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Abstract

Background: Despite promising advances made in the past 30 years owing to the identification of
the molecular bases of Duchenne muscular dystrophy (DMD), several obstacles remain for a full
translation of novel therapies into clinical practice, and DMD patients and their families must still
cope with severe disability and grim perspectives for the future. One of the most challenging hurdles
to the success of clinical trials is the considerable inter-patient variability in terms of age at
presentation, weakness progression, and degree of involvement of the central nervous system (CNS)
observed in DMD, that represents, the relevant phenotypic variability of DMD. The genetic
background, defined as, variations in genes different from disease genes, is increasingly believed to
modulate the phenotype of Mendelian diseases. These trans-acting variants are called genetic
modifiers.

In this thesis, we aimed to deepen current understanding of the role of genetic modifiers in

determing/influencing the phenotype in DMD. Therefore, the following aims were formulated.

Aims:
e In this project, we aimed to perform a genome-wide association study (GWAS) to search for
DMD modifier loci, leveraging on clinical data and DNA samples from a large cohort of
DMD patients followed by the Consortium of Italian Centers, which has collaborated to study
DMD natural history over the past decade. In this thesis we present preliminary data on 265
DMD patients, but the final GWAS (still in progress, delayed by the Covid-19 pandemic) will

include 700+ patients.

e We also aimed to identify candidate variants involved in the modulation of the CNS
phenotype in dystrophinopathies, by performing whole genome sequencing (WGS) in a pair
of DMD siblings with discordant cognitive phenotypes and by filtering variants using a

dedicated bioinformatic algorithm.

e Lastly, we aimed to verify if known genetic modifiers of loss of ambulation (LoA) in DMD,
both cis and frans acting, also affect the Performance of the Upper Limbs measured with the
PUL test. Moreover, all associations were tested for validation in an independent cohort (i.e.
Cooperative International Neuromuscular Research Group Duchenne Natural history Study,
CINRG-DNHS) in which patients had been tested using the Brooke scale for upper limb

function.



Materials:

GWAS, as well as the analysis of copy number variants (CNV), were carried out using a high-
density Illumina Infintum Omni2.5Exome-8 version 1.5 chip and a pipeline for data
interpretation was implemented based on cutting-edge statistical models and ad-hoc scripts,
in order to fully exploit the high resolution of single nucleotide polymorphisms (SNP)
assessment in the genome of the whole cohort. For the GWAS (variants above 5% MAF) we
will use cox-regression-based tests for quantitative traits (age at loss of independent

ambulation) regressed vs. genotype.

As for the second aim, we performed WGS (Illumina NovaSeq, 150-bp paired-end reads)
using DNA extracted from peripheral blood of Patients 1 and 2 and their parents. Structural
variants (SVs) were analysed with BreakDancer algorithm2 while indels and SNPs were
filtered through custom Python scripts according to the following criteria: SNP not shared
between the two siblings and frequency lower than 5% in the European population; gene

function was also considered.

For the last aim an Italian multicenter cohort of patients with molecularly confirmed DMD
(n=137) was selected based on availability of PUL data (one or more observations) and a
DNA sample for modifier genotyping. Genotyping was performed with TagMan for allelic
discrimination at each SNP: SPP/ rs28357094, LTBP4 rs2303729, rs1131620, and rs10880,
CD40 rs1883832, ACTN3 rs1815739. We applied a multivariate generalized estimating
equation (GEE) model that evaluated concurrent effects of known modifiers of DMD, age,

and GC treatment on longitudinal upper limb function scores.

Results:

We identified a list of SNPs with a suggestive p value, revealing the presence of a candidate
locus in chromosome 1, at a distance of ~3,800 bp upstream of the Clorf21 locus, whose

functional meaning needs to be further elucidated.

Regarding WGS in a pair of DMD siblings with discordant cognitive phenotypes, we focused
our attention on two SNPs, and a deletion resulting from the breakdancer analysis. All of these
variants reside within in a risk-genes for autism, and are co-expressed with dystrophin. The

first one is a single SNP upstream of ANK3, and the second an intronic variant in NRXN3,



encoding the dystrophin-associated glycoprotein neurexin 3. Both of these variants were
previously identified in a WGS study of ASD twins. In our family, the younger brother
(suffering from ASD) was heterozygous for both of these variants, while the elder was

homozygous for the wild-type allele at both loci.

Finally, significant correlations were observed between additive CD40 rs1883832 genotype
and shoulder/distal PUL subscores, with a trend of correlations in the total score. Additive
ACTN3 rs1815739 genotype was also significantly correlated with elbow and distal subscores
Moreover, it was possible to assess a significant correlation of CD40 rs1883832 and SPPI
rs28357094 with the Brooke score in the CINRG-DNHS cohort.



Introduction

A. The role of dystrophin in the skeletal muscle

Composed of regularly patterned fibres and connective tissue, the skeletal muscle presents a high
degree of organization. Its fibres consist of single plasma-membrane-enclosed, multinucleated post-
mitotic cells resting on a basal lamina, that is, the sarcolemma 2. Since myonuclei arise post-
mitotically, and thus cannot contribute to the growth and regeneration of skeletal muscle, satellite
cells, that represents, the stem cells of the skeletal muscle, carry out these processes >*.

The shortening of the sarcomere, which is the functional unit of the skeletal muscle, produces muscle
contraction. In healthy skeletal muscle, this phenomenon is activated by motor neurons, which
transmit action potentials that induce the release of the neurotransmitter acetylcholine at the
neuromuscular synapsis; in turn, acetylcholine triggers the transmission of a second action potential
along the sarcolemma 2. This structure penetrates deeply into the myofiber, where it forms repetitive
structures named T-tubules. The sarcoplasmic reticulum (SR) is the intracellular compartment of
myofibers that stores most calcium ions (Ca?"); its two terminal cisternae, together with the T-tubules,
form the so-called triad. The triad is essential for excitation-contraction coupling (ECC), defined as,
the synchronous contraction of aligned sarcomeric units (i.e., myofibrils) triggered by an action
potential. During ECC, T-tubules mediate the propagation of the action potential from the
sarcolemma to the triad. This induces a change in conformation of a dihydropyridine receptor (DHPR,
or Cayl.1) subunit, which is mechanically coupled to the ryanodine receptor 1 (RyR1) localised at
the terminal cisternae of the SR and triggers its opening. In turn, RyR1 mediates the release of Ca?*
into the cytoplasm of the muscle fibre %°; here, Ca?" ions interact with the myofibrils by binding to
troponin. This protein induces the reorganisation of the actin—tropomyosin structure, thereby
exposing myosin binding sites and allowing the interaction between myosin heads and actin fibres by
crosslinking. According to the sliding filament model, cyclical actin—-myosin binding causes
shortening of the sarcomere, causing the contraction of the tissue. Subsequent repolarisation of the
plasma membrane triggers the closure of DHPR and RyR1, thereby preventing excess Ca®* release.
Sarcoplasmic Ca?" is rapidly taken up again by the SR via sarco/endoplasmic reticulum Ca®*-ATPase
(SERCA) pumps; this process enables the reinstatement of the original conformation of the actin—
tropomyosin structure, thereby inhibiting myosin head binding and causing muscle relaxation 7.
The skeletal muscle isoform of dystrophin (Dp427M) ensures the integrity of skeletal muscle during
contraction 3-1°, This protein, localized in the plasma membrane and oriented towards the sarcoplasm,
belongs to the dystrophin-glycoprotein complex (DGC) ! and interacts with F-actin via its N

terminus, and with B-dystroglycan via its C terminus. The latter also interacts with a-dystroglycan, a



protein that binds to with high affinity to several proteins of the extracellular matrix (ECM), and thus
mediates the connection of the DCG complex to the ECM (Figure 1) !'.

Extracellular Matrix a2 ¢Laminin 2
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Complex Dystroglycans

Sarcolemma
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Figure 1. Dystrophin-glycoprotein complex. In the figure it is possible to observe the various components of the complex and its
structure. Dystrophin interacts with actin filaments through its N-terminal domain and with [-dystroglycan through its C terminus.
Adapted from Yucel et al. (2018).

Thanks to its connection properties, dystrophin has a central role in force lateral transmission,
stabilizing the sarcolemma and preventing its damage during contraction 12, Whenever this system
is defective, contraction-induced injury can arise. The damage happens in two phases, namely the
primary and secondary injury; the latter is due to the activation of inflammatory responses. The
primary injury is characterized by structurally disrupted sarcomeres, with consequent impaired
excitation-contraction coupling and Ca?" signalling, leading to the activation of Ca?'-dependent
degradation pathways '2. Such damage eventually leads to degeneration, necrosis, and fibrosis of the
skeletal muscle "3,

Dystrophin (DMD) is codified by DMD. When this gene is mutated, it results in lack of protein
expression or in the expression of a truncated isoform 413, both of which cause defective connection
between the cytoskeleton and the ECM, leading to skeletal muscle damage as described above.
Located in the chromosome region Xp21 and displaying a length of 2.5 million bp, DMD is the
longest human gene reported so far, and has 8 promoters that give origin to different isoforms. These

include three 427-kDa full-length isoforms containing the same exons but transcribed from distinct

8



promoters: Dp427M, Dp427B, and Dp427P in the muscle, brain, and Purkinje cerebellar neurons,
respectively. The Dp427M isoform is manly expressed in skeletal and cardiac tissue, and in smaller
proportion in the brain !'¢!7. Moreover, DMD can produce other smaller isoforms via alternative
splicing. These splice variants originate via exon skipping (i.e., the exclusion of some exons) and/or
exon scrambling (i.e., exon reshuffling) '®. These events usually occur in specific tissues and account
for the high protein diversity and the complex regulation of dystrophin expression, in line with the
many the tissue-specific functions of dystrophin (Figure 2) 7. Among these dystrophin products, the
shorter isoforms Dp260 and Dpl116 are mainly expressed in the retina and the peripheral nerve,
respectively. While Dp140 are particularly abundant in foetal brain. The Dp71 isoform is expressed

ubiquitously, but shows higher expression levels in the central nervous system (CNS) 1°,
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Figure 2. A) Chromosome localization and genomic organisation of DMD. This gene is localized in Xp21 and consists of 79 exons. In
the figure it is possible to observe the 8 distinct promoters that induce the transcription of the various isoforms (indicated by black
arrows). B) Differences in the structures of various dystrophin isoforms in terms of domain composition. Adapted from Muntoni et al.,
2003.

B. Frequency of reported mutations of the dystrophin gene

Several mutations of the dystrophin gene have been discovered so far: these are all collected in the
Leiden mutation database, and their number is constantly increasing due to reports of mutations newly
identified in patients. In this database, the most frequent mutations are intragenic exon deletions
(72%), which usually involve exon 45 (1.7%) or exons 4547 (1.5%). This points at a mutational

hotspot across exons 45-55 of the dystrophin gene. Exon deletions are followed in frequency by exon



duplications (7%), with duplications of exon 2 being the most common and amounting to 0.4% of all
Leiden database mutations. However, other studies have reported duplications at a frequency of 5—
15%, probably due to comprehensiveness of genetic testing in different labs/centres. Duplications are
usually found in a secondary mutational hotspot, between exon 2 and exon 20, and may be either in
tandem or not, making it necessary to establish the orientation of duplicated mRNA fragments 2.

Point mutations, exonic insertions of repeated sequences, and solely intronic deletions have been

reported at lower frequencies '7?!

. Nevertheless, some authors have shown quite different
frequencies, with deletions, duplications, and small mutations amounting to 65%, 6—10%, and 25%
of all observed mutations, respectively 2. Moreover, a previous study examined subexonic mutations,
and reported a frequency of 64%, 21%, and 14% for nonsense, missense, and frameshift mutations,
respectively 2. In any case, deep intronic mutations and complex rearrangements are the rarest
mutations, amounting to approximately 2% of all reported mutations 4.

The reading frame rule states that the patient’s phenotype can be predicted according to the type of
DMD mutation that he/she carries; however, this rule also has exceptions, which must be considered.
Dystrophin is a 427-kDa protein belonging to the B-spectrin/a-actinin family ', and has four separate

functional domains: a N-terminal domain capable of binding to actin bundles; a central rod domain

including 24 spectrin-like repeats; a cysteine-rich domain; and a C-terminal domain?® (Figure 3).

ABD Rod domain Cys rich C term

>

Figure 3. Structural domains of dystrophin. Dystrophin can be structurally divided in various domains: a very large central domain,
also known as the “rod domain”, which confers flexibility to the protein; an N-terminal domain that enables the protein to bind to
peripheric actin bundles in the cytoplasm; a cysteine-rich (CR) domain; and a C-terminal domain mediating its interaction with f3-
dystroglycan (edystrophin.genoouest.org).

Deletions in the hotspot spanning exons 45—53 correspond to deletions in the rod domain, whereas
mutations in the N-terminal hotspot remove some actin-binding sites as well as part of the rod domain
2627 The N terminus of dystrophin binds to the F-actin cytoskeleton in the sarcolemma. In addition,
the central rod domain is fundamental for the binding of dystrophin to B-dystroglycan, which
mediates the interaction of dystrophin with the dystrophin-associated complex (DPC) within the
sarcolemma (Figure 3) 8. Its spectrin-like repeats resemble the triple helical repeats of spectrin, and
include four hinge regions rich in proline. Of these, the most C-terminal is localized right after the
most C-terminal spectrin-like repeat, followed by a WW domain; the latter plays a role in protein
binding and in interacting with various signalling molecules. The cysteine-rich domain enables
dystrophin to bind to calmodulin in a Ca?'-dependent manner, similar to many other types of zinc
finger proteins. This domain includes two EF-motifs and a ZZ domain: the first may bind Ca?",

whereas the latter contains several conserved cysteine residues that putatively bind to divalent metal

10



cations. Finally, the C terminus contains the CC domain, consisting of two polypeptide stretches with
a conserved heptad repeat.

The various proteins included in the DPC make up two subcomplexes: a structural complex and a
signalling complex. The structural complex consists of dystrophin together with y-actin,
microtubules, intermediate filaments, and o/B-dystroglycans; the signalling complex includes
dystrobrevins, sarcoglycans, syntrophins, sarcospan, biglycan, and integrin °.

Since dystrophin physically connects the cytoskeleton to the ECM, this protein has been suggested
to mediate force transduction from muscle fibres to the ECM and/or alleviate the elastic extension

that is produced in stretching muscle 3°.

1. Pathogenesis

Because of its low number of resident pro-inflammatory cells, the skeletal muscle of healthy
individuals cannot usually trigger strong localized immune responses. Therefore, the limited extent
and quick resolution of inflammation enable healthy muscles to regenerate rapidly.

Conversely, several innate immune system components are strongly activated in DMD muscles soon
after birth, even before clinical symptoms appear. Among others, the Toll-like receptor (i.e., TLR4
and TLR7) and nuclear factor kB (NF-xB) signalling pathways are altered, and major
histocompatibility complex (MHC) class I molecules are expressed abnormally on myofibres. It is
likely that dystrophin-deficiency-dependent membrane instability and the consequent release of
cytoplasmic contents in the extracellular space mediate such immune activation. Specifically,
damage-associated molecular pattern (DAMP) molecules interact with TLRs, thereby inducing
inflammasome assembly and persistent immune activation. Moreover, the abundance of pro-
inflammatory CK in the microenvironment triggers the recruitment of T and B cells, stable expression
of MHCI/II on myocytes, and the insurgence of induced immune responses in the extracellular space
31, Muscles subjected to several cycles of degeneration can eventually become necrotic, and may take
up to 2 weeks to fully regenerate. DMD muscles usually undergo chronic inflammation due to the
asynchronous regeneration of necrotic neighbouring fibres; such state promotes the maintenance of a
strong pro-inflammatory environment for innate immunity (Figure 4) 3!.

Consistent with their role in the phagocytosis of cellular debris and promotion of myogenesis during
tissue regeneration, neutrophils and macrophages usually infiltrate the necrotic skeletal muscle first
3233 These cell types also participate in post-inflammatory fibrosis; in particular, activated

modulatory (M2) macrophages express arginase I, an enzyme implied in collagen synthesis 343,
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whereas chronic inflammation, a crucial driver of fibrogenesis, is sustained by inflammatory (M1)

macrophages 3738,
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Figure 4. A) Stages of post-injury regeneration in the healthy muscle of mice. Post-injury regeneration of skeletal muscle consists of
precisely synchronized phases. First, neutrophils start infiltrating the mouse muscle within 24 hours from injury, followed by pro-
inflammatory M1 macrophages within 2-3 days. Next, at days 5—10, remodelling M2 macrophages predominantly populate the muscle,
and contribute to the resolution of inflammation and muscle repair. Muscle regeneration is usually completed by day 14. B) Dystrophin-
deficient human muscle showing asynchronous degeneration and regeneration cycles. In dystrophin-deficient human muscle, post-
injury repair is impaired by the release of cytokines (e.g., TGFp) and the consequent sustained fibrosis, which depend on asynchronous
cycles of degeneration and regeneration of neighbouring myofibres. Image: muscle biopsy from a patient with DMD, characterized by
regions of almost normal myofibers but showing chronic inflammation between them, together with necrosis, neutrophil- and
macrophage-mediated phagocytosis, and fibrosis due to impaired muscle regeneration (Rosenberg et al., 2015).

Transforming growth factor p (TGFp), mainly produced by macrophages ¥, is largely acknowledged
as the most effective fibrogenic factor 4%#!, and plays a pivotal role in regulating post-injury muscle
regeneration. TGFp is produced in the form of a latent precursor, which is located in the ECM and
activated only upon tissue damage or in presence of specific growth signals 44, Subsequently,
heterodimeric complexes composed of a TGFp type I and type II receptor bind to activated TGFp.

Notably, TGFp-triggered fibrogenic conversion of satellite cells 43¢ induces the latter to express
matrix proteins at a high level and forego their characteristic gene expression signature. Altogether,
this modulation of cellular homeostasis has been suggested to participate in reducing the ability of

the skeletal muscle to regenerate, and to promote fibrosis in mdx animal models +>7.
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2. Duchenne muscular dystrophy

Duchenne Muscular Dystrophy (DMD) has been clinically acknowledged since the 19 century,
when Guillaume-Benjamin-Amand described in detail the conditions of 13 patients exhibiting
progressive muscle weakness *¥; nevertheless, several other physicians have reported this disease
even earlier ¥°. DMD affects 1 every 5000-10000 live-birth males 3! and, together with Becker
Muscular Dystrophy (BMD) and DMD-associated dilated cardiomyopathy (DCM), is a
dystrophinopathy, a group of X-linked muscle disease due to mutations in DMD '3,

C. Clinical History

Patients with DMD in their early childhood usually start showing the first symptoms, that represents,
general motor delays (42%), gait alterations (30%), delayed walking ability (20%), difficulties in
learning (5%), and speech impairment (3%)°2. Moreover, the observation of elevated CK levels in

routine blood tests can also raise clinical suspicion.

