dfz

Prednisone 7 214 (2,3) 4.3-83 582 (157,1392) Daily on Pred

2.2. Validation of Key Pharmacodynamic Biomarkers Using ELISA

A larger data set (confirmation dataset B) contained up to 76 longitudinal samples on 29 ambulatory
subjects (17 deflazacort-treated and 12 prednisone-treated) from CINRG DNHS. Note that all samples/
subjects from screening dataset A were used in confirmation dataset B as well. For both datasets,
we focused on ambulatory patients to minimize any possible confounding issues with the stage of disease
(after loss of ambulation). Again, these subjects were age-matched. Summary characteristics of the
subjects are provided in Table 2.

Table 2. Characteristics of patients/samples for confirmation dataset B. These serum samples were used
for ELISA confirmation of MMP3, IGFBP-2 and IGF-1. All the samples were from ambulatory patients.

Average Number of Mean Age at Sample Average Time between
Treatment Number of Patients Visitf (Min, Max) Collection in Years Biosample Collection (Days)
v (Min-Max) (Mix, Max)
Deflazacort 17 2.7(2,5) 9 (4.7-15.3) 1392 (370, 3058)
Prednisone 12 25(2,3) 8.5 (4.2-15.8) 1685 (594, 3391)

A subset of PD serum protein biomarkers, including MMP3, IGFBP-2, and IGF-I, were selected
for confirmation analysis using ELISA assays. An ELISA kit from Meso Scale Diagnostics (MSD)
was used to measure levels of MMP3. Similarly, ELISA kits from Thermo Fisher Scientific and R&D
Systems, Inc. were used to measure levels of IGFBP2 and IGF-], respectively. These candidates were
chosen based on the availability of a validated ELISA assay kit. All three assays were sandwich ELISA,
which were highly specific for antigen detection. Dilution factors for serum samples were 1:10, 1:400,
and 1:100 for MMP-3, IGFBP-2, and IGF-I, respectively. The three assays were performed following
the manufacturer’s instructions. Details about serum samples used in ELISA validation are shown in
Table 2.

2.3. Data Analysis and Statistical Methods

As depicted in the schematic (Figure 2), we first pre-specified 107 steroidal PD biomarkers
previously identified as being significantly altered over time in their levels between GC-naive and
paired GC-treated DMD samples from the same subjects [17]. To compare the serum levels and
trajectories of these pre-specified 107 PD biomarkers between DMD patients treated with Dfz and
Pred, linear mixed effect models were used to analyze longitudinal measurements for 7 boys on Pred
and 8 on Dfz (daily regimen). All statistical analyses were performed using R [27]. Linear mixed
effect models were run using the Ime4 and ImerTest packages [28,29]. Serum protein levels, which had
previously been hybridization control and median signal normalized, were log-transformed (see [17]
for details). Random intercept linear mixed effect models were used to investigate the association of
(mean centered) time on drug, type of GC (Pred or Dfz), and interaction between time on drug and
type of GC on log transformed protein RFUs. The samples were age-matched at baseline (average
age of Pred-treated subject at baseline = 5.7 (min age = 4.3, max age = 7.3) years; average age of
Dfz-treated subject at baseline = 6 (min age = 4.7, max age = 7.4) years) and over time (see Table 1
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for age range at sample collection). Some models did not converge (7 out of 107) due to numerical
optimization issues (likely due to small sample size). Here, the interaction coefficient represents the
difference in estimated slopes of biomarker trajectory over time between Pred-treated and Dfz-treated
DMD patients. If the interaction coefficient is significant, this indicates that treatment type (Pred or
Dfz) is associated with different trajectories of biomarker over time. The coefficient for the type of
GC represents the difference in mean protein levels between Pred-treated and Dfz-treated subjects
for a patient with an average treatment duration with similar biomarker trajectories over time (this is
considered after the interaction effect). The same model was also fit to log-transformed ELISA data.
To study the effect of time on GC on weight, height, and BMI, data analyses were performed using
linear mixed effect models on confirmation dataset B. For this, we used a random intercept linear
mixed model adjusting for age at baseline, time on GC, and interaction between type of GC and time
on GC. Concordance of SOMAscan® and ELISA measurements was investigated on the subset of
samples common to screening dataset A and confirmation dataset B.

| Longitudinal Pre-specified 'Random
n n | data from 107 §|Intercept
| SomaScan® pharmaco- | linear mixed
n n — (1310 > dynamic = ":fdetl u
roteins roteins | aqjustea for
Pred-treated Dfz-treated :Ecreenin)g Hatrl)-nout et al., |duration of
DMD boys  DMD boys | dataset A 2019 | treatment.
(n=7, Ns=15) (n=8, Ns=20) [

Confirm results

Random intercept

ELISA Longitudinal n n
assay: serum

linear mixed

model adjusted for | MMP3, [ * samples for ‘_n n -—
duration of IGFBP-2, confirmation

treatment. and IGF-1 dataset B

Pred-treated Dfz-treated
DMD boys DMD boys
(n=12, Ns=30) (n=17, Ns=46)

Figure 2. Schematic describing the workflow for the biomarker analyses. Proteins identified as differentially
affected by prednisone vs. deflazacort were identified from the SomaScan® based screening dataset.
This was followed by confirmation analysis using ELISA assays of three selected biomarkers on a larger set
of subjects (confirmation dataset). n: number of subjects, Ns: number of serum samples used in this study.

3. Results

3.1. Longitudinal Trajectory of Serum PD Biomarkers in Prednisone vs. Deflazacort Treated DMD boys

We examined differences in the longitudinal trajectories of pre-specified 107 PD biomarkers in
Pred-treated patients (n = 7) versus Dfz-treated DMD patients (n = 8) accounting for duration of
treatment (time on GC) and interaction between treatment duration and type of GC (Pred or Dfz).
In general, Pred and Dfz seem to engage the PD biomarkers similarly and altered their trajectory in the
same direction in screening dataset A. This was not the case for 17 PD biomarkers that were found
differentially altered in their average levels and/or longitudinal trajectories (unadjusted p value < 0.05)
in Pred-treated vs. Dfz-treated DMD patients. These 17 differentially altered PD biomarkers are listed
in Table 3 with fold change between non-GC-treated DMD subjects and healthy controls (from [17]),
fold change between Pred and Dfz-treated subjects, p values for the difference in the mean levels and
p values for the difference in longitudinal trajectories between Pred and Dfz treated DMD patients,
along with potential significance and references to published literature.
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Two major groups of differentially affected steroidal PD biomarkers were thus identified. The first
major group consisted of PD biomarkers that were repressed by GC in general, but exhibited a
significantly lower mean level in Pred treated group relative to Dfz treated group. These included
leukocyte immunoglobulin-like receptor subfamily B member 1 (LILRB1), tumor necrosis factor
receptor superfamily member 21 (TNFRSF21), chordin-like protein 1 (CHRDL1), soluble advanced
glycosylation end product-specific receptor (SRAGE), annexin A2 (ANXA?2), CD166 antigen (CD166),
scavenger receptor cysteine-rich type 1 protein M130 (sCD163), induced myeloid leukemia cell
differentiation protein (MCL-1), transmembrane glycoprotein NMB (GPNMB), mitogen-activated
protein kinase 14 (MAPK14), and neural cell adhesion molecule L1 (NCAM-L1). The second (minor)
group consisted of PD biomarkers that increased in their levels following GC treatment and consisted
of two subgroups. The first subgroup consisted of those that were significantly elevated in serum
samples of Dfz relative to the Pred-treated group such as hemojuvelin (HJV), stromelysin-1 (MMP3)
while the second group consists of those biomarkers that were significantly elevated in serum samples
of Pred relative to Dfz-treated group such as insulin-like growth factor I (IGF-I), ficolin-1 (FCN1),
and cGMP-inhibited 3’,5'-cyclic phosphodiesterase A (PDE3A). One interesting PD biomarker is
insulin-like growth factor-binding protein 2 (IGFBP-2); this showed diverging longitudinal trajectories
(p = 0.040) in the Dfz-treated group, as compared to the Pred-treated group. Similarly, longitudinal
trajectories of Ficolin-1 (FCN1; p = 0.03) and Annexin A2 (ANXAZ2; 0.054) also seemingly diverged in
addition to their differential levels between the two drugs. Figure 3 shows selected examples of these
differentially affected steroidal PD biomarkers. For example, IGFBP-2 sharply decreased over time
in Dfz-treated DMD patients, while it remained unchanged or slightly increased over time in Pred
treated group (p = 0.040). While TNFRSF21 (also known as DR6) was not found to be differentially
affected by the two different drugs in terms of longitudinal trajectory slopes but its mean sera levels
was significantly lower in the Pred-treated group compared to the Dfz-treated group (p = 0.005).
Similarly, mean levels of FCN-1 were lower in the Dfz-treated group relative to the Pred-treated group
(p = 0.038), while MMP3 mean levels were significantly elevated in the Dfz-treated group relative to
the Pred-treated group.

3.2. Effect of Dfz and Pred on Height and Weight of DMD Boys

We also investigated differences in growth stunting in Dfz treated patients relative to Pred treated
patients in confirmation dataset B. DMD patients treated with Dfz had lower height growth rates
(p = 0.006 for difference in trajectory slopes over time) compared to those treated with Pred (Figure 5).
We did not find any significant difference in weight (p = 0.112) and BMI (p = 0.08) over time between
patients treated with Dfz and Pred (Figure 5). Additionally, note that more variation is observed in
longitudinal BMI measurements around the estimated model (Figure 5).

3.3. Data Validation Using ELISA

For the reported data above, we had a small sample size and we did not adjust for multiple testing,
thus a follow-up confirmation analyses on a subset of PD biomarkers was carried out. Unfortunately,
from the list of PD biomarkers identified in Table 3 above, a good validated ELISA assay that used
low sera volume was available for only three PD biomarker candidates: MMP3, IGFBP2 and IGF-I.
There were other ELISA assays for other candidates, but they were either not validated or required a
larger volume of sera samples, which we did not have. To confirm the SomaScan® findings obtained
for MMP3, IGFBP2, and IGF-1, we used a larger sample size of samples over a longer treatment
duration and a wider age range of subjects. The findings from the ELISA runs are summarized in
Table 4. Results for MMP-3 validated the SOMAscan® signal (same directionality; p-value for the
difference in mean levels = 0.022), IGFBP-2 neared significance (p-value for difference in trajectory
slopes = 0.051), while IGF-I did not validate the SOMAscan® signal. Figure 4 shows correlations
between SOMAscan® data and ELISA data with the IGF-I measurements having a substantially worse
Pearson correlation than MMP-3 and IGFBP-2.
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Figure 3. Selected examples of serum protein PD biomarkers showing difference between prednisone
(Pred) and deflazacort (Dfz)-treated samples. FCN-1 has relatively higher mean RFU levels in Dfz-
treated patients (p = 0.038 for mean levels; p = 0.03 for difference in trajectory slopes over time).
TNFRSF21 has higher mean RFU levels in Pred- vs. Dfz-treated DMD patients (p = 0.005 mean levels;
p =0.934 for difference in trajectory slopes over time). The longitudinal trajectories of IGFBP-2 levels
are different between the two drugs (p = 0.04). MMP-3 mean RFU level is elevated in DMD boys treated
with Dfz, as compared to Pred (p = 0.008).
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Figure 4. SOMAscan® signal confirmation using ELISA. Upper panel shows longitudinal trajectories
of selected DMD serum protein PD biomarkers from ELISA assays. Lower panel shows correlation
plots between SOMA and ELISA data for the samples that overlapped between the screening and
confirmation data sets.
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Table 4. Summary for biomarker signal confirmation using ELISA.

SOMAscan® Data ELISA Data Function
gD ety ol Nemberot L e Numberor
Mean Levels Trajectories ! v Mean Levels Trajectories Patients/Samples
MMP-3 (P08254) 0.008 0216 8 DZ;;‘:OV % 0.022 0.378 Pre;ﬁ?‘;;,ﬁ]es Ethz:rl:cllirﬁ‘:: "
IGFBP-2 (P18065) 0328 0.04 8 Df:a/;;r:sd/ = 0.744 0.0507 Preg/’:g’f;;;(:ﬂes Regulates growth
IGE-1 (P05019) 0.007 0.09 8 DZ;;;Z“V 35 0246 0.137 Pregfs’f;;iles Promotes growth

1 Two p-values are provided for difference in mean levels and difference in longitudinal trajectory slopes between
Pred-treated and Dfz-treated subjects for both SOMAscan® and ELISA® analysis, respectively.

4. Discussion

GCs are and continue to be the standard of care for several chronic inflammatory and auto-immune
diseases including DMD [11,21,25]. In this study, and due to the interest and ongoing debates between
families and clinicians regarding which GC drug is more beneficial and safe for DMD boys, we focused
on a subset of Dfz- an Pred-treated DMD patients to define the differential pharmacodynamic response
to these two commonly prescribed drugs using blood circulating proteins. We previously defined a set
of PD biomarkers that are responsive to GC treatment in DMD [17]. In that previous study, we showed
that GC affected the levels of 107 circulating serum proteins. In general, use of GCs decreased the
levels of several circulating pro-inflammatory and immune response associated proteins, but caused
an increase in certain proteins associated with metabolism and extracellular remodeling [17]. In this
current study, we find that, in general, both Dfz and Pred engaged the PD biomarkers in a similar
fashion, however, among the 107 PD biomarkers, 17 exhibited a differential longitudinal response to
Dfz relative to Pred, in directionality, mean levels, or both.

A close examination of the 17 differentially altered PD biomarkers (from screening dataset A)
between Dfz and Pred in term of their levels, longitudinal directionality and their potential physiological
function led to the following interpretation. Among these 17 PD biomarkers, 12 were significantly
reduced in the Pred-treated group relative to the Dfz-treated group after adjusting for treatment
duration (the samples were age matched). These 12 decreased PD biomarkers by Pred can be classified
into subgroups with the first subgroup consisting of inflammatory and immune associated proteins
such as LILRB1, TNFRSF21, sRAGE, CD166, and sCD163. Previous studies have suggested that
Dfz is a stronger immune suppressant than Pred [43]. In contrast, our analysis showed that for
the above-mentioned five serum proteins, Pred seemed to be more immunosuppressive than Dfz.
However, further studies using a larger sample size and additional cellular biomarkers are needed
to claim this finding. Another subgroup that was differentially decreased by Pred relative to Dfz
included bone mineralization protein GPNMB and the cell adhesion protein NCAM-L1. GPNMB,
also known as osteoactvin in rats, has been shown to be implicated in bone mineralization and bone
regeneration [39,40] and the larger decrease in its mean level in the Pred treated group relative to the
Dfz treated group could suggest that Pred treated patients might have a higher risk of losing bone
density than Dfz treated patients. This agrees with earlier studies showing that decreases in bone
density was markedly spared by Dfz, as compared to Pred in both adult and children cohorts [44].
However, further studies correlating low levels of circulating GPNMB to loss of bone density in Pred
treated group relative to Dfz treated group are needed to support this hypothesis. The differential
decrease in the circulating levels of NCAM-L1 by Pred could be indicative of another potential side
effect of Pred over Dfz. Indeed, a recent study linked low levels of circulating NCAM-L1 to risk of
developing type 2 diabetes [41], which is in agreement with an earlier study showing that Pred was
more diabetogenic than Dfz in a pediatric population [45]. The differential decrease of sSRAGE by Pred
over Dfz could also be linked to the diabetogenic effect of Pred since SRAGE has been suggested to act
as a decoy that dampens the advanced glycation end product signaling (e.g., RAGE signaling) and
thus increases the risk of developing diabetes [33].
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However, the differential decrease in the mean levels of MCL-1, MAPK14, and CHRDLI1 by Pred
relative to Dfz could be considered to be evidence of possible efficacy in DMD. Indeed, MCL-1 and
MAPK14 were previously reported by us [17] to be elevated in blood of untreated DMD boys relative
to age matched healthy controls then decreased by GC treatment toward the levels in healthy controls.
CHRDLI1, however, is known to bind to BMP4 and antagonizes its function [30]. BMP4 is a member
of the member of the transforming growth factor-f (TGF-f), a well-known pathway reported to be
involved in DMD pathogenesis [46]. Thus, a differential decrease of CRDL1 by Pred relative to Dfz
could suggest a beneficial effect but further experiments using a CRDL1 knockout animal model are
needed to verify this hypothesis.

Another relevant PD biomarker that was differentially altered over time between the two
drugs is IGFBP-2. It sharply decreased in its longitudinal trajectory in Dfz-treated group compared
to the Pred-treated group. This observation was further validated by ELISA assay (p = 0.0507;
near significance). Note that, in our ELISA confirmations, we had the smallest number of additional
samples available for IGFBP-2. IGFBP-2 binds to IGF-1 and regulates growth. While IGFBP-2 was
decreased by Dfz treatment, IGF-1 was relatively increased by Dfz over Pred. Unfortunately, we were
unable to validate the IGF-1 SomaScan® signal using ELISA; nevertheless, an increase in IGF-1 by GC
treatment might be associated with antiinflammation efficacy [31]. However, the selective longitudinal
decrease of IGFBP2 by Dfz could be associated with significant growth stunting by Dfz over the Pred
reported by others [20,47,48] and confirmed by us in this study. Furthermore, a gene knockout study,
conducted on mouse model comparing Igfbp2-/- mice colony with Igfbp2+/+ mice colony determined
the role of IGFBP2 in bone turnover and showed that Igfbp2-/- males had shorter femurs and were
heavier than controls but were not insulin resistant [42]. The decrease in IGFBP2 could have dual
side effects on both growth stunting and risk of bone fracture. Indeed, a recent study compared a
cohort of DMD boys treated with Dfz to a cohort treated with hydrocortisone and concluded that DMD
boys receiving daily dose of Dfz had a higher incidence of bone fractures with greater risk of growth
stunting [47].

The second group of steroidal PD biomarkers that were differentially affected by the two drugs are
those that increased following treatment with GC. FCN1, IGF-T and PDE3A were relatively increased
by Pred over Dfz, while MMP3 and HJV were relatively increased by Dfz over Pred. While FCN1
mean levels were higher in the Pred treated group relative to Dfz treated group, it decreased over time
with Pred treatment while remaining relatively unchanged over time following Dfz treatment. This is
intriguing and requires further validation using orthogonal methods such as ELISA. Unfortunately,
the available ELISA assay required the use of a larger sample volume, which was a limitation of
our study.

A comparison of the relative effects of Pred and dexamethasone (Dex), another glucocorticoid, on
short-term growth and bone turnover confirmed that both drugs affected short-term bone turnover
and growth [20]. However, Dex may be more potent in suppressing linear growth, simulating weight
gain and bone turnover compared to prednisone. Dex was more potent at depressing IGF-I levels than
prednisolone. This is consistent with our SOMAscan® data, IGF-1 was significantly more depressed
or decreased in Dfz treated group relative to Pred treated group. However, we were not able to
confirm this finding using ELISA. The discrepancy between the SOMAscan® data and ELISA data
could be associated with an epitope effect. The two techniques recognize different epitopes on the
IGF-I. Furthermore, IGF-I might co-exist as free form and bound form to circulating insulin growth
factor binding proteins and these might further interfere with both these affinity-based assays that
relies on epitope binding. Future analyses using denatured condition and targeted mass spectrometry
analysis are needed to examine the true levels of circulating IGF-1.

MMP3, also known as stromelysin-1, was dramatically increased in the blood circulation following
GC treatment, as previously shown by us [17] and others in both DMD patients [24] and inflammatory
bowel disease patients [25] and anti-neutrophil cytoplasmic antibody-associated vasculitis, and juvenile
dermatomyositis [25]. In this study, we further show that this increase is associated more with Dfz use
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than Pred use. This was further confirmed by an ELISA assay on a confirmation dataset using a larger
sample size with longer treatment duration. The mechanism by which GC induces levels of circulating
MMP3 remains unclear. Further studies using cell culture expressing MMP3 are needed to explain the
difference of action of Dfz and Pred on the expression of MMP3. Owing to the function of MMP?3, i.e.,
degradation of extracellular matrix, this differential increase might result in more extracellular matrix
remodeling in Dfz-treated DMD patients relative to Pred-treated patients. Whether this extracellular
matrix remodeling is adverse or beneficial remain to be carefully examined.

5. Conclusions

Here, we investigated less invasive and objective PD biomarkers that might prove useful to
monitor disease progression and response to GC therapies in DMD. We identified differences in serum
levels of PD biomarkers between Pred- and Dfz-treated subjects, some of which may be associated
with safety. Such blood accessible biomarkers in DMD could play an important role in clinical trials
and decision making [49]. In our comparisons, we adjusted for duration of treatment, the comparison
groups were age matched, and for a subset of proteins, we conducted ELISA validation testing of
SOMAscan® signal. IGFB2 had a decreasing longitudinal trend associated with Dfz, at odds with the
observation for Pred. This may be associated with differential growth stunting seen between the two
drugs. The dramatic increase of MMP3 by Dfz relative to Pred remains to be interpreted. Further
studies are needed to test the physiological significance of these Dfz and Pred differentially affected
PD biomarkers. The study’s limitations include the small sample size, no adjustments for multiple
testing, and that the data come from a natural history study with lots of observed variability. We have
tried to overcome these limitations by performing lab validation using ELISA and using a larger
sample size and longer treatment duration. For biological validation, an external cohort is needed to
validate our findings. Note also that we did not investigate direct associations of biomarkers with
efficacy/safety outcomes; larger sample sizes are required for such studies and are the objective of
ongoing research. While preliminary, this study identified serum proteins that were altered between
the Dfz and Pred groups using SOMAscan® array data and we successfully validated two biomarkers
using ELISA that may be associated with adverse effects. However, further studies using larger sample
sizes collected from well controlled cohorts enrolled in ongoing and future clinical trials comparing
the safety and efficacy of Dfz versus Pred are needed to validate and test these differentially altered
pharmacodynamic biomarkers identified herein.
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Abstract: The development of therapeutics for muscle diseases such as facioscapulohumeral dystrophy
(FSHD) is impeded by a lack of objective, minimally invasive biomarkers. Here we identify circulating
miRNAs and proteins that are dysregulated in early-onset FSHD patients to develop blood-based
molecular biomarkers. Plasma samples from clinically characterized individuals with early-onset
FSHD provide a discovery group and are compared to healthy control volunteers. Low-density
quantitative polymerase chain reaction (PCR)-based arrays identify 19 candidate miRNAs, while mass
spectrometry proteomic analysis identifies 13 candidate proteins. Bioinformatic analysis of chromatin
immunoprecipitation (ChIP)-seq data shows that the FSHD-dysregulated DUX4 transcription factor
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binds to regulatory regions of several candidate miRNAs. This panel of miRNAs also shows ChIP
signatures consistent with regulation by additional transcription factors which are up-regulated
in FSHD (FOS, EGR1, MYC, and YY1). Validation studies in a separate group of patients with
FSHD show consistent up-regulation of miR-100, miR-103, miR-146b, miR-29b, miR-34a, miR-454,
miR-505, and miR-576. An increase in the expression of SI00A8 protein, an inflammatory regulatory
factor and subunit of calprotectin, is validated by Enzyme-Linked Immunosorbent Assay (ELISA).
Bioinformatic analyses of proteomics and miRNA data further support a model of calprotectin and
toll-like receptor 4 (TLR4) pathway dysregulation in FSHD. Moving forward, this panel of miRNAs,
along with S100A8 and calprotectin, merit further investigation as monitoring and pharmacodynamic
biomarkers for FSHD.

Keywords: FSHD; biomarkers; miRNA; proteomics; calprotectin; dystrophy; muscle

1. Introduction

Facioscapulohumeral muscular dystrophy (FSHD) is an autosomal dominant muscle disorder with
no current therapy, a variable prognosis, and complex genetic and molecular mechanisms. FSHD is
caused by aberrant expression of double homeobox 4 (DUX4) due to epigenetic changes of the D474
repeat region at chromosome 4q35 [1-3]. Roughly 95% of patients have Type 1 FSHD (FSHD1) due to
contraction of the D474 array; a small portion (~5%) of patients have Type 2 FSHD (FSHD2) caused
by mutations in the structural maintenance of chromosomes flexible hinge domain containing 1 (SMCHD1)
gene, the DNA methyltransferase 3B (DNMT3B) gene, or the ligand-dependent nuclear receptor-interacting
factor 1 (LRIF1) gene [4-6]. The aberrant expression of DUX4 protein causes mis-regulation of genes
involved in germline function, oxidative stress responses, myogenesis, post-transcriptional regulation,
and additional cellular functions [7-13]. These downstream molecular changes are believed to cause
FSHD, although the exact mechanisms are not clear.

Although the onset of FSHD is generally around adolescent years, a small portion (~4%) of patients
present with an early-onset or infantile form of FSHD [14]. Previous studies have shown that the disease
severity of FSHDI is negatively correlated with the size of D474 repeats [15,16]. Individuals with
early-onset FSHD1 tend to have smaller D4Z4 repeats and more severe disease phenotypes, including
more profound muscle weakness, younger age at loss of independent ambulation, and extramuscular
manifestations such as retinal vasculopathy or hearing loss [14,15,17,18].

In clinical practice, particularly with pediatric-onset FSHD, there is a low use of serial histological
assessments because they require painful biopsies of muscle tissue that typically reveal patchy or uneven
pathology. Given this, many patients no longer undergo muscle biopsy once a genetic diagnosis is made.
Functional motor scales provide a non-invasive alternative to study neuromuscular disease progression;
however, they can show great variability, can be age- or disease stage-limited, and they can be subject
to placebo or coaching effects in clinical trials [19,20]. Circulating molecular biomarkers provide a
promising alternative to these clinical assessments because they are objective measurements that can be
assayed repeatedly over time using minimally invasive methods. Blood-based miRNAs or proteins that
measure the progression of disease or a patient response to therapy over time are known as a monitoring
biomarker [21]. In clinical trials, monitoring biomarkers may also be used as pharmacodynamic
biomarkers to identify patients who are early responders to therapy, to demonstrate exposure-response
relationships, or to improve statistical power and modeling. As patient populations are sensitive
and limited for this relatively rare pediatric disease, less invasive monitoring or pharmacodynamic
biomarkers are important for early-onset FSHD, as frequent serial biopsies are especially problematic
in this population.

Recently, circulating miRNAs have emerged as exciting potential diagnostic, prognostic,
and drug-responsive biomarkers. This is a class of small non-coding ribonucleic acid (RNA) molecules
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(~22 nucleotides in length) that can help to regulate gene expression [22], and which are highly
stable in biofluids such as blood and urine [23,24]. In rare diseases with highly variable symptoms,
such as multiple acyl-coenzyme A dehydrogenase deficiency (MADD), the serum-based detection
of muscle-specific miRNAs termed myomiRs can signal the presence of underlying muscle-specific
pathologies [25]. In Duchenne and Becker muscular dystrophies, myomiRs are up-regulated in
serum from both patient populations, while detection of miR-206 up-regulation can be used to
differentially diagnose severe Duchenne versus Becker patients [26-28]. In addition to myomiRs,
inflammatory miRNAs such as miR-146a, miR-146b, miR-221 and miR-155 have been found to be
dysregulated in multiple forms of muscular dystrophies [29-31]. These two classes of miRNA show
potential as pharmacodynamic biomarkers, with myomiRs proposed for muscle-stabilizing treatments
such as gene therapy [32,33], and inflammatory microRNAs proposed for current steroids [34,35]
as well as newly emerging dissociative anti-inflammatory drugs such as vamorolone [36-38] or
edasalonexent [39,40]. In parallel to development of miRNA monitoring biomarkers, new advances
in whole exome sequencing are enabling clinicians to diagnose novel mutations in over 60 genes
known to be responsible for muscular dystrophies such as FSHD and limb-girdle muscular dystrophy
(LGMD) [41-44]. Together, these advances will help to improve the diagnosis, monitoring, and treatment
of a diverse number of diseases affecting muscle.

The development of circulating biomarkers for FSHD has the potential to improve clinical
management and to facilitate the development of new treatments. In this study, we test plasma samples
from a cohort of individuals with early-onset FSHD1 using both miRNA and proteomic profiling
approaches. Our goal is to identify molecules that can be used to monitor FSHD disease activity and
that may ultimately facilitate future therapeutic trials. Initial analysis of a discovery group identifies
a panel of miRNAs and proteins as biomarker candidates. Bioinformatic analyses of ChIP-seq data
provide a rationale for the changes in candidate biomarkers, as their behavior is consistent with changes
in transcription factor pathways that are disrupted in FSHD1. Subsequent characterization in separate,
non-overlapping groups of FSHD1 patients provides validation of nine biomarkers whose expression
can be conveniently assayed by qRT-PCR or Enzyme-Linked Immunosorbent Assay (ELISA), and are
increased in early-onset FSHD.

2. Materials and Methods

2.1. Ethics Statement

We obtained institutional ethics and research review boards approval for these clinical studies from
the Institutional Review Board of Children’s National Hospital and at all participating Cooperative
International Neuromuscular Research Group (CINRG) sites, in accordance with all requirements,
as previously described in Mah et al. 2018 [45]. Written informed consent was obtained from all the
participants before the study procedures. Where applicable, informed consent and/or assent was
obtained from all patients or legal guardians before enrollment.

2.2. Patients and Sample Collection

Plasma samples were collected and biobanked from a previous early-onset FSHD study conducted
by CINRG as described by Mah et al. [45]. For the discovery experiments, FSHD1 patients aged 10 to
51 years old were included (1 = 16 for miRNA discovery, n = 25 for proteomics discovery), along with
healthy control volunteers (1 = 8 for miRNA discovery, n = 17 for proteomics discovery) aged 16 to
54 years old. All patients had Type 1 FSHD caused by epigenetic changes due to D424 contraction
which results in up-regulation of DUX4.

