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Quiet people are those who have the loudest minds.

Stephen Hawking
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ABSTRACT

Over the past years, our understanding of the genetic mechanisms involved in complex
diseases, such as Amyotrophic Lateral Sclerosis, has increased dramatically. ALS is a fatal and
devastating motor neuron disease for which there is no truly effective cure. In 1993, the first
gene associated with ALS was identified (1). Since then, our knowledge of the genetic
mechanisms of disease has expanded significantly. Diagnostic tools have followed these
research insights and Sanger DNA sequencing has been routinely used for many years. The
emergence of next-generation DNA sequencing (NGS) approaches in the same decade allowed
high throughput approaches to DNA sequencing, enabling the identification of new genes and
pathways that highlight the heterogeneity of ALS disease, providing exciting opportunities for
the identification of biomarkers useful for patient stratification and helping the development of
targeted therapies.

Despite our increased understanding of the mechanisms of this disease, the majority of patients
remain undiagnosed, and the remaining cases have no successful treatments. The absence of an
effective cure can be well explained by the complex and heterogeneous nature of ALS, with
patients displaying distinct clinical characteristics and distinct molecular mechanisms. In this
context, the molecular profiling of patients into clinically meaningful subgroups can be
extremely valuable for the development of new precision diagnostics.

In this thesis project, we provide an overview on the genetic investigation of ALS patients using
different diagnostic approaches highlighting the importance of each methodology and their
integrative use for the study of the disease, with the aim of providing a more comprehensive
characterization of patients useful for the development of new-targeted strategies in clinical

practice and personalized medicine.



List of abbreviations

ALS: Amyotrophic Lateral Sclerosis
fALS: Familial ALS
SALS: Sporadic ALS
MND: Motor Neuron Disease
LMN: Lower Motor Neuron
UMN: Upper Motor Neuron
rEEC: revised El Escorial Criteria
ALSFRS-R: ALS Functional Rating Scale—Revised
FDA: Food and Drug Administration
SODL1.: Superoxide Dismutase 1
C9orf72: Chromosome 9 Open Reading Frame 72
ATXN2: Ataxin2
FUS: Fused in Sarcome
AD: Autosomal Dominant
AR: Autosomal Recessive
TARDBP: TAR DNA-binding protein 43
CNS: Central Nervous System
NGS: Next-Generation Sequencing
dNTP: Dideoxynucleotide
MPS: Massive Parallel Sequencing
HTS: High-Throughput Sequencing
WES: Whole Exome Sequencing
WGS: Whole Genome Sequencing
TS: targeted sequencing
SNV: Single Nucleotide Variant
CNA: Copy Number Alteration
ATXN1: Ataxinl
ATXN2: Ataxin2
ANG: Angiogenin
VCP: Valosin-containing protein



VAPB: VAMP associated protein B
UBQLN2: Ubiquilin 2

SV: Structural Variant

VUS: Uncertain Significance Variant

SB: Southern Blotting

PCR: Polymerase Chain Reaction

OGM: Optical Genome Mapping

HMW — DNA: High Molecular Weight DNA
RP-PCR: Repeat-Primed PCR

FTD: Frontotemporal Dementia

PCR: Polymerase Chain Reaction

WES: whole exome sequencing

WGS: whole genome sequencing

eQTL: Expression Quantitative Trait Loci
GQ: Genotype quality

FDP: Flow space read depth

QUAL: Variant quality

STB: strand bias ratio

FAO: flow-space alternate allele observations
MAF: Minor Allele Frequency

eQTLs: Expression Quantitative Trait Loci
GTEXx: Genotype-Tissue Expression

ExXAC: Exome Aggregation Consortium

SB: Southern Blot
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BACKGROUND

Amyotrophic Lateral Sclerosis

Chapter 1

Amyotrophic lateral sclerosis (ALS) is the most frequent disorder of Motor Neuron Disease

(MND). The term MND indicates a group of different progressive neurodegenerative

pathologies of different aetiology and clinical variability, but a common final event: the loss

of upper and/or lower Motor Neurons (MNs; Upper Motor Neuron, UMN; Lower Motor

Neuron, LMN). Upper motor neurons travel from the brain along the spinal cord and lower

motor neurons branch outward to supply the muscles of the face, throat, arms, chest and legs.

There are diseases within the spectrum that have great similarities in clinical features and

pathological findings, or even both. In particular, clinical motor presentations exist on a

continuum, with a spectrum that extends from LMN to UMN signs (Figure 1).

LMN
Symptoms

* Cramps
* Fasciculations

Signs
* Fasciculations
* Muscle atrophy
* Muscle weakness
* Hyporeflexia/absent reflexes

a) Flail Leg  b) Flail Arm
Syndrome  Syndrome
M\ M

c) Progressive
Muscular Atrophy
M

d) Classical ALS
Limb Onset Bulbar onset

e) Isolated
bulba[\palsy

i
jx \

UMN
Symptoms

* Stiffness/slow movement
* Clonus, Spasms
* +/- Emotional lability

Signs

* Spasticity
* Hyperreflexia
* Preserved reflex in wasted limb

f) Hemiplegic g) Primary
ALS (‘Mills’)  Lateral Sclerosis
™\
) ()
SE
N |
Bl
‘/1
Wl W b )

Figure 1. Pattern of motor involvement across the ALS clinical phenotypes.

https://doi.org/10.3390/brainsci11060715

ALS is characterized by progressive degeneration of LMNs and UMNSs in the cerebral cortex,

brainstem, and spinal cord, resulting in muscle atrophy, fasciculation, and spasticity

(https://raredisease.org). The first symptoms of ALS usually include muscle weakness or
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Chapter 1

stiffness in a limb or muscles in the mouth or throat (so-called bulbar muscles). Gradually
almost all muscles under voluntary control are affected and individuals lose strength and the
ability to speak, eat, move and even breathe (https://www.als.org). The onset and early
progression of ALS are frequently insidious, and symptoms may go unrecognized and
undiagnosed for up to 12 months. Precisely, the age of onset is between 40 and 65, with an
average age of 55 at the time of diagnosis and most ALS people die of respiratory failure,
usually within 3 to 5 years of the onset of the symptoms (https://www:.als.org). However, about
10% of people with ALS survive 10 or more years.

Globally, ALS incidence is about 1-3 cases per 100,000 inhabitants per year and in Italy,
at least 6,000 patients and 2,000 new cases are estimated each year (https://www.als.org/).

There are some specific criteria for the diagnosis of ALS known as the Escorial World
federation of Neurology criteria (so called after a conference center in Spain, where they were
developed), first published in 1994 (2) and revised in 2000 (3). Criteria were established
because ‘‘variety of clinical features which may be present early in the course of ALS makes
absolute diagnosis difficult and compromises the certainty of diagnosis for clinical research
purposes and therapeutic trials” (2). The revised El Escorial Criteria (rEEC) classifies ALS
patients into 4 levels of diagnostic certainty, namely clinically defined, probable, laboratory-
supported probable, and possible. However, they were soon shown to have very low sensitivity
in the early stages of the disease, especially in patients with bulbar-onset ALS (3). For this
reason, other electrodiagnostic criteria (Awaji-Shima criteria) were introduced in 2006 (4)
eliminating the probable category supported by the laboratory. The introduction of the latter
criteria has shown an increase in diagnostic sensitivity compared to the EIl Escorial (2000)
clinical diagnostic criteria. The increase in diagnostic sensitivity was nearly doubled for
bulbar-onset ALS and clinically possible ALS (5) (6). However, both the clinical criteria of El
Escorial (2000) and the electrodiagnostic criteria of Awaji-Shima (2006) are mainly used for
the stratification of ALS patients into subgroups in order to justify their inclusion in large
experimental multicenter clinics (7).

In addition, the highly variable symptom severity and rate of progression are determined
by ALS Functional Rating Scale - Revised (ALSFRS-R) (8) (Figure 2).

13
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sheets alone

0 Helpless

Walking
4 Normal
3 Early
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0 No purposeful leg movement
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4 Normal
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Chapter 1

RESPIRATORY

Dyspnea
4 None

1 Occurs at rest, difficulty breathing
when either sitti
0 Signihicant di

using mechanical respiratory

considering

support
Orthopnea
4 Nor
3 S ficulty sleeping at night du
10 th, Does not
0 y use more than two pillows

1 order 10

1 Canonly
0 Unable t¢

Respiratory Insufficiency
4 None
3 Intermittent use of BiPAP
2 Continuous use of BIPAP
1 Continuot

the night and day

15 use of BIPAP during

0 Invasive mechanical ventilatior

by intubation or tracheostomy

Figure 2. ALS Functional Rating Scale-Revised (ALSFRS-R) Guide (https://www.alspathways.com).

Genetics of Amyotrophic Lateral Sclerosis

ALS is distinguished into familial (FALS, 5-10%) cases affects by monogenic disease and

sporadic (SALS, 95-90%) cases determined by the interplay between environmental (i.e.

muscle exercise, life, education and smoking) and genetic risk factors (9). Despite the list of

ALS-related genes rapidly increasing, mainly due to the application of new technologies (10),

many individuals do not receive a molecular diagnosis yet and, there is still substantial missing

heritability. Therefore, a molecular diagnosis may be a valuable tool for dissecting out ALS

heterogeneity and for identifying the causative molecular mechanisms of the disease and

outlining precision therapeutic approaches.

There is currently no effective cure for ALS. Only two drugs, have been approved by the

Food and Drug Administration (FDA) for treatment: Riluzole, a glutamate receptor antagonist,
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Chapter 1

which prolongs survival for a few months and, Edaravone, a free radical scavenger available
in only a few countries and also a small effect on disease progression (11).

On the other hand, gene therapy clinical trials are currently underway for ALS patients with
Superoxide dismutase (SOD1) - mutations, Chromosome 9 Open Reading Frame 72 (C90rf72)
hexanucleotide repeat expansions, Ataxin 2 (ATXN2) trinucleotide expansions, and Fused in
sarcoma (FUS) mutations, as well as sporadic disease without known genetic cause (12).

Notably, the pattern of ALS inheritance varies depending on the gene involved. Most cases
show an autosomal dominant (AD) pattern. Less frequently and very rarely, ALS is inherited
in an autosomal recessive (AR) and X-linked dominant mode, respectively (13). However,
there are also instances of AR inheritance of AD genes in specific populations, both recessive
and dominant mutations (i.e. p.D91A, SOD1), as well as evidence of reduced penetrance of
disease-associated mutations (including p.1114, SOD1 and G4C, C9orf72) and oligogenic
inheritance, illustrating that ALS is a highly complex genetic disorder (13). There are four
“major” genes associated with the disease (SOD1, C9orf72, TARDBP, FUS) but through
molecular genetic techniques increasingly applied to ALS research, over 40 genes have been
discovered (Figure 3).

30+ B Implicated in protein homeostasis
- Il Involved in altered RNA-binding proteins C210RF2
TBK1 1
MATR3 SCFD1
e 20_ - ~
c = CHCHDI10
3 s HNRNPA1
154 TAF15
o
§ C90ORF72
107 sop1 TARDEP 4 e
ANG vCP UNC13A
5] NG VAPB FUS
1
04

T T T T T 1
1990 1995 2000 2005 2010 2015 2020

Year of Discovery

Figure 3. ALS Gene Discovery since 1990. PMID: 28700839.
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Chapter 1

Interestingly, mutations in SOD1 are the second most recurrent known cause of ALS after
C9orf72 alterations and account for almost 20% of familial and 2-4% of apparently sporadic
ALS cases (14). SOD1 mutations, mostly characterized by an autosomal dominant and highly
penetrating inheritance pattern, determine a variable age of onset from the second decade (13).
Despite rare cases of ALS with cognitive dysfunction have been reported, in general the
clinical presentation of the SOD1 mutation carriers is that of classical ALS (15) (Figure 1).
Until now, more than 180 different mutations have been discovered in SOD1 including

missense mutations, deletion, insertion or splicing events (Figure 4).

—
ex1 ex2 ex3 exd ex5
s M M ™)
5L U 1 1| 1 ] 3’
sob1 -~ V29A D125H
P $591,5 HBOR
- AAV,T,S .
21922 o VaLVTE G37R NE5S PE6A L84V, F L1265
- Co6.F L38R,V L67RD76Y,V" | GBSR,S G127R
L8OV R G415,0 G725,C VB7A, M E133v
— G106V R Ha3R F45C AB9T, V S134NT137R
e HABRVATF A DIOA, V G138EG141E
C15AS N19S HAZR,Q E49K N86I,5, D, K N139D,K, H, N
. T54R 199V A95T, V AL40A, G
F20C E21K,G L144F, 5 C146R

DI6N, V VI7L, M
G93A,V,S,CR.D | Al45T,GV148,G

T88delACTGCTGAC |G148A,CG147D,R
E100G, K 1104F 1150V 1151T,§ 11527

Q221

D101G,Y,H, N
5105L, delTCACTC
L106V, F G108V
1112M, TI113T, F
G114AR115G T116T L117V
D124G,V
V118L, InsAAAAC

Figure 4. Schematic representation of SOD1 mutations since 2020. PMID: 32497448.

A different mutation causing the repeated anomaly of GGGGCC (G4C2) sequences is
known in the C90rf72 gene and is the most common genetic cause of the pathological spectrum
of fALS (40%). Age of onset is extremely variable (20 to 90 years), commonly with repetitive
expansion and, is generally related to expansion size (16). In addition to repeat size
heterogeneity among C9orf72 carriers, mosaicism and somatic instability may be part of the
mechanisms that support the clinical variety observed in patients, as well as mechanisms
anticipating the age of onset from generation to generation, usually associated with increased
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Chapter 1

disease severity. Indeed, in the same patient, it is possible to measure different dimensions of

expansion in the Central Nervous System (CNS) and in the blood (17, 18).

Pathogenic mechanisms
Although the exact mechanisms underlying selective motor neuron death in ALS are still
not fully understood, we know that an association of distinct mechanisms (glutamate
excitotoxicity, oxidative stress, inflammation, abnormal protein aggregation, abnormalities in
energy metabolism) rather than a single mechanism, provides neurodegeneration in ALS.
SOD1, initially associated with oxidative stress and excitotoxicity in motor neurons in ALS, is
an example among others, where studies of gene mutations have involved the protein in other
mechanisms such as protein misfolding, insolubility and decay in disease. Despite the lack of
knowledge of the pathogenetic mechanisms by which SOD1 works, it would appear that
pathogenicity acts through a toxic increase in function (19), supported by the SOD1 knockout
mouse model (20) (21) and a loss of nuclear function (22), altering the antioxidant response.
Furthermore, RNA dysregulation as a key pathological mechanism in ALS has been described
following the identification of disease-causing variations in the RNA-binding protein,
TARDBP and FUS genes. Moreover, the discovery of C9orf72 hexanucleotide expansion also
provided evidence of the crucial role of RNA processing for ALS. Pathogenic mechanisms
associated with this variation include loss of function and gain of function of C9orf72 caused
by toxic RNA molecules and repeat protein toxicity from the dipeptide (23). The normal
function of C9orf72 is unknown, but recent studies suggest that it may be important for

endosomal trafficking.

Diagnostic approaches: advantages and limitations
Today, the diagnosis of ALS rests on clinical and neurophysiological findings. In research
laboratories, genetic testing was limited to Sanger sequencing of a few genes, until not too long
ago. This methodology disallowed diagnosis in patients with no family history of the disease
who presumably carried mutations in new or undiscovered genes. Now, with the advent of new
sequencing technologies (ALS multigene panels, whole exome sequencing and assays for
C9orf72 hexanucleotide expansion), there are several genetic testing options improving the

chances of a definitive diagnosis in a considerable number of ALS cases (24). Genetic tests
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Chapter 1

can provide a molecular-level diagnosis in 70% of fALS cases and in 10% of SALS patients
(13). However, family history pedigree analysis, and risk assessment remain crucial for the
correct application of genetic tests and counselling for each patient. Therefore, a molecular
diagnosis may help to understand the basis of their condition, allow for an accurate risk
assessment and, provide participation in clinical trials but otherwise, does not affect treatment,
and therefore is a complex ethical question.

Routine diagnostic testing includes SOD1, TD-43, FUS and, C9orf72, representing the most
frequently mutated disease genes (major genes).
Briefly, in the first diagnostic step, i.e. before multigene sequencing approaches are applied, a
repeat expansion in C9orf72 should be excluded. If all major genes are negative, a second-
level-genetic analysis can be performed, assessing other ALS-related genes (minor genes),
according to the country-specific genetic epidemiology, if available (13).