The impaired motor abilities of patients with DMD can be revealed by neurological examination,
together with the observation of frequent falls and waddling gait with flat foot or, less commonly, toe
walking. The greater muscle weakness of the lower limbs becomes apparent when observing the
behaviour of a child with DMD trying to stand up from a floor-sitting position; while doing this, the
child supports his/her own weight using his/her hands and arms to progressively straighten his/her
body, resulting in the typical Gower manoeuvre (Figure 5). Pseudo-hypertrophy of calves, associated
with increased consistency, is often visible in the lower limbs. Initially, early steroid therapy results
in improved motor function; however, this reaches a maximum around the age of 7 years and then
slowly deteriorates, owing to progressive muscle weakening. In the next phase of the disease, the
patient loses the ability to jump, run, and climb stairs, and can walk independently along a smaller
and smaller distance over time. Finally, the patient becomes unable to walk for 10 m: the age at which

the patient reaches this point ad becomes wheelchair dependent, usually before his/her thirteenth

Figure 5. The Gower manoeuvre (https://mdcrc.org/duchenne-muscular-dystrophy-dmd/)
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birthday, is regarded as the age at loss of ambulation (LoA). Several factors, including the occurrence
of steroid therapy, surgery, excessive weight increase, traumatic fractures, and concomitant diseases,
as well as the presence of genetic modifiers, contribute to the modulation of age at LoA. In particular,
some exceptional cases of steroid-treated patients presenting with a mild DMD phenotype who lost
ambulation after the age of 16 have been reported 335,

The DMD population exhibits a height-for-age and a body mass index (BMI)-for-age significantly
different from those of the healthy population (Figure 6,Figure 7).
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Figure 6 . Height-for-age percentile curves for boys with DMD aged 2—12 years compared with the CDC 2000 curves. Adapted from
West et al., 2013.

In particular, even in absence of steroid treatment, which causes body shortening, boys with DMD
are shorter than healthy boys but exhibit greater increases in BMI; therefore, personalized growth
charts are required to precisely monitor growth patterns in boys with DMD 36, Patients with DMD
may benefit from having a shorter stature, which may reduce the pressure on muscles and thus slightly
delay the progression of DMD. LoA can negatively influence many aspects of the patient’s life. For
instance, lack of exercise can lead to excess weight gain, whenever food intake is not actively limited.
Especially when subjected to stable steroid therapy, obese patients present an increased risk of
developing glucose intolerance and ultimately type 2 diabetes mellitus. Moreover, patients with DMD
frequently suffer from tendon contractures, particularly equinus ankle contractures. In addition,
scoliosis may arise from the progressive weakening of axial muscles and pelvic imbalance; this may
exacerbate respiratory difficulties and thus significantly affect the patient’s quality of life. Scoliosis
can involve up to 15 vertebral segments; however, until the angle of spinal curvature is not
noteworthy, the latter can be easily overlooked upon clinical observation. Notably, stable steroid

therapy and the use of orthoses, such as body jackets, customized seating inserts, and modifications
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Figure 7. Weight-for-age percentile curves for boys with DMD aged 2—12 years compared with the CDC 2000 curves. Adapted from
West et al., 2013.

of the wheelchair, can help postpone LoA and thus delay the onset of scoliosis. Nevertheless, scoliosis
is inevitable in wheelchair-dependent patients, becoming even more rapid when the spinal curvature
reaches 40° or more, and frequently requires surgery. Therefore, early referral to a spinal surgeon is
recommended after scoliosis progression. In particular, if scoliosis affects significantly the respiratory
function of the patient, spinal surgery should be considered even before the spinal curvature reaches
40° 5557,

In patients with DMD, the upper limbs remain functional for a much longer time than the lower limbs,
allowing wheelchair-bounded patients to reach a certain degree of independence. However, disease
progression entails impaired functionality also of the upper limbs, which begins in the proximal
shoulder region, and manifests itself in the inability to raise the arms over the head and in greater and
greater difficulty in self-feeding. Next, muscles in the elbow and ultimately the distal region start
weakening, and patients become unable to use any writing tools and even the wheelchair joystick,
and thus completely dependent on their caregivers. The degree of muscle degeneration differs in
distinct muscles, as revealed by early muscle magnetic resonance imaging (MRI). At the shoulder
level, the latissimus dorsi, the infraspinatus, and the subscapular muscles are the most affected, even
if they do not show functional impairment; this may depend on the fact that this medial group of
muscles is highly involved in postural control. Moreover, MRI revealed that, at the arm level, the
most affected muscles are the biceps, brachialis, and triceps; and, at the forearm level, the supinator
and pronator teres 38,

Finally, late-stage patients with DMD can present with macroglossia, and thus with impaired ability

to speak and swallow. Swallowing difficulties may also result in dysphagia; the latter, together with

15



loss of mobility, can lead to either undernutrition or overnutrition, which are linked to distinct health

risks 333,

D. Histology

Histologically, skeletal muscle biopsies from dystrophic patients are characterised by rounded,
hypertrophic, and atrophic fibres of variable size. Moreover, it is possible to observe the presence of
necrosis, an increased number of central nuclei, excess of connective tissue, and enlarged adipose
tissue (Figure 8). Collectively, these features are often referred to as “dystrophic” and reflect tissue
necrosis and subsequent skeletal muscle loss. Pathological changes can be seen even in very young
DMD patients, with elevated cytokine (CK) levels as only disease manifestation. Abnormalities can

also be seen in 1-year-old BMD patients !.

Figure 8. Haemoxylin-Eosin staining of skeletal muscle biopsies. A) DMD muscle with its main histological features: fibro-fatty
substitution necrosis and fibre size variation . B) Normal condition in healthy muscle tissue.

E. Phenotype variability

DMD and BMD dystrophic patients are not always easy to distinguish; to that aim, three orders of
evaluations are required: (i) genomic and transcriptomic characterization of DMD mutations (i.e.,
predicting the effect of the mutation(s) on the open-reading frame of the gene); (ii) performance of
immunohistochemistry (IHC) and western blot (WB) on skeletal muscle biopsy samples; and (iii)
considering clinical criteria >°.

Within the boundaries of the clinical and molecular definition of DMD, a spectrum of phenotype
severity is visible in DMD patients %93, Phenotype severity is primarily measured in terms of age at
loss of ambulation. Such phenotype variability depends on both environmental and genetic effects.

The genetic effects can be further distinguished into “cis-" and “trans”-acting effects.
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“Cis” effects depend on DMD mutations; in fact, the skeletal muscle fibres of DMD patients may not
always be fully dystrophin deficient. Protein assays such as IHC and WB, have limited sensitivity;
therefore, small amounts of protein may remain undetected but still have an effect on the disease
progression *°. On the other hand, examples of factors that act in “frans” are genetic modifiers,
defined as, variant alleles of genes other than DMD, which influence patient phenotype by modifying
the response to treatment, the onset and the progression of the disease, etc. Investigating the variation
in DMD phenotypes may shed further light into the mechanisms of DMD pathogenesis and suggest

novel therapeutic targets. Moreover, it may help design clinical trials more efficiently >°.

a) Involvement of the CNS

Dystrophinopathies may also affect the central nervous system (CNS). In particular, DMD has been
widely acknowledged to entail a risk of intellectual disability, since approximately one-third of
patients suffer from cognitive impairment and display average intelligence quotient (IQ) scores
approximately 1 to 1.5 standard deviations (SDs) lower than those of age-matched peers %. Verbal
cognitive abilities are particularly affected at a young age, but the gap between verbal and
performance IQ tends to reduce along development . In fact, cognitive impairment of DMD patients
tends to stabilize or improve with age; this phenomenon is in contrast with the progressive nature of
the neuromuscular disease, and suggests that dystrophin is implied in neurodevelopment. In addition,
although the results of brain magnetic resonance imaging (MRI) of DMD patients are largely normal,
fine volumetric measurements may unravel reduced cortical volumes ®; moreover, alterations in
connectivity have been recently shown by functional MRI . DMD patients can also present with
other CNS phenotypes, such as autism spectrum disorders (ASD), attention deficit-hyperactivity
disorder (ADHD), depression, anxiety, obsessive-compulsive disorder (OCD), and, more rarely,
epilepsy 7. Altogether, these phenotypes extensively affect the disease-related quality of life (QoL)
of patients, and also influence their motor abilities and compliance to pharmacological and non-
pharmacological treatments. Notably, both full-length (Dp427m and Dp427c¢) and short dystrophin
isoforms (Dp140 and Dp71) are expressed in the CNS, albeit with different anatomic patterns, timing,

and functions '°.

b) Standard of care and environmental effect

As a standard, DMD patients are cared for through physical therapy, management of joint
contractures, manipulations for prevention of bone fracture, and treatment with glucocorticoid
corticosteroid (GC), especially with regard to deflazacort and prednisolone (DFZ and PRED,
respectively) 7!, In order to achieve the best possible outcome, GC treatment should be started

ahead the onset of the decline phase 2. This therapy, although it cannot alleviate the disease, has been
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demonstrated to delay LoA by an average of 3 years 7°, preserve pulmonary function, and delay the
onset of DCM and scoliosis 7.

In a recent study, Hufton and Roper have confirmed the importance of environmental effects in the
definition of the DMD phenotype. These authors considered the socio-economic condition of patients
and showed that South Asian patients with poor backgrounds display earlier LoA as socio-cultural

factors influence their access to treatment 72

c) “Cis” effect — DMD mutations

Deletions are the most common modifications of the DMD gene (65% of cases), followed by
duplications (5-15%). Deletions have been described dispersed almost anywhere in the gene
sequence; however, two deletion hotspots have been reported: the first is located towards the centre
of the sequence and includes exons 45-55; the second is located towards its 5’ end and includes exons
2-19 17,

The “reading frame hypothesis” 7> has been successfully applied to associate the genetic defect to
DMD severity. Nevertheless, several reports clarified that not all DMD mutations exert the same
effect on phenotype 619376, For example, Wang and colleagues analysed disease severity in DMD
patients that were amenable to targeted skipping of exons (8, 44, 45, 50, 51, 52, 53, or 55), and also
nonsense mutations or exon duplications. These authors demonstrated that mutations amenable to
exon 51 skipping induce earlier LoA compared to that associated to all other mutations 3. Moreover,

patients amenable to exon 8 or exon 44 skipping presented a less severe phenotype compared to that
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Figure 9. Kaplan—Meier curve of age at LoA in patients eligible for exon skipping therapy. Individuals amenable to exon 8 skipping
and exon 44 skipping exhibited delayed LoA. Conversely, exon 51 skippable individuals presented LoA at a younger age. The age at
LoA of all other groups (exon 45, 50, 52, and 53 skipping, duplication, and nonsense mutation) did not differ significantly, these groups
were thus merged. All subjects were receiving corticosteroids at the time of exon skipping therapy .
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of patients carrying other defects ©16>76 (Figure 9). From these findings, the authors argued that
endogenous exon skipping during DMD transcription results in the production of few in-frame
mRNA molecules and low levels of rescued dystrophin protein; this contributes to the reduction of
disease severity in terms of later age at LoA in patients subjected to exon 44 or 8 skipping .

This mechanism was found to apply to a patient eligible for exon 44 skipping ’7. The LoA in this
patient, who carried an out-of-frame deletion of exon 45, happened when he was 18 years old, with
a delay with respect to the average age of 12 for LoA in DMD patients. Interestingly, muscle biopsy
of the patient indicated the presence of low dystrophin levels, despite the out-of-frame mutation. This
phenotype could be explained by the observation of partial exon 44 skipping; the resulting dystrophin
mRNA molecules, lacking exons 44 and 45, were translated into internally truncated proteins, which
could probably retain sufficient dystrophin function to delay LoA until 18 years of age 7.

Situations where exon 44 might be skipped has been found to be associated to a hazard ratio (HR) of
0.54 % or 0.34 7%, These data indicate that the effect of this mutation on the phenotype is similar to
that of corticosteroid treatment [HR for DFZ, 0.31 ¢ or —0.22 76; HR for PRED, 0.62 %3 or 0.34 7].
Based on the position of internal promoters, Table 1 summarizes the effect of different DMD mutation
localizations on dystrophin isoform expression. Dp140 and Dp71 clearly play a more relevant role in
the CNS than in other tissues affected by dystrophinopathies: in fact, mutations located closer to the
3’ of the DMD gene, interfering with the expression of these isoforms, are associated with more
frequent and pervasive cognitive issues, and with a higher chance of CNS comorbidities (i.e.,
compresence of several of the above-mentioned CNS phenotypes) 8. In particular, the fine structural
defects observed by quantitative MRI may be due to the absence of Dp140, since this isoform plays
a putative role in neurodevelopment %. Conversely, the absence of Dp71 is usually associated with
serious cases of intellectual disability and ASD, consistent with the complex roles of the many
splicing isoforms of Dp71 in neuronal differentiation, synaptic organization, membrane channel

scaffolding, and other neuronal functions 7°.

Mutation localization Dp427 Dp260 Dp140 Dpl116 Dp71
involving exons up to 29 absent present  present present Present
involving exons up to
30-44

involving exons up to
45-50

involving exons up to
51-55

involving exons up to
56-62

involving exons up to
63-79

involving exons up to 29 altered  present  present present Present

absent absent present present Present

out-of-
frame
(DMD)
mutation

absent absent uncertain  present Present
absent absent absent present Present
absent  absent absent absent Present

absent absent absent absent Absent
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involving exons up to
30-44
involving exons up to
45-50
involving exons up to
51-55
involving exons up to
56-62
involving exons up to
63-79

altered  altered  present present  Present

altered  altered  uncertain present  Present
in-frame
(BMD)

mutation

altered  altered  altered present  Present
altered  altered  altered altered Present

altered altered altered altered Altered

Table 1. Effects of different DMD mutation localizations on dystrophin isoform expression DMD/BMD.

d) “Trans” effect — genetic background

In addition to the above mentioned variability in clinical care and DMD mutations, the phenotypic
variability observed in DMD patients can also depend on their genetic background, in particular on
the mutational status of genetic modifiers *°. These are polymorphisms in genes other than DMD that
influence disease phenotype.

Genetic modifiers involved in Mendelian diseases can be unravelled via hypothesis-driven or
hypothesis-free approaches. The first ones, are based on association studies on candidate genes,
whereas the second ones are based on genome-wide association studies (GWAS).

Targeted association studies allow to focus on selected variants in genes with a known role in disease
pathogenesis, pinpointed by previous preclinical and tissue-based studies. The associated scientific
questions can be addressed with sufficient statistical power using a relatively small sample size.

On the other hand, GWAS approaches may enable to identify novel genetic modifiers. The
disadvantage of this strategy is the requirement of a large sample size for statistical significance, a
very challenging point when studying rare diseases such as DMD %.

Currently, 8 single nucleotide polymorphisms (SNPs), discovered via both hypothesis-driven and
hypothesis-free approaches, are known DMD genetic modifiers. These are SPPI rs28357094 0,
LTBP41s10880, 1s2303729, and rs1131620 3!, CD40 rs1883832 %2, ACTN3 rs1815739 3, and THBS1
12725797 and rs2624259 34, These SNPs lie on genes with a significant role on response to treatment,

DMD pathogenesis, fibrosis, inflammation, and muscle function (Figure 10).
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Figure 10. Schematic of the proposed molecular mechanisms explaining the association between modifier single nucleotide
polymorphisms (SNPs) and Duchenne muscular dystrophy phenotypes. The SNPs shown in the figure are distinguished as follows: left
panel, “protective” alleles, which act as genetic modifiers by ameliorating the clinical parameters (such as LoA) of patients with
DMD:; right panel, “detrimental” alleles, which exacerbate disease phenotypes. Moreover, biological processes that are usually
enhanced in presence of specific alleles are marked in red, while those suppressed are marked in blue. Only genes involved in
inflammation and fibrosis are shown (Bello et al., 2019).

(1) SPP1 (Secreted PhosphoProtein 1 or Osteopontin)

The SNP 1528357094 of SPPI has been found to be involved in the modulation of the DMD
phenotype via a GWAS approach focusing on DMD phenotype variability 3°. This discovery was
made by subjecting skeletal muscle biopsies from patients with DMD showing severe or mild
phenotypes to microarray analysis. After the identification of differentially expressed genes, SNPs
with known functional effects within these genes were searched in the literature. Among these,
rs28357094 in SPP1 was selected. SPP1, encoding the protein osteopontin (OPN), was found to be
more expressed in samples from patients with severe phenotype. This effect was predicted to depend
on rs28357094, a SNP 66 bp upstream the starting codon, where is predicted to be the binding site
for the ubiquitous transcription factor Spl. In fact, it known that the presence of the G allele hinders
Spl binding, with subsequent reduced expression of OPN 8, Notably, consistent with a dominant
model, the presence of rs28357094 anticipated LoA by approximately 1 year in patients harbouring
at least one copy of the less frequent allele G 8°. OPN is expressed in several cell types and has five
different isoforms. These can be secreted as soluble cytokines or as ECM components; moreover, an

intracellular form of this protein has been reported in murine cells . OPN undergoes several
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modifications, such as glycosylation, phosphorylation, sulphation, and proteolytic cleavages by
thrombin and matrix metalloproteinases ®7. This cytokine is involved in many processes, among
which fibrosis, inflammation, cancer and tissue repair. OPN has multiple roles in skeletal muscle is
varied and differs between species. Unlike in humans, injured muscle of mice presents reduced
transcription of Spp! (the mouse ortholog of SPPI) 8. Studies in mice have also suggested that OPN
plays a significant role in regulating macrophage invasion and the remodelling of damaged muscle
tissue #. The role of OPN has been further elucidated through studies in DMD mice. In particular,
mdx DMD mice were crossed with opn knockout mice to generate the dmm strain, mutated for both
genes; the genotype of the latter resembles that of patients with DMD carrying at least one minor G
allele in the rs28357094 locus. Interestingly, dmm mice exhibited increased strength, reduced fibrosis,
and lower accumulation of TGFJ, a factor reported to trigger fibrosis in the late stages of DMD (see
Pathogenesis for more details) %%, with respect to mdx mice *°. Furthermore, dmm mice exhibited a
shift in macrophage phenotype from M1 to a M2 phenotype °'. Such modifications may explain the
observed increased efficiency of regeneration and delayed end-stage fibrosis °!. The fact that OPN is
secreted by myoblasts during regeneration is a further confirm of its fundamental role in this process
%2, In summary, DMD patients carrying at least one G allele at the locus of interest have severer
phenotypes compared to those of patients with a TT genotype; conversely, dmm mice present milder
phenotypes than those of mdx mice. To explain this contradiction, the presence of several enhancer
elements upstream of the SPPI promoter have been reported. Among these, a NF-kB binding site and
a glucocorticoid response element (GRE) may be involved in DMD pathogenesis; notably, NF-kB
signalling is known to be enhanced in DMD patients 3. These enhancers have been shown to promote
OPN production only in presence of the G allele (Figure 11) 3. Altogether, these findings suggest
that patients with DMD carrying a G allele may show greater SPP1 transcription induced by NF-xB
signalling and/or glucocorticoids during chronic inflammation; in turn, this may exacerbate the pro-
inflammatory state of muscle and negatively affect the phenotype, as previously reported 3.
Following the study of Barfield and colleagues, several studies were recently performed to observe
the effect of rs28357094 in DMD patients; these were carried stratifying the population, according to
whether participants had been subjected or not to GC treatment for at least 1 year before LoA or last
follow-up. Notably, a larger effect of rs28357094 was observed in the GC-treated subpopulation, with
a 2-year-earlier LoA in patients with the dominant G genotype; conversely, the median age at LoA
was identical among patients of any genotype in the untreated subpopulation. These results suggest a
possible interaction between the SPPI genotype and response to glucocorticoids, leading to the

increased relevance of the SPPI genotype in GC-treated than untreated DMD patients *.
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Figure 11. Schematic structure of the OPN promoter and proposed model explaining the effect of genotype on OPN expression. The
SNP rs28357094 modulates the expression of SSP1. The presence of the G allele entails a low expression level, whereas the T allele
triggers basal expression. GRE, glucocorticoid response element, NF-kB, nuclear factor Kb. Adapted from Barfield et al. (2014).