2.3. miRNA Profiling

RNA was isolated and quantified from the discovery cohort of patients as described previously [34].
Briefly, RNA was isolated from 150 uL of plasma using Trizol liquid sample (LS) reagent (ThermoFisher,
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Waltham, MA, USA), then converted to cDNA using the High Capacity Reverse Transcription Kit
with multiplexed reverse transcription (RT) primers (ThermoFisher). Synthesized cDNA was then
pre-amplified using PreAmp MasterMix with multiplexed TagMan (TM) primers corresponding to
the RT primers used in initial cDNA reaction. Quantitative analysis of miRNA was performed via
TagMan Low-Density Array Cards (TagMan™ Array Human MicroRNA A Cards v2.0; ThermoFisher).
The ThermoFisher Cloud software suite with the Relative quantification (Rq) application was used
to perform statistical analysis and determine expression of miRNA in either mild or severe FSHD1
patient groups versus healthy controls. A value > 1 indicates an increase and a value < 1 indicates
a decrease in miRNA expression in FSHD1 versus healthy controls, with p-values < 0.05 considered
significant. To reduce false-positive discovery in this setting, we used an evidence-based approach
where candidate miRNAs that significantly increased in the discovery groups were cross-referenced to
a separate set of non-overlapping CINRG patients used as a validation group.

2.4. Bioinformatics of miRNA Regulation via DUX4 and FSHD-Associated Factors

Surrounding DNA regulatory regions of candidate miRNA genes were queried in ChIP-seq
datasets for binding by transcription factors known to be impacted by FSHD. These analyses were
performed using the University of California Santa Cruz (UCSC) Genome Browser with alignment to
the GECh37/hg19 genome build. For primary effects, due to the underlying mutation that causes FSHD,
DUX4 binding was queried. For this, we uploaded a user-supplied DUX4 ChIP-seq track published by
Geng et al. [9] to determine which candidate miRNAs displayed physical binding of DUX4 at potential
regulatory regions within 100 kb of the gene for each miRNA.

To investigate secondary factors whose dysregulation is associated with FSHD-causing mutations,
we investigated DNA binding by transcription factors shown to be significantly up-regulated in
cultured human muscle cells using microarray data by Geng et al. [9]. For this, we used ChIP-seq data
from the Encyclopedia of DNA Elements (ENCODE) [46,47]. From a master list of DUX4-regulated
genes published in [9], we identified a list of 34 transcription factors with ChIP-seq data from
ENCODE available within the UCSC Txn Factor ChIP Track and 47 transcription factors from the
Txn Factor ChIP E3 Track [48-50]. After an initial survey of these full transcription factor lists
for the 19 candidate miRNAs, we narrowed down to a shorter focus list of 9 transcription factors
whose binding was most frequently associated with the candidate miRNAs. DNA binding by
transcription factors was queried in datasets produced using ChIP-seq from all 9 available cell
line tracks, including GM12878 (lymphoblasts), H1-hESC (embryonic stem cells), HeLa-S3 (cervical
cancer cells), HepG2 (liver cancer cells), HSMM (skeletal muscle myoblasts), HUVEC (umbilical vein
endothelial cells), K562 (immortalized myelogenous leukemia cells), NHEK (epidermal keratinocytes),
and normal human lung fibroblasts (NHLF).

In addition to binding by DUX4 and the transcription factors described above, ChIP-seq data for
histone modifications were queried to gain insight into potential promoter or enhancer regulatory
functions for the identified transcription factor binding sites. For this, histone H3K4 tri-methylation
(found near promoters), H3K4 mono-methylation (found near regulatory elements), and H3K27
acetylation (found near active regulatory elements) were included. These histone modifications were
queried in ChIP-seq datasets using all 9 available cell line tracks.

Pathway analysis was performed using Ingenuity Pathway Analysis software version 52912811.
Candidate miRNAs from these studies were uploaded along with transcription factors whose
dysregulation is associated with FSHD. Defined network connections were identified using the
Pathway Builder application. Molecules confirmed to have established relationships were used to
visualize a novel network built from these FSHD expression data.

2.5. Expression of Individual miRNAs in a Validation Sample Set

Circulating miRNAs that were significantly up-regulated in individuals affected by FSHD1
were examined in a separate set of non-overlapping CINRG patients used as a validation group.
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For this group, FSHD patients had a confirmed diagnosis of FSHD1 (n = 12; 9 females, 3 males)
and were compared to healthy volunteer control samples (n = 7; 4 females, 3 males). RNA was
isolated from 150 pL of plasma using Trizol LS liquid extraction. Total RNA was converted to
c¢DNA using a High Capacity Reverse Transcription Kit with multiplexed RT primers, pre-amplified
using PreAmp MasterMix with multiplexed TM primers, and quantified with individual TagMan
assays on an ABI QuantStudio 7 real time PCR machine (Applied Biosystems; Foster City, CA,
USA). Assay IDs used are: miR-32-002109, miR-103-000439, miR-505-002089, miR-146b-001097,
miR-29b-000413, miR-34a-000426, miR-141-000463, miR-98-000577, miR-576-3p-002351, miR-9-000583,
and miR-142-3p-000464. Expression levels of all miRNAs were normalized to the geometric mean
of multiple control genes (miR-150 and miR-342-3p) determined previously to be stable circulating
miRNA controls [35,51]. Expression was analyzed in FSHD1 versus healthy control patients via f-test
analysis, including assessment of directionality. A p-value of < 0.05 was considered significant. Data
are presented as mean + SEM unless otherwise noted.

2.6. Proteomics Profiling

Plasma samples were first processed using Pierce™ Top 12 Abundant Protein Depletion Spin
Columns (Thermo Scientific) before mass spectrometry analyses using the Q Exactive HF mass
spectrometer. Briefly, the 12 most abundant proteins from 5 pL of plasma sample were affinity depleted
by incubating with Top 12 protein depletion resin. Following this, the unbound fraction was collected
according to the manufacturer’s protocol. Proteins were precipitated with pre-cooled acetone (1:5 vol)
for 30 min at —20 °C and centrifuged at 4 °C for 15 min at max speed in a micro-centrifuge. The liquid
was decanted and the pellet was air dried briefly and resuspended with 8 M Urea, followed by
reduction and alkylation with 5 mM DDT and 15 mM idodoacetamide for 30 min at room temperature.
Samples were diluted with 100 mM ammonia bicarbonate to final urea concentration of less than 2 M.
Afterwards, the samples were digested with 1 pg of trypsin (Promega) at 37 °C overnight. Trypsin was
inactivated by 0.1% TFA and samples were desalted by capturing the peptides onto C18 100 uL bed
tips (Pierce®C18 tips, Thermo Scientific) following the manufacture’s protocol. The bound peptides
were eluted with 60% acetonitrile, 0.1% TFA, then dried using a SpeedVac, and resuspended in 20 uL
buffer containing 2% acetonitrile with 0.1% acetic acid.

The peptide mixtures from each fraction were sequentially analyzed by liquid chromatography
tandem mass spectrometry (LC-MS/MS) using Thermo Ultimate 3000 RSLCnano-Q Exactive
mass spectrometry platform nano-LC system (Easy nLC1000) connected to Q Exactive HF mass
spectrometer (Thermo Scientific). This platform is configured with nano-electrospray ion source
(Easy-Spray, Thermo Scientific), Acclaim PepMap 100 C18 nanoViper trap column (3 um particle
size, 75 um ID X 20 mm length), EASY-Spray C18 analytical column (2 um particle size, 75 um ID
x 500 mm length). The data from each sample was collected in triplicate at 2 uL per injection,
following which the peptides were eluted at a flow rate of 300 nL/min using linear gradients of 7-25%
Acetonitrile (in aqueous phase and 0.1% Formic Acid) for 80 min, followed by to 45% for 25 min,
and static flow at 90% for 15 min. The mass spectrometry data was collected in data-dependent manner
switching between one full scan MS mode (1/z 380-1600, resolution 70,000, AGC 3e6) and 10 MS/MS
mode (resolution 17,500); where MS/MS analysis of the top 10 target ions were performed once and
dynamically excluded from the list for 30 s.

The MS raw data sets were searched against UniProt human database that included common
contaminants using MaxQuant software (version 1.5.5.1) [52]. We used default parameters for the
searches, first search peptide tolerance 20 ppm, main search peptide tolerance 4.5 ppm, maximum two
missed cleavage; and the peptide and resulting protein assignments were allowed at 0.01 FDR (thus
99% confidence level). Protein levels were quantified in 25 FSHD1 patients and 17 healthy controls
and reported for each protein as the number of unique peptides detected and the intensity measured.
Proteins with altered abundance with greater than 2-fold were selected for further inquiry.
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Several pre-processing steps were performed on the raw data values before statistical analysis.
Each sample had either 2 or 3 replicates which were averaged to yield a single quantification for each
subject for each protein. When a value of zero occurs, it can indicate either a true zero or an assay
that did not detect that protein. To accurately reflect protein levels, we incorporated zeroes into our
analysis in the following way. If one replicate yielded a zero value, that zero was left as is and treated
as a true zero. If two replicates yielded a zero, all values for that protein/sample were set to missing as
we cannot distinguish true zeroes from artificial ones. We then applied a normalization factor to the
average values to account for differences in the amount assayed per sample. We summed the protein
counts for all proteins for each sample and used the maximum value to normalize all other samples.
This allowed us to ensure that the amount of proteins assayed were proportional for all samples.

All values were log-transformed for analysis. We assessed the relationship between protein levels
and disease severity in the FSHD1 patients using a linear regression model where protein level was
the dependent variable, severity was the independent variable, and age and gender were covariates.
Regression models were performed only for proteins found in 5 or more samples. Model estimates
were reported for each protein and included the coefficient and p-value for all terms in the model
(severity, age and gender) along with an indication of the direction of each effect. This same method
was used to assess the relationship between protein level and the number of D474 repeats. We assessed
the difference in protein expression between FSHD1 patients and healthy controls using a linear
regression model where protein level was the dependent variable, a categorical indicator of disease
was the independent variable, and age and gender were covariates. Again, regression models were
performed only for proteins found in 5 or more samples. Model estimates were reported for each
protein and included the coefficient and p-value for all terms in the model (disease status, age and
gender), an indication of the direction of each effect, and age and gender adjusted means for each
disease group. As this part of the analysis was discovery in nature, we did not adjust resulting p-values
for multiple testing. Our intention was to find those proteins showing some evidence of an effect and to
move those proteins forward for an additional evidence-based validation experiment. The significance
level for all analyses was set at 0.05.

2.7. Enzyme-Linked Immunosorbent Assay (ELISA)

Five proteins were chosen for further validation in a separate set of patients via protein-specific
ELISA assays. Human specific protein ELISA kits for human insulin-like growth factor-1 (IGF1)
(R&D Systems, Minneapolis, MN, USA), profilin 1 (PEN1) (LSBio, Seattle, WA, USA), S100
Calcium-Binding Protein A8 (S100-A8) (Biotechne, Minneapolis, MN, USA), Proteoglycan 4 (PRG4)
(AVIVA Systems Biology, San Diego, CA, USA), Human Tropomyosin alpha-4 chain (TPM4)
(MyBioSource, San Diego, CA, USA) were performed to determine protein level in FSHD1 and
unaffected controls. Plasma (20 uL) from FSHD1 patients (17 = 19) and healthy volunteer (n = 13)
controls (age and gender matched) were tested in duplicate following the manufacturer’s recommended
protocols. ELISA values were assessed for normality and a log-transformation applied where
appropriate. We assessed the relationship between protein level and severity using, as described
above, a linear regression model where protein level was the dependent variable, severity was the
independent variable, and age and gender were covariates. We assessed the difference in protein
expression between FSHD1 and healthy controls using a linear regression model where protein level
was the dependent variable, a categorical indicator of disease was the independent variable, and age
and gender were covariates. All analyses were performed at the 0.05 significance level.

3. Results

3.1. Discovery of Novel Candidate miRNA Biomarkers Associated with FSHD

Sixteen FSHD1 patients with pediatric-onset, matched for sex and age, were selected into two
groups of a discovery sample set for circulating biomarker studies: one mild FSHD1 group (1 = 8),
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and one severe FSHD1 group (1 = 8), as determined by an FSHD disease severity score. These two
groups were each compared to a group of healthy control volunteers (n = 8). Demographics are
displayed in Table 1. Patients with severe FSHD1 showed a significantly higher FSHD severity score
(12.25 + 2.76; p < 0.00001) than patients with mild FSHD1 (4.88 + 1.46), with any value of nine or higher
being classified as severe FSHD.

Table 1. Clinical characteristics of study group patients.

Healthy Control Mild FSHD Severe FSHD
N 8 8 8
Age in years (mean + SD) 28.29 +15.82 24.84 +10.46 27.58 +15.11
Males:Females 4:4 4:4 4:4
FSHD severity score N/A 4.88 +1.46 12.25 +£2.76 **

** p <0.00001, t-test of mild FSHD versus severe FSHD severity score.

Ten miRNAs showed a significant change in expression level in mild FSHD1 plasma versus
healthy controls, and 12 miRNAs showed a significant change in expression level in severe FSHD
samples versus controls (Table 2). Of these, three miRNAs showed a significant increase in both
mild and severe FSHD1 in comparison to healthy controls: miR-32, miR-505, and miR-29b. Each of
these three miRNAs showed an approximately two-fold higher change in expression in severe FSHD1
patients than in mild FSHD1 patients versus healthy controls. Of the 19 unique miRNAs identified,
several have been previously found to play a role in muscle disease pathways. miR-29b, which is
associated with TGFf3-signaling and fibrosis, was up-regulated in both mild and severe FSHD1 patients.
Both miR-146b and miR-142-3p, which are known to be up-regulated in inflammatory disease states,
were up-regulated in mild FSHD1 patients and have previously been shown to be up-regulated in
dystrophinopathy (Becker and Duchenne muscular dystrophy) patients and/or animal models [30,36].
miR-486 has previously been defined as a muscle-enriched microRNA or “myomiR” [53], and was
found here to be down-regulated in mild FSHD1 patients (p < 0.005).

Table 2. Discovery of 19 circulating miRNAs with altered expression in mild or severe FSHD.

Mild FSHD Versus Healthy Controls

miRNA Tor| p-Value Rq* Known Roles in Muscle/Disease Pathways
138 l 0.004 0.05 Heart development; hypoxia and S100A1 [54-56]
486 l 0.009 0.26 myomiR; steroid-response in IBD blood [35,53]
9 T 0.017 9.58 Inhibits satellite cells; COPD weakness [57,58]
32 T 0.020 8.45 Cardiac fibrosis; VSMC calcification [59,60]
146b T 0.034 2.18 Up-regulated in DMD and BMD [30,36]
92a l 0.039 0.31 Inhibits myogenic differentiation via Sp1 [61]
576 T 0.043 3.64 Up-regulated in smooth muscle tumors [62]
142-3p T 0.044 2.69 Elevated in models of DMD and myositis [31,36]
505 T 0.046 9.69 Cardiac development and regeneration [63]
29b ) 0.050 17.48 Muscle atrophy, therapeutic target [64,65]
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Table 2. Cont.

Severe FSHD versus Healthy Controls

32 T 0.001 17.09 Cardiac fibrosis; VSMC calcification [59,60]
505 ) 0.007 19.51 Cardiac development and regeneration [63]
502-3p 1 0.009 0.36 Myogenic differentiation; ACAD marker [66,67]
103 T 0.013 4.29 Myogenic differentiation [67]
98 T 0.014 21.65 Muscle differentiation [68]
141 T 0.016 7.52 Biomarker for prostate and bladder cancer [69]
29b ) 0.018 28.78 Muscle atrophy, therapeutic target [64,65]
34a ) 0.024 8.12 Up in FSHD and myotonic dystrophy [70,71]
140-3p l 0.028 0.54 Plasma biomarker of myotonic dystrophy [72,73]
100 ) 0.029 3.58 Up-regulated in LMNA dystrophy biopsies [74]
329 T 0.030 4.63 Counteracts muscle hypertrophy [75]
454 T 0.046 2.02 Plasma biomarker of myotonic dystrophy [72,73]
Severe FSHD versus Mild FSHD
502-3p l 0.041 0.45 Myogenic differentiation; ACAD marker [66,67]
95 ) 0.042 2.21 Up in DMD patient and dog model serum [76]
886-3p ) 0.048 3.27 Up in plasma of myotonic dystrophy patients [73]

Italics = dysregulated in both mild and severe FSHD; ACAD = acute coronary artery disease, BMD = Becker
muscular dystrophy, COPD = chronic obstructive pulmonary disease, DMD = Duchenne muscular dystrophy,
IBD = inflammatory bowel disease, LMNA = Lamin A/C, TGF = Transforming Growth Factor 3, VSMC = vascular
smooth muscle cell. * p < 0.005.

3.2. Bioinformatic Analysis of miRNA Regulation and Pathways

To examine their regulation by transcription factors which are dysregulated by the FSHD disease
process, we next performed bioinformatic analyses of ChIP-seq data for DNA binding by transcription
factors in proximity to each candidate miRNA'’s genomic locus. To gain insight into direct consequences
of DUX4-up-regulating mutations that cause FSHD, we analyzed ChIP-seq data for DUX4. To do this,
we analyzed DUX4 binding via a user-supplied DUX4 ChIP-seq track published by Geng et al. [9].
Genes for 16 of the candidate miRNAs had at least one binding site within distances capable of
providing gene enhancer functions (Figure 1). Examination of the miR-100 home gene (MIR100HG)
locus was particularly interesting. In total, we found 18 DUX4 binding sites in the area surrounding
MIR100HG, and many of these clearly overlapped with histone modifications associated with active
promoters (H3K4 tri-methylation) and regulatory elements (H3K27Ac). These data are consistent with
regulation of miR-100 expression by DUX4 (Figure 1b).

To gain insight into additional pathways that may drive expression of candidate miRNAs and
contribute to FSHD molecular pathophysiology, we performed bioinformatic analyses of ChIP-seq data
for transcription factors that are dysregulated as a result of DUX4 mutations. For this, we obtained
a list of transcription factors which are expressed at significantly different levels in human skeletal
muscle cells as a result of DUX4 overexpression [9]. We then queried publicly available ChIP-seq
datasets to identify which of these transcription factors had ChIP-seq datasets available through the
ENCODE public research consortium [46,47]. Of the transcription factors in this dataset, 34 had
ChIP-seq datasets available in the Factorbook repository and 47 had ChIP-seq datasets available in the
ENCODE 3 repository [48-50]. Genomic binding by each of these transcription factors was surveyed
for each of these transcription factors for all candidate miRNAs (Table S1). Transcription factors that
increased in response to overexpression of toxic, full-length DUX4 but did not increase in response
to a non-toxic, truncated isoform of DUX4 were considered to be of particular interest (Figure 2a).
Of these factors, four showed a particularly high number of binding sites within regulatory distance of
the candidate miRNAs: early growth response protein 1 (EGR1), FOS, MYC, and yin yang 1 (YY1).
As an example of these findings, miR-576 was up-regulated in FSHD patients, has five DUX4 binding
sites neighboring its home gene (SEC24B), and has a high number of binding sites for the secondary
transcription factors described here (Figure 2b). EGR1, FOS, MYC and YY1 all showed a large number
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of binding sites around miR-576, and these frequently overlapped with histone modifications which
mark active promoter and enhancer regions, consistent with these four transcription factors driving
gene expression signatures in FSHD.
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Figure 1. DUX4 binding sites at loci surrounding miRNAs dysregulated in FSHD patients. The 19
miRNAs dysregulated in FSHD1 patient plasma samples were queried for potential regulation by the
DUX4 transcription factor, which aberrantly expressed in FSHD, using a DUX4 ChIP-seq dataset [9].
(a) Overview of all DUX4 binding sites within regions capable of acting as regulatory elements (100 kb)
of the 19 miRNAs and their home genes. (b) Schematic of DUX4 binding sites within the miR-100 locus
and its surrounding home gene (MIR100HG) variants. Note, miR-100 is transcribed from right to left on
this image. Corresponding epigenetic modification maps display the location of histone modifications
associated with active promoters (H3K4me3) and poised/active enhancers (H3K4mel and H3K27Ac,
respectively).

b 100 kb Seile '
110,300,000' 110,400,000 110,500,000
chrd: SEC24B * S FPE—
EGR1 104 ! hsa-mir-576
FOS 147 H3K4Med l l
MYC 127 |H3K4Met
A ki b " - -
¥l 164
HIK2TAc
E7H2 % A hi 1 i ‘ 4
Transcription Factor ChiP-seq Clusters (338 factors, 130 cell types) from ENCODE 3
RBBPS 66 FOs 1 ! ! I
TAF? 39 EGR1 !
MYC ! [
KOMSE 53
YY1 !
ATE3 93 DUX4 , o .

Figure 2. Candidate miRNA loci are consistent with regulation via transcription factors dysregulated
in FSHD. (a) Table listing a subset of transcription factors which are each increased in human skeletal
muscle cells in response to DUX4 overexpression [9], along with the number (#) of binding sites they
show within potential regulatory distance (100 kb) of the 19 candidate miRNAs. (b) The miR-576
locus shows binding consistent with regulation by FOS, EGR1, MYC, YY1, and DUX4. Corresponding
epigenetic modification maps display the location of histone modifications associated with active
promoters (H3K4me3) and poised/active enhancers (H3K4mel and H3K27Ac) in the vicinity of the
miR-576 locus and its surrounding home gene, SEC24 homolog B (SEC24B). (DUX4 binding sites
identified using ChIP-seq data uploaded from Geng et al. [9]; binding sites for additional transcription
factors identified using UCSC Genome Browser and respective ChIP-seq datasets accessed via the
ENCODES3 regulation track [46-50]).
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Additionally, we used Ingenuity Pathway Analysis software to perform a bioinformatic analysis on
the candidate miRNAs identified in this study, together with transcription factors previously published
to be dysregulated in FSHD [9], to see if there are defined signaling pathways or interactions shared
by these factors. Interestingly, this analysis showed that there are previously established connections
between many of the miRNAs and transcription factors examined, with 15 of the miRNAs and 18 of
the transcription factors found to make up a network with previously defined interactions (Figure 3).
For example, increased levels of miR-34a are known to decease cAMP response element-binding
protein (CREB) to drive neuronal dysfunction in HIV-induced neurocognitive disorders, and to increase
AMP-dependent transcription factor 3 (ATE3) levels in colon cancer [77,78]. MYC binds to ATF3
as well as to lysine-specific demethylase 5B (KDM5B) and YY1, all four of which are elevated in
FSHD [9,79-81]; in addition, MYC is known to activate transcription of both enhancer of zeste homolog
2 (EZH2) and miR-9 [82,83], both of which are also increased in FSHD. Together, these bioinformatics
data show our candidate miRNA markers are consistent with a change in transcriptional programming
that results from FSHD-causing DUX4 overexpression mutations.

' KDMSB

Figure 3. Pathway analysis of miRNAs and transcription factors dysregulated by FSHD mutations.
Ingenuity Pathway Analysis software was used to identify established connections between candidate
miRNAs from this study with transcription factors known to be dysregulated by FSHD-causing
overexpression of DUX4 [9]. Red-shaded miRNAs and transcription factors were observed to increase,
while those shaded blue were observed to decrease. Solid arrows denote direct relationships, while
dashed arrows denote indirect relationships.

3.3. Confirmation of miRNA Increases in FSHD1 Patients

Next, we assayed expression of candidate miRNA biomarkers in samples from a separate and
non-overlapping group of patients. Upon clinical examination, all patients in this validation group
were determined to have FSHD1. We selected 14 miRNAs that significantly increased in the discovery
experiments for follow-up study in the validation group. We found three of these miRNAs (miR-9,
miR-32 and miR-329) were not expressed at consistently high enough levels for detection within plasma
from the validation set of FSHD1 patients, leaving 11 miRNAs for validation. Here, these 11 individual
candidate miRNAs were quantified in FSHD1 (n = 12; 9 females, 3 males) versus healthy volunteer
control samples (1 = 7; 4 females, 3 males).

Upon quantification, we found 8 of these 11 candidate miRNAs also showed a clear increase in
samples from the FSHD validation group in comparison to healthy controls (Figure 4). miR-100, miR-103,
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miR-29b, miR-34a, miR-454, miR-505 and miR-576 were all expressed at significantly higher levels
(p <0.05) in FSHD1 serum. miR-100, miR-29b, miR-34a, miR-505, and miR-576 were the most highly
up-regulated in FSHD1, showing up-regulation from approximately 4- to 20-fold higher than healthy
controls. miR-146b was also expressed at an approximately 2-fold higher level in this set of FSHD1
patients; however it did not reach significance (p = 0.06). Of the remaining three miRNA candidates,
miR-98 showed no apparent change, while miR-141 and miR-142-3p showed an approximately 50%
increase that did not reach significance. As most candidate miRNAs showed consistent behavior in
this separate validation set of FSHD samples, this panel of miRNAs merits further investigation as
biomarkers moving forward.
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Figure 4. Expression of candidate miRNAs in a validation group of FSHD patients. Candidate
miRNAs that increased in the FSHD discovery experiment were assayed via individual qRT-PCR
assay in a separate validation group of FSHD1 patient plasma samples. Expression levels of each
miRNA are expressed as fold change versus healthy control volunteers. (values are mean + SEM,
*p <0.05,* p < 0.01, one-tailed t-test comparing FSHD1 to control in direction of Discovery experiment;
one outlier removed from miR-34a and miR-576 after significant Grubb’s outlier test; n = 7 healthy
control volunteers, 12 FSHD1).

3.4. Proteomics Profiling

To identify protein candidate biomarkers, we performed LC-MS/MS-based proteomic profiling of
samples from a discovery group of FSHD patients (Table 3). For this, plasma from FSHD1 patients
(n = 25) was compared to healthy volunteer controls (n = 17), with a roughly even mix of males
and females, and an average age of early- to mid-twenties for each group. All FSHD patients were
confirmed to have FSHD1 resulting from D4Z4 contraction mutations that alter epigenetic regulation
of DUX4.
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Table 3. Clinical characteristics of patients in proteomics discovery group.

Healthy Control FSHD
N 17 25
Age in years (mean+ SD) 23.45 +13.18 25.68 + 14.71
Males:Females 9:8 13:12
FSHD severity score N/A 8.54 +4.10

Based on signal intensity, we identified 32 proteins that were significantly different between
FSHDI1 and healthy control samples (Table S2). To further filter the protein list, we used unique peptide
count data to identify proteins that had significantly different counts between FSHD1 and control
samples. This narrowed the candidates down to 13 proteins (Table 4). Within these protein markers,
fibulin-1 (FBLN1) and insulin-like growth factor 1 (IGF1) showed potential effects of sex and age,
while keratin 16 (KRT16) displayed a potential age effect and profilin-1 (PFN1) showed a potential
sex effect (Table S3). Among the 13 total protein biomarker candidates, 11 proteins were higher in
FSHD1 samples versus healthy controls, while two proteins were lower in the FSHD1 samples versus
healthy controls.

Table 4. Thirteen circulating proteins identified as dysregulated in FSHD plasma via LC-MS/MS.

Gene Name UniProt ID Tor| p-Value Known Roles in Muscle/Disease

F13A1 P00488 ) 0.031 Hypertension, angiotensin II, coagulation
IGF1 P05019 1 0.043 hypertrophy, development, satellite
: cells, regeneration
TLR4; pro-inflammation, up in rheumatic
S100A8 P05109 T 0.009 diseases [84-87]
PFEN1 P07737 T 0.010 actin cytoskeleton organization
FBLN1 p23142 ) 0.011 positive regulation of fibroblast proliferation
actin filament organization and
CFL1 P23528 T 0.031 depolymerization
TMSB4X P62328 ) 0.017 actin filament organization
TPM4 P67936 T 0.015 actin organization, muscle contraction
plasma biomarker for mesothelioma; retinal
EFEMP1 Q12805 ) 0.001 dystrophy [88]
elevated with S100A8 in skin disorders,
KRT16 P08779 ) 0.009 psoriasis [85,89-91]
pro-inflammatory, NF-kB; blood pressure; bone
SPP2 Q13103 ) 0.017 health [92]
anti-inflammatory, down in chronic
PROC P04070 ! 0.048 inflammation [93,94]
PRG4 Q92954 L 0.024 TLR4; anti-inflammatory, down in

arthritis [95,96]

CFL1 = Cofilin 1, EFEMP1 = EGF-containing fibulin-like extracellular matrix protein 1, F13A1 = Coagulation
factor XIII A chain, FBLN1 = fibulin-1, IBD = inflammatory bowel disease, IGFI = insulin-like growth factor 1,
KRT16 = Keratin 16, PFN1 = Profilin-1, PRG4 = Proteoglycan 4 or lubricin, PROC = Protein C, SI00A8 = S100
calcium-binding protein A8, SPP2 = Secreted phosphoprotein 24, TLR4 = Toll-like receptor 4, TMSB4X = Thymosin
beta-4, TPM4 = Tropomyosin alpha-4 chain.