Major genes testing

First-generation DNA sequencing methods

Sanger sequencing, commonly referred to as chain termination or dideoxynucleotide
sequencing, Sanger sequencing, first emerged in 1977 and, has been the most widely used
sequencing method for the last four decades (25). This "first generation” DNA sequencing
method, represents the most reliable and accurate method for variants detection and is
extensively used in ALS diagnosis.

Sequencing uses one strand of the double-stranded DNA as a template to be sequenced
and is carried out using oligonucleotide primers and elongated by a mixture of deoxynucleotide
triphosphates (dNTPs), which provide the needed arginine (A), cytosine (C), tyrosine (T), and
guanine (G) nucleotides to build the new double-stranded structure. In addition, a small
quantity of chain-terminating dideoxynucleotide triphosphates (ddNTPs) for each nucleotide is
included, combined with fluorescent dyes with different emission wavelengths (13).
Automated machines are able to reveal the DNA sequence from the intensity profiles of the
four fluorophores by a fluorescence-sensing laser, from which a peak capable of detecting
variants within the sequence is developed. Overall, this methodology is a robust testing strategy
able to determine whether a point mutation or small/deletion/duplication is present. Sanger
sequencing, although too laborious and expensive when compared with other multiplex testing
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systems, remains routinely when sequencing of specific genes or gene fragments is required.
Indeed, screening for known common mutations in cases of familial ALS is largely done by

Sanger sequencing (13).

Clean-up of Cycle

PCR Cycle : ; Capillary Data analysis
amplification ) PCR )) sequencing )) e )) electtophoresis ))
amplification clean-up
LWille N |
06 oo L N TN |
Qg IO Sl R (11
¢ > o0 > ‘qu« @ A 11

Figure 5. Sanger sequencing workflow from sample to data. (Source: https://www.thermofisher.com/).

Second-generation DNA sequencing methods

The last twenty years have been characterized by significant advances in the nucleic acid
sequencing technologies field, collectively known as "Next-Generation Sequencing” (NGS)
(26). These methodologies allow the identification and analysis of many genetic variations
present in the human genome, at a high level of resolution and with extremely significant data
throughput, offering a valid alternative method for the detection of disease alleles. NGS, also
called Massively Parallel Sequencing (MPS) or high-throughput sequencing (HTS), provides
to sequence target genes and regions, exome or whole genome, and is revolutionizing
molecular diagnosis as it now permits large-scale parallel sequencing. This has led to a wider
analysis of genes less frequently associated with ALS and to the discovery of patients with
variants in more than one ALS-associated gene (oligogenic cases) (27).

Through NGS is possible to explore more genes at the same time and in more samples
in the same experiment through a DNA marking method (barcoding), which in the
computerized analysis phase, allows to distinguish and separate the sequences of each sample.
Therefore, these technologies can produce large amounts of data with relative advantages in
terms of time and cost compared to the Sanger method. In NGS, sequence reads need to cover
each base many times to increase data accuracy while lower sequencing depth leads to a non-

negligible amount of genotyping uncertainty (28). Individual sequencing read errors are
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Chapter 1

statistically insignificant when they are outnumbered by correct reads. Coverage is variable
within a sample, and typical coverage ranges from 30 or fewer to >1000 reads for typical
human genetics and cancer applications, respectively (https://irepertoire.com/). Another
typical feature of NGS sequencing is the ability to accurately detect the presence of low-

frequency alleles, allowing the identification of variations or deletions in heterozygosity.

STEP 1: . STEP 2: Template
EXtraCtlon lera ry l Fragmentation lPCR or RT-PCR
Prep
D T D T
= L X ] L X ]
E Fragmented DNA Amplicons
- Ve ——
- ;i: ; § % Adapter Ligation PCR r' :?p::
— on T eaa e
Sequencing Library
STEP 3: STEP 4:
Sequencing Analy5|s

— =

Figure 6. The general NGS workflow (https://irepertoire.com/).

Three main sequencing approaches, following the general workflow shown in figure 6, are
used in clinical settings and indicated for the detection of rare variants and differ according to
the size of the analysed portion of the genome (Figure 7). Whole Exome Sequencing (WES)
involves the analysis only of the coding part of the genome (about 1.5% of the total) since it is
widely demonstrated that at least 80% of pathogenic mutations are localized in exons. Whole
Genome Sequencing (WGS) is used to sequence the entire genome and, to have complete
genetic information, both of the coding and non-coding parts of the genome. WES execution
is particularly indicated in cases with high genetic heterogeneity where an ever-increasing
number of genes are involved, but each is responsible for a low percentage of cases. Targeted

sequencing (TS) or Panel NGS testing, available in clinical services, allows sequencing key
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Chapter 1

genes or regions of interest at high depth (500-1000X or greater), allowing the identification
of rare variants as well as providing convenient results for studies on the disease-related genes
(29).

Targeted panel sequencing Whole-Exome Sequencing Whole-Genome Sequencing
Categorical genetic disorders *  Whole exome * All genes and non-coding DNA
Up to thousands of genes * Intermediate coverage and depth * Lower coverage
High coverage and depth ¢ Highest cost

Lowest cost

— I — I 0202090 S -
— — I -

l capture l capture l No capture

— — E— I B E— e
===  — B — —
) [ B

High accuracy good accuracy Lower accuracy

Figure 7. Comparison of targeted gene panel, whole exome sequencing, and whole genome
sequencing approaches. PMID: 32024334.

Target panel analysis is usually applied for different heterogeneous groups of genetic
disease, and the number of the analysed genes varies across laboratories (30). In addition to
being cost-effective, using targeted panels is advantageous due to the high coverage in the
region of interest and the high probability of detecting any mosaicisms. On the other hand,
ALS targeted panel results show a high rate of variants of uncertain significance (VUS). In
disorders, such as ALS, these variants need to be approached with caution in the clinical
setting, as the complex genetic architecture may consist of combinations of genes variants that
differ in frequency and penetrance. The number of ALS patients reported to have more than
one ALS risk variant varies by studies but has been reported to be between 1 and 4% (27, 31).
Despite the multiple advantages of next-generation sequencing techniques, Sanger sequencing
has a fundamental place in clinical genomics both as a method to confirm the sequence variants
identified and to fill the ‘coverage gap’ of poorly coverage regions by NGS (32).

However, integration of NGS and Sanger data is not always possible. Measures of
sequence quality, depth of coverage, and allele frequencies are all values not directly and
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precisely comparable between NGS and Sanger sequencing data (32). Also, NGS fails to
identify most of the large insertions, deletions, and copy number changes in the 2/3 of the
genome that is repetitive. Furthermore, NGS does not reliably detect balanced structural

variants such as inversions and translocations.

C9orf72 test

Knowing the correct size of the most common repetitions in the population is essential
in clinical diagnostics to guide the genetic test. Due to the complexity of C9orf72 expansion
with high GC content, large repeat size, and high insertion/deletion rate and sequence variation
in flanking regions, molecular genetic analysis of the locus is challenging (33). Among the
known techniques, Southern Blotting (SB) and repeat primed (RP)-PCR have always been
used to detect size repeat large expansions. SB is considered the gold standard for expansion
detection, but this test is onerous, and a high quality and quantity of DNA, often unavailable,
is required for a single experiment (34). RP-PCR uses a locus-specific flanking primer along
with a paired repeat primer that amplifies from multiple sites within the repeat, generating a
characteristic ladder of fragments after capillary electrophoresis. Although this is a rapid and
inexpensive method, it does not provide an accurate estimate of the number of repeats (>50-
60 repeats) and does not reveal the actual DNA composition of the expansion (34). The
incorrect diagnosis is also determined by the extensive somatic mosaicism at the C9orf72 locus
implies that repeat lengths estimated from blood may not accurately reflect repeats in
vulnerable brain tissue. Based on these premises and taking into account that traditional
sequencing and NGS technologies have some limitations in detecting expanded repeats and/or
mosaicism, it is necessary to investigate the potential of other techniques for the diagnosis of
expansion disorders.

Optical genome mapping (OGM) developed by Bionano Genomics (Figure 8) is an imaging
and mapping tool that can provide de novo maps and resolve complex repetitive regions,
identify CNV, and elucidate whole-genome structural variations such as balanced/unbalanced
translocations, inversions, and indels. It uses linearized strands of high molecular weight
(HMW) DNA that are far longer than the DNA sequences analysed in current sequencing

methods. This allows repetitive regions and other difficult-to-map regions to be more easily
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extended than short molecules, detecting structural variants, ranging from 500 bp to megabase

pairs in length, with sensitivity up to 99% and allele fractions down to 1 % (35).
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Figure 8. The Bionano Genomics Optical Genome Mapping workflow from mega-base size DNA to

automatically detected, genome wide, structural variants using the Saphyr® Genome Imaging
Instrument (https://bionano.com/).
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AIMS OF THE PhD WORK

Given the multifactorial nature, researching ALS has proven challenging. In the last few
years, genomics technologies, including next-generation sequencing (NGS), paved the way for
achieving a greater understanding of the aetiology of the disease and hopefully one day the
correct diagnosis, treatment, and prevention.

Aware of the importance of a detailed and accurate molecular investigation of the various
genetic aberrations associated with complex diseases, in recent years our research group has
been interested in the knowledge and use of different molecular genetic approaches to better
identify causative genes for ALS and understand underlying altered mechanisms.

The present PhD project, aims to describe low-and high-throughput sequencing techniques
applied to ALS diagnosis and, to evaluate the utility and the clinical use of the new whole
genome-wide approach, the Optical Genome Mapping.

After a short introduction (Chapter 1), the specific topics discussed in the next pages can be
summarized as follows:

In Chapter 2, we analysed a large cohort of ALS patients referred to our institution over the
past 2 decades, by using Sanger sequencing technique.
In Chapter 3 and 4, using Next Generation Sequencing (NGS), we:

) investigated the oligogenic nature of ALS in p.D91A- SOD1 patients.

i) analysed a new enrolled cohort of ALS patients.

The last Chapter is devoted to the investigation of the size of C9orf72 expansions and to the
occurrence of C9orf72 mosaicism in ALS patients, by using Optical Genome Mapping
(Chapter 5).
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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a multifactorial disease characterized by the interplay
of genetic and environmental factors. In the majority of cases, ALS is sporadic, whereas
familial forms occur in less than 10% of patients. Herein, we present the results of molecular
analyses performed in a large cohort of Italian ALS patients, focusing on novel and already
described variations in ALS-linked genes. Our analysis revealed that more than 10% of tested
patients carried a mutation in one of the major ALS genes, with C9orf72 hexanucleotide
expansion being the most common mutation. In addition, our study confirmed a significant
association between ALS patients carrying the ATNX-1 intermediate repeat and the
pathological C9orf72 expansion, supporting the involvement of this risk factor in neuronal
degeneration. Overall, our study broadens the known mutational spectrum in ALS and provides

new insights for a more accurate view of the genetic pattern of the disease.
1. Introduction

Amyotrophic lateral sclerosis (ALS) is an adult, fatal neurodegenerative disease affecting
primarily both upper and lower motor neurons and leading to muscular denervation, atrophy,
and, ultimately, paralysis of skeletal muscles. The incidence of ALS is reported to be around 5
cases per 100,000 population/year in most countries (Chio et al., 2013; McCauley et al., 2019).
Approximately 5%-10% of patients newly diagnosed with ALS report a positive family history
and are classified as familial ALS (FALS), often with an autosomal-dominant pattern of
inheritance, while the remaining 90%-95% of cases are considered as sporadic ALS (SALS)
(Rowland et al., 2001). Although useful, there is a consensus that this classification is unreliable
because of incomplete penetrance in family histories, unclear relatedness, early death of close
relatives, and since every established FALS gene has also been implicated in SALS (Gibson et
al., 2017; Turner et al., 2017). Indeed, an SALS patient with an FALS mutation is very often
an FALS patient with a non- recognized family history.

Although more than 100 genes have been associated with ALS (https://alsod.ac.uk/), only
a few of them are linked to a significant percentage of ALS cases. Together, SOD1, C9orf72,
TARDBP, and FUS genes account for about 50% of FALS and 6% of SALS in the world (major

genes), while frequencies of single gene mutations in other genes are very rare (< 1% of
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patients) (Lamp et al., 2018; Muller et al., 2018; Zou et al., 2017). Nevertheless, many genetic
variants not directly causing ALS could enhance susceptibility to the disease, modifying the
clinical phenotype (Chio et al., 2012a; Millecamps et al., 2012). Among these, the independent
contribution of ATXN1 and ATXN2 as ALS risk factors has been proposed (Conforti et al.,
2012; Elden et al., 2010), and the action of these genes supports the theory by which several
variants strictly drive the interaction between genes, in a way that promotes disease onset and
progression (Renton et al., 2014).

Achieving a detailed and accurate molecular investigation of the various genetic
aberrations associated with ALS may help broaden our vision on the role of genetics in ALS
pathogenesis. With this aim, here we present the results of our own experience in the molecular
genetic testing of ALS-related genes performed in a large cohort of ALS patients referred to

our institute during the past 2 decades.

2. Patients and methods

2.1 Patients

Informed consent was obtained from each study subject or from a close relative if the
subject was too severely disabled to give written consent. Nine hundred ninety-seven patients
of Italian descent, except for 2 single SALS cases done of French origin and the second of
Arabian origin were prospectively and randomly recruited at the Institute of Neurological
Sciences-CNR, Mangone (CS), and DNA samples were collected from January 1999 to
December 2018. All patients underwent a full neurological evaluation to establish the clinical
diagnosis of ALS according to the El Escorial criteria (Brooks et al., 2000) and the recently
proposed guidelines for FALS classification (Byrne et al., 2012). A population characterized by
296 age- and sex-matched Italian individuals without neurodegenerative disease was used as

control sample. The characteristics of ALS patients and controls are reported in Table 1.
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Table 1. Main clinical characteristics of ALS patients and controls.

Overall Gender Median age at Form Site of onset FTD, n (%)
subjects(n) | (female), n onset?/inclusion® (FALS, (bulbar), n (%)

(%) y (range) n (%)
Patients 421 (42.2%) 59.3 (17e89) 66 (6.6%) 182 (22%) 16 (1.9%)
(997)
Controls 125 (42.2%) 60.5 (31e80) _ _ _
(296)

Key: fALS, familial ALS; FTD, frontotemporal dementia.
2Data not available for site of onset for 174 patients. ® Age at onset of ALS and age at inclusion for controls.

2.2 Genetic analysis

Mutational analysis of C9orf72 (mendelian inheritance in man [MIM]: 614260), SOD1
(MIM: 147450), TARDBP (MIM: 605078), FUS (MIM: 137070), ANG (MIM: 105850), VAPB
(MIM: 605704), VCP (MIM: 601023), and ATXN1 (MIM: 164400) was performed according
to standard procedures. Purified amplicons were directly sequenced on an ABI Prism 3130XL
genetic analyzer (Applied Biosystems, Foster City, CA), using the BigDye Terminator Cycle
Sequencing Ready Reaction Kit (Applied Biosystems). Analysis of repeat expansion in C9orf72
and ATXN1 was performed using fluorescent-labeled primer PCR with capillary electrophoresis
on an ABI Prism 3130XL genetic analyzer and analyzed with GeneMapper Software, version

4.0 (Applied Biosystems).