In summary, SPPI influences both the acute inflammation features of dystrophinopathies arising soon
after muscle damage and the efficiency of the subsequent process of regeneration. SPP/ participates
in acute inflammation likely by attracting neutrophils and lymphocytes via chemotaxis; also, this gene
promotes the onset of chronic fibrosis by modulating the proliferation of myoblasts and the

polarization of macrophages °.

(2) LTBP4 (Latent Transforming Growth Factor B Binding Protein 4)

LTBP4 has been recognised as a DMD genetic modifier through a GWAS approach performed on
mdx mice; this result was confirmed by candidate gene analysis **. Assuming that DMD shares a
similar pathological mechanism with other diseases caused by loss of DGC proteins, a lineage of y-
sarcoglycan-null mice have been generated by interbreeding mice with this defect with mice of
different genetic backgrounds. The dystrophic phenotype of the progeny had different degrees of
severity in terms of muscle fibrosis and membrane permeability **. A genome-wide linkage study
attributed such variability to the Ltbp4 locus, which can undergo either an insertion (Lthp4*3%) or a
deletion (Ltbp443%). LTBP4, the human homolog of Ltbp4, codes for latent transforming growth factor
B binding protein 4 (LTBP4) and is usually expressed in all muscle types during myoblast
differentiation and regeneration °°>. LTBP4 and TGFp are secreted together in form of an inactive
complex, from which TGF is released upon proteolysis (Figure 12) 4457,

Both types of polymorphisms reported in Ltbp4*3% and Ltbp4?3® miceare associated with altered

proteolytic susceptibility of LTBP4. The increased sensitivity to cleavage of the latter results in
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augmented TGFp release from the ECM. Consequently, the increased binding of TGF to its cell

surface receptor promotes abnormal activation of the canonical TGFp pathway (Figure 12).
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Figure 12. Model of LTBP4 activity. LTBP4 is bound by the small latent complex (formed by TGFf with an inactive domain) to form
the large latent complex. This mediates TGFf availability after proteolytic cleavage. Once released, TGFf can bind to its receptor to
activate the canonical pathway (Heydemann et al., 2010).

In human LTBP4, four missense SNPs have been identified in the region homologous to the one
carrying the polymorphisms in mice: rs1131620 (T787A), rs1051303 (T820A), rs2303729 (V194I),
and rs10880 (T1140M), which appear in slight linkage disequilibrium (LD). The haplotypes VITT
and IAAM are the most common (Figure 13) 8. The effect of the VITT/IAAM haplotypes on DMD
phenotype has been studied in a cohort of patients suffering from severe dystrophin-deficiency

disease. This analysis demonstrated that IAAM delays LoA by 1.5-2 years, considering a recessive
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Figure 13. Structure of the LTBP4 protein and amino acid substitutions induced by SNPs (Flanigan et al., 2013).

24



model. In particular, the effect is strongest when all SNPs of the IAAM haplotype are present,
nevertheless all SNPs have been independently associated with delayed LoA 8!

In vitro studies conducted using fibroblasts carrying different combinations of the modified
haplotypes (VITT/VTTT, VITT/IAAM, and IAAM/IAAM), have confirmed the role of the different
LTBP4 isoforms. In fact, in confluent cells expressing LTBP4 at similar levels, the IAAM haplotype
was associated with reduced TGFf signalling. This phenomenon depends on the fact that the LTBP4
isoform encoded by the IAAM haplotype promotes TGFp sequestration owing to its increased
resistance to proteolytic cleavage and/or stronger binding to TGFp. This may explain the protective
effect of the IAAM haplotype in DMD patients 8!. Subsequent studies demonstrated that the effect of
the VTTT/IAAM haplotype differs across populations. As the LD of the VITT/IAAM haplotype is
strong in populations with European-American ancestry, but it is disrupted in African-Americans,
who display minor haplotypes at higher frequency .

A follow-up analysis of the cohort used for the first study, confirmed this hypothesis and pointed to
anovel SNP, rs710160, which is located 12 kb upstream the LTBP4 promoter and regulates LTBP4
transcription . The uneven distribution of rs710160 in the VTTT/IAAM haplotype allows to define
three separate haplotypes: T-VTTT (frequency = 0.49), T-IAAM (frequency = 0.13), and C-IAAM
(frequency = 0.17) 3. Among these, the C-IAAM haplotype is associated with the milder
dystrophinopathy phenotype. This effect may depend on the fact that C-IAAM induces low
expression of a LTBP4 isoform that is highly resistant to proteolysis and strongly binds TGFJ; this,
in turn, may cause reduced pro-fibrotic signalling and a less severe disease in patients 34 This

hypothesis is supported by other studies performed in mdx mice 7%,

3) CD40 (Cluster of Differentiation 40) or TNFRSF5 (Tumour Necrosis Factor Receptor
SuperFamily Member 5)

CD40 has been found to participate in the modulation of DMD phenotype solely performing an
Exome Chip followed by SNP filtering using a priority approach, according to which only SNPs
within a window of 10 kb upstream or downstream each of the genes of the TGFp and NF-xB
pathways were considered #2. The analysis allowed to identify the SNPs rs6074022 and rs4810485,
located approximately 6 kb upstream the first intron of CD40. These polymorphisms were validated
thanks to another SNP (rs1883832) in perfect LD with them. The T allele of rs1883832 has been
associated with earlier LoA, but the size of its effect changes using different populations for data
confirmation. After pooling all cohorts together, the effect size was estimated as an approximately 1-
year-earlier LoA, according to both a dominant and an additive model . CD40 codes for the co-

stimulatory protein TNRFSF5, which is expressed on the surface of antigen presenting cells (APCs)
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in both healthy and DMD muscles 2. rs1883832 is located next to the CD40 ATG codon; moreover,
the T allele of rs1883832 has been shown to impair the function of an important Kozak sequence °?;
similarly, the G allele of rs6074022 is associated with reduced CD40 transcription '°. The minor
allele haplotype of these two SNPs is also linked with an increased rate of alternative splicing leading
to the exclusion of exon 6. The isoform produced in this way lacks the transmembrane domain, and
is predicted to hamper the activation of CD40—CDA40L signalling when secreted, thereby preventing
cell—cell interaction between APCs and T cells '°'. In conclusion, CD40 seems to modulate the DMD

phenotype through complex and yet partially unknown mechanisms.

(4) ACTN3 (o-actinin-3)

a-actinins act in the sarcomere as structural components '°2, In humans, the a-actinins a- are encoded
by ACTN2 and ACTN3 (actinin-2 and a-actinin-3 respectively).

The expression of ACTN3 is exclusive of type IIB fibres, whereas ACTN2 expression is common to
both fibres type 19194, Nevertheless, since rs1815739 (R577X), a quite common polymorphism of
ACTN3, completely disrupts a-actinin-3 expression %, it is possible that ACTN2 expression can fix
the loss of a-actinin-3 in type II fibres !¢,

ACTN3 has been acknowledged as a relevant factor impacting normal muscle function %, In
particular, sprint athletes have been found to display a lower frequency of the XX and RX genotypes
and a higher frequency of the RR genotype, compared to control subjects. On the other hand,
endurance athletes exhibit a slightly higher frequency of the XX genotype than control subjects.
Notably, sprint and endurance athletes show opposite allele frequencies, which differ in a statistically
significant manner !°, These findings suggest that the R allele of ACTN3 is advantageous when
performing power and sprint activities, likely because a-actinin-3 is the predominant isoform in fast
fibres of both mice and humans '°7 and may confer higher ability of force absorption or transmission
during rapid contraction. Moreover, a-actinin-3 may induce the expression of type II fibres or affect
the energetic metabolism after exercise. The role of ACTN3 in influencing skeletal muscle
performance was confirmed through the study of actn3 knockout mice, which showed reduced muscle

108

mass and strength but resistance '%°. Interestingly, the phenotype of fast 2B fibres of actn3 mice,

lacking a-actinin-3, shifted towards a slow-fibre phenotype. Such shift was likely due to combined

109 and calcineurin

metabolic and signalling modifications, among which increased glycogen storage
activity ®, caused by the lack of a-actinin-3.

Together, the effects of ACTN3 SNPs in humans and the phenotype of actn3 knockout mice suggest
that ACTN3 may act as a genetic modifier in DMD; in particular, the shift towards the metabolic

properties of slow muscle fibres upon loss of a-actinin-3 may counter DMD pathogenesis 3. To verify
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this hypothesis, the effects of a-actinin-3 loss in mdx mice by generating Actn3~~ mdx double mutants
have been studied. These mice exhibited a decrease in force deficit after contraction with respect to
that of mdx mice, and could recover from fatigue much better than mdx mice 3.

These authors also demonstrated that ACTN3 acts as a DMD genetic modifier in humans. In fact,
heterozygous patients showed reduced strength and LoA expected 1-2 years before homozygous
patients (without differences between RR and XX genotypes). However, to avoid issues linked to the
complexity of the LoA phenotype, grip strength was also measured. In this test, XX individuals
tended to perform better than RR patients, suggesting that a-actinin-3 deficiency may counteract
strength loss over time 3.

The unexpected result of advanced LoA in heterozygous individuals may depend on the fact that the
loss of a single ACTN3 allele does not allow muscles to adapt enough to counter the progression of
the dystrophic phenotype, and at the same time a-actinin-3 haploinsufficiency triggers reduction in
strength. This hypothesis is sustained by preliminary observations in Actn3*~ mdx mice 3.

Finally, the interpretation of results in humans is rendered more complex by sample stratification, as

non-European populations display a higher frequency of the X allele and, at the same time, might

present different disease phenotype due to diversity in the standard of care or genetic background 33.

(5) THBS1 (thrombospondin-1)

In the same Genome Wide Association Study that that pointed at LTBP4 as a DMD genetic modifier,
the SNPs rs2725797 and 152624259 were found to be strongly associated with LoA variability in
DMD patients (recessive model p-value = 6.6x107?; additive model p-value = 7.5x107°); specifically,
the minor allele of rs2725797 delays LoA 34 rs2725797 and 1s2624259 are in strong LD and located
close to each other in a region devoid of protein-coding genes approximately 750000 bp downstream
the thrombospondin-1 (THBS1) gene. THBSI is an activator of TGFp signalling, interacting with
LTBP4 and the extracellular matrix ''%; moreover, mdx mice exhibit elevated THBS1 expression !,
The region in LD with 1rs2725797 and rs2624259 and the THBSI promoter form a long-range
chromatin interaction owing to the presence of a binding site for a CCCTC-binding factor, which acts
as a bridge between far-away enhancers and promoters of the same gene. The occurrence of a DNase
I-hypersensitive site, which indicates the presence of cis-regulatory elements in the region and an
open chromatin status, also confirms the role of this genomic region in the modulation of gene
expression. Moreover, 1s2725797 minor allele, which is also implicated in LoA delay, have been

associated with reduced THBS1 expression in the muscle tissue 3.
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AIM 1 - Preliminary Genome-Wide Association Study for identification and

characterization of genetic modifiers of Duchenne muscular dystrophy

The identification of the genetic modifiers of DMD may help formulate more precise prognostic
predictions, improve the design and interpretation of clinical trials, and even point to novel
therapeutic targets. Therefore, we carried out a Genome Wide Association Study (GWAS) to identify
highly frequent polymorphisms that affect the muscle weakening process, using Loss of Ambulation
(LoA) as dependent variable.

An Ilumina Infintum Omni2.5Exome-8 version 1.5 chip was used to genotype all patients involved
in the study. This chip includes 2,618,000 SNPs tagging common variants (minor allele frequency
[MAF] > 2.5%) with a mean spacing of 1.1 kb across the genome. The chip design enables genotyping
using 30,000 custom SNPs among the most common and low-frequency SNPs from the previously
published CINRG exome-chip association study®?, in order to look for cross-validated significant loci
in the two cohorts. Genotyping was performed on an Illumina iScan instrument in the Biodiversa s.r.1.
Center, and genotypes were called from raw intensity values using the GenomeStudio software.
Genetic modifiers may consist of common variants, defined as SNPs that occur in the general
population at a high MAF (= 5%); low frequency variants, defined as SNPs that occur in the general
population at a low frequency (MAF = 0.5-5%); or rare variants that are not usually observed in the
reference population (MAF < 0.5%, down to singleton variants). Rare variants are expected to have
larger effects on the phenotype of common diseases and complex traits than common variants, since
the latter usually undergo purging by natural selection. However, this assumption does not necessarily
hold true for genetic modifiers of rare Mendelian diseases. In fact, patients affected by these diseases
may harbour high-frequency variants in genes that are dysregulated only in pathologic conditions,
which exert no effect on phenotype in healthy individuals, but become highly relevant in patients.
Therefore, each putative modifier variant may act in epistasis with rare, highly penetrant, disease-
causing mutations, and thus may not be subject to any purging selection. High- and low-frequency
modifiers were addressed using two independent approaches: a classic GWAS approach for SNP
genotyping was applied for the study of common variants, whereas rare variants will be studied
through group-wise tests collapsing several rare variants within the same gene unit. Rare variant
analyses will only be performed on the complete cohort of 700+ individuals, due to the limited
statistical power available at the moment, and are not presented in this thesis, which reports
preliminary GWAS results on 265 individuals.

To assign single variants to common or rare variant association models, we used an optimized cut-

off based on the observation of preliminary data. For classic GWAS with variants displaying a MAF
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above ~5% we used variant frequency-based tests such as cox-regression-based tests to correlate
quantitative traits (e.g., clinical scale results with appropriate normalization/standardization) to the
genotype. The analyses of common SNPs and CNV were carried out using similar methods. We will
apply Sequencing Kernel Association Test (SKAT) methods '!? to analyse rare variants, owing to
their flexibility and good performance in case of a low sample size, unpredictable effect sizes, and
the chance that the same genes trigger effects in opposite directions (results not presented in this
thesis). Similar methods will be used for analyses of rare SNPs and CNV.

When examining the fluorescence intensity corresponding to each SNP of the array, a large number
of SNPs is required for the rigorous identification of copy number variants (CNV). This analysis will
be carried out in the complete GWAS population using CNV-WebStore: this web platform combines
three Hidden Markov Model-based methods, including QuantiSNP and PennCNV; the latter are

currently widely used for Illumina data analysis.
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A. Materials and methods

. Recruitment of eligible DMD individuals at each Institution

For the past decade, the Italian DMD Consortium (i.e. University of Padova, University of Milan,
“Mondino” Institute in Pavia, IRCCS “Medea” in Bosisio Parini, “Besta” Neurological Institute in
Milan, University of Turin, “Gaslini” Institute in Genova, IRCCS “Bellaria” in Bologna, University
of Pisa, “Bambin Gesu” Hospital in Rome, Catholic University of the Sacred Heart in Rome,
University “Vanvitelli” in Naples, NEuroMuscular Omnicenter NEMO in Messina and University of
Messina) has been describing and measuring the natural history of DMD. The Consortium,
benefitting from continuous funding from the Italian Telethon foundation since 2007, has been a
crucial player in the development and validation of outcome measures that are currently widely used
in clinicals trials, as well as in the description of functional outcome trajectories in DMD progression.
This work has laid the foundation for design and powering of clinical trials, and its results have even
been used as external controls for the approval of novel therapeutic agents. Given the long-lasting
effort made by this group in developing and characterizing the outcome measures of DMD, high-
quality and homogeneous “deep phenotype” data are available for a large DMD population, from
which DNA collection was also possible.

Over the last few years, the investigators involved in this thesis have participated in the activities of
the DMD Italian Consortium, producing an impressive number of papers on longitudinal natural
history data in DMD 3+96:113-117 ‘Moreover, the network has also addressed a number of issues, raised
by both institutions and the DMD community, regarding the clinical relevance of the proposed
outcome measures and their validity and consistency with other measures, and has made the resulting
data available to international collaborators. In this open-science context, our group has established
an excellent collaboration network and used matching standards of care and clinical evaluation
protocols for patients, including the outcome measures that were addressed in this thesis.

We collected accurate clinical data regarding 734 patients, which were evaluated at each centre that
collect consistent longitudinal clinical data including motor function (PUL) and disease milestones
(LOA). Patients could voluntarily donate blood samples upon provision of specific informed consent.
DNA was extracted, linked to the corresponding de-anonymized clinical data, and stored
appropriately.

Eligible DMD individuals were recruited at each Institution using stringent inclusion criteria, which
were paramount to the successful completion of the project. Our hypothesis was strongly supported
by the fact that all DMD patients, by definition, express no dystrophin in their muscle fibres;
therefore, the “trans” effect of variants in modifier genes would emerge more clearly in DMD patients

than in subjects affected by other muscular dystrophies, which might express the protein product of
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the disease gene at variable levels or carry a myriad of mutated forms. The inclusion of participants
that express “higher-than-zero” amounts of dystrophin would have weakened the power of the study.
However, the boundaries between DMD and BMD as defined by Monaco’s “reading frame rule are
sometimes blurred, and exceptions are contemplated!'®. In fact, out-of-frame mutations sometimes
allow partial expression of dystrophin owing to molecular mechanisms such as translational re-
initiation whenever rearrangements are close to the 5'-UTR of the transcript, or alternative splicing if
mutated genomic sequences exert a splice-modulating effect. Including these patients, who often
display intermediate DMD/BMD phenotypes (IMD), would confound the results of our GWAS
approach, as their phenotype depends on “cis” genetic effects at the DMD locus rather than on the
sought-after “trans” effects of putative modifier variants. In fact, large natural history studies such as
CINRG-DNHS have demonstrated that specific out-of-frame mutations in DMD are associated to
milder IMD phenotypes, even if recovery of dystrophin expression is not always visible in muscle
biopsies of these patients. Furthermore, whenever recovery of dystrophin expression is actually
observed, it is usually extremely low, amounting to 0—5% of that of control muscle, or limited to
revertant fibres, that represents, clonal clusters of fibres that focally re-express dystrophin probably
because of a second somatic mutation. Traditionally, levels of dystrophin expression below 5% with
respect to the normal range are associated with a diagnosis of DMD or BMD, since dystrophin traces
or revertant fibres are not expected to exert any effect on the phenotype. However, when considering
more subtle phenotypic variations, as we aimed to do in this project, very small amounts of dystrophin
might become relevant. This potentially represents a critical source of bias that had to be considered
when designing our inclusion criteria.

The above considerations prompted us to formulate the following inclusion/exclusion criteria:

1) Males with a diagnosis of DMD supported by a null DMD mutation, including frameshift
deletions, duplications, and small rearrangements; nonsense mutations; and splice site
mutations predicted to trigger frameshift at the transcript level.

2) Lack of evidence of dystrophin expression above trace levels (i.e., 0-5% of that of control
muscle) according to immunohistochemistry (IHC) or western blotting. Revertant fibres
identified by IHC were not considered in this respect, as such findings likely depend on age
at muscle biopsy. However, for some patients, muscle biopsy confirming the absence of
dystrophin is not available as it is not necessary for the diagnosis.