We selected five candidate protein markers for subsequent quantification via protein-specific
ELISA analysis of a non-overlapping validation group of FSHD1 samples. These included insulin-like
growth factor 1 (IGF1), proteoglycan 4 (PRG4), profilin 1 (PFN1), tropomyosin 4 (TPM4), and 5100
calcium-binding protein A8 (S100A8). Of these candidate proteins, SI00A8 showed a significant
increase in FSHD1 plasma of approximately 4.5-fold over healthy controls in the validation group
(Figure 5a), consistent with its behavior in the discovery experiment. To determine if elevated S100A8
signaling was consistent with the overall proteomic and miRNA profiling results, we performed
bioinformatic pathway analyses focused on the S100A8 pathway along with the full list of candidate

210



J. Pers. Med. 2020, 10, 236

protein (Figure 5b) and miRNA (Figure 5c) markers. Nine proteins and 13 miRNAs were shown
to have previously established connections to the toll-like receptor 4 (TLR4) signaling pathway,
which is activated by S100A8 and drives increased inflammatory (NF-kB and AP-1) gene expression.
As miRNAs can reflect a direct readout of transcription factor activity, we also surveyed ChIP-seq data
to analyze DNA regions encoding miRNAs elevated in FSHD for binding by the NF-«B and AP-1
transcription factors activated by S100A8 (Figure 5d). All miRNAs except for one (miR-329) showed
binding by NF-«B and/or AP-1 subunits at DNA regions capable of acting as regulatory promoter or
enhancer elements. As S100A8 is a well-established biomarker of inflammatory disease processes
(reviewed in [86]) and these can be up-regulated in the muscular dystrophies, this protein merits
further investigation as a biomarker for FSHD moving forward.
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Figure 5. Validation and pathway analysis of elevated S1I00A8 protein in FSHD. (a) ELISA of S100A8
protein in plasma from a separate validation set of FSHD1 patients. (b) Bioinformatic pathway
analysis was used to identify known connections between candidate protein markers with S100A8
pathway proteins involved in TLR4 signaling. (c) Bioinformatic pathway analysis was used to identify
established connections between candidate miRNAs with S100A8 pathway proteins involved in TLR4
signaling. (d) Bioinformatic analysis of ChIP-seq defined binding sites for the key S1I00A8 pathway
transcription factors AP-1 (FOS and JUN) and NF-«B (RELA), at potential regulatory regions of the
candidate miRNAs that were found to increase in FSHD plasma. Binding sites represent the combined
number of potential promoter (within 2 kb of promoter) and enhancer (within 10 kb) regulatory
regions with ChIP-seq-confirmed transcription factor binding for each miRNA home gene. (** p < 0.01;
n = 13 healthy control volunteers, 19 FSHD1; panels (b,c) produced using Ingenuity Pathway Analysis
software, red = increased, blue = decreased; data for panel (d) produced using the Factorbook ChIP-seq
data repository from ENCODE and the UCSC genome browser).
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4. Discussion

There is currently no effective treatment available for FSHD. However, research advances in
FSHD are now beginning to yield promising and novel therapeutic strategies that will require
well-designed clinical trials to evaluate effectiveness. Potential therapeutic strategies including
antisense oligonucleotides (AON) and small molecules have been reported or are being actively
pursued [12,97-100]. Changes in biomarkers following a treatment can be a powerful tool for evaluating
the efficacy and safety of the treatment. Previous studies seeking to identify circulating miRNA
biomarkers in muscular dystrophy have focused exclusively on assaying myomiRs, which are a defined
group of miRNAs with muscle-specific or muscle-enhanced expression [101,102]. Previously, a study
by Statland et al. identified 7 potential protein biomarkers in 22 FSHD serum samples, using a
commercial multiplex assay [103]. A multi-site study using aptamer-based SomaScan proteomics to
assay two FSHD populations identified a total of 115 proteins that were dysregulated, four of which
behaved consistently between the two independent cohorts (creatine kinase MM, creatine kinase MB,
carbonic anhydrase III, and troponin I type 2) [104]. In this study, we used -omics approaches to
identify additional circulating miRNA and protein biomarker candidates using samples collected from
individuals with early-onset FSHD.

There is an intriguing potential for developing miRNAs as biomarkers in diseases affecting
muscle, as they are stable in biofluids, objective, minimally invasive, and well-conserved between
human patients and preclinical animal models [23,24]. Recently, the utility of serum miRNAs to detect
muscle involvement in complex diseases with highly variable symptoms has been demonstrated,
as in patients with MADD [25]. Muscle-specific miRNAs are also elevated in Duchenne and Becker
muscular dystrophy, along with a set of inflammatory miRNAs reflecting the chronic inflammatory
pathology of these diseases [29,30,105]. Here we identify eight circulating miRNAs that are associated
with FSHD in patient plasma samples. The prevalence of DNA binding by DUX4 and FSHD-associated
transcription factors, within regions capable of regulating the candidate miRNAs, provides a molecular
rationale for their up-regulation in FSHD. Several of the markers have also been previously shown to
play a role in muscle diseases and associated pathological pathways. These candidate biomarkers hold
potential as monitoring biomarkers in early-onset FSHD.

Several candidate miRNAs we identified have previously been proposed as circulating biomarkers
and have shown similar behavior in other diseases. Plasma miR-454 has been identified as a biomarker of
myotonic dystrophy [72,73]. Serum miR-146b is a pharmacodynamic biomarker in inflammatory bowel
disease (IBD) [34,35]. Intriguingly, miR-146b is also known to down-regulate dystrophin in multiple
muscle diseases, is increased in dystrophinopathies and in myositis, and is also drug-responsive in the
mdx mouse model of DMD [30,31]. Urinary miR-141 provides a promising diagnostic biomarker for
the identification of both prostate and bladder cancers [69]; it will be interesting to determine if this or
other candidate miRNAs are also dysregulated in urine from dystrophic patients, as this sampling
method could provide a completely non-invasive biomarker.

Increases in circulating SI00A8, a subunit of calprotectin, are consistent with an inflammatory
signature playing a role in FSHD. The inflammatory calprotectin protein consists of a heterodimer
(S100A8/S100A9) which binds to toll-like receptor 4 (TLR4) to activate pro-inflammatory gene expression
pathways through the NF-«kB and AP-1 transcription factors. Consistent with such an inflammatory
gene signature in FSHD, bioinformatic analyses here show five of the candidate miRNAs have
established connections with TLR4 signaling, are increased in FSHD patients, and have gene promoters
that are bound by AP-1 and/or NF-«B. Outside of FSHD, calprotectin is already a well-established
biomarker across rheumatic diseases. Fecal calprotectin is a widely used diagnostic, monitoring
and pharmacodynamic biomarker for IBD, and recent studies indicate serum calprotectin levels are
also well-correlated with IBD disease state [87,106]. Serum calprotectin is used as a monitoring
and pharmacodynamic biomarker for rheumatoid arthritis, and intriguingly S100A8/S100A9 may
have further utility in arthritis as a molecular imaging marker of inflammatory activity [84,107,108].
Of particular relevance to the present study, calprotectin in both muscle and serum is a biomarker
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for disease activity in juvenile dermatomyositis [109]. Moving forward, it will be interesting to see
if S1I00AS8 or calprotectin can show further utility as completely non-invasive or local biomarker for
FSHD and other muscle diseases such as myositis.

Several of the molecular markers we identified here as elevated in FSHD may provide a new
therapeutic target. In various states of muscle atrophy miR-29b is also up-regulated, while preventing
its expression shows efficacy in mouse models of muscle atrophy [64,65]. In myositis and Becker
muscular dystrophy, the inflammatory marker miR-146b is known to down-regulate dystrophin
expression, whereas the reduction of miR-146b via anti-inflammatory drugs or via miRNA-targeting
oligos is proposed as a method to increase dystrophin levels to help improve muscle health [30,31].
In various rheumatological disease states, the inhibition of SI00A8 or calprotectin via small molecule
inhibitors or antibodies is a very attractive therapeutic strategy; early studies of such inhibitors are
already showing therapeutic efficacy in both human trials and/or in mouse models, including in studies
for arthritis, asthma, IBD, and multiple sclerosis (reviewed in [86]). Similarly, decreases in PROC
seen here in FSHD are also seen in several rheumatological disorders, where treatment with PROC
activators are already being pursued as a therapeutic option (reviewed in [94]).

Bioinformatic analyses of the -omics results support muscle and inflammatory gene expression
pathways as being dysregulated in FSHD. As expected, several muscle pathology-associated miRNAs
are dysregulated in FSHD patients: miR-486 is a defined myomiR, miR-29b up-regulation promotes
muscle atrophy, miR-146b is dysregulated in dystrophinopathies and myositis, miR-329 counteracts
muscle hypertrophy, and three others are known to be dysregulated in myotonic dystrophy, lamin A
(LMNA) dystrophy, and/or FSHD (miR-34a, miR-140-3p, miR-100, and miR-454). Consistent with these
findings, several of the proteins that were dysregulated are known to function in muscle contraction,
actin filament organization and/or muscle regeneration (TOM4, PEN1, CFL1, TMSB4X, and IGF1).

S100A8 and its associated inflammatory signaling pathway (TLR4, NF-«B and AP-1) appear
to be a substantial hub for dysregulated expression of the candidate markers we identified. Nine
of the candidate miRNAs have previously established connections to this TLR4-centered pathway.
ChlIP-seq analysis of the miRNAs up-regulated in FSHD shows all but one have promoters bound
by NF-«kB or AP-1, which are activated by S100A8-induced TLR4. In the proteomics data, several of
the proteins that increased are pro-inflammatory (S100A8, KRT16 and SPP2) while in contrast the
two proteins that decreased have anti-inflammatory (PROC and PRG4) roles. Consistent with our
FSHD findings, KRT16 and S100A8 are also up-regulated together in inflammatory skin disorders;
additionally, the pattern of increased S100A8 with decreased PROC is seen here in FSHD as well as in
IBD and several other chronic inflammatory disorders [93,94]. Pathway analysis further establishes a
link between the protein markers, as nine out of 14 have established connections to the SI00A8 and
TLR4 signaling pathway. Together these data confirm that circulating FSHD biomarkers reflect muscle
pathogenesis, and suggest inflammatory S100A8/TLR4 signaling plays a role in pediatric-onset FSHD
as well.

5. Conclusions

FSHD is chronic genetic muscle disease with a variable prognosis. There is no cure, and no
pharmaceuticals for FSHD have shown efficacy in altering the disease course. Development of objective
biomarkers will facilitate the clinical and preclinical development of novel therapies, as well as
our ability to monitor disease activity. We identified eight circulating miRNAs (miR-100, miR-103,
miR-146b, miR-29b, miR-34a, miR-454, miR-505, and miR-576) which may be developed as biomarkers
for FSHD. Additionally, we identified the SI00A8 subunit of calprotectin as a primary protein marker
of interest for FSHD, consistent with its utility in numerous rheumatic diseases. These molecular
markers warrant further investigation in additional cohorts, preclinical drug testing, and prospective
clinical trials.
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Table S1: ChIP-seq of FSHD-disrupted transcription factors at candidate miRNA loci, Table S2: Total proteomic
changes in FSHD plasma as detected via LC-MS/MS, Table S3: Proteins affected by sex or age.
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Abstract: Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease that causes loss
of joint function and significantly reduces quality of life. Plasma metabolite concentrations of
disease-modifying anti-rheumatic drugs (DMARDs) can influence treatment efficacy and toxicity.
This study explored the relationship between DMARD-metabolising gene variants and plasma
metabolite levels in RA patients. DMARD metabolite concentrations were determined by tandem
mass-spectrometry in plasma samples from 100 RA patients with actively flaring disease collected
at two intervals. Tagman probes were used to discriminate single-nucleotide polymorphism (SNP)
genotypes in cohort genomic DNA: 15246240 (ABCC1), rs1476413 (MTHFR), rs2231142 (ABCG2),
rs3740065 (ABCC2), rs4149081 (SLCO1B1), rs4846051 (MTHFR), rs10280623 (ABCB1), rs16853826
(ATIC), rs17421511 (MTHFR) and rs717620 (ABCC2). Mean plasma concentrations of methotrexate
(MTX) and MTX-7-OH metabolites were higher (p < 0.05) at baseline in rs4149081 GA genotype
patients. Patients with rs1476413 SNP TT or CT alleles have significantly higher (p < 0.001) plasma
poly-glutamate metabolites at both study time points and correspondingly elevated disease activity
scores. Patients with the rs17421511 SNP AA allele reported significantly lower pain scores (p < 0.05)
at both study intervals. Genotyping strategies could help prioritise treatments to RA patients most
likely to gain clinical benefit whilst minimizing toxicity.

Keywords: rheumatoid arthritis; SNP; DMARD; methotrexate; pharmacogenomics

1. Introduction

Rheumatoid arthritis (RA) is the most common chronic autoimmune inflammatory arthritis,
affecting approximately 0.3-1% of the world’s population [1,2]. The disease primarily affects the
articular joints, causing swelling, stiffness, joint destruction [3], loss of function in joints [4], disability
and a significantly lower quality of life. To prevent irreversible joint damage resulting in substantial
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disability, it is important to introduce disease-modifying anti-rheumatic drugs (DMARDs) early after
onset and failure of non-steroidal anti-inflammatory treatment.

Conventional synthetic disease-modifying anti-rheumatic drugs (csDMARDs) such as
methotrexate (MTX), hydroxychloroquine (HCQ), cyclosporin, sulfasalazine (S5Z) and leflunomide are
commonly used mainstays of the disease; however, it is widely known that a significant proportion of
patients with RA often show poor or inadequate therapeutic response to csDMARDs [5]. The anti-folate
MTX is the cheapest drug in treatment of RA and is often the first-line treatment [6]; however, only
55% of patients remain on this drug for more than 2 years due to a build-up of non-response or the
accumulation of various adverse side effects [6,7]. MTX is subject to significant metabolic activity in the
body; the polyglutamated derivatives of MTX are selectively retained in cells, therefore lengthening
the activity of the drug which complicates treatment management, since patients would continue
taking their daily drug dosage oblivious to the fact that their circulating drug levels are still high,
potentially contributing to undesirable cytotoxic effects [8,9]. MTX is converted in hepatic parenchymal
cells resulting in the 2- through 4-glutamate residues derivatives or the drug is catabolised to the
7-hydroxy-methotrexate (MTX-7-OH) form [10]. More than 10% of a dose of methotrexate is oxidised
to MTX-7-OH, irrespective of the route of administration [11]. The MTX-7-OH metabolite is extensively
(91 to 93%) bound to plasma proteins, in contrast to the parent drug (only 35 to 50% bound) and
contributes to inactivity of the drug or poor response to treatment [11].

When non-response has been confirmed, NICE clinical guidelines recommend switching to the
more costly biological disease-modifying anti-rheumatic drugs (lDMARDs) [5,12,13]. Various studies
indicate that treat-to-target strategies which aim to reduce disease activity shortly after diagnosis result
in better long term outcomes and can minimise permanent joint damage, thus there is a genuine need
for earlier identification of patients who do not respond well to csDMARDs treatments [6].

It is estimated that 15-30% of variation in drug responses are attributable to genetic or
single-nucleotide polymorphisms or SNPs [14]. Not all SNPs are functional; some are in non-coding
areas (introns) and there is a variety of ways that a SNP can affect or inhibit downstream transcription
factor, gene or protein function [15]. The promise of pharmacogenomics is that identification of SNPs
and associated risk alleles could identify patients who may be susceptible to accumulating cytotoxic
levels of a drug during therapy (as in the polyglutamate derivatives of MTX) or when certain metabolite
levels accumulate rendering a drug as inactive (as in MTX-7-OH).

In this study, we sought to determine the metabolite levels in RA patients taking DMARDs.
We then carried out genotyping of 10 SNPs known to influence the metabolic pathways of DMARDs in
arthritis. Our aim was to determine if genetic variations or polymorphisms associate with metabolite
levels. This could help design studies to improve clinical management, which risk stratify patients at
greater predisposition of forming ineffective or potentially harmful metabolite levels, by adequately
planning ahead the appropriate drug and dosage.

2. Materials and Methods

2.1. Participant Recruitment

The research team at Ulster University collaborated with rheumatologists from the Western
Health and Social Care Trust (WHSCT) to design, conduct and recruit patients to the study. Informed
consent to participate was obtained from all RA patients enrolled to the study. One hundred patients
identified using following inclusion/exclusion criteria were recruited into the prospective observational
cohort study: Remote Arthritis Disease Activity MonitoR (RADAR); ClinicalTrials.gov Identifier:
NCT02809547. Inclusion criteria: aged between 18-90 years, diagnosed with RA (according to
American College of Rheumatology criteria [5,16]), diagnosed with RA for a minimum of 1 year and
maximum 10 year duration, active disease flares on a regular basis, and receiving a disease-modifying
anti-rheumatic drug (DMARD). Exclusion criteria: any other inflammatory conditions, any infections
or trauma during study period, and have restricted hand function (determined by clinical team). Office
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for Research Ethics Committees Northern Ireland (ORECNI) (16/N1/0039), Ulster University Research
Ethics Committee (UREC) (REC/16/0019) and WHSCT (WT/14/27) approvals were obtained for the
study. Informed consent was obtained from all RA patients enrolled to the study.

2.2. Whole Blood and Dried Blood Spot Sample Collection

Venepuncture whole blood samples as part of the normal routine care pathway were forwarded to
the hospital laboratories for multiple tests including CRP, ESR, Bilirubin, Liver enzymes and full blood
count. An additional 5-mL EDTA tube of blood was collected from each of the 100 participants for DNA
genotype and drug metabolite analyses within the RADAR study. Samples were collected at both study
baseline and at a 6-week follow-up appointment at an outpatient rheumatology clinic for all participants.
Additionally, a sub cohort of 30 of the above participants were supplied with a kit containing sufficient
dried blood spot (DBS) cards [17], finger lancets and pre-paid and addressed postal envelopes with
desiccant and biohazard sealable pouch to send a weekly samples (approximately 3-5 droplets of
blood ~20 uL each) from home to the NICSM laboratory for drug metabolite analysis. Finger lancet
blood droplets were deposited onto dried blood spot (DBS) Protein Saver 903TM cards (Whatman, GE
Healthcare Life Sciences, Buckinghamshire, UK), pre-treated with a protein stabiliser coating.

2.3. Nucleic Acid Isolation from Peripheral Blood

Total DNA was isolated from peripheral blood samples using TRIzol reagent (TRIzol LS Reagent,
Thermo Fisher Scientific, Basingstoke, UK. cat. No 10296-010) according to manufacturer’s directions.
Total DNA concentration was estimated by spectrophotometry (NanoVue Plus—GE Health Care,
Buckinghamshire, UK).

2.4. Mass-Spectrometry Analysis

Determination of methotrexate (MTX) metabolites was performed using a liquid extraction
surface analysis (LESA) coupled with nanoESI-triple quadruple mass spectrometer (QQQ) using
Triversa nanomate (Advion, New York, NY, USA) and API 4000 QQQ Mass Spectrometer (AB Sciex,
Cheshire, UK). Control MTX metabolites and internal standards were from Schircks Laboratories
(Jona, Switzerland).

Quantitation for MTX and MTX metabolites was performed by the matrix-matched standards
approach using an intensity ratio (ISTD/MTXs) calibration (10-2000 nM). Signal for each metabolite
was the average of n = 2 (duplicate injection). A total of 5 nM was selected as LLOD (S/N ~ 3) for MTX,
7-OH MTX and MTX-PG2 and 8 nM was selected for MTX-PG3 to PG5; 10 nM was selected as LLOQ
for MTX and all metabolites (S/N ~ 10). Intra- and inter-day precision was assessed at both 50 and
500 nM and coefficient of variation (CV) for MTX metabolites ranged from 2.0-7.2%. Linear regression
coefficient (R2) of the back-calculated concentration against the nominal concentration for MTX and its
metabolites was above 0.995.

Determination of sulfasalazine metabolites and teriflunomide, analysis was performed by liquid
chromatography tandem mass spectrometry (LC-MS/MS) using a HP 1200 LC (Agilent, Palo Alto, CA,
USA) and a Quattro micro mass spectrometer (Micromass, Manchester, UK). Control sulfasalazine
metabolites, teriflunomide and internal standard were obtained from Sigma Aldrich, Gillingham, UK.
Quantitation of sulfasalazine, its metabolites and teriflunomide was performed by the matrix-matched
standards approach using an intensity ratio (ISTD/Analyte) calibration (5-500 ug/L). Signal for each
metabolite was the average of n = 2 (duplicate injection). 5 ug/L was selected as LLOD (S/N > 5) for
metabolites and 10 pg/L was selected as LLOQ for all metabolites (S/N > 10).

Intra- and inter-day precision was assessed at both 20 and 100 pg/L and coefficient of variation
(CV) for sulfasalazine metabolites ranged between 1.4-5.8%. Linear regression coefficient (R2) of the
back-calculated concentration against the nominal concentration for sulfasalazine, its metabolites and
teriflunomide was above 0.992.
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Separation of targeted analytes was carried out by reverse phase chromatography using a C18
column in gradient mode. Quantitation of all analytes were performed in positive ion mode multiple
reaction monitoring (MRM) using matrix-matched standards and stable isotope ratios. All Mass
Spectrometry methods were validated according to ICH Guidance for selectivity/specificity, limit of
detection/quantitation (LLOD/LLOQ), linearity and precision [18]

2.5. Endpoint-Genotyping Using Taqman Assay

Endpoint genotyping analysis was carried out using the LightCycler 480 real-time PCR system
(ROCHE). The assay is based on the competition during annealing between probes detecting the
wild type and the mutant allele. The 5’-exonuclease activity of DNA polymerase cleaves the doubly
labelled Tagman probe hybridised to the SNP-containing sequence, once cleaved, the 5'-fluorophore
is separated from a 3’-quencher. Two allele-specific probes carrying different fluorophores (VIC®,
emission: 554 nm and FAMTM, emission: 518 nm) permits SNP determination in a single well without
any post-PCR processing. Genotype is determined from the ratio of intensities of the two fluorescent
probes at the end of amplification (endpoint instead of the entire cycle in conventional PCR).

2.6. Tagman Probes Used for Single-Nucleotide Polymorphism Genotyping

The concentration and integrity of the genomic DNA were assessed by microvolume
spectrophotometer (NanoDrop 2000; Thermo Fisher Scientific). DNA samples were genotyped by the
following TagMan SNP genotyping assays [MTHFR-rs1476413, Assay Identification (ID) C_8861304_10;
RS1-rs 2231142, Assay Identification (ID) C_354526997_10; ABCC2-rs3740065, C_22271640_10;
SLCO1B1-rs4149081, Assay Identification (ID) C_1901759_20; MTHF R-rs4846051, Assay Identification
(ID) C_25763411_10; ABCB1-rs10280623, Assay Identification (ID) C_30537012_10; ATIC-rs16853826,
C_33295728_10; MTHFR-rs17421511, Assay Identification (ID) C_32800189_20; ABCC2-rs717620,
C_2814642_10; ABCC1-rs246240, Assay Identification (ID) C_1003698_10; Life Technologies Ltd.).

2.7. Validation of Polymorphisms by Pyrosequencing

Validation of SNP genotyping results from the Tagman assays was performed on a subset of
samples using pyrosequencing. Due to the high number of SNPs to cover, a method using a universal
biotinylated primer was employed [19]. Briefly, this method involves the use of standard target specific
primer pairs with a universal M13 sequence at the 5" end of one of the primers. A third, biotinylated
M13-targeting primer is included in the PCR amplification reaction, leading to incorporation of biotin
into the PCR product without the need for individual biotin labelling of each individual primer pair
and thus lowering the cost of pyrosequencing considerably. A list of primers used for pyrosequencing
are shown in Table S3.

PyroMark Assay Design Software 2.0 (Qiagen) was used for primer design in the SNP calling
assay design format. PCR amplification was carried out using the Pyromark PCR kit (Qiagen) in 25 uL
total volumes with 10-20 ng DNA and final concentrations of 0.2 mM for each primer. Standard PCR
cycling conditions were used as per manufacturer’s instructions and were consistent for all samples
and targets. PCR products were checked by agarose gel electrophoresis and those with a positive single
band of the expected size were taken forward into pyrosequencing on the Pyromark Q48 (Qiagen)
using standard manufacturers protocols and the instrument run setting for SNP calling.

2.8. Statistics and Sample Size Calculations

Statistical analysis was carried out with SPSS ver.25 (IBM Corp, NY, USA), SciPy module (ver. 1.3)
for Python (version 3.7.2) and R (version 3.60) with p < 0.05 considered as statistically significant, all
within 95% confidence intervals. Descriptive statistics were used to characterise the variability in
mean MTX, MTX-7-OH and MTX2PG-5PG and MTXtotal concentrations between different genotype
groups of patients. Normality of data was determined using the Shapiro-Wilks test in SPSS (ver. 25)
prior to employing the Kruskal-Wallis non-parametric (distribution free) one-way ANOVA, with
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Dunn-Bonferroni post hoc test to assess differences between genotype group means using GraphPad
Prism version 8.0.0 for Windows (GraphPad Software, San Diego, CA, USA, www.graphpad.com).

The Hardy-Weinberg equilibrium was assessed for SNPs with significant clinical associations in
the methotrexate treated cohort. A Chi-square test with Benjamini-Hochberg adjusted p values was
used to assess if there were significant differences between the genotype frequencies expected from
dbGAP European population and those observed. Power was calculated for the same SNPs using the
GENPWR package [20] within R (v 4.0.2), using the linear regression model (with alpha at 0.05) since
the goal was to calculate power in a continuous outcome (metabolite levels) between genotypes.

3. Results

3.1. Study Population

A total of 100 participants, n = 68 female and n = 32 male, with active rheumatoid arthritis were
enrolled to this study (Table 1). The mean age of study participants was 59.5 years with a mean disease
duration of 6 years and mean baseline disease activity score (DAS28ESR) of 3.6.

Table 1. RADAR Study Cohort Demographics. Clinical and laboratory feature summary across n = 100
participants. yr: years; Anti-CCP: anti-cyclic citrullinated peptide; ESR: erythrocyte sedimentation
rate; DAS28: disease activity score across 28 joints; RBC, red blood cell (count); Hb: haemoglobin;
WBC: white blood cells; ALT: alanine aminotransferase; AST: aspartate aminotransferase; ALP: alkaline
phosphatase; SD: Standard deviation.

Mean SD
Gender, male/female 32/68 -
Age, yr 59.5 12.6
Disease duration, yr 6.0 3.9
C-reactive protein, mg/L 7.9 11
Rheumatoid factor, n positive 63 -
Anti-CCP, n positive 53 -
ESR (mm/h) 15 15
DAS-28 ESR 3.6 1.5
RBC (cells/mL) 4.5 1.2
Hb (g/100 mL) 134 13
WBC (cells/mL) 6.8 2.3
Neutrophils (cells/mL) 4.4 1.9
Lymphocytes (cells/mL) 17 14
Platelets (cells/mL) 254 68
ALT (u/L) 23 11
AST (u/L) 24 9.4
ALP (u/L) 80 22
Bilirubin mg/L 8.2 5.6

A subgroup of n = 66 participants (n = 46 female) were treated with weekly methotrexate at
baseline was identified for subsequent genotype association analyses. Baseline and 6-week follow-up
drug dose information is summarized in Table S2A,B for this main subgroup. A smaller, partially
overlapping, subgroup of n = 27 participants (n = 20 female) being treated with daily sulfasalazine at
baseline was also identified for subsequent analyses (Table S2B).

3.2. Single-Nucleotide Polymorphisms Analysed in this Study

Ten SNPs were analysed in this study, previous studies have linked these SNPs to various clinical
consequences observed in RA patients being treated with DMARDs, documented in the PharmGKB
database [21,22]. SNP genotypes were determined by endpoint PCR assay and allele specific probes
(Figure 1). The SNPs characteristics and frequencies in the study cohort are summarised in Table 2.
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Figure 1. Endpoint polymorphism genotype assay. Genotype were determined for the listed
polymorphisms in the RADAR study cohort (1 = 100) from the ratio of fluorescent intensities (nm) of
the two-allele specific Tagman probes (VIC and FAM) at the end of PCR amplification. Clusters in upper
and lower quadrants represent groups of individuals with a homozygous genotype for either allele;
the middle quadrant represents individuals with heterozygous genotype. (A) rs246240, (B) rs717620,
(C) 151476413, (D) 1517421511, (E) rs2231142. (F) rs3740065, (G) rs4149081, (H) rsd846051, (I) rs10280623,
(J) rs16853826. Genotypes were also confirmed by pyrosequencing in selected individuals. Genotype

frequency is summarized in Table 1.

3.3. Methotrexate and Sulfasalazine Metabolite Polymorphism Associations

The data strongly suggest plasma concentrations of methotrexate and sulfasalzine metabolites
are associated with the allelic genotype for 2 particular polymorphisms, rs4149081 and rs1476413 (see
Figure 2). Table 3 indicates that within the n = 66 methotrexate treated subgroup, n = 17 participants
with the minor homozygote genotype AA in rs4149081 have a significantly lower mean plasma
MTX-7-OH concentration compared to the GA genotype group (p = 0.002) at baseline. Although
a similar trend is observed at the 6-week follow-up, this was not statistically significant. The GA
genotype group mean concentrations of MTX and MTX-7-OH are significantly higher than those
observed in the GG genotype group (p = 0.01 and p = 0.038, respectively; Figure 2A,B). The baseline
mean blood bilirubin concentration was the only feature observed at significantly higher levels in the
rs4149081 AA genotype, relative to the GG genotype group (p = 0.020; Figure 2C).

A total of n = 8 participants with the rs1476413 homozygous major allele genotype CC have
significantly lower (p = 0.012) group mean plasma MTX-7-OH concentration, compared to the CT
genotype group (Table 3) at the 6-week follow-up sessions. No significant difference was observed at
baseline. The mean plasma concentration of tetraglutamate MTX metabolites are also significantly lower
in the rs1476413 CC genotype group at both baseline (p = 0.02) and 6-week follow-up appointments
(p = 0.008; Figure 2E,G and Table 3).

A total of n = 6 participants with the minor allele genotype AA in the SNP rs17421511
(Supplementary Figure S1A,B) show significantly higher mean plasma concentration (p = 0.013) of
sulfapyridine at the 6-week follow-up appointment period only, relative to GG and GA genotype groups.
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Figure 2. rs4149081 and rs1476413 genotype associations. Statistically significant associations between
two polymorphisms, plasma drug metabolite concentration, other laboratory and clinical outcome
measures are shown for individual genotypes in methotrexate treated participants (1 = 66). Each
symbol represents an individual participant of the genotype indicated on the x axes. Data grouped by
154149081 genotypes: (A) baseline plasma concentration of unmetabolised methotrexate, (B) baseline
plasma concentration of 7-hydroxy-methotrexate, (C) baseline bilirubin blood concentration, (D) weekly
plasma concentrations (log scale) of listed methotrexate metabolites (PGs: polyglutamate subtypes) of
a rs4149081 GA genotype participant. Data grouped by rs1476413 genotypes: (E) 6-week follow-up
plasma concentration of 7-hydroxy-methotrexate, (F) baseline and (G) 6-week follow-up plasma
concentrations of long-chain methotrexate 4-glutamate, (H) baseline and (I) 6-week follow-up disease
activity (DAS28ESR) scores. Statistically significant differences between genotype group means are
indicated by horizontal bars and an asterisk used to summarise p values adjusted by Bonferroni’s
multiple comparison test: (*) p < 0.05; (**) p < 0.005 (descriptive statistics data shown in Table 3).
Red horizontal bar represents genotype group mean; error bars represent standard deviation. MTX:
methotrexate; BL: baseline; 6w: 6-week follow-up.