2.3 Statistical analysis

Statistical differences between mutated cases and ALS patients without genetic mutations
were evaluated with a 2 tailed t-test for continuous variables (such as age at symptom onset) and
chi-squared test for discrete variables (such as gender distribution, family history, and site of
onset). We also assessed associations of polyQ repeats in ATXN1 gene and C9orf72
hexanucleotide repeat expansions in different groups of ALS patients using a chi-squared test.
All p-values were computed using the R software (R Foundation for Statistical Computing) and
adjusted using Welch’s correction in a 2-tailed t-tests and Yates’ continuity correction in a chi-

squared tests. A p-value <0.05 was considered statistically significant.
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3. Results

Molecular analyses revealed that more than 10% of tested patients carried a mutation of one
of the major ALS genes, with C9orf72 hexanucleotide expansion being the most common
mutation (Fig. 1). Table 2 summarizes demographic, clinical, and genetic data of ALS patients
carrying pathogenic mutations in ALS-related genes. Thirty-seven of the 66 patients (56.1%) with
fALS carried a mutation in one of the tested ALS genes. In contrast, only 66 (7.1%) of the 931
apparently SALS cases had a genetic mutation. Mean age at symptom onset was similar among
patients carrying SOD1 mutations, TARDBP mutations, and C9orf72 hexanucleotide repeat
expansion. In contrast, patients with FUS mutations manifested symptoms at a much younger age
and this difference was found to be statistically significant (unpaired t-test with Welch’s
correction, p = 0.0022). There was a significant difference in gender, family history, and site of
onset between C9orf72 positive and negative groups (Table 2), while no statistically significant
difference was observed between patients with and without mutations in other ALS-linked genes.
The distribution of the C9orf72 repeat in our cohort of ALS patients is shown in Fig. 2. All
mutations detected, except for 2 in SOD1 and FUS genes, were previously reported (Table 2).
The new SOD1 missense substitution D83V (according to human genome variation society
nomenclature: ¢.251A>T, p. Asp84Val) was neither found in the Genome Aggregation Database
(gnomad.broadinstitute.org/) nor in the 1000G database (http:// www.1000genomes.org/) and it
was absent in our control subjects. Yet, the mutation was predicted to be pathogenic by 3 different
programs, Sift (https://sift.bii.aestar.edu.sg/), Polyphen2 (http://genetics.bwh.harvard.edu/pph2),
and MutationTaster (http://www.mutationtaster.org/). The patient carrying this mutation was a
44-year-old man without a relevant family history, who initially presented with a slowly
progressive muscle weakness of the lower extremities with upper motor neuron signs. He showed
mild dyspnea but no dysphagia, nor dysphonia. He suffered from mild dysarthria, worsened until
he had difficulty with walking, showing impairment of lower motor neurons, and he died 2 years
after disease onset. The novel FUS mutation Gly246DUPL (c.738_740dupl AGG), identified in
exon 6 of the gene, was neither found in the abovementioned databases nor in silico analysis
predicted the mutation as “disease-causing.” The patient carrying this mutation is a 35- year-old
obese man, who noticed fasciculation in both shoulders and arms, together with weakness and

atrophy in the left proximal arm muscles. Disease duration is to date 48 months, with a relatively
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slow progression. Bulbar functions are normal and he does not show dysphagia nor dysarthria.
TARDBP analysis identified the previously described G376D mutation (Conforti et al., 2012), in
a large family in which all affected individuals showed a rapid progressive disease. Interestingly,
the reconstruction of the genealogic tree led us to a large collection of DNAs from family
members, either affected or not, and the segregation analysis revealed a dominant pattern of
transmission, even though the penetrance appeared incomplete (Fig. 4). The screening of
VAMP/synaptobrevine associated membrane protein B (VAPB), angiogenin (ANG), and valosin
containing protein (VCP) genes revealed no novel mutations but many single nucleotide
polymorphisms and a previously described ANG gene mutation in 1 sporadic patient (Conforti et
al., 2008). A list of single nucleotide polymorphisms related to all the genes analyzed in ALS
patients is reported in Table 5. Finally, a cohort of 703 ALS patients (49 fALS and 654 sALS)
underwent ATXN-1 repeat analysis to evaluate the frequency of ATXN-1 expansion in C9orf72
carriers. We considered 33 as the cut-off to discriminate between normal and intermediate
repeats. Results showed that 10/51 C9orf72 positive cases (19.6%) had at least 1 allele with a
polyQ repeat length 33, revealing a statistically significant association between ATXN1 and
C9orf72 repeat expansions in ALS patients (fixed-effect model odds ratio = 2.28, 95% confidence
interval = 1.12e4.7, p = 0.0446). In particular, 27.8% (5/18) of fALS patients and 15.15% (5/33)
of SALS patients with C9orf72 repeat expansions showed 33 polyQ repeats in the ATXN1, with
no significant differences between the 2 groups (fALS, p =0.1123; sALS,

p = 0.3624).

A sopt TARDBP B

o2 2% 1% Fus

6% 1% ANG
ANG 1%
0.25%

Unkown

89%

Figure 1. Percentage of mutations in ALS. (A) Distribution of mutated gene in whole ALS cohort and
(B) prevalence of mutations in the 103 ALS cases. Abbreviations: ALS, amyotrophic lateral sclerosis.
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Table 3. Descriptive statistics of amyotrophic lateral sclerosis patients with pathogenic C9orf72
expansion (C9orf72 positive) and without expansion (C9orf72 negative).

C9orf72 positive (n=59) C90rf72 negative (n=919) p-value
Gender, n (%)
Female 34 (57.63%) 382 (41.57%) 0.0224
Male 25 (42.37%) 537 (58.43%)
Family history, n (%)
fALS 22 (37.29%) 43 (4.68%) <0.0001
SALS 37 (62.71%) 876 (95.32%)
Site of onset, n (%)
Bulbar 18 (36.73%) 163 (21.28%) 0.0190
Spinal 31 (63.27%) 603 (78.72%)
Mean age at onset (y) 57.75 59.48 0.2247

Values in bold show statistically significant differences.

Key: fALS, familial amyotrophic lateral sclerosis; fALS, sporadic amyotrophic lateral sclerosis.
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Figure 2. Histogram of C9orf72 repeat sizes in ALS patients (n=978). Total number of patients is
shown as regards the repeat number on the x-axis. Abbreviations: ALS, amyotrophic lateral

sclerosis.

4. Discussion

This study summarizes the results of genetic analyses of ALS-patients performed at the

Institute of Neurological Sciences-CNR Mangone (CS) during the past 2 decades. A large

cohort of patients was investigated using Sanger sequencing analysis of well-established ALS-
related genes: SOD1, C9orf72, TARDBP, FUS, ANG, VAPB, VCP, and ATXN1. The highest
frequency of positive cases was obtained in C9orf72 (6%), followed by SOD1 (2%), TARDBP
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(1.5%), and FUS (1%). In particular, C9orf72 repeat expansion analysis revealed the presence
of the pathogenic intronic (GGGGCC)n repeat expansion in 22 of 65 FALS patients (33.8%)
and 37 of 913 SALS patients (4%), confirming this mutation as the most frequent alteration in
ALS Italian patients (Chio et al., 2012a). Pathogenic C9orf72 repeat expansion frequencies vary
greatly by ethnicity/geographic origin. The highest frequencies are reported in northern
European countries (FALS 40% and SALS 8%), with low frequencies reported in Asian
countries (FALS 2.3% and SALS 0.3%) (Cruts et al., 2015). In our cohort, patients carrying the
expansion were more likely to be female, with a family history of disease and a bulbar-onset,
which is consistent with previous findings (Majounie et al., 2012; Umoh et al., 2016).
Moreover, 11 C9orf72-carrier patients showed clinical frontotemporal dementia (FTD) to
primary diagnosis, confirming that expansions are commonly observed in patients with
FTD/ALS (van Blitterswijk et al., 2013). SOD1 molecular investigation revealed a mutational
frequency of 10% for FALS cases and 1.4% for SALS cases. These results are similar to the
frequencies observe in population-based studies of ALS in Italy but are slighter lower than those
reported in other countries, supporting a different geographic distribution for these mutations
(Battistini et al., 2012; Chio et al., 2012a; Conte et al., 2012; Lattante et al., 2012). We identified
the novel heterozygous D83V missense mutation in an SALS patient. Segregation analysis in
the patient’s family revealed that it was present in the healthy father, suggesting the non-
pathogenicity or the incomplete penetrance of this variation. Unfortunately, because the patient
was unavailable for further study, it was not possible to confirm the predicted effects of the
€.251A>T on the SOD1 protein by functional analysis.

Mutational frequencies observed in TARDBP (10.3% FALS and 0.9% SALS) and FUS (5%
FALS and 0.78% SALS) were consistent with previous findings (Chio et al., 2012b; Lattante
etal., 2013; Polymenidou and Cleveland, 2017; Sproviero et al., 2012). We confirmed that FUS
mutations are associated with an earlier onset of the disease in comparison with the general
mean age of approximately 60 years reported for ALS (Chio et al., 2012a). None of these
patients showed signs of cognitive impairment. Approximately 5% of patients with ALS also
develop FTD (Groen et al., 2010) and, to date, only a small number of ALS/dementia patients
with FUS mutations have been described, although cognitive dysfunction has been reported to
be absent or rare in FUS-mediated ALS (Blair et al., 2010; Lagier-Tourenne and Cleveland,
2009; Yan et al., 2010). In addition, regarding the new variation ¢.738_740duplAGG (p.
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Gly246Dupl) identified in a sporadic male ALS patient, we were unable to demonstrate its
segregation with the disease, and we did not perform functional assays but prediction methods
suggested a pathogenic role of this variation. However, this new variant should be interpreted
cautiously considering that it is located in a region of the FUS gene (exon 6) where many of the
mutations detected represent susceptibility factors or variants with incomplete penetrance in
FALS (Deng et al., 2014), in contrast with most of the mutations located in exon 12e15 (C-
term) of the gene that were shown to be pathogenic in FALS and SALS cases. Considering that
ALS is a complex and multigenic disease, it is plausible that multiple variants cooperate in
influencing disease onset, severity, or duration. To this regard, the investigation of ATXN1 as
a potential disease modifier in C9orf72 expansion carriers revealed a statistically significant
association between ALS patients bearing the expanded polyQ ATNX1 and those with the
pathological expansion in C9orf72. A similar result was reported in a recent independent study
(Lattante et al., 2018). These data suggest that mutant ATNX1 may predispose carriers of
C9orf72 expansions to ALS development, therefore influencing their phenotype.

In summary, this report gives a picture of a 2-decade traditional genetic investigations of ALS
patients in the south of Italy, confirming not only C9orf72 as the most frequent genetic
alteration in this population, but also supporting the role of ATNX1 intermediate expansions in
predisposing to development of ALS in C9orf72- related patients. However, due to the complex
genetic architecture of ALS, a more accurate genomic characterization of patient’s needs to be
ensured for the development of new-targeted strategies in clinical practice and personalized

medicine.
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Table 4. Mutations in ALS patients and clinical phenotypes

Patient  Amino acid Variant MAF ClinVar (last reviewed)? fALS/SALS Gender Site of Age of onset  Disease Reference
change (EXAC/GnomAD) (M/F) onset (S/B)  (y) duration (y)

SOD1 NM_000454.4
1 N19S C.59A>G 0.00008/0.0084 Uncertain significance” (June 15, 2018)  sALS Male Bulbar 45 11 Andersen et al. (2003)
2 N19S €.59A>G 0.00008/0.00008 Uncertain significance” (June 15, 2018) ~ sALS Male Spinal 85 1.2 Andersen et al. (2003)
3 Q22L C.68A>T -/- Likely pathogenic® (March 31, 2020) SALS Female  Spinal 48 2 Andersen et al. (2003)
4 G61R €.184G>C -I- Not reported SALS Female  Spinal 56 N/A Conforti et al. (2011)
5 D83V C.251A>T -I- Not reported SALS Male Spinal 44 2 This report
6 D90A c.272A>C 0.00112/0.00143 Likely pathogenic® (December 12, 2016)  SALS Female  Spinal 55 Years Andersen et al. (1995)
7 D90A c.272A>C 0.00112/0.00143 Likely pathogenic® (December 12, 2016) fALS Female  Spinal 46 N/A Andersen et al. (1995)
8 D90A c.272A>C 0.00112/0.00143 Likely pathogenic® (December 12, 2016) fALS Male Spinal 49 N/A Andersen et al. (1995)
9 D90 A c.272 A>C 0.00112/0.00143 Likely pathogenic® (December 12, 2016) fALS Female  Spinal 55 Years Andersen et al. (1995)
10 D90A c.272A>C 0.00112/0.00143 Likely pathogenic® (December 12, 2016) fALS Male Spinal 63 N/A Andersen et al. (1995)
11 D90A c.272A>C 0.00112/0.00143 Likely pathogenic® (December 12, 2016)  SALS Male Spinal 33 24 Andersen et al. (1995)
12 D90A/hete c.272A>C 0.00112/0.00143 Likely pathogenic® (December 12, 2016)  sALS Female  Spinal 54 2 Andersen et al. (1995)
13 D90A/hete c.272A>C 0.00112/0.00143 Likely pathogenic® (December 12, 2016)  sALS Male Spinal 52 24 Andersen et al. (1995)
14 G93D €.281G>C -I- Not reported fALS Female  Spinal 63 1.8 Esteban et al. (1994)
15 G93D €.281G>C -I- Not reported SALS Female  Spinal 36 N/A Esteban et al. (1994)
16 L106P €.320T>C -I- Not reported SALS Male Spinal 77 3 Valentino et al. (2005)
17 R115C €.346C>T -/- Not reported SALS Male Spinal 73 N/A Tortelli et al. (2013)
18 L144F ¢.435G>T -/0.00001 Pathogenic® (March 31, 2020) SALS Female  Spinal N/A N/A Weber et al. (2012)
19 1149T c.449T>C -/0.00008 Not reported fALS Male Spinal 41 2 Pramatarova et al. (1995)

TARDBP NM_007375.3
20 G294V c.881G>T -I- Pathogenic® (April 23, 2009) SALS Female Bulbar 63 13 Corrado et al. (2009)
21 G294V c.881G>T -I- Pathogenic® (April 23, 2009) SALS Male Bulbar 68 1.2 Corrado et al. (2009)
22 G294V c.881G>T -/- Pathogenic® (April 23, 2009) SALS Male Spinal 48 16 Corrado et al. (2009)
23 G294V c.881G>T -/- Pathogenic® (April 23, 2009) fALS Male Spinal 61 N/A Corrado et al. (2009)
24 G294V c.881G>T -I- Pathogenic® (April 23, 2009) fALS Female  Spinal 58 0.3 Corrado et al. (2009)
25 G294V c.881G>T -I- Pathogenic® (April 23, 2009) fALS Male Bulbar 59 33 Corrado et al. (2009)
26 G294V c.881 G>T -I- Pathogenic® (April 23, 2009) fALS Female  Spinal 63 1 Corrado et al. (2009)
27 G294V/homo c.881G>T -/- Pathogenic® (April 23, 2009) SALS Female  Spinal 78 12 Corrado et al. (2009)
28 G295R €.883G>A -/- Pathogenic® (March 12, 2015) SALS Female  Spinal 58 19 Corrado et al. (2009)
29 G295R c.883G>A -I- Pathogenic® (March 12, 2015) SALS Female Bulbar 51 N/A Corrado et al. (2009)
30 G376D c.1127G>A - Not reported fALS Female  Spinal 58 N/A Conforti et al. (2011)
31 S379A ¢.1135T>G -/0.00003 Not reported SALS Female  Spinal 79 0.7 Sprovieri et al. (2019)
32 A382T c.1144G/A -/0.00003 Likely pathogenic® (March 31, 2020) SALS Male Spinal 52 6 Kabashi et al. (2008)
33 A382T c.1144G/A -/0.00003 Likely pathogenic® (March 31, 2020) fALS Male Spinal 36 3 Kabashi et al. (2008)

FUS NM_004960.3 34 Kwiatkowski et al.

Gly174_Gly175del ¢.518_523del -I- Not reported SALS Male Spinal 65 N/A (2009)
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35 R216C c.646C>T 0.00002/0.00012 Pathogenic® (August 10, 2012) SALS Male N/A 60 N/A |<2vviatkowski etal.
36 Gly246DUPL €.738_740duplAGG -/- Not reported SALS Male Spinal 75 22 SI'r?iggrzzport

37 R521G ¢.1561C>G -/0.00001 Pathogenic” (March 5, 2018) fALS Male Spinal 31 N/A Kz\g(ijagt)kowski etal.
38 R521C c.1561C>T -/0.000012 PathogenicC® (August 31, 2010) SALS Female  Spinal 35 N/A (szviatkowski etal.
39 R521C c.1561C>T -/0.000012 PathogenicC® (August 31, 2010) SALS Female  Spinal 53 5 (l;\?v?agt)kowski etal.
40 R521C c.1561C>T -/0.000012 Pathogenic® (August 31, 2010) fALS Female  Spinal 26 5 %\ZanZt)kowski etal.
41 P525L c.1574C>T -/0.000004 Pathogenic® (March 31, 2020) SALS Female  Spinal 45 3 i(wiat)kowski etal.
42 P525L c.1574C>T -/0.000004 Pathogenic® (March 31, 2020) SALS Male Spinal 26 1 (If\?v?(i)kowski etal.
43 P525L c.1574 C>T -/0.000004 Pathogenic® (March 31, 2020) fALS Female Bulbar 21 16 E\ngfgkowski etal.