3) Availability of a DNA sample and consent of the participant and/or his legal guardians to
participate in genetic research involving genotyping and/or sequencing and association of

variants with clinical information.
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4) Availability of at least a minimal set of clinical information including ambulatory status, age
of LoA for non-ambulatory patients, and information about GC treatment (at least 1 year
before LoA: “yes/no” criterion).

5) No recruitment of siblings or cousins of subjects who are already participating in the study.
Limiting the study to unrelated individuals was also supposed to contribute to a reduced
population stratification bias, as family clusters share similar genetic variations and
environment.

All patients or their guardians signed informed consent for participation in study procedures,
genotyping, and sequencing. The study was approved by Ethics boards at each institution, and carried

out according to the declaration of Helsinki

2. Sample Genotyping

Microarrays are the ideal platform to simultaneously determine the genotype of several SNPs, and
thus allow genome-wide coverage of the human genome through these markers.

For genotyping, an Illumina Infintum Omni2.5Exome-8 version 1.5 chip was used. This includes
2,618,000 SNPs, among which common SNP variants mainly conceived for association studies.
Genotyping was carried out at Biodiversa s.r.l., Rovereto (TN) via INFINIUM technology. Nine

hundred nanograms of genomic DNA were required for each sample.

Infinium assay for genome-wide genotyping

The surface of every chip retains from hundreds of thousands up to a million of beads, each inserted
in an appropriate well. In turn, every bead is coated with several copies of a certain oligonucleotide
probe complementary to a specific genome locus. After genomic amplification, the products are
fragmented and hybridized with the corresponding oligonucleotide probes on the chip. The probes
are built so that they pair exactly to one base upstream of the polymorphic site of interest; therefore,
genotyping occurs via single base extension, which allows to include one of four possible nucleotides

marked with four different fluorophores.
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Next, the nucleotide probe emits a signal that is then captured by an appropriate scanner; the allelic
ratio of each SNP, and thus its genotype, can be determined according to the fluorescence intensity
of each fluorophore. Interestingly, this information can also be exploited for specific analysis for

CNV identification, as described in detail in CNV-Webstore paragraph of this section (Figure 14).

Figure 14. (figures retrieved from the video “lllumina Advances Genomic Research with the Infinium Assay” on the website
www.illumina.com).

Raw data are then analysed and provided by CBM as a text file in .txt format; the output of geneticisation
consists of a file for each individual, reporting each SNP in alphabetical order in the first column, followed
by a code/id identifying each patient, and by the observed values of the two alleles for that SNP (Figure
15).

" INTENSITY

Figure 15. (figures retrieved from the video “lllumina Advances Genomic Research with the Infinium Assay” on the website
www.illumina.com).

3. Preliminary analysis workflow.

Quality control steps that were conducted prior to the preliminary genetic association analysis: geno,
a PLINK ' function that excludes SNPs that are missing in a large proportion of the subjects. In this
step, SNPs with genotype called in less than 5% of total number of patients have been removed. mind,
a function that excludes individuals who have high rates of incomplete genotype. In this step,
individual with genotype called less than 5% of total number of patients have been removed. hwe,

function that excludes markers which deviate from Hardy—Weinberg equilibrium. SNPs with High-
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and low- MAF have been addressed with two independent approaches: common variants will be
studied with GWAS regression-based linear tests for quantitative traits, using SNP array genotype
data; while rare variants will be studied applying Kernel Association Test (SKAT) Methods for rare
variant analyses. The CNV analysis was carried out using the online platform CNV webstore. The

same statistical tests mentioned above will be used on the results of this analysis (Figure 16).
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Figure 16. GWAS, Genome-wide association study; MAF, Minor Allele Frequencies; SKAT, Sequencing Kernel Association Test; CNV,
Copy Number Variants

4. GWAS

Data cleaning and quality control. Genotyping chip data were filtered by applying a missing-call
threshold of 0.05 for both samples and SNP assays (Figure 16) and a heterozygosity threshold of four
SDs from the mean; also, the presence of cryptic duplicates and the level of relatedness were verified
in an identity-by-state matrix (PIHAT threshold, 0.1). Variants deviating significantly from the
Hardy—Weinberg equilibrium (HWE) were flagged for subsequent technical genotype validation,
which was carried out whenever significant associations were observed. Multidimensional scaling
analysis of genome-wide genotypes was performed to account for population stratification effects.
Quantile-quantile (Q-Q) plots showing the distribution of observed P values compared to that
expected under the null hypothesis were generated, and the A parameter was calculated to verify the
residual effect of population stratification.

GWAS analysis of the main DMD phenotypes. We analysed the following phenotypes: loss of

ambulation, TFTs, upper limb function, respiratory function (measured by forced vital capacity, FVC,
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and peak expiratory flow, PEF), and dilated cardiomyopathy (by sonological criteria as left
ventricular ejection fraction, LV-EF, falling below 50%, and/or left ventricular end-diastolic volume,
LV-EDV, exceeding 70 mL/m? of body surface) in addition to the following outcome measures:
6MWT and NSAA. The preliminary analysis presented in this thesis focuses on LoA, which may be
considered the main indicator of overall disease severity in DMD, and its association with common
(MAF > 5%) variants. As explained above, we will apply Sequencing SKAT methods to analyse rare
variants, owing to their flexibility and good performance in case of a low sample size, unpredictable
effect sizes, and the chance that the same genes trigger effects in opposite directions. Similar methods
will be used for analyses of rare SNPs and CNV. Association of genome-wide genotypes with
phenotype. A time-to-event statistical framework, i.e. Cox regression, was used to analyse loss of
ambulation, Cox regression (or proportional risk model) is a particular type of multivariate analysis
that takes time into account. Cox regression is particularly useful when aiming to compare the effect
of a specific risk factor on survival (in this case age at LoA is considered as event), while adjusting
for the confounding effect of other parameters, such as glucocorticoid treatment, and ethnic
variability, which was addressed by adding principal components from principal components analysis
(PCA) of genotypes as covariates (see below). In the definitive GWAS (results not presented in this
thesis), “Cross-sectional” phenotypes such as functional measures and clinical scales will be
evaluated as quantitative traits using a statistical regression model considering covariates for age and
DMD gene mutation. Quantitative outcomes such as 6MWT distance/percent-predicted distance, TFT
velocity, and percent-predicted FVC will be analysed for their correlation with the genotype by linear
regression; on the other hand, qualitative ordinal data such as NSAA and PUL were examined using
non-parametric tests based on permutation. For most patients, data at several time points were
available, as these outcomes are used for longitudinal evaluations. When designing our GWAS
analysis pipeline, we aimed to include linear mixed models or generalized estimated equation models
using ad-hoc bioinformatics workflows, in order to take full advantage of the available clinical data
and information provided by longitudinal clinical trajectories., age at onset of respiratory
insufficiency, and DCM. For the latter, a covariate for cardiac therapy was also included.

The analyses were carried out on a virtual machine with the following features: Centos 8, with 8
vCPUs (Xeon E5-2680v4), and 32 GB of RAM; and using the following function in R: PlinkCoxSurv.
This function enabled us to test for SNP-covariate interactions, by defining the column name of the
covariate that would be included in the interaction term. For example, if a and b are covariates,
whereas c is the interaction term, this algorithm would yield the following model: ~a + b + ¢ + SNP
+ c¢xSNP. Moreover, the qqman, tidyverse, ggpubr, MASS, and gwasurvivr packages in R version

4.0.2 were utilized.
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Loss of ambulation. LoA was defined as the age, reported by the patient and/or the caregiver, at

continuous wheelchair use, approximated to the nearest month.

Survival Analysis. We performed time-to-event analysis of LoA considering age in years as the time
variable and LoA as the event. Median age at LoA and corresponding 95% confidence intervals (ClIs)
were estimated by plotting empirical Kaplan—Meier curves for participant groups. Patients were also
distinguished based on genotype in rs10797961 (Chr 1 pos 184338037, hgl9), the most significant
SNP resulted from GWAS. Cox proportional hazard models were used to estimate and compare age-
related LoA risks. Covariates included the variations in time of GC drug (prednisone/prednisolone or
deflazacort) administration. These analyses were performed using the “survival” package on R

version 4.0.2.

5. CNV-Webstore

CNV analysis was carried out through CNV-WebStore, an online platform allowing to identify these
structural variants from genotyping data. The input files for analysis were retrieved from genotyping
raw data via Microsoft Excel® and the text editor UltraEdit®, on top of three PERL scripts provided
by CNV-WebStore itself. CNV-WebStore is based on a specific analysis pipeline adapted to [llumina
bead array data, which takes advantage of three different algorithms to reveal CNV: QuantiSNP,
PennCNV, and VanillalCE, all of which have strengths and weaknesses. For increased specificity,
consensus was considered: only CNVs that had been called by at least two of these algorithms were
reported, since single calls could just represent artefacts generated by that specific algorithm 2,
Moreover, putative CNV were directly compared with available information from DGV and HapMap,
databases of known CNV. For CNV calling, the algorithms use two fundamental parameters derived
from genotyping data:

e B allele frequency (BAF): measure of minor allele frequency (conventionally defined as B)
calculated by interpolating each cluster of normalized values of allelic composition (theta) for
each SNP. Depending on the SNP genotype, in absence of duplications or deletions, BAF
assumes values of 0, 0.5, or 1, corresponding to the AA, AB, and BB genotypes, respectively.
However, in presence of CNV, BAF can assume different values: for instance, upon
duplication resulting in a copy number of three, BAF values of approximately 0.33 (AAB
genotype) or 0.66 (ABB genotype) may appear; similarly, upon deletion resulting in a single
copy, only values of approximately 0 (A genotype) or 1 (B genotype) will be obtained (Figure
17).
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e Log R ratio: logarithm of the ratio between observed and expected fluorescence intensities for
a certain SNP. In absence of duplications or deletions, this parameter will assume a value of
approximately 0, while being positive in case of duplications and negative in case of deletions
(Figure 17).
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Figure 17. Interpretation of genotyping data from a representative analysis carried out via PennCNV. In the upper graph, on the left,
BAF values of a genotype characterized by a copy number of four are reported. These correspond to a log R higher than zero in the
lower graph. On the rightmost side of the graph, a case of CNV = 3 is then reported, and finally a case of a normal copy number (CN
= 2), according to which the genotypes BB, AB, and AA can be identified (Wang et al., 2007; Connolly et al., 2014).
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B. Results

1. Cohort statistical inference

To evaluate the practical feasibility of these criteria, during the past 3 years each centre involved in
the project searched its databases to identify all potential study participants. This preliminary
screening yielded a total of 734 DMD patients, for all of whom a confirmed genetic diagnosis was
available. At the moment we have complete clinical data for 552 patients (from 13 centres of the
network), so we decided to make some statistical inference on these only. According to this, 347
(69%) patients carried deletions for one or more DMD exons; 43 (9%) duplications of one or more
exons; and 114 (24%) small mutations including missense, nonsense, splice site, and small deletions
or insertions. Some patients carry mutations that are eligible to treatment via skipping of specific
exons; in particular, we noticed that, out of a total of 347 deletions, 51 of them (32% of deletions)
were amenable to exon 51 skipping, followed by 53 skipping (24%), 44 skipping (20%) , 45 skipping
(19%) and 8 skipping (6%) (Figure 18).

skip 45 (19%)

A DEL (69%)

skip 44 (20%)

splicing (1%)

nonsense (6%) skip 8 (6%)

skip 51 (32%)
multiple (1%)

missense (11%)

indel (5%) skip 53 (24%)

DUP (8%)

Figure 18. Percentage distribution of mutations (4), and mutations that are amenable to treatment with skipping of specific exons(B).

Characterization of these patients at the molecular level was carried out before enrolling them in the
study. This cohort represents one of the largest DMD populations included in clinical observational
studies or reported in case series. We believe that this cohort accurately represents the whole clinical
spectrum of the disease.

Overall, 734 DNA samples are currently stored at all host institutions; however, due to delays mainly
caused by the COVID-19 pandemic, we only recently completed sample collection. In the meantime,
a first batch of 400 samples were genotyped; among these, genotyping was successful for 375
samples. Subsequently, we performed a first Cox regression on 265 individuals, based on the

availability of LoA and data on the following covariates: glucocorticoid (GC) treatment and the type
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of potential exon skipping; moreover, ethnic variability in the sample was adjusted via principal

component analysis (PCA) (Figure 19).
2. Principal Component Analysis

The function -pca in PLINK was applied to carry out principal component analysis (PCA) of
genomw-wide genotypes, based on a variance-standardized relationship matrix. The two principal
components (PC) were used to correct for population stratification. The lowest PC values were related
to the European population (especially the Italian one). It is possible to notice that a subgroup is
clustered in the lower left part of the plot. These two PCs were used to correct for population

stratification bias during GWAS analyses.
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Figure 19. Plot showing the distribution of individuals along their principal components. The values related to the two highest ranking
components are shown (x axis, highest ranking; y axis, second highest ranking). Within the circle, individuals identified as Europeans
are indicated.

3. Survival analysis

Among the 570 individuals for which information on LoA is available, 162 patients were censored,
as they were still able to walk upon last medical examination or have been lost at follow-up (number
of individuals (n) = 570, median LoA = 11.2). The remaining 390 patients, 341 of which have been
administered GC for at least 1 year before LoA, display an average age at LoA of 12.1 years (n =
341, median LoA = 12.1) Survival analysis using the Kaplan-Meier method, considering as event
the age at LoA, enabled us to identify extreme phenotypes, i.e. very early or very late LoA. These

individuals will be eligible for a separate exome sequencing study (Figure 20).
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Figure 20. A, Kaplan-Meier plots LoA of 570 patients with complete clinical data.

4. GWAS Result

After applying the previously mentioned quality filters, genotyping data of 1,277,473 SNPs in 265
patients, for whom complete clinical information was available, were analysed through the Cox
proportional hazards method, using GC treatment and the first 2 PCs from the PCA analysis as
covariates, and setting a MAF of > 5%. A total of 53 SNPs displayed a p-value higher than 1.0x1073,
which was considered as a threshold for selecting candidate loci in this preliminary analysis (Figure
21). The strongest signals are reported in Table 2. We noticed a particularly strong signal on
chromosome 1, deriving from 15 SNPs tagging a region of 16,348 bp in chromosome 1, 3,800 bp
upstream from the C/ORF21 locus.

40



o (510797561

1275963

81091 1552

» kop! 0585962

P

& FGP4352E30

B

4
o o AN
» FO010550013 @ i0hEED2 1816,

» hOpa23027

o Hap1 364267
e

o kOR7250847

@rIESTTITT

» OOBS0RD1E Jem———
o OPEATEZE

@ 817040258

@ HoPABEETAS

o HGESGISEE
@ R

=

26

23

20 22

18

12 13 14 15 16

11

10

Chromosome
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with MAF > 0.05. The blue horizontal line (p = 1.0*10-5) indicates to suggestive p-value threshold.
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RSID CHR POS A0 Al MAF P VALUE HR
kgp5093909 1 184333563 C G 0.1566 1.80e-05 1.86
rs6692317 1 184335001 T C 0.2396 1.25e-05 1.71
156655949 1 184335888 A G 0.1623 9.31e-06 1.89
rs6683726 1 184336748 C T 0.1515 2.84e-06 2.03
kgp4699569 1 184336986 A G 0.2302 3.93e-06 1.842
rs10797961 1 184338037 G A 0.2019 1.05e-07 2.05
kgp3499859 1 184339942 T G 0.1547 1.81e-06 2.05
157536226 1 184341562 C T 0.4057 0.12 1.18
1s6424949 1 184341849 G A 0.0985 0.0018 1.77
kgp6034815 1 184344022 G A 0.1565 1.66e-06 2.06
kgp10585962 1 184349730 G A 0.2358 5.23e-07 1.93
kgp3701796 1 184350981 C T 0.0547 0.00034 2.21
kgp4352830 1 184351279 C T 0.2367 3.59¢-07 1.95
kgp1644503 1 184351349 T C 0.2348 6.57e-07 1.92
rs10911592 1 184352288 C A 0.2357 8.34e-07 1.91

Table 2. Top p-values are annotated. RSID: SNP identification code. CHR: chromosome. POS: base pair position. AQ: reference SNP.
Al: alternative SNP. MAF: minor allele frequency. HZ: Hazard ratio. The yellow highlight shows the most significant SNP
(rs10797961 in chr 1)

We then focused on the most significant SNP and plotted the Kaplan-Meier curves relative to the
different genotypes, always considering age at LoA as event. When comparing individuals carrying
the reference allele (number of individuals (n) = 186, median LoA = 12.4) with individuals carrying
a heterozygous allele, we noticed a difference of approximately 1.4 years in median LoA (n = 93,
median = 11). This scenario changes slightly for homozygous individuals (n = 11, median = 11)

(Table 3).

Genotype n°ind LoA median 95% (LCL)  95% (UCL)
events
rs10797961 (44) 186 124 12.4 12.0 13.6
rs10797961 (AG) 93 66 11.0 10.7 11.9
rs10797961 (GG) 11 8 11.0 9.0 NA

Table 3. Statistical inference relating to survival (LoA) of the genotype rs10797961. N®nd: number of individuals of the considered
category. Events: number of events (intended as LoA). Median: median of LoA. LCL: lower confidence limit. UCL: upper confidence
limit. NA: not enough events to estimate UCL.

In fact, the forest plot indicates a HR of 2.11 (95% Confidence Interval [CI], 1.53 — 2.92), for the
heterozygous genotype (AG) and a HR of 3.45 (95% CI, 1.65 — 7.19), for the homozygous alternative
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genotype (GG), and thus an increased risk, associated with earlier LoA (Figure 22). Moreover, GC-

treated patients exhibited a much risk of LoA, consistent with data in the literature.
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Figure 22. A, Kaplan-Meier plots of LoA by rs10797961 genotype. B, forest plot shows the effect on the LoA of genotyping of the
same SNP.
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C. Discussion

The results presented in this Aim of the thesis represent preliminary findings from a large, multi-
center, ambitious project of performing a GWAS of a 700+ cohort of DMD patients, looking for
disease modifier loci. The overall project will have as a main objective the Cox-regression-based
GWAS of age at LoA, which the literature and clinical experience indicate as the most reliable and
clinically meaningful indicator of overall disease severity. Beyond this main objective, the definitive
study will include rare variant analyses, powered by low-frequency SNPs on the [llumina chip as well
as exome sequencing of 150 individuals with the most extreme (late or early) LoA; CNV analyses;
GWAS of secondary phenotypes such as functional outcome measures and respiratory/cardiac
function measures.

Unfortunately, during the 3-year PhD course, the Covid-19 pandemic seriously hindered patient
visits, and therefore patient consenting, sample collection, and sample shipment at/from collaborating
sites. Therefore, at this time, this thesis can only include a Cox-regression-based GWAS of age at
LoA in a subset of patients who have been genotyped in a first batch. We have devoted a consistent
amount of our work to developing pipelines and analytical workflows to be used when the complete
genotype, sequencing, and clinical data will be available. Some of these have been included in the
Methods (e.g. CNV analysis, GWAS methods for secondary phenotypes) although no corresponding
results can be presented yet.