228



J. Pers. Med. 2020, 10, 149

su $€5°0 VV 'sADD 50 ¥el W44 €6 §0C L0L L1 n (Im9) 1TV
N 8500 VV 'sADD 1500 661 0ze 1L 81T ot 902 mn (19) 11V
su 6510 VYV 'sADD
su £60°0 VV SAVD 8800 g1 X3 ¥l Tt 'L |57 (Im9) SA8TSVA
- 5000 VYV 'sADD
- 2000 VV SAVD 2000 90 81 [n 6¢€ 91 VA (19) ¥sA8TSVA
N €100 VV SAVD 910'0 veT (444 8¢ 665 64T 'Sy % (1m9) ureq3q
» €600 VV 'SAVD ££0°0 997 17T G1e 8¢S 708 £3a4 (149) uredSq
(6/F =w) VvV (TeFe=u) vD (9z/81 =) DD TISTTHLIST

B 6100 19D '$A DD €200 90 91 70 [ Tl Tt (lw/sd)  ({m9) sarhooydwdy
M €500 19 'sADD 8700 S0 91 €0 ¥ T 1T (u/s[pa0) (19) sa1bdoydwdy
su 8070 LL 'SA 1D 810 0'€T r's8 TSl L ¥Ie €78 n (IM9) ATV
* 6100 LL 'SALD €200 (44 T8 €02 999 g9z €8 i (19) 41V
Y $50°0 LLsA LD w0 70 ¥ €0 184 €0 ¥ 0/ (1M9) DY
M 500 LL 'SA 1D 050°0 70 i €0 54 ¥0 a4 0/ (19) D9

(Sp/oe=w) LL (SH/er=u) 19 9/£=w5D THLLETTST
su 0600 1D 'sADD 150°0 [ [44 91 [ ¥'L 0¢ (31M9) MSHZTSVA
* 6500 1D 'sADD 1500 g1 9¢ 91 0% g1 €T (149) ISASTSVA
- 8000 1D 'sADD £00°0 VAl 0 891 ¥k 961 061 U (1M9) DAY XL
* 0200 1D 'sADD $20'0 TSt ¥'ze 91 L8 96 861 U (19) Dd¥ XIN
M T100 1D 'sADD G100 8 L81 s fora4 g9 L U (IM9) HO-L-XIN
su 666'0< 1D 'sADD 1640 6S 10T VA Tl 96 861 U (19) HO-2-XIIN

(cp/oz=u) L1 Or/er=u) 1D (8/9=u) DD €TPILYIST
su $90°0 VV 'SADD 6500 $9'8 ot 9L°€¢ 8L T6€T 99 /8w (m9) urqnaryrg
* 0200 VV 'sADD $20'0 Srot 611 1129 ] €29 L9 /8w (1¢) wqnag
su #80°0 VYV SAVD
su 6£T0 VO sADD 600 92 L1 [ €€ 89 6L U (1M9) HO-L-XIN
" 2000 VYV SAVD
* 8600 VO sA DD €000 8% T8l fore 8FC 8F 902 U (19) HO-2-XIN
su 1£0°0 VO sADD 8500 [408 66T [sans I'He 901 092 U (1M9) XLIN
- 0100 VO 'SA DD 110°0 T8 68T 8L 8'Ge [V 08T U (19) XIN

«ror=uw) vv (E/1T =1 VD (9¢/5z =u) DD 18067 1FST

Areunung anyep d uostredwo) anpep d as+ UedN as+ UeAl as+ UedA syun (3d awiry) arnjeay dANS
TuoLRyUOyg adfjouany VAONV

‘JueoyTudrs jJou

ISU {UOTIRIASD pIepue)s (]S ‘dN-MO[[0] S9am-XIS Mg ‘Durfaseq g (1S d[qeL 99s) JNS Aue y3tm uorenosse Juedyudis A[[ednsne)s ou pey saInjeay pajsijun ‘¢ pue
7 som8r ur paydeid are sueow ad£jouaS UeaMIaq SIOURIDJTP JULDHTUSIS YHIM S2INIed,] "G00°0 > d (1) ‘G0°0 > d (;) :sonyea d astrewurwuns oy pasn strajse ‘suostredurod
ueow dnoid ad£jous8 paymwads 105 pourroyiad 3593 uostredwoo sydnnur s, ruoryuog Aq pajsnipe ue uay} pue YAONYV Aq passasse A[reniur aorom suesw dnoid
adfjoual usamyaq seduaiagTp JuedyTudis A[[ednsneig ‘pajedipul ([ejoy/sarewdy = 1) dnoid 1ad sapeway pue spenprarput jo qunu yym dnoid ad£jousd yoes 105 erep
ueadq ‘syuedpnred pajean) 91exanoyldWw 99 = U UL TIGTZH/ISI PUe ZH1TECeST ‘€1H9/F 15T ‘1806F 151 swstydiowA[od 1moj a3 105 suonjerdosse juedyruds A[[esnsne)s
PeY YOTYM S2INSLaW SW0dINO [EDIUT[D PUe SJUnod [[od pooiq ‘@rjoqeiaws nip ewserd Surpnour saimjes,] "SUOe0sse JNS 100D Pajeai] 9jeXonoydA € d[qeL

229



J. Pers. Med. 2020, 10, 149

3.4. Clinical and Laboratory Feature Polymorphism Associations

While the average red blood cell counts (RBC) remain within reference ranges in both men and
women in this study (Table 1), there is a modest but statistically significant decrease in mean RBC
levels in the n = 15 participants with the rs2231142 heterozygous genotype GT compared to the TT
genotype group at both study time points (p = 0.044; Table 3, Figure 3A,B). Mean alkaline phosphatase
concentration is also significantly lower at baseline in the rs2231142 GT genotype group, relative to the
TT genotype participants (p = 0.019; Figure 3C). In the smaller group of n = 6 rs2231142 GG genotype
participants, mean lymphocyte counts are significantly higher than the GT genotype group, again at
both time points (p = 0.043, p = 0.019; Figure 3D,E).
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Figure 3. rs2231142 and rs17421511 genotype associations. Statistically significant associations between
two polymorphisms and other laboratory and clinical outcome measures are shown for individual
genotypes in methotrexate treated participants (n = 66). Each symbol represents an individual
participant of the genotype indicated on the x axes. Data grouped by rs2231142 genotypes: (A) baseline
and (B) 6-week follow-up red blood cell (RBC) count, (C) baseline blood alkaline phosphatase (ALP)
concentration, (D) baseline and (E) 6-week follow-up lymphocyte count. Data grouped by rs17421511
genotypes: (F) baseline and (G) 6-week follow-up patient assessed pain (PgPain) levels, (H) baseline
disease activity (DAS28ESR) scores, (I) baseline blood alanine aminotransferase (ALT) concentration.
Statistically significant differences between genotype group means are indicated by horizontal bars and
an asterisk used to summarise p values adjusted by Bonferroni’s multiple comparison test: (*) p < 0.05;
(**) p < 0.005 (descriptive statistics data shown in Table 3). Red horizontal bar represents genotype
group mean; error bars represent standard deviation. BL: baseline; 6w: 6 weeks follow-up.

Mean patient-reported general pain (PgPain) scores are significantly lower in n = 9 participants
carrying the rs17421511 AA genotype at baseline (p = 0.033) and at the 6-week follow-up appointment
(p = 0.013) compared to those with the GA genotype (Figure 3FG). This trend is also reflected in
significantly lower mean baseline DAS28ESR scores in participants carrying the rs17421511 AA
genotype, relative to the GA and GG genotype groups (p = 0.002 and p = 0.005 respectively; Table 3,
Figure 3H), though scores even-out at the 6-week follow-up period among all three genotypes. The
baseline mean alanine aminotransferase (ALT) was recorded at significantly higher blood concentrations
in the 1s17421511 AA genotype group, relative to the GG genotype participants (p = 0.048; Figure 3I).

The Benjamini-Hochberg-adjusted Chi-square test p-values showed no statistically significant
differences between the genotype frequencies observed and those expected from dbGAP European
population: rs4149081, Padj = 0.515; rs 1476413, Padj = 0.945; rs17421511, Padj = 0.711; rs2231142,

230



J. Pers. Med. 2020, 10, 149

Padj = 0.9454. The power calculated for each of these SNPs at p < 0.05 was: rs4149081, 0.96; rs 1476413,
0.95; rs17421511, 0.97; rs2231142, 0.94.

4. Discussion

This study investigates the influence of ten well-characterised SNPs in RA and we have tried to
correlate this with the appearance and accumulation of metabolites measured in the plasma of patients
taking DMARDs such as methotrexate and or sulfasalazine. The in vivo pharmacotherapy of DMARDS
and potential response biomarkers in RA have been previously described [6,23-25], however there
studies of potential associations between circulating csDMARD levels and specific genetic variants
remain limited in RA patients.

Typically, methotrexate treatment may cause elevations in serum AST and ALT, long term therapy
has also been linked to development of fatty liver disease, fibrosis, cirrhosis, nephrotoxicity, and
renal failure [26]. However, under active consultant-led clinical management, these effects are largely
minimised. The mean values of all clinical biomarkers, liver enzyme and blood component cell-counts
(Table 1) are within recommended normal reference ranges when viewed across all of the study
participants. However, mean ALT was significantly higher at baseline in the methotrexate treated
subgroup of participants with the rs17421511 AA genotype, albeit the potential effect of multiple drug
combinations was not investigated in this subgroup.

Although the average RBC count when taken from all participants appear to be within normal
ranges (Table 1), participants with the GT allele in the rs2231142 SNP have significantly decreased
erythrocyte counts in their circulation compared to those with the homozygous alleles methotrexate
affects folic acid metabolism, thus patients taking MTX may show variations in their mean corpuscular
volume (MCV) of red blood cells (RBC), therefore resulting in megaloblastic anaemia.

RBCs retain MTX as the polyglutamate derivatives throughout their lifespan [27,28]. While
normal RBC levels are between 4.7 to 6.1 million cells per microlitre (mill.c/uL) for men and between
4.2 to 5.4 mill.c/uL in women, the slight decrease shown in heterozygous rs2231142 SNP patients is
statistically significant. However, the lower mean haemoglobin levels observed in the rs2231142 GT
genotype is not statistically significant and there is no correlation with disease activity score as may
have been anticipated in anaemia of chronic disease.

Apart from the impact of sex-linked genes in RA, the diversity in our genomes are partially
accountable for the heterogeneity in the clinical presentation of synovitis among patients [29]. The
genetic influence in RA is particularly strong, the heritability in RA is estimated to be around 60% [29]
and with the high diversity of clinical presentations observed in RA, the goal in treatment would be
to stratify patients according to their genetic profile and clinical outcome, eventually formulating a
genetic-risk based personalised treatment management protocol.

MTX is an anti-folate drug, with anti-proliferative and anti-inflammatory effects, by inhibition
of folate and adenosine pathways and inhibition of purines and pyrimidines synthesis [30-32].
Approximately 80-90% of methotrexate is primarily excreted by the kidneys [33]. MTX is converted in
hepatic parenchymal cells of some patients resulting in the 2- through 4-glutamate residues derivatives
or the drug is catabolised to the MTX-7-OH form.

Though not observed consistently on both study time points, participants with the AA allele in
rs4149081 and CC allele in rs1476413 can have significantly lower mean plasma levels of MTX-7-OH in
their plasma circulation. Since some genotype groups are modest in size, the potential for differences
in the mean MTX dose between genotype groups was analysed, though no significant difference was
observed (Table S2). Furthermore, only a weak correlation exists between MTX dose and circulating
MTX-7-OH (r2 = 0.08213). Increasing levels of MTX-7-OH is known to inhibit the clinical responsiveness
of RA patients to the MTX drug and therefore, reduced levels of this metabolite could signify a better
clinical response to MTX [34]. Thus, with genetic profiling of expanded csDMARD naive RA cohorts,
it would be interesting to further investigate clinical responsiveness to MTX in these genotypes.
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The 2- through 4-polyglutamate MTX metabolite-derivatives are selectively retained in cells
and participants with the TT or CT alleles in the rs1476413 SNP tend to show significantly higher
mean plasma levels of the tetraglutamate metabolite. A significantly higher mean DAS28 is observed
only at study baseline in the rs1476413 CT genotype group relative to CC genotype, though due to
modest numbers in the latter group this would require independent verification. It is likely that folic
acid supplementation in the study cohort to mitigate toxicity of MTX has reduced the frequency of
observable side effects.

Sulfasalazine is metabolized by intestinal bacteria, resulting in the release of sulfapyridine (SPY)
and 5-aminosalicylate or 5-ASA (SPY and 5ASA are linked by an azo bond) [35]. Sulfapyridine is
almost completely absorbed by the colon, metabolized by the liver, and renally excreted [1]. Commonly
reported side-effects of sulfapyridine are minor gastrointestinal (GI) and central nervous system (CNS)
abnormalities, and uncommon serious haematological and hepatic side-effects [36,37]. Although study
participants with the AA and GA alleles of the rs17421511 SNP indicate higher mean plasma levels of
sulfapyridine compared to those with the GG allele (Figure S1), no significant adverse phenotypic
effects were observed in these subgroups.

The modest number of patients with the AA genotype of the rs17421511 SNP in our study
report significantly lower levels of pain and disease activity, relative to the remaining methotrexate
treated cohort. In future research with expanded patient cohorts, it would be pertinent to see if this
phenomenon is observed in other patient groups carrying this particular genotype. As a general
observation, a limitation of the current study is the low number of participants in particular genotype
groups and the smoking status was not recorded, which may impact upon methotrexate metabolism.
Furthermore, the findings for the methotrexate treated cohort are only generalizable to the European
population, as no significant differences in Hardy-Weinberg equilibrium were found by Chi-square
test between the dbGAP frequencies and those observed in this study.

While it is challenging to find a clear-cut relationship between genotype and circulating drug
levels which translates through to a clear prediction of phenotypic consequence, useful leads are
presented in the current study. The rs1476413 and rs17421511 MTHEFR variants and the rs2231142
ABCG?2 variant display significant changes which are consistent at both study time points.

With further carefully powered studies of variability in both ¢sDMARD response and
predisposition to side effects, there is considerable potential to personalise effective treatments
whilst avoiding any toxicity.
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Abstract: Advances in knowledge resulting from the sequencing of the human genome, coupled with
technological developments and a deeper understanding of disease mechanisms of pathogenesis
are paving the way for a growing role of precision medicine in the treatment of a number of human
conditions. The goal of precision medicine is to identify and deliver effective therapeutic approaches
based on patients’ genetic, environmental, and lifestyle factors. With the exception of cancer,
neurological diseases provide the most promising opportunity to achieve treatment personalisation,
mainly because of accelerated progress in gene discovery, deep clinical phenotyping, and biomarker
availability. Developing reproducible, predictable and reliable disease models will be key to the
rapid delivery of the anticipated benefits of precision medicine. Here we summarize the current state
of the art of preclinical models for neuromuscular diseases, with particular focus on their use and
limitations to predict safety and efficacy treatment outcomes in clinical trials.

Keywords: neuromuscular diseases; translational research; disease models; precision medicine

1. Introduction

Neuromuscular diseases are a broad and heterogeneous group of conditions characterized by
an impairment in one or more components of the motor unit, defined as the motor neuron and the
muscle fibres it innervates. Whilst most are individually rare, collectively neuromuscular diseases
are significantly prevalent, with a cumulative prevalence of approximately 100-200 cases per 100,000
individuals worldwide [1], accounting for a substantial proportion of population-wide health care
costs [2]. Very few treatments currently exist to treat these diseases. Nevertheless, as research
progressively disentangles their pathogenic mechanisms, many opportunities are finally starting to
land in the clinic.

Precision medicine refers to a treatment approach wherein the most appropriate treatment for an
individual is chosen based on their specific disease manifestation, alongside their genetic/epigenetic
information and other features such as their microbiome, age, nutrition, and lifestyle. The clinical
and genetic heterogeneity of neuromuscular diseases make them ideal candidates for personalized
therapeutic approaches, with many individuals suffering from rare or ultrarare diseases that cannot
be treated by conventional blanket approach treatment. One example is Duchenne muscular
dystrophy (DMD), the most prevalent childhood-onset muscular dystrophy, where progressive
muscle degeneration and weakness is caused by mutations in the DMD gene, leading to loss of
dystrophin protein production [3]. The vast majority of DMD patients carry an exon deletion (~65%)
or a duplication (~10%) of one or multiple exons and these mutations tend to manifest in regions of
vulnerability between exons 2 and 20 and exons 45 and 55 [4-6]. In addition, small mutations (insertions,
deletions, nonsense mutations and splice site mutations) account for the remaining ~25% mutations
and occur throughout the length of the gene [4]. Excision of specific exons, or exon skipping, by use of
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antisense oligonucleotides (AON) to allow restoration of the disrupted reading frame and therefore
production of a shortened but functional dystrophin protein, has surfaced as a promising therapy
for DMD [7]. Therefore, diagnosis by genetic sequencing has become a crucial tool in determining
eligibility for these treatments, as multiple AON products need to address the large series of mutations
carried by DMD subjects.

While presenting new challenges for researchers, precision medicine is rapidly taking the lead
in the pursuit of radically transforming health care. Choosing the appropriate disease model that
recapitulates the complexity and heterogeneity of patients is therefore paramount to understand
disease mechanisms and increase the chances of success of translating a treatment opportunity into a
safe and effective marketed drug.

In this review, we aim to discuss the currently available tools used to model neuromuscular diseases and to
evaluate their utility and applicability to personalized medical research and therapeutic development (Table 1).

2. Cellular Models

2.1. Myoblasts

Primary myoblasts (activated satellite cells) obtained from human subjects or animal models
typically go through multiple rounds of cell division until reaching confluence in growth media,
followed by iterations of cellular fusions to form multinuclear myotubes and eventually terminal
differentiation [8]. Due to several inherent traits of human-derived muscle cells, including the slower
growth rate as well as the flattened morphology, primary human myotubes typically exhibit poorer
contractile activity than their mouse counterparts in response to electric stimulation [9]. Obtaining a
substantial number of satellite cells from skeletal muscle biopsies of patients is markedly limited
by the restricted proliferative capability of activated satellite cells in culture. In order to overcome
this limitation, myogenic conversion of non-muscle primary cells, such as primary human and
murine fibroblasts from skin, has been widely employed, mainly using transduction of MyoD gene
(myogenic differentiation), a master regulator of skeletal muscle differentiation [10]. In order to
increase proliferative capacity, transduction with both telomerase-expressing and cyclin-dependent
kinase 4-expressing vectors has been used to produce immortalized human muscle stem-cell lines
from patients with different muscle diseases such as DMD, limb-girdle muscular dystrophy type
2B, facioscapulohumeral muscular dystrophy, oculopharyngeal muscular dystrophy and congenital
muscular dystrophy [11]. These immortalized cultures have been extensively used both to study
disease mechanism and to test treatment strategies.

2.2. Induced Pluripotent Stem Cells (iPSCs)

The development of induced pluripotent stem cell (iPSC) technology has brought a great paradigm
shift in the field of precision medicine [12] and now they have a prominent role as a tool for disease
modelling and drug screening. Moreover, they are highly expandable, are free from the ethical issues
linked to the use of embryonic stem cells (ESCs), and their source of cells easily accessible.

Two major strategies have been recently developed to differentiate PSCs into satellite-like cells.
The first involved overexpressing PAX7, the master transcription factor for satellite cells, in an inducible
fashion [13]. After being generated from human embryonic stem cells and iPSCs, these cells showed
capability for in vitro expansion and differentiation, as well as engraftment and myofibre formation in
immunodeficient mice [13,14]. The second strategy involved the use of a small molecule, and consists
of glycogen synthase kinase 3 beta (GSK3beta) inhibition, in order to activate the Wnt pathway, as well
as treatment with fibroblast growth factor 2 (FGF2) in a minimal medium [15-20]. Alternative protocols
have used bone morphogenic protein 4 (BMP4) inhibition to promote differentiation into the myogenic
lineage [21-23], or Notch signalling inhibitor DAPT [24]. Purified by fluorescence-activated cell sorting
(FACS) [15,19,24], partially purified, or unpurified [16,17,20,21,23], cell mixtures are then plated.
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By generating an in vitro DMD model from patient-derived iPS cells, Shoji et al. noted excess Ca®*
influx in DMD myocytes when compared to control myocytes in response to stimulation via electricity.
This was alleviated by restoring dystrophin expression via exon skipping, therefore establishing a
model that recapitulates early DMD pathogenesis and is appropriate for assessing the efficacy of
exon-skipping drugs by phenotypic assay [25]. IPSC models of several other neuromuscular diseases
are currently available, including Miyoshi myopathy, a muscle disease caused by the mutation in
dysferlin [26], Pompe disease, a paediatric disease caused by lysosomal glycogen accumulation in
skeletal muscle that leads to muscle weakness [27], and myotonic dystrophy type 1, a multisystem
disorder that affects skeletal and smooth muscle caused by a CTG trinucleotide repeat expansion in the
non-coding region of the DMPK gene [28]. Overall, the introduction of iPSC technology has allowed
scientists to model diseases directly from patients’ cells, this being a cornerstone for personalized
medicine. However, if they are planned to be used for personalized cell therapy, several issues remain
to be addressed, including alterations in the differentiation efficiency, line-to-line variability, and risk
of tumorigenicity.

2.3. Urine-Derived Stem Cells

In addition to representing an ideal source of cells for generating iPSCs, with a reprogramming
efficiency approximately 100-fold higher than that of fibroblasts [29], urine stem cells (USCs) can also
be induced into myogenic lineage by direct MyoD1 reprogramming [30]. Muscle differentiation can be
further enhanced by adding 3-deazaneplanocin A hydrochloride [31]. These cells carry pluripotency
markers such as CD29, CD105, CD166, CD90, and CD13 [32], and are able to self-renew and differentiate
into the mesodermal, endodermal and ectodermal lineage [33]. Direct reprogramming of these cells,
which can be easily isolated by centrifugation method and standard cell culture, has been recently
shown to efficiently and reproducibly establish human myogenic cells from patients with DMD
and limb-girdle muscular dystrophy (LGMD) type 2 [30]. Upon further molecular characterisation,
this cost-effective and efficient in vitro model system shows great potential for more efficient drug
development and targeted therapies development for neuromuscular diseases.

2.4. Skeletal Muscle Organoids

As the use of human iPSCs for tissue engineering and disease modelling expands, iPSC-derived
organoids are rapidly becoming a powerful tool for modelling human organogenesis, homeostasis,
injury repair and disease aetiology [34]. These miniature 3D tissues are generated using a combination
of signposted differentiation, morphogenetic processes, and the embryonic organogenesis mimicking
intrinsically driven self-assembly of cells, resulting in architecture and function remarkably similar
to their in vivo counterparts. By using natural or synthetic scaffolds to create the artificial tissue [35],
these models account for the cell-cell and cell-extracellular matrix interactions as well as the mechanical
and/or chemical cues [36,37]. The development of physiologically relevant 3D in vitro models holds
great promise to provide more economic, scalable and reproducible means of testing drugs and
therapies for successful clinical translation. Few studies have reported methods to engineer human
skeletal muscle tissue [38—43]. Induced myogenic progenitor cells derived from multiple human iPSC
lines have been shown to form functional skeletal muscle tissues and are able to survive, progressively
vascularize, and maintain functionality when implanted into the hindlimb muscle or dorsal window
chamber in immunocompromised mice [44]. Isogenic human iPSC-derived 3D artificial muscles from
patients affected by DMD, limb-girdle type 2D, and lamin A/C (LMNA)-related muscular dystrophies
have been recently generated, recapitulating several pathogenic hallmarks in these diseases and
also showing potential for muscle engraftment [45]. These studies have indicated that generation of
fully functional artificial muscles require the contribution from other cellular lineages, for example
vascular cells and motor neurons [45-49]. The major challenges the field is currently facing are mainly
related to improving organoids’ scalability as well as their complexity and maturity. Recent success in
growing brain organoids using multiwell spinning bioreactors represents a significant step towards
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high-throughput drug screening via large-scale organoid generation [50]. These models resemble more
closely foetal than adult tissue, therefore optimisation of protocols is essential before being able to
advance these tissues into replacement therapy. Bearing in mind the speed at which the field has
advanced over the past few years, the range of possible future applications of this platform in the
study of human diseases and in regenerative medicine is expected to rapidly expand.

2.5. Muscle on Chip

Advancement in culturing models with mixed culture capabilities, together with the latest
developments in 3D printing, microfluidics and microfabrication engineering, has led to the rapid
expansion of organ-on-chip technologies. These platforms have recently attracted substantial interest
due to their potential to be informative at multiple stages of the drug discovery process, while offering
new ways to model disease states and perform mechanistic investigations in vitro. The critical
and defining features of these platforms are the 3D structure, the possibility of integration of
multiple cell types to reflect tissue physiology, and the presence of relevant biomechanical forces [51].
Organ on chips have been adapted for the human gut [52], heart [53], blood-brain barrier [54],
and kidney [55]. Human primary myogenic cells have been engineered to form 3D myobundles, which
respond to electrical stimuli and undergo dose-dependent hypertrophy or myopathy in response to
pharmacological stimulation [40]. The decreased muscle regeneration capacity and weakness observed
in DMD patients have been recapitulated in a human dystrophic skeletal muscle on a chip [56]. Using a
3D photo-patterning approach, other researchers have developed a skeletal muscle platform by confining
a cell-laden gelatin network around two hydrogel pillars, which serve as anchoring sites for the cells, as the
muscle tissues form and mature [57]. In other instances, neurons and rhabdomyocytes, both originating
from mouse embryonic cells, have been differentiated in a 3D hydrogel culture, to effectively constitute a
neuromuscular unit on a chip [58].

Tissue engineering requires a deep understanding of the functional interplay of cell types and
the effect of the scaffold on cellular architecture, as well as careful characterising and validation of
the model for the purpose of study. Additionally, due to safety concerns around the potential for
unexpected toxic side effects, the biocompatibility of the materials to be used must be well profiled [51].

As iPSCs or adult stem cells taken from mass production of tissue organoids are increasingly
employed as a source of cells for these platforms, organ on a chip represents an ideal tool for
precision medicine.

2.6. Other

Sources in addition to the muscle-derived cells or reprogrammed cells can be employed to model
muscle diseases. For example, melanocytes from DMD patients show the same morphological alterations
as DMD muscle-derived cells [59]. Cultured melanocytes from skin biopsies have been shown to
be a useful alternative to muscle biopsies for the mRNA-based molecular diagnosis of DMD [60].
Additionally, in the case of Ullrich congenital muscular dystrophy (UCMD) and Bethlem myopathy (BM),
diseases caused by mutations in collagen VI genes [61], patients” derived melanocytes recapitulated the
mitochondrial dysfunction and ultrastructural alterations that are found in patient myoblasts [62].

3. Animal Models

3.1. Mouse Models

A large fraction of currently available therapies have been developed with the help of animal
models, especially mice, mainly due to the high similarity in sequence homology and organ physiology
to humans, as well as cost-effective husbandry. Additionally, the external environment in mice studies
can be well controlled and monitored and studies using inbred mice allow resampling isogenic
individuals, therefore minimising variability.
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Nevertheless, many differences remain: mice are smaller in size, have a markedly reduced lifespan
and an increased heart rate, just to name a few. Approximately 1% of human genes are not present in
the mouse genome [63], while the differences in the promoter regions, non-coding sequences, and RNA
splicing might be even more marked, accounting for species-specific disparities in gene expression that
in some cases can affect disease phenotype [64,65]. Overall these considerations, together with the
realisation that treatments in mice have frequently resulted in disappointing outcomes in clinical trials,
have recently called into question the translational potential of findings in mouse models [66].

One way of making mouse models for studying human diseases more suitable is to follow
approaches pioneered over 30 years ago, which comprise incorporating human DNA into the
mouse genome (genetic humanisation) and/or engrafting human cells and tissue into mouse tissues
(cellular humanisation) [67-70]. Genetic humanisation can be achieved through a variety of methods,
most commonly by injection of plasmids or artificial chromosome vectors into the mouse zygotes.
Transgenic models have substantially contributed to advancing the understanding of human disease
and have helped develop treatment strategies. One notorious major breakthrough in biomedical
research using transgenic mice carrying the human SMN2 gene led to the recent clinical approval
of an AON, able to block an intronic splicing silencer in human SMN?2 [71], increasing full-length
SMN?2 isoform expression, which compensates for the loss of SMNT that causes spinal muscular
atrophy [72-75].

However, some key features must be considered: the cDNA or genomic DNA used to generate
the transgenic mice tend to integrate randomly in multiple copies and thus overexpress the protein of
interest. Overexpression of wild-type proteins may give a dose-dependent phenotype not related to
the disease mutation, like in the case of the androgen receptor [76], and RNA binding proteins, such as
TAR DNA-binding protein 43 [77]. The rise of genome engineering technology has revolutionized
the field of molecular biology by allowing the generation of physiological, humanized knock-in mice
models by precise editing [78,79]. Most DMD preclinical studies have been carried out in the mdx
mouse that carries a nonsense point mutation in DMD exon 23 [80], which is only one out of the
thousands of possible variations in this gene present in DMD patients. Despite a lack of dystrophin
expression, these mice do not exhibit dilated cardiomyopathy or a shortened lifespan. To improve upon
this model, a number of double knock-out mouse models have been created, such as mice deficient in
both dystrophin and its homolog utrophin, which show decreased cardiac function and survival [81].
In recent years by using clustered regularly interspaced short palindromic repeat (CRISPR)-based
editing, many new DMD mouse models carrying deletions, frameshifting mutations, a point mutation,
and a mutant version of the human DMD gene have been generated [82-88], making testing of exon
skipping strategies targeting different parts of the DMD transcript possible. It is worth considering that
recent studies to assess the effects of disease-causing mutations or environmental stimuli in different
mouse strains found a strong influence of the genetic background on phenotypic responses [89],
highlighting the importance of genetic diversity of animal models in biomedical research.