ANG NM_001145.4
44 M-11 ¢.3G>A 0.000199/0.000216 Uncertain significance® (October 1, 2018) sALS Male Spinal 63 N/A Conforti et al. (2008)
Key: EXAC, Exome Aggregation Consortium; fALS, familial amyotrophic lateral sclerosis; FTD, frontotemporal dementia; GhomAD, genomes aggregation database; MAF, minor allele frequency; N/A, data not available;
SALS, sporadic amyotrophic lateral sclerosis.
«ClinVar: Variant interpretation and assertion criteria according to the following: A, Nykamp K et al. (Genet Med, 2017); B, ACMG Guidelines by Richards et al. (2015); C, no assertion criteria provided.
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Fig. 3. Pedigree of the TARDBP-G376D family with a history of ALS showing an autosomal- dominant pattern of inheritance. Square indicates male; circle
female; slash deceased; black symbols patients affected by ALS. empty symbols with black dot are asymptomatic carriers. * Indicates DNA available for the
study. Abbreviations: ALS, amyotrophic lateral sclerosis.

Table 5. SNPs detected in ALS patients and controls.

Overall patients,n ~ dbSNP cDNA alteration Amino acid Func. ALS Control  Allele Allele Clinvar®
change refGene patients ~ patients  frequency  frequency
(%) (%) ExAC GnomAD
SOD1 NM_000454.4
997 rs1804447 c.¥2C>T 3-UTR 0.1 - - 0.25 Benign
5-UTR 0.1 - - - -
rs112510394
C.423T>A Al41A Exonic 0.1 - 0.00046 0.00022 Benign
rs143100660
€.180T>C S60S Exonic 0.1 - 0.00001 0.00006 Benign
rs373888553
152234694 €.239p34A>C Intronic 5.3 0.03857 0.04007 Benign
- Intronic 0.1 - - -
TARDBP NM_007375.3 ¢.357p42del [TACA]
928 rs61730366 c.198T>A AB6A Exonic 0.1 - 0.00640 0.00178 Benign
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FUS
NM_004960.3
953 rs80301724
rs757651881
rs13331793
rs138901914
ANG
NM_001145.4
390 rs11701
rs2228653
rs121909541
rs17560
VCP
NM:007126.5
300 rs10972300
rs757728490
rs142577424
VAPB rs563516701
NM_004738.4
154 rs2234487
rs2234488
rs374376908
rs146459055

C.*41G>A
€.G230_G231del

€.1393p34G>T

€.669_671del
GGcGGe

¢.335-15del [TTTT]
¢.1566G>A

c.330T>A
¢.363A>G
c.208A>G

¢.250A>G

€.129p47G>A
¢.576p10C>G
¢.1194p38T>C

€.1082-21INS
[TTGTGTACTGT]
c.1704A>G
c.1722A>G

€.315p35C>T
€.315p138A>G
c.547C>T

€.390T>G

Gly226_
Gly227del

E
R522R

G110G
T121T
170V

K84E

Q568Q
L574L

L183L

D130E

3-UTR
Inframe deletion

Intronic
Inframe deletion

Intronic
Exonic

Exonic
Exonic
Exonic

Exonic

Intronic
Intronic

Intronic
Intronic

Exonic
Exonic

Intronic

Intronic
Exonic

Exonic

1.0
0.1

0.1

0.1
0.2

28
0.25
0.5

0.25

18.3
0.3

4.6
16.6

13
0.3
54

43
0.6
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22
0.3

0.3

13

[$) N )

24

0.00691

0.00123

0.00488
0.000609

0.0015

0.1458

0.0026
8 10°

0.41674

8 10°
0.00135

0.00405

1.2

0.00081

0.12600
0.01278
0.00080
0.0038

0.1634

0.0024

0.45475

0.36118

0.00051

Benign
Uncertain
significance

Benign

Benign

Benign
Benign
Uncertain
significance
Benign

Benign
Likely
benign

Benign

Benign

Benign

Key: e, not present or zero; cDNA, complementary deoxyribonucleic acid; dbSNP, database of single nucleotide polymorphism; EXAC, Exome Aggregation Consortium; GnomAD, genomes aggregation database;

n, number; SNPs, single nucleotide polymorphisms.

a According to ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/).
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ABSTRACT

The p.D91A is one of the most common ALS-causing SOD1 mutations and is known to be
either recessive or dominant. The homozygous phenotype is characterized by prolonged
survival and slow progression of disease, whereas the affected heterozygous phenotypes can
vary. To date, no genetic protective factors located close to SOD1 have been associated with
the mild progressive homozygous phenotype. Using Next Generation Sequencing (NGS), we
characterized a small cohort of sporadic and familial p.D91A-SOD1 heterozygous (n = 2) or
homozygous (n = 5) ALS patients, to reveal any additional contributing variant in 39 ALS-
related genes. We detected unique sets of non-synonymous variants, four of which were of
uncertain significance and several in untranslated regions of ALS-related genes. Our results
supported an individual oligogenic background underlying

both sporadic and familial p.D91A cases irrespective of their p.D91A mutant alleles. We
suggest that a comprehensive genomic view of p.D91A-SOD1 ALS patients may be useful in
identifying emerging variants and improving disease diagnosis as well as guiding precision

medicine.

Keywords: p.D91A-SOD1; zygosity; NGS targeted-gene panel; individual oligogenic background

1. Introduction

Amyotrophic lateral sclerosis (ALS) represents the third most common neurodegenerative
disease, characterized by the progressive adult-onset degeneration of upper and lower motor
neurons [1]. There are two main forms of ALS, familial (FALS) and apparently sporadic
(SALS) accounting for about 10% and 90% of cases, respectively [2]. This complex disease is
caused by the interplay of causative genetic factors (monogenic or oligogenic) and risk factors
(genetic and non-genetic) [3]. The first ALS-related gene described was superoxide dismutase
1 (SOD1), whose mutations affect about 12% of FALS and 1% of SALS [1]. The most common
mutation affecting SOD1 and causing ALS is the substitution of alanine for aspartate at position
91 of exon 4, called p.D91A (also known as p.D90A; dbSNP155 ID rs80265967; NM_000454.5
c.272A>C) [4]. Prevalence of p.D91A in ALS cases varies globally and is distinctly absent in
some populations (https://gnomad.broadinstitute.org/, accessed on 22 October 2021). Despite
the extensive evidence demonstrating the pathogenicity of p.D91A in SOD1 and according to
the variant interpretation and assertion criteria of ACMG guidelines [6], this variant is still

reported in ClinVar with conflicting interpretations of pathogenicity. However, the p.D91A
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variant is reported as a risk allele, resulting in disease when biallelic or in combination with
another risk factor, by the more recent ClinGen curation database [7].

Although all the mutations affecting SOD1 are dominant, p.D91A can also be recessive [2] and
the disease status may arise from heterozygous or homozygous mutant alleles, respectively.
Indeed, in Scandinaviathe p.D91A allele is a variant associated with recessive inheritance [8,9],
while in many other countries dominant inheritance was also associated to the disease [10-12].
In particular, in Nordic countries p.D91A-SOD1 is reported with a polymorphic frequency of
2.5% [13], rendering this polymorphism a risk factor in those countries. All p.D91A-
homozygous ALS patients show a phenotype characterized by a slower course of disease and
not always associated with respiratory failure or cognitive issues [1,9,14,15], while the
clinically affected p.D91A-heterozygotes present variable clinical signs and disease
progression. There are no affected p.D91A-heterozygotes among homozygous pedigrees [4]
and there is limited literature showing p.D91A-SOD1 affected heterozygous patients in
multiple members of an ALS family [16,17]. Moreover, p.D91A carriers belong not only to
FALS but also to SALS cases, and SOD1 haplotypes show a common ancestor with a shared
Scandinavian haplotype of rare alleles in both homozygous and heterozygous patterns [13,18].
Thus, two phenotype-explaining hypotheses have been proposed, the presence of a protective
genetic modifier on the Scandinavian haplotype or a co-segregating contributing variant
together with the p.D91A haplotype outside Scandinavia [19]. An updated literature search for
previously reported p.D91A SOD1-related phenotypes [20] revealed the presence of at least
three groups of patients with differences in disease progression rate and survival time, without
fully identifying potential genetic modifiers or contributing variants in addition to the p.D91A

zygosity (Table 1).
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Table 1. p.D91A SOD1-related phenotypes.

p.D91A SOD1 Contributing Risk
Zigosity Survival time Progression rate Phenotype Factors Proposed References
Hom More than two Slow Spinal ALS* Contributing [1,9,14-16]
years variants mitigating

the phenotype not
yet identified

Het More than two Slow Spinal ALS Heterozygous [16,17,21-
years compound in SOD1  24]
Het About two years Fast Variable forms of ~ Contributing [4,5,25]
ALS** variants on TDP-43
inclusions not yet
identified

Hom = homozygous; Het = heterozygous; * with or without respiratory failure and/or cognitive issues; ** including bulbar

onset.

The first group of patients displays a slowly evolving phenotype linked to the
p.D91Ahomozygous genotype [1,9,14-16] with no other identified genetic modifier
responsible for the mild phenotype. In addition, a p.D91A-homozygous patient has been
recently described having vocal cord impairment, which is not a typical clinical sign associated
with this genotype [15]. The second group of patients, concerning the heterozygous pattern of
zygosity, includes cases with compound heterozygous mutations (p.D91A/p.D96N;
p.D91A/p.DI0V), showing a lower limb site of onset and a slow progressive phenotype with a
variable disease duration, ranging from 7 to 28 years [21,22,24]. In addition, five clinically
affected p.D91A-heterozygous cases with slow progression of disease were reported: one
patient with a negative family history for the disease [23], another belonging to a large family
carrying the TDP-43 p.G298S mutation [17], and three individuals of the same family [16].
However, it is not clear if other SOD1 variants were investigated in these cases. The third
p.D91A SOD1-related phenotype, shown in Table 1, is characterized by an aggressive evolution
of the disease and is found in individuals described carrying a dominant p.D91A variant co-
segregating with ALS [4]. In this group falls the case of a p.D91A-heterozygous affected carrier
showing TDP-43 aggregates, with a family history of ALS and other neurodegenerative
diseases [25]. Few other case reports described coexistence of TDP-43 inclusions with
dominantly inherited SOD1 variants since these aggregates are neuropathological hallmarks of
ALS-FTD and SALS patients [25-28]. Furthermore, the p.D91A-heterozygous mutation plus
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the pathogenic COORF72 repeat expansion or the variant of uncertain significance (VUS)
UBQLN2-Q460R [29] were already described in patients associated with the ALS-FTD
phenotype [19,30]. Differences in the genotype—phenotype correlations delineated above may
have considerable therapeutic implications. Indeed, recruitment for antisense therapy was
recently discouraged in p.D91A-heterozygous affected carriers after finding evidence of one
case showing TDP-43 aggregates as autoptic findings [25]. Although no further variants have
been identified in the conserved region surrounding SOD1 that may explain the mild
progressive phenotype in homozygous mutation carriers, the existence of contributing genetic
factors in other DNA regions cannot be ruled out [31]. Based on these premises, in this study
we investigated by targeted NGS the presence of additional variants in 39 ALS-related genes
in SALS and FALS patients carrying the p.D91A-SOD1 heterozygous or homozygous
mutation, with the aim to reveal any other contributing variant able to explain the homozygous

mild phenotype.

2. Materials and Methods

2.1. Patients

Informed consent was obtained from all the participants included in the study. ALS
patients (three familial and four sporadic cases, four women and three men) from southern Italy
unrelated families, diagnosed with ALS according to the EIl Escorial criteria [32], were
previously recruited at our institution and genetically defined as carriers of the p.D91A-SOD1
heterozygous or homozygous mutation by Sanger sequencing analysis, as previously reported
[14,33]. Clinical features and known genetic background of patients described in this study are
shown in Table 2.
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Table 2. Clinical and genetic data of p.D91A-SODL patients.

Age of
Sample Mutant Gender Site of onset Disease
fALS or sALS ID Allele M/F Onset (yrs) Duration (yrs)

fALS P1 Hom F LL 68 n/a
fALS P2 Hom M LL 49 8

fALS P3 Hom F LL 46 2.2
SALS P4 Hom F LL 55 8.4
SALS P5 Hom M UL 33 22
SALS P6 Het M LL 52 25
ALS P7 Het F LL 54 2

2 patient died; P alive in April 2021; ¢ no more follow-up since 2013. All the data have been inferred from patient medical records and from
previously published data [14,33]. FALS = familial amyotrophic lateral sclerosis; SALS = sporadic amyotrophic lateral sclerosis; Hom =
homozygous allele variant; Het = heterozygous allele variant; SNV = single nucleotide variation; Gender = male/female; S = UL for upper
limbs and LL for lower limbs; n/a = data not available. The allele frequency percentages for both variants are: 0.001432 (gnomAD v2
1.1.exomes), 0.00207 (gnomAD v2 1.1.genomes), and 0.0004 (Genome Project databases).

In our cohort, patients affected by the biallelic p.D91A variant, mainly showed a
prolonged survival unlike p.D91A heterozygous affected carriers. ALS patients without SOD1
mutations, together with individuals affected either by a motor neuronal (MN) phenotype or
other neurodegenerative diseases not associated to ALS and belonging to our Southern Italian
reference population were used as control samples (C1-C8) since we were not interested in
pleiotropic effect [34]. Our filtering strategy aimed to identify rare and polymorphic variants
able to synergistically act with the already known causative mutation, so data were normalized
for two different types of confounding factors, such as genetic background and overlapping
phenotypes at the same time.

The study was approved by the local Ethics Committee of Azienda Ospedaliero
Universitaria of Bari N 1025.

2.2. NGS Analysis

Genomic DNA quality and quantity were evaluated using standard agarose
electrophoresis and Qubit™ Fluorometer (Invitrogen, Waltham, MA, USA). Based on
quantitative results, samples were normalized to 50 ng/uL to be used as an input in targeted
NGS sequencing analysis. Deep sequencing analysis was performed using a custom ALS-
related gene panel including genes known to be associated or possibly associated with ALS and
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overlapped phenotypes. In detail, we targeted the coding regions of 39 ALS-related genes with
at least 25 bp of intronic flanking regions, together with the promoter region of the following
subset of genes: SOD1, TARDBP, FUS, ANG, ALS2, TBK1, SPG11, PFN1, TUBA4A, SETX,
VCP, MATR3, VAPB, CCNF, NEK1, HNRPA1, and ERBB4 (Supplementary Table S1) [35].
Libraries were prepared using the custom lon AmpliSeq kit (Life Technologies, Carlshad, CA,
USA), and sequencing analysis was run on an Ion Torrent Personal Genome Machine™
(PGM™) sequencer (Thermo Fisher Scientific, Carlsbad, CA, USA). To set the bioinformatic
pipeline, we followed the best practice consensus recommendations developed by the College
of American Pathologists and the American Medical Informatics Association [36]. Primary and
secondary data analysis were performed using the Torrent Suite (Thermo Fisher Scientific,
Carlsbad, USA), with the Human genome [19] to align sequences and a Germline low
stringency variant caller setting. Tertiary level data analysis was carried out using Partek Flow
software build version 10.0.21.0302 (Partek Inc., St. Louis, MO, USA. Variant annotation was
performed using Ensemble transcript release 75, SnpEff, VEP.84 databases. Variant
frequencies in ALS patients and controls belonging to the project MinE database, were
annotated using the project MinE data browser (http://databrowser.projectmine.com/, accessed
on 20 April 2021), whose current dataset contains WGS data from 4366 ALS cases and 1832
controls [37]. Variants were then pre-filtered for SNP low stringency quality parameters (FAO
> 2, FDP > 6, QUAL > 20, STB < 0.9) to filter out false positives and retain >99% of true
positives calls (a strategy optimized for amplicon-based semiconductor sequencing) [38].
Variants with a QD < 1 were also filtered out based on our experience on SNV false positive
calls and the observation that true positive calls have high mean coverage and quality by depth
values [39]. Variant prioritization was carry out filtering for Read Depth_20X (minimum read
depth for germline variants calling), and for MAF—European Ancestry Population—Freg< 0.5.
We further removed intronic variants and synonymous variants not affecting canonical splice
sites. The same NGS and bioinformatic pipelines were applied either on patients (P1-P7) or
controls (C1-C8) to compare and filter patients’ variants. Comparison between patient and
control variants were performed using the Summarize cohort mutations by merging pairs option
in Partek Flow. Variant classification was performed querying VarSome (https://varsome.com/,
accessed on 20 April 2021), a search engine for human genomic variation freely available and
implemented to automatically classify and report the variant classification according to ACMG
guidelines [40], and ClinVar (https://www.ncbi.nim.nih.gov/clinvar/, accessed on 20 April
2021) [41]. We also used CADD GRCh37-v1.6 (https://cadd.gs.washington.edu/snv, accessed
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on 24 October 2021) [42] prediction ranking for deleteriousness of variants, without setting an
arbitrary cut-off for our disease model, since p.D91A variant is reported having a CADD score
of 9.481, which is below the scaled scores of 10 (predicted to correspond to the 10% most
deleterious substitutions in the human genome). Inferential statistics was not conducted because
of the small sample size. Descriptive statistics for variant frequencies was calculated in our case
series, in our South Italian reference population [33], as well as inferred by the related

population databases.