Still, this 265-patient GWAS of LoA represents the largest study of this kind, preceded by an exome-
chip based study from the CINRG consortium (n=109)%?, and an Affimetrix-based study from the
United Dystrophinopathy Project collaborative group (n=254).34

As expected from power calculations which indicated an ideal n of >700 DMD individuals, we did
not identify any associations surpassing the genome-wide multiple testing corrected p-value threshold
of 5*10%, which will possibly be reached by the definitive study. However, we do present several
novel putative loci, the most significant being Clorf21. The SNPs from which the association signal
derives tag a region upstream of the gene, suggesting a regulatory role in terms of gene expression.
The protein product of this locus is a protein capable of shuttling between the cytoplasm and nucleus,

with a role in cell proliferation (https://www.genecards.org/cgi-bin/carddisp.pl?gene=Clorf21).

Moreover, the Clorf21 locus has been identified as a significant “hit” in a GWAS of arterial stiffness
in more than 100,000 UK individuals.'?! These annotations, although sparse, are certainly compatible
with a role in regeneration, inflammation, and fibrosis, therefore with a modulation of pathology in
dystrophic muscle. However, in the current state of advancement of our study, it seems prudent to

wait for the definitive GWAS results before delving in functional studies, either in silico or in vitro.
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Our GWAS employed an additive model within the Cox regression statistical framework, in which
each SNP was modelled as a quantitative variable: e.g. AA-AG-GG as 0-1-2 copies of the minor
allele. This represent a balanced model opposed to the more extreme hypothesis of pure dominant or
recessive effects. In fact, the association observed at Clorf21 seems to suggest a dominant effect, as
previously observed for SPP1, the first identified modifier of DMD; and previous GWAS studies
have identified significant “hits” with recessive models.?* We will run analyses including different
genotype models in the complete dataset.

In summary, results presented for this first Aim are preliminary, and do not allow definitive
conclusions. However, they hint at a strong potential for the ongoing study to identify novel and

unsuspected modifiers of DMD.

45



AIM 2 — Whole genome sequencing in a pair of siblings affected with

Duchenne muscular dystrophy with discordant cognitive phenotype

There is a correlation between the location of the mutation in the DMD gene and the likelihood of
suffering from neurodevelopmental disorders. In general, it has been seen that the FSIQ (IQ Full
Scale) scores decrease according to the dystrophin isoforms that are not expressed in an individual
19 Therefore, distal mutations are generally associated with a lower score in all the
neuropsychological tests. Dystrophin isoforms show great changes in expression throughout
development and adult life: Dp140 isoform is most expressed in the cerebral cortex in foetal life
stages, while in the cerebellum it is also expressed postnatally. The information related to its
expression is reduced, but correlation has been seen between its lack and the onset of neurological
developmental diseases. Although this correlation is evident, the incomplete penetrance of the distal
mutations in the DMD gene with regards to CNS manifestations suggests the presence of other
genetic components involved in the process of determining the phenotype in terms of cognitive
impairment. So, we aimed to identify candidate variants involved in the modulation of CNS
phenotype in dystrophinopathies, by performing whole genome sequencing (WGS) in a pair of
Duchenne muscular dystrophy (DMD) siblings with discordant cognitive phenotype, and filtering
variants with a dedicated bioinformatics algorithm. To do this we performed WGS (Illumina
NovaSeq, 150 bp paired end reads) using DNA extracted from peripheral blood of Patient 1 and 2
and their parents. SVs (structural variants) were analysed with BreakDancer algorithm '>? while indel
and SNPs (single nucleotide polymorphisms) were filtered by our own Python scripts (script 1, script
2, script 3 in according to the following criteria: not shared between the two siblings; frequency <

5% in European population and considering function of genes involved.
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A. Methods

1. Family with pair of siblings affected with Duchenne muscular dystrophy with discordant
cognitive phenotype
Patient 1 was born of healthy, non-consanguineous parents. He was diagnosed with DMD at the age
of 4 years (deletion DMD exons 45-52), and lost ambulation at the age of 11. He had no speech delay
nor intellectual disabilities, and came close to a university degree in Biotechnologies. In fact, he was
not able to complete his graduation because of motor disabilities and respiratory insufficiency
limiting his ability to participate in academic activities. He had no behavioural nor relational issues.
He is currently 29, ventilated continuously through a tracheostomy and fed by percutaneous
gastrostomy. Patient 2, his younger brother, was diagnosed with DMD due to the same mutation, and
lost ambulation at the age of 12 (currently 14 years old). However, he presented severe speech delay,
major learning disabilities, requiring the activation of “special need” services in school and an autism-
spectrum disorder (ASD) with behavioural issues such as aggressive fits, stereotypical behaviour,
requiring neuroleptic treatment. A pedigree of the family and a detail of the DMD deletion position

are shown in Figure 23.
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Figure 23: A) case study family structure and relationship are shown. B) the DMD gene with its exons is shown. Region corresponding
to the deletion 45-52 is highlighted

2. Whole Genome Sequencing analysis data

WGS has increasingly become the gold standard for the detection of all types of mutations, such as
SNPs and small insertions and deletions (indels), as well as structural variants, such as translocations
and CNV, including those in non-coding genomic regions. In addition, WGS also enables to identify
novel genotype configurations within a more complex mutation load model, in which major gene

123

mutations are associated with other gene variations acting as modifiers. '~ Paired-end sequencing at

30x coverage was carried out by our collaborators at the University of Alabama (Birmingham, AL,
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USA) on a NovaSeq Illumina platform. WGS allowed to precisely define the intronic breakpoints of
DMD deletions in patients of our cohort, as well as to consider both rare and common variants when
searching for CNS modifiers, through a dedicated workflow including different bioinformatics and
biostatistics tools. Output data files were delivered in the standard file formats FASTQ, BAM, VCEF,
and Excel. The alignment of raw reads to the human reference genome hg19 was performed using
Burrows-Wheeler Aligner (BWA). To avoid call artefacts, reads were filtered after mapping via
Variant Quality Score Recalibration of Genome Analysis Tool Kit (GATK -
http://www.broadinstitute.ogr/gatk/). This tool, when applied on a variant call set, uses machine
learning to model the technical profile of variants in a training set. Next, SNPs and indels were
detected via tools such as GATK-HC (after alignment through BWA-MEM). First of all we have
combined all the VCFs of the 4 individuals of the family into a single Variant Sharing Table, and
noted the genotype of each individual in the separate columns (script 1).

In silico prediction of non-coding variants was carried out using public datasets such as ENCODE,
Fantom6, eQTL, REGULOME-DB, CISTROME, and Blueprint. The identified variants and regions
were annotated by exploiting various data sources reporting information of the genomic location
(dbSNP, gene/transcript biotype, gene name, transcript, etc.), functional annotation
(synonymous/non-synonymous, splice sites, affected amino acid, impact on function, etc.),
population frequencies (general and population-specific gnomAD, ExAC, 1000G, EVS, etc.), known
pathogenicity (ClinVar, local databases), effect prediction (CADD, Mutation Taster, polyphen2,
SIFT, SnpEff, etc.), and conservation and variation intolerance scores (gerp++, phylop, phastCons,
and RVIS), using ANNOVAR'?* and ad hoc scripts (script 2) to annotate this information and filter
them (script 4). The best candidate genes and/or variants were prioritized by applying a pipeline
(Figure 24) aiming to filter out variants based on different combinations of features, such as MAF,
the genetic model, and possible interactions between genes. Particular attention was given to
pathways or genes reported to be associated with the onset of neurodevelopmental disorders. WGS
data analysis is an optimal method for high-resolution mapping of genomic SVs such as deletions,
insertions, and translocations. This was carried out using software such as BreakDancer, which
considers discordant read pairs and, based on their clustering, yields SV breakpoints and CNV even
when analyzing genomic fragments larger than 1 kb (first approach) and larger than 30 kb (second
approach). The analysis was carried out with the informatic assistance of the CRIBI-Biotechnology

Centre cluster, University of Padova.
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3. Breakdancer

Next generation sequencing was performed on random DNA fragments; therefore, sequenced reads
had to be aligned to a reference genome in order to pinpoint their genomic locations of origin. The
resulting map file provided information on the alignment of each read or read pair to the reference
genome, including the chromosome, chromosomal position, orientation, insert size, and mapping
quality. BreakDancer requires input map files in BAM format. The detailed process of read mapping

125127 Paired-end reads derived from short-insert libraries, if mapped concordantly,

is described in
are oriented according to a specific pattern: the first read aligns to the plus strand of DNA, while the
second read aligns to the minus strand. Furthermore, concordantly aligned paired-end reads are
supposed to follow a unimodal distribution, similar to that of the fragment size (i.e., the insert size).
Conversely, discordant read pairs (DRPs), that is, reads showing abnormal orientations or either
smaller or larger insert sizes than expected, indicate structural variations or alignment errors. By
analysing the input map files, BreakDancer estimates the parameters of insert size distribution,
screens DRPs among the reads, and clusters DRPs to identify SV breakpoints. As output,
BreakDancer yields a list of putative SV breakpoints, each of which is characterized by a pair of
genomic positions, the supporting DRP counts, the predicted SV type, the confidence score, and some

additional information, as detailed in the following sections.!?®
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B. RESULTS

1. Variant analysis Workflow

WGS confirmed identical DMD deletion breakpoints in both brothers and their mother. After the
application of the previously described filters, we could identify 410,942 variants (SNPs and indels);
among these, 399,711 were located in introns, 31 in splicing sites, 3276 in UTRs, and 6764 in
upstream or downstream sites. We selected candidate genes considering previously described criteria;
in particular, we aimed to detect non-synonymous exonic variants (1016 variants) predicted to be
pathogenic by at least one of the used predictors (i.e., MutationTester, MutationAssessor, PolyPhen,
CADD, and SIFT) and located in UTR regions, predicted to undergo splicing, upstream or
downstream of genes that might be involved in determining the phenotype of interest. Moreover, we
also considered variants in non-coding regions only if that had been already identified in individuals
presenting with neurodevelopmental defects, and are considered either causative or benign depending
on the genetic background of interest (Figure 24). This analysis allowed us to identify a “short list”
of 41 variants situated in 36 loci, reviewed individually for potential pathogenetic mechanisms and/or
previous reports of involvement in neurodevelopmental phenotypes (Table 4). The most notable
variants were 1s112339619, a G>A single SNP upstream of the ASD risk gene ANK3, previously
reported in a WGS study of ASD twins'??; and rs117696080, an intronic variant in NRXN3, encoding
neurexin 3, a dystrophin-associated glycoprotein (DAPG), and also identified in the same ASD twin
study. Patient 2 was heterozygous for both these variants, while patient 1 was homozygous for the
major alleles. Both of these variants are in regions of strong conservation, with vertebrate PhastCons
scores of 0.96 and 1.00 respectively. Moreover, a co-expression with the DMD gene has been shown

in the literature for both of these loci.
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Figure 24 A) SNPs and INDEL filtering workflow. The analysis workflow starts with variants above the threshold PASS calculated
during the variant recalibration process. The intronic variants were analysed separately considering only variants reported in ClinVar.
Gene-based and filter-based annotations were performed by ANNOVAR. B) structural variants analysis workflow. We used
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not shared between the two siblings in both analyses. BWA, Burrows Wheeler Aligner; VSQR, Variants Quality Score Recalibration.

Function Genes ExonicFunc.refGeneWithver CHR POS AF
exonic PLEKHGS nonsynonymous_ SNV chrl 6533102 0.0018
exonic LRP2 nonsynonymous_SNV chr2 170060603 0.0279
exonic LRP2 nonsynonymous_SNV chr2 170062977 0.0141
exonic LRP2 nonsynonymous_SNV chr2 170129547 0.0272
exonic ITIH3 nonsynonymous SNV chr3 52834608 0.0082
exonic PPP2R2B nonframeshift insertion chr5 146258290 0.0155
exonic ATXNI nonframeshift insertion chr6 16327915
exonic SYNE] nonsynonymous_ SNV chr6 152658062 0.0217
exonic LAMBI nonsynonymous_SNV chr7 107600211 0.0116
exonic KMT2C nonsynonymous_SNV chr7 151927025 0.2036
exonic KMT2C nonsynonymous SNV chr7 151935799
exonic FOXD4 stoploss chr9 116800 0.2406
exonic PRSS3 stopgain chr9 33799099 0.0820
exonic KAT6B nonframeshift deletion chr10 76788659 0.0104
exonic SPTBN2 nonsynonymous_SNV chrll 66457681 0.0134
exonic SPTBN5 stopgain chrl5 42162467 0.0376
exonic NPRL3 unknown chrl6 139865 0.0002
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exonic GABARAP nonsynonymous_SNV chrl7 7144707
exonic RAII nonframeshift deletion chrl7 17697093
exonic CACNAIA nonframeshift deletion chrl9 13318672
UTRS IGSF11 - chr3 118824042
UTR3 KCNQ3 - chr8 133137778
UTR3 DRD2 - chrll 113280890
UTRS SYNE?2 - chrl4 64319687
UTR3 CYFIP1;NIPA2 - chrl5 23004697
UTR3 GABRB3 - chrl5 26791262
UTR3 SRCAP - chrl6 30751101
UTR3 CBL - chrll 119172409
UTR3 KMT2D - chrl2 49413486
UTR3 GFAP - chrl7 42983430
UTR3 MAPT - chrl7 44105385
UTR3 SNAP29 - chr22 21242637
upstream,downstream ZBTBY9;SYNGAPI1 - chr6 33421972
downstream KANK1 - chr9 746770

upstream DRD?2 - chrll 113346818
upstream DRD?2 - chrll 113346834
upstream DRD?2 - chrll 113346841
downstream CHRNA7 - chrl5 32462574
upstream ANK3 - chrl0 62493816
splicing NBPF10;NBPF19 - chrl 145311785
intronic NRXN3 - chrl4 78951205

Table 4. List of Best candidate variants. Function: annotation from “Func.refGeneWithver” database. Genes: annotation from
“Gene.refGeneWithver” database. Exonic Function: annotation from “ExonicFunc.refGeneWithver” database. CHR: chromosome.
POS: base pair position. AF: Global Allele frequencies from GnomAD “gnomad211 genome” database.

2. SVs Analysis

BreakDancer analysis enabled us to identify 19,247 SVs. For insertions and inversions, given the
higher incidence of false positive hits, the results were filtered for a quality score equal or higher than
90; conversely, a score quality equal or higher than 30 was applied for deletions. As a result, 3273
SVs were identified. Subsequently, another piece of software, BreakDown!3°, was used for variant
allele frequency (VAF) annotation; this score estimates, in percent, the probability of observing an
alternative variant with respect to the reference and is used to efficiently discriminate false positives
from false negatives. Specifically, we used a VAF between 03 and 07 to retain true positive
heterozygous variants, and a VAF equal or higher than 90 for homozygous variants. Two separate
analyses were carried out in parallel in this preliminary phase: the first considering every type of SVs;
only variants larger than 30 kbp (512 SVs). In the second, as for deletions, we considered all variants

larger than 1 kbp (68 SVs). Next, we used a custom python script (script 3) to identify unique variants,
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that represents, variants not shared by the two siblings (Figure 25). This script was specifically built
to annotate the proportion of genomic region shared by multiple variants occurring in the same
chromosome region, in order to filter out those sharing more than 80% of their genomic location.
This enabled us to pinpoint 172 SVs, considering all deletions larger than 1 kbp, and 43 SVs,
considering all SVs larger than 30 kbp. After annotating these SVs using ANNOVAR, we focused
on SVs in genes that have been previously described in the literature as associated to
neurodevelopmental defects. We found one mutation of particular interest: a 2166-bp deletion in an
intronic region of the NALCN gene (chrl3: 101894258-101896424). This deletion was found in
heterozygosis in the whole family (i.e., mother, father, and elder brother) and in homozygosis in the

younger brother (Figure 26).
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Figure 25 Pipeline for SV analysis. In the figure the steps applied for SV filtering using BreakDancer and custom phyton scripts (filter
intersection_diff.py) are shown. We started from the SVs of the autistic brother (SL_363087). Once filtered by quality, these amounted
to 3273 SVs; subsequently, after the application of BreakDown sofiware (see text for the details), we obtained 4373 SVs. Two analyses
were carried out in parallel: the first one considering structural variants larger than 1 kb; the second considering structural variants
larger than 30 kb (the details of parameter setting are reported in the text).
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Figure 26. Deletion in the NACLN gene. In the figure the chromosomic region of chrl3 is shown, in which a 2166-bp deletion in the
NACLN gene can be observed. Reads aligned against the reference genome Hgl9 using IGV'* revealed a deletion in heterozygosis in
patient 1 (SL363086) and the same deletion in homozygosis in patient 2 (SL363087).
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C. Discussion

The prevalence of autism spectrum disorders, as well as of neurodevelopmental defects, is much
higher in boys with DMD with respect to the healthy population. Mutations in the distal portion of
the dystrophin gene are known to be more tighlty linked to these disorders, especially when the
mutation suppresses the expression of the Dp140 isoform, which is particularly expressed in the CNS
in the first weeks post conception'?; nevertheless, cases such as that presented here may arise, in
which boys with DMD, despite carrying an out-of-frame mutation that suppresses the expression of
these isoforms, do not exhibit language impairment nor cognitive deficit. Therefore, the study of
families such as that considered here, in which two siblings share the same mutation but display
different cognitive phenotypes, may strongly support the search for some trans genetic component
that may modulate the CNS phenotype. We deemed it necessary to examine the whole genome of the
two patients and, in the first phase, to screen for mutations considered of primary importance, defined
as, all polymorphisms reported in the literature or in genes that had been previously shown to be
associated with this kind of disorders. Given the complex and heterogeneous genetic features of
autism spectrum disorders, and the limitation of the current study to only one pair of siblings,
establishing prioritisation criteria has been quite difficult. Nevertheless, it was extremely interesting
to identify two of the five variants that have been reported as causative by mcKenna and colleagues'?’,
who performed a similar study on a pair of twin brothers presenting with autism spectrum disorders.
Although these are rare variants, they are present in heterozygosis in the autistic brother while the
one who does not display any cognitive disorders was a wild-type homozygotefor both loci. The first
is the rs112339619 variant, a G-to-A single SNP located upstream of the ASD risk gene ANK3; the
second is rs117696080, an intronic variant of NRXN3, a gene that encodes the dystrophin-associated
glycoprotein (DAPG) neurexin 3. Both mutations, despite being located in intronic regions, are very
highly conserved, exhibiting a PhastCons score of 0.96 and 1.00, respectively; moreover, both
corresponding genes are co-expressed with dystrophin. In particular, neurexin-3 is a part of the
dystrophin-glycoprotein complex, and, as such, may play a role in neuronal migration, neuron-neuron
interaction, and synaptic development.'® These genes play a well-known role in ASD.!31-133 Although
our first approach was to search for variants with a high MAF in the population, based on the
hypothesis that the DMD gene acts in dominant epistasis with only one gene, and thus this should
mirror the prevalence of neurodevelopmental disorders only in the DMD cohort, it cannot be excluded
that the combination of various mutations may help to reach the threshold. In this scenario, all
polymorphisms should be considered, each of which may contribute differently to defining the CNS
phenotype. If this hypothesis holds true, the higher prevalence of these disorders in individuals with
DMD with respect to the healthy population may be due to the fact that some mutations in the DMD
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gene may participate in reaching the threshold of insurgence of this complex phenotypic trait. To
identify all components that lead to the emergence of these disorders, we would need a larger cohort
and much more complex algorithms. This study paved the way for a collaboration with the University
of Alabama, and at the moment the genomes of 22 additional individuals with dystrophinopathy
presenting with neurodevelopmental disorders, including a pair of siblings with BMD showing
discordant cognitive phenotypes, are being sequenced. In the frame of a shared project, researchers
at the University of Alabama will perform methylome analysis of various pairs of siblings presenting
with dystrophinopathies and showing the phenotype of interest. In fact, also considering the age
difference between the two siblings, it cannot be excluded that epigenetic effects, or the combination
of genetic and epigenetic factors, contribute to this process. A preliminary methylome study carried
out on the family under investigation has pointed at neurexin-3 as the most highly differentially
methylated gene, displaying twenty-five hypermethylated regions in the two siblings with respect to
that of the parents. To clarify this result, a real-time PCR assay is being carried out on all family
members (i.e., the mother, father, and the two siblings) to assess potential differences in the level of
transcription of the neurexin gene.