It is becoming more and more evident that choosing the right model is critical. Depending on the
specific research question, often combining different strains is the most appropriate way to minimize
the risks of a lack of reproducibility of translational research. Despite the obvious differences between
mice and humans, genetic mouse models have allowed us to look at the effects of a mutation at a system
level. Combining genetic engineering, which has made genetic modifications of endogenous targets
possible, with the use of genetic with cellular humanisation, we now have powerful tools to study
human pathophysiology in vivo, in cell-autonomous and non-cell-autonomous contexts [90], as well as
excellent preclinical models to identify and test the pharmacodynamic and pharmacokinetic properties
of a treatment strategy, from gene therapy to small-molecule and cell replacement [91]. Overall,
these considerations further support the use of ‘mouse precision medicine’ as a better prototype for
future mouse studies.

240



J. Pers. Med. 2020, 10, 178

3.2. Drosophila Melanogaster

Drosophila melanogaster can serve as a useful model of human neuromuscular disease, since flies
have a neural circuitry, albeit much simpler than in humans, as well as multinucleated muscle cells
and neuromuscular junctions (NM]). The mechanisms of synaptic transmission seen at the NM]J in
humans are conserved in Drosophila, with a key difference being that Drosophila uses glutamate,
not acetylcholine, as the neurotransmitter. The ability to genetically manipulate Drosophila is useful
when trying to better understand how certain myopathies occur. Moreover, their short life span and
large progeny make flies a good system for carrying out large-scale genetic screens. Drosophila has
helped us understand more about the NM]J, and in particular, the role that the dystrophin—glycoprotein
complex plays (DGC). Like in mammals, the Drosophila gene of dystrophin also encodes multiple
isoforms, which contain highly conserved domains and are mainly expressed in the muscle and the
nervous system [92-94]. Studies into DGC function at the NMJ of Drosophila have shown that it
plays an important role in the retrograde control of neurotransmitter release, neuronal migration and
muscle stability and thus may help explain how neuromuscular pathology can occur. Removal of a
dystrophin isoform (DLP2) in Drosophila, which is normally located at the post-synapse, has been
shown to lead to an increase in presynaptic neurotransmitter release, causing increased muscle
depolarisation, thus indicating a role of dystrophin in regulating presynaptic neurotransmitter
release [95]. Previous work has shown that by studying sensory neurons (photoreceptor cells) in
Drosophila [96], a lot can be learnt about axon guidance and target recognition. Perturbation of
dystrophin and dystroglycan in photoreceptor cells led to disrupted axon guidance, similar to neuronal
defects seen in human muscular dystrophy patients. Drosophila not only aids us in understanding
the role that certain proteins play at the synapse of the NM]J, but also serves as a good model for
studying age-dependent progression of muscular dystrophy. The reduction in levels of expression of
dystrophin isoforms in Drosophila using RNAi led to muscle degeneration in larval and adult flies [95],
thus potentially providing a useful model to help us understand Duchenne muscular dystrophy
pathogenesis in humans.

3.3. Zebrafish

The zebrafish (Danio rerio) has become a useful organism for studying neuromuscular genetic
disorders [97]. Comparison to the human reference genome has shown that approximately 70% of
human genes have at least one zebrafish orthologue [98], and dozens of mutant zebrafish lines have
already been generated to model the most common human myopathies [99-101]. As vertebrates,
they possess desirable attributes, including small size, rapid development, and genetic tractability [97].
Zebrafish embryos are transparent, develop externally and can be easily genetically manipulated [102],
making this model ideal for phenotypic high-throughput screening platform to investigate drug
efficacy in a whole-organism context. The most commonly adopted screening criteria for assessing
neuromuscular phenotype are spontaneous coiling, ability to hatch on time, swimming behaviour,
and birefringence assay [103]. Compared to target-based drug discovery, a phenotype-driven approach
offers several key advantages [104], such as rapid identification of compounds that have poor
bioavailability, exhibit toxicity or off-target effects. By screening small-molecule libraries in the
dystrophin-null zebrafish (sapje model), aminophylline, a non-selective phosphodiesterase inhibitor,
was found to improve survival rate in animals, restore normal muscle structure and up-regulate the
cAMP-dependent PKA pathway without affecting dystrophin expression [105]. In the sapje model,
the mitochondrial defects present in DMD patients were recapitulated, making it an optimal model
for the disease, and it was used to assess the effect of the cyclophilin inhibitor alisporivir treatment
in vivo, resulting in an improvement in the morphology of mitochondria and myofibrils, and in
mitochondrial respiration [106]. A zebrafish model showing severe myopathy has also been generated
for UCMD via a deletion in the col6al gene through the injection of an antisense morpholino [107]. Here,
defects in the mitochondria permeability transition pore (mPTP) were corrected with the cyclophilin
inhibitor NIM811 treatment [108]. In another study, the zebrafish model was used to test mitochondrial
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respiratory capacity after treatment with stable analogues of mPTP inhibitors [109]. Additionally,
the zebrafish model has also provided insight into functional aspects of disease pathogenesis for
several muscle conditions: for example, studies in zebrafish relatively relaxed (ryr) mutant, a model
of RYR1-related myopathies [110], have contributed to identifying oxidative stress as an important
disease mechanism in RYR1-related myopathies [111].

3.4. Caenorhabditis Elegans

With 40% of human disease genes having a nematode ortholog [112], and a fully sequenced
genome [113], C. elegans is a valuable model to investigate several human physiological and pathological
mechanisms. Studies of sarcomere maintenance and function in striated muscle led to the first
identification of many conserved proteins, including twitchin, unc-89 (obscurin), unc-112 (kindlin),
unc-45 (myosin chaperone) and unc-78 (AIP1) [114]. Using a large-scale screens in a C. elegans model
of muscular dystrophy, carrying mutations in the dys-1 and the hlh-1 genes, which are respectively the
homolog for the mammalian dystrophin and MyoD gene [115], compounds such as prednisone and
serotonin have been shown to be effective in reducing muscle degeneration [116,117]. The obvious
advantages of using this scalable and high-throughput model are counterbalanced by the limited
phenotypic analyses, such as counting the number of times a worm bends in a C-shaped fashion
in liquid in one minute, although new automated methods of quantifying muscle contraction and
relaxation kinetics are emerging [118].

4. Computational Models

In silico models are becoming an increasingly useful tool for investigating muscle function and in
helping us to understand which key players cause muscle pathology. These models integrate published
experimental data, thus allowing us to encompass the many variables linked to pathology in a single
model, enabling the study of multifaceted diseases. In doing these studies, one may understand better
the underlying interactions between different disease mechanisms that lead to pathology, which may
prove harder to do in live experiments. Over the last twenty years, big steps have been made in the
computational modelling of muscle. A recent development has been the creation of agent-based models
(ABMs), which allow us to assess what roles different biological agents play in muscle pathology,
both at cellular and systems levels. For example, the use of ABMs for DMD has indicated a link
between low satellite stem cell counts and impaired muscle regeneration symptom [119]. ABMs can
also be used to predict the outcomes of given scenarios based on the rules derived from the literature,
as well as having certain parameters that cannot be measured experimentally. This system can even
add software agents that mimic certain biological cells into the simulation, with the aim of helping
us to better understand their cellular interactions. This has been carried out in studies showing that
fibroblasts can affect a muscle’s susceptibility to disuse-induced atrophy [120].

However, these models do have their limitations: the simulated model is not a full replicate of
the muscle cell and its microenvironment, as it only accounts for the contribution of known variables,
which renders this model system not fully translatable to the in vivo situation.

5. Conclusions

The increasing availability of genetic and phenotypic information on patients with neuromuscular
diseases, coupled with the unprecedented opportunity to manipulate eukaryotic genomes to generate
disease models to study these diseases, has the potential to accelerate the translation of new therapeutic
opportunities from preclinical settings into medical practice. Among the models available to researchers,
3D cultures and muscle on chips are best suited for precision medicine applications, due to their
structural complexity and opportunity for genetic and environmental manipulation. However, as it
becomes increasingly evident that we need to abandon the concept of ‘one drug fits all’, modelling every
disease-associated variant for preclinical applications is likely to be unattainable and in many cases
unnecessary. Achieving model precision is critical in translational research as long as it provides
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predictive validity, which is the ultimate goal of preclinical work, and may further be enhanced by
using multiple models to capture the spectrum of mechanisms and testing therapies in diverse genetic
backgrounds that more closely reflect the human population as a whole. This may be particularly true
in complex diseases, where multiple risk loci concur to the development of a specific condition or to
the treatment response.
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Abstract: Recent progress in Omics technologies has started to empower personalized healthcare
development at a thorough biomolecular level. Omics have subsidized medical breakthroughs that
have started to enter clinical proceedings. The use of this scientific know-how has surfaced as a way
to provide a more far-reaching view of the biological mechanisms behind diseases. This review will
focus on the discoveries made using Omics and the utility of these approaches for Emery—Dreifuss
muscular dystrophy.

Keywords: LMNA; Emery-Dreifuss muscular dystrophy; Omics

1. Introduction

To understand the complexity of systems biology, Omics’ technologies adopt a holistic view. In this,
in opposition to hypothesis-generating experiments, no rationale is known, but instead, biological
inputs are acquired and analyzed to delineate a hypothesis that can be then tested. Omics technology
can be used not only to decipher physiological conditions but also in disease states, where they have
a key role in diagnosis, as well as promoting our knowledge of the development of diseases [1].
Omics approaches to conditions, such as muscular dystrophies, are being used for small molecule
therapy discovery by isolating innovative targets for drug development [2]. The scope of this review is
to provide an overview of the Omics approaches and their application in Emery-Dreifuss muscular
dystrophy research.

2. Emery-Dreifuss Muscular Dystrophy

Muscular dystrophies are characterized by the progressive weakness and degeneration of the
skeletal muscle system, which may or may not be associated with cardiac impairment, leading to loss
of mobility, and swallowing and respiratory difficulties. Death originates from respiratory defects
or heart failure. Muscular dystrophies are a heterogeneous group of inherited disorders, and they
differ in the distribution of affected muscles, the rate of muscle weakness progression and the age of
onset [3]. The development of molecular genetic mapping techniques has shown that these disorders
are genetically heterogeneous, and more than 50 genes have been identified as causing muscular
dystrophies [4].

In the 1960s, an X-linked muscular dystrophy associated with contractures, which was first
diagnosed as a benign variant of Duchenne muscular dystrophy, was reported [5,6]. In the 1980s,
Alan Emery re-investigated the original family and reported that cardiomyopathy was a significant
feature of the disease, which was thereafter called Emery-Dreifuss muscular dystrophy (EDMD) [7].
In EDMD, the onset of symptoms occurs within the first decade of life [7]. Contractures of the elbows,
neck extensor muscles and Achilles’ tendons appear to be the first symptoms of the disease, and occur
before muscle weakness and wasting. The progressive muscle degeneration begins during the end of the
second decade of life, in a humeroperoneal distribution. Cardiac alteration begins during the teenage
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years, with no link to the severity of the muscular dystrophy [7-10]. Over time, dilated cardiomyopathy
develops, and is associated with severe ventricular tachydysrrhythmias. Sudden cardiac death is
frequent, and an implantable defibrillator can be lifesaving [10,11].

3. Application of Omics Approaches for Emery-Dreifuss Muscular Dystrophy

3.1. Omics and Diagnosis

In the 1990s, a positional cloning study—a technique for the positioning of a trait-associated gene
within the genome—showed that mutations in EMD, and LMNA cause the X-linked [12] and autosomal
dominant [13] forms of EDMD, respectively [14]. EMD encodes emerin, which is a transmembrane
protein of the nuclear envelope. LMNA encodes nuclear lamins A and C, which are intermediate
filament proteins associated with the nuclear envelope. Until recently, genetic screening for EDMD was
performed with Sanger sequencing of the exons and intron-exon regions of both the EMD and LMNA
genes. Since then, diagnosis of EDMD has been made available if the clinical signs are suggestive
or if a family member is known to have EDMD. However, classical DNA sequencing methods have
many shortcomings (time and cost) hampering their use for diagnosis. By contrast, as introduced
in 2005, next-generation sequencing is a potent novel technology and a cost-effective method that
has completely revolutionized the field [15,16]. Full exome sequencing is routinely used in clinical
diagnostic laboratories to identify pathogenic variants in a given patient at a reasonable cost [17-20].
A new next-generation sequencing approach to identify potential new candidate EDMD genes has also
recently been tested [21].

Subsequently, LMNA mutations have been shown to cause other striated muscle diseases, i.e.,
dilated cardiomyopathy [22], limb-girdle muscular dystrophy type 1B [23] and congenital muscular
dystrophy [24]. Limb-girdle muscular dystrophy type 1B and dilated cardiomyopathy can occur in
the same families as subjects with EDMD, and can be therefore be considered variants of the same
clinical entity. This supports the concept that modifier genes arouse the severity and the peculiar
symptoms. To map the modifier locus, microsatellite markers were genotyped in a large French family,
where patients carrying the same LMNA mutation exhibited phenotypic variability [25]. The linked
DNA region harbors two candidate modifier genes, DES and MYL1, encoding desmin and light
chain of myosin, respectively, thus providing insights for the natural history and the physiopathology
of EDMD.

3.2. Omics and Abnormal Cellular Signaling

The mechanisms by which mutations in EMD and LMNA cause muscular dystrophies are
poorly understood. A few models have been proposed to explain the physiopathology of EDMD [26].
The model called the ‘mechanical stress hypothesis’ relies on the premise that striated muscle is
steadily subjected to mechanical strains. Abnormalities in nuclear envelope composition may imply a
weakening of the nucleus, which could represent an initial step in the chain of events leading to EDMD.

The ambition of transcriptomics studies is to pinpoint genome-wide changes and to expose
coordinately organized gene networks [27,28]. Gene expression profiles associated with EDMD have
been studied in several experimental models using various technologies. Mouse models have been
helpful in deciphering mechanisms involved in the pathogenesis of EDMD, as well as for opening
pharmacological therapies perspectives. The development of Lmna” mice by Sullivan and colleagues
was the first animal model of the disease [29]. The mice expressing a truncated peptide, lamin A
delta8-11 [30], develop cardiomyopathy and skeletal muscle wasting reminiscent of human EDMD.
Then, other mouse models of EDMD were generated. These are knock-in mice that express A-type
lamins with the p.H222P [31], p.deltaK32 [32] and p.N195K [33] residue substitutions. Arimura et al.
developed Lmna knock-in mice carrying the p.H222P mutation that was identified in the human LMNA
gene in an EDMD family [31]. This mutation was also chosen because it putatively dramatically altered
the coil-coiled organization of A-type lamins, based on in silico analysis. This was the first Lmna mouse
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model mimicking human EDMD from the gene mutation to the clinical symptoms. Two separate groups
have generated Emd null mice [34,35]. These mice have subtle motor coordination abnormalities, with a
prolongation of atrioventricular conduction time in Emd null mice [35]. Notwithstanding, these animal
models may not reflect the “natural” human condition in terms of physiological mechanism and
genetic outlook. Induced pluripotent stem cell (iPSC) technology represents a means to surmount these
shortcomings, allowing the generation of any cell type through peculiar differentiation protocols [36].
Tissue-specific in vitro models of EDMD have been created from iPSCs that recapitulate traits of the
disease [37-42].

To explore the pathogenesis of cardiomyopathy associated with EDMD, we carried out a
genome-wide RNA expression analysis of hearts from LmnaPH222P/H222P mice and Emd knockout mice,
two mouse models of EDMD. This analysis revealed changes in the expression of genes encoding
proteins in mitogen-activated protein (MAP) kinases, Wnt/3-catenin, AKT/mTOR and transforming
growth factor (Tgf)-p signaling pathways in the mutated models [43-48]. Using RN A-sequencing
technology on Lmna’ mice, Auguste and colleagues showed that the FOXO signaling pathway
impacted different signaling pathways, i.e., NF«kB, TNFa, P53 and OxPHOS signaling pathways and
biological processes, i.e., apoptosis, sustaining the cardiac phenotype associated with EDMD [49].
Furthermore, whole genome expression analysis of the primary cells of EDMD patients showed
aberrant activity of unfolded protein response signaling [50]. In a cardiac specific expression of Lmna
p-D300N, the Marian group showed using bulk RNA sequencing strategy that an increase of DNA
damage response/TP53 pathway was contributing to the pathogenesis of cardiomyopathy associated
with EDMD [51]. All these datasets led to the hypothesis of a model of how abnormalities of A-type
lamins and emerin may lead to EDMD [52]. Using a transcriptomic approach from regenerating skeletal
muscle from emerin-deficient mice, Melcon et al. [34] have shown delayed myogenic differentiation,
which is regulated by Rb and MyoD genes. Since then, small molecules have been used by others to
rescue the impaired myogenic differentiation in emerin deficiency, which could represent a potential
strategy for improving the muscle wasting phenotype seen in EDMD [53]. Hence, abnormalities in
satellite cell behavior may be responsible in part for the skeletal muscle disease in EDMD.

The mechanisms that bridge the LMINA genetic defects to malignant arrhythmias [54] are
unknown. To better understand this phenotype in EDMD, Dr. Wu's group modeled the disease in vitro
using patient-specific iPSC-derived cardiomyocytes (iIPSC-CMs) carrying LMNA frameshift p.K117fs
mutation [42]. They showed an abnormal activation of the platelet-derived growth factor (PDGF)
signaling in LMINA p.K117fs iPSC-CMs. The inhibition of the PDGF signaling improves the arrhythmic
phenotype of mutated iPSC-CMs, opening novel therapeutic perspectives for the treatment of EDMD.

All these studies contributed to a better knowledge of the functional and molecular mechanisms of
the disease. We can expect that new findings will design applications of iPSC-models to pharmacological
testing in striated muscle-specific contexts [55], making the technology available to patients.

3.3. Omics and Chromatin Regulation

Among the models proposed to explain how EDMD phenotypes arise, the ‘gene-expression
model’, posits an effect of mutated lamin A/C on the transcription activity of genes and/or pathways
that could impact striated muscle-homeostasis process. According to this model, it has been described
that A-type lamins interact with heterochromatin regions called Lamin-Associated Domains (LADs).
These LADs play a role for chromatin organization and gene expression regulation [56-59]. It has been
shown that the LADs are re-organized in EDMD steering modifications of the epigenetic program,
ultimately driving the loss of myogenic differentiation [60]. This has been recently shown in an
elegant manner by Bianchi and colleagues on a murine model of EDMD [61]. The authors described
an abnormal positioning of polycomb proteins, which are epigenetic repressors involved in cell
identity. This causes impairment in self-renewal, deficiency of cell identity and the early exhaustion of
the quiescent satellite cell pool, demonstrating that muscular dystrophy in EDMD can be partially
caused by epigenetic dysfunctions of muscle stem cells [61]. Mewborn and colleagues showed that
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the LMNA p.E161K mutation perturbed the positioning and compaction of chromosomal domains
in primary fibroblasts, resulting in an altered gene expression profile [62]. Another study focused on
the organization of LADs in EDMD using a multi-Omics approach (Chip-Seq/RNA-sequencing) in
explanted hearts from five patients carrying LMNA mutations [62]. LADs were redistributed, ensuing in
a functional chromatin state in mutated hearts, suggesting the loss of specific functional chromatin
binding. This aberrant distribution impacted both the gene expression profile and CpG methylation.
An integrated analysis showed the combined role of LADs and CpG methylation in the regulation of
gene expression, and identified numerous transcription factors involved in biological processes such
as cell death/survival, cell cycle and metabolism [63]. Bertero and colleagues showed at the same time,
using genome-wide chromosome conformation capture (HiC) analyses on iPSC-CMs carrying LMNA
p-R225X mutation [64], a slight chromatin compartment dysregulation (around 1% of the genome).
RNA-sequencing of these altered chromatin domains revealed the abnormal up-regulation of only a
handful of genes, among which was CACNAIA. This latter encodes a subunit of a calcium channel,
whose abnormal expression might partially explain the electrophysiological and contractile aberrations
observed in the mutant hiPSC-CMs. The authors showed that pharmacological treatments to prevent
both the electrophysiological and contractile alterations helped improve the abnormal phenotypes
described in the mutated iPSC-CMs. This suggests that CACNAIA may be a good therapeutic target to
reverse the cardiac abnormalities in EDMD patients. However, the work by Bertero et al. showed only
minor alterations in chromatin compartmentalization in mutated hiPSC-CMs, a finding that challenges
the aberrant gene-expression model [64].

3.4. Omics and Metabolism

Contracting incessantly, the heart demands a lot of energy to ensure optimal contractile function.
Research has demonstrated that the high requirements of the heart are satisfied by a preference for the
oxidation of fatty acids. Studies have demonstrated that the failing heart deviates from its inherent
profile and relies heavily on glucose metabolism, primarily achieved by acceleration in glycolysis.
To gain further insight into the molecular mechanism ruling this disease, scientists have studied
the cardiac metabolic rates in Lmna”" mice. West and colleagues described a targeted metabolomics
assay that quantifies metabolites relevant to cardiac metabolism [65]. The assay demonstrates that
the Lmna’" mouse heart has decreased metabolites associated with the citric acid cycle and fatty
acid oxidation [65]. This corroborated another study, which showed that activated AKT/mTOR
signaling reduces tolerance to energy deficits in hearts from LimnaPH2220/H222P mice [45]. A rapamycin
analog that blocks AKT/mTOR activity has been used to prevent the progression of cardiomyopathy
in LinnaPH222P/H222P mjce [45]. These works highlighted that the heart is unable to compensate for
increased or fluctuating energy demand and, over time, develops dilated cardiomyopathy in EDMD.
This metabolic remodeling probably represents an adaptive cardio-protective mechanism that can
help improve contractile function, thus slowing the progression of EDMD and improving prognosis.
As such, metabolic modulators, which have the potential to shift myocardial substrate utilization from
fatty acids toward glucose metabolism, may have a place in the management of patients. Some of these
modulators have already been investigated as treatment for cardiomyopathy, with some beneficial
effects [66,67]. It would be relevant to test their efficacy in EDMD.

Moreover, West and colleagues showed increased responses to oxidative stress and reactive
oxygen species (ROS) exposure in Lmna”- mouse hearts [65]. ROS are small, short-lived signaling
molecules that mediate various cellular responses. Based on this, we recently showed that N-acetyl
cysteine treatment reduces cardiac oxidative stress injury and ameliorates contractile dysfunction in
LinnabH222P/H222P 1ico [68].

3.5. Omics and Biomarkers

Omics are powerful tools to identify diseases” molecular biomarkers. Molecular biomarkers
are molecules with particular biophysical properties, the quantities of which are measured in
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biological samples, and are of critical importance in the support of the clinical diagnosis of pathology,
the monitoring of its time course and the evaluation of the impact of therapeutic approaches.
Molecular biomarkers have to be quantified from patients in the least invasive manner possible.
Circulating molecular biomarkers in body fluids, i.e., blood, plasma, serum or urine, are thus the main
interest. Proteomic, transcriptomic and metabolomic analysis have been driven in many diseases to
identify such biomarkers [69,70].

To identify circulating microRNA as molecular biomarkers for EDMD, the microRNA
transcriptome (miRnome) from plasma of LmnaPH222P/H222P mijce was screened [71]. A specific and
distinctive microRNA expression profile was identified, and three of the dystromirs (mir-133b, mir-133a
and mir-1) were downregulated in these mice. Furthermore, two microRNAs were upregulated
(mir-146b and mir-200a) and six microRNAs were downregulated (mir-130a, mir-133a, mir-133b, mir-1,
mir-151-3p, mir-339-3p) in LinnaPH222P/H222P jce compared with wild type animals [71].

4. Conclusions

Omics technologies have hastened the identification of genetic mutations associated with EDMD,
and have unveiled the existence of rare variants and modifier genes that might establish the phenotypical
heterogeneity of the disease. Transcriptomic studies have uncovered alterations in signaling mechanisms
causing some of the symptoms in EDMD, but are restricted to experimental models (in vitro and
in vivo) with technical and theoretical shortcomings. Furthermore, although the number of parameters
being measured has increased with Omics technologies, the number of biological and methodological
replicates has not. In addition, because of the large number of measurements and the limited number
of subjects, unique problems arise in Omics studies involving statistics and bias. A single Omics
technique will only capture changes in a subset of biological cascades; it cannot provide a systemic
understanding of the complexity of systems biology. The integration of multiple Omics data sets
promises a substantial improvement, through an increase of information and, especially, systemic
understanding. Therefore, much work is needed before using this research in the clinic. All of this will
depend on integrative collaborations among physicians and scientists that will be essential for major
breakthroughs for both the diagnosis and treatment of EDMD.
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Abstract: Amyotrophic Lateral Sclerosis (ALS) is the most common late-onset motor neuron disorder,
but our current knowledge of the molecular mechanisms and pathways underlying this disease
remain elusive. This review (1) systematically identifies machine learning studies aimed at the
understanding of the genetic architecture of ALS, (2) outlines the main challenges faced and compares
the different approaches that have been used to confront them, and (3) compares the experimental
designs and results produced by those approaches and describes their reproducibility in terms of
biological results and the performances of the machine learning models. The majority of the collected
studies incorporated prior knowledge of ALS into their feature selection approaches, and trained
their machine learning models using genomic data combined with other types of mined knowledge
including functional associations, protein-protein interactions, disease/tissue-specific information,
epigenetic data, and known ALS phenotype-genotype associations. The importance of incorporating
gene-gene interactions and cis-regulatory elements into the experimental design of future ALS
machine learning studies is highlighted. Lastly, it is suggested that future advances in the genomic
and machine learning fields will bring about a better understanding of ALS genetic architecture,
and enable improved personalized approaches to this and other devastating and complex diseases.

Keywords: Amyotrophic Lateral Sclerosis; machine learning; genome-wide association studies;
GWAS; genomics; ALS pathology; gene prioritization

1. Introduction

Amyotrophic Lateral Sclerosis (ALS) is a progressively fatal, late-onset motor neuron disorder
that is predominately characterised by the loss of upper and lower motor neurons. Progressive muscle
atrophy in ALS patients leads to swallowing difficulties, paralysis and ultimately to death from
neuromuscular respiratory failure [1-3]. ALS is the most common type of motor neuron disorder,
and has peak onset at 54-67 years old, although it can affect individuals of any age [2-5].
Patients typically survive 2-5 years after the first symptoms occur, with 5-10% surviving more than
10 years [1,2,6]. A population-based study of estimated ALS incidence in 10 countries found that
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prevalence could increase more than 31% from 2015 to 2040 [4]. Thus, there is an increasing need to
understand ALS pathology and the molecular pathways involved, towards prevention or successful
therapeutic intervention.

There are two major classifications among ALS patients, based on family history: 5-10% of cases
are genetically linked, and are classified as familial, having one or more relatives that suffer from ALS,
while 90% are classified as sporadic, in which a familial history is not established, and where a genetic
cause is usually not identified [7]. However, the distinction between the two categories is not always
simple, with familial ALS-associated mutations also being present among sporadic ALS cases [3].
The extent and form of genetic contribution to sporadic ALS remains unclear, but genetic factors are
considered to play an important role in the disease pathology [3,8]. Further investigation of the genetic
architecture of both familial and sporadic cases is necessary.

In recent years, advances in high-throughput technologies have enabled the discovery of multiple
Single Nucleotide Polymorphisms (SNPs) that are associated with ALS, mainly by the application
of the Genome-Wide Association Study (GWAS) approach. GWAS aims to identify SNPs and
other types of genetic variation (such as structural variants, copy number variations and multiple
nucleotide polymorphisms) that are more frequent in patients than in people without the disease [9].
Statistical tests are carried out for disease association across genetic markers numbering from hundreds
of thousands up to millions, depending on the genomic analytical platform. The most popular
genotype-phenotype association studies use statistical models such as logistic or linear regression,
depending on whether the trait is binary (i.e., case-control studies, such as ALS versus healthy controls)
or quantitative (e.g., different scales of height). GWAS has been successful in discovering tens of
thousands of significant genotype-phenotype associations in a large spectrum of diseases and traits,
such as schizophrenia, anorexia nervosa, body-mass index (BMI), type 2 diabetes, and ALS [10-13].
Over the past decade, the discovery of significant genotype-phenotype associations has provided
new insights into disease susceptibility, pathology, prevention, drug design and personalized medical
approaches [11,14,15].

Rapid recent technological advances and great efforts in the field have led to the genomic profiling
of large ALS cohorts, providing new insights into the pathology of ALS [12]. Initiatives such as Project
MinE and dbGaP have contributed to the systematic release of ALS GWAS data [16,17]. The ALSoD
publicly available database for genes that are implicated in ALS records 126 genes, with a subset
having been reproduced in multiple studies [18]. As of July 2020, the GWAS catalogue has published
317 variants and risk allele associations with ALS [10].

The scope of this review covers genome-wide association studies that employ machine learning
approaches with the aim to understand ALS pathology through gene prioritization. A search
of PubMed and Google Scholar for the terms “amyotrophic lateral sclerosis”, “GWAS” and
“machine learning” yielded 420 results, of which 7 research papers were identified as falling into
this scope. Machine learning studies that refer to the estimation of ALS heritability, to drug
repurposing/prediction for ALS, or survival analyses, are not considered.

The review is structured as follows: first, knowledge from relevant literature about ALS pathology
and genetic architecture is summarized, then the central challenges and limitations of traditional
GWAS studies are introduced in the context of ALS, while the third section provides a brief overview
of key machine learning concepts along with a description and comparison of published feature
selection and machine learning approaches using ALS GWAS datasets. The main contribution of the
review is to outline the challenges of ALS genomic studies, summarizing and comparing how these
have been addressed by the collected research papers. Finally, the further use of machine learning as a
method to understand ALS pathology is advocated.