2.3.eQTLs

Expression Quantitative Trait Loci (eQTL) analysis, helpful to understand the effect of
genetic variations on the transcriptome in healthy post-mortem tissues donors, was performed
using Genotype-Tissue Expression GTEx Portal v.8 (www.gtexportal.org, accessed on 24
October 2021) [43]. The eQTL for each of the 19 variants of interest was calculated for five
tissues of interest (whole blood, brain cortex, brain frontal cortex, spinal cord, and skeletal
muscle) using GTEx eQTL Calculator, generating a p-value for each variant-gene pair T-

statistics in an eQTL. T-test results were corrected using Bonferroni correction test.

3. Results

Data obtained from deep sequencing analysis of p.D91A-SOD1 patients are reported in detail
in supplementary data. In particular, coverage analysis and alignment quality parameters are
shown in Supplementary Tables S1 and S2, respectively. Results obtained after pre-filtering for
variant quality and prioritization for germline read depth and frequency in the European
population showed only already known variants (Supplementary Table S3). We obtained a
p.D91A average read depth across the seven ALS patients of 616X, and a mean quality by depth
of 8.4 and 38.3 for heterozygous and homozygous, respectively. The variant prioritization
strategy adopted (Figure 1) showed the presence of 19 SNVs in p.D91A-SOD1 patients (Table
3). Using the VarSome tool, four variants were classified as a VUS (rs45488900, rs41266793,
rs139334167, rs76708676).
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Figure 1. Workflow of the variant prioritization strategy adopted. The figure was created editing
funnels and healthcare infographics provided by https://infograpia.com/, accessed on 12 July
2021.

Table 3. Variants identified in p.D91A-SOD1 patients by targeted NGS are annotated with
frequency and classification.

Proi CADD
Gene \Y rsID VA VF MAF VarSome ClinVar MinJE PHRED Ref.
score
DCTN1 ¢.*21C>T rs11555696 3’ UTR 0.140603221753/ LB B n/a 8.217 [45]
TUBA4 — c.227- Intron 4012853 VUS  nla n/a 5309  [46]
A 74C>T
TUBA4 rs45488900 0.28
B n.-1456G>T Upstream n/a n/a n/a n/a 5309 n/a
C.2255A>G; . 0.14032/
NEK1 0.GIU752Gly rs34099167 Missense 0.4 0.09304 B B n/a 25.1 n/a
€.1388C>T; . 0.035127/
NEK1 0.Alad63Val rs34540355 Missense 0.14 0.03250 B B/LB 0.0593/0.0603 16.28 n/a
HFE ¢.-48C>G rs41266793 5’ UTR 0.14 /- VUS n/a n/a 0.233 n/a
- , 0.046277/
FIG4 ¢.*29G>A 1510659 3> UTR 0.14 0.07829 B B n/a 0.408 n/a
SETX ¢.*849G>T rs74975459 3 UTR 0.14-/0.01150 B B n/a 3.561 n/a
C.59G>A; . 0.009062/ 0.00882/0.007
SETX 0.Arg20His rs79740039 Missense 0.14 0.00653 B B 64 0.166 [47-49]
c.7069C>T;
SPG11 p.Leu2357 r5139$3416 Missense 0.14-/0.00083 VUS CloP 0'001%310'001 25.8 [50]
Phe
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C.2083G>A: . 0.012527/
SPGLL " aggorhy 578183930 Missense 0.14° ooe’ B B 0.0121/0.0150 26.8 [50-54]
C.1108G>A: . 0.016740/
PGIL a0 ye 'ST7697105 Missense 0.14° ovoc B B/LB 0.0182/0.0194 216 n/a
. rs11801890 0.04772/
FUS c¢.*910C>T 0 Downstream0.14 0.02543 B B n/a 1.015 n/a
PFN1 c.-342T>C r5148;7075 5 UTR 0.14-/0.00848 B nla nla 1019 nla
VAPB C*753C>G rs6070466 3 UTR 0.14 %%ﬁg B B nia 1582  nla
VAPB c.*1265G>C  rs7400 3’ UTR 0.14 %‘%%25;%/ B B n/a 1485 nla
VAPB ¢.*2819A>G rs74568509 3’ UTR 0.14 %‘%‘;86322/ B B n/a 0673 nla
VAPB ¢*4520T>C rs763514 3’ UTR 0.14 %‘i%%g%’ B B nla 083 nla
, 0.02834/
VAPB c*6182C>T 1s76708676 3'UTR 0.14' %70 VUS B nla 0515 nla
APEX1 c*2A>T 1517112002 3’ UTR 0.14060883??2/ LB n/a n/a 5.682  [55]

*V, variant; VA, variant annotation; VF, variant frequency out of 7 p.D91A patients; MAF, minor allele
frequency in Exome Aggregation Consortium (ExAC) and Genomes Aggregation Database (GnomAD);
VarSome, the human genomic variant search engine —(B) benign, (LB) likely benign, (VUS) uncertain
significance; Project MinE variant browser, a database providing information on genetic variations found in
WGS of ALS patients and controls — AF ALS cases/AF controls; ClinVar, archive of interpretations of clinically
relevant variants — (B) benign, (LB) likely benign, (CioP) conflicting interpretations of pathogenicity; n/a, data
not available. CADD PHRED score, combined annotation dependent depletion.

In Table 4 we list the co-occurrence of variants in ALS-associated genes in each patient:
19 variants were exclusively found in patients and not in controls; two variants, in PON1 and/or
GRN, instead, were detected in both patients and controls (except for P1 and C1). Only two
variants were shared by two or three patients, including one segregating with the genotype
zygosity. This was the case of TUBA4A/TUBA4B rs45488900, shared by two p.D91A-
homozygous SALS patients of our cohort, P4 (Het) and P5 (Hom). The entire list of annotated

variants detected in patients and controls is available in Supplementary Table S4 (on web).
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Table 4. Co-occurrence of variants in ALS-associated genes in each patient.

. FALSor p.D91A .
Patient ID SALS SOD1 Genes HGVSc/HGVSp Zygosity rs 1D Ref.
DCTN1 C.*21C>T Het rs11555696
Pl FALS ~ Hom NEK1 C.2255A>G; p.GIu752Gly ~ Hom  rs34099167
PON1 €.575A>G; p.GIn192Arg Het rs662 [56]
P2 FALS ~ Hom GRN c*78C>T Het rs5848 [57]
HFE c.-48C>G Het rs41266793
P3 FALS Hom FIG4 C.*29G>A Het rs10659
GRN C.*78C>T Het rs5848 [57]
TUBA4A/TUBA4 C.227-74C>T/
B N-1456G>T Het rs45488900
C.7069C>T;
’ rs13933416
P4 SALS Hom SPG11 p.LgL:]2e357 Het 7
VAPB C.*753C>G Het rs6070466
PON1 €.575A>G; p.GIn192Arg Het rs662 [56]
GRN C.*78C>T Hom rs5848 [57]
TUBA4A/TUBA4 €.227-74C>T/
B N.-1456G>T Hom rs45488900
NEK1 €.2255A>G; p.Glu752Gly Het rs34099167
P5 SALS  Hom PFN1 c.-342T>C Het r5148§ 7075
VAPB c.*6182C>T Het rs76708676
APEX1 C*2AST Het rs17112002 [55]
GRN c.*78C>T Het rs5848 [57]
€.1388C>T,;
NEK1 0.Alad63Val Het rs34540355
SPG11 €.2083G>A,; p.Ala695Thr Het rs78183930 [50,53]
P6 SALS Het €.1108G>A;
SPG11 0.GIu370Lys Het rs77697105
PON1 €.575A>G; p.GIn192Arg Het rs662 [56]
GRN C.*78C>T Het rs5848 [57]
NEK1 €.2255A>G; p.Glu752Gly Het rs34099167
SETX C.*849G>T Het rs74975459
C.59G>A;
SETX 0.Arg20His Het rs79740039 [48]
P7 SALS Het FUS ¢.*910C>T Het r511881890
VAPB €.*1265G>C Het rs7400
VAPB C.*2819A>G Het rs74568509
VAPB C.*4520T7>C Het rs763514
PON1 €.575A>G; p.GIn192Arg Het rs662 [56]
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To investigate the possible relation between variants detected by our analysis and gene loci
affecting gene expression, particularly for untranslated region variants, we also calculated their
potential effect on gene expression through their mapping on eQTLs. Data retrieved by GTEX
Portal v.8 and corrected by a Bonferroni correction test (Supplementary Table S5) showed a
tissue-specific effect for three out of 19 variants queried in non-diseased tissues of interest
(rs11555696, 183 rs34099167, and rs118018900).

4. Discussion

In this study, we performed targeted NGS analysis in a small group of south Italian ALS
patients, previously genetically characterized as p.D91A carriers, hypothesizing that genetic
factors in other ALS-related genes, in combination with the p.D91A-SOD1 variant, may
contribute to the different disease phenotypes in homozygous and heterozygous cases.
Recently, Sanger sequencing analysis performed in 997 ALS patients from southern Italy by
our research group, revealed that 2% of patients had SOD1 mutations [33]. In particular, the
frequency of p.D91A affected individuals represented 0.8% of all ALS cases diagnosed (0.6%
p.D91A-hom and 0.2% p.D91A-het). These data are in line with the frequency of this mutation
reported by other Italian research groups [57]. Previous reports demonstrated the absence of a
neuroprotective factor in the genomic region near SOD1 in p.D91A-homozygous ALS patients,
suggesting the existence of a putative protective factor modulating the phenotype located
elsewhere in the genome [31]. The present investigation showed that p.D91A-heterozygous and
-homozygous ALS cases do not contain a genetic modifier near SOD1, nor near ALS-linked
genes, highlighting the presence of unique variant gene sets in each patient (Table 4). A similar
conclusion was recently published in a study investigating the A90V-SOD1 mutation in SALS
patients, suggesting that additional genetic variants could contribute to disease penetrance [24].
We identified 19 non-synonymous variants, including four of uncertain significance, in ALS-
D91A carriers. Most substitutions (13/19) exclusively found in p.D91A patients were in non-
coding regions of ALS-related genes, while the remaining (6/19) were missense mutations
without any clear evidence of pathogenic effects. Although large genes (i.e., SETX or NEK1)
have more chance to accumulate rare variants, the 19 variants identified in genes related to ALS
were exclusively found in patients and not in controls. However, no clear genotype—phenotype
correlation was established due to the small sample size. All but one patient (P1) showed the
presence of variants already identified as risks factors for neurodegenerative diseases [56-58],
rs662 (PON1) and rs5848 (GRN) (Table 4). Previous studies inconsistently suggested an effect
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of PON1 SNPs on ALS susceptibility, and rs662 was associated with bulbar onset and reduced
survival in ALS cases very recently [55]. However, all the patients carrying this risk factor in
our cohort showed a spinal onset of the disease. The GRN rs5848 polymorphism was reported
in Alzheimer’s Disease (AD) and Parkinson’s Disease (PD) patients as risk factor for ubiquitin-
and TDP-43 -positive frontotemporal degeneration [59]. Interestingly, this genetic variant lies
in the binding-site for the miR-659 of the 3’UTR of GRN and may alter gene regulation [59].
Two variants classified as VUS were already described, the rs139334167 in SPG11 and the
rs45488900 in TUBA4A. The missense variation affecting SPG11 was previously reported in
a case of PD [44], while the rs45488900 affects TUBA4A but also the upstream region (n.-
1456G>T) of TUBA4B. The encoded protein of the latter, was found differentially over-
expressed in post-mortem pre-frontal cortex samples of patients affected by atypical ubiquitin-
positive frontotemporal lobar degeneration, characterized by ubiquitin and FUS positive
inclusions, while TUBA4A was down-expressed in the cerebellum of the same group of patients
when compared to controls [58]. Interestingly, rs45488900 was shared by p.D91A-homozygous
SALS patients showing a slow course but with a different clinical picture of the disease (Table
2; Table 4). Due to the small number of homozygous SALS in our cohort, no inference on the
possible role of this variant in association with the phenotype could be made, but this aspect
remains noteworthy and deserves to be explored in a larger number of cases. We did not find
any literature reports describing two other variants classified as VUS. These substitutions,
positioned in the 5’UTR of HFE (1rs41266793) and in the 3’ UTR of VAPB (rs76708676), were
detected in the homozygous case P3, and in the P5 patient with the longest observed disease
duration (22 years) (Table 3). Further investigating the potential influence of identified variants
on gene expression by eQTL analysis, we also observed that two polymorphisms, rs34099167
and rs11555696, were associated with deregulated expression levels of DCTN1 and NEKL1 in
some of the tissues considered (Supplementary Table S5). Interestingly, the altered expression
of these two genes was already found by our research team using unsupervised clustering of
gene expression in motor cortex samples, identifying two transcriptome-based SALS subgroups
of patients [60]. In particular, NEK1 was found down-regulated in one cluster of patients while
the second one was characterized by increased expression of DCTN1 and reduced levels of
SOD1 [60]. NEK1 belongs to NIMA-related serine/threonine kinases family and is involved in
mitochondrial membrane regulation, DNA damage response, ciliogenesis and maintenance of
the cytoskeleton network [29], while DCTNL1 is a motor protein involved in dynein-mediated

axonal retrograde transport and ciliogenesis [61]. Moreover, dynactin (Dctnl) acting with
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overexpressed dynamitin (Dctn2), was shown to produce a late-onset progressive motor neuron
disease inhibiting axonal transport in transgenic mice [62]. In our data, rs34099167 and/or
rs11555696 were detected in 3 out of 7 patients, both homozygotes and heterozygotes, showing
different clinical features, although no correlation between phenotype and genotype was
established (Table 4). Recently, the analysis of two different cohorts, with a majority of
apparently sporadic cases, showed an oligogenic basis of ALS associated with earlier age of
disease [63,64]. Differences in genotype-phenotype correlations would have considerable
therapeutic implications. ALS is a devastating pathology in which multiple variants cooperate
in influencing disease onset, severity or duration and, until now, no truly effective treatment
exists [65]. Thanks to recent efforts to selectively treat SOD1-related ALS patients, ASO
therapies designed to knock-down the expression of the gene have emerged [66]. To this regard
are of particular interest two ongoing phase 3 studies using intrathecally administered ASO
Tofersen, an orphan drug capable of reducing SOD1 protein levels [67]. To ensure the
appropriate recruitment of patients to clinical trials it appears evident the importance to
establish if p.D91A mutation is pathogenic in the heterozygous state and if other contributing

factors influence the phenotype.

5. Conclusions

Our study suggests the possibility that additional genetic factors contribute to the individual
oligogenic basis of p.D91A-SOD1 carriers. In particular, all patients, except for P2 carrying
only risk factors, showed an oligogenic pattern in line with the model proposed for ALS
etiopathogenesis in which mutations in two or more genes are required to develop the disease,
but they are not all necessarily truly pathogenic [1,19]. Increasing the number of sequenced
p.D91A patients could be useful in identifying emerging genetic factors and improving disease

diagnosis, as well as guiding precision medicine.

Supplementary Materials: The following are available online at
https://www.mdpi.com/article/ 10.3390/genes12121843/s1, Table S1: Quality metrics and
coverage analysis parameters; Table S2: The table illustrates the alignment quality parameters
(to hg19) related to the samples analysed in the same run; Table S3: Variants per patient; Table
S4: The entire list of annotated variants detected in both patients and controls in available; Table

S5: Variants associated with eQTL effects in different tissues.
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Supplementary data

Supplementary Table S1. Quality metrics and coverage analysis parameters are

showed in the table.

Chapter 3

Supplementary Table S2. The table illustrates the alignment quality
parameters (to hg19) related to the samples analysed in the same run.