In conclusion, results presented in this aim confirm a complex genetic architecture of the CNS
abnormalities observed in dystrophinopathies, involving an interplay between the causative DMD
mutation and its genomic position, rare and common variants, sequencing and structural variants, and
epigenetic factors. NRXN3, ANK3, and NALCN represent putative modifier of CNS function in
dystrophinopathies, to be validated in independent studies.
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AIM 3 Genetic modifiers of upper limb function in Duchenne muscular

dystrophy

A. Methods

1. Patient Selection

Retrospective data were collected from several Italian Centers (i.e. University of Padova, University
of Milan, “Mondino” Institute in Pavia, IRCCS “Medea” in Bosisio Parini, “Besta” Neurological
Institute in Milan, University of Turin, “Gaslini” Institute in Genova, IRCCS “Bellaria” in Bologna,
University of Pisa, “Bambin Gesu” Hospital in Rome, Catholic University of the Sacred Heart in
Rome, University “Vanvitelli” in Naples, NEuroMuscular Omnicenter NEMO in Messina). Inclusion
criteria were: molecularly confirmed DMD diagnosis, at least one available PUL evaluation, and the
availability of genomic DNA for SNPs genotyping. Consent was obtained from adult patients or
parents/guardians of minors included in the cohort. All clinical investigation were conducted
according to the principles expressed in the Declaration of Helsinki. Patients from the Cooperative
International Neuromuscular Research Group Duchenne Natural History Study (CINRG-DNHS)
were used as validation cohort; inclusion criteria and cohort characteristics have been previously

described 34,

2. DMD genotype

Information about pathogenetic DMD mutations were collected when available from clinical records
or genetic reports. Patients were clustered, according to DMD gene mutations and their amenability
molecular treatments, i.e. skipping of exons 8, 44, 45, 51, and 53 (henceforth: “skip 8, “skip 44”,
etc.), duplications, splice site mutations, and nonsense mutations. Rarer deletions were clustered in

the “other deletions” subset. Missense mutations were not present in our population.

3. PUL test

Upper limb performance in the Italian cohort was evaluated using the PUL scale version 1.2, similar
to Mayhew and colleagues'?®. This test consists of 22 items: out of these, 21 are used to assess the
functionality of the upper limbs, in 3 distinct domains: the proximal, medial, and distal domains, also
called “Shoulder,” “Elbow,” and “Distal,” respectively. The remaining item (item A), derived from

the previous Brooke scale !3¢

, enables the evaluation of the overall proximal function. Finally, by
summing the scores of all items except item A, a total PUL score is calculated (Figure 27 to Figure

30). If patients score three or less points on item A, the test directly proceeds to item F, while items
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B-E are omitted. Indeed, patients scoring less than three points on item A, who cannot abduct their
shoulders by 90°, are also believed to be unable to perform the tasks described in items B—E, which
include lifting of weights until the shoulder level and above. Nevertheless, the score of item A is not
considered for the calculation of the total PUL score. Via items B—E, assessing the ability of the
patient to abduct and flex each arm in presence and absence of weights (200-1000 g), it is possible
to determine the degree of functionality of the proximal upper limb region. Subsequently, items F-N
allow to assess the function of the medial upper limb region. Among these, the timed items I-L are
considered only if patients exhibit maximal qualitative scores, in order to avoid a ceiling effect in the
scale. However, data derived from items I-L have been deemed as poorly reliable and have thus been
excluded from the PUL scale version 2.0 (unpublished data); therefore, in this thesis we did not
analyse these timed items. Finally, the functionality of the distal upper limb region, from the wrist to
the hand, can be assessed via items O-V. The tasks mentioned above have been conceived as
resembling common daily activities, and placed in descending order of difficulty. Such order also
reflects the progression of motor ability loss along the clinical history of DMD. Importantly, any
compensatory movements by the patient, possibly affecting the final outcome, are recorded during
task performance, and only in their absence can the maximum score be assigned. After summing up

the scores of all items except that of item A, a maximum overall score of 74 can be reached.
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Performance of the Upper Limb Module per DMD 1.2 (PUL per DMD)

Nome o ID:

Data della

valutazione:

Lato dominante:

Retrazioni gomito: Destra:

Sinistra:

Deambulante / non-deambulante (cerchiare)

Data di nascita:

Chirurgia rachide SN (cerchiare)

Valutatore/ firma:

Steroidi / no steroidi (cerchiare)

Data:

Item d’ingresso — iniziare con item A per identificare il punto di partenza per i test successivi. Cerchiare il punteggio per
ciascun item.

Item Descrizione 0 1 2 3 4 5 6
A. Item Nessuna Capace di Capace di Capace di Capace di Capace di Capace di
d’ingresso | funzionalita | usarele sollevare 1 sollevare un | sollevare sollevare abdurre
utile delle mani per 02 mani bicchiere entrambe le | entrambe le | entrambe le
mani tenere una alla bocca con un peso | braccia braccia braccia
penna, tirar | ma non un di 200gr alla | all'altezza insieme simultanea
su una bicchiere bocca delle spalle | sopra la mente con
moneta o conun peso | usando 2 conosenza | testasolo gomiti
guidare una | di 200gr alla | mani se movimenti con la estesiin
carrozzina bocca necessario di flessione cerchio fino
elettronica compenso. dei gomiti a toccarsi
Gomito (accorciand | soprala
piegatooin | ola testa.
estensione circonferenz
a/usando
muscoli
accessori)
Se capace di score 4 0 5 0 6 su item A , iniziare con item B.
Livello Alto-Dimensione della spalla
Item Descrizione 0 1 2 3 4 5 | 6
B. Non riesce Riesce 200gr 500gr 1000gr Segnare /cerchiare la
Abduzione senza pesi casella solo se completa B,
Sinistra/ | della spallaa C senza compensi.
Destra livello della
spalla
Gomito a livello
spalla
C. Non riesce Riesce 200gr 500gr 1000gr
Sinistra/ | Abduzione senza pesi
Destra | della spalla
sopra livello
della spalla
Gomito a livello
occhi
D. Non riesce Riesce 200gr 500gr 1000gr
Flessione senza pesi
Sinistra/ | dellaspallaa
Destra livello della
spalla
Gomito a livello
spalla
E. Non riesce Riesce 200gr 500gr 1000gr
Flessione senza pesi
Sinistra/ | della spalla
Destra | sopra livello
della spalla
Gomito a livello

Figure 27. PUL module. Continues in Figures 27 to 29
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Performance of the Upper Limb Module for DMD 1.2 (PUL per DMD)
Livello Medio-Dimensione del gomito
Eseguire questi test su tutti | pazienti
Item Descrizione 0 1 2 3 4 5 6
F. Mano/i alla Non Riesce ai Riesce a Riesce a
Sinistra/ | bocca riesce portare alla portare portare
Destra bocca 50gr allabocca | allabocca
Entrambe nel bicchiere 200gr o 200gr con
usando 2 con 2 mani Imanoe
mani o usando senza
una mano sostegno
e sostegno | del gomito
del gomito
G. Mano/i dalle Non Porta solo le Porta Porta
ginocchia al riesce dita di entrambe entrambe
tavolo entrambe le le mani sul | le mani sul
mani o una tavolo ma tavolo
mano sola al non insieme
tavolo insieme
H. Spostare peso sul | Non Sposta 100g Solleva Solleva Solleva Solleva un
tavolo riesce dal cerchio 100gr dal | 200gr dal | 500gr dal | 1kg dal
Sinistra/ esterno a cerchio cerchio cerchio cerchio
Destra quello esterno a esterno a esterno a esterno a
centrale quello quello quello quello
centrale centrale centrale centrale,
senza senza senza avambracc
compensi compensi compensi io fuori dal
tavolo
I Solleva Solleva 1° Solleva 2° Solleva 3° Solleva 4° | Solleva 5° Tempo per
Sinistra/ | Sollevare 0 (esterno) (centrale) (pit lontano | sollevare 5
Destra barattoli leggeri dal lato barattoli =
Entrambe scelto) S
sec/min
1. Sollevare Solleva Solleva 1° Solleva 2° Solleva 3° Solleva 4° | Solleva 5° Tempo per
Sinistra/ | barattoli pesanti 0 (esterno) (centrale) (pitilontano | sollevare 5
Destra dal lato barattoli =
Entrambe scelto) e
sec/min
K. Impilare Non Riesce di Riesce a Riesce a Riesce di Tempo per
Sinistra/ | barattoli leggeri riescea | impilareil 2° impilare il impilare il impilare il impilare 5
Destra impilare barattolo 37 4° 5° i barattoli
Entrambe i2° barattolo | barattolo | barattolo e
sec/min
L. Impilare Non Riesce a Riesce a Riesce a Riesce a Tempo per
Sinistra/ | barattoli pesanti | riesce a impilare il 2° impilare il impilare il impilare il impilare 5
Destra impilare barattolo 3 4° 5° i barattoli
Entrambe il2° barattolo | barattolo | barattolo ——
sec/min
M. Togliere il Non Apre
coperchioad un | riescea | completamen
contenitore aprire te
N. Strappare un Non Tiene il foglio | Strappa il Strappa il Strappa il
foglio di carta tiene il di carta non foglio non | foglio foglio
foglioo | piegato ma piegato piegato in piegato in
non lo non lo 2, 4,
strappa | strappa iniziando iniziando
dal lato dal lato
piegato piegato

Figure 28. Continues from Figure 26
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Performance of the Upper Limb Module for DMD 1.2 (PUL per DMD)

Dimensione distale del polso e della mano
Eseguire questi test su tutti i pazienti

dita estese

0 1 2 3 4
0. Tracciare un Con matita Riesce a Riesce a Riesce a Riesce a tirar
percorso nella mano tenere la seguire il completareil | sulamatita
Sinistra/ non riesce a matita e a percorso per | percorsoma | eda
Destra tenerla o fare | fare un almeno 5cm | si deve completare il
un segno segno scritto | manon a fermare efo percorso
scritto sulla carta completarlo solleva la senza
matita dal fermarsi o
foglio sollevare la
matita
P. Premere la luce a | Non riesce Riesce ad Riesce ad Riesce ad
pulsante ad accendere | accendere accendere accendere
la lampada momentanea | momentanea | permanente
con le ditadi | mente la mente la mente la
entrambe le lampada con | lampada con | lampada con
mani dita di dita di una dita di una
entrambe le mano mano
mani
Q. Supinazione Non riesce a | Solleva la Solleva la Solleva la Solleva la
Sinistra/ sollevare la lampada ma | lampadae lampada e lampada e
Destra lampada non riesce a giralamano | giralamano | giralamano
girare la in maniera completame | completame
mano incompleta nte con nte senza
movimentidi | movimenti di
compenso compenso
R. Sollevare le Non riesce a Solleva una Riesce a Riesce a
monete sollevare una | moneta sollevare e sollevare e
Sinistra/ moneta tenere 3 tenere 6
Destra monete nella | monete nella
mano mano
S. Posizionare dito Non riesce a | Non solleva Solleva il dito | Solleva il dito
sui numeri del sollevare o dito per elo elo
Sinistra/ diagramma strisciare il posizionarlo posiziona in posiziona in
Destra dito sul sul disegno maniera sequenza sul
diagramma ma riesce a imprecisa su | diagramma
strisciarlo tra | tutti i numeri | senza toccare
almeno 2 le linee
caselle
T. Pinza a 2 punti Non usauna | Usauna Usa una Cerchiare il peso 5 gr e/o 10 gr usato.
Sinistra/ pinza a due pinza a due pinza a due Per score 1 si intende la capacita di
Destra dita dita ma non dita e solleva | posizionare pollice e dito con posizione
Sgr 10gr solleva peso peso a pinza.
S5gr 10gr S5gr 10gr
u. Pinza a tre punti Non riesce Riesce ad Riesce ad Cerchiare il peso 5 gr e/o 10 gr usato.
Sinistra/ ad usare una | usare una usare una Per score 1 si intende la capacita di
Destra pinzaa3 pinzaa3 pinzaa3 posizionare pollice e due dita con
punti punti punti posizione a pinza.
ma non e solleva
solleva peso peso
S5gr 10gr 5gr 10gr 5gr 10gr
V. Gripa Non riesce a Non riesce a Riesce a Riesce a usare Assegnare punteggio
Sinistra/ chiave/pollice usare grip a usare grip a usare grip a grip a pollicee | per 5 gre/o 10 gr
Destra pollice o pollice ma pollice ma solleva il peso Annotare le
1 mano chiusa, piegare la piega la non solleva il modifiche di grip
. punta del punta del peso usate
dita flesse pollice pollice 5gr 10gr
O mano aperta, 5gr 10gr 5gr 10gr

Figure 29 Continues from Figure 27.




Materiale aggiuntivo

< 5cm >

| Iltem O:

Posizionare penna qui all’inizio del test

Item S: Posizionare il dito sui numeri del diagramma

Istruzioni: Iniziando dal numero giallo 1 indicare i numeri dall’l al 10 in sequenza seguendo la freccia.

1 P 4
* * *
* 6 *
7 8 10

Figure 30 Continues from Figure 28.
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4. SNP Inheritance Models
Patients were grouped according to different inheritance models for each of the SNPs considered:

- SPPI — dominant model for the minor allele G 6>%°

- ACTN3 — dominant model for the minor allele T #3

- CDA40 — additive model for the minor allele T #

- LTBP4 —recessive model for the minor allele T at rs10880 (described in the literature as most
strongly associated with the phenotype as a single SNP) and recessive model for the [AAM

haplotype 81%,

5. Brooke Scale

To assess upper limb function in the validation cohort, Brooke scores was used. On the Brooke scale
(range from 1 to 6) a score equal to 1 is considered when the patient is able to start with arms at the
sides and can abduct the arms in a full circle until they touch above the head, while 6 means they

have no useful hand function 3¢,

6. Targeted Genotyping

The DNA samples of the patients were genotyped using TagMan assays (Thermo Fisher Scientific),
at the following reported DMD modifier loci: SPPI rs28357094 %, LTBP4 rs10880, rs2303729 and
rs1131620 3! CD40 151883832 #, and ACTN3 rs1815739 83. To assess possible genotype/phenotype
correlations, we used previously published inheritance models. Allele frequencies were tested for

Hardy-Weinberg equilibrium.

7. Statistical Analyses

Quantitative variables are reported as the mean + standard deviation (SD) and median (range), unless
otherwise specified. Intervals in which PUL scores (i.e., Total PUL, Shoulder, Elbow, and Distal)
decreased linearly were defined on the age axis by piecewise regression using the earliest available
values; after visual inspection of the scatter plot, a one-break model was chosen for total PUL, Elbow,
and Distal, and a linear model without break points was chosen for Shoulder. The effects of age, GC
treatment (on or off at each time point), the type of DMD mutation, and the genotype at each SNP
(dominant, recessive, or additive) were estimated using Generalized Estimating Equations (GEEs),
which were applied within the previously defined linear age range. The validation cohort was tested

using GEE models to analyse the effect of SNPs genotype, age and GC treatment (considered "true"
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when patients have taken them for at least one year in their life) on the Brooke and Vignos scores.

Statistical analyses were performed with R v.4.0.2.
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B. RESULTS

1. PUL Cohort

The Italian multi-centric cohort was composed of 137 patients. The average age was 11.38 = 5.22
(minimum age: 4.17, maximum: 28.59). During follow-up 88 patients (64.2%) were continuously on
GCs, 32 (23.4%) were never on GCs, 15 (10.9%) switched on/off (5 patients started, 10 stopped) and
2 (1.5%) had no available GC treatment data. There were significant differences in age between GC
treatment subgroups (Kruskal-Wallis test p < 0.001). Patients who were continuously on GCs were
younger (10.14 +4.05, range 4.17 - 24.75 years) than those continuously off GCs (15.98 = 6.19, range
4.83-28.59 years), and patients who started GCs during follow-up were the youngest subgroup (6.99
+ 2.81, range 4.31-11.61 years).

2. PUL Results

A total of 636 PUL assessments were obtained from the 137 patients, 125 of whom had more than
one PUL evaluation available, with a mean of 4.64 evaluations per patient (range 1—-15 PULs/patient).
Mean + standard deviation of follow-up duration was 2.82 + 1.30 years (range 0.98-5.70 years).
Mean age at first evaluation was 11.38 & 5.22 years (range 4.17-28.59 years), while at last evaluation
it was 14.16 + 5.26 years (range 5.69-29.67 years).

Total and domain-specific scores at baseline increased until approximately 6-8 years of age, and then
decreased progressively (as expected). Piecewise regression enabled to estimate the ranges in which
total PUL and sub-domain scores decreased linearly. We found that the total PUL score decreased
linearly from the age of 7.5 years, shoulder score from 6.7, elbow from 8.9, and distal from 8.7 years
of age. Stratifying patients based on GC treatment, treated patients had higher PUL scores compared
to non-treated, although there was a decreasing trend with age in both treated and untreated patients.
Regarding total PUL scores, it appears that the rate of decline is similar between treated and untreated
groups, but with higher values for treated, likely because of a higher and longer plateau of maximum
function. The domain which seems to differentiate most between treated and untreated subgroups is

the elbow domain, while shoulder and distal domain appear less differentiated.

3. Brooke Results
A total of 2895 evaluations were obtained with Brooke test from 340 patients of CINRG-DNHS
cohort. Two-hundred-eighty of them had more than one evaluation available, with a mean Brooke

score at baseline. The mean follow-up time was 5.6 + 2.41 years (range 0.23-9.9 years). The mean
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age at the first evaluation was 11.98 £+ 5.8 years (range 2.05-28.01 years), while at the last evaluation

it was 17.59 + 5.78 years (range 4.5-33.85 years).

4. Genotyping Results

Patients from the two cohorts were genotyped for SPPI 1s28357094, CD40 rs1883832, LTBP4
rs2303729, rs1131620 and rs10880, and ACTN3 rs1815739. In both cohort there were patients for
whom it was not possible to assess genotype at all the SNPs, in particular: CD40 rs1883832 data were
missing for 2 patients from the Italian and 63 from the CINRG cohort, LTBP4 rs1131620 data were
missing for 1 patient belonging to the Italian cohort and 82 from the CINRG cohort, LTBP4 rs10880
genotype was not available for 3 patients from the Italian and 66 from the CINRG cohort, LTBP4
rs2303729 was missing for 75 CINRG patients, SPPI 1s28357094 data were missing for 61 patients
from the CINRG cohort, and it was not possible to assess the genotype at ACTN3 rs1815739 for 1
Italian and 75 CINRG patients. All the genotypes did not deviate from the Hardy-Weinberg
equilibrium, and the observed MAFs were compatible to what expected from the European

population.