1.1. Current Knowledge of Molecular Pathways Implicated by the Functions of Known ALS-Linked Genes

Our current knowledge of the aetiology and the genetic architecture of ALS is still elusive.
Genetic mutations, environmental contributions, epigenetic changes and DNA damage are
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hypothesized as potential causal factors that ultimately lead to motor neuron death [19,20]. Variants in
more than 30 genes are recognized as monogenic causes of ALS [12,19,21-23]. The most frequent
monogenic cause in European populations is the intronic hexanucleotide GGGGCC (G4C2) repeat
expansion (HRE) in the C90rf72 gene [24,25]. Other genes linked to ALS with high reproducibility
include Cu/Zn superoxide dismutase 1 SOD1, fused in sarcoma FUS, and transactive response
DNA-binding protein of 43 kD TARDBP/TDP-43 [19]. The discovery of risk gene mutations has
helped to unravel the molecular mechanisms of ALS, and may lead ultimately to targeted therapy and
stratified drug discovery [19,26-28].

Numerous studies have been published aimed at explaining motor neuron death, investigating the
functional effects of specific mutations of known risk-associated genes such as C9orf72, FUS, SOD1 and
TDP-43 [23,27]. Recent systematic reviews from our group have summarised the molecular pathways
and biomarkers for which there are strong supporting evidence in ALS [19,26,27]. The molecular
pathways affected in ALS can be grouped as follows (see [27] for detailed review):

e Mitochondrial dysfunction as a direct or indirect consequence of ALS-associated gene mutations
CHCHD10, FUS, SOD1, C9orf72 and TDP-43 can lead to an increase in oxidative stress, an increase
in cytosolic calcium, ATP deficiency and/or stimulation of pro-apoptotic pathways [20,22,27,29,30].

e Oxidative stress can also be derived from a stimulation of NADPH oxidase, as observed with
ATXN2 mutations [31], or from deficiency in the elimination of Reactive Oxygen Species (ROS)
as observed with some SOD1 mutations in familial cases [27,32,33]. It then may contribute to
DNA damage. Interestingly, other mutations on the ALS-associated genes NEK1 [34], SETX [35]
and C21orf2 [36] are suspected to alter the DNA repair machinery, leading to an accumulation of
oxidative damage over time. Consequently, these events could ultimately lead to motor neuron
death [34,37].

e Disrupted axonal transport has been directly linked to a mutation in the C-terminal of the
ALS-associated gene, KIF5A [12,38], and to mutations in genes encoding for neurofilaments
(NEFH), microtubules and motor proteins (PFN1,TUBA4A, DCTN1) [27,39]. Consequently,
organelle transport, protein degradation, and RNA transport are affected, disrupting cellular
homeostasis. Similarly, axonal transport disruptions have been observed in fALS patients
harboring mutations in non-cytoskeletal-related genes such as SOD1 [38].

e Protein degradation is suspected to be a key pathway that is defective in ALS. This can be a
direct consequence of mutations in ALS-associated genes involved in proteasome activity and
the autophagy pathway, such as UBQLN2, VCP, SQSTM1/P62, OPTN, FIG4, Spg11, or TBK1 [40],
and may lead to an accumulation of misfolded and non-functional proteins [27,41]. It can also
be an indirect consequence of other mutations leading to the formation of protein aggregates
such as SOD1, FUS, TDP43, C9orf72-derived DPR - aggregates that in turn impair the proteasome
and autophagic degradation pathways [42], thus exacerbating the accumulation of misfolded
proteins. Consequently, the blockade of autophagy pathways may affect vesicle secretion [43,44].
Interestingly, some ALS-associated genes are known to be directly or indirectly involved in
exosome biogenesis such as CHMP2B [45] or C90rf72 [46], respectively.

®  Glutamate-mediated excitotoxicity has been suggested to cause motor neuron deterioration,
and could be an indirect consequence of ALS-associated gene mutations such as in SOD1 or
C901f72, resulting in an elevated level of glutamate in the cerebrospinal fluid of patients [47-49].

e RNA processing and metabolism is another key pathway affected in ALS. For example,
mutations to RNA-binding proteins encoded by FUS, TDP-43, hnRNPA1, hnRNPA2B1, and
MATR3, result in altered mRNA splicing, RNA nucleocytoplasmic transport and translation
[27,50-55], as well as in the generation and accumulation of toxic stress granules [56]. Similarly,
accumulation of toxic RNA foci can be observed in motor neurons in the context of C9orf72
mutations, and may lead to the sequestration of splicing proteins, thus affecting RNA maturation
and translation [57]. The biogenesis of microRNA is also directly affected by mutated FUS,
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TDP-43, or C9orf72-mediated DPRs, thus having an impact on the expression of genes involved in
motor neuron survival [27,58].

Understanding the functional processes that drive ALS pathology has proven to be a difficult and
complex task, compounded by the heterogeneity that characterises the disease. The gene products
of the 30 or more known ALS-associated genes interact with each other, are implicated in multiple
molecular pathways, and result in multiple disease phenotypes, making functional curation and
interpretation complex [19,27]. In addition, these monogenic causes in ALS occur only in ~15% of
sporadic ALS and ~66% of familial ALS patients, so that more than 80% of the ALS population do
not currently have any known ALS-associated mutations [19,21]. Nonetheless, acquiring an in-depth
understanding of the molecular mechanisms and the genetic architecture of ALS could potentially
lead to the identification of multiple patient strata and therefore targeted therapies to be applied to
different subgroups of ALS patients.

1.2. The Genetic Architecture of ALS

The genetic contribution to familial and sporadic ALS has not been fully explained by
genotype-phenotype discoveries [8,25], and the known Mendelian causes of ALS represent only
a small proportion of the ALS population [19,21]. Nonetheless, estimates of heritability are high in
sporadic ALS patients - for example, 61% in a twin meta-analysis study - suggesting that genetic factors
are strongly represented in sporadic ALS and that further investigation may yet identify novel causal
variants and /or multilocus interactions that could account for this high estimated heritability [59].

So far, evidence supports a model implicating rare variants (minor allele frequency <1%) along
with non-genetic causes, such as environmental factors [3,36,60,61]. Large GWAS efforts suggest a
genetic architecture for ALS that falls somewhere in the middle of the spectrum of genetic pathology in
terms of effect size and prevalence of risk variants-i.e., an intermediate genetic architecture, lying between
conditions such as schizophrenia which have many common variants each imparting a small increase
to disease risk, and conditions such as Huntington’s disease which are caused by rare large-effect
variants located in a single gene [3,20,62,63].

Many ALS-associated variants, particularly for C9orf72, also contribute to other conditions
such as frontotemporal dementia (FTD) and cerebellar disease, suggesting that ALS is a
multi-system syndrome [3,60,61]. ALS has an established overlap with other neurodegenerative
and neuropsychiatric disorders, investigation of which could lead to insights into the understanding
of pathology [3,5,25,60,64,65]. An example of this is the degree of overlap between familial ALS
(~40%) and familial FTD (~25%) patients that carry the G6C4 expansion of C9orf72 [65,66].
C90rf72 hexanucleotide expansion has been associated to multiple traits including Alzheimer’s and
Parkinson’s diseases, ataxia, chorea and schizophrenia [21,67-69]. A population-based GWAS study
reported a higher prevalence of psychosis, suicidal behaviour, and schizophrenia, in Irish ALS kindreds,
which was associated with the C9orf72 repeat expansion, based on an aggregation analysis [64].
Further evidence for a shared susceptibility to ALS was provided by the greater occurrence of dementia
among first-degree relatives of ALS patients [69]. Several studies have suggested that the genetic
overlap between ALS and other neurodegenerative and neuropsychiatric disorders could also be
explained by the presence of ALS-associated pleiotropic variants that influence multiple, and in some
cases quite distinct, phenotypic traits [70-72]. One study that supports this hypothesis is that of
O’Brien et al., which shows that first-degree and second-degree relatives of Irish ALS patients have a
significantly higher prevalence of schizophrenia and neuropsychiatric diseases than healthy controls,
including obsessive-compulsive disorder, psychotic illness, and autism-the authors performed k-means
clustering and calculated the relative risk to estimate aggregation [71,73-75].

Further investigation is needed to achieve a deep understanding of ALS heritability and genetic
architecture, incorporating pleiotropic gene effects into experimental design.

264



J. Pers. Med. 2020, 10, 247

2. ALS-Specific GWAS Challenges and Limitations

So far, numerous ALS GWAS studies have been published, aiming to identify novel
ALS-associated variants through standard genotype-phenotype analyses. The first was published
in 2007, providing genomic data for 276 cases and 271 controls [76]. Technological advances have
provided the opportunity for studies with a higher number of genotyped ALS cohorts. The largest
release of ALS genomic data was published in 2018 by Nicolas et al., and identified KIF5A as a novel
ALS-associated gene; the study included a publicly-available large meta-analysis dataset of 10,031,630
imputed SNPs of 20,806 ALS and 59,804 controls as well as providing controlled access to “raw”
genomic data including SNP-arrays of 12,188 cases and 3,292 controls [12,17]. Despite that hundreds
of ALS-associated variants have been recorded in public databases such as the GWAS Catalog [10],
these associations show very little reproducibility across different studies and have not been able to
explain a large percentage of ALS heritability [3,36]; a phenomenon which is generally known as the
“missing heritability” paradox [77]. It has been proposed that SNPs contribute ~8.5% of the overall
heritability of ALS, although it should be noted that such estimates consider only linear single-marker
effects of SNPs [36,77]. Here we outline some general GWAS limitations in the context of ALS, as well
as potential reasons why standard GWAS phenotype-genotype analysis is unlikely to fully explain the
genetic architecture of ALS.

A first general challenge in large scale genomic analyses is to ensure a high quality of the genotype
data, so that the downstream results of the experimental design reflect true biology and not artifacts.
Therefore, the collected genomic data first need to pass a comprehensive Quality Control (QC) pipeline
including multiple sample and variant QC steps [78-81]. One challenge is that each dataset has its
own specific features, thus there are not fixed thresholds for each quality-control step. For this reason,
each study needs to follow a data-driven approach, taking into consideration the distribution of each
data metric. However, there are some good practices in QC that may be generally applicable to most
studies [78,81]. For example, it is typical to follow a procedure first filtering out low quality samples
then removing poor quality markers, the order of this ensuring that as many genetic markers as possible
are kept in the final dataset. However, overly strict thresholds can lead to the loss of a substantial
proportion of samples, reducing study power. Another challenge is to ensure homogeneity of the
collected samples in terms of ancestry. This QC step is carried out by analysing the population structure
to remove ethnic outliers, and by accounting for confounding factors in later stages of the analysis,
such as a potential inner population sub-structure, usually using the first few Principal Components,
after performing a Principal Component Analysis on the homogeneous sample cohort. Also, it is very
important to check for duplicated samples and, in non-family GWAS analyses, ensure that all samples
are unrelated so that specific genotypes are not over-represented (and thereby contributing a bias to
the subsequent analysis). Identity-by-descent (IBD) is a metric that corrects for such bias and takes
into account the number of variants that a pair of individuals share.

GWAS is a single marker analysis treating each variant association as an independent event that
contributes to the phenotype. Due to this, it is a standard practice for results to be corrected under
the strict multiple testing threshold (p < 5 x 1078) of the Bonferroni correction in order to control
for false positive discoveries (Family-wise type I errors). This threshold derives from the hypothesis
of 1,000,000 independent markers being tested under a significance level of 5%. Particularly in low
sample size studies this correction can result in a loss of power of the analysis, which may then fail to
capture a portion of potential risk variants that do not pass the significance threshold (Family-wise
type II errors) [15,82].

Univariate analyses such as GWAS that test trait association for one locus at a time are not
able to capture multilocus interactions-a phenomenon called epistasis-and the interaction of the
environment with the genome; events that could potentially account for the missing heritability of
ALS and explain the disease pathology [83,84]. The term epistasis was introduced in genetics over a
century ago by Bateson et al. [85], and genetic and evolutionary biology studies have highlighted the
importance of gene-gene interactions not only in the genetic architecture of an organism but also in
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evolution [77,86,87]. Epistasis represents non-additive events in the genome including interactions
among two or more loci that have an effect on the phenotype [88]. Several studies have highlighted
the role of epistasis in pathology, showing that SNP interactions provide a stronger association to
the disease than the participating SNPs do individually [77,84,89,90]. To understand pathology
in a complex disease such as ALS, it may be necessary to identify complex genetic interactions,
including epistatic interations [77,87]. Nevertheless, the study of multilocus interactions poses a
number of challenges, in particular the need for a high computational power as the number of tested
interactions is extremely high even in pairwise combinations. As such, multivariate computational
approaches and appropriate machine learning methods may be able to capture the potentially complex
relationships among risk variants in ALS [77,90,91].

GWAS is more successfully employed under a “common disease-common variant” hypothesis,
being of particular use in common diseases such as schizophrenia which are driven by many risk
alleles each with high frequency [92]. In contrast, ALS is a heterogeneous disease likely comprised of
multiple strata each resulting from combinations of different rare mutations and other factors. As a
result, stratum-specific mutations may each have very small effects that are diluted and thus not
captured by GWAS [3,36]. The majority of GWAS analyses have used SNP-arrays as they have until
recently had a lower experimental cost in comparison to sequencing of the exome or the whole genome.
SNP-array analyses can typically capture the effect of only common variants to the phenotype whereas
sequencing analyses identify both common and rare variants. In most SNP-array GWAS studies,
variants with Minor Allele Frequency (MAF) of <1-5% are removed from subsequent analysis as they
are generally more difficult to genotype and therefore are considered potential false positives [15,78].
Nevertheless, whole genome sequencing, custom designed exome sequencing arrays, rare variant
burden analyses and imputation approaches using large reference panels (such as the Haplotype
Reference Consortium, which contains 64,976 haplotypes), face this challenge by recovering both rare
(up to 0.1% MAF) and common variants that SNP-array platforms do not usually contain [15,93-95].
However, there is still a proportion of low frequency minor allele effects on the phenotype that cannot
yet be detected by GWAS approaches and that could also potentially explain some of the missing
heritability in ALS [3,36].

Lastly, another common GWAS challenge in complex diseases is the difficulty to distinguish
causal variants from other non-disease-associated variants that are in high linkage disequilibrium [15].
Linkage disequilibrium describes the phenomenon where an allele of a variant is inherited together
with the alleles of other variants [9]. These alleles of other variants are highly correlated and will have
very similar GWAS signals with the truly causal SNP. The majority of disease-related variants are
located in cis-regulatory regions of the genome [96], and given our limited knowledge of non-coding
genomic loci, it is even more challenging for those to discern causal SNPs from the noise. Our difficulty
to identify the causal variants in complex diseases among a pool of statistically significant associated
variants adds to the challenge of identifying molecular processes that could have a significant impact
on the disease.

Advanced machine learning prediction models trained in ALS genomic data could overcome the
aforementioned challenges, moving towards better insights into disease causality and ultimately to a
personalized understanding of ALS [15,97]. In Figure 1, we describe the basic steps of an ALS machine
learning experimental design in order to discover ALS-associated novel loci or combinations of loci,
as well as the main challenges of each step. Each of the main challenges is addressed in successive
chapters of the review, as we describe and compare the experimental design of the collected gene
prioritization studies. Some of the challenges in Figure 1 have already been mentioned, such as the
need for a large sample size that could increase the power of the study, a comprehensive quality control
pipeline to assure high quality genomic data, as well as the curse of dimensionality which is a very
common problem in genomic studies that include an extremely high number of features and especially
in studies that focus on multilocus interactions.
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Figure 1. The main challenges of an ALS machine learning experimental design.
3. Facing the Challenges

In this chapter, we outline gene prioritization approaches by which published research studies
have employed machine learning methods in order to identify and rank novel ALS-linked genes,
SNPs and multilocus interactions. First, a short introduction is made to some basic machine learning
concepts that will be useful in later discussion of the machine learning approaches that have been used.
Then, details are provided about the data representation, feature curation, and selection methods that
each study chose for their experimental design and, finally, the machine learning methods and the
overall experimental designs of each study are compared, as well as considering their results.

3.1. A Brief Overview of Machine Learning Concepts

Based on the task and the type of learning there are three main machine-learning categories:
supervised, unsupervised and semi-supervised algorithms. Supervised learning methods aim
to make predictions on unknown instances (e.g., a sample or a gene) based on known labels
(e.g., ALS/non-ALS) [98]. For instance, classification is a supervised machine learning approach,
which trains a classifier using labeled data e.g., samples/genes including a case/control label (training
set) and predicts the class of an unknown sample or gene (testing set) based on specific rules and
patterns that the classifier learned during training and testing.

In classification, it has always been a challenge to identify the input features that are most
informative and maximally affect the prediction. This domain of research is described as feature selection
research [99] and has been traditionally connected to statistical methods. More recently, with the
advent of deep neural networks, explainability and interpretability of machine learning suggestions,
predictions and decisions has become an even more acute problem. This is due to the complex nature
of the network itself, which does not clearly illustrate the connection between input (features) and
output (prediction) in a humanly understandable manner. Thus, a number of recent studies aim for
explainability in deep models [100], including visualized explanations [101].

On the other hand, unsupervised learning is performed on unlabelled data, with an ultimate
purpose to identify interesting patterns or novel sub-groupings of the data. Clustering research offers
a well-established set of unsupervised algorithms which identify patterns in a group of instances
(e.g., Genes, SNPs, ALS patients), most commonly based on notions of distance (or similarity) between
instances. Distance in such cases can be measured with metrics such as Euclidean distance or the
Pearson Correlation Coefficient [74].
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Lastly, in semi-supervised learning the prediction is carried out in positive and unlabelled data.
Semi-supervised learning is applied when information is available only on instances of a single
class (usually called “positive” instances, e.g., already known-ALS genes) but there is not sufficient
information to label the rest of the instances as “negative”. Semi-supervised learning methods can
be quite challenging when the aim is to predict novel disease-associated instances since the classifier
is trained treating potentially novel instances as “negative”. Semi-supervised learning methods are
particularly common in gene prioritization studies.

An instance in a machine learning task is an entity that the classifier is trained to predict,
for example a gene in a gene prioritization algorithm or an ALS sample in an ALS/non-ALS
patient classification task. An instance is described by a number of features (e.g., gene functional
annotations, SNP genotypes etc.), typically represented as a vector, termed feature vector. All X
instances (e.g., samples or genes/SNPs) need to have the same number of Z features (e.g., genetic
mutations or functional annotations), leading to a two-dimensional matrix K that has a size of K = X * Z.
Each instance has a specific location on a Z-dimensional space (where Z is the number of features)
and each feature has, accordingly, a specific location in X-dimensional space (where X is the number
of instances).

There are a wide variety of metrics that can be used to evaluate the performance of a machine
learning model, the choice of which depends on the nature of the task. The most popular metrics
include Accuracy, Precision, Recall, F1-score, Specificity and ROC (Receiver Operating Characteristic)
curves. Accuracy represents the fraction of true positive and true negative predictions out of the total
number of the model predictions. Precision expresses how many positive predictions of the model
were truly positive. Recall (True Positive Rate) explains the percentage of the missed true positive
predictions. Recall and Precision are both very important metrics that need to be taken into account for
the evaluation of a model’s performance. F1-score calculates the harmonic mean of those two metrics,
hence the higher the F1-score is, the better the model performed. Specificity expresses the fraction of
the negative predicted instances that were actually negative. The ROC curve is a plot of True Positive
Rate against False Positive Rate expressed as 1-Specificity. The Area Under the Curve (AUC) of ROC
is employed to calculate how well the model performed - the closer the AUC is to 1, the better the
model performed.

3.2. Recent Feature Preparation and Selection Approaches in ALS Genomic Studies

Modern analytical genomic platforms and imputation methods have led to the profiling of
samples containing up to tens of millions of genetic markers. This vast amount of genomic information
makes machine learning modelling more complicated and demanding, as it is likely that only a small
minority, if any, of markers are truly causal and associated to the disease. Thus, a first challenge in
the genomic machine learning experimental design is to deal with the curse of dimensionality using
appropriate feature selection methods [102]. Below we describe and group the feature selection and
dataset curation approaches that have been used by each study, also summarized in Table 1.
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Table 1. Details of the feature selection approaches that have been followed by each study prior to
the machine learning experiments. The “Data/Instances” column summarises the primary number
of instances before further filtering, and details about the datasets that have been used by each study.
The “Features” column refers to the initial number of features in each dataset before feature selection
and after quality control (the latter being applicable only in studies using genotype data). The “Epistasis”
column indicates whether the respective study has incorporated epistatic events (i.e., multi-locus
interactions) as a feature selection method. The “Regulatory Elements” column describes studies
that have filtered their initial dataset by including only non-coding regulatory regions. Studies that
have used prior ALS-related information (e.g., already known ALS-associated SNPs/genes, known
functional information, filtering based on an ALS versus Control genotype-phenotype association
analysis p-value etc.) in order to select and reduce their initial instance and feature space are indicated
under “ALS-linked knowledge”. Lastly, we indicate machine learning methods that were used to
select only highly informative features based on specific criteria. ML: Machine Learning, SNP: Single
Nucleotide Polymorphism, MDR: Multifactor Dimensionality Reduction, CNN: Convolutional Neural
Network, PPIs: Protein- Protein Interactions, DHS: DNase I hypersensitive sites, TFBS: Transcription
Factor Binding Sites, PCA: Principal Component Analysis, t-SNE: t-distributed Stochastic Neighboring
Embedding, UMAP: Uniform Manifold Approximation and Projection.

Genomic P Cis-Regulatory ~ ALS-Linked ML
Study Data/Instances Features Structure  Epistasis Hlerents Knowledge  Methods
Vitsios et al. [103] 18,626 coding genes 1,249 gene-annotations: No No No Yes PCA,
(label:positive/unlabelled) generic, t-SNE,
disease- and tissue UMAP
-specific features
Yousefian et al. [104] 8,697,640 SNP p-values 2,252 functional features: Yes No Yes Yes None
of 14,791 ALS cases DHS mapping data,
and 26,898 controls [36] histone modifications,
target gene functions,
and TFBS
Bean et al. [105] ALS-linked gene lists: PPIs, disease-gene No No No Yes None
DisGeNet: 101 genes associations and
ALSoD: 126 genes, functional annotations
ClinVar: 44 genes,
Manual list: 40 genes
Union: 199 genes
Yin et al. [90] 4511 cases and 823,504 SNPs from 7,9, Yes No Yes Yes CNN
7397 controls [16] 17 and 22 chromosomes
Kim et al. [91] SNP pairwise 550,000 SNPs of No Yes No Yes MDR
interactions 276 cases /271 controls
and 211 cases /211 controls
[76,106)
Greene et al.[107] SNP pairwise 210,382 SNPs of No Yes No No MDR
interactions 276 cases/271 controls
and 211 cases/211 controls
[76,106]
Sha et al. [108] SNP pairwise 555,352 SNPs of No No No Yes None

interactions 276 cases /271 controls [76]

The use of feature selection methods are a common strategy to reduce the high number of initial
features for machine learning models [102]. As described in Table 2, four of the seven studies used
a machine learning model as a feature selection method, in some cases using specific hypotheses or
along with a combination of other strategies that will be described later in this sub-chapter. Mantis-ml
is one example of a multi-step gene prioritisation framework which extracts a heterogeneous set of
1249 gene-annotation features mined from a large collection of databases in order to discover and rank
novel disease-related genes [103]. Each instance in this model consists of 18,626 coding genes which
are labelled as positive (seeds) or unlabelled, depending on known association to the disease, based on
information retrieved from the Human Phenotype Ontology (HPO) [109]. A number of pre-processing
steps were applied that included filtering of highly correlated pairs of features, removing features with
missing data, and imputing certain features with a low missing rate. Some exploratory analyses are
then performed (i.e., heat maps, variable distributions, etc.) in the original feature space and then three
dimensionality reduction methods are automatically applied: principal component analysis (PCA),
t-distributed stochastic neighboring embedding (t-SNE) [110], and uniform manifold approximation
and projection (UMAP) [111], in order to identify any interesting pattern(s) and linear/non-linear
relationships among the features. The gene pool is randomly split into K balanced datasets containing
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both positive and unlabelled genes. Mantis-ml can use the Boruta feature selection algorithm which
labels the features (given a decision threshold) as “confirmed”/”tentative”/”rejected” by assessing the
contribution of each feature to the prediction [103], although the entire feature space is used by default.

Table 2. The biological hypotheses incorporated to the experimental design and main focuses of the
collected studies.

Genomic Epistasi Cis-Regulatory ~ ALS-Linked  Functional

Structure pistasis Elements Knowledge  Annotations
Vitsios et al. [103] No No No Yes Yes
Yousefian et al. [104] Yes No Yes Yes Yes
Bean et al. [105] No No No Yes Yes
Yin et al. [90] Yes Yes Yes No No
Kim et al. [91] No Yes Yes Yes Yes
Greene et al. [107] No Yes No No No
Sha et al. [108] No Yes No Yes No

Several recent studies have focused on uncovering gene-gene interactions (epistasis) that
could potentially explain some part of the missing heritability of complex genetic traits such
as ALS. However, modern genomic studies that aim to model epistatic events face considerable
challenges, demanding large computational and statistical power for the analysis of a large number of
combinations among millions of genotyped loci (even when considering only pairwise interactions).
Two of the studies -Greene et al. and Kim et al.- included epistatic events in their feature selection
approach [91,107]. Both used the wrapper method Multifactor Dimensionality Deduction (MDR)-a
non-parametric, model-free approach which reduces the feature space of multilocus combinations
by creating new single variables pooled from multiple SNP genotypes [87,112]- and then estimates
statistically significant ALS-risk pairwise interactions of SNPs. Both studies used the same datasets
and pre-processing steps to identify pairwise SNP interactions that are significantly associated with
ALS. The datasets included two sporadic ALS cohorts along with healthy controls containing 276 cases
versus 271 controls in the detection dataset and 211 cases versus 211 controls in the replication
dataset [76,106]. SNPs were filtered using a 0.2 Minor Allele Frequency cut-off and a less than 90% call
rate. Lastly, Greene et al. considered only independent SNPs in further analysis, leading to a dataset of
210,382 SNPs.

Another strategy to reduce feature space is to include only regulatory elements as features
for the subsequent machine learning experiments. Two of the studies focus only on the effect of
noncoding regulatory elements in ALS pathology. It has been shown that disease-related variants
are mostly located in cis-regulatory elements of the genome marked by DNase I hypersensitive
sites (DHSs)-zones of the genome that have been associated with elevated levels of transcriptional
activity [96]. In 2020, Yousefian et al. investigated the effect of noncoding variants in ALS [104].
Firstly, they applied a p-value threshold (p < 5 x 10~*) on SNPs from a previously published large
ALS meta-analysis GWAS dataset. The authors constructed association blocks by identifying lead
SNPs having strong ALS GWAS p-value associations and being at least 1 Mb apart from each other,
then selecting also the top 30 ALS-associated SNPs located upstream and downstream of each lead
SNP; leading ultimately to 274 association blocks [104]. They enriched their selected association
blocks with functional and epigenetic information including DHS profile data, histone modifications,
functional gene-sets from the KEGG database and TF binding sites collected from TRANSFAC and
JASPAR databases [104,113-115]. After the functional enrichment of the features, they constructed
a binary feature matrix representing whether a SNP within an association block was associated or
not with a particular functional feature [104]. The second ALS study that included only noncoding
regulatory elements was published in 2019 by Yin et al. who proposed Promoter-CNN as a feature
selection method; a convolutional neural network model (comprised of 2 convolutional layers and
two deep layers) that reduces the initial feature space by selecting only the top 8 highest performing
promoter regions among variants located on chromosomes 7, 9, 17 and 22 [90]. They assessed the
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performance of Promoter-CNN using a 9-fold cross validation. Each promoter region of each individual
was represented by a window of 64 genomic features having a value of 0,1,2 to represent the genotype
at each of these 64 loci, utilizing the genomic structure of the regions [90]. The aforementioned studies
employed the genomic structure in order to build the association blocks and the promoter regions
(see Table 1).

A popular strategy that has been used to select the initial data and then further reduce the
feature and instance space is ALS-associated knowledge (see Table 1). The most relevant study that
falls into this category is Bean et al. which modelled only previously known ALS-linked gene lists,
mining information from the literature and from disease databases, as well as including a manually
curated set of ALS-associated genes [105]. In order to reduce the feature space they performed
an enrichment test on all features and, for the predictive model, kept only those features that
are significantly enriched in the mechanism(s) of the disease [116]. Another example is Yin et al.
which before applying their Promoter-CNN model as a feature selection method, they first limited
their feature space by studying only non-additive phenomena of multiple promoters located on four
specific chromosomes (7, 9, 17 and 22), those chromosomes have being selected based on the amounts
of missing heritability that have been previously identified in ALS [36,90]. Bean et al., Kim et al.,
Yousefian et al. and Sha et al., implement multi- step algorithms in which one of the initial steps
reduces the feature space by keeping only the highest performing genes/SNPs, by assessing the
enrichment of genes in ALS [105] or by applying a specific threshold of single-marker association
analysis to ALS [91,104,108].

3.3. Experimental Design and Results of the ALS Gene Prioritization Approaches

In this section we will focus on the approach and rationale of the collected studies that aim to
understand the pathology of ALS using machine learning and probabilistic models on genomic data.
We also briefly consider the main findings of each study. Although the majority of the collected studies
aim to answer more than one research question, in this section we group studies by methodology,
based on common features of their experimental design that we considered to be the main focus in
each study. In order to avoid confusion, in Table 2 we describe the main biological focus of each study.
We investigate the reproducibility of the results of each analysis, comparing it with related literature as
well as mentioning putative novel ALS discoveries in the Discussion section.