Sample On
Bases 2 Q20 Reads Mappedreads target Mean depth
P1 177,643,157 165,654,399 670,34 669,185 98.08% 772.1
P2 102,241,575 94,962,476 394,631 393,957 98.27% 4448
P3 186,869,242 173,718,879 710,203 709,223 97.65% 809.3
P4 140,082,743 129,756,787 530,358 529,626 97.76% 606.5
P5 278,633,241 260,071,606 1,090,256 1,088,487 98.31% 1,212
P6 188,166,608 174,162,787 707,28 706,370 98.00% 816.9
pP7 131,761,923 122,366,505 491,362 490,686 98.58% 573.1

Alignment Quality
AQ17 AQ20 Perfect
Total
Numberof o0 168c 1266
Bases
[Mbp]
Mean
261 2 1
Length [bp] 6 > %
Longest

Alignment 513
[bpl

Mean
Coverage 0.6
Depth

513 492

0.5 0.4
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Supplementary Table S3. The table below shows the values of average variant quality, number of variants
either SNV or Indel, number of known variants, transition/transversion ratio, and heterozygous/homozygous
ratio after filtering variants for quality parameters, minor allele frequency in European population and minimum
value of germline variant read depth.

Average Known Het/Hom
. . w . . e
Sample ID  variant Variants* SNV Indels . Ti/Tv ratio .
. variants ratio
quality
P1 4,868.53 85 (of 178) 80 5 85 3 (60/20) 5.07 (71/14)
P2 4,902.22 84 (of 183) 78 0 84 2.25 (54/24) 5.00 (70/14)
2.3913
P 177.62 2 (of 1 7 2 12.67 (7
3 5,177.6 82 (of 196) 8 8 8 55/23) 67 (76/6)
P4 4,797.13 92 (of 193) 89 5 92 2.56 (64/25)  5.57 (78/14)
P5 5,097.94 78 (of 181) 73 5 78 1.7037 46/27) 8.75 (70/8)
P6 4,920.41 85 (of 180) 83 4 85 3.15(63/20)  7.50 (75/10)
2.13793
p7 ,044.23 97 (of19 91 8 97 4.71 (80/17
5,0 (0f195) ©2129) (80/17)

* Number of variants after filtering out of number of variants called.

Supplementary Table S4 is available online at https://www.mdpi.com/article/ 10.3390/genes12121843/s1.
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Test Alpha
Supplementary Table S5: Variants associated with eQTL effects in different tissues. T-statistics 0,05
Alternative GTEx eQTL SNP Gene Associations in multiple tissues (P < 0.002632) * Bonferroni correction 0,00263
Gene SNP Brain Brain Frontal Spinal Muscle
Allele Whole Bl
Cortex Cortex Cord Skeletal ole Blood
DCTN1 1rs11555696 A n/a n/a 5,70E-04 3,60E-21 1,30E-08
TU§A4 rs45488900 T - - - - -
NEK1 rs34099167 C 9,20E-05 3,80E-05 n/a 1,20E-15 n/a
NEK1 rs34540355 A - - - n/a -
HFE rs41266793 G n/a n/a n/a n/a n/a
FIG4 rs10659 A - - n/a - -
SETX  rs74975459 A n/a n/a n/a n/a n/a
SETX  rs79740039 T n/a n/a n/a n/a n/a
1 41
SPG11 s 39;3 6 A n/a n/a n/a n/a n/a
SPG11  rs78183930 T n/a n/a n/a n/a n/a
SPG11  rs77697105 T n/a n/a n/a n/a n/a
FUS “11800 1890 T - - - - 6,50E-05
1487707
PFN1 s 83 075 G n/a n/a n/a n/a n/a
VAPB rs6070466 G n/a n/a n/a n/a n/a
VAPB rs7400 C n/a - n/a - -
VAPB  rs74568509 G n/a - n/a - -
VAPB rs763514 C n/a - n/a - -
VAPB  rs76708676 T n/a n/a n/a n/a n/a
APEX1 rs17112002 T n/a n/a n/a n/a n/a

*p<0.05: value indicates the existence of a predicted relationship between a genetic variant and a gene locus affecting gene expression in the queried
tissues calculated by a T-statistics. T-test results were then corrected through the Bonferroni multiple testing correction P<0.002632; (n/a): No
association was found for SNP; (-) no significant association available (p-value > 0.002632). The normalized effect size (NES) of eQTLs was computed as
the effect of the alternative allele (ALT) relative to the reference allele (REF) in the human genome reference GRCh38/hg38 (i.e., the eQTL effect allele is
the ALT allele).
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Chapter 4

1. Introduction

Amyotrophic lateral sclerosis (ALS) is characterized by an oligogenic architecture. The
lack of segregation of pathogenic variants in some affected family members, the detection
of pathogenic variants (non-penetrant variants) in healthy individuals, and the co-occurrence
of mutations in several ALS genes support the idea that the genetic of ALS is very complex
(36). During the last years, the development of high- throughput sequencing technologies
and the screening of large cohorts of affected patients has led to the identification of
approximatively 40 disease-associated genes and a significant number of genetic variants
(37). To date, NGS sequencing has been introduced in clinical settings and genetic testing is
increasingly being offered to ALS patients, with relevant psychological, social and ethical
consequences, which need to be considered. In fact, genetic counselling has become an
essential step in the management of ALS patients, not only in familial cases, but also in
sporadic ones.

Based on these premises, in this study we investigated a cohort of patients by targeting
NGS with the aim of revealing the presence of genetic changes that may cause or contribute

to ALS pathogenesis.
2. Patients and Methods

2.1 Patients

Informed consent was obtained from all the participants included in the study. ALS
patients (5 familial and 64 sporadic cases, 39 women and 30 men) from southern Italy unrelated
families, diagnosed with ALS according to the El Escorial criteria (3), were evaluated by
second-generation sequencing. Twenty-eight (28/69; 40%) patients were tested previously
negative for mutations in SOD1, FUS, C90rf72, and TARDBP (Chapter 2) and forty-one (41/69,
60%) were new recruited at our university. Age at onset, gender distribution, and site of

symptom onset (bulbar and/or spinal-onset) are shown in Table 1.
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Table 1. Clinical data of ALS patients.

Gender, n (%)

Female 39 (56,5%)
Male 30 (43,4%)
Family history, n (%)

fALS 5 (7,2 %)
SALS 64 (92,7 %)
Site of onset, n (%)

Bulbar 20 (28,9%)
Spinal 48(69,5%)
Mean age at onset (y) 62

Key: fALS, familial Amyotrophic Lateral Sclerosis; SALS: sporadic Amyotrophic Lateral sclerosis.

2.2 Targeted sequencing and bioinformatic analysis

Genomic DNA was extracted from peripheral blood using Wizard Genomic DNA
Purification Kit (Promega, Madison, WI, USA). The quantity and quality of DNA were
determined by NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer (Thermo
Fisher Scientific) and tested on an agarose gel.

Next-generation sequencing (NGS) analysis was carried out using a targeted gene panel,
including ALS-related genes, designed in our lab using the lon Ampliseq Designer
(https://ampliseq.com/browse.action). The entire list of potentially causative and susceptibility
genes included in the panel is shown in Table 2.

Libraries were prepared using the custom lon AmpliSeq kit Plus (Thermo Fisher
Scientific), quantified with a Qubit™ Fluorometer (Invitrogen), and diluted at 100 pM.
Barcoded libraries were sequenced on lon Torrent sequencing platforms (Thermo Fisher
Scientific), using standard kits and following the manufacturer’s instructions. Base-calling, pre-
processing of the reads, and short read alignment was performed with the lon S5 Torrent Suite
software (Thermo Fisher Scientific).

Variant annotation was mainly performed with Annovar (38) and human genome sequence
builds GRCh37/hg19 was used as a genome reference sequence. For the study of the variants,
a filtering algorithm was used which takes into consideration variants: (a) exonic, intronic,
5'UTR, 3'UTR, upstream, downstream, ncRNA; (b) non-synonymous variations; (c) minor
allele frequency (MAF) <0.01 of the European-derived population.

According to the hypothesis that the causative mutations of this rare disease are not present
in the general population, single nucleotide polymorphisms (SNPs) with allele frequencies
>0,0001 identified in The Exome Aggregation Consortium (EXAC) database and 1000
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Genomes were filtered out. Low-quality variants were also filtered out as described previously
(see Chapter 2). A positive SOD1 DNA sample, previously genetically confirmed with
heterozygous likely pathogenic mutation in SOD1 (p.D91A), was included in this study.

To confirm rare variants detected by NGS, we used we used the SeqStudio™ Genetic
Analyzer (SeqA7 software, version 6.0; Applied biosystem). The frequencies were compared
with in-house ALS database and, in ALS patients and controls belonging to the project MinE
database (http://databrowser.projectmine.com/, accessed on 20 April 2021) (39).

Mutations were classified according to the 2015 American College of Medical Genetics
Standards and Guidelines for the interpretation of sequence variants. In particular, SOD1
variants, were classified using the criteria as reported in our recent work (40).

To confirm rare variants detected by NGS, we analyzed the variant sites using a
SeqStudio™ Genetic Analyzer and analyzed with SeqA7 software, version 6.0 (Applied
biosystem).

The C9orf72 was not included in this panel because of the nature of mutation
(hexanucleotide repeat expansion) and, it was tested separately as above mentioned (see
Chapter 2).

Table 2. Genes analysed by NGS.

Gene name | Chromosomal OMIM Inheritance Phenotype
location
SOD1 21022.11 147450 AD, (AR) Amyotrophic Lateral sclerosis 1
TARDBP 1p36.22 32 605078 AD, (AR) Amyotrophic Lateral sclerosis 10, with or
without frontotemporal dementia
FUS 16pl11.1 137070 AD, (AR) Amyotrophic Lateral sclerosis 6, with or
without frontotemporal dementia
ANG 14q11.2 105850 AD Amyotrophic Lateral sclerosis 9
CHCHD10 22011.23 615903 AD Frontotemporal dementia and/or
Amyotrophic Lateral Sclerosis 2
OPTN 10p13 602432 AD, (AR) Amyotrophic Lateral Sclerosis 12
ALS? 2033.1 606352 AR Amyotrophic Lateral Sclerosis 2, juvenile
TBK1 12q14.2 604834 AD Frontotemporal dementia and/or
Amyotrophic Lateral Sclerosis 4
SPG11 9p21.2 610844 AR Amyotrophic lateral sclerosis 5, juvenile
PFN1 17p13.2 176610 AD Amyotrophic lateral sclerosis 18
191110 AD Amyotrophic lateral sclerosis 22 with or
TUBA4A 2035 without frontotemporal dementia
DAO 12024.11 124050 AD
GRN 17021.31 138945 AD
SETX 1203.35 608465 AD Amyotrophic lateral sclerosis 4, juvenile
TAF15 17912 601574 AD
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VCP 9p13.3 611745
300264 XLD Amyotrophic lateral sclerosis 15, with or
UBQLN2 Xp11.21 without frontotemporal dementia
601530 AD Frontotemporal dementia and/or
SQSTM1 5035.3 amyotrophic lateral sclerosis 3
FIG4 6021 609390 AD Amyotrophic lateral sclerosis 11
ANO?2 12p13.31 610109 -
APEX 14q911.2 300773 -
CEP112 17924.1 618980 -
609512 AD Frontotemporal dementia and/or
CHMP2B 3pl1l.2 amyotrophic lateral sclerosis 7
CNTF 11g12.1 118945 - Amyotrophic Lateral Sclerosis 1; Alsl
601143 AD Amyotrophic lateral sclerosis,
DCTN1 2pl3.l susceptibility
HFE 6p22.2 613609 -
MATR3 5931.2 164015 AD Amyotrophic lateral sclerosis 21
162230 AD AR Amyotrophic lateral sclerosis,
NEFH 22q12.2 ’ susceptibility
PON1 7921.3 168820 -
PON2 7921.3 602447 -
170710 AD AR Amyotrophic lateral sclerosis,
PRPH 12913.12 ’ susceptibility
SMN1 5013.2 600354 - Spinal muscular atrophy-1
SMN2 5013.2 601627 - Spinal muscular atrophy-2
VAPB 20013.31 605704 AD Amyotrophic lateral sclerosis 8
VEGFA 6p21.1 192240 -
600227 AD Frontotemporal dementia and/or
CCNF 16p13.3 amyotrophic lateral sclerosis 5
604588 AD Amyotrophic lateral sclerosis,
NEK1 4933 susceptibility
615426 AD Inclusion body myopathy with early-onset
Paget disease without frontotemporal
HNRNPA1 12g13.13 dementia 3
ERBB4 2034 615515 AD Amyotrophic lateral sclerosis 19

Key: OMIM, Online Mendelian Inheritance, AD, autosomal dominant; AR, autosomal recessive, XLD, X-

linked dominant.

3. Results

A total of 69 ALS patients (7,2%, 5/69 fALS, 92,7 % (64/69) sALS; mean age at disease

onset: 62 years; age range: 28-81 years) were analyzed in this study. All patients presented

UMN and LMN signs, and 16% also presented bulbar signs. We utilized a 39-ALS gene panel

NGS-based targeted sequencing and variant prioritization was carried out filtering for Read

Depth > 30X (minimum read depth for germline variants calling), and for MAF—European

Ancestry Population—Freq < 0.0001. According to NGS data, we identified a total of 139
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exonic variants. Among them, 70 and 42 were synonymous and non-synonymous changes,
respectively and the remaining 18 were frameshift deletions and substitutions. In this context,
we focused our analysis on non-synonymous coding variants because these are considered to
account for a significant amount of the functional variations that cause pathology (41).

The workflow adopted for variants identification is shown in Figure 1.

Low stringency quality filtering
FAO>2, FDP>6, QUAL>20,
STB<0,09

112 exonic

variants in 30 12 nonframeshift
genes substitutions
LR ENT

Sequencing 39
genes
69 patients

18 nonframeshift

variants in 4 genes
6 nonframeshift

substitutions

70 synonymous 42 non-synonymous
exonic variants in 20 exonic variants in 20

genes genes

Catalogued in dnSNPs?

Catalogued in dnSNPs?

ALS literature n=2

ALS literature n=2

Figure 1. Variants identification workflow. Key: FAO, flow space alternate allele observations;
FDP, flow space read depth; QUAL, variant quality; STB, strand bias ratio.

In 27 patients (out of 69 screened) we identified at least one non-synonymous variant (Table
3). On the basis of NGS results, the most frequently mutated genes were NEFH (7/69; 11,6%)
and ANO2, DCTN1, HFE and TAF15 (3/69; 4,34%). Eleven patients (4/69; 5,8%) were carriers
of a previously reported variant associated with ALS (Table 3).

A very rare heterozygous mutation, ¢.137T>G (p.F46C) was detected in SOD1 of exon 2 in an
ALS patient with early disease onset (Figure 2).
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Figure 2. (A) Snapshot of Integrative Genomics Viewer, showing the SOD1 variant ¢.137G>T
(p.Phe46Cys) in the patient. (B) Sanger sequencing showing the ¢.127G>T pathogenic heterozygous
SOD1 variant.

In details, patient ALS-57, a 32-year-old man, developed a left-hand strength deficit with
difficulty spreading the fingers and reduced trophic of the hand muscles at age 30 years. He
reported two relatives (mother and aunt) died following a cerebral aneurysm and no ALS

familial history (Figure 3).

Figure 3. ALS-57 family pedigree. Asterisks indicate the patient's mother and maternal aunt died
following a cerebral aneurysm.
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The p. Phe46Cys variant was considered for ACMG re-classification in our recent paper (40)
and an in-deep functional study is underway on it (data not shown).