5. GEE MODELs

To determine if the genotypes at the modifier loci, together with patient’s age and GCs treatment,
influence the PUL scores (total, shoulder, elbow and distal) in the Italian cohort or Brooke score in
CINRG-DNHS, we used the GEE model. Results are summarized in Table 5and Table 6.

These models estimated linear coefficients of yearly decrease for the total score and domain sub-
scores, which are similar, but slightly lower than those estimated by simple linear regression using
baseline scores only. This result may be expected based on the statistical features of the models.

In the Italian cohort, coefficients relative to GC treatment status at the time of each PUL evaluations
corresponded to +11.19 points in the total score (p < 0.001),+1.15 points in the shoulder subscore
(p = n.s.), +9.35 points in the elbow subscore (p < 0.001), and +2.08 points in the distal subscore (p
<0.001). Notably, coefficients relative to GC treatment here presented are not dependent on grouping
of individual patients based on treatment status, but refer to GC treatment as a dichotomic variant (on
vs. off) at each PUL evaluation included in the model.

The inheritance models used for SNPs were based on those found in the literature (see Methods). In
regard to LTBP4, here we present results relative to the isolated rs10880 genotype (the most strongly
associated with phenotypes in published literature), but alternative models for the [AAM homozygous
haplotype were also explored with similar findings (data not presented). In a multivariate GEE model

that evaluated concurrent effects of all 4 SNPs, age, and GC treatment, significant correlations were
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observed between additive CD40 rs1883832 genotype and shoulder/distal PUL subscores
(detrimental effect of T genotype, p = 0.023 and 0.018 respectively), with a trend of correlations in
the total score (p = 0.076). Additive ACTN3 rs1815739 genotype was also significantly correlated
with elbow and distal subscores (lower scores with the null allele, p = 0.030 and 0.025, respectively)

(Table 5). Scatter plots of PUL scores by CD40 and ACTN3 genotypes are shown in Figure 31 to 40.

PUL score
20 30 40 50 60 70
| |

10

Age (years)

Figure 31. CD40 rs1883832 regression lines by genotype — PUL. Regression lines of CD40 rs1883832 by genotype — CC, CT, TT.
Extrapolated from PUL scores with age > 7.512 years (highlighted by the vertical dashed line).
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Figure 33. CD40 rs1883832 regression lines by genotype — Shoulder domain. Regression lines of CD40 rs1883832 by genotype
— CC, CT, TT. Extrapolated from Shoulder PUL subscores with age > 6.732 years (highlighted by the vertical dashed line).

35
I

30

PUL Elbow subscore
15 20

10

Age (years)

Figure 33. Regression lines of CD40 rs1883832 by genotype — CC, CT, TT. Extrapolated from Elbow PUL subscores with age >
8.925 years (highlighted by the vertical dashed line).
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Figure 35. CD40 rs1883832 regression lines by genotype — Distal domain. Regression lines of CD40 rs1883832 by genotype
— CC, CT, TT. Extrapolated from Distal PUL subscores with age > 8.671 years (highlighted by the vertical dashed line).
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Figure 35. ACTN3 rs1815739 regression lines by genotype — PUL. Regression lines of ACTN3 rs1815739 by genotype — CC, CT,
TT. Extrapolated from PUL scores with age > 7.512 years (highlighted by the vertical dashed line).
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Figure 36. ACTN3 rs1815739 regression lines by genotype — Shoulder domain. Regression lines of ACTN3 rs1815739 by genotype
— CC, CT, TT. Extrapolated from Shoulder PUL subscores with age > 6.732 years (highlighted by the vertical dashed line).
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Figure 37. ACTN3 rs1815739 regression lines by genotype - Elbow domain. Regression lines of ACTN3 rs1815739 by genotype — CC,
CT, TT. Extrapolated from Elbow PUL subscores with age > 8.925 years (highlighted by the vertical dashed line).
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Figure 38. SPP1 rs28357094 regression lines by genotype — Elbow domain. Regression lines of SPP1 rs28357094 by genotype —
TT, TG/GG — dominant model of inheritance. Extrapolated from Elbow PUL subscores with age > 8.925 years (highlighted by
the vertical dashed line).

o0 o oo
U@ O D0 Q0D @O 00
! 00 OTmOO O foTs%s)
o o oad o ooon o O @OITCACOID O O 0 QT - B
o I o | oo apomeo o @en L @ @
@ lo ® an o oom T o
| o o o 000 [eJ s}
o | oo o o @
5 [s¥s} o &
8 W ! o
5] - |
o | o o000
> | oo
™ o] o]
] |
- o
= O
o 2 ! o
1 |
2 1
o 1 [<3Ns]
|
w - 1 o]
|
-9 CC
o
N O I |
o =TT : o
T T T T T T
5 10 15 20 25 30
Age (years)

Figure 39. ACTN3 rs1815739 regression lines by genotype - Distal domain. Regression lines of ACTN3 rs1815739 by
genotype — CC, CT, TT. Extrapolated from Distal PUL subscores with age > 8.671 years (highlighted by the vertical dashed
line).

72



8.671

O O 3 @ano 00 [+ ] o o O
0 @O00N D Q@O @0 om ommw 00
OOn| DNMENENANENC O @ 000 -@@eo....0....
o o0 0COD OO O @OHDOMODOD O 00 MO
g 4 | 0 MOOXe 000 O
@ lo o o (o]
| o 0
| o 0
E | oo
Q w | |
o = ]
4
c ] |
b |
8 |
2 [
(=] [= .
- R |
p= ] |
o I
|
|
0 - |
|
|
|
o TT |
o -0 TG-GG |
L
T T T T T T
5 10 16 20 25 30
Age (years)

Figure 40. Figure 41. SPP1 rs28357094 regression lines by genotype — distal domain. Regression lines of SPP1 rs28357094 by
genotype — TT, TG/GG — dominant model of inheritance. Extrapolated from Distal PUL subscores with age > 8.671 years
(highlighted by the vertical dashed line).

Using a multivariate GEE model, it was possible to establish the concurrent effects of SPPI
1528357094, CD40 rs1883832, LTBP4 rs10880 SNPs, ACTN3 rs1815739, age, and GC treatment on
Brooke score in the CINRG-DNHS cohort. The coefficients relative to GC treatment status at the
time of each evaluations corresponded to + 0.95 points (p < 0.001), for the Brooke score.
Moreover, it was possible to assess a significant correlation of CD40 rs1883832 (additive model) and

SPP] rs28357094 (dominant) with the Brooke score.

PUL Shoulder Elbow Distal
Parameter Estimat p- [Estimat p-valueEstimat p-valueEstimat p-

e value e e e value
Intercept 78.49  <0.001 20.61 <0.001 33.60 <0.001 23.51 <0.001
Age -1.97  <0.001 F0.91  <0.001 -0.82  <0.001 -0.16  <0.001
GC 11.19 <0.001 [1.15 n.s. 0.35 <0.001 2.08 <0.001

rs28357094 dom [-1.49  n.s. -0.49  In.s. -1.71  ns. -0.12  [n.s.
rs1883832 add [3.07 (0.076 |-1.55 0.023 [1.11 . -0.65  10.018
rs1815739 add |[-2.20 n.s. -0.63  [n.s. -2.09  0.030 [|-0.61  [0.025
rs10880 rec -0.12  n.s. -1.13 |n.s. 0.83 n.s. -0.06  n.s.

Table 5. Estimates of effects of several variables on longitudinal PUL measures, based on GEE models, in patients with age > 7.51
vears in the Italian cohort. PUL: Performance of Upper Limbs. GC: glucocorticoid treatment. The models adopted for SNPs are
dominant (dom), recessive (rec) or additive (add).
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Brooke
Parameter Estimate |p-value
Intercept -1.61 <0.001
Age 0.21 <0.001
GC 0.95 <0.001
rs28357094 0.28 0.034
dom
rs1883832 0.29 0.018
add
rs1815739 0.21 0.2
add
rs10880 rec -0.30 0.1

Table 6. Estimates and p-values for two-tailed tests for SNPs researched on a subset of the CINRG-DNHS cohort. The models adopted
for SNPs are dominant (dom), recessive (rec) or additive (add).

6. Mutation Analyses

DMD gene mutations were fully characterized for 96 patients from the Italian cohort and were divided
as follows: 64 (64/96, 66.7%) were deletions of one or more exons; 9 (9/96, 9.4%) duplications of
one or more exons, and the remaining 23 (23/96, 23.9%) were small intraexonic or intronic mutations.
The mutations were divided in groups based on their eligibility for exon skipping or other molecular
treatments (see Methods). The remaining mutations were divided into duplications, nonsense
mutations, splice site mutations, and other deletions (when not classifiable to other groups).
Significant correlation was found for the skip 45, skip 8 and skip 53 and skip 51 groups. The skip 45
group was positively correlated (beneficial effect) with total PUL scores (p = 0.042) and shoulder
subscores (p = 0.002), and with distal subscores (p = 0.017), but not with elbow subscores. The skip
53 and skip 51 groups were negatively correlated (detrimental effect) with PUL scores, but only at
the elbow level (p < 0.001 and 0.012, respectively) level. The skip 8 group was found to be positively
correlated with the PUL scores with regard to total PUL scores (p = 0.015), shoulder level (p <0.001),
elbow level (0.037), and distal level (p = 0.002). It is necessary to note that the skip 8 and skip 45
groups were small (skip 8 = 3 patients, skip 45 = 5 patients), with relatively young patients and little
variability in age. Concerning the CINRG cohort, DMD gene mutations were fully characterized for
287 patients and were divided as follows: 208 (208/287, 72.5%) were deletions of one or more exons;
14 (14/287, 4.8%) duplication of one or more exons; and the remaining 65 (65/287, 22.6%) were
small intraexonic or intronic mutations. None of these mutation groups was significantly associated

with Brooke scores.
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PUL

PUL

PUL

PUL

PUL

PUL

Broo

Paramete | goim | ' p | “der | Should | Elbow | Elbo | Distal | Dist | ke | 3ro0
. er p- | estima| wp- | estima| alp- | estima

r ate | value esttlzna value te value te value te value

Intercept | 74.244 <01.OO 18.413 <01.00 29.790/<0.001 | 21.799 <(§)1.O -1.513 <0i00

Age -1.755 <01.OO -0.850 <01.00 -0.6321<0.001 | -0.112 <(§)1.0 0.207 <0i00

GC 9.732| 0.007 | 0.822 n.s 9.259 {<0.001 | 2.281 | 0.004 | 1.027 <0i00

Skip 8 7.026 | 0.015 | 5.110 <01.00 2.049 | 0.037 1.139 | 0.002 | -1.449 <0i00
Skip 44 3.431| n.s. 1.367 n.s 0.467 | n.s. 0.424 | n.s. -0.317 n.s.
Skip 45 54831 0.042 | 2.766 | 0.002 2.513 | ns. 1.569 | 0.017 | -0.012 n.s.
Skip 51 | -6.011] 0.067 | -1.066| n.s. -4.224| 0.012 -1.090| n.s. 0.253 n.s.
Skip 53 | -8.336| n.s. | -1.368| ns. -9.435|<0.001 | -1.847| n.s. 0.152 n.s.
Splice 2.513 | ns. 1.954| ns. -0.316| n.s. 0.766 | n.s. NA NA
Duplicati | -0.640| n.s. 0.177| ns -1.350| ns. 0321 | ns. 0.097 n.s.

ons

Nonsense | -1.876| n.s. -1.025| ns -1.132| ns. 0.638 | n.s. 0.243 n.s.

Table 7. Estimates and p-values for the groups of mutations considered in the Italian and CINRG cohorts.
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C. Discussion

The primary aim of this paper was to test correlations between SNPs known to affect LoA in DMD
patients (i.e. SPPI 128357094 3°, LTBP4 1510880, rs2303729 and rs1131620 8, CD40 rs1883832 &,
ACTN3 rs1815739 #3) and the function of upper limbs measured by PUL test. Secondly, we aimed to
validate our results in an independent cohort (CINRG-DHNS cohort) tested with the Brooke scale.
Among the genetic modifiers we considered, only SPP/ had been previously validated using grip
strength (i.e. upper limb muscle strength)®, and thus it would have been reasonable to expect similar
results using the PUL and Brooke scale. However, we found a significant correlation between the G
allele at the promoter of SPPI and upper limb strength only in the CINRG cohort. Possible
explanations of the lack of significance in the Italian population may include a relatively small effect
of the allele, and the relatively low proportion of patients on continuous GC treatment (64%) in this
cohort, since it has been proposed that SPPI genotype acts as a modulator of GC response %.

The second genetic modifier analysed was rs1815739 in ACTN3. This SNP predicts a null
polymorphism, thus homozygous individuals show absence of a-actinin-3 in muscle. The loss of a-
actinin-3 has a complex effect in muscle, decreasing strength but supposedly ameliorating the clinical
course in the long term, probably because of a shift from fast-type to slow-type muscle fibres, the
latter being relatively spared in DMD. Hogarth et al. showed an effect of rs1815739 on LoA, 6MWT,
and strength of upper and lower limbs, however the effect on LoA did not reach statistical significance
83, In our study, while there were no significant correlations with PUL in general, nor with Brooke
and Vignos performances, we did find significant correlations with elbow and distal PUL scores, in
the same direction (i.e. detrimental) as earlier LoA and reduced grip strength previously reported 3.
It is reasonable that reduced strength associated with a-actinin-3 may reduce ability in PUL items
which require maximal efforts (e.g. lifting heavy weights or tearing folded paper). Furthermore,
muscles in the arms, forearms, and hands, which are known to contain an elevated ratio of type II
glycolytic fibres, where this isoform of actinin is mostly expressed, may be more affected than
proximal, larger muscles, which have a higher proportion of type I fibres. Our findings may represent
an indirect validation of the modifier effect of ACTN3, using phenotypes that are not identical but
correlated to the same underlying variable, i.e. muscle strength.

The third genetic modifier considered in this study is rs1883832 in CD40, that showed the strongest
correlation with PUL and Brooke scores. The direction of the effect was negative for the minor T
allele, in concordance with described effects on LoA. The estimated linear coefficients of yearly
decrease showed a higher impact at the shoulder level than at the distal level. The lesser effect at
distal level seems plausible considering the progression of DMD, in which the distal level is the last

and least affected. The effect of rs1883832 has been confirmed also in the validation cohort (p=0.018
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for the Brooke scale). The putative mechanism of action of CD40 minor allele “T” could be in
decreasing muscle regenerative ability and increasing fibrosis. In fact, the transition from innate to
adaptive immunity, in which CD40 is implicated, is relevant in muscular dystrophy, especially with
regards to the balance between macrophages with pro-fibrotic (M1) vs. pro-regenerative (M2)

phenotype 3182,

The last examined genetic modifier was LT7BP4, for which we failed to find significant correlation
between PUL scores and all the SNPs in LTBP4 genotypes. The same result was obtained with the
validation cohort. This was somewhat surprising, given that L TBP4 appears to be one of the modifiers
with the largest effect size, and most consistently validated across international cohorts.

As mentioned previously, the phenotypic variability that can be observed in DMD patients can be
partially explained by different types of DMD mutations. For these reasons, we chose to select a few
specific groups of mutations, as analysing each single mutation would have led to an excessive
fragmentation of the cohort, barring statistically significant conclusions. The effect of different
mutations on age at LoA has been reported by several recent studies. The greater effect was seen in
patients amenable to exon skipping of exons 4476137 863.96 and 51138 where the patients eligible to
skipping of exon 44 and 8 had a milder phenotype with a delay in age at LoA and patients amenable
to skipping of exon 51 had a poorer outcome. Patients amenable to exon skipping of exon 53 had also
been found in the literature to be associated with a different clinical course than other mutations.
Servais et al. reported a greater severity linked to this phenotype, with lower left ventricular ejection,
more severe contractures, reduced strength in upper limbs, and earlier age at LoA relatively to other
theoretical skip groups considered '3°.

In our study a significant correlation between “skip44” group and PUL scores was not confirmed,
despite the ample evidence in the literature of an effect on ambulatory phenotypes. We have found
instead a significant correlation between the “skip45” group and the PUL scores, with a favourable
effect on the function of upper limb considering the total PUL scores (p = 0.042), the shoulder level
(p = 0.002) and the distal level (p = 0.017). The significance was not found for elbow level. There is
no obvious rational explanation for this difference. Considering the small number of patients in this
group and their relatively young age, these results may be a result of bias, and therefore should be
validated in a larger cohort before this correlation can be established as genuine. Statistically
significant reductions of PUL scores were found in the “skip53” group, already reported by Servais
et al., to have poorer prognosis '*°. However, in our population, statistical significance was found
only at the elbow level (p < 0.001). Comparable results were found for “skip51” subgroup, with
statistically significant reductions of PUL subscores at elbow level (p = 0.012). A poorer prognosis

in “skip51” subgroup has been already reported by Wang et al.%3 As both the patients in “skip51” and
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“skip53” subgroups are deficient of the Dp140 dystrophin isoform, which is largely expressed in the
brain, and have higher incidence of cognitive issues >4, it may be that executive function issues
impair PUL scores to some extent. Although small, the “skip8” group was the one that we found to
have the most significant association with PUL total score (p = 0.02). As reported in the literature
76,141-143 for overall and ambulatory phenotypes, this group had a milder course, with slower decrease
in PUL score. This effect was present not only on total PUL score, but also at the shoulder level (p <
0.001) and elbow level (p = 0.04). This group in our population was comprised of only 3 patients,
and their age distribution was skewed toward the younger age, and this could theoretically bias our
results. However, the effect seems expected based on literature data, and is probably genuine. In fact,
our group was comprised of three patients, two still ambulating and one with age at LoA of 16.1
years, which is higher than the average age of LoA.

Finally, the last goal of this work was to describe the clinical course of the disease in our population
based on the PUL score. We performed a piecewise regression on the baseline data finding a
breakpoint at 7.512 years. Considering the clinical history of the disease, this finding was not
surprising, as patients with DMD early on improve their motor abilities. In fact, also for ambulation-
related phenotypes (6MWT, NSAA)!!3 it is usually possible to observe a plateau phase around 7 years
of age, and only then, with the progression of the disease, motor function worsens. It is relevant that
the age of the plateau of upper limb function was similar to that of ambulatory function, although the
latter is commonly believed to deteriorate earlier. Even if the affection of the upper limbs is clinically
noticeable only later in the disease, it is reasonable to expect this finding. We would think that the
decrease in score at this age would be mostly caused by impairment of function at shoulder level,
which is the first level of upper limb to be affected in DMD. Indeed, when we performed the
piecewise regression on the partial scores, breakpoints were earlier at the shoulder level (6.732 years
of'age), than at the elbow and distal levels (8.925 years and 8.671 years). The shoulder level is indeed
the first to become altered, in clinical history. What seemed unusual was to find a breakpoint at distal
level to be a little earlier than the breakpoint at the elbow level since the distal level is the last to be
significantly impaired. This discrepancy could be due to the small number of patients in our
population, or to the slower decrease of the distal subscore. Another important finding in this study
was the estimated yearly decrease of PUL score (2.764 points a year, after the age of 7.512 years),
representing a combination of points lost at all three levels of PUL. The larger part of this loss is
attributable to the shoulder and elbow levels, as one would expect based on the clinical course of the
disease. The distal level, as expected, has a small role (0.3761 points) in the total points lost in a year,
as this region is the last to lose its motor function. Importantly, one has to consider the limits of

ordinal data such as clinical scale scores, when linear methods are applied. As a general rule, linear
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methods can be reliably applied to ordinal data if the scale has a sufficiently large number of levels
(as is the case of PUL with 74 levels) and sufficient reliability.