The identified studies (see Table 1) all fall under the gene prioritization umbrella category.
In Table 3, we provide brief information about the machine learning models that have been used
in these studies (after feature selection and filtering approaches have been applied, as discussed in
the previous section, see Table 1), as well as details about the assessment and the performance of
the models.

Four of the studies included epistatic events in their experimental design, testing the hypothesis that
multilocus interactions have an effect on ALS susceptibility (see Table 2). Three studies that fall into this
category, all use the same ALS detection dataset in order to discover pairwise SNP interactions [91,107,108].
Greene et al. and Kim et al. use multifactor dimensionality reduction (MDR); a wrapper method
which performs both a feature selection and classification to predict pairwise combinations of SNPs as
high-risk and low-risk for ALS [91,107]. As proposed by [112], MDR reduces multilocus dimensions
into a one-dimensional multilocus variable, the prediction performance of which is evaluated in
classification tasks (ALS versus healthy controls) by cross validation and permutation tests. Out of
pairwise combinations among 210,382 SNPs, Greene et al. reported the pair of SNPs rs4363506 and
rs6014848 to have the highest accuracy (Acc: 0.6551) and a p-value of 0.048 after permutation testing.
Their replication dataset showed a lower accuracy (Acc: 0.5821) but with a higher statistical significance
(p-value < 0.021) [107]. Kim et al. chose the best performing MDR model for each SNP, then they
mapped SNPs to genes (including neighboring regulatory elements) and investigated their enrichment
using Gene Ontology functional terms [91]. Unfortunately, they did not report any specific high
performing pairs of SNPs in terms of MDR accuracy, nor specific genes. The statistical significance
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of each MDR model was estimated using permutation, with the highest enriched Gene Ontology
gene-sets being “Regulation of Cellular Component Organization and Biogenesis” (p-values: 0.010
and 0.014), and “Actin Cytoskeleton” (p-values: 0.040 and 0.046). The p-values for each gene-set
refer to the detection and replication dataset respectively, after multiple testing. The third study is
proposed by Sha et al. implementing a two-stage probabilistic algorithm that attempts to predict
two-locus combinations that are associated to ALS using eight epistatic and nine multiplicative
two-locus predicting models. The first step was a single-marker association test using the x? test
statistic, keeping only the 1000 SNPs having the strongest p-values. The associations of all the two-locus
combinations of those 1000 variants were then tested using the above-mentioned seventeen models.
Three SNPs were discovered participating to two two-locus combinations: rs4363506 with rs3733242
(p-value = 0.032) and rs4363506 with rs16984239 (p-value = 0.042). Reported p-values were adjusted
for multiple testing correction using permutation. They also performed Multifactor dimensionality
reduction and Combinatorial Searching Method to identify high performing two-locus interactions,
but none of the results reached the significance threshold (see Table 3). Single locus analysis was not
able to capture the three SNPs that participate to the bi-locus interaction.

Table 3. The machine learning approaches followed by each study. Acc: Accuracy, SVM: Support
Vector Machines, LR: Logistic Regression, RF: Random Forest, DNN: Deep Neural Network, SVC:
Support Vector Classifier (SVC), CNN: Convolutional Neural Network, AUC: Area under the receiver
operator characteristic curve, CSM: Combinatorial Searching Method, Chr: Chromosome.

Study Machine Learning Models Model Assessment Performance
Vitsios et al. [103] Stochastic Semi-supervised Learning: 10-fold cross validation Stacking: Avg AUC: 0.767,
Stacking, DNN, DNN: Avg AUC: 0.774,
Gradient Boosting, Gradient Boosting: Avg AUC: 0.79,
RF, SVC, XGBoost, RF: Avg AUC: 0.798,
ExtraTrees Classifiers SVC: Avg AUC: 0.801,

XGBoost: Avg AUC: 0.805,
ExtraTrees: Avg AUC: 0.814

Yousefian et al. [104] Convolutional Neural Network Autoencoder pre-training, CNN: AUC: 0.96 F1-score: 0.83
Chr 1-10: training set,
Chr 11-14: testing set and
Chr 15-22: validation set

Bean et al. [105] Knowledge graph edge 5-fold cross validation Fold-Change Enrichment and random guess
prediction model [116] baseline: ALSoD: 23.33 (23.53),
ClinVar: 30.05 (15.64),
DisGeNet: 55.90 (81.66),
Manual: 84.54 (13.27),
Union: 8.92 (4.28)

Yin et al. [90] Deep Neural Network (ALS-Net), 9-fold cross validation ALS-Net: Acc: 0.769 Fl-score: 0.797
Logistic Regression, SVM, Random Forest LR: Acc: 0.739 F1-score:0.728
and Adaboost SVM: Acc: 0.725 Fl-score:0.694

RM: Acc: 0.596 F1-score:0.381
Adaboost: Acc: 0.661 F1-score:0.625
(+PromoterCNN and all 4
chromosomes combined)

Kim etal. [91] Multifactor dimensionality reduction; 1000 permutation tests Critical Acc: 0.629
using a naive Bayes classifier and 0.640 (replication dataset)
Greene et al. [107] Multifactor dimensionality reduction 1000 permutation tests Best SNP pairwise model: Acc: 0.6551

and 0.5821 (replication dataset); with p < 0.048
and p < 0.021 (replication dataset)

Sha et al. [108] Two-locus probabilistic models, 1000 permutation tests Two-locus models:
Multifactor dimensionality reduction, rs4363506-rs3733242: p = 0.032
Combinatorial Searching Method 1rs4363506-1516984239: p = 0.042
MDR model:
154363506-r512680546: p = 0.156
CSM model:

1s4363506-1512680546: p = 0.2

A far more complex machine learning model for ALS patient classification, studying non-additive
interactions of multilocus promoters among four chromosomes, was published in 2019 by Yin et al. [90].
Building upon previous knowledge that the majority of the disease-associated variants in GWAS
are cis-regulatory elements, this study showed that using only the highest performing promoter
regions of 4 chromosomes as features provides enough information for successful classification
of the ALS genomic profile versus healthy controls [90]. Specifically, they applied a prediction
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model for putative ALS-related genotypes located in promoter regions, using a case-control genomic
dataset containing 4,511 cases and 7,397 controls from the Dutch cohort of ProjectMinE. A two-level
pipeline was constructed in which, as a first step, deep neural networks select the eight highest
performing promoter regions of chromosomes 7, 9, 17 and 22 having the highest accuracy in ALS
status prediction (Promoter-CNN model) and then the selected promoter regions of each individual
are combined for a final classification task (ALS-Net model). A 9-fold cross validation was used to
train both models. The authors compared their ALS-Net deep learning model to other classification
models using both the pre-selected promoter regions combined from all four chromosomes by
Promoter-CNN models, and markers from individual chromosomes. The compared classification
models included a logistic regression Polygenic Risk Score (PRS) approach [117], Support Vector
Machines (SVM) [118], Random Forest [119] and AdaBoost [120,121]. The two-tier deep learning
model showed very promising results identifying both already reported associated ALS genes and new
putative ALS markers. The results showed that ALS-Net combined with Promoter-CNN pre-selected
promoter regions produced better performance (Acc: 0.769, Fl-score: 0.797) than the logistic regression
Polygenic Risk Score (PRS) approach (Acc: 0.739, Fl-score: 0.728) [117], Support Vector Machines
(SVM) (Acc: 0.725, F1-score: 0.694) [118], Random Forest (Acc: 0.596, F1-score: 0.381) [119], or AdaBoost
(Acc: 0.661, Fl-score: 0.625) [120,121]. They highlight that their Promoter-CNN model is a successful
feature selection method keeping only the highest performing promoters from each chromosome
individually, advancing the performance of the subsequently tested classifiers [90]. The findings
indicate that combining genomic information from all four chromosomes improves the performance
for the majority of the models, supporting further the hypothesis that non-additive events take place
in ALS pathology.

Another recent study that builds upon the hypothesis that cis-regulatory noncoding variants can
have an important effect on ALS pathology, applies a functional SNP prioritization framework using
convolutional neural networks (CNN) to make ALS rare noncoding risk-variant predictions [104].
The authors build upon a previously published deep learning CNN-based model that used functional
features in order to predict causal regulatory elements in complex diseases [122]. They tested their
proposed method on a large GWAS meta-analysis cohort including 8,697,640 SNP p-values for 14,791
ALS patients and 26,898 healthy controls [12]. The functional SNP prioritization framework followed
a multi-step procedure starting from (a) collecting the upstream and downstream flanking regions
of the 274 highest GWAS ALS-associated variants, then (b) functionally annotating the variants
(including DNase I hypersensitive sites (DHSs), histone modifications, target gene functions, and
transcription factor binding sites (TFBS)) and finally (c) training the CNN model on these association
blocks with uncertain class labels using chromosomes 1-10 as a training set, chromosomes 11-14 as
a testing test and finally 15-22 as a validation set [104]. The CNN model used two convolutional
layers; the first layer measured how well each individual SNP matched the pattern of 50 functional
features using a rectified linear unit (ReLU), and the second level output prediction scores for each
SNP with a 0-1 range, with values close to one indicating that there are common regulatory patterns
embedded for a particular SNP. The CNN model shows a high predictive performance (AUC = 0.96 and
F1 =0.83). A random forest classification for the ALS cell-type specificity showed that a high portion
of their ALS selected features have neuronal cell-type specificity within Trancriptional Factor binding
sites. The proposed framework highlights two potentially functional ALS-risk variants rs2370964
(chromosome 3, located in enhancer site of CX3CR1) and rs3093720 (chromosome 17, intron variant
in TNFAIP1). An eQTL analysis was performed to investigate the effect of these two variants on the
expression of other genes. The analysis showed that the two noncoding variants may impact ALS
risk by affecting the expression levels of CX3CR1 and TNFAIP1. The CX3CR1 gene deletion has been
associated with microglia neurotoxicity and neuron loss in transgenic ALS mice [123,124]. TNFAIP1 is
an apoptotic protein which has been associated to neurotoxicity [125]. The rs2370964 variant also
affects the CTCF and NFAT binding sites [104]. Mutations in CTCF gene has also been related to
microglial dysfunction, among other effects [126]. NFAT is a transcription factor that is involved with
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the regulation of pro-inflammatory responses in cultured murine microglia [127]. The rs3093720 SNP
affects the NR3C1 binding site, a gene which has been associated with neurodegeneration and multiple
sclerosis [128].

The accumulation of large amounts of ALS multi-omic data, functional annotations,
and tissue-specific information, has provided a great opportunity and challenge for researchers to
combine these in ways that could potentially lead to stronger machine learning models. Two collected
studies combine known ALS genes and ALS-related information mined from a variety of databases to
predict novel disease-specific genes and rank them. The first one is, Mantis-ml, a recently published
multi-step disease agnostic gene prioritisation pipeline which employs known disease-associated
genes to predict scores for putative novel genes based on feature pattern similarity [103]. As mentioned
in Section 3.2, the disease-related gene information is extracted from multiple databases and resources,
including tissue- and disease- specific data [103]. Depending on the users’ disease-related queries,
the pipeline follows automatic feature selection and pre-processing as well as an exploratory data
analysis on disease-related features. A repeated stochastic semi-supervised model is used to iteratively
predict disease-related probabilities for each gene, and then rank each gene based on the mean
prediction probability of all iterations. The starting point for the modelling is the labelling of
an entire coding gene pool (18,626 genes) based on disease relevance retrieved from the Human
Phenotype Ontology (HPO), with positive and unlabelled genes then being split into random balanced
datasets [109]. They evaluate the performance of their classifier using a stratified 10-fold random split
in every balanced dataset, which is followed by testing using the out-of-bag k-fold method. The model
generates gene prediction probabilities belonging to the respective testing set of each k-prediction
cycle. Lastly, the model calculates an aggregated prediction probability combined from all iteration
cycles. The classification performance of Mantis-ml was assessed using seven different supervised
models (gradient boosting, random forest, extra trees, extreme gradient boosting, support vector
classifier, deep neural networks, and a stacking classifier) with 10 stochastic iterations and 10-fold cross
validation in three diseases. All models showed similar performance (AUC: 0.83-0.85), with Extra
Trees having the highest mean Area Under Curve for ALS (AUC = 0.814) (see Table 3). For ALS, 77
positively labelled genes were selected, having an average AUC of 0.814 (combined from 7 classifiers).
Among the top 50 genes there were two already known ALS associated genes, FUS and LICAM.
Specifically, “MGI mouse knockout feature” was ranked as the top feature for ALS, including human
orthologue mouse genes that have been associated with survival and developmental pathways.
Unlabelled genes (i.e., genes not annotated to ALS in the HPO) were also identified as being predictive
of ALS. Some of the top novel predicted genes among 5 out of 6 classifiers are SYNE1, ALDH5A1,
ABCA1, DNMT3A, NF2, SZT2, ACADVL, MED12, TSC2, EP400, RYR2, VCL and BBS2. SYNEI1 causes
recessive ataxia and has been associated with motor neuron degeneration and ALS [129]; ALDH5A1
has been identified as significantly down-regulated protein in ALS murine models [130]; ABCA1 has
been linked with damage of neuromuscular junctions and identified in significant clusters of altered
frontal cortex genes in ALS samples [131,132]; a DNMT3A isoform has been identified in synapses and
in mitochondria and has been associated with degeneration in motor neurons in ALS patients and
abnormal expression levels in skeletal muscle and spinal cord of presymptomatic ALS mice [133,134].

Another study that combined genomic data with other types of data sources to increase the power
of the machine learning gene prioritization method was that of Bean et al., integrating functional
annotations, known ALS-gene associations, and protein-protein interactions [105]. Protein-protein
interaction networks have been useful to decipher new disease mechanisms, as proteins that are encoded
by disease-related genes are likely to interact with proteins that are implicated in similar pathologies [135].
These authors used a previously published knowledge graph-based completion model [116], which is
trained combining protein-protein interactions data mined from Intact [136,137], known disease-gene
lists from DisGeNet [138,139] and functional gene-sets from the Gene Ontology [140] in order to
make predictions of novel ALS-linked genes [105] (see Table 1). The algorithm starts by building a
knowledge graph containing known ALS data represented as nodes and their interrelationships as
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edges. The aim of the model is to predict the missing edges of the graph that could represent novel ALS
genes, providing a predictive score to each. This is a similarity score deriving from the profile which
is built by the trained knowledge graph model comparing the ALS-known genes to the rest of the
genes. They train 5 models for 5 input sets of ALS-linked genes mined from the ALS Online Database
(ALSoD), which is intended to host all known ALS- associated genetic variants [18], from the ClinVar
database of curated clinical variants [141], from DisGeNet [138,139], and a manual curated ALS gene
list generated by the authors [105] (see Table 1). For the training and testing of the model, 5-fold cross
validation was used to estimate how well the model would have predicted known ALS genes. As seen
in Table 3, all models-except the DisGeNet list- performed very well in each fold above the random
baseline, with the manual list being on top. In total, the 5 models predicted 45, 176, 192, 327 and 575
novel ALS for the Manual list, DisGeNet, ClinVar, ALSoD and union ALS-known lists, respectively.
All predicted novel genes of the manual list were also present in the other 4 lists. The authors also tested
the functional enrichment of the predicted genes following an overrepresentation analysis using Gene
Ontology terms, with all gene-sets having statistically significant enrichment to ALS-specific biological
processes, like mitochondrial activity, endosome transport and vesicular trafficking, lipid metabolism
and others. To validate the relevance of the predicted ALS genes, a gene-set and gene-level analysis
was performed using MAGMA [142] on a large ALS meta-analysis GWAS dataset (European cohort,
including 20,806 cases and 59,804 controls) [12], keeping only the variants that mapped to the putative
ALS-genes. Only ClinVar predicted genes had statistically significant results (p-value = 0.038), followed by
the Manual model which did not pass the Bonferonni correction but it was close with a p-value of 0.060.

4. Discussion

Here we identified gene prioritization machine learning studies aimed at the understanding of
genomic data in ALS, outlining the main challenges faced by such studies. We compared these studies
in terms of their feature selection methods, experimental design, machine learning performance and
their biological results. In Figure 2, we summarize some of the key decision making steps taken by
machine learning approaches in ALS genomics, and examples of some possible choices at each step.

In gene prioritization studies, the initial number of potentially “novel” SNPs/genes or,
more problematically, the potential novel multilocus combinations, can be so high as to make
computational analysis unfeasible (see Figure 1). In this context, it was intriguing to group and compare
the chosen dimensionality reduction approaches in each study. As seen in Table 1, most studies handled
this problem quite differently. More than half used a machine learning method for feature selection,
along with one or more biological hypotheses for additional filtering of the input variables. The most
common approach of biological hypothesis filtering was to infer ALS-specific knowledge early in the
experimental design. This is both an advantage and a potential disadvantage as it makes the results
more likely to have biological relevance but at the same time risks introducing bias to later stages of
the machine learning approach. An example of a feature selection method that fell into this category is
an early SNP-filtering approach based on a specific threshold of ALS GWAS p-values. This approach
succeeds in a straightforward way to reduce the feature space, but comes at the cost that potential
GWAS false positives could be inferred and/or that true positives (not captured by GWAS) might
be removed from further analysis. This may be especially problematic in the capturing of epistatic
events, as traditional GWAS analysis is a linear single-marker analysis, so filtering based on single
SNP-disease association p-values could risk losing putative significant multi-locus interactions in later
stages of the analysis [143,144]. However, a large cohort size could increase the power of a standard
GWAS analysis utilized as a feature selection method in a machine learning study.
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Figure 2. Some of the key decision making steps taken by machine learning approaches in ALS
genomics, and examples of some possible choices at each step. These included data collection,
data representation, selection of the Machine Learning algorithm for the classification task, and the
types of result obtained by the model. The studies collected information from a variety of databases
in order to mine, among other things, data on genotypes (e.g., dbGaP, GWAS Catalog, gnomAD),
functional annotations (e.g., KEGG), and Protein-Protein Interactions (e.g., STRING). Depending on
the purpose of the experimental design, the collected studies modelled genes, SNPs, cis-regulatory
regions, multilocus interactions, and /or ALS/non-ALS patients. Each instance was described using
features such as Genomic, Epigenomic, and Proteomic data, functional annotations, and/or prior
ALS-related knowledge (e.g., ALS gene-sets). Various machine learning algorithms were selected
for the classification tasks. Lastly, we visualize the distinction between the modelling results of
gene prioritization and multilocus interaction prioritization studies. Gene prioritization studies
aim to identify significant ALS associated instances (e.g., SNPs, genes and cis-regulatory regions),
whereas multilocus interaction prioritization studies aim to discover significant interactions among
multiple loci. Lastly, we note that an ALS versus non-ALS sample classification experiment can be used
to prioritize genes if the interpretability of the chosen model permits the identification of informative
genomic features.
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Deep learning seems a promising machine learning method for ALS gene prioritization studies,
as well as in ALS patient classification. Deep learning methods are known to perform well in
regulatory genomic classification tasks, being able to incorporate information from the structure of the
genomic data and capturing non-linear relationships and patterns of multilocus interactions [145,146].
This statement is further validated by comparing the performance of three collected ALS gene
prioritization studies. More specifically, three recent studies that employ deep learning as at least one
of their classification methods had very good predictive performance [90,103,104], as summarized in
Table 2. Yin et al. showed that deep neural networks perform better than other methods in classifying
ALS versus healthy controls, not only in terms of accuracy (0.769) and F1-score (0.797), but also with
an excellent recall of 0.908, using a 9-fold cross-validation [90]. Moreover, all of the benchmarked
classification methods showed improved performance when promoter selection Convolutional Neural
Network models (Promoter-CNN) where incorporated as an extra feature selection stage with the
classification models. Yousefian et al. constructed a semi-supervised Convolutional Neural Network
model in order to predict ALS-associated non-coding variants using epigenetic features. The model
showed an excellent performance achieving an AUC of 0.96 and F1-score of 0.83 [104]. This study did
not include benchmarking against other machine learning models, and interestingly the association
blocks of non-coding variants that were constructed for training, testing, and validation sets of the
model were separated into chromosome numbers 1-10, 11-14 and 15-22, respectively, rather than the
cross validation methods typically employed by other studies. Lastly, Vitsios et al. benchmarked their
proposed multi-step non-disease specific gene prioritization pipeline assessing the performance of
seven classifiers using 10-fold cross validation in three diseases. In ALS, all classifiers achieved very
similar performance with an average AUC ranging from 0.767 to 0.814, with Deep Neural Networks
achieving an average AUC of 0.774 and Extra Trees classifier being at the top [103]. Even though,
the majority of the ALS collected studies show that deep learning yields very good classification results,
one very popular challenge in such learning algorithms is the lack of explainability in the model’s
results, identifying which features are the most informative to the classification task.

In terms of reproducibility, comparing the highest ranked genes and SNPs, as well as the
reported statistically significant functional pathways, it is noteworthy that the sALS-associated variant
rs4363506 (initially identified by Schymick et al. with an empirical p-value = 107° [76]) was found
by both Greene et al. and Sha et al. to have statistically significant pairwise interactions with other
variants. Specifically, Greene et al. reported rs4363506 to interact with rs6014848 (Acc of 0.6551 and
a p-value < 0.048 in the detection dataset, and Acc of 0.5821 and p-value < 0.021 in the replication
dataset) and Sha et al. found that rs4363506 participated to two separate two-locus interactions: one
with rs3733242 (p-value = 0.032) and another with rs16984239 (p-value = 0.042) [107]. These were the
only significant pairwise combinations identified by either study. The replicated SNP rs4363506 is an
intergenic variant (chr10:127476239, GRCh38.p12) located between DOCK1 dedicator of cytokinesis
1 and NPS neuropeptide S [147]. DOCKI is implicated in neural growth and is a member of the
KEGG pathway term “Regulation of actin cytoskeleton” and NPS in “positive regulation of synaptic
transmission, glutamatergic” (GO:0051966) and “regulation of synaptic transmission, GABAergic”
(GO:0032228), among others, all processes that are linked to ALS (see Section 1.1) [113,148]. This is
consistent with other work implicating the actin cytoskeleton in ALS, including the finding of the third
study, Kim et al.-investigating the functional enrichment of pairwise interactions in sporadic ALS-of
statistical significance of the Gene Ontology term “Actin Cytoskeleton” (p-value = 0.040). However,
it should be kept in mind that all 3 of these studies are analyses of the same primary dataset.

There could be several reasons for the disparity in the results of Greene and Sha et al.
(i.e., the identification of different interaction partner SNPs to rs4363506). One reason could be
that different quality control methods and thresholds are applied to the genomic datasets. In addition,
Greene et al. investigated the pairwise combinations of 210,382 uncorrelated SNPs (keeping only
independent SNPs in terms of linkage disequilibrium) using their proposed MDRGPU model,
whereas Sha et al. tested the pairwise combinations of the top 1000 SNPs with a significant
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AlLS-association p-value, before testing for significant interactions using a series of different two-locus
probabilistic models. The significant results of these studies also differed in the design of the predictive
model used, with Greene et al. using Multifactor Dimensionality Reduction (MDR)-a non-parametric
method combining feature engineering and then classification which does not make any assumption
about the underlying genetic mechanisms-and Sha et al. using two-locus probabilistic parametric
models which tested specific hypotheses about the type of the genotype interaction, taking into account
the order of the genotypes in terms of penetrance of high-risk variants. Asides from the two-locus
probabilistic models, Sha et al. did in fact also test (separately) an MDR and a Combinatorial Searching
Method-unlike Greene et al., these analyses did not identify any significant pairwise combinations but,
interestingly, SNP rs4363506 was present in a pairwise combination in both models that almost passed
the threshold of statistical significance. Lastly, Kim et al. followed a multi-level approach starting
from SNP pairwise interaction feature selection, moving to testing genes associations and gene-set
functional associations to ALS. Unfortunately, they did not report any results about the MDR predicted
pairwise interactions, hence we cannot make a direct comparison with the other two studies.

From the comparison of the most statistically significant genes and SNPs predicted from the
optimally performing machine learning models of Mantis-ml [103], the knowledge graph completion
model [105], the Promoter-CNN model [90], and the non-coding variant CNN model [104], we note
several points. First, we compared the top 50 ALS genes predicted from the Mantis-ml model using
Extra Trees-the highest performing classifier of the ALS data [103]-with the top 45 performing genes
predicted by the knowledge graph-based machine learning approach using the highest performing
model trained on the manually curated ALS-linked list [105]. SLC1A2 (solute carrier family 1 member
2) was the only gene that was predicted by both approaches. SLC1A2 protein is the dominant
transporter that clears the extracellular neurotransmitter glutamate in the synapses, expressed by
astrocytes [149]. The down-regulation of SLC1A2 has previously been associated with excitotoxicity
leading to motor neuron degeneration and therefore contributing to ALS pathology, as described
in the introduction (see Section 1.1) [47,48,150]. The Mantis-ml ALS model top predicted genes
also had an overlap with the genes associated with the top performing promoters predicted by
the Promoter-CNN model [90], but only in terms of shared protein families: within the top 8
promoter regions that Promoter-CNN selected for chromosomes 7, 9, 17, and 22, there were two
promoter regions that were associated with genes LAMB4 (laminin subunit beta 4) and TRIM16
(tripartite motif containing 16); while among Mantis-ml highest predicted ALS genes were LAMB3
(laminin subunit beta 3) and TRIM28 (tripartite motif containing 28). The Laminin family contains
heterotrimeric glycoproteins of the extracellular matrix that are associated with processes such as
adhesion, survival, neuronal development and proliferation [151]. LAMB4 is implicated in tissue
development and cell migration, and has been associated with different types of cancer [140,152].
Interestingly, a laminin-4 isoform is expressed in neuromuscular junctions and has been associated with
muscular dystrophy [151]. A recent study of LAMB3 upregulation implicates this gene in cell apoptotic,
proliferating and metastatic events in patients that suffer from pancreatic cancer [153]. TRIM16 has
been associated with autophagy, degradation of protein aggregates and ubiquitination of misfolded
proteins; pathways that have been previously associated with ALS (see Section 1.1) [154]. Finally,
TRIM28 encodes a co-repressor protein which is expressed in the human brain and is a major regulator
of transposable elements [155]. Elevated transcription of transposable elements has been linked with
neurological disorders, including ALS, as well as binding to the ALS-associated RNA-processing
protein TDP-43 [156].

It is noteworthy that the vast majority of the overlapping genes that we identified among all
the collected studies are implicated in previously known ALS-associated functional pathways (as we
outlined in Section 1.1) as well as the majority of the highest predicted novel genes (as described in
Section 3.3). Nevertheless, we did not observe any further overlap among the other studies in terms
of ALS-predicted genes. Limited reproducibility among the four studies could be due to multiple
factors that derive from a number of differences in their experimental design and the focus of each
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study (see Tables 1-3). As summarised in Table 1, these four studies all use different instances,
features and feature selection methods. As far as the machine learning models are concerned, the best
performing machine learning models which were utilized for comparison were different. However,
the low reproducibility could also derive from a more general challenge of gene prioritization studies,
which concerns the difficulty of identifying the truly causal genes out of a usually large pool of novel
predicted genes that pass a chosen significance threshold [157]. The difficulty of reproducibility is
also emphasized in Bean et al. where 5 known ALS-linked gene lists mined from different databases,
and one which was manually curated, were used, with each yielding very different results even with
the same model, highlighting that the methodology and results of each study should be compared
with caution [105]. Lastly, we need to mention that due to the high number of potential novel genes
among all the benchmarked models of each study, we only compared the top genes/SNPs predicted
by the highest performing model in each case. Hence, due to this limitation, we acknowledge the
possibility of a larger existing overlap of the top genes predicted by the rest of the well performing
models that were benchmarked among the studies. These challenges, makes the identification of the
ALS implicated functional pathways even harder as well as the task of investigating reproducibility in
different studies (see Figure 1) [157,158].

We also note that several studies incorporated prior ALS biological knowledge and functional
annotations into the general experimental design (see Table 2), and the trained models showed a very
good predictive performance (see Table 3). Specifically, as seen in Table 1 all of the considered studies
except Greene et al. used an ALS-linked knowledge feature selection method to reduce their feature
space as well as the number of instances (i.e., genes and SNPs). Moreover, Bean et al., Vitsios et al. and
Yousefian et al. include ALS- specific and generic biological knowledge into their initial feature space,
such as tissue/disease-specific features and known ALS disease-gene associations, as well as gene
functional annotations, epigenetic features and protein-protein interactions (see Table 1). The most
characteristic study that falls into this category is the one of Bean et al., where the instances were only
ALS-linked lists from various resources, and the model was an ALS knowledge-based graph which
uses the neighborhood of genes and enrichment tests to define significance of association, trained using
PPIs, ALS-gene associations and functional annotations, showing the highest performance using a
manually curated ALS-linked gene list.

Multilocus interactions may have a significant role in ALS and should be considered in future ALS
genomic studies [90,91,107]. Each of the studies that investigated multilocus interactions has highlighted
that the statistically significant variants could not be replicated in single-locus analyses [90,91,107,108].
Yin et al. carried out the most complex study in this category, using a large ALS cohort (see Table 1) followed
by a thorough quality control -this was the first ALS multilocus study to investigate complex non-additive
events in such a large scale of input variables. The results provided further support for the involvement
of non-additive genetic interactions in ALS, showing that combining the genomic structure from
multiple cis-regulatory elements (in this case promoters located in different chromosomes) yields
very promising results in ALS patient classification [36,90]. Also, related literature supports that the
“missing heritability” in genetic traits could be uncovered and explained to a significant degree by
a network of gene-gene interactions which is not taken into account in the methods typically used
to estimate the proportion of heritability that is missing [77,144,159]. Even though, the prediction
of novel disease-specific gene-gene interactions poses, as described in previous chapters, a greater
number of challenges than single-marker GWAS, it offers the potential to understand the heritability
and genetic architecture of complex traits like ALS disease in greater depth. These challenges could be
faced using machine learning approaches.