Among the novel rare variants, eleven (11/42, 26%) non-synonymous missense variants were
consistently predicted to be deleterious by Sorting Intolerant from Tolerant software (SIFT;
sift.jcvi.org), Polymorphism Phenotyping (PolyPhen-2; genetics.bwh.harvard.edu/pph2/), and

Mutation Taster (https://www.mutationtaster.org/) (Table 3).
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Table 3. Rare non-synonymous single-nucleotide variants identified. Chapter 4

Gene name  N° patients (%) cDNA change Protein change  dbSNP**>ID  ACMG classification Population ProjectMinE Sift Polyphen mutation Taster CADD phred Literature ALS
MAF
1000
Genomes/
ExAC

Non-synonymous variants

NM_020919 ALS2 1(1,4%) c.G37A p.G13R rs367871772 vus - /0.000067 n/a 0,007 (D) 0,973 (D) D 26,4 (42)
1(1,4%) .GA0B9A p.V1357I - vus - n/a 0,528 (T) 0,001 (B) D 20,05
NM_001278597  ANO2 1(1,4%) cT1772 p.I591T - vus - n/a 0,03(D) 0,97 (D) D 27,5
1(1,4%) c.T1763C p.V588A - vus - n/a 0.006 (D) 0,97 (D) D 17,95
1(1,4%) c.C1916T p.A639V rs749348947 vus - /0.000009 n/a 0,001(D) 0,69 (P) D 33
NM_001199165  CEP112 1(1,4%) ¢.G2050A p.D68AN - vus - n/a 0,006 (D) 0,403 (P) B 24,3
1(1,4%) c.A2354T p.K785I - vus - n/a 0,008 (D) 0,452 (P) N 28,4
NM_004082 DCTN1 1(1,4%) c.A1445G p.E482G - vus - n/a 0,002 (D) 0,99 (D) D 28,1
1(1,4%) c.A1403G p.N468S - vus - n/a 0,02(D) 0,784 (P) D 23,5
1(1,4%) ¢.T1508C p.V503A - vus - n/a 0,046 (D) 0,95 (D) D 26,4
NM_014043 CHMP2B 1(1,4%) c.A400G p.K134E - vus - n/a 0,004(D) 0,965 (D) D 31
NM_005235 ERBB4 1(1,4%) c.C1382T p.T461l - vus - n/a 0,318(T) 0,946 (D) D 23,6
1(1,4%) c.T1814C p.F605S - vus - n/a 0,002 (D) 1(D) D 24,7
NM_139009 HFE 1(1,4%) c.A539G p.D180G - vus - n/a 0,206 (T) 0,003 (B) N 7,42
1(1,4%) c.A269T p.K90M - vus - n/a 0,008 (D) 0,631 (P) D 26
1(1,4%) c.T860G p.1287S - vus - n/a 0,072 (T) 0,004 (B) N 10,16
NM_001194956  MATR3 1(1,4%) c.G10A p.A4T - LB - n/a 0 (D) 0,001 (B) D 17,95
NM_021076 NEFH 2 (2,9%) ¢.T2009A p.V670E - LB _ n/a 0,064 (T) 0,35 (P) N 6,22 (43)
1(1,4%) ¢.T1780C p.S594P - vus - n/a 0,113 (T) 0,002 (B) N 5,56
1(1,4%) ¢.A2100C p.E700D - vus - n/a 0,011(D) 0,878 (D) N 23,5
1(1,4%) c.T1631A p.V544D - vus - n/a 0,001 (D) 0,287 (P) N 6,92
1(1,4%) .G2140A p.E714K - vus - n/a 0,001 (D) 0,968 (D) N 20,1
1(1,4%) c.A1907G p.E636G - LB - n/a 0,22(T)  0.002 (B) N 15,18
1(1,4%) .G2146C p.A716P - vus - n/a 0,002 (D) 0,542 (P) N 15,3
NM_001199397  NEKI 1(1,4%) .C577T p.L193F rs748415363 vus - /0.00003 n/a 0,007 (D) 0,099 (B) D 26
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1(1,4%) ¢.T1235C p.VA12A - vus - n/a 0,011(D) 0,948 (D) D 24,1
NM_001008213 OPTN 1(1,4%) ¢.G1724A p.C575Y - vus - n/a 0 1(D) D 26,4
NM_006262 PRPH 1(1,4%) c.T23C p.L8P - vus - n/a 0,215 (T) 0,202 (P) D 14,39
2(2,9%) c.G697A p.E233K - vus - 0.00115/0 0,001 (D) 0,821 (P) D 35
NM_015046 SETX 1(1,4%) ¢.T2921C p.1974T rs765768857 LB -/ 0.000008 n/a 0,185(T) 0,011 (B) N 0,113
1(1,4%) ¢.A6085G p.K2029E rs746525639 VUS - n/a 0,024 (D) 0,175 (P) N 28,3
NM_0107411 SMN2 3 (4,3%) ¢.G859C p.G287R - vus - n/a 0,003 (D) 0,995 (D) D 23,8
NM_000454 SOD1 1(1,4%, ALS_57) c.T137G p.F46C rs121912457 LP - n/a 0(D) 0,99 (D) A 25,1 (44)
NM_025137 SPG11 2(2,9%) c.G6166A p.E2056K - LB - n/a 0,154 (T) 0,629 (P) D 27,5
1(1,4%) c.G7243A p.A2415T - vus - n/a 0,04 (D) 0,99 (D) D 34
NM_013444 UBQLN2 2(2,9%) ¢.C401T p.T134 rs764837088 vus -/0.00001 n/a 0,4 (T) 0,99 (D) D 12,48
1(1,4%) c.A1793G p.E598G - vus n/a 0,001 (D) 0,67 (P) D 23,5
NM_007126 vcep 1(1,4%) c.T647C p.1216T - vus n/a 0(D) 1(D) D 29,4
NM_003376 VEGFA 1(1,4%) c.T173C p.L58P - vus n/a 0(D) 0,94 (D) D 25,1
NM_139215 TAF15 1(1,4%) ¢.G1637C p.S546T rs376749338 likely benign -/0.000008 n/a - - N -
1(1,4%) c.G1652C p.G551A - vus n/a 0,39 (T) 0,172 (P) N 14,96
1(1,4%) c.A1412G p.Y471C - vus n/a - 0,001 (B) N 15,41

dbSNP, database of single nucleotide polymorphism; ACMG, American College of Medical Genetics and Genomics: the criteria according to our study (P.Ruffo et al., 2022) were applied; LB, likely benign LP, likely
pathogenic; vus, variant of uncertain significance; MAF, Minor Allele Frequency; EXAC, Exome Aggregation Consortium; Project MinE variant browser, a database providing information on genetic variations found in WGS
of ALS patients and controls; AF ALS cases/AF controls; SIFT: (T) = tolerated and (D)= Deleterious; Polyphen: (B)= benign, (P)=possibly damaging and (D)= deleterious; Mutation Taster: N=polymorphism, A=disease
causing automatic and D= disease causing; CADD phred— Combined Annotation Dependent Depletion.
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Moreover, in our cohort, eight patients (8/69, 11,5%) carried multiple rare variants in more than one gene. Six of these seven patients (6/8, 85,7%)

had changes in two different genes, one patient (1/8, 12,5%) in four distinct genes, one patient (1/8, 12,5%) carried changes in five diverse genes

(Table 4).
Table 4. List of patients carrying more than one variant.
ID_pt fALS/SALS sex Site of Age of Variant 1 Variant 2 (ACMG) Variant 3 (ACMG) Variant 4 Variant 5
symptom onset (ACMG) (ACMG) (ACMG)
onset
ALS_10 SALS F Spinal 28 SMN2 p.G287R (vus) SPG11 p.E2056K (LB)
ALS_13 SALS M Spinal 37 DCTN1 p.E482G DCTN1 p. N468S (vus)  NEFH p.E700D (vus)
(vus)
ALS_14 SALS F Spinal 80 VCP p.1216T (vus) PRPH p.E233K (vus) CEP112 p.D684N (vus) UBQLN2 HFE p.D180G (vus)
p. E598G (vus)
ALS_17 SALS F Bulbar 54 SMN2 p.G287R (vus) NEFH p.V544D (vus)
ALS_18 SALS M Spinal 76 ERBB4 p.F605S (vus)  ERBB4 p.T461l (vus) CHMP2B p.K134E (vus) HFE p.K90M (vus) SPG11 p.A2415T (vus)
ALS_19 SALS M Bulbar 50 DCTN1 p.V503A NEK1 p.Q911E (vus)
(vus)
ALS_25 SALS F Spinal 48 MATR3 p.A4T (LB)  ANO2 p.V588A (vus)
ALS_52 SALS M Spinal 32 SOD1 p.F46C (LP) UBQLN2 p.C575T (vus)

Key: ID_pt, patient identification code; American College of Medical Genetics and Genomics (ACMG) classification. VUS= uncertain significance variant; LB=likely benign.
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4. Discussion

ALS should not be considered as a predominantly sporadic disease with a small percentage
of monogenic familial cases, but rather as a pathogenesis shaped by the synergy between rare
oligogenic variants. Although gene-by-bene screening by Sanger sequencing is available for
testing genes most commonly causative of the disease, the genetic landscape of ALS has been
increased by the development of next-generation sequencing.

In this work, by using NGS we analysed 39 ALS-related genes in a southern Italian cohort (69
ALS patients), of which 40% (28/69) tested negative for mutations in SOD1, FUS, C9orf72,
and TARDBP genes (see Chapter 2).

To identify ALS-causative variants that predispose patients to ALS we focused our analysis
on very rare (MAF<0.0001) exonic non-synonymous variants. Among all the variants detected,
only one was classified as likely pathogenic, the p.F46C in SOD1 (Table 3). This mutation
results in an amino acid substitution of phenylalanine with cysteine in a conserved domain of
SOD1 protein. It is unclear whether this is a new mutation and/or with variable disease
penetrance due to the lack of genetic testing by the parents. The p.F46C variant has previously
been reported in one Italian fALS patient (44). Despite the different forms and ages of onset, a
comparison of the clinical characteristics of the two patients revealed a similar picture (Table
5).

Table 5. Clinical characteristics of patients with the F46C- SOD1 variant.

SALS/fALS Age Genetic Phenotype Onset Neurological References

Status examination
SALS 32 Het Spinal Hands Tongue and four This work
strenght limbs

defecit ~ with fasciculations.
reduction of Hypostenictremor.
thophism and

degenerative

disc disease.

fALS 59 Het Spinal Mild  muscle Milddysarthriaand (44)
weakness in dyshagia, muscle
distal segment weakness and
of the upper wastingin the four
limbs. limbs, particularly

in the distal
districts, and
diffuse muscle
fasciculations.
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The absence in the literature database of any functional study conducted to assess the
pathogenicity of this mutation, prompt us to investigate the role of p.F46C-SOD1 variant by in
vitro characterization (data not shown).

In this study, we identified rare variants with uncertain significance and a low frequency
(30/42,71,4%), as well as previously described changes (7%) (Table 3) and found that 10%
(7/69) of ALS patients showing co-occurrence of at least 2 variants in 2 independent genes
(Table 4). It is important to note that the co-occurrence rate of gene variants estimated by our
study is in line with the variability of frequencies reported by most previous studies (41). In
particular, 75% (6/8) of all patients with SALS carried at least 1 mutation or a VUS (45, 46).
Interestingly, it has been described that oligogenic inheritance is also associated with an earlier
age of onset and rapid disease progression (27) (47). In our cohort, the ALS patient carrying
both likely pathogenic variant p.F46C in SOD1 and the VUS p.C575Y in OPTN developed
symptoms more years earlier than other individuals. Obviously, the small number of patients
examined does not allow us to reveal these observations.

Despite we identified many rare variants with uncertain significance and a low frequency in our
cohort, 29% of patients did not show rare variants in any of the 39 ALS genes analyzed,
suggesting that more efforts are needed to identify additional genes affecting disease risk.
However, we focused our study on very rare exonic non-synonymous substitutions, but other
exonic variants could be involved in the disease such as the frameshift and synonymous variants
(48) (see Figure 1). Many variants annotated as synonymous are typically considered as neutral
or nearly neutral but are not synonymous at all (49). Indeed, many of these variations could lead
to mRNA degradation and missing protein. Thus, there is an important effect on variation
interpretation and disease diagnosis and it should be necessary to re-evaluate and sometimes to

re-analyze studies based on this assumption.
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Chapter 5

Validation of Optical Mapping for the
Molecular Diagnosis of C9orf72 and the
detection of large repeat expansion
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1. Introduction

Specific variant types, which are not commonly detectable by currently used analysis
methods, such as repeat expansions (50), variants in non-coding regions (51) and structural
variants, are frequent in neurodegenerative diseases (52). Among these, repeat expansions
are the prevalent cause of several neurological disorders (53). The pathogenic mechanisms
for repeat diseases include a loss of protein function or a gain of function at the RNA or
protein level, according to the type and location of the repeat (50). Often, the length of the
repeat expansions can be related to the disorder’s severity providing important information
on the clinical course and genetic counselling (50). Moreover, increasing the number of
repeats often involves an earlier onset and more severe disease in successive generations
(53). Globally, C9orf72 -mediated neurodegeneration accounts for approximately one-third
of ALS families, 5-10% of sporadic ALS cases, and for about a quarter of familial FTD cases
(25%) (13). The frequencies of repeats expansion of the pathogenic C9orf72 vary according
to ethnic/geographical origin and is the most frequent genetic cause of ALS in Europe and
North America while lower frequencies in Asian countries is reported (13, 54). GGGGCC
(G4C2) hexanucleotide repeat expansions are associated with a mean disease duration of 2.9
+ 2.8 years, and spinal onset (involving limb muscles) is more recurrent than bulbar onset
(including involvement of swallowing and speech) (54% vs 39%, respectively) (55). Normal
repeats of G4C2 are ~25 units or less, while patients with ALS can have hundreds to
thousands of hexanucleotides, with serious consequences (13). Currently, although repeat —
primed (RP) - PCR RP and Southern blot (SB) (Figure 1) are methods suited to detect
polynucleotide expansions, the first is typically used to detect small expansions (< 80 bp),
while the second one is labor intensive, prone to background noise, requires high signal
strength, and a trained staff member, limiting C9orf72 sizing to a few specialized
laboratories. In addition to these techniques, implementation of next generation sequencing
(NGS) has certainly increased recognition and diagnosis of this group of diseases (53).
However, whole genome sequencing, while being able to distinguish between unexpanded
and expanded alleles with high sensitivity and specificity by accurately calculating the size
of alleles smaller than the read length, would appear to underestimate the size of large
expansions, such as FMR1, DMPK, FXN and C9orf72 (53). Moreover, in the ALS case the
extensive somatic mosaicism at the locus (C9orf72) implies that the estimated repeat lengths
from blood may not accurately reflect the repeats in vulnerable brain tissue (56). Properly
due to these tissue differences and the difficulty in precisely defining repeat width, C9-
mediated disease differs from most other repeat expansion diseases because is still difficult

78



Chapter 5

to establish a clear correlation between repeat length and disease severity. Furthermore,
hypermethylation phenomena that affect the expansion and gene expression and thus
disease, could explain why some individuals with C9 expansions remain asymptomatic until
late in life (57). Therefore, we decided to test a novel imaging and mapping tool, Optical
Genome Mapping (OGM), already used in cancer and genetic disease. In particular, OGM
developed by Bionano Genomics is a new high-sensitivity technology for the detection of
large SVs (35, 58) which, although, to date, only little applied in investigations in
undiagnosed individuals, could support difficulties existing in diagnoses (59). In this work
we wanted to explore the use of OGM as a diagnostic tool for C9orf72. We evaluated a
cohort of 15 C9orf72-ALS patients suggesting how it might provide more detailed in-
formation on the scale of repeat expansion and somatic instability. Although, to date, it is a
method rarely applied in the investigation of undiagnosed individuals, it could support the
difficulties of existing diagnoses. This part of work was carried out in collaboration with the
Department of Neuromuscular Disorders, UCL Queen Square Institute of Neurology,
London, UK.

o
~
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Figure 1. Current molecular diagnostic methods. The figure shows two current diagnostic
methods for repeat expansions diagnosis: repeat- primed PCR and Southern blot.

79



Chapter 5

2. Materials and Methods

2.1 Patients
A total of 15 ALS patients (13 sALS and 2 fALS) were recruited at the Institute of Neurology

(University College London, London, UK). Clinical characteristics of ALS patients are reported
in Table 1. A negative genetic test was obtained for major-genes screened (SOD1, FUS and
TARDBP). All patients underwent Southern blot analysis or RP-PCR for C9orf72— repeat

expansion investigation.

Table 1. Clinical data of ALS patients.

Gender, n (%) Female 8 (53%)
Male 7 (47,7%)

Family history, n (%) fALS 2 (13,3%)
SALS 13 (86%)

Site of onset Upper limb 6 (40%)

Lower limb 9 (60%)

Mean age of onset 55

v)

Key: fALS, familial Amyotrophic Lateral Sclerosis; SALS: sporadic Amyotrophic Lateral sclerosis.