A positive correlation of GC treatment on PUL performance was confirmed, but there was an
unexpected finding. Considering both the SNPs and the mutational group, the correlation with GC
that was extremely significant when considering total PUL scores (p <0.001, p=0.01), became non-
significant when considering only the partial scores of the shoulder. This anomaly could be caused
by the fact that the shoulder level starts to be affected early on, when children are young and are not
yet under GC treatment. The significance is then again high when considering the other two levels of
PUL. This can be interpreted as a limit of an observational, retrospective study, in which patients are
not randomized to treatment. However, our goal was not to demonstrate the efficacy of GCs on upper
limb function which is already established ''>, but rather to adjust for GC treatment as a covariate

when exploring the effect of genetic modifiers.
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Conclusions and future perspectives

Overall, the identification of genetic modifiers of Mendelian disorders is an important goal in modern
genetics. Currently available tools, in terms of an increasingly easy to access computational power
and ever advancing sequencing technologies (e.g., NGS and technologies that efficiently exploit
fluorescent signals, such as the Illumina Infinium technology mentioned in the current thesis), enable
to get meaningful insights into the “dark”™ side of the genome, to ultimately fulfil the fundamental aim
of genomics: associate a function to every genomic component.

Such goal of genetics is not easier to reach than the one set in 1990 at the beginning of the human
genome sequencing project: similar to today, even back then it was difficult to understand how to
face the inevitable obstacles on the way of this goal; nevertheless, scientists worldwide contributed
with passion and determination to the completion of the project in a very satisfactory manner and
largely ahead of schedule. Nowadays, the efficiency, quality, and speed of sequencing technologies
have increased exponentially; for instance, technologies such as Oxford Nanopore allow to sequence
a full genome starting from a single DNA molecule, only by connecting a small sequencer to an USB
port of a personal computer. Moreover, the computational power has increased by approximately 160
times since the completion of the human genome project in 2003, providing adequate means to pursue
the above-mentioned goal; therefore, the only issue left is the management and assessment of data,
which require ever more advanced pieces of software and biostatistical methods. Given this
background, the current historical period is crucial and will be remembered as a fundamental
milestone in the history of genomics. Because of the current pandemic, I mainly focused on learning
programming languages such as Python and R to create pipelines and biostatistical methods that
would then be applied to clinical and translational data, for analyses such as CNV analysis,
WES/WGS, and GWAS. Therefore, I inevitably came across some issues connected to the handling
and assessment of the huge amount of data resulting from these analyses: for instance, it has been
difficult to adequately prioritize candidate variants and to distinguish variants that were actually
present from possible false positive or false negative results. These problems were encountered in the
three studies presented in this thesis as well as in other projects that I have published as a co-first
author; actually, this kind of challenges kindled my passion for this field, and made me understand
how much more work is needed to complete this difficult task. Nevertheless, the great advances made
in the last decade in this field enabled me to carry out my PhD work; in particular, although
biomedical genomics applications led to the discovery of the causative genes for more than 60% of
all mendelian diseases, the lack of genetic evidence for the remaining 40% reminds of the importance

of gathering new knowledge in this field, especially regarding common, multifactorial, and non-
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mendelian diseases, as well as genetic modifiers, which require very large sample sizes for genetically
and statistically meaningful conclusions. Currently available tools have yielded great results
regarding protein-coding genes; however, it is well known that a much more complex network of
regulatory signals controls gene expression, including a variety of functional elements, such as
epigenetic modifications and genes that encode non-protein structures, that are more difficult to
pinpoint in the genome. Despite the advancement of various techniques and specific pieces of
software to face this problem, a global vision of the genetic determinants of disease is yet to be

reached.

AIM 1

Since genetic modifiers can influence the insurgence, progression (i.e., LoA), and response to therapy
of dystrophynopathies, the application of precision bioinformatics to this class of diseases is crucially
important to ameliorate currently available therapies. In fact, the identification of fundamental
physiopathological factors will enable to target those components and alleviate the severity of some
clinical parameters, as well as increase the statistical power of clinical trials. The Infinium
Omni2.5Exome-8 chip used for our GWAS enables a resolution of one SNP approximately every
1,200 bp, allowing to accurately pinpoint a genomic region putatively associated with the phenotypic
trait under investigation (in this case, LoA), in which it is possible to search for the candidate
polymorphism causing the observed deviation from the median of that clinical parameter in the
reference population. Because of the delay due to the above-mentioned reasons, this analysis has not
yet been carried out on the whole planned cohort; however, the collection and preparation of samples
have been recently completed, and thus the definitive results will soon be obtained. Overall, our
apreliminary analysis revealed a signal in chromosome 1 in position 1g25.3, relatively close to
clorf21, a gene encoding a protein of 121 amino acids also known as proliferation-inducing protein
13, which seems to be associated to cell growth and to interact with the cell membrane

(www.proteinatlas.org). Although this gene has not yet been fully characterized, publicly available

expression data (i.e., GTEx, Illumina, and BIOgps) indicate that this is particularly expressed in the
skeletal muscle. As shown in the section relative to this analysis, the observed difference in LoA of
approximately two years from the median in the individuals with the alternative allele (considering
both a dominant and a recessive model) points at this locus as a very good candidate as a DMD
modifier. As mentioned in the materials and methods section of the first aim, we are currently carrying
out a CNV analysis using CNVwebstore, which will later be applied to the whole cohort. Moreover,
we have already set up some pipelines for the statistical analysis of rare variants using the SKAT

method, and will proceed to exome sequencing of 150 individuals with extreme phenotypes.
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AIM 2

NGS analysis is probably the most fulgid example of how data generation has reached exceptional
levels in terms of efficiency and speed. This points at data interpretation, rather than data generation,
as the real bottleneck in genetic research. To solve this issue, increasingly advanced strategies are
applied, among which “transversal” methods are extremely useful. For instance, compared genomics
has offered real support: in fact, sequencing the genomes of more than 200 animal species and
considering purely evolutionary concepts enabled to search for chromosome sequences conserved
across evolution and present in humans, which are more likely to have important functions. This type
of analysis revealed that 5-10% of nucleotides are conserved in all mammals, among which only 1%
codes for proteins. However, the genomes of only 35 mammals are currently available; therefore, as
also declared by Eric Green, the president of the National Human Genome Research Institute, in one
of his latest conferences, it is apparent that this is a field of great interest and very high priority. Given
this background, the use of software able to compute the degree of evolutionary conservation allows
to estimate the importance of non-coding regions, as in the case of the variants identified in the autistic
brother and not present in the healthy one. As illustrated in the corresponding section of the Results,
the intronic variant in the NRXN3 gene (rs117696080, pos 78951205, chr 14 in hg19), which encodes
the dystrophin-associated glycoprotein neurexin 3, as well as the variant in the ANK3 gene (pos
62493816, chr 1 in hg19), display a significant degree of evolutionary conservation, suggesting that
these intronic loci may play a significant role in evolutionary fitness. Moreover, both variants are
located in ASD risk genes, whose mutations have been widely reported in the literature, and which
are considered risk genes for autism. Therefore, in the previously mentioned study by McKenna,
these variants are regarded as two out of the five causative variants of autistic spectrum disorders in
a pair of autistic twins. In the CNS, neurexin 3 acts as a receptor and an adhesion molecule, and is
part of the dystrophin-glycoprotein complex (see RefSeq, 2012). The analysis of this family entailed
a collaboration with the University of Alabama. Currently, our collaborators are carrying out a study
on the methylome of families presenting with cases of dystrophinopathies and discordant cognitive
phenotypes. The observation that NRXN3 was the most highly differentially methylated gene in our
family of interest, differing between the two siblings and their parents, raised considerable interest.
To link this result to the phenotype, we formulated some hypotheses: the mutation in the DMD gene
may somehow lead to the hypermethylation of the NRXN3 gene; therefore, the latter is present only
in the siblings, as it may be compensated by the X chromosome from the mother, whereas the
presence of the variant in the other allele (not hypermethylated) may alter the expression level in the

brother with ASD. To verify this hypothesis, we are setting up some real-time PCR experiments.
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However, it cannot be ruled out that the observed phenomenon results from epigenetic effects or a
mixture of the two causes. To fully elucidate this mechanism, we thought of verifying the possible
presence of this mutation, or of other mutations in the same genes, also in other individuals with
dystrophinopathies accompanied by neurodevelopmental disorders. To this purpose, the DNA of 22
additional patients (i.e., 16 patients with DMD and 6 patients with BMD), among which a pair of
brothers with BMD presenting with discordant CNS phenotypes (ASD vs. no ASD) and carrying a
deletion of exons 45-51, including the promoter of the dp140 isoform, has been sent for sequencing.
Once again, the occurred delays led to some issues in the acquisition of results; moreover, due to
Covid-19 restrictions in travel, I did not have the chance to accept the proposal to carry out part of

my PhD work at the University of Alabama and had to postpone this experience to an undefined date.

AIM 3

Results presented in this aim contribute to describing the natural history of upper limb dysfunction in
DMD by identifying ages of maximum function before the start of deterioration at the global,
shoulder, elbow, and distal levels, confirming that shoulder function is lost earlier, and quantified
yearly decline rates of PUL scores. We identified significant effects of CD40 genotype on shoulder
and distal function (the rs1883832 T allele being detrimental), and of ACTN3 on elbow and distal
function considering the Italian cohort. . Moreover, we tested the effect of the known DMD genetic
modifiers using Brooke scale scores as outcome. Thanks to this analysis, performed on the CINRG
validation cohort, we found the same effect observed in the Italian cohort for CD40 rs1883832, and
found an effect also for SPPI rs28357094 allele.

Deletions amenable to exon 44 skipping did not show clearly preserved upper limb function, which
was clear with deletions amenable to exon 8 skipping. Deletions eligible for exon 53 and 51 skipping,
on the other hand, showed worse impairment of elbow function than average DMD. All these findings
will be useful in designing and interpreting clinical trials in DMD, especially when targeting

populations across the ambulatory and non-ambulatory range.
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SCRIPTS:

import sys
import csv

INDIVIDUALS = ['SL363084', 'SL363085', 'SL363086', 'SL363087']

def process_individual(row, name):
gt = row[name][:3]
row[name +' GT'] =gt

def main():

with open(sys.argv[1], 'r') as f_in:
while True:

pos = f_in.tell()

line = f_in.readline()

if not line.startswith("##'):

f in.seek(pos)

break

reader = csv.DictReader(f_in, delimiter="\t")
columns = reader.fieldnames

for name in INDIVIDUALS:
columns.append(name +' GT')
columns.append('87_86')

with open(sys.argv[2], 'W') as f out:

writer = csv.DictWriter(f_out, fieldnames=columns, delimiter="\t')
writer.writeheader()

for row in reader:

for name in INDIVIDUALS:

process_individual(row, name)

row['87_86'] = row['SL363087_GT'] !=row['SL363086_GT'] and row['SL363087_GT'] !="'0/0'
writer.writerow(row)

if _name_ =='_main_"
main()

Script 1: After pulling together all four VCFs of the family under investigation in a single file (VST),
we annotated the genotype of each individual in a specific column. Moreover, we annotated variants
that respected the following condition: different genotype between the two bothers and genotype of
the younger brother different from 0/0 (homozygous for the reference allele).
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#!/usr/bin/env python2

import sys
import csv

PREFIX COLUMNS =[
'Func.refGene', 'Gene.refGene','1000g2015aug_eur']

SUFFIX_COLUMNS = [

'GeneDetail.refGeneWithver',' AAChange.refGeneWithver','AF', 'AF _popmax', 'AF male'/AF female', 'AF raw'AF aft')AF aft', 'AF_amr,
'AF eas', 'AF nfe', 'AF_fin', 'AF asj', 'AF oth''non topmed AF popmax', ‘'non neuro AF popmax', 'mon cancer AF popmax',
'controls AF_popmax', 'avsnp150', 'ExAC_nontcga ALL', 'ExAC_nontcga AFR', 'ExAC_nontcga AMR','EXAC _nontcga EAS',
'ExAC_nontcga FIN', 'ExAC nontcga NFE', 'ExAC nontcga OTH', 'ExAC nontcga SAS', 'ICGC_Id', 'ICGC_Occurrence', 'Alt', #Chr',
'Start','SIFT pred', 'SIFT4G pred', 'LRT pred, 'MutationTaster pred’, 'MutationAssessor pred, 'FATHMM pred, 'PROVEAN pred',
'MetaSVM _pred', 'MetalLR pred’, 'M-CAP_pred','MutPred score', 'MVP _score', 'MPC score', 'PrimateAl pred, 'DEOGEN2 pred',
'‘BayesDel_addAF pred', 'BayesDel noAF pred', 'LIST-S2 pred', 'DANN_score', 'fathmm-MKL coding pred', 'fathmm-XF coding pred', 'Eigen-
raw_coding', 'Eigen-phred_coding', 'Eigen-PC-raw_coding', 'Eigen-PC-phred coding', 'integrated fitCons_score', 'GM 12878 _fitCons_score', 'H1-
hESC_fitCons_score', 'HUVEC_fitCons_score', 'GERP++ NR', 'GERP++ RS', ‘'phyloP100way vertebrate', 'phyloP30way mammalian',
'phyloP17way_primate', 'phastCons100way_vertebrate', 'phastCons30way _mammalian', 'phastConsl7way_primate', 'bStatistic', 'Interpro_domain',
'GTEx_V8 gene', 'GTEx VS8 tissue', 'CLNALLELEID', 'CLNDN', 'CLNDISDB', 'CLNREVSTAT', 'CLNSIG, 'MCAP', 'REVEL,
'InterVar_automated', 'PVSI1', 'PS1', 'PS2', 'PS3', 'PS4', 'PM1', 'PM2', 'PM3', 'PM4', 'PM5', 'PM6', 'PP1', 'PP2', 'PP3', 'PP4', 'PP5', 'BA1', 'BSI', 'BS2',
'BS3', 'BS4', 'BP1', 'BP2', 'BP3'/BP4', 'BPS', 'BP6', 'BP7', 'DN ID', 'Patient ID', 'Phenotype', 'Platform', 'Study', 'Pubmed ID', 'regsnp fpr',
'regsnp_disease', 'regsnp_splicing_site', 'CADDI13_RawScore', 'CADDI13_PHRED', 'nci60’, 'Func.knownGene','Gene knownGene',
'GeneDetail. knownGene',  'ExonicFunc.knownGene', 'AAChange.knownGene', 'Func.ensGene', 'Gene.ensGene', 'GeneDetail.ensGene',
'ExonicFunc.ensGene', 'AAChange.ensGene', 'ALLELE_END

'BLACKLIST COLUMNS = set(]
TNFO'

D

def info2dict(info):

pairs = info.split(';")

res = {}

for pair in pairs:

pair = pair.replace('\\x3b', ;'
pieces = pair.split('=', 1)

if len(pieces) == 2:

k, v = pieces

k = k.replace("\\x3d', '=")

v = v.replace(\\x3d', '=')

ifv!=""
res[k]=v
return res

def process_row(row):
info = info2dict(row['INFO'])
row.update(info)

def main():

with open(sys.argv[1],'r") as f in:

reader = csv.DictReader(f_in, delimiter="\t')

columns = PREFIX_COLUMNS + reader.fieldnames + SUFFIX COLUMNS

columns = [column for column in columns if column not in BLACKLIST COLUMNS]

with open(sys.argv[2], 'w') as f out:
writer = csv.DictWriter(f_out, fieldnames=columns, extrasaction="ignore', delimiter="\t')
writer.writeheader()

for row in reader:
process_row(row)
writer.writerow(row)

if name ==' main "
main()
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Script 2: After ANNOVAR annotation, the information required for prioritisation was extracted using
the reported script: some columns with the necessary fields were built to set specific filters via
terminal. SYS and CSV modules were utilized in this case as well. All information annotated using

ANNOVAR has been separated into columns, defined by the command as "PREFIX COLUMNS” and
“SUFFIX COLUMNS”.
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#!/usr/bin/env python2
from __ future _ import print_function

import sys
import csv

# Find index of first element x s.t. key(x) <= key(item)
def binary find first leq(l, item, key=lambda x: x):
item_k = key(item)

low =0

high =len(l) - 1

while low <= high:

mid = (low + high) / 2

mid_k = key(I[mid])

if mid_k <item_k:

low =mid + 1

elif mid_k > item_k:

high =mid - 1

else:

for i in range(mid-1, -1, -1):

if key(I[i]) != item_k:

returni+ 1

return mid

return low

posl_key =lambda x: x['Pos1']

def read_input(f):
svs_map = {}

reader = csv.DictReader(f, delimiter="\t')

for row in reader:

if row['Chr1'] !=row['Chr2']:

print('Ignoring: {}'.format(row), file=sys.stderr)
continue

try:

row['Pos1'], row['Pos2'] = int(row['Pos1"]), int(row['Pos2'])
assert(row['Pos1'] <= row['Pos2'])

except ValueError:

print('Ignoring: {}'.format(row), file=sys.stderr)

continue

tag = (row['Chr1'], row['Chr2'], row['Type'])
if tag not in svs_map:
svs_map[tag] =[]

idx = binary_find_first leq(svs_map[tag], row, key=posl key)
svs_map[tag].insert(idx, row)

return svs_map, reader.fieldnames

def overlap_ratio(svl, sv2):

# Intersection of ranges

left = max(sv1['Pos1'], sv2['Pos1'])

right = min(sv1['Pos2'], sv2['Pos2'])

return (right - left) / (sv1['Pos2'] - sv1['Pos1'])

def find_overlap(overlap_thres, sv, svs):

i=Dbinary find first_leq(svs, sv, key=posl_key)

if i ==len(svs):

return None

if overlap_ratio(sv, svs[i]) >= overlap_thres:

return i

if (i+1 <len(svs) and overlap_ratio(sv, svs[i+1])) >= overlap_thres:
return i+1

return None

def find_good svs(overlap_thres, svs_mapl, svs_map2):

good _svs =]

for tag, svsl in svs_mapl.iteritems():

for sv in svsl:

if tag not in svs_map?2 or find_overlap(overlap_thres, sv, svs_map2[tag]) is None:
good_svs.append(sv)

return good_svs
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def write_output(svs, fieldnames=None):

if fieldnames is None:

fieldnames = svs[0].keys()

writer = csv.DictWriter(sys.stdout, fieldnames=fieldnames, delimiter="\t")
writer.writeheader()

writer.writerows(svs)

def main():

if len(sys.argv) != 4:

print('Usage: {} <affected SVs> <sane SVs> <overlap threshold>'.format(sys.argv[0]))
sys.exit(1)

overlap_thres = float(sys.argv[3])

with open(sys.argv[1], 'r") as f1:
svs_mapl, fieldnames = read_input(fl)
with open(sys.argv[2], 'r') as f2:
svs_map2, =read input(f2)

good_svs = find_good_svs(overlap_thres, svs_mapl, svs_map2)
write_output(good_svs, fieldnames)

if _name ==' main "
main()

Script 3: as reported in the text, variants not shared between the two siblings were considered. To

avoid missing out different variants occurring in the same chromosome region, the following script

was used,; only SVs of the same type with a superposition higher than 80% were excluded.
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