Machine Learning is a rapidly evolving field that has great potential in helping us to
understand the complexity of ALS genomics, and how this relates to molecular pathways. However,
further advances are needed in GWAS machine learning approaches in order to fully uncover the
underlying mechanisms of this deadly disease which ultimately may lead us to successful personalized
disease and drug-targeting prediction approaches.
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The field of neuromuscular research has seen considerable recent advances in the
molecular and cellular understanding of muscle biology, and the treatment of neuromuscu-
lar disease. These advances are at the forefront of modern molecular methodologies, often
integrating across wet-lab cell and tissue models, dry-lab computational approaches, and
clinical studies. The continuing development and application of multiomics methods offer
particular challenges and opportunities, not least in the potential for personalized medicine.
More than 500 different genes are known to be associated with neuromuscular disorders [1],
and the identification of causative mutations has allowed the development of personalized
therapies [1,2]. However, even if great progress has been made during the last two decades
in different subgroups of neuromuscular disorders, there are still numerous challenges
to resolve, such as the optimization of therapeutic knock-down strategies [3], targeting
specific muscles and/or tissues of the nervous system [1], identifying genetic modifiers
that can impair a therapeutic strategy [2], targeting common pathways being affected
in different patient subgroups for a given disease [4,5], or understanding the impact of
neuromuscular disorders on other tissues that could be affected but may be understudied.

This Special Issue, entitled “Understanding Neuromuscular Health and Disease:
Advances in Genetics, Omics, and Molecular Function”, encompasses some 15 pub-
lications from colleagues working on a diverse range of neuromuscular diseases, in-
cluding Duchenne muscular dystrophy [6-9], facioscapulohumeral dystrophy [3,10,11],
amyotrophic lateral sclerosis [4,5,12], spinal muscular atrophy [2], Emery—Dreifuss mus-
cular dystrophy [13], and rheumatoid arthritis [14]. Looking across diseases, several
themes are recurrent, such as the efforts to identify genotype—phenotype correlations in
DMD [6,7,9] and ALS [4,5], the quest for effective biomarkers in many neuromuscular
conditions [2,8,10,14], and the use of genomic and multi-omic approaches towards better
ways to identify biomarkers and to understand disease [10,12,13].

The search for genotype—phenotype correlations can be aimed at the improved under-
standing of disease [4,5,7,9], but may also be relevant to potential therapeutic outcomes [6].
Of relevance to this Special Issue are genotype-phenotype correlations in DMD [6,7,9]
and in ALS [4,5]. It is interesting to contrast the state of these investigations in these
two conditions, differences which are related to the underlying genetics: DMD being due
to mutations at a single gene, and therefore correlations being sought between clinical
outcomes and specific mutation patterns within that gene [6,7,9]; ALS being a disease of
unclear aetiology for the majority of patients and the focus of these genotype—phenotype
investigations thus being on the relationship of different genes and their functional roles to
the implicated mechanisms [4] or clinical outcomes of the condition [5].

The use of genomics and multi-omics approaches is a theme which itself cuts across
the aims of current research, from the overlay of multiple omics data to achieve a global
perspective and new understanding of Emery—Dreifuss muscular dystrophy [13], to the
identification of novel circulating miRNA and protein biomarkers for FSHD using multi-
omics [10], through to the application of machine learning to the genomics of ALS, which
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is aimed at understanding the molecular basis of this disease (and is also relevant to
genotype—phenotype correlations) [12]. Deciphering the pathways and gene mutations
involved in neuromuscular diseases may allow for the development of computational
models helping our understanding of muscle pathologies, which could enable preclinical
studies of neuromuscular diseases in the context of personalized medicine [15].

Aside from therapeutic strategy development, the use of biomarkers may be critical as
disease trackers for the development of effective therapeutics (for example, in FSHD [10]),
but also to the personalized tailoring of existing treatments (in DMD [8], and in rheumatoid
arthritis [14]), and may prove useful in a broad sense for improved stratification, diagnosis,
and/or treatment (e.g., in adult SMA [2]).

We hope that studies such as these, that integrate modern molecular methodologies
across cell and tissue models, computational approaches, and clinical studies, will continue
to drive progress towards improved neuromuscular health and treatments for these often
severe diseases.
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Abstract: Dystrophinopathies are caused by mutations in the DMD gene. Out-of-frame deletions
represent most mutational events in severe Duchenne muscular dystrophy (DMD), while in-frame
deletions typically lead to milder Becker muscular dystrophy (BMD). Antisense oligonucleotide-
mediated exon skipping converts an out-of-frame transcript to an in-frame one, inducing a truncated
but partially functional dystrophin protein. The reading frame rule, however, has many exceptions.
We thus sought to simulate clinical outcomes of exon-skipping therapies for DMD exons from clini-
cal data of exon skip-equivalent in-frame deletions, in which the expressed quasi-dystrophins are
comparable to those resulting from exon-skipping therapies. We identified a total of 1298 unique
patients with exon skip-equivalent mutations in patient registries and the existing literature. We
classified them into skip-equivalent deletions of each exon and statistically compared the ratio of
DMD/BMD and asymptomatic individuals across the DMD gene. Our analysis identified that five
exons are associated with significantly milder phenotypes than all other exons when correspond-
ing exon skip-equivalent in-frame deletion mutations occur. Most exon skip-equivalent in-frame
deletions were associated with a significantly milder phenotype compared to corresponding exon
skip-amenable out-of-frame mutations. This study indicates the importance of genotype-phenotype
correlation studies in the rational design of exon-skipping therapies.

Keywords: dystrophinopathy; duchenne muscular dystrophy (DMD); becker muscular dystrophy
(BMD); dystrophin; reading frame rule; exon skipping; skip-equivalent deletions

1. Introduction

Dystrophinopathies are a spectrum of X-linked muscular dystrophies caused by muta-
tions in the DMD gene encoding the dystrophin protein, which helps maintain the integrity
of muscle membranes [1]. The most lethal end of this spectrum, Duchenne muscular
dystrophy (DMD), generally arises from mutations that disrupt the translational reading
frame and result in an absence of dystrophin [2]. Three other major conditions that belong
to this spectrum are Becker muscular dystrophy (BMD, a mild form of DMD), interme-
diate muscular dystrophy (IMD, an intermediate form between DMD and BMD), and
DMD-associated dilated cardiomyopathy (DCM, a type of nonischemic heart-disease) [2].

With 79 constitutive exons and (at least) seven alternatively-used exons, the DMD
gene is one of the largest known genes in the human genome [2,3]. Because of the enormous
length of the gene, it is highly vulnerable to mutations and, one out of three mutations are
de novo in nature. Besides, the presence of two mutational hotspots, encompassing exons
3-22 and exons 45-55, within the coding sequence of the gene makes it more vulnerable to
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mutations [4-6]. To date, over five thousand DMD mutations have been reported. Large
deletions involving deletion of one or more exons account for most cases (~68%), while
duplications, other small mutations, and rarely deep intronic copy number variations cause
the rest of the cases [7-9]. The major determinant of phenotypes is the reading frame rule,
i.e., the mutations giving rise to an mRNA with disrupted reading frame (out-of-frame)
result in a severe pathology, i.e., DMD. On the other hand, in-frame deletions result in
the production of truncated yet (partially) functional dystrophins, causing a mild clinical
phenotype called BMD [10]. The reading frame rule is accurately predictive in ~90% of
DMD cases; however, not as consistent for BMD cases, with prediction rates ranging from
56-91% in different cohorts [8,11].

This reading frame rule provides the rationale for a therapeutic strategy, called ther-
apeutic exon skipping using antisense oligonucleotides to transform DMD-related out-
of-frame mRNAs into in-frame ones to produce truncated dystrophin, against severe
and lethal cases of DMD. Recently, three exon-skipping oligonucleotide drugs, namely
eteplirsen, golodirsen, and viltolarsen, received accelerated approval by the U.S. Food
and Drug Administration (FDA), and a few other oligonucleotide-based drugs are in later
stages of clinical trials [12-14]. As such, antisense oligonucleotide-mediated single exon
skipping has great promise for treating DMD effectively. However, because of these drugs’
highly specific nature, they apply to only a small portion of the DMD population, e.g.,
eteplirsen, golodirsen, and viltolarsen together are applicable for a total of around 20% of
the entire DMD population in the U.S. [12,13]. Recently, skipping of multiple exons, e.g.,
exons 45-55, using mutation-tailored cocktails of antisense oligonucleotides have shown
potential for clinical application, and the applicability of such cocktail drug was shown to
reach over 65% of DMD patients with large deletions [6,15].

The reading frame rule, however, is not always an accurate predictor of clinical phe-
notypes [16]. As multiple exonic deletions are amenable to skipping of each exon, the
quasi-dystrophins resulting from the various exon skipped transcripts may vary in stability,
function, and phenotype. The DMD/BMD phenotypic ratio observed in individuals with
confirmed in-frame deletions starting and/or ending at frameshifting exons have been
examined to estimate the therapeutic outcomes from skipping several exons [17-19]. In this
study, we employed meta-analysis on the published literature and databases containing data
on the genotype-phenotype association. It provides an overview of clinical presentations in
patients with each exon ”“skip-equivalent” deletion and determines the best estimate of each
exon skip-amenable mutation’s clinical outcome of exon-skipping therapies.

2. Materials and Methods
2.1. Clinical Database Search and Inclusion/Exclusion Criteria

The French UMD-DMD-France database and the eDystrophin are two online registries
for individuals and families affected by dystrophinopathies [20,21]. From 30 March 2020 to
30 July 2020, we queried these two databases for relevant cases. We excluded patients with
pending clinical phenotypes and female carriers from the analysis. If a record were present
in both databases, the data were entered only once into the data tabulation sheet.

2.2. Literature Search and Inclusion/Exclusion Criteria

To collect more data on the clinical features of genetically confirmed DMD patients,
a literature search of PubMed was conducted using the following query terms: Dys-
trophin*[Title/ Abstract]) OR (Duchenne[Title/ Abstract])) OR (Becker*[Title/ Abstract]))
OR (muscular dystrophy|[Title/ Abstract]) OR (mutation[Title/ Abstract])) OR (large dele-
tion[Title/ Abstract])) OR (mutation spectrum|[Title/ Abstract])) OR (MLPA[Title / Abstract]))
OR (ligation[Title/ Abstract])) OR (CGH]Title/ Abstract])) OR (comparative genomic hy-
bridization[Title/Abstract])). We then also searched google scholar using an equiva-
lent query.

Two researchers (S.A. and M.H.) independently reviewed titles and abstracts of the
identified articles to determine that only relevant publications were included. Articles were
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excluded if, after review, it was evident that the article discussed a non-human disease
model, diseases other than dystrophinopathies, a non-dystrophin study, or presents a
meta-analysis. We excluded the manuscripts presenting inadequate genotype-phenotype
information or discussing only female carriers. Additionally, we excluded the studies
that were included in any of the two databases mentioned above. In addition, only
the manuscripts reporting cases of dystrophinopathies detected by multiplex ligation-
dependent probe amplification (MLPA), comparative genomic hybridization (CGH), or
equivalent diagnostic procedures were included. No restrictions were made based on
language, publication year, publication status, and the latest search date.

We identified a total of 612 unique articles by searching PubMed and Google Scholar,
out of which 12 articles were finally selected based on our exclusion criteria after the title
and abstract review. We then conducted a comprehensive review of these 12 articles to
identify individuals with genetically confirmed large deletions in dystrophin (Figure 1,
Figure S1, Table S1).

UMD-DMD France eDystrophin
Knowledgebase Database
N =2898 N=1026
+ ‘
681 patients with 781 patients with
large in-frame —7—  largein-frame
deletions deletions

595 duplicate records were
removed

867 unique patients with
large in-frame deletions

1298 unique patients with
>
large in-frame deletions

431 patients with large
in-frame deletions

Exclusion criteria; title,
abstract, & full text screening
removed 600 reports

12 reports selected
for final screening
N=4102
t
612 reports identified through searching
the PubMed and Google Scholar

’

Figure 1. Flow chart showing database screening and literature search procedure to collect patients
clinical information with confirmed DMD large deletions. N indicates the number of individuals

present in each data source.

2.3. Data Extraction and Analysis of the Data

Two authors (S.A. and M.H.) independently reviewed the full-text versions and, if
available, the Supplementary Materials to extract clinical data of dystrophinopathy patients
with in-frame deletions from the literature. Data of patients with deletions involving exons
1 and 79 were not included as deletions of these two exons would not produce truncated
dystrophins. To assess duplicate records in multiple databases and literature, we utilized
the following strategy. One of the investigators (S.A.) compared the partially de-identified
information (identifiers, country origin, age at diagnosis, date of birth, and available
mutation information, e.g., mutation start point and end point, and type of mutation),
assuming any records with these same items represented the same patient [22,23]. Another
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author (K.R.Q.L.) scrutinized the inclusion of mutation information and the removal
of duplicate records. We categorized the clinically confirmed patients into two groups:
(i) DMD, and (ii) BMD and asymptomatic. We categorized BMD and asymptomatic
cases together because exon-skipping therapies aim to convert lethal DMD cases into
milder forms, whether BMD or asymptomatic, with in-frame deletions. In addition, those
asymptomatic cases at the time of examination could become BMD at a later age. The
asymptomatic cases, therefore, are combined with BMD in a single group.

2.4. Exon Skip-Amenable and Exon Skip-Equivalent Mutations

We defined exon skip-amenable mutation as follows; (1) for frame-shifting exons
(i.e., exons 2, 6,7,8,11, 12,17, 18, 19, 20, 21, 22, 43, 44, 45, 46, 50, 51, 52, 53, 54, 55, 56,
57,58, 59, 61, 62, 63, 65, 66, 67, 68, 69, 70, 75, 76, and 78), we included large out-of-frame
deletion mutations that can be made in-frame by skipping of exon X as “exon X skip-
amenable mutations”. For example, exon 52 of DMD is a frameshifting exon, and skipping
of an adjacent exon, exon 51 or exon 53, theoretically restores the reading frame (exon
51 skip-amenable and exon 53 skip-amenable), (2) for non-frame-shifting exons (all other
exons between exons 2-78), we included nonsense mutations and small out-of-frame indels
in exon Y as “exon Y skip-amenable mutations”. For example, therapeutic skipping of
exon 23 for a nonsense mutation in exon 23 would restore the reading frame, leading to
truncated dystrophin protein expression (exon 23 skip-amenable). We included patients
who naturally harbor large in-frame deletion mutations starting and/or ending at exon Z
as “exon Z skip-equivalent mutation”. Deletions starting at exon 1 and ending at exon 79
are not included.

The same overall definitions of exon skip-amenable and exon skip-equivalent muta-
tions can be applied for multi-exon regions, e.g., exons 3-9 or 45-55. Mutations (i.e., large
deletions, large duplications, small indels, and nonsense) whose disrupted reading frame
can be restored by multi-exon skipping are considered multi-exon skip-amenable. Natu-
rally, mutations involving both frame-shifting or non-frame-shifting exons are included in
our counts. Mutations partly outside of exons 3-9 and 45-55 are not included in exons 3-9
and 45-55 skip-amenable mutations, respectively (e.g., del. ex 4345, del. ex 51-57). On the
other hand, naturally occurring mutations (e.g., in-frame large deletions of exons 3 to 9
and exons 45 to 55) that model multi-exon-skipped transcripts are considered multi-exon
skip-equivalent.

2.5. Statistical Analysis

The odds of DMD for a given exon were compared to BMD and asymptomatic pheno-
type’s odds using Fisher’s exact test. The ratios of DMD to BMD/asymptomatic phenotypes
associated with a specific mutation and all other mutations were compared using Fisher’s
exact test. The test-statistic values of multiple test comparisons were adjusted using the
Benjamini-Hochberg method to control false discovery rates [24]. To identify if there were
hotspot regions in the gene, we compared the frequency of in-frame deletions starting
and/or ending at a given exonic region and all other exons using f-statistic. Additionally,
we compared the phenotypic outcomes associated with out-of-frame mutations amenable
to exon skipping (exon skip-amenable) and exon skip-equivalent in-frame deletions of each
exon using Fisher’s exact test. Since the databases included and the manuscripts reviewed
were, in general, descriptive, case-specific or focus group studies rather than randomized
ones, we could not do a formal risk of bias assessment on the data. All data were analyzed
in Microsoft Excel (Office 365, 2019).

3. Results
3.1. Patient Pool and Deletional Patterns
The UMD-DMD France and eDystrophin databases contain clinical data of 681 and

781 individuals, respectively, with confirmed clinical outcomes with in-frame exon dele-
tions within dystrophin. Data of 595 individuals (29 DMD, 556 BMD, and 10 asymptomatic
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individuals) was included in both databases. In addition, our literature search identified
clinical data of 431 unique patients with in-frame deletions. The final patient pool we
analyzed for clinical information contained information of 1298 individuals with con-
firmed clinical outcomes resulting from genetically diagnosed dystrophinopathy, including
277 (21.34%) individuals with DMD and 1021 (78.66%) with milder BMD (n = 976) or
asymptomatic phenotypes (1 = 45) (Figure S2A). There was a significant difference in the ra-
tio of DMD to BMD and asymptomatic phenotypes between the records obtained from the
two databases and literature searching (eDystrophin vs. literature search: p-value < 0.0001,
95% CI = 27.60-37.79; UMD-DMD France database vs. literature search: p-value < 0.001,
95% CI = 30.49-40.55; UMD-DMD France database vs. eDystrophin: p-value = 0.0519,
95% CI = —0.034-5.65) (Figure S2A).

Theoretically, there are 1408 potential large in-frame deletions possible across the
DMD gene (Table S2). Our patient pool represented 180 (12.78%) of these potential
in-frame deletions (Figure S2B). Of these theoretically possible large in-frame deletions,
A 45-47 (n = 317, 23 DMD) and A 45-48 (n = 205, 19 DMD) were the most common
deletional patterns reported among the patients. Two deletional hotspots were identified
between exons 3 and 13, and 44 and 55, as 15.58% and 74.46% deletions started and/or
ended within these two regions (p-value < 0.0001, for both regions) (Figures S2C and S3).

3.2. More BMD and Asymptomatic Phenotypes Were Associated with In-Frame Deletions

Large in-frame deletions were associated with 9.73%, 6.90%, and 42.46% cases with a
severe DMD phenotype in the eDystrophin, UMD-DMD France databases, and the litera-
ture (Figures 54-56). Overall, the reading frame rule was predictive for nearly 78.54% of
the cases with large in-frame deletions (Figure 2A). However, exclusive of the literature’s
records, the prediction rate was 88.95% (Figures S4-56). We identified 19 exons in-frame
deletions, resulting in a significantly severer phenotype than average (Figure 2A,B). Ad-
ditionally, in-frame deletions starting and/or ending at five exons, including exon 4, 45,
47, 48, and 55, are deemed to result in milder phenotypes (Figure 2A). In addition, we
observed a lower incidence of DMD phenotype associated with in-frame deletions starting
and/or ending at exons encoding the dystrophin protein’s central rod domain (Figure S7).
On the other hand, in-frame deletions starting and/or ending at the extreme ends of the
protein was associated with more DMD phenotype (Figure S7).

3.3. Distribution of Phenotypes for Exon Skip-Amenable Mutations to Each Exon

We then intended to look at the clinical phenotypes associated with out-of-frame
mutations that can be converted to in-frame by therapeutic skipping of one (or more)
exons, i.e., skip-amenable mutations, using the patient data collected from the UMD-DMD
France Knowledgebase. We determined the ratio of individuals with severe and milder
phenotypes associated with exon skip-amenable mutations. Collectively, our analysis
identified a total of 1149 individuals with single exon skip-amenable mutations, including
1120 (97.476%) patients with a severe phenotype, i.e., DMD (Figure 3).
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Figure 2. Clinical phenotypes of exon skip-equivalent in-frame DMD exon deletions. (A) Association between in-frame
deletions starting and/or ending at each exon (exon skip-equivalent) and consequent phenotypes. Phenotypic ratios
associated with in-frame deletions starting and/or ending at a given exon and all other exons were compared using Fisher’s
exact test. 7 indicates the number of individuals with DMD (red) and milder (blue; BMD and asymptomatic) phenotypes.
Green and red color indicate a significantly lower and higher incidence of DMD phenotype for a given exon, respectively, as
compared to the overall incidence rate. p = p-value, as calculated by Fisher’s exact test; p* = Benjamini-Hochberg adjusted
p-value. (B) Heatmap showing the relative severity of the consequence of in-frame deletions starting and/or ending at
specific exons.
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Figure 3. Phenotypic outcomes of exon skip-amenable mutations present in the UMD-DMD France database. (A) Distribu-
tion of phenotypes for each exon skip-amenable mutation. Phenotypic ratios associated with exon skip-amenable mutations
for each exon vs. all other exons are compared using Fisher’s exact test. n indicates the number of individuals with DMD
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DMD phenotype. p = p-value, as calculated by Fisher’s exact test; p* = Benjamini—-Hochberg adjusted p-value. (B) Heatmap
showing the relative severity of the consequence of out-of-frame mutations amenable to skipping of each exon.

3.4. Comparison of Phenotypes of In-Frame Exon Skip-Equivalent and Out-of-Frame Exon
Skip-Amenable Mutations

To simulate the clinical phenotype before and after exon-skipping therapy, we looked at
the differences in phenotypic outcomes of in-frame exon skip-equivalent and out-of-frame
exon skip-amenable mutations for each exon using the data present in the UMD-DMD France
Knowledgebase. Our analysis identified 21 exons at which in-frame deletions start and/or end
(exon skip-equivalent mutations) were associated with a significantly lower DMD incidence
compared to corresponding exon skip-amenable mutations (Figure 4A,B). Additionally, exons
3-9 and exons 45-55 skip equivalent deletions were associated with a significantly lower
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incidence of a severe phenotype compared to exons 3-9 and exons 45-55 skip-amenable
mutations (p-value < 0.0001).
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Figure 4. Comparison of clinical phenotypes associated with out-of-frame mutations amenable to exon skipping in UMD-
DMD database and in-frame exon skip-equivalent deletions of each exon to simulate the effects of exon-skipping therapies.
(A) Phenotypic outcomes associated with mutations amenable to exon skipping and exon skip-equivalent in-frame deletions
of each exon and their consequent phenotypes. 1 indicates the number of individuals with DMD (red) and milder (blue;
BMD and asymptomatic) phenotypes. Asterisks indicate that exon skip-equivalent in-frame deletions are associated with a
significantly milder phenotype compared to corresponding exon skip-amenable out-of-frame mutations. We compared the
incidence of DMD associated with exon skip-equivalent (or group of exons, e.g., exons 3-9, and exons 45-55) and mutations
amenable to skipping each exon (or group of exons, e.g., exons 3-9, and exons 45-55). The statistical significance was
calculated using Fisher’s exact test. (B) Heatmap showing the relative severity of the consequence of exon skip-equivalent
in-frame deletions and exon skip-amenable mutations. * p < 0.05, ** p < 0.01, *** p < 0.001
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4. Discussion

The FDA approvals of eteplirsen, viltolarsen, and golodirsen are an inspiring devel-
opment in treating DMD, although these drugs cumulatively can only be administered
to approximately 20% of the total DMD population who are specifically amenable to
exon 51 and exon 53 skipping [12,25,26]. Besides, the development of antisense thera-
pies to skip additional exons could theoretically help to treat up to ~80% of individuals
living with DMD [16,27]. Currently, clinical trials to evaluate exon 44, 45, 51, and 53
skipping antisense drugs are underway (clinicaltrials.gov: NCT02530905, NCT04179409,
NCT02667483, NCT02500381, NCT04433234, NCT04129294). Besides, the development
of mutation-tailored cocktail antisense drugs applicable for treating a large portion of the
DMD population carrying out-of-frame deletions also showed potential [15,28].

This study focused on the phenotypes associated with large deletions involving one
or more exons to result in in-frame transcripts. While 1408 large in-frame deletion patterns
are theoretically possible within the DMD gene, this study identified only 180 (12.78%) of
them in individuals in the searched sources of clinical data (Figure S2B and Table S1). The
absence of clinical data on individuals with the remaining deletions, perhaps due to the
deletions” extreme rarity or that the associated phenotypes are asymptomatic or very mild,
that the mutations remain undetected and unreported.

The clinical data on individuals with large in-frame deletions in DMD present that
nearly 80% (78.54%) have milder BMD or asymptomatic phenotypes (Figure S2A and Figure
2A). Nearly 1 out of 5 individuals (21.46%) developed severe phenotype, i.e., DMD, despite
their predicted in-frame deletions. Interestingly, the occurrence of severe phenotype was
over four-times higher among the individuals constituted from the literature (Figure S2A).
This indicates the potential presence of reporting bias in the clinical reports [29]. To note,
in the aggregate of the data collected from the two databases but without those obtained
from the literature, 11.05% of individuals with in-frame large deletions developed severe
phenotype, which is comparable with the numbers indicated by previous reports (Figures
S5 and S6) [7,8,10,20,30].

A previous report studying the clinical phenotypes of DMD exon 51 skip-equivalent
deletions identified 12% of patients had severe phenotypes despite their predicted in-frame
deletions [31]. The individuals with DMD phenotype with in-frame deletions indicate
the need for subtle knowledge of the reading-frame rule for dystrophinopathies. It also
reflects the complex biology of dystrophinopathies and an array of different factors may
influence the ultimate clinical phenotype. These factors may include but are not limited to
the inherent leakiness of splicing seen in some exons, the effect of predicted frame-altering
mutations on splicing signals, and the stability and tertiary structure of the resultant
protein [16,32-34].

Irrespective of the data source, deletions starting and/or ending at some exons were
associated with a more severe phenotype (Figure 2 and Figures S2-56). Additionally, in-
frame deletions starting and /or ending within the exons 3-13 hotspot region was associated
with an elevated frequency of a severe phenotype, while those starting and/or ending
within exons 44-55 region resulted in a significantly lower incidence rate for a DMD
phenotype (Figure S2C and Figure 2). An explanation for why the occurrence of a severe
phenotype is associated with these deletions is currently unclear. One possible reasoning
could be that these deletions, although been predicted as in-frame, result in a less stable
or non-functional protein, as a part of N-terminal hotspot encodes for the actin-binding
domain. However, the deletion of certain exons involved with coding for portions of the
central rod domain may have a less significant impact on skeletal muscle pathology [35],
which is what is reflected in this study. Given the retrospective and meta-analytic nature
of this study, we did not have access to do any muscle tissue biopsy to investigate the
actual cause beneath the elevated frequency of severe phenotype associated with these
deletions, and it would also be beyond the scope of this study. Further assessment in
clinical status and muscle tissue analysis may help conclude the factors behind the findings
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of a severe phenotype associated with these exons, which could be interesting and may
provide essential insights for therapeutic development.

Importantly, this study identified five exons, including exons 4, 45, 47, 48, and 55, at
the start and/or end of in-frame deletions associated with a significantly lower frequency
of a DMD phenotype than average (Figure 2A). A previous study of 4894 patients with
in-frame and out-of-frame large deletions from the TREAT-NMD DMD Global database
listed the top ten skippable DMD exons, including exons 8, 43, 44, 45, 50, 51, 52, 53, and
55, that would apply to the largest group of patients with DMD [7]. Our study identified
that individuals with large in-frame deletions starting and/or ending at many of these
exons had a significantly lower frequency of developing a severe phenotype than those
having a mutation amenable to skipping those exons (Figures 2 and 4). It also suggests
that the skipping of exons 3 to 9 and 45 to 55 could be promising targets for treating DMD
(p-value < 0.0001).

Among the exons we identified as associated with a significantly lower incidence
of DMD, exon 45 is already being thoroughly studied as a target for the development of
exon-skipping therapies [16,36]. Casimersen, an antisense drug of phosphorodiamidate
morpholino chemistry to treat DMD amenable to exon 45 skipping, has recently been
accepted and placed under priority review by the FDA [37,38]. The other five exons are
also deemed promising therapeutic targets of exon skipping, although some of them are
not applicable to many patients.

While the present study included a reasonably comprehensive dataset, it has several
limitations. First, a significant limitation is that the specific deletional patterns between
DMD patients eligible for exon skipping with out-of-frame deletions and in-frame deletions
of exon skip-equivalent deletion mutations are not always comparable. This is particularly
the case for exon 44 skipping. Over two-thirds of the (67.89%) out-of-frame deletions
amenable to exon 44 skipping start at exon 45, whereas ~98% of the in-frame deletions
(exon 44 skip-equivalent) end at exon 44 (Figure S8). Second, the effects of in-frame
deletions at the DNA level are not necessarily equivalent to the effects at the RNA level
in antisense-treated cells. For example, in a DMD dog model, skipping of exon 8 using
an antisense morpholino led to spontaneous skipping of exon 9 in addition to exon 8 [28].
As such, the effects of exon 8 skipping might be more relevant to exon 9 skip-equivalent
in-frame deletion rather than exon 8 skip-equivalent in-frame deletion. Third, among the
literature included, some studies only enrolled patients diagnosed with either DMD or
BMD, potentially influencing the results. Fourth, some studies did not interrogate all DMD
exons, leaving the possibility that, although unlikely, the patients may have harbored a
second mutation. Fifth, the exceedingly high proportion of the DMD phenotype in the
literature also raises the concern that there could be some reporting biases in play. Lastly,
other factors, including the variability of antisense oligonucleotide-mediated exon skipping
efficacy for different exons, also need to be considered to design exon-skipping therapy.
Hence, these potential limitations should be considered with care when interpreting the
data presented in this study.

5. Conclusions

This study highlights the genotype-phenotype association among individuals with
large in-frame deletions starting and/or ending at different exons in DMD. While most exon
skip-equivalent in-frame deletions are associated with a significantly milder phenotype
compared to corresponding exon skip-amenable out-of-frame mutations, we identified
several exon skip-equivalent in-frame deletions that are the most promising therapeutic
targets. However, the phenotypic variability in individuals with specific in-frame exon
deletions found in this study is suggestive of the issue that the response to exon-skipping
therapy could be variable and may be impacted by multiple factors. This study largely
indicates that genotype-phenotype correlation analysis can significantly contribute to the
rational design of exon-skipping therapies; however, hints at the necessity of continued
evaluation of genetic and other modifiers.
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