2.2 Southern blot analysis and repeat-primed PCR
Southern hybridization was previously performed by combining genomic DNA digested

with 2 frequently cutting restriction endonucleases, whose sites closely flanked the repeat
region, and a (GGGGCC) probe targeting multiple sites within the expansion. Expansion
size was estimated by interpolation of autoradiographs using a plot of logl0 base pair
number against migration distance. In this work, to identify more precisely the size of the
expansions, the samples were investigated by OGM to clarify issues related to the
detectability of the expansion as well as somatic mosaicism. Repeat primed -PCR was

performed as described in the Chapter 2.
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2.3 Optical Genome Mapping
Peripheral blood samples were immediately frozen at -80 °C after recovery according
to the manufacturer's recommendations. Briefly, the blood leukocytes were quantified by a
HemoCue WBC Analyzer (Life technologies). Ultra-high molecular weight (UHMW) DNA
from approximately 1.5 x 10° cells was extracted using the “Blood and Cell Culture DNA
Isolation Kit”, and lysed by proteinase K; thereafter, the genomic DNA was washed, re-

covered, and successively quantified with Qubit Fluoremeter (Invitrogen).

2.4 DNA labeling and further processing for OGM

Based on quantitative results, samples were normalized to 750ng/uL and DNA was
fluorescently labelled by using Bionano Prep DLS Labeling Kit (Bionano Genomics).
Specifically, DNA was incubated at 37°C for 2 hours with Direct Labeling Enzyme 1, buffer,
and DL-Green. Successively, the samples were treated with Proteinase k for 1 hour, and DNA
was washed on membranes twice for 60 and 30 minutes. After mixing in Hulamixer for 1 hour
and overnight at room temperature, labelled and stained DNA was quantified using the Qubit
dsDNA HS assay kit. For optimum molecule assessment only DNA concentrations within the
range 4-12 ng/uL was loaded onto Saphyr chips for linearization into and imaging in massively
parallel nanochannel arrays. Each chip contains three separate nanochannel arrays for loading

three unique samples (Figure 2).

o p—

20bpAL cpib

pIoUoU /

Figure 2. Bionano’s chips are fabricated from standard semiconductor silicon wafers.
e Each chip contains up to 120,000 nanochannels, each 50 nanometers wide.
e DNA is deposited into the well on the chip and moved into the nanochannels via
electrophoresis.
e DNA passes into the nanochannel, is linearized and then imaged.
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2.5 Data Analysis and visualization

Optical mapping analysis was run on Bionano Access (version 1.7), an OGM-specific
structural variant analysis software available as a standard web browser application, connects
to bioinformatics servers running Bionano Solve (version 3.6). This is an auto-mated analytical
pipeline for detecting genomic alterations, used for data processing. In briefly, single molecules
were used to generate a de novo assembly of the genome and directly aligned to the reference
genome (GRCh38) revealing SVs, CNVs and aneuploidy. All samples were analysed
considering pre-analytical and analytical quality control (QC) metrics. At first, the presence of
UHMW DNA (viscosity / clarity) was evaluated with a minimum DNA concentration of > 35
ng/uL required for subsequent labelling. Following, the label density of ~15/100 Kbp, an
average of N50> 230 Kbp, a map frequency > 70% and an effective coverage of > 80 x for
generating an assembly were evaluated among the analytical metrics de novo. All SVs are
displayed on a CIRCOS graph, which shows specific chromosomal cytobands in the outer ring,
abnormal fusions in the middle, CNVs in the inner ring, other SVs are shown in the next ring
(Figure 3).

hy
)

Copy number

Figure 3. Output results from OGM. A. Circle plot showed the presence of different SVs (deletion,
duplication, AOH/LOH Region, CNV Gain Segment) in the 22 pairs of autosomes equal in both
sexes and a pair of heterochromosomes. B. Whole genome CNVs view: Y axis shows copy number
range for each of the chromosomes — X axis. Molecules showing regions with increased copy number
from the baseline are shown in blue and regions with decreased copy number are shown in red
(Bionano Access).
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3. Results
15 historical patients with a diagnosis of C9orf72 based on RP-PCR and SB were
analysed. Clinical features of patients are reported in Table 2.
Table 2 . Clinical features of fatients.
Clinical P1 P2 | P3 | P4 P5 P6 P7 P8 P9 | P10 | P11 P12 P13 P14 | P15
feature
fALS/SALS fALS SALS SALS SALS SALS SALS SALS SALS SALS SALS SALS SALS fALS SALS SALS
Gender M/F M F M F F F M M M F M M F F F
Age at onset 48 70 56 66 35 59 48 60 62 69 42 48 46 59 59
(yrs)
Family history ALS/NMD PD; Neurological ALS/MND/AD
NVD disorder

Site of Onset LL UL LL UL UL LL UL LL LL UL UL UL UL UL LL
Phenotype spinal bulbar Na bulbar spinal spinal spinal spinal spinal bulbar bulbar bulbar bulbar bulbar spinal

All the data have been referred from patient medical records. LL= for lower limbs and UL for upper
limbs; NVD = neurovascular disease; MND = motor neuron disease; AD = Alzheimer disease.

3.1 Confirmation of hexanucleotide repeat expansion
The samples were optically mapped to clarify questions regarding variant detectability

and to know the exact size of the otherwise undetectable C9orf72 expansion. OGM identified
repeat expansion in 14 out of 15 patients (repeat sizes ranging from 6 to 25 Kbp). The
negative case was repeated with RP-PCR and confirmed to be a C9orf72 negative case
(Figure 4). The presence of the expansion in one of the 15 samples analysed and the
comparison between OGM and SB is shown in Figure 5.

(A' v b are  miw| _ww wiw _uiu H - . a i - e e

(B)
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Figure 4. Grafhic OGM output (Bionano Access Software v1.7) and RP-PCR. C9orf72 negative
sample tested by OGM (A); RP-PCR (B) detected a normal repeat allele.
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(A)
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Figure 5. Grafhic OGM output (Bionano Access Software v1.7) and Southern blotting (SB). (A) The
visualization confirms the presence of the expansion of 9851 bp. (B) The patient is characterized by
a band within the region between 9 and 23kb.

3.2 OGM quality metrics
The total molecule length N50, which is the point of half mass of the molecule’s

distribution, was on average 243 Kbp (ranging from 198 Kbp to 369 Kbp). The average label
density of the raw molecules was 15.21 labels per 100 Kbp (ranging from 14.9 to 17), leading
to an average effective coverage of the reference genome of 117x (ranging from 63% to
268x) with an average diploid genome map length N50 of 73,7 Mbp (ranging from 53 Mbp
to 97 Mbp).

3.3. Sizing and somatic instability
The somatic instability phenomena is now known for sporadic late-onset neuro-degenerative

diseases (Parkinson's disease, Alzheimer's disease and ALS) (60). In ALS, especially, the
repeat expansion in C9orf72 is somatically unstable, when an expanded allele is already
present (18) (61). The variable phenotype caused by C9orf72 expansions could be due to
different somatic expansion patterns. In fact, studies conducted on different tissues for the
same patient have been reported and cases have been found with modest expansions in the

leukocytes and extremes in the central nervous system. In view of this, OGM has the
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potential to assess somatic instability in the tissue examined (Figure 6). Table 2 showed the

range (median, min, max,) of individual molecule sizes.

(B)
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Figure 6. GGCCCC- hexanucleotide repeat size distribution. (A) Sample P9 and (B) Sample P12.
The y-axis shows the number of molecules in the distribution, whereas the x-axis shows the length
of the GGGGCC repeat expansion in base pairs (scale 0-30kb).

Table 2. Individual molecule sizes for each sample.

sample mean min max

P1 n/a n/a n/a

P2 14507,0 2169,0 26844,0
P3 10633,0 3785,0 25389,0
P4 14573,0 2282,0 29158,0
P5 9048,0 4607,0 12547,0
P6 10692,0 1041,0 33180,0
P7 9596,0 1523,0 22912,0
P8 16450,0 2964,0 33949,0
P9 11923,0 1001,0 26020,0
P10 11331,0 4119,0 22987,0
P11 9217,0 2067,0 20345,0
P12 9878,0 1778,0 24903,0
P13 9550,0 4644,0 17384,0
P14 12601,0 3550,0 41810,0
P15 12264,0 2863,0 26240,0

Key: min, minimum; max, maximum; n/a, not available

4. Discussion
Genetic counselling for C9orf72 is very complex due to the highly variable clinical

presentation and technical difficulties in determining the size of the large GGGGCC repeat
expansions. Obtaining the exact size of the expanded repeat is difficult due to several

characteristics of the C9orf72 repeat expansion such as somatic mosaicism and repeat
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instability, highly repetitive flanking sequence, and 100% GC content (62). For several
years, the size of the repeat expansions has been established by RP-PCR and SB, genetic
tests currently in use for ALS despite not being able to accurately size repeat expansions.
Furthermore, even the use of NGS-based methods does not allow for the correct sizing of
long repeats (53). Recently, considerable advances have been carried out in molecular
cytogenetics and sequencing technologies to detect genomic variants, i.e. repeat expansions
and contractions, related to neurological disorders. To date, there are numerous studies that
have used OGM data along with second or third- generation sequencing technologies to
improve scaffolding and structural resolution. These include: the diagnosis of
facioscapulohumeral muscular dystrophy (FSHD) (63), genetic diseases (64) and cancer
and has been suggested for use as a cytogenomic tool for prenatal diagnostics (35, 65).
Certain of the difficulty of attributing pathogenicity to the C9orf72 expansion, due to the
somatic instability of the hexanucleotide expansion, we decided to use OGM to correctly
identify the expansion size in our cohort of ALS patients. Here, we evaluated for the first
time the use of OGM in 14 out of 15 patients to significantly complement already existing
C9orf72 diagnostics. Specifically, we detected the sizing in a broad range of repeat
expansion (from 6 Kbps to 25 Kbps and the equivalent repeat size). OGM has shown higher
variability of repeat size for most cases and there is the potential to use this technology in
future to better define somatic mosaicism. Increasing reading at 400X could provide
additional benefits for this purpose. Overall, the advantages of using this technology
include a short response time, approximately 10 hours for DNA isolation and library
preparation, with approximatively 2 days of run time and 24 hours for automated data
collection.

In conclusion, in this study, a non-sequencing-based technique was used for the first
time in C9orf72-ALS patients with more than 1000 GGGGCC repeats. Overall, the
technique allowed to simultaneous evaluate both the large repeat size of the C9orf72 gene
and somatic mosaicism, proving to be a robust alternative approach to the current
diagnostic techniques of SB and RP-PCR and paving the way for the use of the optical

genome mapping technique as a diagnostic validation method for this gene.
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Discussion

In recent years, advances in genomic technology and gene discovery have greatly
increased our understanding of the pathogenic mechanisms of multifactorial diseases, in
which heterogeneous clinical states may reflect the combined effects of various genes and
their interaction with environmental factors. In particular, the complexity of the genetic
architecture of ALS, revealed by molecular diagnosis, with a monogenic component of rare
high-penetrant variants, an oligogenic component of rare intermediate penetrant variants,
and a multifactorial component of common risk variants may be a valuable tool for dissecting
out ALS complex heterogeneity and for identifying new molecular mechanisms underlying
the characteristic selective degeneration and death of motor neurons. However, many ALS-
associated genes and related mechanisms have been identified but this information has not
yet been fully translated into clinically useful knowledge. Currently, genetic tests for major
ALS-related genes are needed to access therapeutic trials and to identify possible genetic
factors that underlie disease development. Furthermore, the genetic complexity of ALS
suggests that all forms of genetic variation, from the rare genetic variation of high to
intermediate penetrance, as well as common risk variants with small effect sizes, need to be
considered.

With these premises in mind, in Chapter 2 of this thesis, we present the results of
genetic analyses performed in a large cohort of Italian ALS patients by using Sanger
sequencing. In this study, we focused on novel and already described variations in ALS-
linked genes as SOD1, C9orf72, TARDBP, FUS, ANG, VAPB, VCP, and ATXN. Our data
confirmed C9orf72 repeat expansion as the most frequent alteration in Italian ALS patients
(66). Moreover, in line with other population studies on ALS, the SOD1 molecular
investigation revealed a mutational frequency of 10% for fALS cases and 1.4% for SALS
cases (66, 67, 68). Another important result was the statistically significant association
between ALS patients carrying the ATNX1 expanded polyQ and those with the pathological
expansion in C9orf72, pointing to ATXN1 as a potential disease modifier in C9orf72
expansion carriers.

The oligogenic nature of the disease is discussed in Chapter 3. In this Chapter, we
emphasized how the NGS analysis is important for the full knowledge of the genetic
heterogeneity of ALS and for proving a comprehensive characterization of patient-specific
molecular signatures that could potentially guide therapeutic decisions. Taking advantage of
our custom-made gene panel, designed to uncover alterations in clinically relevant genes for
ALS, we were able to reveal the individual oligogenic background underlying both sporadic
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and familial SOD1 p.D91A heterozygous and homozygous cases irrespective of their
p.D91A mutant alleles. Homozygous and heterozygous phenotypes have a distinct clinical
presentation and this aspect is very interesting, considering that differences in genotype-
phenotype correlations may have significant therapeutic implications. Indeed, recruitment
for antisense therapy has recently been discouraged in p.D91A-heterozygous carriers
(Chapter 3).

An important advantage of NGS is well presented in a specific group of patients,
where traditional tests have not been successful in making the diagnosis. In this context, in
Chapter 4, we show the results of NGS-TS investigation performed in a cohort of ALS
patients some of whom had previously tested negative (Chapter 2). With the aim of
investigating the functional variations that could contribute significantly to the pathology,
we focused our analysis on non-synonymous coding variants. We evaluated the oligogenic
nature of ALS, highlighting that some patients (7/69, 10%) patients showing co-occurrence
of at least 2 variants in 2 independent genes (Table 4, Chapter 4). Also, we obtained a
significant number of VUS in different genes by expanding the number of target genes and,
the co-occurrence of VUS variants had been assessed to be oligogenic inheritance by several
studies (46, 69, 70). Our data confirmed the importance of evaluating ALS risk genes in
disease aetiology and support the idea that although the role of small effect variants may
appear of limited interest, their identification should not be neglected, as they could
constitute a potential target for possible tailored therapeutic approaches in the context of the
opportunity for personalized medicine.

Although Next-Generation Sequencing technology has revolutionized genetic diagnostics,
there are some limitations due, for example, to the incomplete coverage of the regions,
limited ability for detection of variation in repetitive elements, causal variants in cases of
somatic mosaicism, structural variants and deep intronic variants (71, 72, 73). In particular,
mosaicism is technically challenging to detect both in Sanger DNA sequencing and NGS
platforms. In our context, the inability to detect the hexanucleotide expansion in C9orf72,
the most frequent mutation in ALS patients, prompted us to evaluate the new cytogenomic
approach, the Optical Genome Mapping platform (OGM). In Chapter 5, a cohort of C9orf72
patients diagnosed with ALS underwent OGM analysis to validate the capability of this
technology to accurately identify large insertions. We confirmed the repeat expansion
presence in 14 of 15 patients, knowing the sizing in a broad range of repeat expansion (from
6 Kbp to 25Kbp and the equivalent repeat size), indicating the clinical utility of the method

as an alternative to current diagnostic techniques (SB and RP-PCR). Furthermore, in this
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study, we also focused on the mosaicism phenomena in C9orf72 carriers, due to somatic
instability of the number of repeats between tissues. Indeed, the repeat number varies in
blood with age at the collection and over time in subsequent blood collections from C9orf72
mutation carriers (74, 75). This mosaicism and instability may be part of the mechanisms
underlying the clinical heterogeneity observed in patients, but there is no evidence for this.
In our study, by using the OGM platform, we demonstrated the diagnostic utility of this
approach and its potential future use to better delineate somatic mosaicism.

Overall, the data presented in this thesis provided evidence regarding the usefulness of
different diagnostic approaches in identifying genetic drivers for a complex disease like
ALS, characterized by different molecular mechanisms and extreme phenotypic

heterogeneity.

Concluding remarks and future perspectives

Multigene interactions in ALS could explain the considerable phenotypic variability
observed among individuals. This leads us to reconsider the traditional classification of ALS
towards a new one in which genetic discoveries allow phenotypes to be grouped by discrete
underlying causes. It will be essential to develop and implement new analytical strategies
that can facilitate the discovery, and above all, the validation of genetic factors involved in
the still-unknown pathogenesis of ALS. It is conceivable that in the not-too-distant future,
high-throughput technologies will soon become cheaper than many of the specific genetic
tests widely available today. Genetic testing will increasingly be used to guide accurate
pathological diagnosis, opening the possibility of a molecular taxonomy for ALS and more

precise stratification of patient groups in future drug trials.
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